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Abstract 

The observations on which this thesis are based are of three types:

i) Spectroscopy of southern galaxies from which redshifts have been 

determined. These redshifts have enabled the calculation of velocity 

dispersions of the galaxies in five clusters of galaxies: Klemola Vt, 

Sersic *fO/6, 235*f-35, A496 and the Pavo Group. Redshifts of galaxies in 

several other southern clusters have also been obtained.

ii) Photographic Photometry using digitised txvo-dimensional micro- 

densitometer scans of IllaJ Schraidt plates of two southern clusters of 

galaxies: K*t4 and Sersic *iO/6. Similar photometry of two other clusters, 

A11*f6 and 235^-35, is also available. Magnitudes in the B-band to a

limiting isophote of 27mag/a " are obtained for all galaxies to a limiting
 1  l 

magnitude of ~20 within a ~2Mpc (H = 50 km s Mpc ) square around

the cluster. Methods of distinguishing stars from galaxies are discusoed.

iii) Photoelectric photometry through several circular apertures of 21 

bright southern galaxies, using the B, V, R and I bands. As well as 

providing catalogue data for southern galaxies, these readings supply 

magnitude zero-points for the photographic photometry of clusters.

The results are discussed in the light of current theories of the 

morphology, formation and evolution of clusters of galaxies. The X-ray 

flux from clusters of galaxies is found to be consistent with emission 

by bremsstrahlung from a hot intracluster gas. Four of the clusters: 

Klemola Vf, 235^-35, A1146 and Sersic 40/6 contain cD galaxies. These 

galaxies increase in ellipticity with radius and are aliened with their 

clusters (except A11*f6); such properties are predicted if cD galaxies 

evolve by accretion of other galaxies. It is suggested that Klemola 

may be undergoing a phase of rapid core evolution, leading to the 

accretion of the core by the cD galaxy. The cluster 235^-35 may have 

already passed through this evolutionary stage.
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Chapter 1 Introduction

1.1; Caveat Emptor

Based as it is on optical observations of clusters of galaxies, 

this thesis is perforce a biassed view. Although X-ray and radio 

data will be used in this study, it remains essentially an 

investigation of the visible properties of clusters. In the near 

future such a narrow approach to the subject will be less tenable 

as high-resolution X-ray telescopes begin to explore the distribution 

of gas in clusters and make possible accurate X-ray spectroscopy, 

but for the present only optical data provide sufficient detail.

Another restriction of the work described here is the assumption 

that the accepted laws of physics are applicable to the enormous 

length scales and extreme conditions found in extragalactic astronomy. 

Gravity has been verified experimentally only on the much smaller 

scales of the solar system and compact stellar systems. It seems 

quite likely that an extrapolation by 8 orders of magnitude in size 

may be unjustified, especially as the nature of space itself is still 

poorly understood. The use of units such as the Mpc conceals the 

vastness of the distances and leads to unwise confidence in the 

correctness of the physics being used.

1.2; Notation and Conventions

Normal astronomical usage has been followed where possible and 

notations and conventions that may not be obvious are shown in Table

1.1. The values used for H and q do not reflect any belief in their
*

truth; the choiee was made for mathematical convenience and
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consistency with other workers in the field, similarly the Angstrom 

has been used as the unit of wavelength to conform to usual practice 

in redshift measurements.

1.3; Background__________

The details of the background to cluster research have already 

been adequately described by a number of authors. Bahcall (1977eO 

van den Bergh (1977a), Abell (1975) and de Vaucouleurs (1977) have 

given recent reviews. No attenrpt will be made in the present work to 

cover this ground once more; instead a rough outline of the history 

of cluster research is given in this section, and in the following 

section is a rather more detailed description of work in the southern 

hemisphere since the clusters with which the rest of this thesis is 

concerned lie in the southern sky.

A group of four galaxies is visible to the naked eye: M31» LMC, 

SMC and the Milky Way. The apparent difference between these objects 

resulted in their true nature remaining unrecognised until the present 

century. In the 19th century the great survey work of the Herschels 

and others showed that such nebulae were not unusual objects but that 

there were thousands spread across the sky. It was realised that the 

nebulae were distributed unevenly; von Humboldt (1866) described 

the major aggregations of the nebulae that had been found. Around the 

turn of the century Wolf was investigating these "nebelhaufen! 1 (e.g. 

Wolf 1901) but little interest was aroused, if only because the 

true nature of the nebulae was unknown. Research was hindered by the 

still primitive state of astronomical photography; the human eye is 

ill-designed for examining faint low surface brightness objects.
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Once it was clear that many of the nebulae are the "island universes" 

of Kant, then it was apparent that space contains a very uneven 

spread of these "galaxies". Shapley (1933) catalogued the clusters 

of galaxies that he found and was able to derive luminosity functions 

for them. Baade (1928) had already measured the luminosity function 

of the cluster now known as A1377, as had Shapley & Ames (1926) for 

the Virgo Cluster. Zwicky and Sinclair Smith were also studying clusters 

in this period and both discovered the "missing mass" problem when 

considering the differences between the redshifts of galaxies in the 

same cluster; the problem remains unsolved.

The development of the Schmidt telescope, culminating in the 

Palomar Sky Survey, led to a much clearer overall view of the extra- 

galactic Universe. In the 1950's there were the first attempts to 

describe the clustering of galaxies statistically; Neyman et al (1954> 

used the galaxy counts from Astrograph plates by Shane & Wirtanen 

(1967 & refs. therein). More recently Totsuji & Kihara (1969) and 

Peebles and co-workers in a long series of papers (Groth & Peebles 1977 

& refs* therein) have used a similar approach, attempting to correlate the 

the positions of galaxies on the sky. Peebles has also used power 

spectrum analysis, an equivalent technique in the Fourier domain.

The most important result has been that galaxies are clustered on 

all scales up to the size of superclusters (aggregations of several 

groups and clusters). The two-dimensional, two-point correlation function 

function is given by:-

dP = N (1 + w(e)) dn

where N is the mean number of galaxies per steradian and dP is the 

probability of finding a second galaxy within a solid angle dn at angle



0 away from a randomly chosen galaxy. It is found that w(0)cC 0 

with If£1.8 over scales up to 20Mpc.

Theoretically, more detailed information can be derived from the 

correlation functions between greater numbers of galaxies, defined 

similarly to the two-point function, but Peebles has found that even 

with the three-point function the noise is large and the results are 

difficult to interpret.

The results of these statistical studies are especially useful 

when interpreting the present state of the Universe in terms of 

cosmological models. However, they confuse information about various 

parts of galaxy aggregations with each other and give no particular 

results for individual systems. They are certainly no replacement 

for the study of individual clusters which, since they are probably 

partially relaxed dynamical systems, are expected to be rather 

special regions.

The terminology and taxonomy of clusters is confused since they 

do not form simple discrete classes. In practice, "cluster of galaxies" 

has come to mean a collection of galaxies that is rich (i.e. populous) 

and dense enough to merit inclusion in the Abell (1958) cluster 

catalogue. Thus a cluster has 30 or more galaxies within 2 magnitudes 

of its third bri^hteat member once a correction for background and 

foreground galaxies has been made. For the purposes of this definition 

a projected radius of -~3Mpc from the cluster centre is used as the 

cluster boundary, but the profiles of clusters do not show cut-offs 

at any particular radius. The surface density of ,jal.-.xies on the sky 

usually varies approximately inversely with the distance from the 

centre, so much of the membership of a cluster may be in the outer 

regions.
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The existence of a true "field" of galaxies that are members of no 

groups or clusters has been debated extensively. Part of the difficulty 

lies in the definition of "member", but it does seem that there are 

remarkably few galaxies in some regions of space (Gregory & Thompson 

1978, Joeveer et al 1978).

The northern hemisphere was thoroughly catalogued by Abell (1958) 

and Zvicky et al (1961-8). Although not perfect these catalogues 

provide a solid basis for cluster research. Classification of the 

clusters has been by several systems, but until the relationship 

between the different properties of clusters is understood, these 

schemes must remain arbitrary and descriptive only. Galaxies and 

clusters are too pathological to fit neatly into elegant classification 

schemes without a deeper understanding of the reasons for the 

differences between them.

The most important classification is Abell's (1958) richness 

parameter, although this provides only a very approximate estimate 

of the cluster population. The Bautz-Morgan (1970) system of typing 

clusters by the comparative magnitudes of their brightest members is 

also often used, but it is very susceptible to contamination by field 

galaxies. The most useful system for classifying the morphology of 

clusters is the Kood-Sastry (1971) method which takes account of the 

distribution of galaxies in the cluster as well as the nature of the 

brightest member galaxies.

A distinction has often been made between rich, symmetric clusters 

that have a large proportion of elliptical galaxies in their 

populations, and loose clouds of spiral galaxies. This contrast was 

noted by Shapley (1933) who pointed out the analogy with globular 

and galactic star clusters. Abell (1965) used the contrast as a basic
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method of classifying clusters, as did Oemler

The emphasis has shifted in recent years to. embrace a more 

detailed study of the processes of evolution that may be occuring in 

clusters. Not only do the galaxies themselves evolve, but there are 

changes with time in the distribution of galaxies in the cluster 

caused by n-body dynamics, and the galaxies are affected by 

interactions with other galaxies and the gas that fills the cluster. 

These processes will be discussed later in this thesis,

1.4 Southern Cluster Research

Extragalactic astronomy has lagged in the South. No doubt the gap 

will be closed with the increase in the number of large telescopes 

available there. The southern photographic surveys have encouraged 

an increase in interest in southern objects, as have all-sky X-ray 

surveys.

The first extragalactic astronomy in the South was by John Herschel 

who led- an expedition to South Africa, leaving England in 1833* He 

swept the sky from Cape Town and found many nebulae which he later 

put in his General Catalogue. Other southern nebulae found in the 

19th century are listed in the Index Catalogue; most of these were 

discpvered from above the equator. The coverage is very imperfect, 

particularly near the South Celestial Pole, and many bright galaxies 

that would have been recorded in the North do not appear in either the 

NGC or 1C. The Shapley-Ames catalogue (1932) and its successors 

RCBG1 and RCBG2 have been less uneven, although basic data are lacking 

for many bright southern galaxies. The research of the 19th century 

was sufficient to ohow that in the South, as in the North, the nebulae
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are distributed unevenly, and several clusters were found, (e.g. 

see Chap. 2).

Shapley (1933) listed several southern clusters in his catalogue; 

they were found in photographic surveys. As well as noting their 

positions he also derived their luminosity functions. Humason, Mayall 

& Sandage (1956) included some southern clusters in their work, but 

concentrated on northern clusters. The Zwicky catalogue (Zwicky et al 

1961-8) is northern, as is the Uppsala catalogue of galaxies (Nilson 

1973). Although the Abell (1958) catalogue and the MCG cover the 

northern part of the southern hemisphere, they are of lower quality 

in the South. All these catalogues were based on the Palomar Sky

£*' OSurvey. The Whiteoak Extension Survey down to 0 = -^5 is of only 

limited value because of the high sky brightness and poor seeing 

resulting from the large zenith distances at which the plates were 

taken.

Klemola (1969), Snow(1970) and Rose (1976) were able to produce 

lists of southern clusters on plates taken for astrometric purposes. 

Klemola*s and Snow's lists are mixed collections of groups and clusters; 

Rose's is more uniform, covering a large area of sky near the South 

Galactic Pole. Sersic (197*0 has also listed southern clusters.

The quality of the southern survey plates being taken by the ESO 

and UK Schmidt telescopes is very good. In particular, the blue 

sensitive IllaJ plates from the UK Schmidt are considerably better 

than those taken for the Palomar Survey. Abell & Corwin are at 

present (197&) using these plates to compile a comprehensive southern 

cluster catalogue, similar to the Abell (195$) catalogue. As well as 

acting as the standard reference list for the cluster descriptions



and positions, this will provide a uniform nomenclature system to 

replace the present confusion.

Already two lists have been published of clusters found on plates 

of the ESO survey (Duus & Wewell 1977, Braid & MacGillivray 1978). 

They give estimates of the richness and distances of the clusters as 

well as the cluster positions.

1»3» Arrangement of this thesis

Subsequent chapters describe and discuss the observations made 

on clusters of galaxies. The clusters examined are all in the 

southern sky; brief descriptions of them are given in Chap. 2.

The telescopic observations were all carried out at the Sutherland 

site of the SAAO. Redshift data were collected for 5 clusters; KVf, 

S^O/6, 235*f-35 f A^96 and the "Pavo Group. The methods used are 

outlined in Chaps. 3 and *f, and the velocities of the galaxies and 

the derived velocity dispersions are discussed in Chap. 5»

Photographic photometry has been carried out on 3 of these 

clusters, (K^, S^O/6 and 235^-35J f and on one other, (A11*f6)$ this 

work is described in Chap. 7 and the results discussed in Chap. 8. 

As part of this programme of cluster photometry, photoelectric readings 

(see Chap. 6) were made on bright galaxies in the fields of clusters; 

these readings were used to provide zero-points for the photographic 

photometry.

All the clusters examined, except the Pavo Group, have a cD-type 

galaxy at their centre. The final chapter attempts to review the 

observations in terms of the current theories of the formation of
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these galaxies and the evolution of clusters. The X-ray emission of 

clusters and the missing-mass problem are also discussed.

Data from the observations are given in a series of 6 appendices, 

The first and second contain detailed data on the spectroscopic 

observations and the derived redshifts. The third shows finding 

charts for clusters and galaxies. The results of the photographic 

photometry, both lists of galaxy magnitudes and charts for the k 

clusters, are given in the fourth appendix. The fifth contains 

the photoelectric photometry results and the sixth appendix 

summarises the most important data available for the clusters.



Table 1*1: Notation etc.

Abbreviations:

SAAO = South African Astronomical Observatory

ESO = European Southern Observatory

RGO = Royal Greenwich Observatory

AAT = Anglo-Australian Telescope

APM » Automatic Plate Measuring System (Cambridge)

Catalogues;

2U = liiacconi et al (1972)

= Giacconi et al (197*0

= Forman et al (1978) 

2A = Cooke et al (1978) 

A = Abell (1958) 

K » Klemola (1969) 

S = Sersic (197*0 

NGC B N = Dreyer (1888) 

1C = I = Dreyer (1910)

MCG = Vorontsov-Velyaminov et al (1962-8) 
RCBG1 = de Vaucouleurs & de Vaucouleurs (196*0 
RCBG2 = de Vaucouleurs et al (1976) 

SAO = Smithsonian Astrophysical Observatory (1966)

Notation:

H = 50 km s Mpc Hubble constant

q0 = +1 deceleration parameter

UR surface brightness in B-band

B~n isophotal apparent magnitude in B-band, 
limiting isophote ̂ i = 27mag/p"

Mu absolute isophotal B-band magnitude

R Abell richness class

BM Bautz-Morgan morphological class.

M^,L Solar mas and luminosity.
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Chapter 2; Descriptions of the Clusters

This chapter describes the clusters of galaxies that are investigated 

in the rest of this work. The most detailed descriptions are those 

of the *f clusters (KVf, S^O/6, 235/»~35 & A1146) for which there exist 

compatible sets of Bp7 galaxy magnitudes. Appendix IV gives lists 

and maps of galaxies in these clusters; finding charts for the other 

clusters are given in App. III. The basic data for all the clusters 

are tabulated in App. VI; the derivation of these data, and their 

interpretation, are described the rest of this work.

2.1 Klemola 44

is catalogued as 23h/f5. /» m-28o23 l in Braid & MacGillivray (1978), 

where it is described as fairly distant and very rich. Duus & Newell 

(1977) list it as STR23^5-284. Although normally known by its 

designation in Klemola's (1969-J list of southern groups and clusters 

of galaxies, it was originally recorded in the late 19th century; 

Swift (1898) noted it as a group of 5 galaxies on the night of 

1896 Sept. 1*f and Howe (1899) also observed it. The Second Index 

Catalogue (Dreyer 1910) includes the brightest galaxies in KMf and 

they are also noted in the MCG. Maccacaro et al (1977) in their 

study of K44 used their own lettering system for the galaxies, and 

Chincarini et al (1978) also used their own system, but included 

cross-references to the MCG and 1C (erroneously prefixing the 1C 

numbers with an "N")« The designations by other workers, and those 

used here, are collated in Table 5»1» which lists the available 

redshift data for

Maccacaro et al (1977) give the redshifts of galaxies in the 

cluster centre and show that the velocity dispersion there is
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very low. Chincarini et al (1978) have found redshifts for a rather 

more widely spread sample of galaxies, including some several Mpc 

from the cluster centre. Further redshifts of galaxies in Kkk have 

been derived in the present study and are given in App. I.

In the 2TJ X-ray catalogue there is a source listed at 2358-29 

which may be KMf. A re-analysis of the X-ray data in the 3U catalogue 

moved the position to 0001-31* where it was tentatively identified 

with a distant group (Melnick & i^uintana 1975). This area of the 

sky was described as a "complex X-ray emitting region which we could 

not unravel to our complete satisfaction11 : (Kellogg, 197** priv. 

comm.).

The Sky Survey Instrument on the Ariel V satellite found an X-ray 

source at the position of K44; it is listed in the 2A catalogue 

(Go©ke et al 1978) as 2A23^-285. The 90% probability contour of 

the source position encloses an area including, and running South 

from, the cluster centre (Maccacaro et al 1977J* The identification 

with HM is highly probable.

Low frequency radio surveys show a source coincident with the 

cluster (Finlay & Jones 1973 t Mills et al 1960). Maccacaro et al 

(1977) searched at 6cm in an area centered on I5353=g1» but found 

no source down to 0.12Jy, nor did the Parkes survey find the 

cluster at 11cm. Crawford has, however, discovered a Uy, 75cm source 

consistent with the position of I5358=g2 (priv. comm. in Maccacaro 

et al 1977).

The photographic photometry of K^f^f is based on a ~56 arcmin square 

scan of a IllaJ Schmidt plate of the cluster. This was centered on
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g28 which is assumed to be the centre of the cluster* The coordinates 

of the scan were rotated by   0.8° to E-W orientation and scaled to 

arcsecs by reference to 4 SAG stars in the scan area. The origin of 

the coordinates is 23h^fm59.3S-28°2'f MO" (1950); consistency of 

the SAO star positions suggests an accuracy of +.1-5" in. the measured 

galaxy positions*

Two Schmidt plates of K44 were available (Table 7,1); the cluster 

was scanned on plate J3730, which is deep but has only moderate 

seeing (full width at half intensity = 6"). The final visual check 

on the star-galaxy sorting was carried out on plate J3*f66 which has 

rather better seeing, but is a short exposure taken in moonlight.

A fourth magnitude star, S Sculptoris, lies only ~18* W of the 

cluster centre. One of its diffraction spikes runs through the 

central area of K44, although not seriously contaminating any 

bright galaxies. Special methods were necessary to remove the 

brightness due to the halo of the star. Its profile was found by 

averaging the radial profiles at position angles of 45 , 135 * 225 

and 315°f omitting any parts that passed through images on the 

plate. These position angles were used to avoid the diffraction spikes:

. The mean star profile was represented by a cubic spline. 

More than 636" from the centre of the star image the profile was 

leas than 1# of the sky brightness and the effect on galaxy images 

was negligible. At distances nearer to the star the profile was 

subtracted from the measured brightness values, leaving uncontamin- 

ated brightnesses. The subtraction was not perfect since the star 

halo is slightly asymmetric, arid the magnitudes derived for galaxies 

less than 636" from the star are not as accurate as in other regions 

of the scan. Photometry was not possible less than 356" from the



star due to the presence of a disk-like ghost image surrounding the 

position of the star*

An isophotal map of the centre of the cluster is shown in JTig* 2.1, 

Isophotes fainter than UR = 26mag/a" suggest that the background 

brightness has been estimated as slightly too great in this area 

as a consequence of the faint outer regions of the central diffuse 

luminosity being indistinguishable from variations in the plate 

sensitivity. In view of this, the extent of the diffuse luminosity 

is probably underestimated. Even so, it can be traced to a major 

diameter of>300" at ufi a 26mag/a" and encloses the central galaxies* 

This luminosity is centred on 15358 = g2, which is cD in nature* Its 

 iddle has a curious morphology; the isophotes are rotated in the 

centre, and further out they are centered on a point 7*5" +, 1*5" to 

the WW of the galaxy nucleus. Chincarini et al (197$) explain this 

as due to the superposition of an elliptical galaxy on a cD galaxy* 

If this two-component model is correct then the cD would have the 

abnormally low central surface brightness, UB = 22.5mag/o". Redshift 

measurements on the diffuse halo and large scale plates taken in good 

seeing conditions are necessary to decide if their hypothesis is 

correct.

Surrounding the cD and embedded in its halo is a tight group of 

galaxies* Outside the central region the cluster is comparatively 

sparse and the population of KVf only justifies an Abell Richness 

Class of 1. The morphology of the cluster is discussed further in 

later chapters where it will be suggested that it is undergoing a 

short-lived phase of collapse.
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To the South of the centre of K.44 there is a group of faint images 

presumably those mentioned by Chincarini et al (1978). Galaxies 1*f6 

and 165 are the brightest members (^^n = ^8.38 and 18.55)« This group 

is probably the brightest members of a distant cluster (z~0.2), only 

a few galaxies of which appear above the plate limit, but there is 

also a possibility that it is the faint HII regions of a nearby low 

surface brightness galaxy.

2.2 Sersic kO/6 (S^O/6)

This cluster derives its name from the survey of southern galaxies 

groups and clusters by Sersic (197^-) » where it is described as a 

cluster of diameter 7* and with two cD galaxies. Duus & Newell (1977) 

list it as STR0431-616; they counted *fOO galaxies in it, more than 

in any other cluster they examined, except Sersic 1^9/10. Holmberg 

et al (1975) catalogue the centre galaxy as 1l8-IG30 f mis-classifyinj 

it as "SO+SO in contact". Vidal (1975) too claimed that the cluster 

does not contain a cD galaxy. In both cases the mistake was probably 

due to failing to use a deep enough plate ; the central galaxy is a 

typical cD, with two nuclei (g1 and g*f) and an extended halo. (Fig. 

2.2). It has been noted by Ekers & Ekers (1973) that D galaxies may 

often be mistaken for face-on SO galaxies.

An X-ray source was found by the Ariel satellite at *f. 

The centre of the cluster lies within the $0% probability contour. 

This source, 2A0^30-615| is noted in the 2A catalogue (Cooke et al 

1978) as possibly variable, but Maccagni et al (1978), among whom 

are members of the Ariel group, consider the variability not 

significant and identify the source with the cluster. 3110^26-63 = 

4110^27-61 is probably the same source, and Vidal (1975) identified
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it with S40/6. A radio source, PKS0429-61 , also coincides with the 

cluster*

The cluster lies at b =-40 , and there is no evidence that the 

area is subject to abnormal obscuration. In appearance S^fO/6 is a 

typical, centrally condensed, cD cluster. The photographic 

photometry of the present work shows that it is slightly less rich 

than the Coma cluster. Maccagni et al (19?8) estimated its Abell 

Richness Class as 2. They found a surprisingly high proportion of SO 

galaxies (60% within 1 Abell radius, uncorrected for field); this 

claim is discussed in a later chapter*

The photographic photometry was based on a scan /*3^- arcmin 

square of a IllaJ Schmidt plate. The lines of the scan were aligned 

N-S; the coordinates were rotated to the normal orientation, scaled 

to arcsecs and the origin was placed midway between the nuclei (g1 

and gJf) of the cD. The 1950 coordinates of this point and of 5 stars 

in the scan area were found with the Oxford plate measuring machine 

using SAO stars on the plate as position standards. The consistency 

of the star coordinates suggested that the measured positions of 

objects in the scan have errors of +2", The position of the origin 

of the scan coordinates is 4h30m32*9S-6l°33 f 26" (1950) +2". S^-0/6 

thus lies in Reticulum, the Net*

There is an obvious sub-clustering in the scan area (see map in, 

App. IV) around g5 on the northern fringe of S40/6* The profile of 

this galaxy shows that it may be a cD galaxy at z^0*1. In this case, 

ignoring any correction for the field of background galaxies, there 

are only 11 galaxies within 100" (0.2*fMpc) of g5 that are no more 

than *fmags fainter than it. Hence the grouping cannot be a rich
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oD cluster, z~0.1  but is either a sparse background cluster or 

a closer group, possibly associated with S^-0/6.

Redshifts of galaxies in i&0/6 show that it has a high velocity 

dispersion (see Chap. 5)» The redshift value found for the central 

cD by Vidal (1975) is consistent with that found in the present work.

2.3

A1146 is classified by Abell (1958) as Distance Class 5, Richness 

**. The redshift of the central cD is 0.137 (heliocentric, Sandage 

et al 1976). Maccagni et al (1978) identify A11*f6 with the X-ray 

source 2A1058-226 (Cooke et al 1978), in which case it is one of 

the most luminous of the X-ray clusters yet found.

Carter & Godwin (1979) have carried out photographic photometry 

of a /~14 arcmins square area of the cluster, using a prime focus 

AAT plate. The B27 magnitudes they derived are compatible with those 

for S^O/6, K^f and 235^-35 since they used similar, but not identical, 

methods. There is a slight difference in the band observed since a 

OG385, and not GG395, filter was used in front of the IllaJ plate. 

The greater distance of A11*f6 necessitates larger corrections for the 

K-effect and isophotal contraction than for the other 3 clusters. The 

galactic absorption correction is also rather larger due to its low 

latitude (b =-33 )  Chap. 8 includes details of these corrections.

A1146 is similar to the 'Coma cluster and its population is no 

greater; a Richness Class of 3 is rather more appropriate than that of 

k assigned to it by Abell (1958). The central galaxy has a double 

nucleus, unresolved in the photographic photometry. Unfortunately
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a redshift is available only for the central galaxy, which is a 

cD, so the velocity dispersion is unknown. A large telescope would 

be needed to obtain the velocity dispersion since the tenth brightest 

galaxy has B5Q = 19.06.

2.4 233*f-33

This is the least rich of the four clusters for which B^« data 

exist. Its population suggests that its Abell Richness Class would 

be barely 1, although it is significantly richer than Virgo* It is 

dominated by an extremely bright cD galaxy. This galaxy is a radio 

source,.PKS235^-33 (Bolton & Ekers 1966), and shows 3727& emission 

in its spectrum. Close to the cD is a spiral galaxy, g2, which has 

a redshift 2000km/s less than that of the cD, g1. If the spiral is 

at the distance of 235^ 35» then its absolute Bp7 magnitude is A/-22.8, 

in which case it is one of the brightest spirals known (cf. M31s 

Mg = -20.3» ia Alien 1973). Even at the distance suggested by its 

redshift, g2 is very bright: Mg » ~ -22.5. No X-ray source has
O FJ

been found in the vicinity of the cluster, but if it has, the same 

X-ray luminosity as KMf, then it would probably not have been detected 

in the 2A survey (Cooke et al 1978).

The redshift of the cD galaxy was measured by Whiteoak C1972) as 

.0^87 (heliocentric). Further redshifts for the cD and other galaxies 

in the cluster have been derived in the present work; the redshift 

value for the cD is confirmed. Photographic photometry of the cluster 

has been taken from Bucknell (1977); these data were found using 

methods similar to those described in Chap. 7.
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2»5

This cluster is at a low galactic latitude .(b =-36°) and may be 

subject to patchy obscuration as well as a high surface density of 

stars* No photographic photometry has been attempted on A496, but 

redshifts for 3 of the galaxies have been obtained by Melnick & 

Sargent (1977) and 3 further are derived in the present work, with 

one in common. Two radio galaxies lie 10' NE and 10* SE of the 

central cD galaxy: PKS0431-13.3 and PKSOV51-13.5 respectively 

(Bolton & Ekers 1966). Whiteoak (1972) found the redshift of PK 

PKSO^-31-13.5 » g5 to be 0.0365 (heliocentric), /^1100km/s greater 

than that of the central cD galaxy. The cluster membership of these 

radio galaxies thus remains in doubt,

is classified by Abell as Distance Class 3, Richness 1. It 

was detected as an X-ray source by the Ariel satellite and listed 

as 2AO*f31-136 (Cooke et al 1978). Although detected by Uhuru, it 

was not included in the 3U catalogue (Kellogg et al 1973 * Brecher 

& Burbidge 1972).

2.6 Klemola 2 (K2)

Like K**4, this cluster appears in the Klemola (1969) list of 

southern groups and clusters. Redshifts of 6 of the galaxies have 

been obtained and show that the cluster is the superposition of two 

groups of galaxies, one at z-O.0230 and the other at z"0.019^« In 

view of this, its lack of special interest, and its sparseness (it 

is less rich than the Virgo cluster), no photometry has been carried 

out on K2o No known X-ray or radio sources coincide with the cluster,
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2,7 Pavo

This group is part of the Pavo-Indus cloud of low-redshift galaxies, 

which stretches from 19 to 22 and from -40° to -75° (de Vaucouleurs 

1977)» The Pavo Group is a close-knit group of both spiral and 

elliptical galaxies. Redshifts have been derived for the brighter 

galaxies by several workers, most notably Sandage d975b), and further 

redshifts are given in the present work. Sandage suggests that the 

close pair N6872/I^f970 may be background since their redshifts are 

nearly 1000km/s higher than the mean for the Group. The redshift of 

one of the Group members, 1^985» has been found to be intermediate 

between that of this pair and the rest of the Group (App. I); in view 

of this, and because the pair are near the centre of the Group, it 

is possible that they are true members.

An X-ray source, 3U1959-69 has been identified with the Pavo Group 

(Melnick & Quintana 1975 t Vidal 1975), but the Ariel satellite failed 

to find the source at the reported intensity (Cooke et al 1978). The 

Uhuru source position was revised to 1955-68 in the 4U catalogue 

(Forman et al 1978.) and Jones & Forman (1978) consider the 

identification with the Pavo Group uncertain.

2.8 Sersic 1^9/5 and Sersic 1^9/10 (31^9/5 & 31^9/10)

This is a pair of rich southern clusters. The single redshift 

obtained in each, z=0.07*f5 and z=0.0770 respectively (App. I), show 

that the clusters are at a similar distance and separated by 

on the sky. They are therefore members of the same supercluster. 

Duus & Newell (1977) list them as 2143-575 and 2150-581.
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Chapter J>i Spectroscopic Observations

3»1 The Equipment

The redshift observations were carried out in two periods, each 

lasting a week: 1976 August 23-29 and 197? October 11-1?. Both were 

in "dark time" and hence only a small proportion of the spectra 

were taken with the moon up. No faint galaxies (fflR ^- 14-) were 

observed with the moon up since contamination by solar lines would 

have resulted in unreliable redshifts.

The telescope used was the 74" (1.9m) Radcliffe Reflector of the 

South African Astronomical Observatory at Sutherland; it is 

described in the SAAO Facilities Handbook. At the time of use it 

had a primitive control system, causing difficulties in acquisition, 

and a rather mediocre mirror coating. In compensation, the Sutherland 

site suffers very little from pollution of the night sky by * ; 

artificial light, and has a large percentage of nights suitable    

for Spectroscopic observations.

Fig* 3«1 shows the Image Tube Spectrograph, which was used at ? 

the Cassegrain focus of the 74". It is the twin of the RGO ITS; they 

are described in the Facilities Handbooks for the SAAO and RGO, .and 

Palmer & Milsom (1972) discuss their performance and design.

Field viewing is by a pierced mirror which is also used for 

offset guiding, the galaxies being too faint and diffuse to guide on 

the slit. When the mirror is centered, the optical path is clear for
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the image of the object to fall on the adjustable slit. Light 

from a comparison lamp can also be focussed on the slit. Behind 

the slit there is a prism that can be inserted in the beam to 

divert it to a Varo image tube; this is useful in centering 

faint galaxies. In the second observing period, the beam could 

also be diverted to an exposure rneter system. This was of some 

help in choosing exposure times, but it was not practical to 

use it for centering faint galaxies due to noise in the counting 

rate and a long time constant.

Using Grating 1 (300 lines/ram) at an angle of I8°*f5« gave a 

dispersion at the plate of 2105/mm, centered at 4000A. The 

detector system was an f/1.^ Maksutov-Cassegrain camera and 3-stage 

i£MI image tube. A transfer lens is used bo couple the final phosphor 

of the tube to the photographic plate used to record the spectrum. 

The 2inch square plates -.;,-^^ had sufficient space to record up to 

5 separate spectra. During the fir-t observing period, IlaO emulsion 

plates, baked in air, were used; in the second period the plates 

were baked in a pulsed flow of nitrogen. They were developed in 

D19f "fixed with Amfix, hardened, ana driod at ambient temperature.

3«2 Observations

A slit width of 300urn = 1.8arcsecs v/as used; this is reduced at 

the tube and plate to 2j5um. The resolution of the tube is 

50 line-pairs/mm and of the IlaO emulsion rather better. At the 

dispersion used, 23urn is equivalent to ;60km/s redshift at ^-OOOA*.
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. Spectra can be trailed (i.e. the length of the lines increased 

perpendicularly to the direction of the dispersion) using coils 

to deflect the slit image in the tube from side to side. Trailing 

can also be achieved by moving the telescope itself, but this has 

the considerable disadvantage that for only a fraction of the 

exposure is any particular part of the slit on the galaxy nucleus^ 

the result is a dilution of the galaxy spectrum by the night sky 

spectrum. The comparison spectrum can also be trailed; in this case 

the same short slit is used for it as for the galaxy and a 

deflection to either side of the galaxy spectrum is applied by 

the tube coils.

During the 1976 observing period the galaxy spectra were 

untrailed and air-baked IlaO plates were used. The fast emulsion 

and lack of trailing gave short exposure times, ~30mins. Only a 

few of the spectra failed to show a definite redshift, but they 

were rather noisy and not many lines other than CaH and J£ were visible 

since exposure long enough to overcome the noise resulted in
'*  

over-exposure of the galaxy continuum. The spectra were also very 

vulnerable to ion-spots caused by the impact of heavy ions 

accelerated in the tube. These appear as dark dots arid are large 

enough to obliterate untrailed features with which they coincide,

Tests were made on nitrogen-baked IllaJ emulsion plates at the 

beginning of the second period. It was hoped that the smaller grain 

size would compensate for the slowness, and that measurement by a 

densitometer would make it ^.ossible to measure the resulting low 

contrast lines. In practice no significant improvement was found 

over IlaO, possibly due to the nitrogen bakin.; system used, or



because tiie I!ow resolution of the tube limited the quality of the 

plates so the fine grain was of no benefit.

In the second period, therefore, IlaO eiiiulsion was once again 

used. The plates wore baked in a pulsed flow of nitrogen (8hr 

at 60 C). The galaxy spectra were trailed electronically to aid 

recognition of lines and to reduce the noise. The uae of trailing 

necessitated longer exposure times, /^^miiiBj but this did not 

reduce proportionately the number of spectra taken in a given time 

since acquiring the galaxies and operating the ITS was cumbersome 

and considerable time was needed bet eon exposures. The spectra, 

despite being of fainter galaxies in general than during the first 

period, v/ere of better quality. Fainter lines could be identified 

and ther r were fewer difficulties caused by ion-spots and plate 

flaws.

The comparison spectra were put on in both periods using a long 

slit with the centre masked by a dekker. The emission line spectrum 

of the comparison lamp thus runs down each side of the galaxy 

spectrum. . This procedure relies on the strai^htness of th,e slit, 

although no evidence was found to suggest it was curved, and uses 

the system off -axis. The alternative was to use the short slit 

for comparison as well as galaxy and trail it with the tube coils. 

Although more convenient this was not done as there is a danger 

of contamination of the galaxy spectrum from persistence in the 

tube. Run at ^OkV e.h.t., the intermediate phosphors of the 

tube are over-excited, and the after-glow from them is amplified 

by subsequent stages of the tube. The comparison spectrum follows 

the same path as the galaxy spectrum in the first part of the tube
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and persistence of the comparison spectrum may overlay the 

subsequent ^aliaxy spectrum: Moss (l9'/6) discuspses this problem. 

The danger of persistence from one galaxy ;: , oeccrum to the next 

is less since the time betv/een tiiem is longer and the galaxy 

continuum is not as over-exposed as the comparison emission lines. 

Tests were made to check the extent oi p... rsisten-.-e from one galaxy 

to the next by taking exposures with the slit shutter closed while 

acquiring the next galaxy. These exposures show no sign of the " 

previous galaxy continuum, although a few of the comparison lines 

are just visible to either side of it.

Different lamps were used in the two jjeriods: in the first 

Gu/Ar and in the second He with slight Ne (not as much as in a 

standard He/Ne lamp). The exposure time was A/12s both before and 

after each galaxy exposure. Filters w re used to lengthen the 

exposure times of the comparison and to eliminate the second-order 

spectrum.

The Cu/Ar lamp gives many lines, some of them blended at the 

low dispersion used. The He/Ne lamp produces fewer, but better 

lines. The lines used in the reductions, and ifiethodc of selecting 

and weighting them are discussed iii Chap. 4.

Table 3«1 summarises the observ tional details of the 

spectroscopy and App. II lists the ,."lates taken and the exposure 

times etc. The next chapter describes the derivation of the 

redshifts arid the results are shovm in App. I.



Table 3«1* Summary of Spectro.:copic Observations

1976 1977

Dates

Telescope

Focus

Spectrograph

Tube

Emulsion

Dispersion

Comparison Lamp

Galaxy Trailing

Comparison Trailing

Exposure Times

At Slit:

Slit Width

Slit Length (Galaxy)

Slit Length (Comparison)

At Plate:

Slit Width

Slit Length (Galaxy)

Slit Length (Comparison)

Aug. 23-29 Oct. 11-17 

SAAO 7^f" (1.9m) 

Cassegrain 

Image Tube Spectrograph (ITS)

3-Gtao;e EM I

Air-baked IlaO

^210 A/mm

N -baked IlaO

Cu/Ar

No 

No

He + olight Ne

Electronic Trail

No

300um = I.Sarcsecs

6oOum=3«6arcsecs
2 x 5«1mrn

23ura
200m trailed to 200um

2 x
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Chapter *n Measurement of the rod.::hj fts

4.1 The Abbe Comparator

The accuracy of redshifts is limited by the nature of the spectra 

and the spectrograph, but the measuring machine must also be accurate 

or it, too| will degrade the results. At a dispersion of 21oA/mra 

an error of 10um in the position of the CaH or CaK line gives an error 

of ~150km/s in its velocity.

The Oxford modified Abbe Comparator was used to measure the spectra; 

it has an accuracy of ~2.u.m for repeated readings. Its main advantage 

over a travelling microscope is in displaying a densitometer scan 

of the line being measured as w >11 as a magnified image; more 

information is thus available when deciding on the position of the 

centre of a line.

A full description of the Abbe and its modification is given by 

Gollnow (1961). The plate is placed on a massive table that can 

move in x and y under a microscope head, and is illuminated from 

beneath. A beam splitter above the head gives two separate images 

of the part of the plate in view. One is thrown directly on to a 

ground glass screen provided with a fiducial mark, so that spectral 

lines may be positioned on it by moving the table. The other 

image is swept repeatedly across a slit and dekker by the deflecting 

action of a revolving ^lass block. A photomultiplier detects the 

light entering the slit.

The densitometer trace from the ,.bbe is displayed as a deflection 

in the y-direction on a c.r.o. that has its time base synchronised



to the block rotation. The line profile is thus displayed on the 

screen. A mirror-image trace is g3norat.-d lectronically and 

displayed similarly. To ^ake a measurement, the t ,ble is moved 

until the two traces of a line coincide at the chosen line 

centre. If the line is symmetrical, then the whole profile of 

the line coincides on the two traces. Alternatively, the direct 

image of the line on the ground glass screen can be used to 

find the line position.

Line asymmetries are easily .seen 'on the c.r.o. and it is also 

particularly useful in identifying lines in very dense continua. 

The projected image is necessary since the c.r.o. trace is one- 

dimensional and it is often important to know whether a line 

goes all the way across the continuum in order to be convinced 

of its reality. Ion-spots, for instance, can easily be mistaken 

for emission lines when seen on the c.r.o.

The position of the table is measured by a Moire fringe unit 

to the nearest 1um. No attempt was made to calibrate the unit

of measurement, since it is irrelevant in the reduction, but
V

it does not differ greatly from the nominal micron. Backlash of 

~2um is present, but can be corrected for. The position is punched 

on to paper tape on command, and other identifying marks and 

couiments can be punched when necessary. Position in the y-direction 

across the spectra is shown by a vernier scale, readable to the 

nearest

The Abbe is housed in a constant temperature room, held to 

+0.2K over time-scales longer than is needed to measure a plate
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Drift due to thermal and other c ,uoeo is v..ry small, amounting 

to less than 1um during the measurement of moot specU-a.

km2 Measurement of the Spectra

Every spectrum was measured at least twice. These measurements 

were fully independent, being on different aays and reduced 

separately. The notes from the first were not referred to in the 

second. In the case of serious disagreement between the measurements 

or if the reduction showed there to be an anomaly, such as 

displacement of the night sky lines, then the spectrum was measured 

a third time.

The complete set of comparison lines were me isured both above 

and below the galaxy spectrum before and after 1 measurement of the 

galaxy spectrum: thus the comparison lines v/ere measured four times. 

A short slit, the same length as the galaxy continuum width was 

used for all the measurements on a spectrum, and the slit width 

was always l8um. Movement of the table in the y-direction is by 

a screw. No adjustment was necessary during the run along a set 

of lines since bending of the spectrum only became significant 

redward of b^OOfi, where there are very few lines present. In any 

case the reduction method corrects for bending to the first order.

Single readings v/ere taken on the comparison lines and sets of 

three on those of the galaxy and n^ght sky. During the pass along 

the galaxy spectrum any possible lines were measured and their 

appearance noted. The position of a line was taken a-.-; being its



centre near its deepest part. It is not possible to use a simple 

objective criterion for finding the position of the centre since 

the lines are of different strengths and intrinsic shapes: the
/

G-band, for instance, is a complex blend. The effect of noise and 

night sky interference on a line also depends on its redshift since 

this determines in which part of the spectrum the line falls.

Some improvement in the accuracy of redshift determinations can 

be made by cross-correlating the galaxy spectrum with a "standard" 

galaxy spectrum and finding the redshift that gives the best 

match (e.g. Faber & Dressier 1977). This procedure is only- 

possible with good, calibrated plates, and can have the unfortunate 

effect of putting high weight on the strongest features, without 

regard to their quality.

*f.3 Computation of the redshifts

The Oxford ICL1906A was used for the reduction of the paper tape 

output from the Abbe Comparator. After reading in the tapes, any 

obvious errors due to mis-punching or the omission of lines were
 0

corrected. The data were then rearranged in a compact form for 

ease of storage and reference in the computer.

The sets of comparison readings taken on the upper lines before 

and after measurement of the gal .:y spectrum were combined to give 

the mean position of these line... The readings on the comparison 

lines below the galaxy spectrum were treated similarly. Linear 

interpolation was used to combine the upper arid lower readings at 

the y-position of the galaxy spectrum, giving a single x-position



which can be co^par- d with the x-positi..,ns of the g.ila.-;y lines. 

This procedure is only correct ir. the c,:v.-.e>nee of bending of the 

spectrum by S- i. tortion in the tube, an 1 it? the slit is not 

bent. The ^-ciist-r Lion present on ..y ^-'i-ves an error of / lum 

beyond 6.500A where no ;j;al xy lines have been measured. To check 

the slit (or equivalently the tube deflection in the case of 

trailed spectra) test plates were taken in which the co..:parison 

lines were put ou across the whole width of the -spectrum. They 

showed no ..ystetiatic :;lit cnrv ture greater than 'lum.

Wavelengths for the comparison line , were taken from Zaidel 

et al (1970) and Moore (1959). Tho rot of j.ines was chosen by 

examining the line shapes with the- Abbe. Lines that w^re severely 

asymmetrical were eliminated, as were ov r and under-exposed lines, 

and blends. The tables of lines were used to pick out lines that were 

close blends. In practice, adopting the,-:e criteria left too few 

lines in some parts of the spectrum and less satisfactory lines had 

to be included. In particular the blue end of the Cu/Ar spectrum 

was under-exposed, and the yreen part ct' the surne spectrum had
4

nearly every line blended to some extent. Three of the adopted 

Cu/Ar lines //ere blends of close lines; the wavelengths assumed 

are similar to tho ;e found by polynomial interpolation by Moss 

(1976). The lines in the He/He spectrum were generally of good 

quality and nearly all were used apart fro.u the 5^75^ He line 

which was very over-exposed an;i blended ':ith a faint Ne line.

Lines that consistently ha - a lar^e residual in the reduction were 

also eliminated, oven though this could also be explained as a
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characteristic of the dispersion of the spectrograph. .-in 

"intrinsic weight", v. , on a scale from 1 to > was assigned to 

each line in the sets on the basis of their quality. Table 4.1 

shows the wavelengths and weights of the member:: of each set.

A polynomial was fitted to the x-positions of the comparison 

lines, adjusted to the y-positi-.-n of the galaxy spectrum as . 

explained above. The polynomial was calculated separately for-

each of the galaxy line positions, x.. In its calculation, each
J

line was given a weight, w. ., that was the product of two factors! *  «J

firstly the "intrinsic weight" of the line, v. , and secondly an 

expression that was greatest for lines that w:re closest to the 

galaxy line position. In practice, a gaussian form was used for this 

second factor, giving a total weight:

Using x =s6QOOiim, this was successful in reducing the influence 

of poor lines and those far away when calculating the position- 

wavelength polynomial for a particul ->.r galaxy line,

Polynomials to the fourth or fifth powers were found to be 

sufficient to give a good fit to the comparison line positions. 

Residuals from the polynomials were usually <"0.5-& s.d., and showed 

no systematic effects. In the course of the reduction several 

criteria were used to reject comparison lines: disagreement 

in- the measurements, abnormal tilt across the spectrum, and large 

( >2.5s.d.) residual from the polynomial. On average, ~2 lines 

per spectrum were rejected for one or more- reasons; they were 

usually li:tes that haa a low intrinsic weight.
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If the 3727$ galaxy line had been present in the spectra of the 

lower velocity gal xies it would have lain outside the span of the 

He/Ne comparison lines, but in no case did this happen and 

extrapolation was never necessary,

The derived wavelengths of the galaxy lines were examined to 

identify the lines present. The GaH and K lines were normally definite 

enough to avoid any danger of grossly erroneous redshifts. Weights 

for the reliability of each galaxy line were assigned using the 

notes taken when measuring the spectra, A scale from 1 to 5 was 

used: generally the H and K lines were given weights of *f or 5i 

the G-band 2 and other lines 1 or 2. Occasionally the NaD line 

merited a high weight due to its clean shape and the 3727^ emission 

line when strong was also assigned a high weight,

The finally adopted line wavelengths ;UK! weights were the mean 

of the two measuring sessions' results. If there was doubt about 

the reality of a -line, or if it was distorted by a night-sky 

feature, then it was rejected. The galaxy redshift value was 

calculated using the weighted mean of the individual line redahifts*~4

The rest wavelengths used for the galaxy lines were taken from 

Sandage (1975&) &nd are listed in Table 4.2 which also shows

the number of occurrences of each line, the mean residual of the line 
from the adopted galaxy velocity, and the error in this value. The 

number of occurences of a lino i.:; not an unbiassed indication of 

its strength in the spectra since certain lines may be hidden behind 

night-sky features or fall outside the range of photocathode high 

sensitivity.



Table k.2 shows that the H and K lines differ oignificantly in 

the redshifts they give by <~60kia/s, being measured an average of 

o'O.SJl too close together. There i;, no way of telling which one 

or both of them is in error, ana no corrocti n can be Made. The 

error in the galaxy velocities if one of them is v;rong by 60km/s 

will be rather less than 30km/s .since both H and K are normally 

present in the spectra and usually other lines are too.

Hn also shows a significant residual in. both observing periods. 

This line only occurs in a few of the spectra since it is strong 

only in late-type galaxies, and never harj a high weight. Even so, 

it has been omitted from the redahift calculations and so also 

has the single occurrence of the related H6 line.

lueally the wavelengths of the absorption lines would be 

calibrated using the emission line wavelengths, but it has not 

been possible to follow this procedure, here since, apart from the 

planetary nebula No8l8, the only emission line found is 3727&» 

N68l8 is of no help in calibration as it ha.-; no absorption lines. 

The rest wavelengths adopted are unlikely to be much (>50km/s) in 

error since they were derived using similar telescope-detector- 

measurement combinations.

The values of the redshifts calculated for the galaxies are 

shown in App. I, quoted in terms of the "representative velocity", 

V*=cz. The values of v are corrected to the heliocentric frame; 

the correction is never larger than nJkm/s. Many authors correct 

for the motion of the heliocentric fra^e ii> the galaxy and Local 

Group, often using the expression for the correction:
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v = v . + a sin 1 coa b corr. ob.;.

II II where a=j500km/s and b and 1 arc- the revised galactic coordinates.

This practice has not been adopted here since the rotational 

velocity of the Galaxy is still uncertain by HK^Okm/s and its 

translational velocity is rather less accurate. Measurements of the 

motion through the microwave background (Partridge 19?4) and 

relative to the nearby galaxies (Rubin et al 1976) disagree even in 

the direction of the motion. In this confused situation it would 

seem unwise to apply any correction at all.

Errors

Although zero-point errors are unimportant when, calculating 

velocity dispersions from homogeneous data, they must be included 

when using results from a variety of sources. In the red 

end of the spectrum they were investigated by finding the apparent 

wavelengths of four night sky lines during the measurement of the 

spectra. The results are shov/n in Table 4.3: no significant shifts
M

are found. Blueward of 557?A there are no bright night-sky lines 

visible at Sutherland, so the zero- point error must be assessed 

from a comparison with galaxy velocities by other authors. The 

listing of redshifts in App.I shows data from other sources where 

these are available. The comparison is made with each worker .with

in common, ana for the whole wet. in Table 4.^: V - V is the / * 7 os
mean difference between the velocities found' here for the 

comparison objects and the me. n velocities found by other workers^ 

(T is the s.d. in the mean difference, and s.e. is the error in
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the mean difference.

There is no indication.of a need for a zero-point correction, and
i

none has therefore been made, .Shown in i'ig. 4.1 irs the variation

with velocity of V -V ; all the comparison sample is plotted, Ao s

large zero-point error variation with velocity would be apparent 

as a slope in the distribution,

The comparisons, however, with previous redshift results may 

be misleading. The information for different redshift ranges tends 

to come from different sources, and this may mask the variation 

of zero-point error with redshift. It is also unfortunate that 

most velocities of southern galaxies have been found using only two 

telescopes: the 1.9m reflectors at Sutherland and Mount Stromlo. 

Rather more serious is the strong evidence presented by Sandage 

(1978) that optical redshifts are systematically 30km/s too low 

compared with 21 cm redshifts, (Sandage's redshifts used in Table 4.4 

and App. T. du not include his 30km/'s correction), Since there 

is little reason to doubt the accuracy of the 21cm data, it seems 

likely that there is an error in the optical zero-point, perhaps 

.due to incorrect wavelengths of the galaxy lines, or night-sky 

interference. It is not known if this affects distant elliptical 

galaxies, which form most of the sample here, a;; well ao the 

nearby spirals in Sandage's sample. Meanwhile, the 29krn/s error 

shown for the zero-point in Table 4.4 should be considered as a 

lower limit.

Night-sky interference arisen from the blendin;; of night-sky 

features with gal xy lines. Systematic differences between the 

optical velocities found by Humanon et al (19:X;) and 21 cm velocities 

in the ran, ;e 1300km/s to 2..>00km/s have been blamed on this cause



(e.g. Roberts 1972). Dirnkin (1977) ha.:; ohoun by simulation that 

the H and K lines are liable to be changed in apparent velocity^ 

by hundreds of km/s in certain circumstances, by blending with the 

sky features. Tifft (1978), although disagreeing v/j th her conclusions 

about hie work, confirmed that the 4C47& mercury line can cause 

serious errors in observations.

The effect is insidious in that non-linearity of the emulsion 

response can lead to the sky feature being almost invisible when 

not added to the galaxy continuum, even when fairly strong. The 

sky at Sutherland ic less polluted by artificial light than at 

most sites, including that used as an example by Simkin, There is 

therefore probably little error from this source. To confirm this, 

the residual velocity of a line from the mean of all the lines of 

the galaxy is shown plotted against the wavelength at which the line 

is observed (see fig. 4.2). The complete sample of galaxies is 

included. If the absorption lines were being displaced by any 

night-sky emission lines, then a chariot-eristic ohape:

AV

/ N

/

\
\,.

would appear in the attribution at the night sky line 

wavelength; there is a slight indication of this at 4047A. Fig. k. 3 

shows the difference bet :een the ii an ' K line velocities ^lotted 

against their mean wavelengths. No anomaly is apparent, apart 

from VU--VT, being non-zero.H A.
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Other sourc..> of error in the velocity -v c :. ruinations will 

be the inaccuracy of the wavelength-position calibration curve, 

measuring errors, and noise in the s ectra. Shown in App. I is the 
"internal error" of the velocity for each galaxy. This is 

calculated as the standard error in the c<>i:bi nation of velocities 

of the individual lines to derive the galaxy velocity. It should 

be distinguished from the "external error" ii- the velocity which 

is an estimate of the true error in the velocity. The internal 

error does not include the effect of systematic errors that 

influence all the lines; this can be the case for night-sky 

interference or calibration curve errors in some part.: of the 

redshift ran.-_,e, as well as systematic faults in the spectroscope. 
and measuring machine, A lar.'.e proportion of the internal error is 
simply due to noise in the spectra; measuring errors as shown by the 
night-sky line velocities arid by comparison between the two measures 
of each spectrum only amount to

The internal errors are in general under-estimates of the 

external errors and show large statistical fluctuations because 

of the small number of lines measured. The dispersion, <T=1 if6km/8, 
given in Table k.k for the difference bet;/ en velocities from 

this v/ork and from other s <i;rces suggest:, that the external errors 
in the galaxy velocities are ~100km/s, assuming that all sources 
are equally accurate. This value is similar to the /^95km/s and 
108km/s found by Sanda: e (ls?8) for his own data and that of Martin 
(1976) respectively. The mean of the internal errors given for 

this ,3 ample, in App. I is 6j5km/s, c. n^id .ra ly s;. alJer than the 

external errors.
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A representative internal error is found for each galaxy by 

taking the mean of the internal errors of gala:ries with similar 

quality spectra. The external error of tiio galaxy is then assessed 

as twice the representative internal error and shown in App. I as 

an error class (fjee Table k.5). Sandage (19?8) found that such a 

procedure was justified since ttie external error is greatest 

for galaxies with large internal errors. The normal error class 

for low redshift galaxies, which predominate in the comparison 

sample, is "a", which is in agreement with the external errors 

found above by comparison with other sources.



Table 4.1; Wavelengths of Com^ari^on Li^o-o

A,A

Copper/Argon

Intrinsic 
Weight

Helium/Neon

Intrinsic
Weight

7383.98
7272.94
7030.26
6871.29
6416,31
6173.10
5912.09
5860.32
5739.52
5650.70
5606.73
5558,70
5218.20
5187.75
5062.07
4965.07
4847.90
4806.07
4764.89
4657.94
4510.73
4400. 48
4300.10
4131.73
4103.91

3994.81
3948.50
3928.63
3868.53

3850.57

3765.27
3560.40
3491.39

3341.77
3273.96
3247.54

3
3
1

3
5
1
4

2

3
2

5
3
3
4

3
2

if

4

2
if

if

2

2
if

4

2

1

1

1

1

2

2

1

3

5

5

Ar I

Ar I

Ar I

Ar I

Ar I

Ar I

Ar I

Ar I

Ar I

Ar I

Ar I

Ar I

Cu I

Ar I

Ar II

Ar II

Ar II

Ar II

Ar II

Ar II

Ar I

Ar II (blend)

Ar I

Ar II

Ar II

Ar II

Ar I (blend)

Ar II

Ar II

Ar II

Ar II

Ar II (blend)

Ar II

Ar II

Cu I

Cu I

7281.35

70o5.ic;
o67o.-i5

6500.53
6402.25

  6334.43

b266.50

0143.06
6096.16

6074.34
5764.42
5047.74
5015.68
4921.93
4713.14
4685.68
4471.48
4387.93
4143.76
4120.85
4026.19
3964.73
3888.65

'•) 
c.

5
3

3
5
2

3

5
4

2

1
2

3
4
4

3
4

5
2

1

5

5
4

He I

He I

He I

Ne I

Ne I

Ne I

Ne I

Ne I

Ne I

Ne I

Ne I

He I

He I

He I

He I

He II

He I

He I

He I

He I

He I

He I

He I



Table 4. 2; Line rest v/avelen -ths and i-eoiaua.1 velocities

Line

K

H

Ca I

G

Fe I

Mg I

Ca+Fe

Na D

H e
H *l

H $

H V

H ?

0 II

Rest

1

3933.

3968.

4226.

4304.

4383.

5175.

5268.

5892.

3798.

3835.

4101.

4340.

4863.

-3727.

7

5

7

4

6

36

98

5

6

6

7

5

9

3

Mean

km/s

21

-23

-113

-48

78

-21

83

-203

-83

-1

86

1976

km/s

110

122

137

161

46

130

144

139

77

49

s.e.

km/s

16

18

69

35

23

58

33

49

44

19

n

47

48

4

22

4

5

0

19

0

8

3

0

1

7

Mean

km/s

57

-25

370

-14

84

-17

-2?2

-10

29

-231

76

-213

-29

-110

1977
6^ s.e

km/s

70

167

166

208

192

228

214

197

208

172

273

356

196

km/s

13

31

96

45

78

72

107

51

120

86

158

159

98

n

29

30

3

22

6

10

4

15

1

3

4

3

5

4(em)
-* 

(

"Mean" is the mean deviation of the line velocity from the 
galaxy velocity.QT ai-d s.e. are the standard deviation and standard 
error of that value; the number of occurrences of the line is 

given under "n".



Table 4»3t Measurements on Hight-Sky Lines

a) 1976 Spectra

Line

01 

NaD 

01

b) 1977 

Line

01 

NaD 

01 

01

Wavelength
A 

5577.35

5891.94

6300.23

Spectra 

Wavelen th
A w .

5577.35 

5891.94

6300.23

6 -? f -7 Q O 363.00

Mean vel. 
km/s

-20 

8 

2

Mean vel. 
km/s

-22 

36

0 

-24

v<' 

km/s

37

57 

39

24

61 

32 

42

; . e .
kin/s

6

9

6

c.e. 
km/s

5

25 

10

19

no. of 
spectra

39 

37 

39

no. of 
spectra

23 

6

10

5

The line velocities Uocd are the averages of the two

measurements on each spectrum.



Table 4.4: Comparisons with velocities from other sources

Reference

All 

Sanduge (1978)

Chincarini
et al (1976)

Maccacaro
et al (1977)

Vidal (1975) 

Martin (1976)

xes ir 
raon

5

9

9

5

4

4

i mean am.
V -V o s

-3

-71

22

65

-102

-91

<r

146

140

117

236

225

109

a.e, in 
mean

29

47

39

106

113

54

All values aro in km/s. Galaxy 8 in Kkk has been omitted (V -V =-695)
O 3

Table 4.3: Error classes

Error Class

a

b 

c 

d

Estimated external 
error

60 - 120 km/s

120 - 180 krn/s

180 - 2*fO km/s

possibility of gross 
error
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Chapter 5: The Velocity Dispersions

5«1t Introduction

In the future it may be possible to measure the redshifts of the 

bright galaxies of a cluster at the same time, using multi-aperture 

spectrographs, objective prism systems or, eventually, holographic 

techniques (Lindegren & Dravins 19?8). At present, only single object 

spectrographs can provide the necessary accuracy; hence finding the 

velocity dispersion of a cluster remains expensive in telescope time 

and resources. A consequence is that the calculation of the velocity 

dispersion of a cluster must normally be carried out using the redshifts 

of fewer galaxies than is desirable. These galaxies are generally the 

brightest in the cluster since this minimises the exposure times (cf. 

Jones & Jones (19?3) who suggest that a well-defined and rather 

fainter sample would be useful).

In the present work, only **10 redshifts are known in each cluster, 

giving no opportunity to derive any detailed conclusions about the 

dynamite of the clusters. A sample this small provides enough
»

information to tentatively reject possible non-members and give 

a brutally simplified picture of the kinematics of the cluster. 

Fortunately^ there has been detailed study of the velocity distribution 

in a few clusters, most notably Coma, and this provides some clues as 

to how the data should be treated.
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3*2t Calculation of the Velocity Dispersions

The distribution of the velocities of galaxies in a cluster is 

normally assumed to be gaussian; Yahil & Vidal (1977) showed, using 

a large body of data from many clusters, that this assumption is 

reasonable. The velocities of galaxies in the Coma cluster do not 

differ significantly from a gaussian distribution (Gregory & Tifft 

1976). However, the tails of the distribution are difficult to 

investigate observationally due to contamination by field galaxies; 

theoretically, too, it is not clear to what extent the tails will 

be modified by the escape of high-velocity galaxies from the cluster,

A best estimate of the underlying dispersion of the velocities in 

a cluster is:- ^

2 
obs n - 1

where (v. - v) , is the observed deviation of the galaxy velocity
1 ODS

from the mean for the cluster, and n is the number of galaxies 

observed. Some authors use n, not (n - 1), as the denominator.

Allowance must be made for the error, e, in the measurements of 

the velocities. Assuming that the galaxies should have equal weight 

in the calculation of the mean velocity, then (v.^ - ^ mus* 

corrected (Materne 197*f, Rood & Dickel 1976):-
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n - 1

n - 1 2,     *>

= S\ obs

This is the velocity dispersion that will be used in the present work;

it refers only to line-of-sight velocities and should be multiplied
4. 

by a projection factor, often assumed to be 32 , to give the dispersion

in space* The velocities, v, , used in these calculations are not 

representative velocities, v=cz, but are derived from the redshifts 

by the relativistic Doppler expression:-

v - o < 1 * « > - 1

d + zr + 1
Use of the representative velocites would result in the velocity 

dispersions being too great by a factor (1 +2) (Faber & Dressier 

1977)» There is a small error, even when using the relativistic 

velocities, caused by calculating the deviation from the mean cluster 

velocity by subtraction, rather than the proper relativistic formula; 

it is less than 1$ for the clusters considered here and has been' 

ignored*

The velocities of galaxies in 5 clusters are shown in Table 5*1   

Velocities assigned an error class of "d" in App* I are excluded as 

they may well be wrong* Otherwise, the velocities by all workers 

are given equal weight in the determination of the mean of the 

velocity measurements for a galaxy. One galaxy in K^4 (VV19) and 

one in 235^-35 (X) have been included despite being outside the 

scan area since they are within 2Mpc projected distance from the 

cluster centre. Velocities are available for other galaxies in these 

two clusters that are more than 2Mpc from the centres; they have 

not been included in the calculation of the velocity dispersions, 

but will be discussed later in this chapter.
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Fig. 5*1 shows the distribution of galaxy redshifts in the 

clusters.

 3s The Exclusion of Non-members

A naive prediction of the number of non-members in the redshift 

samples may be made by assuming that "field" galaxies are distributed 

randomly in space, with a universal luminosity function. Such predictions 

are shown in Table 5-2; they suggest that very few non-members have 

been included. However, these figures are an under-estimate since:-

i) The space density of galaxies around a cluster is higher than 

the density in space generally (assuming that "generally" has any 

meaning here). This can be explained as either the membership of 

a supercluster by the cluster, or, equivalently, as a result of 

the continuous spectrum of galaxy clustering. This excess of galaxies 

will result in an enhancement in the number of non-members that 

are seen projected on to the cluster when observed.

ii) Non-members will be preferentially included in the redshift 

samples if they have a redshift similar to that of the cluster. 

Theoretical calculations (Pence 1976) of the mean redshift of 

"field" galaxies of different apparent magnitudes suggest that at 

mR a 16, 55 = .03 and at mR = 1?i z = .05- Comparing these figures 

with the limiting magnitudes of the redshift samples, Blim * given 

in Table 5.2, it can be seen that the "z of non-members having

magnitudes mT,'v/ Bn . is similar to that of the cluster. This happens 
0 D lim

because the "knee" part of the luminosity function found for
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galaxies (Chap. 8) predominates in the observed "field" galaxies, and 

the redshift sample of galaxies in a cluster normally has a limiting 

magnitude close to the "knee".

The result of effects i) and ii) is that more non-members are 

likely to be found than is predicted by Table 5.2. This excess will 

be of galaxies with similar redshifts to that of the cluster since 

such galaxies are more numerous than naively predicted.and have 

suitable apparent magnitudes for inclusion in the observed sample*

These non-members cannot be simply removed from the sample, even 

statistically, since the nature of the supercluster around the 

observed cluster is unknown* The galaxies in the supercluster may 

have a velocity dispersion of ^10 km/s (cf. the Virgo Cluster - Local 

Qroup velocity difference) and will therefore be indistinguishable 

on the evidence of velocity from cluster members.

Obvious background and foreground galaxies, of course, may be 

eliminated; it has often been the practice to remove galaxies more 

than 2.5o~or 3<rfrom the mean cluster redshift; this process does 

not greatly bias the derived velocity dispersions (Yahil & Vidal 1977), 

The remaining galaxies will be a mixture of members and galaxies 

from the surrounding supercluster.

5 f *f Discussion of the Velocity Dispersions

It is a well known result that the velocity dispersion of groups 

of galaxies is much less than that in clusters^ the richer a s^tem, 

the greater the dispersion. The velocity dispersion ir not a single 

parameter for each cluster, but varies according to projected radius 

form the centre. Studies of Coma and A19^ (Gregory & Tifft 1976,
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Chincarini & Rood 1977) show that the velocity dispersion of these 

clusters is lowest in their centres, reaches a maximum at projected radii 

of O.^Mpc in Coma and O.SMpc in A19^» and then decreases out to at least 

3Mpc. The data are difficult to interpret at greater radii, but the 

velocity dispersion may start to rise again. The same pattern is shown 

by the velocities in A1367 (Dickens & Moss 1976).

The low central velocity dispersions suggest that the centres of 

rich clusters are not mixed fully v/ith the rest of the clusters but 

form separate bound systems. The decrease seen in the velocity 

dispersions at large radii can be interpreted as due to galaxies in 

the outer regions of the cluster following slow, radial orbits. 

Galaxies observed at large projected radii from the centre would then 

have velocities at large inclinations to the line-of-sight so their 

observed redshift velocities relative to the cluster as a whole would 

be small.

The possible increase in the velocity dispersions at very large 

radii may be a result of contamination by non-members. The 

proportion of non-members to be expected amongst the galaxies is 

highest in the outer areas where the surface density of cluster 

galaxies is low. Fast moving galaxies in the supercluster would be able 

to mingle with true cluster members without being bound to the 

cluster. It is, however, not clear whether the mistaken inclusion of 

non-members will increase or decrease the measured velocity dispersion,

and the apparent increase in the velocity dispersions at large radii 

may be statistical fluctuations, or due to some other cause.

Fig, 5.1 and Table 5.3 show that the velocity dispersions are indeed 

low in the central areas of the clusters in the sample, but there is
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too little information to distinguish any possible fall-off at 

large radii* Two-body relaxation in clusters would give the lighter 

galaxies a wider distribution and higher velocity dispersion than 

the more massive ones. This is illustrated by Fig. 5.2 which shows 

the dependence of redshift on magnitude for three clusters. There 

is some indication that the fainter galaxies have a larger velocity 

dispersion.

Velocities in the individual clusters are discussed below:-

This cluster has the largest body of available data. It is 

remarkable for the extremely low velocity dispersion of the galaxies 

in the central group. Most of the redshifts of the galaxies 

are the mean of determinations by more than one observer so there 

can be little doubt that the velocity dispersion is accurate. Outside 

this central region the cluster shows a normal velocity dispersion. 

Galaxies k, 10 and 22 have redshifts more than 10^km/s greater than 

the other galaxies. Since these three galaxies have similar redshifts 

and are close to each other on the sky they are probably a group 

of galaxies in the same supercluster as KVf. They have been eliminated
*  

when calculating the velocity dispersion-(Table 5«3).

Fig. 5.3 shows the redshifts of galaxies near to K^f (R<5Mpc). 

Of these 7 galaxies, 5 have redshifts appropriate to members of 

the cluster, and the other two have redshifts similar to those of 

galaxies *f, 10 and 22. Thus despite their distance from the cluster 

centre these galaxies show a similar redshift distribution to galaxies 

much nearer the centre.

Calculation of the velocity dispersions for sets of the faint 

galaxies and the bright galaxies shows that in the centre the velocity
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dispersions are similar (223km/s(4^alaxies) and 203km/s(^-galaxies) ) , 

whereas in the outer region (0.2Mpc< R<^0.92Mpc) the faint galaxies 

have the larger dispersion (366km/s( /fgalaxies) and *f73km/s(3galaxies). 

The number of galaxies is far too small for this result to be 

significant.

S40/6 This cluster has a very large velocity dispersion (Table 5»3) 

with redshifts distributed evenly over a range of '-'SOOOkm/s. The 

elimination of non-members is therefore difficult. It is probable, 

although not certain, that galaxies 12 and 13 should not be included 

in the calculation of the velocity dispersion. They have redshifts 

more than 1000km/s lower than those of the other galaxies and they 

lie close to each other on the sky and have similar magnitudes. 

Without these galaxies the velocity dispersion is still very high, 

although less than the value for A*f26 (Chincarini & Rood 1971). The 

central cD of S^fO/6 has a redshift rather higher than that of the 

other 6 supposed cluster members, but this may be a sampling problem; 

two of the galaxies have greater redshifts and four lower. The redshift 

of the cD, rather than the mean of the 7 galaxies, has been used as 

the adopted cluster redshift.

233^-35 The spiral galaxy, !g2, which is the galaxy in the cluster 

next in brightness to the giant cD, has been discussed in Chap. 2 

where it was suggested that this galaxy is probably a foreground 

object. Galaxy 6 has a redshift little closer to that of the cD than 

has galaxy 2. Since its redshift is more than 2,5 times the velocity 

dispersion (calculated without it; away from the cluster mean, g6 

is eliminated in the calculation of the cluster velocity dispersion. 

The brightest four galaxies in the cluster have a velocity dispersion
 

no greater than the measuring errors expected. This is unlikely to
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have resulted from relaxation since these bright galaxies are not 

concentrated to the centre (Table 5.1 )  The velocity dispersion of 

all the galaxies in the cluster (excluding g2 and g6) is similar to 

that of Kkk (Table 5.3).

The redshifts of some of the bright galaxies near to 235^-35 have 

been measured (App. I) and are shown in Fig. 5.3. The galaxy 2355-35, 

which is the brightest member of a group, is probably associated with 

235^-35. The galaxy 0001-36 may also be a member of the same super- 

cluster} it is the brightest member of a group listed as 0000.6-3609 

by Braid & MacGillivray (197&). The other galaxies with measured 

redshifts are apparently unrelated to the supercluster.

There is little that can be definitely said about this cluster 

due to the small number of redshifts and the lack of photometry* Four 

of the galaxies (1f7t8»3) which include the central cD galaxy g1 , 

have a velocity dispersion no greater than the measuring errors 

expected. The other two galaxies (*f,5J have velocities 650km/s less 

and 11*f3km/s greater than these galaxies. Galaxy 5 s PKS0^31-13«5 has 

been omitted in the calculation of the velocity dispersion.

 »

Pavo The velocity dispersion found for the Pavo Group (Table 5«3) 

is typical for rich groups. The central velocity dispersion is similar 

to that of K44; the group is so compact that no value can be computed 

for the velocity dispersion outside 0.^f6Mpc. The pair of galaxies 

N6872/I*f970 have similar redshifts and form a sub-system of the main 

group. They are unlikely to be entirely unrelated to it since they 

lie so close to its centre. 1'heir redshifts are "'SOOkm/s greater than 

the group mean, but a galaxy, I^9&5 » i- 6 intermediate in redshift 

between them and the rest of the group. In view of this doubt about 

their dynamic status in the group, a velocity dispersion has been 

calculated without them.



Table 5.1; Adopted Redshifts of Cluster Galaxies

Pavo

Galaxy

1

2

3

7
8
9

12

13

25

B27

15.07

15.45
15.58

16.25

16.27

16.34

16.50

16.55
17.06

cz 
km/s

18081

15757
16681

19703

17631

16363
14258
14556
18599

R 
kpc

6

270
721

484

956
921
282

568
546

2354-35

Ualaxy

1

2

3
4

5
6
8
10

12

13

X

B27

13.90
14.75

15.34
15.61

15.95
16.05
16.21

16.44
16.58
16.58

16.1:

cz
km/s

14596

12568

14475
14609

14827

16370

14751

14912
14070
15509

13886

R 
kpc

0

363

933
1539

1296

1429

277
213

370

786

1242:

Galaxy

14960

14967 

14970 

N6872

X

14972 

N6876

N6877 
N6880
14985

Galaxy

1

7
8

3
4

5

cz 
27 km/s

3464

3939
4742

4743

3778

3635
3884
4103

3963
4442

A496

R CZ
27 km/s

9822
9619

9733
9826

9079

10933

R
kpc

464
380
114

97
0

141
117
142

276

441

R 
kpc

0

819

666
296 *
296 *

530 t

R is projected distance from the adopted cluster centre. 

cz is the heliocentric redshift calculated as the mean of the

values found here and those by other workers. (App. I) 

Bp7 is the isophotal B2<7 magnitude. (App. IV)

* Redflhift from Melnick & Sargent (1977). 

+ Redshift from Whiteoak (1972;.

Values of 

estimated*

and R



Table 5*1 (cont.J
K44

Galaxy C ref. M ref.

1 = 15353 1 B

2 a 15358 3 A

3 4 F

4 75

5 = 15354 2 C

6 = 15350 111

7 41

8 65

9 42

10 44

11 74

13 5 L

17 8/26 Q

18 9 D

20 64

22

24

25 P

28 14

B27

13.98

14. 06

14.38

14.70

14.79

14.81

14.94

14.95

15.32

15.34

15.52

15.64

15.92

15.93

15.97

16.07

16.12

16.20

16.28

R
kpc

85

104

93

501

80

508

817

540

809

577

462

63

152

242

663

465

539

189

2

cz 
km/s

8080

8483

8021

10097

8228

8416

8306

7965

7551

10038

8941

8403

8364

7315

8117

10396

9013

8814

8301

Vel. re:

G.CjM

li,C,M

G,C,M

G,C

<*,C,M

G,G

G,C

G *

C

G,C

u t c

M,C

M

M

C

G

G

M

C

VV19 1539 8750

G: This work
Cs Chincarini et al (1978)

N: Maccacaro ai al (1977)

* The value from C (8660km/s) has 

been ignored.



Table 3.2: Predicted Non-members in Redshift Samples

Cluster Scan fea B. . M NK »L 
squ. deg. lim r b t

(1) (2) (3) W (5) (6)

KMf 0.8? 16.28 19 28 1.2

S^fO/6 0.31 17.06 9 25 0.6

235^-35 0.35 16.58 10 13 0.8

A496 0.10 15.3 6 12 0.0

Pavo 0.13 1^.0 10 12 0.0

Explanation of columns:

(2) C, the scan area, or, in the case of A^-96 and Pavo, the 

approximate area from which the redshifts are drawn.

(3) B.. , the B2_ of the faintest galaxy for which a redshift is 

available. The values for A^-96 and Pavo are estimates.

(k) N , the number of galaxies in the cluster with known redshifts;

W19 in KH is not included.

(5) N. t the number of galaxies in the scan area at least as bright

as B- . . Values for A^-96 and Pavo are estimates. lim

(6) N^ f the predicted number of galaxies among those with known 

redshifts that are non-members. The number of field galaxies 

per degree, N, is assumed to be:-

log1QN = -9.V? + 0.6m (Chap. 8) 

with m s B. . - Ag A^ is the Galactic absorption.

Then:
W = C N N N



Table 5.3: Velocity dispersions

All 0.0<:R>s:Q.46 0.92

Cluster e vnS vnS vnS v n S
kffl/s km/s km/s km/s km/s km/s km/s km/s km/s

K44

K44 el.

S40/6

S40/6 
el.

235^-35

235^-35 
el.

A496

A496 
el.

Pavo

Pavo 
el.

100

100

150

150

150

150

190

120

80

80

8456 20 775

8183 17 427

16370 9 1720

17030 7 1289

14241 11

14269 9 425

9673 6 573

9462 5 277

4041 10 428

3876 8 282

8221 8 220

8221 8 220

17537 1

17537 1

14241 1

14241 1

9661 1

9661 1

6 478

3825 4 178

8110 9 388 8751 10 958

8110 9 388

15600 3 1817

16440 2

13843 5 899

14228 4 314

9423 3 399

9^23 3 399 

4108 9 396

3937 7 241

8214 7 497

16875 4 2128

17766 3 1429

15108 1

15108 1

9925 3 693

9520 2

3444 1

3444 1

Cluster: The values for clusters without and with (el.) elimination of 

possible non-members. These omitted galaxies are:-

In K44; g4, g10, g22 In i>40/6; g12 f g13

In 2354-35? g2,g6 In A496; g5 In Pavo; N6872, 14970

e: The estimated mean measuring error in the velocities of galaxies 

of the cluster.

T: The mean relativistic (not v=cz) velocity of the galaxies.

n: The number of galaxies used in the calculations.

&t The velocity dispersion, corrected for measuring error (Chap. 5.2)..

T, n and S are given for different projected distances from the cluster centre 

as shown by R (in Mpc).



Fig 5*1: Distribution of Redshifts

10
K44

1

O

O Oo°o
O

O

7000 8000 9000 10000

cz km/s
11000

This, and the four diagrams on the next two pages, show the distributi
on 

of redshifts in the five clusters: K44, S^O/6, 235^-35, A^96 and the 

Pavo Group.

The lower part shows the space distribution of the redshifts, plotted 

in terms of the projected distance of the galaxies from the adopted 

cluster centre.

Data are taken from Table 5.1.
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Fig* 5.2: Variation of redshifts with magnitude

4.3

4.2

4.1
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n/ n

K44 
• 2354-35
n S40/6

JK.

14 15
B27

D
/ 1

• D ' n /

16 17

Data from Table

Dashed lines have gradient of 0.2



Fig 3»3: Velocities of galaxies near KVf and 235^-35

o o-2as

-29*

i)

8899

7836^ 
77991

8334
K44

10258,

,8814
10269.

23*50" 48 46 44*

Data from Chincarini et al (1978; 
Values are of v=cz in km/s. Circle is 2Mpc radius,

-34.5

-35

-36'

-36!5
,8520

13897

14429,
X

//
I 

/ 2354-35 \ 
14596 ,'

17245.

12774' 

128711

24"OT

ii) 235^-35

23*57" 23k53*1 23"49'

Data from this work (App. I) 
Values are of v=cz in km/s. Circle is 2Mpc radius,
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Chapter 6: Photoelectric i T

6,1 Equipment an I Observations

This chapter describes multi-aperture photelectric photometry 

of galaxies carried out usiua- the 7^" and *fU" telescopes of the 

SAAO at Sutherland. The results incidentally help to complete the 

photometry of NGC and 1C galaxies, but their primary aim was to 

provide standards for the photographic photometry of clusters. 

Data from this chapter were used in this manner in the study of 

southern clusters; Chapter 7 describes the way in which this was 

done.

In April 1976 the People's Photometer was used at the Cassegrain 

focus of the 7*f" Radcliffe Reflector at Sutherland. Comments about 

this telescope may be found in Chapter 3« ^ue to very bad weather 

only 4 galaxies were observed. The People's Photometer, described 

in the SAAO Facilities Handbook, is similar to the photometer on 

the 20M telescope at Sutherland, and to the RGO Travelling 

Photometer. It is a single channel instrument; the sky cannot be 

monitored at the same time as the galaxy, but must be observed 

separately. Apertures are mounted on slides and can be selected 

as required. Filters can also be moved into the beam.

Two photoraultipliers are fitted, either one of >.hich can be used as 

detector. Both are fitted with cold boxes, and their photocathodes 

are S-11 and Extended S-20. To simplify and speed u^ operation, only 

the S-20 photomultiplier was used, even for B-banu measurements.
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The signal, after DC amplification, was displayed on a chart 

recorder. This showed both a rate of counting and a mean rate for 

each integration period. The former acts as a check that the 

transparency of the atmosphere does not change excessively 

in the course of an integration. Measurements were carried out in 

k colour bands and through 6 apertures for each galaxy.

The observations in October 1977 used the 40" Elizabeth Reflector 

at Sutherland* The St. Andrew's Photometer, like the People's, is 

a single channel instrument with similar photomultipliers and cold 

boxes* Apertures must be selected manually, but the filters are 

controlled by programmable logic circuits which carry out a 

previously specified sequence of filter and photomultiplier changes 

automatically. The signal from the photoraultiplier is processed by 

a pulse-counting system, and the integrated count is printed on a 

teletype and punched on to paper-tape. A chart recorder monitors 

the count rate at each instant.

Readings were taken in the B,V,R anJ I bands and through several 

apertures. Five were available in the wheel used during all of the 

nights except for the first. All of the^e apertures were used 

except in the event of shortage of tirae^ and on one night when the 

seeing was bad (M2U ) so that use of the smallest aperture was thought 

inadvisable.

The observing and reduction procedures were similar for the two 

instruments.

Sky readings were taken corresponding to each galaxy reading; 

repeat measurements on galaxies were made, but not generally on 

the sky. Some galaxies were observed on more than one night,



6/3

especially if there was any reason to doubt the accuracy of the 

readings*

Both photometers are fitted with Varo image tubes which can be 

used to look through the aperture. The galaxies and standard stars 

were centered using the Varos; the brightest part of the image 

being put into the ..iddle of the aperture. Used on diffuse galaxies 

without bright nuclei this method would.be unsatisfactory, but

the nuclei could in all cases be unambiguously identified.

A summary of the photometric equipment is given in Table 6.1. 

This includes details of the filters used. As noted in the Table, 

the standard stars used are all in the Harvard E regions which are 

conveniently spaced around the sky at 5^*^-5 . Standard photometry 

of these stars has been carried out by Cousins using the 18" 

telescope at the Cape. His BVRI photometry (Cousins 1973,19740 

has been extensively used and no serious errors have been found 

by other workers. The standards were observed at regular intervals 

through the night using a large aperture CfO")* using a smaller 

one would have resulted in significant light (>1#) being lost 

by seeing and a consequent overestimation of the brightness of the 

galaxies.

6.2 Reduction of the Results

The output from the People's photometer was in the form of 

chart recordings and notes of the amplifier gain settings. The 

gain calibration of the amplifier ranges was checked to ensure the



compatability of readings on different ranges. The photomultiplier 

was assumed to be linear; this assumption iij unlikely to be 

significantly incorrect as the light intensities were well within 

the normal working range, and no anomalies were found between 

standards of different magnitudes,

The St. Andrews Photometer produced both teletype and punched 

tape output. The teletype listing was amended to remove the 

rather frequent errors produced by the character generating 

system, and corrected for the dead time after a photon detection. 

This correction is a few percent in the case of bright standard 

stars (V^8), but much smaller for the galaxy readings since 

it is proportional to the rate of counting.

The reduction procedure for the data from both instruments 

used the SAAO computer at the Cape. The sky readings were subtracted 

from the galaxy and star readings, and corrections made for the 

extinction which was calculated separately for each night..Colour 

equations were adopted from previous work by other observers using 

the same equipment recently enough for there to have been no 

major'change (e.g. due to the mirror coating ageing).

The results, after the combination of data from different nights, 

are given in App. 5. The colour system is that normally used at the 

SAAO: B and V are the standard bands as revised in the South by 

Cousins (1973) and R and I are in the Cape-Kron system, as described 

by Cousins (197^). The latter bands are approximations to the Kron 

bands with an adjusted zero-point; R has an effective wavelength of 

~6700A and I of ~8100A.

No attempt has been made to correct the results for the presence 

of stars in the aperture when taking the galaxy readings. None in
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fact were noticed through the rear-of-aperture viewer, nor were 

any bright nearby stars apparent on Schmidt plates of the galaxies. 

When the photoelectric data are used as standards for photographic 

work, the magnitudes including any otars must be used.

Errors in the magnitudes and colours depend to some extent on 

the brightness of the galaxyj purely on the basis of photon 

statistics there will be an error of ~ 0.02 in V for the faintest 

galaxies. Most of the error, however, for the brighter galaxies is 

due to other causes: extinction and sky brightness variations, 

inaccurate colour equations, and bad centering in the aperture. 

Qalaxy photometry is particularly susceptible to errors caused by 

sky brightness variations since, through large apertures, even 

fairly bright galaxies (V~12) are no more than twice the sky 

brightness. For the fainter galaxies in the sample, the sky 

contributes most of the light detected. Large aperture readings are 

also prone to errors if the photocathode is not uniform and is 

unevenly illuminated by the Fabry lens. Colours that use two 

photomultipliers are particularly susceptible to this type of 

error. Drifting stars across the aperture of the People's 

Photometer showed some variations in count rate with position, 

enough to cause up to 0.01 magnitudes error, according to galaxy 

type and profile. No aperture larger than 80" was used since this 

type of error is greater for large apertures.

The errors in the magnitudes and colours can be estimated by 

several methods:

a) Comparison between readings in the same night suggest an error 

of 0.02 mags, in V, B-V and V-fi, and of- 0.05 mags, in V-I. This 

error estimate is certainly over-optimistic since it takes no
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account of errors in the extinction for the night, or of systematic 

errors in the photometer.

b) CompariSwn between readings on different nights for the same 

galaxies suggests errors of 0.03 in V, 0.02 in B-V, and O.O^f in 

V-B and V-I.

c) The residuals of standard stars give some idea of how self- 

consistent the photometry of the night is. Errors judged by this 

method are v>;ry s;.iall as stars, measured with short integrations, are 

not separated by as great a time as galaxies from their sky readings. 

The photon counts are larger, also leading to greater accuracy.

d; An upper limit to the errors in a colour can be found by assuming 

the colour varies smoothly across the galaxies, and then finding the 

amount by which the data are in disagreement. Again this takes 

no account of the systematic errors in the photometer. Errors 

estimated in this way are 0.03 for B-V, and 0.02 for V-R and V-I.

e) By far the best test of accuracy is the comparison with previous 

photometry by other workers. Systematic errors are very unlikely 

to remain undetected since different telescopes, photometers, 

standards and reduction methods are used. There is also very little 

risk of raisidentification of galaxies. Other photometry is usually 

in V and B-V; there are no suitable comparisons for V-R ana V-I, 

Some difficulty arises due to the different aperture sets used by 

other photometrists, and in only a few ca_>es do the apertures span 

the whole r^nge of those used here. Plotting the magnitudes against

radius and interpolating by hand for all the galaxies in common with 

previous work suoi> ests an error of -0.03 in V, assuming all other
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work to be equally good.and the errors in them random. A similar 

treatment of B-V gives an estimated error of 0.02. No systematic 

differences can be seen between the data from different sources, 

except for a tendency for Alcaino (197^,1976) to find small aperture 

magnitudes that are too large.

The adopted estimate^of the errors in the photoelectric photometry, 

based on the estimates given above, are:

in V O.O^f in B-V 0.02 in V-R 0.03 and in V-I 0.0*f

The fainter galaxies will have rather larger errors, particularly 

in V-I which is adversely affected by the very low count rates in I.

A hidden source of systematic error is the accuracy of the adopted 

image scale of the 40" telescope. It is possible that the hitherto 

assumed image scale is too small by ^6% (Corwin 1973, priv. comm.). 

If this is the case, then the aperture sizes quoted in the present 

work should be increased by this factor. The effect on the accuracy 

of the calibration of photographic photometry by these readings is leas 

since,-although the galaxies are being sampled at greater radii than 

assumed, the areas sampled will also be greater. Hence the fainter 

surface brightness is compensated by larger areas, and the mean 

derived surface brightness for a particular annulus of the galaxy 

is not affected by as much as 6%. For the particular example of a 

galaxy with a profile BoC r" (B is surface brightness), a systematic 

scale error in the aperture sizes has no effect at all on the mean 

surface brightnesses calculated for annuli.

The results for the photoelectric photometry are given in App. V. 

Previous photometry by other observers is noted.



Table 6.1; Summary of photoelectric methods

Dates 

Telescope 

Photometer 

System

No* Galaxies 
Observed

Filters &
Photocathodes:

B

B

I

-24 April 1977

40", Sutherland 

People 's

DC Amplifier and 
chart recorder

4-10 Oct 1977

", Sutherland

St. Andrews'

Pulse-counter and 
teletype

1?

1mmB012+2inmBG23 
+2minGG13, Extended S20

3amGa495+4mmBG38, Extended S20 2mmOG515, 811

2mmOG570, Extended S20

3mmRU9, Extended S20

2mmOG570 l Extended S20

3mmRU9 f Extended S20

Standard Stars Harvard E region 
Cousins (1973,1974;

Harvard E region 
Cousins (1973,1974)
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Chapter 7? Photographic Photometry

This chapter describes the methods used for the photographic 

photometry of the clusters Kkk and S*fO/6. The data for 235^-35 in 

Bucknell (1977) were obtained by similar techniques, but the automatic 

star-galaxy sorting was not used. Carter & Godwin (1979) also used 

similar methods in their study of A 11 ̂ 6 from an AAT prime focus 

plate. The results for these k clusters are given in App. IV,

7*1 Plate Material and Colour Systems

The plates of KVt, S^O/6 and 235^-35 were taken by the U,K. 

Schmidt Telescope Unit with the 48" Schmidt telescope at 

Siding Spring, Australia. This has a plate scale of 6?.1 arc sees/mm, 

siailar to that of the Palomar W Schmidt.

Hypersensitised IllaJ, lVx1*f", plates were used; they 

hare a high contrast, small grain size and good uniformity, making 

them ideal for the study of faint galaxies. The plates were treated 

in the same way as Southern Survey plates; the hypersensitising 

procedure is discussed by Cannon et al (1978).

A summary of the plate material is shown in Table 7.1.

The photoelectric readings used for the magnitude zero-points 

of the photographic photometry were in the standard B band, based 

on the wavelength response of a photocathode behind a filter. To 

mimic the B band photographically, a 2mm GQ395 filter was used with 

the IllaJ plates. The redward cut-off is defined by the plate response,
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the bluevard by the filter. Fig 7.1 shows the resulting band 

plotted using manufacturers' specifications. The photoelectric B 

band is included for comparison (Johnson & Morgan 1951i Matthews 

& Sandage 19&3)• The match between the banda is not exact, the 

photographic band being wider than the photoelectric. This may 

lead to magnitude errors, especially when the galaxy being 

measured has a spectrum that differs markedly from that of the 

photoelectric standard. It is encouraging that values for the 

magnitude zero-point of a plate are not systematically different 

when galaxies of different colours are used in their determination,

A variety of colour bands have been used for the photographic 

photometry of galaxies. Oemler (1973,197*0 used a red band and 

one between B and V, whereas Godwin (1976) reduced his data to the 

standard V band. The red colour of galaxies with redshift z<0.5 

make it advantageous to use long wavelength bands, rather than one 

based on B, especially if the 5577^ night sky emission line can be 

avoided*

7*2 Plate Scanning

The plates were measured on the Herstmonceux PDS 1010A micro- 

densitometer. This is a single-beam flat-bed machine, capable of 

scanning in two dimensions. A PDF minicomputer controls its 

operation. A beam from the lamp is thrown on to the plate as a 

spot; the light passes through the plate and is collected by an 

objective lens. The limiting aperture of the system is in the 

objective image plane. A photoraultiplier detects the signal and 

feeds it to a logarithmic amplifier. The output is thus values of 

semi-diffuse density, D = -log (transmission), for points on
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the plate. The readings are digitised into *f096 levels (1024- in the 

case of the 235^-35 data) and recorded on magnetic tape, each tape 

holding about 4.2x10 readings.

A small density-dependent time constant is present in the system, 

resulting in the apparent "trailing" of high density regions as seen 

on isophotal maps. Only bright images are affected, and even then / 

only the central contours are distorted; no correction was needed 

to the isophotal magnitudes.

The position of the PCS table is monitored by Moire fringe units 

on the x and y axes; they give a positional accuracy of ~2ua. The 

area of interest is scanned boustrophedonically and the data 

converted to a raster scan in the computer reduction. The carriage 

for the plate is designed for a maximum plate size of 10", so the 

plates, being 1V* square, had to be repositioned on it for scans in 

different areas. A heavy glass plate was placed on top of the plate* 

during scanning to keep them flat, otherwise they tended to bow due 

to the edges drooping over the sides of the carriage and because of 

the "memory" of their bending in the telescope. Use of this cover 

plate greatly reduced the number of occasions on which it was 

necessary to refocus the objective between scans on a plate.

A square aperture was used, generally of side 2kpm, and the 

sampling points were separated by 25um. Rather more information 

would have been gained by sampling the plate with a smaller aperture 

and separation, but at the penalty of making the data-reduction 

more laborious. BkO/6 was scanned with 15um aperture and separation 

because it is distant and so a smaller area needed to be examined.
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Its distance and hence faintness would also make star-galaxy sorting 

difficult with the larger aperture and separation,

7»3 Calibration of the Plates

Plate calibration was by the rather unsatisfactory temporary 

system fitted when the telescope was commissioned. This consists 

of two step wedges, one evaporated metal on glass and the other a 

photographic copy of the first. Each has seven approximately square 

steps of progressively increasing density arranged side by side in 

a line* Beams from separate lamps pass through the wedges and 

expose areas of emulsion near opposite corners of the plate. The 

wedges are not identical and many of the steps have large gradients 

across them. The densest of the steps is so bad as to be unusable, 

leaving the high density end of the calibration curve ill-defined 

as a consequence.

The wedge exposures were scanned in 1^0 lines running along their 

length so that they passed through all of the steps in turn* Each 

line contained 1000 points; the line separation was 50um and the 

sample separation 25um t thus covering the complete area of the wedge 

exposure in the scan* The same aperture was used as for scans of the 

cluster and standard galaxies.

Any lines that fell outside the area of the wedge exposure were 

removed from the scan and then representative values for the density 

of each step were found by two separate procedures*

In the first, a moving window of 5*5 points was passed over the 

scan. If in any position none of the 25 density values deviated by
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more than a defined amount from their mean, then that mean was 

noted* In this way a list of smoothed density values for flat 

parts of the steps was formed. Plotted as a frequency histogram, 

the density of each step of the exposure appeared as a sharp peak* 

The centroid of each peak was taken as the representative value of 

the density of a wedge exposure step.

The second method was the averaging together of the lines of 

the scan to form a single smoothed profile along the length of 

the wedge exposure. A straight line was fitted to this profile 

along each step and the middles of the lines were taken as the 

densities of the steps. Fig. 7.2 shows a typical wedge plotted in 

this way.

The second method, although crude, was the more satisfactory 

since, like the calibration of the light intensities exposing the 

wedge steps, an average over the whole step was used. The first 

method tended to give density values representative of only the 

occasional flat portions of the steps and not of the step as a 

whole.

Some error will be caused by averaging in light intensity 

over the step during the calibration of the wedges, and then 

averaging over the density that it causes in the exposure. For 

IllaJ emulsion, density and light intensity are linearly 

related over small ranges and the error is minor compared with 

errors caused by doubts in the extent of each step and the 

uncertainties in the wedge intensity calibration.

Values for the intensities were taken from the calibration by 

Tritton (1977). The log intensity vs. density curve for the IllaJ
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showed the typical form with a low density , under-exposed "toe" 

and a high intensity saturation. The curves found separately for 

the two wedges were combined by adding a constant to the log 

intensity values used for one of them. The intensity units are 

arbitrary until linked to a photometric system.

Traditionally, plate calibration curves are fitted analytically 

by a Baker function (Baker 1957, de Vaucouleurs 1968):

I a A(10 ' - l)n with A, 9 and n constants;

I is intensity and D density*

Or, to allow for the high intensity saturation, the Kaiser function 

(Honeycutt & Ghaldu 1970) which has a gradient that reaches a 

maximum and then decreases:

I = A 10n
(log(10D/B - 1) + k 10D/B )

Here k is an extra constant that determines the saturation; if 

k=0 then the Kaiser form is identical to the Baker function*

The curve for the plate of 235^-35 was fitted by a Kaiser function 

succesfully. It was not possible to find a stable fit for the other 

plates since the saturation was not defined well enough, leaving k 

undetermined. Both Baker functions and cubic polynomials were 

satisfactory; the latter were used since they show, by chance, the 

expected form of saturation at high intensities. In general such a 

low order polynomial cannot be expected to fit calibration curves, 

but in these cases higher order polynomials fitted less accurately 

and often showed instabilities due to the small number of data 

points and their irregular distribution.

The calibration curve for the K^4 plate is shown in Fig. 7.3. The 

form of the curve below the sky density (D*-980 PDS units) is
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unimportant. The points have a dispersion of -2% in intensity 

about this fit.

?•**• Transformation of the scan to intensities

The computer programs used for the reduction of the cluster 

scans are slightly adapted versions of those given by Godwin (19?6 t 

1977 ). The method is based on the work of Jones et al (1967).

The first stage is the transformation from the raw scan of 

density values to a grid of relative intensities, using the plate 

calibration and correcting for variations of background across the 

plate* All the clusters are at high galactic latitude, but even so 

there may be faint luminosity spread across the fields. Such 

emission has been shown to exist in at least some areas by Sandage 

(I976a); it may be as bright as u =25mag/o". When only one plate is 

used there is no way of being sure to what extent the background 

variations are due to this emission or to changes in the plate 

characteristics. Vignetting is negligible in the central parts 

of U.K. Schmidt plates, but the reduction method used corrects for 

it if .present.

The assumption was made that the calibration curve of the plate 

did not vary in shape from place to place, but that the background 

variations were caused by a change in the log intensity zero-point* 

Previous work (Godwin 1976) has shown that this assumption is 

reasonable, providing the variations are small, and this is 

supported by the ease with which the data from the two wedge 

exposures in opposite corners of the plate can be combined in a 

single curve.
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The scans of the wedge exposures, cluster and standard galaxies 

were all carried out in the same session and the wedge scans were 

repeated before and after the cluster scans* This makes it 

possible to detect any drift in the PDS density zero-point and 

correct for it, on the assumption that it is linear with time, by 

subtraction*

The density of the sky background in each part of the scan was 

found by dividing the scan area into a grid of 32x32 squares. The 

value of the background in each of these 102*f squares was found by 

eliminating all points with densities deviating from the mean by more 

than 1 s*d., recalculating the mean and repeating the rejection, 

and finally recalculating the mean and rejecting those beyond 

2*5 s*d*. The mean of all those values remaining was taken as the 

background value for that square. The simpler method of using the 

most common value of density in the square as the background 

could not be used because of the preference in the digitiser for 

certain values*

Orthogonal polynomials were then fitted to the resulting 32x32 

grid of background values. Points deviating more than 1 s.d. from 

the polynomial were rejected. This process of fitting and rejection 

was repeated k times with rejection limits of 2,2,2 and 3 s.d*s 

to give a final polynomial representation of the background across 

the plate. The fitting is not affected by objects much smaller than

one of the squares since density values in the image are eliminated 

when calculating the background for that square. Images a similar 

size to the squares are also removed since they only affect the 

background values in at most a few squares and these values are
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eliminated in the fitting of the polynomials. Low order polynomials 

(normally third order) were used so that only images larger than 

/*200x200 points are likely to alter the background determination, 

unless they have very low surface brightness and avoid rejection. 

Ultimately, there is no way of distinguishing between large objects 

and variations in plate sensitivity that have small spatial wavelengths,

The background polynomial was used to determine at each point the 

density, D , of the sky background; to be contrasted with D , the
6 ffl

actual density measured at that point. The difference between Ds
and D is the result of noise and images on the plate. The m
calibration curve 1(D) is used to convert these densities to 

brightnesses, so that the brightness due to images (and noise), I.,

at that point can be calculated:

KDn ) 
Xi = iTFT " 1

o

where I, is in units of the sky brightness.

Any gross mistakes in the background determination produce 

either spurious low surface brightness objects if the background is 

too faint, or ''shelves" in images if it is too bright* The profiles 

of the stars in different parts of the plate will also differ if 

the background is incorrect.

7,3 Absolute Calibration by Photoelectric Readings

Absolute calibration of surface photometry on photographic plates 

cannot be easily achieved from photoelectric stellar sequences. Images 

of bright stars are so saturated that most of the light from them is 

wasted, whereas faint stars only give very inaccurate results unless 

many are used, and their photoelectric photometry is very time
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consuming. Research is at present bein^ carried out in several 

centres to perfect methods of using stellar photoelectric data, 

despite the difficulties mentioned above, and in the future it 

may well become the best technique.

Another method sometimes adopted is tne use of a photometer 

to monitor the sky at the same time as the exposure is taken; the 

brightness due to stars in the photometer field is then removed to 

give a value for the sky brightness on the plate. Unfortunately 

the sky photometer used on the U.K. Schmidt was faultily 

calibrated at the time the platen were taken, and only tentative 

guesses at the true sky brightness can be obtained from the readings 

given (Tritton 1978, priv. comm.).

In this work, a simpler and, at present, more reliable method 

can be used which depends on the comparison of photoelectric surface 

photonetry of galaxies with the sky brightness. Obviously the 

method cannot be used for all Schmidt fields since, for example 

in the plane of the Galaxy, there may be no bright galaxies or 

similar objects.

The photoelectric photometry of galaxies in the fields of interest 

is described in Chap. 6 and the results are given in App. V. 

Additional data have been used from other authors where available, 

but in the South there has been little photometry carried .out on 

galaxies through more than one aperture.

The photoelectric readings are made through circular apertures 

and may be subtracted to give the mean surface brightness of annuli 

of the galaxy. A similar process is carried out in the computer on
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the scanned image of the galaxy from the photographic plate, which 

has been converted to relative intensities as described in the 

last section, giving the mean surface brightness of each annulus 

in units relative to the sky brightness. By comparing the values 

found for an annulus by the photoelectric and photographic methods, 

the sky brightness .aay be found. The brightness ocale of the 

photographic scan of the cluster can then be expressed in photometric 

units instead of relative to the sky. If the calibration curve is 

accurate for the plate, then the sky brightnesses found using 

different annuli should agree; this method thus provides a useful 

check. The zero-points found are shown in Table 7.2. for each plate.

The sky brightness value derived is not that actually seen; it 

has been altered by the atmospheric extinction since it is found 

from galaxy photoelectric readings which have themselves already 

been corrected for the extinction.

Typically the sky brightnesses found from the annuli of 

both the same and different galaxies have a dispersion of A/0.15mags. 

Part of this is due to the uncertainty in the calibration curve of 

the plate and background fitting, but errors in the photoelectric 

photometry are also significant since the brightness for each annulus 

is the difference between two photoelectric readings. The area 

inside the smallest aperture cannot be used for the determination 

of sky brightness since the calibration curve is unreliable for 

the over-exposed nucleus of the galaxy.

7.6 Determination of Galaxy Magnitudes

The aim is to derive isophotal magnitudes for each object in the

scan area. The data for the photometry were the 2000x2000 point arrays
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of brightness readings produced by the transformation of the 

PDS densitometer scan. For processing, these arrays were divided 

into squares of 250x250 points, the maximum size that can be held 

conveniently in the computer core. The squares overlapped so that 

most of the images were completely contained within at least one 

square* Squares were specially centered on the remaining images 

that were still split. Occasionally a rectangle larger than the 

250x2^0 point squares was needed to contain an image; this 

necessitated holding the data in disk storage and reading parts of 

it into and out of the computer core as needed, resulting in a 

large increase in the computer time for the processing.

Each square was smoothed by replacing each value by the centre- 

weighted mean of the 3x3 square of values around it. The array of 

brightness values was then contoured at 0.25mag intervals, starting 

from the brightest isophote, and all the brightness of an image 

inside the limiting isophote added to give the magnitude* Any 

object with a central isophote fainter than ̂ B=26mag/D" was ignored, 

so too were any objects with an isophotal magnitude fainter than 

Bp_s21-*0* Contour maps and listings of the image details were 

produced by the computer for each of the squares.

Overlaps, when close images share some of their isophotes, are 

normal rather than the exception in crowded fields; some rule-of*» 

thumb must be used to apportion the light between the overlapping 

images. All luminosity in the image from areas fainter than the 

last individual isophotes was divided between the overlapping 

images in the ratio of the areas of their last individual isophotes. 

Hence the image that is largest at the merging surface brightness 

will be allocated most of the light from the combined image fainter
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than the isophote level at which they merged. Multiple overlaps are 

dealt with by the same principle, starting at the brightest overlaps 

and dealing with successively fainter ones.

Too much of the luminosity tends to be allocated to stars in the 

event of overlaps with galaxies since the steep stellar profile 

causes them to have comparatively large inner isophotes. Conversely 

the haloes of giant galaxies may be partially given to overlapping 

companions which have steep profiles; in such cases, where the 

objects truly overlap in space,the division of luminosity between 

them is to some extent arbitrary.

The limiting isophote used was uR=27mat;yp' 1 . Even with the dark 

skies found, the parts of the galaxies near this isophote are 

affected by significant noise. In general, however, only ̂ 0.2mags 

of the light from a galaxy comes from between the uB=26mag/a" and 

u~«27inag/a" isophotes. Using a faint limiting isophote gives more 

morphological information about the galaxies and avoids the need for 

large seeing corrections. The magnitudes derived are also more 

representative of the total luminosity of the galaxies and cluster. 

Photographic photometry to levels fainter than UB=27mag/n" would 

have needed extreme care, and there would have been problems with 

excessive noise and microdensitometer quantisation (Clark 1973« 

Carter & Dixon 1978).

Th« isophotal magnitudes must be corrected for several effects 

before the results for different clusters can be compared. The 

corrections are outlined in Chap. 8 , where the luminosity functions 

of clusters are discussed. The results of the photographic 

photometry given in App. IV do not include these corrections.
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7.7 Star-Galaxy Sorting

The sorting of stars from galaxies has traditionally been 

carried out by eye from the plate, since the pattern recognition 

necessary is difficult to carry out infallibly by computation. In 

view of the new generation of fast measuring machines coming into 

use (e.g. COSMOS and the Cambridge APM), there has recently been an 

increase of interest in sorting images automatically. Enormous 

human labour would be needed to classify the huge numbers of 

images that these machines can study: they are capable of examining 

the millions of images on a single Schmidt plate in a day.

For this study a hybrid approach was used. Images were sorted by 

eye using both the isophotal maps and direct inspection of the 

plate. In addition, though not for 235^-35, an automatic procedure 

was used to produce supplementary information in the form of 

parameters that correlate well with the class of objects. The 

method used has been developed in Oxford ( Carter & Godwin 1979)» 

but similar methods have been investigated elsewhere (e.g. Hooley 

1978, MacGillivray et al 1976).

A sample of 30 probable stars is selected by eye from isophotal 

maps. The profiles of these images are then scaled in intensity to 

fit together and yield a standard star profile. The saturated inner 

regions, uB<22mag/a", and noisy outer regions, ^ig> 26.25mag/D", of the 

stars are omitted in this process. The stars are chosen to cover the 

same range of magnitudes as the galaxies of interest to ensure that 

the standard profile derived is suitable for the magnitude range in 

which it is to be used. If a galaxy is included in the sample of 30
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stars, it is apparent by its lack of fit to the standard profile 

derived, and it may be eliminated.

The star profiles fit together accurately in the range Bp 7=1? 

to Bp7=20.5. The profile shape is not due simply to "seeing"; 

internal reflections and diffraction in the telescope are also 

present as can be seen from the complex form of the images of 

bright stars. Fortunately these processes do not differ greatly 

over small areas of the plate. Obviously, a single standard profile 

could not be used over the entire field of a Schmidt plate.

The standard profile is approximated by an eighth order polynomial; 

satisfactory fits cannot be found using a gaussian. Fig. 7»^ shows 

the standard star profile for the scan of S^fO/6 with its polynomial 

approximation. The profile of each object that is to be sorted is 

trimmed to remove parts that are overlapping with other images, or 

are saturated (wfi( 22mag/p") or too faint (MB} 26.25mag/oM ). The 

part of the profile remaining is compared with the standard profile 

and 3 parameters derived:

pO. The standard and image profiles, both expressed in mag/n" are 

subtracted at each radius to give their magnitude difference 

in brightness, fi is the slope of the linear regression of 

these differences against radius. Because their profiles 

differ from the standard only by a scalin , factor in intensity, 

the magnitude difference is roughly constant for stars and tf~0» 

Galaxies, with flatter profiles, have 0Ko.

A) This is the value of the magnitude shift needed to fit the

standard profile to the image profile. It is thus a measure of 

the magnitude of the object if it has a star-like profile.
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In finding the best fit between the image and the standard 

profiles, a good fit will be achieved only if the image is of a 

star. If its profile is flat, like a galaxy's, then the 

standard profile will be too bright at the centre and too 

faint in the outer regions, ft is the amount by which the 

image profile falls fainter than the standard profile at the 

centre when they are fitted.

The most useful parameter is K; this is a measure of the overall 

"flatness" of the image compared to a star. The distribution of objects 

in the field of Kkk is shown plotted in Fig* 7.5 in the f*-magnitude 

plane. The separation apparent between the stars in the upper part 

of the plane and the galaxies at the bottom is better than can be 

achieved by plotting mean surface brightness, rather than K, as has 

been used in some previous studies (Godwin & Peach 1977)* Additional 

information is provided by #• This is able to distinguish between 

stars and galaxies with stellar profiles except for a flat centre.
*

jC is incapable of distinguishing these types of object since all 

available isophote levels of the galaxy suggest that it is stellar 

in prqfile.

The final decision as to whether an object should be classified 

as star or galaxy was taken on the basis of both visual evidence and 

the parameters K and If of the object* If there was serious doubt 

about the nature of an object then it was not included in the list 

of galaxies; totally reliable separation of the types of object is 

impossible to achieve* Any extremely compact galaxies will be classed 

as stars and without spectroscopic data it is impossible to assess 

how common such objects are. A few objects lie between the star and 

galaxy sequences in Fig 7*5 brightwardo of where they merge. These
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may be true compact galaxies, the result of stars superimposed on 

faint galaxies, the effect of noise on the plate, or even due to 

the abnormality of the stellar profile if a star has an abnormal 

colour. Alien et al (197&) examined a selection of very compact 

galaxies found on plates similar to those used here; they found 

that only 3 out of 31 were galactic stars and the rest were 

almost certainly galaxies. The enlargements of the plates that 

they reproduce suggest that their sample is morphologically 

similar, though in general brighter than, the dubious galaxies 

found in the present study. More recent work (Carter 1978 t priv. 

comm.) comparing the sorting of stars and galaxies on a field of a 

Schmidt plate with a deeper AAT prime focus plate, shows that the 

automatic sorting method is rather better than the experienced eye 

in reliability, except in the case of very crowded areas where the 

multiple overlaps and distortions produce spurious classifications. 

It therefore seems that the combination of human and machine sorting 

used will probably have been rather better than the unaided eye, 

although possibly not as perfect as if the automatic method had

been relied on to a greater extent.
»

Some images are entirely omitted from the analysis since they 

fail to reacfc the minimum surface brightness of 26mag/D" imposed in 

the reduction. The sequence of galaxies in Fig 7.5 shows considerable 

thinning towards the edges, and unless very compact and very diffuse 

galaxies form isolated populations in the diagram, they are probably 

quite rare. As a check, the distribution of images identified as 

stars was examined; no concentration is found to the centre of the 

clusters as would be the case if many were cluster galaxies that had 

been misidentified.
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Table 7.2: Photoelectric Zero-points for Plates

Cluster Galaxy
Galaxy

zero-point
B mag/o"

Adopted plate 
zero-point 
B mag/D11

References & 
no* of apertures

A1146 A1l46cD 22.80 22.80 S?6: 2

2354-35

S40/6

54-35cD 

N7793

12056

N1543

N1672

22.85 ) 
) 

22.84 )

23.54 )

23.36 )

23.46 )

22.84

23.42

WW69: 1 G: 5 

A74: 1 BP76j 2 V72s 3

G: 3 SV78: 1* 

G: 3 S75: 1 Sh66: 1 

A76: 3

N7755 23.22 )
K44 ) 23.10

15353 = K44g1 23.04 )

G: 5 BP76: 1 V72i 1 

G: 5

* indicates photoelectric data available too late to be used, 
but confirming the readings included.

Beferences: G: This work (App. V & Chap. 6)
S76: Sandage et al 1976

SV78: Sandage & Visvanathan 1978a
BP76: Bucknell & Peach 1976
S75: Sandage 1975b
A74: Alcaino 1974
A76: Alcaino 1976

WW69: Westerlund & Wall 1969
Sh66: Shobbrook 1966

V72: de Vaucouleurs & de Vaucouleurs 1972

The number of apertures is shown after each reference^ This is the

number used in the calibration; readings through apertures that were 
too small to be of use may be given by these or other references.
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Chapter 8 Discussion of the Cluster Photometry

8,1: Corrections to the Magnitudes

Bp« magnitudes of galaxies in four clusters are available: S40/6 t 

K44 t 235^-35 and A1146. The methods of reduction used are discussed 

in Chapter 7,and the magnitudes are listed in App. IV* These magnitudes 

are those actually measured; to make the data for the clusters inter- 

comparable, certain corrections must be made. These are discussed 

below and summarised in Table 8*1:

i) Relative distance; The relative distances of the clusters are 

known from the redshifts, and the magnitudes of the cluster members 

can therefore be converted to absolute values by subtraction of

the normal distance modulus: «
DM = 25 + 5log1Q (cz/Ho ) HQ » 50km Cfl Mpc7

ii) Seeing; A result of "seeing" is that light is spilt inwards and 

outwards across the limiting isophote. The nett transfer is outwards 

and a correction is necessary to compensate for this* Large seeing 

corrections are not needed in the present work since the limiting 

isophote is faint; the loss of light from images in isophotal 

photometry is, in any case, partially compensated by an increase in 

isophotal radius. The corrections are greatest for the smaller 

galaxies which lose a greater proportion of their light by seeing* 

Numerical experiments (Hoffman & Crane 1977) indicate that despite 

poor seeing for the Kkk plate, even the faintest galaxies in K^4, 

S40/6 and 235^-35 are rarely altered in magnitude by more than 0*04. 

No seeing corrections have therefore been made* Corrections are 

needed, however, for the magnitudes of galaxies in A1146. The method 

of Carter & Qodwin (1979) has been used. M87-type profiles of a range
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of isophotal radii are convolved computationally with the profile 

of the seeing disk found from the star profiles on the plate. This 

yields a set of seeing-degraded M87-type profiles and the seeing 

correction to the isophotal magnitudes to allow for the degrading 

can be found by comparing the isophotal magnitudes of the undegraded 

and degraded profiles. Each of the observed galaxy images is assumed 

to have a M8?-type profile, degraded by the seeing, and the correction 

calculated for a degraded profile of that radius is used to find 

the true magnitude. The correction is 0.1 mag for 3*3" radius galaxy 

images, 0.2mag for 2.7" and 0.3mag for 2.4".

iii) Galactic Absorption; The absorption due to the Galaxy is assumed 

to follow Sandage's (1973) expression:

AD = O.lja (coaeo b11 - 1} Ib11 ! < 50°D ' I

A_ is the B-band absorption in magnitudes. Other authors (Holmberg 

1975i de Vaucouleurs & Malik 1969) have suggested the presence of 

~ 0.2 mag absorption even at the galactic poles.

iy) Extragalactic absorption: The extent of extragalactic and intra- 

cluster absorption is unknown and no correction can be made.

v) Atmospheric Absorption; No correction is needed since the 

magnitude zero-points are derived from photoelectric readings 

reduced to outside the atmosphere.

vi) K-correotions; The relative motions of the galaxy and the 

observer "stretch" and redshift the emitted light by the Doppler 

shift. Thus light from a narrow band of the galaxy's spectrum is 

received in a wider, redder band. The K-correction to allow for this 

depends not only on the galaxy redshift, but also on the spectrum 

of the light when emitted. In the case of the cluster A11*f6 f the
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B-band K-corrections differ by "0.3 mags between £ and Sb galaxies* 

The K-corrections adopted in the present work are those by Pence : 

(1976) for £ galaxies, assuming no absorption by the Galaxy 

at its South pole* Obviously, the corrections are incorrect for any 

spiral galaxies in the sample, which will have corrected magnitudea 

that are too bright*

vii) Isophotal contraction; The observed surface brightness of an
L object is fainter than the rest value by 2*3 lpg1Q (1+z) magnitudes,

assuming a standard cosmology (Stock & Schuecking 1937)* Galaotie 

absorption and the K-effect also reduce the observed surface 

brightness. A consequence is that the observed u a 27mag/a" Halting 

iaophote corresponds to a brighter isophote at the galaxy, and the 

luminosity between the apparent and rest limiting isophotes is lost 

from the isophotal magnitude. In the present work it is assumed that 

a change in limiting isophote of m magnitudes will result in a loaa 

of a/5 magnitudes from the isophotal magnitude and a correction la 

made accordingly.

Till) Extrapolation to total magnitudes: Beyond ufi » 27mag/a" the 

traoing of a galaxy profile becomes difficult due to background 

variations, detector quantisation, merging with nearby galaxies, 

and noise. Extrapolation of galaxy magnitudea to an infinitely 

faint isophote is impossible and the size of the contribution to 

tht total magnitude from beyond the limiting ufi « 27mag/o" isophote 

ia unknown* The galaxies that have been examined in detail are mostly 

giants, and the form of the profiles of fainter cluster meabera 

has not been investigated at faint brightness levels. No extrapolation 

to a "total" magnitude is attempted in the present work; correctiona 

calculated on the basis of de Vaucouleurs' (1939) empirical



formula would be less than 0.5 mag.

The corrections for distance modulus, galactic absorption, the K-effect, 

isophotal contraction and, for A11*f6, seeing, have been applied to 

the galaxy magnitudes before the construction of the absolute luminosity 

functions of the clusters (Fig. 8.2). The uncertainties in the 

corrections are significant, reaching up to 0.2uag for tfee fainter 

galaxies with the possibility of a further 0.2mag zero-point error 

depending on the true galactic absorption at the pole.

8.2; Correction of Samples for Field Ualaxies

It has been pointed out (Chap, 5) that the "field"galaxies that 

contaminate the bright end of the luminosity functions are 

predominantly members of the supercluster around the cluster. At 

fainter magnitudes, where the contamination is greater, the 'field" 

galaxies will be in general the brightest members of clusters and 

groups at much greater redshifts. It is therefore possible to apply 

a correction for these "field" galaxies that is reasonable sinoe they 

will be spread evenly across the field of the cluster. The correction 

that has been used here was derived by fitting two straight

lines to the data of Karachentsev & Kopylov (1977) in the B-band:

log1Q(N> m) e -A + b.m

N >B is the number of galaxies per square degree brighter than m. 

Fainter than ms17.6: a«6.115^1 b=0.4272^ gave the best fit. Brighter 

than this, the expected 0.6m form was used: a=9.^7, b=0.6. This nay

be extrapolated to give 102^f galaxies per square degree at mT3=20.8.
B

Austin & Peach (197*0 found this density of "field*galaxies at m =20.0, 

the difference in magnitudes occurring because of the different limiting
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magnitude and the colour difference.

The field corrections have themselves been corrected for galactic 

absorption before being applied to the observed galaxy counts. The 

reliability of the field corrections is poor at faint magnitudes, and

could be in error by as much as 50> a "t B__= 22mag; this will have 

little effect on any conclusions drawn from the form of the luminosity 

functions.

The galaxy counts remaining after the subtraction of the field 

corrections refer to a cylindrical volume through the supercluster 

around the cluster. Standard radii of 0.92Mpc and 0.^-6 Mpc have been 

used to define this cylinder, the angular extent of 0.92Mpc is 

noted in App. VI. Any likely change in q would have a negligible 

effect on these radii.

8.3? Analytic Representations of the Luminosity Function

Most known members of the Local Group are low luminosity dwarf sj 

it seems probable that most galaxies in all clusters are of this type. 

However | a magnitude limited sample of galaxies (e.g. RCBG2) contains 

a preponderance of giant galaxies, leading to the early belief that 

galaxies have a preferred, bright magnitude (e.g. Hubble 1936, Holraberg 

1950). More recently attempts have been made to find a suitable, 

normally monotonic, analytic representation of the luminosity 

function for galaxies in groups, clusters and the "field".

Abell (1962,1965) used two straight lines to fit the logarithmic 

cumulative luminosity function; the corner between the lines 

corresponds to a "knee" seen in the observed function of many clusters 

at M* # -21. 5» This magnitude is sufficiently constant for there to 

be the possibility of using it as a standard candle. As with the
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magnitude of the brightest galaxy, evolutionary effects confuse any 

simple interpretation.

Other analytic forms have been suggested by Kiang (1961), Zwicky 

(1957) t Holmberg (1969) and Schechter (1976). The latter has gained 

some popularity} it has the form (for the differential luminosity 

function) :

P(L)dL = U/L') a exp(-L/L») d(L/L*)

where L* is a standard luminosity, similar to Abell's M* , and a is

a constant. P(L) is the frequency distribution of galaxy luminosities.

Godwin & Peach (1979b) suggest that no analytic form may be 

entirely satisfactory, and that the parameters in the expressions 

do not have any obvious physical significance. Instead they derive 

a parameter p for each cluster, calculated as the ratio of the numbers

of galaxies in the ranges M = -19.8 to -20.8 and M o -21.8 to -22.8}
25

a large value of f corresponds to a "steep 11 luminosity function.

8.*f; Discussion of the Luminosity Functions

Fig. 8.1 shows the luminosity functions of the clusters K*t*f, 

235^-35 and A11^6. The magnitudes used are uncorrected, taken from 

App. IV. The function is plotted for all galaxies within the scan area, 

The data for AlHf6 are plotted with and without the correction for 

seeing degradation, there is no significant difference brighter than 

B - ?*\ 8ma<r Arrows on the diagrams show the limits of completeness
™» ̂  ̂4 ^* ^« * G ̂ J 114^* £^ 0

for the samples.

The absolute luminosity functions are plotted in Fig. 8.2. The 

magnitudes used in these have been corrected for distance modulus,
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galactic absorption,, the K-effect, isophotal contraction and, in the 

case of A1146, seeing* The functions for galaxies within 0.92Mpc 

projected radius and 0.^6Mpc projected radius of the centre are given*

Comparison of these luminosity functions with those of other 

clusters (Dealer 197^, Dressier 1976, Godwin 1976, Godwin & Peach 1977, 

BuckneUet al 1979) shows that the luminosity functions for the four 

clusters have the expected, almost monotonic shape* There are peaks 

in the functions at B2_# -19.5 (corresponding to Abell's "knee") with 

dips faintward. These features are strongest in central (B~0.46Mpc) 

zones of the clusters* Similar dips occur in the functions of some 

other clusters (Godwin & Peach 1979b), but it is difficult to judge how 

significant they are. No explanation has been advanced to explain 

them.

Values of r have been calculated for inner and outer zones of the 

clusters and are shown in Table 8.2; the magnitude bands have been

shifted 0.8 magnitudes faintwards from those used for M by Godwin It
n *25 

Peach d979b)*The errors on f are always large (>30#) owing to the

paucity of galaxies in the brighter band. The values of Pare therefore 

not significantly different and would not be expected to be. The 

greatest difference apparent is that between the inner and outer 

zones of K44 in the sense that the inner zone has a steeper luminosity 

function. The other clusters have similar values for r in the inner 

and outer zones* The values found, r "*5 f are typical for spiral-poor 

and cD clusters, whereas spiral-rich clusters have /~2*5«

Mass segregation of the galaxies in a cluster may result from 

two-body relaxation; the more massive galaxies would form a more 

centrally concentrated distribution with a smaller velocity dispersion. 

To teat segregation in the clusters, the magnitude of a galaxy was 

used as an indicator of its mass, r would provide a measurement



8/8

of the segregation, but instead ratios of the number of galaxies have 

been constructed using wider bands, resulting in smaller error margins 

on the results. The values found are shown in Table 8.3.

In A1146 the ratios are similar in the inner and outer zones. The 

other clusters exhibit reverse segregation in that there are 

proportionately more bright galaxies in the outer zones. If mass 

segregation does occur, therefore, it is masked by a stronger effect 

in the opposite sense. Godwin £ Peachd979b) and Dressier (19?8b) have 

also found a reverse segregation in cD clusters. When the data for 

the four clusters in the present sample are combined, they show 

reverse segregation significant at the 95# confidence level.

8.3; Radial Profiles of the Clusters

The radial density profiles of the clusters may be conveniently 

expressed in terms of the mean surface density of galaxies on the 

sky at each radius: o~ (r). This parameter is plotted for each of the

clusters in Fig. 8.3, Galaxies brighter than MR = -19 are included
2? 

and the appropriate correction for field galaxies has been made* The
4

data have been binned into 0.2Mpc annuli. There are too few galaxies 

for the profiles to be plotted using galaxies of different ranges of

V
The profiles of S*fO/6 and A11*f6 hardly differ, except that S^fO/6 

has a higher density in the central region. Similarly the profiles of 

235*f-35 and K^*4 are alike except that KVf is denser in the centre. 

The profile of KM is rather irregular; the maximum at logR^-0.3 

is probably due to the presence of a group of non-members to the East 

of the cluster centre (Chap.2). The combined data from all the clusters 

is consistent with a power law, o~«R~a , where a is slightly greater
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than 1. Other workers (e.g. Yahil 197^, Zwicky 1957) have found that 

cluster profiles often have this form.

Zwicky (1957) has proposed that the profiles should be fitted by 

the theoretical profile of a gravitating isothermal sphere; other 

workers have followed this practice (Austin & Peach 197^, Avni & 

Baneall 1976). The theoretical profile is a power law with a density 

enhancement in the centre. There is little physical significance in 

the fit since clusters are not isothermal nor symmetric. The 

expressions used to fit the profiles of elliptical galaxies (King 1966, 

de Vaucouleurs 1959) have also been used for clusters, again with little 

physical significance. The small number of galaxies and the confusion 

by the irregular "field" make it possible to fit this variety of 

functions to the same data. This is in contrast to the fitting of

functions to the profiles of elliptical galaxies and globular clusters
*f 2 where a greater range of density values is available (10 not 10 ).

*

The present study does not follow the profiles out far enough to 

reach the region where maxima have been found in the profiles of 

several clusters (reviewed in Bahcall 1977a). The reality of these
V

features is atill in doubt; they would have to be very large space 

density perturbations to appear as significant projected maxima.



Table 8.1; Corrections to the Magnitudes

1) Distance

2) Seeing

36.11 37.79 37-33 39-57

.00 .00

Absorption fi

.13

.00 depends 
on radius

3) Galactic A .00 .07 .00 .11

29 .23 .68

Notes

25 * 5 Iog10 (cz/Ho )

Assuming M&7 profiles, 
scaled to radius*

Sandage (1973)

Pence (1976)

5) (1+*)
Dimming

6) Isophotal
Contraction

.12 .25 .21 .56 

.05 .12 .09 .27

Total magnitude 36.28 38.27 37.65 ^0.63 
correction + seeing

correction

Acts on surface 
brightnesses only

The individual corrections are described in detail in the text,

All quantities are in magnitudes in the B-band.



Table 8.2: Values of F

Cluster
R<0.92Mpc 0.46Mpc<:R40.92Mpc

NB NF NB NB

K44 

S40/6

235^-35 

A1146

26.6 6.3 4.2

56.9 10.6 5.

31.1 5.7 5.5

40.8 9.3 4.4

17.5 2.0 8.9

32.2 5.9 5.5

14.8 2.9 5.0

15.9 4.3 3.7

8.2 4.3 1.9

24.7 4.7 5.2

16.4 2.8 5.9

24.8 5.0 5.0

Nn : No. of galaxies with -22mag<MT3 <C -21mag, field removed. B B2?

N • " iiV II -20mag<M
27

-19mag, " II

Table 8.3? Luminosity segregation

Cluster N, N0,F N. N0 V B

K44

S40/6

2354-35

A1146

18.5

36.4

14.9

18.1

8.6

27.2

14.7

29.4

7.9

15.6

6.7

16.0

12.6

21.7

9.1

27.0

2.4^1.0

2.31,0.7

2.2+1.1

1.1+0.4

0.7+0.3

1.3+.0.4

1.6+0.7

1.1+0.3

Total

B: The ratio

87.9 79.8 46.1 70.4 1.9+0.4 1.1+0.2

/Nfi

N: The number of galaxies in the radius and magnitude class after field 

corrections have been made

I: Class of galaxies with R^0.46Mpc

0: Class of galaxies with 0.46Mpc <R<0.92Mpc

B: Class of galaxies with M,, -20.2*

F: Class of galaxies with -20.2 < M_ B -19.1
27



F1&8.1: Luminosity functions of the clusters

no.

a) 840/6

These luminosity functions are constructed from the observed 

galaxy magnitudes as given in App. IV. All galaxies inside the scan 

area are included. The functions after correction for "field" 

galaxies are shown hashed.

Galaxies hare been placed in O.Jfmag bins; all bins faintvard of 

the arrow may suffer significantly from incompleteness and 

contamination by stars.that have been mis-identified as galaxies*



140

no.

b) A correction has been made for 

the omitted area around the star.



B27
c) 235^-35

40

no.
20

d) A1146

18 20 
B

22

27

Function before seeing correction

is shown dotted and after is 

shown dashed.



imiriosity Functions

.51 

.4

.3

.21

.1

.4

•3| 

.2

1

.1

.2 

.1

K44

2354 -35

A1146

S40/6

27

Normalised to no. of galaxies with R£0.92Mpc,

R 
R

0.92Mpc 
0.46Mpc

_ -19
Galaxies down to the completeness limit are inclucfJd , and field 

corrections applied. The data for A1146 are seeing corrected.
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1.0
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D

• ALL

O S40/6 
D 2354-35 
* A1146

O

-0.75 -0.50 -0.25 0.00
Log1Q R Mpc

Fig* 8,3; Radial profiles of the clusters

Galaxies brighter than M™ = -19 are included in the data. Field
27 

corrections have been applied. Counts are binned into 0.2Mpc annuli;

the radius shown is the effective radius: Reff
2 R2 
inner outer'

Corrections have been made to the K44 data for the area around the 

star for which no magnitudes are available.

A typical error bar is shown in the top right hand corner. The 

straight line has slope o~ (R) cc R~ .
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Chapter 9 General Discussion and Conclusions

9*1 X-ray Emission from Clusters

The resolution of X-ray telescopes is as yet vary poor and for most 

X-ray sources identified with clusters the only information 

available is a position and an estimate of the luminosity. Few clusters 

more distant than zp^0.06 are strong enough emitters to be detected 

at all, and of the less distant clusters only a minority have been 

detected. Papers by Gursky & Schwartz (1977), McHardy (1978) and 

Jones & Forinan (1978) review the present state of knowledge about 

the X-ray properties of clusters.

The source structure has been investigated in a few nearby clusters. 

Coma, Perseus and Virgo all show diffuse emission, with enhancements 

around N1275 and M8? in the latter two clusters. There is no reason 

to doubt that all rich clusters produce at least some diffuse X-ray 

emission; McHardy (1978) suggests that Abell clusters have a lower 

limit of 1C--5 Watts for their 2-10keV luminosity.

Three mechanisms have been proposed for the X-ray production:

i) Inverse Compton scattering of microwave background photons on 

relativistic electrons, which produces X-ray photons (Felten & 

Morrison 1966, Brecher & Burbidge 1972), The electrons are emitted by 

active radio galaxies and are also the source of synchrotron radio 

emission.

ii) Bremsstrahlung from hot gas in the cluster, giving a thermal 

spectrum of X-rays. The intensity depends on the square of the gas 

density; the gas distribution inferred from the observations is 

similar to that of the galaxies, although there are large uncertainties,



9/2

iii) The integrated emission from all sources in the galaxies of a 

cluster will produce significant X-ray luminosity. This would appear 

diffuse in the low resolution detectors employed (Katz 1976).

The mechanism most favoured at present is the second: emission 

from hot intracluster gas. All three mechanisms must occur to at 

least some extent, but inverse Gompton emission will only be 

important near to active galaxies. Key evidence in favour of the 

gas theory is the presence of iron emission lines in the spectra of 

some clusters (Mitchell et al 1976, Serlemitsos et al 1977). The 

abundance of iron is between 30% and 100% solar, according to model 

(Malina et al 197&). The presence of gas is also suggested by 

observations of tailed radio galaxies in clusters; these appear to 

be galaxies with double radio sources that leave a trail of radio- 

emitting plasma behind as the galaxy moves through the intracluster 

gas. The tails are orientated at no preferred angle t^ the cluster centre; 

consistent with the gas being at equilibrium in the clusters.

Calculations of the gas density and temperature necessary to confine

-3 3 the tails give values in agreement with the /^10 particles/cm and

K needed for the X-ray emission. The gas confines other radio 

sources in the cluster, allowing them to last long enough for a 

noticeable steepening of their spectra to occur (McHardy 1978). The 

gas may also be detectable by causing an observable diminution of the 

microwave background, but the data must be treated with extreme care 

and are not yet conclusive (Tarter 197^).

If the gas is primordial and has fallen into the gravitational 

well of the cluster (Gunn & Gott 1972), then it must have been mixed 

at some stage with gas super-rich in iron. Alternatively the gas may
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originate from the galaxies themselves (Yahil & Ostriker 1973)$ a 

result of stellar winds, supernovae and, once. gas is present in the 

cluster, ram-pressure stripping of gas from spiral galaxies. The 

present expected rate of gas loss from elliptical galaxies is low, 

but may have been greater at earlier stages in their evolution, 

especially if there was an initial generation of very massive stars 

that produced the enriched gas and whose burnt out remains perhaps 

constitute the missing mass (Malina et al 1978, De Young 1978).

Infalling gas is heated as it loses its potential energy; this 

applies to gas shed by cluster galaxies in the outer regions of the 

cluster as well as to primordial gas (Cowie & Binney 1977) • The gas

can also be heated by the motion of galaxies through the clusters; the 

gas temperature (10 K) is that expected if there is equipartition 

of energy between the gas and galaxy motion. Relativistic electrons 

responsible for the radio emission in clusters may in certain 

circumstances also give significant heating (Lea & Holdman 1978).

Both isothermal and adiabatic steady-state models of the gas 

distribution have been used. Isothermal models need a gas mass of 

approximately 10% of the cluster virial mass (Lea 1977) « but in an 

adiabatic distribution there may be more gas, much of it existing at 

a lower temperature on the fringes of the cluster and contributing 

little to the X-ray luminosity (Gull & Northover 1975)» Such large 

quantities of gas could not easily be enriched to the observed iron 

abundance. Silk (1976) suggests that the gas may accrete on to the 

central galaxy in the cluster, forming a cD galaxy, or it may form 

new elliptical galaxies in the core. No evidence of star formation 

is seen in the centre of clusters, however, and it is difficult to 

produce convincing models in which it is hidden (Cowi<* & Binney 1977).
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The cooling time for gas in a cluster is of the same order as the 

Bubble time so rapid accretion is not expected, even if the gas receives 

no energy input.

The X-ray luminosity is greatest for rich, Coma-type clusters, but 

it is not clear which of the optical properties determines the X-ray 

luminosity since the optical properties are themselves correlated. 

Solinger & Tucker (1972) claimed that the X-ray luminosity will depend 

on the velocity dispersion, S, of the cluster, since a large velocity 

dispersion increases the gas temperature, and also because clusters 

with large velocity dispersions have large virial masses and therefore 

(possibly) large masses of gas. Their arguments were refined by Silk 

O976) t but recent work has suggested that there is no strong 

dependence of the X-ray luminosity L on S (Vidal 1977» McHardy 1978).
X

The data now available, including those derived in the present work, 

show that there is a correlation of L with S (Fig. 9»1)» the best"•"" X.

fit straight line gives the relationship L <* S* where t = 2.03 + 0.80.
A.

The temperature of the gas, inferred from the spectrum, is strongly 

correlated with the velocity dispersion (Mitchell et al 1977)j this
•»

is to be expected if there is some degree of equipartition between 

gas and galaxy motions.

Several workers have found a correlation between the richness of a 

cluster and its L (McHardy 1978, Bahcall 1977&, Jones & Forraan 1978).
•V

This is predicted by almost any model of gas origin and distribution. 

There may also be a correlation with the occurrence of a cD galaxy 

in the centre of the cluster (Bahcall 197^, I977b, McHardy 1978, 

Jones 8e Forman 1978;, but it is difficult to disentang.l e this from 

the correlation between cluster richness and the occurrence of cD 

galaxies. The cD does not necessarily cause the extra X-ray emission
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itself; an alternative explanation is that the mass of cD clusters

may be underestimated relative to the mass of spiral-rich, non-cD

clusters. This tends to occur since:

i) Non-cD f spiral-rich clusters emit much of their light from bright,

massive stars, and their M/L values may be lower than other clusters*

ii) Assessing the richness and mass of a cluster by counting galaxies

takes no account of the significant fraction of luminosity and

probably mass of the cluster in the cD galaxy.

If the gas mass is a fixed fraction of the virial mass, then the gas

mass and hence L will be greater in cD clusters than in non-cD
>A«

clusters assessed as the same richness.

This correlation between richness and L is found in the present 

data; Fig 9«2 shows the relationship betv/een L and optical luminosity
jfc.

L , a measure of the richness. The best fit straight line gives:

L ocL where w = 1.8? + 0.71. L is defined in Table 9.1. 
x o — o

The galaxy types in the cluster population may also give some clue 

as to the presence of intracluster gas. Rich clusters tend to contain 

small proportions of spiral galaxies. If this is due simply 

to initial conditions at the formation of the cluster, then the 

X-ray luminosity may be correlated, via richness,with the absence of 

spiral galaxies. Even so, it is interesting that the populations of 

clusters with large X-ray luminosities are deficient in spiral as 

compared to SO galaxies (Melnick & Sargent 1977 f tJahcall 1977c, McHardy 

1978, Tytler & Vidal 1978). A possible explanation is that the gas 

responsible for the X-ray emission transmutes spiral into SO galaxies 

by ram-pressure stripping.
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We may simplify our consideration of the X-ray emission by using

L as an indicator of the galaxy density in the cluster core and 
o

assuming that the gas density is proportional to it. Since the X-ray

2flux depends on the square of the gas density v/e have L co L •
•A- O

L will also depend on the gas temperature. We assume that L oo-T. If
X X

there is equiparition between the galaxy and gas motions, then T<*» S • 

Thus, in this na'ive model we expect:

2 2L «~ S L
x o

The data are consistent with this expression; in Fig. 9O the 

best fit is L «? (L S) p where p = 1.56 + 0.30 . S and L are not
X O ""* O

independent of each other, but are empirically found to covary. Fig. 

shows their dependence in the present data set; the best fit to the

points gives S oc L where m = 0.57 + 0.20.o **•

A more sophisticated approach uses the full thermal bremsstrahlung 

expression for L (Bahcall 1977c):
<*v

L = o2 B3 I0 ' 8 e-E/kT" (1 - e- 
x Vx x

where L is measured in the energy band E to AE f and o , R and T
•X- * X X X

are the gas density, radius. and temperature. This expression includes 

the Gaunt factor, which is approximated by gncT «

R , T and p are not known in mout clusters, QO the assumptions
X X \ X

2 TAPS , p 00 L , and R constant must be made. For the band 2-10keV,
\ Jv U Jw

and measuring S in units of 10 km/s, the expression reduces to:

Lx oc X where X = I/; s= I/; s 1 ' 6 e"° 

In this expression, the gas thermal velocity is assumed to be S.
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Fig. 9»5 shows the observed relationship between L and X; as might
J\.

be expected it is very similar to Fig. 9.3. The best fit to the data 

is L oc Xq where q =0.92 +0.18. This is coi. istent wich the direct
Jw

proportionality predicted above.

We have shown that the X-ray and optical observations are in 

agreement with predictions derived using a not-gas e .ission model 

for the observed X-ray flux. The data, however,are very limited in 

both quality and quantity, hindering any detailed evaluation of 

predictions. A further difficulty is that most well-studied clusters 

are rather similar, having high X-ray luminosities, few spiral galaxies, 

large populations and are centered on cD galaxies. A more varied 

sample is needed for a full evaluation of the model.

9»2; Formation and Evolution of Clusters

In this section the processes of formation and evolution that may 

have occurred or still be occurring in clusters are discussed. There 

is little chance, using present techniques, of observing the predicted 

evolution directly by comparing distant with nearby clusters. However, 

observations by Butcher & Oeuiler (197<3) of two very high redshift 

clusters (z>0. A0 suggest that they may contain abnormally high 

proportions of blue galaxies, but selection effects may have influenced 

the choice of these clusters. If all rich clusters at similar redshifts 

show the same property, it will be difficult to account for it on the 

basis of evolution processes at present known.

i) Cluster formation and infull; 'i'he classic description of cluster 

collapse is given by Gunn & Gott (1972). They outline how, in the 

early Universe after recombination, a dansity perturbation slows its
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expansion and br .-aks ~v;ay from the surrounding Universe, eventually 

collapsing gravitationally. The material in the perturbation may have 

already formed galaxies when it collapses. Galaxies and gas in the 

surrounding region continue to fall into the cluster; the gas is 

heated by shocking and viscous dissipation ana rovid.es at least some 

of the observed X-ray emission. The galaxies falling in are not yet 

stripped by the intracluster gas and include a large proportion of 

spiral galaxies. The large velocity dispersion observed for the spiral 

population in some clusters may be because many of these galaxies 

have not yet reached the core of the cluster and when seen near the 

cluster centre have large line-of-sight infall velocities (Moss 1976).

Not all clusters have necessarily completed their collapse yet; 

ragged spiral-rich clusters may still be undergoing this process. Even 

for the rich Coma Cluster, the collapse time is "kQ% of the Hubble 

time if the virial mass is the true cluster mass.

An alternative theory of cluster formation, reviewed in Doroshkevich 

et al (1978), describes the evolution of "pancakes" of gas into 

stars, g^laxiea and clusters of galaxies. Galaxies are formed 

comparatively late in this process and the early evolution of clusters 

is dominated by the dynamics of the gas in the "pancakes".

ii) Relaxation and dynamical evolution: The galaxies in the collapsing 

cluster will sub-cluat^r by gravitational attraction (White 1977). 

These groups merge in subsequent evolution, but some trace of their 

existence may be left as an asymmetry iu the cluster. Violent 

relaxation (Lynden-Bell 1967) acts in less than twice the collapse 

time} this is the randomisation of galaxy orbits by the rapidly 

varying gravitational fields that they experience. No equipartition 

of energy between the galaxies is oroduceu.
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If the cluot-r forms fro.a a "p.n.;ake", the protogalaxy distribution 

may be relaxed by "pre-virialioation" due to the turbulent conditions 

(Davis & Peebles 1977).

The timescale for relaxation by two-body interactions is rather 

longer than for violent relaxation. If the time in years for a large 

alteration in the velocity distribution to be produced is T then

(Bahcall 1977a):

_ 2.1010 v3
j. s: •— • — — - -i - . ———

r M N

vis the galaxy radial velocity (in 10 km/s), M is a galaxy mass
1 ? •? •?

(in 10 M ), N is the density of galaxies (in 1Cr/Mpc^) and A is the

ratio of maximum to minimum impact parameters (in A

Using values for these parameters appropriate to rich clusters,

1 2 we find that only the most massive (10 M ) galaxies can have

attained any degree of two-body relaxation and that the lighter 

galaxies are virtually unaffected. Two-body relaxation produces 

equipartition of energy between the gal..;.ies so that the massive galaxies 

lose velocity and sink to the centre of clusters. If the virial mass 

of clusters is concentrated in the galaxies, it is difficult to 

explain the lack of observed segregation of bright galaxies (Rood 

1965, White 1977); in some rich clusters the segregation observed 

is in the opposite t,ense (Chap. 8).

A particular case of two-body relaxation occurs when a massive 

galaxy moves through a homogeneous sea of much lighter bodies. This may 

be a useful approximation in clusters if, for instance, most of the 

virial mass of the cluster were distributed evenly in intracluster 

space, so that the dynamical evolution of the cluster was dominated by 

this sea. It may also apply when galaxies mov ; through the diffuse 

haloes of other galaxies, such as a central cD. In these cases the



9/10

moving galaxy experiences a resistive force, "dynamical friction" , 

as it loses energy to the sea (Chandrasekhar 19^3). The timescale 

for this process is the same as for normal two-body relaxation, except 

that a factor of MN in the denominator is replaced by the density of 

the sea, o. Thus if T is the timescale in years:

o^ M In A

3 12 v is the galaxy radial velocity (in 10 km/s), M is its mass (in 10 M ),
i R •? 

o is the sea density (in 10 M /Mpc ) and A is the ratio of maximum

to minimum impact parameters again. In this and the previous expression 

the galaxy radial velocity (i.e. the velocity in the line of sight) is

-4
assumed to be 3 of the true three-dimensional velocity.

iii) Interactions between galaxies; Slow moving galaxies can merge 

very rapidly if they pass close to each other. If the relative velocities 

are similar to the velocity dispersion of the stars in the galaxies, 

and the galaxies pass within their half-mass radii, then the merging may
s

be accomplished in approximately one orbit (White & Sharp 1977)* All

the translational energy is converted into kinetic energy of the
•» 

stars in the merged galaxies.

Mergings will take place mostly in the dense central regions of 

clusters where the collision probability is highest and there is 

a supply of massive, slow moving galaxies sinking to the centre.. The 

"cannibalism" of massive galaxies by a g laxy at rest in the centre 

is one possible mechanism for the formation of cD galaxies. (Ostriker 

& Hausman 1977* Hausmun & Ostriker 197&, White 1976). Multiple nuclei 

are often present in cD galaxies; these may be the half-digested 

remains of galaxies that have recently merged with the cD. These
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accreted galaxies bring in extra energy to the cD galaxy and this 

may result in the characteristic inflated haloes of cD galaxies (but 

see the next section for a fuller discussion of the origin of cD*s)

'i'he probability of direct collision is high for galaxies always in

Q

the core of clusters ( £Z 10 years between collisions of 10kpc radius 

galaxies), but is much smaller in the outer regions and the average 

cluster galaxy has probably not experienced one. Collisions between 

spiral galaxies result in stripping of their gas content since it 

cannot interpenetrate (Spitzer & Baade 1951). Other than in the early 

stages of galaxy evolution the disk population of spirals is too 

numerous for these stripped galaxies to appear as ellipticals; instead 

they may appear to be SO galaxies (i.e. galaxies with disks but no 

young star population). A similar gas stripping process occurs when 

spiral galaxies move through the intracluster gas (Gunn & Uott 1972). 

Evidence for gas stripping is shown by spiral galaxies in rich clusters; 

sjjch galaxies have been found to be deficient in HI (Sullivan & 

Johnson 197$)i lacking well developed arras (van den Bergh 1976) and 

anomalously red (Holmberg 1958). These are all symptoms of gas loss. 

The law-proportion of spiral galaxies in rich clusters may also be 

due to gas stripping.

A recent study (Sandage & Visvanathan 19?8b) compared the properties 

of SO galaxies both inside and outside clusters. They found that all SO 

galaxies form a homogeneous class, with no evidence for clusters
Q

having a population of recently stripped (within 10 yrs;, and hence 

very blue, SO galaxies. Any stripping must have been largely completed 

at an earlier stu^e in cluster evolution. Many of the S0 ! s they studied 

were too far from clusters to have been made by stripping in clusters.

Although direct collisions are not common, less violent encounters 

betv;een galaxies are not so unusual. Outer layers of galaxies may be
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removed tidally in such interactions; if galaxies are initially embedded 

in large (^100kpc) haloes, then much of the mass of a cluster could be 

left as debris in intracluster space by the present epochs(Zwicky 1937» 

Gallagher & Ostriker 1972, Richstone 1976). The haloes of cD galaxies 

may be the luminous part of this debris. The probable distribution 

of the material is not clear; interactions leading to the tidal 

stripping v/ill be commonest near the centre of a cluster since their 

frequency depends roughly on the square of the galaxy density, but 

the ultimate distribution of the shed material depends on the energy 

with which it is liberated. Measurements of the intergalactic 

luminosity in the Coma Cluster (Melnick et al 1977, Mattila 1977) 

show that it contains no more than 25% of the cluster luminosity and 

has a colour B-V = 0.5^- +, 0.19. It cannot therefore contain the missing 

binding mass unless its mass-to-light ratio is at least ~700 solar.

Observations of elliptical galaxies in several clusters by Strom 

& Strom (1978) show that in cD and spiral-poor clusters these galaxies 

have smaller characteristic sizes than elsewhere. This suggests that 

tidal stripping has removed their outer visible layers, and 

presumably, if they exist, their dark heavy haloes. This loss of 

heavy haloes from the cluster galaxies will slow the evolution rate 

of clusters as the galaxies become lighter, and their two-body 

evolution times become in consequence longer.

9.3 The cD Phenomenon and Brightest Members

!Uhe classification of a galaxy as being a "cD" is to some extent a

matter of personal opinion; no definitive definition has yet been

adopted. However, observers would agree that there exist, at the centres
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of some rich clusters, gala..ie.; which are abnormally bright, have 

elliptical cores, are surrounded by diffuse haloes when seen on 

Schmidt plates, and which are often radio source^. These "cDM galaxies 

were noted by Matthews et al (1964) and Morgan & Lesh (1965). 

Statistical studies show that the dominant galaxy in a cluster tends 

to be located at or near the cluster centre, and that such central, 

dominant galaxies are often associated with strong radio sources (Leir 

8e van den Bergh 1977).

Galaxies having cD characteristics are generally found in the centres 

of rich clusters, possibly in part because that is where they are 

generally looked for and because isolated cD galaxies may be mistaken 

for SO galaxies not so far away (e.g. the cD galaxy in S40/6: see Chap. 

2). N4839 in the Coma Cluster, despite being far from the cluster 

centre, has the typical elliptical core and diffuse halo of a cD. 

Morgan et al (1975) and Albert et al (1977) have published lists of 

galaxies in poor groups which appear to be in the cD class. Observations 

of a sample of these galaxies showed that their haloes were either faint 

or possibly caused by interactions with a nearby galaxy (van den Bergh 

1977b)* Redshifts and photometry indicate that several of these 

possible cD galaxies are as bright as the brightest members of some 

clusters, although fainter than the "classic" cD galaxies such as that 

in A1M3, (Thomas & Batchelor 1978).

Out of 104 clusters in Abell Distance Classes 1 to 4 classified by 

Leir & van den Bergh (1977)» the distribution into Bautz- Morgan classes 

was: Class I;11clusters, I~II;9, 11:22, 11-111:20, 111:42. Although, as 

they point out, there are severe difficulties in the consistent 

application of the Bautz-Morgan classification system, it is apparent
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that the classic cD cluster, normally B-M class I, is comparatively 

rare and that most clusters have no dominant galaxy.

Fig. 9»6 shows the profiles of the cD galaxies in the *f clusters for 

which photographic photometry was described in Chap. 7« The profiles 

were found by measurement of isophotal contour maps of the galaxies, 

They are plotted as the geometric mean of the major and minor radii 

of the galaxy at each surface brightness; the data from the two sides 

of the galaxy have been averaged. Hence, at a given surface brightness, 

the radius is calculated by:

R =

where a. and a? are the radii on the minor axis and b,. and b? are the

radii on the major axis* The surface brightnesses are corrected for
2f 

galactic absorption, the K-effect, and cosmological (1+z) dimming;
—2 

the calculation of the radii includes the (1+z) cosraological term.

The figure shows that cD galaxies have profiles that exhibit 

approximately power law dependence on radius, with an index of less 

than two. They hence must show a cut-off at a radius beyond the range 

shown in the plot if they are to extrapolate to a finite total galaxy 

luminosity. The profile of M8?, one of the two brightest galaxies in 

the Virgo Cluster is included for comparison; the data for this galaxy 

have been taken from Carter & Dixon's (19?8) compilation of measure­ 

ments by several observers. Although not usually classified as a cD 

galaxy, M8? has the characteristic profile.

No discontinuity is apparent in the profiles between a "core" and 

a "halo". The impression of two-component structure is given by visual 

comparison of these galaxies with normal elliptical galaxies which 

have profiles that follow steeper power laws in their outer regions
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(e.g. Oemler 1976). Thus although "halo" is a convenient terra for the 

diffuse outer regions of cD galaxies, it should not be thought to imply 

that haloes are necessarily physically distinct from the rest of the 

galaxy.

The V-band photometric data of Oemler (1976) for 3 cD galaxies are 

compared in Fig. 9.7 with the photoelectric measurements (App. V) on 

the cD galaxy in 235^-35« Oemler f s observations were carried out in a 

band intermediate between B and V and then transformed into the V-band; 

there may therefore be a zero-point error between the photographic and 

photoelectric measurements. It is also not clear which corrections 

Oemler applied to his data to transform them into the galaxy rest 

frame. With these reservations, Figs. 9«6 and 9«7 indicate that the cD 

galaxies in 235^-35, BkO/6 and A11*f6 are very similar both to each other 

and to the "classic" cD's investigated by Oemler. The cD galaxy in K44 

is rather fainter, but not as faint as M87.

The profiles have not been followed to extremely large radii because: 

i) The outer regions of the galaxies are very irregular and much 

affected by other images.
-*

ii) There must remain doubts about the accuracy of the photographic 

photometry at very faint surface brightness levels owing to the 

difficulty of setting the background level accurately. This problem 

is made particularly acute in K^k by the nearby bright star, 

iii) the corrections from observed surfac > brightness into the galaxy 

frame are large; for the A1146 cD, the observed surface brightness 

ufi = 26.5mag/o" corresponds to ufi = 25.15mag/g" at the galaxy.

The nature of the formation and evolution of cD galaxies is uncertain, 

It may not be necessary to postulate any evolution if the formation of a
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supergiant gala..y is favoured at the centre of a cluster or if there is

some mechanism by which supergiant galaxies tend to reach the centre
1*f

of the cluster. If. for instance, cl) galaxies were very massive (-10 M )o

then two-body relaxation would bring them to the centre within a Hubble 

time. Since the dynamics of normal elliptical galaxies is not fully 

understood (e.g. Binney 197&), it is possible that the haloes of cD 

galaxies are a necessary consequence of their mass; no normal, halo-less, 

elliptical galaxies have yet been examined that have luminosities as 

great as cD. galaxies such as those in K44, 235^-35 and

The evolution of clusters was discussed in the last section, where 

it was pointed out that cD galaxies may owe their brightness and extended 

profiles to the accretion of either debris left in intracluster space 

by galaxy interactions, or of galaxies brought to the cluster centre 

by dynamical friction or other two-body interactions* Massive galaxies 

are especially susceptible to this "cannibalism" since they have the 

shortest timescales for dynamical evolution. The asymmetrical shape 

and multiple nuclei of many cD galaxies may be explained as the symptoms 

of a recent capture of another galaxy; the capture disturbs the cD 

and the nucleus of the victim galaxy remains undisrupted inside the cD. 

The steady input of energy to the cD from cannibalised galaxies may 

inflate it, and as it becomes more diffuse the nuclei are able to 

survive disruption for longer periods- (Hausman & Ostriker 1978). 

Eventually the cD may not increase in brightness in its central regions 

after further accretion, but become more extended instead.

A tendency for cD galaxies to be aligned v/ith their clusters was 

found by Sastry (1968) and has also been noted in more recent work by 

Dressier (19?8b) and Garter & Metcalfe (1979). The alignment of the 

cD galaxies with the cluster galaxy distribution in the present sample
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of four clusters is shown in Fig. 9«8. -S^fO/6, K44 and 235^-35 all show 

alignment, but in A11^6 the cluster does not have a strong orientation. 

This is reflected in the cD galaxy in A11*f6 which has a much lower 

ellipticity than those in the other three clusters. A possible reason 

for the observed alignments is that the cD galaxy is constructed out 

of material accreted from the dieter, as galaxies or debris, and 

which retains its anisotropy. The galaxies having the most relaxed 

distribution in the cluster, and v/hich are the most likely to be 

accreted, may have a more anisotropic distribution than the other 

galaxies (Binney 1977); this would enhance the anisotropy of the 

accreting cD galaxy. However, it is not impossible that the alignment 

originated from conditions at the formation of the cluster and galaxies, 

and is nothing to do with evolution of the cD.

The variation in ellipticity with radius for the four cD galaxies 

is shown in Fig. 9«9; the data used are the same as for the derivation 

of the cD profiles (Fig. 9»6). All four galaxies have ellipticities 

that increase with radius. This is as would be expected if accreted 

material, which determined the orientation of the cD, formed a major 

part of the cD galaxy. Such material would probably have a high velocity 

dispersion and be seen mainly in the outer regions of the galaxy where 

its elliptical distribution wo.jld therefore be most apparent. However, 

although the explanation of this phenomenon by an accretion process is 

attractive, an increase in ellipticity with radius has been seen in 

several normal elliptical galaxies (e.g. by Carter 1978), and may be 

due to another cause.

The colours of cD galaxies are generally similar to those of bright 

elliptical galaxies. The photoelectric data of App. V show the cD 

galaxy in 235*1—35 to have a colour of B-V^0.97 after correction for
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the K-effect (Pence 197&) and assuming; zero galactic absorption. This a 

typical colour for the bright elliptic. Is in the sample. The cD also 

shows the same colour gradient as that found in normal ellipticals, 

i.e. becoming slightly bluer tov/ards the outside. If the cD is 

composed mainly of bright elliptical galaxies that have been accreted 

then one might expect its colour to be constant across its face, unless 

the red cores of accreted galaxies were not disrupted but sank to the 

centre of the cD, If the cD were formed from tidally stripped debris 

then the resulting galaxy would probably be bluer than bright ellipticals 

since the faint galaxies that form much of the cluster population are 

bluer than bright ones, and their outer regions which are the most 

liable to stripping are bluer than the inner regions. I'he formation 

of the cD wholly from debris thus seems improbable, but formation from 

accreted galaxies is possible providing that either the original galaxy 

is not entirely overwhelmed or the accreted galaxies are not completely 

disrupted so that their nuclei give the cD the observed central redness.

An investigation of the velocity dispersion uf the stars in the 

nalo of the cD galaxy in A4-01 (Faber et al 1977) showed that the 

dispersion, determined by measuring the widths of optical absorption 

lines, is not abnormally large. The observations v/ere made at the 

centre of the cD and at a point in the iialo, ^3kpc from the galaxy 

centre, with a surface brightness of u> = 2^,5mag/p". The central 

velocity dispersion was measured as 480+120km/s and the halo dispersion 

as 470+250km/s ; the large error limits are a consequence of the 

extreme faintness of the ualo compared with the night sky. These data 

suggest that the halo of the A401 cD cannot be formed entirely out of 

stars having the velocity diversion of the cluster as might be the 

case if they were accreted as debris from the cluster. However, up to 

50$ of the halo stars could have a very high velocity dispersion 

without thft bread wings on the absorption lines havin,; been detectable.
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In summary, then, although there is no evidence to prove that cD 

galaxies were not initially formed just as they are now, observations 

point towards there being something special about them; they have 

a tendency to be sited in the centre of a cluster, they are often the 

source of strong radio emission, they have diffuse haloes, they are 

very bright, they tend to be aliened with the distribution of galaxies 

in their cluster, they often have multiple nuclei, and their 

ellipticities normally increase with radius. None of these 

characteristics is necessarily the >roduct of evolution, but the 

observations of cDs are consistent with their formation by accretion, 

most probably of other galaxies. The "seed" galaxy would normally be 

a large galaxy in the centre of a cluster and have a low velocity, thus 

increasing the chance of capturing other galaxies. The colour gradient 

across a cD would be either from the stellar population of the "seed" 

or due to the redness of accreted undisrupted galaxy nuclei. Multiple 

nuclei in cDs may be the remains of succesive accreted galaxies. The 

formation of cD galaxies from debris tidally stripped in encounters 

between cluster members is less likely than cannibalism since the 

galaxy produced would be too blue ana have a large velocity dispersion. 

The colour data almost certainly rule out the formation of cD gal.ocies 

by continuing gas accretion since the resulting cD would be very blue.

No single mechanism is necessarily responsible for the observed 

nature of cD galaxies, and the problem for the future is to determine, 

both theoretically and ob; ervationally, which of the possible processes 

are significant and which are not. ivven if evolution by accretion can 

be shown to have been important in the history of some cD's, it does 

not follow that all cD galaxies were formed in this way. Just as there 

is no evidence that cD galaxies have not always been as they are now, 

there is also no reason to doubt that bright central galaxies in
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clusters will occasionally accrete other g-1 ;.xies, debris, or gas, 

A further problem to be faced in any comprehensive theory of cD galaxy 

formation and evolution is the absence of cD galaxies in most clusters; 

there is a danger that accretion theories, if made capable of explaining 

cD galaxies in some clusters, will also predict cD galaxies in many 

clusters in which they are in fact absent.

The evolution of cD galaxies is of special interest in view of 

their use as cosmological standard candles. If the magnitudes of 

brightest cluster members are measured photoelectrically within a 

standard metric radius, then the dispersion is indeed very small, 

suggesting that the magnitudes are almost independent of the cluster 

in which the galaxy is located (Sandage 19?6b, Tremaine & Richstone 

1977)* Isophotal magnitudes, which are presumably more representative 

of the true luminosity of the galaxies, show a considerably larger 

dispersion: 0,57roaS instead of 0.38niag for a set of 12 clusters (Godwin 

& Peach 1979&). Similar dispersions have been found in isophotal 

magnitudes of brightest ^embers by Dressier (197&a).

The larger dispersion of isophotal magnitudes is consistent with 

the predictions of a statistical model in which all galaxy magnitudes 

in the cluster, including the brightest member's, are taken 

statistically from a universal luminosity function and in no way 

depend on the magnitudes of other galaxies in the cluster,, (e.g. Geller 

& Peebles 1976). The statistical model also predicts the magnitude

intervals between successively fainter members of the cluster. Table 9,2 

lists the difference between the magnitudes of the three brightest 

members M,., Mp ,and M, in 2k clusters; these values have been derived 

from the isophotal photometry in the present v/ork, in Dressier (1976) 

and in Godwin & Peach O979a). The mean differences betv/een these
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magnitudes predicted by the statistical theory are in Table 9«3« It is 

apparent that the observe Lions show significantly larger differences 

than the theory predicts for the richer clusters. This is at least in 

part the result of a strong selection bias towards rich clusters with 

dominant cD galaxies in the sample from Dressier and the present work. 

In effect, many clusters have been .included largely because of their 

big Mp-M,, value. However, Geller & Peebles (1976), using a less biassed 

sample taken from bandages photoelectric work, found that there < 

is a class of clusters that may have anomalously large M,-M.. values.

If we split the sample of 2k clusters into those that contain

galaxies claimed to be cD's, and those that do not, we find that as

expected the cD clusters have the larger value of <f M^-M.^ : 1.^+0.5
CL \ ***

against 0.^+0.3* The cD clusters have Mp-M,. values ranging from 2.3 to

0.5» If we assume that all clusters, including the cD clusters originally

obeyed the statiotical theory and the brightest members of some clusters

evolved to cDs, then we might expect evolution of <~1mag to have

occurred giving the observed <Mp«M.) . In practice this figure will

be an upper limit since:

i) Clusters with very bright brightest members ab initio, although

not necessarily cD galaxies,would probably have the highest probability

of turning their brightest member into one by evolution. In this case

a large Mp-M,. would be, at least in part, primeval.

ii) If cannibalism is the dominant form of evolution, then it may

increase Mp-M. not only by the gain in luminosity of the brightest member,

but also by the removal of the second brightest which, as a massive

galaxy, stands a high chance of being one of the victims.

If we take the view that cD galaxies are the result of cannibalism, 

and assume that the moot likely accretion occurs first, i.e. of the
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second brightest by the first brightest, then starting with the 

statistical model values of Mp-M.sO.3 and M.--M_=0.2 leads to a value 

after the accretion of Mp-M^sO.S. It is thus possible to make a quite 

typical, regarding galaxy magnitudes, cD cluster from a normal cluster 

by a single accretion. Obviously to produce M -M,.=2,3 rather more 

galaxies must be accreted, but starting from the standard statistical 

model cluster and assuming 0.3mag spacing between successive galaxies 

the accretion of only the second, third and fourth brightest galaxies 

is needed.

Thus, although it is impossible with the extremely biassed sample 

of isophotal photometry available to shov; that cD clusters form a 

separate class from other clusters and are not just the extreme of a 

range of clusters which all obey the statistical model, the data are 

sufficient to put limits on possible evolution. We have found that 

even if cannibalism by the brightest member accounts for all the 

difference between cD clusters and the other clusters, it does not 

necessarily imply a continual holocaust at the centre of the cluster. 

The sporadic accretion of a few bright galaxies is quite sufficient 

to produce the brightest of the observed cD galaxies.

9.4 Gore Evolution

We have seen that there is good, but not overwhelming, evidence that 

evolution plays a part in determining the present properties of clusters, 

A problem that still remains is whether all clusters are at different 

points on essentially the same evolutionary track, or whether the 

evolution that occurs in a particular cluster is determined by its 

initial state (if it is realistic to separate evolution from initial 

conditions). Th« role of chance must also not be ignored. It was shown
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in the last section that the differences between clusters with and 

without cD galaxies may posoibly be caused by the accretion of very 

few, sometimes only one, bright galaxie;; by the brightest members. The 

first chance accretion of a galaxy may inflate the accreting galaxy, 

increasing the chance of further cannibalism. Hence a single chance 

accretion may trigger a phase of rapid core evolution. Simulations by 

Hausman & Ostriker (19?3; examined the accretion of galaxies in a model 

cluster, and found that until the supply of victims in the cluster 

core becomes depleted the central galaxy increases in luminosity roughly 

exponentially with time.

The observations on K&4 and 2j55^-35 are relevant to this discussion 

since they may form a before-and-after pair in this process of rapid 

core evolution. In most respects the two clusters are very similar: e.g. 

in velocity dispersion (Table 5»3)» in profile (Fig. 8.3) » and in optical 

luminosity (Table 9» <0* Their cores are, however, very different. That 

of K44 shows a very low velocity dispersion (Table 5«3), high density 

of galaxies (Fig. 8.3), has a core depleted (although not significantly) 

of bright galaxies (Tables 8.2,8.3)» and has a disturbed, comparatively 

faint cD galaxy with a double nucleus. 235^-35 shows none of these 

properties.

Calculation of the timescale for the accretion of the, bright 

galaxies in the core of K^ may be wade using the expression given in 

Hausman & Ostriker (19?8) for the rate of cannibalism of galaxies with 

masses in the range M to M+dM:

d2N , G M In A R3 n(H)
dMdt - _ 2S rc

*1 1 •*} «-P »1 Awhere G is the gravitational constant (=1.3 10 km s*~ M" ) , A is the
9

ratio of maximum to minimum impact parameters (inA^^f), S is the line-of
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sight velocity dispersion (220km/s for the core of KMf: see Table 5»3)» 

K is the radius from the cD centre inside which an orbiting galaxy 

can be considered captured since it rapidly and. continually loses 

energy to the dense sea of stars of the cD (Ostriker & Tremaine 1975)i

r is the isothermal radius of the cluster core, and n(il) is the 
c

number density of galaxies in the core.

Inversion of this formula gives the timescale for the accretion of

a particular galaxy in the core:
k _ 5
rr /L ^ r
2 c

a 2k (2 re)'2" Ci 1-1 In A '3?

12
The mass of the accreted galaxy will be taken as 10 M • .b'ig. 2.1o

indicates that r is very roughly ^arcmin/^ l60kpc, R is not easy to
C

estimate so a conservative guess is made that it is the separation of 

the two cD nuclei TA 31kpc (using a -J-7C deprojection factor). This is 

almost certainly an underestimate; no galaxy is likely to be able to

survive intact that close to the cD centre. Using these estimates,

9 the derived timescale is 3 10 years; an increase in R would decrease

this value.

12 
The mass of the galaxy has been set as 10 since this is slightly

less than the mass of g5, a typical bright core galaxy, derived using 

the mass-to-light ratio of 20 solar found by the virial theorem for the 

core (see next section).

9 The calculated timescale for the accretion of ~3 10 years suggests that
Q

the present state of K*f4 is a transition phase. In another 6 10 years 

the bright galaxies in the centre will , /robably have been cannibalised 

by the CD galaxy and the core of the cluster will referable that in 

235^-35. The off-centre double nucleus of the cD in K^k may show that 

it is already starting the accretion the surrounding r;alaxies.
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The final magnitude of the cD ^l.-iy after it has accreted the 

bright galaxies in the cluster core may be estimated by adding the 

present Bp7 luminosities of galaxies 1,5,13,17,23,25 and 28 to that 

of the cD (galaxies 2 and 3)* The resulting magnitude io 12.51* 

equivalent to a corrected absolute magnitude of -23.77, just 0.02 mag

brighter than the absolute magnitude of the cD in 235^-35* M-Q = ~23«75«B27

The correspondence is fortuitously cloae in view of the arbitrary 

magnitude limit set on the accreted galaxies and the unknown part of 

the luminosity lost or gained across the limiting isophotes. Even so, it 

shows that the present state of 2;;5^- 35 is consistent with it having 

passed through an intermediate stage similar to

Tightly-knit cores, such as that in K44, are not usual in clusters, 

nor is the low velocity dispersion in the core$ few other clusters 

can have cores with such short timescales for dynamical evolution. 

The formation of such a core by evolution seemes unlikely; tv/o-body 

relaxation is too slow to strip a population of galaxies of \ of 

their translational energy. In any case, two body processes could 

only give a low velocity core of very massive galaxies, whereas the 

observations show that the low core velocity dispersion is shared by 

bright and faint galaxies alike. It thus seems probable that the core 

of K44 is an original sub-cluster of the main cluster, and has 

avoided disruption since. It is tempting to speculate that the 

core may have its present form and therefore be able to evolve rapidly 

only because the rest of the cluster is dynamically unevolved and has 

not yet subjected it to the rigours of violent relaxation. Clusters 

such as Coma which have much less pronounced minima in their velocity 

dispersions at their centres may originally have had a core similar
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to that in KMf but have partially disrupted it in the course of 

dynamical evolution.

This theory of cD formation may give a clue to the possible similarity 

of very bright cD galaxies. If there v/ere an upper limit on the 

amount of material with which a low velocity dispersion core could 

be formed, then this u.jper limit would be reflected in the present cD 

galaxies.; once a cD has depleted its core, then it can evolve only 

slowly* Fast moving galaxies from the rest of the cluster that it may 

be able to capture will inflate it and possibly not result in any 

brightness increase in its observable regions. If the cD galaxies 

in S^-0/6 and A11^f6 are postulated to have reached this stage of quiescent 

middle-age, it is, however, unclear why SA-0/6 is surrounded by a 

very high density of faint galaxies, whereas the cD in A1146 is not 

(Fig. 8.3).

There is no evidence to suggest that all cD galaxies were formed 

from low velocity dispersion cores, and the apparent evolutionary track 

between K&4 and 235^-35 may be a mirage. The model gives, however, 

a possible solution to the problem stated in the last section: the 

difficulty of constructing an evolutionary theory of cD formation which 

does not predict cD's in more clusters than the small fraction in which 

they are actually seen. By postulating an undisrupted low dispersion core 

as the necessary precursor of a cD galaxy, the presence or absence of 

a cD galaxy in a cluster is determined by tha initial conditions of 

cluster formation, just ay it is if cD galaxies are born as cD f s.



9/2?

ft. 5 The Missing Mass Problem

Calculations of the mass in clusters, usin^ the virial theorem in 

a simple-minded fashion, produce values for the mass-to-light ratios 

for the component galaxies that are far in excess of the values found 

by other methods. This has been known since the researches of 

Zwicky (1933; and Smith (1936).

The virial raaso of a cluster, M, can be found by equating its kinetic

energy with half its negative potential energy due to gravity:

o*£«i^
• "*" J» / \ * _*/* JL * *

1 J£l 13

where m. is the mass of the i-th galaxy, v. its velocity and r. . its 

distance from the j-th galaxy. Taking averages over states 

of the cluster gives an expression in observables:

~y TA £t £••

M SB -2————— R _ 2JR '

G 

where R is the mean harmonic mass-weighted separation of the galaxies

in the cluster. S, the line-of-sight velocity dispersion has been
-4- 

assumed to be 3 o", (0~ is the 3-dimensional velocity dispersion. );

the actual conversion factor between them depends ou the dynamics of 

the cluster. In the extreme case of a cluster in which all galaxy 

orbits are radial and the redshift sample is near the cluster 

centre in projection, then cr«*S.

R has usually been calculated by fitting a theoretical function to the 

2-D radial galaxy distribution and adopting a value of R appropriate to 

that fit, or by Uoing strip counts or direct i.ieasuremenus of the 

galaxy distribution (reviewed by Hood et al 1972 and Bahcall 197?a). 

These methods are insensitive to the outer rsgions of the cluster.
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R is strongly affected by outlying Oalaxie^ unless the profile of 

the galaxy distribution falls off faster than an inverse square- 

dependence on radius. Since the inner regions of clusters, out to 

1Mpc, have much flatter profiles than this (Chap. 8) and the profiles 

of the outer regions of clusters cannot be measured easily owing to 

contamination by non-members, it is possible that R is largely 

determined by large populations of galaxies far from the cluster 

centres. Evidence from redshift surveys (Chap. 5) shows that clusters 

probably iiave large haloes of galaxies extending many Mpc in radius. 

R will then be of corn arable size to these haloes if they contain 

a major proportion of the cluster membership.

In view of this doubt about the correct value of R to u^e, the 

virial properties of the 3 clusters in the present sample with both 

redhsifts and photometry are presented in Table 9«^ in terms of a 

parameter X where X= T X • The mass-to-light ratio of the cluster
JJ XV

is H/L. The virial theorem becomes:
Y 3 $2 
A= —

where L is the optical luminosity of the cluster. A line of constant X 

is marked on Fig. 9»^ which shows velocity dispersion plotted against 

optical luminosity for a large set of clusters (Table 9*1)• The best 

fit relation found for these parameters is SoCL ••*' — • (Chap. 9.1), 

consistent with a universal value of X , although suggesting that 

there may be an increase in X for luminous clusters. This may be 

due to the same cause as the greater mass-to-light ratios found for 

rich clusters than poor clusters and groups by many workers. The 

constancy of J( could also be produced by an anti-correlation of 

R with M/L, but there is no observational evidence to oupport this 

(Godwin & Peach 1979b).
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The M/L value appropriate to galaxies is still u ..latter of heated 

debate. Although M/L found for elliptical galaxies by measurement 

of their stellar velocity dispersions is in the range 3-30 solar units 

(e.g. Faber & Jackson 1976), calculations using the dynamics of binary 

galaxies and groups of galaxies yield values in the range 20 - 100 

(e.g. Turner 1976, Gott & Turner 1977). The mass-to-light (M/L) ratios of 

spiral galaxies, found by measuring their rotation curves, are typically 

in the range 1-10 (e.g. Balkowski et al 1972).

A typical value of R that haa been used for clusters is 1Mpc; in this 

case J( is the mass-to-light ratio for the cluster. Table 9«^ shows 

that the 3 clusters then have very high rnass-to-light ratios. -Several 

factors tend to reduce this anomaly:

i) The extrapolation of the galaxy magnitudes to infinitely faint 

limiting isophotes will add perhaps ^10/a to the cluster luminosity, and 

hence reduce M/L by a similar amount.

ii) Inclusion of galaxies fainter than MR will also increase the*27 

cluster luminosity. The faint end of the galaxy luminosity function

is unknown in clusters; the beat data currently available are those in 

the present work for K^k* We find that inclusion of galaxies within

0.92Mpc of the centre and -18>IC > -19 adds only ^ &% to the327

cluster luminosity and those with -17^Mfi )> -18 a further ~ 6%.

Galaxies in this magnitude range are considerably fainter than the LMC

2 Alien 1973) » and it seems unlikely that much of the cluster

luminosity can lie in galaxies fainter than 11R = -17. A reasonable^27 

correction for faint galuxies would be 25/o extra luminosity and hence

a comparable reduction in M/L.

iii) Intergalactic luminosity cannot be estimated easily from the 

oresent data since the background fitting techniques used in the
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photographic photometry hide it. For an indication of how much might 

remain undetected, a rou<jh calculation showo that an area of radius 

200kpc in 235^f-35 that had a surface brightness due to intergalactic 

luminosity of UB = 26mag/QM would have same total magnitude as the 

central cD galaxy approximately. Such an area of luminosity would 

probably be detected by the methods used. A reasonable proportion of 

the total luminosity in intergalactic regions would be <^25% at most; 

this is similar to the value found by Melnick et al (1977) for the 

Coma Cluster.

iv) The cluster- extends far beyond the 0.92Mpc radius usedj if the 

profile has an inverse square dependence on radius, then succeeding 

annuli of equal width will have equal populations of cluster galaxies. 

Since clusters are known to extend to at least ^5Hpc, and the profiles 

may be flatter than inverse square, the majority of the population

may be outside 0.92 Mpc. Although only the centre of the cluster need 

be used in some methods of determining the M/L, such as fitting a King 

profile, the number of galaxies is too small for accurate fits (Avni 

& Bahcall 1976) and the applicability of the methods suspect. However, as

»

the outer regions of clusters arc unexplored, we cannot make corrections 

to M/L for the effect on R and L of the outer parts of the cluster.

v) This discussion has assumed that the virial rnas.s of a cluster is 

truly representative of the actual mass, implying that the cluster has 

reached a steady state. Although this is probably true in the inner 

regions of clusters such as S40/6, there is no possibility of the

outer regions of clu^t rs having reached equilibrium. The crossing

1 o 
time of a galaxy JfMpc out from the contr of KVl- is 10 years.

It is thus possible that we see a mixed system, partt; of which are

in virial equilibrium but embedded in a non-virialised halo. The higher
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velocities of the non-virialised galaxies will jtredomiriate in the 

calculated velocity dispersion. If the cluster is gravitationally 

bound, then its r.iass cannot be less than -j of its calculated virial 

mass. Thus, depending; on the decree of virialisation, the cluster 

M/L ratio may be up to a factor of two less than the virial value.

vi) The 3-dimensional velocity dispersion is calculated by assuming
4- 1 

a 3 conversion factor. The true factor is between 1 and ~£* depending

on the form of the galaxy orbits in the cluster. This can reduce the 

derived M/L value by up to a factor of 3*

It seems not unlikely, then, that the true mass-to-light ratios 

of the clusters may be as..little a; •£ /(_ . The uass-to-light ratios 

for Kkk and 235^-35 are then not in serious disagreement with the 

mass-to-light ratios calculated for elliptical galaxies by other 

means. Other clusters (e.g. A19^: Chincarini £ Rood 1977) have been 

found to have similar M/L ratios and also present no severe missing 

mass problem. The problem is only acute in some very rich clusters, 

such as Coma, S^fO/6 and Perseus, which have high velocity dispersions. 

No answer to the problem is offered here; the various possibilities are 

reviewed in Bahcall (1977a), Abell (1975) and elsewhere. The solutions 

proposed include sub-cluotering, black holes, in'tergalactic M dwarfs, 

bricks, cold gas, heavy neutrinos and various more exotic adjustments 

to the laws of physics. It seems not unlikely that some of the missing 

mass may be in the form of dark haloes of dim staro or black holes 

around galaxies, probably at the present epoch tidally stripped from 

the galaxies in clusters to form a dark intraclu/jtor sea (Chap. 9»2). 

Despondency about the missing mas;; problem is unjustified in view of 

our ignorance of the structure and dynamics of the outer arts of 

clusters and the uncertainty in the mass-to-light ratios of galaxies 

found by other methods.
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To conclude thi:-j section we note that the centre of K^ provides 

a dynamical system lar.jely independent of the rest of the cluster; 

this is indicated by their very different velocity dispersions. The 

virial theorem may be applied to this core. As usual, estimating an 

appropriate value for a characteristic length, R, is not straightforward.

The method adopted here is to calculate R», the mean harmonic separation 

by evaluating it for the four most luminous galaxies in the core: 

g1» g2/s3 (the cD), g5 and g13. These give H 1 = 112 arcsec = 135kpc 

(using the usu -al -J -ft deprojection factor). Hence, with R- = 2R 1 = 270kpc 

and S = 220km/s, the virial iv.asn of the core is 9.1 lo'12 !-! . Using the 

value calculated in the la.^t section, JL = -23.77 as the core magnitude, 

we find M/L = 18. On this rough calculation, therefore, the core of K^4 

appears to have a similar mass-to-light ratio to that found for 

elliptical galaxies; there is no missing mass to explain here at least.

9»6; So where has all this got us<^> •

These discussions and conclusions may give the impression that in 

the study of the structure and evolution of clusters of galaxies 

there is a rather high ratio of speculation to hard fact. This is 

undoubtedly the case, and although the work presented here represents 

some progress in evaluating the many interrelated possibilities and 

theories, it is still difficult to write much about cluster formation 

with confidence, and almost nothing with certainty. The study of 

clusters is still in its infancy, and much fundamental work has still 

to be carried out.

Listed below are some of the main points of this thesis.

i) Observations have been carried out to increase the number of well- 

studied clusters. 3.-ila:-:y velocities, positions and magnitudes h-'.vo
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been derived in a sample of southern clusters.

ii) As part of this work, photoelectric photometry has been carried 

out on a set of bright galaxies, helping to bring the standard 

catalogue data on southern galaxies up to the same detail as on northern,

iii) X-ray emission from clusters has been discussed; the data are 

compatible with the standard theory of bremsstrahlung emission from 

hot intracluster gas. A set of rich, X-ray bright, cD clusters have 

been found to be very similar to each other.

iv) The membership by clusters of large-scale density enhancements 

has been emphasised. Cluster cores as we see them at the present epoch , 

are in general at very early stages in their evolution, only partly 

relaxed at most and still probably subject to continual infall of 

material.

vi) The cD galaxies in the cluster sample are found to be of the 

"classic form". They are aligned with their clusters, have ellipticities 

which increase with radius, and are centrally placed. These properties 

are compatible with evolution of the cDs by accretion of galaxies, but 

other .causes cannot be eliminated.

vi) K^f and 235^-35 are used as examples of evolutionary stages in a 

possible process of rapid core evolution in which a probably primeval 

low velocity dispersion cluster core undergoes transmutation by 

dynamical friction into a cD galaxy.

vii) The missing mass problem is found to be not severe in Kkk and 

235*f- 35. The core of K^4, in particular, has a similar uass-to-light 

ratio to that found by other methods for elliptical (j
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The rate of progress in cluster research may be expected to increase 

in the near future. The advent of automatic plate measuring machines 

will make the collection of photometric and positional data on clusters 

a routine and comparatively foolproof matter, allowing the collection 

of data samples far larger than are possible by present methods. The 

quality and quantity of X-ray data will also improve in the near future. 

EEAO-B has already been succesfully launched and will soon start to 

provide the first high-resolution X-ray images of clusters.

'Ihere is much important work on clusters that remains to be done. 

Observations on the shapes, profiles and colour distributions of cD 

galaxies are particularly important since they play key rQles in the 

theories of cluster evolution, Basic photometric data on clusters, 

including galaxy colours, are still needed; the present surveys, 

including the work described here, cov-r only .small areas and examine 

only the brighter galaxies. In view of the great variations between 

clusters, a large set may have to be studied in detail before general 

conclusions can be reached. More work is also necessary on regions 

of space which do not contain clusters, otherwise the true nature of 

the sparse outer regions of clusters cannot be assessed. Redshifts are 

needed, both in these outer regions to recognise non-members, and over 

all parts of clusters to explore their dynamics. Only the Coma Cluster 

has yet been investigated, in detail, and full rod. hift surveys of other 

types of clusters would be very interesting.

X-ray observations from JiEAO-B will .rovide much additional

information about the gas composition, distribution and temperature in

clusters; no doubt the discussion of A-ray emission given in the
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present v/ork v/ill appear in less than a year to be naive, if not 

misguided. Theoretical studies arc* also becoming more sophisticated 

as improvements in the speed of com .uters make simulations of 

complex dynamical processes increasingly realistic; this trend will 

certainly continue.

Perhaps it ha ; not been emphasized enough in the preceding pages 

that the study of clusters cannot be divorced from work in other 

parts of astronomy and natural philosophy. Stellar evolution, computer 

design, galaxy dynamics, television technology: all these and many 

other subjects influence research on clusters. In turn, the results 

of cluster research may affect profoundly our understanding, both of the 

stellar systems and super-systems that lie scattered across the 

Universe, and of the large scale nature of space and time themselves.



Table 9.1 Properties of Cl istors

Cluster
11.log Watts log 10 L loS krn/s

X Sources

A98

A154

A168

A194

A262

A401

A426

A496

A576

A754

A1060

A1146

A1314

A136?

A1377

A1656

A1940

A2029

A2065

A214?

A2151

A2199

<37.70

<37.26

< 36.52

< 36.46

38.26

38.14

37.37

37.14

38.02

36.29

38.35

< 37.12

36.78

37.89

37.94

38.29

37.66

37.40

< 37.27

37.41

1.26

1.12

0.93

1.13

1.29

1.53

1.18

1.13

1.11

1.01

1.39

1.21

1.45

1.16

1.27

1.21

2.88

2.93

2.76

2.59

2.63

3.11

3.14

2.63

3.03

2.96

2.89

2.81

2.78

2.51

2.98

2.73

3.18

3.07

3.03

2.78

2.93

S: FD77

1.83 S: McH78

1.17 S: McH78

1.07 &'• McH78

S: Me H78

2.28 S: H77

2.77 S: W7

S: G78

S: McH?8

S: YV77

S: YV77

1.69 3: C76

1.61 S: YV77

S: HMS56

2.42 ^: YV77

S: YV77

2.13 *'• *v?7

2.59 S: 377

1.98 S: YV77

1 89 S- HHS56 i.^y &. BB59

2.02 S: iV77

L : D76 o

LQ : D76

L : D76 o

L : 074

L : BGP79

L Q : CG79

L : 074

L Q : Gd79

L : GP77

L : D?6 o

L Q S BGP79

L Q : BGP79

L ; BGP79

L : BGP79



Table 9.1 (cont.)

Cluster

A2256

A2319A

A2670

Virgo

Cen.

K44

S40/6

11 log Watts log 10 L log km/8 log

37.96

38.22

36.40

36.80

37.06

38.21

2354-35 < 37.59 

Pavo < 36.43

1.47 3.11

2.93

2.63

0152+3337

1.26

0.80

1.10

1.42

1.16

1.39

2.99

2.82

2.97

2.63

3.11

2.6^>

2.55

2.84

1.03

1.15

2.53

1.26

Sources

S: *V77 L : D76 o

S: IV77

S: ~'" L : BGP79
073 °

S: KV77 L : BGP79 o

S: YV77

S: G78 L : G78 o

Ss G78 L : G78 o

S: G78 LQ : B77

S: G78

B: S72 LQ : M75

Notes j

L values have been taken from Me liar dy (197^), except for the
Jn*

upper limit for flux from 2354-35 which was estimated from maps shown 

in the 2A catalogue (Pounds et al 197^) and the value for 340/6 which 

was calculated from the flux given in the 2A catalogue by the relation: 

log L a 40.35 + log S + 21og 2 where S is the flux in Ariel counts.
•3L •*»>

L values are the sum of the V~ c luminosities of galaxies within o
0.92Mpc of the cluster centre brighter than M = -20. 8 e Data in otherV25 

bands have been normalised to the V-band.

S values are calculated as described in Chapter 5. o

X values are derived from L and S using the formula given in Sec. 9.1

References to sources8

FD77: Faber & Dressier 1977
D76s Dressier 1976
McH78: MeHardy 1978
074: Oemler 1974
CG79: Carter & Godwin 1979
Gd79: Godwin 1979 (unpub.)
GP77: Godwin & Peach 1977

073: Oemler 1973 ^72: Sargent 1972
S73: Sargent 1973 M75: Massey 1975
H778 Hintzen *t al 1977 S77: Spinrad 1977
YV77: Yahil & Vidal 1977 B77: BucknelH977
JbGP79: Bucknell et al 1979
G78s This work
C76: Coleman et al 1976
HMS56: Humason et al 1956
BB59: Burbidge & Burbidge 1959



Table 9.2: Bright Members

Cluster Richness Type 
o

Source

S40/6

K44 +

A1146

2354-35 *

A2256

A2029

A168

A154

A2670

A98

A1413

A665

A2218

A401

Virgo

A426

A1377

A1553

A1656

A1930

A2065

A2147

A2151

A2199

(3)

(1)

4

(1)

2

2

2

1

3

3

3

5

4

2

0

2

1

2

2

1

2

1

2

2

cD

III/cD

cD

cD

II-III

cD

II

I-II

cD

II-III

cD

III

cD

cD

III

I-II

II-III

II-III

II

III

III

II

III

cD

0.9

0.5

1.3

1.4

0.3

2.3

1.0

0.1

1.2

0.7

1.7

0.6

1.5

1.9

0.5

0.6

0.1

0.1

0.4

0.8

0.1

0.3

0.1

1.2

0.1

0.7 -

0.2

00

0.3

0.4

0.0

1.4

0.2

0.5

0.4

0.0

0.0

0.0

0.0

0.2

0.6

0.3

0.2

0.4

0.2

0.3

0.1

0.1

1.0

1.2

1.5

1.7

0.6

2.7

1.0

1.5

1.4

1.2

2.1

0.6

1.5

1.9

0.5

0.8

0.7

0.4

0.6

1.2

0.3

0.6

0.2

1.3

G

G

G

G

D

D

D

D

D,0

D

D f O

D

D

D

0

0

0

0

0

0

0

0

0

0

ML, Mp and M are magnitudes of three brightest cluster members.

o: M,. is sum of cD nuclei (g and

+ : M,. is sum of cD nuclei (g and g,).

*; g2, the bright spiral has been omitted.

Sources: G: This work D: Dressier 1976 0: Godwin & Peach 1979a



Table 9*5» Observed and Predicted Magnitud_e__lJijfrero.-nces

a) Observed Data from Table 9.2

Richness \ n , < M 0-1O <M-.-M0 >< M-.-lO Clusters Clusters ^2. 1 ^ j 2^^ 3 *('

1 6

2 10

3 4

4 2

5 1

b) Predicted

Richness

1

2

3

4

26 .5 +.5 .6 £.4 1.2 +.4

43 .8 £.8 .2 ih.1 1.0 £.8

17 1.1 i-4 .3 +.2 1.4 4-. 4

9 1.4 .1 1.5

4 .6 .0 .6

Error bars are standard deviations

<M2-M1> <M,-H2> <M.-M1 >

.4 .2 .6

.4 .2 .6

.3 .2 .5

.3 .2 0 5



Table ^.k: Virial Properties of Clusters

Cluster L S X
1012L kra/s M L"" 1 Mpc~ 1

o 00^

1.22

235^-35 1.53 ^25 82

2.78 1289 Vi 7

L: The total luminosity, in solar units, of the B „ values for 

all galaxies brighter than MR = -19 and within 0.92Mpc of 

the cluster centre.

S: The corrected line-of-sight velocity diaper .ion (Table 5»3)

3 S2
X : Calculated as *r-=- where G is the gravitational constant. u L
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Fig 9.8; Alignment oj_c^J^jLaxies_wiLth their Clusters

a) SW6

Limiting Magnitude B27 =

In this set of four diagrams the distribution of gal-.xies in the field 

of the clusters is shown and the orientation of the cD galaxy is 

indicated by a straight line at ito position. Each ellipse has been 
constructed by iteration from a circle centred at the brightest galaxy. 
In each iteration the ellipticity of the distribution of galaxies within 

the ellipse is calculated (Trum ;ler & Weaver 1953) and a new ellipse 
constructed with that ellipticity, and the same area as the original 

circle. Eventually a stable solution is found in which the ellipse 

[B consistent with the distribution of the galaxies which it contains.



b) -KH

Limiting Magnitude

+ **•



c) 235^-35

Limiting Magnitude B- = 20.0



d)

Limiting magnitude B = 22«0



2.5 

2.0

1.5 

1.0

2.5 

2.0 

1.5

1,0

2.5

20

1.5 

1.0

2.5 

2.0

1.5 

1.0

23 24 25

23 24 25

23 24 25

23 24 25

Fig. 9*9: l^llipticities of cD galaxies

is the ratio of major to minor radii. 

ufi is the rest frame surface brightness (in mag/D").
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Appendix I: Red-.hift Results

These tables show the results of the red.shift observations. The 

columns are as follows:

Name: The numbering systems for clusters KMf,

and 2j55^-35 are the same as used for the photographic 

photometry. 1C and NGC numbers are shown where appropriate.

Finding charts charts for the galaxies are in App. III.

Spectrum: The spectra, with details of their exposure times etc., 

are shown in App. II. Those taken in 1976 have a 

designation starting with a letter, and those in 1977 

with a number.

cz: The velocities shown are v=cz, corrected to the heliocentric 

frame.

o.e.: Th? standard error is the "internal error" calculated from 

the disagreement bat --sen the individual velocities of 

the Oala,-:y lines.

Srror 
Class' ^^e c lasses °f external error are described in Chap. *f;

a=60-12Ckm/s b=120-l8Ckm/s

c=l30-240krc/s d= possibility of r:;roGS error

. The lir.ec used in the recf-rrl.f t cumuli** ion are shown. Those• 9, ^.MM* •••» ~**

visible, but not ussd, are^biitted. Oil = Oil 3727^ (em.) 

Other Results are reduced to heliocentric and do not include

^e's (1y?3) ."30km/s correction into the 21cm system. 

The references are as follovs:

S78: Srndcxge 197& CT78: Chincarini et al 1973

V75: Vidal 1975 KS77: Kelnick & Sargent 197?

M76: i.artin 1976 WV/69: Westorlund & Wall 1969

U77: V/est 1977 PK67: Perek & Kohoutek 1 67
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T72: Tritton 1972 W?2: Whiteoak 1972
W53: v/ilson 1953 M77: Maccacaro et al 1977

The results arc arranged in the following tables

a) SA-0/6 Velocities
b) A496 Velocities
c) 235^-35 Velocities
d) Velocities of objects near
e) K^ Velocities

f) K2 Velocities

g) i-avo Group Velocities
h) Velocities of other r-alaxies
i) Velocities of Standards



S40/6 Velocities

AI

amc

1

2

3

7

8

9

12

13

15

16

25

96

fame

1

7

* Spectrum

6a

9b

10b

10a

21a

15a

I8a

15b 

21c

6b

24b

21b

Velocities

j Spectrum

ecc

23b

cz
km/s

17907

15757

16681

19703

17631

16363

14258

14426 
14686

12825

17407

18599

cz

kn/s

9743

9619

s.e.

krn/s

53

76

I3*f

79

32

113

62

82

10

64

234

112

s.e.

kr.i/s

37

63

error
class

b

b

c

b

b

c

b

c 

c

d

d

c

error

class

4f-

b "

Lines Other

Sources

H,K,G,Na,HS V75: 1825

H,K,CaI,G,Mg, 
Ca+Fe,NaD,Hp

H,K,FeI,NaD

H,K,G,MgI,NaD

H,K,G,MgI

H,K,CaI,G,
MgI,NaD

H t K,G,MgI

H,OII

Hod (em)

H,K

H,K,G,MgI,NaD

Lines Other

Sources

• — *^-, FeT, NaD MS 77:

— H,K,G,FeI,

8 9733 H,K,G,FeI,Mg, 
Ca+Fe,
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2354-55 Velocities

Name

1

2

3

4

5

6

8

10

12

13

X

Spectrum

Va

Vb

Vc

Za

9a

Zb

TTb

Vc
22a

Sa
8b

17a

Wa

cz 
km/s

14596

12568

14475

14609

14827

16498 
16241

14751

14953 
14870

14056 
14084

15509

13886

Velocities of objects near

Name

2355-35

0001-36

2349-35

2347-36g1

234 7-36 g2

0007-36

0003-35

0003-36g1

0003-36g2

Spectrum

Na

Nb

Re

Kb

*b

22b

I4b

20a/b

23a

cz
km/s

14429

13897

17245

12774

12871

36757 
33991
34152

8422

8619

s.e. error 
km/s class

70

75

102

32

32

152 
90

167

104 
71

41
123

39

43

2354-35

s.e. 
km/s

Si. -
m

134

117

78

64

97 
173

69

67

49

b

b

b

b

b

c 

b

c

b 
b

b 
b

b

b

error 
class

" b

JT-— .

c *•*"
«•

b

b

d 

c/d

d

b

b

Lines

H,K,G,OII

H,K,G,FeI,NaD

H,K,CaI

H,K,G

H t K,G f FeI f MgI

H,K,CaI,NaD 

H,K,G

H,K,G,NaD

H,K,CaI,G 

H,K,G,NaD

H,K f HS 

H,K,G,FeI,NaD

H f K f G f MgI f NaD

H,K,G,NaD

Lines

H,K '

-^,GT^-D

H,K

H,K,NaD

H,K,NaD

n ) K,FeI 1 NaD , L ̂

H,K,G

H,K,G f NaD,OII

Other 
Sources

W72: 145

Other 
Sources

J

H,K,CaI,FeI,NaD,HS



K44 Velocities

AI

Name Spectrum cz s.e. error
km/s km/s class

Lines Other 
Sources

1=15353

2=15358

3

4

5=1535.4

6=15350

7

S

10

11

19

22

24

Ja

Jc

Jb

Mb/ Me

Eb

4a

Ra

Ma
I4a

Rb

Ya

5a

13b

13a

7945

8561

8147

10102

8355

8407

8259

8050 
7880
9981

8958

8626

10396

9013

150

57

90

41

76

111

37

77 
42
93

21

217

70

66

c

b

b

a

b

c

b

b
b

b

b

d

b

b

H,K

H,K

H,K

H,K,G

H,K,MgI,NaD

H,K,CaI,G, 
Fel.Mgl

H,K

H,K
H,K,NaD

H,K,G

H,K

H,K,Ca+Fe

H,K,G

H,K,G,NaD,Hf

CT78: 
M77:

CT78: 
M77:

CT78: 
M77:

CT78:

CT78: 
M77:

CT78:

CT78:

CT78:

CT78:

CT78:

I

7990 
8304

8554 
8334

7972 
7945

10091

8116 
8214

8424

8353

8660

10095

8923

K2 Velocities

Name

9

10

14

19

20

21

Spectrum

Oc

Ob

Oa

{c

£a

€b

cz 
km/s

5941

5721

6729

7083

6805

6994

s.e
km/s

63

56

41

83

89

41

error 
class

b

A

b

b

b

b

Lines

H,K,G

H,K,G,NaD

H,K,G,MgI,

H,K,NaD

H,K,NaD

H,K,Mg

Other 
Sources

NaD



Pavo Grour> Velocities

AI

Name

14960

I*f967

1*970

N6872

X

14972

N6876

N6877

N6880

14985

Spectrum

Ub

Ua

Xc

Tb
-

Xb

Va

Da

-Lb

Lc

Xa

Other Velocities

Name

N6769

N6770

N6810

2040-26

S149/5

S149/10

Spectrum

Ca

Ha 
Hb

Ta

Qa

7a

8a

C2
km/s

3439

3755

4759

4626

3778

3635

3928

4158

3987

4442

of Gala

cz
km/s

3686

3826 
3883

2066

12222

22342

23090

s.e
km/s

103

26

49

56

24

20

36

35

36

35

xies

s.e*
km/s

48

5<f 
43

68

92

77

80

error Lines
class

b H,K,G

a H,K,G

a H,K,CaI

a H,K,G,FeI,
Mgl.NaD

a H,K,G,NaD,
HS

b H,NaD

a H,K

a H,K

a H,K,G,MgI,
NaD,OII

a H,K,G,MgI,
NaD.OII

error Lines
class

a H,K f G

a RjK^OII 
a H,K,OII

b H,K,OII

b H.K.NaD

b fl,K,G

b H,K,G,NaD

Other
Sources

S78: 3489

S78: 4123

S78: 4725

V75: 4850
S78: 4707
V/W69: 4690
M76: 4840

V75: 3920
S78: 3969
WV/69: 3720
V75: 4010
S78: 4142

S78: 3939

Other
Sources «~

M76: 3820
RCBG1: 3530
W77: 3920
S78: 3913

M76: 3910 
RCBG1: 3630
W77: 3950
S78: 3833
M76: 2025
RCBG1: 1823

T72: 1209'



Velocities of Standards

AI

Name Spectrum cz s.e. error
kra/s km/s class

Lines Other 
Sources

N6818 La 
(plan.)

HD 157457 Ba 
Gd

4 
-42

256

27 
16?

emission PK67: 17 
spectrum

H,K,G 
H,K,G

: 18
M?6:

HD 16815 Fb -195 H,K,G V/53: -9 
M76: -99



Appendix II: Spectro^comg Plates

1976 Plates

All

Date 
1976

Aug. 
23/24

Aug. 
24/25

SAAO Spectrum Object 
Plate Ref.

1315 Ba HD1 57457

b tt

c »

d »

1316 Ca N6769

1317 Da N6876 (Pavo)

1318 Ea K44g1 = 15353

b K44g5 = 1535^

1319 Fa HD16815

b »

c "

d "

e "

1320 Ga »1 57^57

b » -~-—

c » —

d »

1321 Ha N6770

b i»

1322 la N6818 (plan.)

b it

c n

d it

Exposur 
rains.

0.25

0.50

1
2

40

40

60

55

0.25

0.50

1

2

3

0.25

— — o750

1

2

20
t 

20

1

2

4

£.

Best

Overexposed

ii

Unmeasurable 

Overexposed

Best

Best

Interrupted: 
telescope failure



App II (cont)

All

Date SAAO Spectrum Object 
1976 Plate Ref.

1323

132^

Aug. 1325 
25/26

1.326

1327

1328

Aug. 1329 
26/27

1330

Ja

b
•

c

Ka

b

La 

b

c

Ma

b

c

Na

b

Oa

b

c

Pa 

b

Qa

b

KMfgl = 15353

K*f*fg3

KMfg2 = 15358

235^-35g10

A496g1

N6818 (plan.) 

N6877 (Pavo)

N6880 (Pavo)

KHg8

KVfg*f

it

2355-35

0001-36

K2gl4

K2g10

F2g9 , _ -

HD1 57^57 - 

ii

2040-26

K44g6 = 15350

Exposure 
mins.

^5

^5

^5

^5

27

5

15

20

25

10

30

ifO

^5

25

35

- 15_

0.50 

1

ko
35

Comments

Unusable: ITS 
fault

Unusable

Dekker fault

Curtailed, but 
usable

cirrus



App II (cont)

All

Date 
1976

Aug. 
27/28

Aug. 
28/29

SAAO 
Plate

1331

1332

1333

133^

1335

1336

1337

1338

1339

Spectrum 
Ref.

Ra

b

c

Sa

Ta 

b

Ua

b

c

d

Va

b

c

Wa

b

Xa 

b

c

Ya

Za

b

Object

K44g7

K44g10

2349-35

K2g4

N6810 

N4872 (Pavo)

14967 (Pavo)

14960 (Pavo)

K44g1 1

K44g15

2354-35g1

235*f-35g2

235<f-35g3

2354-35gX

HD16815

I4Q85 (*avo) 

Pavo gX

14970 (Pavo)

K44g'.1

235^-35g4

2354-35g6

Exposure Comments 
mins.

27 cirrus

25 "

30 "

35 poor seeing

15 

15

25

20

23 ) double exposure:

40 ) both unmeasurable

40

40

40

40

0.75

25 bright moon 

20

15

20

35

40



All

App II (cont)

Date SAAO Spectrum Object Exposure Comments 
1976 Plate Ref. mine.

13^0 Ka . 0007-36

b

c

Aug. 1341 fla 
29/30 r

1342 Ya

b

c

1343 Sa

b

c

1344 € a

b

2347-3ogl

A496g1

N6818 (plan.)

14972 (Pavo)

2354-35g8

2354— 35g10

2354-35g12

2347-36g2

K2g19

K2g20

K2g21

25

25

20

25

35

35

35

30

30

30

30



App II (cont)

1977 Plates

All

Date 
1977

Oct. 
11/12

Oct. 
12/13

Oct.
13/14

Oct. 
1V15

SAAO 
^late

1558

1559

1560

1561

1562

1563

1564

1565

1566

1577

1578

Spectrum Object 
Ref.

3a ^ N6876 (Pavo)

4a K44g6 = 15350

5a K44g19

6a S40/6g1

b S40/6815

7a S 149/5

8a S149/10

b 235^-35g12

9a 2354-35S5

b S^0/6g2

10a S^0/6g7

b S^fO/6g3

13a Kzf 2fg24 

b K44g22

I4a KVfgS

b 0003-35

15a S^-0/6g9

b S^fO/6g13

Exposure 
mins.

20

40

60

60

70

70

80

80

70

50

55

45

50 

50

35

100

50

80

Comments

Fault: unusable



App II (cont)

All

Date
1977

Oct. 
15/16

Oct. 
16/17

Oct. 
17/18

SAAO
Plate

1579

1*.
1581

1582

1583

158^

1585

1586

Spectrum Object
Hef.

I6a HD16815

b "

c »

~ 1?a 235zt-35g13 

b 235*f-35g6

l8a S zfO/6g12

19a 235^-35g21

b "

20a 0003-36g1

it

21a S40/6g8

b S40/6g25

SW6S 13

22a 235zf-35g9 

b 0007-36

23a 0003-36g2

b A496g?

Exposu
mins

0.5

1

2

65

15

5

75

25

LLQ

ll tZ

60

20

35

75

30

35

terminated 
by cloud

25 moon & terminated 
by cloud

20 terminated by 
dawn

30 interrupted by 
cloud

1587 35

35 terminated by 
dawn



All I

Appendix III; Finding Charts

Maps of the clusters K44, S^-0/6, A11*f6 and 235^-35 are given in 

App.IV. Finding charts of the other clusters mentioned in the 

text are given below; descriptions of these clusters may be found 

in Chap.8.

The positions of stars are marked by crosses and of galaxies by 

circles. Coordinates on the charts are the 1950.0 RA and dec. of 

SAG stars. The orientation is normal, i.e. North up and East left, 

but may not be exact.

The charts are as follows:

Fig. Cluster Fig. Cluster

AIII.1 23^9-35 AIII.7 214-3-58

AIII.2 2355-35 AIII.8 2151-58

AIII.3 23^7-36 AIII.9 K2

AHI.Jf 0001-36 AIII.10 A^96

AIII.5 0003-35 AIII.11 Pavo

AIII.6 . 0007-36

Where only one galaxy is shown, it is this galaxy of which the 

redshift has been measured.



AIII

5'

O

23h48m52S-34*45'57*

23 h49Ho3S-34*58'10'

Fig. AIII.1: 23^9-35

+4-
-f

|23h55l^55S-34*33'50"

rr o
_|_23h55nl26S- 34*36'56"

5'

Fig. AIII.2: 2355-35
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AIII

5' 
i
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Appendix IV; Results of Photographic Photometry

This appendix presents the results of the photogr
aphic photometry 

of ^ clusters: K**4, S*fO/6, A11*f6 and 235^-35. The magnitudes in 

A11^f6 are from Carter & Godwin (1979), and in 235
^-35 from Bucknell 

(1977). For each cluster, a table of magnitudes an
d a map is given.

The galaxies are listed in the tables in order of 
magnitude,

•

with the coordinates in arcsecs; x increases westward
s, y northwards, 

The magnitudes are the observed B_ 7 isophotal magnitu
des, uncorrected 

for seeing, isophotal contraction, obscuration etc.. 
A radius,

A 
is given for each galaxy; this is calculated by R 

= (^) where

A is the area within the ufi = 27mags/a" isophote. Symbols used in 

the notes column are:

* (for KMf) The galaxy lies nearer than 636" to the 

bright star and its magnitude may be affected 

by this.

** Xfor KMf and S^fO/6) The galaxy overlaps another

object at an isophote brighter than u = 24mags/o"

* (for KMf and S^fO/6) The galaxy overlaps another 

object at an isophote between UR = 27mag6/oM and 

= 2*fmags/o11 inclusive.

The galaxy is cD in nature.

The maps of the clusters show the galaxies listed 
in the tables. 

The radii are plotted to scale, except in the larg
e scale maps of 

the centres of KVf and S*fO/6 where the radii are 
reduced by a factor

of 3.5 to lessen confusion. C^s^s o^ "MI? ^ - „ . .

\S
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A V

Appendix V; Photoelectric Photometry Results

This Appendix contains the results of photoelectric photometry 

with the 40" and 7^" telescopes at Sutherland. The equipment, 

observing techniques and reduction procedures are described in 

Chapter 6.

The columns are:

Type Taken from RCBG2 where possible; otherwise estimated

from Schmidt plates.

cz The heliocentric velocity in km/s. Values are taken

from RCBG2, except 15353 and 235^-35cD which are 

from App. I,

Tel. The telescope used in the observations. 

Ap. The aperture diameter in arcsecs.

V, B-V, B and V are the standard bands, R and I are in the 

an "" Cape-Kron system (see Chap. 6). Errors are:

in V 0.04, in B-V 0.02, in V-R 0.03 and in V-I 0.0*f 

Where the results are given in parentheses, the errors 

may be up to twice these values.

Other Sources The references are as follows:

A?6: Alcaino 1976
WW69: Wes'terlund & Wall 1969

BP76: Bucknell & Peach 1976

W79: Wegner 1979
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Type cz Tel. 
km/0

W1031 L 4O"

N1079 L 2252 40fl

W1097 S 1320

N138? L 1239 40"

W1533 L 773 40"

N1543 L 1400 40"

N3268 E 2761 74"

Ap. 
arcsec

28.

40.

56.
79.

28.
40.
56.
79.

21.
30.
43.

19.
28.
40.
56.
79.

19.
28.
40.
56.
79.

28.
56.
79.

12.
27.
30.
36.
48.
60.

3
1
2

7

3
1
2

7

7
7
0

6
3
1
2

7

6
3
1
2

7

3
2

7

0

0

0

0

0

0

V

13,
13,
12,

12,

12,

12,

12,

11,

(11,

(11,

(10,

12,

11,

11,

11,
11,

12,

11,
11,

11,

11,

(11,

(11,

(11,

13,
12,

12,

12,

12,

12,

B-V

,39
,13
,94
,75

,61
,30
,03
,79

,55)
,23)
,98)

,05
,79
,58
,40
,24

,20
,96
,76
,55
,30

,85)
,32)
,14)

,21
,89
,80
,69
,46
,32

1.
0.
0.
0.

0.
0.

0.

0.

0.

0.

0.

1.

1.

0.

1.

1.

1.

1.

0.

1.
1.
1.
0.

0.

0.

1.
1.
1.
1.
1.

01

97
93
92

95
94
92
91

81
81
84

03
01

99
01
03

00

00

99
00

03

00

97
96

96
07
04
05
05
05

V-K

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

61
60

59
54

59
58
58
55

64
63
62

63
64
63
63
64

62
62
61
60
61

60
60
57

71
71
71
70
70
69

R-I Other 
Sources

1
1
1
1

1
1
1
1

1
1
1

1
1
1
1
1

1
1
1
1
1

1
1
1

1
1
1
1
1
1

.21

.24

.20

.15

.19 fiCBQ2

.18 BP76

.14

.09

.23 RCBG2

.24 BP76

.24 A76, W79

.33

.31

.30

.30

.30

.25 RCBQ2

.24 W79

.23

.22

.22

.20 RCBG2

.23

.17

.32 RCBG2

.29

.30

.31

.29

.28
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Type cz Tel. Ap. V B-V V-R R-I Other km/6 arcsec Sources

N5968 s 74"

N6942 L 40"

N7125 S 3012 40" 

N7126 S

N7412 S 1705 40"

N7755 S 2923 40"

N7793 S 209 40"

12.0

27.0

30.0
36.0
48.0
60.0

19.6
28.3
40.1
56.2
79.7

40.1

21.7
28.3
40.1
43.0
56.2

19.6
28.3
40.1
56.2
79.9

19.6
28.3
40.1

56.2
79.7

21.7
28.3
30.7
40.1
43.0
56.2
79.7

14.23
13.78
13.62
13.48
13.06
12.83

13.43
13.12
12.79
12.51
12.25

13.88

(13.43)
13.26
13.00

(12.92)
12.83

14.09
13.55
13.10
12.61
12.07

13.49
13.19
12.86
12.51
12.24

(13.16)
12.86
(12.67)
12.31

(12.13)

11.76

11.24

1.04

1.07
1.05
0.99
0.97
0.95

1.01
1.00

1.00

0.95
0.92

0.54

0.79
0.76
0.74
0.75
0.73

0.78
0.76
0.72
0.67
0.61

0.89
0.90
0.84
0.79
0.74

0.61
0.62
0.64
0.64
0.65
0.63
0.59

0.70
0.62
0.67
0.64
0.61
0.65

0.61
0.61
0.57
0.55
0.55

0.42

0.58
0.57
0.58
0.58
0.60

0.55
0.53
0.51
0.50
0.41

0.61
0.60
0.59
0.64
0.70

0.49
0.47
0.49
0.48
0.49
0.46
0.44

1.23
1.16
1.21
1.14
1.17
1.14

1.24
1.20
1.14
1.09
1.13

(0.86)

1.18
1.15
1.17
1.18
1.24

(1.15)
(1.11)
1.04
0.92
0.81

1.21

1.19
1.17
1.31
1.50

0.98
0.94
0.98
0.98
0.99
0.92
0.88

W79

W79

W79, BP76

W79
BP76

RCBG2

W79
BP76

RCB02
W79
BP76

RCBG2

W79
BP76
A76
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Type cz 
km/s

Tel.

11954 S 40"

12056 s 1089 4o"

14296 E 3629 7V

14329 L/E 4416 74"

15020 L? 40"

15353 E 8080

2354-35 cD 14600 40"

Ap. 
arcsec

28,
40,

56,
79,

19,
40,
79,

12,
27,
30,
36,
48,
60,

12,
27,
30,
36,
48,
60,

19,
28,
40,
56,
79,

19,
28,
40,
56,
79,

19.
28,
40,
56,

79,

.3
,1
,2
.7

.6
,1
.7

,0

,0

,0

,0
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Appendix VI: Cluster Data
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The heliocentric redshift adopted for the cluster. The value for 

3W6, A1146 and 2354-35 is that of the cD galaxies in those 

clusters. The value for KVf is the mean of the redshifts of the 8 

galaxies within 200kpc of the centre. .
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The

number of galaxies, after correction for non-members, with 

-19 and within 0.92npc of the cluster centre.

af Abell's "knee" (Chap. 8). Eye estimate.
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