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ABSTRACT 

We present a study of faint galaxies in the field surrounding the z = 0.90 

radio galaxy, 3C 217. Deep broadband and narrowband CCD images were 

obtained by P ritchet and Hartwick (1987) at the prime focus of the Canada­

France-Hawaii 3.6 m telescope and limiting magnitudes of B = 25.5, R = 25 

and J = 24 were achieved. Number counts indicate two to four times the 

number of galaxies expected for a field sample and the distribution of excess 

counts provides an acceptable fit to a Schechter function at the redshift of 3C 

217. The colours and spectral energy distributions of the brightest objects 

in I were compared with predicted values, which permitted the differentia­

tion of field and cluster galaxies. Many of these cluster galaxies show strong 

evolution with B - R and R - I colours indicating star formation rates of 

µ ~ 0.5 in Bruzual's exponential models. However, there are strong K cor­

rections and selection effects that limit the detectability of faint elliptical 

galaxies. After the strength of these effects were estimated, the sample was 

transformed to an absolute V magnitude system. The sample shows a frac­

t ional content of 20- 30% evolving galaxies to a limiting absolute magnitude 

of M v = -19.8 (H0 = l00 ,q0 = 0.0). This is comparable to the blue fraction 

found in the high redshift clusters (z ~ 0.5) in the Butcher-Oemler (1984) 

sample, but does not appear compatible with the extension of the Butcher­

Oemler effect out to z = 0.9. Observations 1.0 mag fainter in R would suffice 

to confirm the elliptical content. 
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Chapter 1 

Introduction 

Galaxies are the basic units of structure in the Universe. ·when did they form 

and what governs their evolution? Galaxies are such fundamental objects 

that we should study them if only to understand their existence. We can 

also hope that an understanding of the evolution of galaxies will lead to a 

better understanding of the "Cniverse that created them. 

In our search for an understanding of the evolution of galaxies , we have 

a powerful tool: the light travel time, or lookback time to distant galaxies. 

This allows us to see distant galaxies as they were billions of years ago, when 

their light first began its journey through space. However, the further into 

the past we look, the fainter the galaxies become. Furthermore, our view of 

the past does not go entirely unaltered. As light travels though space, the 

Universe expands and the light waves expand with it. Therefore, when light 

arrives at our telescopes, it is redshifted , so that our detectors and filters 

do not measure the same colours as they would for nearby galaxies. This is 

known as the K correction and the effect depends on both the type of galaxy 

and its distance. 
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Galaxies span a wide range of masses , luminosities and colours , but most 

fall into two main categories . First are the elliptical , or early type galaxies, 

which are spheroidal in shape and contain mostly old, cool stars. They are 

red in colour and , at the present epoch . generally reveal no traces of current 

star formation , or gas and dust that might be associated with star formation 

Spirals, or late type galaxies , have a more complex structure consisting of a 

flattened disk, a central bulge and a diffuse outer halo. T he central bulge is 

somewhat similar to ellipt ical galaxies and both the bulge and halo contain 

mostly old, cool stars . However the disk contains many young, hot stars as 

well as gas and dust . Star formation also occurs in the disk. a fact . that , along 

with the younger stars, makes spiral galaxies appear bluer then elliptical 

galaxies. 

On sufficiently large scales , the distribution of galaxies appears nearly 

uniform. On smaller scales , however , galaxies often form small groups, and 

occasionally large concentrations , or clusters , of galaxies are seen. Clus­

ters may contain more than 1000 galaxies bound together by their mutual 

gravitational attraction. In the nearby clusters, the majority of galaxies are 

elliptical whereas the majority of galaxies outside of clusters, i.e. in the field , 

appear to be spiral. It therefore appears that the present day environment 

of galaxies plays an important role in their evolution. 

The search for evolution in distant galaxies has involved studies of galax­

ies both in clusters and in the field. Field surveys have the advantage that 

large, complete samples of faint galaxies are relatively easy to obtain with 

prime focus plates on 4 metre class telescopes. But because the distances 

to most individual galaxies are unknown , evolution can only be discerned 

qualitatively. Attempts have been made to determine redshifts from photo­

metric colours (Koo 1985, Couch et al. 1983), but such work is hampered by 
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the effects of evolution. With the advent of multi-aperture spectroscopy, the 

problem of determining redshifts for large numbers of faint galaxies is only 

now being addressed. 

Investigations into e,·olution in cluster galaxies has produced more quan­

titative results , although these observations are still the source of some de­

bate. Evidence of evolution in cluster galaxies was first observed by Butcher 

and Oemler (hereafter BO) in their classic 1978 paper. They observed two 

high redshift clusters , Cl 0024+16 (z = 0.39 ) and the cluster containing 3C 

295 ( z = 0.46) , both rich , centrally condensed systems similar to the nearby 

Coma cluster. Their initial finding was that 40% to 50% of the galaxies in 

these high redshift systems had relatively blue colours that resembled spiral 

galaxies. whereas Coma. and other nearby rich clusters , are mainly com­

posed of redder E and SO galaxies. BO suggested that this was evidence of 

strong evolution in distant clusters ( at large look back times) and that the 

blue galaxies were a population of spiral galaxies that would evolve into the 

early type systems that dominate nearby clusters today. 

The publication of these results prompted several follow-up studies of 

these clusters ( e.g. Mathieu and Spinrad 1981, Dressler and Gunn 1982, 

1983), some of which sharply disagreed with BO. In particular, they felt 

that the number of background galaxies had been underestimated; since the 

field is dominated by spiral galaxies, this had resulted in an excess of blue 

galaxies. Dressler (1985) also found that many blue galaxies that were cluster 

members did not have the spectral characteristics of normal spiral galaxies. 

Among these abnormal galaxies was a high incidence of active and emission 

line galaxies, and unusual E+A galaxies (modeled as a combination of the 

spectrum of a normal giant elliptical and the spectra of A dwarf stars ). They 

also found that the fractional content of abnormal galaxies among the blue 
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members varies widely among clusters . 

La ter work by BO (1984) (see also Couch and Newell 1984) re-examined 

the issue with a larger sample of clusters out to z '.'.S 0.5, using better mem­

bership cri teria and a more stringent definition of blue galaxies. They found 

that the fraction of blue galaxies rises from about 5% for nearby concentrated 

clusters to 20% by z ~ 0.5. There was the appearance of a clear trend, but 

the scat ter was huge; contraryto the general t rend the highest redshift clus­

ter, Cl 0016+ 16 (z = 0.54), had a blue fraction of only ~ 2%. The spectral 

work of Dressler (1986) also shows that a wide variety of blue galaxies can 

be responsible for the appearance of evolution. There is still much work to 

be done but it does not appear that any simple model will be sufficient to 

explain the observations. 

Despite the amount of effort that has gone into the study of the high 

redshift clusters in the BO sample, little has been done to extend their work 

out to even higher redshifts . Most observations of higher redshift clusters 

have included only a few of the brightest cluster members ( e.g. Schild 1984, 

Spinrad and Djorgovski 1984), so that it is not possible to make direct com­

parisons with the work of BO. The lack of observations of large numbers of 

galaxies in clusters at redshifts of z ~ 1 is largely due to the faintness of 

these objects. 

In this work, we present the results of a deep, multi-band survey of the 

field surrounding 3C 217, a radio galaxy at a redshift of z = 0.9. We provide 

evidence for the existence of a cluster at this redshift and examine the ex­

tent to which the galaxies in this cluster exhibit evidence of evolution. The 

distance modulus to 3C 217 is nearly 2 mag greater than the most distant 

cluster in the BO (1 984) sample, a fact that produces a variety of different 

problems. A decrease of 2 mag in apparent magnitude corresponds to an 
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increase in the field (foreground/background) content of nearly a factor of 

10. The h igh field content not only increases the possibility of making errors 

in the selection of cluster members, bu t also makes clusters difficul t to detect 

because the number density enhancement of t he cluster over the background 

is decreased . This is further complicated by the fact that CCDs are required 

for observations a t t his magnitude. Despite the many advan tages of these 

detectors . sky coverage is not one of them! ( A single CCD field covers only 

a fraction of the total cluster area.) Because of the small field size of CCDs. 

there is no region from which we can determine the field counts indepen­

dently of the cluster . The expected field content can still be estimated by 

constructing galaxy number counts , or N(m ) diagrams ( corrected for both 

magnitude biases and incompleteness by performing simulations ). This al­

lows us to determine the fractional fi eld content as a function of magnitude 

by comparing the observed number counts with the recent results on field 

counts from T yson (1 988 ). The N(m) diagram also proves to be a more effec­

tive method of establishing the presence of a cluster than tests that measure 

spatial number density enhancement. 

A major difficulty in the study of high redshift clusters is the K correction, 

particularly for early type galaxies. These galaxies are strongly dimmed 

in the bluer bandpasses and will appear much fainter in these filters. We 

make a careful assessment of the selection effects which may exclude these 

galaxies from the sample. This is critical since their exclusion will result in 

an overestimate of the fraction of blue galaxies. 

BO (19S4) use a B - V colour index to determine the proportion of 

blue galaxies. However , a single index is unable to distinguish fi eld galaxies 

that may contaminate the sample. Two colour indices , B - R and R - I, 

plus obsen-a.tions in 5 narrowband filters, are used to make an independent 
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estimate of the field content which can then be compared to the number of 

field galaxies expected from published number counts. The differentiation 

between field and cluster galaxies is made by comparing observed galaxy 

colours with the redshifted colours of local galaxies ( Coleman et al. 1980) 

and those produced by evolutionary models (Bruzual 1981 ). 

Once the cluster galaxies have been determined, they are divided into red 

and blu populations and the models are used to transform apparent I into 

the restframe V system . This allows the blue fraction to be determined 

so that the results are directly comparable to the results in BO (1984) for 

a cluster at z = 0.9. This relatively straightforward calculation requires 

the incorporation of various competing effects which include incompleteness , 

magnitude bias , selection effects , field contamination and K corrections. 



Chapter 2 

Data Reduction 

2.1 Observations 

The data t hat were used in this thesis were made with the prime focus cam­

era of the Canada-France-Hawaii 3.6 m telescope (CFHT) using an RCA 

SID53612 320 x 512 CCD detector (\Valker et al. 1984). Observations were 

obtained over seven half-nights in March 1986 by Pritchet and Hartwick 

(1987). The data were originally used in conjunction with previous observa­

tions of the field as part of a search for primeval galaxies. 

The observations were made of a high galactic latitude field centred on 

the radio galaxy 3C 217. A photoelectric UBV sequence in this area has 

been published by Penston, Pens ton and Sandage (1971 ). The first optical 

identification of 3C 217 was made by Laing et al. {1978) and the redshift of 

z = 0.90 was determined by Spinrad and Djorkovski (1984). 

Broadband images were obtained through filters emulating the Johnson 

Band the Kron-Cousins R, I systems. arrow-band filters , with bandwidths 

100 - 130A, were used to obtain data at 6300A, 6800A , 7500A and 8100A. 

7 
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An intermediate bandwidth filter ( ~ 500A. bandwith) was used to extend the 

coverage to 9500A.. Four -1600 s exposures were taken for all filters except I, 

for which six exposures were obtained . and the 9500A. fil ter for which three 

2400s exposures were taken . Each exposure taken through the same filter 

was shifted by ~ 4" to enable fringe removal. The frames cover an area of 

2.'2 x 3.'3 at a scale of 0 ."412 pixel- 1
. The seeing was consistently good at 

~ 1", although the images through the broad filters were somewhat sharper 

because of optical problems with the narrow band filters. 

Dat a reduction was performed with the reduction package R2D2 at the 

University of Victoria and consisted of bias and dark subtraction followed by 

flat-fielding with dome flats and bad column removal. The bias subtraction 

removes the mean signal per pixel arising from the readout process. The 

dark subtraction removes the contribut ion of thermally induced charge in 

the detector . Flat-fielding corrects for variations in pixel response across the 

CCD, and requires taking dome flats in all filters since individual pixel re­

sponse varies widely at different wavelengths. The bad columns are removed 

and replaced by a linear interpolation along the rows perpendicular to the 

defect . 

The use of thinned CCD's has the advantages of improved response over 

larger wavelength range and a decrease in the number of cosmic ray events. 

Unfortunately, these effects are accompanied by an increase in "fringing", 

particularly for longer wavelength filters. Fringing is due to the wavelength 

being comparable to the thickness of the CCD, hence the light may be inter­

nally reflected many times before being detected, resulting in an interference 

pattern. 

In order to correct for fringing, a mean fringe frame was constructed 

for each filter by first scaling the unaligned frames to a common sky level 
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and subtracting this mean sky from each frame. The median of the indi­

vidual frames was made and the resulting fringe frame was then scaled and 

subtracted from each frame. This works reasonably well for the following 

reasons. (i) The observations were made at high galactic latitude, where the 

number density of discrete images is low. (ii) For all except the 6300A ob­

servations , the fringe amplitude scales closely with the sky level. The 6300A 

filter lies on a night sky line which required the fringe amplitude to be mea­

sured directly. The separate exposures were scaled directly to this amplitude 

prior to median filtering. 

After being corrected for fringing , the frames were aligned and combined 

using a median filter . This procedure had the effect of removing almost all 

cosmic rays and other spatially uncorrelated signals in the final combined 

frame for each filter. 

2.2 Detection of Galaxies 

The detection algorithm is identical to that used by Infante (1985) which 

is in turn based on Kron's (1980) finding technique. The only significant 

change was that the data frames were convolved with a Gaussian kernel be­

fore running the detection routine. The Gaussian used has a full width at 

half maximum of 1" which approximates the seeing profile. Since the detec­

tion algorithm hinges on the the central pixels of an image, this provides a 

nearly optimum signal to noise (S/N) for compact images and improved S/N 

for more extended objects. The detection was done locally and independent 

of the rest of the frame; this avoids problems due to variations across the 

frame, e.g. errors in the flat fielding . The detection routine was run sepa­

rately in each of the three broad band filters to a rnid colour biases in the 

l 



The first step is to create a list of all local maxima ( any pixel whose 

value is greater than that of its eight neighbours). For each maximum, a 

rectangular area is extracted and diYided into three subareas, the middle 

one centred on the candidate position . The mean intensity of each subarea 

is determined and the average of the two lowest mean intensities is taken. 

This helps to remove the contribution of contaminating objects. The mean 

is then compared wi th the intensity of a 9 pixel aperture centred on the 

candidate position. The object is accepted as part of the candidate list if the 

S/N is above some threshold value. 

For large photographic surveys, where the number of candidates is large, 

the threshold is set fairly high to minimize the number of spurious detections. 

However this data set involves only a small fraction of the area available to 

photographic surveys and hence the sample is quite small. Therefore the 

threshold was set quite low, resulting in a large fraction of the detected 

objects which are either spurious or simply too faint to allow their signal to 

be meaningfully determined. 

The advantage of this is that the detection procedure does not then make 

any significant cuts on the data. The S/N cuts are only made after the entire 

photometric procedure has been carried out on the entire candidate list. This 

means that the cuts are made on the basis of good photometry and proper sky 

determination rather than on the necessarily crude detection criteria. The 

disadvantage is the increase in the amount of computer time required since 

large numbers of spurious or extremely faint images must be run through 

the photometric procedure. 
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2.3 Positions 

All objects in the preliminary candidate lists require an accurate determi­

nation of their centroid positions before total magnitudes can be measured. 

This is done using aperture photometry, \vhich determines the centroid via 

intensity-weighted numerical integration. The values of the centroids Xe, Yc, 

are given by: 

and 

X e = J x(I(x , y) -Is)dA 
f (I(x, y) - Is ) dA 

Ye = fy(I(x , y)- Is )dA 
f (I(x , y) - Is) dA 

(2.1) 

(2. 2) 

where I ( x , y ) is the intensity of pixel ( x ,y ), Is is the sky background value 

per pixel , dA is the area element and the integration is performed out to the 

edge of the aperture. The aperture is centred on the input position from 

the candidate list and the centroid determined. This then becomes the new 

input position and the procedure is repeated until the position of the centroid 

converges. 

The integrations (1. 1) and (1.2) are performed out to a fixed radius which 

was chosen as 2.5 pixels. The primary reason for this choice was that this 

radius is equal to the seeing disk. A larger radius, centred on a particular 

object, could include other maxima that would be defined as separate objects 

within the limitations of the seeing. This would result in the aperture be­

ing drawn off fainter objects by nearby brighter objects during the iterative 

process of calculating the centroid. 

This bias in aperture position will still occur, particularly near very bright 

objects; the extent of this problem will be a function of the size of the 

aperture. One can minimize the number of improper mergers of faint images 
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by decreasing the size of the aperture; however, this would also decrease the 

fraction of the total light that the aperture contains. The signal-to-noise ratio 

of a Gaussian image measured by an aperture of radius R, in the sky-noise 

dominated limit , is given by : 

(2.3) 

where l 0 is the peak intensity, c, is the width of the peak and 77 0 is the noise 

per pixel. Differentiation yields a maximum at about R = 1.6c, so that stellar 

images , which have c, ~ 1.0 pix for our plate scale, would have a maximum 

S/N for a smaller aperture than that chosen. However, since the primary 

interest is in nonstellar objects, it seems reasonable to use a larger aperture 

and optimize the S / ':-J. for more extended objects. A further consideration is 

that small differences in the seeing between the different filter bands could 

cause significant differences in the fraction of light measured if the aperture 

is cut very close around stellar images. The reason for this is simply that the 

aperture for optimum S/ N occurs at a radius where the signal drops quite 

rapidly. Changing u is effectively equal to changing the aperture in a region 

where l (r) is very sensitive to the radius. A slightly larger aperture will be 

less sensitive to these differences since a larger fraction of the total light will 

be measured. 

The process of determining accurate centroids will also merge many of the 

objects for which more than one position was detected, although it can also 

happen that a single object will contain two or more stable centroids. Once 

the final coordinates are determined, all positions within one seeing disk are 

merged into a single object. This represents the final list of candidates for 

the determination of total magnitudes. 
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In the procedure described so far , no external S/N noise cuts have yet 

been made. To a certain extent, the above procedure does make a ragged 

cut which will depend on parameters such as surface brightness as well as 

signal strength. However , the vast majority of these objects do not appear to 

have sufficient signal to make the final S/ ~ cuts. Also any errors in the num­

ber of objects in the final list resulting from the detection and photometric 

procedure are addressed in the simulations (see Section 3.2) . 

2.4 Kron Photometry 

Once accurate centroids have been determined and the merging of "multiple 

hits" performed, total magnitudes can be determined. Aperture photometry, 

as discussed in the previous section , works very well for stellar images since 

the aperture contains a constant fraction of the total signal independent of 

the magnitude of the object. For resolved images, however , the fraction of the 

total signal contained in a fixed aperture is a function of various competing 

factors including size, shape, structure, surface brightness and magnitude. 

The two main methods of nonstellar digital photometry are i.rnphotal 

algorithms ( i.e. Jarvis and Tyson, 1981. Shanks et al., 1984, Tyson, 1988), 

and firJt moment algorithms (Kron 1980. Koo 1986, Infante 1985). Isophotal 

magnitudes are calculated out to a radius at which the signal becomes smaller 

than some predetermined level. Normally this level is set as some fraction of 

the mean sky noise level. Deep blue photographic work has generally used 

an isophotal limit of 26 .5 mag arcsec- 2
• whereas with CCD's, the limit has 

been extended as faint as 29 mag arcsec - 2 (Tyson 1988). 

The advantage of the isophotal method is that isophotal radii are compu­

tationally very fast. This is mostly due to the fact that the computation does 
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not require an accurate determination of the centroid. In some cases, isopho­

tal magnitudes are calculated simply using those contiguous pixels above the 

threshold. Therefore any initial position within the image boundaries will 

yield the same magnitude. The disadvantages of this method include the 

difficulty in estimating the photometric uncertainty and the unknown effec­

ti veness at faint limits, due to the magnitude dependence of the isophotal 

radius. Although correct.ions can be made for the light missed in measuring 

faint objects, the decrease in the isophotal radius with magnitude means 

that the number of pixels contributing to the the noise also decreases. This 

creates a Malmquist bias since too many faint objects will escape a signal 

to noise cut due to an underestimate of the noise. The other disadvantage 

is that for a given type of galaxy observed at increasing redshift , the ra­

dius of integration corresponding to a fixed isophote decreases since surface 

brightness scales as ( 1 + z )-4
• This means that the fraction of the total light 

that is measured within a given isophote is a function of redshift. A further 

unsettling aspect of isophotal photometry is that the determination of the 

isophotal radius ignores the information contained in the brighter central 

regions and depends entirely on the faintest pixels. 

Because of the difficulties associated with isophotal photometry, Kron's 

first moment scheme was used to calculate image magnitudes. The first 

moment of an image is defined as: 

(2.4) 

where g( r )dr = 21rr I( r )dr 1s the total amount of light in an annulus of 

constant width dr, I(r) is the intensity at radius r and rup is the upper 

limit of integration (Kron 1980). The parameter rup does not depend on any 

external quantities such as the sky background or S/N ratio but depends 
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directly on the growth function, g( r ). This also means that the central 

portion of the image, where the signal is highest , is given significant weight 

in the determination of the radius of integration. 

The difficulty in applying this method is that the quantity r 1 is a sta­

ti stical measure of the light distribution and hence does not directly give a 

value for the radius of intergration. Kron (1980) suggested that an outer 

integration radius of 2r1 gives a good balance between optimum S/N and 

least amount of missed light. This value has been used by many subsequent 

authors (Koo 1986, Infante 1985) and is adopted here. 

Theoretically, the upper limit of integration r up should be a large dis­

tance from the image centroid . In practice, noise fluctuations will tend to 

dominate g(r) at large values of r ; hence r.,P was set at a fixed value of 3."3 

from the centroid. A variable Tup was also tried , determined either from the 

sky background , or from S/N considerations. These methods were rejected 

because of differences in noise for observations through different filters. A 

fixed value allows r 1 to be calculated in a consistent manner for all three 

frames. 

The actual photometry proceeds as follows . For each of the centroid 

positions supplied from the final lists of candidates, a surrounding circular 

region is extracted from the data frame . This is then divided into two regions; 

a circular region centred on the input position extending out to r,,p , and an 

outer annulus from which the local sky background and noise are determined. 

The determination of the sky background is made by an iterative technique 

which calculates the mean of the pixels and throws out values outside 2.lo­

from the mean. Vlithin a few iterations the mean tends toward the mode as 

the distribution of intensities becomes symmetric and the solution converges. 

The inner circular area is further subdivided into 1 pixel wide annuli 
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with 8 radial sectors . This radial division allows the application of an ex­

cision algorithm which gives an improved treatment of blended images in 

semi-crowded fields. The excision is done by taking the mean of the radial 

sectors for each annulus and the value of those sectors that lie outside the 

distribution is replaced \Yith the mean of the remaining sectors . While not as 

sophisticated as the deblending techniques used in stellar photometry ( e.g. in 

DAOPHOT). stellar deblending depends on the common, self-similar , profile 

of stellar images. The deblending of galaxies is rather more difficult because 

of the ,-a.riety of image profiles encountered and it is not always possible 

to apply deblending algorithms in a consistent manner. For example, the 

light along the major a.xis of very elongated images could be interpreted as 

contamination by the algorithm. 

The deblending also depends on the number of sectors chosen and the 

statistics are hardly robust regardless of the choice. The larger the number 

of sectors chosen , the less reliable the information contained in each sector. 

Following Kron (1980) and Koo (1981) , eight sectors was used as a reasonable 

compromise between a large number of sectors and a large number of pixels 

contained in each sector. Excision was not applied within one seeing disk 

radius because of the la.ck of information available in each sector. This also 

means that the algorithm is fully operational only in areas that contain 

objects that would be classified as distinct . Stable centroid positions within 

a radius of one seeing disk would have been previously merged into a single 

object. The inner cutoff for the excision means that the light at any of these 

centroid positions would not be excised. 

After the sky background value has been subtracted from the pixels in the 

inner area: the value of 2r1 is determined from equation (1 .4 ); this sets the 

limit of the intensity integration. Within this limit the region is subdivided, 
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the exc1s1on algorithm applied and the total magnitude determined. For 

very faint objects the growth function may become negative within 2r1 in 

which case a fixed aperture (with a radius equal to the seeing disk) is used 

to determine the magnitude. (This is essentially the same as the aperture 

photometry used in the determination of the centroids , with some differences 

in how the sky is calculated.) The noise per pixel is calculated from the width 

of the converged distribution of sky inten ities and thus the photometric 

uncertainties can be determined from the number of pixels within a radius 

of 2r1 , or within the seeing disk in the case of the default aperture. 

The use of a default aperture gives greater completeness for faint magni­

tudes but at the cost of introducing a new set of biases. Not only will the 

Malmquist bias operate differently on the aperture photometry, but its effect 

will also depend on the shape of g( r ) which. along with the local noise dist ri­

bution, triggers the use of the default aperture. To some extent the effects of 

the Malmquist bias can be accounted for by running simulations, although 

there is insufficient data available to allow simulations with a dependence on 

image compactness. The simulated galaxies consist of the median image of 

all galaxies of a certain magnitude, and the more galaxies used , the greater 

the reduction in the noise. This is extremely important since the S /N cuts 

strongly affect the completeness at faint magnitudes. 

2.5 Classification 

In order to analyze the galaxy content of the frames , the foreground stellar 

(unresolved ) images must be removed . T he fractional stellar content drops 

rapidly for magnitudes fainter than B ~ 22, but can significantly contami­

nate the bright population. 



18 

Stars have very simple profiles consisting of a scaled point spread func­

tion (PSF), while galaxies have a wide variety of shapes and radial surface 

brightness profiles . Star/ galaxy classifiers follow two ma.in approaches: para­

metric class ifi er3, which retain information on the light distribution (Jarvis 

and Tyson 1981); and non- parametric cla33ifier3 , which measure the central 

compactness using statistical moments (Kron 1980). Parametric classifiers 

are significantly more complex to implement and somewhat difficult to in­

terpret beyond star/ galaxy separation. This is particularly true towards the 

faint end, where details of the light distribution become buried in the noise. 

From the extent to which the extra details (concerning image shape) pro­

vided by the parametric classifiers are used by previous workers, their use 

does not seem to have justified the extra effort involved . 

The star/ galaxy classifier adopted here is a non-parametric form adopted 

by Kron (1980). It operates as a statistical measure of the central concen­

tration of an image. To be exact , it is the intensity weighted inverse squared 

moment of the image, defined as 

(2.5) 

where g(r) and rup are defined as previously. Stars have maximum com­

pactness and values of r _2 that are independent of magnitude. The brighter 

galaxies are well resolved and have r -2 values greater than those for stars. 

For fainter galaxies , the value of r _2 tends to decrease and the separation 

between the two classes of objects becomes blurred by the noise. This ef­

fect is caused by a variety of factors. For example, high redshift galaxies 

will have a surface brightness lowered by ( 1 + z )4 and hence the nucleus be­

comes dominant, thus making such objects appear more compact. Perhaps 

the strongest effect is from the Malmquist type biases. Faint objects in the 
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Figure 2.1: Galaxies are indicated by dots and stars by filled squares . The 

stars that lie above the general distribu tion have been identified either by 

their red colours or small r _2 values in other filters that have better statist ical 

weight. 

sample are more likely to be found on positive noise fluctuations. These 

fluctuations tend to be sharply peaked and hence they bias the values of r _2 

to smaller values. Fortunately, at the depth of these frames , the number of 

stars decreases rapidly toward the faint end where the galaxies appear to 

increase in their central concentration. 

In photographic work , r _2 is normally plotted as a function of magnitude, 

since the value increases at the bright end because of saturation of the images 

and decreases at the faint end because of the effects of noise. For our data , 

Figures 2.1-2.3 show a consistent r _2 value over nearly 5 mag in all three 



20 

4 ,--,----,------r---,---,----,------r-- -,---,-----.- ----.--- --,--...----.----,-- -,---~~~ 

3 

'1 2 
1-, 

• 

1 • • • • • • • . . . ...... -.. 
I 0 '---'------'-----'------'----'-----------'------'-------'-----'------'--- -'-----'-------'--....L____J _ ___J__J 

18 20 22 24 26 
R magnitude 

Figure 2.2: r _2 vs . magnitude for the R filter. Symbols are the same as in 

Figure 2.1. 

filters . Saturation effects are not apparent at the bright end, but the scatter 

at the faint end begins to increase significantly about 2 mag above the limit. 

This is similar to what is observed on photographic plates, except that the 

scatter on plates begins at a magnitude bright enough that the star/ galaxy 

fraction will ~till be significant. Tyson (1988) used parametric classifiers on 

CCD data more than a magnitude fainter than ours, giving him a greater 

statistical weight for objects of similar magnitude. From his star counts over 

a much larger area, the number of stars fainter then R = 23.5 mag for our 

observed area is expected to be ~ 1. 

The nearly constant r _2 over a wide range of magnitude allows good 

comparisons to be made between different filters. Therefore, the primary 
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Figure 2.3: r _2 vs . magnitude for the I filter. Symbols are the same as in 

Figure 2.1. 

method of star/galaxy separation is in figures 2.4 and 2.5, which show the 

r _2 values for objects from two different frames. To avoid confusion at the 

faint end only objects brighter than 23.5 in R were plotted. Of course this 

does allow a colour bias to affect the classification since some of the objects 

will be much fainter in B or I and hence their values of r _2 will be more 

subject to noise. This has to some extent been accounted for as can be 

seen in the objects that are classified as stellar despite the fact that they lie 

outside the main distribution. Two other objects lie outside the distribution 

and these have been classified as stars because of their extremely red colours. 
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2.6 Calibration 

The calibration of deep , 4 metre class CCD frames can present some diffi­

culties. Photometric standards are spaced on scales that greatly exceed the 

2.'2 x 3.'3 field size. Furthermore, despi te the CCD 's large dynamic range , 

most standards are still too bright to be incorporated into deep observa­

tions. Certainly the best approach is a separate observing program that ties 

the available stars in the field to nearby photometric standards. Because 

of constraints on the availability of telescope time and the somewhat uncer­

tain nature of faint galaxy photometry, a less rigorous approach was adopted 

here. 

Penston et al. (1971 ) made photoelectric UBV observations of blue 

objects in the region surrounding the radio position for 3C 217 in the hope 

of obtaining an optical identification , and also to provide a faint photometric 

sequence for this area. Their star J lies in our observed area and at B = 
18.53, it is the brightest unsaturated object in the field. The colours of star 

f were compared with objects in the stellar spectrophotometric _catalogue of 

Gunn and Stryker (1983), hereafter GS83. Only one of their stars had colours 

that matched that of star f to within la of the combined uncertainties in 

both U - B and B - V. Detailed spectrophotometric information for this 

star was obtained from Stryker (1986), and was used in calibrating both the 

broad and narrow band filters. 

Two different approaches were at tempted in calibrating the broadband 

magnitudes. The first uses GS83 broadband values which are calibrated to 

Johnson standards. These values are then converted to our Kron-Cousins 

R , I using the transformations found in Bessell (1979). The second method 

uses the AB magnitudes for the Johnson filters which convert directly to 
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flux (Oke and Gunn 1983). The fluxes can then be converted to our B , 

R , I using the absolute flux calibration of the two systems. While the two 

methods are not entirely independent, the first uses the colour terms in the 

calibration, whereas the second essentially performs a bandwidth correction. 

Both methods agree to within 0.01 mag which suggests that the calibration is 

at least self-consistent. The narrow bands were flux calibrated by taking the 

mean AB magnitude over the equivalent width at the effective wavelengt h 

of the filter. 

Because the calibration is based on a single observation of one star, the 

main concern is whether the Penston UB V sequence is correct and that 

their Johnson filter system is consistent with that of GS83. The latter has at 

least qualitative support in that we were able to find equally good matches 

between the GS83 standards and the other stars observed in the 3C 217 field; 

however, without additional observations, there is no independent means of 

verifying the colours of star f . 

Even if there has been an error which resulted in the misidentification 

of star fin the GS83 catalogue, the systematic error in the calibration will 

only be of the same order as the error since a small error will only suggest 

a slightly different spectral type. Penston et al. estimate their uncertainty 

at ±0.015 mag per filter; hence even a 30' error in the observed colours will 

result in a systematic error of ~ 0.1 mag. This roughly corresponds to the 

mean uncertainty in colour for galaxies at ~ 23.5 in R and over two-thirds 

of the detected galaxies are fainter then this. This illustrates the dominance 

of random photometric errors for the large majority of objects. 

The only other published observation of this field has been by Spinrad 

and Djorgovski (1984) who determined a spectrophotometric magnitude for 

3C 217 of R = 21.30. We obtain a nearly identical R = 21.31, and while 
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differences in the filter system may ca.st some doubt on this agreement, it 

does suggest that our calibration is accurate to within 0.1 mag 

\.Vhile calibrating the data using a single star can hardly be considered 

ideal , the degree of accuracy obtained can easily be sufficient for galaxy 

photometry. Stars have simple profiles which allows consistent photometry 

to be relatively straightforward to obtain. Stars are also local objects and free 

of such effects as K corrections that alter the observed colours . Furthermore , 

the physics of stars is comparatively well understood and agreement between 

theory and observation can be reached with uncertainties of order 0.01 mag. 

On the other hand , galaxy photometry has none of these advantages. 

The images are resolved and have a wide range of profiles that may or may 

not be symmetric about the image centre. Nor is there a consistent method 

for determining apparent magnitudes among observers . There is also the 

problem of distance which alters the colours and cannot be corrected unless 

redshifts are known. Even if the redshifts were known, galaxies are composite 

objects and hence can produce their observed colours in a variety of different 

ways. All this makes for a good deal of uncertainty about what is actually 

observed, making the calibration accuracy of order 0.1 mag quite sufficient. 



Chapter 3 

Simulations 

3.1 Input 

At faint magnitudes, the observations become increasingly affected by in­

completeness and by systematic and random errors in flux measurement . 

These errors arise primarily from decreasing signal-to-noise levels , although 

many other factors , such as the presence of bright objects in the fi~ld and 

the effectiveness of the photometry, are also important. Simulations were 

performed in order to evaluate these errors as a function of magnitude so 

that the data could be properly interpreted. 

Performing simulations is the most widely used method of correcting 

faint gala.xy samples. Simulations generally involve adding template galaxies 

onto a field of noise and then testing the detection and photometry routines 

on these fields. The template objects consist of either simulated galaxies 

(Hall and Mackay 1984, Infante 1985 ), or real objects (Koo 1986, Tyson 

1988). Simulated objects may be a simple combination of a stellar profile 

with exponential wings, but the best use of simulated objects is for testing 

27 
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theoretical models . This can provide a wealth of information about the 

relationship between the observations and the intrinsic nature of the objects; 

however it does require a number of external assumptions and hence may 

not be the best way to determine the errors in the data. 

The advantage of using real galaxies taken from the actual data is that 

the template objects will be intrinsically linked to the objects that they are 

simulating. They are also readi ly accessible and do not require complex mod­

eling. scaling or other assumptions that would contribute to the uncertainty. 

The disadvantage is that the noise must be removed from real objects before 

they will make suitable template galaxies. This can be achieved by using 

bright galaxies and decreasing their intensity to mimic fai nt objects , with 

noise being reduced along with the intensity. Implicit in this approach is 

the assumption that faint galaxies are just dim versions of the bright galax­

ies. This is not necessarily the case. For example, a high redshift spiral 

galaxy will have a different light distribution from a nearby one because of 

the difference in the K corrections for the disk and bulge. 

To avoid these assumptions , we have used template galaxies that consist 

of the median image of all the galaxies within each half magnitude interval 

for each of the three broadband frames. These means that the simulations 

test the data using objects that share the average properties of the galaxies 

. at that particular magnitude and colour. The noise was effectively reduced 

by the square root of the number of galaxies used ( typically ~ 50 in the faint 

intervals , reducing the noise by a factor of~ 7). Fewer galaxies were available 

for the brightest simulations, but the noise is less important for these objects 

since none were classified as undetected from the signal to noise cuts. 

The alternatives in the simulation of objects also apply to the construc­

tion of noise fields. Template objects can be added either onto fields of 
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randomly generated n01se, with a u that matches the sky n01se, or onto 

the real data fields. Simulated noise fields tend to be used in conjunction 

with simulated data and work well when the purpose is to determine the de­

tectability of a modeled object. One disadvantage in their use for correcting 

real data is that they ei ther fails to account for variations in noise across the 

fields, or requires mapping out the noise levels. More importantly, they do 

not make corrections for the presence of other objects in the field which af­

fects both the completeness and the bias. While adding the template objects 

at random locations in the real data frames does tend to involve significantly 

more computation time, it does take full account of both the noise variations 

and the presence of bright objects in the field. 

The objects included in the median images are well isolated within the 

upper limit of integration, rup, but not necessarily in the annulus where 

the sky is calculated. Hence the median sky annulus is probably somewhat 

noisier then the median image itself, due to contamination. This noise will 

be added to that in fields so that the calculated background noise for the 

simulations was somewhat higher than for the real data. This could affect the 

results because the additional noise would alter the completeness through the 

signal to noise cut. In calculating the photometric uncertainty, we subtracted 

off the noise per pixel in the template objects from that in the detected 

simulations. Although this correction makes a considerable difference to the 

values of the corrections, its effect on the galaxy counts is negligible. This 

is because the decrease in the bias caused by more faint galaxies (i.e. those 

with a lower S/N) will be accompanied by an increase in the completeness. 

These two effects tend to cancel each other out, and the counts are relatively 

unaffected (see section 4.2). 

This is not a perfect solution since there will still pe some remnant noise 
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in the template objects. Considering only the signal to noise the detection of 

objects with additional noise is equivalent to looking at fainter objects. The 

implication is that the template objects would require a correction in their 

magnitude to account for the extra noise they add in . However , considering 

that the correction would be of orders; 0.1 of the u in the mean magnitude 

for the detected galaxies, an attempt at this second order correction does 

not seem warranted . 

A more important consideration would be the apparent size of the tem­

plate galaxies. The simulations by Koo (1986), showed that the 50% com­

pleteness limit occurred ~ 0.5 mag brighter for extended galaxies than for 

compact galaxies, although fainter galaxies were better described as com­

pact images. These simulations were performed using bright objects that 

were dimmed in intensity and hence it was possible to choose an extended 

object for use in faint simulations. Our simulations use the median image 

of objects that are being simulated at that particular magnitude and will 

share the mean compactness at that magnitude. It would have been possible 

to create two or more template objects of different spatial extent at each 

magnitude; however this would have increased the noise in each of the ob­

jects. As discussed previously, the noise in the template image is difficult to 

account for properly and increasing it would serve only to reduce the con­

fidence in the simulations. If a larger sample of objects were available, this 

might be an interesting alternative, although making corrections· based on 

both magnitude and spatial extent would be considerably more complex. 
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3.2 Output 

Our simulations consisted of the template galaxies being individually added 

onto the real data frames at 500 random locations, at half magnitude inter­

vals in all three filters . The detection routine is run at each position and 

centroids determined for all objects detected in that region. An object is 

considered detected if a final position is found within one seeing disk of the 

input position, if there are no brighter, real objects at that position, and if 

the object has sufficient signal to noise. This routine is essentially the same 

as for the real data except for the position check against input position and 

position/magnitude check against the list of real objects. 

The results of the simulations are shown Figures 3.1-3.3 in terms of the 

corrections to the data. The corrections to the data take two main forms : 

completeness corrections and bias corrections. The completeness corrections 

are a measure of the fraction of the true number of galaxies that would be re­

quired to produce the observed number, at any given magnitude. The sample 

is nearly complete for the brighter galaxies with the only mitigating factor 

being the overlap of even brighter objects, either stars or galaxies. Naturally, 

as the galaxies become fainter, their completeness drops since there are more 

bright objects relative to the objects of interest. Towards the faint end, this 

slow drop in completeness becomes dwarfed by the effects of the decreasing 

signal to noise level. When the signal becomes small enough, negative fluc­

tuations in the noise are sufficient to prevent detection and eventually only 

those objects that lie on positive noise fluctuations are found. As the signal 

continues to decrease , larger noise peaks are required for detection and hence 

fewer objects are found. Simulations performed on an artificial noise field 

(Hall and Mackay 1984, Koo 1986) tend to show only this steep drop in the 
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Figure 3.1: Completeness and bias corrections as a function of B magnitude. 

The solid line is a spline fi t to the completeness corrections and the error 

bars represen t Jn errors. The dashed line is a spline fi t to bias correct ions 

and error bars are the mean photometric errors. 

completeness at the faint end. The brighter galaxies tend to be detected at 

the 100% level since no account is made of confusion with other objects in 

the field . 

The bias corrections are linked to the drop in completeness at the faint 

end and are essentially due to the Malmquist effect. Since the galaxies that 

are detected will be those that lie on positive noise fluctuations, they will 

appear systematically too bright. There are more faint galaxies than bright 

galaxies , so the number of faint galaxies scattered into the sample will be 

higher than the number of bright galaxies scattered out of the sample. 

At the bright end, the bias corrections are small compared with the mean 
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Figure 3.2: Completeness and bias corrections as a function of R magnitude. 

Symbols are the same as for Figure 3.1. 

photometric errors and relatively constant , except that all fil ters show a slight 

drop before the onset of the Malmquist bias. The implication is that the 

total light is being underestimated at these magnitudes, probably because of 

noise affecting the growth curve g( r ), and causing equation 2.4 to determine 

a value of r 1 that is too small. This effect is strongest in the I band and is 

possibly the result of slightly poorer seeing. 

The corrections become somewhat more complex when more then one 

filter is involved. This is required when examining number counts for objects 

that appear in two adjacent filters (section 4.4) or for determining mean 

colours (section 5.2). Because noise can shift the cent roid position of an 

image, the total completeness will be given by the completeness of the object 

at its magnitude in each filter, with an additional factor that takes account 
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Figure 3.3: Completeness and bias correct ions as a function of I magnitude. 

Symbols are the same as for Figure 3.1. 

of the probability of both filters registering detections within a dist ance of 

one seeing disk. Rather then calculating this factor separately, the positions 

from the final simulation lists in each filter were matched against those in 

adjacent filters for all combinations of magnitudes of input objects. This 

gives a three dimensional version of the completeness curve with two of the 

axes in terms of magnitude. This is not required for the bias curves since 

the magnitudes of the simulations at a given position in different filters are 

completely independent. 

These two component corrections do not make allowance for objects of 

extreme colour or for colours excluded near the faint end limits of a particular 

filter. In order for objects to receive a completeness weighting, it must first be 

seen in both filters . For example, by R = 24 mag, objects having R - I ~ 0.0 
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will have an / completeness below the 50% limit. Since the uncertainties in 

both the simulations and the I magnitude become very large beyond this 

point , no meaningful corrections can be applied. Such corrections would 

require assumptions about the true colour distribution. This is beyond the 

scope of these simulations, although the simulations do help to delimit the 

region of the colour-magnitude diagram affected by incompleteness. 



Chapter 4 

Counts 

4.1 The N(m) Diagram 

Differential number counts provide a standard tool for astronomers interested 

in the properties of faint field galaxies. The main advantage of studying 

number counts is that complete faint samples are relatively straightforward 

to obtain. The main disadvantage is that the various effects of redshift, 

galaxy type, and evolution make interpretation difficult. 

Number counts, or N(m) tests, were pioneered by Hubble (1936) in an 

early attempt to measure the curvature of space. This test is actually fairly 

insensi tive to space curvature since the sensitivity to the deceleration pa­

rameter varies only as z 2
• This means that the effect of space curvature is 

seen only at high redshift, but Hubble was unaware of this since the proper 

expression of the redshift-distance relation for any spatial curvature had not 

yet been determined (Mattig 1959). 

The early 1980's brought about a revival of faint field galaxy surveys. 

This was made possible by the development of faster fine-grained photo-

36 



37 

graphic emulsions, rapid and automated digitizing microphotometers and 

tremendous gains in comp uting power. Theoretical studies of galaxy evolu­

tion demonstrated that luminosity and spectral evolution would dominate 

the effects of cosmology. Perhaps a further spur was the observations of 

Butcher and Oemler (19,S), who found that two '·Coma-like" clusters at 

z = 0.39 and z = 0.46 had enhanced populations of blue galaxies with re­

spect to the nearby Coma cluster. The possibility that evolution had been 

observed in the relatively recent past , combined with the availability of the 

tools with which to obtain and to interpret the observations , prompted many 

to undertake the investigation of field galaxies for evidence of evolution. 

Studies include papers by Tyson and Jarvis (1979), Peterson et al. (1979), 

Kron (1980), Koo (1981 ). Shanks et al. (1984) , Hall and Mackay (1984), 

Infante (1985) and Koo (1 986). 

The primary effec t seen in number count studies of faint galaxies is the 

flattening of the log N - magnitude slope due to the expansion of the universe. 

As bright as B = 20, surveys find only about one quarter of the galaxies that 

would be seen in the absence of expansion (Kron 1982). The evolution of 

galaxies will tend to increase the slope of the counts but the increase must be 

untangled from the effects of redshift. The redshift of distant galaxies means 

that a particular filter measures light from a different part of the spectrum; 

this effect is commonly known as K dimming, or the K correction ( depending 

on the context). Intrinsically blue galaxies suffer less from K dimming than 

intrinsically red galaxies , thus changing the observed mixture of blue and 

red galaxies as a function of magnitude. This presents a major difficulty in 

modeling counts in the absence of evolution since the slope of the predicted 

counts is quite sensitive to the adopted blue-to-red ratio and the luminosity­

colour relation. The "no-evolution" counts predicted by Tinsley (1980) and 
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Koo (1981) differ by 40% at B = 23 when both models are normalized to the 

same number of galaxies at the bright end. 

More recent estimates of the no-evolution counts in B give log N(m) slopes 

in the range 0.34 to 0.36 (Ellis 1987). Recent observations in B bandpasses 

find slopes in the range 0.40 (Infante 1985) to 0.48 (Shanks et al. 1984). 

Despite the differences in the slope of the counts determined by various 

authors, the observed counts are consistently higher then those predicted by 

no-evolution models . This has been interpreted as indicating that evolution 

in field galaxies has been detected. The observed decrease in the slope of 

number counts at longer wavelengths (Koo 1986, Tyson 1988) also appears to 

support this conclusion. (The number of galaxies increases at a greater rate 

in the bluer band passes; the extra galaxies are blue, implying evolution.) 

However, the uncertainties in both the models and the observations allow 

li ttle hard information to be obtained about the nature of the evolution. 

The redshift at which the onset of evolution becomes important, and the 

primary galaxy types responsible, remain unknown. 

4.2 Observed Counts 

The raw and corrected number counts for our observations are shown in 

Figure 4.1-4.3 for all galaxies with a S/N ~ 3 : 1. The completeness and 

magnitude bias corrections are made using a spline fit to the results of the 

simulations, and are applied to the individual galaxies before binning. The 

completeness weighting was applied to the galaxies before the bias corrections 

because the completeness was determined as a function of the observed (not 

true) magnitude of the objects. The error bars represent the .Jn of the 

unweighted counts. 
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Figure 4.1: Raw and corrected log counts for the B filter. The counts are in 

0.25 mag bins and are normalized to a rnag- 1 scale. The error bars represent 

the yin errors. The counts are for an area of 1 CCD field (6.6 arcmin2). 
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Figure 4.2: Raw and corrected log counts for the R filter. The counts a.re in 

0.25 mag bins and a.re normalized to a rnag- 1 scale. The error bars represent 

the fa errors. The counts are for an area of 1 CCD field (6.6 arcmin2). 
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Figure 4.3: Raw and corrected log counts for the I filter. The counts are in 

0 .25 mag bins and are normalized to a mag-1 scale. The error bars represent 

the ./n errors. The counts are for an area of 1 CCD field (6.6 arcmin2). 



42 

The application of the corrections appears less dramatic at the the faint 

end than might be expected, because of the competing effects of the two 

corrections . While the completeness correction increases the weight of faint 

objects, the bias correction moves the objects into fainter bins where the 

effect of the increased weight is absorbed by the overall increase in the counts 

with magnitude. The net effect is to shift the counts higher but also to fainter 

magnitudes, thus maintaining the same general shape. The largest change 

between raw and corrected counts appears in the I band at about 23 I mag. 

Referring back to Figure 3.3, this is an effect of the negative bias in the 

corrections which shifts the galaxies to brighter magnitudes. 

A simple test of the shape of N(m) ruagrams was made by increasing the 

level of S/N cut from 3: 1 to 4.5: 1, the results of which are shown in Figures 

4.4-4.6. Changing the S/N reduces the effects of the random errors , since the 

noise is limited to a smaller fraction of the signal. The higher cut was also 

applied to the simulations as well so that the corrections were appropriate 

to the data. This tended to reduce the negative magnitude bias, since the 

onset of the Malmquist bias occurs much sooner. The increased signal to 

noise cut also reduced the faint end limit of the data, with all three frames 

showing the 50% completeness limit about ~ 0.5 mag brighter. The counts 

remain essentially unchanged except for differences in the faintest bins. This 

could easily be due to uncertainties in the corrections since at this point the 

incompleteness is large and the bias is nearly equal to the bin width. 

The counts in Figures 4.4-4.6 have been normalized to units of deg- 2 mag-1 

and the counts found by Tyson (1988) were also plotted for reference. The 

0.25 mag binning of our data results in considerable scatter at the bright end 

due to the small number of objects. The bright end counts are generally con­

sistent to within the fo errors, although the agreement might be improved 



I 
QC 
ca 
E 

N 
I 
~ 
Q) 

--0 ......... 

z 
tlO 
0 

43 

4 .5:l s i1n al t o noise c ul 

5 
3 : 1 llipal lo noise cul 

Tyson ( 1 Q88) 

4 .5 

4 

3.5 

3 

21 22 23 24 25 
B magnitude 

Figure 4 .4: Comparison of log counts for a 3 : 1 and 4.5 : 1 S/N cut in B . 

The counts are normalized to a deg- 2 mag-1 scale. The dashed lines are the 

counts from Tyson (1988). 
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Figure 4.5: Comparison of log counts for a 3 : 1 and 4.5 : 1 S/N cut in R . 

The counts are normalized to a deg- 2 mag- 1 scale. The dashed lines are the 

counts from Tyson (1988). 
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by small shifts in the zero point. 

The faint counts show a discrepancy compared with Tyson 's values. At 

fainter magnitudes, the counts are sufficiently high to give reasonable confi­

dence in the values (i.e. the errors are much smaller than the counts) and 

the excess is considerably greater then the expected error. All three bands 

contain a greater than Euclidean rise that persists over a magnitude before 

decreasing in slope. The steepness of the rise is greatest in J and least in B , 

which is opposite to the normal trend of slope with wavelength. The peak 

of the excess lies about 0.4 dex above Tyson in B , 0.5 dex in R and 0.6 dex 

in J. 

4.3 A Faint Cluster 

The most probable explanation for the steep rise and observed excess is the 

presence of a faint cluster of galaxies centred on the radio galaxy 3C 217 at 

a redshift of z = 0.9. The distribution of the excess counts gives a poor fit 

to a single power law slope, a result which would seem to rule out an origin 

arising solely from an error in the absolute number density. However, if we 

treat Tyson's counts as the field population and the excess as the cluster 

members, then shifting the zero points of Tyson's slopes could strongly alter 

the implied number of members. 

Photographic work has shown substantial variations in the absolute num­

ber densities of faint galaxies in different surveys. A collaboration between 

Ellis and Koo (Ellis 1987) showed that the mean difference in isophotal and 

Kron magnitudes was insufficient to explain the observed variations (i.e. the 

variations cannot be solely due to different measuring techniques used by 

different authors). Ellis also reduced a set of five plates covering 1 deg2 areas 
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and found sufficient scatter to explain the differences between groups. He 

concluded that large scale clustering was primarily responsible. 

This would bode ill for absolute number count densities obtained from 

CCD surveys since these detectors cover only a small fraction of the area 

available to photographic plates . However , Tyson reports the variations be-­

tween his 12 CCD fields to be only of order 10%. The solution to this appar­

ent discrepancy may lie in the fainter magnitudes accessible to CCDs. The 

spectroscopic surveys by Koo (1988) and Broadhurst et al. (1990) found that 

field galaxies with B ~ 21 have a strongly clumped distribution in redshift 

which is sufficient to dominate and cause strong field-to-field fluctuation in 

the counts . However, in the fainter CCD surveys , the sample will include an 

increasing number of these structures which will serve to smooth out their 

distribution. This may explain the observed lack of variation between fields . 

This remains somewhat speculative until fainter redshift surveys become 

available. Also required are additional faint field surveys to confirm lack of 

variation in absolute number density for deep CCD fields. However, with 

the information presently available, we can expect only small variations in 

the field density, a result which makes it highly unlikely that the observed 

excess of faint galaxies in our field can be accounted for strictly by shifting 

the zero point or the slope of the number counts. 

An error in calibration could also change the absolute number density if 

the magnitude scale were calibrated too high or too low. However the shift 

in the zero point of the counts would be equal to the calibration error times 

the slope of the counts. This requires an error of order 1 mag to account 

for the excess. The agreement of our data with the published magnitude of 

3C 217 rules out errors of this size. The estimated uncertainty in calibration 

of order ~ 0.1 mag has a negligible effect on the zero point of the numbep· 
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counts. 

Quite aside from the fact that the discrepancy is too large to be due to a 

zero point error , the counts themselves do not provide a good fit to a straight 

line in the log N - magnitude domain. Koo (1986) pointed out that failure to 

correct the number counts for t he Malmquist bias will result in an observed 

slope that is too steep . These corrections have been performed, although the 

question arises as to whether the biases have been properly accounted for . 

However , the form of the corrections appears well behaved and is fairly well 

understood. The simulations were treated in a nearly identically manner to 

the real data, and every effort was made to follow the detection and reduction 

procedure outlined in Chapter 2. The counts with an increased S/N cut are 

virtually identical, even in the I band where the negative bias is decreased 

by more than a factor of two. As a test, the negative magnitude bias in the 

I corrections was arbitrarily eliminated; this resulted in the height of the 

peak being decreased by < 0.1 dex. 

The small numbers and scatter at the bright end make it somewhat diffi­

cult to determine the extent to which these counts are consistent with Tyson's 

normalization. Figures 4. 7 - 4.9 show the number counts plotted on a linear 

scale to emphasis both the magnitude of the excess at the faint end and the 

difficulty in determining a normalization from the small number of objects 

at the bright end. 

The integrated number densities are generally consistent at magnitudes 

brighter than the rise of the excess. The integrated bright end counts are 

slightly higher than Tyson for R < 23.0 although the scatter in the R count 

seems particularly high. Also, some of the brighter cluster galaxies, including 

3C 217, will contribute to the bright end counts and therefore some excess is 

perhaps expected. (In se-:tion 5.4, we study the brightest galaxies in I more 
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carefully, and find that cluster members add significantly to the bright end 

counts) 

The increase in the steepness of the rise in counts with wavelength can be 

understood in terms of the K corrections for the different filters. Coleman et 

al. (1980 ) show that for z = 0.9, the K corrections for E type and Scd type 

galaxies differ by 2: 3.0 mag in B , whereas the difference is only ~ 1.3 mag 

in R and ~ 0.9 mag in J. A large difference in the K corrections between 

galaxy types should serve to spread out the distribution of a cluster in the 

N(m) diagram. The J filter would be expected to show the steepest nse 

because it is much less affected by the K corrections. 

While the excess number counts appear to be best explained by the pres­

ence of a faint cluster, examination of the data reveals no significant central 

concent ration. Several attempts were made to enhance a radial density gra­

dient using a variety of selection criteria based on magnitude, colour and/or 

the presence of ( or lack of) objects in more than one filter. That we failed to 

produce any significant density gradient is perhaps not too surprising, since 

the field population accounts for 40 - 50% of the total number of galaxies in 

the frames. From the models of Cappi et al. (1989), this 2: 1 ratio of total 

to background galaxies corresponds to a cluster detection probability of only 

~ 0.05. Although these models apply to the probability of cluster detection 

when the position is not known, it does indicate the difficulty in determining 

presence of a cluster when the field content is high. Proper selection criterion 

can reduce the fraction of the background galaxies but probably no better 

than a 4 : 1 ratio is achieved. ( the effects of various selection criteria on 

this ratio is somewhat difficult to estimate). The largest excess, at the peak 

of the I band distribution, still represents only a 0.3 probability of cluster 

detection. 
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It is conceivable that there may be little or no gradient across the frame 

because of the size of the area surveyed. If the cluster is centred on 3C 217 

at redshift z = 0.9, we can determine the luminosity distance from (Mattig 

1959) 

( 4.1) 

and the metric size from 

BdL 
s= 

(1 + z )2 
(4.2) 

This gives the metric area surveyed as (0.65 x 0.98)h- 2 Mpc2 at z = 0.9. 

H 0 and q0 determine the cosmology and here are taken as 100 km s- 1 Mpc-1 

and 0.0 respectively. 8 is the angular size and the his the Hubble constant in 

units of 100 km s-1 Mpc- 1 . For a typical cluster core radius of re ~ 0.50 Mpc 

(Koo 1988), the cluster core takes up almost the entire area surveyed. If the 

cluster has a flattened core distribution this means that a significant number 

density gradient across the field may not be present, and would certainly be 

difficult to detect with the high level of contamination from the field. This 

also suggests that number counts are more sensitive to the presence of high 

redshift clusters than spatial tests, which fail to function in the presence of 

a populous background. 

Early type systems (E's and S0's) represent a high percentage of the 

galaxies in nearby clusters. These galaxies also tend to be more virialized 

and show a higher degree central concentration than later type galaxies. 

However, early type galaxies at a redshift of z = 0.9 are strongly dimmed by 

K corrections. This may also inhibit the detection of a central concentration. 
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4.4 The Luminosity Function 

The primary purpose in determining the luminosity function is to see if the fit 

to the excess counts yields a characteristic absolute magnitude, J,J· , that is 

roughly consistent with a cluster at z = 0.9. At high redshifts, the luminosity 

function will be somewhat altered by differences in the K corrections for 

individual cluster members. Because of the high field contamination it is 

not practical to adopt the Monte Carlo approach to membership used in 

relatively nearby clusters (Oegerle and Hoessel , 1989). It is possible to make 

some determination of cluster membership (see Chapter 5) , but only at the 

brighter magnitudes where photometric errors are small and the colours can 

be accurately determined. For our purposes , the uncertainty in the field 

correction is too high to give any greater confidence over the application of 

a single K correction to M*. 

The standard Schechter (1976) luminosity function has the form 

( 4.3) 

where o is a free parameter that determines the fa.int end slope. The fa.int end 

slope of our counts depends on corrections that are large and have consider­

able uncertainties. Also the background increases faster than o which would 

hamper its determination. Following Felten (1985), we have adopted a value 

of o = -1.25 which simplifies the task of determining M*. For the apparent 

magnitudes in the B and R filters, we estimate values of m 8 = 24.9 ± 0.5 

and mR = 24.2 ± 0.4. The count density normalization for the two fits is 

consistent to within 25%. 

The distance modulus was determined as m - M = 43.0 using equation 

4.1. Adopting the K corrections for an Sbc type galaxy at z = 0.9 (Coleman 
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Figure 4.7: Counts vs . B magnitude. The dashed line indicates Tyson 's 

(1988) observations. The solid line shows the addition of a Schechter function 

to Tyson 's counts. 

et al. 1980) yields values of MB = -19.9 ± 0.5 and lvfil = -20.2 ± 0.4 . The 

value for MB shows good agreement with that determined by Kirshner et al. 

(1983) and Schechter (1976), who obtained M8 values of -20.1 and -19.9 

respectively. Good agreement is also found with Oegerle and Hoessel (1989) 

who determine a median value for nine clusters at Mil = -20.4 using a fixed 

value of o = -1.25. 

The agreement is somewhat uncertain since a judicious choice of K cor­

rections could match a wide range of values of M•. Although the bright 

end of the luminosity function in nearby clusters is dominated by early type 

galaxies , the K corrections for elliptical galaxies at this redshift are large and 

these galaxies will be dimmed considerably relative to spiral galaxies. And 

while Im type galaxies are seen to comprise a significant fraction of local 
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Figure 4.8: Counts vs. R magnitude. The dashed line indicates Tyson's 

( 1988) observations. The solid line shows the addition of a Schechter function 

to Tyson 's counts. 

cluster members, their small K corrections are insufficient to overcome their 

intrinsically fainter magnitudes. Therefore, despite some reservations about 

the assumptions made in applying the K corrections, the agreement of our 

M* values with published values is consistent with the excess counts being 

produced by a cluster at the redshift of 3C 217. 

It is somewhat unexpected that even though the K corrections are small­

est in the I band, the excess appears least like a Schechter function . For the 

I counts in Figure 4.9, the initially very steep rise in counts and the decrease 

by 23.5 in J creates some uncertainty as to the best fit. Fitting to the steep 

rise presumes that the galaxies are underweighted in the faintest bins, which 

implies a number density normalization of over three times that found in 

the fit to B and R bands. On the other hand, fixing the number density to 
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Figure 4.9: Counts vs . I magnitude. The dashed line indicates Tyson's 

(1988) observations . The solid line shows the addition of a Schechter function 

to Tyson's counts. 

values consistent v,;th that found for the other filters gives a more gradual 

increase in counts than has been determined. 

4.5 Counts of Filter Matched Galaxies 

A further test of the behaviour of the N(m) diagram is made by determin­

ing the counts using only those galaxies with detected positions in two or 

more filters. This test provides a check on the robustness of the observed 

distribution as well as providing some insight into the effects of colour on the 

distribution. As discussed in section 2.2, using objects detected in two filters 

requires completeness corrections that depend on the observed magnitude in 

both filters. To avoid the excessive weighting for an object with a very faint 

counterpart (and hence a very uncertain correction), no object was given a 
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weight greater than 2.0. 

Figure 4.10 shows :K(m) diagrams for galaxies appearmg m both the 

B and R filters as well as their single filter counterparts. The B counts are 

consistent to within fo errors at all magnitudes. There is a slight lowering 

of the counts which may be due to an underestimation of the incompleteness 

for objects of extreme colour. This consistency lends some confidence to the 

corrections since just over half of the objects appear in both filters. 

The R counts show a consistent match over the steep rise, although the 

faint end is decreased somewhat from the single filter values. This is most 

likely due to completeness effects since the incompleteness in B starts to 

affect the shape of the distribution by R = 24. The effect of colour on the 

distribution will be seen in Chapter 5. 

Figure 4.11 shows much stronger effects for the counts of R and J matched 

galaxies. Although the steep rise in R remains undiminished, the counts then 

drop down to the level of Tyson's values and the position of the peak shifts 

brighter to~ 24R . The higher I peak is reduced by nearly 0.3 dex although 

its position is unchanged. The reduction of the peak also decreases the rise 

in counts , although it remains steeper then Euclidean. 

Even though these counts show a considerable decrease in number, the ex­

cess is not entirely removed. Both diagrams show a peak excess of more than 

twice Tyson 's values , which is still considerably greater than the expected 

errors. Nor is the difference in the count levels due to spurious detections 

since over a third of the galaxies that do not appear in J are detected in B . 

A more probable explanation is that the difference is due to the colours of 

these objects affecting the completeness. Completeness effects arising from 

colour are perhaps expected to play a greater role in Figure 4.11 since the 
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Figure 4.10: The B and R counts for galaxies appearing in both filters. The 

single filter counts and Tyson's values are also plotted. 
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Figure 4.11: The R and J counts for galaxies appearing in both filters. The 

single filter counts and Tyson's values are also plotted . 
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difference in limiting magnitude is greater between R and J than between 

Band R. 

In addition to the seeming reconciliation of the faintest R counts with 

Tyson 's values , what is interesting about the counts of R and J matched 

galaxies is that the size and shape of the excess becomes roughly similar. 

The implication is that the excess in the two N(m) diagrams is due to the 

same population of gala.xies. The difference in the magnitude of the two 

pea.ks is R - I ~ 0.5, which could be identified as the median colour of the 

population. For the gala.xies fainter then 24 R mag, this colour corresponds 

to the point at which the completeness limits in the I band begin to affect 

the distribution (see Figure 5.2) - a fact which could explain the decrease in 

the counts. 

This test seems to imply that at least a portion of the peak is somehow 

associated with the bright end of the R band excess . A large fraction of 

the I galaxies fail to match despite the fact that the excess in R extends to 

fainter values. At a redshift of z = 0.9 , the rest wavelength of the I filter 

lies just above the 4000A break. This means that it would be sensitive to 

galaxies with a relatively large break, i.e. early type systems, which may not 

be seen in the other filters. If the elliptical and spiral galaxies were at about 

the same I magnitude, they could produce a peak that was significantly more 

spread out, via K corrections, in the bluer filters. 

There are two problems with this scenario. The first is that the Schechter 

function provides a reasonable fit to the B and R residuals. At a redshift 

of z = 0.9 the I band corresponds roughly to the rest frame B , while the 

other filters will be deeper into the ultraviolet. Therefore, the J counts are 

less sensitive to both K corrections and evolutionary effects and should give 

a better description of the distribution. For the B and R counts, this would 
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imply that the shape of distribution was in fact due to differences in the K 

dimming of the various galaxy types. 

The other problem is that despite the larger peak excess in the I band 

counts . the integrated excess is about equal to that in R . The expectation 

is that there ought to be significantly more galaxies in the I residuals since 

they contain not only the objects that comprise the R excess but also the 

objects that are not seen in R . 

This problem can be avoided if the faint end of R and I counts are com­

posed largely of different objects. T he I galaxies that do not appear in 

R would be objects with a relatively large values of R - I and hence run 

up against the completeness limit in R . The R galaxies that fail to appear 

in I would have colours less than or equal to 0.5 mag, the difference in the 

matched R and I peaks. These would be flat spectrum galaxies with possi­

ble evolutionary effects. The colours of our distribution appear to show an 

excess of galaxies that are bluer in R - I than those typically observed in 

the field . 

4.6 Summary 

There are several important features obtained from our N(m) diagrams. The 

primary result is that we see number counts that exceed the expected values 

by a factor of two. The excess is characterized by a greater than Euclidean 

rise in the counts that steepens in the longer wavelength filters (with peak 

excesses of 2.5 to 4.0 times the expected values). The use of a higher signal 

to noise cut on the data does not affect this conclusion, indicating that the 

excess is real. The most plausible explanation of the excess is the presence 

of a high redshift cluster of galaxies in the field. 
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A Schechter function, with a = -1.25 , was fitted to residuals obtained 

by subtracting off the expected background from the observed counts. The 

fitted M· values give good agreement with published values in Band R after 

correcting for a distance and K dimming corresponding to the z = 0.9 redshift 

of 3C 217. The J counts fail to provide an acceptab le fit to a Schechter 

func t ion despite the smaller K corrections for this filter. 

A possible explanation is that the filt ers are sensitive to different pop­

ulations. The I band samples a population of red galaxies not seen in the 

shorter wavelength filters because of K dimming. The R filter sees a popu­

lat ion enhanced by evolution but too faint to be seen in J because of its flat 

R - I colours. 



Chapter 5 

Colours 

5.1 Determining Colours 

Multi-band photometry provides the Rosetta Stone for the interpretation of 

stellar objects. This is because stars have broadband photometric colours 

that correspond closely to their spectral type. Observations of stars are rela­

tively straightforward since stars share a common point spread function, and 

stellar astrophysics provides a well understood theoretical basis for interpret­

ing stellar colours. For faint galaxy surveys, the impact of multi-colour mea­

surements has been equally important, but the results have been somewhat 

less satisfying and their interpretation has often been the source of contro­

versy. The problem lies with the increased number of variables inherent in 

the observation and interpretation of faint galaxy colours. 

Galaxies are classified according to morphological type and although 

these types do have characteristic spectra and colours, the intrinsic scatter 

within a particular classification is far greater than for stellar classification. 

Naively, the range of morphological types mimics an evolutionary sequence 
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in that higher rates of star formation are seen in later type galaxies. How­

ever, it is generally believed that later type galaxies do not evolve into earlier 

types (except possibly by mergers) and that the evolution associated with 

lookback time will have a different effect on the colours. Also. a burst of 

star formation involving only a small fraction of the population of a galaxy 

can easily dominate the observed colours . There is also the factor of redshift 

which distorts the observed colours because of differences in the K correc­

t ions between filters. Although we are examining a cluster at known redshift, 

we do not know a priori the redshift of a particular galaxy. The task is to 

use the colour observations to separate the competing effects of galaxy type, 

evolution and redshift. 

A separate consideration m determining colours is photometric error. 

Because galaxies are resolved , their images contain more noise than stellar 

objects at the same magnitude. The determination of colours combines two 

independent measurements of magnitude which sums the noise in quadrature, 

making the reduction of noise of primary importance. 

The determination of magnitudes by the Kron method is an attempt to 

measure the total amount of light for objects that may extend over more 

than 200 pix (35 arcsec2
). The noise in these measurements can be reduced 

by using aperture photometry (as described in section 2.3). This does not 

provide a good measure of the total magnitude because of the variations in 

the surface brightness profiles between different galaxies. However, colours 

are measured by the relative brightness of an object in two filters and hence 

it is not necessary to measure all the light since the same fraction of light 

will be missed in both filters. This requires that an object has roughly 

similar profiles in both filters, an assumption which is not always the case; 

but tests indicate that the mean errors are smaller than obtained using total 
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magnitudes (Koo 1986). 

5.2 Colour Distribution 

The difficu lties associated with the interpretation of the colour di stribution 

require a careful assessment of selection effects . This is part icularly im­

portant with high redshift galaxies since the K corrections through different 

filters can produce large changes in the observed colours. The initial samples 

consist of all objects detected in the required fil ters . ( "Detected" means that 

the objects were not only detected in these filters , but also have sufficient 

signal-to-noise for their Kron magnitudes to be meaningful. ) This allows 

us to examine how the selection effects determine which objects are seen in 

various filters , since the completeness limits of the data have already been 

calculated from the simulations. 

The colour-magnitude diagrams are shown in Figures 5.1 and 5.2 , both 

of which include estimates of the 50% completeness limits. Figure 5.1 shows 

that fainter galaxies are, on average , bluer; this effect is best seen in R , but is 

still apparent in B . However, the trend in R may be affected by the B - R 

completeness limit ( the diagonal line) which impinges on the distribution 

fainter than R = 23.5. Although there are relatively few objects on the faint 

side of this limit , there is some uncertainty in the exact position of the limit. 

A la change in the limit could change its effect on the distribution. 

Completeness in B prevents only the bluer galaxies from being seen and 

the distribution looks somewhat flatter . Fainter than B = 23.5, there is no 

strong appearance of a blueing trend. While the brighter gal~xies undoubt­

edly become bluer with magnitude, estimating the extent to which this trend 

continues to fai ·.1ter magnitudes is hampered by incompleteness. 
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Figure 5.2 also shows a slight trend toward bluer R - I colours as magni­

tudes become fainter. The trend appears to continue in the R band despite 

incompleteness effects for galaxies with small values of R - I fainter than 

R = 24. No evidence of this trend is seen in Tyson (198S) , which shows an 

essentially flat distribution of R - I colours. 

Figures 5.1-5 .2 represent the colour-magnitude counterparts to the filter 

matched -(m) diagrams (Figures 4.10-4.11) . This allows some insight into 

how samples that include colours ( which combine the selection effects in two 

filters) alter the number of galaxies observed. 

In Figure 5.1 , the completeness limits due to the B - R colour do not 

appear to have a strong effect on the distribution. There are few objects 

fainter than these limits and the trend of the distribution seems to be through 

the magnitude limit ( vertical line) rather than the colour limit ( diagonal 

line). The number counts of the galaxies found in both B and R show little 

difference from the counts determined from the objects found in a single 

filter. There is some decrease towards the faint end which is probably due 

to the upper limit of a factor of 2 on the completeness correction. 

For the galaxies that appear in both R and I , there is a much larger 

decrease in the single filter counts. The R band counts in particular are 

strongly affected. However, in Figure 5.2 it is apparent that the trend of 

the distribution moves across the R - I completeness limit. There are many 

galaxies fainter than this limit and these will be underweighted ( due to the 

upper limit on the completeness correction), resulting in the decrease seen 

in the filter matched number counts. 

There is also a significant decrease in the I band counts for objects ap­

pearing in R and J , but there are few galaxies in Figure 5.2 that are fainter 

than the R - I completeness limit. Unlike the R band, the decrease in counts 
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cannot be solely attributed to underweighting the counts. It seems that a 

portion of the galaxies in the I band have either extremely red colours, or 

other characteristics that render them undetected in R . Elliptical galaxies 

at the cluster redshift have red colours but they should still be detected over 

much of the sample. This is an important feature since in order to examine 

the evolution of the cluster, an accurate determination must also be made 

of the galaxies that do not show evolution. We return to this question in 

Section 5.5. 

Figure 5.3 shows the uncorrected colours of all detected stars and galaxies 

in four ranges of R magnitude. The solid lines indicate the photoelectric 

stellar main sequence and giant branch for our filter system as taken from 

Bessell (1979) . It should be pointed out that stars with B - R > 2.0 do not 

fit the sequence particularly well. This seems to be caused by differences 

in the response of photomultipliers and CCDs for complex M star spectra 

(Schneider et al. 1983). The problem is that the effective wavelength of 

photoelectric R shifts redward by nearly 600A between spectral types KO 

and MO (Bessell 1979). This results in increased values of B - R and smaller 

values of R - I, which is consistent with the observed discrepancy. This has 

little effect on the bluer portion of the sequence where the calibration star is 

located. 

Photographic surveys have previously shown a slight blueing trend with 

magnitude. Its origin could have been the result of K corrections, since blue 

galaxies suffer less from K dimming and will therefore be enhanced in a 

magnitude limited sample. Tyson (1988) observed that the blueing trend in 

B - R extends down to 26 R mag and contends that this effect is too large 

to be due to K-corrections alone. Theoretical models indicate that a spiral 

rich sample of evolving galaxies is expected to move to the lower right in 
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Figure 5.3 with increasing redshift (Bruzual 1981 ). 

Our data initially appear to trend towards the lower left, ,. e. bluer in 

both colours. There is some evidence of the expected trend for galaxies in 

the 24-25 R mag panel. However, in this magnitude range, over 25% of our 

galaxies still lie on the left side of the stellar sequence; this can be compared 

with Tyson's work where the fraction is closer to 10%. However, Tyson's data 

also reach significantly fainter magnitudes, particularly in B . Although the 

selection effects in R - I work against objects with blue colours, the selection 

effects in B - R work against objects with red colours. Galaxies that are red 

in both colours will not be seen because of the selection effects caused by the 

B filter . Hence, the criterion of detection in all filters may cause a trend 

in one colour as a result of selection effects in a different colour. The mean 

trends in this sample appear in the statistical colour-colour plot shown in 
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Figure 5.4. 

5.3 A Sample in I 

The galaxies in the previous colour-colour diagrams (Figures 5.3-5.4) are 

included by virtue of their detection in each of the three filters B , R and 

I. This allows the relatively straightforward calculation of the mean colours, 

since the simulations give a fair understanding of the selection effects in the 

individual fil ters. The mean colours appear to indicate that the general 

distribution becomes too blue in R - I at magnitudes where the cluster 

galaxies are believed to be predominant. However, the selection effects may 

be very strong and the diagrams fail to show a significant clumping in colour 

distribution that may be indicative of a cluster. There is also a notable 

absence of objects with colours that match those of early type galaxies at a 

redshift of z = 0.9. 

This lack of early type galaxies in the colour-colour diagram may be more 

indicative of the selection effects than the true distribution of morphological 

types. Normal elliptical galaxies at the cluster redshift are expected to have 

colours of B - R = 3.5 and R - I= 1.5, implying that 50% completeness in 

B requires an elliptical galaxy to have R :$; 22.0, over a magnitude brighter 

than the bright end of the excess! Therefore the requirement that galaxies be 

detected in B effectively excludes early type cluster galaxies from the sample. 

In order to reduce these selection effects, we have chosen a sample of 

galaxies with I :$; 23.5 that were also detected in the R bandpass, all of which 

have R - I colours measured with a S/N better than 3: 1. (By "detected", 

we mean that the galaxy has not only been detected, but also has a Kron 

magnitude with S/N ~ 3: 1) Because the /bandpass suffers the least from K 
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corrections, ordering the galaxies by I magnitude reduces the contamination 

from flat spectrum galaxies. Early type galaxies are brighter in J than in 

other filters and the R - I colours for cluster elliptical galaxies should be 

detectable in both filters over much of the sample. Out of this sample of 120 

galaxies, we were also able to obtain the B - R to a S/N ?: 3 : 1 for all but 12 

objects. The magnitudes, colours and spectral energy distributions (SED), 

which include the narrow band fluxes, for all 120 galaxies in this sample are 

given in Appendix A. 

The criterion that the galaxies be detected in R greatly reduces the com­

pleteness of the sample. Only for objects with I ~ 22.0 is the R detection 

complete. For the complete list of gala.xies with I ~ 23.5, 70 are not detected 

in R and attempts to determine their colour resulted in fewer than half hav­

ing R - I colours with S/N ~ 3 : 1 (and still fewer in B - R) . Hence the 

requirement that the galaxies be detected in R effectively eliminates all the 

objects that have poor colour determinations, but at the cost of introducing 

an additional selection effect. The advantage is that the selection is reason­

ably well defined, and from the simulations we can estimate the expected 

number in the sample using only objects with a large signal-to-noise ratio. 

However, it is apparent from Figure 4. 7 that the matched counts underesti­

mate the straight I counts. The nature of this discrepancy is examined in 

Section 5.5. 

5 .4 Cluster Galaxies 

In order to make a determination of cluster membership, we have calculated 

the redshifted colours for our filter system, using the spectral energy distri­

butions of Coleman et al. (1980) . For this we adopted a somewhat primitive 
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smoothing function instead of using the combination of filter transmission 

and CCD response. However, we found this was able to reproduce the results 

of Coleman et al. to wi thin ±0.05 mag for both colours and K corrections ; 

this is sufficient for our purposes. 

We also determined the colours for Bruzual's (1981) evolutionary models 

at z = 0.9, transforming his photographic JFN into our BR! system through 

Coleman 's spectral energy distributions. The models are for an exponential 

rate of star formation and the µ term indicates the fraction of gas that would 

remain after 109 yr (1 Gyr) if the gas from dying stars is not returned back 

into the system. Forµ > 0.7, or constant rates of star formation, the evo­

lutionary curve appears indistinguishable from the morphological sequence 

and the distinction does become not significant until µ ~ 0.5. The colours for 

µ < 0.5 are not supplied directly by Bruzual (1981), but were interpolated 

from his Figure 42j. Hence, the star formation rates are not indicated; the 

blue end of the curve goes off scale at a point corresponding toµ~ 0.2 

The colours are shown in Figure 5.5 for galaxies out to z = 1.3. While 

several of the colours are multi-valued between type and redshift , this dia­

gram is fairly effective at distinguishing relatively nearby galaxies from those 

at the cluster redshift, particularly for early type systems. This is because 

the large 4000A break in early type galaxies lies between the R and / filters 

at z = 0.9. 

Narrow band filters were also used in conjunction with broad band colours 

to aid in determining cluster membership. The narrow band data were orig­

inally part of a survey designed to detect high redshift primeval galaxies 

(see Ch.2) , and hence were not taken at ideal wavelengths for the study of 

galaxies at z = 0.9. (A narrow filter at 7100A to detect redshifted [OU] 

3726/3729A line would have been particularly informative.) At the cluster 
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redshift, the 9500A filter contains both H,B and the [OIII] 4959/5007 A dou­

blet. Unfortunately. this filter suffers a bright limiting magnitude, somewhat 

poorer seeing and a 500A equivalent width that gives a much weaker indi­

cation of the presence of an emission line. The 8100A filter contains the G 

band absorption feature , but may also be affected by HI in either absorption 

or emission. Likewise the 7500A filter contains the H and K calcium lines 

but also includes [NeIII] + Ht. The 6800A filter does not appear to match 

any common features and the 6300A filter contains [NeIII] and [NeV] lines 

that are generally quite weak. 

The 6300A and 6800A filters are expected to lie near the continuum 

levels for cluster galaxies, but the [OIi] 3726/3729A line lies in the R band 

over the range 0.5 2: z 2: 0.9, and although this line lies near the edge of 

the filter at the cluster redshift, its effective wavelength corresponds to the 

peak sensitivity of the CCD . The presence of this line is common in deep 

spectroscopic field surveys (Koo 1988, Ellis 1987) and this line is often strong 

enough to distort the observed colours of galaxies (Tyson 1988). The sense 

of this change is to the upper right in Figure 5.5, i.e . redder in B - R and 

bluer in R - I. This may be the cause of some of the noise in the diagram 

since evolution will tend to shift galaxies to the blue in both colours. 

The other effect that this would have is to increase the signal in the 

R band relative to the 6300A and 6800A bands. Combined with the presence 

of [OIII] in the 9500A filter this could restrict this combination of features to 

galaxies near the cluster redshift. However, this combination is rarely seen 

with the notable exception of 3C 217. Our confidence in the 9500A filter 

drops rapidly with magnitude, partly because of the aforementioned reasons, 

and also because the wavelength of the 9500A band is far enough away from 

the J filte·, that it can be difficult to distinguish between a continuum rise 
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and the presence of a weak emission line. 

The radio galaxy 3C 217 is of particular interest since it is the only object 

of known redshift in the field . From its position in Figure 5.5 , the galaxy has 

colours that resemble a late type spiral galaxy at low redshift. However, the 

SED shows emission in the 9500A filter and both R and J fluxes higher than 

the narrow bands. The high J value is probably relative to metal and/or 

Balmer absorption in the 7500A and 8100:\. filters while the high R value 

is most likely from an [Oil] emission line. The level of the R flux above 

the narrowband filters implies that this line may brighten R by ~ 0.4 mag, 

corresponding to a line strength of 1.3 x 10- 15ergs cm-2s-1 which is high 

but still comparable to some radio galaxies that show strong [Oil] emission. 

For example, the radio galaxy 3C 266 ( z = 1.27) has an [Oil] strength of 

4.1 x 10-15ergs cm-2s-1 (Spinrad and Djorgovski 1984). This is sewral times 

greater than the implied line strength in 3C 217, even without correcting for 

the higher redshift of 3C 266. Removal of the [Oil] contribution from the 

R mag would shift the position of 3C 217 in Figure 5.5 towards the lower 

right , i.e. towards the z = 0.9 locus. 

Figure 5.5 plots the colours of the galaxies with I :s; 21.6; most of these 

galaxies appear to be foreground spiral galaxies with z :s; 0.5. Eight galax­

ies have colours or SED's that indicate potential cluster membership, and 

three of these are brighter than 3C 217. Galaxy 9 has an SED very similar 

to 3C 217 except for the absence of emission in the 9500A filter. Galaxy 

7 has an SED similar to the two dimmer galaxies, 18 and 19, all having 

colours indicative of cluster spiral galaxies. Galaxy 10 is somewhat bluer 

than these galaxies in R - I; however, the strength of the R band relative 

to the 6300A and 6800A filters indicates that the colours may be affected 

by the [Oil] emission line. It does seem that these galaxies are likely to be 
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cluster members although they do appear unexpectedly luminous. Galaxy 

17 has broadband colours similar to 3C 217 and appears to contain [OII] 

emission in the R band but lacks the strong signal in the 9500.A filter. 

Figure 5.6 contains galaxies in the range 21. 7 ~ I < 22.6 corresponding 

to the beginning of the excess of galaxies found in the number counts. The 

field population in this panel tends towards later type spiral and irregular 

galaxies, and a few objects have colours that are too blue for normal galaxies 

in either one or both colours. Five galaxies appear to have colours matching 

normal cluster members , including galaxy 41 which has colours resembling 

an Sa or SO galaxy. Galaxy 27 has an SED that shows some evidence of 

a break between R and I , with R raised above the narrow band flux, but 

again the 9500.A flux appears low. 

The last three panels consist of the galaxies that appear in the I band 

N(m) diagram for the bins centered on 22.75, 23.00 and 23.25 (all of which 

show a significant excess over the expected field density). Unfortunately, the 

photometric uncertainty of these galaxies becomes a significant factor and 

the information available from the narrow band filters is greatly limited. The 

trend to bluer galaxies also makes it harder to determine cluster membership 

since any break between the R and I filters would be small and difficult to 

detect. 

In Figure 5.7, only galaxies 56, 58 and 60 have normal cluster colours and 

galaxy 58 is the reddest cluster galaxy indicated thus far. 54 and 63 may also 

be potential members. Most of the galaxies have colours that are too blue 

to be normal systems at any redshift. Unlike Figure 5.6 where the galaxies 

tend to be too blue in R - I, this panel shows three galaxies that are blue 

in B - R. These galaxies have colours that fit better to Bruzual's model 

with µ > 0.5 indicating high rates of star formation. Some additional blue 
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galaxies also appear to ha,·e SED's indicating cluster membership. Galaxies 

46, 54 and 63 might be potential members but they lack evidence of [OII] 

emission that would explain their position above the z = 0.9 locus. Galaxy 

48 is interesting for its flat R - I colours and unusual SED. 

Figure 5.8 shows an e,-en greater tendency towards gala.-...-ies that a.re too 

blue in B - R . Many of these appear to be actively evohing systems with 

a high rate of star formation. Very few objects have normal cluster colours 

although galaxy 85 is the first galaxy with colours matching a cluster elliptical 

galaxy. Galaxies 70 and 83 are also potential members except that both lie 

more than 2a from the locus. Galaxy 75 is unusual because of its extremely 

flat R - I colour and high flux in the 9500A filter. 

Figure 5.9 shows a few more galaxies with normal cluster colours , galaxies 

94, 100, 118, 119 and possibly 109 being potential cluster members. There is 

also an increase in the number of galaxies with flat R - I colours although 

there are still many galaxies that are blue in B - R. Approximately one 

third of the galaxies appear to have a high flux through the 9500A filter , 

although the uncertainty is high. 

The high signal to noise ratio of the objects in Figures 5.5 and 5.6 allows 

us to estimate the fraction of cluster members. It would be difficult to 

distinguish between cluster galaxies and those at higher redshift ; however the 

latter are not expected to be a significant contaminant at these magnitudes. 

From Tyson's absolute number densities , 17 ± 4 field galaxies are expected 

in Figure 5.5. Out of 21 galaxies in the panel, we estimate that there are 8 

cluster members which leaves 13 field galaxies. This result agrees, given the 

errors, with the expected number of field galaxies. 

In Figure 5.6, 24 field galaxies are expected , although we suspect that 7 

of these are cluster members. Again, the nu nbers are probably cons~stent to 
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within the uncertainties. These numbers do appear to rule out the possibility 

that the excess counts at fainter magnitudes can be explained by shifting the 

zero point of Tyson 's density normalization. A minimal 0.2 dex shift implies 

27 and 38 field galaxies in Figures 5.5 and 5.6 respectively, which does not 

appear compatible v.,;th our estimates of the field in these panels. 

The field content for the sample, as estimated from the colours , is shown 

in Figure 5.10. This shows the bright end of the field content to be somewhat 

low in comparison with Tyson's field counts. However, at these magnitudes 

uncertainties in the colours are typically ±0.05 mag and the SED's are 

extremely helpful in making identifications , i.e . the broadband colours of 3C 

217 would classify it as ha";ng the colours of a field spiral galaxy. 

The three faintest bins, corresponding to Figures 5. 7-5.9, have a relatively 

higher field content. This may be real or it may be the result of our inability 

to distinguish blue cluster galaxies because of the poorer S/N in both the 

broadband and narrowband filters. In particular, the effect of the [OII) line 

on the R flux becomes indistinguishable as the noise in the narrowband filters 

increases. Although this may result in a few cluster galaxies being assigned 

to the field, we are confident that the field content has been adequately 

determined and it appears unlikely to have been underestimated. 

5. 5 Missing G_alaxies 

The selection of the sample required that the galaxies be detected in R in 

addition to satisfying the magnitude limit imposed in /. This was because 

we required the galaxies to have a well determined value of R - I; the sim­

ulations allowed us to determine the weighting of the galaxies based on this 

colour. However, as noted in Section 5.2, the requ·rement that the galaxies 
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Figure 5.10: Field galaxies with I < 23.5 . Tyson 's field counts are shown as 

the dashed curve. 

be detected in R produces a stronger selection effect on the distribution than 

accounted for by the simulations. The sense of the selection primarily affects 

galaxies with large R - I colours, and elliptical galaxies at the cluster red­

shift are very red. Therefore, it is critical that we investigate those galaxies 

that are only detected in the I band to avoid the possibility of overestimating 

the evolution in the cluster. However, it does not seem that these galaxies 

would have strong selection effects against them in I since the all the objects 

have a S/N ~ 5: 1. Therefore we can be reasonably certain that the sample 

in I is complete. 

Of the 190 galaxies with I < 23.5, 70 are not detected in R . Most of 

these galaxies are quite faint ; 60 have I magnitudes that would place them in 

the final two magnitude bins. Not all of these would need to be detected to 

account for the discrepancy between the matched counts and the I counts, 
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since the weighting for the matched counts is naturally higher. The weighted 

difference between the two number counts is ~ 55 galaxies, most of which 

is attributable to the final two bins. Somewhat fewer galaxies actually need 

to be detected, although the exact number depends on the their magnitude 

and colour. 

In order to determine colours for these objects ( or at least upper limits), 

we performed aperture photometry on the Band R frames using the position 

of the galaxy in the I frame as the input position. The photometry routine 

was then allowed to iterate until a stable centroid was found. If a stable 

centroid could not found within one seeing disk of the input position, the 

aperture was fixed at the input position. We were able to obtain a S/N 2: 3: 1 

for 27 galaxies in R - I. Of these , only one object has an R - I colour 

red enough to be a cluster elliptical galaxy. The remainder have colours 

compatible with the galaxies seen in Figures 5.7-5.9. 

The size of the galaxies appears to be an important consideration in 

determining whether they are detected in both filters . Figure 5.11 diplays 

the r _2 value for the entire sample of galaxies with I < 23.5. The galaxies 

that are not found in R are shown to be much less compact and presumably 

have lower surface brightness than the majority of galaxies that are found in 

both filters. However, it is not readily apparent if these galaxies are not found 

in both filters because they are extended, or if they represent a population 

of extended galaxies that are not found in R because of their red colour. 

Since these are low surface brightness objects, the calculation of centroid 

position is more susceptible to noise or other factors which could result in 

computed centroids for different filters that lie outside the matching radius . 

Increasing the matching radius radius by 1 pixel results in finding counter­

parts for 9 of the 70 galaxies from the existing R detection lists. All but one 
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Figure 5.11: r_ 2 vs. I for galaxies with J < 23.5. The circles represent 

galaxies detected in both R and J , crosses are galaxies detected only in I . 

of these have colours with good signal to noise using the photometry scheme 

described above, suggesting that most of the matches are real. Increasing 

the matching radius still further produces more matches but the fraction of 

spurious matches will also increase. 

In the simulations, measuring colours requires that the objects are not 

only detected in both filters but also have centroid positions within the 

matching radius. For galaxies that are bright in J with flat R - I colours, the 

matching criterion is the major source of incompleteness since the objects 

are close to complete in the individual filters. For the objects that are found 

only in J, the majority that have estimated colours with good S/N are fairly 

flat in R - I and it appears that most of them can be accounted for by the 

weighting applied to the matched objects. Also, the bulk of the single filter 

objects have R - I colours with poor S/N, or simply upper limits. This in-
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dicates that there are more red galaxies than are represented in the matched 

filter objects 

In some cases. the centroid position is the cri tical factor, but this factor 

alone is insufficient to explain the discrepancy in the counts. A further 

consideration is that at high redshifts, the angular size of galaxies increases 

as (1 + z )2 while surface brightness dims by (1 + z t 4
• Therefore, we expect 

the cluster galaxies to show greater extension and lower surface brightness 

than the closer field galaxies. Simula t ions by Infante (1987) suggest that 

by z = 0.9, t.he low surface brightness of ellipt ical galaxies would render 

them difficult to detect. Hence, not only are there selection effects against 

cluster elliptical galaxies because of their colour, but also because of their 

low surface brightness at high z. 

For the above reasons , cluster elliptical galaxies are expected to be diffi­

cult to detect in any filt er other than J . However , since these galaxies should 

have a B - I ~ 5, the measurement of a significant signal in B would rule 

out the galaxy as a cluster elliptical. In order to estimate how many elliptical 

galaxies are in this sample, we adopt the criterion that the objects have a 

3a lower limit consistent with their expected B mag. We also require that 

the R - I colour be within 3o- of the expected value. This produces a list of 

41 galaxies that would qualify as clusters ellipticals. H these galaxies have 

been "unfairly" discriminated against because of their low surface brightness, 

their inclusion in the sample would easily account for the discrepancy in the 

number counts once the weighting is applied. 

In the main sample, only two galaxies have colours resembling those ex­

pected for cluster elliptical galaxies ; both are quite faint (J = 23.14 , 23.30) 

and they have large uncertainties in their B - R colour. If the above criteria 

were applied to this sample, an additional four galaxies would be classified as 
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elliptical. Since all of these galaxies have colours matching early type cluster 

members, the criterion appears to provide an acceptable limit for red cluster 

galaxies. However it is clear that there are many times more red galaxies 

found only in I than are represented by these six galaxies ( even after applying 

the weighting) . 

There is still the question of how many of the "missing" galaxies are 

cluster elliptical galaxies. On the one hand, because of their red colours and 

low surface brightness, the selection effects will be more severe for cluster 

elliptical galaxies than for other galaxies. On the other hand, all of the 

galaxies that are not found in R have fairly high values of r _2 , and from the 

strength of the distribution in Figure 5.11 , it appears that compactness is 

the determining factor independent of the colour. However, the fraction of 

objects that are estimated to have fairly flat R - I colours , resembling bluer 

cluster members or field objects, are well represented in the main sample and 

their lack of detection in both filters is accounted for by the applied weighting. 

It is only the redder galaxies that appear to be severely under-represented 

in the main sample and hence the implication is that the discrepancy in the 

number counts is entirely due to a population of elliptical galaxies. 

5.6 Luminosity Evolution 

For the objects that show colours similar to those expected for cluster mem­

bers, we could determine the absolute magnitudes in a fairly straightforward 

manner by applying the K correction in the I band for the perceived galaxy 

type. However, a more general approach can be made by translating the 

I mag at z = 0.9 directly into a rest frame B mag. Since the effective wave­

lengths are closely matched, this provides a weaker dependence on galaxy 
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type (i.e. colour). The following relationship was estimated using the red­

shifted Coleman et al. SED's, 

MB 0 = I - 0.37(R - I)+ 1.45 - 5logdL (5.1) 

where dL is the luminosity distance given by equation 4.1 (p. 50). The 

advantage is that there is only 0.3 mag difference between the corrections 

for E and Im type galaxies whereas the difference in J band K corrections is 

about 1.2 mag. 

Using the above relation, the observed brightness of 3C 217 corresponds 

to an absolute restframe magnitude of A1B0 = -20.8. The removal of 0.4 

mag from the R band ( due to the [OII] contribution), results in colours 

that indicate a star formation rate of orderµ = 0.5 according the Bruzual 's 

models . Sandage's (1973) mean brightest cluster elliptical galaxy, for Ho = 
100 km s- 1 Mpc- 1

, has an absolute restfrarne magnitude of J[Bo = -20.9±0.4 

(rms). Although the absolute magnitude of 3C 217 is comparable to this 

value, Bruzual indicates that star formation in theµ = 0.5 model contributes 

~ 1.0 mag to the luminosity. This means that by the present epoch, 3C 217 

will be dimmer than Sandage's value for the brightest cluster elliptical galaxy. 

The difference might be made up for by galaxy mergers that occur during 

the time since the light that we observe left 3C 217 ( ~ 60'1< of the age of the 

Universe). 

The three galaxies (7, 9 and 10) that are brighter than 3C 217 have abso­

lute restframe magnitudes of MB 0 = -21.73, -21.12 and -21.07 respectively, 

and colours resembling those of spiral galaxies at the cluster redshift. NGC 

4321 has been considered typical of the brightest cluster spiral (Coleman et 

al. 1980) with an absolute restframe magnitude of MBo = -20.1. This rules 

out the possibility that these three bright galaxies are spiral because of the 
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strong luminosity evolution required. They are more likely to be elliptical 

galaxies undergoing evolution both in luminosity and in colour , with star 

formation rates corresponding to a Bruzual model of µ = 0.5-0.6 . These 

galaxies also do not require any fur ther luminosity enhancement from merg­

ers to retain their status as b rightest cluster members. 

Aside from the luminosity of these galaxies, the other curious feature is 

their t ight spatial grouping; all three a re located within a circle of radius 

15" , or ~ 80 kpc at the cluster redshift. Furthermore, this group is located 

towards t he edge of the field, about 600 kpc away from 3C 217. One possible 

scenario is that these galaxies form a subcluster on the edge of the main 

cluster. Over time, the three galaxies will become less luminous as their gas 

reserves are exhausted and star formation ceases, whereas 3C 217 may con­

tinue to increase in luminosity, being resupplied with fresh gas and perhaps 

entire galaxies , by virtue of its position at the cluster centre. 

The other possibility is that these three galaxies, and not 3C 217, are 

at the cluster centre and galaxy 7 is the brightest cluster member. When a 

cluster possesses a powerful radio source, and either contains a single opti­

cally dominant galaxy or shows a strong central concentration , the brightest 

member is normally the radio source (Riley 1975). Neither of these condi­

tions is in evidence in this case, but further observations of the surrounding 

fields would be required to establish the centroid and orientation of the clus­

ter. Spectroscopic observations would also be required to confirm that these 

three bright galaxies are cluster members. 

Luminosity evolution is implied for the brightest cluster members simply 

because of their bright absolute magnitudes. This may also be the case for 

several of the lower rank, blue members (I ~ 22.5), but these galaxies are 

not bright enough to require luminosity evolution using the above arguments. 
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The colour of these galaxies also appears closer to that of the non-evolving 

sequence of Coleman et al. (1980) than the evolving sequence of Bruzual. 

However , this may be in part due to· the effects of an [OII] emission in 

the R band , which would tend to shift galaxies up above the evolutionary 

sequence. This is certainly the case for the brightest galaxies. 

The most luminous galaxies that clearly lie along Bruzual's evolutionary 

sequence ( corresponding to µ ~ 0.4) have absolute restframe magnitudes 

of MBo ~ -19.1. In contrast, the brightest red galaxy in the sample has 

M 80 = - 19.5 and the faintest red galaxy in the sample has MBo = -18.7. 

Therefore, in a restframe B magnitude system, these evolving galaxies are 

not overly bright considering that the implied star formation rates would 

increase their luminosity by over 1 mag. 

The brightest red galaxy in the sample has an absolute magnitude near 

the bright end of luminosity function for early type galaxies determined for 

the Virgo cluster (Binggeli et al. 1988). At the magnitude of the faintest 

red galaxy, the luminosity function for Virgo elliptical galaxies still continues 

to rise although the luminosity function for Virgo SO's and early type spiral 

galaxies is very close to the peak. This is of some interest since fainter than 

the limit of this sample (I = 23.5), the number counts begin to decrease. 

However, our counts drop much faster than the SO luminosity function and 

hence the more likely explanation is that early type galaxies have a brighter 

completeness limit because of their low surface brightness (Koo 1986). 

5. 7 Colour Evolution 

In order to determine the extent of evolution, we divide the galaxies into 

red and blue populations. The blue portion is defined as those galaxies with 
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colours bluer than the redshifted colours of an She galaxy. The Butcher and 

Oemler (1984) definition of blue galaxies corresponds to galaxies with rest­

frame B - V ~ 0. 7. Our definition is roughly consistent since She galaxies 

have a restframe colour of B - V = 0.6, the difference having no effect on 

the sample selection. On the other hand, it is clear that the cutoff should be 

no bluer since the two brightest cluster galaxies have Sbc colours and show 

evidence of luminosity evolution which presumably also affects their colour. 

A few of the redder objects found in both fil ters lie in the red sample but 

most of the red sample consists of galaxies that were found only in the J filter . 

These were the galaxies that had upper limi ts on their colours that matched 

the selection criterion for elliptical galaxies. Not all of these red galaxies were 

required and the galaxies were chosen by tightening the selection criterion 

until there were enough galaxies to account for the discrepancy in the num­

ber counts - i.e. adding these galaxies to the matched filter number counts 

yielded approximately the same value as for the single filter counts. Since 

most of these galaxies lack good colour information, an average colour of 

R - I = 1.4 was adopted in calculating their weighting and absolute magni­

tude. This is slightly bluer (0.1 mag) than cluster elliptical galaxies in order 

to reflect a mix of E and SO galaxies. 

Figure 5.12 shows the magnitude distribution for the entire cluster sam­

ple. Determining the evolution from apparent I magnitude would result in a 

blue fraction of~ 50%. In order to compare these observations directly with 

those of Butcher and Oemler (1984), we need to transform the J magnitude 

into a restframe V. The relationship was estimated as 

Mv0 = I - l.lO(R - I)+ 1.58 - 5logdL (5.2) 

using the approach in the previous section although the dependence on the 
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Figure 5.12: Number of cluster galaxies as a funct ion of I. The solid line 

indicates the entire cluster sample, the dashed line is the red population. 

colour term is much stronger. 

Figure 5.13 shows the magnitude distribution as a function of absolute 

V magnitude. The strength of the K corrections for the red sample is 

immediately apparent whereas many of the evolving galaxies have small K 

corrections and appear relatively dimmer . The blue fraction is determined 

from the galaxies with !vf v0 ::; -18.4 since this the la.st bin that contains a red 

population that is complete. This results is a blue fraction of 0.26±0.06. The 

uncertainty represents the range provided by the uncertainty in the actual 

colour of of the red population and the standard deviation in the R - I 

dependence of the V transformation. 

This value is comparable to that seen in the highest. redshift BO clusters 

but appears incompatible with the formal extension of the Butcher-Oemler 

effect out to higher redshifts. BO (1984) claim an increase in the fraction 
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population . The sample is incomplete beyond Mv0 = 18.4 . 

of blue galaxies in clusters from 0.03 locally to 0.25 by z = 0.5. Hence we 

would expect to see a blue fraction of 0.40 by z = 0.9. 

There are several possible explanations for this discrepancy. The largest 

source of potential error is in the determination of the red population . There 

are several strong arguments which support the assumption that galaxies 

found only in J are in fact cluster elliptical galaxies, but there is no sub­

stitute for good data. Additional observations ~ 1.0 mag deeper in R , or 

alternatively, observations in a longer wavelength filter , would be required 

to confirm the nature of this population. 

Differences in the sampling might also result in changes in the observed 

blue fraction . BO (1984) clusters were surveyed out to a radius of 3.0 Mpc 

whereas our sample covers an area corresponding to a radius of only about 0.5 
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Mpc. Since early type galaxies tend to have a higher concentration towards 

the cluster centre, our small sample area may survey only the portion of the 

cluster with the richest population of elliptical galaxies . However , the final 

BO samples are chosen from a smaller radius (based on the number density 

profile ), typically 1 - 2' for clusters with :: 2: 0.3. The corresponding met ric 

sizes are actually smaller than our surveyed area and hence this may actually 

cause us to observe too many blue galaxies. 

Another difference in our sample is that our limiting absolute magnitude 

is Mv
0 

::::::: - 19.4 (corresponding to the limit of the red population) , whereas 

the limit used by BO is a magni tude fainter at Mv0 = -18.5. This might 

perhaps cause us to detect too many red galaxies, but in fact the opposite 

will occur. Models ( e.g. Bruzual 1981 ) predict that evolution in luminosity 

will accompany, and dominate, evolution in colour , so that a brighter cutoff 

would result in the inclusion of relatively more evolving galaxies. For our 

sample, a limiting magnitude 0.7 mag brighter (Mv0 = -20.1), would result 

in an increase in the blue fraction of ::::::: 70%. 

It appears that sample differences cannot be responsible for our low frac­

tion of blue galaxies. Therefore, if our identification of the population of 

elliptical galaxies is essentially correct, the low blue fraction implies that 

evolution will not become dominant among cluster members until redshifts 

z ~ 2. Another interpretation is that since the blue fraction is very similar 

to that seen in the highest redshift BO clusters, it is possible that evolution 

increases only out to z $ 0.5, but remains fairly constant at higher redshifts. 

However, this only a single cluster and there is easily enough scatter among 

the Butcher-Oemler clusters to allow for some red clusters at high redshift 

( e.g. Cl 0016+16). The true situation can be clarified only by obsen-ations 

of other high redshift clusters. 
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Chapter 6 

Conclusion 

There is li ttle doubt that this study reveals the existence of a cluster at 

a redshift of z = 0.9, despite the lack of central condensation. The only 

obvious clues are the presence of 3C 217 and an overall number density 

enhancement of a factor of~ 2 over the field . However , the N(m) diagrams 

for all three broadband filters show an increase in counts that is steeper than 

Euclidean and a peak excess well above that predicted for a field sample. 

The excess counts are also shown to increase in both size and slope at longer 

wavelengths , opposite to what is observed in the field . These features can be 

understood in terms of the wavelength dependence of the K corrections for 

a distant cluster of galaxies. 

A Schechter fun ction provides a good fit to the excess counts in B and 

R . These were determined to have characteristic luminosities of M 8 * = 
-19.9±0.5 and MR• = -20.2±0.4 after applying distance and K corrections 

corresponding to z = 0.9 . These values of M• are in good agreement with 

published values, fur ther supporting the existence of a cluster , although the 

uncertainty in applying a single K correction to a population of galaxies 

96 
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does not allow stronger conclusions to be drawn . The I band data do not 

provide as good a fit , despite smaller K corrections , and the best fit appears 

to require that large numbers of faint galaxies go undetected. 

For galaxies that are detected in t·wo filters. the number counts show that 

the B and R fil ters contain roughly comparable populations since the counts 

remain vir t ually unchanged from those in t he individual fil ters. However , the 

number counts of galaxies detected (and matched) in both R and J show a 

large reduction compared with the counts determined from individual filters , 

suggesting that these filters are sensitiYe to different galaxy populations. The 

I band suffers the least from K dimming and hence will be more sensitive 

to early type galaxies at the cluster redshift . Of the galaxies not found in 

I , many have blue B - R colour suggesting a population of flat spectrum 

objects that are simply too faint to be seen in I . 

Once the presence of the cluster was established, an investigation of evo­

lution was undertaken . In order to distinguish between field and cluster 

galaxies, the expected colour of galaxies in the B - R vs. R - I plane was 

determined for the redshift range 0.0 S z S 1.3 using the spectral energy dis­

tributions from Coleman et al. (1980). Since these colours neglect the effects 

of evolution, the colours corresponding to evolutionary models at z = 0.9 

were also determined (Bruzual 1981 ). Spectral energy distributions using 

the broadband and narrowband fluxes were also compared to those of Cole­

man et al. to aid in identification. 

The predicted colours were then compared with the colours observed for 

a sample of galaxies with I < 23.5. Despite the high field contamination, 

removal of the field content appeared fairly straightforward for all but the 

faintest , bluest galaxies. The number of field galaxies based strictly on colour 

showed good agreement with the field counts observed by Tyson (1 988). 
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Although field contamination was one of the major problems in the original 

Butcher-Oemler work (1978), the use of two colour indices and the fact that 

the cluster is at high redshift ( and hence the colours are well separated from 

the majority of field objects) rendered thi s somewhat less of a concern. 

The majority of cluster galaxies found by this method haYe fairly blue 

colours and evolution among them is strongly indicated. However , more than 

a third of galaxies in the sample were detected only in J and these galaxies 

possess large angular sizes in addition to apparently red colours , as would 

be expected for cluster elliptical galaxies. Ignoring these galaxies would lead 

to an oYerestimate of the fraction of blue galaxies in the sample. A sample 

of the red gala.xies was taken based on the discrepancy seen in the number 

counts and this was added to the main sample. 

The entire sample was divided into red and blue populations using a blue 

criterion equivalent to that used by Butcher and Oemler (1984 ). Transform­

ing the sample to the absolute V magnitude system resulted in considerable 

brightening of the red population relative to the blue. From this we deter­

mined the blue fraction of f B = 0.26 ± 0.06 . This does not appear to be 

consistent with the f B = 0.40 expected from the formal extension of the 

Butcher- Oemler effect out a redshift of z = 0.9. Our value for the blue frac­

tion suggests less evolution over the last 50% of the age of the l. niverse, and 

requires the bulk of galaxy evolution to have occurred at redshifts ~ 2. 

This result remains somewhat tentative because of the indirect method 

used for determining the population of elliptical galaxies. However , if the 

population of elliptical galaxies has been correctly determined , other inter­

pretations are still possible. Our value of the the blue fraction is similar to 

that found in the bluer, high redshift clusters in the BO (1984 ) sample. This 

could imply that evolution remains fairly constant in the range 0.5 ~ z ~ 0.9 
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and drops off only at redshifts of z ~ 0. 5. However, these observations are of 

a single cluster and there is easily enough scatter in the BO sample to allow 

for some red clusters at high redshift s . Deeper observations are required to 

confirm the red population in this clust er and observa tiom of other high red­

shift clusters are required before any clear trends can be established . T hese 

observat ions are certainly within the limits of existing ground based tele­

scopes and would represent a significant increase in the lookback time over 

which the evolution in clusters has been observed . 

Spectroscopy of several of the cluster candidates is also required to con­

firm their redshift . The observations of the bright est galaxies in the high 

redshift BO clusters yielded several unusual E+A galaxies that are not rep­

resented locally. There may be other previously undet ected galaxy types 

waiting at even higher redshifts. A decade ago fewer than a dozen galaxies 

with redshifts of :: 2:: 0.5 were known , most of which were powerful radio 

galaxies. The situation today is much improved but radio galaxies still dom­

inate the high redshift sample. Since these galaxies are obviously peculiar , 

their spectral evolution may be very different from the large majority of 

galaxies. vVith the small size of this field , multi-aperture spectroscopy could 

be used obtain spectra for many of the cluster candidates in a single frame , 

justifying the large amount of telescope time required for objects of this mag­

nitude. This would yield important information on the spectral evolution of 

normal galaxies at high redshift. It may also be possible to measure the ve­

locity dispersion of the cluster and to test Cold Dark Matter theories which 

predict cluster formation should occur at z ~ l.O. 

The next generation of telescopes , detectors and spectrographs will surely 

allow astronomers to study clusters of galaxies at redshifts z = 1 or even 

greater , in addition to the clusters at z ~ 0.5 that are currently known. 
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Each foray out to greater distances and lookback times widens the range 

over which we obserYe the evolution of galaxies and brings us closer to the 

epoch of galaxy formation. 
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Appendix A 

Galaxies in Figures 5.5 - 5.9 

o (h m s )( 1950 ) b (0 
I ") ( 1950 ) I 

09 05 44 .50 38 00 35.7 18.23 

09 05 42.59 38 01 59.7 18.65 

09 05 44.36 38 00 00 .7 18.72 
09 05 36 .61 37 59 51. 1 19.01 

09 05 39.31 38 01 35.1 19.73 

09 05 38.53 37 59 23.6 19.80 
09 05 39. 18 38 01 20.4 20.16 

09 05 45.94 38 01 22 .1 20 .46 
09 05 36.93 38 01 19.8 20 .59 
09 05 38.82 38 01 12 .7 20.78 
09 05 38. 75 37 59 26 .4 20.80 
09 05 44 .32 38 01 53.6 20.89 

09 05 41.06 38 01 16.9 20.90 
09 05 45 .94 38 01 04.5 20.91 
09 05 41.38 38 00 29 .5 20.98 
09 05 40 .89 37 59 51.6 21.24 
09 05 40.03 38 01 48.0 21.26 
09 05 43.74 38 00 24 .8 21.36 
09 05 37.68 38 01 04 .3 21.40 
09 05 43.76 38 01 32.9 21.47 
09 05 45.71 38 00 28.7 21.61 
09 05 43.28 37 59 46.8 21.82 
09 05 43.86 38 01 57.7 21.86 
09 05 40.08 38 00 07.2 21.87 
09 05 41.26 38 01 29.8 21.90 
09 05 38.67 38 01 28.8 21.91 
09 05 36.85 38 01 04.0 21.95 
09 05 40.45 38 01 20 .9 22.00 
09 05 39.84 37 59 16.6 22.04 
09 05 39.04 38 01 16.2 22.21 
09 05 43 .65 38 01 44 .2 22.22 
09 05 42 .64 37 59 20 .7 22.22 
09 05 40.39 37 59 35.5 22.24 
09 05 37.56 37 59 30.7 22.25 
09 05 46.18 38 01 56.7 22.27 
09 05 40.71 38 00 18.0 22.34 
09 05 40.59 37 59 43 .0 22.34 
09 05 37.39 38 01 00.5 22.50 
09 05 41.27 38 01 38.6 22.53 
09 05 45.21 38 01 49.3 22.54 

105 

R-I B-R 
0.74 2.13 
0.69 2.4-1 
0.70 2.21 
0.83 2.-19 
0.64 2.16 
0.55 1.71 
1.03 1.52 
0.59 1.73 
0.55 1.00 
0.93 1.55 
0.58 1 .,., , ,J_ 

0.42 1.27 
0.61 2.12 
0.35 1.52 
0.42 1.36 
0.18 1.2, 
0.47 1.47 
1.07 1.5-1 
1.21 1.56 
0.77 0.89 
0.49 2.00 
0.32 0.76 
0.75 1.11 
0.42 1.47 
0.26 1.57 
0.33 1.40 
0.45 0.76 
0.17 0.9S 
0.39 1.39 
0.52 1.07 
0.07 0.23 
2.27 0.89 
0.21 1.20 
0.09 0.78 
0.75 0.61 
0.27 1.52 
0.14 0.85 
0.74 0.87 
0.35 1.75 
1.07 1.64 
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No. a (h ms) 6 (0 I ") I R-I B-R 
41 09 05 36.31 38 00 28 .7 22.56 1.36 2.42 
42 09 05 40.78 38 01 29.3 22.56 0.32 0.23 
43 09 05 38.16 38 01 46.4 ')') --__ ,;)' 0.35 1.14 
44 09 05 37.71 38 00 47.7 22.5S 0.53 1.51 
45 09 05 38.14 37 59 40.1 22.59 0.21 0.93 
46 09 05 43.56 38 00 39.2 22 .63 0.67 1.53 
47 09 05 37.95 37 59 16.7 22.64 0.35 0.97 
48 09 05 42.14 38 00 09.8 22.66 -0.16 1.17 
49 09 05 44.89 37 59 32.9 22 .67 0.91 0.36 
50 09 05 45.99 38 00 17.5 22 .70 0.79 0.29 
51 09 05 40.47 37 59 27.0 22.70 0.25 0.48 
52 09 05 45.31 38 00 35.2 22.71 0.24 0.82 
53 09 05 36.97 38 01 26.4 22.72 0.42 0.40 
54 09 05 40.95 38 01 27.6 22.80 0.60 1.11 
55 09 05 36.70 38 01 55.7 22.80 0.19 0.52 
56 09 05 40.01 38 01 07 .3 22.81 0.70 0.61 
57 09 05 37.54 38 00 45 .8 22 .81 0.24 1.17 
58 09 05 42.27 38 00 29 .1 22.82 1.41 2.74 
59 09 05 38.47 38 00 51.7 22 .84 0.38 0.38 
60 09 05 41.96 38 01 14.2 22.85 0.96 1.11 
61 09 05 36.42 38 01 40 .0 22.87 0.15 1.13 
62 09 05 36.46 38 01 47.4 22.87 0.78 0.09 
63 09 05 42.80 38 00 36.8 22.88 0.60 1.29 
64 09 05 42.84 37 59 48.7 22.89 0.18 0.76 
65 09 05 37.41 38 00 00.1 22.92 0.01 0.19 
66 09 05 39.00 37 59 50.6 22.92 0.53 2.39 
67 09 05 39.98 38 01 57.9 22.96 0.48 0.27 
68 09 05 43.72 38 01 45.9 22.97 0.40 -0.06 
69 09 05 38.77 37 59 32.1 22.98 0.74 0.43 
70 09 05 42.21 38 01 14.5 23.00 1.59 2.07 
71 09 05 43.37 38 00 54.6 23.05 0.51 0.77 
72 09 05 42 .66 38 01 12.5 23.05 1.02 0.62 
73 09 05 40.92 38 01 03.9 23 .07 0.46 0.54 
74 09 05 43.31 38 00 09 .0 23 .08 0.19 0.04 
75 09 05 44.73 38 01 14.8 23 .08 -0.44 0.41 
76 09 05 36.93 38 00 12.2 23.09 0.43 0.21 
77 09 05 43.27 38 01 18.0 23 .09 0.63 0.91 
78 09 05 41.56 37 59 51.3 23.11 0.09 1.06 
79 09 05 42.91 38 00 45.9 23.11 0.29 0.93 
80 09 05 44.21 37 59 29.2 23.11 1.06 0.14 
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No. o (h ms ) f;( OIII ) I R-1 B-R 
81 09 05 44 .17 37 59 50. 3 23 .12 0.39 0.36 
82 09 05 37 .08 38 00 26.3 23 .1 2 0.30 0.17 
83 09 05 42.23 38 00 56. 3 23 .1 3 0.89 2.23 
84 09 05 37.61 38 01 31. 1 23.14 0.34 1.24 
85 09 05 44.01 38 00 33 .8 23.14 1.27 3.94 
86 09 05 45 .94 38 00 07 .2 23.17 0.52 0.94 
87 09 05 43 .72 37 59 41.1 23.17 0.42 0.70 
88 09 05 39.31 38 01 46.l 23.18 0.33 1.16 
89 09 05 39.12 38 00 50.4 23 .20 0.82 0.09 
90 09 05 38.23 38 01 17.0 23.20 0.75 0.03 
91 09 05 40.02 38 01 21.0 23.20 0.40 0.92 
92 09 05 43.11 37 59 19.9 23.21 0.24 0.98 
93 09 05 42.88 37 59 31.5 23.24 0.01 1.06 
94 09 05 39.54 38 00 34.8 23.25 1.39 1.80 
95 09 05 42.95 37 59 21.1 23.26 0.08 0.48 
96 09 05 40.09 38 00 31.6 23.26 0.26 0.61 
97 09 05 39 .33 37 59 30 .3 23.26 0.13 0.27 
98 09 05 39.91 38 01 04 .9 23 .27 -0.08 0.23 
99 09 05 42.00 38 01 17.2 23.29 0.31 0.72 
100 09 05 45.81 37 59 56.5 23.30 1.62 3.58 
101 09 05 41.44 37 59 25.1 23 .30 0.16 0.71 
102 09 05 39.57 38 00 33.3 23.30 0.98 0.75 
103 09 05 36 .20 38 00 25.6 23.32 0.43 0.72 
104 09 05 40 .86 38 00 56.4 23.33 0.33 0.02 
105 09 05 46.25 38 01 20.9 23.36 0.31 0.22 
106 09 05 44.65 38 01 55.0 23.37 1.16 0.76 
107 09 05 45.69 37 59 47.0 23.37 0.69 0.29 
108 09 05 43.46 38 01 31.4 23.37 0.45 > 2.3 
109 09 05 42.62 38 01 04.4 23.40 0.95 2.11 
110 09 05 42.52 38 01 14.5 23.40 0.47 0.03 
111 09 05 37.17 37 59 46.0 23.42 0.35 0.87 
112 09 05 36.69 37 59 40.5 23.44 0.24 > 2.4 
113 09 05 40.29 37 59 32.9 23.46 1.06 0.44 
114 09 05 42.54 38 01 16.4 23.46 0.34 0.60 
115 09 05 45.80 37 59 32.7 23.47 0.12 1.63 
116 09 05 38.79 38 00 16.0 23.48 0.07 0.55 
117 09 05 43.21 38 01 16.8 23.48 0.32 1.00 
118 09 05 41.59 38 01 23 .9 23.49 1.33 2.19 
119 09 05 42.18 37 59 51.1 23.50 0.70 0.92 
120 09 05 39.78 38 00 16.U I 23.50 0.06 0.81 
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