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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 Pritchet 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 I = 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
p < 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-
tional content of 20 —30% evolving gal‘axies to a limiting absolute magnitude
of My = —19.8 (H, = 100,9, = 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 Universe 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.




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. The central bulge is
somewhat similar to elliptical 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



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 evolution 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, C1 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 lookback 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




members varies widely among clusters.

Later work by BO (1984) (see also Couch and Newell 1984) re-examined
the issue with a larger sample of clusters out to z < 0.5, using better mem-
bership criteria 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 scatter was huge; contraryto the general trend 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 (1984) sample, a fact that produces a variety of different

problems. A decrease of 2 mag in apparent magnitude corresponds to an



increase in the field (foreground/background) content of nearly a factor of
10. The high field content not only increases the possibility of making errors
in the selection of cluster members, but also makes clusters difficult to detect
because the number density enhancement of the cluster over the background
is decreased. This is further complicated by the fact that CCDs are required
for observations at this magnitude. Despite the many advantages 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 field content as a function of magnitude
by comparing the observed number counts with the recent results on field
counts from Tyson (1988). 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 (1984) use a B — V colour index to determine the proportion of
blue galaxies. However, a single index is unable to distinguish field galaxies
that may contaminate the sample. Two colour indices, B — R and R — I,

plus observations in 5 narrowband filters, are used to make an independent




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 blue 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 that 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 (Walker 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, Penston and Sandage (1971). The first optical
identification of 3C 217 was made by Laing et al. (1978) and the redshift of
2z = 0.90 was determined by Spinrad and Djorkovski (1984).

Broadband images were obtained through filters emulating the Johnson
B and the Kron-Cousins R, I systems. Narrow-band filters, with bandwidths
100 — 1304, were used to obtain data at 63004, 68004, 75004 and 8100A.



An intermediate bandwidth filter (~ 500A bandwith) was used to extend the
coverage to 9500A. Four 4600 s exposures were taken for all filters except I ,
for which six exposures were obtained. and the 9500A filter 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.”7412 pixel™!. 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.

Data 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 contribution 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



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. (i1) For all except the 6300A ob-
servations, the fringe amplitude scales closely with the sky level. The 63004
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 avoid colour biases in the
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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 divided 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 with 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, which determines the centroid via
intensity-weighted numerical integration. The values of the centroids X., Y,
are given by:

_ fI(I(I,y) — Is)dA

T [(I(z,y) - I,)dA (2.1)

Xe

and

- fy(I(xsy) —Is)dA
Y= lay) - L) dA (22)

where I(z,y) is the intensity of pixel (z,y). I, 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 :

S I, (1 - e'Rz/z"Q)
'N(R) = \/T—TTIOR (2.3)

where I, is the peak intensity, o is the width of the peak and 7, is the noise

per pixel. Differentiation vields a maximum at about R = 1.60 so that stellar
images, which have ¢ =~ 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/N 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 o is effectively equal to changing the aperture in a region
where I(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/N 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 isophotal
algorithms (1.e. Jarvis and Tyson, 1981. Shanks et al., 1984, Tyson, 1988),
and first 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 ™ (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-
tiveness at faint limits, due to the magnitude dependence of the isophotal
radius. Although corrections 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)™*. 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:

_ i rg(r)dr
T e(rydr ey
where g(r)dr = 2nrI(r)dr is the total amount of light in an annulus of

constant width dr, I(r) is the intensity at radius r and r,, is the upper
limit of integration (Kron 1980). The parameter r,, 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, is a sta-
tistical 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 2r, 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 1s adopted here.

Theoretically, the upper limit of integration r,, 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,, was set at a fixed value of 3.”3
from the centroid. A variable r,, 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; 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,,, 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 2.1¢
from the mean. Within 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 with 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 variety 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 axis 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 lack 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 2r; 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 excision algorithm applied and the total magnitude determined. For
very faint objects the growth function may become negative within 2r; 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 intensities and thus the photometric
uncertainties can be determined from the number of pixels within a radius
of 2ry, 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
Malmaquist 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 distri-
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. The fractional stellar content drops
rapidly for magnitudes fainter than B &~ 22, but can significantly contami-

nate the bright population.
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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 main approaches: para-
metric classifiers, which retain information on the light distribution (Jarvis
and Tyson 1981); and non-parametric classifiers, 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
1 r=2g(r)dr
7 g(ryar

where ¢(r) and r,, are defined as previously. Stars have maximum com-

(’I‘_g)—2 = (25)

pactness and values of r_, that are independent of magnitude. The brighter
galaxies are well resolved and have r_; values greater than those for stars.
For fainter galaxies, the value of r_; 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 + 2)* 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 distribution have been identified either by
their red colours or small r_; values in other filters that have better statistical

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_;
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_; 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_, value over nearly 5 mag in all three
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Figure 2.2: r_, 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 still 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_, 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_, 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_o 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_, 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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have very red colours resembling M stars
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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, despite 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 f 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 1o 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 attempted 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 wavelength
of the filter.

Because the calibration is based on a single observation of one star, the
main concern is whether the Penston UBV 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 3¢ 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




26

differences in the filter system may cast some doubt on this agreement, it
does suggest that our calibration is accurate to within 0.1 mag

While 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 field 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 galaxy 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
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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 readily 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 faint 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 noise, with a o that matches the sky noise, 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 either 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, r,,, 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 be 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 order < 0.1 of the ¢ 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 ¢rue 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 mifigating 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 fit to the completeness corrections and the error
bars represent \/n errors. The dashed line is a spline fit to bias corrections

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 galaa'cies 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 filters 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; 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 centroid 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 corrections 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 distance 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 I 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
insensitive to space curvature since the sensitivity to the deceleration pa-
rameter varies only as z2. 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
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graphic emulsions, rapid and automated digitizing microphotometers and
tremendous gains in computing 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 (1973), 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 (1986).

The primary effect 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 bandpasses; the extra galaxies are blue, implying evolution.)
However, the uncertainties in both the models and the observations allow
little 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 \/n 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 mag~! scale. The error bars represent

the \/n errors. The counts are for an area of 1 CCD field (6.6 arcmin?).
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Figure 4.2: Raw and corrected log counts for the R filter. The counts are in
0.25 mag bins and are normalized to a mag~! scale. The error bars represent

the \/n errors. The counts are for an area of 1 CCD field (6.6 arcmin?).
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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™! scale. The error bars represent

the \/n errors. The counts are for an area of 1 CCD field (6.6 arcmin?).
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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) diagrams 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=? mag™!
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 \/n errors, although the agreement might be improved
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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 I 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

inl.

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 deg? 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 number
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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 the 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 section 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 > 3.0 mag in B , whereas the difference is only ~ 1.3 mag
in R and ~ 0.9 mag in I . 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 I filter would be expected to show the steepest rise
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
concentration. 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)

di = g {200 + (@ = DI(200z +1)°* - 1)} (4.1)

and the metric size from

_ 4dy
C(1+2p

This gives the metric area surveyed as (0.65 x 0.98)h~2 Mpc? at z = 0.9.

S

(4.2)

H, and ¢, determine the cosmology and here are taken as 100 km s~! Mpc™!
and 0.0 respectively. 8 is the angular size and the h is the Hubble constant in
units of 100 km s~! Mpc~!. For a typical cluster core radius of r. = 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 SO’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, M*, 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
S(M)AM ~ 1070A(+IM 10410 g (4.3)

where a is a free parameter that determines the faint end slope. The faint end
slope of our counts depends on corrections that are large and have consider-
able uncertainties. Also the background increases faster than a which would
hamper its determination. Following Felten (1985), we have adopted a value
of a = —1.25 which simplifies the task of determining M*. For the apparent
magnitudes in the B and R filters, we estimate values of mj = 24.9 £ 0.5
and my = 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 Mz = —19.9+£ 0.5 and Mg = —20.2 £ 0.4. The
value for M} shows good agreement with that determined by Kirshner et al.
(1983) and Schechter (1976), who obtained Mp 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 M = —20.4 using a fixed
value of a = —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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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 I 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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values consistent with 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 N(m) diagrams for galaxies appearing in both the
B and R filters as well as their single filter counterparts. The B counts are
consistent to within y/n 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 I 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 I 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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difference in limiting magnitude is greater between R and I than between
B and 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 I 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 galaxies. The difference in the magnitude of the two
peaks is R — I ~ 0.5, which could be identified as the median colour of the
population. For the galaxies 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 I 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. The 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 @ = —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 B and R after
correcting for a distance and K dimming corresponding to the z = 0.9 redshift
of 3C 217. The I counts fail to provide an acceptable fit to a Schechter
function despite the smaller K corrections for this filter.

A possible explanation is that the filters 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-
lation enhanced by evolution but too faint to be seen in I 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

61
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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-
tions between filters. Although we are examining a cluster at known redshift,
we do not know a prior: 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 in 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 arcsec?). 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 difficulties associated with the interpretation of the colour distribution
require a careful assessment of selection effects. This is particularly im-
portant with high redshift galaxies since the K corrections through different
filters can produce large changes in the observed colours. The 1nitial samples
consist of all objects detected in the required filters. (“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 1o 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 galaxies undoubt-
edly become bluer with magnitude, estimating the extent to which this trend

continues to faiuter 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 (1988), which shows an
essentially flat distribution of R — I colours.

Figures 5.1-5.2 represent the colour-magnitude counterparts to the filter
matched N(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 I, 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, t.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




71

Figure 5.4.

5.3 A Samplein 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 filters. 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 2 = 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 I 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 I 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 toa 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 galaxies 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 within £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 BRI system through
Coleman’s spectral energy distributions. The models are for an exponential
rate of star formation and the p term indicates the fraction of gas that would
remain after 10° yr (1 Gyr) if the gas from dying stars is not returned back
into the system. For u > 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 g < 0.5. The colours for
i < 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 to u =~ 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 I 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 [o11]
3726/3729A line would have been particularly informative.) At the cluster



74

redshift, the 95004 filter contains both HA and the [OI11] 4959/5007A 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 H~ in either absorption
or emission. Likewise the 7500A filter contains the H and K calcium lines
but also includes [Nelll] + He. The 6800A filter does not appear to match
any common features and the 6300A filter contains [Nelll] 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 > z > 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 63004 and 6800A bands. Combined with the presence
of [OI11] in the 95004 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 95004 filter
drops rapidly with magnitude, partly because of the aforementioned reasons,
and also because the wavelength of the 95004 band is far enough away from

the I filter 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 I fluxes higher than
the narrow bands. The high I value is probably relative to metal and/or
Balmer absorption in the 7500A and 8100A filters while the high R value
is most likely from an [OII] 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~ "%ergs cm™2s~! which is high
but still comparable to some radio galaxies that show strong [OII] emission.
For example, the radio galaxy 3C 266 (z = 1.27) has an [OII] strength of
4.1 x 107*%ergs cm~?s~! (Spinrad and Djorgovski 1984). This is several times
greater than the implied line strength in 3C 217, even without correcting for
the higher redshift of 3C 266. Removal of the [OII] contribution from the
R mag would shift the position of 3C 217 in Figure 5.5 towards the lower

right, 1.e. towards the 2 = 0.9 locus.

Figure 5.5 plots the colours of the galaxies with I < 21.6; most of these
galaxies appear to be foreground spiral galaxies with z < 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 [OII] 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 95004 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 9500A 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 g > 0.5 indicating high rates of star formation. Some additional blue
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galaxies also appear to have 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 even greater tendency towards galaxies that are too
blue in B — R. Many of these appear to be actively evolving systems with
a high rate of star formation. Very few ob jécts 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 20 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 numbers are probably consistent 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 with 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 having 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 Galaxies

The selection of the sample required that the galaxies be detected in R in
addition to satisfying the magnitude limit imposed in I . 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 requirement 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 ] 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,



85

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 B and 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 obtainaS/N > 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_, 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_, vs. I for galaxies with I < 23.5. The circles represent

galaxies detected in both R and I, 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 I 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 I, 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 critical 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)? while surface brightness dims by (1 + z)™*. Therefore, we expect
the cluster galaxies to show greater extension and lower surface brightness
than the closer field galaxies. Simulations by Infante (1987) suggest that
by z = 0.9, the low surface brightness of elliptical 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 filter other than I . 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
30 lower limit consistent with their expected B mag. We also require that
the R — I colour be within 30 of the expected value. This produces a list of
41 galaxies that would qualify as clusters ellipticals. If 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 (I = 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_,, 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,
Mg, =1 —0.37(R — 1)+ 1.45 — 5logd, (5.1)

where d; 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 I 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 Mg, = —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 order u = 0.5 according the Bruzual’s
models. Sandage’s (1973) mean brightest cluster elliptical galaxy, for Hy =
100 km s™'Mpc™!, has an absolute restframe magnitude of Mp, = —20.9+0.4
(rms). Although the absolute magnitude of 3C 217 is comparable to this
value, Bruzual indicates that star formation in the z = 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% 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 Mp, = —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 Mg, = —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 p = 0.5-0.6. These
galaxies also do not require any further luminosity enhancement from merg-
ers to retain their status as brightest cluster members.

Aside from the luminosity of these galaxies, the other curious feature is
their tight spatial grouping; all three are located within a circle of radius
15", or ~ 80 kpc at the cluster redshift. Furthermore, this group is located
towards the 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 pu ~ 0.4) have absolute restframe magnitudes
of Mg, ~ —19.1. In contrast, the brightest red galaxy in the sample has
Mg, = —19.5 and the faintest red galaxy in the sample has Mp, = —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 S0’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 Sbc 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 Sbc 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 filters lie in the red sample but
most of the red sample consists of galaxies that were found only in the I filter.
These were the galaxies that had upper limits 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 I magnitude

into a restframe V. The relationship was estimated as
My, =1 —1.10(R —I)+1.58 — 5Slogd, (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 function 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 My, < —18.4 since this the last 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 My, = 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 I 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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Mpec. 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 = > 0.3. The corresponding metric
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 My, ~ —19.4 (corresponding to the limit of the red population), whereas
the limit used by BO is a magnitude fainter at My, = —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 (My, = —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. C1 0016+16). The true situation can be clarified only by observations

of other high redshift clusters.



Chapter 6

Conclusion

There is little 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 function provides a good fit to the excess counts in B and
R . These were determined to have characteristic luminosities of Mg* =
—19.9+0.5 and Mp* = —20.240.4 after applying distance and K corrections
corresponding to z = 0.9. These values of M* are in good agreement with
published values, further supporting the existence of a cluster, although the

uncertainty in applying a single K correction to a population of galaxies

96



97

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 two filters. the number counts show that
the B and R filters contain roughly comparable populations since the counts
remain virtually unchanged from those in the individual filters. However, the
number counts of galaxies detected (and matched) in both R and I show a
large reduction compared with the counts determined from individual filters,
suggesting that these filters are sensitive 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 < 2 < 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 (1988).
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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 this somewhat less of a concern.

The majority of cluster galaxies found by this method have fairly blue
colours and evolution among them is strongly indicated. However, more than
a third of galaxies in the sample were detected only in I 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 overestimate of the fraction of blue galaxies in the sample. A sample
of the red galaxies 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 fg = 0.26 + 0.06. This does not appear to be
consistent with the fp = 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 Universe, 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 < 2 < 0.9
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and drops off only at redshifts of = < 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 redshifts. Deeper observations are required to
confirm the red population in this cluster and observations of other high red-
shift clusters are required before any clear trends can be established. These
observations 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 brightest galaxies in the high
redshift BO clusters yielded several unusual E+A galaxies that are not rep-
resented locally. There may be other previously undetected galaxy types
waiting at even higher redshifts. A decade ago, fewer than a dozen galaxies
with redshifts of = > 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. With 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 < 1.0.

The next generation of telescopes, detectors and spectrographs will surely
allow astronomers to study clusters of galaxies at redshifts = = 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 observe 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

No. a (hms)(1950) 6 (°'")(1950) I R-1 B-R
1 09 05 4450 38 00 357 | 1823 0.74 213
2 09 05 4259 38 01 59.7| 1865 069 244
3 09 05 4436 38 00 00.7| 1872 0.0 221
4 09 05 3661 37 59 51.1| 19.01 0.83 249
5 09 05 3931 38 01 351 1973 0.64 216
6 09 05 3853 37 59 236 1980 055 1.71
7 09 05 39.18 38 01 204 | 20.16 1.03 1.532
8 09 05 4594 38 01 221| 2046 059 1.73
9 09 05 3693 38 01 19.8| 2059 055 1.00
10 09 05 3882 38 01 12.7| 20.78 093 155
11 09 05 3875 37 59 264 | 2080 058 1.52
12 09 05 4432 38 01 53.6| 2089 042 1.27
13 09 05 41.06 38 01 16.9| 2090 061 212
14 09 05 4594 38 01 04.5| 2091 035 1.52
15 09 05 41.38 38 00 29.5| 2098 042 1.36
16 09 05 40.89 37 359 51.6| 21.24 0.18 1.27
17 09 05 40.03 38 01 48.0| 21.26 047 1.47
18 09 05 43.74 38 00 24.8| 21.36 1.07 1.54
19 09 05 37.68 38 01 04.3| 2140 1.21 1.56
20 09 05 43.76 38 01 329 2147 0.77 0.89
21 09 05 45.71 38 00 28.7| 21.61 0.49 2.00
22 09 05 43.28 37 59 46.8| 21.82 032 0.76
23 09 05 43.86 38 01 57.7| 21.86 0.75 1.11
24 09 05 40.08 38 00 07.2| 21.87 042 147
25 09 05 4126 38 01 29.8| 21.90 0.26 1.57
26 09 05 38.67 38 01 288 21.91 0.33 1.40
27 09 05 36.85 38 01 04.0| 21.95 045 0.76
28 09 05 4045 38 01 209| 2200 0.17 0.98
29 09 05 39.84 37 59 16.6| 2204 039 1.39
30 09 05 39.04 38 01 16.2| 2221 0.52 1.07
31 09 05 4365 38 01 44.2| 2222 0.07 0.23
32 09 05 4264 37 39 20.7| 2222 227 0.89
33 09 05 4039 37 59 355| 2224 0.21 1.20
34 09 05 3756 37 59 30.7| 2225 0.09 0.78
35 09 05 46.18 38 01 56.7| 2227 0.75 0.61
36 09 05 40.71 38 00 18.0| 2234 0.27 1.52
37 09 05 4059 37 59 43.0| 2234 0.14 0.85
38 09 05 37.39 38 01 005 2250 0.74 0.87
39 09 05 41.27 38 01 386 | 2253 035 1.75
40 09 05 4521 38 01 493 | 2254 1.07 1.64




No. a(hms) NG I R-I1 B-R
41 00 05 3631 38 00 28.7] 22.56 1.36 242
42 09 05 40.78 38 01 29.3| 2256 0.32  0.23
43 09 05 3816 38 01 46.4| 2257 035 114
44 09 05 37.71 38 00 47.7| 22.58 053  1.51
45 09 05 3814 37 50 40.1| 2259 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 4214 38 00 09.8| 22.66 —0.16 1.17
49 09 05 4489 37 59 329! 2267 091 0.36
50 09 05 4599 38 00 17.5| 22.70 0.79  0.29
51 09 05 4047 37 59 27.0| 2270 025 0.48
52 09 05 45.31 38 00 352 2271 024 0.82
53 09 05 36.97 38 01 264 | 22.72 042  0.40
54 09 05 4095 38 01 27.6| 2280 060 1.11
55 09 05 3670 38 01 55.7| 22.80 0.9  0.52
56 09 05 4001 38 01 07.3| 22.81 0.70  0.61
57 09 05 37.54 38 00 458 | 22.81 024 117
58 00 05 4227 38 00 29.1| 22.82 141 274
50 09 05 3847 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 3642 38 01 40.0| 2287 0.15 113
62 09 05 3646 38 01 47.4| 2287 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| 22.92 053 2.39
67 09 05 39.98 38 01 57.9| 22.96 048 0.27
68 09 05 43.72 38 01 459 | 22.97 040 —-0.06
69 09 05 3877 37 59 32.1| 2298 0.74  0.43
70 09 05 4221 38 01 14.5| 23.00 159  2.07
71 09 05 43.37 38 00 54.6 | 23.05 051  0.77
72 09 05 42.66 38 01 12.5| 23.05 102  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 —044 0.1
76 09 05 3693 38 00 12.2| 23.09 043 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 4291 38 00 459 | 2311 029 093
80 09 05 4421 37 59 29.2| 23.11 1.06 0.14
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No a (hms) ('™ 1 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| 23.12 0.30 0.17
83 09 05 4223 38 00 56.3 | 23.13 0.89 2.23
8 09 05 3761 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
8 09 05 4594 38 00 07.2| 23.17 0.52 0.94
87 09 05 43.72 37 359 41.1| 23.17 0.42 0.70
88 09 05 39.31 38 01 46.1 | 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 &89 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 4295 37 59 21.1| 23.26 0.08 048
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 3991 38 01 049 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 59 251 23.30 0.16 0.71
102 09 05 39.57 38 00 33.3| 23.30 098 0.75
103 09 05 36.20 38 00 256 | 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 01 550 | 23.37 1.16 0.76
107 09 05 45.69 7 59 470 23.37 0.69 0.29
108 09 05 4346 38 01 31.4 | 23.37 045 >2.3
109 09 05 4262 38 01 044 2340 0.95 2.11
110 09 05 4252 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| 23.44 024 >24
113 09 05 40.29 37 59 329 | 23.46 1.06 0.44
114 09 05 42.54 38 01 164 | 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 0.35
117 09 05 43.21 38 01 16.8| 23.48 0.32 1.00
118 09 05 41.59 38 01 239 | 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 16.0| 23.50 0.06 0.81
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log Flux (erg cm™ s~ Hz™")
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log Flux (erg em 2 s Hz™Y)

log Flux (erg em™ s Hz™)
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log Flux (erg em™? s™' Hz™Y)

log Flux (erg cm > s~ Hz ")
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log Flux (erg em™? st Hz™)

log Flux (erg em 2 s Hz™Y)
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log Flux (erg em™2 st Hz™Y)

log Flux (erg cm™> s™' Hz™")
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log Flux (erg em™ s~ Hz™")

log Flux (erg em™ s™' Hz ™)
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log Flux (erg em > s™' Hz™")
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log Flux (erg em ™ s™ Hz™Y)

log Flux (erg em > s™' Hz')
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log Flux (erg em™ s~ Hz™")
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log Flux (erg em™ s Hz™)

log Flux (erg em™ s™' Hz™)
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log Flux (erg em 2 s Hz™Y)

1LY L I ¥ ‘ L. 3 A ‘ | S S R} ' T1rrurT I ) [ R N | Trori ‘ T 5 ¢ ] N ) ‘ ¥ ¥ 8 1 I R L) ‘ % e
-285 |— -28.5 |— i
- 49-G227I1 e - 50-G2271 ]
29 | . - 29} f R ~
: + t 1 Tk :
- , . * _ . * -
- . - | =
-295 — — -2905 — ' ]
B g - ]
~30 Jd a0k -
C ] - ]
- = L -
-30.5 - — =305+ =
- _J - -
AL l A g l LA A l J S - - | l o O [ | l ) o B | Ld L1 11 l I S, | T ) l 1111 I | IO VO (S | l Lkl J:

400 500 600 700 800 900 1000 400 500 800 700 800 900 1000
LB ﬂ | 0 S S { I i L L I T 1T I LI ]' T S L I b (N Tt R ‘I ) S [ : ‘ T TrT TrTrT 1 i [ T .
-28.5 — -285 — -
- 51-G227I - - 52-G2271 j
20 |- ’ o + . : . * ]
-29 |— . - —29 — —
.. @ * -1 P *o + + L ]
- - - —
» B L. ]
-295 — — -295|— =
- : - .
-30 — . -30 — =
: ] i ]
-30.5 — —4 -305} -i
i1 l : 3B l G IS ) ! l Y D i | l U L I ) U Y | j . P [ | l Lok L LJ ] YN Oy 2 | l | I T 3 | l . . OB e l IS | L’n
400 500 800 700 800 800 1000 400 500 800 700 800 800 1000 =

Wavelength (nm) Wavelength (nm)



Hz )

-2 -1
S

log Flux (erg cm

11Y1IYII‘IIIIIIIIIIIIY1IIIIl

7T‘TII|IerIIIIIIITIWTIIIIIII_‘

log Flux (erg ecm > s™' Hz™)

] [
-28.5 |- — -285 -
- 53-G227I - o 54-G2281 1
- b - 1_
29— . + - =29l + o
= . L] + - =
b= * - b + '
C i L |
—-29.5 — = 29.5 — + —]
- = = + -
e - b 4‘
C ] B ]
-30 —  -30 * —
- ] - ]
- . N 4
-305 Ee — -305 - —11
C I A l ;I e I S e . | l ;- B l [ T VO | l | ] { OO P | l | e I I | I S S | l Eot L) l IR I Jl
400 500 800 700 800 900 1000 400 500 800 700 800 900 1000
L I [ &b B0 W | { T I T U N F ] T 4L b ¥ ] G G B g N I i 2B l T v ¥ ] | 3 | ‘ % 7 @ ] | A A ]
-285 |— — -285|— -
- 55-G228I ' v ] - 58-G228I -
b . ° -4 : —l
r ° ' L] ’ ] N ‘
-29 — - 20} f -1
= ey : + ¢ i
-295 — — -285|— ¢ —
C ] R
- - -
b= - b
-30 |- — -30 |— -
- - b -
- — b -
- = - =
- - }_ 4‘
-305 |— —  -305 |— —
— — — |
C j SR (] ] l Y . e ] l T l e l | O [ Sy T O 7] C 5 T () o= l S T I . l LA 8 8 l Lt 0k l . I l | I ) R li
400 500 800 700 800 900 1000 400 500 800 700 800 900 1000

Wavelength (nm)

Wavelength (nm)

12



log Flux (erg cm

log Flux (erg em™ s Hz™")

RLINLJN AL L L B . LR
-28.5 — f
- 57-G228I -
L } -
- ’ —
-29 — te . * —:
-, .
-29.5 — =
C ]
-30 |— -
N :
-305 - =]
W NN N R I

400 500 600 700 800 900 1000

ILALINL AL L L I L L L e
-28.5 — —
- 59-G228I -
L i
L 4
-29 — —
: ¢ . f \ j
—205 | ' 7
C ’
-30 — —
- .
-305 -—j
Cowwa Basan Lag il g as o Laoay oLyl o

400 500 800 700 800 900 1000

Wavelength (nm)

T TT j_l T 17T 177 ] R L T ] —[ L L I T 17 177 ] | R S T
-28.5 — —
- 58-G228I .
i i
= + ° * -
—-29 — -
— -
N t y
- o ]
-205 — —
-30 |— —
- =
- .
- -
-30.5 — —
- -~
C U [ l | S T ¢ l j I L [ S Y (I ‘ I O l 1111
400 500 800 700 800 800 1000
T A TT 5 i g I L 5k B 3. | ‘ T 17177 r | S B G | ] L3 L
-285 — —j
- B80-G2291
- —
L i
-29 — ]
C f . ]
205 |- l, l ot
- e
C i
-30.5 —]
C | - | l b l } - | 1 | ) S l ; I (S U | I i e | 7]
400 500 800 700 800 800 1000

Wavelength (nm)

¢cl




log Flux (erg em™ s™' Hz ")

log Flux (erg ecm™ s~ Hz™')

T 17T 77 ] b T ] L A | 1 T 1T TT ] T G S | ] | P L RS | 1T 7177 ] | TR O O l T T T1TT I () T l 17 TT I SR B 3 R
-285 | ~ 885 |- -
= 81-G2291 B - 82-G2291 -
- . t . - ]
- ’. + L4 5 - -
-29 — — -29 |— -
L. ] - ]
-295 |- d 205 ' + t -
i ] C 2
-30 — o - -ﬂ
C ] N {
=305 — ~ -a0s | 3

» ] N
C Lok )k l | T 1 IJ Lt l | O l | T | l I N ] C Y I | l | B l 10111 l L1l l 1.8 1 l -
400 500 800 700 800 900 1000 400 500 800 700 800 800 1000
v F I L l | O I ] T 77T r R B S R | I &% N 1 & ¥ I T T 1T l % ¥ % l ) T T I L HE B i 3 I L 3 L ]
-28.5 — — -285 —{
- 83-G2291 R 4 L 84-G229] 8
- ' t . e - R ¢ .
. s *’ . < L . t . —j
E 1 |
-205 |- ¢ o Ty - -
- - - fi
— j - -
-30 - 4 -3k ]
- . - |
C ] C ]
=305 — — =305 | —
C 1.1 1 l LA 1 ) I k- k3 l 4 1 O l j I 1 . | J Y ol O ] o = | l I (O l | T O (M l | S T | l | A I N | l Loyt K 71
400 500 800 700 800 900 1000 400 500 800 700 800 900 1000+

Wavelength (nm) Wavelength (nm)




log Flux (erg cm™ s™' Hz™')

log Flux (erg em > s~ Hz )

T TTT ' Tk 1 & ' L § ' T 17T T—r ¥y L U7 ] S T 7T 77T TT T 17 I I ] T 1T 77 ] kW ] L OO AN T |

—-28.5 — — -28.5
- 85-G229I = - 688-G2291 S
C . LA ] B B
o * ’ ° 1 L —
~20 | - gol- f ? -
L o B =
— - - + ’ —

L 4 L
- i - v ]
-29.5 |— — -295— -1
- - - =
— — - -
- - b 4
|- N L 4
-30 R Ty - ~
L i i 4
~30.5 |- - -305 -
- . L <
(g o d v vaaa o ba s Coovcca Loy v oo vaoada oo b ol v

400 500 800 700 800 800 1000 400 500 800 700 800 800 1000

L e 3 | I | i S A I L SR G A ] L I . A I L l T 11T ¥ & % W I 17T 17T ] E i A TT1 B _] T 17T 177 ' | B L] ]
- 87-G230I - - 88-G230I S
29[ - -
o ‘ - L t + g
= ~ - ’ -
- * [ ] — - . + -
-295 |— — -205|— —
C . - ]
C ] C 1
ol -4 - -{

=30 — —  -30}—
- -4 }_ =
L 4 B 4
-30.5 — — -305 }— _
- - - -
C V- - l T l Lok k l 11 1 l 11 11 l AL L h‘J [ ) S | l i o ] | l L1 1 J ) I (. l | W [ | l - ]

400 500 800 700 800 800 1000 400 500 6800 700 800 800 1000

Wavelength (nm)

Wavelength (nm)

—



log Flux (erg em™ s7' Hz™')

log Flux (erg em™? s Hz™Y)

| (. L ] i L | ] ) Y R i | ‘ T % & F I S ] X & ¢ [ | l Tk T | 17177 I Ll B . J I | S l ! i ORE 1R §
-28.5 — — -285|—
- 89-G230I + . - 70-G230I 1
I ] b + 9] : . * * :
_29 |- 4 J 20 _
29 . te . 29 5 * ]
C : a . * .
-205 |- | -205} —
~30 |- a0} * -
-305 |- 1 _s0s =
.12 I |- - | l LA % L s B T | l | Sy | 1 [ Y (S} ] . | l 111 l U L 1 ¢ l [ | L | T T | I | T =8 ]
400 500 800 700 800 900 1000 400 500 800 700 800 900 1000

L L L T T 17riri l Ti177 l Y 5 8% I T U l T 5 4 W T ] T 1T r T 1T 7 ] LB I L ] I LA
-285 [— - -285 - -
- 71-G2311 = - 72-231GI E
- 4 . B -
-20 L | . * B . # -
- . 4 - . 4
= ] - ! ‘ .
- - b ¢ -
-295 |- — -205| ¢ -
-30 [_— ] -30 I ;
-305 |- 1 305 -
S l 4 T | l { VY U l Ll 1.k l | .| l L1l ] o 1 X l | | l y W) S - l T 10 T | l | W - - l [ . ]

400 500 600 700 800 900 1000 400 500 800 700 800 800
Wavelength (nm) Wavelength (nm)

)
3
¢cl



log Flux (erg em™ s Hz™)

log Flux (erg em™ s™' Hz™')

L T 1 17T I ® g ¥ ¥ l T 11T I 1 TT ] . G i _] T 1T B B ¥ F F % T 1T 77 l T 17T ‘ T 17177 rT Y 5 F ] 17T T _]
-285 |- — -285 —
- 73-G2311 s - 74-G2311 B
C ] C i
r ° + . I .
—29 - o ¢ } 4 29l e + f .
- 1 - L * -1
Lo t 4 - t + o]
- . - N
205 — 1 _—208 | :
= - -
C ] C
- — — -
- N i
-30 — — -301
- 1k |
- - -
_305 - 3 _aes| 31\
C I O U 1 L. b 1 I o) ) l o O D | l 1.1 13 l ;1 ) ] Lob . g l | Y . l .| 1 1 2 1 1 l £ 4 & 1 l L1111 ~
400 500 800 700 800 900 1000 400 500 800 700 800 900 1000
L L I T8 57 l 7177 ] { ) G A ; l T 17 TT ] T 17 TT ] B | ! I T T ‘jTl T 7T l T 17 1771 ‘ T 1 v 1 ] 1 L B B ) 4
-285 |- - -285| o
- 75-G2311 B - 78—-G2311 l
- b ¥ :!
—so [~ 4 ~ =Rt -
- ° - - .
. @ t * . L * + J
—295 |- t - -zesl- ¢ h t —
C 4 t _
- l - = |
- N - |
-30 - Jd 30k -
- ] C ]
-305 1 -30s | .
C - O | . | l { ] | J N TR (e 8 l { W S T ¢ l [ I (I ) O T R ] C ) T | l Lok ot I NI . . l ) I ) | l | U V) - | l i1 - -
400 500 600 700 800 900 1000 400 500 800 700 800 800 1000

Wavelength (nm)

Wavelength (nm)




log Flux (erg em™ s™' Hz™')

log Flux (erg cm™ s™' Hz™")

(il B L ' % T R} I | O 1. O l I I I L P 1 | i G R ] B | B B i § T | B L TR | ] ;R T B j a1 IR 3 l L L 'l' ! S 1) T_‘
-285 [— - -285- -
- 77-G2311 + - . T8-G2311 R
- - . N 1
8} . i —T Y - -
C + . N + .J
E 5 * i - X
C ] C " } ]
—-29.5 — — -295 |- ' -
- ] E t .
-30 - -30f -
C ] C ]
~305 |- - -30s | -
1 11 l ) () e I | l b 1 i l 1 1 1 l 11 1 1 l VO Ty ] s o | . | I B T O l { 55E % B l L1111 l | ) L S | l T ]
400 600 800 700 800 800 1000 400 500 600 700 800 800 1000

- 17T T I rT T ] | S R ) l L (0 [ I | (B 3 | I O G | 7: L e S ] I | i l 1777 I' LA l | L L I | . . L) 0
-28.5 — - -28.5 (— —
- 79-G2311 - 80-G231lI E
C t ¢ f 7 r .
-20 | b + & - 29 ~
- % bs -
) o L. .
: I | :
-205 — — 205 + —
= - - —~
- . = -
- 4 - .
=30 — —~  -30}— —
- : : -

- & =
-305 1 -30s[ -
- o .
lh D | l T B O l j O S O | l T 1A [ L | Il (P | l T | i o Y l Lt 4 ] l | | 1 ; v ] l | N | L A 3 Y _J

400 500 800 700 800 800 1000 400 500 600 700 800 800 1000 =

Wavelength (nm) Wavelength (nm) =



log Flux (erg em™ s™' Hz )

log Flux (erg em™ s™' Hz ")

L { i S R | ' B .G 1 T T 1T rT T 177 I LB ] T TTT _{ B TV Yy ] L L L) l ) I D ] 17T |TT ) [ J ) I L 7l
-28.5 — -285 |- =
- 81-G231I1 = - 82-G2311 + .
C ] C N t ]
—29 |— — 20— L } . -
B ] B .
C * } ’ C ]
-295 ¢ ’ - -zes|- -
C ] - _
~30 |- d  m6l- ~
-305 - - -ans |- _i
- . 5
1 1 11 l T | l B I (R ) l 1111 l I 5 | l | 1 [ | L_‘ L1l l J I I ; O ) ) l | ] ) () l | 1 | l | Y P Y ‘l
400 500 800 700 800 800 1000 400 500 800 700 800 800 1000
v TrT r
N ] L G I : A T I | 5l R I T17 7T ] : il A ] r._Y LI I T T 177 l : T, i | l L TR l ; il T [ ) I ! —]
-28.5 — — -285 — —
- 83-G2311 = F 84-G2311 -
& + ] i + '
L , i i
—29 |— ¢ f - 29 o ¢ k- * =
- * — - -
r_ * . - + }
C ] T e ‘
-29.5 — — -295 |— —
L ] L
L ¥ L
L ] - |
-30 }— + - -30 — =
| -4 b |
L i L |
b~ - — -
- . - j
=305 L— — =305 |- —-
| l 4 1 L 1111 l  E G A | J 1 111 l L1 11 B ~L T 1 1 Ll | T | l | . I | l | O O | 1 bk K J . S P 198 ; ]
400 500 800 700 800 800 1000 400 500 800 700 800 900 1000 '-3
t

Wavelength (nm) Wavelength (nm) 0




2 s HZ Y

log Flux (erg cm

log Flux (erg em™ s~ Hz™")

T T1rrrrT 1 | AN D ) l T T17T7T ] T 17 TT ] | S A S I T 1T 7T
-285 |
- 85-G2311 -
C + ]
C ]
=D e } el
—295 |- 4 _
=50 = * -
-305 — ] i
= =
1 y I | 1 S T | l 101 1 l 100k K l 1111 l } I . ]
400 500 800 700 800 800 1000

E & ¥ I b R A T/ I e 10 I (Y A N l ST X3 ] Ty § ¥
-285 -
b 87-G232I g
- t
L * -
-o0 - + ' t . _
20 - . .
b ’ -
N -~
—295 - -
-30 - ]
C ]
-305 o
C ) S . | l f p_ P ¢ l | l ; 3 e P J i 1 1 | l LA E 7

400 500 600 700 800 800 1000

Wavelength (nm)

L T 1T 177 ] ¥Fya I B A L l L ] T 117 ] TT1r 177
—285 |- —
- 86-G2321 =
— + -4
- t e ]
-29 — +o ] —
T ]
—295 | ]
C ]
—30 N
~305 |— .
C T | l L1 11 l 1111 l ) . | l 1111 I Lk IAL‘
400 500 800 700 500 900 1000
e I R l T T IY T T T 1 1 ] | S IR 3 ¢ I T 5 W
285 |- o
- 88-G232I -*
C . - -
- (A4 .
sl f N
b @ -
295 — -
C ]
-30 |- .
L i
C -
C 1
~305 |- -
- <
— .i 1 1 I 1111 1 j e () S | l i - l L1 11 l 1k £l —1
400 500 800 700 800 900 1000

Wavelength (nm) 3




& =1 Hz—l)

lcg Flux (erg cm

log Flux (erg ecm™ s Hz™')

T 17T 177 l | . T 3 I B i il A ] j a2 R B I ¥ ¥ 1 { T 8 F ¥
-285 — .
- B9-G232] .
—29 |- ]
_295 - N
C f ]
-30 + + ]
i b
-305 — 4
- -

| T | l j I . 1 o e | l S . - ] l 1 L Y T | l O |

400 500 600 700 800 800 1000
G e ] i 3 R l T30 T i A I i (e R ‘[ Y T Ty
-285 |— -
r 91-G2321 ~
L + i
b~
-29 * f ]
L . ]
i fo # ]
= ’ -
-205 |— ]
L B
- —
— -
-30 ]
- -
F -
-305 | .
- -4
C EL TR l ([ ) I | gy . l ; O B | l L i A ik l b T T | ]
400 500 600 700 800 900 1000

Wavelength (nm)

hTW‘IIlIrT]IITrTIIIII'T’W
-28.5 |— =

o 90-G232I &

-29 :_ + =

i ! .

= 2

- ¢ * -

-20.5 [— ¢ —

- -

-30 |- —

- ]

305 - e
b-l v v by g by Lo vl L

400 500 800 700 800 800 1000

LA O T L I 0 A i O LU AL L L ]

- 28.5 |— 2l

92--G2321 }

3 |

- ]

-29 L_ =
: NI f

-205 |- -

L 4

- o

~30 (— ~

B B

- —

- -

- -1
-30.5 — -

Co v lo g gal HERA R NREE AL BN RS 1 ]

400 500 800 700 800 800 1000

Wavelength (nm)

0€1




log Flux (erg em™ s Hz™")

log Flux (erg em™ s™' Hz™)

T 17T 177 'I B E I LB T ) I | S N T | I V8 1 ] V17T : S i L ] L R I T 17177 l 3 (NG N A | I ¥ I T 17T l_
-28.5 — — —-285 - =
- 93-G232I - - 94-G233I { ]
-29 — * — -29 — . —
. f ] B ]
L ¢ 4 4 L -
-29.5 — — -295 | ¢ —]
L ¢+ ] N ]
- ~ : -
-30 (— — -30 |— ==
o . - * -
- - - -
3 - - -
- 4 = o
-305 t— —{ -305 |- —
L ] C :
ta g adlaaaal IS A i A A caa o d g b la s b ag
400 500 800 700 800 900 1000 400 500 800 700 800 800 1000

AlTTTIﬂ'IIIIYIII‘lV!I‘IVIITIII 1r71Illll‘lYII111"lellll'I'I_J
-28.5 — -285 |— —
o 95-G233I — - 968-G2331 “
- ] - b
C * : C ¢ ]
-29 |— — 20 4 * -
- o * - . ° . n
T e f + ] e t -

L : I
-29.5 |— — -295 |— =3
C ’ C ]
-30 — — -30 |— —
r ] N g
= - J
=305 — — -305 |— __1
’_1111llllllJIlIlLlllJlljllll‘l—‘ ~11]IJ]]JllllllljllIlllllllllj

400 500 600 700 800 800 1000 400 500 600 700 800 200 1000 =

Wavelength (nm) Wavelength (nm) =



st Hz™)

-2

log Flux (erg cm

log Flux (erg cm™ s Hz ")

[ % & & ¥ T B TR [t T ] L T R I Y108 1 ] ik & € l L ]
285 |— _
- 97-G233l b
-29 |— * * el
” [ ] ’ } + -
-295 |— * —
-30 |— 7
— -
-30.5 |- -
= -
C . 3 1 l 1k 1. .4 l L [ | l y N P = l ! e I | J o O | L—

400 500 800 700 800 800 1000
T ¥ ¥ ¥ ' ¥ 4 I L i e e i I L R . . ] I T 17177 I i T_T]
-285 [— =)
- 99-G2331 ﬂ
= -
o f N
- —
-29 t ]
N ’ ¥ } ]
", bt ’
-295 — _
A -
- =4
- ]
— 4
-305 | =
C N A % Jmjleiyin 'y l W Ny . L ) l 5 Y O l 1k 1.1 i

400 500 800 700 800 900 1000

Wavelength (nm)

-28.5

-29

-29.5

-30

-30.5

IIIITIITTTIIIITI]erT[

LllllllllllIIll'Tll‘]TTll]lllI

98-G233I

llllllllJllll_lLJLlllllllllll

2

L]

L[ILlll[llll[llLllL

.

400

500 800 700 800 800

1000

~28.5 |—

-29

-20.6

-30

-30.5

TI}TITIIII[I!?rTT]III.

|

1171171"Illll"l‘Y[TTTl'IlT

100-G233I

+-f

llllllllllllllllllllllll

-

lllllllLLul!LLll[llLLl_L

-

400

500 800 700 800 900
Wavelength (nm)

1000

—



log Flux (erg cm™ s™' Hz™)

log Flux (erg em™ s Hz™")

17T ] G I LR ] AP I | N o S ]' LA L D ]
-28.5 — —
- 101-G233I s
—29 | t ]
L t ¢ * J
L - N 4
L ¢ 4
-29.5 |— —
- -
- -
L N
- —
-30 (— ]
— —
N ]
=305 — -
C | U | l | I . | l | I I 08 ) I | .- l . l ¢ T .} ]
400 500 800 700 800 800 1000
i e i I 3 SN A I L T A R I S T ‘ ) R il S | I L I )
-285 |— -
- 102-G233I .
- + -
- s =
N e t * E
C . ]
- —
-285 |— —
30 |— -
= =
C ]
C . | l Y I ) l L 1 1 l ¢ | l | 159) (] l ) S ) ' |
400 500 600 700 800 800 1000

Wavelength (nm)

R G 3 | T T 177 l T 17177 I - & F ] \ B i T L T AN AL ]
-28.5 — —
- 102-G233I =
- f =
_29 i p—
- ‘ -
- } )
205 |- , f T
“E B
- 4
- ]
-305 — il
= .
L_ ) o 1 | . l L i 1 1 l 11 1 LLJ ) 1 O l Lk JLq
400 500 800 700 800 800 1000
= | I [ P I v r.r ] : B | I I‘T“T‘r—r'l ﬁ—r—r—v—l—v—'}
-28.5 —
o 104 -G233I -
—20 [ —
-206 |- ]
~30 - -
N
-305 —
Lo Lig, T P
400 500 600 700 800 800 1000

Wavelength (nm)

gel



log Flux (erg cm ™ s™' Hz™')

log Flux (erg em™ s Hz™")

L l LR ] iR A ‘ LSE ) ] R B I R L | S O | I R L ) ] LU A ' R, (L . 8 T i [ (G T | I E 0 O _4

-28.5 — —~ -205}— =
- 105-G2341 B - 108—-G234I =]

-29 — + * - -29 ; -
-29.5 — — -295 (— ’ + =
-30 — —~  -30} * —
C ] - ]
-30.5 - . -305 |— __j
" ] I it ) I .44 1) l L1 11 I ) ) Y | l B 1/ I | ] C ) W ) l | {58] 1) |9 3 l 0] S T O l | | l | VS ) S l 1} 141—‘

400 500 800 700 800 800 1000 400 500 800 700 800 800 1000

b_VTlrlllrllvrlvlu11T1v|||'lv1T Wﬁﬁ—[ﬁ-ﬁﬁ’]l!rl[llﬁl
-28.5 — — -288 - -
- 107-G234] e - 108-G2341 =

-29 - 4 + * = -28 - l -
- f ' { ‘ - | |

-o¢ . ] L )
-29.5 t— — -295 }— .
C ] C * ]

- ] - t :

-30 - = -30 |— -
- _J = n|
2 N L d
" ] C ]
-30.5 - — -305}— =
- _1 o —
C 4114 l L A h ik l ? 1 (Y ) l i [ (A 1 TS (O | I Lo 1. ] 1 | -y l U I T l ' T e | l | S I l | S 79 S N l | ) 0 4 1 | ]

400 500 800 700 800 800 1000 400 500 800 700 800 800 1000

Wavelength (nm) Wavelength (nm)



log Flux (erg em > s™* Hz™)

log Flux (erg em™ s™ Hz™)

E B G T i [ L ] g T ' L M T T 1 | ) DN O | ] IR T A _J | g i I : S SR R l | (R R R i ] i e e R § | i G SR S ' I 1 e | J

-28.5 — — -285 - =
- 109-G2241 + — - ]
} ] - 5
-29 t—— — -290 |— —
- 2] = -
- toy 1 F .
= " - L) -
—~ il - -
295 [~ ** J 208 =
-30 — = -30 C -
-305 |— 3 _s0s .
C ] C ]

C | A . ) I | 1 T | l y S ' | l LA 9 l Lo i | I Y I VY [ ) 7 C y l L1 .1 l U (o T l | S P . l Lot l o | 1
400 500 800 700 800 900 1000 400 10
LEELBE ] 7_[ LB l )RR i § TT LA ] T T ] . SR [, # T Trrrr ] L L l : I | S ] TTrTT I T 17T ] T 17T g

-
-285 — -285 -]
L— 111-G2241 g L— .
- i = -
- F L F :
—-29 — — —-29 |— st
- = s —
-29.5 L f# + i — -295 |— =]
B <4 L. =
- + _J - —
-30 — _ -30 L -
- ] C 4
-30.5 — —  -305 — —
= ks -
L 11 l LA} l Lt_t 4 l L ilL_ % I { YR S5 | l ) - 1 _J A1 l ] (] O | I ; T VA (| l | A U [ | l | (ST I | [ i ) 1 i
400 500 600 700 800 800 1000 400

Wavelength (nm)

Wavelength (nm)

o
o

o
3
eet



log Flux (erg em™ s™' Hz ™)

log Flux (erg em™ s~ Hz')

L A _] T N ] T 1T T l L LB l T 17177 T 17 17T ] T v X l T 1 171 r ¢ % ¥ l = ! (AR I I o 0 l T 1 17T —1
—285 | 1 285} -
- 113-G235I - - 114-G235I .
= — - -
- J N
= * - L * =
—29 |- } 4 29 o
- 'Y 4 - =3
B i - * ]
-205— ¢ " ~ -eas |- 1 . * 4 -
— o b -
- ] C ]
C ] C ]
-30 |- -] -aso}- -]
C ] L ]
= — b -
-305 - 1 -a0s | -
1 11 l E 4 4 4 l LA % _ K l L. 1. 1 l ) B R ., | l L.k ‘LV C ) - | l__].__l_l__l._l._l_Ll__l_]._ L .l_.l ) T N l_.l_Ll__l__]_L_l_l_lL
400 500 800 700 800 800 1000 400 500 800 700 800 800 1000
o L 2l i (O l T e _I w v % ¥ I T 17177 l 17T 1T ‘ T 1T T B L T 7T 17 l 17T 177 T TTrTrT ' T 17 177 ' T 17177 ‘ TTrTT
—285 |- - 285
L 115-G2351 ] L 118-G235I
—29 - J _eef =
- +‘ + 'Y & T . f J
- f ] " e ' ‘
—205 |- ] —205 { ]
= + - = -
C ] C i
-30 |- 1 a0l e
N 1 C ]
- ] r ]
-305 |— — -305|— -
"l . k..h l T ES l 14 ) -} l ) l A_g ) & l j . . | ] o I ; O (G T l | 30 T 1 l Lk k& l - l e
400 500 800 700 800 900 1000 400 500 800 700 800 900 1000

Wavelength (nm)

Wavelength (nm)

w
D



Hz ™)

-1
S

-2

log Flux (erg cm

log Flux (erg em™ s~ Hz™')

%% 13 I ) L T | I ) GG A S B I V. S, L ] LR A I T 17177 L ) l T 17 7T I T TT l T 1T 17T ] TRy l il i |
-285 |— — -285 |- —
o 117-G235I - - 118-G135I =
- ) - - |
] i B 1
-29 L— 4 § + — -20 o
- *. = I + ¥ 4
-295 |— — -295 |- -
B il L ¢
ks N L
C ’ -
-30 | —  -30}
-305 |- 1 _308 |- j,
g . , {
Y R (e A ¢ I j I S . | l O T I - O P | l L S 1 O | I { T O l; 4 v LJ Lo k1 l | oS W ] l ( Y N O J J 1 . lJ 111 1 l
400 500 600 700 800 900 1000 400 500 800 700 800 900 1000
T 3 9 % I T F X l 7 ¥ I T 11T T i R TR I | ' (i Ny 3 q l T O | l vy & 1 ] yveE 7 1 L . I N | ‘ | I S ) <]
-28.5 | — -285 =
- 119-G1351 B - 120-G135I j
- ] C + ]
K 4 L R
-20 * —~ -2 ; t * —1
: - -
: 4 - < + + :
<295 |- ’ ¢ o —msl? . 1
3 j - {
r t ] - 1
- " - }
-30 —  -30} —
- = 8 |
C ] i |
- 4 |
-305 |— —{ -305}— =}
b | b
b ] . l % o | ] ; T8 DA ¢ l | U l B O O | l } (o e ol | ] Y O ) Y 1 I . | l 14013 l f O () | l 1 [ I_Ll_L_.I_l |
400 500 800 700 800 800 1000 400 500 600 700 800 900 1000 +

Wavelength (nm)

Wavelength (nm)

=1



<
-
)

Surname: Ross Given Names: Gordon Chattan
Place of Birth: Vancouver, British Columbia
Date of Birth:May 26, 1961

Educational Institutions Attended, with Dates of Entering and Leaving:
University of Calgary, Calgary 1979 to 1982
University of Victoria, Victoria 1985 to 1990

Degrees, Diplomas, Etc., Awarded, with Dates and Names of Institutions:

B.Sc. (Honours) 1988 University of Victoria



Partial Copyright License

I hereby grant the right to lend my thesis (the title of which i1s shown below)
to users of the University of Victoria Library, and to make single copies
only for such users, or in response to a request from the library of any
other university or similar institution, on its behalf or for one of its users. I
further agree that permission for extensive copying of this thesis for scholarly
purposes may be granted by me or a member of the university designated by
me. It is understood that copying or publication of this thesis for financial

gain shall not be allowed without my written permission.

Title of Thesis:

A Cluster of Galaxies at z = 0.9

Author: Ross, Gordon Chattan

Date, September 4, 1990





