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ABSTRACT

We present a data base of U, V' photometric and structural properties for 642 spec-
troscopically confirmed members, V-band selected to My = —18 mag, from three local
Abell clusters: A85 (= = 0.055), A496 (z = 0.033) and A754 (z = 0.055). From
our (U — V') half-light aperture colors and total model V-band magnitudes we construct
precise color-magnitude diagrams for member galaxies out to 3 1 A~! Mpc. We mea-
sure well-defined color-magnitude relations (CMR) with low intrinsic scatter (ccyr ~
0.06 — 0.09 mag) in the cluster cores (< 0.5h~' Mpc). We define three galaxy popula-
tions based on the relative color difference A(U — V) between the galaxies color and the
best-fit CMR: (1) red sequence galaxies with A(U — V) > —20cug; (2) intermediately
blue (= bS0) galaxies with —20cyr > A(U — V) > —0.425 mag; and (3) blue (Butcher-
Oemler = B-0) galaxies with A(U — V) < —0.425 mag. These color-magnitude cuts
provide a rough galaxy age segregation assuming blueward deviations from the CMR rep-
resent mean stellar age differences. Red sequence members are the traditional cluster old,
early-types (E/S0) and B-O galaxies have spiral-like colors; therefore, the bSO population
are assumed to be intermediate in age. We find a significant (~ 10% in numbers) popu-
lation of bSO members in two local clusters (A85 and A754). This is the first evidence
for a quantitatively classified population of bSO galaxies in clusters at < 1 Gyr look-back

time. The bSO populations exhibit the following characteristics:

1. Bulge-to-total morphologies intermediate between red sequence and B-O members.

~N

. Less morphological structure associated with star formation compared to normal,

field spirals.

(98]

. bSO members are not found near the cluster cores which suggests more recent infall.

o

. Lack of a significant color gradient which is different from both the cluster red
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sequence and field spirals.

The observed bSO properties are consistent with these galaxies being present-day exam-
ples midway through the predicted evolution of infalling, field spiral to red, cluster SO
via galaxy harassment and/or ram-pressure stripping. Therefore, the existence of these
galaxies provides clear observational evidence for the present-day whereabouts of the
blue galaxies once prevalent in rich clusters (the B-O effect) and for environmental based

evolution of the cluster galaxy membership.
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1 INTRODUCTION

1.1 Searching for Direct Evidence of Galaxy Transformation in Rich Clusters

In any hierarchical scenario, galaxy clusters are expected to grow through the infall of
galaxies and galaxy groups along a number of intersecting filaments (White & Frenk,
1991; West, Jones & Forman, 1995, and references therein). The clear observed difference
between the field and the cluster populations implies that galaxies either had different star
formation (SF) histories due to their environments or that they were “transformed” to
earlier types after entering the cluster. In particular, star-forming spirals from the field
are thought to transform rapidly (~ Gyr) into red early-type (SO) cluster members (e.g.
Gunn & Gott, 1972; Charlot & Silk, 1994; Poggianti et al., 1999; Smail et al., 2001).
A consequence of such a transformation should be a population of galaxies intermediate
between field spiral and cluster red SO. Yet direct observational evidence for such galaxy
transformation is scarce. Recently, Rakos et al. (2000) and Smail et al. (2001) suggest
the presence of SO cluster galaxies with blue colors at 2z ~ 0.3; however, no evidence has
been found in present-day clusters.

Therefore, we are undertaking a detailed search in a set of local (z < 0.06) Abell
clusters for a population of moderately blue, quiescent (hence, non-star f;)mﬁng and
smooth in appearance), disk galaxies that have no counterparts in the local field popu-
lation. Throughout this thesis we will use the notation bSO (= blue S0 galaxy) to denote
this predicted population of mid-transformation cluster galaxies and the well-defined pop-

ulation of moderately blue selected cluster members that we detect. We will argue that
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the bSO population we observe is, in fact, the predicted bSO population that we set out to
find.

A population of local cluster bSO members represents the predicted intermediate ap-
pearance of blue spiral to red SO transformation. This hypothesized transformation is
the leading explanation for the Butcher-Oemler effect — the observed disappearance of
blue, presumably star-forming spirals in clusters as a function of decreasing redshift (e.g.
Butcher & Oemler, 1978a, 1984; Rakos & Schombert, 1995; Margoniner et al., 2001).
Current theories state that accreted spirals, perhaps as members of infalling groups, will
cease forming stars and thus redden quickly. With no ongoing SF, the spiral structure (e.g.
arms, H II knots) will fade producing a smoothed morphology.

Reduced SF rates have been observed in clusters (Balogh et al., 1997, 1998; Hashimoto
et al., 1998), and it is straight forward to imagine simple SF truncation in early-type spi-
rals (Sa-Sb) producing classic SO galaxies with large central bulges and comparatively
small featureless disks. While a similar process in late-types (Sc-Sd) could still produce
a smoother appearance; however, without some additional transformation mechanism the
relative bulge and disk sizes would be different than those of classic SO galaxies.

Various physical mechanisms have been proposed to explain the rapid (~ 1 Gyr)
cessation of SF in cluster arrivals through either the increased consumption or the removal
of the star-forming gas. Short-term increases in star formation, including starbursts, will
consume the gas supply of a galaxy fast enough to reduce or even cease star formation.
SF enhancement examples include tidally triggered starbursts (Bames & Hernquist, 1991;
Bekki, 1999), nuclear starbursts due to funneling of gas to the core during equal-mass
mergers (Barnes & Hemnquist, 1996, 1998), and gas exhaustion via unequal-mass spiral
mergers (Bekki, 1998).

Mechanisms that physically remove the star-forming gas include tidal stripping by

either the cluster potential or individual galaxies (Spitzer & Baade, 1951; Valluri & Jog,
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1990) or ram-pressure stripping by galaxy motion through the intra-cluster medium (ICM)
(Gunn & Gott, 1972; Solanes & Salvador-Sole, 1992; Abadi, Moore & Bower, 1999).
Including the effects of turbulent and viscous stripping, Quilis, Moore & Bower (2000)
have claimed that ram-pressure will remove all atomic hydrogen gas from the disk of
galaxies like the Milky Way within 100 million years. Others have suggested that ram-
pressure stripping can temporarily induce extra star formation, even trigger starbursts, as
a means of consuming the gas (Dressler & Gunn, 1983; Hashimoto et al., 1998; Fujita &
Nagashima, 1999).

Furthermore, the infall of galaxies into dense clusters is thought to induce changes in
their physical morphology. Theoretical processes predicting such morphological evolu-
tion include galaxy harassment, the smoothing of galaxy appearances from tidal encoun-
ters upon entering the cluster environment (Moore, Lake & Katz, 1998). Other processes
include unequal-mass spiral mergers (Bekki, 1998). It is unknown whether SF trunca-
tion and physical morphology evolution occur simultaneously, or in a two-step process
Poggianti et al. (1999); Kodama & Smail (2001); Smail et al. (2001).

Finding a statistically significant sample of galaxies in mid-transformation within
clusters should provide the important intermediate snap shots to help explain the mechan-
ics of this galaxy evolution process. Given the crossing time for a rich cluster (~ 2 Gyr
from R ~ 2 h™! Mpc) and the typical timescales for the aforementioned mechanisms
(~ few Gyr), cluster members that have arrived since z ~ 0.3 will presumably contain a
blue stellar light component at z ~ 0, due to A and F-type stars from the last episode of
SF. Therefore, identifying bSO members, especially outside the core, provides an efficient
method to search for recent cluster arrivals in transition between blue field spiral and red

cluster SO.
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1.2 Motivation for this Search

The difference between galaxy types in local clusters compared to the field was first rec-
ognized by Hubble & Humason (1931). Qualitatively, nearby rich clusters are predomi-
nately (~ 60%) inhabited by red early-types (E/SO), while the field environment contains
mostly (~ 70%) blue spirals (e.g. Oemler, 1974). During the past two decades, since
Butcher & Oemler (1984) showed a remarkable increase in what is now considered the
prevalence of younger stellar populations in clusters with increasing redshift, an enor-
mous body of work has uncovered evidence for rapid evolution of cluster members over
time and attributed the enhanced evolution, at least partially, to the dense cluster environ-
ment. The majority of these studies conclude that normal, star-forming spirals transform
into red SO’s, on fairly short time-scales, once they become associated with a massive
cluster. In fact, this hypothesis of cluster SO formation via transformation directly eluci-
dates an evolutionary difference between S0’s and E’s, which are believed to form prior
to the first rich clusters.

In the previous section we summarized the theoretical expectations for this cluster
galaxy transformation. Below we briefly outline the key observations that motivate our

search for cluster galaxies in mid-transformation.

1.2.1 Observed Evolution with Redshift
1.2.1.1 Butcher-Oemler Effect

Butcher & Oemler (1978a, 1984) found that the fraction of blue, presumably late-type
star-forming, galaxies in rich clusters increases with look-back time, from a few percent
at z = 0 to 20% with large scatter at z = 0.4. This trend has been confirmed (Rakos,
Schombert & Kreidl, 1991; Lubin, 1996; Metevier, Romer & Ulmer, 2000; Margoniner &
de Carvalho, 2000; Ellingson et al., 2001; Margoniner et al., 2001) and extended to z ~ 1,
where the blue fraction may approach 80% (Rakos & Schombert, 1995; Lubin, 1996). It
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has been argued that the Butcher-Oemler effect is due to the selection such that the more
distant clusters observed by Butcher & Oemler (1984) are not the same intrinsic objects as
their local counterparts (Andreon & Ettori, 1999). However, a recent study of 295 clusters
has confirmed the Butcher-Oemler effect slope and shown the spread in this relation is
due to a strong correlation between blue fraction and cluster richness (Margoniner et al.,
2001). This trend of increased blue fractions for less rich or recently merged systems
suggests an environmental component to the Butcher-Oemler effect (Metevier, Romer &
Ulmer, 2000; Ellingson et al., 2001). Butcher & Oemler (1984) pointed out that since
Zwicky’s time it has been known that loose clusters contained more blue galaxies than
compact clusters. HST and deep ground-based observations have subsequently shown the
Butcher-Oemler blue galaxies at redshifts 0.2 < z < 0.4 are mostly normal late-type
spirals and irregular, possibly merging, systems (Lavery & Henry, 1988, 1994; Couch et
al., 1994; Dressler et al., 1994a,b; Oemler, Dressler & Butcher, 1997).

1.2.1.2 SO and Late-type Fractions

Couch et al. (1994) found higher fractions of disk-dominated systems in the cores of
z ~ 0.4 rich clusters compared to their local counterparts. Additionally, the fraction of
S0’s appears lower, with a proportional rise in the spiral fraction, for intermediate redshift
rich clusters (Dressler et al., 1997; Ellis et al., 1997). These observations have led authors
to suggest a continued production of SO’s in clusters at the expense of the presumably
infalling spiral population, and thus provide an explanation for the Butcher-Oemler effect
(Dressler et al., 1997; Ellis et al., 1997; Kodama & Smail, 2001).

1.2.1.3 Merger Fraction

The rate of merging and the luminosities of pre-merging systems are observed to decline
from z ~ 1 to the present-day (Dressler et al., 1994a; Couch et al., 1998; van Dokkum

et al., 1999). Galaxy-galaxy mergers are low velocity encounters thought to occur only
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in small, cold infalling groups of galaxies (van Dokkum et al., 1999). In local, rich clus-
ters mergers are rare due to the high (typically o ~ 1000 km s~!) velocity dispersions.
These findings are consistent with the hierarchical assembly of clusters. The declining
fraction of mergers towards z = 0 is thought to be a direct consequence of the decreased
accretion rate onto local clusters (van Dokkum et al., 1999). Furthermore, the diminished
magnitudes (i.e. mass) of mergers since z ~ 0.5 follows the merger-tree scenario which
preserves the small color-magnitude relation (CMR) scatter observed in clusters within
the hierarchical framework (Kauffmann, 1996). Disk-disk merger simulations show that
a series of mergers with a wide spread in merger epoch can reproduce the tight CMR'’s
found in z < 1 clusters if the more recent merging events produce young stellar popula-
tions from preferentially more metal-enriched gas (presumably from previous starbursts,

see Shioya & Bekki, 1998).

1.2.2 Observed Environmental Effects

In local clusters, the fraction of spirals decreases as the local galaxy number density in-
creases (e.g. Butcher & Oemler, 1978b). Furthermore, the ratio of spiral to SO surface
number density increases towards the outer cluster regions (Melnick & Sargent, 1977).
Conversely, the fraction of early-types rises towards the dense centrally concentrated
cores. These correlations are known as the morphology-density relation (Dressler, 1980),
and have been shown to extend over a wide range of densities in the local Universe (Whit-
more, Gilmore & Jones, 1993; Postman & Geller, 1984). Recent HST observations show
the morphology-density relation at moderate redshift (z ~ 0.5) to be qualitatively simi-
lar in centrally concentrated rich clusters, but absent in irregular clusters (Dressler et al.,

1997), which suggests an evolutionary connection.
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1.2.2.2 Star Formation Gradients

The dense cluster environment not only affects the morphological mix of its members,
but also appears to suppress the star formation within these galaxies compared to their
morphologically similar counterparts in the field. The rate of current SF in cluster mem-
bers, as measured by [O []A3727 equivalent width, is found to be lower than the rate for
field galaxies of comparable size, morphology and redshift (Balogh et al., 1997, 1998;
Hashimoto et al., 1998). Furthermore, the SF rate for a given bulge-to-disk (B/D) ratio
correlates with local density such that galaxies in low density environments show higher
levels of ongoing SF (Balogh et al., 1998; Hashimoto et al., 1998; Balogh & Morris,
2000). Followup studies have concluded that [O II] emission is correlated with Ha emis-
sion in cluster galaxies and, thus, is a good SF rate indicator (Balogh & Morris, 2000).
Balogh et al. (2000) conclude the SF rates of cluster galaxies depend on the time since
their infall into these dense systems and the truncation of star-formation occurs gradually

over a few Gyr.

1.2.3 Cluster Gas Deficiencies

The H I content of spirals in local X-ray clusters increases monotonicaily with radius
(Magri et al., 1988; Valluri & Jog, 1991). This finding suggests an H I content depen-
dence on cluster density. Locally, X-ray observations for some clusters show “wakes”
associated with spirals which are evidence for ram-pressure stripping of gas during the

passage through the inter-cluster medium (Kenney & Young, 1989; Drake et al., 2000).

1.3 Observational Goals

We perform a detailed search, in a set of local (2 < 0.06) Abell clusters, for a population
of moderately blue, quiescent (hence, non-star forming and smooth in appearance), disk
galaxies that have no counterparts in the local field population — the predicted bSO popu-

lation. We propose that the most efficient search method is to look for spectroscopically
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confirmed members with younger stellar populations via their rest-frame (U — V') color.
Stellar population synthesis models show that the U-band light provides an efficient mea-
sure of the young, hot stars from recent (< 2 Gyr ago) episodes of star formation (e.g.
Bruzual & Charlot, 1993; Worthey, 1994; Vazdekis et al., 1996; Kodama & Arimoto,
1997; Bruzual & Charlot, 2001). Therefore, (U — V') colors are sensitive to the evolu-
tion of the constituent stellar population in galaxies; however, we note that the existence
of the Worthey (1994) age-metallicity degeneracy (A[Fe/H] ~ 2/3A logt) may hinder
the interpretation of blue galaxy colors in terms of young stellar ages. We will study the
relative youth of blue cluster members with future spectroscopic work.

From this basis we designed an experiment to utilize the advantages of large format,
U-sensitive detectors to search 10 local (0.02 < z < 0.07) Abell clusters for the proposed
bS0’s. For each cluster, we have obtained deep (My < M, + 3) U and V'-band surface
photometry for many (~ 100 — 400) confirmed cluster members over square degree fields
(R > 0.6 h~! Mpc). Spectroscopic membership provides the advantage of not requiring
background contamination corrections which is especially important at large cluster radii.

The nuclear fiber spectra from the redshift surveys are often too low in signal-to-noise
(S/N) to be useful for spectroscopic age measurements. In addition, we require imaging
to obtain morphological and structural information. Finally, the wide-field imaging of
our study allows the exploration of the cluster outskirts (R > 0.75 h~! Mpc) where more

recent arrivals are expected to be found.

1.4 Outline of this Thesis

This thesis describes the observations, reductions and photometric calibrations of three
local, rich clusters — Abell 85 (hereafter A85) at z = 0.055, Abell 496 (hereafter A496)
at z = 0.033 and Abell 754 (hereafter A754) at z = 0.055. We present our initial
analysis of the precise U,V surface photometry for 642 spectroscopically confirmed
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members. We briefly outline each chapter below. Throughout this thesis we use h =
Hy /(100 km s~! Mpc~'), and we assume a A-CDM (cold dark matter), Qy = 0.3 and
Q) = 0.7, flat (2 = 0) cosmology.

1.4.1 Acquisition, Reduction and Sample Selection

In Chapter 2 we describe our sample selection and the observations. We present a full
description of the method we use to achieve totally reduced data. And we describe our

cluster galaxy membership criteria and the construction of our member catalogs.

1.4.2 Surface Brightness Profile Fitting

In Chapter 3 we describe the use of existing software to fit the two-dimensional light
profiles of each galaxy. With this fitting we achieve a full set of structural parameters
(presented in this chapter), plus total fluxes and quantitative morphologies. In addition,
we perform a detailed test on a sample of local spirals to quantify the reliability of the

quantitative morphology measurements.

1.4.3 U,V Galaxy Photometry

In Chapter 4 we present the necessary steps to achieve precise galaxy photometry for each
cluster member. We detail our formal random error estimates, and we present our cluster

galaxy U- and V-band photometry.

1.44 Cluster Color Magnitude Relations

In Chapter 5 we present our detailed analysis on the color-magnitude (C-M) data we
have acquired. We present our maximum-likelihood fitting analysis to measure the well-
defined color-magnitude relations of the old, red galaxies in each cluster. And we present
our color selection for defining three important cluster galaxy populations - red sequence,

moderately blue bSO, and very blue Butcher-Oemler (B-O).
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1.45 Cluster Red Sequence Galaxies

In Chapter 6 we quantify the statistical properties (color, bulge-to-total light morphology
and size) of the cluster red sequence galaxies.

1.4.6 Properties of the Blue Galaxy Populations in Three Local Clusters

In Chapter 7 we examine the observed properties of the moderately blue bSO, and very
blue B-O, galaxy populations. We concentrate on quantifying their color, projected num-

ber density, quantitative morphology, size and color gradient properties.

14.7 Conclusions

In the final chapter we summarize our results and discuss the observed properties of the
bSO and B-O galaxy populations of A85 and A754 in relation to two possible transforma-

tion mechanisms — galaxy harassment and ram-pressure stripping.
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2 OBSERVATIONS, REDUCTIONS AND CLUSTER MEMBERSHIP

DETERMINATION

2.1 Data Acquisition

2.1.1 Sample Selection

The data analyzed in this thesis come from U- and V-band images of three local, rich
clusters — A85, A496 and A754. These observations were obtained as part of our wide-
field UV I imaging survey to search for young SO galaxies in 10 nearby (z < 0.07), rich
clusters from the Abell (or ACO) catalog (Abell, 1958; Abell, Corwin & Olowin, 1989).
Precise U-band photometry is difficult because of high and variable UV atmospheric ex-
tinction. Yet, population synthesis models show that the rest-frame U/-band light is the
best indicator of relatively young stars among all optical passbands (e.g. Bruzual & Char-
lot, 1993; Vazdekis et al., 1997); therefore, the U-band is invaluable for demonstrating
the existence of a young stellar population.

The clusters were selected according to the following criteria: (a) observable from
the northern hemisphere (0 > —15°); (b) out of the Galactic plane (|| > 15°); (c)
close enough to resolve member galaxies (< 0.5 A~! kpc pix~?), yet far enough to be
in relatively smooth Hubble flow beyond the Local Supercluster (0.03 < z < 0.07); (d)
spanning a range of cluster richness; and (¢) each having > 100 spectroscopically con-
firmed members from the literature. For A85, A496 and A754, we have ~ 1500 measured
redshifts total along the three lines of sight courtesy of Zabludoff et al. (2001).
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General properties of the three clusters in this thesis are given in Table 2.1. Columns
(2) - (5) list the celestial equatorial and Galactic coordinates of the cluster cD galaxy.
The cD galaxy is the brightest cluster galaxy (BCG), and it is coincident with the center
of our imaging, thus we will use its location as the cluster center for our analysis. The
mean cluster redshifts are given in column (6). Column (7) contains the cluster richness
values, where richness R is defined in Abell (1958) by the number of galaxies N, in a
cluster with m < mg + 2, where m; is the third brightest member. Clusters in the Abell
catalog range from R=0 (30 < Ng, < 49) to R=5 (N > 500). Columns (8) - (11) list
the virial and X-ray mass and radius values from data compiled in Girardi et al. (1998).
The notation in column (12) indicates that these clusters exhibit a variety of physical
features. A85 and A496 each contain a cooling flow (CF; see Prestwich et al., 1995);
X-ray temperature maps of A85 show shocks from minor (m) merging (Markevitch et al.,
1998); and a variety of analyses suggest a major (M) subcluster merging event occurred
within the past Gyr in A754 (Henriksen, 1993; Zabludoff & Zaritsky, 1995; Markevitch
et al., 1998).

The final thesis sample contains a total of 642 spectroscopically confirmed cluster
member galaxies with a large range of absolute magnitudes (-16.5 < My < -23.0).
The U, V C-M data for A85, A496 and A754 are comparable in depth and in membership
to the most comprehensive study of the Coma cluster (Abell 1656) by Terlevich, Caldwell
& Bower (2001). To date, Coma has been the z ~ 0 benchmark in studies of massive
clusters; therefore, our data represent a valuable addition to studies of present-day cluster

member photometric and structural properties.

2.1.2 Observations

The wide field (one square degree) observations of A85, A496 and A754 presented in this
thesis were obtained during two runs at the Kitt Peak National Observatory (KPNO) 0.9-
meter telescope with the NOAO Mosaic Wide-Field Imager (Boroson et al., 1994; Muller



Table 2.1: Cluster Properties

Cluster  aggo 2000 l b z R Ry, ME* R Mp?  Notes
(™) ' (deg)  (deg)

A8S5 0041505 -091811.6 11624 -7203 0.055 1° 194 988 0.7-1.5 1.3-63 CFm

A496 0433378 -1315435 21059 -3649 0033 1° 137 320 0306 09-19 CF

A754 0908 324 -093746.5 187.67 +2471 0055 2f 132 4.23 50 0.6 M

aUnits of h~! Mpc.

PUnits of 10"Ah~! MG.

“The virial mass within R,;, assuming the mass follows the galaxy distribution and corrected for the cluster’s extent
outside of the observations.

9The range of X-ray masses within the given range of Ry.

€50 < Ngai < 79 withm < m3 + 2.

780 < Nga < 129 withm < m3 + 2.

9
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et al., 1998). These observations are summarized in Table 2.2. The date, passband filters
and Mosaic camera used are listed in columns (2) - (4). Column (5) gives the number and
duration of dithered exposures. Rough estimates of the mean seeing during the dithered
sequences are listed in column (6). Column (7) contains the range of relative airmasses
during each sequence. The relative airmass X is within 0.5% of sec z for X < 2.0, where
z is the zenith distance in degrees. The projected physical radius centered on the image,
and the physical scale, at the distance to each cluster are contained in columns (8) and
(9). The observing conditions are presented in column (10).

Total exposure times of ~ 1 hour per filter per cluster were split into 5 equal duration
exposures dithered a few arc-minutes on the sky to remove the effects of interchip gaps,
CCD defects and cosmic rays. This default Mosaic dither pattern ensured at least 80% of
the maximal exposure for all regions of a final combined image of 5 exposures.

The KPNO 0.9-meter telescope is a Richey-Chretien design with an /3.3 Cer-Vit
primary and an f/7.5 secondary. This f/7.5 system produces a curved focal plane; there-
fore, a 2-element fused silica field corrector is required for wide-field imaging with the
Mosaic camera. We used large (5.75 inches square) Johnson U and V' parfocal filters.

The V-band data were taken with the original Mosaic (hereafter MOS1) 8k x 8k
pixel CCD system comprised of eight 2048 x 4096 pixel, unthinned, engineering-grade
Loral chips. The unthinned chips result in poor quantum efficiency (QE) as shown
in Figure 2.1. The readout noise for this camera is 12.25¢~, and the dark current is
~ 100 to 250e~ hour!. The average single chip gain is 6.64e~ ADU".

The U-band data were obtained with the upgraded Mosaic camera (hereafter MOS2)
with eight 2048 x 4096 pixel, thinned, science-grade, AR coated SITe Loral chips (Wolfe
et al., 1998). Figure 2.1 shows the QE of the science-grade CCD’s falls off rapidly blue-
ward of 40004 therefore, the spectral response in the U-band is not a perfect match to
standard Johnson (1966) U-band which was obtained with a blue sensitive photomulti-
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plier. However, the use of photometric standards with a limited range of (U — V') colors
allows calibration to a standard photometric system (as described in §2.2.5). The read
noise, dark current and average single chip gain for MOS2 are 5.66e~, ~ 15~ hour™
and 2.86e~ ADU™}, respectively.

Both Mosaic imagers provided a 59’ x 59’ field of view centered near the cluster ¢cD
galaxy position. The images were unbinned with a pixel scale of 0423 (15 pm pixels).
The corresponding physical size of the field of view and the pixel scale at the distance to
each cluster is given in Table 2.2.

During nights with photometric conditions, we imaged fields containing many Landoit
(1992) standard stars to assure sampling from a range in colors similar to the cluster
galaxies (0.0 < (U - V) < 2.1). To achieve good photometric calibration, we observed
standard fields at least three times during the night at relative airmasses in the range

12X <20

2.2 Image Data Reductions

For our study we want to construct deep integration, wide-field images devoid of bad pix-
els, cosmic rays and gaps between CCD'’s, for each cluster in each passband. Achieving
such high quality images requires stacking dithered Mosaic frames which places high de-
mands on the initial data reduction uniformity (Jacoby et al., 2000). In particular, the data
must be well-flattened and carefully corrected for the variable pixel scale’s effect on the
photometric zero point uniformity.

The data for this thesis are reduced with a customized reduction pipeline that uses the

IRAF! environment and adheres to standard image reduction techniques.

UIRAF is distributed by the National Optical Astronomical Observatories, which are operated by AURA,
Inc. under contract to the NSF.



Table 2.2: Observing Log

Cluster Date Filt. Detect. 3,  Seeing® Xe FOV4  scale® Conditions
A85 Nov. 28,1997 V  MOS1 5 x 600 12 1.33-1.36 R~ 135 0318 photometric
Jan. 04, 2001 U MOS2 5 x600 14 1.41-1.58 photometric
A496 Nov. 25,1997 V  MOS1 5 x 600 1.3 142-147 R~ 0.81 0.190 nonphotometric
Nov. 27,1997 V  MOSI 1 x 300 1.2 1.43 photometric
Jan, 04, 2001 U MOS2 5x720 1.3 1.42-1.44 photometric
A754 Nov. 28,1997 V  MOS1 5 x 480 1.1 1.34-136 R~ 1.34 0314 photometric
Nov. 28,1997 V  MOSI 1 x 300f 1.1 1.34 photometric
Jan. 3, 2000 U MOS2 3x720 24 1.37-1.43 poor seeing
Jan. 4, 2000 U MOS2 5x720 2.0 1.34-1.39 photometric

2Number of exposures multiplied by single exposure time (in sec).

bEstimated mean FWHM seeing (in arcsec) during the dithered sequence of exposures.
°Range of airmass values during the exposure sequence.

9The combined frame ~ 1° FOV corresponds to 2 projected physical radii (given in h~! Mpc).

“Pixel scale units of h~! kpc pix~!.

fSingle photometric flux calibration frame.

6C
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Figure 2.1: Average Mosaic response in the U and V' passbands (solid lines). The dotted
lines represent the average quantum efficiency (QE) of the eight Mosaic Loral CCD’s for
the thinned, science-grade (U-band) and unthinned, engineering-grade (V'-band) cases.
The transmission of each filter is given by the dashed lines. The total response is the
combination of the filter transmission and QE. The U-band response of our observations
drops off rapidly blueward of ~ 3750 A, similar to the Coma observations of Bower,
Lucey & Ellis (1992a,b).
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2.2.1 Initial Processing

We perform basic reduction of the individual Mosaic frames using the IRAF MSCRED
package. This software allows image processing to be done on multi-chip exposures
as if they were single CCD frames. We trim off a first order fit to the overscan region
of the individual chip images. A small correction (< 0.1% MOSI, < 0.3% MOS2) is
necessary due to cross talk between pairs of adjacent chips sharing the same electronics
in the Mosaic detectors. The correction is to subtract a predetermined fraction of the
adjacent chip’s (i, j)** pixel value from pixel (4, j) of the current chip. We remove the
bias level (i.e. zero correct) of each Mosaic frame by subtracting the average of seven
combined bias frames. The V'-band images from MOS! require a dark correction due to
significant dark current (2 — 5 ADU per chip per exposure). Roughly 3.1% (0.4%) of
the MOS1 (MOS2) pixels are bad. The bad pixels are flagged and included in the mask
frames so that they will not be used during the final image combining. In addition, a large
portion (1000 x 1000 pixel) of the upper northeast comer of MOS|1 chip#5 appears to be
adversely affected by many hot pixels with variable dark current. This region cannot be
adequately corrected and is thus removed. thus we remove this section. Note, given the
enormous size of the frames, a removal of 10° pixels represents only 1.6% of the total

aerial coverage; therefore, the MOS1 data have a total pixel loss of ~ 5%.

2.2.2 Flat Fielding

An important step towards achieving precise photometry is to determine and remove the
response function of the individual CCD’s —i.e. to flat field the data. We construct night-
sky corrected flat-field frames by fitting a smoothed surface to a night-sky flat produced
by median combining the night’s set of same passband, unflattened cluster frames with all
objects masked out. We then multiply this surface by a typical high S/N ratio, normalized
twilight or dome illuminated flat field to produce a super-flat frame. The high S/N twilight

or dome flat is necessary to account for small scale (pixel-to-pixel) variations while the
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night-sky correction removes large-scale gradients and the effects of differing wavelength
dependencies for each chip’s response. The super flat production is iterated two times
to optimize object masking from the night-sky flat. We divide each science and standard
star image by the super flat to achieve < 1% global flatness over the eight chip array,
and to produce an uniform background level in the separate chip frames. However, this
procedure produces an 8% gradient in the photometric zero point across the image due to
the variable pixel scale of the Mosaic cameras (Jacoby et al., 2000). The uniform zero
point of the images is restored once we remap them following the astrometric solution

refinement.

2.2.3 Astrometry

Good astrometry is required to register and stack each dithered set of exposures. In addi-
tion, accurate celestial coordinates are necessary to identify galaxies with measured red-
shifts. All Mosaic images have an initial default world coordinate system (WCS) loaded
in their header at the time of observation. The WCS maps the image pixel space onto
celestial coordinate axes (RA and Dec). However, effects such as global pointing offsets,
instrument rotations and differential atmospheric refraction produce the need for correc-
tions to this astrometric calibration. We derive an accurate (RMS < 0.3") astrometric
solution for each dithered exposure by matching ~ 300 fairly bright objects (blue and red
magnitudes 12 < m g 16.5), distributed evenly over the Mosaic field, with a reference
frame determined by their epoch J2000.0 USNOv2.0 coordinates (Monet et al., 1996).
Then we map the eight chip exposures for each individual frame onto a single image by
rebinning the pixels to a tangent-plane projection, thus producing pixels of constant an-
gular size. The resultant image will be astrometrically calibrated to the J2000.0 celestial
equatorial WCS. The flux of each individual pixel is not conserved during the pixel rebin-
ning, which in tum corrects the flattened images to have a globally uniform photometric

zero point (Jacoby et al., 2000). This step constitutes the reduction end point for each
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standard star field exposure.

2.24 [Image Combination

From a set of fully processed and flattened dithered exposures, all registered to a common
WCS, we construct the final high S/N cluster image. We measure the sky level mode
of each cluster image in a dithered set and then subtract this constant sky value from its
cormresponding image. When removing the background sky, we do not attempt to remove
gradients or higher level irregularities.

Before combining a dithered sequence of exposures into a single image, we must ac-
count for the effects of differing transparency between individual frames. Transparency
differences are due to time varying effects during a dither sequences. The most com-
mon effect is the changing airmass over an hour long dithered exposure. Other effects,
resulting in variable photometric conditions (e.g. thin cirrus, clouds) can change the at-
mospheric transparency. All exposures of a dithered sequence are scaled to a reference
image with the lowest airmass and/or best photometric conditions. The multiplicative
scale factor for each image is calculated by comparing flux measurements of the set of
~ 300 astrometric calibration stars common between each image and its reference image.
Scaling factors have typical values of a few percent. Therefore, the set of precombined
cluster frames are scaled to the same effective airmass and exposure time (see Table 4.2).
We note that variable airmass conditions can affect color, but we find the relative airmass
and (U — V) color dependence to be negligible (see § 2.2.5).

Using the common WCS, we align the dithered set of scaled and sky-subtracted cluster
images. No cosmic ray rejection algorithms are used, instead we forsake a small S/N
improvement and use median combining to create a single, cosmic ray cleaned image.
Finally, the scaled mean of the background sky modes is calculated and re-added to the
median combined image. Source extraction (§ 2.3.1) and surface photometry fitting (§ 3.4)

require non-zero background levels in the final image data.
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2.2.5 Photometric System

We transform to the Landolt (1992) photometric system. For a typical photometric night
we observed ~ 100 to 200 photometric standard stars in each passband. We select pho-
tometric flux standards according to the following criteria: (i) colors similar to the range
of colors observed in typical cluster galaxies at low redshift 0.0 < (U — V)g, < 2.1; (i)
spanning a range of airmasses 1.2 < X < 2.0; and (iii) which have been observed more
than twice by Landolt (1992).

The photometric solution is based on a simple, linear transformation equation that
relates standard magnitudes to instrumental magnitudes in each band pass. The total flux
fap Within a circular aperture of 14’4 diameter, similar to that used by Landolt (1992), is
converted to an instrumental magnitude

Minstr = —2.5 log -fa—p. Q@.n
texp
Then we use IRAF’'s PHOTCAL package on the selected set of standard star m;,,, mea-

surements to find the best-fit solutions to the following transformation equations:
Vigz = Mistr + 20v + av Xy + By (U — V)re 2.2)

ULsa = Mipser + 2pv + avXv + Bu(U = V)Le2. (2.3)

The photometric system is defined by the coefficients (zp, a and 3) of the transformation
equation in each pass band. The photometric zero point zp quantifies the gain and the
total sensitivity of the telescope plus detector. The airmass term a is a measure of the
atmospheric extinction as a function of telescope altitude. The color term 3 shows how
well the instrumental system matches the Landolt (1992) system. A color dependence
on airmass is known to exist especially at bluer wavelengths; however, through testing
we find no need for an airmass-color crossterm in the transformation equation for our

photometric calibrations.
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The observed standards primarily fall on the central chips (Mosaic numbers 2, 3, 6 and
7); however, we obtain the instrumental magnitudes from a fully reduced, single image
of all eight chips. We solve the corresponding transformation equation for each nightly
set of standards in a given passband and present the coefficients and their formal errors
in Table 2.3. The photometric accuracy (~ 3% zp RMS) of this data is close to optimum
when all eight CCD’s are combined into one image. In this case, the dominant source of

uncertainty is due to CCD-to-CCD sensitivity differences (Jacoby et al., 2000).

2.3 Selection of Cluster Members

To identify member galaxies in each cluster that exhibit blue colors and morphological
parameters suggesting an SO classification, we need to decide on cluster membership.
Thus, our first step is to identify all extended sources in the final processed images. From
a catalog of extended sources with accurate coordinates, existing redshift measurements

can then be matched to determine cluster membership.

2.3.1 Magnitude Limited Catalogs

Given the large aerial coverage (~ O°) of our images, we use SExtractor (Bertin &
Amouts, 1996) to construct a catalog of accurate positions for all sources in both the
U and V final frames. We reject sources flagged as saturated or otherwise contain bad
pixels, either of which will corrupt the deblending and extraction routines of SExtractor.
In addition, stacking and combining dithered frames produces regions of lower S/N to-
wards the edge of the final deep image; therefore, we exclude sources within 140 pixels
(~ 1) of an image edge. From these large catalogs of “good” sources we plot the num-
ber counts in each passband to determine an empirical magnitude limit where the source
counts distribution flattens and begins to fall off. The good source counts Ng,oq and
magnitude-limited source counts Ny,g, plus magnitude limits my;, and corresponding

minimum source S/N ratios, for each cluster image, are listed in Table 2.4.



Table 2.3: Photometric Transformation Equation Coefficients

Date Filter N3,, RMS zp® a® B¢ Scope/Detector

Nov. 27,1997 V 44 0029 20.161 +0.012 -0.135+0.006 —0.003+0.008 0.9-m/MOSI
Nov. 28,1997 V 34 0029 20.063+0.026 —0.086+0.014 0.009 +0.008 0.9-m/MOS!
Jan. 4, 2000 U 112 0058 20.287+0.028 -0.428+ 0.016 -0.018+0.012 0.9-m/MOS2

2Number of stars used to solve transformation equation for the night and passband.
bPhotometric zero point.
¢Airmass term.

4(U — V) color term.

9t
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2.3.2 Extended Source Catalogs

We do not use the SExtractor star_class parameter to separate stellar and extended sources
since the point-spread function (PSF) is variable over the whole image resulting in elon-
gated and larger stellar profiles towards the edges of the Mosaic data. Stars with these
characteristics could easily be confused as compact galaxies by SExtractor, while small,
circular galaxies could be mis-classified as stars.

To perform star/galaxy separation we use GIM2D (Marleau & Simard, 1998; Simard
et al., 2001) to fit a PSF-convolved, bulge+disk model to the two-dimensional (2D) sur-
face brightness profile of all sources in the V-band catalog. We select the V'-band catalog
due to its higher S/N and better seeing characteristics. GIM2D provides the model half-
light radius r, (the total effective radius containing half the light within the best-fit model
profile). Though stars are not fit well by a two component model, the PSF convolution
produces ry, < 1 pixel models for stars and provides a more robust method for separating
stars and galaxies then the SExtractor star_class parameter. In addition, fitting galax-
ies with a bulge+disk model provides quantitative and repeatable measures of structural
properties such as total fluxes, sizes and morphology. In Chapter 3 we present a detailed
description of the surface photometry fitting technique and we describe the structural
measurements obtained with this data.

Using the r, > 1 pixel criteria we identify the V-band extended sources (“galaxies”™)
within the cluster field. These sources are matched to their counterparts in the U-band
magnitude limited catalog. This procedure produces a U-band selected catalog of galaxies
with U and V photometric data in each cluster field. The number of V-band extended
sources Ng,; and the total number of galaxies with U, V' photometry Nga'lv are tabulated
for each cluster in Table 2.4. We note that the shallower U-band data create a color bias
such that the lowest luminosity sources are increasingly bluer, and this bias accounts for

the difference between NV, and Ng’[" in each cluster.
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2.3.3 Confirmed Member Galaxy Catalogs

We have ~ 1500 total measured redshifts for our three clusters. These redshifts were
obtained from galaxy spectra in 1.5° square, multi-fiber fields with similar pointings as
our cluster images. Each spectroscopic fiber configuration was observed with the Las
Campanas 2.5-meter DuPont telescope using the 2D-Frutti spectrograph. The details of
this redshift survey are given in Zabludoff et al. (2001).

We define cluster membership for galaxies with recessional velocity cz within three
velocity dispersions (£30s) of the mean cluster velocity < ¢z >¢us. Therefore, we first
analyze each cluster’s total observed redshift distribution. After identifying the cluster
spike in each redshift distribution, we remove obvious noncluster redshifts to produce
possible member subsamples. Then we iteratively calculate the 3o clipped, error weighted
mean cluster recessional velocity and its dispersion from the subsample. For each cluster
this method easily converges.

Next we determine the number of redshifts from the total catalog that fall within our
cluster imaging field of view. We match these redshifts to our catalog of U,V galaxy
photometry. All galaxy/redshift coordinate matches are confined to be within 5”, and the
mean coordinate separation is < 2". Given our precise (< 0.3") astrometry, we conclude
that the largest source of error in redshift/galaxy matching arises from the redshift catalog
coordinates themselves.

Table 2.5 contains the cluster membership results. Columns (2) and (3) give the error
weighted average velocities and dispersions with their corresponding uncertainties. Col-
umn (4) lists the number of redshifts NT within the total redshift catalog, and column (5)
gives the quantity of these N, that meet our membership criteria. The total number of
redshifts within our images N, are in column (6). Columns (7) and (8) contain the num-
ber of spectroscopically confirmed members N, and nonmembers N,,,, matched to our

U,V photometric data. The average galaxy photometric/redshift coordinate separations
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for members and nonmembers are listed in columns (9) and (10).

In Figure 2.2. we plot the total member plus nonmember redshift number counts in
comparison with our U, V' galaxy counts and our V' -band extended source counts for each
cluster. This illustrates the completeness of our redshift/galaxy matching, as well as our
matches of U-band sources with our V-band extended source catalogs.

Given the proximity of our clusters, the spectroscopically confirmed nonmember (field)
galaxies in each cluster are typically background objects. In addition, each cluster has a
fraction (< 25%) of redshift data with no matching counterparts in our U-band limited
photometric catalogs. These unmatched redshifts have detected counterparts in the V-
band; however, the majority are faint (V' > 18 mag) and red, thus, their low U-band
fluxes exclude them from our U-band limited sample.

Finally, we have hundreds of unidentified (i.e. no redshift counterparts) extended
sources with U, V photometry towards each cluster. These objects with redshifts represent

the difference in limiting magnitudes between our imaging survey and the redshift survey.

2.4 Chapter Summary

In this chapter we described our cluster sample selection and the subsequent suite of ob-
servations. We explained our image data reductions in detail, including the initial process-
ing, flat fielding, astrometric calibration based on USNOv2.0 coordinates, image stacking
and combining. We set forth our method for transforming observed magnitudes to the
Landolt (1992) photometric system. We described our use of SExtractor to build source
catalogs in both passbands, and our means for distinguishing extended (galaxies) objects.
We gave the details for matching extended sources from our U- and V'-band catalogs to
redshifts kindly provided by Zabludoff et al. (2001), and we thereby produced cluster
catalogs with large membership for our three clusters — A85 (182 members), A496 (148
members) and A754 (312 members).



Table 2.4: Cluster Image Source Catalogs

Cluster Image Ngod Mmin Nmag SNiy New Net
A8S V 4128 205 2786 1425 1469

U 1574 207 1453 11-19

total 473
A496 V3301 205 3063 10-14 751

U 2183 210 2043 9-14

total 323
A754 V878 210 7578 10-19 2208

U 3924 205 3451 14-20

total 591

2 The range of S/N ratios for the limiting magnitude mp;,.

40



Table 2.5: Cluster Membership Results

Total Within Image Mean Separation
Cluster < ¢z >cus Oclus N} NYeo N: Nuem Npon mem non
(kms!') (kms™!) (arcsec) (arcsec)
AS8S 16555+ 68 1145+48 S08 282 337 182 78 1.15 1.29
A496 9888 +48 748+ 34 346 242 228 148 26 0.90 0.96
A754 16370 47 955+40 632 416 414 312 51 1.55 1.62

[i4
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Figure 2.2: Extended source counts in our cluster images. In each cluster panel we plot
the number counts distributions for extended sources from our V'-band limited catalogs
(solid outline), for matched sources with U- and V-band photometry (hatched histogram),
and for spectroscopically confirmed member and nonmember galaxies with U, V photom-
etry (shaded histogram). The V-band extended source distributions have been clipped to
resolve the completeness in the other 2 number counts.
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3 STRUCTURAL PARAMETERS AND QUANTITATIVE MORPHOLOGY

3.1 Introduction: Two-dimensional Surface Brightness Fitting

Various authors have developed software packages to obtain morphological and structural
parameters for galaxies by fitting 2D bulge and disk models to image surface brightness
profiles (e.g. Schade et al., 1995; de Jong, 1996a; Marleau & Simard, 1998; Ratnatunga
et al., 1999). Quantitative and repeatable morphological classification of cluster mem-
bers provides an objective and necessary means for distinguishing galaxy types based on
bulge-to-total light ratio and residual flux measures of galaxy smoothness. To this end,
we use the GIM2D (Galaxy IMage 2D) software (Marleau & Simard, 1998; Simard et al.,
2001) to find the best-fit, PSF-convolved, 2D model profile for each cluster member in
our study. GIM2D produces model and residual (model-subtracted) images, plus a set of

structural parameters for each galaxy.
3.2 Bulge and Disk Decomposition
We use a de Vaucouleurs (1948) r 4 bulge profile
£a(r) = Seexp{~7.67[(r/re) /4 - 1]}, 3.0

where Lg(r) is the bulge surface brightness at a distance r on the semi-major axis, r,
is bulge effective radius which encloses half of the bulge light, and X, = Zg(r,) is the

effective surface brightness. For the disk we use an exponential profile

Za(r) = o exp(-1/rq), (G2
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where I, is the central surface brightness and r is the disk scale length. Simard et al.
(2001) use the conventions “photobulge” and “photodisk” to distinguish these photomet-
ric components of galaxy light profiles from actual internal dynamic structures. For our
analysis we will continue to use the shorthand version of “bulge” and “disk” to denote the
two photometric components of our cluster members.

Our choice of software and bulge+disk profiles is supported by recent workon z < 1,
field E/SO galaxies (Im et al., 2001a) and nearby, X-ray detected, poor group members by
Tran et al. (2001), who find that galaxies with a large range of morphological type and

luminosity are well fit by models with an r 4 bulge and an exponential disk.

3.3 GIM2D Model Parameters

The GIM2D program uses the Metropolis et al. (1953) algorithm to determine the best-fit
(in a x> sense) model profile defined by a maximum of 12 free parameters — the total
integrated model flux f,..; the bulge-to-total light ratio B/T = fg/ fio: the effective
radius of the bulge r, along the bulge semi-major axis; the bulge position angle ¢g; the
bulge ellipticity ¢ = 1 — b/a, where b/a is the minor-to-major axis ratio; the exponential
disk scale length r, along the disk semi-major axis; the disk position angle ¢4; the disk
inclination angle i ( = 0 for face-on); the subpixel galaxy center offsets dz and dy; the
background residual db; and the Sérsic profile index n.

The Sérsic surface brightness profile is a generalized exponential of the form:

2(r) = Zeexp{—k[(r/re)'/™ - 1]} (3.3)

with k& = 1.9992n — 0.3271 so that for any n, . is the projected half-light radius of this
profile (see Simard et al., 2001). The classic de Vaucouleurs r a profile is given when
the Sérsic index is fixed at n = 4.

By fitting the surface brightness distribution of each cluster galaxy with an exponential

disk and r /4 bulge model, GIM2D measures their photometric (U and V' total magni-
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tudes) and their structural (B/T, r, T4, @B, 94, ¢ and €) properties with corresponding
2.50 confidence intervals. GIM2D calculates the model half-light radius ry; by integrat-
ing Lp(r) + X4(r) to r = oo. Bulge and disk position angles are measured clockwise
from east (+y) on our image data. Finally, the smooth and symmetric best-fit model is
subtracted from the actual galaxy image producing a residual image. From this a set of
possible quantitative morphology residual image parameters are derived over a range of
multiples of ry,. We discuss the quantitative morphology parameters and their reliability

in §3.5.

3.4 Galaxy Fitting Procedure

34.1 Strategy

We adopt a fitting strategy for our higher S/N V-band images where we fit 10 free pa-
rameters, leaving the Sérsic index fixed at n = 4 and the background residual fixed at
db = 0. Then we use the V-band results to hold the model orientation parameters (¢g,
e, ¢q, and ¢) fixed during the fit to our lower S/N U-band images, while maintaining a
fixed n = 4. This procedure allows observable luminosity, size and quantitative morphol-
ogy differences to be measured between passbands while retaining some similarity in the
“physical shape” of the model galaxy. In addition, separate colors for the bulge and disk
components may be investigated.

Postage stamp U and V images for each member galaxy are cut from the final com-
bined frames. Each square galaxy image has dimension twenty times the galaxy’s V-band
isophotal area A;s,, which is tabulated in the SExtractor catalog. We select this size cri-
teria to ensure each postage stamp image contains sky levels well outside the galaxy. To
insure that GIM2D is fitting the same regions within a galaxy’s U- and V' -band images we
constrain the two postage stamps to have equal sizes. We note that the number of pixels

within even the smallest galaxy. postage stamp image is much greater than the number of
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parameters to be fit. Each postage stamp image is sky subtracted. A single mask postage
stamp frame equal in size to its corresponding U and V' postage stamp images is created
from the higher S/N V-band via SExtractor. This mask frame gives different values to
sky pixels plus nearby and overlapping source pixels using a robust deblending technique
(Bertin & Amouts, 1996). Thus, the mask allows GIM2D to distinguish target object

pixels to be fit from those due to nearby or overlapping sources.

3.4.2 Point-Spread Function Convolution

To remove the effects of seeing, GIM2D convolves each object it fits with an input PSF.
GIM2D allows the choice of using an analytic Gaussian PSF function or an actual PSF
image. The Mosaic images have a PSF that varies both in size and shape as a function
of radial and angular position; therefore, using a simple analytic function defined by a
single average image seeing width does a poor job reproducing the PSF at each galaxy
location. To test which PSF provides the best fit, we compare GIM2D fit results, for > 600
extended sources distributed throughout one of our Mosaic images, using Gaussian PSFs
(analytic) and DAOPHOT PSFs (model).

For the analytic fits, a Gaussian which is circular in (a,d) and with radius equal to
the mean seeing radius is used for the PSF convolution of each source. In the model fits
we use [RAF’s DAOPHOT package to construct a variable PSF model for each combined
cluster exposure. The DAOPHOT model accounts for varying shape and size of the PSF
function over the entire Mosaic image. We determine the model PSF using ~ 250 unsat-
urated (14.0 < m < 15.5) and evenly distributed stars (class—star> 0.95) selected from
the SExtractor image catalog. From this model we generate individual PSF postage stamp
images at the pixel location of each galaxy for convolution.

The DAOPHOT model PSF convolution produces better x? best-fits than the analytic
PSF convolution. In addition, the analytic PSF fits show an undesirable systematic trend

between best-fit flux and PSF size. Since the true PSF varies in size over a Mosaic image,
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the analytic PSF often under- and over-estimates the PSF size which directly correlates
with under- and over-estimations of the GIM2D model flux. We also compare the model
PSF results to fits using the nearest unsaturated neighbor star as a PSF for a random set of
the extended sources. Again, the DAOPHOT PSF provides better fits because the model
PSFs produced at each galaxy location have better subpixel centering accuracy.

Thus, we obtain DAOPHOT model PSFs, as a function of image position, using 200 —
300 unsaturated stars for each Mosaic cluster frame to generate individual U and V' PSF
postage stamp images for each galaxy being fit. The model PSFs acquired in this manner
routinely account for > 95% of the stellar flux when applied to actual stars on a cluster

image.
3.43 Procedure

With a set of U- and V-band postage stamp images, their corresponding PSF images, a
mask frame and input initial parameter lists (specifying 10 free parameters for V fits, and
6 for U'), GIM2D first calculates a residual mean background level for each sky-subtracted
galaxy image in case of local background estimate errors. Next, GIM2D calculates ini-
tial values for the fiq, Te, 74, o8 and ¢4 model parameters from basic image moments.
Finally, GIM2D uses the Metropolis algorithm (Metropolis et al., 1953) to find the best-
fit parameter values in a complicated 10-dimensional parameter space. This algorithm
is used because it is far more robust at finding optimal parameter values in complex,
high-order parameter space compared to standard gradient search methods (Simard et al.,
2001).

The fitting results for each galaxy imaged in each passband consists of a PSF-convolved
model image, a residual (galaxy - model) image and a catalog of model structural and
quantitative morphology parameters. In Figure 3.1 we plot the minimized 2 distribu-
tions of the U- and V-band fits to the member galaxies of each cluster. The majority of

cluster members have a reasonable “goodness-of-fit” distribution around x2 = 1.
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In Tables 3.1 through 3.3, we present the structural properties from the best-fit GIM2D
model to the V'-band surface brightness distribution, for each member galaxy in the three
clusters. We do not include the U-band fit structural parameter resuits because they de-
pend on the full 10 free parameter fits to the higher S/N and better seeing V' -band data.
Furthermore, the geometric properties (¢,0s,i,¢p) are the same between the two pass-
bands since these were held fixed in the U-band fitting. Each member galaxy name listed
in column (1) is constructed from its (cg00, d2000) CooOrdinates based on our imaging.
Column (2) contains the total model half-light radius ry;. Columns (3) - (5) list the bulge
parameters re, € and ¢g. Columns (6) - (8) contain the disk parameters ry, : and ¢p.
The member galaxy scale lengths (ry, 7. and r4) are converted to physical sizes (angular

diameter distances in h~! kpc) at their parent cluster using the following equation:

r= 0 . 103 . DC(zclust) (3 4)
1+ zewst | ’

in which 6 is the angular scale length in radians.

3.5 Quantitative Morphology

3.5.1 Morphology Parameters

Quantitative classification schemes to measure galaxy morphological features are becom-
ing more common as benefits of cheap and efficient computing power. Now, large CCD
imaging data sets of hundreds of galaxies can be digitally processed quickly, and their
2D surface brightness profiles can be quantified with a variety of model fitting techniques
that are ultimately used to determine some measure of galaxian central light concentra-
tion and/or asymmetry (e.g. Fukugita et al., 1995; Schade et al., 1995; Abraham et al.,
1996a; Marleau & Simard, 1998; Bershady, Jangren & Conselice, 2000; Trujillo et al.,
2001). The use of quantitative morphological classification is advantageous over visual

(qualitative) classification because it is reproducible and it is objective.
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Figure 3.1: Minimized x? distributions from our GIM2D fits to the V' (top) and U (bot-
tom) galaxian light profiles of all cluster members. The panels are labeled left to right
with their corresponding cluster.
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We use GIM2D to model our cluster member 2D light distributions and measure quan-
titative morphologies. Im et al. (2001a) show that only two GIM2D model parameters are
required for successfully selecting E/S0’s, without substantial contamination from later-
type galaxies, from a sample of local field galaxies. The bulge-to-total (B/T’) parameter
measures how centrally concentrated the galaxy surface brightness profile is, such that
E/SO’s have larger B/T while disk galaxies have small values, and a smoothness parame-
ter ', that quantifies the residual image by measuring how discrepant the galaxy surface
brightness profile is from the simple bulge+disk model. Thus, the sense of the smooth-
ness parameter is S — 0 for objects increasingly well matched by their smooth model
profile fits.

Following Im et al. (2001a), we measure S within r = 2y, and define it as

S=Rr+ R4, 3.5)
with
ZYa|Rij + R’ ZYa|B + B
Rr= -~ T (3.6)
1 LI
and
LY,|R;; — R S Y,|B;; — B8
RA - /2IR1_1 R‘IJ ‘ _ /2' ] ij ) (37)

I L
R;; is the residual image flux at pixel (i, 7) and R} is the (3, ) pixel flux in the residual
image rotated by 180 degrees. Similar flux measures for the background noise, B;; and
B}, are calculated over an area comparable in size to the model and drawn randomly
from the full set of all background pixels in each postage stamp image (Simard et al.,
2001). I;; is the galaxy image flux at pixel (7, j). Morphological features such as spiral
arms, bars, H II regions, active nuclei or dust lanes produce measurable residuals, hence,

S provides a measure of the total structure (deviations from a smooth model profile)

in a galaxy. Note that S is not a measure of the total residual flux. Ry represents the

'Im et al. (2001a) call this parameter a residual parameter and denote it B; however, we refer to it as S
since it is not strictly an absolute measure of galaxy-model residuals.
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total summed positive and negative residuals, while R4 quantifies the absolute value of
the asymmetric residuals (e.g. asymmetric spiral arms or H II regions). Therefore, a
galaxy that exhibits symmetric positive and negative residuals of equal flux would result
in an S # 0 specifying correctly its inherent structure. We note that x> correlates with
measured residuals such that galaxies with more structure will be less well fit by a simple,
smooth model profile.

We tabulate the GIM2D best-fit model quantitative morphology parameters B/T and
S, in the U and V passbands, for the member galaxies of the three clusters in Tables 3.4
through 3.6. We plot comparisons between the morphology parameters from U and
V passband fits to each member galaxy from the three clusters in Figure 3.2. There
is general agreement, with fairly large scatter, between the B/T measures in the two
passbands, and the U-band fits appear to have slightly larger S measurements compared to
the V-band fits. For all three clusters, regardless of passband, nearly all member galaxies
have S < 0.1 indicating that the majority of cluster members are featureless. These
findings are consistent with the low (< 20%) spiral fraction in local, rich clusters (Oemler,
1974; Butcher & Oemler, 1978b). In addition, we measure a full range of bulge-to-disk
properties in each cluster. We will discuss the quantitative morphologies of different
member galaxy populations in greater detail in following chapters. For the remainder
of our analysis we will use the quantitative morphology parameters from our higher S/N

V -band data exclusively.

3.5.2 Reliability

A concern with using quantitative morphology parameters, especially those that rely on
residual fluxes from a smooth, best-fit model profile, is the effects of observational resolu-
tion and light collecting power on such measurements. The telescope aperture, pixel scale
and seeing all determine the effective resolution and minimum surface brightness detec-

tion limit for a set of galaxy observations. Therefore, faint features such as spiral arms in
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Figure 3.2: Comparisons between the GIM2D quantitative morphology parameters, B/T
(top) and S (bottom), measured from the U and V' passband images of each member
galaxy. B/T is the ratio of bulge-to-total light, and S is a residual smoothness parameter
(see definitions in text). The panels are labeled left to right with their corresponding
cluster.
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a flocculent disk galaxy may be measurable locally, yet not seen in a similar galaxy at a
somewhat larger distance when using the same telescope/detector system under the same
observing conditions.

The reliability of quantitative smoothness measures for disk galaxies in our study is
of particular importance because our goal is to search for the existence of intrinsically
smooth galaxies (S0’s), at fairly large distances (2-3 times distance to Coma), using a 1-
meter class telescope. Therefore, we test the ability of our observations to quantitatively
measure features in galaxies known to exhibit structure by artificially redshifting nearby
spiral images to our cluster sample distances and simulating reobservation through our
0.9-meter/MOS | configuration. We compare the GIM2D quantitative morphology mea-
surements from the artificially redshifted and reobserved images with those from their
rest-frame counterparts to determine the effects our observational resolution and light

collecting power have on the measurement of morphological structure.

3.5.2.1 Local Spiral Galaxy Sample

To test the ability of our observations to distinguish intrinsically smooth galaxies from
those with structure, we select a sample of 38 spirals with CCD data from the Nearby Field
Galaxy Survey (NFGS) of Jansen et al. (2000). The selection criteria are as follows: (a)
Hubble type Sa or later based on NFGS classification; (b) heliocentric recessional velocity
cz > 3000 km s~ to avoid possible Virgo infall effects on distance determinations; and
(c) visual inspection of B-band images shows obvious spiral structure — i.e. we do not
want to start with smooth galaxies. The final criterion cuts 15 galaxies from an original
subsample of 53 (from 198 total NFGS galaxies) that meet criteria (a) and (b). Finally,
two galaxies (NGC 5993 and UGC 10007) are removed due to foreground stars that are
superimposed on or near the galaxy’s disk and thus would be difficult to fit well with
GIM2D. Therefore, we have a total of 36 local field spirals from a well-defined sample

to test the reliability of our quantitative morphology measurements. The Hubble type
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breakdown for our final NFGS test sample is 5 Sa/Sab, 13 Sb/Sbc, 17 Sc/Scd and 1 Sd.
This sample spans the range of intrinsic brightness —18.8 > My > —22.4, comparable

to the brightest two-thirds of our cluster sample.

3.5.2.2 Artificially Redshifting the Data

To artificially “move” a galaxy out to a further distance corresponding to one of our cluster
redshifts, we determine the rebinning (demagnification) and dimming (flux reduction)
factors for each NFGS spiral.

We calculate the amount of demagnification AY*™® for each galaxy by constraining
the physical size to be equivalent at its observed redshift z; and its destination redshift
2’ = zquse. We use the angular diameter distance Dy(z) = D¢(2)/(1 + z), assuming
a flat Q. = 0 Universe, such that D¢(z2) is the line-of-sight comoving distance for our

assumed cosmology from Hogg (2000):

1/2

Dc(z / [QM 1+2) +QA] dz. (3.8)

Thus, we have
Ademag DC( ) . (1 +Z')
De(2) (1+z)

Similarly, we calculate the dimming factor AY™ for each galaxy by conserving the

(3.9)

rest-frame My magnitude between the observed and artificially redshifted images. First,
from the observed B magnitude tabulated in Jansen et al. (2000), we determine each

galaxy’s Mp magnitude
Mp = B + kp(z) — DM(z), (3.10)

using the Poggianti (1997) B-band, E-model k-correction’ at z;, and the cosmological
distance modulus DM(z;) = 5log Dy.(2;) — 5, which depends on the luminosity distance

Dp(z) = (1 + z) - Dc(2) at a given redshift z (Hogg, 2000).

The k-correction corrects for the redshifting of a galaxy’s spectral energy distribution with respect to
the rest-frame passband.
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Next we estimate My using the following relation:
(B-V)=0.65(B - R) —0.06, @3.11)

where the (B — R) colors are tabulated for each NFGS galaxy. The color relation in
equation (3.11) is based on Bruzual & Charlot (2001) single burst models over a full
range of age and metallicities, consistent with the mean integrated colors of spirals in de
Jong (1996b).

The expected V-band flux of each galaxy that is artificially redshifted to 2’ and reob-

served through our 0.9-meter/MOS| system is then

fl = 10—0.4(Mv-(»DM'—k’v-'zlhy:)7 (3,[2)

where DM’ and k;, are the cosmological distance modulus and V'-band Poggianti (1997)
k-correction at z’. We determine the total system zero point 2pgys = zp+2.5 log texp+0- X
from the specific destination cluster V-band observation characteristics (see Tables 2.2

and 2.3). Finally, the flux of each galaxy is reduced by the ratio

dim ———f, A3
A, ftoz(zi)’ G.3)

where fi:(2;) is the total integrated model flux from fitting a bulge+disk profile to the
original NFGS image using GIM2D.

3.5.2.3 Reobserving the Data

The last step in preparing our reliability test of quantitative morphology measures using
NFGS spirals is to reobserve the artificially redshifted galaxies using the 0.9-meter/MOS1
configuration. This requires convolving the artificially shifted images to have the same
average seeing and noise characteristics as our V-band observations of the corresponding

destination cluster.
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The reobservation seeing o’ in pixels is inversely proportional to the demagnification
factor

o = 1% . (Agemaz)—l, (3.149)

where p; is the NFGS galaxy pixel scale and 3 is the V-band mean seeing (see Table 2.2)
for the cluster whose distance we are matching. We smooth each image by convolving it

with a Gaussian of width

o =/(d")? - d?, (3.15)

where o; is the original observed seeing of the rest-frame NFGS galaxy.
To reproduce the noise characteristics of our cluster imaging, we add the mean V sky
level and then add random Poisson noise using the MOS1 gain for N median combined

frames G = 2N/3 - (6.64e~ ADU!).

3.5.2.4 Test of the Effectiveness of Quantitative Morphology Measurements

To test the effectiveness of the GIM2D quantitative morphology parameters, we compare
the parameters from the rest-frame fits of our test sample of 36 NGFS spirals, to their
counterparts artificially redshifted to our furthest cluster, A85 (cz = 16555 km s™!).
Reobserving the galaxies at this distance illustrates the maximum effect our observations
have on the GIM2D quantitative morphology parameters that we have adopted to analyze
our sample of cluster members.

In Figure 3.3 we plot vectors for each test spiral in the (B/T)y versus (S)y plane.
The vectors, from rest-frame observation (solid triangle) to redshifted observation (open
triangle), represent how much our measures of quantitative morphology are affected by
the resolving and light gathering power of our observational configuration at the largest
distances in our cluster sample. Observing a galaxy at a further distance reduces its S/N
and increases the physical size each pixel samples (pixel smoothing), thus, these affects

underestimate the measured S giving spirals with apparent structure a more smooth ap-
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pearance. In addition, the B/T ratio is somewhat affected by pixel smoothing; however,
this morphology parameter is less affected than S because the effects of pixel binning are
incorporated in the fitting procedure (Im et al., 2001a), and the bulge light is typically
well sampled. We note that though the overall effect on both parameters is fairly large
for many of the test sample galaxies, the majority remain in the region of (B/T)y,(S)v
parameter space defined by field spirals in Im et al. (2001a), and that ~ 90% of these have
smoothness measures (S)y > 0.08.

We are especially interested in our ability to detect the existence of spiral structure
in our observations of cluster members. Therefore, we calculate the difference between

smoothness measures from fits to rest-frame and artificially redshifted images:
AS = I(S)r‘;st-frame _ (S)r‘;dshiftedl ) (3.16)

For this test, the difference represents how much spiral morphology information is “lost”
when reobserving galaxies with known morphological features at a greater distance.

We split the sample of test galaxies into three roughly equal size bins based on ab-
solute V' magnitude: (a) 10 faint, My > —20; (b) 14 moderate, -21 < My < -20;
and (c) 12 bright, My < —21. The Figure 3.3 inlay shows the AS-distributions for
the three My bins. There is a correlation between intrinsic brightness and the change
in galaxy smoothness such that bright galaxies with apparent structure retain their spi-
ral features more readily than faint galaxies with lower surface brightness arms or H II
knots. However, even the faintest subsample of test spirals maintain some measure of
their intrinsic structure on average. We present example NFGS galaxies from our test
in Figure 3.4. Each panel shows a representative spiral from each luminosity bin, with
AS roughly equal to the mode value for that distribution. In all three cases, the spiral
structure, after artificially redshifting to the distance of A85 and reobserving through our
0.9-meter/MOS1 system, is still conspicuous and measurable (S > 0.1) in the GIM2D
residual image. Therefore, we conclude that spiral galaxies brighter than M, ~ —19 will
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still have spiral-like GIM2D quantitative morphology measures when observed through

our configuration at a distance corresponding to z = 0.055.

3.6 Chapter Summary

In this chapter we described our procedure for extracting postage stamp images of galax-
ies from our fully reduced cluster frames and our method for fitting an 74 bulge and an
exponential disk model to each galaxy’s 2D luminosity profile. For the bulge and disk
decomposition we used the GIM2D software which provided structural parameters and
quantitative morphology measurements. We give the details of these model parameters
and we tabulated our results in Tables 3.1 through 3.6. In Chapters 6 and 7 we will discuss
these measured cluster member properties in detail. An important consideration was the
effects of observational resolution and light collecting power on the quantitative morphol-
ogy measurements from the galaxy fitting. Therefore, we tested the effectiveness of these
measurements on a sample of nearby field spirals by artificially placing these objects at
our cluster redshifts and simulating their reobservation. We concluded that we can detect

and quantify structure in normal, bright (My ~ —19) spirals at the distances to A8S,
A496 and A754.
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Figure 3.3: V-band B/T and S values from GIM2D fits to a sample of 36 local spirals
(Jansen et al., 2000) at their observed distances (solid triangle) and artificially redshifted
(open triangle) to our most distant cluster (A85 at z = 0.055). The effect of reobserving
each galaxy through our 0.9-meter/MOS1 system at a further distance is illustrated by the
vector connecting its solid and open triangles. The regions defined by field spirals and
E/SO’s in Im et al. (2001a) are outlined by dashed lines. The test sample is split into three
brightness bins: (a) My > —20; (b) —21 < My < -20; and (c) My < —21. There
are three different size triangles representing these luminosity divisions, where the largest
triangles represent the brightest galaxies. The distribution of smoothness differences AS
between rest-frame and redshifted fits are plotted for each My bin in the inlay. There is a
trend between the luminosity of the galaxy and the amount of measured nonsmoothness
lost to the effects of observing at our most distant cluster.



Figure 3.4: Images of three representative Jansen et al. (2000) spirals from each My, bin.
These galaxies are selected to have AS roughly equal to the mode value for the corre-
sponding brightness bin. The panels for each galaxy from left to right show the rest-frame
image, the residual spiral features after subtracting the best-fit bulge+disk GIM2D model,
the galaxy’s appearance at the distance to A85 (z = 0.055) with our V -band observational
characteristics, and the GIM2D residual from fits to the artificially redshifted image. The
sequence of galaxy images illustrates our test to determine whether our adopted quanti-
tative morphology parameters are able to distinguish spiral structure (arms, H II regions)
in galaxies at our cluster distances and observed with our 0.9-meter/MOS|1 system. It is
clear that spiral features remain apparent in the faintest subsample of test spirals.
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0-094359 1.6 2.54%] i: 587093 104%) 1.39%) 22 69%] 1597
004336092548 547038 0.03%3% 39102 79+ 10610
1.8 0.03%%a1 0.0t 113i§r 0.86+90 ' 06
004339-093 03%381 0.21430 867001 3611
004 121 30 1.33%% toor 2970 125X Ty
343— -Jd_g, ' 49, +1
3-090732 26 3.19% Z: 037355 215 1943 :i AT
004344090423 19%09% 0.7013:0 94100 48t 102
4.3 1.78%049 of  106%; 04147 0=
784049 0.5910.08 A1 1
e 12673 % 9
2641008 " 2
o 54l 159 ﬂ
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Table 3.1: Abell 85 Structural Properties — continued

Galaxy 3 r2 e 5 3 id %5

3All radii are given in units of h~! kpc.
bEllipticity is equal to (1 — b/a).
“Position angles are measured clockwise from east in units of degrees.

dInclination angle (in degrees) has standard convention of i = 0° for face-on.




Table 3.2: Abell 496 V'-band Structural Properties

70

Bulge Disk

Galaxy U r e &5 3 4 o5
043140-130711 1.9 0.347313 0.0732% 169%] 1.2500% 70! 141t
043143-130710 0.6 0.19%33 0.13%% 151%F 0.68%3% 39%3 160*3
043146—132228 1.2 0.57%3%% 0424082 78%27 125008 6% 5573
043150-130905 1.3 0.61*31 0594353 11573 092838 48%2 116%3
043158—131615 1.1 0.727397 044330 11372 0947352 2572 109t}
043202-130621 1.2 0.02%33! 039432 1817 078730 38t 176%]
043203-132949 2.4 0.91*3%R 0.50%0%% 113%), 142438 55%)  55%)
043205-131019 2.4 2807355 0.15%33% 4477 0.133300 2417 344
043207-130459 3.2 1.74}32 0.09%3% 13543 1.91%38 78 1313
043212-130756 2.4 0.337085 0.221300 1207 1541383 2073  152%%
043216132403 2.8 1.47H30¢ 0521090 3577 262830 70t 3243
043220-131411 4.2 0217382 029433 1777} 260103 6571 1754
043222-130901 2.1 0.27333% 0511398 1175 134333 s2ff 512
043222131548 1.8 1.631017 042104 —46%3, 106708 4072 -18%5
043227-131558 2.0 0.56%033 0.48%391 11671 181303 541 1037
043229-132336 1.5 051235 0.06%03 17872 1.98+08 7471 176%]
043232131225 3.0 0973028 0.56%00: 35+ 2121038 39fl  gtl
043236131157 2.3 3.26%0%% 0.70%30F 59+ 0.36%0% 262 47!
043237—-131103 0.9 0.39%3%2 0317315 140%1¢ 0567008 4471 12578
043242130321 14 0.52%31% 0428311 102%1) 0837302 7612 12813
043245131126 0.9 0.22%331 0.16703% 153*2 112702 2143 134%!




71

Table 3.2: Abell 496 Structural Properties — continued

Galaxy ™ r3 e 65 ra 4 ¢

043249-124937 1.9 0877317 065392 1378 1528302 68%2 67%5
043249-131742 2.2 0.10:3%7 0.17:3% o943 150730 7l 85l
043251-125435 2.2 1.79%3%% 0.30%391 1407} 1767303 61% 138%;
043251130307 1.2 0.58%3% 0.55%3% 42%% 071139 7073 4673
043253132234 14 0.7133%2 0.22700%0 149} 17448 55% 1347
043254125852 22 1113391 0.32%0%0  72%2 1991330 73+l 45%)
043254-132351 1.6 0.71%3% 0.03%3% 131%], 096720 59 1617}
043255-131807 2.0 0.73*33 0.40%3% 11772 1567003 471 10873
043255131855 1.4 029733 0.01%0%2 12247 1.02403 28%), 59%%
043256—130057 1.8 1.24*3% 0.20%3%% —667% 1087307 375 2353
043256—133636 2.6 0.02%301 0.20%3% 78%1 1.9973% 50 627}
043256133639 3.2 1.4503% 0.25%002 33%] 1928092 413 457}
043258131216 1.2 0.02%331 0.1773¢ 1333 1714330 4412 13312
043258-131218 2.3 0.37%33 0.33+3%% 1607} 1.5570%3 35%) 14272
043259131820 1.0 1.18%3% 062708 9472 055108 345 10073
043300-131600 2.1 1.22%33% 0.48*3%  30%] 2.0780% 73 33t
043300—134232 3.2 041708 00539 6214 200709 72+l mafl
043301-125458 19 0367012 0457310 1t 123109 6972 3671
043307131239 1.1 0.18%3%% 044701 —6*1 074708 35%3 5778
043307-133557 4.6 0.89%033 0.29%0%° 63+ 3447004 g3t 627D
043309—130235 2.6 0.697010 0.13%3%8 1037} 1.55%092 g2fl 960
043309—132151 1.0 0.06%33 028108 g2t 08730 33+l 77i2
043309132346 1.6 0.577030 019130 157 1197097 622  21%2
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Table 3.2: Abell 496 Structural Properties — continued

Galaxy 3 r3 e % r3 1 3

043309-133722 2.5 0.11%3% 0.0073%2 142+] 1.83%033 70% 138%;
043311-130355 2.1 0.83%0% 034323 o7+l 2211003 64ff 7R
043311-131410 3.0 1783331 012704 11Fl% 176433 8ot 8%
043311-132801 1.5 1.51%3% 0.00%33% 20%], 0877032 68fF 10}
043315-132118 2.0 1407015 0.5973% 5%t 121330 7ol 11t}
043315—132748 1.7 049103 0213397  47%% 1567058 70+l 278
043316—130404 2.0 0.54%03% 023%2% 1822 1547303 3572 1703
043317-130906 3.3 1.55709% 0497291 120*! 2.56%091 82+t  120%)
043318—-130752 2.7 0.01%33! 0233392 8+ 174438 e62v] 14%)
043318—132259 1.8 0.457093 0137302 130%3 1651093 2673 123*3
043319-131635 1.6 0.17:33F 0.00%231 743 1347983 1972 66t}
043319-131727 0.5 023738 019732 3614 0361091 12t 8*%
043319-133048 3.5 2.0242% 012128 -6 3.23%0% 63t 55t
043319133258 1.9 1.46%33 0.2870% 18132 1.63%33% 67 169%!
043320-130315 1.4 1147317 0697280 13772 091300 557 14273
043320-132051 0.6 0.1973%% 0.177393 28+  0.65%0% 4572 4673
043320—132622 3.1 031308 049703 68%2 2.25%0% 49+l 59t
043322-131314 0.6 0.237333 033333 1507 095132 4072 15272
043323-132021 5.0 1307327 0.38%% 1177} 295%0% 75tL  118%)
043324—133103 52 1.38%0% 0471098 8% 3.22:019 82t 71#d
043325-131343 0.8 0817312 0247212 104%13 0.49%0%% 34+ 110
043326133056 2.3 0.68133: 0.1473%% 33%3 192709 g0+t 8l

043329125622 1.0 1.0373% 0.38%)%% 85*7, 0.56%3% 10f] 4478




3

Galaxy T 2
043 c ¢ L
329-132649 1.5 0.507%1 (.25+0.96 B ra i ¢
50155 0.25%g% 5617
3331125051 0.6 045108 0074012 th L02hg 205 27
043331-132246 1.3 0.89*3 OTload 2451% 044l 671 2187y
: .89 0, +0.0 - -
0.89*3%2 0.56130 557! ’ 7 218
043331-132521 0.9 050+ o %8I 116G 2N 62%
04333 50100 0.40708  83F2 +0.0 -t
2131020 15 0.79+0%2 BOL04a% 13 104%
0433 794002 0205007  11%] +0.0 -t
32-131654 1.1 0667315 0.22+9% Lok 42h 25T
002913 U.22°,, -
043334—131853 0.8 0.5133% 0 :os T 06855 664 0%
8 0.51%0¢8 0.0670:03 - -1
043334-132251 1.1 0.6413% 0 i 1047 05%gg 40T 17T
' 647004 0.23%0:2 - -5
043336-125802 1.9 0 oo 1615 127%4g 705 1625
9 077139 0271002 gt ' - 1627
043336-132526 1.3 0.49*2% o0 ;zm L1995y 8% 25T
' 497502 0.42 02 - -0
043338—131543 7.5 531708 0 oo WL Lo 38 UG
5 531703 015333 - -2
043337-125956 1.0 0.25:3% 0 +:m 817 50335 MI 86Y
0 025%303 0.28%0%5 - - -1
043337130101 1.1 0.44%3% 0 +2'05 1523 Lo2%gg s6n 1%
1 0447503 043553 - -1
043337-131520 1.2 0.01*3% o 09+§'Zj 163%3 0.89*3% 5817 184%
Ji-000 Y- - -1
043338—131501 0.4 0.57+17 o4 8%y 1.3540g 11%' 80l
* (2011 0.31+0.09 —-46
043339 00 1267 0.2470%2
130312 2.2 0.611% 0.2720% : unye 2% 12
043339133136 1 Toe 1775 18445 75N
4 014708 311083 gy 0 755 165%
043340-132032 12 088085 o 31:;2? T L28RE T0H 84
882904 0.317, -1
043341-125541 1.4 1.00333% M Sh 097hm WL 1%
4 100553 0524377 - -2
043341-125547 1.5 132834 0 ;:;: O7HI  0.947099 48T  g513
g, .1 K -11
043342-131013 2 o 01855 9057 08955 28
0 1413004 (354000 o4l e 287 957
043342131654 10 025821 ¢ 67:;21 Hoolaikg L 3T
49008 Y- . ~2
043343-130847 1.0 113*% 05 ;322 175 07655 66T 297
13505 0.5815%; 13813 . N
8 0.591004  49+3  jo5H




Table 3.2:
: Abell 496 Structural Properties — ¢
—continued

74

Galaxy i ra b
€
043343-132024 12 0.68*3% % I
043 2 0.6872% 0.23+0%2 +1 : b
345133350 oo, 98t  1.28707%
24 0.437937 005 47% +
0433 43403 0.57509% +14 T
46—130542 0.7 0.41+017 Zon3 9674 1’40t8'04 51+
0433 AL 0.45%000 13448 o SN %
47-131756 1.0 0.64%53 o 13453 050%5p 25T 1132
043349~ ‘0%_0.20 0.22f°:12 +6 ’ 10 13-%3
9-130521 1.3 0.67*%4 G 997 07345 555
0433 67T 0301009 s n8r3
49—131227 0.9 0.44+20 BH UTH  086k0 52
0433 9 044738 049132 11873 o 52 1163
49132603 21188 0677
0.9 0.42+0L 00 4843
043 427008 027100 + 31095
351-131454 1 o 20t 0.67+0.04 2
8 1.89+002 0. 67H00 3055 498}
o3 202 0.21400 + 9 ~-10
351-133236 o 139 0.01%09
236 16 031533 0.16233 L00UE 1L 1827
043353-131524 09 0 39”'15 163008 1647 1011008 4942 A
9 0.397% 0. -0. 2 ot
043354-132218 0.7 0 o 010535 59%5  0.58%55; o I
3 e
356-125913 0.6 0.55%0% T 17 040 103
0433 6 0.557508 0.42503 +3 o 105 T0%
57—131919 0 187 0.36%0%2
1.2 0.63+0-23 -0.05 10+12
0433 00_ 925 0.58+0.05 +6 —4 ‘ﬁfgl,s
57-132745 2.3 2.09%33 B 4 omng 52
o4 3 2.001088 (o100l s 52t2 6573
358—133948 1 -ool ‘121"% 1.54+0-02 3
1 0.851218 0301011 Sdhay 285 -0
043359—-130627 1.2 0.73+020 30%50e 10140 0.7455R 7443 N
04340 ' 13028 0.133:2 +18 oo T4 65'_*'_2
3—125857 Toos 12575 0.77+9.08
31 219%010 g 49+002 e 541 g9*3
043403-131311 A9%555  101% 1865553 N
1.2 0.50199 fhos 80%1
0434 -0.05 0.54+0'02 2 -1 lllig
G_132748 L1 04TH 1002 1372 101438 40%2
04340 1 04708 0.307392 +2 e 40%;  98%
7-131514 0.9 0.40°3% oo 18677 L19%jg 147
40708 022134 i ML 1615
043407-132636 12 0 oz 200% 1308 09518 57 -
043400 2 064102 0.28+012 i 03 51 167H
_133421 14 0 48+0 - -0.09 146_9 0.73'{"88‘; 5 4+2 1
481338 0621003 - 1505
043410—125141 3 0.62¥0%  63f° 0.83+00 2
34 287103 831004 503
—0.16 0.68+001 -5 82+
-0.02 146'_‘:? 2.05-1-0,03 +1 =5
~0.04 80-1 153ig




Table 3.2:
2: Abell 496 Structural Properties
-~ continued

75

Galaxy Thi r3 b
€
043410-131435 14 0.4270% % T4 d
o3 4 042100 0 0g+00s ) : ¢5
410—~132212 2.3 -0.03 37_7 1.09.(.0'02 N
o 3 221108 g H00 02 7211 184
3411-130757 0.8 0.43+02 R R e .
8 043103 0.6170 o 42 29
043413-125120 1.2 7 061707 —13%7 052105 5713 )
2 1.15%005 + 12 57+ 51t
043 005 0.231043 +l 5 ol
413—-131004 ~0.08 90_8I 0.7010.94
1.1 0.82%018 70150 69%;
0434 18 0.441040 +5 B 484
15-130824 1.1 e 178% 0mRH  off
o 1097801 006t 5147 oo 9 192%
3415—132505 W0 517 06840 :
1.6 0.641913 002 74t
04 642013 0.413308 sl
3416—134301 oo UTE 10455y
1.0 0,66tg.gg 0.38+003 6 04907 701’% 171}
043419-132423 1 5038108 4 0.0143% -
5 09717 0. 914351 24¥)  -10%;
0434 015 0.54152 +12 5 105
20-124758 19 0.4473% Nk Al 09l%Ge 575
043 441308 0.374%2 + @ 5T 793
421—125930 -0.01 192_{ 1 55+0.02
1.4 0.88+017 551002 46%)
0434 *90-0.12 0.67*"0'0l +2 -t 171-:}.
20-132115 11 0.061%3 Tl 36T 09475 387
ot 1 00655 055503 e 385 -16%
3421-133509 1.2 T 187 0751002
04 2 064338 059738 e T AT
3424-131531 Toon 1973 0.94%gy -
1.3 1.330-l 94100 1313
043 Il 0.09+004 +6 ¥4
433—130150 Zooe 985 0.7810.02
20 082108 (12+08 1002 76T 62}
043436132119 0.8 0 +o.os 125 498 1225 3Th ;
04344 8 0.2213% (.46100 » ~0.08 48
1—133229 -0.03 76—6 0‘75-(—0,03
2.0 0.11%3% 054109 B 505 80%
043444-130509 1.7 0 wio o e 8% 136hGg 71N )
043 . 807019 0.48+0.06 +9 Do ML 204
A47— 132904 Y (| O W L
2.2 1.09+03 35700 83%
043 003 () 314001 " o e6H
448133401 2 ol 464 219005
0 044338 03955 o 4% 51
043449132551 2.2 0.70*323 T -163 L5THm 54T 7;;
707028 0.41%298 e o2
043456131128 1.6 0 80+o.3§ %5 1725 166255 80 .
043503125 80%5 00y 86% & S
351 .01 -9 2.1 +0.07
34 L0133 05558 3 67H 8ol
e 5% 2 49+0.06 -
427008 5611 T




Table 3.2: Abell 496 Structural Properties — continued

76

Galaxy ™M Te € o5 T i b
043504—133920 2.2 0.767315 0.56%00: 13073 1.63%0%° 681 103*}
043506—131053 1.8 0.78102% 0421331 58*%  1.007392 67t 5070
043506—132814 1.9 0.93*3% 025732 58+2 150t3%2 76t 5910
043507—132339 1.5 1.07+3% 0.13+290 572 1331082 ol 434S
043508—131741 1.5 048133 0057393 1277 1.28%0%% 53f1 147%
043509125933 4.4 1.937}13 0351032 92+2  3.0070% 76+l 112%)
043509—131836 2.3 1.18%30% 0.13%3%2 17172 220809 757 16173
043511-131439 4.9 1.36703% 0547091 5471 3.53+38 53+t 19!
043511134519 1.3 0.92733 0007333 81%13 0.81%012 44%3 374
043532133322 3.3 1517010 0478392 106%] 2.83%3% 62t} 107%)
043533-125542 1.6 1.52702 0227319 16673, 0.93%3% 68+l 142*!
043533-132655 1.7 0.67%313 0661302 593 1.2610% 34t3 5518

3All radii are given in units of A~! kpc.

bEllipticity is equal to (1 — b/a).

“Position angles are measured clockwise from east in units of degrees.

4Inclination angle (in degrees) has standard convention of i = 0° for face-on.




Table 3.3: Abell 754 V'-band Structural Properties

m

Bulge Disk
Galaxy rd a b c

090645093424 12 14(::“6 0 3:+°-‘5 . . ’ %
A4013% 031701 2478 0728003 4073 3%

090648095922 2.4 1.51%3% 0.30+312 15978, 1.44%3% 66F! 1467}
090652-100014 2.1 0.25%3%2 0.03%332 80%3 2.03%)%% 53 69%)
090656—091505 1.9 0.58¥30 0.69%0%% 15612 147093 42t 1 +ll
090656—092715 1018 ax m
1.3 096712 0.1870% 387 08873 74¥2 29%]

090657091402 1.5 0.641218 0.52+3% 3371 1661303 6472 a1Fd
090658-093907 1.8 0.38%3% 0.39%002 46%) 197138 67l 39%]
090659-092908 2.8 3.42%0% 0.35%092 137%% 152300 62t} :‘
090703-091713 020 : ne o e
1.5 076132 007130 4376, 1.1313% 4013 777}

090703-095649 1.4 0.73%01 062138 73 1013005 gotl gl
090705-093250 1.2 0.77331 0.14%0% 122%2 1.18%3% 714 118%2
090706—-091815 1.1 046332 0.0173% 1617° 143743 5543 1641'%
090706—-093616 2.2 0.82+3% 0287094 6512 201709 74f! 82
090707-092341 3.0 299301 0307292 136%3 1777004 41%2 12473
090707-093308 2.5 0.67*3% 01733 94t 2494007 76+l 1060
090711-093246 1.5 0.52%3% 0.66+3% 1567 1.05:3:92 12%% 13378
090712-092016 1.5 091133 0.26203 131%2 1.51%0%% 7441 1147
090712-093135 1.5 0.88%337 0.09%3%% 252 1.63%0M 6472 147}
3713—093655 3.8 225100 04343  67H  3.9510% 71l 680
090‘7712:2‘3::: :i Zjiigf zszi,f 384 2021007 422 40t
T 244730 0687201 37 1628002 51+l 45t
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a I. sate m

Galaxy T ra
e e ¢ - .
d 1 P
D

090718-
718-091644 1.4 1.32%02
090 32108 0457097  887%%
719-094324 1.0 0.89751 - Ns 0835 695 973
. 897017 0.5073:9¢ - -2
090722-093403 2.3 +0 Do 14437 060I55 357 +10
3 0897008 0.00%3% 80%% ’ -la 9
090722005232 1.8 0.32+02 Hon 80 214%gy 205 70X
8 032433 037HY -
090724 0.13 e 12211 +0.0.
4-004007 2.6 0.6610% 0.29%29 L2338 19%F 1047
002 0.297 618 8
090724—094836 1.5 1.8970% o 65 250k 48L 5%
. 891008 6001 B =2
090725-092228 16 1.08*313 Ne 1425 0TThn ST 1315
0507 081315 0.53%50%7 15145 +0.0 -
25_092952 95 1.34+008 ¥ L1305 57HY  163%
0907 34550 0355050 495 +0.0 N
26-092608 1.6 0.783% fo288lE wh o 45h
09073 78505 031%5n8 9875 +00 -
1-094133 1.7 1.67+%% 3 Laafgy 79t 108%)
09073 67503 049008 1061 1.03%3 -
0016 L6 LogH *1L03%53 4553 10635
090 24702 054709 9578 0.93% -
733-093527 1.3 0.031093 (1009 2093130 4613 123%3
*¥9-0.01 . ' -8
090734-092241 29 2.84%% 00 150%° 094708 57H 1457
o013 MNT 048H% % 171 -
4-095006 1.9 1.18¥% 0661002 B L7Le TN 365
. -0.23 R . -
090735-092313 22 24831 g 113% L16GhE 58% 150
090 481550 05550g8 1973 +0 -
735-093357 1.9 187092 (55t00 e 13303 68T 297
9 187X08 0.55%55; i -t
090735-093844 11 087°% ot 4TH L0TIg 855 48T
0907 8755 03255y 47 +0 -
35-093938 14 1.9073%2 061138 ¥ 0765y 55 1733
G0 008 0015, -
090735094159 32 1 71+°.°: % 158 064703 58t 1187
0907 7130 028%55 147 +0.0. -
37-092520 09 0447095 (16002 HoO3a1R 36+ 179%2
«+%-0.06 . X -
090739092555 2.4 00200 Togs 1667( 0924553 3515 1657
. 027501 0»29-!-0.01 - -3
o016 30 32070 % 16073 1.66*0%2 39+t 187t
090740 204075 0121005 16713 +0 -
—092703 58 0 21785 65t e
8 1487032 049108 142%] . - 18
0. + +0.
1 4567058 824 139%)




Table 3.3: Abell 754 Structural Properties — continued

79

Galaxy Thi Te € o8 T4 i b
090740-092814 1.6 1173312 0.40%0% 1433 131538 724 1337
090743-092228 1.5 0.7013%% 0.07332 62%F 231700 3443 10173
090743—-095829 0.8 0.2013% 0.62%3%2 1652 1.0270%% 72tl 165}
090745-091232 3.0 0.03708 045+008  s5otl ) g2 39l goil
090745-092233 3.0 2.657010 0.24%003 165%2 1.89%0%3 80rl 159%)
090745-094011 1.6 0.49%3% 033138 7972  1.9673% s56fl 110t
090746—092333 4.6 0.53*3% 0517090 132F! 3.68%0% 59F1 133%)
090748—100629 1.1 125390 0.6972%F 1667} 0.14%3% 8%  101%8
090749-095417 1.1 0.59%3:32 0.59%3% 139%3 0.7970%% 572 15173
090750090813 1.5 0.7613:3L 0.32%0% 37%3 102808 77l 3t
090750-092437 3.0 2.2730%8 0.657002 131%8 1.83+0% 73+l 147!
090750-094321 1.4 093712 060732 9772 1.00108 5371 11472
090750-095552 3.5 1.92%047 0.70#3% 79l 2.34%0% 72fl g9t
090750-100624 3.7 0.99+2:%8 000130t 41%f 265708 30t 53%2
090751095456 1.4 0.5113% 0.024390 932 1.81%3% 92213 g4tl
090752-092517 1.2 1.60%33¢ 0.70700F 15771 0.03*33 372 185%¢
090752-094959 1.5 2.08%3:13 0.101337  44f7 0.8470% 3812 24%2
090753-094048 1.3 1.1270% 064132 11671 2097382 763 115%2
090753-095432 1.0 0.68%32% 0.657092 108*} 065100 26f3 141%5,
090754—093558 1.5 1.127032 0513397 91§ 097809 41%] 54ri
090756-093207 1.1 0.12*3% 060738 11112 120708 49t 190%!
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Table 3.3: Abell 754 Structural Properties — continued

Galaxy ™ r2 e® 3 r3 i 5
091018—-094416 1.0 0.1570% 0.38¥3% 4+ 1128008 s57H 40
091019-093857 1.5 1.813097 055109 35t 0801310 53+, —4fl0
091021093825 2.2 0.1870%2 068708 842 1741 33t 7l
091023-094439 1.7 0.697% 0.29%3% 135f1 1.8783% 51t 148
091023-094735 1.6 1.01733¢ 0417397 1337 1.00%3 3283 17278
091024-093241 4.6 0.5770%2 0251090 55%1  3.47%0% 65t1 697
091024—093245 1.3 1.2612% 0531300 14! 037738 198 78
091025-092505 2.6 0.677>12 0017330 14272 1.81#3% 43! 1547}
091026092441 1.5 0.227237 0247312 119%3  1.10%3% 4572 14612
091026094817 3.2 4.4673%1 0661331 97l 086130 497l 527}
091028—094924 2.5 1457007 020100t 1532 197708 67l 1783
091029-091804 1.2 1.18*3% 0.7073%F 36Xl 1928315 26%% 5073
091030-094637 3.2 1.917313 0221002 120%2 205%093 501 1207}
091030-095739 2.1 2.85%0%% 0.58%3%F 95t  0.8870%3 24%§ 99%2
091031-094745 1.8 1.8110% 0.031332 3742 1.00%3 84l 4212

3All radii are given in units of h~! kpc.

bEllipticity is equal to (1 — b/a).

“Position angles are measured clockwise from east in units of degrees.

4Inclination angle (in degrees) has standard convention of ¢ = 0° for face-on.




Table 3.4: Abell 85 Quantitative Morphology Parameters

Galaxy

(B/T)v

(S)v

(B/T)y

(S)u

004150091811
003959-092604
004005—090303
004013085957
004018—-085631
004019085257
004027094312
004029-093730
004032-091320
004034085006
004039-092210
004040—-085920
004041084859
004042092842
004044085727
004044092223
004044—-092359
004046085005
004047—-093301
004050—091323
004052—-092028
004054—090607
004059085958

0.00+33!
0.2673:9
0.57%003
0.4373%
0.19%3:38
0.22433
0.4913.02
0.57+3.0¢
0.20%35}
0.30%00]
0.04*3:2
0.7973:33
0.19%0:0:
0.701391
0.60%005
0.09%3:53
0.9510.03
0.4013.%2
041755
0.741553
0.2413.08
037400

0.783003

0.02
0.03
0.04
0.01
0.01
0.08
0.03
0.01
0.04
0.08
0.03
0.02
0.01
0.03
0.03
0.03
0.02
0.05
0.03
0.02
0.01
0.04
0.03

0.00+3:3
0.1173:09
0.67%3:08
0.3610:0
0.33%918
0.2013:2
0.441007
0.70%3:3
0.10+3:3
0.6973-52
0.42+3.18
0715343
0.19+3:32
0.57+00
0.53+0:37
0.0513%3
0.8610:0
0.8570%8
0267032
0.84+3%
0.61%313
0.33+301

0.871028

0.02
-0.03
0.02
0.05
0.05
0.06
0.01
0.07
0.02
0.00
0.03
0.00
0.07
0.01
0.04
0.08
-0.05
-0.05
0.03
0.04
0.09
0.08
0.02




Table 3.4: Abell 85 Quantitative Morphologies - continued

Galaxy

(B/T)v

(S)v

(B/T)u

(S)v

004102—-091233
004105-091132
004107091749
004110—-091501
004112-091011
004112091017
004112-092036
004113-090901
004113-091954
004114—-085554
004117-092206
004118090439
004118—-092912
004119-091150
004119-093424
004120092327
004120—-092509
004122—-090331
004122-091943
004123-091835
004123—-094747
004127091343
004128-092330

0.657031
0.7133:%¢
0.7670:%2
0.00+35}
0.7675:01
0.9413%
0.51+3%
0.59139!
0.12%3:28
0.0155}
0.49+0:903
0.324004
0.4810:4
0.165:53
0.30351
0.18*5:53
0.6073:33
0.48%0:04
0.442551
0.4613.2¢
0.85+3.92
0.421301

0.51%3:58

0.03
0.02
0.02
0.06
0.02
0.04
0.00
0.02
0.01
0.12
0.02
0.03
0.04
0.02
0.02
0.00
0.03
0.01
0.04
0.05
0.02
0.03
0.02

0.70+3:03
0.92+33
0.89%5.%
0.221307
0.941302
0.98%3:01
0.7813:92
0.5573:%3
0.43%513
0.20%5:0%
0.6613:13
0.287 033
0.3412%8
0.39%5:12
0.7139
0.25%0:32
0471358
0.84%0%
0.12+3%
0.2612.%
0.952043
0.0123%

0.55%.08

0.03
-0.02
0.02
0.05
0.03
0.01
-0.15
-0.01
-0.03
0.13
-0.08
0.06
0.04
0.06
0.01
-0.01
0.00
0.04
0.20
~0.07
0.06
0.07
0.03
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Table 3.4: Abell 85 Quantitative Morphologies — continued

Galaxy

(B/T)v

(S)v

(B/T)u

(S

004129-091359
004129-093426
004130—-091407
004130—-091546
004130-092133
004131090215
004131091135
004131091754
004131094151
004132-092002
004133-090924
004133091457
004134085557
004134—-091153
004135-090047
004135-090536
004135-092139
004135-092151
004136—085935
004136091115
004136—091835
004136—091930
004137091316

0.98+:3¢
0.32+3:0
0.99%34
0.11%3%
0.4133%
0.55+0.2
0.91%3:%
0.581338
0.33%3%
0.0758]
0.7410:2
1.00700}
0.40*3%
0.44%3%
0.3910:2
0.45%3.%¢
0.67%3:0
0.90+3%t
0751303
0.35%003
0.21+3%4
0.652553

+0.02
0.59+002

0.02
0.03
0.08
0.19
0.02
0.02
0.02
0.03
0.05
0.09
0.02
0.06
0.05
0.01
0.02
0.02
0.01
0.02
0.03
0.03
0.05
0.02
0.03

0.97%503
0.2513%2
0.897051
0034001
0.50*3:93
0.590%
0.48%013
0471058
0.4213:3
0.25%004
0.7613:34
0.98+3%
0.21%3:%3
0.22343
0.4470%
0.4212%8
0.431034
0.8913:32
0.71%3:5
0.46% 033
0.1213.32
0.88+0:22

0.5012:08

0.03
0.03
0.07
0.41
-0.01
0.07
-0.02
0.08
0.00
0.07
0.04
0.07
0.02
-0.02
0.08
0.04
0.03
0.02
0.02
—-0.04
—-0.04
0.05
0.06
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Table 3.4: Abell 85 Quantitative Morphologies — continued

Galaxy

(B/T)v

(Sv

(B/T)y

(S)u

004137-093254
004139-092453
004139-092748
004140091018
004140091816
004140-092732
004141091857
004141-092622
004142-092126
004143085758
004143090615
004143—-092622
004144092531
004145-094033
004146—090945
004146-092635
004147-085845
004147-090814
004147-092313
004148091704
004148-092731
004149-092903
004150091744

0.79435%
0.4470%2
0.324353
0.3150.%
0.85+3
0.18%3:01
0.57%0:05
0.79%3.%¢
0.1539¢
0.37%5:06
0.5973:%3
053739
0.33+0.0%
0.1073:03
0.4713.32
0.13*35
0.27+3.%
0.49139
0.4243%
0.6270:01
0.11%3%
0.5010:33

0.33+3:02

0.04
0.03
0.01
0.02
0.02
0.04
0.01
0.00
0.01
-0.01
0.00
0.02
0.02
0.03
0.02
0.02
0.06
0.14
0.02
0.03
0.04
0.07
0.02

0.817334
0.32100%
0.421358
0.462341
0.89+3%3
0.3070:04
0.427942
0.48+3%
0.1443%
0.42%3%
0.57% 347
0.551393
0.0810.01
0.22%3:
0474538
0.251312
0.0913:97
0.59+3.%
0.48%0:28
0.65103
0.24%948
0.3043%3

0.3343%

0.04
-0.08
-0.06

0.00

0.08

0.05

0.02

0.02

0.02
—-0.08

0.05

0.04

0.01

0.05

0.03

0.10
-0.07

0.02

0.05

0.05
—-0.04
-0.01
-0.05
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Table 3.4: Abell 85 Quantitative Morphologies — continued

Galaxy

(B/T)v

(S)v

(B/T)v

(S

004150—-092548
004150—-092818
004151-091346
004152-093015
004153—-084844
004153-092130
004153—-092930
004153-092944
004153—093116
004153093846
004156090235
004157093524
004157094247
004158085156
004158-085217
004158—-091824
004159-092911
004200—-094231
004201-091203
004202090841
004203092816
004205093204
004206090241

0.7353%
0.15%3:%
0.02%5:5}
0.49*051
0.00+3:%
0.561952
0.30+3:0
0.11+3%
0.83+3.%
0.0143%2
0.70+3:23
0.27435}
0.441398
0.22+383
0.231001
0.10%343
0.35+3.%
0.00%0:0
0.831352
0.3810:8
0.57%3:0z
0.034351

+0.03
0.617501

0.03
0.02
0.02
0.09
0.02
0.00
0.14
0.05
0.02
0.02
0.00
0.03
0.02
0.03
0.01
0.04
0.02
0.04
0.02
0.02
0.01
0.07
0.04

0.70%0:03
0.37%5:13
0.26+5:03
0.45+302
0.08+3%8
0.58+313
0.2613:32
0.14+3%2
0.501397
0.02+3:0%
0.98+3:%
0.15+33!
0.60%9-58
0.11+3%2
0.274005
0.09%005
0.447038
0.0143%
0.90*0:24
0.274342
0.35%003
0.0155;

0.59%0-03

0.06
0.04
0.06
0.01
-0.19
-0.01
0.16
0.04
-0.10
0.05
0.11
0.04
-0.05
0.02
-0.03
0.08
0.01
0.11
0.00
0.07
0.03
0.05
0.05
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Table 3.4: Abell 85 Quantitative Morphologies — continued

Galaxy

(B/T)v

(S)v

(B/T)uy

(S

004206—-093335
004206—093606
004206094400
004207-091419
004207-093626
004208-092836
004208—-093105
004209-093034
004210085552
004210-092852
004211-093030
004212092204
004213-091751
004216093252
004217-091111
004217-092848
004218084832
004218-093912
004219091529
004219-092316
004220092119
004220-092528
004222-090700

0.0613.33
0.12330
0.05+3.32
0.44%2.03
0.1333%%
0.3133%
0.45+332
0.30%3.93
0.261%
0.43+0:33
0.25+3:9!
0.53+3:01
0.61+3%3
0.75%001
0.48%00%
0.16433
0.7873:%2
0.04133
0.81%3:%2
0.2213%
0.897903
0.1740:83

0.261301

0.01
0.05
0.05
0.00
0.06
0.04
~-0.01
0.02
0.03
0.08
0.02
0.07
0.02
0.02
-0.03
0.04
0.03
0.11
0.02
0.01
0.02
0.02
0.02

0.05+3:39
0.0610:%
0.044033
0.4670:08
0.163337
0.42+3.%
0.3430:42
0.4610%
0.5813:42
0.6473%
0.19%3%
0.43%3.33
0.4073%
0.7433%7
0.294013
0.13+3%2
0.87%30%
0.03+3%2
0.7013%
0.3130%
0.983%
0.25%306

0-242531

0.00
0.07
-0.02
0.01
0.04
0.01
-0.06
~-0.03
0.02
0.06
0.02
0.06
0.03
0.02
0.15
0.02
-0.04
0.05
0.06
0.00
0.12
0.02
0.02

96



Table 3.4: Abell 85 Quantitative Morphologies - continued

Galaxy

(B/T)v

(S)v

(B/T)v

004224—-090954
004224091617
004226—093709
004227-092529
004229-091550
004233092715
004234-085254
004234-090846
004234091041
004234-091053
004235—-093918
004236-090349
004237-094404
004237094521
004239-092007
004240092357
004240—-093054
004240094417
004241-085649
004242085528
004244085612
004244—-094421
004245-093103

0.37+344
0.0313:0
0.41%3:03
0.39+3.%3
0.18%3%
0.31+3%
0.05+33
0.00%331
0.55+391
0.8810:02
0.29+21
0.4613%
0.0243%
0.0213:1
0.3470%
0.2613%
0.735583
0.11*3%
0.0570:3
0.5413%
0.58%01
0.07:551

0.397001

0.02
0.05
0.06
0.01
0.01
0.01
0.04
0.03
0.05
0.02
0.05
0.03
0.01
0.03
0.00
0.02
0.03
0.03
0.05
0.03
0.03
0.05
0.02

0.52+312
0.07%551
0.56+3:13
0.62+902
0.38+3:1
0.4613113
0.18+3:3%
0.01:0:%
0.59*3.03
0.9113%%
0.24+3:%2
0.38+3.%
0.03%00}
0.11+3:42
0.4613.0
0.4613:1
0.90%3:%4
0.1610:%8
0.0313:08
0.4970.92
0.5973:%
0.15+0:%

0.5679:3
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Table 3.4: Abell 85 Quantitative Morphologies — continued

Galaxy

(B/T)v

(S)v

(B/T)s

(S)u

004245-093316
004248—-093440
004253-094214
004256—-094455
004259-092910
004302094640
004304093243
004305-092533
004308—-093444
004310-090325
004311094054
004312-093816
004314-091022
004314092657
004318—-093551
004328-093034
004330094359
004336—-092548
004339-093121
004343-090732
004344090423

0.8113%
0.113332
0.4470%2
0.8710:03
0.20%9:33
0.95+3:2
0.0030}
058301
0.1179%
0.43%001
0.1733%
0.197391
0.197391
0.31%0:%
0.17:301
0.1670:33
0.23+3%
0.12791
0.160.3
0.9013%1

0.057502

0.02
0.02
0.02
0.02
0.01
0.05
0.04
0.02
0.02
0.04
0.04
0.11
0.06
0.02
0.03
0.03
0.04
0.08
0.08
0.06
0.03

0.8513.%
0.15%0:93
0.374306
0.6870%
0.2570:4
0.81+3.%
0.00+3:0
0.7513%3
0.1740%%
0.3410:2
0.147031
0.10550)
0.1433.9
0.35+0:38
0.26%0:08
0.251007
0.00£351
0.31%3:93
0.34%357
093130

0.04355;

0.03
0.01
0.04
0.01
0.06
0.01
0.15
0.05
0.00
0.02
0.03
0.11
0.01
—-0.04
0.01
0.09
0.08
0.11
0.08
0.08
0.06
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Table 3.5: Abell 496 Quantitative Morphology Parameters

Galaxy

(B/T)v

(S)v

(B/T)y

(S)u

043140130711
043143-130710
043146132228
043150—130905
043158-131615
043202130621
043203132949
043205-131019
043207-130459
043212130756
043216132403
043220-131411
043222130901
043222131548
043227—-131558
043229-~132336
043232-131225
043236—131157
043237-131103
043242-130321
043245131126
043249—124937
043249131742

0.1172:04
0.4513%
0.53+5:22
0.29+3:%¢
0.60+3:02
0.08455}
0.00%551
0.92X50
0.0213:32
0.08%001
0.54+3.32
0.03%551
0.1013%
0.00%551
0.387991
0.53*551
0.24439¢
0.8410.92

0.062553

0.02255]

0457301
0.3913:%

+0.02
0.127g01

0.03
0.03
0.01
0.01
0.02
0.02
0.01
0.01
0.02
0.00
0.03
0.03
0.00
0.10
0.02
0.05
0.02
0.04
0.00
-0.02
0.02
0.05
0.00

0.15300¢
0.4243%2
0.48+3%
0.2913:03
0.6413:%3
0.07+5:03
0.0043:01
0.4973%2
0.08%334
0.4073%3
0.66+3.%%
0.021301
0.21%3%
0.00+351
0.4170:22
0.541351
0.26*30}
0.84129!
0.26%315
0.03%00
0.49%353
0.2270%

0.162033

0.03
0.03
0.06
0.08
0.05
0.08
0.11
0.03
0.03
0.04
0.02
0.04
0.06
0.18
0.03
0.03
0.04
0.05
0.09
0.01
0.03
—-0.04
—-0.02
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Table 3.5: Abell 496 Quantitative Morphologies ~ continued

Galaxy

(B/T)v

(S)v

(B/T)u

(S

043251-125435
043251-130307
043253-132234
043254125852
043254—-132351
043255-131807
043255—-131855
043256130057
043256133636
043256—-133639
043258-131216
043258-131218
043259-131820
043300—131600
043300134232
043301125458
043307-131239
043307-133557
043309-130235
043309132151
043309-132346
043309133722
043311130355

0.68+3.03
0.0113%
0.61+301
0.52+3.%2
0.0173:01
0.3373:3
0.23+3:07
0.0133%
0.19%0%
0.031351
0.41433!
0.14%3:3
0.67+2%
0.6143:33
0.091003
0.07%303
0.123%5
0.221001
0.00%5351
0.26%0:01
0.27503
0.17551

0.50501

0.02
-0.03
0.04
0.03
0.05
0.04
0.04
-0.02
0.14
0.10
0.15
0.00
0.02
0.05
0.00
-0.01
0.01
0.03
0.05
0.02
0.01
0.03
0.03

0.8210%
0.0133%
0.6913.%2
0.5913.%2
0.0033!
0.59192
0.3979%4
0.017301
0.14¥33
0.02+351
0.52:3%
0.291258
0.53+0:28
0.71455%
0.1410%%
0.0410%3
0.18+3%7
0.2743%
0.00159}
0.2713:%3
0.24¥332
0.17435

0.49%5:%2

0.03
-0.01
0.00
0.02
0.07
0.07
0.13
0.03
0.09
0.20
0.05
0.03
0.01
0.02
0.04
-0.03
—-0.05
0.03
0.03
0.03
0.05
—0.03
0.04

100



101

Table 3.5: Abell 496 Quantitative Morphologies — continued

Galaxy (B/T)v (S)v (B/T)v (Sl
043311-131410 0.0173! -0.01 0.01%)3F 0.01
043311-132801 0.023332 0.01 0.01%33 0.03
043315-132118 0.023392 —0.01 0.02733 0.04
043315-132748 0.38*337 0.04 040733 0.02
043316—130404 0.271301 0.05 0.3513%% 0.03
043317-130906 0.39%331 0.03 0493331 0.04
043318—130752 0.06*33 0.01 0.10139; 0.04
043318132259 0.38133! 0.04 039700 0.02
043319-131635 0.28*331 0.06 0.39703; -0.01
043319-131727 0.3173%2 —0.01 0.44%352 0.08
043319-133048 0.58*03: 0.02 062133 0.02
043319-133258 0.70+3% 0.02 072838 -0.01
043320-130315 0.361335 0.03 027%3%: 0.02
043320-132051 0.50*337 0.03 057338 0.01
043320-132622 0.18*33 -0.01 0.14%3%2 0.00
043322131314 061133 0.03 061735 0.03
043323—132021 0.00%331 0.04 0.00733 0.03
043324—133103 0.06*332 0.07 0073 0.05
043325-131343 0.1670%2 000 0543338 0.01
043326—133056 0.35%38 —0.02 038132 —0.03
043329125622 0.4470%7 -0.02 0.3313% 0.04
043329-132649 0.167333 0.02 0.16331% 0.02
043331125051 0.48*)13 -0.01 0.08*3% —0.02




Table 3.5: Abell 496 Quantitative Morphologies — continued

Galaxy

(B/T)v

(S)y  (B/T)y

(S)v

043331132246
043331132521
043332-131020
043332131654
043334131853
043334132251
043336—125802
043336—132526
043338—-131543
043337125956
043337-130101
043337-131520
043338—131501
043339-130312
043339133136
043340-132032
043341125541
043341125547
043342131013
043342131654
043343130847
043343132024
043345-133350

0.631031
0.6673:03
0.68*0:21
0.1633:3%
0.47400%
0.641553
0.5103
0.52+39!
0.39+33
0.4313%2
0.3633:%
0351320
0.4413:29
0.3313:%%
0.31%202
0.60%3:%2
0.3013%3
0.34%0:3
0.6613:0
0.2543%
0.40%305
0.60+0:32

0.0033!

002 061133
002 0.75+0%8
004 064109
0.00 0.273%
0.00 0.153%
002 0597038
0.04 0.50%0:3
002 0.573%
0.01 043+
0.02 040723
0.02 0.33:3%
-0.02 0.7473%
-0.00 0.18%32%
0.05 0.3613:2
0.04 0.40%3:34
0.01 0.76+3%
0.04 0.56%318
0.00 0.34%%:%
004 0.7873%
001 0.2843%
—-0.00 0.39733
0.03 0.7330%
—-0.01 0.00%3:%

0.01
-0.03
0.03
-0.07
-0.02
0.03
0.06
0.00
0.01
0.05
0.01
-0.07
0.00
0.04
0.06
0.02
0.00
-0.02
0.05
0.07
0.07
0.03
0.02
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Table 3.5: Abell 496 Quantitative Morphologies — continued

Galaxy

(B/T)v

(Sv

(B/T)y

(S)v

043346130542
043347131756
043349-130521
043349-131227
043349-132603
043351131454
043351133236
043353-131524
043354132218
043356-125913
043357-131919
043357-132745
043358—-133948
043359-130627
043403125857
043403131311
043404132748
043407-131514
043407-132636
043409-133421
043410125141
043410-131435
043410-132212

0457338
0.40%305
0.26430¢
0.40+3.%3
0.38+3.0¢
0.9913%
0.061393
0.19%3.98
0.0513:53
0.76+3.28
0.11+3%7
0.66001
0.58+3.%¢
0.13+3:%¢
0.003:01
0.44¥33
0.55+3.%2
0.540%2
0.02+052
0.0113%3
0.00+33:
0.324332

0.6970:01

-0.01
0.01
0.01
0.01
0.03
0.01
0.01

-0.00
0.04
0.03
0.02
0.02

-0.02

-0.01

-0.02
0.02
0.02
0.01
0.02

-0.04
0.07
0.01
0.02

0.33%31%
0.2613%
0.44%218
0.3612.9
0.84729%
0.78+3%
0.22*597
0.10+3%8
0.4612%
0.71555
0.19%008
0.84%331
0.51*319
0.194343
0.0073:31
0.3313%
0.6279:%¢
0.76%3.29
0.123307
0.000:1
0.00+3.2
0.45+3.%3

0.88130

0.01
0.04
-0.02
0.02
0.00
0.03
0.00
0.03
-0.01
0.03
0.08
0.03
0.11
0.00
0.18
0.04
0.02
0.05
-0.13
0.02
0.04
-0.01
0.02
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Table 3.5: Abell 496 Quantitative Morphologies ~ continued

Galaxy

(B/T)v

(S)v

(B/T)y

043411-130757
043413-125120
043413-131004
043415-130824
043415-132505
043416134301
043419-132423
043420124758
043421-125930
043421132115
043421133509
043424131531
043433—-130150
043436132119
043441133229
043444130509
043447-132904
043448133401
043449—-132551
043456131128
043503125351
043504—133920
043506—131053

0.12+3.31
0.102337
0.274005
0.0413%
0.17405%
0.675:83
0.053:%3
031530
0.3133%
0.1133%
0.4613%3
0.0613:
0.07*3:03
0.427353
0.12%3%
0.39% 00
0.54001
0.2930%2
0.28%033
0.63351
0.22+0
0.30%3:33

0.02£05]

-0.01
-0.02
0.02
0.02
0.01
0.02
-0.01
0.01
0.01
0.02
0.01
0.03
0.01
0.02
0.05
0.01
0.02
0.03
0.00
0.03
0.05
0.02
0.09

0.1513.43
0.18%3.0¢
0.4473%7
0.03+3:%3
0.13%033
0.57*5%
0.2270:23
0.313%
0.2673:03
0.2513%
0.36%3.3:
0.00129t
0.14*3.33
0.4110:%%
0.18%347
0.52%0:2
0.57+0.%2
0.3470%
0.374502
0.55%003
027500
0.231397

0.08+30%
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Table 3.5: Abeli 496 Quantitative Morphologies - continued

Galaxy

(B/T)v

(S)v

(B/T)y

(S)u

043506132814
043507-132339
043508—-131741
043509-125933
043509131836
043511131439
043511134519
043532133322
043533125542
043533~132655

0.4310%
0.650.03
0.39700
0.29+3.32
0.53%3:01
0.23%3:3
0.18%03%
0.45%0.92
0.01¥30;

0.32+3:03

0.02
0.02
0.01
-0.02
0.05
0.06
-0.01
-0.04
0.05
0.04

0.475083
0.8313:%
0.45:39
0.30*2:3
0.597393
0.18+33
0.181232
0.3973:32
0.00+33

0.30+3.%

0.00
0.02
0.02
-0.01
0.05
0.07
0.15
0.04
0.11
-0.00
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Table 3.6: Abell 754 Quantitative Morphology Parameters

Galaxy (B/T)v (S)v (B/T)y (Sl
090645093424  0.03%33% 0.06 0.11%337 0.02
09064809 +0.02

5922 0.02%32  0.00 0.03%2% 0.02
090652—100014  0.34%33} 0.05 0.3273% 0.01
090656—091505  0.29%3% 0.03 0.31333 -0.02
090656092715  0.4732%% 0.04 044108 -0.02
090657-091402  0.53*297 0.03 0.867332 0.01
090658093907  0.42133; 0.03 0.60%03 -—0.02
090659-092908  0.51%3%2 —0.02 0.58%0%% 0.03
090703-091 0.0

713 037135 003 045%312  0.04
090703-095649  0.5373% 0.01 0.7733% 0.07
090705~09 +0.06

3250  0.6233%¢ 0.2 048731 0.04
090706—091815  0.577392 0.03 0.50%337 0.06
090706—093616  0.443%2 0.05 0.40%337 0.08
090707-092341  0.56*00: 0.04 0.71%303 0.04
090707-093308  0.42%332 0.06 0.3273%2 0.09
090711-0932 +o.02

46 0237392 0.02 0.29%33% 0.05
090712—092016  0.64*332 0.01 0.6273% 0.02
090712—0931 H.H

35 063708 003 052832 .01
090713-093655  0.633391 0.06 0.64%32% 0.02
090716093544  0.4970% 0.07 0.65:3% 0.01
090716—-094316  0.16733i 0.03 0.03333 —0.01
090718—-091644 021132 0.00 0.36732 0.03
090719-094324  0.47%3%% —0.02 0.8433% —0.01
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Table 3.6: Abell 754 Quantitative Morphologies — continued

Galaxy (B/T)v (Syv (B/Tw (S
090722093403  0.4670% 0.04 0.77733 0.01
090722-095232  0.12%3% 0.1 0.39%337 0.00
090724—-094007  0.41%33} 003 0.39%35; 0.01
090724—094836  0.6373%% 0.01 0.79%3% 0.00
090725-092228  0.4773%% 0.05 0.43*308 0.02
090725092952  0.5873%1 0.07 0.63*3%8 0.04
090726—092608  0.5073%2 0.05 0.5673% -0.03
090731-094133  0.17%33% 0.06 002733 o0.01
090733-092916  0.02%3%1 0.05 0.12%332 -0.01
090733-093527  0.1573%2 0.03 0.3870% 0.03
090734—092241  0.00733! 0.06 0.00%33; 0.00
090734—095006  0.00703! 0.02 0.1973% 0.03
090735-092313  0.02133 —0.01 0.0673%3 -0.02
090735-093357  0.86*33! 0.05 0.861352 0.01
090735-093844  0.60131 0.01 0.637% 0.5
090735-093938  0.647033 —0.00 0.6413{5 -0.01
090735094159  0.56339! 0.02 0.437)% -0.01
090737-092520  0.55103% 0.03 0.717)% o0.01
090739-092555  0.13%031 0.02 0.143332 0.04
090740-092216  0.007351 0.10 0.01%33! 0.02
090740-092703  0.297231 0.04 0.30%332 0.04
090740-092814  0.63733; 0.03 0.677% o0.01
090743-092228  0.65123 0.02 0.7573% 0.00
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Table 3.6: Abell 754 Quantitative Morphologies — continued

Galaxy (B/T)v (Sv (B/T)y (Sl
090743-095829  0.4672%% 0.1 0.89%0% 0.03
090745-091232  0.0573%! 0.05 0.04723  0.05
090745-092233 0477331 0.02 049733 003
090745094011  0.5173%2 0.02 063%3% 0.01
090746—092333  0.24*321 0.1 0.16%3%; 0.10
090748—100629  0.927303 0.01 096%3% -0.05
090749—095417  0.39*33i 0.00 0.34%39F 0.3
090750-090813  0.31*33% 0.03 028739 -0.02
090750-092437  0.10%322 0.05 021%3% 0.05
090750-094321  0.50*3% 0.03 02075 0.3
090750-095552  0.2773% 0.0 0.16%3J3 0.04
090750-100624  0.2273%! 0.08 0.09733! 0.28
090751-095456  0.5503 0.02 097329 0.0
090752-092517  0.87*33t 0.06 0.8670% 0.05
090752—-094959  0.22°3% 001 0301337 0.03
090753-094048  0.90700: 0.02 0297313 -0.02
090753—-095432  0.2573% 001 034733 0.02
090754—-093558  0.4123%% 0.00 04720 014
090756—093207  0.371331 0.04 030133 0.02
090756—095137  0.05%30 0.05 0.07'33; 0.04
090756—100249  0.32031 005 0503340 0.02
090757—-100133  0.51%322 0.03 0.79%2%2 .02
090758—095853  0.617331 0.04 0.55%3% 0.01
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Table 3.6: Abell 754 Quantitative Morphologies — continued

Galaxy (B/T)yy (Sv (BT (S
090800-095849  0.81%0%7 0.01 066335 0.01
090801-091806  0.397392 -0.02 0.31*3% 0.00
090801-100053  0.7433% 0.01 0.9570% 0.02
090802—095937  0.607)3! 0.04 0521331 0.04
090803—100214  0.2673%1 0.02 032133 -o0.01
090806—092600  0.12732 0.02 0.10%393 —0.01
090806—092713  0.00%33! 0.08 0.00%031 0.04
090807100410  0.39*3%% 0.04 0347312 -0.02
090809-095934  1.00*331 0.04 091733 -0.03
090809—100535  0.6670%2 0.02 0.72%33 0.01
090810-093053  0.4073%! 0.04 0.3633% 0.02
090810-093156  0.3573%! 0.02 0.38%302 0.00
090810-094134  0.960a1 0.04 0.51%)1 0.00
090811-100003  0.40%33! 0.04 040732 0.04
090812-093726  0.637353 0.04 0.541307 —0.02
090813—092225  0.74723 0.02 083*3% 0.01
090813-093252  0.03*3% 0.03 0.02203 0.01
090813-093834  0.5613%% 0.02 0577330  0.03
090814-095634  0.5870%2 0.04 0.7433% 0.04
090815-093021  0.5473%!  0.05 0.6413% 0.00
090815—093525  0.00303t 0.13 0.0213%% 0.04
090815-094601  0.74735% 0.03 054338  0.04
090815-095336  0.31%003 0.02 0.723337 —0.03
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Table 3.6: Abell 754 Quantitative Morphologies - continued

Galaxy (B/T)yy (S)v (B/T)v (S
090816—093703  0.5673%2 0.03 0.46%)3: 0.02
090817093320  0.5373% 0.3 0.587)%: —0.01
090817—093709  0.8273%3 0.2 091708 0.01
090817093834  0.49%3%2 0.01 0.60%33: 0.10
090817—094339  0.63*33! 0.02 0.52%3%3 0.02
090818093522  0.38*33! 006 0.26133% 0.03
090818—095752  0.79*3%% 0.00 0.93*3% 0.00
090820-093508  0.8873% 0.05 0.6713% 0.07
090821092147  0.0673% —-0.04 0.101337 -0.10
090822-093112  0.50%331 0.4 0351382 0.07
090823093820  0.4870%% 0.03 0.5770%: 0.00
090824094207  0.06%331 0.05 0.09%3% 0.04
090825-093430  0.82%3%7 0.01 0.8610% -0.04
090825-093618  0.45%337 0.01 0.90%3% —0.03
090825-093843  0.55133 0.00 0.8013% -—0.04
090826092610  0.63*2%% 0.05 0.7713% o0.01
090826—093459  0.25%333 0.04 0.30333% 0.01
090826093813  0.31*3% 006 0.28709 0.3
090826—094114  0.36733F 0.05 0.25732 0.05
090826-094136  0.39723% 0.03 0.2173% 0.05
090827—092836  0.4973%1 0.07 0.3570% -—0.01
090827-093339  0.773%2 0.04 0.787033 0.03
090827093914  0.3710% 0.02 0.28%3% 0.00
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Table 3.6: Abell 754 Quantitative Morphologies — continued

Galaxy (B/T)y (S)y (B/T)v (S
090827-094432  0.58733° 0.03 0.647)13 -0.05
090828—094240  0.397337 0.02 0.19%33% —0.04
090829093715  0.64%3% -0.02 0713332 -0.01
090830-093701  0.45%531 0.05 0.39%03 0.03
090830—-094324  0.29*3% 0.01 0.1633% 0.3
090831-093419  0.34¥32 0.04 028433 003
090831-093824  0.79*33! -0.03 082133 -0.05
090831-095634  0.861351 0.05 0.9473%2 0.09
090831-095807  1.00135; 0.08 0967352 -0.01
090832-093037  0.33%332 0.02 031133 0.1
090832-093628  0.40*3% 0.06 0547313 0.05
090832-093748  0.647321 0.00 0.59*33 -0.05
090832-094729  0.1733%% 0.00 0.2473% o0.01
090832-095033  0.2473%8  0.07 0.0413% 0.03
090833-091534  0.251331 0.02 027835 o0.01
090834-093914  1.00%39; 0.04 0.69732% 0.00
090834—100401  0.37732%2 —-0.03 0.56*37 0.03
090835-095300  0.52*33: 0.04 0.38%3% 0.03
090835—-100455  0.027331 0.05 0.00%2%% 0.07
090836—093102  0.71*393 0.01 0.797%% 0.00
090836—093721  0.677392 0.07 0.48%3L 0.02
090838—093627  0.23*33F 0.01 0563313 0.03
090838—-093746  0.537303 0.03 0.25%3%7 .03
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Table 3.6: Abell 754 Quantitative Morphologies — continued

Galaxy (B/T)v (S)v (B/T)v (S
000839-093731  0.661)51 0.01 0.89*33s 0.08
090839—094023  0.35133 0.03 0377313 -o0.01
090839—094830A 0.11*J%1 0.03 0.09%3% 0.10
090839—094830B 0.69*0%¢ 0.04 0.1673% 0.02
090840—093647  0.517037 0.03 044732 0.04
090840-094233  0.720% 0.03 0.56%33 -0.04
090840—-094918  0.567331 0.02 0.7713%F -0.02
090841-093438  0.34%33! 0.05 045538 0.01
090842—093320  0.097332 0.01 0.061303 0.02
090842-094203  0.597092 0.04 0.55%003 0.3
090843—-094923  0.53*3%3 0.02 041738 0.04
090844-093021  0.50132} 0.13 043*2% 0.6
090844—093026  0.5473% 0.11 0.53*3% 0.09
090844093052  0.557331 0.03 0.48%33% 0.3
090844-093514  0.2273%1 0.02 0.1733% .03
090844—-093609  0.257001 0.04 027333 0.11
090845-093222  0.8070%; 0.02 0.59*31 —0.06
090845-093400  0.51723:  0.02 0.367313 0.02
090846—093111  0.4073% 0.04 0.60%31? o007
090848090858  0.557302 0.04 0.52%03° 0.03
090848093151  0.14¥3% 002 0367342 o0.01
090849-091456  0.3573%2 0.03 0.45%3% 0.8

090849-094823  0.12*332 0.03 0.2473%  0.00




Table 3.6: Abell 754 Quantitative Morphologies - continued

Galaxy (B/T)yy (S)v (B/T)y (S
090850—-094105  0.582%3 0.00 0.77%2% 0.00
090851-092713  0.457032 0.04 0.49%)% -0.01
090851-093535  0.67%031 0.07 0.71%3% 0.04
090851-094739  0.16%50: 0.04 0473397 0.04
090854—092753  0.447331 0.01 0.55%0%% 0.02
090852-09315t  0.77%33 0.04 0.7313% 0.03
090853-091453  0.07%322 001 022133 0.01
090853—-094319  0.42739% 0.04 0.38%3% 0.03
090853-094945  0.417341 0.02 0.38%33% 0.02
090854—093856  0.607331 0.06 0.57¥33; 0.05
090854—094441  0.52703% 0.13 0.40%}% -0.09
090855094046  0.9573%! 0.01 0.97¥3% 0.00
090855-094208  0.577342 —0.03 0.54%312 0.02
090856—093554  0.721331 0.01 0.71%3% -0.02
090857—-092338  0.38733% 0.03 0.57%3% 0.03
090857-100441  0.043322 0.04 0.0373% 0.06
090858—093559  0.64%031 0.04 0.7633Y 0.04
090858—093655  0.6073% 0.04 0.53*312 0.7
090858—094951  0.457092 0.03 0.63%03 -0.04
090859-093713  0.49%3%2 0.03 0.7739 0.01
090859-093752  0.5873%5 0.03 0.70%33%7  0.04
090900-093528 0411333 0.02 0.56734% 0.05
090900-094017  0.63*332 0.04 0.7173% 0.03
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Table 3.6: Abell 754 Quantitative Morphologies - continued

Galaxy (B/T)y (S)y (B/T)y (Sk
090901-091606  0.00733! 0.00 0.0033! 0.00
090901-092750  0.67*3% 0.02 059703 0.04
090901-093027  0.50%33 0.02 0.3773% 0.02
090902-093739  0.4273%° 0.03 0.39133% 0.00
090903-093847  0.26333! 0.05 03773 0.5
090903095741  0.417337 0.07 0.79%0% 0.00
090904-093157  0.27%33!  0.02 0.48%)%% 0.1
090904—094411  0.30703F 0.04 034133 0.05
090904—094428  0.48%3% 0.02 017738 0.02
090905-093434  0.467032 0.01 0.39%3% -0.01
090911-094212  0.45%33 0.03 0467312 0.02
090911-094242  0.28%3% —0.04 0631)% -0.11
090912-093919  0.61*3% 001 044338 0.02
090912-094148  0.84133! 0.02 0.70%)3% -0.01
090912-094615  0.22733%  0.07 0.26%33 0.02
090913-094436  0.5073%2 0.03 0.6213% 0.00
090914-093814  0.397031 003 0.5240% 0.03
090915-093356  0.2713%2 004 0.62%312 0.07
090915-094823  0.487232 0.00 0.6510% 0.02
090916-093224  0.927393 -0.03 0.930% —0.02
090916-094420  0.571032 001 0.3433% 004
090917-091043  0.49%303 0.01 041338 0.01
090917-094428  0.367331 0.03 0.84%)97 0.02

114



Table 3.6: Abell 754 Quantitative Morphologies — continued

Galaxy (B/T)y (S)v (B/T)y (S
090918092744  0.43132 0.01 0.39123% -0.05
090918-093401  0.3770%  0.05 044702 0.02
090918094351  0.69*05¢ 0.01 081333 0.5
090918094623  0.08733; 0.03 0.24%33: -0.03
090918-094659  0.45%002 0.08 0.74¥3%2 0.03
090919-093239  0.38733¢ 0.02 0.347)%5 -0.02
090919-094200 0.713331 0.03 0.83%207 0.02
090920—-092631  0.17:3% 0.01 0.053337 -0.02
090920-092905  0.1372%2 004 0.3632% 0.03
090920-093334  0.42*351  0.03 0.48%3% 0.03
090920094413  0.477333 0.01 0.7573% 0.01
090921-093118  0.31330% 0.02 0.33*32 0.06
090921-094334  0.631302 0.02 0813332 0.02
090921094439  0.43%3%2 005 0.20%3% -0.05
090921-094644  0.217031  0.16 0.1773%3  0.04
090922-094344  0.82*3% 0.00 0.76%332 0.00
090922094715  0.88%331 0.02 0.90%33% 0.00
090923094357  1.001337 0.03 0.79%33 0.04
090924-093717  0.26%00¢ 0.01 0.14%3% 0.06
090924—094820  0.2073%1  0.02 0.213343  0.05
090926—092248  0.987231 0.03 0.8070%8 0.04
090924—095703  0.92%33% 0.04 0.90%3% 0.03
090924095848  0.19*33 0.03 0.06%3% —0.02
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Table 3.6: Abell 754 Quantitative Morphologies — continued

Galaxy (B/T)yv (S)v (B/T)/v (S
090925092625  0.4373% 001 0.24734% 0.5
090925-093527  0.59%21; 0.00 0.14%3%  0.08
090925-094205  0.5873%* 0.03 0.7023% 0.01
090925-095810  0.761332 0.03 0.78%3%% —0.01
090926—093544  0.29%3% 0.01 0.23*3% 0.02
090927093754  1.00%03i 0.02 0.857393 —0.01
090927-093918  0.30%30¢ 0.13 0.22%3%  0.09
090927-094706  0.12733% 0.01 0.09%332 —0.09
090928—-094114  0.417331 008 0.3373%2  0.05
090928—094811  0.55*337 0.01 0.85%0% 0.03
090929-093714  0.31333!  0.00 0.6472%  0.02
090929-094748  0.10%3% 004 032138 -0.14
090930093441  0.64%00; 0.03 0.83%0% 0.02
090930—094228  0.95723!  0.03 093722 0.01
090931-094532  0.37%03 0.00 0.44%3% 0.10
090932-094714  0.561332 0.02 056134 0.01
090933-092437  0.36%3% 0.01 0.77%3% o0.01
090933-093128  0.24%3% —-0.01 0.22+3%¢ .03
090933-095737  0.57*)% 0.04 061733 0.00
090934-093732  0.06100; 0.05 0.18*34% 0.7
090934—094106  0.41%3% 0.04 04113% 0.04
090934—094127  0.791332 0.02 0.86%2%3 (.03
090935-092130  0.65%33 0.03 0.58139 0.06
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Table 3.6: Abell 754 Quantitative Morphologies — continued

Galaxy (B/Tyy (S)v (B/T)w (S
090935-094132  0.627032 0.04 0.47%3% —0.08
090935-094203  0.61733! 0.03 0.52%3% 0.02
090935-094507  0.8179! 0.04 0.85%332 0.00
090935-094601  0.6470; 0.04 0.95%332 0.04
090936-094026  0.35700; 0.01 0.57%)}; —0.02
090936—~094426  0.50*001 0.03 0.63%33% 0.1
090937-093245  0.14100} 0.04 0.36133] -0.01
090937-093819  0.50%33! 0.03 0.49%3%  0.02
090939-094323  0.66103! 0.02 0.6972% -0.00
090939-100044  0.377092 0.02 0.37%35% 0.02
090944-094231 0417291  0.03 0.6572%2 0.03
090944094356  0.25733L  0.06 0.24*33 0.03
090944100459  0.01733 0.04 0.087343 -0.02
090945-093834  0.2172%2  0.04 0.2770% 0.06
090946—094653  0.2072%%  0.00 0.22%23%  0.00
090948-092204  0.067301 0.02 0.04*33 0.15
090949-094325  0.22*2%  0.04 047713 0.7
090950-091820  0.27%3% 0.00 0.69%3% 0.00
090951-091438  0.33%0%2 0.05 0.34%3%2 0.03
090951-091447  0.28%032 0.00 0.33%3% 0.1
090952-092132  0.5273%2 0.01 04773 0.04
090952—-094405  0.4073%% 0.02 0.49%3%  0.00
090953-095522  0.427337 —0.01 0.52%)18 —0.08
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Table 3.6: Abell 754 Quantitative Morphologies — continued

Galaxy B/T)v (S)v (B/T)wy (Sl
090955-093618  0.43*32) 0.03 089133 0.1
090957-095409 047733 0.12 0.2773% 0.06
090958094724  0.6173% 0.01 0.387337 0.04
090959093822  0.4472%1 0.07 0.4873% 0.00
090959093823  0.2473% 0.06 0.32703 —0.02
091000-093544  0.687331 0.02 0.76733 0.01
091002-093641  0.3273% 0.01 0.6213% 0.3
091003-093946  0.1013% 0.6 0.01333 0.10
091005-093829  0.3073%' 0.03 0.3172%7 0.03
091006-090929  0.31734% —0.08 0.247)% —0.03
091006-094052  0.43*3% 0.04 0.317333 0.03
091008-095255  0.83%333 0.02 0.78%3%% 0.00
091010-100006  0.09733% 001 0.3973;) -0.01
091011-094147 0017332 0.04 0.10%35 -0.02
091011-095236 022333 0.03 0.1273% -0.02
091012-092610  0.52*301 0.04 0.48%33% 0.04
091012-095709  0.107331 0.04 0.08733 0.06
091013-093314 0407332 0.01 0.32%33% 0.01
091017-093707  0.76133; 0.04 0.777352  0.02
091018—-092043  0.34%3% 0.02 055138 -0.01
091018—093219  0.08¥332 -0.00 0.0513% —0.04
091018—-094416  0.38¥002 0.03 0.28%0% 0.04
091019093857  0.597)%7 —0.02 0.45%312 —0.02
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Table 3.6: Abell 754 Quantitative Morphologies —~continued

Galaxy (B/T)y (S)yv (B/T)y (S
091021-093825 0223331 0.03 0.17%331 -0.04
091023-094439 0517082 0.02 0.94%3% 0.04
091023-094735  0.19%2% _0.01 0.24*3% 0.00
091024-093241  0.21720!  0.04 024738 0.02
091024-093245  1.007331 0.04 0953352 0.02
091025-092505  0.19*302 0.06 0263353 0.04
091026092441  0.19*2% 0.00 0.10%33 —0.02
091026—094817  0.81733 0.06 081332 0.04
091028-094924 047702 0.03 0.5213% -0.04
091029091804 0987391 0.03 0.88*)% 0.02
091030094637 024732 0.04 0.17332% 0.01
091030-095739  0.69%002 0.01 0.66700¢ -0.03
091031-094745  0.89*331 0.02 0.7673%8 -0.05

119



120

4 CLUSTER GALAXY PHOTOMETRY

4.1 Introduction

The final phase of our data analysis involves the measurement of galaxy (U — V') color
relative to the cluster “red sequence” - the tightly correlated locus of cluster galaxies
with the reddest colors. This color-magnitude relation (CMR) appears to be an intrinsic
property of clusters out to z > 1 (Stanford, Eisenhardt & Dickinson, 1998; da Costa
et al., 1999; van Dokkum et al., 2000), and is defined by the reddest early-type (E/S0)
members, thought to be the oldest galaxies by virtue of their red colors (Bower, Kodama
& Terlevich, 1998, and references therein). Member galaxies that exhibit colors blueward
of the CMR are thought to contain younger stellar populations (Terlevich et al., 1999).
Therefore, we will use the (U — V') color relative to the CMR to search for relatively
young cluster galaxies.

Constructing precise U, V CMR’s for our sample clusters is a key goal of our study.
Locally, only the Coma cluster has comparable numbers of known members out to large
radii (R > 1 Mpc) with precise U, V photometry (Bower, Lucey & Ellis, 1992a,b; Ter-
levich et al., 1999; Terlevich, Caldwell & Bower, 2001). The CMR’s in this thesis are
based on (U — V) aperture colors and total V-band magnitudes. The data were taken
using Johnson filters and transformed to the Landolt (1992) photometric system. In this
chapter we outline our methods for obtaining aperture colors and total magnitudes for
each set of cluster members. We describe the necessary photometric corrections and we

detail the propagation of errors to our final quoted uncertainties.
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4.2 Photometry

4.2.1 Image Quality Corrections

The effects of the variable PSF over each individual Mosaic image, plus differing seeing
conditions between passbands, combine to adversely affect the image quality of each in-
dividual galaxy by different amounts. We account for varying image quality by degrading
all U and V galaxy postage stamp images for a given cluster to the worst image quality
value of its observations. This image quality correction insures that we measure galaxy
aperture magnitudes in a consistent manner.

We perform the image quality correction by first measuring the FWHM from each
galaxy’s PSF image created for the PSF-convolved bulge+disk fitting (see §3.4). In Fig-
ure 4.1 we plot the PSF image quality distributions for each cluster in both passbands.
The mode 5goqe and worst s,, FWHM values from these distributions are converted from
pixels to arcseconds and to physical units (™! kpc), and tabulated in Table 4.1. The
image quality characteristics of each combined cluster frame varying only a few percent
except near the outer image edges where focal plane distortions start to dominate. The
typical PSF size for the images is roughly 13 FWHM. The one poor case (A754 in U) has
~ 2" mean PSF and a much wider FWHM distribution, which are the result of combining
exposures from times of variably poor seeing.

Upon inspection of the image quality distributions, it would seem a loss of information
to degrade all galaxies to the very worst conditions (typically a factor of two worse than
the mode value); however, short of throwing out a fair fraction (3 10%) of members,
we opt for galaxy aperture colors from uniform images. We note that the structural (this
includes the total integrated flux we use to derive absolute magnitudes) and morphological
parameters are derived from PSF-convolved fits to surface brightness profiles, thus, these
require no image quality correction and no information is lost.

We apply the image quality correction by Gaussian smoothing each galaxy image by
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Table 4.1: Image Quality Correction Parameters

Cluster Image Smode Sw gt T2

") (tkpe) () (A7 kpe)

A85 V 118 08 254 191 030 0.8
U 14 108 1.69 127 030 024
A496 V 131 059 196 088 023 -004
U 131 05 165 074 0.16 -004
A754 V 102 076 1.48 1.10 054 025
v 199 148 243 1.80 021 0.04

its unique image quality correction factor s(%)corr = m, where s(z)psF is the
galaxy PSF FWHM. To insure this method produces the desired image quality correc-
tion for our galaxies, we smooth each PSF image and re-measure its degraded FWHM.
We find that for our Mosaic data the IRAF GAUSS smoothing task requires a modified
image quality correction §'(z)corr = I'$(2)corr- Through trial and error we determined an
empirical relation for each passband to obtain I': form:

T=1+m [(S(i)PZF - Sw) +72] . @.1)

w

We list the slope 7, and intercept . coefficients for each cluster passband in Table 4.1. A
second iteration of smoothing by s'()corr produces PSFs FWHM values within 3% of the
cluster s,,. When we are confident our image quality correction will produce a set of U-
and V-band galaxy postage stamp images with uniform image quality, we degrade each

galaxy using its corresponding s'(%)corr-
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Figure 4.1: PSF FWHM distributions for each combined cluster image. The mode syode

and worst (maximum) s,, values for each distribution are given in Table 4.1.
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4.2.2 Aperture Magnitudes

We measure the color (U — V') of each galaxy using aperture magnitudes from its pair
of U,V image quality corrected postage stamp images using several different apertures.
The use of fixed apertures and variable apertures related to individual galaxy sizes are
compared in terms of their effects on the cluster CMR’s in Chap. 5. Here, we simply
describe our choice of aperture sizes and how we obtain the aperture magnitudes.

We select a fixed aperture size to directly compare our U, V' color-magnitude (C-M)
data with that of Coma from Bower, Lucey & Ellis (1992a,b, hereafter BLE92). For
Coma (cz = 6500 km s~*), BLE92 use an aperture diameter of 11”. We scale the BLE92
aperture by the ratio of the line-of-sight comoving distances to Coma and to each of our
clusters to obtain a comparable fixed aperture. Therefore, the fixed aperture we use to
measure member (U — V) colors in each cluster, samples the same physical diameter
(3.34 h~! kpc) as BLE92 did in Coma. We list our fixed aperture diameters in Table 4.2.

The use of fixed circular apertures to measure the colors of galaxies does not take
into account the different physical sizes of galaxies and may introduce a bias in the CMR
because brighter galaxies have larger sizes (Scodeggio, 2001) and color gradients are an-
ticipated in most types of galaxies (see Peletier et al., 1990; de Jong, 1996b, and references
therein). Our 2D surface brightness fitting provides us the advantage of measuring each
galaxy’s ry), the half-light radius from the higher S/N ratio V-band image. Therefore, we
also select two physical size circular apertures of radii raper = 71 and 'aper = 2ry. Using
these physical size apertures is only useful if the galaxies are resolved. In Table 4.2 we
list the fraction of members that have 2(ry; — loy;) > sy. The majority of image quality
corrected cluster galaxies in our sample are resolved. When using physical size apertures,
we require the small fraction of unresolved galaxies to have a limiting aperture diameter
equivalent to the worst seeing.

We measure the flux f,, within each of our three circular apertures using the “phot”
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task in the IRAF APPHOT package. This package is the standard for performing aperture
photometry on uncrowded digital images. To ensure the sky is measured well outside
each galaxy we use an annulus of width 5 pixels that goes out to the edge of each galaxy
postage stamp image. Recall that the size of each postage stamp image is correlated with
the galaxy isophotal area (see § 3.4.1). Our typical sky annulus contains 1000 — 5000
pixels, with a minimum of ~ 300 pixels for the smallest galaxy images. The local sky in
our images is quite flat given the steps we have taken to make the images globally flat.
We calculate U and V' aperture magnitudes for each galaxy using

m=2zp—2.5 log(fﬂ) +aX. 4.2)

fexp

The photometric coefficients (zp and a) for each passband are found in Table 2.3. Each
combined cluster image has been scaled to an effective exposure time tex, and effective
airmass X (as described in § 2.2.4), and these values are given in Table 4.2. For each
cluster, we list the airmass corrections for (U — V') and My in Table 4.3. Note that the
airmass correction is significant (~ —0.5 mag) in U where the atmospheric extinction

depends strongly on airmass.

4.2.3 Total Absolute Magnitudes

From the total GIM2D model fluxes f,,, of each galaxy, we calculate U and V" uncorrected
absolute magnitudes

MT =zp— DM —2.5log (i’ﬁ) +aX, 4.3)
where DM is the cluster cosmological distance modulus (see §3.5.2.2). We use the
mean cluster redshift ., to calculate the distance moduli for individual cluster mem-
bers which removes the possibility of introducing magnitude uncertainties due to galaxy
motions through the cluster. Assuming each cluster is a sphere with a characteristic radius

of 1.5 h~! Mpc(consistent with an Abell radius), we estimate a ~ 2% error in our adopted



Table 4.2: Galaxy Photometry Parameters
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V-band U-band
Cluster 2y  (%)usived fexp X fexp X DM +5loght
") (sec) (sec) (mag)
A85 445 95.0(172/181) 600 133 600 141 36.18
A496 742 99.3(147/148) 300 142 720 144 35.03
A754 450 88.5(276/312) 480 134 720 1.34 36.16

3 Scaled aperture diameter with same physical size (3.34 A~! kpc) at cluster
compared to 11" for Coma (BLE92).

b Galaxy is considered resolved if 2(ry ~ lon) > Su-

¢ What we tabulate is the distance modulus if A = 1; lower values of H;

will result in larger DM.
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distance moduli due to the uncertainty of front-to-back cluster distance. We present each

cluster’s distance modulus in Table 4.2.

424 Color Corrections

For both aperture and total magnitudes, we transform to the Landolt (1992) system by
applying airmass and color corrections using the coefficients (a and /) in Table 2.3. The
airmass corrections are included in calculating the aperture and total magnitudes (equa-
tions 4.2 and 4.3).

We calculate each color corrected aperture magnitude by iteratively solving the fol-
lowing equations:

Vi=V + By (Ui1 = Vi) 4.4)
Ui=U + By(Ui-t = Viey)- 4.5)

U and V are the uncorrected aperture magnitudes from equation(4.2). For the initial iter-
ation we set (U;—; — V;—;) = (U —V'). We perform these calculations until the magnitude
difference between successive iterations is dm < 0.001 mag. Table 4.3 contains the final
color corrections for (U — V) and M;; averaged over all cluster members.

For each aperture we apply the final color corrections to our aperture magnitudes and
obtain corrected aperture colors. To achieve our corrected total magnitudes we use the
final ry,) aperture color corrections. At this point, we have accurate galaxy photometry of
all cluster members, and our corrected aperture (U — V') colors and total M}, magnitudes
represent how the galaxies appear on the sky. We present our full catalog of member
galaxy photometry (separate tables for magnitudes and colors) in Tables 4.4 through 4.9.
Columns (2) and (3) contain the total My and My magnitudes assuming & = 1. We list
the fixed aperture color (U — V)3 .34 in column (4). The physical diameter of the fixed
aperture is 3.34 h~! kpc. Columns (5) and (6) give the two physical size aperture colors
(U = V) and (U — V)11 These final two colors are measured with half-light and twice
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half-light aperture diameters. Each tabulated photometric property includes its formal

error from propagation of random uncertainties (see §4.4).

4.3 Constructing Color-Magnitude Diagrams

For our remaining analyses, we wish to quantify member galaxy properties as they appear
in the cluster rest-frame. Therefore, two additional corrections are required to achieve

rest-frame cluster galaxy photometry — a reddening correction and a k-correction.

43.1 Reddening Corrections

To account for Galactic extinction, we apply reddening corrections to the aperture colors
and total magnitudes using the dust maps of Schlegel, Finkbeiner & Davis (1998). These
new maps are based on full-sky 100xm emission from COBE/DIRBE and IRAS/ISSA
observations and, thus, directly measure the Galactic dust content. Assuming a standard
Ry = 3.1 extinction law, Schlegel, Finkbeiner & Davis (1998) have calibrated their dust
measurements to optical and near infrared extinction E(B—V) using (B—R) and (B-V)
color distributions from a large sample of elliptical galaxies. Their Galactic reddening
maps have orders of magnitude higher resolution, and are ~ 2 times more accurate than
the traditional Burstein & Heiles (1982) reddening estimates based on neutral hydrogen
21 cm emission.

To determine the amount of reddening along the line of sight to each cluster, we must
first transform from celestial coordinates (a, d) to Galactic coordinates (l,b). For each

member galaxy we use the following relations from Binney & Merrifield (1998):

4.6)

cosdsin(a — agp)
cosb

l=lcp—-arcsin[

and

b = arcsin(sin dgp sin J + cos dgp cos d cos(a — agp)]. 4.7



Table 4.3: Photometric Corrections

Correction Cluster My U-ve
mag mag
Airmass A85 -0.114 -0.489
A496 -0.192 -0.424
A754 -0.115 -0.459
Color A85 +0.012 -0.036
A496 -0.004 -0.022
A754 +0.014 -0.040
Reddening A85 -0.119 -0.076
A496° n/a n/a
A754 -0.162 -0.103
k- A85  -0.098 -0.077
A496 -0.061 -0.049
A754 -0.097 -0.077

3 Each correction applied to (U — V') is merely

the difference of the U and V corrections.

® No reddening correction applied; error in

Schlegel, Finkbeiner & Davis (1998)

extinction values — see text.

129



130

The Galactic longitude of the north celestial pole is [cp = 123.932°, and the north Galac-
tic pole celestial coordinates are (agp, dcp)2000 = (192.85948°,27.12925°).

We obtain the Galactic reddening value E(B — V) at each ([, b) from the dust maps
of Schlegel, Finkbeiner & Davis (1998)!. This value is the linearly interpolated value
from the 4 nearest pixels, where the pixel size is 2.372 square arcminutes. Assuming the

standard Ry = 3.1 extinction law, the final extinction corrections are:
A(U)=5.434-E(B-V) (4.8)

A(V) =3.315-E(B-V), 4.9)

which result in a (U — V') reddening correction of E(U — V) = 2.119E(B - V). The
mean reddening corrections for each cluster are found in Table 4.3.

We do not apply a reddening correction to cluster A496 at (I, b) = (210.6°, —36.5°).
This cluster is behind a Galactic molecular cloud which contains very little H I (Finkbeiner,
2001). Thus, the reddening correction from Burstein & Heiles (1982) is not useful - their
average E(p_y) at this cluster is 0.02 resulting in mean corrections of 0.07 mag and
0.04 mag in My, and (U — V). Yet, the reddening values from Schlegel, Finkbeiner &
Davis (1998) are far too large and exhibit a huge gradient (A, = 0.4 mag over only
30'), so that applying these values destroys the intrinsic well-defined CMR apparent in
this cluster prior to this correction (see Figure 4.2). In Chap. 5 we fit the CMR for the
core red members of A496 and show that the slope matches Coma and our other two
clusters within the measured errors. Therefore, the lack of a reddening correction for
this cluster results in a simple shift in the C-M plane. Ultimately, we measure color dif-
ferences relative to the fitted CMR, thus not applying a reddening correction for A496

should not affect our resuits.

!The authors have kindly made available the dust maps with user friendly software that outputs E(8 ~
V') for an input (I, b) at http:/astron.berkeley.edu/davis/dust/index.html.


http://astron.berkeley.edu/davis/dust/index.html
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Figure 4.2: Color-magnitude diagram for A496 before and after applying Galactic ex-
tinction corrections from Schlegel, Finkbeiner & Davis (1998). This cluster exhibits an
obvious red sequence prior to this correction (panel a). The Galactic molecular cloud to-
wards A496 has affected the computed reddening correction along this line of sight. The
incorrect correction from Schlegel, Finkbeiner & Davis (1998) produces the dispersed
points in panel (b). Consequently, we do not correct photometry of A496 for Galactic
extinction.
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Figure 4.3: Model dependencies of the (U — V') k-corrections from Poggianti (1997). At
the mean redshifts of our three clusters, the difference between the three basic models
— elliptical (solid line), Sa (dashed line) and Sc (dotted line) —is < 0.01 mag. For our
analysis we adopt the E-model k-corrections.
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4.3.2 k-Corrections

The last correction our photometric data require is the k-correction. Even at low red-
shifts the k-correction is a significant effect, making galaxies appear redder and dimmer
than they are intrinsically. We use the recent model-dependent k-corrections from Pog-
gianti (1997). She has computed k-corrections for E, Sa and Sc Hubble types using an
evolutionary synthesis model that reproduces the integrated galaxy spectrum from 1000
to 25,000 A. k-corrections are given for each galactic model in the Johnson filter sys-
tem in Az = 0.02 bins. The Poggianti (1997) k-corrections are consistent with earlier
empirical-based solutions from Coleman et al. (1980).

For each member galaxy we extrapolate the elliptical (E-model) k-correction based
on the individual member redshift since it is the shifting of the galaxy’s spectrum that
produces the need for this correction. Note that at the redshifts of our cluster sample,
the difference between the 3 basic Poggianti models (E,Sa,Sc) is less than 1% (see Fig-
ure 4.3). A possible systematic uncertainty in this correction may be due to the shape of
our UU-band response function (see Figure 2.1), which is similar to the Coma observations
of BLE92, who report a diminished k-correction of 0.00 mag compared to 0.026 mag (at
z = 0.022) for standard (U — V) from Poggianti (1997). The mean k-corrections for each

cluster are given in Table 4.3.

4.4 Error Propagation

In this section we describe and quantify the sources of error in our galaxy photometry.
The formal photometric errors for each galaxy are calculated by propagating all random

sources of uncertainty.

44.1 Formal Errors in Aperture Magnitudes

The formal error in an observed magnitude, from aperture photometry on CCD images, is

due to a host of noise sources. The complete description of the “noise” is given by Howell
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(2000, and references therein):

o= J Nobj + Npix (1 + :pix) (Mky + Ngark + eread + gsz\/D). (4.10)
sky

The sources of noise are as follows:

o Ngy; is the number of object photo-electrons within an aperture of n pixels. This

term is the Poisson uncertainty from the object itself.

o Ny, is the mean number of sky (or background) photo-electrons per pixel in the

sky annulus of ng, pixels.
® Nyari is the dark current in electrons per pixel.

e N2, is the read noise in electrons per pixel. This term is squared because the read
noise behaves like shot noise — it is incurred only during the CCD readout and, thus,
is not Poisson-like. In addition, the read noise is quoted traditionally as a standard

deviation; therefore, its variance is added quadratically with other noise sources.

e ¢?N2A/D is the analog-to-digital converter noise, with g equal to the gain of the
CCD in electrons per ADU. This error is negligible for the MOS 1 and MOS2 gains

which are g << 100.

The (npix/nsky) term represents the additional uncertainty in estimating the mean sky
level that is subtracted from the total number of photons within the aperture to obtain the
object flux. As we discussed in §4.2.2, we measure our sky in an annulus of sufficiently
large ngyy.

For “bright” sources, the Poisson noise from the object is the dominant term in the
equation above. Our faintest cluster members with U, V' photometry and redshifts (see
§2.3.3) have S/N>> 10, which qualify as bright. Thus, the errors due to dark current and
read noise are not significant. Ultimately, the APPHOT “phot” task combines all of the
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non-object error terms into the uncertainty in the measured sky estimate afky, which in

practice includes the read noise and dark current noise. Therefore, equation 4.10 simpli-

fies to
2 2 ag'ky
0 = | Nobj + NpixOgey + npix-m, @4.11)
This error can be converted to the uncertainty in aperture magnitude by
2.5 o
Amg,, = —— . 4.12
M = 10 (Nobj) @12

The APPHOT “phot” task accurately reports Am,,. The typical values for our galaxies
range from 0.002 — 0.010 mag in V/, and from 0.012 — 0.035 mag in U. These low
values directly represent the high S/N of our observations. We note that if the galaxy
images have flat-field gradients or imperfections, this error will under-estimate the true

systematic error.

4.4.2 Color Uncertainties Due to Circular Apertures

The use of circular apertures for color measurements is a source of potential uncertainty in
our analysis. For the cases where galaxies appear nearly edge-on, depending on aperture
size relative to galaxy diameter, part of the aperture can measure sky flux. This effect
would result in higher errors for more inclined disk galaxies compared to those more
face-on or spheroidal. The magnitude of this effect is difficult to quantify, but given our

distribution of formal photometric errors, this error appears to be insignificant (< 0.1%).

4.4.3 Uncertainty From Using r,; Apertures

We use the r,; measurements from our GIM2D galaxy fitting to define our two physical
size apertures. Thus, a secondary source of error in these aperture magnitudes is the
uncertainty in our ry; and 2ry; values. We note that the magnitude of this source of error
depends o the strength of internal color gradients.

We quantify the significance of this error by measuring magnitudes for our member

galaxy sample with r,; + 10 apertures. GIM2D does not include a confidence interval
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for the actual r,; measurement; therefore, to estimate the error in ry,; we use the tabulated
error in r, or 4, depending whether B/T < 0.5 (disk) or B/T > 0.5 (bulge). We
obtain aperture colors at the lower and upper ry; aperture limits for each galaxy. The
difference between these two aperture color measurements provides us with an estimate

of the uncertainty in our (U — V') measurement due to the error in 7y, :

Amy = 05/[(U = V)_p = (U = V)4of?. (4.13)

In Figure 4.4 we plot Amy, as a function of raw aperture V'-band magnitude for A754.
This cluster shows a typical distribution of this uncertainty which has a mean of ~
0.002 mag. There is a slight trend of increasing Amy, with faintness as would be ex-
pected with increased uncertainty in ry,, measurements from lower S/N images. Less than
2% of cluster galaxies have a > 1% error. Thus, we include this uncertainty when cal-
culating our total propagated color error only when its value exceeds 0.005 mag, for the

remaining members we neglect this uncertainty in the error propagation.

444 Uncertainty in Total Magnitudes

The dominant source of error in our total M;; and M} magnitude measurements is the un-
certainty in the model flux (f;,.) value given by GIM2D as a confidence interval. GIM2D
derives asymmetric error bars (A fy, and A f) for the total model flux through full Monte-
Carlo propagation of the parameter probability distributions during the calculation of the
final best-fit model f,,, value for each galaxy, in each passband. From these uncertain-
ties, we calculate the asymmetric 1o errors in magnitude, Amy and Amg. Typical mean
values for members in all three clusters are AV, p = 0.04 mag and AUL g = 0.14 mag.
These values do not include the ~ 2% estimated uncertainty in distance modulus (see

§4.2.3).



A'm.hl
0.02

0.03

0.01

137

raw

Figure 4.4: Error in (U — V) due to the r,, measurement uncertainty.
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4.4.5 Error Due to Color Corrections

The final correction we apply to our total absolute magnitudes and aperture colors is
the color correction (§4.2.4). This iterative correction transforms our galaxy photometry
to the Landoit (1992) system. The application of this correction includes the following

uncertainty in each passband:

Amee = /(U - V)20} + B203_y +28(U - V)o}. 4.14)

We assume the cross-term error o is close to zero. The color term f§ is quite small
(< 0.02, see Table 2.3), therefore, the middle term of equation 4.14 is negligible (<
0.001 mag). The uncertainties of the color terms are typically o3 ~ 0.01, thus, a repre-
sentative cluster galaxy color of (U — V) ~ 1.5 gives a total Am,. ~ 0.02 mag error in

our aperture (U — V) color measurements.

44.6 Flat-fielding Error

We estimate the uncertainty in our photometry, due to the flat fielding of our data, by
calculating the standard deviation o in mean sky levels over the entire image plane. We
subdivide each reduced and combined Mosaic frame into 16 equal parts. Within each
image section we calculate the mean sky level in three separate 30 x 30 pixel boxes,
free of celestial objects. The minimum and maximum pixel values of each set of 48 sky
measurements are inspected to insure no dead or hot pixels are included. Finally, we
obtain the og of the background level means. This calculation gives the global percent
uncertainty in the flattened sky level. The flat field uncertainties are 0.8 — 1.1% in V, and
0.9 — 1.6% in the U-band. We convert these flat-field uncertainty estimates to magnitude

errors Amg.



139

447 Formal Random Error Calculation

Using error propagation, we calculate the total formal error due to random sources of

uncertainty in each aperture magnitude

Am = |/ A?mg, + A2y + A?me. + A2mg, 4.15)

and each total magnitude

AM = Azm[,,a + A’me. + A2mg. (4.16)

These are the formal errors we quote in our cluster galaxy photometry catalogs (Ta-
bles 4.4 through 4.9). Note that Amy, = 0 for the fixed size aperture magnitudes in
Equation (4.15).

44.8 Systematic Errors

In addition to the random errors discussed above, there are several sources of systematic

error. We do not include these in our formal error estimates, but instead list them here:

e The APPHOT “phot” task quotes errors in the zero point and airmass term of the
transformation to Landolt (1992) magnitudes (see Table 2.3). The combined ef-
fect is an uncertainty in the overall zero point of each passband in the photometric

system:
Am,, = \/o2, + X202, 4.17)

This error is between 0.015 and 0.032 mag for each passband of our cluster. There-

fore, the zero point of our (U — V') colors is uncertain by 0.021 to 0.045 mag.

o For an upper limit to the systematic uncertainty in the reddening correction, we
choose the difference in dust zero point between the Schlegel, Finkbeiner & Davis
(1998) and Burstein & Heiles (1982) maps, which Schlegel, Finkbeiner & Davis
(1998) quote as 0.020 mag in E(B — V'), which translates to an error in E(U - V)
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of 0.042 mag. There is also a formal uncertainty of 10%, which amounts to ~
0.0l magin E(U - V).

e We choose the < 0.01 mag difference between different models as an estimate for

the systematic uncertainty in the Poggianti (1997) k-corrections.

4.5 Chapter Summary

In this chapter we described and quantified our cluster galaxy photometry. We explained
the photometric corrections necessary to transform our observed Johnson U, V' flux mea-
surements to magnitudes on the Landolt (1992) system. The total intrinsic magnitudes
and aperture (U — V) colors for all member galaxies have been cataloged in Tables 4.4
through 4.9. We outlined the construction of rest-frame cluster C-M diagrams for our
analysis in the remaining chapters. In addition, we detailed the propagation of errors to
our final quoted uncertainties. In Figure 4.5, we display U, V' C-M diagrams, based on
half-light aperture colors, for clusters A8S, A496 and A754.
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Figure 4.5: Total member U, V' C-M diagrams for the three clusters in this thesis. The
colors and total absolute magnitudes are fully corrected (except no reddening correction
has been applied to A496 — see §4.3.1). The colors are based on ry, radius aperture
magnitudes.



Table 4.4: Abell 85 Member Galaxy Total Magnitudes

Galaxy M My
(mag) (mag)
004150-091811 —22.503%33'% —20.63070.0%
003959-092604 —18.403%3%50 —17.393%0:1¢8
004005090303 —20.144%3328 —18.54270113
004013-085957 —19.058709%8 _17.640+3128
004018-085631 —18.1307008¢ _17,062+3:4%0
004019085257 —20.79373018  _19.370+3.9%
004027-094312 —19.82613324  _18.346731%3
004029-003730 -—18.747*3%1 1731673472
004032—091320 —19.39370%28 —18.274%3153
004034085006 —19.279+0028  _17605t.113
004039-092210 —17.391%3968 _16.902732%2
004040085920 —18.56210983 —16.897+3.70
004041084850 —18.20370078  _17.g77+020s
004042092842 —19.93173928 _jg 57213122
004044—085727 —19.31673338 —18.043%01%
004044092223 —19.04673928 _17.66713:%8
004044—092359 —19.923+2933  _18.461+3:136
004046085005 —20.589%3:922 19.196702%
004047093301 —18.55070947 _17.718+0.180
004050-091323 —19.348%0928 _17.906+0201
004052-092028 —17.7787095  _16.766+0:3%
004054—090607 —18.69473040 _17,975+0-146
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Table 4.4: Abell 85 Total Magnitudes — continued

Galaxy MT Mg
004059085958 —19.034733% —17.60670:53
004102-091233 —20.383*33% -18.931*0 0%
004105-091132 —20.549%302 —19.164134%
004107-091749 —19.9637332 _18.408+3%%9
004110-091501 —18.107+3%% —17.333*:1%¢
004112091011 —20.74615%3 —19.135%0.0%
004112-091017 —-20.011%3%2 —18.451*01%2
004112-092036 —18.184725% _16.853+3-23}
004113-090901 —19.882+0%2 _18417+3%%7
004113091954 —17.48813%19 —16.44770377
004114085554 —18.526%39% —18.281+09%
004117-092206 —17.885%3%7 —16.535103%
004118090439 —18.05813%%7 —16.763%3:2%%
004118—092912 —19.110%3928 _17.673%01%
004119-091150 —18.006703:¢ —16.878+33%8
004119-093424 —-19.15510928 —17.77570.%3
004120—092327 —19.290739%% —18.096+3:373
004120092509 —19.535+302¢ _17.753+3.9%
004122-090331 —18.81970%3 _17.082+0:13¢
004122-091943 —18.86810.327 _17.435701%
004123-091835 —18.362+334% —17.025+3:240
004123-094747 —20.1651033% —-18.58573.2%8
004127—091343 —20.24473528  —19.147+2%31
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Table 4.4: Abell 85 Total Magnitudes — continued

Galaxy My Mg
004128—002330 —18.44510%42 —17.47213431
004129-091359 —20.8267301 —19.31870:0%%
004129-093426 —20.38070912 _18.870+2%%)
004130-091407 —20.722%3017  —19.12330:033
004130-091546 —21.5367301¢ —21.069+0032
004130-092133 -19.092*3%% —17.554701%
004131090215 —19.750700% -18.4937013
004131-091135 —18.406+3%37 —16.9170088
004131-091754 —18.450%33%49 —16.9427337
004131-094151 —20.1097392 —18.672*01%2
004132—092002 —20.3897301% —19.130335¢
004133-090924 —20.186%3:328 -18.809%31%%
004133-091457 —20.10673213 —18.593+007¢
004134—085557 —19.59670%7 _18.146+0181
004134—091153 —18.07679%%0 —~16.467+33%
004135-000047 —19.267+03%  _17.920+3:347
004135-090536 —18.12219%1 _16.605+32L¢
004135-092139 —18.94675%4 —17.089+2473
004135-092151 —20.716%3918 —19.241+0.362
004136—085935 —19.57279943 _18.212+3-113
004136—091115 —19.259+3923 _17.722+3.130
004136—091835 —17.59413%%% _16.129+0254
004136-091930 —19.404¥3927  _1g8 113+0.163
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Table 4.4: Abell 85 Total Magnitudes — continued

Galaxy My Mg
004137-091316 —-19.304730% —17.88210:132
004137—003254 —19.288%3927 —17.959%013;
004139092453 —19.42670028  —18.246101%3
004139092748 —18.15470343 —16.36070:3%
004140-091018 —19.176+33%8 —17.749%33%
004140-091816 —20.099+3320 —18.52470:1%
004140092732 —19.635730 —18.324}3%%
004141-091857 —20.174+398 —18.808101%2
004141092622 -18.740700%8 —17.380%33%
004142-092126 —18.016709% —17.20413332
004143-085758 —18.17070%L _16.777+3:23
004143000615 —18.588709% _17.307+3:139
004143-092622 —21.52073017  —20.178+00%4
004144-092531 -18.433709% —16.83873413
004145-094033 ~19.019%3%3% —18.21913:3%
004146090945 ~19.63979022 —18.225%00%8
004146—092635 —17.945+3049 162557023
004147—085845 —17.62270%! _16.121102%8
004147090814 —19.24913338 —17.74913:112
004147-092313 —19.7951002 —18.39113-1%2
004148—001704 —20.491%3%8 —18.929735%
004148092731 —18.756100%0 _17.316+0-166
004149-092903 —18.9311003¢ _17.817+0206
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Table 4.4: Abell 85 Total Magnitudes — continued

Galaxy MY M7
004150—001744 —19.714+35%8 —18.523+32%2
004150—-092548 —21.02533913  —19.56070-033
004150—-092818 —18.371+3043 —16.961+3.3%
004151-091346 —18.0711333 _17.356+01%
004152-093015 —21.210%331 —19.662+3:088
004153-084844 —18.55713%43  _17.190+02%3
004153—092130 —18.953109% —17.451+32%3
004153-092930 —20.151*331% —19.709+3.330
004153-092944 —20.7851817  _19.507+3.363
004153-093116 —18.929+3342 _17.559+3.%62
004153—093846 —17.64170937 _16.927+0083
004156—090235 —-19.167+293¢ _17.984+3:143
004157-093524 —19.301*292% _18.245+39%
004157-094247 —18.142+39%6  _17.058+3:3%%
004158—085156 —18.26170072 _17.16770138
004158-085217 —19.144%092 _17.691+3114
004158091824 —17.624700%8 )7 ggg+0104
004159—092911 —17.90313932 _16.85570234
004200-094231 —18.49513.038 _18.06610:119
004201091203 —18.93413:348 _17.723+3112
004202—090841 —18.67470932 _17.324+0132
004203092816 —19.76910838 _18 f65+0.118
004205-093204 —20.85013913  _20.08813.3%4
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Table 4.4: Abell 85 Total Magnitudes ~ continued

Galaxy MY Mg
004206-090241 —20.2167022 —18.852+3.3%7
004206-093335 —17.780109%8 —17.067%03
004206—093606 —19.43713%9% —18.123*3:13%3
004206094400 —18.37973%2 —16.90413143
004207-091419 —18.70873043 _17.285+01%
004207-093626 —17.701*3%7 —17.69070:113
004208-092836 —18.962703 —17.602%0.492
004208—093105 —17.77413%8 17093720
004209-093034 —17.823+3%47 —17.167702%2
004210—085552 —19.368+3537 —18.159703%0
004210—092852 —18.158703% —17.844709%
004211-093030 —19.288+292 _17.81470114
004212-002204 —19.95773%8 _18.683+04%
004213-091751 —20.1357323 _18.588130%
004216093252 —20.19673323 —18.697703%
004217091111 —17.940733%4 _16.530+0252
004217-002848 —19.397+301¢ 1822373993
004218084832 —19.5497032% _-18.037+01%
004218—003912 —18.463+3342 —18.055%397%
004219-091529 —20.148700%¢% _18.76373118
004219-092316 —19.232+393% _17.978+02%
004220—092119 —19.197733%6 _18.012+31%2
004220-092528 —18.57073933 _17.628+0105
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Table 4.4: Abell 85 Total Magnitudes —~ continued

Mg

Galaxy My
004222090700 —19.770%39%7 —18.42270.0%
004224—090954 —17.79870%4% —16.207+333
004224—091617 —19.617+308 _18.424+39%
004226093709 —18.30870333 -16.78810223
004227-092529 —18.81470928 _17.410+0:168
004229-091550 —17.480739%8 —16.744%33
004233-092715 —18.098+333% —16.640702%
004234-085254 —19.891700'8 —18.671*3:113
004234000846 —19.48270018 _jg 18]+0.110
004234-001041 —20.67873318 —19.17870.0%
004234091053 —19.1867092% _17.728+3:12
004235-093918 —21.108139%22 —19.698+3.92%
004236-090349 —19.6877332 —18.211*3.3%
004237-094404 —17.168700%2 _16.437+0.2%4
004237004521 —17.79970%8 —16.83672%5
004239-092007 —18.5761 003 —17.205%5:1%
004240092357 —18.27010%3% —16.94570:1%8
004240—093054 —19.78610.02% —18.34570:1%
004240-094417 —19.23713033  _18.035%322
004241—-085649 —20.166730% —19.39570.071
004242085528 —20.180+03%0 —18.699705%
004244085612 —20.05610920 —18.446%31%
004244094421 —19.506292¢ —18.199+3-18
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Table 4.4: Abell 85 Total Magnitudes — continued

Galaxy ME Mg
004245-093103 -—19.87273012 _18.419*313
004245-093316 —20.64013.32 —18.99139%
004248—093440 —18.83970%89 _18.127+3322
004253094214 —19.2551392 —17.791+31%%
004256094455 —19.1761392% 175741317
004259-092910 —18.294%5522 —16.808+02%9
004302-094640 —19.322+3%37  —17.9740-183
004304—093243 —19.32670021 _18.133+3:4%
004305-092533 —19.808+3318 _18.325+397%
004308—093444 —18.24610347 —17.785%0:1%
004310090325 —20.208+392! —18.912+3:13%
004311-094054 —20.745+3315  —19.387+0-022
004312-093816 —20.789+3313 —19.71610:03
004314—091022 —17.512+398%  17.25130227
004314—092657 —18.228+3033 —16.9140%82
004318-093551 —18.60070928 —17.388+32%
004328—093034 —19.34313518 —17.818+3:28
004330—094359 —19.613+33% —18.644002
004336—002548 —20.2477301%  —19.138+3.3%8
004339093121 —19.29073%3% —18.923+31%
004343—090732 —19.8767302¢ —18.42970.1%8
004344090423 —19.03413043 —-18.610+013
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Table 4.5: Abell 85 Member Galaxy Colors

Galaxy

(U—-V)aau
(mag)

U-V
(mag)

(U-V)m
(mag)

004150091811
003959—092604
004005—-090303
004013085957
004018-085631
004019085257
004027-094312
004029-093730
004032-091320
004034085006
004039-092210
004040-085920
004041084859
004042-092842
004044085727
004044092223
004044092359
004046—085005
004047-093301
004050-091323
004052-092028
004054—090607

1.603 + 0.031
0.800 + 0.027
1.806 £+ 0.033
1.610 £+ 0.032
1.443 £0.037
1.693 £ 0.032
1.632 £ 0.032
1.530 £ 0.032
1.486 £ 0.031
1.793 +0.034
0.486 + 0.029
1.586 + 0.035
0.709 + 0.029
1.541 +0.030
1.504 £ 0.030
1.365 £ 0.030
1.596 + 0.031
1.807 £ 0.033
1.547 £0.037
1.565 +0.031
1.053 £0.032
1.477 £0.032

1.573 £ 0.029
0.817 £ 0.026
1.764 +0.032
1.609 £+ 0.032
1.443 £0.037
1.583 +0.029
1.613 £0.031
1.548 +0.036
1.325 £ 0.028
1.807 £0.035
0.466 + 0.029
1.583 +0.034
0.645 + 0.026
1.530 £ 0.030
1.527 +0.032
1.364 £ 0.029
1.598 £+ 0.031
1.736 + 0.031
1.513 +0.036
1.556 £+ 0.031
1.053 £ 0.037
1.475 +0.031

1.537 + 0.028
0.981 +0.029
1.726 £ 0.032
1.512 +0.030
1.405 £ 0.034
1.532 £ 0.029
1.590 £ 0.030
1.524 £ 0.032
1.172 + 0.026
1.751 £ 0.034
0.571 £ 0.029
1.571 £ 0.033
0.647 + 0.032
1.478 +0.029
1.448 +0.030
1.364 £ 0.030
1.598 + 0.030
1.720 £ 0.031
1.315 £ 0.032
1.495 + 0.029
1.048 £0.031
1.458 £ 0.031
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Table 4.5: Abell 85 Galaxy Colors — continued

Galaxy

(U-=V)sau

U=V

(U-V)m

004059-085958
004102—-091233
004105091132
004107-091749
004110-091501
004112091011
004112-091017
004112-092036
004113-090901
004113-091954
004114—-085554
004117-092206
004118—-090439
004118-092912
004119091150
004119-093424
004120-092327
004120-092509
004122090331
004122091943
004123-091835
004123-094747
004127-091343

1.519 +0.030
1.664 £+ 0.031
1.610 = 0.030
1.567 £+ 0.030
0.740 £ 0.026
1.628 £ 0.030
1.543 £ 0.030
1.255 £+ 0.033
1.578 +£0.030
1.232 £ 0.035
0.288 + 0.022
1.342 £ 0.039
1.457 +0.035
1.537 £0.032
1.331 £0.033
1.674 +0.033
1.144 £0.027
1.587 +£0.031
1.551 £0.033
1.617 + 0.034
1.522 £+ 0.036
1.671 +£0.031
0.834 +0.022

1.551 £ 0.033
1.640 £ 0.030
1.598 +0.030
1.566 £ 0.030
0.753 £+ 0.026
1.618 +0.030
1.534 £ 0.029
1.257 £ 0.033
1.578 +0.030
1.238 +0.043
0.319 £0.020
1.352 £+ 0.039
1.453 £+ 0.036
1.537 £ 0.033
1.346 £ 0.035
1.722 £ 0.036
1.146 + 0.026
1.583 +0.032
1.549 +0.033
1.646 £ 0.038
1.523 £ 0.036
1.670 +0.031
0.824 + 0.022

1.507 £ 0.030
1.603 + 0.030
1.577 £ 0.029
1.593 + 0.030
0.838 +0.025
1.613 £ 0.029
1.572 £ 0.030
1.240 £ 0.032
1.538 + 0.029
1.232 + 0.035
0.368 £ 0.020
1.479 £+ 0.044
1.444 + 0.033
1.501 £ 0.032
1.302 £+ 0.031
1.655 £ 0.032
1.190 + 0.027
1.610 £ 0.031
1.617 + 0.032
1.633 £0.034
1.435+£0.034
1.656 = 0.031
0.888 + 0.022
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Table 4.5: Abell 85 Galaxy Colors - continued

Galaxy

(U—-V)sa

(U-Vu

(U =V

004128092330
004129-091359
004129—-093426
004130-091407
004130-091546
004130-092133
004131090215
004131091135
004131-091754
004131-094151
004132-092002
004133-090924
004133-091457
004134—-085557
004134-091153
004135-090047
004135-090536
004135--092139
004135-092151
004136—-085935
004136—-091115
004136091835
004136—-091930

0.905 £ 0.027
1.542 £ 0.029
1.719 £ 0.032
1.744 £ 0.031
1.013 £ 0.023
1.464 + 0.031
1.459 £ 0.029
1.402 + 0.032
1.490 + 0.034
1.601 £ 0.031
1.390 & 0.028
1.598 £ 0.030
1.621 £0.031
1.644 £+ 0.033
1.456 £ 0.035
1.364 + 0.030
1.478 £0.035
1.647 £ 0.036
1.552 3 0.029
1.423 +0.030
1.554 +0.031
1.308 - 0.044
1.713 £0.033

0.905 £ 0.027
1.530 £ 0.029
1.668 £ 0.031
1.737 £ 0.031
0.582 + 0.019
1.463 £ 0.031
1.451 £0.029
1.415 + 0.034
1.497 £0.037
1.578 +0.030
1.314 +0.026
1.596 = 0.030
1.608 + 0.030
1.607 +0.031
1.451 £0.035
1.349 +0.029
1.470 + 0.036
1.650 £+ 0.036
1.550 +0.029
1.450 +0.029
1.553 +£0.032
1.298 £0.045
1.723 +£0.035

0.908 £ 0.026
1.570 + 0.029
1.639 £ 0.030
1.728 +0.031
0.551 & 0.019
1.459 £ 0.031
1.404 + 0.028
1.389 + 0.031
1.436 £+ 0.034
1.546 + 0.029
1.294 £ 0.026
1.555 + 0.029
1.613 +0.030
1.543 £ 0.030
1.510 +0.033
1.372 £ 0.028
1.517 £ 0.034
1.641 £+ 0.035
1.552 + 0.029
1.464 £ 0.029
1.574 +0.031
1.322 +0.048
1.705 £ 0.033
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Table 4.5: Abell 85 Galaxy Colors - continued

Galaxy

U-V)su

U=V

(U= V)

004137-091316
004137-093254
004139--092453
004139-092748
004140—-091018
004140091816
004140-092732
004141-091857
004141-092622
004142-092126
004143-085758
004143—-090615
004143—-092622
004144—-092531
004145-094033
004146—090945
004146—-092635
004147-085845
004147090814
004147-092313
004148091704
004148—-092731
004149-092903

1.471 £ 0.030
1.517 £ 0.030
1.549 £ 0.033
1.792 £+ 0.047
1.566 + 0.033
1.652 + 0.031
1.162 % 0.026
1.470 £ 0.030
1.423 £ 0.033
0.979 £ 0.030
1.380 + 0.034
1.409 £ 0.032
1.659 £+ 0.031
1.495 £ 0.036
0.795 % 0.025
1.516 £ 0.030
1.695 £ 0.041
1.466 + 0.038
1.511 £0.031
1.677 £ 0.032
1.672 + 0.031
1.452 +0.032
1.538 £0.033

1.468 £ 0.030
1.533 +0.033
1.544 £0.031
1.759 + 0.048
1.551 £ 0.032
1.646 = 0.031
1.191 + 0.026
1.431 +0.028
1.474 £0.038
1.007 £ 0.032
1.379 =+ 0.034
1.405 £ 0.031
1.581 +0.029
1.512 +£0.038
0.810 + 0.024
1.519 £0.030
1.666 + 0.041
1.440 +0.044
1.505 £0.031
1.666 £ 0.032
1.661 +0.031
1.460 £0.032
1.536 + 0.036

1.437 £0.029
1.514 +0.030
1.481 £ 0.030
1.921 +0.051
1.537 £ 0.031
1.652 £+ 0.030
1.276 £+ 0.027
1.407 £ 0.028
1.407 £ 0.032
0.913 £ 0.027
1.400 £ 0.033
1.363 £ 0.030
1.521 £0.029
1.479 + 0.035
0.857 +0.024
1.513 +0.029
2.002 + 0.046
1.490 = 0.038
1.545 = 0.030
1.622 +0.031
1.626 + 0.030
1.475 £ 0.031
1.535 £ 0.034
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Table 4.5: Abell 85 Galaxy Colors — continued

Galaxy

(U-V)sa

(U=Vu

(U -V

004150-091744
004150-092548
004150092818
004151-091346
004152-093015
004153-084844
004153-092130
004153—-092930
004153-092944
004153-093116
004153093846
004156090235
004157-093524
004157-094247
004158—085156
004158085217
004158-091824
004159-092911
004200—-094231
004201-091203
004202-090841
004203-092816
004205-093204

1.370 +£0.033
1.649 + 0.030
1.470 £ 0.035
0.701 £ 0.026
1.686 + 0.031
1.460 £ 0.035
1.563 + 0.032
0.231 £0.019
1.559 £ 0.030
1.499 + 0.033
0.547 £ 0.027
1.450 £ 0.031
1.045 +0.026
1.238 +0.034
0.994 £+ 0.030
1.510 +0.031
0.390 +0.025
1.288 +0.035
0.579 £ 0.026
1.418 £0.031
1.402 £+ 0.031
1.518 +£0.030
1.282 +0.029

1.399 & 0.031
1.612 £+ 0.029
1.461 £ 0.035
0.708 + 0.025
1.629 £ 0.030
1.446 + 0.033
1.572 £ 0.034
0.274 £ 0.018
1.380 £0.027
1.482 £ 0.034
0.534 + 0.027
1.447 £+ 0.030
1.060 £ 0.025
1.226 +0.034
0.997 +0.028
1.500 £ 0.030
0.375 £ 0.026
1.312 +0.038
0.576 = 0.023
1.427 £ 0.031
1.404 +0.032
1.501 +0.029
0.978 +0.023

1.570 £ 0.037
1.609 £+ 0.029
1.485 £ 0.035
0.739 + 0.024
1.609 £ 0.030
1.259 £ 0.034
1.556 £+ 0.032
0.422 £ 0.019
1.000 = 0.023
1.522 £0.033
0.651 £ 0.027
1.427 + 0.029
1.053 £+ 0.025
1.119 + 0.032
1.087 £+ 0.030
1.497 £ 0.031
0.437 + 0.024
1.223 £+ 0.032
0.485 +0.025
1.390 £+ 0.029
1.427 £0.031
1.450 £ 0.028
0.886 + 0.022
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Table 4.5: Abell 85 Galaxy Colors - continued

Galaxy

(U~ V)

(U-Vu

(U-V)m

004206-090241
004206093335
004206093606
004206—094400
004207-091419
004207093626
004208—-092836
004208—-093105
004209-093034
004210085552
004210-092852
004211093030
004212092204
004213-091751
004216-093252
004217-091111
004217-092848
004218084832
004218093912
004219-091529
004219-092316
004220—-092119
004220092528

1.588 £ 0.030
0.865 + 0.032
1.434 +0.030
1.488 £ 0.035
1.529 £+ 0.034
0.096 + 0.023
1.413 + 0.030
0.726 + 0.029
1.174 £0.032
1.307 £ 0.029
0.168 £ 0.021
1.481 £ 0.031
1.519 £ 0.030
1.563 £ 0.030
1.575 £ 0.030
1.317 £ 0.036
1.159 + 0.026
1.553 £+ 0.030
0.312 +0.021
1.585 +0.030
1.462 +0.033
1.498 +0.031
0.808 +0.024

1.588 + 0.030
0.836 + 0.029
1.386 +0.029
1.481 +0.034
1.527 £ 0.033
0.097 £ 0.023
1.412 £ 0.030
0.729 + 0.028
1.224 +0.036
1.318 £0.028
0.179 £0.021
1.492 £ 0.031
1.470 + 0.029
1.556 + 0.030
1.573 +0.030
1.321 £0.037
1.157 £ 0.026
1.558 £ 0.031
0.319 £0.021
1.574 +0.030
1.495 +0.032
1.510 £0.032
0.797 £0.025

1.580 + 0.029
0.685 + 0.028
1.374 +0.028
1.458 + 0.034
1.484 £ 0.031
0.088 £ 0.021
1.361 £ 0.029
0.689 = 0.027
1.106 + 0.031
1.327 £+ 0.028
0.247 £ 0.021
1.460 + 0.029
1.365 + 0.028
1.523 £ 0.029
1.593 + 0.030
1.415 £ 0.036
1.166 + 0.025
1.517 + 0.030
0.351 +0.020
1.558 + 0.029
1.491 +0.033
1.466 + 0.029
0.883 + 0.024
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Table 4.5: Abell 85 Galaxy Colors — continued

Galaxy

(U=V)sa

U=V

(U - V)an

004222-090700
004224090954
004224091617
004226—-093709
004227-092529
004229-091550
004233-092715
004234085254
004234090846
004234—-091041
004234091053
004235—-093918
004236—-090349
004237-094404
004237-094521
004239092007
004240-092357
004240093054
004240—-094417
004241-085649
004242085528
004244085612
004244094421

1.423 +0.029
1.453 +0.036
1.127 +0.026
1.534 £ 0.034
1.559 £ 0.033
0.987 +0.034
1.534 £0.037
1.478 +0.030
1.259 £ 0.029
1.646 £+ 0.031
1.461 £ 0.030
1.679 £ 0.031
1.532 £ 0.030
0.634 £+ 0.029
0.904 +0.031
1.404 £+ 0.032
1.290 +0.033
1.537 £ 0.030
1.421 £0.031
1.196 + 0.027
1.564 £ 0.030
1.593 £ 0.030
1.477 £0.032

1.425 + 0.028
1.418 £ 0.042
1.153 £ 0.026
1.533 £0.037
1.564 £ 0.035
0.998 +0.034
1.537 £ 0.041
1.386 +0.028
1.267 £0.027
1.616 £ 0.030
1.464 £ 0.032
1.554 £ 0.029
1.529 £ 0.030
0.605 £ 0.035
0.896 + 0.029
1.406 + 0.032
1.289 +0.033
1.538 +£0.030
1.417 £0.029
1.043 £ 0.024
1.551 +0.029
1.598 +0.030
1.357 +£0.028

1.396 + 0.028
1.443 +£0.037
1.187 £ 0.025
1.565 1 0.034
1.552 £ 0.032
0.913 +0.032
1.545 £ 0.036
1.354 £ 0.028
1.266 + 0.027
1.563 £+ 0.029
1.459 + 0.029
1.525 £ 0.028
1.518 +0.029
0.613 £0.031
0.952 +0.032
1.469 + 0.032
1.292 £ 0.031
1.552 +0.030
1.345 £ 0.029
0.907 + 0.022
1.530 + 0.029
1.589 + 0.029
1.400 £+ 0.030

156



Table 4.5: Abell 85 Galaxy Colors — continued

Galaxy

(U—-V)sa

Ef - Vn

U-=V)m

004245093103
004245-093316
004248--093440
004253-094214
004256094455
004259-092910
004302-094640
004304093243
004305092533
004308—-093444
004310090325
004311-094054
004312-093816
004314—-091022
004314092657
004318-093551
004328—-093034
004330094359
004336—092548
004339-093121
004343-090732
004344—-090423

1.538 +0.030
1.673 +£0.031
1.046 + 0.030
1.430 + 0.030
1.521 £0.031
1.517 £ 0.035
1.477 £ 0.030
1.303 + 0.031
1.581 + 0.030
0.556 + 0.026
1.519 £ 0.029
1.484 £ 0.029
1.165 £ 0.026
0.472 £ 0.031
1.391 £ 0.035
1.311 £0.031
1.564 +0.031
0.913 £+ 0.023
1.110 £ 0.024
0.464 + 0.021
1.538 +0.030
0.701 £ 0.026

1.532 + 0.030
1.664 + 0.030
1.017 £ 0.026
1.424 £+ 0.029
1.526 + 0.034
1.520 + 0.037
1.498 + 0.032
1.226 + 0.027
1.581 £ 0.030
0.545 £ 0.024
1.528 £ 0.029
1.410 +0.027
1.105 +0.024
0.352 £+ 0.028
1.410 +0.038
1.297 0.030
1.554 £ 0.031
0.916 = 0.024
1.108 +0.024
0.468 £ 0.020
1.532 +0.029
0.645 £ 0.022

1.548 £+ 0.030
1.658 £+ 0.030
1.068 + 0.028
1.410 + 0.028
1.519 £+ 0.030
1.559 £ 0.034
1.480 £ 0.030
1.370 £ 0.034
1.537 £ 0.029
0.566 + 0.023
1.509 + 0.029
1.402 £ 0.027
1.139 £ 0.024
0.244 £+ 0.033
1.363 + 0.034
1.205 + 0.029
1.541 £ 0.030
0.900 + 0.023
1.125 + 0.024
0.473 + 0.020
1.493 + 0.029
0.587 £+ 0.022
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Table 4.6: Abell 496 Member Galaxy Total Magnitudes

Galaxy My Mg
(mag) (mag)
043140-130711 —17.725%3%5% —16.96870%%¢
043143-130710 —18.308+00%8 _17,636+0.041
043146-132228 —18.68510333 —17.314702%%
043150—130905 —18.05970342 _16.68570:152
043158—131615 —19.410709% —17.97470082
043202-130621 -18.882+3%3%0 —17.7207334%
043203—132949 —18.698+3922 —17.850%3:3%7
043205—131019 —19.93773%3! —18.351+0%
043207-130459 -18.373%33% -17.021701%
043212-130756 —18.6687334 —17.801%3122
043216—132403 —19.942%332 _18.461735%
043220—131411 -18.945%3:33% _18.400%33%8
043222—130901 —-18.700%33%% -17.269+3%8!
043222—131548 —17.669%5352 —17.38670.0%8
043227-131558 —20.01272922 _18.479+0933
043229-132336 —19.7037332 —18.013*3%43
043232—131225 —19.753%39% —18.28573.9%
043236—131157 —19.947+3347  _18.449%3.33¢
043237—131103 —16.62873%%8 _15.570%930%
043242—130321 —15.937+0161 _15 41940167
043245131126 —19.499709%8 _17.927+0.053
043249—124937 —17.103+0988 _15 965+0285
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Table 4.6: Abell 496 Total Magnitudes ~ continued

Galaxy M} Mg
043249-131742 —18.0281304  _16.34510172
043251-125435 —20.23813923 _18.801700%2
043251-130307 —16.2703187 —15.967+21%
043253—132234 —19.931+3%2 _18.22613%3
043254—125852 —19.49670%% -17.95470:3%
043254—132351 —18.09370:928 17.30570:0%%
043255—131807 —19.0437093¢ _17.62870133
043255—131855 —18.05970938 _17.214%31%8
043256—130057 —17.2370:118 _17.685+0.0%2
043256—133636 —19.306+3:535 _18.1531028
043256—133639 —19.967+3:924 _18.919+324
043258—131216 —18.6791093 _17.20273.983
043258—131218 —18.91473%49 _17.764701%
043259—131820 -17.4331338° _16.2737034
043300-131600 —19.742133%% _18.210+307
043300134232 —18.55570040 —17.34670-151
043301—125458 —16.885:0117  _16.44110:132
043307131239 —17.26830%% —15.945702%8
043307-133557 —20.1073921 —18.364103%2
043309—130235 —18.20612027 _16.857+0.068
043309—132151 —18.585%042 _16.977+0087
043309—132346 —17.8707334> _16.47670222

043309-133722

—18.56810:948

~16.95413:148
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Table 4.6: Abell 496 Total Magnitudes — continued

Galaxy My M7
043311-130355 —20.017%3%2L 1856313348
043311-131410 —17.47173%87 —16.64413:13
043311132801 —17.092%33%8 —16.36073%
043315—132118 —16.973*30%% —16.725%0142
043315132748 —19.418%39% _17.6541036!
043316~130404 —19.17873930 —17.658*01%0
043317130906 —20.45173%% —18.802%30%
043318—130752 —18.795+3.%37 _17.339+0.3%8
043318—132259 —19.083739% —17.710731%
043319—131635 —19.273*33% —17.7511 0.4}
043319-131727 -16.1520127  —14.680+3:32
043319—133048 —20.152*3920 -18.56872038
043319—133258 —19.680%3.337 —18.063*3.0%
043320—130315 —18.467*3242 17,0413
043320—132051 —17.959%340 —16.6367 045
043320-132622 —18.975+0%31 —17.718+31%
043322-131314 —19.12370%2 _17.613+0.0%8
043323—132021 —18.530733% —17.916+01%
043324—133103 —18.648+3:3%0 _17.719+3.10¢
043325—131343 —16.692*3815 —15.4831233%
043326—133056 —19.12670927 —17.459+20%8
043320125622 —17.551%31% —16.204+3%%3
043329132649 —17.771+3%%8 _16.757+3.32
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Table 4.6: Abell 496 Total Magnitudes - continued

Galaxy M"; My
043331-125051 —15.477+333% —14.942331%0
043331-132246 —19.8037392 —18.110%3%3
043331-132521 -18.15170%37 —16.535%0 44
043332-131020 —20.041739% —18.513*3:043
043332-131654 —17.528700% —16.18973133
043334—131853 —17.502%3%) —15.8751018
043334—132251 —19.018703%8 —17.2941008%
043336—125802 —19.64313.924 180997334
043336—132526 —19.285109% —17.777+ 0441
043338—131543 —21.77670018 —20.4501933
043337-125956 —19.087+3:0% —17.540+09%7
043337-130101 -18.75773%3%2 _17.363130¢%
043337-131520 —-17.527201%5 —15.495+32%
043338—131501 —17.021+398¢ —15.282792L9
043339-130312 —19.49273:2% —17.953+004¢
043339-133136 —18.407103%% —16.8340132
043340-132032 —19.175%3%! —17.691+3120
043341-125541 —16.735102% —15.222+23%0
043341125547 —17.6007%1% _16.231+0164
043342-131013 —20.279%0.92 -18.630+3.3%
043342131654 —17.3693034 —15.852+0.138
043343130847 —17.510*085 _16.234+0183
043343-132024 —19.92870023 _1g 930+0.060
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Table 4.6: Abell 496 Total Magnitudes — continued

Galaxy My My
043345-133350 —18.05433%57 —17.6293:1%
043346—130542 —16.79370%% —15.275102%
043347-131756 —17.829%3%6% —16.238101%
043349-130521 —17.407%35%% —16.0213338
043349131227 -18.5097033% —16.913*3 %5
043349132603 —17.738103%% —16.509733%5
043351131454 -19.9247092) —18.3101097
043351-133236 —17.40170%3 —16.187+3%:3
043353—131524 —17.1257095%8  —15.68404%
043354—132218 —16.576133%8 —15.26413%!
043356—125913 —17.492+33%8 —16.37813 0%
043357-131919 —17.13613%7L  —15.844133%
043357-132745 —20.242%332% —18.765100%2
043358133948 —17.16679833 —15.635+ 0408
043359—130627 —16.681331% —15.481133%
043403—125857 —17.978+29%8  _16.99073.078
043403—131311 —18.205%0243 —16.763+313
043404—132748 —19.122709%¢ 17683012
043407—131514 —18.6401332% —17.201%3:187
043407—132636 —16.809700%0 —15.37410%%¢
043409-133421 1697813932 _16.319*3174

043410125141
043410131435

—-18.011+3932

—18.75810.024

-17.1194397

—-17.20259%
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Table 4.6: Abell 496 Total Magnitudes — continued

Galaxy MF Mg
043410—132212 —20.332139%7 —18.781300%
043411-130757 —15.9951130  —14.730%33%
043413-125120 —16.6477330% —16.168131%3
043413—131004 —17.69512938 —16.13070242

043415-130824
043415-132505
043416134301
043419132423
043420124758
043421—-125930
043421132115
043421133509
043424—131531
043433-130150
043436132119
043441133229
043444130509
043447-132904
043448—133401
043449132551
043456—131128
043503125351
043504—133920

—16.8290.0¢2
—16.87075982
—18.533+0:032
~16.9103:93¢
—19.972+2.022
~17.95133.0%8
—17.50415:4¢
—18.2093.9%0
-17.152%3:%3
~18.146+3:242
—18.36510:933
—17.13973:3%
—17.828+2.959
—20.427+3.92
—19.005+3:%31
—17.98073:42
~19.47170:02
—19.779+3.92

—18.44110.038

—16.5203.983
~15.38613-353
-16.831+3:1%8
—15.56510:43
—18.49410050
—16.66213:118
—16.042+5:148
~16.77319:200
—16.638+3:3%
—18.018+39%7
—16.863+3.0%9
~15.71713:338
~16.52010-128
—18.65270-983
~17.306131%
—16.641+3:164
—18.008+3:983
~18.31410:0¢8

~16.49713:1%
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Table 4.6: Abell 496 Total Magnitudes — continued

Galaxy My M7
043506—131053 —18.38510930 —17.65073:939
043506—132814 —19.09612028 —17.4087 3308
043507—132339 -19.781109% _18.137+001%
043508—131741 -18.613735% —16.89913:128
043509—125933 —19.651+0028 _18.16473.078
043509—131836 —19.7731202 —17.9900:0%3
043511131439 —20.721330% -19.152%3.032
043511-134519 —16.73231% —16.169%043
043532-133322 -19.280%39% —17.242*31L7
043533—125542 —18.097700% —-17.213+3.3%¢
043533-132655 —18.099+3%2 _16.58312370
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Table 4.7: Abell 496 Member Galaxy Colors

Galaxy

(U - V)3.34
(mag)

U=V
(mag)

(U-=V)m
(mag)

043140-130711
043143-130710
043146132228
043150—130905
043158—131615
043202130621
043203132949
043205131019
043207130459
043212130756
043216—132403
043220-131411
043222130901
043222131548
043227131558
043229132336
043232131225
043236131157
043237131103
043242130321
043245—-131126
043249—-124937

0.822 1+ 0.026
0.611 +0.022
1.567 £0.031
1.528 £+ 0.032
1.601 + 0.031
1.148 £+ 0.026
0.941 £ 0.025
1.688 £+ 0.032
1.595 1 0.033
1.076 + 0.027
1.659 + 0.031
0.969 + 0.026
1.435 £ 0.030
0.708 + 0.026
1.640 + 0.031
1.715 £ 0.032
1.582 + 0.031
1.537 £0.030
1.298 £ 0.035
0.535 £+ 0.049
1.631 +£0.031
1.359 £ 0.040

0.828 + 0.026
0.456 £ 0.022
1.574 +0.032
1.525 £ 0.032
1.610 £ 0.031
1.172 £0.027
0.920 £ 0.025
1.686 £ 0.032
1.570 £ 0.033
1.147 £0.027
1.661 + 0.031
0.860 £ 0.024
1.452 +0.030
0.704 £ 0.025
1.634 +£0.031
1.718 £ 0.032
1.582 £ 0.031
1.532 £0.030
1.264 +0.037
0.539 +0.045
1.631 £0.031
1.351 & 0.040

0.860 + 0.027
0.567 + 0.022
1.558 +0.031
1.512 +0.031
1.594 £+ 0.031
1.163 £ 0.026
0.970 £+ 0.025
1.650 £ 0.031
1.494 + 0.036
1.259 +0.028
1.635 + 0.031
0.784 £ 0.026
1.486 +0.031
0.517 £+ 0.024
1.610 +£0.031
1.707 £+ 0.032
1.564 + 0.030
1.510 +£0.030
1.306 + 0.035
0.642 £+ 0.022
1.631 +£0.031
1.285 £ 0.058
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Table 4.7: Abell 496 Galaxy Colors — continued

Galaxy

(U—-V)sz

U-Vu

(U—-V)m

043249-131742
043251-125435
043251130307
043253132234
043254—125852
043254—132351
043255-131807
043255-131855
043256130057
043256133636
043256—133639
043258-131216
043258131218
043259131820
043300131600
043300—134232
043301-125458
043307—-131239
043307-133557
043309-130235
043309-132151
043309132346
043309133722

1.531 +0.033
1.650 + 0.031
0.356 + 0.028
1.772 £ 0.033
1.609 + 0.031
0.920 + 0.025
1.556 + 0.031
1.264 + 0.029
0.234 +0.025
1.176 £ 0.027
1.089 + 0.026
1.303 £0.028
1.414 +0.029
1.385 +0.033
1.701 £+ 0.032
1.587 +0.033
0.688 + 0.032
1.521 + 0.035
1.823 £0.033
1.437 £ 0.031
1.665 + 0.032
1.470 +0.032
1.662 + 0.033

1.563 +0.034
1.638 +£0.031
0.343 £ 0.028
1.778 £0.033
1.606 £ 0.031
0.928 + 0.025
1.567 £ 0.031
1.305 £ 0.030
0.225 £ 0.026
1.130 £ 0.026
1.109 £0.025
1.236 +0.028
1.390 £ 0.029
1.403 +0.034
1.690 £ 0.032
1.445 £ 0.031
0.696 + 0.033
1.510 £+ 0.036
1.813 £0.033
1.435 £ 0.031
1.688 +0.033
1.473 £0.032
1.682 +0.033

1.744 + 0.042
1.605 £ 0.031
0.395 + 0.031
1.759 + 0.032
1.598 £ 0.031
0.866 + 0.025
1.615 £+ 0.032
1.184 + 0.029
0.147 + 0.026
1.106 + 0.026
1.134 +0.026
1.351 £ 0.029
1.438 +0.029
1.383 1 0.034
1.669 £ 0.031
1.347 1 0.033
0.642 +0.022
1.482 £+ 0.035
1.778 £ 0.034
1.390 + 0.033
1.644 £+ 0.032
1.474 +0.034
1.714 £ 0.035
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Table 4.7: Abell 496 Galaxy Colors — continued

Galaxy

(U—-V)su

(U=Vu

U~V

043311-130355
043311-131410
043311-132801
043315132118
043315~132748
043316130404
043317-~130906
043318130752
043318-132259
043319-131635
043319-131727
043319-133048
043319133258
043320-130315
043320~132051
043320132622
043322131314
043323-132021
043324133103
043325—-131343
043326133056
043329125622
043329132649

1.633 +0.031
0.859 + 0.028
0.755 + 0.027
0.340 + 0.026
1.777 £ 0.033
1.627 +0.032
1.750 £ 0.032
1.507 +0.031
1.642 + 0.032
1.644 + 0.032
1.350 + 0.044
1.717 £0.032
1.811 +£0.033
1.429 + 0.030
1.539 £ 0.032
1.594 + 0.032
1.526 + 0.030
1.048 +0.028
1.300 £ 0.031
1.493 £0.037
1.689 +0.032
1.361 +0.031
1.466 + 0.033

1.624 £+ 0.031
0.900 + 0.029
0.735 £ 0.027
0.339 £+ 0.026
1.777 £ 0.033
1.635 £ 0.032
1.737 £ 0.032
1.511 +£0.030
1.643 +0.032
1.638 +0.032
1.244 £ 0.050
1.742 £ 0.032
1.808 +0.033
1.424 +0.030
1.598 £+ 0.037
1.587 +0.032
1.541 £0.032
0.936 + 0.027
1.174 £ 0.031
1.414 +0.040
1.685 +0.032
1.333 +£0.032
1.473 £0.033

1.576 + 0.030
0.642 + 0.022
0.844 + 0.030
8.485 +0.125
1.775 £ 0.033
1.633 £ 0.031
1.715 £ 0.032
1.513 £ 0.031
1.654 + 0.032
1.662 £ 0.032
1.319 + 0.043
1.711 £ 0.032
1.788 +0.033
1.408 + 0.029
1.578 £0.035
1.585 1+ 0.033
1.534 £ 0.031
0.642 £+ 0.022
0.642 £ 0.022
1.489 + 0.038
1.683 +0.033
1.361 £ 0.032
1.417 +0.033
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Table 4.7: Abell 496 Galaxy Colors — continued

Galaxy

(U= V)sa

U=V

(U-V)m

043331-125051
043331-132246
043331-132521
043332131020
043332131654
043334—131853
043334132251
043336—125802
043336—132526
043338—-131543
043337125956
043337-130101
043337-131520
043338-131501
043339-130312
043339133136
043340132032
043341125541
043341125547
043342131013
043342131654
043343130847
043343~132024

0.642 & 0.022
1.774 £ 0.033
1.625 £ 0.033
1.669 + 0.031
1.455 £ 0.033
1.557 £ 0.034
1.761 £ 0.033
1.593 £+ 0.031
1.637 £ 0.031
1.730 £0.032
1.557 £ 0.030
1.439 £ 0.029
1.693 £ 0.047
1.783 + 0.042
1.557 +£0.030
1.665 + 0.033
1.638 +£0.031
1.293 +0.047
1.472 +£0.034
1.757 £ 0.032
1.497 +0.034
1.292 +0.030
1.798 +0.033

0.225 +0.149
1.782 £0.033
1.596 + 0.033
1.670 £ 0.031
1.460 £ 0.034
1.516 £0.035
1.749 £+ 0.033
1.595 + 0.031
1.641 £+ 0.032
1.689 £ 0.031
1.558 £ 0.031
1.452 £ 0.030
1.700 £ 0.044
1.813 + 0.049
1.561 £ 0.030
1.663 £ 0.033
1.653 + 0.032
1.249 +0.049
1.458 £0.034
1.759 £+ 0.032
1.473 +£0.034
1.288 £0.031
1.814 £ 0.033

0.642 + 0.035
1.758 £ 0.032
1.625 £ 0.033
1.658 1 0.031
1.460 + 0.034
1.553 £ 0.034
1.754 +0.033
1.609 £ 0.031
1.630 +£0.031
1.663 & 0.031
1.559 £ 0.030
1.428 +0.029
1.693 1 0.052
1.761 + 0.040
1.539 £ 0.030
1.646 + 0.033
1.633 +0.031
1.458 + 0.056
1.482 +£0.035
1.772 £ 0.032
1.495 + 0.034
1.303 + 0.030
1.785 £ 0.033
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Table 4.7: Abell 496 Galaxy Colors — continued

Galaxy

(U—=V)sz

(U-Vu

U=V

043345-133350
043346—130542
043347131756
043349-130521
043349131227
043349-132603
043351131454
043351133236
043353—-131524
043354132218
043356—125913
043357-131919
043357-132745
043358133948
043359-130627
043403125857
043403-131311
043404132748
043407—-131514
043407-132636
043409-133421
043410—125141
043410—-131435

0.946 + 0.026
1.506 £ 0.038
1.528 1 0.032
1.496 + 0.034
1.631 +0.032
1.516 + 0.032
1.644 £+ 0.031
1.539 £ 0.036
1.464 £+ 0.035
1.494 4 0.039
1.080 + 0.027
1.446 +0.034
1.722 £ 0.032
1.770 £ 0.041
1.276 £ 0.037
1.127 £ 0.029
1.542 +0.032
1.663 £ 0.032
1.608 + 0.031
1.466 + 0.039
0.840 £ 0.029
1.007 £ 0.028
1.629 +0.032

0.921 £+ 0.026
1.430 £ 0.039
1.509 + 0.033
1.476 £ 0.035
1.652 £0.033
1.490 £ 0.033
1.640 + 0.031
1.540 £ 0.036
1.437 +£0.036
1.367 £ 0.041
1.037 £0.030
1.477 £0.036
1.710 +0.032
1.813 +0.049
1.256 + 0.037
1.098 +0.028
1.567 £ 0.032
1.675 +0.032
1.622 +0.032
1.418 +0.039
0.820 £ 0.029
0.980 + 0.028
1.633 +0.032

0.809 £ 0.026
1.481 £0.037
1.547 £ 0.033
1.512 £0.035
1.631 £ 0.032
1.515 £ 0.032
1.634 £+ 0.031
1.603 £ 0.039
1.467 £ 0.035
1.480 +0.038
1.073 £ 0.028
1.394 £ 0.035
1.703 £ 0.032
1.764 + 0.049
1.348 £ 0.041
1.120 £ 0.035
1.524 £ 0.032
1.662 £+ 0.032
1.605 + 0.031
1.575 £ 0.044
0.858 + 0.031
9.576 £ 0.141
1.640 £+ 0.032
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Table 4.7: Abell 496 Galaxy Colors — continued

Galaxy

(U = V)aas

U=V

U -V

043410132212
043411-130757
043413125120
043413-131004
043415-130824
043415-132505
043416134301
043419-132423
043420124758
043421-125930
043421-132115
043421-133509
043424131531
043433—-130150
043436132119
043441-133229
043444130509
043447132904
043448133401
043449132551
043456131128
043503125351
043504133920

1.768 1 0.033
1.285 + 0.055
0.564 + 0.028
1.596 £ 0.034
0.311 +0.024
1.548 1 0.042
1.764 +0.034
1.495 £ 0.040
1.641 +0.031
1.384 £ 0.030
1.485 £ 0.033
1.717+ 0.034
0.653 + 0.025
0.389 +0.022
1.542 +0.031
1.579 £0.041
1.405 £0.031
1.945 +0.035
1.819 £ 0.034
1.523 +0.032
1.615 +0.031
1.598 +0.031
1.972 +0.037

1.764 £ 0.032
1.208 £ 0.053
0.531 +£0.028
1.524 +0.034
0.230 £ 0.024
1.539 £ 0.042
1.744 + 0.034
1.500 + 0.040
1.636 = 0.031
1.384 £ 0.031
1.496 + 0.033
1.739 £ 0.035
0.687 £+ 0.026
0.394 + 0.022
1.574 +0.032
1.581 £+ 0.042
1.407 +£0.031
1.943 £ 0.034
1.814 +0.034
1.491 +0.032
1.615 £ 0.031
1.637 +£0.031
1.966 £+ 0.037

1.764 £ 0.032
1.286 = 0.057
0.622 + 0.031
1.628 £ 0.035
0.374 £ 0.025
1.674 £+ 0.056
1.770 £ 0.034
1.651 = 0.049
1.588 +0.030
1.479 £ 0.031
1.473 £0.033
1.679 + 0.034
0.588 £ 0.026
0.377 £ 0.022
1.547 £ 0.031
1.408 £+ 0.056
1.394 £0.032
1.917 +0.034
1.796 £+ 0.034
1.424 +0.035
1.572+0.031
1.641 £0.031
1.952 +0.039
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Table 4.7: Abell 496 Galaxy Colors — continued

Galaxy

(U-V)sa

(U~ Vi

(U —-V)m

043506—131053
043506132814
043507132339
043508—-131741
043509—125933
043509131836
043511-131439
043511-134519
043532133322
043533-125542
043533132655

0.588 + 0.022
1.830 +0.034
1.879 £ 0.034
1.757 £ 0.034
1.644 £+ 0.032
1.886 + 0.034
1.773 £ 0.033
0.853 &+ 0.043
2.173 £0.039
0.928 +0.028
1.856 £+ 0.037

0.605 £ 0.022
1.828 +0.034
1.879 £0.034
1.752 £ 0.034
1.630 £ 0.031
1.874 £0.034
1.736 £+ 0.032
0.788 £ 0.045
2.196 +0.039
0.928 +0.028
1.856 £+ 0.037

0.704 + 0.023
1.801 +0.034
1.873 £ 0.034
1.753 £ 0.034
1.730 £ 0.035
1.855 £ 0.034
1.720 £ 0.032
0.509 + 0.050
2.121 £0.039
0.938 £0.031
1.875 +0.039
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Table 4.8: Abell 754 Member Galaxy Total Magnitudes

Galaxy My Mg
(mag) (mag)
090645-093424  —17.406*0088 _16.950*312L
090648—095922  —18.04073%% —17.000+3:112
090652—100014  —19.951+392 —18.388+0-06%
090656091505  —19.267+0%1 _17.762+3.39
090656092715  —17.7297357 -16.4131333
090657-091402  —18.78573340 -17.438731%
090658—093907  —19.442+00%5  _1g,031+0112
090659092908  —19.27130310 —18.067+3:329
090703-091713  —18.199+33% —16.768+338
090703—095649  —18.139%335% —16.62470308
090705-093250  —17.944735% —16.592133¢7
090706—091815  —18.610*233%¢ —17.02873:13%
090706093616  —19.5903%9%0  _17.876+3.076
090707-092341  —20.0807303 —18.65570:0%
090707-093308  —19.385+20%  —18.040%3.9%3
090711-093246  —18.358+3%3! _-16.936731%3
090712092016  —19.07413%% —17.55530:110
090712-093135  —18.828+0% —17.26610-131
090713093655  —20.5463002 _18.917+0.7¢
090716—003544  —19.410%333 —17.733+3131
090716—094316  —19.33813.928 _17.878+2.03
090718-091644  —17.580+097 —16.390%0-28
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Table 4.8: Abell 754 Total Magnitudes — continued

Galaxy M7 MF
090719094324  —17.62273919 —16.288+3:22%
090722-093403  —19.99273:928 _18.62210133
090722-095232  —18.068%337% —16.85130243
090724-004007 —19.8297338 —18.409711
090724—094836  —17.989+0087 _16 68410138
090725-092228  —18.32770548 —17.05510:13
090725-092952  —20.83573313 —19.2281004
090726-092608  —18.8587340 —17.328%0:113
090731-094133  —18.020109% _17.235+3-1%8
090733-092916  —16.895705% —-16.45470288
090733-093527 —18.103%3383 -16.65413353
090734-092241  —18.20070938  _17.434+0977
090734-005006  —17.6893857 _ 1676231
090735-092313  —18.23012%47 _16.856104%
090735-093357  —19.998%3913 —-18.653100%
090735-093844  —17.27110122  _15.952+034
090735-093938  —17.92173348 _16.718+323%
090735-004159  —20.63073020  _19,044}3968
090737092520 —19.065%5332 _17.613+31%3
090739-092555  —19.6577%27 _18.370+3.063
090740—092216  —18.47210%44 _17.756+3.978
090740—092703  —19.921709% _18.414+39%
090740-092814  —18.958%3:343 _17.637+0-13




Table 4.8: Abell 754 Total Magnitudes — continued

Galaxy MY M
090743-092228  —19.67470%% 1793240111
090743-095829  —19.105*9% -17.481701%7
090745-091232  —19.608709% —18.457*3.3%)
090745-092233  —19.37710%34  _17.845+3.9%
090745-094011  —19.652%3:32% —18.004731%}
090746092333  —20.676+3%20 —19.398+0.041
090748—100629  —18.920133%0 —17.167+011¢
090749-095417  —18.396+3937 —17.004+3:138
090750—-000813  —18.420*233%  —17.43733-158
090750—092437  —18.5821093  —17.414731%¢
090750—094321  —18.7791283  —18.00973-3%
090750-095552  —19.759*29%¢ _18.361*3.362
090750—100624  —20.296739% —19.05513-397
090751-095456  —19.90613%28 —18.572+39%
090752—092517  —18.84970%% _17.391%31%
090752-094959  —18.26073%%2 —17.418*313
090753094048  —18.537133% —16.62670072
090753-095432  —17.642+3%57 —16.387+02%
090754—093558  —17.694}016  _ 1631870321
090756-093207 —10.113+208  _17.667+0070
090756~095137  —18.4471004 _17.505+0.116
090756—100249  —18.23110983 _17.078+93%
090757100133  —20.711+3924 _19.38410072




Table 4.8: Abell 754 Total Magnitudes - continued

Galaxy Mg Mg
090758—095853  —19.73173%3!  —18.188¥0:133
090800—095849  —18.77873%%2 _17.339*3:157
090801-091806  —18.643*333 —17.447+3.11%
090801—100053  —18.764*0%38 _17.465+324
090802—095937  —21.195*39!3 —19.633*3.3%8
090803-100214  —19.718¥0%3 _17.852+3:%%
090806—092600  —18.646703% —17.6167337
090806092713  —18.740+0%7 _17.993+0.04
090807—100410  —17.694%30% —16.320+33%2
090809-095934  —18.8597092 —17.36670145
090809—100535  —19.275*29% _18.051%31i2
090810—093053  —19.302+2028 _17.813+3.9%
090810—093156  —19.400%3322 —17.897+20%
090810-094134  —19.479%332%8 _17.827+3:143
090811-100003  —20.64273.32! —19.020*335
090812—-093726  —19.07175:538 —17.702#3:232
090813—092225  —18.879%33%2 -17.437+014¢
000813—093252  —17.743+085  _16.945+0.106
090813-093834  —19.021}338 —17.444%09%
090814-095634  —19.63672020 _18.261+0:116
090815—093021  —20.353%353 _18.84810:972
090815-093525  —18.712709% _17.550+2:963
090815-094601  —18.094+3369 _16.948+3.253




Table 4.8: Abell 754 Total Magnitudes — continued

Galaxy My M
090815-095336  —18.8670030 175447129
090816-093703  —19.987+392 1826733
090817—-093320  —20.30073%} —18.915317
090817-093709  —18.539%3350 —17.04133170
090817-093834  —19.055*3%43 —17.494721%7
090817—094339  —20.4437092 _18.8451307%
090818—093522  —19.33670033 —18.018+3:1%
090818—005752  —18.091+239% _16.787+0.1%3
090820093508  —19.172+3%% _17.558+3.0%3
090821-092147  —17.84630%7 —16.531+.22
090822093112  —20.52573%2% —19.155+37L
090823093820  —19.99973313  —18.40473:2%
090824-094207  —19.262+0020  _)7.945+0.087
090825-093430  —17.911730%8  _16,605+0.28
090825-093618  —17.181701%  _16,135+3:357
090825-093843  —17.5911001 —16.428%0:3%
090826092610  —18.44870%%8 —17.19633:3%9
090826-093459  —18.758%0932 —17.449%00%2
090826093813  —18.209700%8 _16,845+0.177
090826094114  —19.401%392  —17.763+3:9%
090826094136  —18.363700% —16.787:)14
090827-092836  —20.649%30% —-19.250+3.%65
090827-093339  —20.143%39% _18.689+3.96




Table 4.8: Abell 754 Total Magnitudes — continued

Galaxy My My
090827-093914  —19.153+3326 _17.67070-118
090827004432  —18.2261034 —17.049+347¢
090828004240  —17.57870354  _16.141+0%8!
090829—093715  —17.89673%82 _16.335+3283
090830-093701  —19.50473%%¢ _17.835+0:1%9
090830-094324  —17.894+3348 —16.6740433
090831-093419  —19.196+392 —17.615100%
090831-093824  —20.897%3327 —19.309*3.553
090831-095634  —18.963%334 —17.283+31%
090831095807  —19.43273%30 —17.705%0:1%
090832-093037  —10.3577002 _18.085+0142
090832-093628  —18.168+234 _16.997+2372
090832-093748  —22.311%33%7 —20.814132
090832-094729  —18.628+304 —17.568+3142
090832-095033  —17.644%0118 —17.40733:143
090833-091534  -18.9897353% —17.572+31%3
090834-093914  —19.44470028 _1g8 027+0.136
090834-100401  —17.677+01%  _16,520+0-40
090835-095300  —19.0151293 —17.355+3129
090835—100455  —18.009+33% —17.517+31%2
090836-093102  —18.263*33% —16.799+3.338
090836—093721  —19.692+2928 _18.3557:163
090838—093627  —18.702+39% _17.263+3:2%




Table 4.8: Abell 754 Total Magnitudes — continued

Galaxy My Mg
090838—093746  —18.581+03%¢ _16.953+3.131
090839—093731  —20.440739% —19.116+31}4
090839—094023  —18.79910%L 17171412
090839—094830A —18.31313343 —17.172+3164
090839—094830B —16.62013%3% —15.672+3:1%9
090840—093647  —18.010*3972 —16.542+3:2%
090840-094233  —17.619%0%5 —16.165+3:2%
090840-094918  —20.396+2028  _15.929+0078
090841-093438  —19.780+2021 g 284+0085
090842—093320  —18.3407303%8 -16.892+3:1%¢
090842094203  —19.691%332% —18.189*3:93%
000843094923  —18.700*382 —17.094*312
090844—093021  —20.727%39% —19.165+3331
090844—093026  —20.097+352  —18.664+3:0%3
090844—093052  —19.630%3323 —18.14133177
090844093514  —18.524730% —17.201+04%%
090844093609  —20.000*332% _18.602+0154
090845-093222  —17.580133%0 —16.343+3:334
090845093400  —18.721*081 _17.987+015
(90846093111  —17.508%03% _16.363+038
090848000858  —10.423002% _18131+0%8
090848-093151  —17.82170988 _j6 gog+l-198
090849-091456  —18.369+0838  _)7.020+0167




Table 4.8: Abell 754 Total Magnitudes - continued

Galaxy MT Mg
090849094823  —18.021*332 —16.5063.%2
090850-094105  —18.653+29% —17.34070182
090851092713  —18.97719%8 17.504+3-120
090851-093535  —20.0587092! —18.453*30%
090851-094739  —17.81273547 —16.712+02%4¢
090854-092753  —20.73130020 19 959+0049
090852—093151  —21.042+0%20 —19.521+3083
090853—091453  —18.13173580  —17.109+34%7
090853—094319  —18.851%39% —17.510%31%
090853—094945  —19.8241044¢  _jg 259+0.091
090854—003856  —19.636+0%38 _18.166+0%8
090854—094441  —18.092+0988  _16,782+3264
090855—094046  —21.031*2922  _19.526+3.063
090855—094208  —17.32273192 —16.221703%%
090856—093554  —20.61170927 —19.003+3384
090857092338  —19.1573%45 —17.969013
090857—100441  —19.032+3832 _17.524+3-113
090858093559  —21.12310920 g 477+0084
090858093655  —17.817%0%82 _16.467+32%5
090858—094951  —18.8047333 _17.542%024
090859—093713  —19.8861392 —18.396+3:143
090859-093752  —19.311%3%26 _17.685+3:1%
090900-093528  —19.04210928 _17.708+0.L78




Table 4.8: Abell 754 Total Magnitudes — continued

Galaxy ME M7
090900-094017  —19.63410930  _18,164+3:130
090901091606  —18.830733%2 —18.076+0112
090901092750  —19.378739% _17.845+21%3
090901093027 —19.6687398 —18.079+207¢
090902-093739  —19.190%33% —17.63670 %5
090903—093847  —20.250*33)2 —18.725+3%%7
090903-095741  —18.56670%30 —17.4417321¢
090904-093157  ~19.15873921  _17,697+0118
090904094411  —19.76213028 _jg 279+0.139
090904—094428  —18.141*033  —16.616+3.353
090905-003434  —18.209%3957 _17,025+022
090911-094212  —18.330720%0 _16.562+228
090911-094242  —18.59613%37 —17.188+01%8
090912-093919  —18.16473345 _16.745+0152
090912-094148  —19.972+20%¢ _18.162+2977
090912-094615  —20.03973318 185447087
090913-094436  —19.13073028  _17.476+0-128
090914093814  —19.60872%% —17.901*3372
090915-093356  —17.84673%4 —16.999+0218
090915-094823  —18.774139% —17.3687314
090916-093224  —18.0157302 —16.24813:222
090916-094420  —18.36470%% —16.490+3158
090917-091043  —18.973*0:353 —17.902+3-300




Table 4.8: Abell 754 Total Magnitudes — continued

Galaxy Mg Mg
090917—094428  —19.39972928  _17.905+317¢
090918—092744  —18.7961202 _17.16131%
090918—093401  —20.48173%2¢ 18850334
090918—094351  —18.677+0%38 —17.129+31%2
090918—094623  —18.428+393% _17.197+324
090918094650  —18.037+3358 _17.590+3%%
090919-093239  —18.979799%8 —17.412+1%
090919094200  —21.27513920  _19 801332
090920—092631  —17.67073:0% —16.2987027%
090920—092905  —19.134+082¢  _17756131%
090920—093334  —19.60073920 179617335
090920-094413  —19.148*0923  _17792+3:138
090921093118  —17.81473330 —16.346+32%
090921094334  —19.7187093% 183720082
090921-094439  —17.748+39% —16.719+0%%
090921-094644  —19.702+0018  _18 4003063
090922—-094344  —18.009*39%2 —-16.453+32"
090922-094715  —18.530%088L _17,079+01%4
090923094357  —19.39310921  —17.847+)%3
090924—093717  —17.6843982 _16.358*0312
090924094820  —18.274%33%  —16.57173%4
090926—092248  —21.59672318 —20.073+2-%3L
090924—095703  —20.543%3321  —18.992%3.972




Table 4.8: Abell 754 Total Magnitudes -~ continued

Galaxy ME Mg
090924—095848  —18.232+008% _16.641+3074
090925—-092625  —17.894730i% —16.488%0713
090925-093527  —17.89510%%3 —16.387+3.1%
090925-094205  —19.908+0822 18 267+2.054
090925095810  —20.10313924 —18.62173:12
090926093544  —18.020+08%8  _16.520+0:169
090927093754  —20.74310012  _19,068+0.068
090927-093918  —19.257+00%8 138 613+2039
090927—094706  —17.628+0048 —16.248102)
090928094114  —20.342+2925  _18.761+0113
090928—094811  —17.905%2%5L _16.53413.219
090929093714  —19.60012%24 1806770123
090929-094748  —17.715%0972  _16.42910247
090930—093441  —19.400%3:325 —18.027+3:122
090930094228  —18.711%3%4 _17.405+2182
090931094532  —18.238%3013 —16.7831]:432
090932-094714  —18.967+0020  _17.404+0130
090933—002437  —18.981¥3530 —17.638+0138
090933093128  —17.9037059%8 —16.614%0%
090933—095737  —10.4201302% _17.923+:152
090934093732  —18.022+334% —16.675%0223
090934—094106  —18.79170927 _17.996+0.083
090934-094127  —19.056333% —17.801+3:1%8
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Table 4.8: Abell 754 Total Magnitudes — continued

Galaxy My My
090953-005522  —17.72470%8% —16.437703:1
090955—093618  —18.13173%1 —16.92570331
090957-095409  —19.992¥3%28 _18.685700%
090958094724  —18.575+00%7 —17.024%3183
090959003822  —20.423+3023 _18.84873.%%
090959093823  —19.562+393% -18.149%3:12
091000-093544  —20.266700%8  _18.701+31%2
091002—093641  —18.505730% —17.334701%
091003—093946  —18.364730% _17.552097%
091005—093829  —19.1117333 -17.554131%
091006-090929  —17.683+31%9 —16.097733%
091006—094052  —19.677392% _17.956+3:072
091008—095255  —18.446%39% —17.081+32L3
091010-100006  —18.20570937 _17,005+028
091011-094147  —17.949733% _16.4377023
091011-095236  —18.563%004 —17.152%01%
091012-092610  —19.832%3:0% _18.160731%3
091012-095709  —19.53672925 —18.439700%
091013—093314  —19.136733% —17.682731%8
091017-093707  —21.577*33% —19.90513:332
091018-092043  —18.94112940 _17.379#3.177
091018-093219  —18.60313318 —16.9227214
091018-094416  -19.18610022 —17.473+00%2




Table 4.8: Abell 754 Total Magnitudes — continued

Galaxy My My
091019—093857  —17.770%398% _16,180+0.299
091021093825  —19.51473%%6 —18.13370978
091023-094439  —19.540%392 _-18.25473.178
091023094735  —18.261729% —16.90473322
091024—093241  —20.485+0020  _ g 805+0.057
091024—093245  —19.501+208  _18019+0.063
091025-092505  —19.417739% —17.822+31%
091026—092441  —18.06613970 —16.519+322
091026—094817  —20.193+002L _1g8 54210050
091028—094924  —19.660733% —17.95613142
091029-091804  —19.0261292 _17.335+3.102
091030—094637  —19.926700%6 _1g 56710080
091030-095739  —19.428%933 _17.718+22L7

091031094745

—18.603+0:044

—16.709+3-169




Table 4.9: Abell 754 Member Galaxy Colors

Galaxy U -V U=Vu (U —V)om
(mag) (mag) (mag)
090645—-093424  0.448+0.028 0.436 +0.030 0.439 +0.029
090648—095922  1.016 £0.042 1.059 £0.042 1.038 £ 0.060
090652—-100014  1.644 £0.030 1.629 £0.030 1.605 £ 0.030
090656091505  1.530 £0.029 1.534 £0.028 1.546 + 0.029
090656—092715  1.462+0.037 1.486+0.041 1.425+0.039
090657—-091402  1.446 £0.029 1.437+0.029 1.488 +0.030
090658—-093907  1.662+0.031 1.655+0.030 1.595 + 0.030
090659—-092908  1.227+0.026 1.232+0.025 1.195+0.027
090703-091713  1.393+0.032 1.379+0.032 1.440 £ 0.033
090703-095649  1.646 £0.040 1.661 £0.040 1.634 +0.043
090705—-093250  1.290 £0.031 1.275+0.032 1.316 £0.033
090706—091815  1.580+0.031 1.564 £0.033 1.610 £ 0.032
090706—093616  1.760 £ 0.031 1.757 +0.031 1.769 £ 0.032
090707-092341  1.575+0.028 1.580+£0.028 1.592 £ 0.028
090707-093308 1.379+0.026 1.398 +0.026 1.412+0.027
090711-093246  1.393+0.031 1.389+0.032 1.371 £0.031
090712—-092016  1.565+0.029 1.556 +£0.029 1.563 + 0.029
090712093135 1.700£0.032 1.699+0.032 1.666 + 0.032
090713—093655 1.742+0.030 1.685+0.029 1.673 £0.029
090716—093544 1.726 £0.031 1.729+0.031 1.765 +0.032
090716—-094316  1.548 £0.030 1.490+0.028 1.436 + 0.029
090718-091644  1.383+0.035 1.390+0.036 1.370 £ 0.037

186



Table 4.9: Abell 754 Galaxy Colors - continued

Galaxy U-V)u (U=V)u U=V
090719-094324  1.367 £0.038 1.275+0.041 1.390 %+ 0.040
090722—-093403  1.595+0.028 1.573+0.027 1.574+0.027
090722—-095232 1.133+0.032 1.140+0.031 1.248 +0.036
090724—094007 1.662 £0.029 1.647 +0.029 1.644 + 0.029
090724-094836  1.419+0.034 1.427+0.035 1.442+0.038
090725-092228  1.264 +£0.027 1.263+0.027 1.270 £ 0.027
090725—-092952 1.726 £0.029 1.707 +:0.029 1.685 % 0.028
090726—092608  1.569+0.029 1.571+0.029 1.597 +0.029
090731-094133  0.693 £0.024 0.693 +0.024 0.742 + 0.024
090733-092916  0.469 £0.029 0.466 1-0.029 0.534 +0.031
090733-093527 1.526 £0.032 1.53540.033 1.489 +0.031
090734—092241  0.764 £0.023 0.726 £0.022 0.717 £0.027
090734—095006  0.933 £0.030 0.940 +£0.029 0.924 + 0.032
090735-092313  1.398 £0.031 1.367+0.030 1.265 £ 0.031
090735-093357  1.529£0.027 1.520+0.026 1.488 +0.026
090735~-093844  1.236 £0.040 1.216 +0.043 1.240 +0.041
090735-093938  1.235+0.031 1.219+0.031 1.231 +0.033
090735-094159  1.766 £0.030 1.710 +0.029 1.649 +0.028
090737-092520 1.619+0.029 1.659 £0.032 1.612+0.029
090739-092555  1.400 +£0.026 1.398 £0.026 1.360 £ 0.025
090740-092216  0.826 £0.023 0.775 £0.021 0.825 +0.024
090740—-092703  1.731+£0.031 1.682+0.029 1.727+0.033
090740—-092814  1.482+0.028 1.481 +0.028 1.459 +0.027
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Table 4.9: Abell 754 Galaxy Colors — continued

Galaxy (U—-V)axn U=~V (U-V)m
090743—-092228  1.790 +0.031 1.791 £0.031 1.776 £+ 0.030
090743—095829  1.756 £0.031 1.847+0.034 1.756 £ 0.031
090745—-091232  1.183+0.024 1.148 £0.023 1.160 £ 0.023
090745-092233  1.723+0.031 1.664 +£0.030 1.617 £ 0.030
090745-094011  1.781 +£0.031 1.788 +£0.031 1.727 +£0.030
090746—092333  1.418+£0.025 1.388 £0.025 1.332+ 0.024
090748-100629 1.778 £0.033 1.820+0.036 1.776 +0.034
090749-095417 1.387+0.028 1.438 +£0.030 1.374 +0.028
090750-090813  1.093+0.025 1.096 +£0.025 1.078 +0.025
090750-092437  1.324 £0.028 1.238 £0.025 1.282 + 0.028
090750-094321  0.772+0.020 0.792+0.022 0.736 £ 0.020
090750—095552  1.591+0.029 1.492+0.027 1.398 £ 0.026
090750—100624  1.778 £0.031 1.448 £0.027 1.054 £ 0.022
090751-095456  1.688 £0.029 1.721 +0.030 1.627 £0.028
090752-092517 1.594+0.029 1.615+0.030 1.584 +0.029
090752-094959  0.845+0.023 0.839+0.024 0.849 +0.023
090753—-094048  1.658 £0.032 1.661 +£0.033 1.629 £ 0.032
090753-095432  1.360+0.034 1.407£0.038 1.338 +0.033
090754—-093558  1.409+0.037 1.413+0.037 1.411+0.037
090756—-093207  1.467+0.027 1.499+0.029 1.447 £0.027
090756—095137 1.016 £0.025 1.015+0.024 1.055+ 0.026
090756—100249  1.648 £0.036 1.647+0.036 1.563 £ 0.035
090757-100133  1.753+0.030 1.677+0.028 1.640+0.028
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Table 4.9: Abell 754 Galaxy Colors - continued

Galaxy U-V)3ae (U=-VIu (U-V)um
090758—095853 1.736 £0.030 1.722 £0.030 1.729 £0.030
090800095849 1.618+0.030 1.705+0.034 1.6141+0.030
090801—-091806 1.159+0.026 1.175+0.025 1.280 £ 0.029
090801—-100053 1.685+0.031 1.748 £0.035 1.647 £0.032
090802—-095937 1.357+0.024 1.460+£0.025 1.542 £0.026
090803—-100214 1903 +0.033 1.874+0.032 1.858 £0.032
090806—092600 0.973 +£0.024 0.994 +0.023 0.939 £0.025
090806—092713 0.733+£0.021 0.780 £ 0.020 0.779 £0.021
090807100410 1.632+0.038 1.657 £0.042 1.628 +0.038
090809—-095934  1.648+0.031 1.649+0.031 1.564 £0.030
090809—-100535  1.487+0.027 1.532+£0.028 1.477 £0.027
090810—093053  1.538 £0.028 1.536 £0.028 1.546 +0.027
090810-093156 1.536 +0.028 1.529 £0.027 1.495 £ 0.027
090810-094134 1.676+0.030 1.658 £0.030 1.624 +£0.030
090811-100003  1.764 £0.030 1.735+0.029 1.71540.029
090812—093726 1.536 £0.029 1.536 £0.029 1.482 +0.028
090813—-092225 1.591+£0.029 1.600+0.030 1.573 £0.029
090813—-093252 0.8711+0.028 0.697 £0.025 0.055+0.015
090813-093834 1.608 £0.029 1.663 +0.031 1.612+0.029
090814—-095634 1.704 £0.030 1.759 £0.031 1.672£0.029
090815-093021 1.673+£0.029 1.639+0.028 1.6104+0.028
090815-093525 1.174+0.025 1.212+£0.025 1.205+0.025
090815-094601 1.456 +0.032 1.466 £0.034 1.429 +0.031
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Table 4.9: Abell 754 Galaxy Colors — continued

Galaxy (U—=V)sa (U -V (U -V
090815—-095336  1.589 £0.029 1.586 £0.030 1.526 £ 0.029
090816—093703  1.766 +0.030 1.794 £0.030 1.750 £+0.029
090817-093320  1.699 +0.029 1.650 £0.028 1.622 £ 0.028
090817-093709  1.559 £0.030 1.608 £0.033 1.589 £ 0.031
090817093834  1.646 £0.030 1.643 +£0.030 1.643 £0.032
090817-094339  1.748 £0.029 1.714+0.029 1.660 £ 0.028
090818—-093522  1.472+0.027 1.473 £0.027 1.440 £ 0.026
090818—-095752  1.334+0.029 1.388 £0.033 1.332+0.028
090820—-093508  1.620 +0.029 1.658 £0.030 1.609 £ 0.028
090821-092147 1.574+0.037 1.534 £0.035 1.392 +0.039
090822-093112  1.423+0.026 1.438+0.025 0.897 +0.019
090823-093820 1.695+0.029 1.698 +£0.029 1.634 +0.028
090824094207  1.449 £0.027 1.407 £0.026 1.362 % 0.027
090825—-093430  1.396 +0.032 1.409+0.034 1.388 +0.032
090825-093618  1.296 +0.036 1.332 +0.042 1.338 +0.038
090825-093843  1.491+0.038 1.523 £0.045 1.489+0.038
090826—092610  1.350+£0.027 1.343 £0.029 1.347 +0.026
090826—-093459  1.325+0.026 1.3291+0.026 1.316 +0.026
090826—093813  1.520+0.031 1.542 +0.033 1.480+0.030
090826—094114  1.679+0.029 1.721 £0.031 1.662 + 0.029
090826-094136  1.557+0.030 1.639+£0.034 1.577 £0.031
090827-092836  1.756 £0.030 1.726 £0.029 1.665 + 0.028
090827-093339  1.597+0.028 1.591 +0.028 1.558 + 0.028
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Table 4.9: Abell 754 Galaxy Colors - continued

Galaxy (U-V)su U=V (U= V)
090827-093914  1.556 +0.029 1.535+0.028 1.536 + 0.029
090827-094432  1.523+£0.031 1.542+0.033 1.489 +0.031
090828—-094240  1.566 +0.038 1.593 +0.040 1.491 +0.038
090829093715  1.459+0.035 1.457+0.036 1.481 + 0.040
090830—-093701  1.588 £0.028 1.590 +0.029 1.598 + 0.028
090830094324  0.977+£0.026 0.970 £0.027 1.101 £0.029
090831093419  1.636 +£0.029 1.640+0.030 1.633 + 0.029
090831-093824 1.693+0.029 1.670+0.029 1.697 £ 0.030
090831-095634 1.713+0.031 1.730 £0.033 1.717 £0.032
090831095807 1.815+0.032 1.795+0.031 1.816 £ 0.033
090832-093037 1.474+0.028 1.484 £0.027 1.438 £0.027
090832—-093628  1.487+0.031 1.520+0.035 1.512+0.032
090832093748  1.792+0.030 1.737 £0.029 1.723 +0.029
090832-094729  1.125+0.026 1.151 £0.026 1.146 +0.026
090832-095033  0.239+0.022 0.199 £0.020 0.290 £ 0.024
090833-091534  1.363 £0.027 1.373+£0.027 1.386 £ 0.029
090834-093914 1.573+0.028 1.558 +0.028 1.455 £ 0.027
090834—-100401  1.293+0.035 1.303 £0.037 1.356 +0.038
090835-095300 1.759+0.031 1.792+0.033 1.735+0.031
090835—100455  0.583 £0.024 0.550 £0.021 0.646 £ 0.027
090836—093102 1.415+0.030 1.421 +0.031 1.425+0.030
090836—093721  1.601 £0.028 1.594 +0.028 1.496 £+ 0.027
090838—-093627 1.633+0.031 1.647+£0.033 1.615+0.031
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Table 4.9: Abell 754 Galaxy Colors — continued

Galaxy U-V)sss U-VIn  (U-V)m
090838093746  1.681 +£0.032 1.751 £0.037 1.625 £ 0.033
090839-093731  1.716 £0.029 1.657 £0.028 1.572+0.027
090839-094023  1.603 £0.030 1.655+0.032 1.592+0.029
090839—-094830A 1.399+0.030 1.374+0.029 1.218 £+ 0.026
090839—-094830B 0.960 +0.034 0.832 +0.040 0.835 £ 0.039
090840—-093647  1.460 £0.033 1.453 £0.034 1.473 +0.033
090840—-094233  1.465 +0.033 1.530 £0.038 1.507 +0.036
090840094918  1.760 +£0.030 1.698 +0.029 1.664 £ 0.028
090841093438  1.645+0.029 1.604 +£0.028 1.579 £+ 0.028
090842—-093320  1.409 £0.030 1.417+0.031 1.371 £0.029
090842—-094203  1.690 +£0.029 1.694 £0.029 1.652 £ 0.028
090843—-094923  1.630 £0.030 1.692+0.033 1.629 +0.030
090844—093021  1.446+0.026 1.476+£0.026 1.522 + 0.026
090844093026  1.606 +0.028 1.580 +0.028 1.526 £ 0.027
090844-093052 1.647+0.029 1.641 £0.029 1.635+0.029
090844—-093514  1.398 £0.028 1.402+0.029 1.317 +0.027
090844093609  1.719+0.031 1.670+0.029 1.600 £ 0.029
090845—093222 1.461+£0.035 1.584+0.042 1.453 +0.035
090845—-093400  1.489+0.028 1.526 +0.031 1.520 £0.030
090846—093111  1.429+0.035 1.466 +0.038 1.350 £ 0.034
090848—090858  1.266 +0.024 1.277+0.024 1.273 £0.024
090848—093151  1.166 £0.030 1.168 +£0.030 1.206 £ 0.031
090849—-091456 1.436 +£0.029 1.444+0.029 1.412+0.028
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Table 4.9: Abell 754 Galaxy Colors - continued

Galaxy (U-V)su U=V (U-=V)om
090849094823  1.598 +0.034 1.605 £+ 0.036 1.619 +0.034
090850-094105  1.553+0.029 1.601 £0.031 1.536 +0.028
090851-092713  1.583+0.029 1.577 £0.029 1.508 +0.028
090851-093535 1.721+0.029 1.714 £0.029 1.706 + 0.029
090851-094739  1.179+0.028 1.184 +0.028 1.147+0.027
090854092753  1.652+0.028 1.601 +0.027 1.583 +0.028
090852-093151  1.753+0.029 1.703 £0.028 1.680 +0.028
090853—091453  1.026 £0.027 1.054 £0.026 1.068 +0.027
090853-094319  1.495+0.028 1.520 £0.029 1.436 £ 0.027
090853—-094945  1.695+0.029 1.647 £0.029 1.621 £+0.028
090854—-093856  1.698 +0.030 1.694 +£0.029 1.607 +0.028
090854-094441  1.544£0.033 1.543 £0.048 1.391 +0.046
090855—-094046  1.692 +0.028 1.666 +0.028 1.646 +0.028
090855094208  1.359+0.035 1.408 £0.041 1.364 £0.035
090856—093554  1.639 £0.028 1.636 +0.028 1.680 + 0.029
090857092338  1.130+0.024 1.153 +£0.024 1.252 +0.024
090857100441  1.539+0.030 1.536 £0.029 1.497+0.031
090858—-093559 1.737+0.029 1.694 £0.028 1.669 4 0.028
090858093655  1.403+0.034 1.400+0.034 1.360+0.035
090858094951  1.634+0.030 1.702+0.035 1.583 +0.032
090859093713  1.634+0.028 1.619+0.028 1.578+0.027
090859093752  1.674+0.029 1.704+0.031 1.666 £ 0.029
090900093528  1.651 £0.030 1.690 +0.031 1.601 £ 0.029
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Table 4.9: Abell 754 Galaxy Colors — continued

Galaxy U-Vhaa (U-VIu U-V)m
090900094017 1.694+0.029 1.712+0.031 1.672+0.029
090901--091606  1.049+0.026 0.955+0.022 0.882 £0.023
090901-092750 1.593+0.028 1.615+0.029 1.570+0.028
090901093027 1.607 £0.028 1.594 +£0.028 1.571 % 0.027
090902-093739  1.681+0.030 1.741 £0.032 1.671 +0.030
090903-093847 1.674+0.029 1.623+0.028 1.593 £0.028
090903—-095741  1.461 £0.029 1.4651+0.030 1.454 +0.028
090904—-093157 1.548 £0.028 1.556 +0.028 1.505 £ 0.027
090904-094411 1.666 £0.029 1.635+0.028 1.626 +0.028
090904-094428 1.480+£0.030 1.527+0.033 1.510+0.031
090905-093434  1.509 £0.032 1.495+0.031 1.382+0.031
090911-094212 1.770+£0.035 1.840+0.039 1.829+0.039
090911-094242  1.457+£0.031 1.443+0.031 1.356 £0.032
090912-093919  1.562+0.031 1.595+0.034 1.535+0.031
090912-094148 1.789+0.031 1.813+0.032 1.725+0.031
090912-094615  1.571 £0.027 1.525+0.027 1.502 +0.027
090913-094436 1.692+0.030 1.734+0.032 1.674 +0.030
090914-093814 1.707+£0.029 1.778 £0.031 1.687 +0.029
090915—-093356  1.305+0.030 1.316 £0.031 1.245+0.028
090915-094823  1.527+0.028 1.575+0.030 1.492+0.028
090916—093224  1.597+0.037 1.577+0.038 1.630+ 0.039
090916—094420 1.802+0.034 1.827+0.037 1.827 +0.036
090917-091043  0.986 £0.022 1.015+0.022 1.041 +0.022
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Table 4.9: Abell 754 Galaxy Colors — continued

Galaxy U-V)zaa U=V (U= Vo
090917-094428 1.756 £0.030 1.830 £0.033 1.757 £0.030
090918-092744  1.705+0.031 1.726 £0.032 1.694 +0.031
090918—093401  1.681 £0.029 1.648 +£0.028 1.651 +0.028
090918-094351 1.674+0.030 1.717£0.033 1.667 £0.030
090918-094623  1.354 £0.030 1.372+0.029 1.378 £0.031
090918094659  0.224 +0.018 0.214 £0.018 0.316 £ 0.018
090919-093239  1.687+0.031 1.697 £0.031 1.647 +0.030
090919-094200 1.898 +0.031 1.811+0.030 1.790 £ 0.030
090920-092631  1.365+0.032 1.399 £0.036 1.347 £0.031
090920-09290S  1.536 £0.028 1.528 £0.028 1.525 + 0.028
090920-093334  1.705+0.029 1.714£0.030 1.659 % 0.028
090920-094413  1.617+0.029 1.616 £0.029 1.555+0.028
090921093118  1.519+0.033 1.523+£0.035 1.537 +0.033
090921-094334  1.594 £0.028 1.552 £0.027 1.484 +0.026
090921-094439  1.333+0.032 1.346 +0.033 1.287 £0.032
090921-094644 1.373+0.026 1.312+0.024 1.315+£0.025
090922-094344  1.546 £0.033 1.594 £0.037 1.539 4 0.033
090922-094715  1.586 £0.030 1.647 £0.034 1.583 +0.030
090923094357 1.645+0.029 1.680+0.030 1.612+0.028
090924—-093717 1.359+0.034 1.368 £0.035 1.376 4 0.034
090924—094820 1.513+0.030 1.578 £0.033 1.517+0.030
090926—092248 1.768 £0.029 1.694 £0.028 1.655 % 0.028
090924—095703  1.692 +£0.029 1.667 +0.028 1.655 £ 0.028
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Table 4.9: Abell 754 Galaxy Colors - continued

Galaxy (U-V)sa U=V U=V
090924-095848  1.501 £0.031 1.506 +0.031 1.462 £ 0.030
090925-092625 1.375+0.030 1.392+0.035 1.371£0.030
090925-093527 1.470+0.031 1.558 £0.036 1.469 + 0.030
090925-094205 1.764 £0.030 1.768 £0.030 1.718 £+ 0.029
090925—-095810  1.658 £0.028 1.629 +0.028 1.590 £ 0.027
090926—093544  1.531+0.032 1.561+0.034 1.503 + 0.031
090927-093754  1.790 £0.030 1.762+0.029 1.721 £+ 0.029
090927093918  0.543 £0.017 0.549 +£0.017 0.570 £0.017
090927—-094706  1.355+0.033 1.360 +£0.034 1.225+0.033
090928094114  1.669 +£0.029 1.612+0.028 1.534 £ 0.027
090928—094811  1.522+0.031 1.537+0.035 1.539 + 0.033
090929-093714  1.649+0.029 1.645+0.029 1.618 +0.028
090929—-094748  1.427+0.033 1.440+0.035 1.387 +0.032
090930-093441  1.664 £0.029 1.647+0.029 1.586 £ 0.028
090930-094228  1.607 +£0.030 1.670+0.032 1.582 £ 0.029
090931-094532  1.484 £0.031 1.487+0.032 1.471+0.031
090932-094714  1.657 £0.030 1.710+0.032 1.635 £ 0.029
090933-092437  1.562+£0.029 1.567 +£0.029 1.547 +0.028
090933—093128  1.444 +£0.031 1.461 +£0.034 1.439 +0.030
090933—095737  1.631+0.029 1.637+0.029 1.589 + 0.028
090934-093732  1.454+0.031 1.458 £0.033 1.458 +0.031
090934—094106  1.589 +0.029 1.669 +£0.031 1.651 £0.030
090934-094127  1.539+0.028 1.598 £0.030 1.500 + 0.028
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Table 4.9: Abell 754 Galaxy Colors — continued

Galaxy U-=V)aa U=V (U~ V)m
090935-092130  1.667 £0.030 1.691 £0.031 1.647 +0.029
090935-094132 1.568 £0.031 1.582+0.034 1.488 +0.031
090935-094203 1.735+0.029 1.742+0.029 1.700 £ 0.029
090935094507 1.762+0.030 1.735+0.029 1.709 + 0.029
090935-094601  1.747+0.029 1.682+0.028 1.252+0.023
090936—094026 1.611+0.033 1.616 +£0.035 1.600 % 0.033
090936-094426  1.691 £0.029 1.706 £0.029 1.647 +0.028
090937-093245 1.672+0.036 1.678 £0.036 1.745 % 0.036
090937-093819 1.775+0.030 1.804+0.032 1.775+0.030
090939-094323  1.782+0.030 1.703 +£0.028 1.674 £0.028
090939-100044 1.639+0.029 1.653+0.030 1.600 % 0.028
090944—094231 1.698 £0.029 1.709+0.029 1.668 + 0.029
090944—094356 1.780+0.030 1.691+0.028 1.688 £ 0.028
090944100459 1.126+0.032 1.115+0.031 1.023 £0.034
090945—-093834  1.677+0.029 1.671+0.029 1.669 % 0.029
090946—094653  1.468 £0.028 1.403+0.026 1.348 +0.027
090948—-092204  1.578 £0.034 1.548 £0.032 1.554 +0.036
090949—-094325 1.4321+0.031 1.443+0.033 1.393 £0.031
090950—091820 1.348 £0.027 1.350+0.027 1.374+0.027
090951-091438  1.081 +0.023 1.084 +0.023 1.142 +0.024
090951-091447  0.696 £0.022 0.732+0.021 0.871+£0.028
090952-092132 1.653+0.030 1.653+0.030 1.646 +0.030
090952—-094405 1.4841+0.029 1.521 £0.031 1.462+0.028
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Table 4.9: Abell 754 Galaxy Colors — continued

Galaxy U-V)ae U-Viu (U-V)m
090953-095522 1.476+0.034 1.489 £0.035 1.474+0.033
090955-093618 1.658 £0.034 1.722+0.041 1.618 +0.036
090957—095409 1.281+0.024 1.222+0.023 1.208 +0.023
090958—-094724  1.625+0.030 1.666 £0.033 1.619+0.030
090959-093822  1.692 +0.029 1.647 £0.028 1.620 £0.027
090959-093823  1.640+0.030 1.620+0.028 1.616 +0.027
091000—093544  1.693+0.029 1.688 +0.029 1.668 + 0.028
091002-093641  1.393 +£0.028 1.400+0.028 1.329 £+ 0.027
091003-093946  0.972+0.024 0.869 £0.022 0.744 £0.022
091005-093829  1.573+£0.029 1.565+0.029 1.544 £+ 0.028
091006—090929  1.498 £0.037 1.513 £0.038 1.396 £ 0.041
091006—094052 1.800+0.030 1.848 £0.032 1.776 +£0.030
091008—-095255  1.586 +0.030 1.648 £0.035 1.593 £ 0.030
091010-100006  1.505+0.031 1.499+0.031 1.422 +0.030
091011-094147 1.476+£0.034 1.489+0.034 1.538 +£0.035
091011-095236  1.478 £0.029 1.478 £0.029 1.440 +0.028
091012-092610 1.800+0.031 1.791 £0.031 1.790 + 0.031
091012-095709 1.216+0.024 1.207+0.023 1.147 +0.023
091013-093314 1.647+0.030 1.645+0.030 1.611+0.029
091017-093707 1.879+0.031 1.819+0.030 1.796 £ 0.029
091018-092043  1.631 +0.030 1.644+0.030 1.626 £ 0.029
091018-093219 1.653+0.032 1.639+0.031 1.610+0.031
091018-094416  1.755+0.031 1.801 +£0.032 1.732+0.030
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Table 4.9: Abell 754 Galaxy Colors — continued

Galaxy U-V)zaa U=V (U~-V)m
091019093857 1.517+£0.036 1.511+0.037 1.551 £ 0.039
091021-093825 1.538 £0.028 1.521 £0.027 1.444 +0.026
091023-094439 1.637+0.029 1.628 £0.029 1.567 +0.028
091023-094735 1.642+£0.033 1.637+0.033 1.584 £0.031
091024-093241 1.764+£0.030 1.718+0.029 1.704 +0.029
091024—-093245 1.663 +0.029 1.687 +£0.030 1.620 £0.028
091025-092505 1.561 £0.029 1.571+0.028 1.617 +£0.029
091026—-092441  1.650+0.034 1.668 £0.036 1.596 +0.034
091026—-094817 1.722+0.030 1.685+0.028 1.667 +0.029
091028—-094924 1.762+0.031 1.743+£0.030 1.754 £0.030
091029-091804 1.722+£0.031 1.730+0.032 1.712 +£0.031
091030—094637 1.381 £0.026 1.352+0.025 1.335+0.025
091030095739  1.777+0.032 1.769 £0.031 1.773 £0.032
091031-094745 1.712+£0.034 1.710+0.034 1.701 £0.035
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5 COLOR-MAGNITUDE RELATION ANALYSIS

5.1 Introduction

The primary goal of this thesis is to quantify the whereabouts of the blue galaxies once
prevalent in rich clusters. If the strong evolution of cluster galaxies implied by the
Butcher-Oemler effect (e.g. Butcher & Oemler, 1978a, 1984; Rakos & Schombert, 1995;
Margoniner et al., 2001) is the result of the continuous transformation of blue field spirals
into cluster SO’s, then there should be evidence of this evolutionary process in the cluster
galaxy population. The cluster U,V CMR from our precise galaxy photometry provides
us with a powerful tool to aid in our search for evidence of this galaxy transformation.

In local clusters, the early-type (E/S0O) galaxies define a uniform color-magnitude re-
lation (CMR) with low intrinsic scatter (e.g. Visvanathan & Sandage, 1977; Sandage &
Visvanathan, 1978; Larson, Tinsley & Caldwell, 1980; Bower, Lucey & Ellis, 1992b),
such that brighter (i.e. more massive) galaxies are redder. This well-defined correlation is
thought to be evidence for a physical link between the mass of early-type galaxies and the
metallicity of their stellar populations (Kodama & Arimoto, 1997; Kauffmann & Charlot,
1998; Vazdekis et al., 2001).

The low intrinsic scatter (ccyr < 0.1 mag) and uniformity of the CMR outto 2z ~ 1
(Ellis et al., 1997; Stanford, Eisenhardt & Dickinson, 1998), are convincing evidence that
these early-type galaxies are comprised of old (2, ~ 2 — 3) stellar populations with
a small range in relative ages (Bower, Lucey & Ellis, 1992b; Lubin, 1996; Kodama et
al., 1998; Bower, Kodama & Terlevich, 1998). Compared to the population of old early-
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types that define the mean CMR, galaxies with bluer integrated colors than expected for a
given luminosity are interpreted as having younger luminosity-weighted mean ages (van
Dokkum et al., 1998; Terlevich et al., 1999). Therefore, we use our C-M data to find
the CMR of each thesis cluster. Using U — V colors which have the greatest sensitivity
to relatively recent (g 2 Gyr ago) star formation, we define a C-M cut blueward of the
CMR and redward of galaxies with spiral-like colors to identify potential bSO galaxies
with the assumption they will contain intermediate age stars. Thus, we define bS0’s to
have intermediate blue (U — V') colors relative to the cluster CMR.

In this chapter, we quantify and analyze each thesis cluster CMR. We compare our
results with the CMR of Coma (BLE92) to establish the quality of our data. And we use
the mean CMR within each cluster to define three, color-based galaxy populations: (1)
red, (2) intermediately blue (bS0), and (3) blue.

5.2 Maximum Likelihood Fit

We quantify the mean cluster CMR by modeling it as a straight line in color space:
(U = V)moa = n(My +20) + (U — V)q, (.1

where 5 and (U — V'), are the CMR slope and zero point. We define (U — V), to be the
mean CMR color at an absolute magnitude of My = —20. Following the procedure of
Rix et al. (1997), we apply a maximum-likelihood analysis to determine the best-fitting
parameters [1, (U — V),, ocmrl], and their associated uncertainties, which describe the
CMR with some intrinsic scatter ocyr in (U — V). We assume the model probability
distribution Pp.q of the CMR is a Gaussian of the form:

1 [(U - V) — (U - V)mod]2 }

P =) = e 2k

(5.2)
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Similarly, the probability distribution of the “true” CMR is approximated by

1 (- Myl [U-V)-(U-V)P

TOmiOci {- 202, B 202, g
5.3)

My; and (U — V'), represent the magnitude and color observations, with measured errors

Pos[My, (U - V)] = 3

omi = 0;(My) and o; = 0;(U — V'), for a single galaxy.

For the model parameters [n, (U — V),, dcmr], the probability of making the galaxy
observation {My,; + omi, (U — V); £ 0.} is given by the product of equations 5.2 and
5.3 integrated over all color and absolute magnitude space:

PiMyis0mis (U = V)ir0al = [ [ Pooa - Pud(U = V)AMy. (54
Finally, the likelihood £ of a CMR, given N galaxy observations, is then
N
L, (U-V),0ocmr] = ?:':1 In(P). (5.5)

The best-fit parameters [n, (U—V )y, ocmr] defining the CMR and its scatter are found
by maximizing the likelihood in equation 5.5. For a set of cluster galaxy observations, we
apply this maximum-likelihood technique in an iterative fashion. We allow the initial pass
to fit all galaxies in a given sample. The cluster red sequence is a weli-defined correlation;
therefore, even with outliers included, our maximum-likelihood fitting finds the roughly
correct general CMR form (slope and zero point), with a larger intrinsic scatter. The
remaining iterations use the previous ocyr to 30 clip the predominately blue outliers
from consideration during each fit. This procedure quickly converges to a stable best-fit,
mean CMR.

We note that each galaxy’s uncertainty in observed total magnitude o,,,; does not play
a crucial role in determining the most likely CMR fit. We test this by comparing CMR fits

to cluster galaxy photometry with and without o,,; included. We find the best-fit results

match within the model uncertainties. Conversely, the size of the observed color errors
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0. directly relates to the best-fit CMR such that smaller random errors in color produce
larger ocump fit results.

The confidence interval for these parameters are derived from the distribution of
Ax® = 2(Lmax — L). (5.6)

Lmax is the likelihood value for the best-fit CMR, and £ is the likelihood distribution about
L ax for each parameter. We hold each parameter fixed at its best-fit value and allow
the remaining two parameters to vary, thus each parameter’s marginalized 1o confidence
limits are given by the v = 1 degree of freedom condition Ax? = 1 (Press et al., 1992).
We apply this maximum-likelihood technique to finding the best-fit, mean CMR for
a variety of comparisons described in the next sections. Ultimately, we define a default

CMR for each cluster and use this relation to describe the galaxy populations.

5.3 Quality of Our Data: Comparison with Coma

To test the quality of our cluster galaxy photometry, we compare the U,V CMR’s of
A8S5, A496 and A754 with the precise work by BLE92 on Coma (Abell 1656). BLE92
obtained a comprehensive set of U/- and V'-band CCD observations of early-type galaxies
in the Coma and Virgo clusters, and found that the two clusters had identical CMR’s.
With their precise photometry they measured an intrinsic scatter in the (U — V') versus V¢
relation of ocyr = 0.055 mag for 50 E+S0+S0/a members of Coma. They attributed the
small scatter to an old, coeval population of galaxies with a small spread in relative ages.
Even though Coma is much richer, equally tight and well-defined CMR’s are expected in
our three clusters.

To define the CMR’s of our clusters we select galaxies from a “core” region of Ryro; <
0.5 h~! Mpc, centered on each c¢D galaxy (the BCG coincident with our image center).
According to the morphology-density relation (e.g. Dressler, 1980), the core should con-

tain predominately E/SO galaxies. For a direct comparison to Coma, we select fixed
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aperture diameters for each cluster scaled to the 11” diameter BLE92 aperture, thus we
achieve a matched fixed metric size of 3.34 h~! kpc (see § 4.2.2).

The best-fit CMR'’s for the core red galaxy populations in our clusters, based on fixed
aperture colors, are shown in the top (a) panels of Figures 5.1 through 5.3. We compare
our maximum-likelihood CMR parameters with the BLE92 Coma best-fit regression pa-
rameters in Table 5.1. In column (2) we give the number of galaxies considered in each
fit. Columns (3) - (5) contain the CMR zero point, scatter and slope, with 1o confidence
limits.

The relation for A754 is identical to Coma within the confidence limits of all three
CMR parameters. We illustrate how well the fixed aperture CMR of A754 is fit by the
Coma E/S0 relation in Figure 5.4. In this figure we plot the core galaxy C-M data in both
panels and show that our maximum-likelihood fit (top), and the BLE9?2 fit (bottom), are
indistinguishable.

The CMR slopes of our clusters are in good agreement with that of Coma. The univer-
sality of the CMR slope in local clusters is established (Lopez-Cruz, 1997), and is thought
to be additional evidence that the early-type galaxies defining the slope are coeval (Glad-
ders et al., 1998). The large redward offset in the A496 zero point is due to the lack of a
reddening correction (see § 4.3.1). The larger ocmp in A496 relative to A754 may also
be due to no reddening correction.

The (U — V), for A85 is 0.064 + 0.016 mag bluer than for A754, which could be
explained by the ~ 0.044 mag systematic uncertainty in (U — V). Yet the bluer CMR of
A8S relative to A754 plus its 20% larger ocur and slightly flatter slope are all consistent
with A85 containing a younger population of galaxies compared to A754. In particular,
low intrinsic scatter is attributed to a small range in relative ages (Bower, Lucey & Ellis,
1992b; Lubin, 1996; Kodama et al., 1998; Bower, Kodama & Terlevich, 1998), and flatter

slopes are expected from a more recent formation epoch of the dominant stellar popu-
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Table 5.1: Fixed Aperture CMR’s

Cluster N (U-V)3 OCMR n°

mag. mag.
Coma® SO 145%%1 0,055 ~0.082+0.003
A85S 48 1.392+001 (080+08%8 00760012
A496! 73 1.630%301% 0.073:3%¢  —0.07813:0%
A754 79 1.456733%3 0.059%0:-% —0.08613-097
The systematic uncertainty in the global (U — V') zero points
are estimated to be 0.044 mag.
®The best-fit mean CMR slope.

“We transform the BLE92 zero point of 2.61 mag at Vp =0
usinga DM = 34.1 + 5logh for cz = 6500 km s~!.

d(U - V), is redder due to lack of reddening correction.

lation (Gladders et al., 1998), regardless of whether the ellipticals formed in an ancient,
monolithic collapse (e.g. Eggen, Lynden-Bell & Sandage, 1962), or formed hierarchically
via disk galaxy merging (e.g. Kauffmann & Charlot, 1998).

This analysis demonstrates that our cluster U, V' C-M data are of good enough quality
to measure ocyr < 0.08 mag. Our precise data for ~ 650 members is a significant
addition to z ~ 0 cluster studies previously dominated by work on Coma (e.g. Bower,

Lucey & Ellis, 1992a,b; Terlevich et al., 1999).
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Figure 5.1: Comparison of A85 CMR'’s using various apertures. Each panel contains the
C-M diagram for the 62 members from the core (Ryro; < 0.5 A~! Mpc centered on the
cD galaxy). For each panel a best-fit CMR (solid line) is determined from a maximum-
likelihood fit to the data, excluding +30 outliers, and presented with +1ocymr confidence
intervals (dashed lines). Panel (a) shows the CMR based on colors from a fixed 4.45"
(3.34 h~! kpc) diameter aperture. Panels (b) and (c) contain CMR'’s based on variable
physical size apertures of haif-light and twice half-light diameters. The CMR likelihood
fit results are given in Table 5.2.



207

1.5

1

(U—-V)g 34

0.5

1.5

1

(U-v),

0.5

1.5

1

(U- V)zm

0.5
-

-22 =20 -18 -16
M, - Slogh

Figure 5.2: Comparison of A496 CMR’s using various apertures. Each panel contains the
C-M diagram for the 86 members from the core (R,; < 0.5 k=" Mpc centered on the
cD galaxy). For each panel a best-fit CMR (solid line) is determined from a maximum-
likelihood fit to the data, excluding +30 outliers, and presented with +1ocyg confidence
intervals (dashed lines). Panel (a) shows the CMR based on colors from a fixed 7.42"
(3.34 h~! kpc) diameter aperture. Panels (b) and (c) contain CMR’s based on variable
physical size apertures of half-light and twice half-light diameters. The CMR likelihood
fit results are given in Table 5.3.
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Figure 5.3: Comparison of A754 CMR’s using various apertures. Each panel contains the
C-M diagram for the 87 members from the core (Ry; < 0.5 h~! Mpc centered on the
cD galaxy). For each panel a best-fit CMR (solid line) is determined from a maximum-
likelihood fit to the data, excluding +3¢ outliers, and presented with +1o¢cyr confidence
intervals (dashed lines). Panel (a) shows the CMR based on colors from a fixed 4.50”
(3.34 At kpc) diameter aperture. Panels (b) and (c) contain CMR’s based on variable
physical size apertures of half-light and twice half-light diameters. The CMR likelihood
fit results are given in Table 5.4.
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Figure 5.4: Each panel shows the same fixed aperture C-M data from the core of A754 (87
galaxies). The best-fit CMR from our maximum-likelihood analysis is shown in the top
panel. The bottom panel has the same data points with the regression analysis fit to the 50
carly-type galaxies in Coma (BLE92). The two fits to the A754 data are indistinguishable.
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5.4 Using Fixed or Variable Size Apertures for CMR’s

The use of fixed circular apertures to measure the colors of galaxies does not take into
account their different physical sizes. BLE92 noted that CMR slopes will differ between
those based on fixed metric and on relative size apertures. Scodeggio (2001) have taken
this one step further, arguing that fixed aperture colors introduce a bias in the CMR be-
cause early-type galaxies have intrinsic color gradients (see e.g. Peletier et al., 1990).
Therefore, galaxies of different intrinsic size (which is related to luminosity) will have
different total fractions of their light measured within fixed apertures, resuiting in a spu-
rious correlation between galaxy brightness and color. Scodeggio (2001) find the U,V
CMR for bright E/SO galaxies in Coma flattens considerably (i.e. consistent with zero
slope) if a half-light aperture is used. They also find that the intrinsic scatter in the rela-

tion more than doubles.

54.1 Comparing Different Aperture CMR Fits

We test whether the use of variable size apertures based on physical scale lengths will pro-
duce flattened CMR’s. We measure aperture colors in two physical size circular apertures
of radii ryper = Ty and Taper = 21y (see § 4.2.2). Then we apply our maximum-likelihood
analysis to the core (Rpro; < 0.5 A~ Mpc), red galaxy population CMR’s based on each
half-light aperture. The resultant best-fit relations are shown in panels (b) and (c) of Fig-
ures 5.1 through 5.3. For comparison, the fixed aperture CMR is in panel (a) of each
cluster figure.

We present the maximum likelihood CMR results for the thesis clusters in Tables 5.2
through 5.4. Column (2) lists the number ratio Vg, of galaxies fit (after removal of out-
liers) to total observed within each region. The physical projected size of the galaxy
selection region is given in column (3). Columns (4) - (6) contain the CMR parameters.

The maximized likelihood value L,y is in column (7). £, is positively correlated with
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the number of galaxies fit; therefore, given two CMR’s with similar number of galaxies
to fit, the highest £,,,, will represent the relative best fit. Comparing different aperture
Lmax Values in these tables shows the best-fit corresponds to the lowest scatter.

We do not find a dramatic difference between the CMR’s based on fixed or variable
aperture colors in our three clusters. In general, we notice a slight flattening of the CMR
slope for A8S and A754, when using either physical scale aperture. However, the CMR
of A496 is actually steeper for r;, and somewhat diminished for 2ry,. In particular,
using half-light apertures does not remove the CMR slope in any of our three clusters as
Scodeggio (2001) has suggested.

We observe trends in the other two CMR parameters. As we increase aperture size
from fixed to 2ry, (U — V'), becomes slightly bluer (~ 1 — 3%) and ocmp increases
~ 18—30%. These effects are expected due to the larger apertures including light from the
outer parts of the presumably early-type galaxies defining the CMR. E/S0 galaxies have
smoothly declining surface brightness profiles, thus, using bigger apertures will result in
lower S/N flux measurements. Since ellipticals are known to be redder near their centers
(e.g. Franx, Illingworth & Heckman, 1989; Peletier et al., 1990), increased aperture sizes

will produce bluer colors.

5.4.2 Effects of Seeing

In § 4.2.2 we note that the majority of image quality corrected cluster galaxies in our
sample are resolved (i.e. ry > rye). However, the small fraction of unresolved galaxies
have colors derived from apertures fixed to the seeing size. A source of possible concern
in our comparison above, is whether a small fraction of unresolved galaxies included in
the CMR analysis could somehow preserve the variable size aperture slopes.

A754 has the largest fraction of unresolved members (11.5%); therefore, we repeat
our maximum-likelihood fit analysis of the half-light aperture CMR by using only the

resolved galaxies within the core. This selection reduces the number of galaxies defining



Table 5.2: A8S Best-Fit Likelihood CMR Analysis Results
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Description & Ry (U-V)§  ogewmr n Lmax
h-'Mpc  mag. mag.

Core fixed aper® 48/62 < 0.5 1.3927931% 0.080732%8 _0.076+3012 499

Corery apert  49/62 <05 1.3807391% 0.09170312 —-0.0591001 449

Core 2ry aper® 50/62 <05 13563097 010373012 —0.05430018 407

2Ratio of fit to total number of galaxies within Ryr;.

®Projected radius of region containing CMR fit galaxies.

The systematic uncertainty in the global (I — V') zero points

are estimated to be 0.044 mag.
4The best-fit mean CMR slope.

¢Use aperture with seeing radius for unresolved (ry; < ) galaxies.



Table 5.3: A496 Best-Fit Likelihood CMR Analysis Results

213

Description & Ry U-V)  oomr n° Linax
h~'Mpc  mag. mag.

Core fixed aper® 73/86 < 0.5 1.630*302 0.07373%F —0.078730% 80.1

Core ry, aper.®  74/86 < 0.5 1.6367031% 0.081330% —0.08873%% 753

Core 2ry; apert  74/8 < 0.5 1.6147031% 0.089735% —0.066703%3 68.1

2Ratio of fit to total number of galaxies within Ry

bProjected radius of region containing CMR fit galaxies.

‘Photometry was not reddening corrected (see § 4.3.1).

4The best-fit mean CMR slope.

¢Use aperture with seeing radius for unresolved (r,; < 7see) galaxies.



Table 5.4: A754 Best-Fit Likelihood CMR Analysis Results

Description 2 Ry (U-V)§ OCMR nd Lomax
Core fixed aper.® 79/87 <05 1.456¥3%3 0.0597390%¢ 008613997 102.5
Core 7y, aper.t 82/87 < 0.5 1.438%012 0.084700% —0.05873910 81.4
Core 7y, aper.® 47/49 < 0.3 1.440%391% 0.0917001) —0.0587091% 434
Core 2ry, aper® 81/87 <05 1.4063301 0.07472%97 —0.07073%% 905
Core 7y, aper.! 776 <05 143433312 0.08510098 —0,059+3911 70.3
SE clump ry, aper.® 79/84 < 0.5 148910014 0.09873%3 —0.074+001 67.3
SE clump ry, aper.® 46/49 < 0.3 1.49430020 0.10873%2 —0.07413018 352
NW+-SE clump 7y, aper.® 142/154 < 0.5 1.458%307 0.001703%% —0.067193%2 130.7
NWNSE intersection ry, aper.t  37/40 < 0.68 14893317 0.08073%!2 —0.08013014 384

*Ratio of fit to total number of galaxies within R,,;.

bProjected radius (in h~! Mpc) of region containing CMR fit galaxies.

“CMR (U — V) zero point; systematic uncertainty is estimated to be 0.044 mag.
9The best-fit mean CMR slope.

¢Use aperture with seeing radius for unresolved (1, < 75¢e) galaxies.

Only included galaxies With 7,pe; > T4 in these fits.

8Region defined by intersection of 0.6h~' Mpc radius arcs centered on the core and SE clumps,

1414
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the CMR by ~ 13% (11/82), yet as shown in Table 5.4, the best-fit parameters for the
smaller sample of 71 core, red members is an exact match to the relation including the 11
additional unresolved galaxies. The number of unresolved core objects in A85 and A496
are 3 and 0, respectively. We assume that their removal will also have no effect on the
half-light aperture CMR. We conclude that the seeing of our observations has no effect

on our comparisons of fixed and variable size apertures.

5.4.3 Default Cluster CMR’s

After our careful analysis comparing the best-fit CMR’s derived from fixed metric aper-
tures (3.34 h~! kpc), and variable physical size apertures (ry, and 2ry;), we will adopt the
use of the r; aperture radius colors in all subsequent CMR analyzes since this aperture
selection accounts for the different physical sizes of galaxies. We feel that this choice
gives us the most consistent method for analyzing the cluster galaxies in this thesis.

In addition, we define the default CMR (hereafter dCMR) of each cluster to be the
maximum-likelihood, best-fit relation for red, core members with ry,; aperture colors.
Each cluster dCMR is given in the second line of Tables 5.2 through 5.4. The dCMR

will be used for the remaining analyzes in Chapters 6 and 7.

5.5 A754-CMR’s From Merging Subclusters

Thus far we have concentrated on defining the core CMR’s based on the red galax-
ies within 0.5 A~! Mpc centered on the cD galaxy. A754 is a particularly interesting
local cluster because it shows direct evidence of a collision of two subclumps within
the past ~ 1 Gyr (Henriksen, 1993; Zabludoff & Zaritsky, 1995; Markevitch et al.,
1998). An inspection of the spatial distribution of spectroscopically confirmed mem-
bers (see Figure 5.5) shows the central concentration of red, presumably old, galaxies
towards the cD which we call the core, and which Zabludoff & Zaritsky (1995) denote
as the “NW clump”. In addition, another subcluster of red galaxies, the “SE clump” at
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(o, 8)2000 = (09°09™26°, —09°43'49"), is apparent. This bimodal structure in the red
galaxy distribution, plus the intra-cluster gas X-ray emission peak not coinciding with
either clump centroid, are both expected collision signatures in hierarchical cluster evo-
lution simulations (Evrard, 1990). Therefore, we make CMR comparisons of samples
selected from the SE and NW clumps to look for differences in the galaxy populations.

In Table 5.4, we tabulate five additional best-fit CMR’s of A754 members. These
CMR'’s are based on ry, aperture colors. To directly compare the NW (core) and SE
clumps, we perform our maximum-likelihood CMR analysis on the galaxies within
0.5 A=t Mpc of the SE center. This volume contains 84 galaxies, some of which overlap
with the R, < 0.5 A~ Mpc region of the NW clump. Therefore, we also obtain CMR’s
for the SE and NW subclusters from spatially independent spheres (R,r,; < 0.3 A~ Mpc)
with equal numbers (49) of galaxies. In addition, we measure the CMR fits to the com-
bined NW+SE clumps union (all galaxies within 0.5 h~' Mpc of either clump cen-
ter), and to the NWNSE intersection of galaxies common to both subclusters within the
0.6 h~! Mpc arcs centered on each clump. The variety of SE, NW clump projected vol-
ume boundaries are plotted in Figure 5.5.

The C-M diagrams and CMR best-fits to the NW (R; < 0.5 h~=! Mpc), SE (Rproj <
0.5 h~! Mpc), NWNSE intersection and NW+SE union data are given for comparison in
Figure 5.6. The four CMR’s all appear similar, with the NWNSE and NW+SE CMR’s
exhibiting roughly the expected average properties of the two individual clumps. There
are small differences between the two subclusters, which hold true for either the Ry,o; <
0.3 A~! Mpc or Rp; < 0.5 h~! Mpc volume data. The NW subcluster has a ~ 15%
tighter and ~ 22% flatter mean CMR than the SE subcluster. The NW relation is also
0.051 £ 0.018 mag bluer (a 2.50 result). We note that this between NW and SE (U — V'),
values is not explained by systematic uncertainties in the global (I — V') zero point when

the photometry is taken from the same image. Unfortunately, these SE/NW differences
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have contradictory interpretations such that low intrinsic scatter suggests a small range in
relative ages, while flatter red sequence slopes are expected from a more recent formation
epoch of the stars. Therefore, the slope and bluer mean colors of the NW clump would
suggest it was younger on average than the SE clump. Perhaps the fractions of red SO’s

in the two subclusters are different, giving rise to the contradictory CMR’s.

5.6 Defining the Blue and Red Galaxy Populations of A754

Our main goal is to determine the current whereabouts of the Butcher-Oemler blue galax-
ies prevalent in rich clusters at z > 0.3. Given the blue spiral to red SO transformation
scenario (e.g. Gunn & Gott, 1972; Charlot & Silk, 1994; Poggianti et al., 1999; Kodama &
Smail, 2001; Smail et al., 2001), we expect the once blue galaxies to have intermediately
blue colors in present-day clusters. Therefore, we use our well-defined default CMR’s
from our precise U, V' galaxy photometry to split the known cluster members into three

color-based galaxy populations:
1. Red sequence galaxies with A(U — V) > —20¢cmg.-
2. Intermediately blue = bSO galaxies with —20cyr > A(U — V) > —0.425 mag.
3. Blue = B-O galaxies with A(U — V') < —0.425 mag.

We note that these cluster galaxy populations are defined from a purely empirical basis
with the assumption that blueward deviations from the CMR are mainly driven by differ-
ences in the relative ages of the constituent stellar populations.

A(U —V) is the color difference relative to the dCMR. The blue population (hereafter
B-0) cutoff of A(U — V) = —0.425 mag corresponds to the (Butcher & Oemler, 1984)
criteria of A(B — V') = —0.2 mag. Butcher & Oemler (1984) chose their color difference
criteria to find which galaxies had colors significantly different from E/S0’s; therefore,
they used the E/SO CMR to determine the observed galaxy color distribution and found
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RA (R™" Mpc)

Figure 5.5: Spatial distribution of 248 red (circles) and 64 blue (stars) members in A754.
The projected cD-centric distances are determined for each galaxy at the comoving dis-
tance to this cluster (~ 161 A~! Mpc). Bold dashed circles (Ry; = 0.5 A~' Mpc),
and normal dashed circles (Rpro; = 0.3 h~! Mpc), mark the NW (“core™) and SE
subcluster regions. The projected coordinate centroid for all members within both
0.5 h~! Mpc spheres is given by the large “+” symbol. The intersection of the solid
circles (Rpro; = 0.6 h~! Mpc) centered on each subcluster represent the region of the
NWNSE members. The cluster cD galaxy (solid triangle) lies at the center of the NW
clump. The hot intra-cluster gas X-ray emission peak from Zabludoff & Zaritsky (1995)
is shown as the large “X” north of the SE clump centroid. Located towards the bottom
(SW)is a Ry; = 0.25 h=! Mpc circle coinciding with a bright X-ray source that is as-
sociated with a radio galaxy in a group of galaxies within A754 (Zabludoff & Zaritsky,
1995).
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Figure 5.6: Comparison of A754 CMR’s from various subcluster and subcluster combi-
nation volumes. All C-M data use r},; aperture colors. Panel (a) contains the C-M diagram
for the 85 NW clump members within an Ryro; < 0.5 A~' Mpc volume centered on the
cD galaxy. Panel (b) shows the members within the same size (0.5 h~! Mpc) volume
centered on the SE clump galaxy number-density peak (Zabludoff & Zaritsky, 1995). In
panel (c) we plot the 40 members within R,,; = 0.6 A~ Mpc arcs centered on the two
clumps, these galaxies represent the intersection of the two clumps. Panel (d) contains
the 154 members contained within the union of the NW and SE subclusters. For each
panel a best-fit CMR is determined from a maximum-likelihood fit to the data, excluding
outliers, and presented as the solid line with +1o¢yr dashed lines. The CMR best-fit
results, including number of galaxies fit in each case, are given in Table 5.4.
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that A(B — V) < 0.2 mag was the typical range of color differences between E/SO
galaxies and the mean CMR at a given luminosity. This is shown convincingly in the
detailed study of nearly 500 E and SO galaxies by Schweizer & Seitzer (1992). These
authors constructed CMR’s in three colors (U BV) for a sample of E/SO galaxies from the
RC3 (de Vaucouleurs et al., 1991). By inspection of their (' — V) CMR (Schweizer &
Seitzer, 1992, Fig. 1), we find that a blue cutoff of A(U — V) < —0.425 mag will exclude
nearly all E/SO galaxies over a luminosity range (—23.5 < Mp < —18) very similar to
our data. This value is somewhat smaller than the A(U - V) = —0.54 mag Butcher-
Oemler criteria adopted by Kodama & Bower (2001). We note that we use only the color
difference criteria of Butcher & Oemler (1984) to select our B-O galaxy population. They
used a brightness cut of My, < —20 mag, along with A(B — V') < 0.2 mag, for defining
the fraction of blue cluster galaxies. We are interested in the entire blue galaxy population
relative to each cluster dCMR.

In Figures 5.7 through 5.9, we plot the total C-M diagram and its dCMR for each
cluster. The red, bSO and B-O galaxy population regions of C-M space are shown as
well. The breakdown of three galaxy types for each cluster are given in Table 5.5. We
present the projected spatial distribution of each cluster’s different galaxy populations
in Figures 5.10 through 5.12. The projected core-centric distance to each member is
calculated by multiplying its projected angular separation from the cD galaxy by the line-
of-sight comoving distance D to the cluster.

The dominant population in each cluster are the red galaxies as expected given the
extremely low blue fractions found in local clusters (e.g. Butcher & Oemler, 1978a, 1984;
Rakos & Schombert, 1995; Margoniner et al., 2001). The shape of each red galaxy pop-
ulation spatial distribution hints at the cluster dynamics given in the literature (see Ta-
ble 2.1). A85 appears to have a north-south elongated strip of red galaxies to the west

of center in the core which may be a signature of the possible minor merger (Markevitch
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Table 5.5: Cluster Galaxy Populations

Cluster Nieg Noso Np-o

A85 132 16 34
A496 112 7 29
A754 248 36 28

et al., 1998). The red galaxy population of A496 appears quite uniform, smooth and
well-centered on the cluster cD galaxy, consistent with the lack of merging activity in
this cluster. In § 5.5 we discussed the post-merging subclumps in A754 (§ 5.5). We will
discuss the properties of the cluster red galaxy populations in further detail in Chapter 6.

The bSO and B-O galaxy populations in all three clusters have projected spatial dis-
tributions that appear nonuniform and avoid the parent cluster core (in § 7.3.2 we discuss
this important result in detail). In A85, many of the B-O galaxies are projected to be in a
“group” ~ 1 h~! Mpc south of the cluster center. A496, with its more centraily concen-
trated field of view (due to its closer distance) and relaxed red galaxy distribution, still has
roughly 20% B-O members, but only a handful of bS0’s. The lack of bS0’s in A496 may
be due to the lower spatial extent of the observations compared to the other two clusters.
In addition, A496 is less rich than A85 or A754. Having the largest membership catalog,
it is not surprising that A754 has the largest number of bSO and B-O members, yet only
~ 12% are projected within the core region. In Chapter 7 we discuss the bSO and B-O

galaxy population properties in detail.
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Figure 5.7: U,V C-M diagram for all 182 spectroscopically confirmed members of A8S.
The colors are measured using an aperture with half-light radius. A maximum-likelihood
best-fit to the 62 well-correlated core (Rpro; < 0.5h~' Mpc) members, excluding the 1
red and 12 blue outliers, results in the fit shown (solid line) with +1¢ confidence intervals
(dashed lines). We use the —2o¢cyr limit (solid bold line) to define the separation between
the cluster blue and red galaxy populations. The blue galaxies are further divided by the
A(U - V) = —0.425 mag criteria (bold dotted line), into intermediately blue (bS0) and
blue (Butcher-Oemler) galaxies.



223

z
= . ¢ “Fo.. &..
| — I L LI .
) i v & T
~ 0 ) VG =
0 : . o A
ol ‘. - —+ ]
- SRS
t -+ ﬂ
©r . | . | [ |
-22 -20 -18 -16
M, — Slogh

Figure 5.8: U, V C-M diagram for all 148 spectroscopically confirmed members of A496.
The colors are measured using an aperture with half-light radius. A maximum-likelihood
best-fit to the 86 well-correlated core (Rp0; < 0.5h~! Mpc) members, excluding the 2
red and 10 blue outliers, resuits in the fit shown (solid line) with +10 confidence intervals
(dashed lines). We use the —20cyr limit (solid bold line) to define the separation between
the cluster blue and red galaxy populations. The blue galaxies are further divided by the
A(U — V) = —0.425 mag criteria (bold dotted line), into intermediately blue (bS0) and
blue (Butcher-Oemler) galaxies.
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Figure 5.9: U, V C-M diagram for all 312 spectroscopically confirmed members of A754.
The colors are measured using an aperture with half-light radius. A maximum-likelihood
best-fit to the 87 well-correlated core (Rpro; < 0.5h~! Mpc) members, excluding the 5
blue outliers, results in the fit shown (solid line) with +1¢ confidence intervals (dashed
lines). We use the —2ocyur limit (solid bold line) to define the separation between the
cluster blue and red galaxy populations. The blue galaxies are further divided by the
A(U - V) = —0.425 mag criteria (bold dotted line), into intermediately blue (bS0) and
blue (Butcher-Oemler) galaxies.
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Figure 5.10: Spatial distribution for cluster A8S of (a) all member galaxies, (b) the red
galaxy population, (c) the bSO galaxy population, and (d) the B-O galaxy population.
Each panel has a cD-centric R,; = 0.5 h~! Mpc circle to mark the “core” region.
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Figure 5.11: Spatial distribution for cluster A496 of (a) all member galaxies, (b) the red
galaxy population, (c) the bSO galaxy population, and (d) the B-O galaxy population.
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Figure 5.12: Spatial distribution for cluster A754 of (a) all member galaxies, (b) the red
galaxy population, (c) the bSO galaxy population, and (d) the B-O galaxy population.
Each panel has a cD-centric Rpy,; = 0.5 h~" Mpc circle to mark the “core” region.
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5.7 Chapter Summary

In this chapter we described our iterative, +30 clipping, maximum-likelihood technique
for finding the best-fit, mean CMR for a given set of C-M cluster galaxy observations. For
each cluster, we applied this technique to find the mean CMR’s based on three separate
aperture color measurements: (1) fixed metric size of 3.34 A~! kpc matched to the BLE92
Coma fixed aperture; (2) variable half-light diameters; and (3) variable diameters equal to
twice the half-light. We compared our fixed aperture CMR’s with that of Coma (BLE92),
and find A754 to identically match Coma in zero point, scatter and slope. In addition, the
CMR slopes of A85 and A496 match Coma, but their scatter values are ~ 25% larger.
We also compared the small fixed aperture CMR’s with relations derived from our two
variable physical size aperture colors. We find the use of apertures containing the same
fraction of light do not considerably flatten the best-fit CMR slope. We find trends with
increasing aperture size, such that the CMR zero point becomes bluer and the intrinsic
scatter grows larger. These correlations are expected given smoothly declining surface
brightness profiles of early-type galaxies that are reddest towards their center. We adopt
the variable half-light (r,, = ) aperture CMR, from fitting red galaxies in the core
(Rproj < 0.5 h~! Mpc), as our default CMR (dCMR) for each cluster. The dCMR will
be used for all subsequent analysis. Finally, for each cluster we defined three galaxy
populations (red, bS0, B-O) based on (U — V') colors relative to the dCMR. In the last
two chapters of this thesis we will analyze the observed properties of these local cluster

galaxy populations.
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6 CLUSTER RED SEQUENCE GALAXIES

6.1 Introduction

The bulk of the galaxies (~ 70 — 80%) in each of our thesis clusters belong to the color
selected red sequence galaxy population. This is the nature of galaxy clusters, especially
locally, where the majority of the galaxies are found to be early-types (E/SO) with red
colors (e.g. Hubble & Humason, 1931), presumably due to a predominately old stellar
population. Our precise photometry and 2D profile fit derived structural parameters pro-
vides a rich data base to study some of the basic properties of this dominant cluster galaxy
population.

For illustrative purposes, we show the 16 brightest red sequence members of each
cluster in Figures 6.1 - 6.3. Each panel shows a box of ~ 25 h~! kpc on a side, taken
from the corresponding cluster Mosaic V-band image. More than half of the brightest
red sequence galaxies in each cluster have the appearance of bright ellipticals. In A8S,
a large fraction (~ 40%) of the red sequence galaxies appear disk-like and all but one
(004152-093015) have smoothness values of (S)y < 0.08 —the cutoff between early-type
(E/S0) and late-type (spiral) galaxies adopted by Im et al. (2001a). These A85 members
are bright enough to observe structure, hence, their low (Sy) values suggest they are
most likely bright SO galaxies. One quarter of the bright red members of A496 show
obvious disk structure, and one (043511-131439) has an apparent bar and two spiral arms.
However, the smoothness values of the bright members of A496 are all (S)y < 0.06. For
A754, the majority of the red sequence galaxies appear to be ellipticals. Two exceptions
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(090854-092753 and 090944-094356) have some disk component, but their measured
smoothness (S)y are 0.01 and 0.06, respectively, suggesting they are likely to be bright SO
galaxies. Therefore, the brightest cluster members (hence the easiest to observe structure
in) all have smooth morphologies consistent with an E or SO classification, as observed
in other low redshift clusters. The one exception in A496, galaxy 043511-131439, is
obviously a red spiral; however, its appearance is still quite smooth. Perhaps its red color
and smooth morphology are evidence for a passively fading disk. Regardless, this type of
galaxy is not common at the bright end of the cluster red sequence.

In this chapter, we quantify the statistical properties of the cluster red sequence galaxy
populations in A85, A496 and A754. We will concentrate on three key observables:
(1) the relative (U — V) colors (age and metallicity estimates of the constituent stellar
populations); (2) the quantitative morphologies; and (3) the sizes. This analysis of the red
sequence cluster galaxies provides important fiduciary observables for comparison with

other cluster populations.

6.2 Relative Colors

In the previous chapter, we defined the default color-magnitude relation (dCMR) for each
of our clusters from the maximum likelihood, best-fit relation to the inner red members
(§ 5.4.3). Then we defined three galaxy populations based on the relative color difference
A(U-V) between the galaxies (U — V') color and the ICMR. Here we remove the dCMR
and average A(U — V') over all luminosities to study the relative color distributions of red
sequence cluster members.

In Figures 6.4 — 6.6 we plot the red sequence color distributions inside and outside
the core (< 0.5 A~! Mpc), compared to the total cluster color distribution, for A85, A496
and A754. By definition, the red sequence distribution is cutoff at A(U — V) = —20cmr
(galaxies blueward are either bSO or B-O). However, the red sequence population does
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Figure 6.1: V-band images of the 16 brightest red sequence members of A85. Each
box is 33" (~ 25 h~! kpc) on a side. The galaxy identification based on epoch J2000.0
coordinates is given in the upper left of each frame. The quantitative morphology (B/T)y
parameter and absolute magnitude My, — 5log h are shown at the bottom of each box.
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Figure 6.2: V-band images of the 16 brightest red sequence members of A496. Each
box is 56” (~ 25 h~! kpc) on a side. The galaxy identification based on epoch J2000.0
coordinates is given in the upper left of each frame. The quantitative morphology (B/T)y
parameter and absolute magnitude My — 5 log h are shown at the bottom of each box.
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Figure 6.3: V-band images of the 16 brightest red sequence members of A754. Each
box is 33" (~ 24.5 h~! kpc) on a side. The galaxy identification based on epoch J2000.0
coordinates is given in the upper left of each frame. The quantitative morphology (B/T)v
parameter and absolute magnitude My — 5 log h are shown at the bottom of each box.
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include a small number of “overly” red galaxies (A(U — V') = +3ocmpr) which we will
discuss below. Therefore, panel (a) of each figure shows an approximate representation
of the cluster dCMR. Overall, the distributions of each cluster appear peaked and narrow,
with qualitatively similar shapes and widths. For A496, our images extend only to R, ~
0.8 h~! Mpc, thus, we observe only a few outer red sequence members resulting in the
flattened color distribution shown in Figure 6.5, panel (b).

We want to compare the outer and overall red sequence color distributions to the core
(dCMR) distribution, to test whether there is a change in the color scatter of this pre-
sumably old population at larger cluster radii. Thus, we derive the mean and standard
deviation of each color distribution plotted in Figures 6.4 — 6.6, and present our results in
Table 6.1. Note, the mean color difference < A(U — V') > of each distribution will be
skewed towards the red (positive) due to our lopsided definition of red sequence member-
ship. Furthermore, the measured standard deviation of each distribution will be slightly
smaller as a result of our definition. We include the intrinsic dCMR scatter ocyr from
our likelihood analysis in column (2) of Table 6.1 for comparison. For each cluster core,
the mean color distribution deviation is consistent with ocymg ; therefore, we consider the
scatter in color distribution to be a reasonable measure of the CMR scatter.

Quantitatively, the inner, outer and overall relative color distributions are consistent
within each cluster. The outer distribution of A496 has a significantly larger scatter, but
this is due to the low number of galaxies, and probably not representative of the true outer
distribution if it were observed to similar cluster radii as A8S and A754. There is a small
(~ 20%) scatter increase in the outer compared to inner A754 distribution, which is likely
due to the red sequence population inhabiting the SE clump. In § 5.5, we find a similar
difference in the measured intrinsic CMR’s of the SE subcluster and core (NW) members.

The CMR is commonly used to constrain the star formation histories and formation

epoch of early-type galaxies in clusters (e.g. Bower, Lucey & Ellis, 1992b; Ellis et al.,
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1997; van Dokkum et al., 1998; Bower, Kodama & Terlevich, 1998; Smail et al., 2001).
We use the single-burst models from Vazdekis et al. (1996) to estimate relative age and
metallicity distributions from our relative colors. In Chapter 7 we describe in detail our
application and selection of these stellar population synthesis models. For the red se-
quence analysis we will simply state that we derive two basic relations directly from the
models. By selecting a model of constant solar (Z = 0.02) metallicity, we find the ob-
served color difference A(U — V') is related to a pure luminosity-weighted age difference

as

A(U -V) ~0.76A logt. 6.1)

Conversely, if we consider a model with constant luminosity-weighted age (¢t = 12 Gyr),

then we obtain a purely metallicity varying relation
A(U - V) ~ 0.645A[Fe/H]. 6.2)

We point out that the luminosity-weighted age represents the average age of the dominant,
constituent stellar population for a given system. This age estimate does not necessarily
reflect the “true” age of a given galaxy which may have been formed by merging systems
of old stars more recently than would be suggested by the age of the stars.

The two A(U — V) relations above can be used to estimate the spread in ages or
metallicities based on the scatter in the dCMR or in any of the relative color distributions.
Thus, we find a roughly mean scatter of 0.09 mag in the (U — V') colors of our red
sequence cluster members. For a pure age sequence, this scatter in color corresponds
to ~ 30% dispersion in luminosity-weighted age at 12 Gyr, or At = 3.6 Gyr. Note
that a difference of 15% between our different scatter measurements only represents a
~ 5% (or 0.5 Gyr) difference in our estimated age dispersion. For the pure metallicity
relation, 0.09 mag scatter corresponds to a roughly 0.13 dex metallicity dispersion at

12 Gyr. Either way, the bulk of the stars in the red sequence galaxies are believed to
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have formed at z > 2 — 3, and this formation was roughly coeval. Others have applied
population synthesis models to the low intrinsic scatter of the well-defined CMR to imply
the cluster red sequence galaxies are old and approximately coeval (Bower, Lucey & Ellis,
1992b; Ellis et al., 1997; Bower, Kodama & Terlevich, 1998; van Dokkum et al., 1998;
Vazdekis et al., 2001); however, see Shioya & Bekki (1998) and Ferreras, Charlot & Silk
(1999), for a different interpretation.

We note that some age coupled with metallicity variations along the Worthey (1994)
”3/2 law” can significantly weaken the constraints placed on stellar population age and
metallicity dispersions in this analysis (e.g. Trager et al., 2000). If the tight CMR is truly
driven by a metallicity-luminosity correlation as suggested by Vazdekis et al. (2001), then

a small spread in color at a given luminosity implies a small spread in metallicity.

6.2.1 Nature of Extremely Red Objects

In each cluster there is a small number of red sequence members with A(U — V) >
+30cmr (see Figures 6.4 — 6.6). Given the well-defined red member color distribution,
and the interpretation of a spread in colors relating to a spread in ages with a mean forma-
tion epoch at z > 2 — 3, the overly red galaxies are somewhat of a puzzle. There are 11
such galaxies between A8S, A496 and A754. We show images of each of these very red
objects in Figure 6.7. The overly red galaxies are all low luminosity (My < —20 mag).
These objects appear to be real (i.e. were not affected by regions with bad columns or cos-
mic rays) and have smooth morphologies. Some have faint disk components, especially
the brightest example in A754 (galaxy 090803-10021).

Cluster members may have overly red colors due to internal extinction from dust. In
A8S and A754, we rule out variations in foreground Galactic extinction since the uncer-
tainty in this correction is ~ 1% (§ 4.4.8); however, such variations may play a significant

role in A496 which was not redding corrected (see § 4.3.1).



Table 6.1: Relative Color Distributions of Red Sequence Members

Inner Outer Total

Cluster OcMR <AU-V)> o <AWU-V)> o <AU-V)> o

A85 0.091 = 0.012 0.02 £ 0.01 0.10 £+ 0.01 0.01 £ 0.01 0.09 + 0.01 0.01 +0.01 0.09 + 0.01
A496 0.08 + 0.01 0.01 + 0.01 0.09 + 0.01 0.07 £ 0.03 0.17 £ 0.02 0.03 + 0.01 0.13+0.01
A754 0.08 & 0.01 0.01 - 0.01 0.08 - 0.01 0.04 +0.01 0.10+0.01 0.03 +0.01 0.10+0.01
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Figure 6.4: (U — V) color distribution for A85 red sequence members in the core (a),
outside the core (b), and for all red galaxies (c). The bin sizes are roughly 0.50¢cqr. We
mark the blue galaxy cutoff at —2ocyr in panel (a). In panel (c), we show the +3ocyr
overly red galaxy limit.
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Figure 6.5: (U — V) color distribution for A496 red sequence members in the core (a),
outside the core (b), and for all red galaxies (c). The bin sizes are roughly 0.50cyr. We
mark the blue galaxy cutoff at —2ocur in panel (a). In panel (c), we show the +3ocmr
overly red galaxy limit.
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Figure 6.6: (U — V') color distribution for A754 red sequence members in the core (a),
outside the core (b), and for all red galaxies (c). The bin sizes are roughly 0.50¢cyr. We
mark the blue galaxy cutoff at —2ocyr in panel (a). In panel (c), we show the +3ocur
overly red galaxy limit.

6.3 Quantitative Morphologies and Sizes

As described in Chapter 3, we fit the 2D surface brightness profile of each cluster member
to derive total fluxes, structural parameters and quantitative morphology measures. Below
we examine the bulge-to-total light ratio and size properties of the red sequence members
in A85, A496 and A754. We use the morphological and structural parameters measured
from the higher S/N V-band images throughout our analysis.

6.3.1 Bulge-to-Total Light Morphology

The bulge-to-total light (B/T')y parameter measures the fraction of each galaxy’s bulge
component luminosity, compared to the total luminosity within both the bulge and the
disk components. Therefore, (B/T)y quantifies the strengths of the bulge and disk in
a galaxy. Typical values for visually classified E and SO galaxies are > 0.5 and > 0.3,
respectively (Im et al., 2001b). This property alone is not a robust measure of Hubble
classification (Lilly et al., 1998; Im et al., 20012); however, our goal is to present the
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Figure 6.7: V-band images of the 11 overly red (A(U — V) > +3ocymr) galaxies in A8S,
A496 and A754. Each box is ~ 25 h™! kpc on a side. The galaxy identification based
on epoch J2000.0 coordinates is given in the upper left of each frame, along with the
home cluster. The quantitative morphology (B/T), parameter and absolute magnitude
My — 5log h are shown at the bottom of each box.
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quantifiable and repeatable morphological properties of cluster galaxies, not to classify
them along the Hubble sequence. We merely offer the published values for comparison if
desired.

We present the (B/T)y distributions for the red sequence members of our clusters in
panel (a) of Figures 6.8 —6.10. A85 and A754 have broad, bulge-dominated distributions
that peak around a mean of ~ 0.45. This finding is consistent with the red sequence
galaxies in these clusters being predominately early-types. A fraction (~ 20%) of the
red galaxies in A85 and A754 show disk-dominated morphologies ((B/T)y < 0.3). We
do see some fraction of disk systems amongst the brightest red sequence members in
these two clusters (see Figures 6.1 and 6.3). Additionally, low (B/T)y values in galaxies
that appear bulge-dominated may be a consequence of using a restrictive R '/ 4-bulge
plus exponential disk combined profile in our 2D fitting. Galaxies that exhibit profiles
that deviate from the de Vaucouleurs’ profile we have assumed will be better fit by an
exponential profile.

A496 has a different red sequence population (B/T)y distribution compared to A85
and A754. There is a total lack of (B/T)y > 0.7 values, and comparable numbers of disk-
dominated members as intermediate (0.3 < (B/T)y < 0.7). This finding is reflected in
the much larger fraction of obviously disk systems found in the brightest subsample as
shown in Figure 6.2.

In Figures 6.8 — 6.10, we plot cluster red sequence (B/T),, measurements against
luminosity in panel (b), and versus projected cluster-centric distance in panel (c). We find
no correlation between this quantitative morphology parameter and either the position of

the galaxy within the cluster, or the total V-band luminosity, for red sequence members.

6.3.2 Magnitude-Size Relation

The sizes of galaxies are a fundamental observable. The 2D surface brightness fitting
of each cluster galaxy yields the PSF convolved, and thus intrinsic, half-light radius ry,
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Figure 6.10: Bulge-to-total light ratios (B/T')y measured in the V-band for the red se-
quence galaxies in A754. The morphology distribution in (a), has no dependence on
luminosity in (b) or projected spatial position in (c).

and the bulge component effective radius r,. Therefore, for our red sequence cluster
populations we plot the magnitude-size relations in Figures 6.11 — 6.13. The ry; and 7,
relations are shown in panels (a) and (c), respectively. For each magnitude-size relation,
we present its corresponding B/T morphology versus size plot (panels b and d).

For comparison to published relations, we convert the GIM2D semi-major axis

measurements to circular half-light radii estimates using

Thicire = TmVeost : (B/T)y < 0.5 (6.3)
or
Thicire = TuV1—€: (B/T)y > 0.5. 6.9

The 7y cire Magnitude-size relations in A85, A496 and A754 are fairly well-defined,
yet fall somewhat below the empirical relation found locally for E and dE galaxies (Ben-
der, Burstein & Faber, 1992; Simard et al., 2001). This scaling relation is directly related
to one of the axes of the Fundamental Plane, a correlation between size, surface bright-

ness and velocity dispersion for early-type galaxies (e.g. Dressler et al., 1987). From data
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in Simard et al. (2001), we estimate the published magnitude-size relation for ellipticals
has a slope of Alogr/AMy =~ —0.25 and a mean size Ty e = 3.5 h~! kpc for an L*
(M} = —20.6 + 5 log h) galaxy. We estimate M}, from Mpj = —19.7 + 5 log h (Binney
& Merrifield, 1998) and a mean elliptical galaxy color of (B — V') = 0.9 mag (Allen,
2000). The average L* red sequence member in our clusters has a half-light radius that is
~ 1 h~! kpc smaller than found in field ellipticals. We note that the My data for A496
lacks a reddening correction (see § 4.3.1); therefore, the actual intrinsic brightnesses will
all be roughly 0.5 mag. brighter which would shift this cluster’s data away from the
empirical field elliptical relation in a manner similar to clusters A85 and A754.

The well-defined ry; cir-magnitude relations do not depend on B/T morphology,
hence, we find the half-light radius to be robustly measured. We note that all red se-
quence members in our three clusters have measured ) circ values large enough to be
unaffected by our size selection (r,; = 1 pixel) criteria (see § 2.3.2). We find a much
noisier size-luminosity relation using r.. By definition, this relation is tightly correlated
with B/T morphology — bulge components with smaller radii result in lower bulge-to-

total light ratios.

6.4 Chapter Summary

In this chapter we analyzed the observed properties of the red sequence cluster members
in A85, A496 and A754. We find the red sequence galaxy populations have the following

properties:

e A highly peaked and narrow color distribution relative to the CMR, with little
change in scatter with increased cluster radius. Using the single stellar population
models of Vazdekis et al. (1996), we interpreted the small range in relative (U — V')
colors, in these local clusters, are due either to a relatively small range in mean stel-

lar ages (At < 4 Gyr), or metallicities (A[Fe/H] ~ 0.13 dex). The small age range
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Figure 6.11: Magnitude-size relations of red sequence members in A85. The relation for
Thicire iS Shown in panel (a), and for . in panel (c). The two size measures are given
against corresponding (B/T)y values in panels (b) and (d). The sloped dash line in panel
(a) represents an estimate from local E and dE galaxies in Simard et al. (2001). The
horizontal dot-dash line at the bottom of panel (a) is our r,, = 1 pixel size selection
criteria boundary.
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Figure 6.12: Magnitude-size relations of red sequence members in A496. The relation
for 7y circ is shown in panel (a), and for 7, in panel (c). The two size measures are given
against corresponding (B/T')v values in panels (b) and (d). The sloped dash line in panel
(a) represents an estimate from local E and dE galaxies in Simard et al. (2001). The
horizontal dot-dash line at the bottom of panel (a) is our r,, = 1 pixel size selection
criteria boundary. We note that the My, values lack a reddening correction (see text).
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Figure 6.13: Magnitude-size relations of red sequence members in A754. The relation
for Ty circ is shown in panel (a), and for r. in panel (c). The two size measures are given
against corresponding (B/T)y values in panels (b) and (d). The sloped dash line in panel
(a) represents an estimate from local E and dE galaxies in Simard et al. (2001). The
horizontal dot-dash line at the bottom of panel (a) is our r,; = 1 pixel size selection
criteria boundary.
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interpretation is consistent with similar findings in Coma and Virgo (Bower, Lucey
& Ellis, 1992b; Bower, Kodama & Terlevich, 1998; Vazdekis et al., 2001), with
a slightly increased spread in either age or metallicity due to the use of half-light

aperture colors.

A bulge-dominated distribution of B/T morphologies with a mean of ~ 0.45 which
is consistent with a predominately elliptical galaxy population. This property does

not correlate with luminosity or position relative to the cluster center.

A well-defined magnitude-size relation, that exhibits the lowest scatter when cir-
cular half-light radii are used. The ) circ Versus My relation for these clusters is
somewhat lower than the relation found locally for E and dE galaxies such that the
cluster galaxies are smaller at a given brightness. This relation is not correlated
with B/T morphology. We find a similar, though noisier, relation using the bulge

effective radius (r,).
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7 PROPERTIES OF THE BLUE GALAXY POPULATIONS IN THREE

LocAL CLUSTERS

7.1 Introduction

Using our precise U, V photometry and 2D bulge plus disk decomposition, we have de-
fined three color-based populations of cluster galaxies. In the previous chapter, we studied
the observable properties of the red sequence population in detail. Though the red galax-
ies make up the bulk of our data, our main goal in this work is to search for evidence to
explain the disappearance of the blue galaxies that were abundant in intermediate redshift
clusters (i.e. the Butcher-Oemler effect). Current theories predict this fast evolution of
cluster galaxies is due to a morphological transformation of blue field spirals into red
cluster SO’s (e.g. Gunn & Gott, 1972; Charlot & Silk, 1994; Poggianti et al., 1999; Ko-
dama & Smail, 2001; Smail et al., 2001). Therefore, this scenario suggests that the cluster
galaxies with colors midway between star-forming spiral and old early-type require closer
examination.

In § 5.6 we describe our color-based selection to divide the blue members into two
populations: (1) “bSO” (blue SO) galaxies with intermediately blue —2ocmr > A(U —
V) > —0.425 mag colors; and (2) “B-O" (Butcher-Oemler) galaxies with very blue
A(U-V) < —0.425 magcolors. We find a significant fraction (~ 25%) of combined bSO
plus B-O galaxies in three local clusters. We stress that this is not in contradiction with

the low fractions of blue galaxies found in local clusters (e.g. Butcher & Oemler, 1984;
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Rakos & Schombert, 1995; Margoniner et al., 2001). We are not performing a Butcher-
Oemler analysis; however, we discuss briefly the relative fractions of non-red sequence
cluster members below. Instead, our main goal is to explore the properties of present-day
cluster galaxies that may be intermediate between the Butcher-Oemler blue galaxies and
the cluster red early-types, in order to explain the cluster galaxy evolution implied by the
Butcher-Oemler effect.

In this chapter, we quantify the statistical properties of the bSO and B-O galaxy pop-
ulations in A85, A496 and A754. We will concentrate on five key observables: (1) the
relative (U — V') colors to estimate galaxy ages; (2) the projected number density; (3) the
quantitative morphologies, especially the smoothness parameter for quantifying structure
and features; (4) the sizes; and (5) an estimated measure of color gradients. In addition,
using these important observables, we compare the bSO and B-O populations to each other
and to the red sequence within an individual cluster, as well as to a sample of local “field”

spirals (Jansen et al., 2000).

7.1.1 Cluster Blue Population Fractions

There are significant fractions of mostly faint, B-O galaxies in each cluster (18.7, 19.6 and
9.0% for A8S, A496 and A754, respectively). This 2 — 3 times increase over published
values for local clusters is due to our cluster sample extending to fainter luminosities
(see § 5.6) and to larger projected radii. Each cluster contains typically smaller fractions,
compared to the B-O fraction, of bSO galaxies (8.8, 4.7 and 11.5%). The smaller bSO
fractions are a product of the small color range (~ 0.25 mag) between our bS0 and B-O
definitions.

In Figures 7.1 and 7.2 we present the 16 brightest bSO and the 16 brightest B-O mem-
bers of A754. Each panel represents a box of ~ 25 h~! kpc on a side (same metric size
as in Figures 6.1 - 6.3), extracted from the V-band Mosaic cluster image.

The qualitative morphologies of the brightest bSO and B-O members are in contrast
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Figure 7.1: V-band images of the 16 brightest bSO members of A754. Each box is 33"
(~ 24.5 h™" kpc) on a side. The galaxy identification based on epoch J2000.0 coordinates
is given in the upper left of each frame. The quantitative morphology (B/T)v and (S)v
parameters are shown at the bottom left. And the absolute magnitude (My — 5logh) is
given at the lower right of each box.
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Figure 7.2: V-band images of the 16 brightest B-O members of A754. Each box is 33"
(~ 24.5 h~! kpc) on a side. The galaxy identification based on epoch J2000.0 coordinates
is given in the upper left of each frame. The quantitative morphology (B/T)y and (S)v
parameters are shown at the bottom left. And the absolute magnitude (My — 5logh) is
given at the lower right of each box.



251

with the predominately smooth, spheroidal appearance of the brightest red sequence
galaxies in A754 (see Figure 6.3). The majority of the bSO galaxies are disk-like and
several have obvious spiral structure (i.e. 090750-100624, 090957-095409 and 090921-
094644). Nearly all of the B-O galaxies appear disk-like, yet there are no obvious spi-
ral features. B-O galaxy 090927-093918 is a clear example of an ongoing merger, and
the frequency of nearby neighbors is greater compared to the brightest bSO and red se-
quence populations. Whether this excess of companions is luminosity dependant (B-O’s
are fainter on average than the other two galaxy populations) or even physical requires
further investigation.

Red sequence members dominate the bright end of the cluster V'-band luminosity
function. A handful of bSO galaxies are within the 20 brightest members, while galaxies
with spiral-like colors are all low luminosity — the brightest B-O galaxy is > 1 mag fainter

than the 20** brightest cluster member.

7.2 Relative Colors

As with the red sequence galaxies in Chapter 6, we will study the relative color difference
A(U - V) distributions of the bSO and B-O populations in each cluster. We remove
the slope of the dCMR (defined in § 5.4.3) and average over all luminosities to obtain
the color distribution relative to the dCMR. In Figures 7.3 - 7.5 we plot the bSO and
B-O A(U - V) distributions in three radial bins. For the core bin (< 0.5 h~! Mpc),
we include the relative color distribution of the red sequence members to show the well-
defined dCMR. In contrast to the red sequence populations, the bS0 and B-O A(U - V)
distributions in each cluster appear quite flattened and spread out. A85 and A754 display
an increase in bSO, and especially, B-O numbers with increasing projected cluster radius.
A496 appears to have a higher numbers of core blue galaxies relative to the other clusters,

and similar numbers in the mid radius bin. The lack of blue galaxies at R,; > 1 A~ Mpc



252

R<0.5 0.5<R<1.0 R>1.0 Field Spirals

LZLAN SIS N S S S S R LS~ ~SLENLAN B LB S ML AR B S LA AL R LA AL B

-1 =05 O -1 =05 O -1 =05 O
A(U-V)

Figure 7.3: (U — V) color distribution for the bSO (hatched bins) and B-O (solid bins)
galaxy populations in A85. The color difference A(U - V') relative to the dCMR (outlined
bins) is shown for three radial bins. For comparison, a sample of normal, field spirals (far
right panel) from Jansen et al. (2000) has been artificially redshifted and reobserved at
A85 (far right). The bin sizes are roughly locyr. The bSO and B-O galaxy color cutoffs
are shown.

is an observational selection effect in A496.

7.2.1 Spiral Colors of B-O Members

In the far right panel of Figures 7.3 - 7.5 we plot the estimated A(U — V') distribution
for a sample of normal, star-forming field spirals (Sa-Sd Hubble type) from Jansen et al.
(2000, hereafter NFGS), as they would appear at the redshift of each cluster. The selection
of this comparison sample and the procedure to artificially shift these galaxies to our
cluster redshifts and reobserve them through our telescope plus detector configuration are
described in detail in § 3.5.2.1 and § 3.5.2.2, respectively. Here we use these field spirals
as a reference point to compare the colors of our bS0 and B-O populations.

The relative color distribution of the B-O galaxies matches that of the normal, star-
forming field spirals spanning a full range in late-types (Sa-Sdm). By the Butcher &
Oemler (1984) definition, the B-O populations are designed to have colors quite different
from red sequence galaxies; however, since we did not a priori select NFGS galaxies by

color to match our B-O criteria, it is interesting that the B-O population of blue cluster
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Figure 7.4: (U — V) color distribution for the bSO (hatched bins) and B-O (solid bins)
galaxy populations in A496. The color difference A(U — V) relative to the dCMR (out-
lined bins) is shown for three radial bins. For comparison, a sample of normal, field spirals
(far right panel) from Jansen et al. (2000) has been artificially redshifted and reobserved
at A496 (far right). The A(U — V) values for the field spirals relative to the A496 dCMR
appear bluer compared to the other two clusters because we did not correct this cluster
photometry for Galactic extinction (see § 4.3.1). the bin sizes are roughly locmr. The
bSO and B-O galaxy color cutoffs are shown.
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Figure 7.5: (U — V) color distribution for the bSO (hatched bins) and B-O (solid bins)
galaxy populations in A754. The color difference A(U — V) relative to the dCMR (out-
lined bins) is shown for three radial bins. For comparison, a sample of normal, field
spirals (far right panel) from Jansen et al. (2000) has been artificially redshifted and re-
observed at A754 (far right). The bin sizes are roughly locyg. The bS0 and B-O galaxy
color cutoffs are shown.
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members exhibits the full range of field spiral blueness. In addition, the moderately blue

bSO population is redder than any comparison field spiral.

7.2.2 Relative Ages of bSO Members

In Chapter 6 we use the dCMR to constrain the relative mean luminosity-weighted ages
of the red sequence (early-type) galaxies in our clusters. Furthermore, the observed evo-
lution of the CMR slope and zero point is consistent with passive evolution (i.e. simple
fading after a single burst of star formation) of the old, red cluster members that define the
CMR (e.g. Lubin, 1996; van Dokkum et al., 1998, 2000). Single-burst models have been
used to suggest that an increased spread in a cluster CMR is due to wider range of relative
ages from the addition of younger galaxies (van Dokkum et al., 1998). In addition, Ter-
levich et al. (1999) has defined strongly age-dependent spectral indices and shown rather
convincingly that cluster galaxies with colors blueward of the CMR have younger ages.
Therefore, we will use a single-burst stellar population synthesis model to estimate rela-
tive ages of the bSO populations based on their blueward color deviation A(U — V') from
our well-defined red sequence dCMR'’s.

Recently, many authors have developed stellar population synthesis models to explore
the ages and metallicites of stellar systems based on their spectral indices and integrated
colors (e.g. Bruzual & Charlot, 1993; Worthey, 1994; Buzzoni, 1995; Vazdekis et al.,
1996; Kodama & Arimoto, 1997; Bruzual & Charlot, 2001). Regardless of models used,
the relation between a tight CMR correlation and common, old formation epoch holds
(Bower, Kodama & Terlevich, 1998). For our analysis we select the Vazdekis et al. (1996)
model. In Figure 7.6 we compare our model selection with the commonly used Bruzual
& Charlot (2001) model. The solar metallicity (Z = 0.02) models, each assuming a
Salpeter initial-mass function, are plotted for ages ranging from 1-12 Gyr. For the most
part the two models agree within a few times 0.01 mag for A(U — V'), which is the typical

uncertainty in our (' — V') color measurements.



255

To illustrate the passive evolution of galaxy colors, we show the full C-M diagram
of A754 in Figure 7.7. We plot single-burst model age tracks for three different constant
metallicities - high (Z = 0.05), solar (Z = 0.02), and low (Z = 0.008). These tracks
show the color and luminosity evolution for a single population of stars from 1-12 Gyr
after formation. We assume the mean dCMR defines the time (12 Gyr) since star forma-
tion occurred in the old, assumed coeval red sequence galaxy population. The precise
time is not important, rather we want to estimate the relative time between the dCMR
and the bSO population. The three different metallicity tracks from Vazdekis et al. (1996)
roughly agree in the total passive fading and reddening vectors over the entire age range
of models.

We use the single-burst, solar metallicity population synthesis model from Vazdekis
et al. (1996), to transform the bSO A(U — V) measurement into an upper-limit estimate
of the epoch when star formation ceased in these galaxies. Therefore, we assume that a
star-forming galaxy that suddenly stops star formation, will fade and redden the same as a
passively evolving galaxy that experienced a single starburst At Gyr ago. The simple as-
sumption may breakdown for At < 1 Gyr where the stellar evolution is rapid. Therefore,
we only apply this truncation age upper-limit estimate to our bSO population.

We plot the total bSO and B-O color difference distributions, in relation to the rela-
tive time At since assumed star formation truncation, for each cluster in Figures 7.8 -
7.10. As we stated before, the endpoint model age of 12 Gyr is normalized to the mean
dCMR represented in the figures by the core red sequence population. This simple analy-
sis suggests the bSO galaxies, in these three present-day clusters, may have had their star
formation truncated at redshifts between 0.3 < 2yrunc < 0.6. We note that the population
of B-O cluster galaxies extends continuously blueward from the bSO members. There-
fore, the transition in A(U — V') color space between galaxies with colors equal to normal

star-forming spirals and those with colors that suggest no current ongoing star formation,
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appears quite smooth. It is possible that some of the redder B-O galaxies could be pro-
genitors of star formation truncation more recent than z = 0.3. This monotonic relation
between A(U — V) and At since SF ceased provides a very crude estimate of SF history.
We note that early- and late-type galaxies contain a mix of stellar ages which inevitably
makes the true relation between A(U — V') and At much more complex.

The above simple model predicts that star formation truncation and passive C-M evo-
lution can transform normal star-forming galaxies into red cluster SO’s. This cluster
galaxy evolution hypothesis has been suggested in many forms (see e.g. Gunn & Gott,
1972; Charlot & Silk, 1994; Abraham et al., 1996b; Dressler et al., 1997; van Dokkum
et al., 1998; Poggianti et al., 1999; Moore et al., 1999; Smail et al., 2001). As a check
whether this star formation truncation and simple fading/reddening scenario is a possible
origin of the bSO population we observe in our clusters, we determine if any progeni-
tors exist at the “starting points” of the population synthesis age tracks. In Figure 7.7
we plot a subsample of field galaxies from the Deep Extragalactic Evolutionary Probe
(DEEP/GSS) survey (Simard et al., 2001). We select galaxies in two redshift bins be-
tween 0.2 < z < 0.4, that have rest-frame (I’ — V) < —1 mag colors, are brighter than
My = -17.5 mag and have B/T < 0.5 disk-like morphologies. It is apparent that this
sample of potential bSO progenitors populates a wide range of C-M space coincident with
the origins of all three constant metallicity age tracks of the Vazdekis et al. (1996) model.
Therefore, this simple analysis, and its implications regarding the formation of cluster

bSO galaxies, appears self-consistent.

7.3 Three Dimensional Deprojection of the Blue Galaxy Populations

In the previous chapter we plotted the projected spatial distributions of three color-selected
galaxy populations in each of: our clusters (Figures 5.10 ~ 5.12). In each case the two
blue galaxy populations, bSO and B-O, appear for the most part to avoid the cluster core
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Figure 7.6: Vazdekis et al. (1996) and Bruzual & Charlot (2001) stellar population syn-
thesis models compared. The A(U —V')-age behavior of the single-burst, solar metallicity
(Z = 0.02), Salpeter IMF models are plotted.
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Figure 7.7: All color-magnitude data for A754. The red sequence and combined bSO
plus B-O populations are separated along A(U - V) =
the bSO and B-O members are further split by the dotted line. The thin line through
the red sequence data represents our best-fit to the CMR. A subsample of 0.2 < z <
0.4 field galaxies from Simard et al. (2001) are presented as a potential bSO progenitor
population (open symbols). The Vazdekis et al. (1996) single-burst passive evolution
tracks (1,4,8,12 Gyr points) are plotted for three different constant metallicities: Z = 0.05

(left), Z = 0.02 (center) and Z = 0.008 (right).

—20cMr (solid bold line), while
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Figure 7.8: (U — V) color distribution for all bSO (hatched bins) and B-O (solid bins)
galaxy populations in A85. The color difference A(U— V') relative to the dCMR (outlined
bins) is shown for comparison. The top axis gives the corresponding upper-limit estimate
of the epoch when star formation ceased in these galaxies, based on the single-burst model
of Vazdekis et al. (1996). The bin sizes are roughly locyr in A(U — V). The bSO and
B-O galaxy color selection criteria are shown.
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Figure 7.9: (U — V) color distribution for all bSO (hatched bins) and B-O (solid bins)
galaxy populations in A496. The color difference A(U — V') relative to the dCMR (out-
lined bins) is shown for comparison. The top axis gives the corresponding upper-limit
estimate of the epoch when star formation ceased in these galaxies, based on the single-
burst model of Vazdekis et al. (1996). The bin sizes are roughly locug in A(U - V).
The bSO and B-O galaxy color selection criteria are shown.
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Figure 7.10: (U — V') color distribution for all bSO (hatched bins) and B-O (solid bins)
galaxy populations in A754. The color difference A(U — V') relative to the dCMR (out-
lined bins) is shown for comparison. The top axis gives the corresponding upper-limit
estimate of the epoch when star formation ceased in these galaxies, based on the single-
burst model of Vazdekis et al. (1996). The bin sizes are roughly locyg in A(U - V).
The bSO and B-O galaxy color selection criteria are shown.
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(< 0.5 h~! Mpc). To test whether the few blue galaxies we see towards each cluster cen-
ter are due to projection, we perform an analysis to deproject the observed 2D projected
distributions of both the total blue (bSO plus B-O), and the very blue B-O, populations
into likely three-dimensional (3D) distributions by making some simple symmetry as-

sumptions.

7.3.1 Method

We quantify the intrinsic density of a galaxy population as a spherical Gaussian that may

be a solid (nonzero central density po) or a shell (op = 0):

2
2t imew(-T55) (.0

p(r) = po e‘cp{-

where r = /RZ + 22 is the 3D radial position relative to center, R is the projected radius,
z is the line-of-sight axis, each w is the Gaussian width, and f is the fractional contribution
of the negative Gaussian model component. The following boundary conditions apply to
our model: 0 < f < 1and w; > wy > 0. Models with f ~ 1 are shell-like. In projection,

our model distribution is given by:

Lmed(R) =2 /0 > p(r)dz. (7.2)

Inputing equation 7.1 into equation 7.2 and using the following solution to the integral

oo 22 _ ‘/'f
/0' exp{—2—w5}dz =w 5, 7.3)
gives
Tmod(R, wy, w, f) = poV2r(wie ™ — fuge™®), 74

where ¢, = R?/2w? and ¢, = R?/2w?. An important consideration is the normalization
po of our modeling. To determine this we note that the total number of galaxies within

the volume, or equivalently within the projected area, of our model is

Nea(po) = 47 /0 * o(r)rdr = 21 [0 ® Smod(R)RAR. @.5)
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Solving this equation gives us our normalization

= Ngal .
(2m)7 - (w — fu})

Po (7.6)

As with our CMR fitting analysis (see § 5.2), we apply a maximum-likelihood analysis
to determine the best-fitting parameters [w,, w,, f] which describe the model distribution
normalized by the total number of galaxies N to be fit. Therefore, the probability Pps

of making a single galaxy observation R; is simply
Pobs(Rl'Iwh Wy, f) = Emod(Rilwb Wy, f) (77)

And the probability P of making the set of N = N, galaxy projected distance observa-
tions is given by
N N
P(wla wy, f) = II (Pobs) = II 2:rl'tod(R'ilwl, Wy, f) (7.8)
i=l i=1
Substituting equations 7.4 and 7.6 into equation 7.8 gives

Nga
2n(wi - fu3)

N
P(wh'w%f) = II

i=1

('w[e'¢‘ - fwge"”) . 7.9)
Finally, the likelihood £ of our model, given N galaxy observations, is then
N
L(w,wy, f)=NInN-Nln [21r(w{ - fwg)] + Zln (wle"asl - fwge“’"). (7.10)
i=l
The best-fit parameters [w,, w, f] defining the deprojected galaxy distribution are found
by maximizing the likelihood in equation 7.10.
We wish to compare two model distributions: (1) a simple spherical Gaussian; and (2)
a spherical shell equal to the difference between two spherical Gaussians. Testing which
of these two basic models fit the data better gives us a method to quantify how likely any
blue galaxies seen towards the cluster center are merely due to projection. For a set of

cluster galaxy population observations, we apply this maximum-likelihood technique in






