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Synopsis 
Galaxies are rarely isolated "island universes" ; they reside in environments that span a cor~tinuu~r~ 

of densities, from rarefied voids and the isolated "field", to binary galaxies, the11 triplets slid 

small groups of galaxies, through poor clusters and finally, to crowded rich clusters. A galaxy 
naturally interacts with its surroundings. Its environment - the number of neighbors, their 

spatial distribution and relative velocities - exerts influence on the galactic cl~aracteristics alld 

evolution; in turn, the release of material and energy from a galaxy into the surroundings affects 

the systems to which it belongs. Observations do indeed give weight to variations existing in 

galaxy properties such as morphological fractions, star formation, luminosity function, etc., in 

different environments. The variations may have been set ab initio, and/or may arise due to 

the different relative impact of processes such as galaxy interactions and mergers, ram-pressure 

stripping or gas infall in the different environments. This is the so-called "nature vs. nurture" 

debate about galaxy properties. 

Galaxies within rich clusters evince the most dramatic environmental forcing: for instance, spiral 

and irregular galaxies are hardly found in the centers of dense clusters, whereas they are the most 

common component of the field. Further, cluster spirals show only about one-third the star- 

formation as their kin in the field. However, comprising < 5% of the total galaxy population and 

subject to exceptionally strong environmental effects, rich cluster members represent a minority 

population. Now, a much larger fraction of galaxies are members of poorer systerns. 

Such "poor clusters" (PCs), a few of which we study in the present thesis, are aggregates of a 

few tens of galaxies with velocity dispersion of about 300-700 km S-' (Beers et al. 1995). They 

are intermediate environs between small groups (with fewer than five galaxies brighter than L*) 
and crowded rich clusters (which contain upto several hundred galaxies brighter than the average 

luminosity L*), and contain about 20% of the galaxies in the nearby universe (White et al. 1999). 

A large fraction of poor clusters show luminous, extended X-ray emission presumably arising 

from the diffuse intracluster medium; the galaxy distribution traces the X-ray structure in these 

systems (Dell'Antonio et al. 1995). Poor clusters form a natural and continuous exterisiori to 

lower richness, mass, size, and X-ray luminosity from the rich and rare clusters (Bahcall 1980; 

White et al. 1999), bridging the gap between the well-studied environments of the rich clusters 

and the special groups such as the Hickson Compact Groups. It is then interesting to examine 

how galaxies evolve in such small clusters where, in comparison with rich clusters, the effects of 

the intracluster plasma are comparable but the tidal perturbations due to the global potential 

are weaker, but where, in comparison with small groups, the velocity dispersions are higher and 

the global potential deeper. If the kinematics and dynamical youth of poor clusters (e.g., Beers 

et al. 1995; Ledlow et al. 1996) make them preferred sites for galaxy-galaxy interaction (some of 

which may culminate in mergers), the morphologies and star formation histories of some member 

galaxies may be altered, leading to variations in the bulk properties of cluster galaxies. 

Moreover, galaxy groups and poor clusters are effective tracers of the large-scale galaxy distribu- 

tion, with the group centers following the distribution of all galaxies (Ramella, Geller, & Huchra 

1989), and their principal axis being aligned with their neighbors on scales extending to about 

15-30 h-' Mpc (West 1989). X-ray data show that in superclusters, massive Abell clusters are 



linked together by groups and poor clusters of galaxies (Mulchaey 2000). If cl\isters and super- 

clusters formed hierarchically from smaller associations, poor clusters, as the building blocks, 

provide a natural focus to understand the formation and evolution of large-scale structure in the 

universe. 

In this thesis we present an observational study - primarily through optical imaging - of galaxy 

properties within four X-ray luniinous poor clusters a t  moderate redshifts (0.08 < z < 0.25). In 

the literature there are many definition of poor clusters; our working definition of a poor cluster 

is that its bright galaxy population within the central 0.5 Mpc must number > 5 but 5 the Abell 

(1958) richness 0 criterion of between 30 and 49 galaxies within two magnitudes of the third 

brightest cluster member. We select our sample as luminous, extended X-ray sources identified 

with galaxy overdensities that are noted as being optically poor in the EMSS catalog of clusters 

of galaxies (Gioia & Luppino 1994). Selection of clusters by means of their (extended) X-ray 

emission has a major advantage over optical selection in that X-ray observations are far less 

contaminated by projection effects - especially important for poorly populated galaxy systems 

- thereby avoiding spurious detections. 

We acquired optical images of the poor clusters at  the prime focus of the 2.34-m Vainu Bappu 

Telescope, operated by the Indian Institute of Astrophysics, using a CCD detector and broadband 

B, V, R and I filters. We performed standard CCD data pre-processing, and then CO-added the 

individual cluster images within each filter. We used the FOCAS suite of programs (Valdes 1982) 

to detect objects and classify them into stars or extended objects. Our final catalogs contain 

all the extended objects detected in the fields of the individual clusters; we shall refer to these 

objects as galaxies. We performed aperture photometry on all the objects using 3.5 arcsecond 

diameter apertures, and calculated total magnitudes by applying aperture corrections. We then 

transformed the photometry from the instrumental system into the Johnson B, V and Kron- 

Cousins R,  I standard systems using the open cluster M67 and several Standard Area stars from 

Landolt (1992) for photometric calibration. For an object of m, = 20 mag, the total photometric 

error is E 0.7 mag. We corrected the photometry for Galactic extinction, and employed the 

spectro-evolutionary models of Poggianti (1997) to compute K-corrections to derive rest-frame 

magnitudes. The final galaxy catalogs are complete to about MV = - 18 in the cluster rest-frame. 

We describe the details of the above in Chapter 2. 

We study in Chapters 3, 4 and 5 several statistical properties of the galaxies in these four poor 

clusters using the optical photometry mentioned above. The questions we address are: 

How do colors of galaxies in poor clusters compare with those in the field and rich clusters? 

What is the nature of the luminosity function in the poor clusters? 

What is the morphology of the poor clusters? 

In Chapter 4 we study the stellar content of the cluster galaxies using their colors as tracers of 

stellar ages and populations. We derive the relation between the optical rnagnitudes and colors of 

the early-type galaxies, the so-called color-magnitude relation (CMR), as B - V vs. V, V- R vs.  V 

and R - I us.  V. A significant fraction of objects in the lines-of-sights to the various poor clusters 



fall within narrow ridges in the color-magnitude plane. This is similar to the situation in rich 

clusters; in fact, virtually all rich clusters observed so far have a tight sequence of red early-type 

galaxies (e.g., Stanford et al. 1998). Further, the poor cluster CMRs have slope and scatter 

unchanged with respect to local clusters such as Virgo, within the observational errors. This 
is circumstantial evidence that the poor cluster environment suppresses star formation, since 

cluster ellipticals are typically redder than their field counterparts. The s~nallness of the scatter 

in the CMR and near constancy of its slope over the admittedly modest redshift range of our 

poor cluster sample implies also that the bulk of the stars in these cluster early-type galaxies is 

coeval and has perhaps formed at z > 2 - 3. We then use this well-defined ridge or "sequence" to 

identify cluster members; such a cluster red sequence, even if it has significant scatter, generally 

represents a distribution not found in the cumulative field that would span a large redshift range 

(Gladders & Yee 2000). 

A substantial fraction of bright galaxies in the clusters are bluer than can be ascribed to the 

existence of a CMR and predictions of passive evolution. The blue galaxy fractions ( fb = 0.1) 

in the EMSS poor clusters are similar to those of low redshift richness 0 clusters, which are 

themselves higher than those of rich clusters at similar redshifts. These blue galaxies could be 

field galaxies in the process of infall into the cluster. Or interactions between galaxies (clearly 

visible in a few of the blue galaxies) and internal tides in the cluster may have induced recent 

excess star formation resulting in the blueing of these small number of galaxies. 

We study another statistical property of galaxies in Chapter 3 - their luminosity function (LF), 

i.e, the relative abundance distribution of galaxies within a given volume according to their 

brightness. The LF stands in for the distribution of galaxy masses and is thus a fundamental 

measure in extra-galactic astronomy and cosmology. 

If the LF is universal or consistent in shape across the different galaxian environments, it argues 

for the galaxy mass function being insensitive to global neighborhood. On the other hand, if 

the dwarf-to-giant galaxy ratio increases significantly with the richness of the environment (e.g., 

Phillipps et al. 1998), one expects the poor cluster LF to be steeper than those in the field and 

small groups, and flatter than that of much richer clusters. The "nature versus nurture"' debate 

is valid here as well: is it the early environment or subsequent influences that determines the 

differences in LF? Since galaxy interactions or mergers that lead to changes in the number and 

luminosity of galaxies occur on different timescales in different environments, galaxy LF may 

behave differently in the field, galaxy groups and clusters. Futher, if star-formation and galaxy 

evolution in poor clusters are different from (or more recent than) that in the cores of rich clusters 

or the field, it may have a noticeable effect on the poor cluster LF. If there are differences in the 

bright-end of the LFs of rich and poor clusters, then, is it this factor that renders some cluster 

rich and others poor? 

A study of the poor cluster LF has two main purposes: (1) to test for "universality" of the LF 

of different poor clusters, and (2) to compare the galaxy LF in the EMSS poor clusters with 

those in the field and rich clusters, and thus study the influence of the environment on galaxy 

formation or in modifying the primordial LF through dynamical processes either during or after 

cluster collapse. 



Again, using the tightness of the CMR as a tool to distinguish cluster merrlbers from the back- 

ground, we construct the cluster galaxy luminosity functions to a faint limit of Mv = -18. Since 

our I band data are not so deep nor so complete as the V and R filter images, we shall exclude 

this band from the present analysis. Non-parametric statistical tests show that the individual 

cluster V and R-band LFs (to Mv = -18) are not significantly different from each other. We 

then construct composite LFs in B, V, and R bands by a simple combinations of the individual 

cluster sequence LFs. Again, non-parametric tests indicate that these composite LFs are reason- 

ably good representations of the individual LFs. Both argue for galaxy luminosity distributions 

being similar in the poor clusters (whose X-ray luminosities vary by a factor of twenty). 

We use another technique to construct the LFs that is independent of the "sequence" selection. 

We select galaxies within a particular metric radius of the brightest cluster galaxy, and bin the 

galaxy counts by magnitude into 0.5 mag bins. To derive the cluster, i.e., field-corrected LFs, 
we subtract binned field galaxy counts from the literature from the cluster galaxy counts. The 

composite LFs created by weighted addition of the individual cluster LFs are in all cases falli~ig 

steeply in the brighter magnitudes and are relatively shallow at faint lurninosities. We fit the 
Schechter (1976) function to the composite'LFs of both the sequence galaxies and the background- 

corrected magnitude data. Since the brightest cluster galaxies are unlikely to have all arisen from 

a Schechter LF (Schechter 1976; Bhavsar 1989), we remove them from the individual catalogs 

prior to fitting the analytical function. Schechter fits to these composite LFs generated using the 

two different methods have similar parameters, attesting to the robustness of our cluster galaxy 

selection. The LF slopes are flat (a  x -1) in the different colors. They are thus similar to V-band 

LF of MKW/AWM poor clusters (Yamagata & Maehara 1986). In the R-band, the poor cluster 

LF is steeper than that of field galaxies (e.g., Lin et al. 1996) but not so steep as in either poor 

groups (Zabludoff & Mulchaey 2000) or richer clusters (e.g., Colless 1989; Trentham 1998). 

There is evidence that optical morphology, the presence of a dominant D or CD galaxy in the 

cluster center, and X-ray emission of the clusters correlate with their richness and dynamical 

states (e.g., Bahcall 1980, Forman & Jones 1984), and influence the ratio of dwarf galaxies to 

bright ones (Lopez-Cruz 1997). In Chapter 5 we present analyses related to the morphology of 

the four EMSS poor clusters. We study the cluster morphology at various levels: qualitatively by 

visual assessment and through a simple comparison of the optical image with the contours of X- 

ray emission; and in a quantitative manner using maps of the projected galaxy distribution. We 

look at thk spatial arrangement of the galaxies as a function of their colors to evaluate the radial 

trend of morphology. We check if the clustering properties of the cluster galaxies depends on their 

brightness by estimating the amount of luminosity segregation. We then discuss the alignment 

effect wherein the brightest cluster member points in the same direction as the distribution of 

cluster galaxies. 

We discover that our poor clusters are similar to rich clusters in terms of a significant number 

of faint galaxies in the cluster "sequence", their central concentration, the coincidence of the 

position of the BCM and extended X-ray emission, and reasonable coincidence of X-ray and galaxy 

density isocontours. We find, not surprisingly, that the core and halo sizes for our poor clusters 

are typically one third and one quarter of the correponding sizes for Abell clusters (Hickson 

1977). Their concentration factor is smaller than the average for Abell clusters. The l>oor cluster 



morphologies are irregular and show some substructure, suggesting they are relatively unevolved. 

However, the dynamical youth of tlie cluster does not seem to rule out galaxy segregation by 

luminosity (for which the evidence is marginally significant). Further, luminosity segregation 
responds marginally more strongly to cluster-centric distance rather than to local environment, 

suggesting that its dominant driver is the global (dynamic) potential of the cluster. As for 
morphological segregation, the evidence is subtle and not very tractable to our analysis. 

We also find that the first-ranked cluster member is frequently collimated with the distributions 

of galaxies and the intracluster gas. In particular, for MS0002 and MS0735, the optical major axis 

of the BCM, the isocontours of the galaxy distribution and the X-ray emission (from the intra- 

cluster hot gas which, outside the cooling radius, traces the cluster gravitational potential) are 

clearly elongated in approximately the same direction. The collimation of the BCM rnajor axis 

with the galaxy distribution in the parent cluster and with the diffuse X-ray emission follows the 

statistical behavior of CD galaxies in rich clusters. This similarity between our X-ray lumirlous 

poor clusters, much poorer groups, and CD clusters offers support to the insensitivity of tlie 

alignment effects to system richness. 

Many clusters - rich and poor - harbor gigantic galaxies at their centers (defined by the centroid of 

either the galaxy distribution or the X-ray emission, which may frequently coincide). Dynamical 

friction, mergers, and tidal stripping toget her give rise to galactic cannibalism whose -end product 

is an extremely luminous first-ranked galaxy along with a deficit of normal bright galaxies. To 

explore if the first-ranked galaxies in poor and rich clusters similar, we perform multicolor CCD 

surface photometry for the brightest cluster members (BCMs) of three of our sample of poor 

clusters (the exclusion being MS0735). This is the subject of Chapter 6 of the thesis. We use 

the standard package STSDAS layered onto IRAF to interactively fit ellipses to the isophotes 

of the galaxies following the method of Jedrzejewski (1987). We account for errors due to sky 

subtraction and seeing effects. All galaxies show a monotonous increase in ellipticity with radius, 

but no significant changes in position angle. The BCMs have surface brightness profiles that can 

be described by a de Vaucouleurs law; none show the envelopes characteristic of CD galaxies. 

However, the BCMs have enlarged characteristic radii and lower central surface brightness in 
comparison with normal ellipticals. One of the BCMs (of MS1306) has an anomalous color 

profile that reddens with increasing galactocentric distance. The observed color gradients for the 

other two galaxies imply a decrease in the metallicity by a factor of about 2 per decade in radius. 

The BCMs are aligned with the X-ray emission and galaxy distribution as mentioned above. The 

alignments suggest that the formation and/or evolution of the central galaxy is linked to,the 

shape of the global cluster potential. Our observations suggest in toto that the poor clusters 

BCMs have grown dynamically, with mergers having been important at  early epochs. 

Overall, in terms of the statistical properties of their galaxies, poor cluster appear to be extensions 

of their rich counterparts to lower masses and lower or comparable X-ray luminosities. 



Contents 

1 Introduction 1 

1.1 Galaxian Environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1.2 Environmental Influences on Galaxies . . . . . . . . . . . . . . . . . . . . . . . . .  5 

1.2.1 Galaxy Formation in Different Environments . . . . . . . . . . . . . . . . .  5 

1.2.2 Drivers of Galaxian Properties and Evolution . . . . . . . . . . . . . . . .  5 

1.2.3 Signatures of Environmental Variations in Galaxy Properties . . . . . . . .  8 

1.3 Background on Poor Clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 

1.3.1 Motivation for Studying Poor Clusters . . . . . . . . . . . . . . . . . . . . .  12 

1.3.2 Definitions and Catalogs . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

1.3.3 C~ntent :  Galaxies and ~ntracluster Medium . . . . . . . . . . . . . . . . .  16 

1.3.4 Are Poor Clusters Real? Bound? Virialized? . . . . . . . . . . . . . . . . .  18 

1.3.5 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

1.4 Objectives and Presentation of the Thesis . . . . . . . . . . . . . . . . . . . . . . .  20 

2 Observations and Data Analysis 2 2 

2.1 Avant-Propos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 

2.2 Sampleselection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23 

2.2.1 Poor Clusters : Operational Definition . . . . . . . . . . . . . . . . . . . .  23 

2.2.2 Other work done with the EMSS cluster sample . . . . . . . . . . . . . . .  24 

2.2.3 Sample Selection: Caveats . . . . . . . . . . . . . . . . . . . . . . . . . . .  25 

2.2.4 Preliminary Richness Estimates . . . . . . . . . . . . . . . . . . . . . . . .  26 

2.3 Observations : Optical Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

2.3.1 Telescope: the Vainu Bappu Telescope . . . . . . . . . . . . . . . . . . . .  28 

2.3.2 Filters: Broad-band B, V, R and I . . . . . . . . . . . . . . . . . . . . . . . .  29 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.3.3 Detector: CCD 29 

2.3.4 Gainful Imaging: the Shift-and-Stare Technique . . . . . . . . . . . . . . .  31 

. . . . . . . . . . . . . . . . . . . . . . . . .  2.3.5 Imaging Sequence at the VBT 31 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.4 Image Analysis 32 

2.4.1 CCD Data Pre-Processing . . . . . . . . . . . . . . . . . . . . . . . . . . .  33 

. . . . . . . . . . . . . . . . . . . . .  2.4.2 Image Registration and CO- Addition 34 

. . . . . . . . . . . . . . . . . . . . . .  2.4.3 Object Detection and Classification 35 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.4.4 Optical Photometry 38 

. . . . . . . . . . . . . . . . . . . . . . . . .  2.4.5 Galactic Extinction Correction 40 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.5 Cluster Galaxy Catalogs 40 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  2.5.1 Individual Cluster Catalogs 41 
. . . . . . . . . . . . . . . . . . . . . .  2.5.2 Completeness and Misclassifications 41 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.6 Discussion and Summary 44 



3 Galaxy Luminosity Functions 48 

3.1 Avant-Propos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  48 

3.2 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  51 

3.2.1 Extraction of Cluster Galaxies . . . . . . . . . . . . . . . . . . . . . . . . .  51 

3.2.2 Conversion to Rest-Frame Magnitudes . . . . . . . . . . . . . . . . . . . .  54 

3.2.3 Construction of the Individual Luminosity Functions . . . . . . . . . . . .  56 

3.2.4 Estimation of Completeness . . . . . . . . . . . . . . . . . . . . . . . . . . .  56 

3.2.5 Errors in Construction of the Individual LFs . . . . . . . . . . . . . . . . .  57 

3.2.6 Construction of Composite Luminosity Functions . . . . . . . . . . . . . .  58 

3.2.7 Nonparametric Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  59 

3.2.8 Schechter Function Fits and Parametric Tests . . . . . . . . . . . . . . . .  60 

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  61 

3.3.1 Cluster Richness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62 

3.3.2 Binned Galaxy LFs for Individual Clusters . . . . . . . . . . . . . . . . . .  64 

3.3.3 Direct Comparisons of Unbinned LFs . . . . . . . . . . . . . . . . . . . . .  65 

3.3.4 Binned Composite LFs and Schechter Parameters . . . . . . . . . . . . . .  68 

3.3.5 LF over Different Cluster Radii . . . . . . . . . . . . . . . . . . . . . . . . .  71 

. . . . . . .  3.3.6 Schechter Parameters: Comparison with Other Environments 73 

3.4 Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  75 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.4.1 Is there a universal LF? 75 

. . . . . . . . . . . . . . . . .  3.4.2 Is the LF determined by Nature or Nurture? 77 

4 Evolutionary S t a t e  of t h e  Cluster  Galaxies 80 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.1 Avant-Propos 80 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.2 The Color-Magnitude Relation 81 

. . . . . . . . . . . . . . . . . . . .  4.2.1 The Form and Causes of the Correlation 82 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.2.2 Analysis 82 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.2.3 Results 83 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.3 Cluster "Sequence" Galaxies 89 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  4.4 Photometric Blue Galaxy Fraction 94 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  4.4.1 The Butcher-Oeinler Effect 94 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.4.2 Analysis 96 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.4.3 Results 98 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.5 RedGalaxies 101 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.6 Discussion and Conclusions 103 

5 Cluster  Morphology 104 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.1 Avant-Propos 104 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.2 Visual and X-Ray Morphologies 105 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.3 Spatial Distribution of Galaxies 113 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.3.1 Galaxy Isopleths 113 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.3.2 Structural Parameters 115 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.4 Galaxy Segregation 121 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.4.1 Luminosity Segregation 123 



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.4.2 Color Segregation 124 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.5 Alignment Effect 126 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.6 Summary and Discussions 130 

6 The Brightest Cluster Galaxies 133 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.1 Avant-Propos 133 

. . . . . . . . . . . . . . . . . . .  6.2 Techniques: Isophotal Analysis and Color Maps 136 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.2.1 Pre-Processing 136 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.2.2 Photometric Calibration 136 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.2.3 Ellipse Fitting 137 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.2.4 Residual and Color Maps 138 
. . . . . . . . . . . . . . . . . . . . . . . . . .  6.2.5 Errors in Isophotal Analyses 139 

. . . . . . . . . . . . . . . . . . . . . . .  6.3 Morphological and Structural Parameters 140 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.3.1 Visual Morphology 140 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.3.2 Isophotal Geometry 141 
. . . . . . . . . . . . . . . . . . . . . .  6.3.3 Deviations from Elliptical structure 144 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  6.3.4 Surface Brightness Profiles 148 
. . . . . . . . . . . . . . . . . . . . . .  6.4 Stellar Populations and Interstellar Matter 153 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.4.1 Color Gradients 153 
. . . . . . . . . . . . . . . . . . . . . .  6.4.2 Presence of Dust and Fine Structure 158 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  6.5 Furtl~er about Individual Galaxies 160 

. . . . . . . . . . . . . . . . . . . . . . .  6.5.1 Dwarf Galaxies of MS 1306.7-0121 160 
. . . . . . . . . . . . . . . . . . . . . . . . .  6.5.2 The VSSS in MS 0735.6+7421 161 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.6 Discussion 162 

7 Conclusions 165 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.1 Recapitulation of our Results 165 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.2 Future Investigations 167 

A Catalog of Galaxies 183 

B Cosmological Parameters 192 

C Image Reduction Software 193 



List of Figures 

1.1 A gallery of galaxy environments . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

1.2 X-ray-optical overlay for AWM7 . . .  : . . . . . . . . . . . . . . . . . . . . . . . .  17 

2.1 Completeness of detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 

2.2 Star-galaxy separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 

2.3 Number counts of stars and galaxies . . . . . . . . . . . . . . . . . . . . . . . . . .  44 

3.1 Galaxy counts in "local" backgrounds . . . . . . . . . . . . . . . . . . . . . . . . .  52 

3.2 "Global" background subtraction for luminosity functions . . . . . . . . . . . . . .  54 

3.3 vs . Lx . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  64 

3.4 LFs for the EMSS poor clusters using "sequence" galaxies . . . . . . . . . . . . . .  65 
3.5 Composite LFs for the poor clusters . . . . . . . . . . . . . . . . . . . . . . . . . .  69 

3.6 LFs of EMSS poor cluster versus other environments . . . . . . . . . . . . . . . . .  74 

4.1 Color-magnitude diagrams for MS0301 and MS1306 . . . . . . . . . . . . . . . . .  85 

4.2 Color-magnitude diagrams for MS0002 and MS0735 . . . . . . . . . . . . . . . . .  86 

4.3 Scatter about the color-magnitude relations . . . . . . . . . . . . . . . . . . . . . .  88 

4.4 (B - V) vs . (V - RC) color-color diagrams . . . . . . . . . . . . . . . . . . . . . .  90 

. . . . . . . . . . . . . . . . . . . . .  . 4.5 (Rc - Ic) vs (V - RC) color-color diagrams 91 

4.6 Blue galaxy fractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99 

4.7 Red galaxies in the EMSS fields . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  102 

5.1 Optical-X-ray image and isopleths of MS 0002.8+1556 . . . . . . . . . . . . . . . .  106 

5.2 Optical-X-ray image and isopleths of MS 0301.7+1516 . . . . . . . . . . . . . . . .  107 

5.3 Optical-X-ray image and isopleths of MS 0735.6+7421 . . . . . . . . . . . . . . . .  108 

5.4 Optical-X-ray image and isopleths of MS 1306.7-0121 . . . . . . . . . . . . . . . .  109 

. . . . . . . . . . . . . . . . . . . . . . . . .  5.5 Galaxy counts centered on the BCMs 115 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.6 Radial extent of the poor clusters 116 

. . . . . . . . . . . . . . . . . . . . . . .  5.7 Distribution of galaxies according to color 125 

. . . . . . . . . . . . . . . . . . . . . . . .  6.1 Images of the brightest cluster members 140 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  6.2 BCM ellipticity and position angles 142 

. . . . . . . . . . . . . . . . . .  6.3 Third- and fourth-order deviations from ellipticity 146 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.4 BCM surface brightness profiles 150 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.5 BCM color profiles 155 
. . . . . . . . . . . . . . . . . . . . . . .  6.6 Color map of the central region of MS1306 159 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.7 Radio maps of 4C +74.13 163 

. . . . . . . . . . . . . . . . . . . . .  B.l Important parameters in different cosmologies 192 



List of Tables 
1.1 Galactic morphological distribution in different environments . . . . . . . . . . . .  9 

1.2 Typical properties of clusters and groups . . . . . . . . . . . . . . . . . . . . . . . .  17 

2.1 Possible poor clusters in the EMSS catalog . . . . . . . . . . . . . . . . . . . . . .  25 

2.2 Cast of characters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 

2.3 Preliminary richness measurements . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

2.4 CCD parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 

2.5 Galactic extinction corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 

2.6 Objects detected and classified by FOCAS . . . . . . . . . . . . . . . . . . . . . . .  40 

2.7 Photometric transformation using M67 . . . . . . . . . . . . . . . . . . . . . . . . .  46 

2.8 Journal of cluster observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47 

3.1 K-corrections for elliptical galaxies from Poggianti (1997) . . . . . . . . . . . . . . .  55 

3.2 Cluster richness estimates using "sequence" galaxies . . . . . . . . . . . . . . . . .  63 

3.3 Inter-comparisons between individual LFs . . . . . . . . . . . . . . . . . . . . . . .  66 

3.4 Non-parametric tests on the composite LFs . . . . . . . . . . . . . . . . . . . . . .  67 

3.5 Schechter parameters for the composite LFs . . . . . . . . . . . . . . . . . . . . . .  70 

3.6 Schechter parameters for LFs in various environmerits . . . . . . . . . . . . . . . .  75 

4.1 The linear fits to the color-magnitude relations . . . . . . . . . . . . . . . . . . . . .  84 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.2 Cluster blue galaxy fractions 98 

. . . . . . . . . . . . . . . . . . . . . . . . . .  5.1 Optical mosaic images of the clusters 110 

5.2 Core and halo sizes. conceritration factor. and clurnpiness . . . . . . . . . . . . . .  119 

. . . . . . . . . . . . . . . .  5.3 Intergalactic separations at different magn.itude ranges 123 

. . . . . . . . . . . . . . . . . . .  5.4 Intergalactic separations for different color ranges 126 

. . . . . . . . . . . . . . . . . . . . . .  5.5 Position angles to examine alignment effect 128 

. . . . . . . . . . . . . . . . . . . . . . . . .  6.1 BCM isopl~ote geometrical parameters 143 
. . . . . . . . . . . . . . . . . . . . . . .  6.2 Fit parameters for the de Vaucouleurs law 151 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.3 Color gradients in the BCMs 156 
. . . . . . . . . . . . . .  6.4 Properties of the candidate dwarf galaxies around MS1306 160 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.5 The VSSS 4C +74.13 162 

. . . . . . . . . . . . . . . . . . . . . . . .  A.l Catalog of galaxies in the field of MS0002 185 

. . . . . . . . . . . . . . . . . . . . . . . .  A.2 Catalog of galaxies in the field of MS0301 187 
. . . . . . . . . . . . . . . . . . . . . . .  A.3 Catalog of galaxies in the field of MS0735 189 

. . . . . . . . . . . . . . . . . . . . . . . .  A.4 Catalog of galaxies in the field of MS1306 191 



Chapter 1 

Introduction 
... the realm of the nebulae is the universe ... 

- Edwin Hubble 

If galaxies are "island universes" then they prefer to reside in archipelagos whose populations 

span a wide range from only a few to a few thousand members1. After formation, a galaxy 
may evolve as an isolated entity, governed entirely by internal processes such as feedback from 

supernovae, galactic winds, etc. A present-day galaxy then has attributes that are at least 
partially determined by those of its p r ~ t ~ g i l a c t i ~  precursor(s). But far from evolving in splendid 

isolation, galaxies naturally interact with their surroundings. The environment  - the number 

of neighbors a galaxy has, their spatial distribution and relative velocities - exerts influence 

on galactic characteristics and evolution; in turn, the release of material and energy from a 

galaxy into the surroundings affects the systems to which it belongs. Controversy persists about 
.. the extent to which the initial conditions ( "nature" ) and the galactic environment ( "nurture" ) 

affect the properties and evolution of galaxies2. An additional important issue is the relative 

contribution of the environment at  galaxy formation versus that at  the present epoch. 

Studies of galaxy Properties as a function of environs (and look-back time) are extremely im- 

portant in constraining any theoretical understanding of their formation and evolution, and in 

cosmology. In this thesis, we study a particular galaxian environment, the poor  cluster,  and 

some of its effects on the properties of galaxies. 

1.1 Galaxian Environments 

Galaxies occur in neiglborhoods that span a continuum of densities, from rarefied voids to 

crowded rich clusters (see Fig. 1.1). Compared to the cosmic mean space density of = 0.02 

bright galaxies per cubic megaparsec (Zombeck 1990), the density in voids is depressed by about 

a factor of four; at  the other extreme of the cores of rich clusters the galaxy density is enhanced 

by > 104. In this section, we shall briefly describe the diverse environments in which galaxies are 

located. 
' Isolated galaxies are in the simplest environments; these objects have no known optical conl- 

panions within about one megaparsec (Mpc) and within recession velocities -+l000 km S-' of 

their own. The top left panel in Fig. 1.1 shows the isolated spiral galaxy IC 1269 ( z  = 0.02, 

m g  = 13.4). However, deep observations show that even isolated galaxies are connected with 

'Though galaxies cluster together at small separations, their distribution on the largest scales (> 100 Mpc) is 
homogeneous. This corroborates the Cosmological Principle that states that the universe is everywhere isotropic 
and homogeneous, i.e., it looks the same in all directions and presents the same aspect from all places. Galaxies 
are also receding from each other at the largest scales, implying an expanding universe. 

'~vrard (1993) suggests that for a galaxy of mass M g a l ,  processes operating on mass scales M  < M,,, may be 
ascribed to "nature" while those arising from M  > Mgal are "nurture" processes; environmental effects fall into 
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elliptical galaxies within 10' years, a time scale that is short relative to the age of the universe. 

Shown in the top right panel of Fig. 1.1 is the galaxy pair Arp 240 (z = 0.022). 

Triplets are the smallest groups of galaxies, important because of the question of their stability: 

two galaxies can form a stable configuration but a triple system cannot. Therefore, triplets are 

likely to be transitory configurations that eventually decay due to one body being ejected and 

leaving a residual binary system. Or they could be in a state of ongoing collapse. The left panel 

of the middle row in Fig. 1.1 shows the galaxy triplet KTG 04 (z = 0.017) which contains the 

interacting galaxy pair VV 769. 

Small groups are small-scale structures with radii typically in the range of 0.2 - 1 Mpc. They 

consist of three to five bright galaxies with relatively small projected separations between members 

and low relative velocities of < 500 km S-'. These systems may well contain a population of faint 

galaxies. 

Groups can be "compact" or "loose" depending on whether the typical intergalatic distances are 

of the order of a galaxy diameter or more, respectively. Most groups are loose and may be only 

weakly gravitationally bound. Our Galaxy resides in the sparsely populated Local Group, whicll 

it dominates along with its spiral neighbor Messier 31. Other members of the Local Group are 

a few bright irregular galaxies such as the Magellanic Clouds, and plenty of dwarf ellipticals (see 

review by van den Bergh 2000). A srnall fraction of galaxies appear to reside in dense compact 

groups (reviewed by Hickson 1997), whose inferred crossing times are much shorter than the 

lifetime of the universe. The small intergalaxy separations (of the order of a galaxy diameter) 

and relative velocities found in compact groups result in strong tidal interactions. The first 

example of compact groups was found over one hundred years ago by Stephan (1877) as a srnall 

configuration of five nebulae, three of which show gravitational interaction (Fig. 1.1, rniddle row 

right panel). 

Galaxy groups have potential wells deep enough to trap and heat an intragroup medium which 

then emits in X-ray (see review by Mulchaey 2000). The origin of this gas is still debated, but 

likely sources are primordial material and material divested or ejected from galaxies (shown by the 

presence of heavy elements particularly iron which could only have been created in supernovae). 

Clusters  of galaxies are the urban environment of the ga!axy world and the largest gravitationally- 

bound structures in the universe (see Sarazin 1988 for an extensive review of cluster properties). 

They contain several tens to several thousands of optically-observable galaxies swimming in a hot 

( k T  = 3 - 9keV) bath of X-ray emitting intracluster medium (ICM). The space density of galaxies 

in clusters is on average about a hundred times higher than the mean density in the universe and 

in particular, 105 to 106 times higher in the central ("core") region of a few hundred kiloparsec 
in radius. The galaxies move with high random velocities3 of typically 750 km S-', implying 

virial masses of N 5 X 1014h-I M@. The diffuse (10-~ - 1 0 - ~  particles cm-3) intracluster plasma 

trapped in the potential well of the cluster radiates in X-rays (with luminosities 1 0 ~ ~  to 1 0 ~ ~  

erg S-') due to thermal bremsstrahlung, and has 2-10 times the mass of the galaxies. The total 

mass contributed by the galaxies and gas does not provide sufficient gravity to hold groups or 

clusters together; the requisite remainder is in dark matter. Most of the ICM is probably primor- 

3 ~ h e  urban setting of rich clusters turns out to be, in the description of Evrard (1993), "fast-paced". 
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dial, either part of the cluster when it first formed or accreted afterward from the intergalactic 

medium. However, the metal abundance of the ICM is around 30% that of the Sun, implying 

that elements produced in stars within galaxies must have been driven out into it. Many clusters 

show substructures in both galaxy and ICM distribution, evidence for their formation by mergers 

of smaller systems. 

Clusters of galaxies are classified by their properties such as richness ("rich" or "poor" deperlding 

on the number of member galaxies), shape (regular or irregular), and galactic conterlt (spiral-rich, 

spiral-poor, or elliptical-rich). The high density rich clusters are relatively rare objects, with a 

spatial number density of 1 0 - ~  clusters (Bahcall 1977), and containing fewer than 5% 

of all the galaxies in the universe (Dressler 1984). The nearest very massive rich cluster is the 

Coma Cluster (shown in the bottom right panel of Fig. 1.1), 130 megaparsec from the Milky 

Way. It contains about 2500 galaxies, mostly ellipticals, and radiates 1 0 ~ ~  erg S-'in X-rays. 

Poor  clusters are systems which have too few galaxies to meet the criterion to be "rich" clusters 

such as those in the Abell catalog. They bridge the continuum of environments between groups 

of a few galaxies and rich clusters. For example, the bright galaxy population of poor clusters 

is typically less than 50 whereas rich clusters may contain several hundred members; and their 

typical velocity dispersions are between 100 and 600 km S-' (Beers et al. 1995) compared to 600 

to 2000 km S-' for rich clusters. The ICM of poor clusters, a t  x l - 3 keV, is usually cooler than 

that of rich clusters, while its metallicity is of the same order at  x 0.320 (Mulchaey 2000 and 

references therein). One of the most X-ray luminous poor clusters containing a supergiant CD 

galaxy at the center is AWM 7 shown in the bottom left panel of the gallery in Fig. 1.1. Poor 

clusters span a great range in richness and exhibit a great diversity in structures and kinematics. 

We shall describe poor clusters in detail subsequently in Sec. 1.3. 

The apparent separations of galaxies in a cluster ar'e only a few times larger than their diameters; 

this proximity leads to mutual gravitational interactions. The cluster crossing time4 (as well as 

galaxy ages) is comparable to or a little smaller than the lifetime of the universe. Further, in 

the core of the cluster, the ICM may sometimes lose so much energy through X-ray emission 

(depending on the metal abundance) that it cools noticeably over a Hubble time. The cooling 

leads to the slow loss of pressure and causes the ICM to gradually condense into a central cooling 

flow (see Fabian 1994). If this cooling flow (of a few to a few hundred M@ yr-') can persist 

without being disrupted by magnetic fields or explosive events, it may ultimately provide raw 

material to form future generations of stars or small galaxies. The residents of the dense clusters 

or groups are therefore likely to have their stellar and gas contents shaped by cluster-specific 

processes. 

On scales of several megaparsec, the Universe reveals large inhomogenities and a complicated void- 

supercluster network. Superclusters,  the largest known systems of galaxies, typically contain 
- 3-10 rich clusters and extend to N 100h-' Mpc (the clusters themselves fill.very little of the 

supercluster volume). They highlight the large-scale structure of the universe, many appearing 

to form long filaments (see reviews by Oort 1983; Bahcall 1988). Voids are regions underdense 

by factors of a few relative to the mean cosmic density (see review by Rood 1988). Even voids 

4Crossing time = radius of the cluster / velocity dispersion of the galaxies 
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are unlikely to be empty, being instead populated by faint dwarf galaxies tracing the underlying 

dark matter (more below). On scales of a few megaparsec void galaxies are gravitationally bound, 

forming interacting galaxy pairs, loose pairs, and loose groups (Szomoru et al. 1996). 

Sky surveys show that a majority (nearly 70%) of galaxies in the nearby universe occur in small 

modestly populated groupings such as the Local Group; fewer than 1% of galaxies are isolated 

(e.g., Tully 1987) and only about 5% occur in rich clusters (Dressler 1984). We note that the 

literature frequently applies the term "field galaxy" to denote all "non-cluster" galaxies. 

1.2 Environmental Influences on Galaxies 

The literature on the effect of the environment on galaxies is too vast to summarize comprehen- 

sively into a section of a chapter, obliging us to limit the discussion here. Fortunately, many 
reviews are available to which we shall refer: Dressler (1984), Oemler (1992) and Irwin (1995)) 

and Schweizer (1998) focussing largely on obser~at~ional work; White (1982), Barnes & Hernquist 

(1992), Evrard (1993), whose themes are the physical processes that affect galaxies. 

1.2.1 Galaxy Formation in Different Environments 

The origin of galaxies is closely tied with the formation of cosmological structures, driven by 

"gravitational instability" of the density fluctuations at early epochs in the history of the Uni- 

verse. Clumps of dark matter collapse in regions of slightly elevated densities and merge to 

form galaxies. The primordial baryonic gas of hydrogen and heliurn cool radiatively and con- 

dense within the parent dark halos, become self-gravitating and light up as stars. In hierarchical 

structure formation scenarios, galaxies then gather to form progressively larger systems such as 

groups and clusters of galaxies, filaments and walls. The primordial gas left over from galaxy 

formation remains bound within the cluster as the intracluster medium. The ICM can be heated 

nongravitationally through supernova ejecta and galaxy winds and become enriched with metals. 

Biased galaxy formation scenarios (e.g., Kaiser 1984) predict that the efficiency of galaxy forma- 

tion is enhanced in dense environments. Further, giant galaxies are more likely to be formed in 

regions of the highest density, while faint low-mass galaxies preferentially occupy voids (Dekel & 

Silk 1986). A general assumption, then, is that the efficiency of galaxy formation is determined 

by properties (e.g., density) of the local environment. 

1.2.2 Drivers of Galaxian Properties and Evolution 

The coupling of the galaxies to their environs post-formation (i.e., when the bulk of the gas has 

been turned into stars, and the galaxy has relaxed) occurs through various processes broadly 

classifiable into two categories: (i) stellar-dynamical, e.g., galaxy interactions, minor collisions, 

harassment, tidal stripping, mergers and cannibalism, and (ii) gas-dynamical, e.g., ram-pressure 

stripping by the intracluster medium, gas infall and cooling flows mass deposition, etc. These 

astrophysical processes, described rather tersely below, have different relative influence in the 

different environments. 
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The average separation between galaxies in groups or clusters is of the order of their owl1 di- 

mensions. T ida l  interactions, since gravity is always attractive, could hence be frequent. The 

interaction or collision timescale for galaxies, treating a cluster of galaxies as a thermodynamic 

state in a closed volume, may be parametrized as (Botllun 1998): 

- 1 

~ ~ ~ l l  = 10' yr 
100 gal Nd Mpc-:') (100 R& *pc2)] 

Tidal interactions are usually inelastic; they increase the internal energies of the galaxies at the 

expense of their relative (orbital) motions. Interactions rnay be weak or strong, their outconle 

depending on the orbital (e.g., impact parameter) as well as internal cllaracteristics (masses and 

compactness, structure of the dark matter halos) of the colliding galaxies. Multi-frequency ob- 

servations, from radio to X-ray energies, have made it abundantly clear that interactions between 

galaxies, as well as between galaxies and their surroundings, occur in at  least 10% of objects (see 

review by Barnes & Hernquist 1992). Gravitational forces and torques between galaxies in close 

passage can alter the stellar distribution and dynamics, e.g., creating tails and bridges of material 

(Zwicky 1957) and heating the galactic disk (e.g., Toth & Ostriker 1992) or warping their spiral 

structure (see review by Binney 1992)) and could even result in the individual galaxies merging 

into a larger elliptical galaxy which then drives evolution along the Hubble sequence (see below). 

Galactic collisions can also wreak havoc on the interstellar gas in the systeriis, driving shocks 

into the molecular clouds, heating and compressing the gas which could then fragment into a 

new batch of luminous stars (the "starburst" phenomenon, see Larson & Tinsley 1978; Kennicutt 

1998), or lead to bars which may fuel gas into the centers and incite energetic activity (the "active 

galactic nuclei" phenomenon, e.g., Sanders et al. 1988). 

Repeated high-velocity encounters between a massive galaxy and its much smaller companio~ls, 

termed galaxy harassment  (Moore et al. 1996), may be frequent in the cluster environment. 
Harassment mostly affects the smaller galaxies; each episode may cause only modest disturbances, 

but over a Hubble time, can transform faint spirals into dwarf ellipticals. Within clusters, col- 

lisions between galaxies leave the galaxy cores relatively unaffected, but change the envelops 

significantly by t ida l  s t r ipping (e.g., Richstone 1976). The effect of stripping rnay be strong 

during the initial cluster collapse (Merritt 1984) when the cross-sections for dynamical friction and 

galaxy-galaxy interactions would be larger; once the dark matter halo is stripped from a galaxy, 

its interaction cross-section reduces, and subsequent communication with the environment would 

be negligible. Tidal stripping of the outer halos of galaxies could generate a population of stars 

floating free of their host galaxies but still bound to the cluster in which the galaxies reside, and 

thus give rise to an extended halo around the central galaxy or create very diffuse intracluster 

light. Just as galaxy-galaxy encounters generate tidal forces, so do the variations in the gradient 
of the global group/cluster potential. The latter depend on the galactic orbit around the cluster, 

and results in tidal truncation of the galaxies such that the mean density of their outer regions 

are of the order of the mean cluster density (see Chapter 7 of Binney & Trenlaine 1987). 

A massive galaxy traveling through a sea of small cluster members (and a smooth background of 

dark matter) also suffers a steady deceleration in the direction of its motion due to dynamical  

friction. The dynamical friction timescale for the decay of an object on a circular orbit is (Bothun 
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Note that the dynamical friction force depends only on the total density of the particles in tlle 

"sea", not on their individual masses. Further, it preferentially slows down the more massive 
galaxies, which spiral in toward the cluster center, creating mass/luminosity segregation within 

a small core. 

Kinetic energy losses due to dynamical friction or inelastic tidal interactions could lead to con- 

traction of the relative orbits of the galaxies until "the two components form practically one 

object" (Holmberg 1941). But not every close encounter results in such a merger;  only re- 
peated encounters that are slow relative to the internal stellar velocity dispersion of the galaxies 

culminate in mergers. An extreme case of merging, termed galactic cannibalism, occurs at  
the centers of (mainly poor) clusters, where a giant central galaxy (see below) forms through 

a succession of such mergers and accretion of smaller companions. Some of the consequences 
of a merger are the following: (i) tidally-stripped stars (and dark matter) remain bound to the 

merger remnant, forming a common envelop or plumes and tails of stellar material; (ii) violent 

relaxation following the merger of two equally massive gas-rich spirals may redistribute the stars 

into the characteristic r1I4 law of elliptical galaxies (Toomre & Toomre 1977; Barnes & Hernquist 

- - 1992; Schweizer 1998, and references therein), thus transforming the Hubble type; (iii) dissipative 

effects on dense, cold gas leads to enormous central concentration of molecular gas that may fuel 

nuclear starbursts and activity (Kennicutt 1999). Galaxies that exhibit severe tidal disturbances 

usually have colors anomalously blue compared to undisturbed galaxies (e.g., Larson & Tinsley 

1978), implying a young stellar population. Triggered massive starbursts in tidal tails may also 

lead to the formation of tidal dwarf galaxies, and/or globular cluster systems; (iv) remnants of 

gas accumulated in the center may appear as kinematic subsystenls: disks in the cores of ellipti- 

cals, oddly-rotating or kinematically decoupled cores, or polar rings; (v) starbursts, supernovae, 

shocks at  the interface of the colliding disk galaxies, galactic wind, etc., could heat up the ISM 

and possibly form X-ray coronae around the elliptical remnant. Merger processes seem to have 

been visibly affected between 5% and 50% of all galaxies (Schweizer 1998). 

The cluster galaxies constantly plow through the hot intracluster medium, and can experience 

r a m  pressure (Gunn & Gott 1972) that could entirely strip the diffuse gas.from a spiral. It 

would be difficult to strip dense molecular clouds (Valluri &. Jog 1990), but easy enough to remove 

the outer parts of atomic gas disks (Kundic, Hernquist, & Gunn 1992). The consequences of ram 

pressure include (i) compression of the galaxian ISM leading to enhanced star formation; (ii) 

evaporation of the ISM and suppressed star formation; (iii) formation of emission line nebulae 

. in cooling flows due to the stripped gas; (iv) changes in the properties of cluster radio sources 

leading to narrow-angle tailed radio sources (e.g., O'Dea & Owen 1985; Venkatesan et al. 1995). 

Besides the above influences, galaxies may be subject to mass accretion of several M@ over a 

Hubble time from their surrounding dark matter halo or via a possible cooling flow in the cluster 

(see Fabian 1994). Galaxies in turn affect their environment via outflows (see Irwin 1995) of mass 

(as in radio jets), chemically-enriched material (through galactic winds, supernova eject a) , and 
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energy which heats the ICM to X-ray emitting temperatures. 

The nature and frequency of interactions depend strongly on the immediate environment. A field 

galaxy - which is not affected by dramatic gravitational encounters with massive neighbors or 

processes that strip its stars or gas - may remain embedded in its nascent dark halo and the 

primordial neutral gas (mainly H and He) from which it was formed. This gas may be infalling 

into the galaxy, as a consequence of which the star formation may proceed continuously enriching 

the interstellar medium in a way completely different from that happening in a galaxy cluster. 

Galaxy groups and clusters have galaxy densities large enough to lead galaxies into vigorous 

interaction, and potentials deep enough to retain much of the material detached or ejected as 

a consequence. The cluster environment can alter the effects of galaxy collisions. The random 

velocities of the galaxies in clusters are usually greater than their internal velocities. So, the time 

the two galaxies are close together is correspondingly shorter, and the probability of dynamical 

friction bringing galaxies into a bound orbit that may decay is also smaller than for an isolated 
pair. Therefore, the perturbation on cluster galaxies due to collision is weaker due to its inverse 

dependence on relative velocity and direct dependence on the duration of the collisio11. Rarn 
pressure stripping declines in proportion to the velocity dispersion (squared), so plays a relatively 

less important role in groups than in large clusters (e.g., Abadi, Moore, & Bower 1999). Generally, 

in a cluster the density of galaxies falls off as a function of distance from the center. Therefore, 

depending on the current location and orbit of a galaxy (i.e., on the local cluster galaxy density 

and velocity dispersion, and on the density and temperature of the ICM), a particular object may 

experience different degrees of interactions as a function of time. However, unlike in rich clusters, 

group velocity dispersions (or equivalently, virial temperatures) are similar to those of individual 

galaxies (roughly 200 km S-'). So energetic events within galaxies can have a significant impact on 

the properties of the modest groups as a whole. The mass distribution within the system (group 

or poor cluster) greatly influences galaxy interaction and merger timescales. If the dominant 

mass (50-90%) is in dark matter distributed generally through the group rather than in the 

individual galaxy halos, the times between mergers are increased (Bode et al. 1994). As already 

mentioned, tidal phenomena and mergers may have enhanced probability at  cluster formation 

and high redshifts when galaxy density is high and velocity dispersion low and may be ineffective 

currently within clusters where the velocity dispersion is high (Merritt 1984; Dubinski 1998). 

1.2.3 Signatures of Environmental Variations in Galaxy Properties 

Galaxy-galaxy and galaxy-cluster interactions - whose strengths vary from mild to completely 

disruptive, as seen above - have profound consequences on the morphology and evolution of 

galaxies as well as their environments. Notable manifestations of the role of environment in the 

formation and evolution of galaxies are in the differences between the members of rich clusters 
contrasted with objects in the field, in terms of the distribution of galaxy types, the gas content, 

star formation and related activity of galaxies. 

Averaged over all environments, spiral and irregular ,galaxies comprise E 70% of all galaxies, the 

rest being elliptical and SO galaxies. An important observation of the variations in bulk galaxy 

properties with environment is the galaxy morphology-density re la t ion  (see Table 1.1) which 
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shows that elliptical, spheroidal, and early-type spiral galaxies are preferentially found in dense 

environments (e.g., cores of clusters), while late-type spirals and irregulars are found ~nostly in 

low density (i.e., field) environnlents (see Dressler 1984; Oemler 1992). A related pherlonlenori 
is the morphology-radius correlation, seen through the increasing fraction of early-type galaxies 

at smaller clustrocentric radii (see Whitmore 1992). Indeed, the origin of the spheroidal (i.e., 

SO) galaxies is itself a controversial subject with the "nature" vs. "nurture" theme (covered in 

the review by Dressler 1984). In addition, the spiral fraction of a cluster is inversely correlated 

with the X-ray luminosity (e.g., Bahcall 1977) and velocity dispersion (e.g., Bahcall 1978). In 

X-ray luminous poor groups with fewer than 6 members, the morphological fraction varies from 

25% to 55%, similar to the situation in substructures within some rich clusters (Zabludoff & 
Mulchaey 1998). In fact, the dependence of morphology on density does not extend to very 

low densities. For local galaxy densities of ng 5 galaxies ~ p c - ~ ,  the morphological fractions 

remain approximately constant at the average field fraction (Postman & Geller 1984). This 

density corresponds to groups in which the crossing time is close to the Hubble time, suggesting 

that dynamical interactions between galaxies after formation, and ram-pressure evaporation of 

the gaseous medium in galaxies may be responsible for the differences in early-type fractions, 

perhaps through the transformation of Hubble types in the harsh environment of cluster cores. 

Table 1.1: Galactic morphological distribution in different environments 
Environment % E % SO % S 
Field 10 20 70 
Rich groups 10 30 60 
Rich clusters 20 40 40 

The most luminous, most massive, gigantic relaxed objects in the universe, the CD galaxies, are 

found exclusively close to the centers of clusters or groups of galaxies that are rich, high density 

regions. Whereas a typical giant elliptical galaxy may have a luminosity of about 1.5L*, where L* 

is the characteristic luminosity of the Schechter luminosity function (see Chapter 3), a CD galaxy 

shines at 10 - 12L* (Kormendy & Djorgovski 1989). These CD galaxies have surface brightness 

profiles in their inner regions similar to ellipticals, but in addition have extensive (several 100 kpc) 

luminous halos or envelops, which can contain as much light as the rest of the galaxy (Schombert 

1988, and references therein). Some cDs are surrounded by a population of faint galaxies that are 

bound to the CD itself, rather than to the general cluster potential (e.g., Bothun & Schombert 

1990). The buildup of these dominant cluster galaxies occurs due to a combination of repeated 

mergers that create the main body, and tidal disruption of numerous smaller cluster galaxies 

that supplies stellar material for the extended halo. The properties of these objects seem to be 

modulated by the richness of the global environment: CD galaxies in poor cluster are brighter than 

in rich clusters but lack the megaparsec-sized envelops seen in their rich cluster cousins (Thuan 

& Romanishin 1981). This difference may be due to the low tidal stripping rate in poor clusters 

compared with richer domains. We shall inquire into this topic further in Chapter 6 where we 

subject the brightest galaxies of our poor cluster to close scrutiny. 

Several classes of cluster radio sources are known to exhibit morphological and physical prop- 

erties that are dramatically influenced by their environments. Wide-angle tailed radio sources 
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(e.g., Gornez et al. 1997) and narrow-angle tailed radio sources (e.g., Bliton et al. 1998) arc 

unique to cluster environments. As the radio galaxy plunges through the ICM, the rarn pressure 

bends the radio lobes, creating the tails. Poor groups also host tailed radio galaxies in numbers 

more than one would expect from their ICM densities and velocity dispersions (Burns et al. 1987; 

Doe et al. 1995). 

Galaxies in close pairs have higher star formation rates (SFRs) than isolated galaxies (Ken- 

nicutt et al. 1987), testifying to interaction being able to induce star formation. But cluster 
galaxy star formation rates are on the average smaller than those in field galaxies, with a mono- 

tonic decline to the cluster center (Dressler 1980; Whitmore 1992; Balogh et al. 1999). Even in 

(high velocity dispersion) groups, the SFR in galaxies (corrected for Hubble type) is inversely 

proportional to the local galaxy density (Hashimoto et al. 1998; Allam et al. 1999). I11 Hick- 
son Compact Groups, galaxies show evidence for tidal disturbances, but few contain young stellar 

populations (Zepf & Whitxnore 1993). The quenching of star formation in higher density envi- 

rons may be due in part to ram-pressure stripping of the cluster galaxies which denudes them 

of their interstellar medium, and partly because star formation is inherently less effective in the 

tidal fields of dense environs (which remove low density gas in galactic halos as well as gas-rich 

satellites/companions which could be accreted by large galaxies). 

Early-type galaxies in clusters tend to have integrated colors that are closely correlated with their 

luminosities, such that brighter galaxies are redder. It turns out that the color-magnitude 
diagrams of galaxies in "irregular" clusters - no matter rich or poor - are less tight compared 

to those of "regular" clusters (Garilli et al. 1996), indicating the influence of the cluster dynamical 

state on the galaxy population. In Sec. 4.2 of this thesis, we shall explore the color-magnitude 

relation for poor cluster galaxies. 

At higher redshifts, clusters contain a large fraction of blue galaxies (the Butcher-Oemler 

effect), quite in contrast to nearby rich clusters where red ellipticals predominate. The blue 
galaxies consist mostly of star-forming disk galaxies, a few peculiar (interacting) galaxies and 

hardly any merger remnants, favoring the galaxy harrassment explanation for their origin (Oem- 

ler, Dressler & Butcher 1997). We shall delve further into the topic of blue galaxies in Sec. 4.4 

of this thesis. Another peculiar phenomenon, the rare "E + A", or post-starburst, galaxies first 

identified in high-redshift clusters (Dressler & Gunn 1992) being also found in the field (Zabludoff 

et al. 1996) attests to interactions of paired galaxies rather than any global environmental effect 

being important. 

Galaxies in groups are deficient in neutral hydrogen (HI) alike their kin in cluster cores (see van 

Gorkom 1996), although to a lesser extent. In some Virgo cluster spirals, "ram-pressure stripping 

has done serious damage to the HI disks, while in other galaxies turbulent viscous stripping and 

thermal conductivity have caused a mild, but global HI deficiency ..." (Cayatte et al. 1994). But 

the HI deficiency does not translate to changes in molecular gas masses which are not greatly 

deficient or otherwise unusual (e.g., Kenney & Young 1989). 

Galaxies that reside within the lowest density voids - mostly late-type, gas-rich systen~s - are 

similar to field galaxies of the same morphological type in their optical properties and neutral 

Hydrogen content (Szomoru et al. 1996). So, there are no strong variations between void galaxies 
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and those in more normal environments, in contrast to the situation in clusters where there are 

dramatic differences in galaxy star-formation properties as a function of local density. 

The differential probability distribution of galaxies over luminosity or absolute magnitude is 

termed the luminosity function (LF). The LF - for a given mass-to-light ratio - serves 

as a first approximation to the mass function of galaxies. If environmental influences are not 

important, and if galaxy formation occurred with the same efficiency everywhere in the universe, 

the LF would then be a universal function. But we have seen that galaxies are different in the 

two extreme density domains of the field and cluster. Further, if clusters are dynamically active, 

their occupant galaxies are evolving in lurninosity and number density. So LF estimates of cluster 

galaxies might be as informative of cluster-related influences on the bulk properties of galaxies as 

about cosmological parameters such as the shape of the primordial mass spectrum. Controversy 

persists as to whether the LF is universal or varies with environment; observational studies have 

suggested both. We shall postpone further discussion about this topic to Chapter 3. 

Rotation curves of spirals in the cores of clusters exhibit a decline at  the outer radii, in contrast 

with the asymptotically flat, or even rising, rotation curves of galaxies in the field or in the 

peripheries of clusters (Whitmore, Ford, & Rubin 1988). This effect is marginal for early-type 

spirals but is marked for the late-type spirals (Adami et al. 1999). Falling rotation curves suggest 

that the dark matter halos of the core galaxies may have suffered stripping due to galaxy-galaxy 

or galaxy-cluster interactions (see e.g., Balkowski 1992). 

Elliptical galaxies lie on a fundamental plane defined by bivariate correlations between their 

global properties of radius, velocity dispersion and mean surface brightness (Dressier et al. 1987; 

Djorgovski & Davis 1987). However, field ellipticals and cluster elliptical galaxies populate dif- 

ferent fundamental planes (de Carvalho & Djorgovski 1992). The differences are particularly 

noticeable for correlations that include stellar population variables sensitive to both the galax- 

ian history of star formation and metal enrichment, and suggest different formation histories 

and epochs for ellipticals in the two extreme environments. In Sec. 6.3.4, we shall examine the 

brightest cluster members in the light of an equivalent of the fundamental plane. 

We see that galaxy properties show marked differences among different environments. A wide 

variety of mechanisms may be affecting the structure and dynamics of galaxies it is uncertain 

which of these are actually operating, and to what degree they are important. The above discus- 

sion also shows that there is not a one-to-one correspondence between a given observation and 

its causes; secular or stochastic effects of dissimilar dynamical and evolutionary histories might 

present similar present-day galaxies. To catch the environmental processes in action, one has to 

compare galaxies across the field, small associations and rich clusters at  various epochs. 

- 1.3 Background on Poor Clusters 

"Poor clusters" (PCs), which we study in the present thesis, are aggregates of a few tens of galaxies 

with velocity dispersion of about 300-700 km S-l (Beers et al. 1995). ~ l l e i  are intermediate 

environs between small groups (with fewer than five galaxies brighter than L*) and crowded rich 

clusters (which contain upto several hundred galaxies brighter than L*), and contain about 20% 
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of the galaxies in the nearby universe. A large fraction of poor clusters are luminous, extended 

X-ray sources; the galaxy distribution traces the X-ray structure (Dell'Antonio et al. 1995). The 

mass in galaxies is about half the mass in the ICM, arid together these add up to about 510% 

of the total mass of the cluster. 

1.3.1 Motivation for Studying Poor Clusters 

Many, if not all, theories of galaxy formation arid evolution are tied in some way to cluster proper- 

ties such as velocity dispersion, total cluster mass, baryon fraction, galaxy population, and galaxy 

density. Galaxies within rich cluster evince tlie most dramatic environmental forcing; however, 

comprising only a few percent of tlie total galaxy population, and subject to exceptionally strong 

environmental effects, rich cluster denizens represent a minority population. Poor clusters are 

not so massive as rich clusters, but are far more numerous. They form a natural and coritinuous 

extension to lower richness, mass, size, and luminosity from the rich and rare clusters (Bahcall 

1980; White et al. 1999; see also Table 1.2). Hence they contribute a significant quantity to the 

mass and baryonic fraction of the universe, 'contain a larger fraction of the galaxy population 

than do their richer versions, and bridge the gap between the well-studied enviroriments of the 
rich clusters and the special groups such as the Hickson Compact Groups. 

A majority of rich clusters show substructures in their galaxy distributiori as well as in X-ray 

(White, Forman & Jones 1997, and references therein). Moreover, poor clusters are effective 
tracers of the large-scale galaxy distribution, with the group centers following the distribution 

of all galaxies (Ramella, Geller, & Huchra 1989), and their principal axis being aligned with 

their neighbors on scales extending to about 15-30 h-' Mpc (West 1989). X-ray data (Mulchaey 

2000) show that in superclusters, massive Abell clusters are linked together by groups and poor 

clusters of galaxies. If clusters and superclusters formed hierarchically from smaller associations, 

poor clusters, as the building blocks, provide a natural focus to understand the formatiori and 

evolution of large-scale structure in the universe. 

Further, poor clusters provide a sample of galaxies in medium-sized communities with populations 

and velocity dispersions that support galaxy interactions. It is then interesting to examine how 

galaxies evolve in such small clusters where, in comparison with rich clusters, the effects of the 

intracluster plasma is comparable but the tidal perturbations due to the global potential are 

weaker, but where, in comparison with small groups, the velocity dispersions are higher and the 

global potential deeper. If the kinematics and dynamical youth of poor clusters (e.g., Beers et 

al. 1995; Ledlow et al. 1996) make them preferred sites for galaxy-galaxy interaction (some of 

which may culminate in mergers), one expects that the morphologies and star formation histories 

of some member galaxies to be altered, leading to variations in the bulk properties of cluster 

galaxies. 

Among the statistical properties of galaxies is their luminosity function (LF). If, as mentioned in 

Sec. 1.2.3, the shape of the LF varies with environment, it agrees with the predictiorl of standard 

biased galaxy formation models. Then, for example, tlie dwarf-to-giant galaxy ratio increases 

significantly with the richness of the environment (e.g., Phillipps et al. 1998), one expects the 

poor cluster LF to be steeper than those in the field and small groups, and flatter than that 
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of much richer clusters. Instead, if the LF is universal or consistent in shape within different 

environments, it argues for the galaxy mass function being insensitive to global neighborhood. If 

galaxy evolution in poor clusters is different from (and more recent than) that in the cores of rich 

clusters or the field, it may have a noticeable effect on the poor cluster LF. 

Many poor clusters also harbor gigantic galaxies at  their centers (defined by the centroid of either 

the galaxy distribution or the X-ray emission, which may frequently coincide). As discussed 

in Chapter 6, these central galaxies are "special" objects, end-points of extensive rriergi~ig or 

cannibalism (e.g., Merritt 1984; Dubinski 1998). Comparison of poor cluster dominant galaxies 

with their rich cluster equivalents would shed light on the dynamical processes that affect cluster 

galaxies, and on the formation of extremely massive galaxies, including CD galaxies. 

Therefore, poor clusters provide an important niche for testing theories of galaxy formation and 

evolution in different environments. Though very numerous and cosmologically significant, poor 

clusters do not proffer themselves to detailed study easily, mainly due to their low relief against 

the background. Further, as poor systems are best identified and usually studied in our immediate 

neighborhood, remarkably little is known about these systems at intermediate or high redshift. 

But, local as well as moderately distant poor clusters are crucial for interpretation of systems at 

high redshift. It is only recently - thanks largely to X-ray surveys that are beginning to detect 

poor systems at increasingly larger redshifts although their goal is usually to find distant rich 

clusters (e.g., Jones et al. 1998; Vikhlinin et al. 1998) - that these entities have started receiving 

the attention they merit. I t  is important for statistical studies of groups and poor clusters to 

develop a broad reach like that of rich cluster studies. 

1.3.2 Definitions and Catalogs 

"When I use a word," Humpty Dumpty said, in  rather a scornful tone, 
"it means just what I choose it to mean - neither more nor less." 

- Lewis Carroll 

When can a galaxy agglomeration be labelled a poor cluster? While the assignment of galaxies into 

the "field" or "rich clusters" is fairly unambiguous, arbitrariness persists about when a spatial 

over-density of galaxies can be identified as a "poor cluster". Generally, a grouping of galaxies 

is termed poor if its population fails to satisfy some limiting (say, Abell's) nurnber criterion 

for a rich cluster5. Small multi-galaxy systems are called "groups" or "clusters", with each 

term further qualified by a plethora of adjectives such as "poor", "rich", "loose", "compact". It 

emerges, then, that poor clusters would span the entire gamut of galaxy populations from triplets, 

'Rich clusters contain, by traditional definition (Abell 1958), a t  least 50 galaxies brighter than m3 + 2 mag 
(where m3 is the magnitude of the third brightest cluster member) within a radius of R = 1.5 h-' Mpc of the - cluster center. This galaxy count within the specified area around the cluster center and within the luminosity 
range of a factor of about six of the third brightest member generally goes by the tag of the richness of the cluster. 
Richness is thus also a measure of the mean surface galaxy density of the cluster. Included in the Abell catalog 
are clusters of richness 0 that contain between 30 and 50 galaxies, and which the literature commonly refers to as 
"poor clusters". These clusters are part of the nor~statistical compilation of Abell, included in his catalog merely 
to enhance its value as a finding list, and thus are incomplete in an unknown way. Abell issued a warning in his 
original catalog that there is nothing sacred about the richness criteria, and that dispersion in cluster richness - 
estimates may be about one richness class. 
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through quintets, through systems like the Local Group, upto (and including) the threshold of 

rich clusters. Today, the distinction between "groups" and "clusters" is itself becoming fuzzier, 

and retaining the nomenclature of old "would obscure the continuous spectrum of properties 

possessed by these objects" (White et al. 1999). A n  operational definition of a poor cluster is 

that its bright galaxy population must number > 5 but < the Abell (1958) richness 0 criterion 

of between 30 and 49 galaxies within two magnitudes of the third brightest cluster member. The 

typical region for counting the galaxies would have a radius about 0.5 Mpc around the cluster 

center (Sec. 3.3.1 includes detailed discussions about richness of poor clusters). 

Existing poor cluster catalogs have both overlapping and widely divergent selection criteria such as 

population or richness, density contrast over the background, compactness, presence of extended 

matter between the galaxies, etc. Though varied and often subjective, these catalogs testify to 

four major ways of identifying poor clusters: 

1. in 2-D through projected enhancements in galaxy counts over the background, (i) by 

visual inspection of photographic plate$, e.g., de Vaucouleurs (1975), similar to the creation 

of the catalogs of rich clusters of Abell(1958) and Zwicky (1951-56) and the compact groups 

of Shakhbazian (1973), Rose (1977) and Hickson (1980), or (ii) through automated searches 

using the Friends-of-Friends algorithm, e.g., Turner & Gott (1976), White et al. (1999). 

2. by the presence of a special galaxy such as (i) a CD galaxy, e.g., the thirty-odd poor 

clusters of Morgan et al. (MKW; 1975) and Albert et al. (AWM; 1977) collectively called 

the Yerkes clusters, or (ii) a strong radio source, e.g., Allington-Smith et al. (1993) similar 

to the approach for finding distant rich clusters of Dickinson (1995), or on the basis of 

visible signs of interaction between galaxies as in the peculiar galaxy groups of Vorontsov- 

Velyaminov (1959) and Arp (1966). 

3. in 3-D using both positional and velocity information, or equivalently, volunle rather 

than surface density enhancements, using (i) the hierarchical method - Tully 1987; Gour- 

goulhon, Chamaraux, & Fouque 1992, or (ii) the percolation method - Huchra & Geller 

(1982); Maia, da Costa, & Latham (1989); Trasarti-Battistoni (1998); Tucker et al. (2000), 

or (iii) both - Garcia et al. (1993); Giuricin et al. (2000). Note that these catalogs usually 

pick out small groups of about 4-8 galaxies. 

4. by the presence of an intracluster medium that is detected in X-ray, followed by optical 

identification of galaxy overdensities in the same regions. Though most cluster catalogs 

from X-ray surveys have focused on detecting rich clusters, they inevitably include many 

poor clusters, e.g., the serendipitous cluster detections in the Einstein Medium Sensitivity 

Survey (EMSS; Gioia & Luppino 1994); and the catalog of Vikhlinin et al. (1998), the Wide 

Angle ROSAT Pointed Survey (WARPS; Scharf et al. 1997; Jones et al. 1998), the bright 

Serendipitous High-Redshift Archival Cluster survey (SHARC; Collins et al. 1997). 

An important uncertainty in discovering poor clusters through projected galaxy overdensity in 

the optical is in their very identification: even at moderate redshifts, their contrast against the 

background (of random fluctuations in surface number density of field galaxies) is weak. Thus, 
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some poor systems identified as projected overdensities are likely to be chance superpositions 

of galaxies. On the other hand, optical richness of z 5% of "rich" clusters are likely to be 

significantly overestimated (Struble & Rood 1991) due to interloping galaxies (which also explains 

the unexpectedly low X-ray luminosity of such clusters which are preferentially found in denser 

or supercluster environments). 

An improved way of detecting poor clusters is to supplement the projected spatial overdensity with 

distance information. The advantage of using objective searches such as the F'riends-of-Friends 

method is that few real systems are missed, at  the risk of including some spurious ones (Frederic 

1995; Diaferio 1999). Though the algorithm is well-defined, the use of different parameters leads 

to catalogs with overlapping groups with different numbers of galaxies. In fact, many cataloged 

groups or poor clusters may not be real physical systems (e.g., Walke & Mamon 1988; Hernquist 

et al. 1995; Ramella et al. 1997)) but rather pairs chance superpositions of galaxies, or large-scale 

structure filaments viewed edge-on. 

The observation that over 80% all rich clusters (riihness 2 0) are X-ray sources (Briel & Henry 

1993) and that about 50% of all nearby groups of galaxies (regardless of whether they are compact 

or loose) contain a hot intragroup medium (e.g., Ponman et al. 1996; Burns et al. 1996) motivates 

a method of cluster selection that is more secure than in the optical. X-ray emission implies 
the presence of a deep potential well such as that of a massive galaxy system, to contain tlle 

high-energy 1 0 7 ~  plasma. X-ray lulninosity (Lx) of the hot ICM is proportional to the square 

of the gas density, making X-ray selection less susceptible to the projection effects that plague 

optical selection by galaxy overdensity. Poor clusters that contain a few tens of galaxies are X-ray 

emitters with Lx ranging from several 104'erg S-' to several 1 0 ~ ~ e r g  S-' (~chwartz et al. 1980; Kriss 

et al. 1983; Burns et al. 1981; Price et al. 1991; Dell'Antonio et al. 1994; Doe et al. 1995; Dalllem 

& Thiering 2000). Even poorer galaxy groups also contain intergalactic material (Mulchaey et 

al. 1993; Ponman & Bertram 1993; Pildis et al. 1995; Ponman et al. 1996; Mulchaey & Zabludoff 

1998; Helsdon & Ponman 2000). The Lx of poor systems are consistent with their being scaled- 

down versions of more massive clusters; the X-ray luminosity function (XLF) for poor clusters is 

a smooth extrapolation of the rich cluster XLF (Burns et al. 1996, for the WBL poor clusters), 

and is also consistent with that of an X-ray-selected sample of smaller groups (Henry et al. 1995). 

In this thesis, therefore, we choose to use an X-ray-selected sample from the catalog of clusters 

of galaxies (Gioia & Luppino 1994, GL94 here onwards) detected in the Einstein Observatory 

Medium Sensitivity Survey (EMSS; Gioia et al. 1990; Stocke et al. 1991). GL94 noted that 19 

of the nearly one hundred EMSS clusters displayed morphologies and galaxy counts that were 

best described as that of poor clusters; we have selected these poor clusters as the objects for 

our study. Such selection is then not entirely objective, for the optical richness is merely a visual 

estimate. In Chapter 2 we provide details of the sample of poor clusters we have studied in this 
- thesis. We shall estimate that the typical population of the EMSS poor clusters is about 10 

galaxies, and their velocity dispersions (from the correlation of the same with X-ray luminosity) 

are about 500-800 km S-l. In the present section we merely delineate another valid method of 

constructing a set of poor clusters. 

But is cluster selection through the X-ray luminosity of the ICM flawless, and does it unearth a 
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complete set of poor clusters? The shape of the XLF is similiar for different Abell richness classes, 

but manifests a luminosity-richness relation: the characteristic luminosities increase by about 

twice for an increase by one in richness class (Briel & Henry 1993). Thus, flux-limited surveys 

tend to pick out the more luminous objects. Moreover, galactic content and cluster dynamical 

age may dictate the X-ray visibility of the galaxy multiplets; for instance, small galaxy groups 
* 

tend not to be X-ray detected if they are composed exclusively of spiral galaxies (see Mulchaey 

2000), and even among Abell rich clusters, irregular clusters tend to be weaker X-ray emitters 

(see, e.g., Forman & Jones 1984). Further selection effects may persist because X-ray fluxes 
from gas-poor clusters may be low, causing incompleteness in catalogs; and clusters in which the 

gas distribution is compact (unresolved) usually find themselves excluded from cluster catalogs. 

Another important consideration is that clusters comprise only about 10%-20% of the total source 

population detected in X-ray surveys (e.g., Stocke et al. 1991; Vikhlinin et al. 1998). On the other 

hand, X-ray surveys have found intriguing objects sucli as "fossil groups" wherein bright galaxies 

have merged to form a single bright galaxy with extended X-ray emission (Ponman et al. 1994), 

and "dark clusters" (e.g., Hattori et al. 1997). Exploration of a sample of X-ray-selected poor 

clusters should in any case prove profitable.' 

The lower spiral fractions of X-ray selected galaxy groups (see Mulchaey 2000) suggests that such 

a choice may produce a more dynamically evolved sample of groups (Henry et al. 1995). So, our 

sample is necessarily biased toward the more evolved poor clusters wherein the ICM is heated 

enough to emit high-energy radiation. The average bright galaxy populations of the systems in 

catalogs mentioned above range from about ten (e.g., the Allington-Smith et al. radio groups, 

WBL clusters), to the equivalent of Abell Richness 0 to -2 (in the definition of Bahcall 1978) for 

the MKWIAWM poor clusters (Bahcall 1980), while the number of comparably bright galaxies 

in Hickson Compact Groups, for instance, is typically about 4. We shall see in Sec. 3.3.1 that 

the EMSS poor clusters we study bracket the same richness range as the Yerkes poor clusters. 

We see that in the literature on poor clusters, there exist many catalogs with varied selection 

criteria of galaxy population and density, compactness, etc., testifying to the diversity of this 

environment. Thus, poor clusters are probably a mixed bag6 of galaxy aggregates important in 

the study of galaxy formation, evolution, cluster formation and dynamics as well as in cosmology. 

1.3.3 Content: Galaxies and Intracluster Medium 

To first order, galaxy groups and poor clusters appear to be successively scaled-down versions 

of rich clusters (see Table 1.2). The optical properties (richness, central galactic density, galaxy 

spatial distribution, and galactic content) of poor clusters represent a smooth continuation from 

the properties of Abell (rich) clusters to lower richness (e.g., Bahcall 1980; Ledlow et al. 1996). 

The median velocity dispersion of poor clusters (B 350 km S-') is about half of that fourid 
in richer environs, and their radii are typically also half that of the rich clusters. The X-ray 

emission (Lx -- 1041 - 1 0 ~ ~ e r ~ s - l )  often extends to radii of 0.5hrt0 Mpc, and beyond the 

visible galaxy distribution with a size typically half that of rich clusters. The intracluster medium 

has temperatures of 1-3 keV (Hwang et al. 1999) which are at  the lower end of the range occupied 

6All authors believe that the poor clusters in their particular catalog are "representative" of the class as a whole. 
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by rich clusters, and somewhat higher than that of smaller galaxy groups (about 1 keV). ICM 
metallicities are < 10% of the solar metallicity (compared with 20-30% solar for clusters; see 

Mulchaey 2000 for more about interrelationships between X-ray and dynamical characteristics of 

galaxy groups). The poor cluster X-ray luminosity function (XLF) is a also smooth extrapolatiorl 

of the rich cluster XLF (Burns et al. 1996). 

Table 1.2: Typical properties of clusters and groups. 
Property Rich clusters Poor clusters/Groups 
Richness 50-300 galaxies 3-50 galaxies 
Radius (1-2) h-' Mpc (0.1-1) h-' Mpc 
Radial velocity dispersion 400-1400 km S-' 100-500 km S-' 

X-ray luminosity ( 1 0 ~ ~ . ~  - 1045)h-2 erg S-' - 1 0 ~ ~ h - ~  erg S-I 

X-ray temperature 2-14 keV - 2 keV 
Fraction of galaxies in the Universe - 5% - 55% 

Poor clusters possess total masses of a few,to ten times 1 0 ~ ~ 1 ~ ~ .  The gas-to-stellar mass ratio 

is z 1.5h-O.~, similar to the value for rich clusters, while the baryon fraction ( N  10%) is about 

half that in rich clusters (e.g., dell'Antonio, Geller, & Fabricant 1995; but see Roussel, Sadat, 

& Blanchard 2000). Furthermore, the baryonic masses are a small fraction of the total mass, 

indicating that such mid-sized galaxy aggregates are dominated by dark matter. 

For poor clusters, richness, optical properties of the first-ranked cluster galaxies and X-ray lu- 

niinosities are correlated (Bahcall 1980; Yamagata & Maehara 1986). But for small groups of 

galaxies, such relationships are not strong (see Mulchaey 2000 and references therein). However, 

the bulk morphological composition of all small galaxy systems - small groups or poor clusters 

- show appreciable correspondence with the X-ray luminosity such that the fraction of early-type 

galaxies increases with Lx (Bahcall 1980; Mahdavi et al. 1997; Hickson 1997; Mulchaey 2000). 

Figure 1.2: Digitised Sky Survey optical image of the poor cluster AWM7 (z = 0.017) overlaid 
with ROSAT X-ray contours. Notice that the high-energy emission is extended and peaked on 
the brightest cluster galaxy. 
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The CD galaxies in poor clusters are usually at  the kinematic centers, as shown by tlleir srnall 

relative velocities vis-arvis the mean velocity of the cluster, and by the coincidence of their position 

with the cluster galaxy isopleth and peak of X-ray emission. 

Tailed radio galaxies are found in the poor groups in larger numbers than expected through 

extrapolation from rich clusters (Burns et al. 1987; Venkatesan et al. 1994; Doe et al. 1995). 

Furthermore, these objects are similar in physical characteristics related to the radio jet, spectral 

indices, etc. This fact supports the following: the radio objects have high velocities (possible due 

to poor clusters being dynamically young) and their local environments are strikingly similar in 

density, magnetic field structures, etc., irrespective of the global richness. 

The smooth, symmetrical X-ray emission from the ICM that fills poor clusters shows a sharp 

peak on the central galaxy (e.g., Kriss et al. 1983). Though a few X-ray-luminous poor clusters 

(e.g., the CD-dominated poor cluster AWM7; Neumann & Boehringer 1995) and even lower-mass 

systems (e.g., the NGC 5044 group; David et al. 1994) show the central excess in electron density 

and drop in ternperature characteristic of cooling flows, it is unlikely the majority of them host 

cooling flows. The central X-ray luminosity excesses are probably unresolved emission from the 

brightest cluster galaxies (Doe et al. 1995; Mulchaey & Zabludoff 1998). Whereas cooling flows in 

rich clusters tend to be inhomogeneous, with a significant amount of the gas cooling out a t  large 

radii (cf. Fabian 1994), they are nearly homogeneous in small groups (David et al. 1994). This is 

in keeping with the plasma temperature being significantly higher in rich clusters than in groups, 

where it is comparable to the virial temperature of both the group itself and the central galaxy. 

X-ray emission in the cooling flow region may be provided by the gravitational energy in groups, 

whereas central mass deposition dominates in rich clusters. Overall, poor clusters represent the 

transition between poor groups and rich clusters. 

1.3.4 Are Poor Clusters Real? Bound? Virialized? 

Many galaxy associations, especially small groups, have non-negligible chances of being mere 

projection effects. This could be due to accidental over-population of field galaxies in the line-of- 

sight (Sulentic 1987), or due to galaxy pairs projected close to field galaxies (Walke & Ma~non 

1988), or due to large-scale cosniic structures such as filaments and sheets of galaxies (e.g., Ranlella 

et al. 1997). As an instance, only 40% of the groups identified by Huchra & Geller are extended 

X-ray sources, with the remaining 60% being either accidental superpositions or systems devoid 

of X-ray plasma (Mahdavi et al. 2000). Even optical-X-ray identification of poor clusters is not 

without pitfalls. The existence of diffuse X-ray emitting gas is not necessarily evidence that a 

galaxy association is real or bound; especially in very poor groups, X-ray emission could be from 

sparser systems in filaments along the line of sight (Ostriker, Lubin & Hernquist 1995) or through 

shock-heating of primordial gas (Hernquist et al. 1995). 

So, are poor clusters real, gravitationally bound galaxy aggregates? There is considerable obser- 

vational support for a large fraction of small- and mid-sized galaxy systems being real, physical 

systems and not merely chance superpositions or large-scale filaments viewed edge-on. Such evi- 

dence includes (i) a large population of spectroscopically-confirmed faint member galaxies (Ledlow 

et al. 1996; Zabludoff & Mulchaey 1998), (ii) the presence of a first-ranked galaxy as luminous 
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and large as any seen in rich clusters, and which could orlly have arisen from multiple mergers 

of several bound galaxies (N.B.: the MKW/AWM clusters were identified on such a basis), and 

(iii) extended X-ray halos due to a confined, diffuse intracluster/intragroup ~nediurn (e.g., in the 
Yerkes clusters - Kriss et al. 1983; Price et al. 1991; in srnall groups - Ponman et al. 1996; 

Mulchaey & Zabludoff 1998; Mahdavi et al. 1999, Helsdorl & Ponrnan 2000) sirnilar to those 

seen in rich clusters. As mentioned already, X-ray selection is generally secure because X-ray 

luminosity increases as the square of the gas density (and depends also on the X-ray temperature 

which is an index of the total potential). Though the velocity distribution of galaxies within srnall 

systems is frequently non-Maxwellian, most (= 70 - 100%) poor clusters are likely to be bound 

(Ramella et al. 1989; Beers et al. 1995; Barton et al. 1998; Zabludoff & Mulchaey 1998). 

Poor cluster crossing times of a few 10' years are shorter than the Hubble time; after a few crossirig 

times, it is likely that clusters would be relaxed. However, though bound, not all poor clusters 

may be virialized; many are likely to be part of larger, bound systems such as larger, more diffuse 

clusters or filaments of galaxies (e.g., Beers et al. 1995; Doe et al. 1995). This attests to continuing 

hierarchical growth of large-scale structure on all scales; small groups and poor clusters fall into 

large clusters. It is likely that a few Yerkes clusters and most elliptical-dominated galaxy groups 

are relaxed systems; their diffuse ICM extends to hundreds of kiloparsecs and appears smooth, 

reflecting perhaps the equally smooth system potential well (see Mulchaey 2000). Further, cooling 

flows exist in some of these aggregates, suggesting the hydrostatic equilibrium of the long-lived 

intragroup gas (see Sarazin 1988; Fabian 1984). In contrast, it is likely that some groups with 

low X-ray luminosity and temperature, that tend to have irregular X-ray ~norphologies, are still 

dynamically restless and not virialized. Several MWKIAWM poor clusters (Beers et al. 1995), 

approximately half the sample of WBL poor clusters (Ledlow et al. 1996), and a few poor groups 

(Zabludoff & Mulchaey 1998) also exhibit complex substructures in the velocity distributions. 

The member galaxies of these systems may then be on different orbits, and may not have mixed 

well enough to validate a virial analysis for such systems. In effect, the optical morphology, large- 

scale environment, presence of tailed radio sources (Venkatesan et al. 1994) and substructure in 

the velocity field and X-ray emission of many of these objects suggest that poor clusters belong 

to a class of "young, dynamically evolving clusters" (Ledlow et al. 1996). 

Regardless of their diversity, poor clusters represent the same genre of objects - largely bound, 

dynamically active entitities in the regime of intermediate clustering strength. 

1.3.5 Simulations 

N-body simulations of poor clusters with enough particles to resolve the individual galaxies are 

becoming feasible only of late. While each suite of simulations has its own characteristic features 

and limitations, they evince some processes and phenomena in common as summarized below. 
Dynamical evolution reveals itself as substructures in the galaxy counts and in the projected 

density of the intracluster medium (ICM) except in isolated clusters where substructure is less 

pronounced (Lima Neto & Baier 1997). So long as the centers of the galaxy groups are reason- 

ably dense, under widely different initial conditions - spherical or non-spherical, isotropic or 

anisotropic collapse, virialised or unrelaxed systems - merging instability leads to the formation 
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of a giant, massive central galaxy early in the cluster history (Barnes 1985; Bode et al. 1994; 

Lima Neto & Baier 1997; Dubinski 1998; Garijo, Athanassoula, & Garcia-Gomez 1997; Atllanas- 

soula, Garijo, & Garcia-Gomez 2001). The mass distribution within the system greatly influences 

galaxy interaction and merger timescales. Within small systems removing mass from dark ha- 
los around individual galaxies and redistributing it throughout the cluster into a cornrrlori lialo 

results in lowering the galaxy merging rate (Bode et al. 1994; Athanassoula, Makino, & Bos~na, 

1997; see also Hickson 1997 for a summary of dynamical evolution of the dense compact groups). 

On the other hand, increasing the initial ICM or common halo mass while keeping the galaxy 

masses and structure unchanged raises the merging rate due to dynamical friction with tlle ICM. 

Galactic cannibalism of smaller galaxies by tlie massive central object may ensue for a Hubble 

time, resulting in a small increase in the mass of the latter (Dubinski 1998). The merger product 

residing at the group kinematic center can be identified with the first-ranked galaxy. Its formation 

history and properties (shape, surface brightness, and velocity dispersion) intimately reflect the 

initial galaxy distribution: anisotropic, aspherical initial conditions result in triaxial objects with 

anisotropic velocity dispersion, and principal axes that are aligned with the host cluster. 

1.4 Objectives and Presentation of the Thesis 

In this thesis we present an observational study - primarily through optical imaging - of galaxy 

properties within four X-ray luminous poor clusters at  moderate redshifts (0.08 < z < 0.25). Our 

sample is small, so we perceive the work as a reasonable beginning into the systematic study of 

poor clusters beyond the nearby universe. Our approach will be to examine (i) the statistical 

proper ties of the galaxies, including their luminosity distribution, their stellar contents, spatial 

distributions, etc., and (ii) the brightest cluster galaxy in detail. We place these poor cluster 

members in context between those in dense rich clusters and the sparser loose groups and the 

field. 

The arrangement of the rest of this thesis is as follows: 

Chapter 2 describes the selection and optical observations of the poor clusters. We select 

poor clusters as luminous, extended X-ray sources identified with galaxy overdensities that 

are noted as being optically poor in the EMSS Catalog of clusters of galaxies (Gioia & 
Luppino 1994). We give an account of the telescope and instruments that provided our 

observations of four poor clusters, and the analysis and photometric calibrations of the 

derived images. We report on the detection of faint objects on the CCD images and their 
separation into stars or galaxies, but postpone the galaxy catalogs to an appendix. We 

estimate the completeness of the detections, and accuracy of both the star-galaxy separation 

and photometry. Three of the EMSS clusters in our sample have been the subject of a few 
observations in the literature, some akin to ours. We will compare our results with the 

literature as we go along. 

What is the nature of the luminosity function in tlie poor clusters? Chapter 3 characterizes 
the distribution function of the cluster galaxies in luminosity. To cull cluster members 
from all the galaxies in the catalogs, we apply two independent methods: subtraction 
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of background galaxies using statistical counts in the literature, and using the tight color- 

magnitude relation of cluster galaxies which we derive in Chapter 4. We compare the number 

counts of galaxies in absolute magnitude of the four individual clusters, and then create a 

composite poor cluster lunliriosity function. We inquire into whether tlie "universal" nature, 

i.e., lack of environmental dependence, of the galaxy luminosity function is supported by our 

studies. We also estimate cluster richness defined by several authors and their correlations 

with X-ray properties. 

a How do colors of galaxies in poor clusters compare with those in the field and rich clusters? 

In Chapter 4 we study the evolutionary properties, e.g., stellar content, of the cluster 

galaxies. We derive the relation between the optical magnitudes and colors of the galaxies, 

and show that a significant fraction of objects in the lines-of-sights to the various poor 

clusters fall within narrow ridges in the color-magnitude (CM) plane. We use this well- 
defined ridge to "identify" cluster members, to derive their luminosity functions in Chapter 

3, and to deduce spatial segregation by galaxy luminosity or morphology, in Chapter 5. 
We estimate the fraction of bright galaxies that appear to be cluster members but have 

rest-frame colors bluer than those expected for early-type galaxies at  the cluster redshift. 

We compare both the CM relation and the blue fraction with those in rich clusters. 

a What is the morphology of the poor clusters? We provide optical-X-ray overlays of the 

sample poor clusters in Chapter 5. We provide the first-order quantitative information 

about the core and halo sizes of the poor clusters, and the spatial distribution of the galaxies 

within them. Besides these, we examine whether the galaxies show appreciable segregation 

in luminosity and morphology. We examine the orientation of the brightest cluster galaxy, 

the galaxy distribution and the X-ray emission. 

a In Chapter 6, we shift focus from statistical descriptions of galaxies to the individual bright- 

est cluster member (BCM) of the poor clusters, and ask: are the first-ranked galaxies in 

poor and rich clusters similar? We perform isophotal analysis of the BCM luminosity pro- 

file to derive the geometry and to look for deviations from ellipticity. We perform fits of 

the surface brightness profiles to the de Vaucouleurs law for elliptical galaxies, and search 
for the existence of the characteristic envelop of CD galaxies. We also seek signs of tidal 

interaction, dwarf satellite galaxies, etc. 

a Finally, in Chapter 7, we summarize the results of this thesis, and indicate possible lines of 

future study of poor clusters. A collective bibliography of all the chapters, the catalogs of 

galaxies detected in the fields of the poor clusters, and two appendices follow the conclusions. 



Chapter 2 

Observations and Data Analysis 

2.1 Avant-Propos 

The motivation of this thesis is to explore the properties of galaxies in poor clusters at  moderate 

distances and compare them with those in the field and rich clusters. These observations would 

contribute to the pool of information required for understanding galaxy evolution. The observing 

procedure involves imaging and photometry of faint galaxies over cluster-scale angular sizes. I11 

this chapter, we describe the sample of X-ray emitting poor clusters of galaxies chosen for our 

study, the optical imaging observations we have acquired using the CCD camera at  tile Vainu 

Bappu Telescope, and the analyses performed on these data. Wherever necessary, we use Hubble 

constant H. r 50km S-' ~ ~ c - l a n d  density parameter go = 0.5, unless stated otherwise. 

There are several good reasons for using optical observations for our purpose of studying rlorrnal 

galaxies in the not-too-distant universe. Normal galaxies are dominated by starlight, and emit 

much of their radiation in the visible band. An importarit and simple tool in revealing galaxy 

properties and evolution is the relative luminosity, or colors, over a wide range of wavelengths. 

Galaxy colors reveal the spectral energy distributions at  a rudimentary level, and can shed light 

on the stellar composition of faint galaxies, and thus help probe their star-formation histories; 

the details, however, can be derived only from spectral lines. 

At moderate distances (z 0.25) the redshifted optical radiation of the galaxies still remains 
largely in the visible bands. Though galaxy evolution becomes evident even at z -- 0.2 (e.g., 

Caldwell & Rose 1997), the objects are not so changed that local counterparts cannot be found. 

Therefore, comparison of colors of intermediate redshift galaxies and local ones does not lead to 

disastrous inconsistencies. Cosmological corrections to galaxy luminosity and surface brightness, 

and due to gravitational lensing are not of serious concern at moderate redshifts. The Earth's 

atmosphere is transparent to optical radiation and the dark sky does not contribute too high a 

background. Furthermore, optical detectors and observing techniques are very well developed, 

and standard image processing and analysis routines are firmly in place. For spatially resolved 

sources, optical images are useful in deriving image profiles (surface photometry), which provides 
+ 

information on the dy~lamics and dy.namica1 histories of the galaxies. Color maps can provide 

important information about the distribution of both stellar populations in the galaxies as well 
as interstellar matter in the form of dust, ionized-Hydrogen regions, etc. 
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2.2 Sample Selection 

In this section, we provide our definition of poor clusters, describe our sample and the caveats in 

its selection. 

2.2.1 Poor Clusters : Operational Definition 

As mentioned in Sec. 1.3.2, the very definition of a poor cluster is not unique; each definition, 

moreover, is riddled with its own ambiguities and exceptions. We have chosen poor clusters based 

on their X-ray emission and sparse galaxy population in optical images. 

Our sample of poor clusters of galaxies is a small subset of the Extended Medium Sensitivity 

Survey (EMSS; Gioia et al. 1990) catalog of sources discovered serendipitously with the Einstein 

X-ray satellite in the 0.3 - 3.5keV energy band. The EMSS consists of over 800 high Galactic 
latitude (Ibl > 20°), bright X-ray emitters. Nearly 100% of the sources now have known opti- 
cal counterparts. Active galactic nuclei dominate the extra-galactic co~nponent of this catalog, 

followed by clusters of galaxies. The EMSS cluster subsample (Gioia & Luppino 1994; hence- 
forth GL94) consists of nearly 100 objects, whose X-ray properties are consistent with their being 

clusters of galaxies, and which are optically identified with galaxy over-densities initially on tlle 

Palomar Sky Charts and subsequently through CCD imaging. The X-ray luminosities of EMSS 

clusters, determined using a 6keV thermal spectrum, range over 3 X 1 0 ~ ~  ergs-'< L, 5 20 X 1 0 ~ ~  

ergs-'(for H. = 50 km/s/Mpc and qo = 0.5). The cluster redshifts range over 0.05 5 z < 0.85, 

with median z z 0.3; GL94 quote redshifts for only the objects they identify as the brightest 

cluster galaxies. About 25% of the clusters are positionally CO-incident with those in the catalog 

of Abell, Corwin and Olowin (1989) and 15% with those in the Zwicky et al. (1968) compila- 

tions. From inspection of deep CCD irnages taken as follow-up optical observations, GL94 provide 

comments about the optical appearance of the clusters and spectral properties of the putative 

brightest cluster members. GL94 note that 19 of these EMSS clusters appear to be "poor", i.e., 
display morphologies and galaxy counts that are best described as that of poor clusters. *de 0 
We construct our sample of moderate-redshift poor clusters from among EMSS clusters that 

1. show X-ray emission of luminosity > 3 X 1 0 ~ ~  ergs-' 

2. have their X-ray centroid optically identified with galaxy over-densities 

3. are noted by GL94 as being optically poor 

4. are at redshifts 0.08 < z < 0.25 

5. lie north of declination S -30". 

We elaborate below on these selection criteria. 

(1) If X-ray emission arises from the diffuse intra-cluster medium, then luminosities of the order of 

1043ergs-'usually correspond to the brightest galaxy groups (Ponman et al. 1996, Ledlow et al. 

1996) and Abell richness 0 clusters (White, Jones & Forman 1997). As stated in the introduction, 
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the presence of extended X-ray emission suggests that these clusters are real, physical syste~rls 

rather than chance superpositions of galaxies (but please see below). Some of the poor clusters are 

also spatially resolved in the Einstein images. More recent and higher resolution X-ray imagirig 

using the ROSAT X-ray observatory (Oppenheirn et al. 1997) have confirmed the extended nature 

of the high-energy emission of most of these clusters. 

(2) Not always do the centroids of the cluster X-ray emission and the galaxy distribution coincide. 

It is quite often seen, though, that the peak of the X-ray emission rests on or near the first-ranked 

galaxy of the cluster, with a typical offset of < 30 arcsec. For the EMSS clusters, the accuracy 

of the X-ray positions is itself about 50 arcsec. 

(3) Poor clusters, in our operational definition (Sec. 1.3.2), should have a galaxy population of at 

least 3 members but not exceed the Abell richness 1 criterion. It is worth noting that White et al. 

(1999) who created a catalog of poor groups from an objective search for galaxy over-densities, 

suggest that there is a continuity, even an overlap, in galaxy population from the poorest groups to 

Abell rich clusters. GL94 make richness estimates by visual inspection. Eye estirriatcs of galaxy 

population, while not entirely reliable, are nevertheless useful descriptors, and car1 dislinguisli 

between rich and poor clusters. See Sec. 2.2.4 for an account of our preliminary, quantitative 
richness estimate of EMSS poor clusters using sky surveys, which shows that tlie poor clusters in 

our sample are usually less populated than Abell R=l  clusters at  similar redshifts. 

(4) The redshift criterion selects clusters at  distances between 300-850 Mpc, with distance moduli 

38.35 5 DM 5 40.24 (for H. = 50kms-I ~ p c - l ) .  Cluster diameters of about 2 Mpc would 

subtend angular sizes of 1000-450 arcsec, and the brightest cluster galaxies (50 kpc diameter) 

would span 24-11 arcsec over this distance range (as shown graphically in Appendix A) .  A 

redshift selection of z < 0.25 is also of practical importance because galaxy concentrations become 

increasingly harder to detect at higher redshifts, as evidenced by completeness limits of large-scale 

surveys. 

(5) The final criterion for our sample selection, dictated by observational constraints, is that the 

clusters lie north of declination 6 N -30°, so as to be accessible for imaging using tlie Vairiu 

Bappu Telescope. 

These precursory conditions lead to our selecting as "poor clusters" the sixteen EMSS objects 

listed in Table 2.1. 

2.2.2 Other work done with the EMSS cluster sample 

Whereas EMSS poor clusters have not so far been specifically explored, tlie most lunlinous, rich 

clusters from the EMSS cluster catalog have been used for a number of studies including: 

photometric properties of galaxies in X-ray clusters (Garilli et al. 1996), and evolutiori 

of galaxy populations in rich, distant clusters by the Canadian Network for Observational 

Cosmology (CNOC e.g., Yee et al. 1998) 

cluster kinematics, M/L ratios etc. (CNOC; e.g., Carlberg et al. 1997, 1998) 

cooling flows in high-redshift clusters (Donahue et al. 1992) 
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Table 2.1: Possible poor clusters in the EMSS catalog. The columrls are (1) cluster name (2) 
X-ray lumiriosity (3) spectroscopic redshift and (4) apparent magnitude of the briglitest cluster 
galaxy. 

Cluster Lx 1 0 ~ ~ e r ~  S-' z Mg 

evolution of X-ray luminosity arid (Gioia et al. 1990; Henry et al. 1992) temperature func- 

tions of clusters (Donahue 1996; Donahue et al. 1998) 

cluster radio galaxies: structure, morphology and evolution with redshift (Stocke et al. 

1999) 

paGitationa1 lensing : giant luminous arcs (Gioia & Luppino 1994; Fort et al. 1992; Le 

Fecre et al. 1994; Gioia et al. 1998, Luppino et al. 1999) and weak-lensing (Luppino & 

Kaiser 1997) 

cosmological density parameter (Donahue et al. 1998) 

2.2.3 Sample Selection: Caveats 

Although X-ray selection minimizes the chances of spurious detection, the EMSS cluster sub- 

sample is not entirely free of selectioti biases. For one, the EMSS is not strictly a flux-limited 
- sample (Donahue et al. 1992), and could be biased toward centrally-peaked surface-brightness 

profiles because its finding algorithm was geared toward point-sources. Sharp central profiles that 

signify cluster cooling flows are preferentially found in dynamically relaxed, old clusters (Fabian 

1994), and not in evolving, dynamically young poor clusters. Donahue et al. (1992) argue that 

the EMSS does not miss non-cooling flow clusters; and the X-ray luminosity function of EMSS 
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clusters is sirnilar to those derived both by later studies (e.g., Ebeling et al. 1997). So, if this bias 

is present, it is of little importance. 

More importantly, recent optical and X-ray follow-up observations liave sllowri that a few clusters 

are actually misclassified objects. For instance, long exposures using the ROSAT X-ray obser- 

vatory liave revealed that a few "clusters" appear to be point sources even at ROSAT's higher 

resolution, and that their X-ray properties appear to be better described as originating from 

stars or AGN. Specifically, one of the poor clusters we observed (MS 1154.1 + 4255) has receritly 

been identified with an AGN of BL Lac type (Rector et al. 1999). Though this object was in 
our sample list, and we have imaged it in multiple filters, we have excluded MS 1154.1 + 4255 

from this thesis. Despite its classification errors, the EMSS cluster catalog remains one of the 

best sources for genuine clusters selected in X-ray, along with similar projects such as the Wide 

Angle ROSAT Pointed Survey (Scharf et al. 1997) and the Serendipitous Higli-Redsliift Archival 

ROSAT Cluster survey (Rorner et al. 2000), which are ongoing searches for galaxy clusters 
detected serendipitously in archival ROSAT observatioiis. 

Besides tlie very ide~ltification of clusters, another consideratio~i is the estiniatJof tlieir ricli~iess 

by eye. Visual typing of a cluster as "poor" involves subjective and nonplysical criteria, arid can 

hardly be infallible. Some poor clusters may have had their population underestiniated, while 

other clusters classified as "rich" could well be so due to superposition of two or more close groups. 

From imaging alone, it is not facile to derive reliable quantitative measurements of poor cluster 

populations. We should however keep in mind that even previous "objective" criteria have not 

been free of intrinsic biases. 

We -- m a k  no claims to completeness or homogeneity of our clusters, though we believe ours is a 

sample of X-ray luminous poor clusters of galaxies beyond the nearby universe. 

Table 2.2 presents the major properties of the four poor clusters that we study in this thesis. - 
Table 2.2: Cast of characters 

2.2.4 Preliminary Richness Estimates 

Parameters 

RA (52000) 

Dec (52000) 

Redshift 

1, degree 

b, degree 

L x l  S-' 

BCM m,, mag 

Due to the effects of redshift, all but the nearest galaxies are identified more easily on red survey 

plates than on the blue. Identifying medium-redshift clusters is therefore profitable using red 

plates (near X650nm). There is in general a "field" of galaxies, and superposed on this are the 

MS 0002.8 + 1556 

00:05:25.1 

16:13:24.09 

0.116 

107.15 

-45.23 

1.64 

16.0 

MS 0301.7 + 1516 

03:04:30.4 

15:27:53.0 

0.083 

164.09 

-36.56 

0.33 

16.9 

MS 0735.6 + 7421 

07:41:50.1 

74:14:01.36 

0.216 

140.64 

29.44 

6.119 

17.7 

MS 1306.7 - 0121 

13:09:18.0 

-01:37:21.4 

0.088 

312.15 

60.93 

1.698 

16.0 
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clusters, which become cor~spicuous as courit enhancements (above the statistical fluctuatio~is) ill 

the surface number density of galaxies. A bothersome source of cor~tarr~iriation in a cluster catalog 

are the stars of the Milky Way itself. Even a rrloderately rich star field can not only camouflage 

the clusters but also make star-galaxy distinction quite precarious. How then, do we estimate the 

number of bona-fide cluster members? 3 h -2 IN+ W,  rl n? , . 
Traditional measures of galaxy population for rich clusters include the Abell counts based on 

sampling a part of the luminosity function (LF). For this, one needs to estimate the magnitude - 
m3, of the third brightest cluster galaxy. Then, Abeil richness is defined as the count of galaxies 

-- - ---  - - A -  - - 
-- 

in a 1.5h-l Mpc radius of the cluster center, and which are within 2 magnitude~ of m3, corrected 
- - - 

for the field galaxy popu6tion projected into the same radius. 

But such a number count cannot be directly applied to poor clusters. Since poor clusters are, by 

definition, ill-populated, and usually not compact, it is difficult to be sure of the third brightest 

member. Further, since they are unlikely to be as large as Abell clusters, it makes little sense 

to conduct a 'census of cluster galaxies within the same 1.5h-I Mpc Abell radius. Instead, in 
our preliminary richness estimates, we adopt. an Abell-like definition of richness: the number 
of galaxies, corrected for field contamination, inside a projected radius of 0.5h-I Mpc of the - -P--- - - -- 

brightest galaxy, and not fainter than 2 magnitudes of (m1+0.6), where m1 is the magnitude 

2 the brightest cluster member. The reason for choosing (m1+0.6) is that, assuming that the - --- 

bright end of the LF of all clusters - rich or poor - is similar, m3 is typically 0.6 magnitude~ 

fainter than m1 in red photometric bands (Abell et al. 1989). 

To derive reliable quantitative measurements of cluster populations, we initially used the Auto- 

mated Plate Measurement (APM) catalogs to count the galaxies in the fields of the poor clusters. 

We counted galaxies within 0.5h-' Mpc of the brightest cluster galaxy and estimated the cluster 

population. We found that the galaxy counts could be upto 20% different between the blue and 

the red plates, due to uncertain star-galaxy separation. Later, we used the red plates of the Au- 

tomated Plate Scanner catalogs (APS, Pennington et al. 1993) which are available online. The 

APS database of faint celestial objects is created from scans of the original Palomar Observatory 

Sky Survey plates. The catalogs contain information such as reliable neural-network classifica- 

tion of objects into stars or galaxies as well as approximate astrometric and photometric data.' 

We searched APS in an area of 25 arcmin around the poor cluster optical positions; this area is 

wide enough to completely encompass 0.5h-I Mpc of the nearest cluster. (See Appendix A for a 

graphical presentation of the angular sizes described by 0.5h-I Mpc at different redsliifts.) From 

each resulting cluster catalog, we chose only galaxies with red magnitudes within two rriagnitudes 

of the respective (m1+0.6). We computed the angular size of 0.5h-l Mpc at the cluster redshift, 

and then derived galaxy counts within a circle of this radius centered on the brightest cluster 

member (BCM). - We estimated t l ~  f iebxnhaminat i~n  by - counting - galaxies in a 3 arcrrlin annular 

region around - the4L-le, and - - p  scaled these counts for the difference in areas of the  
circle and the annulus. - We then derived the cluster population as the counts witliin the circle - - . 

W---- - 
minus the area-scaled field counts. 

h 

For comparison, we performed the same analysis on several Abell clusters of richness class 0 or 1, 

with a single dominant galaxy (i.e Bautz-Morgan type I or 1-11 clusters), spanning the redshift 

' W e  aecessed the eatalogs through the World Wide W e b  at http://isis.spa.umn.edu. 
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Table 2.3: Preliminary richness measurements (using the APS object catalog) for the poor clusters 
in our sample cor~lpared with those of Abell rich clusters. For MS0735 and Abell 520, the galaxy 
courlts are from the APM survey and are not directly comparable to the other clusters. 

EMSS Cluster 

MS 0301.7 + 1516 0.083 Abell 1651 0.086 
MS 0735.6 + 7421 0.216 Abell 0520 0.199 
MS 1306.7 - 0121 0.088 Abell 2145 0.088 

range of our poor cluster sample. We present the preliminary richness estimates in Table 2.3 
which confirms that the EMSS poor clusters are without exception less populated than their 

Abell richness 1 counterparts at  similar redshifts. Strictly speaking, these richness measurements 

are 6 posteriori estimates. 

2.3 0 bservations : Optical Imaging 

Clear skies 
I am eager to snare 

naveler photons 

In this work, we use optical images obtained on both photometric and non-photometric nights 

close to new moon. The following section describes the telescope, filters and detector used in 

obtaining the observations. 

2.3.1 Telescope: the Vainu Bappu Telescope 

We acquired all optical imaging observations reported in this thesis at the prime focus of the 

2.34 - m Vainu Bappu Telescope (VBT), at the ~ a i n u  Bappu Observatory (VBO) at Kavalur, 

India. The observatory (longitude 78O.8 E, latitude 12O.5 N, altitude 730m above sea level) 

is operated by the Indian Institute of Astrophysics, Bangalore, India. Besides the VBT, the 

VBO hosts a few smaller telescopes including a l-m Ziess reflector. The best observing season 

for Kavalur is between December and April; the rest of the year is usually affected by the two 

Monsoons that bring rains to South India. 

Since even the brightest galaxies within the clusters of galaxies in our sample are usually fainter 

than m, 2 16.5, we need to use at least moderate-sized telescopes to collect their small fluxes. 
- The Vainu Bappu Telescope has a 2.34-m diameter mirror of focal ratios of fl3.24 and f/13 for 

the prime and Cassegrain foci respectively. For direct imaging observations at  the prime focus, 

this configuration provides an image scale of 26 arcsec/mm , and a field of view of 10.5 arcmin X 

10.5 arcmin. (The Cassegrain mode is used for spectroscopic observations.) The seeing (measured 

as the full width at  half-maximum (FWHM) of an unresolved source in a well-focused and tracked 

image) is typically 1.5 - 2.5 arcsec. 
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2.3.2 Fi l te rs :  Broad-band B, V, R and I 

Several sets of filters - both broad-band and narrow-band - are available for imagirig at the 

VBT. Normally, observers at the VBO do not employ the near ultra-violet (U or U) filter due to 

the small short wavelength flux received at the ground at this low altitude site. We have ernployed 

the following filters in our observations: broad-band blue, visual, red and near infra-red (approx- 

imating the standard B, V, R and I photometric bands). Previous observations at  intermediate 

and high redshifts (e.g., Butcher & Oemler 1984) indicate that rich cluster galaxy populatioris 

may be dominated by blue galaxies. Consequently, it is advisable to acquire observations in the 

B and V filters to sample the rest-frame blue spectral energy distributions of the faint galaxies. 

To maximize the wavelength range over which color information is derived, the R and I filters are 

useful. 

The total exposure time in each filter depends on several factors: the intrinsic spectral energy 

distribution of the objects (faint blue galaxies are still relatively red objects compared to field 

stars), the quantum efficiency of the CCD ,detector (rather low in the very blue spectral region, 

fairly high around the V and peaking near the R and I bands), and the brightness of the night sky 

(low in B and V but increasing fast through R and I). We had to, therefore, choose appropriate 

integration times to give fairly uniform errors in the photometry in different filters. We made 
efforts to obtain observations in all bands on the same night; however we were not always successful 

in achieving this objective. In the span of 4-5 years over which we obtained observations, three 

sets of broad-band filters were available at  the VBT, two sets of circular filters of 2-inch radii 

and another of 3-inch radii. The Zinc11 filters are somewhat undersized to cover the entire field 

of view of the images, and give rise to vignetting in the corners of the CCD frame. 

2.3.3 Detector: CCD 

The light detector used at the VBT is based on the Charge-Coupled Device (CCD), which is widely 

used in astronomy. CCDs rnake ideal inlaging devices because they provide numerical rnaps of the 

light intensity they record, have high quantum efficiency (better than 80%; compare with about 

1% for the human eye), are sensitive to a wide spectral range from E 100 - 1000 nm, and are 

basically linear over an order of 104 in light intensity, thus allowing excellent photometry of even 

faint objects near bright ones. One disadvantage of CCDs compared to the older photographic 

detector is their small size. Another is the decline in the sensitivity in the blue region of the 

spectrum, which can, however, be compensated to some extent by application of special coatings. 

The counting of the charge in each pixel by an analog-to-digital converter, with a record of tlie 

pixel position constitutes a measurement of the original light intensity recorded by the array. 

The counts or Analog-to-Digital Units (ADUs) need to be turned back into number of electrons 
- and finally to photons; the relation between ADUs and electrons, termed gain, is a characteristic 

parameter of the CCD chip. The amplifier read-out process also gives rise to electron noise, 
termed read-out noise. This extraneous source of counts, another parameter of the CCD chip, 

is equivalent to the photon noise associated with the detection of (gain X read-noise) number of 

photons. Read-noise usually determines the minimum level of light that can be reliably measured 

by the CCD, thus influencing its dynamic range. 
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All our observations at tlie VBT used tliinned, back-illuminated, 1024 X 1024 pixel for111at CCD 

chips from Tektronics Inc., USA. The bit saturatiorl limit of the detectors is at  65,536 cou~~ t s .  

'eriod 

Table 2.4: CCD parameters 

size of array (pixe12) 
:mage Scale (arcsec pixel-l) 
&antun1 Efficiency (at 550nm 
Zain (eP/ADU) 
lead Noise (e-) 

Properties 

The CCD image is a combination of the desired photons from the object(s) of interest, a back- 

ground, and the systematics of the i~naging system. The background consists of light fro111 tlie 

foreground and background objects, zodiacal light, atmospheric emission, scattered light fro111 

the Moon or city lights. We will refer to these collectively as "sky". The instrumental signature 

consists of both additive and multiplicative systematics that also require calibration. This raw 

CCD image, that maps the light distribution of the celestial object, can be written as: 

l % b 4 -  2 , a -  
raw = (object + sky)xCCD gainxoptical transmission + dark + bias. F&' J 

The last two quantities are additive systematics present in the CCD. The bias level is a small 

positive voltage added to the measured signal from the CCD. The offset is added as it is not a good 

idea to have zero ADUs for zero photons, because the readnoise fluctuations could steer the counts 

unphysically below zero. Dark current is a background resulting from thermally created electrons 

in the CCD pixels, and increases proportional to the exposure time. CCDs are commonly cooled 

(usually employing liquid nitrogen) so that the dark current is negligible during the exposure 

time. The .bias level, usually about 1-2% of the CCD saturation value, has to be subtracted 

during reduction of CCD data. 

CCD#l 

Multiplicative systematics cause variation in response across the CCD. They can occur because 

of intrinsic changes in tlie sensitivity of the pixels, varying sensitivity with wavelength, optical 

characteristics of the telescope and CCD detector such as vignetting, or dust on the CCD window 
or filters. The last is obviously unstable in time, and can never be conlpletely corrected. The 

correction of multiplicative systematics that cause low-level noise in the images corisists of the 

process of flat-fielding, which determines the pattern of response variation across the pixels. The 
- simplest strategy to establish this calibration is the observatiorl of a uniformly illuminated target. 

When normalized, the image of this flat target is a map of the relative efficiency of the array. Since 

the response of the CCD depends on wavelength, it is best to acquire flat-fields in all the filters 

used in observations. Then, scaling the actual object exposures (after bias-subtraction) by the 

flat-field frame in the particular filter removes the pixel response variations. Three common flat 

sources are the dark sky empty of any but the faintest objects, the twilight sky, and a unifornily 

CCD#2 



Chapter 2. Observatio~~s and Data Analysis 3 1 

illutriit~ated target within the telescope dorne. A viable flat-fielditig approach is to irnage tlie 

twilight sky, which is bright and uniforrn enough to give good signal for creating a flat field. 

However, there are two tnain drawbacks to this: the twilight sky is different in color from the 

dark sky, and usually contains brightness gradients over several tens of arcttlinutes. 

2.3.4 Gainful Imaging: the Shift-and-Stare Technique 

For imaging faint sources, only integrations longer than a few hours can ensure sufficient signal- 

to-noise ratios. However, there are low-level systematics that set limits to the longest integration 

times and thus the accuracy of the photometry: variations due to the weather (night sky, cloud 

drifts), etc. A way to circumvent this problem is to make good use the highest efficiency, linear, 

stable CCD detector and configure the image acquisition and processing techniques to cancel the 

systematics. 

We have used a variation on the conventional imaging technique, especially useful for fields 

containing faint objects that are much smaller than the angular size of the CCD. This is to take 

several (even several tens of) short (but sky-limited), well-guided exposures of the field, with 

successive exposures randomly offset with respect to each other. There must be sufficient overlap 

(say 80%) of the successive fields as well as a minitnum offset that is larger than the angular size 

of the largest bright object in the image. The final size of the image is the common overlap area 

of all the frames. This set of unaligrled images contains all the infortnation about the celestial 

objects as well as the CCD systematics, in extricable form. Then, registering tlie flat-fieldec-l 
frames and tnedian combining them within each filter subset leads to final images that are more 

or less limited by sky (Poisson) noise. Residual noise in the background is ameliorated due to the 

smoothing of the CCD response on several pixels for the same point on the celestial object. The 

technique is effective in increasing the dynamic range of the CCD image. 

2.3.5 Imaging Sequence at the VBT 

During each observing run we acquired long exposures of the clusters of galaxies, short exposures 

of standard stars for photometric calibration, and flat-fields and bias fratnes .for calibration of 

CCD systematics. 

We scheduled the cluster observations so that the objects were always at small zenith angles, to 

minimize atmospheric extinction. Pre-1997, we usually inlaged the clusters with long exposure 

times and only once per filter per night. For the rest of the observing runs, we applied tlie 

shift-and-stare technique. We took niultiple exposures (at least three per filter) of the clusters, 

avoiding the saturation of any object in the frame. We moved the telescope between successive 

exposures, keeping a minimurn overlap of about 75% of the region and a minimum offset close 
to the size of the brightest cluster galaxy. Typical exposures per frame were about 10 minutes. 

We made efforts to obtain cluster observations in all filters on the same night; however we were 
rarely successful in achieving this objective. Table 2.6 provides the journal of observations for 

the images we use in this thesis. 

We also observed several standard stars to derive photometric zero-points and to transform in- 
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strurnental rnagnitudes into Johr~son B and V, and Kron-Cousins R and I pliotometric systen~s. 

We attempted standard star observations only if the skies were close to photometric quality. We 

chose the open cluster M67 and several Standard Area stars from Landolt (1992) for this exer- 

cise. The standard fields had between 3-8 stars located within a single field of view of the CCD, 

spanning a wide range in colors. Sandwiched between cluster observations, the standard star 

observations allow calculatiorl of the photometric zero-points as well as the trar~sfor~r~atior~s fro111 

the instrumental magnitudes to the standard magnitudes. 

For pre-processing the CCD images, we have chosen to use twilight flats. We acquired typically 

five frames of the twilight skies (both at  dusk and dawn) in each filter. We chose fiat-field exposure 

times (in the range of 1-5 seconds) so that tlie finite opening and closing tirnes of CCD shutter 

do not produce spurious structure or non-utliform illumination. While taking flats, we pointed 

the telescope well away from the settirig/rising Sun; we also kept it airned riot too far from the 

zenith. To ensure that adventitious bright stars in a frame do not illurninate the sarrie pixel in 

subsequent ones, we moved the telescope tens of arcseconds away between successive flat-field 
exposures. However, if skies were either foggy or cloudy - tlius possessing large, urlpredictable 

brightness gradients - we omitted these observations. 

At each run, we obtained several (6 -8) bias frames once every few hours, to calibrate the additive 

systematics of the CCD, as well as to secure the identification of bad pixels on tlie chip. Since the 

CCD detector is well-cooled, and dark current is negligible, we did not spend time on acquiring 

dark frames. 

2.4 Image Analysis 

In this section, we describe how we obtain photometric information from the "raw" data which 

are in the form of an array of numbers read out from the CCD. 

The data files from the CCD camera at  the VBT are available in FITS format that is designed 

to provide a means for convenient exchange of astronomical data between installations with 

different hardware and internal data formats. We used the following standard software packages 

that work with FITS images to reduce and analyze our CCD data: tlie Irnage Reductiori arid 

Analysis Facility ( IRAF)~ for reduction of CCD data and photometry, and the Space Telescope 

Science Data Analysis System (STSDAS, available as an external package i11 IRAF) for fitting 

isophotes and determining galaxy brightness profiles. We employed the Faint Object Classificatiorl 

and Analysis System (FOCAS; Jarvis and Tyson 1981, Valdes 1982) for automatic detection, 

cataloging, and classification of objects as stars or galaxies. FOCAS works with an image format 

that can be created from FITS by IRAF. Appendix B presents some details of these packages. 

CCD data processing consists of the following sequence: 

1. extrication of the instrumental signatures of the telescope, filters and detector by bias- 

subtraction, followed by flat-fielding and cosmic-ray cleaning 

2 ~ ~ A ~  is distributed by the National Optical Astronomy Observatories, which are operated by the Association 
of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation. 
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2. registration of the individual cluster images to a comrriori co-ordinate systerri - .usiiig astro- 
metric information and then co-addition of these registered fralrles into deep irnages 

3. detection of faint objects in the cluster frames and their subsequent classification as stars 

or galaxies employing the FOCAS package 

4. object photometry and photometric calibration of the instrumental magnitudes to a S tan- 

dard system using standard star photometry 

5. transformation of the standard magnitudes to the rest-frame of the galaxy by applying K- 
and evolutionary corrections. 

6. derivation of color maps and surface brightness profiles of the brightest galaxies - we shall 

explain this in Chapter 6. 

2.4.1 CCD Data Pre-Processing 

From the raw image i.e., ~neasured CCD pixel values, it is possible to derive the light distribution 

of the observed celestial object using: 

(object + sky) = (raw counts - bias) / flat 

where bias accounts for the additive systematics and f lat accounts for the gain pattern of the 

pixels. 

Bias Subtraction 

Bias is measured as the counts per pixel read from the CCD for an exposure time of zero. Bias 

subtraction, then, involves determining the mean or median of the pixel values of a zero exposure 

CCD frame, and subtracting out this value from all other frames, including the flat-fields. For 

bias-subtraction of our CCD data, we combined typically 6-8 bias frames per night, to reduce 

the variations due to read-noise. For the CCDs used except during the 1999 April and 2000 
February runs, we found that the bias images showed no gradient or any other non-uniformities. 

So, for these data sets, we bias-subtracted all frames using the median value of the bias-frame 

pixels (excluding the 10 edge rows and columns) as the bias value over each night. For the 1999 
April and the 2000 February observations, where the bias frames showed repeatable, systematic 

patterns of the order of a few counts, we have subtracted the combined nightly bias frames 

themselves from all the other exposures. 

All the CCDs we used showed very few cosmetic defects such as bad or hot pixels. We fixed 

the bad columns that are due to faulty registers by linear interpolation across the columns. We 

did not otherwise repair bad pixels or create bad pixel masks. Since we had planned our shift- 

and-stare observations so that such defects do not affect the observed objects, we would not be 

hampered by ignoring this step: Finally, the object detector and classifier routines (discussed 

in Sec. 2.4.3) are capable of discriminating against "noise" including bad pixels and columns, 

cosmic ray events, etc. 

Flat-Fielding 
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In order to remove the pixel-to-pixel sensitivity variations, we performed flat-fielding. We median- 

combined the twilight flat-field frames within each filter. Prior to combining them, we scaled tlie 

individual frames by the mode of their pixel values to take into account the differences in signal- 

to-noise ratios. We found that the combined frames were clear of stars but retained the vignetting 

pattern. Then, we normalized the combined frames by the mean of the values in the unvignetted 

area of the flats to derive the final, master flat in each filter. We flat-fielded every bias-subtracted 

object frame using the master flat in the corresponding filter. Flat-fielding successfully removed 

the vignetting pattern to a large extent. The processed frames were fairly uniform, with residual 

sky-background inhomogenieties of < 0.5% over the full extent of each frame. 

Cosmic-Rav Cleaning 

We normally see about 10 cosmic ray events per minute registered on the CCD, and limited in size 

to 2-3 pixels. Where multiple exposures of the same object were available, we used the median 

filtering algorithm to reject these deviant measurements. In the cases where only single images 

were available (and while performing standard star photometry) we used tasks within IRAF to 

clean cosmic rays. 

2.4.2 Image Registration and CO- Addition 

We observed the poor clusters over a period of 4-5 years. For a given cluster, the galaxies in the 

different exposures will not be recorded on the same pixel because of the shift-and-stare technique 

of observation, as well as due to the small changes in the CCD Dewar orientation. So, tlie stack 

of such shifted images ought to be aligned before being co~nbined into deeper i~rlages with better 

signal-to-noise ratios. 

We registered the images for a given cluster field by identifying approximately 20 unsaturated 

stars (detectable in all four passbands and over a majority of the different nights) to be used as 

astrometric reference points. To improve the accuracy with which centroids of the stars can be 

computed, we first magnified all the images by a factor of two in both t k x  and y axes using 

a bicubic natural s ~ l i a n t e r ~ o l a t s  We used the flux conserving option in the magnification 

process, since we are interested in performing photometry on the resulting registered images. As 

the stellar profiles are well sampled, there is no degradation of the image during the interpolation 

to the larger image. 

We needed to relate positions of the stars on the images to their positions on the real sky, and set 

the relationship between pixel coordinates and sky coordinates i.e. the world coordinate systern 

in the image headers. For the unsaturated stars, we identified the celestial co-ordinates (Right 

Ascension and Declination in 52000 equinox) from the US Naval Observatory's Precision Measur- 

ing Machine (PMM) Project database3. The PMM positions have relative accuracies of 0.1 arcsec 
and include stars from the Tycho astrometric catalog. We derived the cerltroids of the reference 

stars, then matched the celestial and pixel coorditlates. Subsequently we computed the absolute 

astrometric solutions and updated the world coordinate system (WCS) header information for all 

the images. 

3 ~ h e  USNO PMM database is online at http://ftp.nofs.navy.mil/projects/pmm/index.htxnl. 
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We then estimated the sky of the individual images as the mode of tlle pixel values in an~iuli 

around 15-20 isolated stars, and subtracted this value from the images. The objects occupied 

less than half the area of the CCD, and we measured no systematic difference in the sky counts 

among the different regions of the CCD. Even if residual gradients exist, tlle FOCAS package is 

capable of handling these. 

Next we created an artificial image whose dimensions were roughly as large as the combined area 

covered by all the cluster images, and assigned it a WCS centered on the brightest cluster galaxy 

optical position. We then computed the niean X and Y offsets and rotation of the reference 
stars of every frame relative to their locations in tlle fiducial image and averaged these to define 

the final values. Next, we geometrically remapped all image data for the cluster to match the 

fiducial coordinate system using a flux-conserving Lagrangian interpolation scheme to achieve 

registration at the subpixel level. Typical alignment accuracies in our equatorial coordinates are 

about 0.3 arcsec and at worst 0.6 arcsec. (This compares favorably with the CCD pixel scale of 
0.61 arcsec.) 

Once all frames of a given cluster were registered to a common coordinate system, we CO-added the 
C 

best independent exposures in each passband to produce four "deep" BVRI images. Generally, we - 
made an effort to combine images only if the seeing was better than 2.5 arcsec, the signal-to-noise 

ratios similar, and if the number of common objects was at  least 50%. Prior to combining, we 

scaled the individual images such that several of the stars common to them had the same counts 

within one FWHM. During the combining operation, we weighted the images by their exposure 

time. We further CO-added these deep images to create an enlarged mosaic image of each cluster. 

To restore the CO-added images to their original scale, we then block summed them over two 

columns and lines. These final images served as the master frames that we would use for object 

detection. The mosaics improved upon the area1 coverage of the single CCD field of view by 

about 2 arcmin for each cluster. There was no loss of resolution due to the combining operation. 

However, we sometimes noticed that certain parts of the mosaic which were formed by the cornbi- 

nation of the fewest number of images did expectedly show sky noise of higher sig111a than the rest 

of the frame. While this does affect the object detection limits using FOCAS, it is the trade-off 
for having a larger field of view. Occasionally, we had to edit the images to remove artefacts 

created by the interpolation and combining schemes near the constituent image borders. 

2.4.3 Object Detection and Classification 

Having reduced, aligned and combined the images of each cluster, we next had to assemble cata- 

logs of the faint objects in the CO-added images and extract object parameters such as positions, 

magnitudes, sizes and shapes. For this purpose, we used the FOCAS package, an automated 

. detector and classifier, designed to work with objects in digital astronomical images. Since this 

is a crucial aspect of our analysis and was easily the most time-consuming, we shall devote 

considerable space to its description. 

Object Detection 
FOCAS assembles a catalog of faint objects in an image by searching for a minimum nurnber of 
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contiguous pixels that are some sigma above the local sky background which it first deternlines 

from the image. An efficient scheme for object detections should extract the extended galaxies 

as well as the point-like stars, should not be prone to spurious detections, and ought to be free 

from major biases due to image scale or seeing. FOCAS requires input of three parameters that 

can be configured for optimal detection. We tuned these parameters in the followirig manner: 

1. pixel detection threshold sigma = 4.5-5 X the local sky noise 

2. minimum pixel area or object size = 0.9 X (FWHM)' 

3. spatial convolving filter = the FOCAS "built-in" filter 

1. To detect the faintest and very low surface brightness objects, one may lower the threshold of 

detection, but at  the cost of rising contamination by spurious objects, most of which will be the 

faintest objects in the catalog. FOCAS determines the background and its sigma by examining 

the first few lines of the image; it sets the sigma - and the associated detection value of some 

constant number of sigmas above the local sky - to be constant throughout the image though 

the background level may vary. As we were working with CO-added BVRI images (composed of 

unequal numbers of individual frames of various filters), we had to experiment with a range of 

thresholds - in combination with the other two search parameters - for each cluster mosaic. 

In all cases, we managed best with thresholds of 4.5-5 times the local sky (rms) noise. We 
also detected objects 5 sigma below the background to remove dead pixels and other such holes 

in the CCD. The thresholds are deliberately conservative. We note here that the sigma of the 
F 

. s ~ r o u n h i i d ~ , m o s a i c k e d  images was not quite constant, a n d e -  7 
number of individual frames that had gone into making the region of the mosa?c. d s  means 
-- 

that the detection sensitivity is not entirely uniform over the field. However, within a 7 arcrniri 

X 7 arcmin area around the brightest cluster member, the variation in sigma was always within 

l%, so this area is fairly completely detected. 

2. The second detection parameter - the minimum number of pixels - is crucial for minimizing 

the number of false detections. Our choice was directed by the expected size of the cluster 

galaxies and the image seeing. A canonical galaxy size of l 0  kpc projects angular diameters of 

about 7 arcsec and 3 arcsec for redshifts z=0.075 and z=0.25 respectively (as shown in Appendix 

A). Our image seeing was at best 1.5 arcsec in the mosaicked images, so the galaxies smaller than 

10 kpc would be practically point-like. So, rather than fix an arbitrary constant detection area, 

we opted to fix the minimum object size to 0.8 times the area within the half-light radius of the 

image point spread function (PSF). Wr a 2-D Gaussian PSF, this translates to 0.9 X (FWHM)'; 

in our images Amin z 15 pixels typically. 

3. To assist the revealing of very faint objects which may be only a few percent of the sky 
intensity, FOCAS convolves the image with a 2-D weighting function, the detection filter, that 

assigns a value to a pixel by weighing it with its neighbors. If this spatial convolutio~l filter has 
a profile similar to the object, then it maximizes the signal-to-noise ratio of the object detection. 

Obviously it is not possible to determine d priori the profiles of the galaxies to be detected! On 

account of this and the expectatiorl that a large number of galaxies will be barely resolved in our 
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images, we have opted for the FOCAS "built-in" filter. This 5 X 5 grid is symmetric, as give11 

below: 

The efficacy of the filter depends on the PSF, which can create systematics in the number of 

galaxies detected. 

The combination of threshold sigma, the minimum size, and detection filter determines the limits 

of the detection algorithm. Running the detector on the image produces a catalog that contains 
some minimal information about the objects in the field. Further steps evaluate more carefully 

the sky background, photometric data including three kinds of magnitudes (aperture, isophotal 

and total), radial moments and shape parameters such as ellipticity and position angle of the 

objects. Here the total magnitude is the flux within an area twice as large as that enclosed by 

the detection isophote. Subsequent steps involve the splitting of objects with merged isophotcs, 

by progressively raising the detection isophote to see if the object splits into multiple cornponer~ts 

each of which satisfies the minimum area criterion to be declared a new object. 

After putting our mosaic images through this sequence, we reviewed each resultant catalog by 

eye. We noted that the detector ran into problems in the following cases: 

near very bright stars, where it detects many spurious objects in the halos 

in picking out the tenuous, extended halos of the brightest cluster members 

in splitting objects: some FOCAS fails to split, some it fails to consolidate into larger 

objects. 

We reviewed the catalogs by eye to verify the authenticity of objects. In all trouble spots such 

as those listed above, we edited the catalog to remove spurious objects near the bright objects, 

deleted erroneous splits, and restored some components into larger, composite objects. m 
removal by hand of suspected objects in stellar halos may have the unwe&m&-dhaLQf 

deletion of real, faint obkcts. 

We will discuss in the forthcoming section the completeness of detection, in various passbands 
separately for each cluster. We would like to mention here that running the object detection 

- algorithm on the deep mosaic makes it unnecessary to match catalogs from multiple passbands 

each with different detection isophotes, and consequently unequal incompleteness and contarnina- 

tion levels. Further, objects may be entirely undetected in a particular filter depending on their 

colors, or may be split into multiple objects; thus the deep image allows detection of objects with 

unusual colors. W e  constructed the final catalog of faint objects with those that could be detected 

and photometered in  at least two individual images among the four different filters. 
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Though we detect objects in one combined image only, we measure their structural arid photo- 

metric properties and classify them on the images combined separately in each passband. While 

measuring object magnitudes, FOCAS estimates the local sky using the mean of the background 

counts. But the mean can be raised due to faint objects in the sky aperture. Therefore, it is 
essential to correct for this error. One way to evaluate the bias is by the difference between the 

mode and the mean of the sky counts; the corrected sky is then the first estimate minus the bias. 

S tar-Galaxy Classification 

The next step in cataloging the objects is to distinguish them into stars and galaxies. We classi- 

fied objects with the standard FOCAS method and its built-in parameters, using the resolution 

classifier algorithm described in Valdes (1982b). We remind the reader that we performed the 

following analysis on a frame-by-frame basis, on not only the mosaic but also the combined images 

within individual filters. First, we determined the PSF in each image from a manually selected 

set of isolated, unsaturated stars. To assure ourselves that the PSF is not inappropriate, we 

inspected the PSF visually and compared it quickly with the compact, symmetric objects on the 

image. From this PSF, FOCAS creates a general template that is basically a scaled PSF with a 

second component that is narrower or broader. Two parameters describe tlle template: 

1. frac, the fractional ratio between the stellar PSF and the second component and 

2. scale, the scale difference of the second component. 

Then, we used the FOCAS resolution classifier to find the scale and frac of the template that 

fits best the two-dimensional object image. We classified objects into "stars", "galaxies", "fuzzy 

stars" or "noise" in the three-dimensional parameter space of magnitude, scale and frac. 

After running the classifier on the various combined images available for each cluster, we assigned 

a class to an object if it was classified by FOCAS as being of the same class in at  least 50% of 

the images, and in at least 2 different filters. Therefore, the assignment of the class is urilikely 

to be dominated by the color of the object. We manually edited the catalog to put in tlle final 

object classification. We decided to include the (rare) "fuzzy stars" in our galaxy list to avoid 

missing objects which may show an active nucleus superimposed on an extended galactic host, 

or intervening galaxy. 

As we mentioned in the previous section, we have checked by eye the authenticity of tlle detected 

objects. Likewise, we paid particular attention to manually checking object classification, which 

is increasingly unreliable at  the faintest magnitudes. Here, though, we were helped by having 

multiple images to create several independent classificatioris for comparison. While visual inspec- 

tion is definitely laborious and itself not entirely error-free, it is nonetheless a valuable step in 

faint object analysis. Through this procedure, we also made crude morphological classifications 
- of the brighter few galaxies, into spheroid-like or disk-like. 

2.4.4 Optical Photometry 

We use aperture photometry of the galaxies in the poor clusters in the following chapters. We 

convert the CCD counts (in ADUs) registered by an object in a particular aperture to its instru- 
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mental magnitude, i.e., in terms of tlle actual photons received from it, using: 

We performed aperture photometry of all objects (whose CCD pixel positions were derived by 

L FOCAS) with the IRAF PHOT task, applying a centroiding algorithm to deternlirle the position 

of the aperture center more accurately. We used a 3 arcsec radius circular aperture for the 

photometry, and a sky annulus 5 arcsec wide and N 9 arcsec away. The 3 arcsec aperture was 

the best compromise between enclosing all the light from the object and minimizing errors due 

to varying focus, seeing or sky. 

We then applied aperture corrections to correct the magnitudes measured within the 3 arcsec 

aperture to the 6.6 arcsec radius within which we computed the standard star magnitudes. We 

estimated the aperture corrections using nearly a dozen bright, isolated stars in the particular 

images. !J& tn L G l c k y d  U'  Uor3 
c a r ~ k k  - nky n ~ d / ' l r ~ c s i - 2 ~ 9  p c  

We chose to transform our instrumental magnitudes to the standard Johnson-Morgan BV and Pd--'3 Kron-Cousins RcIc broadband systems, using the old Galactic cluster M67 for which many stu ies 

are available. We used standard stars from Selected Areas of Landolt (1992) for nightly zero-point 

calibrations of our observations. M67 (NGC 2682) is especially useful for standardization of CCD 

photometry since it has stars of a wide range in brightness and (B - V) color index (-0.1 to 

+1.3) within a reasonably small area. It is most conveniently located for observers at the VBO, 

who benefit from its accessibility during the good observing season. Most of the calibrator stars 

we used are in the "Dipper Asterism" region in M67. We have used various sources (Eggen & 

Sandage 1964, Joner & Taylor 1990 and the unpublished updates of A. Porter) to cornpare our 

magnitudes with the standard ones. We reduced the standard star images in tlle normal manner 

for CCD images, with the same bias and flat-fields used for the galaxy cluster images. We derived 

instrumental magnitudes using circular apertures of radius 6.6 arcsec, with sky parameters being 

the same as used for the science images. 

To determine the transformation CO-efficients from our instrumental magnitudes to the standard 

system, we use the following equations: 

where the capital letters denote magnitudes on the standard system, the small letters instrumental 

magnitudes and the subscripts "i" denote our "standardised" color indices. 

In Table 2.6 we list the coefficients a and P and their standard deviations, derived from linear Cl~i- 

squares fits to the M67 data over the observing period. We see that the formal errors associated 
with the photometric transformation parameters are a few percent at  most. At V = 20 mag, 



Chapter 2. Observations and Data Analysis 40 
'5 

Y h  6 W+-. 

we find that the total uncertainty in photometric calibration is about0.07 mag We made an 
independent check of the reliability of our photometry by matching our stellar locus with values 

for stellar colors from the literature. Though the match was not exact, it was within about 5%, 

which is satisfactory. 

2.4.5 Galactic Extinction Correction 

We used the values from the NASAIIPAC Extragalactic Database (NED) based on B-band extinc- 

tions derived by Schlegel et al. (1998) and converted to other bands assuming RV = 3.1 according 

to the prescriptions in Cardelli et al. (1989). We list the computed extinction corrections in Table 

2.5. 

Table 2.5: Galactic extinction corrections 

EMSS Cluster 

MS 0301.7+1516 -36.56 0.72 0.55 0.45 0.33 
MS 0735.6+7421 +29:44 0.10 0.08 0.06 0.04 
MS 1306.7-0121 +60.93 0.12 0.09 0.08 0.06 

Though the cluster MS0301 is at  high Galactic latitude (JbJ  > 35deg), the extinction towards it 

is anoma 'i ously high due to a "spur" of Galactic clouds along this longitude. The canonical value 

of RV = 3.1 is probably not valid for this region, but lacking independent estimation of RV,  we 

continue to use it. For the other three clusters, the extinction correction is about 1.5 - 2 times 

the photometric errors at  V = 20 mag. 

2.5 Cluster Galaxy Catalogs 

This section describes details of the object catalogs, and estitnatioris of their completeness, effi- 

ciency of the star-galaxy discrirnination and its associated errors. 

Table 2.6: Number of objects detected by FOCAS in each cluster image and their classification. 
The columns are: (1) cluster name, (2) area of the sky covered by the CCD image, (3) number 
classified as galaxies including "fuzzy" stars and (4) as stars. Note that the photometric depths 
are different in the different images, as is the completeness of detection. 

Table 2.6 lists the number of detected objects, the break-up into stars, galaxies and other extended 

objects, and the detection threshold in rnag a r ~ s e c - ~ .  

Isophote (V mag arcsec-') ' 

26.5 
25.6 
26.1 
25.7 

Cluster 
MS 0002.8+1556 
MS 0301.7+1516 
MS 0735.6+7421 
MS 1306.7-0121 

CCD area (arcmin2) 
10.2 X 10.2 
1 3 . 4 ~  10.7 
10.2 X 9.3 
12.1 X 11.6 

Galaxies 
36 1 
231 
242 
271 

Stars 
183 
164 
177 
220 
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2.5.1 Individual Cluster Catalogs 

Appendix A provides the photometric catalog of galaxies only. The columns are the position 

(right ascension and declination in 52000.0 co-ordinates), V magnitude, (B - V), (V - R) and 

(R - I )  colors in 6.6 arcsec apertures and corrected for Galactic extinction. As nlentiorled before, 

for objects in the line-of-sight of the cluster MS0002, we provide only V ~nagnitudes and (B - V) 

colors since we do not have usable I-band images of the cluster, and photometric calibrations in 

B are not reliable. 

2.5.2 Completeness and Misclassificat ions 

We need to estimate the object detection efficiency of FOCAS, i.e., the percent of all objects in 

an image that FOCAS catalogs. We also need to understand how well FOCAS classifies objects, 

or how often stellar objects are rnisclassified as nonstellar, and vice versa. 

14 16 18 20 22 24 2 6 1 4  16 18 20 22 24 2 6 1 4  16 18 20 22 24 2 6 1 4  16 18 20 22 24 26 
Magnitude Magnitude Magnitude Magnitude 

Figure 2.1: Galaxy counts in the CCD frames centered on the BCMs. 

In the literature, there are different methods of determining the completeness of detection and re- 

liability of classification of faint objects. These include addition of accurately simulated objects of 

known range of magnitude and morphology to the observed images, and creation of artificial data 
matching the real data. One processes these images in a manner similar to the original images, 

produces the catalog of objects, and then compares the output catalog with the input catalogs of 
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the artificial stars and galaxies. Then, it is straightforward to estimate the completeness and clas- 

sification reliability of the software. However, the varying PSF among many of our CCD frames 

makes it difficult to accurately add similar artificial objects. Similarly, it is not straightforward 

to use entirely artificial data, since their parameters Inay not be matched exactly with our real 

data. A @trategy is to use the differential luminosity function of galaxies. Now, field galaxy 

cou~lts in the literature (e.g., Tyson 1988) show rnonotonic increase (with steeper slopes in bluer 

bands) and appear to saturate at  only = B = 27 mag. Therefore, a maxima in the histograni 

before such photometric depth implies the onset of statistical incompleteness in our sample. 

We plot the frequency distribution of the galaxy number count within apparent magnitude bins 

of 0.2 mag, in Fig. 2.1. The relative number of objects rises linearly, until a turnover occurs 

between V = 21.5 and V = 22.5. We take the cornpleteness limit (small arrows in the figures) of 
' our data at 0.2 mag brighter than the peak of each histogram. These set the depth of our galaxy 

samples for further analysis. 

Here we must bear in mind that object detection depends on seeing - if poor seeing blurs an 

extended object, its outer (very faint) isophotes would fall below the surface brightness tlireshold 

cutoff, rendering the object fainter and smaller, thus more difficult to detect (and rnore prone 

to misclassification as a star). We have attempted to avoid this problem by using only those 

images where the stellar profiles have full-width-at-half-maximum of < 2 arcsec (see also below). 

Crowding of objects is another pitfall; however, our poor clusters are not crowded fields (by 

their very nature). They are also at  high Galactic latitude where stellar densities are not large. 

Therefore, crowding hardly contributes to uncertainties in completeness. 

The assignment of stellar/non-stellar class to a detected object was on the basis of its receiving 

the same classification in at  least 50% of the images in the different filters. The internal accuracy 

of the classifier - tested by comparing object classification in the multiple images - is rather 

dependent on the faintness of the object and on image seeing. Poor seeing will of course degrade 

the smaller extended objects into unresolved sources. 

As Fig. 2.2 shows, in a plot of the logarithm of object area against the (extinction-corrected) 

V magnitude, stars and extended objects occupy two separate loci. Clearly, and expectedly, the 

apparent areas (radii) of bright galaxies are systematically larger than those of stars at the same 

apparent magnitude, while faint galaxies merge with stars. In fact, for seeing greater than the 

typical scale sizes of the objects, it is possible that objects of differing magnitudes would be 

smoothed to a similar size comparable to the seeing disk. The threshold of discrimination, which 

therefore depends crucially on the observed size of the objects, is roughly V = 19.5 after which 

the distinction is blurred. This magnitude expectedly corresponds to an object area of radius 

about the seeing disk. 

However, FOCAS uses several parameters for bifurcation of objects (more than merely the locus 
in the area vs. magnitude) simultaneously (Valdes 1988), so Fig. 2.2 is merely an indication of 

the trend of the reliability of the classifier. For the brightest objects (14 < mv < 17), there is 

virtual unanimity in the FOCAS classifications in the images in different filters. At V z 20 nlag 

(R FZ 19 mag), where the surface number density of stars and galaxies are comparable, the fraction 

of objects that received conflicting classifications is - 10%; this rises disappointingly to -- 30% 
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Figure 2.2: Star-galaxy separation plots for the EMSS poor cluster images. Stellar (open circles) 
and non-stellar objects (filled circles) occupy separate regions in the plot of logarithm of area vs. 
mv, with stars having higher surface brightness than extended objects. 

about 3 magnitudes fainter. Sometimes, FOCAS classified closely paired objects as galaxies; 

visual inspection usually clarified such discrepancies. In particular, visual inspection and object 

colors show that some 10% of galaxies fainter than 21.5 mag (close to the completeness lirnit) 

could be misclassified as stellar objects, while some stellar objects could well be QSOs. Adding 

the relevant contributions due to misclassification to the galaxy counts changes the overall faint 

number counts non-negligibly but without seriously improving the completeness levels. In fact, 

due to the relatively shallow number counts of stars (Bahcall & Soneira 1981) versus galaxies (e.g., 

Tyson 1988), the fractional stellar contamination actualiy decreases with iricreasing magnitude 

as shown in Fig. 2.3. 

We have previously (Sec. 2.2.4) used the APS database for preliminary esti~rlates of the ricliriess 
of our sample clusters. We use the sarne as an external check of the reliability of our object 

classification. The APS star-galaxy discrimination is based on an automatic neural-network 
algorithm (Odewahn 1995), and is reliable to fainter than 20 rnag. We find that, for all the 

clusters except MS0735 for which we could not access the APS database, there is agreement to 
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Figure 2.3: Number counts of stars and galaxies in the field of MS1306. The solid line is the 
prediction of the Bahcall & Soneira (1981) model of Galactic star counts, and the dotted line is 
the empirical 'field galaxy' count of Wilson et al. (1997), both in the V band. Notice that by 
V z 20 mag, galaxies begin to dominate over stars. 

better than 92% between the classes assigned by FOCAS and the APS classifier. There were 
conflicting classifications usually for close pairs of objects or for those close to the CCD borders. 

In such cases, we re-examined our classification visually, and found that fewer than two objects 

needed to be reclassified in our catalogs. 

We conclude that our detection algorithm and photometry are, within errors of < 10%, complete 

to about V = 21 mag and our star-galaxy separation does not significantly contaminate the 

galaxy catalogs with stellar objects. 

2.6 Discussion and Summary 

We construct our sample of moderate-redshift (0.08 < z < 0.25) poor clusters from the X-ray 

selected EMSS cluster catalog of Gioia & Luppino (1994; GL94). These objects emit X-ray 

luminosities Lx > 3 X l ~ ~ ~ e r ~ s - ' ,  have their X-ray centroid optically identified with galaxy 

over-densities and are noted by GL94 as being optically poor. Our preliminary richness estimates 

indicate that these clusters would be similar to Abell clusters of richness class 0 or l. We acquired 

optical CCD images of four poor clusters, and after pre-processing the data, detected the faint 

objects in the fields and separated them into stars and extended objects. We performed aperture 

photometry (corrected to E 7 arcsec) transformed to the standard Johnson-Cousins' B, V, R and 

I bandpasses. The galaxy catalogs are complete to about V = 21 mag, or z Mv = -18 in the 
- rest-frame of the different clusters. 

The literature does not contain redshifts for any but the brightest cluster galaxy in these fields. 

Therefore, we do not have any dynamical estimates of the clusters a priori. Nevertheless, frorn 

the empirical correlation between the cluster X-ray luminosity L, and velocity dispersion a, (e.g., 

Edge & Stewart 1991; White et al. 1997), we may estimate the latter dynamical quantity. We 
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0.153~0.01 use the White et al. (1997) correlation: U, = 6.97 f 0.19 LXiEinstein, to derive f he cluster velocity 

dispersions of 580 krrl S-' (for MS0301), 750 krri S-' (for MS1306 and MS0002), and 900 k111 S-' 

(for MS0735). 

In tlie chapters to follow, we shall study the statistical properties of the galaxies in tlie poor 

clusters, as well as the structure of the brightest galaxy in them. 
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equations 2.1. 
stddevo 

0.015 
0.004 
0.011 
0.011 
0.025 
0.015 
0.014 
0.028 
0.025 
0.011 
0.011 
0.017 
0.038 
0.026 
0.073 
0.012 
0.014 
0.016 
0.013 
0.030 
0.015 
0.012 
0.016 
0.020 
0.030 
0.070 
0.004 
0.013 
0.009 
0.022 
0.005 
0.019 
0.036 
0.043 
0.008 
0.024 
0.009 
0.006 
0.005 
0.010 
0.042 
0.020 
0.014 
0.017 
0.009 
0.011 
0.040 
0.090 
0.05 

0.012 
0.011 
0.014 
0.010 

Table 2.7: 
Date 
1996 

March 11 

1996 
April 22 

1996 
AVERAGE 

1997 
March 07 

1997 
March 08 

1997 
AVERAGE 

1997 
April 06 

1998 
April 01 

1999 
April 11 

2000 
February 01 

2000 
March 03 

Coefficients of 
Setup 

CCD#1 
Filters#l 

CCD#1 
Filters#l 

CCD#1 
Filters#l 
CCD#2 

Filters#2 

CCD#2 
Filters#:! 

CCD#2 
Filters#2 

CCD#2 
Filters#3 

CCD#2 
Filters#3 

CCD#3 
Filters#3 

CCD#2 
Filters#3 

CCD#2 
Filters#3 

transformation 
stddev, 

0.003 
0.002 
0.008 
0.008 
0.008 
0.006 
0.009 
0.010 

0.022 
0.011 
0.032 
0.017 
0.027 
0.023 
0.010 
0.005 
0.013 
0.028 
0.015 

0.007 
0.011 
0.007 
0.009 
0.005 
0.022 
0.012 
0.067 
0.006 
0.019 
0.001 
0.001 
0.002 
0.002 
0.018 
0.016 
0.030 
0.016 
0.004 
0.015 
0.036 
0.040 
0.012 
0.017 
0.008 
0.019 
0.009 

P 
1.461 
1.011 
0.020 
0.022 
1.439 
0.996 
0.024 
0.048 
1.439 
0.022 
0.988 
0.950 
0.973 
0.059 
0.162 
1.052 
1.000 
1.003 
1.025 
0.015 
0.032 
1.020 
0.975 
1.000 
0.037 
0.097 
0.976 
1.080 
0.071 
0.182 
0.967 
1.081 
0.989 
1.163 
0.043 
0.049 
1.016 
1.022 
0.893 
0.957 
0.073 
0.036 
0.999 
1.045 
0.974 
1.048 
0.024 
0.043 
0.975 
1.043 
0.951 
1.060 
0.086 

the photornetric 
Index 

( B  - V )  
(V - I )  

V ( V - ~ )  
( B  - V )  
(V - R,) 

V ( V - ~ )  
( B - V )  

( B  - V )  
(V - R )  
(V - I )  
~ ( B - V )  

V(V-R) 
( B  - V )  
(V - R,) 
( R  - I )  
(V - I )  
~ B - V )  

V(V-R) 
( B -  V )  
(V - R,) 
(V - I,) 
Y E - v )  
Yv-R)  
( B  - V )  
(V - R,) 
Y E - V )  
~ ' ( V - R )  

( B  - V )  
(V - R,) 
( R  - I )  
(V - I )  

( B  - V )  
(V - R,) 
( R  - I )  
(V - I )  

V(V-R) 
( B  - V )  
(V - R,) 
( R  - I )  
(V - I )  

V(V-R) 
( B  - V )  
(V - R,) 
( R  - I )  
(V - I )  

a 
0.821 
0.856 
-0.310 
-0.313 
0.892 
-0.122 
-1.589 
-1.592 

-1.252 
-0.252 
-0.104 
-4.059 
-4.083 
-1.415 
-0.335 
0.134 
-0.223 
-4.047 
-4.062 
. 

-1.268 
-0.529 
-4.354 
-4.373 
-0.330 
-0.960 
0.065 
-1.032 
-4.708 
-4.715 
-1.284 
-0.351 
0.124 
-0.205 
-3.312 
-3.309 
-1.318 
-0.514 
0.011 
-0.547 
-4.037 
-4.036 
-1.246 
-0.531 
-0.030 
-0.620 
-4.140 
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Table 2.8: The journal of cluster observations. Tlle table shows the cluster narne, filter, date, 
exposure tirrle in seconds, and air mass. 

Object Filter Date 

MS0002 V 1997 Oct 05 

R 1997 Oct 05 

Ex~osure  (sec) Airrnass 



Chapter 3 

Galaxy Luminosity Functions 
The universe is wider than our views of it. 

- Henry David Thoreau 

3.1 Avant-Propos 

Galaxies span more than six orders of magnitudes in their luminosity. The relative abundance 

distribution of galaxies within a given volume according to their brightness, termed the lumi- 
nosity function (LF), stands in for the distribution of galaxy masses, and is thus a fundamental 

measure in extra-galactic astronomy and cosmology. The LF is important in understanding the 

global properties of galaxies, their formation, and evolution (see review by Binggeli, Sandage, & 
Tammann 1988, hereafter BST88). In optical bands,' the Schechter (1976) function provides a 

convenient analytic approximation to the (volume-limited) galaxy LF, $(L). This is a combina- 

tion of a power-law and an exponential function, parametrized as: 

where L* is a characteristic luminosity defining the transition or "break" between the exponential 

fall-off at  bright luminosities and the power law of slope a at the faint end, and $* provides the 

overall normalization of the LF. Galaxies with luminosities L > L* are rare and have low space 

density. The power-law dependence with exponent a provides a galaxy dwarf-to-giant ratio, and 

determines the. amount of mass in galaxies of low luminosity and mass. The integral of the LF, 

$(L) over all luminosities is the (comoving) space density of galaxies. For "standard candles" the - 
LF is simply 4(L) = $* &(L - LQ). ? 
The LF is a reflection of galaxy formation since galaxies are luminous tracers of the spectrum of 

the primordial density fluctuations. The evolution of galaxies in luminosity and number density 

- which then has an impact on the LF - occurs through both internal phenomena such as star 

formation and energy input from supernovae, and external i.e., environment-related, processes. 

If the primeval galaxy mass function is a universal constant, and galaxies are outside the influence 

of their surroundings, and every subsequent evolutionary process retains the initial mass-to-light 

ratio, then it is not unreasonable to expect a "universal" present-day LF (e.g., Schechter 1976; 

Colless 1989). Few - if any - galaxies are isolated entities (see Sec. 1.1), so their properties 

including luminosity are subject to environmental effects and modifications througliout their 

'The literature contains estimations of the differential number distribution of galaxies over lumixlosities over 
virtually the entire spectrum, including the optical, far infra-red (Sanders & Mirabel 1996), radio continuum (e.g., 
Gavazzi & Contursi 1994). and neutral hydrogen (e.g., Schneider 1996). 
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lifetime. AII important question in this context is whether it is the early envirorlr~le~lt (i.e., 

conditions at formation) or the current/recent enviro~ir~lent (i.e., later irlfluences) that plays the 
rnajor role in determining galaxy luminosities and luminosity distributions, and to what extent. 

If it is only the early environment that matters, i.e., if the post-collapse dyna~rlical mecha~iisms 

are not important in local clusters, i.e., if the LF is determined early in the cluster history, then 

there ought to be no strong correlation between the LF and dynamical properties of the cluster. 

Most theories of cosmogony predict two distinct classes of galaxies: normal, bright galaxies and 

faint, diffuse dwarfs. The dwarf galaxies that populate the faint-end of the LF may be distinct 

from the set of giant galaxies in terms of scaling laws, dark matter content, and formation 

(Ferguson & Binggeli 1994).  The standard model of biased galaxy formation (e.g., White et 

al. 1987) theorizes that ( 1 )  clusters of galaxies should be populated predominantly by bright 

galaxies, (2) the dwarf-to-giant ratio should be larger in the field than in clusters, flattening the 

cluster galaxy LF, and (3) cluster LF shapes should be correlated with their richness. Further, 

the "biased" giant galaxies concentrate toward the dense cluster cores while the fainter ones 
should preferentially occupy the sparse halos, thereby making the LF change with the cluster 

area surveyed. 

The environmental mechanisms that alter galaxy luminosities post-collapse (see Sec. 1.2.2 for a 

general description of the usual suspects) have different relative influences on different parts of the 

LF. At the bright end of the LF, merging of the individuals into a more massive galaxy leads to a 

decrease in the normalization of 4*; most merger remnants have heightened luminosity for a few - 
million years due to triggered star formation or even starburst, which brightens L*. Tidal stripping 

due to galaxy-galaxy interactions or by the cluster tidal field, and ram-pressure stripping by the 

intracluster medium cause galaxies to become fainter. Since tidal stripping is more pronounced 

for brighter galaxies than for the less luminous ones, and increases with galaxy density, L* should 

become fainter for denser clusters. Ram-pressure stripping is greatest for galaxies in the highest 

X-ray luminosity clusters, dominates at the cluster core, and is larger for galaxies on high-velocity 

(radial) orbits. This leads to a correlation of L* with X-ray luminosity. Dynamical friction, whose 

timescale inversely proportional to galaxy mass and background medium density, applies brakes 

preferentially on the motion of the more massive galaxies that would merge into more massive 

conjugates. If luminosity is correlated with mass then this would result in fewer bright galaxies 

than faint ones, leading to fainter L* in the more dynamically evolved clusters. 

Dynamical friction, mergers, and tidal stripping together give rise to galactic cannibalism whose 

end product is an extremely luminous first-ranked galaxy along with a deficit of normal bright 

galaxies. As the cluster evolves, cannibalism results in the BCM (CD galaxy) growing in size and 

luminosity to.populate the bright extremum of the LF, enlarging the deficit of bright galaxies and 

reducing M*. Therefore, the contrast of the brightest cluster galaxies relative to the other bright 

. galaxies (such as the second-ranked object) would correlate with the cluster dynamical state. The 
distribution of the average magnitudes of the first-ranked galaxies (0.5 mag brighter than those 

of the brightest normal galaxies) and its small dispersion support a scenario in which BCMs are 

a class of atypical galaxies created by "special" processes, and implies that BCMs cannot all be 

the statistical tail end of the bright-end of the (Schechter) luminosity function (Sandage 1976; 

Bhavsar 1989 and references therein). The deviation of the CD galaxies from the general LF is a 
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cornbination of forrriatiorl r~ieclianisnls arid late evolution. 

Strong interactiorls can also lead to the creation of galaxies such as the faint tidal dwarf galaxies 

(with a median luminosity of MB = - 14.2; Duc & Mirabel 1998). Within small aggregates of low 

velocity dispersion, dwarf companions or satellites may coalesce with the bright parent galaxies, 

decreasing the faint-end contribution. Tidal stripping and galaxy harassment (Moore et al. 1996) 

tend to destroy the low-density faint galaxies. Infall of galaxies into clusters (e.g., some Virgo 

cluster spirals could have been accreted recently; Huchra 1985) would further alter the shape of 

the galaxy LF over the lifetime of the cluster. 

Moreover, galaxies are vastly heterogeneous objects in terms of morphological type, star forma- 
tion, surface brightness; further, they may have formed at different epoch and hence have different 

ages. The LFs for galaxies differentiated by morphological type appear distinct (BST88); even if 

LFs of galaxies of different Hubble types are individually invariant with the environment (Jerjen 

& Tammann 1997; Andreon 1998; but see Kashikawa et al. 1995), the morphology-density rela- 

tion (Oemler 1974, Dressier 1980) which implies different relative abundances of spirals, ellipticals 

and dwarf galaxies in the field and clusters supplies an environment dependence to tlle total LF. 

Since the morphological types are correlated (albeit weakly) with colors, the LF is likely to be 

color-dependent (Marzke et al. 1994). Temporal evolution of galaxies is bound to change their 

luminosities and - if non-uniform - alter the global LF with epoch. 

Galaxy LF may therefore behave differently in the field, galaxy groups and clusters. There are 

differences in galaxy densities even amongst clusters that may manifest themselves in global 

statistical properties of the galaxy luminosities. For instance, bright galaxies are more abur~dant 

in dense clusters (Garilli et al. 1999), consistent with biased galaxy formation. In contrast, the LF 

shows no evidence for variation with cluster richness (Colless 1989). The presence of an extreme 

object such as a CD galaxy at the bottom of the cluster potential seems to deplete dwarf galaxies 

and flatten the LF (Lopez-Cruz et al. 1997), indicating environmental effects on the faint-end 

slope of the cluster galaxy LF. Other studies, however, point to the ratio of dwarf to bright 

galaxies increasing with the richness of the environment (Ferguson & Sandage 1991; Phillips et 

al. 1998), opposite to that predicted from biased galaxy formation. Rich clusters display steeper 

LFs than their poor cousins (Valotto et al. 1997; but see Lopez-Cruz et al. 1997 who claim tlle 

opposite). Further, the spatial distributions of these low luminosity galaxies also varies with 

environment; cluster dwarfs may be spread out through the system, while in the field the dwarfs 

tend to be satellites of giants. X-ray luminous groups of galaxies have dwarf-to-giant ratios that 

are significantly larger than those of low X-ray luminosity groups (Zabludoff & Mulchaey 2000, 

here onwards ZM2000). The dwarf galaxies in X-ray luminous groups are clustered more closely 

than the giants, again opposite to the sense of biased galaxy formation (ZM2000). 

Similarly, poor cluster LF determinations in the literature differ widely. Group galaxy LFs may 
- be consistent with that of the field (Muriel et al. 1998), or may show a deficit of galaxies at  

intermediate luminosjties (Hunsberger et al. 1998) or fainter (see review by Hickson 1997), or 

maybe similar to that of rich clusters (ZM2000). While the blue galaxy LF (Muriel et al. 1998) 

seems to turn over at  the same lliminosity as the field, the red galaxy LF (ZM2000) has a far 

brighter break than the field galaxy magnitude distribution. One reason may be a matter of the 
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definitiori of these "poor systems". The dilferellt sa~nples niay represent a mixed bag of objects 
that are mutually different (see Sec. 1.3.2). 

We observe that an uncomfortably large fraction of the results on galaxy lunlinosity functions are 
at variance with each other, testifying to the complexity of the theme. Studying a large nurrlbers of 

clusters with a large range of characteristics - different richness, galaxy morphological fractions, 

and dynamical states - would help gauge the extent of environmental influence on bulk properties 

(such as the LF) of galaxy populations. 

This chapter presents the luminosity distributions of the galaxies in our sample of poor clusters. 

Such a study has two main purposes: (1) to test for "universality" of the LF of the different 

poor clusters, and (2) to compare the galaxy LF in the EMSS poor clusters with those in the 

field and rich clusters, and thus study the influence of the environment on galaxy formation 

or in modifying the primordial LF through dynamical processes either during or after cluster 

collapse. The objective of this study is to determine an LF that reflects with reasonable fidelity 

the membership of a typical poor cluster, and not to compute how the general poor cluster 
population contributes to a global LF. 

3.2 Analysis 

Our catalogs of galaxies in the fields of the four EMSS poor clusters contain their positions, 

V magnitudes and colors. These provide the relevant data to construct luminosity functions. 

These are subject to photometric errors, detection completeness limits and uncertainties in the 

statistical background subtraction ( a .  below). Since our I band data are not so deep nor so 
complete as the V and R filter images, we shall exclude them from the present analysis. Note 

also that for the cluster MS0002, we can estihate the LF only in V and R bands; the B-band 

data do not have good enough photometric calibration to be useful here. 

In the following sections, we set forth the details of the various steps involved in construction of 

the LF. 

3.2.1 Extraction of Cluster Galakies 

In studying cluster galaxies we need to "extract" them from the sum total of the objects projected 

into the same area of the sky (a great number of both fore- and back-ground galaxies, and perhaps 

a srnall number of misidentified stars). 

Direct selection of cluster members is possible only with redshift and/or morphological informa- 

tion. Spectroscopic redshifts are lacking for all but the brightest cluster galaxy in our sample 

(and constructing spectrophotometric catalogs of the cluster galaxies would demand further huge 
amounts of observing time on large telescopes). Recent times have seen the development of a tech- 

nique of using photometrically estimated redshifts to determine cluster membership. However, the 

accuracy with which photometric redshifts can be estimated is crucially dependent on the number 
of available colors and on the errors in photometry (62 0.2 at  z = 1 for 0.1 mag errors in colors). 

This means that we cannot apply this technique for our clusters, of which the highest redshift one 
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is at  z = 0.216. However, cluster galaxies tend to lie on a well-defined color-mag~litude ridge line. 
So, we can use the color-magnitude relation to assign cluster membership, as done by Metcalfe 

et al. (1994), Lopez-Cruz et al. (1997), De Propris & Pritchet (1998), Moretti et al. (1999). Now, 

we have data in multiple filters and, as we show in Sec. 4.2, the color-magnitude diagrams for the 

clusters are reasonably well-determined. We can thus exploit galaxy colors and their closeness 

to the color-magnitude relation to identify cluster members; galaxies whose colors fall well away 

from the relation are interlopers. We assume all "sequence galaxies" are indeed cluster members, 

and that the sequence efficiently selects all probable cluster members. We construct LFs using 

this method to segregate cluster and non-cluster galaxies. However, since we lack independent 
confirmation of the efficacy and reliability of this method of "cleaning" clusters of the background, 

we will also apply another well-known method of correcting for contamination. 

MS 0002 (> 0.7 Mpc) 

:: 
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Figure 3.1: Galaxy counts at radii > 700 kpc from the centers of the poor clusters MS0002 and 
MS0735 to the largest circle covered by the CCD frame. The overplotted lines are the field galaxy 
counts of Wilson et al. (1997) in the V-band and Tyson (1988) in the R-band. The excess of 
galaxies over the predicted field counts (to the completeness limits) even so far away fro111 the 
cluster centers in both cluster neighborhoods is obvious. 

An alternative to acquiring a complete sample of spectroscopically confirmed rnembers is to decon- 

taminate the galaxy counts of contribution due to the field by applying a statistical background 

correction. To estimate the field or background density, one may use either cou~lts defined locally 

in the lower-density regions around each cluster or a fixed, global estimate of galaxy density in 

the sky. 

If the cluster images cover a wide field, as in photographic surveys, the11 it is possible to measure 
field counts around each cluster in a homogeneous fashion, by subtracting background counts 

from around the cluster region itself. Even when the detector field of view is small, (as in the 

Hubble Deep Field work), it may be possible to obtain flanking fields from where to establish the 

local field counts. Such a control sample and the object sample, having been obtained with the 

same instrumentation, would be directly comparable. Studies (e.g., Driver et al. 1998) have shown 

that the LF is robustly determined over the absolute magnitude range -23 < MR < -16 using 
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subtraction of field nunher-counts provided: (a) the cluster has an Abell richness 1.5 or greater; 

(b) the redshift of the cluster lies in tlle range 0.1 < z < 0.3 (c) the seeing is better than FWHM 

1.25 arcsec, and (d) the photometric zero-points are accurate to within S, = +/ - 0.12. If these 

conditions are not met (our data do not satisfy the first and third criteria), then the recovered 

luminosity distribution is unreliable. Using the local background would also allow contamination 

from the cosmic variance in projected galaxy counts and through gradients in galaxy densities 

from really large-scale structures. 

The global method is based on empirical galaxy counts as a function of apparent magnitude frorn 
deep, large-area surveys of e.g., Tyson (1988), Metcalfe et al. (1995). Such counts are usually 

given as log N(m),  where N(m) is the number of galaxies brighter than apparent magnitude m. 

This method has its associated inaccuracies since assuming a global density would mean neglecting 

local inhomogenieties. This deficiency contributes errors ranging from 25% (Dressler 1978) to 50% 

(Oemler 1974; Lugger 1986). Of course, these independent studies represent number counts using 

different filters or photometric systems, various definitions of galaxy magmitudes (fixed aperture, 

isophotal, total) and unequal angular coverage. Several doubts thus remain about the validity of 

a field correction based on a general log N(m) law (see BST88). 

Background correction is especially difficult for poor clusters due to the meagre galaxy popu- 

lation and faintness of their density contrast against the background. Further, the number of 
background galaxies contaminating each cluster depends on its redshift. Short of obtaining ve- 

locity measurements for all galaxies in the region of the cluster, we have to take the cluster 

galaxy census after using one of the abqve options for background subtraction. It is possible to 
0 use an annular region far enough awayhthe cluster center only for MS0002 and MS0735, where 

the CCD images sample more than about 0.8-1.2 Mpc radii from the position of the brightest 

cluster member. However, we use the global background estimate throughout, to ensure that the 

measurements are uniform for all the clusters, and are not contaminated by other nearby systems 

in the CCD field. We derive an estimate of the cluster population using field galaxy counts fro111 

the literature. 

We use the deep galaxy counts over high Galactic latitude fields performed by Tyson (1988) to 

"decontaminate" the cluster images in the B and R bands. The differential galaxy counts per 

magnitude at the galactic pole in the Bj and R bands found by Tyson follow the relations 

We link Tyson's isophotal (28 mag/arcsec2) photometry to the Johnson-Kron-Cousin system 

using the prescriptions of Fukugita et al. (1995). We use the field count estimates of Wilson et 

al. (1997) to derive the cluster galaxy counts in the V-band: 

In order to clean the cluster of interlopers, we determine the number of field galaxies in a given 

magnitude bin that are expected to be projected onto the cluster area (of n X 0.5 M ~ C ~ ) .  While 
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MS 0301 MS 1306 

Figure 3.2: Generating the luminosity function from global background subtraction. The observed 
galaxy number counts in full CCD frame in the V-band (dotted lines) are corrected for the 
background that is estimated using the counts of Wilson et al. (1997; dot-dash lines). The 
corrected counts (solid lines), that shall later be transformed into absolute magnitudes, provide 
a luminosity function corrected statistically for the background. Superimposed as circles are the 
number counts of "sequence" galaxies with error bars assuming Poisson counts. 

such a method estimates the non-cluster contamination in a statistical sense, it does not pro- 

vide specific information on cluster membership for individual galaxies. Note that we use these 

background-corrected counts to provide an independent fiducial sample for comparison and not 

for the actual LF determination. We compare counts obtained through this technique with those 
using the color-magnitude relations, in Fig. 3.2. Agreement between the two exists at a level 

that is satisfactory, if not perfect. 

3.2.2 Conversion to Rest-Frame Magnitudes 

After selecting the sample of galaxies to be counted in the cluster LF, we must transform appar- 
ent magnitudes to rest-frame magnitudes through the distance modulus and other corrections. 

Because all cluster galaxies are virtually equidistant, their apparent magnitudes can directly give 

the luminosity function (to a certain limiting magnitude) after scaling by the distance modulus. 

Our catalog contains galaxy magnitudes corrected for Galactic extinction but not internal absorp- 
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tion. There is sorlle doubt that the extinction toward MS0301 Inay be patchy; however, we apply 

one value for the whole cluster. The relation between the apparent and absolute ~nagnitudes of 

a galaxy is given by: 

m - M = 510g(DL) - 5 + K(z)  + e(z), 

where DL is the luminosity distance (which depends on the cosmological parameters go and Ho), 

K ( z )  is the K-correction that accounts for the Doppler redshifting of the galaxy spectrum due 

to the expansion of the Universe, and the last term e(z) is the evolutionary correction that 

measures the variation in luminosity (in units of magnitude) from the redshift of the galaxy 

to the present z = 0. We compute the distance modulus adopting (the long distance scale) 

Ho = 50kms-' MpcP'and go = 0.5, and using the cluster redshifts listed by Gioia & Luppino 

(1994). This choice of cos~nological parameters is not necessarily in accord with theoretical 
expectations or with modern observations, but follows most other studies of cluster galaxy LFs. 

If we had assumed go = 0 then the transformed magnitudes (and inferred M*) would be brighter 

by the amount of increase in the distance modulus: 0.13 mag at z = 0.09 and 0.20 nlag at 

z = 0.22. 

Table 3.1 

The computation of K-  and e- corrections is usually by means of spectrophotometric niodels 

of stellar populations assuming a galaxy formation redshift, initial mass function for the stars, 

and a star formation rate. Typically, the spectra of galaxies are not flat nor do all ~norphological 

types evolve in the same way, so K + e-corrections are different for different galaxies. We shall 

study mostly the inner 0.5 Mpc areas of the clusters, where the high central densities make 

the morphological composition mainly elliptical/spheroicial, though there is bound to be a large 

dispersion. Therefore, and in keeping with common practice, we apply the corrections relevant 

to elliptical galaxies at  our cluster redshifts. We shall also make the working assumption that 

evolution in the stellar component of the galaxies has a negligible effect (N 0.1 mag at V 20, 
of the order of our photometric errors). This is further justifiable by the tightness of the cluster 

color-magnitude relations and their similarity to that of the local Virgo cluster (see Sec. 4.2). We 

use the K-corrections for elliptical galaxies from spectro-evolutionary, models of Poggianti (1997) 

and interpolate them to our required cluster redshifts. For any galaxy other than E/SO, the K- 
effect is smaller, so a small color correction would come into play; but at its largest, the correction 

is less than 0.15 mag at the highest redshift of our sample (z=0.22 for MS0735) if we use the 

relevant value for the bluest Sc-type spiral galaxies instead of the one for EIS0 morphological 

types. Table 3.1 contains the K-corrections we thus derive for the EMSS poor clusters. 
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3.2.3 Construction of the Individual Luminosity Functions 

It is important to use homogeneous samples of galaxies over a well-specified range of absolute 

magnitudes when constructing the LFs since the different completeness levels of different clusters 

can have an important effect in determining the faint-end slope of the LF. Likewise, it is preferable 

to estimate the LFs within similar cluster radii, so as to avoid possible LF variations with distance. 

We generate the LFs for galaxies in circular areas of diameter 0.5 Mpc for MS0301 and MS1306, 

and 0.7 Mpc for MS0002 and MS0735 centered on the BCM. This helps reduce the relative 

contamination by field objects by focusing on spatial regions that are most likely to be dominated 

by cluster members. Though such areas should be rather small for computation of the LF for 

rich clusters, they should be adequate for poor clusters whose core sizes is about 250 kpc (see 

Sec. 5.3.2). 

We limit the LF exercise to galaxies brighter than Mv = -18 mag; fainter than this limit, 

incompleteness sets in (cf. Fig. 2.1). We shall see in Table 3.5 that this faint cut-off is = 3 Inag 

fainter than M* for the Schechter function. Throughout this work, we deal with reasonably high 

surface-brightness galaxies; we are rnost unlikely to have included in our data set the diffuse 

low surface-brightness spirals or faint dwarf irregulars being found in increasing numbers in the 

nearby universe. 

In constructing the LF of the individual clusters, we use sequence galaxies determirled from the 

color-magnitude relation for early-type galaxies at  the cluster redshift. Galaxies much redder 
or bluer than the sequence are likely to be back- or fore-ground objects, so we ornit them in 

the generation of the LFs. We also determine the LF by decontaminating the cluster counts of 

non-members by statistical field correction. Field counts can be comparable with poor cluster 

galaxy counts even at V -- 20 mag. Figure 3.2 depicts the results of such field subtraction for 

the V-band. We bin the cluster galaxy sample in 0.5 mag bins in apparent magnitude in each 

passband. Next we transform the apparent magnitudes to absolute magnitudes, and directly use 

the distribution as the nonparametric LFs. 

3.2.4 Estimation of Completeness 

We wish to coristruct composite LFs (see Sec. 3.2.6) for the poor clusters. For this purpose, 

we must have knowledge of the luminosity (equivalently, magnitude) completeness limits for 

the individual clusters in various filters. We have evaluated these in Sec. 2.5.2, from which 

we may ascertain that LFs may be computed to faintness limits of Mv w -18 without being 

compromised by incompleteness errors. The galaxy counts for the cluster MS0735 are complete 

to only about a magnitude shallower than the other three clusters. We prefer to avoid "corrections 

for incompleteness" which would require different modeling for each cluster and would handicap 
us without a unique handle on the errors. This does mean that the luminosity range of the LF is 

limited and we miss the crucial dwarf galaxy populations; were we to observe the Local Group to 

the same absolute magnitude range, we would include only M31, the Milky Way, M33 (all spiral 

galaxies) and the Large Magellanic Cloud (an SdM-type satellite of the Milky Way). There is no 

trend in completeness among the B, V and R filters in which we shall construct the LF, i.e., the 
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data in the B and R filters are cornparable in cornplete~less to Mv x -18 assunling the colors of 

an elliptical galaxy at the appropriate redshift. 

3.2.5 Errors in Construction of the Individual LFs 

Much of the uncertainty reflected in computing the LF of poor clusters from imaging alone comes 

from the difficulties of separating cluster galaxies from those in the isolated field projected onto 

the clusters. The LF is subject to: 

1. photometric errors, 

2. systematics of star-galaxy discrimination, 

3. uncertainties in background subtraction, 

4. object crowding and surface brightness cut-offs. 

Section 2.4.4 mentions that the photometric accuracy of our galaxy catalogs is about 0.07 mag- 

nitude at V = 20 niag. As we use 0.5 mag bins, the photometric errors should not greatly affect 

the determinations of the Schechter parameters below. 

Sky noise in the images and poor seeing will blur the faintest objects and not only make them 

difficult to detect (and split from very close neigllbors) but also give rise to errors in star-galaxy 

separation. In the brighter apparent magnitude range (R < 20 mag), though, essentially all 
objects are well resolved into stars or galaxies (extended objects), so the bright-end of the LF 

may be reasonably free of these errors. At fainter magnitudes, where both the photometry 

noise and misclassification probability rise, incompleteness also sets in. Further, high Galactic 

extinction and cosmological dimming of the surface brightness of galaxies even under the best 

observing conditions will preferentially remove faint sources from the catalogs. But at  magrlitudes 

fainter than R=21, galaxies are expected to dominate over the stars of the Milky Way. 

For a statistically-corrected LF, the maximum error in its constructirlg - especially in deterrnin- 

ing the slope - arises from systematics in the field counts; additionally, an intrinsic (perhaps 

non-recoverable) contribution is due to field-to-field fluctuations in background counts wliicl~ is 

not Poissoniarl given that clustering of galaxies exist to all magnitudes. This problerri is ag- 

gravated for poor clusters by their very nature of being ill-populated. Even modest errors in 

background subtraction can have deleterious effects on poor cluster LFs as the expected frac- 

tional field contamination is worse for poor clusters than for their rich cousins, deperldilig on the 

pertinent redshift. 

We deal only with galaxies of high surface brightness; our detection isophotes do not permit 

inclusion of significant numbers of the low surface brightness galaxy population. Nevertheless, 

we find that the galaxies in the images span some 6 nlagnitudes in surface brightness, fro111 the 

brightest cluster member to the faint, nearly unresolved galaxies. Our object detection and sep- 

aration program (FOCAS) is efficient at  deblending overlapping objects; there are fewer than six 

pairs per cluster whose projected separations are within 6 arcsec. Our photometry uses apertures 

of 3 arcsec calibrated to 6.6 arcsec using aperture corrections. The nearly-merged objects (that 
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are not always the brighter galaxies) have aperture photometry that may be contaminated due 
to the neighbors though not seriously (i.e., by more than 0.5 mag). We therefore believe that 

problems due to crowding - miscounting galaxies and photometric imprecision - are negligible 

within the poor cluster images, quite unlike in the case of rich cluster cores. 

3.2.6 Construction of Composite Luminosity Functions 

The number of galaxies counted in the individual luminosity function is (expectedly) small and is 

not quite conducive to being fit with a three-parameter analytical function such as the Schecllter 

function. However, the total number of all galaxies in our sample of poor clusters allows an 

estimation of the mean shape of the LF particularly at  the faint end. A comparison of LFs fro111 

poor cluster to poor cluster, and between the poor cluster and other environs helps determine 

whether galaxies participate in a universal LF or 'whether they are subject to environnlental 

effects at formation and during their subsequent evolution. 

The absolute magnitude limit to which galaxies are included in construction .of the LF can in- 

fluence their intercomparison as well as the parameters of the function fits, since evidence for 

a steep upturn could appear at  different regions of tlle LF faint-end (Phillips et al. 1998). We 

must therefore choose the magnitude regions which are well within tlle completeness lirriits and 

are consistent with other work we choose for comparison. The nearest and most distant of our 

poor clusters differ by a distance modulus of 1.5 mag, so the absolute magnitude range of the LF 

will consequently suffer on account of the sl~allowness of the farthest cluster. We choose to use 

only galaxies brighter than Mv = -18 + 51oghS0. In comparing the LFs among themselves and 

in Schechter functional fits, we exclude the first-ranked galaxies since they do not all appear to 

obey the statistics commensurate with the latter. 

The most direct way to construct an unbinned composite LF is to accumulate the galaxies of all 

the clusters down to some limiting magnitude. Here we use only galaxies selete to be within the 0 
cluster color-magnitude "sequence", i.e., whose cluster membership is highly probable. We then 

form an "unbinned composite LF" in two filters (V, R) from all four clusters through the union 

of the individual absolute magnitude data sets brighter than the co~npleteness limits. While such 

a compilation changes the normalization of the LF, it does not alter the shape so long as the 

component LFs are similar. We use nonparametric tests to compare the individual LFs with the 

unbinned composite LF. 

We also create "binned composite LFs" through weighted addition of the binned individual cluster 

LFs. We employ galaxy magnitude sets generated using two independent techniques of extrac- 

tion of cluster members, i.e., through (i) closeness to the cluster color-magnitude relation and 
(ii) statistical background subtraction (as described in Sec. 3.2.1). We construct the binned 

composite LF within each filter by taking the weighted mean of all the individual cluster LFs to 

the completeness limits: 

~ ( m j )  = - ' C ~ i ( m j ) w i  
n j  . 

where N (mj) is the galaxy count in the magnitude j th bin of the composite LF, n j  is the number 

of clusters with completeness limits fainter than the magnitude corresponding to the j th  bin, 
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Ni(mj) is the number of galaxies in the j th  magnitude bin of tlle it11 cluster, and UIi,  the weight 
of each cluster defined as the ratio of the number of galaxies brighter than Mv = -18 (within 

0.5 Mpc of the cluster center for MS0301 and MS1306 and 0.7 Mpc for MS0002 and MS0735) to 

the sum total of galaxies with M" < -18 in all four clusters. Again, the fainter magnitude bins 

will be determined by the cluster(s) with the brighter completeness limits. We then cornpute the 

errors on the composite LFs as: 

Note that weighting by the total galaxy counts to Mv = -18 can distort the LF if there is 

a correlation between richness and the faint-end dwarf population (as suggested by Phillips et 

al. 1998). We apply parametric tests on the binned composite LFs. 

3.2.7 Nonparametric Tests 

We wish to test whether individual cluster luminosity distributions are drawn frorn a single parent 

distribution, or whether there are genuine variations amongst them. We need to determine also 

if the LFs are similar enough to justify their being combined into one conlposite LF. We can 

compare the cluster galaxy samples directly, or indirectly through the parameters of functional 

fits to the LFs. Such tests of hypotheses are classified into parametric and nonpararnetric metl~ods, 

respectively. Parametric methods (see the next section) tnake assutnptions about the underlying 

distribution from which sample populations are selected while nonparametric methods do not. 

With the objective of comparing individual cluster LFs among themselves and with the composite 

LF without making prior assumptions about the form of the LF, we use two nonparametric tests 

on tlle unbinned "sequence" galaxies. 

The working (null) hypothesis we use in the tests is that the individual cluster galaxies (excluding 

the BCM) are all drawn from a universal LF. We first use the two-sided Kolrnogorov-Smirnov 

(K-S) statistic to determine if pairs of individual cluster LPs frorn the same distribution. Tlle K-S 

test falsifies the null lypothesis using the rr~axirr~utn deviation between the curriulative distributiori 

of the data. We then employ the same test to test the null lypothesis that unbinned individual 

LFs are drawn from the unbinned composite LF. Small values (0.05 or 0.01) of the significance 

level of the K-S statistic indicate that the curriulative distribution function of the LFs (i.e., the 

integrated LFs) under comparison are significantly different. Tlle K-S test is broadly sensitive to 

all variations between the samples under comparison. To supplement this test, we perform two 

other nonparametric comparisorls of the unbinned LFs. We apply the Wilcoxon Rank-Sum test to 

test whether the individual cluster magnitude distribution have the same "location", i.e., mean, 

against the hypothesis that they differ. A small value (0.05 or 0.01) of the computed probability 
indicates that the two samples have significantly different means, i.e., the magnitudes of one 

sample are on average brighter or fainter than those of the other. We next use the F-variance test 

to evaluate the probability that two galaxy populations have significantly different variances as 

indicated by a small value of the significance. The significance values take into account the sample 

sizes. These nonparametric tests are applicable to not only large data sets but also small samples 

such as the bright end of the poor cluster LF. Though the latter tests are individually somewhat 
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narrow in scope, they are both powerful and reliable (Wall 1996), and give us an indication of 

the detailed similarities of differences in the LFs. These tests do not accourlt for uncertainties in 

the estimated magnitudes. However if the latter are the same for all the objects (that comprise 

a hon~ogeneous photornetric sample), then they should not affect the corriparisorls appreciably. 

Here (and in the Chi-Square goodness of fit test below) it is important to rernenlber that a 

successful test does not prove the proposed lypothesis, but a test that shows small probability of 

an occurrence does question the validity of the assumption. 

3.2.8 Schechter Function Fits and Parametric Tests 

In magnitude notation - as is the convention in optical astronomy - the Schechter function of 

Eq.3.1 becomes: 

where M* corresponds to L* in absolute magnitudes. Observations must determine the three 
free parameters of Eq.3.4. $* varies by several orders of rnagnitude between rich clusters and 
the isolated field, M*(= -2.510gg + M@) is approxinlately -19.6 lnag in the B-band, with 

0 
L* = 10lOLO (for H. = 100kms-~ M ~ c - ' ) , ~  and the slope a ranges from approxilnately -0.7 

(flat) to -1.6 (steep) from the field to the cores of rich clusters. greater than -2 for the total ? 

b 
L 

luminosity S L$(L)dL to be finite The fits usually performed do not measure the true spatial 
density $*, but instead the proj cted number density of galaxies within the cluster area. 

But is it at  all appropriate to model the poor cluster galaxy magnitude data using a Schechter 

function? While the Schechter function is motivated by a theoretical analysis of self-similar grav- 

itational condensation in the early universe (Press & Schechter 1974), empirical determinations 

of the LF show both agreement with and deviations from it. For instance, the Schechter function 

appears to satisfactorily describe the galaxy LFs of the field (Loveday et al. 1992; Marzke et 

al. 1994; Lin et al. 1996), the Local Group (Pritchet & van den Bergh 1999) and other nearby 

groups (Muriel, Valotto & Lambas 1998), X-ray luminous poor groups (Zabludoff & Mulchaey 

2000), and rich clusters (e.g., Lugger 1989). 

However, individual subsets of the bright galaxies seem to typically describe an asymnletric 

Gaussian distribution (Ferguson & Sandage 1991) while faint (MB < -18) galaxies show upturns 

from a "pure" Schechter form (e.g., Thompson & Gregory 1993; Trentham 1997), as do dirn low 

surface-brightness galaxies (e.g., Irnpey et al. 1988). These complications imply that a simple 

Scheclter function cannot fit all cluster LFs. For example, the Coma cluster, the nearby very 

'C rich cluster, exhibits an LF that is bimodal (Biviano et al. 1995) with a lack of b 17.5 mag 

galaxies, i.e., at  the luminosity where the separation between normal and early-type dwarf galaxies 
. occurs. Indeed many galaxy systems appear to require combinations of a Gaussian (at the briglit 

end) and a Schechter function, e.g., Hickson Compact Groups (Hunsberger et al. 1998), poor 

groups (Ferguson & Sandage 1991), rich Abell clusters (Wilson et al. 1997; Molinari et al. 1998), 

or multiple Schechter functions, e.g., Abell clusters with richness less than one (Lopez-Cruz et 

al. 1997). 

2 ~ h e  Milky Way has a luminosity of roughly 0.5Lg . 
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Despite conflicting antecedents, we shall proceed with fitting our data with the Scliechter recipe 

for the empirical purpose of paranletrizing our poor cluster galaxy LFs. We justify this on tlie 

basis of the following arguments: (i) we probe moderate depths of the LF. Since the bright-end 

of the LF is Inore or less similar for the different morphological types, the LF is - to a first 

approximation - independent of galaxy types for objects to the magnitude limits we study, and 

(ii) it is convenient for conlparison of our LF with those in the literature which have largely 

adopted the Schechter model. 

In the present study, we use X2-minimizatio~l to fit the Schechter form to the composite LFs, 

with the errors computed from Eq.3.3. A limitation in the X2-fitting technique is the loss of 

information due to binning the individual data points. However, methods such as the maxirnurn 

likelihood analysis that use unbinned data require large samples for accurate estimates of tlie 

parameters, a desideratum our data do not satisfy. We do not perform the x2-fitting analysis for 

the individual cluster LFs which are beset by small number statistics. Sirnulations (Lugger 1989) 

show that Schechter function fits to s~nall samples result in large dispersions in the characteristic 

parameters (1.0 mag in M* and 0.4 in cw for 50 galaxies). 

We then use the Chi-Square goodness-of-fit test to evaluate whether the observed poor cluster 

composite LFs and the field and rich cluster LFs follow a universal Scliechter distribution. If tlie 

observed frequencies differ significantly from the expected frequencies, the x2-test statistic will 

be large indicating the fit is poor. This situation requires the rejection of the hypothesis that tlie 

given observed frequencies are an accurate approximation to the expected frequency distribution. 

3.3 Results 

We construct both unbinned and binned luminosity functions for the cluster 'lsequence" galaxies 

in the four poor clusters using the absolute magnitudes and their frequency distribution. We use 

only the V- and R-band data for unbinned LFs, and B-, V- and R-band absolute rnagnitlldes for 

the binned LFs. Fig. 3.2 shows that there is good agreement in the galaxy number counts derived 
using sequence galaxies and using a "global" background subtraction. Therefore, tlie sequence 

galaxy LF should be reasonably representative of tlie actual LF of the clusters. 

As discussed above, the question of whether there is a "universal" LF translates to whether 

individual cluster galaxy luminosities are drawn from a single parent distribution or whether there 

are genuine variations with cluster richness, appearance and dynamical state, X-ray luminosity, 

etc. In view of this, we determine the cluster richness in Sec. 3.3.1, and the contrast between 

the first and second brightest galaxies of the clusters that we use as a measure of the cluster 

dynamical state (recall tlie description in the Avant-Propos to this chapter). 

Then, using nonparametric tests, we perform direct comparisons of (i) the galaxy LFs of the 
individual clusters with each other, and (ii) the individual cluster LFs with the composite in Sec. 

3.3.3. In Sec. 3.3.4 we report on Schechter function fits to the three binned composite LFs. Then 

we use parametric tests to compare the EMSS poor cluster galaxy LF parameters with those of 
the field, other poor systems and richer clusters. In all these statistical comparisons, we exclude 

* 

the brightest cluster members which are thought to have "special", i.e., non-statistical origins. 
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3.3.1 Cluster Richness 

The "richness" of a system generally takes census of the member galaxies within sorne lurrlirlosity 

range and lying (in projection) within a well-defined metric radius of the cluster ce11ter.~ The 

richness estimates in the literature count (i) the total number of galaxies in a particular section 

of the LF, assuming a universal LF or (ii) brighter than a certain limiting magnitude of the 

cunlulative (not necessarily universal) LF. The first two items below belong to the former category, 

and the third to the latter: 

1. the Abell richness NA: defined by Abe11 (1958), this represents the net galaxy courlt after 

field subtraction between m3 and m3 + 2 where m3 = magnitude of the third brightest 

galaxy, within one Abell radius. The Abell angular radius corresponds to a physical (rnetric) 

radius rA = 1.5 h-' Mpc at the cluster redshift (usually estimated pl~oton~etrically frorn the 

magnitude of the tenth brightest galaxy). 

2. the Bahcall richness parameter N0.5: Ballcall (1977, B77 now on) defined a like quantity 

that is better suited to measure the richness of poor clusters. N0.5 is the average surface 

density of galaxies brighter than m3 + 2 within the innermost circle of radius 0.5 Mpc (as 

against the 3 Mpc Abell prescription, for H. = 50 kms-l M ~ C - ' )  around the cluster center 

after correction for the background. 

3. the Allington-Smith et al. richness estimate N;:': is the membership of the cluster to a fixed 

absolute magnitude limit of Mv = -19 within the same 0.5 Mpc radius, first proposed by 

Allirlgton-Smith et al. (1993, AS93 hereafter)', who studied poor groups surrounding radio 
galaxies. 

The radius of 0.5 Mpc corresponds to the typical size of the X-ray emitting region for poor 

clusters. It also permits a compro~nise between the competing denlands of good signal in cluster 

counts and minimizing the background uncertainty. Obviously, N0.5 and N;;' are in galaxies 

per X 0 . 5 ' ~ ~ ~ ~ .  An irrlportant concern in estilriatirlg NA and N0.5 is the identification of tlie 
third brightest galaxy: a misidentification could result in not sampling the same region of the LF. 

Bahcall (1980) also corrects for the third-ranked galaxy being fainter in the poor MKW/AWM 

clusters relative to rich clusters using a procedure that includes assumirig a universal LF and 

calibrating the poor cluster m3 with those of rich clusters. Figure 1 of Bahcall (1981) provides 

the correction factors (< 1) for the poor cluster counts. This calibration approximately halves 

the observed poor cluster galaxy counts. The potential errors with misidentification of the third 

most luminous member or differential luminosity changes within the cluster members do not arise 

for the AS93 richness estimate. 

It is arguable whether one should use the Abell richness criterion for poor galaxy systems; we 
can neither make the assumptions of universality of the lunlinosity function nor extrapolate the 

galaxy counts to 1.5Mpc using a particular galaxy surface density profile. 

We calculate the various richness quantities using all galaxies within the cluster sequence (defined 

in Sec. 4.2) and within the required metric areas after identifying the brightest cluster galaxy 

3 ~ h e  cluster richness thus measures the surface density of galaxies. 
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Table 3.2: Cluster richness estimates using "sequence" galaxies. Richness prescriptioris are: 
Column 2 - Bahcall (1977); Col. 3 - Allington-Smith et al. (1993). The penultirrlate column is 
the V absolute magnitude of the third brightest cluster galaxy, and final column is AM12 which 
measures the luminosity contrast in magnitudes between the first- and second-ranked cluster 
galaxies in the V band. 

with the cluster center. There are no obvious bright foreground galaxies which rnay corlta~ninate 

the richness computations. 111 Table 3.2 we list the Bahcall richness values in Column (2), and 

the galaxy counts following the prescription of AS93 in Column (3). The forrnal errors are 10 

estimates assuming Poisson statistics which, realistically speaking, may underestimate the true 

errors due to the clustering of galaxies. 

Cluster 

MS0301 

MS1306 

MS0002 

MS0735 

In comparison, the Bahcall richness No is 11 for Virgo (an irregular cluster at  z=0.0033), 15 for 

Centaurus (a z=0.0113 irregular poor cluster) as estimated by B77, and 40 for Coma (a rich, 

compact cluster at  z=0.023). We see that the EMSS poor clusters are as populous as the Virgo 

cluster. Our clusters are about four times as rich as the poor groups of AS93 at similar redshifts 

(their mean NZ' = 7.2 f 1.0, with -6.7 k 5.6 5 N0.5 _< 31.6 f 7.4). 

Note that a 0.5 Mpc aperture approaches the halo sizes (Sec. 5.3.2) of all our sample clusters 
but MS0735 for which it is roughly 60% of the total size. The specification of 0.5 Mpc depends 

on the assumed values of H. and (with small effect for our redshift range) go. We use the sarne 

value of H. as B77 and AS93; however, we use go = 0.5. Had we used go = 0.0, the angular 

radius corresponding to 0.5 Mpc would decrease by about 5% at z = 0.22, decreasing the richness 

estimate by a few percent if N cx r as may be true for rich clusters. Since our error estinlates 

(due largely to small number statistics and background contamination) are inevitably larger than 

a few percent, we do not worry about the effect of cosmological parameters on our counts. 

N0.5 
30f 6 

1 8 f 4  

30f  6 

22f 5 

For rich clusters, the estimated galaxy population and X-ray luminosity are correlated, though 

the intrinsic scatter in the relation is large. However, for poor systems with far fewer galaxies 

than big clusters, velocity dispersions of a < 500 km S-l, and X-ray temperatures of kT z lkeV, 

there is little or no correlation between optical richness (i.e., the number of luminous galaxies) or 

total optical luminosity with the brightness of X-ray emission (e.g., Ebeling et al. 1994; Ponrnan 

et al. 1996). 

In Fig. 3.3, we plot the Bahcall richness of the clusters against their Einstein X-ray lu- 

minosity. For comparison, we also show where selected Abell rich clusters and AMW/MKW 
poor clusters lie in such a plot. We use the richness measures of the Abell clusters frorn the 

NASA Extragalactic Database and for AMW/MKW clusters from Bahcall (1980), and the X-ray 

luminosities of these from the catalog of White et al. (1997). 

N K ~ '  
45f 7 

33f 6 

56% 8 

48f 8 

M3 
-21.51 

-22.06 

-21.04 

-21.25 

AMl2  
0.43 

1.49 

1.20 

>0.37 



Chapter 3. Galaxy Luminosity Functions 64 

Figure 3.3: The correlation between Einstein X-ray luminosity and Bahcall counts for the EMSS 
poor clusters (labelled filled circles) compared with the same for Abell rich clusters (triangles) 
and AMWIMKW poor clusters (open circles). The dotted line is the linear regression fit logLx = 
43.741 + O.O58N;,,. 

3.3.2 Binned Galaxy LFs for Individual Clusters 

To first illustrate the shape of the magnitude distributions of the galaxies, we present the binned 

galaxy LFs for the four EMSS poor clusters in the B, V and R bands in Fig. 3.4. In these plots 

the ordinate is the number ,of galaxies within 0.5 Mpc of the BCM for MS0301 and MS1306 

and 0.7 Mpc of the BCM for MS0002 and MS0735, per 0.5 mag bin in absolute magnitude, 

including the BCM. Filled circles and dotted lines depict the differential and integrated luminosity 

(magnitude) distributions, respectively. Dwarf galaxies, though likely to be numerous, are only 

just detectable in our work; these contribute a smaller fraction of the total cluster light depending 

on the slope of the LF. 

In the z z 0.085 clusters MS0301 and MS1306 we see a differential LF somewhat flat in the 

magnitudes Mv -20 f 0.5, and showing a peak immediately brightward. Further, in the LF 

of MS1306 there exists a large gap to the BCM at  the bright end followed by a subsequent peak 

and dip in the fainter galaxy magnitude distribution. The cumulative distribution shows that the 

dip is not entirely an artifact. A similar feature appears in many rich clusters, e.g., the Coma 
cluster (Biviano et al. 1995) and in some of the Abell clusters (e.g., Gaidos 1997). The LFs of 

MS0735, the most distant of our sample clusters, reveal the onset of incompleteness fainter than 

Mv = -19, or about a magnitude brighter than the completeness limit for the other clusters. 

Therefore, the faintest two bins of our composite LFs shall exclude contributions from MS0735. 

%d;ps& h--.+- L &p ,&. *r-+,wA LC d d  
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Figure 3.4: Binned luminosity functions of individual poor clusters constructed using cluster 
sequence galaxies. B, V, R-band LFs are in the left, center and riglit panels, respectively. The 
ordinate in each panel is the number of galaxies per 0.5 mag bin within the clustrocentric radii 
0.5 Mpc for MS0301 and MS1306 and 0.7 Mpc for MS0002 and MS0735. The abcissa is the 
absolute magnitude. The solid circles represents the differential LF and the dotted line, the 
cumulative LF of each cluster including the BCM. Note that we do not estimate the B-band L F  
for MS0002 due to poor photometric calibration. 

3.3.3 Direct Comparisons of Unbinned LFs 

Never trust impressions, my  boy, but concentrate yourself upon details. 

- Sherlock Holmes 

in 'A Case of Identity' by Arthur Conan Doyle 

In this section we compare the unbinned "sequence" galaxy magnitude data of the individual 

cluster nonparametrically among themselves, using the two-sample Kolmogorov-Smirnov test. 

Then we compare the individual cluster LFs with the composite sequence galaxy LFs formed 

from all four clusters. Both comparisons exclude the brightest cluster galaxies. 

Now models of cluster dynamical evolution predict (as discussed in the Avant-Propos to this 

chapter) variations in the bright end of the galaxy LF. We chose three magnitude cutoffs - 

brighter than M = -21, -20, -19 - to hunt for these variations; there is no a priori reason 

for selecting any one of these particular values. The fainter bounds include all of the galaxies 
participating in the brighter limit tests, so there is no unique determination of the differential 
variations with luminosity. Instead, the tests indicate at what bright-end turning point the 

clusters differ from each other. 

Table 3.3 presents the results of the K-S tests for the bright end of the LFs of each cluster compared 1 
with those of the other three clusters. The tabulated values indicate the significance of the test, 
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Table 3.3: Significance of the Kolmogorov-Smirnov statistics of inter-comparisons between indi- 
vidual cluster LFs. Numbers in parenthesis indicate the populations of cluster 1 and cluster 2 
within 0.5 Mpc for MS0301 and MS1306 and 0.7 Mpc for MS0002 and MS0735, brighter than 

with very small values (lower than 0.05) implying that it is unlikely for the two samples to be 

consistent. In parentheses are the numbers of galaxies in each restricted sample of the two clusters 

under comparison to the magnitude limit indicated. 

the magnitude limit noted in the upper row. 

For the most part, the K-S test validates the null hypothesis of the individual cluster galaxies 

being drawn from the same distribution. However, the K-S statistics of several inter-comparisons 

at the brightest ends (Mv < -21) show small values of the significance, indicating differences 

in the cumulative distribution functions of the galaxy magnitudes. The most obvious detailed 

differences exist between MS1306 and MS0002 brighter than M = -21 in both the V and R 
bands. In fact, the magnitude distribution of the galaxies brighter than Mv = -21 in MS1306 

seems to be not quite consistent with those of any of the other clusters. Though both MS1306 and 

MS0002 have similar X-ray luminosities and nearly equal AMlz (see Table 3.2) signifying siniilar 

dynamical states in the cores, their content of galaxies whose luminosities are about a magnitude 
fainter than that of the brightest galaxy (ml) are incompatible with each other. At such bright 1 
levels, completeness corrections are negligible and galaxy selection through the cluster sequence is 

secure. So, the variations are indeed real. It appears further that MS0002 has a sudden increase in 

galaxies of intermediate luminosity (-21 < Mv < -20). Note that the brightest part of the LF is 

very sparsely populated, so the differences are in part due to small number statistics. The V and 

i & Ge 4l-4 "3 

-+ . 

l 

Cluster 1 Cluster 2 
V-band 

K-S significance 
Mv 5 -21.0 

K-S significance 
Mv 5 -20.0 

K-S significance 
Mv 5 -19.0 
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R LFs of MS0735 at M = -19 display significant differences from the other clusters. However, 

we suspect that incompleteness has begun to hamper the comparisons in these instances. 

In summary, the LFs appear similar overall, though they show statistically significant variations 

especially at  the very bright end. Such differences are important because the giant, bright galaxies 

contribute ,$he large part of the cluster luminosity, with the exact value depending on M * . 

Table 3.4: Non-parametric comparison of the composite LF with'the individual poor cluster LFs 
in the same band. The LFs consist of cluster "sequence" galaxies excluding the BCM. The three 
results each are of the two-sided Kolmogorov~Smirnov (K-S), Wilcoxon (W) and F-variance (F) 
tests. The comparisons are for different magnitude limits, -considering all galaxies brighter than 
the cut-off. Table 3.3 contains the population of the individual clusters brighter than the same 

If the individual cluster LFs are not grossly i~lconsistent with each other, we may expect that 

the composite LF constructed from combining the four individual LFs would represent the poor 

cluster LF reasonably well. Even considering Poisson statistics, the composite LF has twice the 

cut-off values; the LF. 
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sum total of 

Faint limit 
-21.0 

-20.0 

-19.0 

-18.0 

-21.0 

-20.0 

-19.0 

these 

Test 
K-S 
W 
F 

K-S 
W 
F 

K-S 
W 
F 

K-S 
W 
F 

K-S 
W 
F 

K-S 
W 
F 

K-S 
W 
F 

is the 
V band 
MS0301 

0.59 
0.33 
0.50 

0.19 
0.25 
0.24 

0.59 
0.30 
0.61 

0.45 
0.16 
0.57 

R band 
0.63 
0.13 
0.99 

0.29 
0.15 
0.44 

0.44 
0.26 
0.92 

the composite 

MS0002 
0.38 
0.23 
0.46 

0.08 
0.04 
0.02 

0.34 
0.07 
0.13 

0.30 
0.06 
0.10 

0.09 
0.01 
0.10 

0.24 
0.13 
0.08 

0.22 
0.02 
0.12 

population of 

MS1306 
0.06 
0.06 
0.57 

0.15 
0.06 
0.36 

0.19 
0.04 
0.18 

0.46 
0.24 
0.09 

0.09 
0.06 
0.38 

0.23 
0.16 
0.15 

0.37 
0.21 
0.10 

cluster 

MS0735 
0.47 
0.24 
0.36 

0.94 
0.45 
0.36 

0.92 
0.24 
0.48 

0.02 
0.01 
0.12 

0.81 
0.44 
0.51 

0.37 
0.13 
0.42 

0.02 
0.01 
0.39 
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signal-to-noise ratio of the individual cluster LFs. Note that in this section we compare the 

individual LFs among themselves and with the composite in the V and R bands only. In the 

next section (Sec. 3.3.4), we shall construct binned composite LFs additionally in the B band, 

assuming that the blue LFs of the four clusters are also similar following the behavior of the LFs 

in the other two bands. 

Now we test the hypothesis that the individual cluster LFs are similar to the composite against 

the hypothesis that they differ at  the 0.05 significance level. Table 3.4 lists the results for 11011- 

parametric comparisons of the bright-end of the sequence galaxy LFs of each poor cluster with that 

of the composite in the same filter. We recall that while the K-S test is broad in scope and tests 

the cumulative luminosity distribution, the Wilcoxon and F-variance statistics focus on the mean 

and spread of the distributions, respectively. Again, small values of the tabulated significance 
indicate that the samples are unlikely to be consistent. We discuss below the results for each of 

the four clusters. 

MS0301: All three nonparametric tests indicate that the LFs of this cluster in both the V and 

R bands do not differ significantly from the composite LFs in the same bands for any magnitude 

cut-off. 

MS1306: There is marginal evidence that the cluster LF between Mv = -20 and Mv = -19 
is inconsistent with the composite function. The cluster galaxies are brighter on average than in 

the composite data. We recall that MS1306 shows a somewhat irregular differential LF (Fig. 3.4) 

with several dips. 

MS0002: We see from the F-statistics that the inter~nediate luminosity (Mv w -20) members 

of MS0002 have a different spread in their magnitude distributions from the composite LF. The 

galaxies are also somewhat fainter on average than the composite distribution in this range. In 

the R band such a pattern occurs in the cluster galaxy LF for MR < -21. 

MS0735: Only for magnitude cut-offs to Mv < -18 or MR < -19 are the significances small, 

implying differences in the LFs. We know that the LF of this cluster becomes incomplete at  

this turn-off, and may thus attribute the differences largely to systematics rather than intrinsic 

causes. 

Thus there is-trong-evidence that, over the r a m  of M 
" -.-.- - * - 1.5 < M-<-M* + 2,mividual 

LFs of the EMSS poor clusters examined here-%r~not all &awn from the same parent galaxy 
1- -- -- p-_- 

LF. In fact, the small numbers of very bright galaxies at  the exponential end of the cluster LFs 
- -- 
inhibit disc$mination - of subtle differences the c o m ~  oslte a LF via-the_ 

nonparametric tests which themselves nevertheless provide reliable results for smallsamples. 
- 

4 

3.3.4 Binned Composite LFs and Schechter Parameters 

We present the Schechter fits to the B, V and R band composite luminosity functions of the 

EMSS poor clusters in Fig. 3.5; the error bars represent weighted errors estimated using Eq. 

3.3. The figure shows the two independent LFs derived using "sequence" galaxies (filled circles) 

and by correcting for the background using counts from literature (open symbols). The binned 

composite LFs in each optical passbarid have about 10 data points each representing the weighted 
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average number of galaxies in the clusters. A total of - 300 galaxies of the four poor clusters 

in the nlagnitude range -23 < Mv < -18 conlprise the composite LFs in each filter. The faint 

limit is -- 1 mag brightward of the characteristic point where the transition from giant to dwarf 

galaxies takes place in the overall LF (Jerjen & Tammann 1997). The composite LFs are in all 

cases falling steeply in the brighter magnitudes and are relatively shallow at faint lurnirlosities in 

the B and V bands, while the galaxy counts in the R band hint at a rise near the faint limits. 

1 .o 
-22 -20 -18 -24 -22 -20 -18 -24 -22 -20 -18 

Absolute magnitude 

Figure 3.5: Binned composite LFs excluding the first-ranked cluster galaxies constructed using 
"sequence" galaxies (filled circles) and for the binned, magnitude data corrected for the back- 
ground from field counts in the literature (open circles). The overplotted solid and dashed lines are 
the best-fit Schechter luminosity function fits for the sequence galaxies and background-corrected 
data respectively, with the parameters given in Table 3.3.4. The LFs are shown for the B, V and 
R filters. 

, Since the first-ranked cluster galaxies are unlikely to have all arisen from a statistical distribution 

function, we remove them from the individual catalogs prior to fitting the Schechter function. 

We perform Chi-square fits of the three-parameter Schechter function to the composite LFs in 

each photometric band. We list the resulting parameters M* and a in Table 3.5. We do not use 

the 4 estimate as it is meaningless in our case - we have scaled the cluster LFs to the same total 

number of galaxies while making the composite. The fitting accounted for errors on the galaxy 

counts but not in the galaxy magnitudes; the absolute pliotornetric errors are less than about 
0.1 mag for galaxies brighter than Mv = -19. The relative brightness of galaxies within the field 

are usually better determined to within about 0.05 mag. The errors quoted in the table on the 
Schechter parameters are the one standard error found in the X2 fitting. 

Before discussing the values of the Schechter parameters, we mention that the reduced X2 is on 

average about 2 for the six composite LF fits. To attribute meaning to the X2 term is to presume 
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that the composite LFs fully represerit tlle individual cluster LFs (see tlie discussiorl at the end 

of the chapter for more), and that tlie weighted (large) errors on the composite LF are entirely 

correct. In fact, the detailed differences between the magnitude distributions of the brightest 

galaxies in MS1306 arid MS0002, and the dip seen especially in tlle sequence galaxies around 

Mv = -20 reduce the goodness-of-fit to tlie Scllecliter function. Tlle large reduced X%alues 

may thus be too pessimistic in each case. 

The composite binned magnitude data have slopes of the Schechter fit a l in all the passbands, 
irriplyirig a flat LF in each case. The differences between M* estimates in tlie V and R photometric 

bands are close to tlie colors of early-type galaxies (e.g., Guiderdoni & Rocca-Volmerange 1988). 

This is not entirely surprising, as the bright cluster galaxies are usually of early morphological 

types that evince a tight color-magnitude relation (see Sec. 4.2). Recall also that we apply K- 
corrections appropriate to elliptical galaxies. The ( B  - V) color difference in M* of the sequence 

galaxy LFs is slightly bluer than expected for early-type galaxies. We notice that in the B-band, 

the Schechter function tends to underfit the more luminous galaxies which display a peak at 

= M; - 0.5. We shall see later (Sec. 4.4) that there is indeed an excess of bright blue galaxies 

in the poor clusters. 

Let us now consider if these do indeed provide the "true" picture of the luminosity distribution. 

Because we probe only a limited range of the luminosity function centered on L* in our samples 

and fit the data to the Schechter function by least-squares after binning, an important concern is 

how well the Schechter parameters can be determined. We check whether arbitrariness in choosing 

tlie bins creates spurious results by rebinning the data in magnitude bins f0.25 of the original 

choice. Reassuringly, we obtain similar values (within 1.50) for all the characteristic parameters 

from the different best-fit solutions. The good agreements indicate that there is no substantial 

loss of information due to binning, and tlie Schechter parameters we derive are stable assuming 

the function represents the poor cluster galaxy LF perfectly. From Table 3.5, we see that M*,  

tlie characteristic magnitudes for the Schechter fits, of the sequence and statistically-corrected 

LFs in a given passband are within one joint standard deviation of each other. Further, the M* 

Table 3.5: Best-fit Schechter parameters for the composite LFs of the sequence galaxies of the 
EMSS poor clusters in different bands, excluding the BCM. The data sets labelled "seq" and 
"stat" refer to the cluster color-magnitude sequence galaxies, and those applied with statistical 
background subtraction, respectively. 

Waveband Data set Magnitude range M* a 

B seq -22.05 MB 5-18.5 -20.66f 0.41 -0.99f 0.04 
stat -22.05 MB 5-18.0 -20.21f 0.25 -0.93f 0.04 

V seq -22.55 Mv 5 -18.0 -21.04f 0.26 -1.04k0.04 
stat -22.55 MV 5-18.0 -21.OGf 0.25 -1.00f 0.06 

R seq -23.05 MR 5-18.5 -21.83f 0.29 -1.02f 0.04 
stat -23.05 M R  2-18.5 -21.34f 0.37 -0.993~ 0.04 
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values lie well away from the bright magnitude limits of the fits, irnplyirlg the absence of any 

systematic errors due to the luminosity ranges choserl for the functional fits. Now, the co~nposite 

LFs contain very few galaxies brighter than M*;  clearly, it is the nature of tlie poor clusters ant1 
not any systematic error that places the bright end of the LF in the low signal regime. 

As for the LF slopes, i.e., the a of the Schechter function fits, they appear - in all three passbands - 

to be virtually identical for both the "sequence" and the statistically-corrected galaxy magnitude 

distributions. Thus the consistency of both M* and a of these independent LF data sets assures 

us that the LFs we determine are robust to the selection of cluster galaxies. 

However, we rnust check if the choice of the bounds of the cluster color-magnitude "sequence" 

could exclude a part of the faint and blue population of presumably irregular galaxies in the 

cluster, thus artificially flattening the LF. For this we double the range of the color-magnitude 

"sequence", go through the whole process of creating the weighted composite LF and fit the 
data using the Schechter function as before. We find that in the R passband, there is virtually 

no change in the slope for the new "sequence"; similarly, the new M& is within one standard 

error of the previous value (see Table 3.5). In the V-band, the new characteristic magnitude 

remains similarly within one standard error of the earlier determination. The shape parameter av 
increases to -1.12 f 0.03, a marginally significant steepening compared to the earlier value. The 

composite sequence galaxy blue LF slope is therefore likely to be a little steeper (i.e., a = -1.1) 

than we have found. 

A similar situation holds for the LF generated by statistical field subtraction. Typically, the 
bright end of tlie luminosity distribution in a moderately distant cluster region represents galaxies 

physically associated with the cluster since the number of field galaxies is relatively low at those 

apparent magnitudes. But the low-luminosity end of the cluster LF corrected statistically for 

the field may be significantly contaminated by background (high-redshift) galaxies. In our case, 

though, we could be underestimating the LF slope due to the use of higher backgrounds (especially 

in the B and R bands, where the field galaxy counts of Tyson have been determined to much 

fainter isophotal levels of 28 mag arcsec-2). 

Further, the galaxies we count are mostly of high surface brightness. The inclusion of low surface 

brightness galaxies increases the faint-end slope (e.g., Sprayberry et al. 1997). The shape param- 

eter a depends on the completeness limit in absolute magnitude of the galaxy sample (Trentham 

1997). The bright giant ,I laxies that dominate our LFs individually have bounded LFs (Fergu- 

son & Sandage 1991); together their sum should show flat slopes. The dwarf irregular and dwarf 

spheroidal galaxies - it is the latter that have a steep power-law distribution - are precisely 

those that our magnitude cut-offs do not accornodate. We believe, then, that the values of a we 

quote slightly ( 5  10%) underesti~nate the true slope of the parent galaxy distribution particularly 
in the bluer bands. 

3.3.5 LF over Different Cluster Radii 

We may ask whether the LF varies locally, i.e., with differences in galaxy density between the 

cluster core and outskirts. In other words, do the galaxy magnitude distributions show radial 



Chapter 3. Galaxy Luminosity Functions 72 

variatioris and are the fitted Schecliter pararnekers sensitive to the extent of tlie cluster area over 
which galaxies are counted? 

We first examine tlie unbirined LFs of the individual cluster sequence galaxies within 0.25 Mpc 

and the 0.5-0.7 Mpc radii considered in the previous section. The Wilcoxon arid Kol~nogorov- 

Sniirnov non-parametric tests indicate that the sequence galaxy magnitudes (to Mv = -18) of 

the individual clusters within the small ( ~ 0 . 2 5 ~ ~ ~ ~ ~  areas are fully consistent with being drawn 

from the sarrie population as those in the 0.5-0.7 Mpc circles. We next remove the nietric area1 

restrictions of 0.5 or 0.7 Mpc for sampling the galaxies and bring under consideration for each 

cluster the area covered by the biggest possible circle described on its CCD image (550 kpc for 

MS0301, 660 kpc for MS1306, 750 kpc for MS0002 and 1.1 Mpc for MS0735). Expectedly, the 

non-parametric comparisons show that there is no difference in the magnitude distributions when 

the areas < 100 kpc larger are included for MS0301, MS1306 and MS0002. The interesting point 

is that even for MS0735, the galaxy magnitude distributions within the original 0.7 Mpc are fully 

consistent with those in a much larger radius of 1.1 Mpc. 

For the binned composite functions, we do not fit Schechter functions for the smaller 0.25 Mpc 

areas because of the very small number of galaxies there. We compare the Schechter fits obtained 

in the previous section for r = 0.6 f 0.1 Mpc with their counterparts for the largest-CCD-circle 

metric areas. We find that the general shape of the LF remains the same, with the counts in 

bright magnitude bins falling off rapidly and those in the faint bins showing a kind of plateau 

then sloping higher to fainter limits. The slopes of the Schechter function fit to the larger area 

sequence galaxy data become marginally flatter (by about 2a in the B and V filters), and the 

characteristic magnitude becomes fainter (by about 0.1 mag) relative to the values in Table 3.5. 

We find a like response in the LFs computed for galaxies that have been corrected statistically 

for the field. The R data remain virtually unaffected, though. 

One reason for the slight flattening of the background-corrected binned LF is that field counts 

computed statistically over the wider area increase rapidly, thus depopulating the fainter lumi- 

nosity bins; the background counts are generally twice as large as the cluster counts within a 

1 Mpc aperture. Moreover, we see in Sec. 5.4.1 that there are hints of luminosity segregation 

such that Mv G -20 galaxies have somewhat smaller characteristic separations (and are closer to 

the cluster center) than other galaxies. This could slightly skew the smaller region LF toward a 

brighter break magnitude. But coupled with the high Poisson noise (due to the small number of 

galaxies) in the bright magnitude bins, and of the intrinsic fluctuations in the background courlts 

over the larger areas, the differences in M*  and cr over the different cluster radial extents are not 

very significant. 

In summary, there are no reasons to expect that the LF varies with cluster radius. Further, the 

Schechter function parameters of Table 3.5 are reasonably good representations of the EMSS poor 

cluster LF both within the restricted regions of 0.5 or 0.7 Mpc arid over a much larger area that 
niay include the cluster outskirts, with the possibility that a is sliglitly underestimated but by 
not more than ten percent. . 
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3.3.6 Schechter Parameters: Comparison with Other Environments 

probability: A n  erudite measure of ignorance. Being dimensionless, i t  is best used 

with a dimensional measure, especially a grain of salt. 

- David Durand 

To place the poor clusters in the general spectrum of clustering and to evaluate the manner in 
which this environrrient influences the behavior of galaxy luminosities, we compare the composite 

LFs - in particular, the Schechter function parameters - derived above for the EMSS poor 

clusters with those of the two extreme environments of the low density field and the high density 

cores of rich clusters as well as with those of other poorly populated galaxy aggregates. 

We proceed on the basis that the Schechter function fitted to the composite LF in each band 

represents the poor cluster LF in the same color well. Problems arise when comparing lurrii~iosity 

functions derived using different colors and at different limiting magnitudes. For instance, short 

wavelength filters (e.g., B) may preferentially select galaxies with younger stellar populations at  

each magnitude than long wavelength filters (such as R). At the faintest levels, galaxies detected in 

one band might not even be present in the other due to variations in their intrinsic colors combined 

with K-dimming. The general practice while comparing LFs determined in different bands has 

been to assume a universal color for all galaxies, and transforrri the LF in one waveband to the 

other using the color of a particular morphological type from spectroevolutionary models. But 

galaxy colors vary by more than a magnitude between the early- and late-types (e.g., Guiderdorii 

& Rocca-Volrnerange 1988). It is therefore advisable to compare luniinosity functions determined 

in a particular band with others in the literature derived using the same filter. 

The literature on parametrizing luminosity distributions often uses the Schechter function in 

combination with other functions such as the Gaussian. However, we fit only a single Schecliter 

furiction, and therefore compare our work with published LFs that also use a single Schecliter 

function. We find no suitable field LF in the V-band, but can use the V LF of both the Local 

Group and MKWIAWM poor clusters for comparison. Table 3.6 lists these other LFs compiled 

from the literature. We have scaled all the M* values to H. = 50kms-I ~ ~ c - l a n d  qo = 0.5. 

From there we see that LFs of rid; cluster galaxies (Gaidos 1997) have characteristic rnagnitudcs 

brighter than those of the field (Liri et al. 1996) by approxinlately 0.9 lriag in the red passband. 
Similarly, in the blue band, rich cluster galaxies (e.g., Valotto et al. 1997) have brighter M*  

values than field galaxies (Folkes et al. 1999). The slope of the LF behaves differently, however. 

In the B-band it is nearly alike in the extremes of the field and the rich cluster, both of which 
show steeper LFs than the poor groups. In contrast, the R-band field LF is much less steep 

compared to the other environments. Note that the Schechter LF parameters determined even 

for rich clusters still lack concordance (e.g., Lugger 1986 vs. Gaidos 1997). The situation for poor 

systems is similarly complex as already discussed in the introduction to this chapter. 

For quantitative comparison involving both the Schechter parameters a and M* ,  we employ a 

one-sample X 2  test in which we take the expected distribution to be the LF of the environs 

other than the EMSS poor clusters. We compare the observed composite binned LF with the 

distribution predicted by the best-fit Schechter function of the other environs (Table 3.6). The 
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Figure 3.6: The left panel shows the EMSS poor cluster B band LF (filled circles) in comparison 
with those determined for the field by Folkes et al. (1999; dotted line), for poor groups by Muriel 
et al. (1998; dashed line), and rich clusters by Colless (1989; dot-dash line). The central column 
depicts the EMSS poor cluster LF in the V band (filled circles) overplotted with the LFs of the 
AMWIMKW cluster of Yamagata & Maehara (1986; dashed line), the Local Group determined 
by Pritchett & van den Bergh (1999; dotted line), and of the rich cluster Abell665 (z=0.18) found 
by Wilson et al. (1997; dot-dash line). The right columns are the R band LF of our poor clusters 
(filled circles) compared with deterrninations in the same band of the LF for the field by Lin et 
al. (1996; dotted line), poor groups by Zabludoff & Mulchaey (2000; dashed line), and Abell rich 
clusters of Lugger (1989; dot-dash line). Table 3.5 and 3.6 list the Schechter parameters of the 
various LF estimations. 

resulting X2 values are generally larger than unity per degree of freedom indicating that there 

are structures within the EMSS poor cluster LF not well-fitted by the Schechter function with 

parameters that describe the LFs of other environs. 

The nearly flat blue composite LF of our poor clusters and its characteristic magnitude closely 

resemble those of the poor groups of Muriel et al. (1998). Neither are so steep as the field or 

rich clusters. The EMSS poor clusters also show a break between the bright giant galaxies and 

fainter ones at magnitudes significantly faintward of that of the rich clusters. This Inay mean 

that dwarf galaxies begin to contribute to the LF in rich clusters a t  brighter luminosities than in 

poorer systems. The x2-test also shows that the EMSS poor cluster LF matches reasonably well 

with that of poor groups; it resembles least the rich cluster LF 

In the V band, the EMSS poor cluster LF slopes generally match those of the CD-dominated 
MKW/AWM poor clusters as well as that of the vastly different Local ~ r o u ~ ~ .  All of them 

show flat LFs of a = 1. A major difference between the poor clusters (both the EMSS and 

MKW/AWM samples) and the Local Group is in the Schechter characteristic magnitude - the 

4 ~ h e  dominant galaxies of the Local Group are spirals, not ellipticals or CD galaxies. 
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Table 3.6: Parameters for LF fits to a single Schechter function fro111 the literature in differclit 
bands and environs. 

E~ivirons Magnitude range M* cr Reference 
B-band 

Field ME < -17.5 -20.94 f 0.1 -1.30 f 0.2 Folkes et al. (1999) 
Poor groups -23.2 5 ME 5 -17.2 -20.84 f 0.1 -1.00 f 0.2 Muriel et al. (1998) 
Rich clusters-22.5 5 MbJ 5 -19.0 -21.54 -1.21 Colless (1989) 
Rich clusters-22.5 5 MbJ - -18.0 -21.23 f 0.1 -1.4 f 0.1 Valotto et al. (1997) 

V-band 
Local Group -22.0 5 Mv 5 -10.0 -20.00 f 0.1 -1.09 f 0.1 Pritchett & van den Bergh (1999) 
Poor clusters-23.0 I: M" 5 -17.0 -21.57 f 0.1 -1.07 f 0.1 Yamagata & Maehara (1986) 
Rich cluster -23.0 5 Mv 5 -18.0 -21.45 - 1.17 (Abell 665) Wilson et al. (1997) 

R-band 
Field -22.5 5 MR 5 -18.5 -21.80 f 0.1 -0.70 f 0.1 Liri et al. (1996) 

Poor groups -22.5 5 MR 5 -18.5 -23.11 f 0.1 -1.30 f 0.1 Zabludoff & Mulcliaey (2000) 
Rich clusters MR 5 -19.8 -22.66 f 0.66 -1.24 f 0.22 Lugger (1986) 
Rich clusters -24.9 5 MR 5 -18.9 -22.63 f 0.11 -1.09 f 0.08 Gaidos (1997) 

knee of the Schechter LF in the Local Group occurs a magnitude fainter than in the formcr. 

The EMSS poor cluster LF in the V filter is marginally flatter than that of tlle very rich X-ray 

luminous cluster Abe11 665. Not surprisingly, the x2-test rejects the hypothesis that our poor 

cluster galaxy magnitude distribution is statistically equivalent to that of tlle Local Group. 

In the R-band, the EMSS poor cluster LF, though flat, is steeper than that of rarefied regions (Lin 

et al. 1996) but not so steep as the rich clusters. The flatness may be due to a significant "dip" in 

the LF seen around MR - -20.5 that appears to be a general feature of the rich cluster LF (e.g., 

in the Coma cluster, Biviano et al. 1995). Unfortunately, the point at  which the slope steepens in 

rich clusters ( M R  - -19) is also the one where the completeness of our LF determination ends. 

Our R-band LF is quite different from its counterpart in X-ray luminous poor groups which show 

a far steeper faint-end and whose M* is nearly 1.3 mag brighter. The x2-test indicates that the 

Schechter parametrization of the EMSS poor cluster R-band LF is closest to that of rich clusters 

determined by Gaidos (1997). 

3.4 Summary and Discussion 

3.4.1 Is there a universal LF? 

Observational studies have churned up various - often conflicting - results about the shape 

of the faint region of the luminosity distribution and the value of the characteristic luminosity 

across different galaxian environs, even among clusters of various morphologies, richness, X-ray 

lumiriosity and velocity dispersion. These lead to contradictory claims of the universality of the 
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lurnirlosity distribution. 

There have been two prongs to our analysis of the poor cluster lumiriosity functioris here. First, 

we deterniined whether the individual poor cluster LFs are sirnilar. Tlie cor~clusion fro111 Ta- 
ble 3.3 is that the individual LFs iricluding all but the ~riost lurriinous galaxies are statistically 

equivalent. Of course, with this s~rlall sample, one cannot discri~ninate filler differences without 

large statistical uncertainties. Indeed, most cluster studies (e.g., Schechter 1976; Dressler 1978; 

Lugger 1986; Colless 1989) find tlie bright-end of the LF do appear sirnilar in their general for~n. 

Combining the individual poor cluster LFs successfully forms a composite LF froni which 110 in- 

dividual cluster LF differs greatly (see Table 3.4). Further, the agreement between the individual 

galaxy magnitude distributions and the composite LF at various faintness limits iniplies that, 

if these clusters are indeed different, their galaxy luminosities nevertheless converge statistically 

and approach a hypothetical "poor cluster" LF. 

Next we asked if the LFs are invariant across the environs from the sparse field, through poor 

systems, all the way to the dense rich clusters. As we saw in Sec. 3.3.6, LF measurements in 
different colors for the same environment have yeilded different results for the Schecliter function 

parameters. Bearing this in mind, our results are not inconsistent with the hypothesis that poor 

clusters have a flatter LF compared to rich clusters. Specifically, the EMSS poor cluster B and 

V LF match their counterparts for poor clusters but not those of either the field or rich cluster 

environment. In contrast, the R LF better matches the corresponding rich cluster LF than tlie 

poor group LF and is inconsistent with that of the much less dense fields environs. 

Perhaps the variations in the LF slope in the literature may be artifacts of imposing a single 

Schechter function on the composite LF. The canonical Schechter LF - which glosses over differ- 

ences in LFs of individual Hubble/spectral types, environments, and redshifts - is unlikely to be 

an adequate descriptor of the true galaxy luminosity distribution (BST88; Ferguson & Sandage 

1991). Rather, the LF of each environment may best be parametrized using galaxy morpholog- 

ical types and surface-brightnesses. Further, the variations in M* between environs may be on 

account of the strong correlation of the two Schechter parameters and may not be indicative of 

strong physical variations at the bright end. 

However, even without recourse to parametric fits, there exist real differences in LF at the high 

galaxy density regime, i.e., between rich clusters, with several not showing the conspicuous upturn 

at the faint end created by increasing dwarf galaxy contributions (e.g., Phillipps et al. 1998). 

Either these clusters do not contain a similar and significant dwarf population or the dwarfs 
begin to appear only at fainter magnitudes (i.e., the dwarf-to-giant ratio is smaller). Deeper 

photometry may, in principle, help verify if our poor clusters too show dwarfs at much fainter 

luminosities that would steepen the LF. 

Though the jury is still out, correlations of the LF (at least at intermediate luminosities) with 

cluster morphology and richness (e.g., Garilli et al. 1999) refute the claim of several studies (e.g., 
Colless 1989; Trentharn 1998) for a universal LF. 
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3.4.2 Is the LF determined by Nature or Nurture? 

Thus far there is no incontrovertible support for a luminosity function that is invariant wit11 

environment. But when do the variations set in? Tlie differences in LF from field to clusters, 
between poor groups and rich clusters, and arnong clusters themselves, may be due either to 

biasing at galaxy formation (e.g., Dekel & Silk 1986) or to environnientally-sensitive differences 
in the strength of mechanisms that alter the LF. 

Observations provide evidence both for and against the model of biased galaxy formation. In some 

rich clusters dwarf galaxies are less centrally clustered than the giants and form a significant halo 

around the cluster outskirts (Driver, Couch & Phillipps 1998). Moreover, richer and denser 

clusters may have a preponderance of giant galaxies relative to dwarfs (Valotto et al. 1997; Garilli 

et al. 1999). Both these vouch for biasing in the galaxy distribution. In contrast, poor groups 

in the nearby universe, dwarfs are more numerous (Ferguson & Sandage 1991) and rnore tightly 

clustered in center than giant galaxies, indicating anti-biasing at  work at least at such small 

richness and high densities (Zabludoff & Mulchaey 2000). 

In the poor clusters we examine there is no strong evidence for variations in the clustering scale 

- in either luminosity or color - of the member galaxies (Sec. 5.4). Luminosity segregation in 

terms of smaller characteristic radial separations for galaxies with -21 < Mv < -20 is however 

marginally evident in MS0301 and MS0002; this could have occurred through two-body relaxation 

over a Hubble time subsequent to violent relaxation in the cluster core (as we discuss in Sec. 5.6). 

Still, overall mass segregation is not important in our sample. As our area1 coverage of these 
clusters is not incomplete, the LF or equivalently, the mass function, being similar in different 

cluster regions implies that spatial variations due to biased galaxy formation are not prominently 

noticeable in the poor cluster. 

An implication of the flat LF in the poor clusters studied here is that dwarf galaxies are usually 

less abundant in poor systems relative to the rnore populated clusters. Can we infer the kind of 

dwarf galaxies that engender the variations? In the field, blue Magellanic-type irregular galaxies 

dominate the faint-end of the LF (e.g., Marzke et al. 1994) while in galaxy groups and clusters the 

dwarf spheroids contribute to the steep slope (e.g., Ferguson & Sandage 1991; Trerltharn 1997). 

The similarity of the EMSS poor cluster LFs across the wavelengths (B to R) implies that if 

dwarfs exist i11 these systems, they are unlikely to be very actively star-forming. Indeed, in dense 

environs, star-formation is preferentially suppressed in the fainter late-type spirals and irregulars 

compared to the bulge-dominated early-type galaxies (Balogh et al. 1996). 

Our color-magnitude analysis (Sec. 4.2) shows no definitive support for luminosity evolution. The 

latter cannot then account for the inconsistency of M*,  i.e. the change-over from giant to dwarf 

galaxies, in the LFs of the EMSS poor clusters and other environments. Now assuming the form 

of the LF is universal at galaxy formation (though we argue against this), the comparison of LFs 
in different density environments sl~ould shed light on the differences between galaxy evolution 

in the field and clusters, and thus on some of the dynalnical interactions occuri~lg amongst non- 
isolated galaxies. The agents that affect the growth, interplay and ultimate evolutio~l of galaxies 

- dynamical friction, mergers, multiple mergers, cannibalism, harassment, etc. - must modify 
the primeval LF. 
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The relaxation tirries for our sample of poor clusters are smaller tllari the Hubble tinie (Sec. 5.6). 

The quantity AM12 indicates our clusters are Bautz-Morgan Type I objects or in other words, 

dynamically mature clusters. (This class of clusters are also the most frequent and tlie brightest 

in X-ray selected catalogs.) Furthermore, tlie EMSS poor cluster velocity dispersions derived 

from the Lx - a correlations are somewhat high (z 500kms-l, or between half or equal to those 

of rich clusters), resulting in lower merger rates for tlie galaxies. However, it is likely that though 

efficient merging is not occuring at the present in virialized clusters, it did take place at a very 

early stage in the system lifetime (Merritt 1984; Dubinski 1998). 

But, the current sample of poor clusters are for the most part irregular, urirelaxed systems. A few 

galaxies may then show small relative velocities between themselves, which do allow slow two- 

body collisions leading to mergers to occur even at the present. Galaxy interactions and active 

mergers may then be prevalent in the clusters. Indeed, there are a number of bright (Mv < -20) 

blue galaxies in the EMSS clusters (Table 4.4.3); some show definite indications of collision with 

their neighbors. The interaction process rnay enhance star for~natiori for a few niilliori years, 
brightening the resultant galaxy arid moving it from a fairiter part of the LF to the brighter part 

for a small fraction of tlie Hubble time. Perhaps surprisingly, the optical lunlinosity function 

of compact groups of galaxies, which are expected to host the largest merger rates among all 

galaxian environments, shows little evidence for an interaction-induced luminosity enhancement 

relative to control samples (Sulentic and R a b a ~ a  1994). The unenhanced luminosity functions 

may then be the result of a failure of interactions to induce star formation in these particularly 

dense environments, in keeping with the situation in rich clusters (Balogh et al. 1996). 

The rarity of bright galaxies (reflected in the clusters being poor), and the flatness of the LF 

at luminosities of -21 5 Mv 5 -19 indicate that the large, bright galaxies tended to merge. 

The large lumiriosity of the first-ranked cluster nienibers - likely to be the products of such 

mergers - reflects their dynaniical origin. For instance, the dips in the LF of MS1306 trace 

the depletion of bright galaxies through mergers that may have formed the body of the BCM. 

Thus as the cluster evolves dynamically, so does its galaxy LF. We cannot however claim any 

conclusive support of dynamical friction or galactic cannibalism in these clusters though AM12 
is certainly one aspect in favor of tlie scenario. The remarkable homogeneity in the first-ranked 

galaxy rnagnitudes implies that such niergers must have been at early epochs, and later evolution 

must have been similar in the various objects (see discussion in Chapter 6). 

All this also leads to the question of what reduces the cluster richness. The smaller richness of the 

EMSS poor clusters, i.e., with several bright (m < m3 + 2) galaxies 'missing' from an otherwise 

rich cluster, is not readily explained as being solely due to mergers in either the early history of 

the cluster or in its recent past. An explanation that offers itself is that the EMSS poor clusters 

have smaller characteristic sizes than the Abell rich clusters (see Table 5.2), and so acconiodate 

fewer galaxies than their larger thus richer counterparts. Indeed, such poor clusters appear to be 
smooth extensions of the clustering spectrum to lower galaxy population and mass from tlie rare 

rich clusters. 

Many of our conclusions are not emphatic due to the limited range (to within M* + 3.5, i.e., 

0.05L*) over which we construct the LF, the low signal-to-noise ratio dictated by the small 
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number of galaxies in each magnitude bin, and the field contamination likely a t  faint lurni~losities 

due to lack of membership information. Further, faint galaxies - both reasonably lumirlous ones 

at large distances and dwarf galaxies in the local Universe - and low surface brightness galaxies 

may remain undetected due to the threshold isophotal value of surface brightness adopted in the 

detection algorithm. Since the seeing in our images is of the order of the scale sizes of the smaller 

galaxies, it further exacerbates the problem. We cannot therefore usefully relate the for111 of the 

LF to variations in galaxy formation or relative efficacy of post-formation dynamical influences 

between the different environs. 

Our study would be more conclusive if data at  much fainter magnitudes (2-3 mags below our 

current limit) were included. More insightful studies would additionally incorporate the galaxy 

morphological types and their surface brightness into building multivariate luminosity functions. 

It is essential to determine the lunlinosity distribution of poor clusters at  all redshifts since these 

are likely to be found in increasing numbers at  higher redshifts, i.e., larger lookback times, in 

hierarchical structure formation scenarios. 



Chapter 4 

Evolutionary State of the Cluster 
Galaxies 

From a fleeting glimpse [astronomers] reconstruct a whole history. 

- Cecilia Payne- Gaposchkin 

4.1 Avant-Propos 

Galaxies have been clearly evolvirlg - as opposed to merely aging - with cosmic time, as traced 

by their morphological mix, colors or star formation rates, and interactions over a wide range 

of redshifts and across various environme~its. Now, galaxies are not isolated; most experience 

several collisio~~s or tidal interactions that are strong enough to alter their structure and content. 

The galaxian environs decides how frequent galaxy interactions and mergers are, what fraction 

of galaxies are merger remnants, etc. A noticeable effect of the cluster environment is on galaxy 

colors: the mean galaxy colors are redder in the cluster centers than in the field. Tidal interaction, 

collisions, and mergers can induce star formation (Bushouse 1987, Kennicutt 1998) and enhance 

the possibility of nuclear activity, thus making the galaxies bluer. Contrary influences such as 
ram-pressure stripping of gas, galaxy harassment, even a huge starburst that consumes all the gas 

car1 quench star formation and drive galaxies toward red colors (see also Sec. 1.2.2). On the other 

hand, in isolated objects, continuous infall of gas from their surroundings may fuel star-formation 

throughout their lifetime. 

Temporal evolution of galaxies can involve transformation of their morphologies, and changes 

in star formation activity, or equivalently, the stellar population content; this is not necessarily 

independent of the environment. The number of interacting and merging objects is significantly 

higher at large distances than among nearby galaxies, irrespective of environment. Tllough lu- 

minosities of galaxies do not evolve greatly below redshifts of about 0.5, their colors do vary, 

reflecting important episodes of star formation. In the high-redshift field, for instance, a large 

fraction of galaxies appear to be undergoing a strong episode of star formation, with many being 

bluer in their rest-frame than a typical local irregular galaxy. In cluster galaxies too star forma- 

tion activity changes rapidly even at modest redshifts of z 0.2 (e.g., Butcher & Oeniler 1984). 

However, elliptical galaxies in particular - be they in the field or clusters - seem to evolve 

passively even up to z = 1 (Dickinson 1995). Further, the strength of star formation in cluster 

galaxies both at low and moderate redshifts is systematically smaller than that in field members 
for the same galaxy luminosity and morphology (e.g., Balogli et al. 1998). 

If field and cluster galaxies do evolve along different paths, then the intermediate environs of poor 
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clusters could provide clues to the corlnectiori between the extreme environments, and illurninate 

how galaxy evolution depends on the density of the neighborhood. Even within a cluster, depend- 

ing on the galaxy orbit, i.e., on the galaxy density and velocity dispersion, and on the density and 

temperature of the intracluster plasma, a given galaxy may find itself subject to varying forrrls 

and degrees of interaction as a function of time. Poor clusters, that have lower velocity disper- 

sions than rich clusters but comparable X-ray luminosity, and higher galaxy densities than the 

field, provide an environment conducive to galaxy interactions different from both these extremes 

of galaxy density. The fraction of early-type galaxies in poor groups (less populated than the 

clusters we study in this thesis) varies from 25% characteristic of the field to -- 55% like that 

of rich clusters (Zabludoff & Mulchaey 1998). The early-type poor group members have sirnilar 

star formation histories as their counterparts within substructures in rich clusters (Zabludoff & 
Mulchaey 1998). This probably points to galaxy-galaxy encounters, rather than the larger cluster 

environment and associated mechanisms like ram pressure stripping or galaxy llarassment, as be- 

ing the rnost influential rnecllanism in altering star formation histories and morphologies. Further, 
the fraction of blue galaxies in poor clusters remains virtually corlstarlt with redshift whereas for 

rich clusters, it decreases steadily from high-z to local objects (Allington-Smith et al. 1993). This 

may indicate that the morphology-environment relation must be of recent ( z  < 0.25) origin, and 
steepening rapidly with cosmic epoch. 

This chapter presents color-magnitude and color-color analyses of the galaxies in our sarrl~le of 
/ 

poor clusters using the photometric catalog whose construction we reported in Chapter 2. We 

determine the correlation between the colors and luminosities of bright galaxies in the clusters. 
7 

We then s t u d y d  

pectedly blue (i.e. star-forming) as+welkm very red (which could turn out to be bjects far more 
distant than our clusters). L flLL &- L 

A- 0% 

4.2 The Color-Magnitude Relation 

In an overwhelming majority of clusters observed so far, t l ~ e  more lunlinous galaxies tend to have 

systematically redder colors. Since the lumirlous cluster members are usually of early morpho- - -. . 
logical types, this reddening trend implies the existence of a color-magnitude relation (CMR) for 

early-type galaxies in clusters, The CMR is not only a tight correlation with small scatter but 

also is applicable to field ellipticals (Baum 1959; Kodama, Bower & Bell 1999) and to both E and 

SO galaxies with the same slope and zero point (Visvanathan & Sandage 1977, VS77 hereafter). 

While the cluster disk galaxies also conform to a CMR, their color-luminosity relation is steeper 

and its scatter larger (Pierce & Tully 1992). The CMR exists with virtually sirnilar character- 

+ istics in all clusters/groups at both low redshifts (e.g., VS77; Bower, Lucey, & Ellis 1992; Srnail 

et al. 1998; Metevier, Romer, & Ulmer 2000) and high redshifts (e.g., Stanford, Eisenhardt, & 
Dickinson 1998, hereafter SED98; Ellis et al. 1997; Kodama et al. 1998; van Dokkum et al. 2000). 

The clusters, both regular and irregular, and with X-ray luminosities ranging over two orders of 
magnitude, exhibit no significant differences among themselves. 
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4.2.1 The Form and Causes of the Correlation 

The existence of the early-type CMR in the field and in the cores of rich clusters, and its s~llall 
dispersion suggest that the effect is not in response only to special conditiorls withi11 clusters. The 

CMRs in the early-type and spiral galaxies may have different origins: the CMR for ellipticals may - 
be due to variation in metal abundances with luminosity (see below) while that for disk galaxies 
- .. 

may have to do with the mixture of different stellar population~ and complex effects of dust. 
- -  

Nevertheless, tile tightness of the CMR and its spectroscopic counterpart - the relation between 

the magnesium absorption line index and velocity dispersion - together relate the luminosity 

and mass of the galaxies to their stellar constitution and metal abundance. 

The universality of the CMR lends itself to cosmological applications. It acts as a comological 

distance estimator (if galaxies evolve passively). The zero-point of the CMR at  various redsliifts 

provides information on the lunliriosity evolution of the early-type galaxies. Its s~nall  scatter 
indicates that the bulk of the stars in cluster ellipticals is coeval and constrains the epoch of 

elliptical galaxy formation to z % 2. The slope of the CMR sheds light on the differential beliavior 

of galaxian photometric properties as a function of luminosity or, indirectly, galaxy mass. The 

slope finds explanation in two alternative interpretations: 

it reflects different mean stellar ages, with redder galaxies being older (e.g., Aragon-Salamanca 

et al. 1993) 

it is due to galaxy metallicity increasing with luminosity (Larson 1974; Arirnoto & Yosllii 

1987, AY87 hereafter; Ellis et al. 1997, SED98). 

There are indications from its evolution with redshift that the CMR is primarily due to rnetallicity 

effects (e.g., SED98, Kodama et al. 1998) though the scatter indicating recent star formation in 

the presumably "coeval" galaxies nlay accomodate the varying age explanation (e.g., Worthey 

1994). The lurninosity-metallicity relation arises because more luminous (equivalently, more 

massive) galaxies have greater binding energies and can support star formation to completion; 

they can then retain more of the metal-enriched ejecta from their supernovae (see AY87 for a 

detailed exposition). If galaxies assemble in a hierarchical fashion rather than at a synchronized 

epoch, then the CMR could be due to massive ellipticals forming from the mergers of rnore 

massive disk systems that already obey a mass-metallicity relation (Kauffmann & Charlot 1998). 

Alternatively, if rnore luminous ellipticals are renlnants of galaxy merging accompanied by very 

rapid star formation, then less gas stripping and a greater amount of metal enrichment occur, 

leading also to a tight CMR (Bekki & Shioya 1997). 

4.2.2 Analysis 

To examine the CMR in quantitative terms, we perform a linear fit to the (B - V), (V - R) arid 

(R- I) colors against V-band magnitudes. We restrict the fit to the inner 0.5 Mpc projected radius 

of the clusters to reduce the relative contamination by field objects and maximize the prominence 

of the CM sequence. We select early-type galaxies by elimination: through visual examination 

of individual bright galaxies, we exclude those which show signatures of disks or interactions. 
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This ensures, to a first approximation, that the finally selected set of objects is predominantly 

early-type, and makes clearer a red sequence in the cluster CMR. Further, spectro-evolutionary 

models predict that tlle early-type (E/SO) cluster galaxies a t  a give11 redshift are redder than 

similar objects at lower redshifts as well as all other morphological types of galaxies at the same 

distance or lower redshifts.' Therefore, the red sequence mostly represents the poor cluster early- 

type galaxies, with some probable contamination due to higher redshift late-type galaxies. The 

dispersions in the colors at a given magnitude seem to be of the order of the photo~~ietric errors. 

(Since we do not have membership information, we cannot rule out the outliers as being non- 

cluster galaxies.) For such a sample, the traditional Chi-square technique can result in a poor 

fit due to its sensitivity to outlying data points. Therefore, we compute the color-magnitude 

relation (CMR) for the brighter galaxies using a least absolute deviation (LAD) algorithm with 

recursive 30 rejection. The LAD technique, which provides linear fits robust to the inclusion of 

outliers, turns out to be more appropriate in this instance. 

We use galaxies in the magnitude range roughly between M* - 2.5 and M* + 1.2 in the LAD fit, 

where M; = -21.0 for H. = 50 kms-' Mpc-'(see Table 3.5). This is well within the average 

limiting magnitude of our sample (cf. Fig. 2.1), so incompleteness effects are minimal. The 

use of fixed apertures in determining the magnitudes of the galaxies can introduce a bias in 

the color-magnitude relation if there exist radial color gradients within the galaxies. For the 
brightest cluster member (BCM) of MS1306 we find that internal radial color variations cannot 

be neglected (Sec. 6.4.1). For this cluster, therefore, we have had to ignore the BCM while fitting 

the CMR; inclusion always created a sequence whose slope was much too large and with sign the 

opposite of those of the other clusters. We give uniform weights to all the data points, and run 

the fits through either three or four iterations. We always reached a final solution whose accuracy 

was within' 1% in the absolute deviation. There are rather few galaxies (between 12-20 in each 

cluster) to result in a perfect fit. In each case, then, we check by eye to ensure that the fits are 

indeed good. 

4.2.3 Results 

Figures 4.1 and 4.2 present the K-corrected (B - V) vs. V, (V - RC) vs. V, and (Rc - Ic) vs. V 
color-magnitude diagrams for all the clusters in our sample (except for MS0002 for whicli we do 

not possess good photometric calibration in the B-band arid can show only the (V - RC) vs. V 

diagram). Filled symbols represent galaxies within 0.5 Mpc (for MS0301 and MS1306) and 

0.7 Mpc (for MS0002 and MS0735) of the brightest cluster galaxy, respectively. The solid lines in 

Figs. 4.1 and 4.2 represent the linear fits to the CMRs with parameters listed in Table 4.1. Dotted 

lines show the width of the sequence. Upward-arrows in the figure indicate the V magnitude of the 

faintest galaxies included in the linear fits of the CMR for each cluster. The superimposed dashed 

lines represent the correlation expected from the Virgo CMR of VS77 at the poor cluster redshift. 
We transform the original CMR of VS77 into the Johnson-Cousins system using the calibratiori 

'Since the morphology-density relation exists even in the field, the mere existence of a slight over-density of red 
galaxies does not a cluster locate. Despite this, the cluster red sequence, even if it has significant scatter, generally 
represents a distribution not found in tlle cumulative field that would span a large redshift range (Gladders & Yee 
2000). One way to distinguish a genuine cluster from a clumpy field would be through its highly luminous and 
spatially extended X-ray emission. 
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in Sandage & Visvanathan (1978). The relations then read: ( B  - V) = -0.0180 V + 1.043 arid 

(V - R) = -0.0088 V + 0.944. 

Even though the data are field-contarninated at all ~nagriitudes arid colors, our poor clusters all 

manifest a distinct locus of galaxy colors in the color-magnitude diagram. The optical colors 
of the bright cluster galaxies form a sloping ridge such that tlle fainter galaxies are bluer, arid 

are bounded by the red envelope. Early-type galaxies gerierally donlinate the bright-end of the 

luminosity function and, if this locus is similar to tlie one in rich clusters, the bright, redder end 

of color-magnitude diagram corresponds to the region of passively-evolving elliptical galaxies. At 

the fainter magnitudes (V > 22 mag), the lack of very blue galaxies is due to imcompleteness; 

therefore, the CMR will not be too well defined at the faintest luminosity bins of our clusters. The 

general appearance broadly resembles the CM diagrams of rich clusters both nearby and distant. 

(It would have been instructive to create such a diagram for field galaxies in the neighborhood of 

the poor clusters, to establish the cluster-member-only contribution to the CMR. But tlie limited 

size of our CCD images disallow such a project.) 

Table 4.1 sunirnarizes the parameter fits to the CMRs of the poor clusters. It lists for eacb CMR 

the range of galaxy V magriitudes considered in the linear fit, the zero-point color and the slope of 

the resulting line. The last column gives the mean absolute deviation for the data points in fitted 

color (which does not include systematic offsets in the photometry). Below, we shall examine 
each aspect of the CMR, viz., its slope, zero-point, and scatter. 

Table 4.1: The linear fits to the color-m 

Cluster V mag range Color Slope 

gnitude relations. 

2.907 

The slope of the CMR is usually steeper in (B - V) than in the other colors, suggesting that 
the ( B  - V) colors are more sensitive to V luminosity than either the (V - RC) or (Rc - Ic) 

colors. This is consistent with tlle pioneering work of VS77 that showed that the slope of tlie 

CMR is strongly wavelength-dependent, with maximum sensitivity near the ~ O O O A  break. This 

further suggests that the slope of the number counts for galaxies to the same limiting ~rlagnitude 
is steeper at shorter wavelengths (see Chapter 3 for tlie cluster luminosity functions). 
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Figure 4.1: Color-magnitude diagrams, ( B  - V) vs. V, (V - RC) vs. V, (Rc - Ic) vs. V for 
galaxies within 0.5 Mpc of the center of MS0301 and MS1306. The solid line in each panel 
indicates the fit of a linear relation representing the locus of early-type galaxies in the clusters. 
Filled syrnbols represent galaxies within the B - V "sequence" in the top panel, and within the 
V - R "sequence" in the bottom two panels. See text for the definition of "sequence". The arrows 
indicate the faintest V magnitude iricluded in the fits. The dotted lines envelop the width of the 
color-magnitude sequence. The dashed lines represent the CMR expected from the Virgo cluster 
relation of Visvanathan & Sandage (1977) appropriately redshifted. 
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Figure 4.2: Color-magnitude diagrams, (B - V) vs. V ,  (V - RC) vs. V, ( R c  - I c )  vs. V, for 
galaxies within 0.7 Mpc of the BCM in MS0002 and MS0735. Symbols as in Fig. 4.1. 
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Moreover, the slope (and scatter, see below) of tlie CMRs of tlie different Door clusters are 

roughly equal, and are comparable to that of Virgo and local rich clusters. This is clearly visible 

in Fig. 4.1 and Fig. 4.2 where all the ( B  - V) vs. V and (V - RC) vs. V CMRs (but that 

of the ( B  - V) vs. V correlation of MS0301) are parallel and nearly CO-incident (see discussiori 

about the zero-point below) with the fiducial Virgo linear relation whose corresponding slopes 

are -0.018 and -0.0087 (VS77, transformed by us into ( B  - V) and (V - RC) using the relation 

in Visvanathan & Sandage 1978). 

One expects that, unlike the situation in nearby rich clusters, early-type galaxies constitute not 

more than half of the galaxy population in poor clusters. Additionally, many galaxies in the 

lines-of-sight to our poor clusters also show signs of merging. Even these interacting systems 

appear to lie close to the CMR defined by the galaxies we determined to be free of disks at first 

glance, though most are slightly bluer by 0.07+ / - 0.02 mag than the early-type sequence. Since 

there exists a strong trend of the slope and scatter of the CMR to vary with morphology, such 

that spiral galaxies have a steeper slope and larger scatter in their colors than the early-type 

galaxies, it is not quite surprising that the slopes we present are marginally steeper than those in 

rich clusters. In fact, in previous poor cluster CMR studies, just determining the CMR seems to 

have been exceedingly difficult if riot actually impossible due to the paucity of early-type galaxies 

(e.g., Allington-Smith et al. 1993, AS93 henceforth). The robustness of the CMRs we present 
is particularly interesting since we have little ~nembership or morphological information for the 

galaxies in the line-of-sight. Our results show that early-type/briglit galaxies do indeed populate 

the centers of our X-ray luminous poor clusters in significant numbers and they resemble the 

E/SO members of nearby rich clusters. 

As we have stated, the formation and evolution of the population of massive (elliptical) galaxies 

remains a matter of lively debate. But let us now asslime that all elli~tical galaxies are equally 

old- mfzul -- nletallicities of galaxies mxying ss &ction of galaxy 

luminosi t~or  equivalently, galactic mass. Then we can apply the evolutionary model of AY87 

to the CMR to determine the metallicity variations in the cluster galaxy population. U m g A e  

slopes for the (V - RC) color indices in Table 4.1, we find that, for everv 
c--. 

- decade change in color, 

t& metallicities of ~ ~ 0 3 0 1 , ' ~ ~ 1 3 0 6 ,  MS0002 and MS0735 
c 

vary as factors of 0.12, 0.06. 0.09 and 

0.14, r -ect ivelv,  In other words, the metallicities of the poor cluster galaxies are consonant to 

within 10% over the luminosity range of roughly M* - 2 to M* + 1.5. Note that the ( B  - V) CMR 

slope of MS0301 indicates a change in metal abundance of 0.6 per decade change in color; this 

high value perhaps evinces both the sensitivity of the bluer colors to mass and the contamination 
due to non-early-type galaxies in the cluster core. The order-of-magnitude variation in X-ray 

luminosities among the clusters does not appear, a t  this level of analysis, to make a difference in 

the mass-metallicity correlations of the cluster galaxies. 

There are only small offsets (< 20) of the intercept of the CMRs of the poor clusters from that 

of the Virgo cluster (the exception is MS0301 for which the CMRs are offset by about 3a). The 

CO-incidence of the color-magnitude relation predicted from that of the Virgo cluster confirms tlie 

lack of luminosity evolution in the early-type cluster galaxies over the modest redshifts (0.083 5 
z 5 0.216) of our sample. Further, it shows that our photometry and adopted absolute magnitude 

normalizations are reasonably accurate. 
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Figure 4.3: Color residual from the CMR for (V - R) (left panel) and (R-  I) (right panel) against 
( B  - V), showing the correlation and intrinsic scatter about the color-magnitude relations for 
the poor cluster "sequence" galaxies with M" 5 -20 mag. Crosses denote galaxies in MS0301, 
diamonds in MS1306 and triangles in MS0735. 
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Garilli et al. (1996, G96 henceforth) found the CMR of MS0301 to be redder by about 0.2 rnag in 

(g - r )  than predicted from the Virgo relation. We find, on the contrary, that its (V - R) vs.  V 

correlation lies blueward of the latter. G96 claim that the difference of 0.2 mag between the 
expected normalization and the observed CMR, though of the order of the scatter in present- 

day bright cluster ellipticals, is well clear of their statistical errors. It is worth noting that G96 

observed this cluster under seeing conditions of > 2 arcsec (their Table 2) and the color-magnitude 

diagrams they present for it contain only about twenty galaxies. Another subject of concern is 

with correcting the photometry in this cluster for Galactic extinction. Though MS0301 lies at 

high Galactic latitude, (1, b) = (164, -37), the obscuration in its direction is anomalously large 

( A B  = 0.72 mag, Schlegel et al. 1998) due to a "spur" of Galactic clouds along this longitude. 

Now, G96 rule out any errors in their Galactic absorption corrections, derived from the NH values 

of Stark et al. (1992). Yet another possible conclusior~ is that the canonical value of RV = 3.1 is 

probably not valid for this spur region. 

It is of interest to weigh the scatter in the CMRs relative to the photometric error to assess the 

presence of an intrinsic component to the scatter in each correlation, i.e., of a "cosniic dispersion" 

in tlie CM effect. The dispersions about our CMRs are similar to our photometric errors of about 

0.07 mag at V = 20 mag, therefore we are at the liniit of what we could expect with the accuracy 

of our observations for (V - R) and (R - I )  indices. Accounting for the photometric errors leaves 

us with an excess scatter of typically 0.1 mag in ( B  - V) which cannot be dismissed in this way. 
The ( B  - V) excess could be due to an admixture of disk galaxies with tlie E/SO galaxies (also 

seen as a slightly steeper CMR in MS0301) or a genuine scatter due to astrophysical reasons. 
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A simple demonstration of the presence of the intrinsic component in the scatter is to plot the 
color residuals about our CMRs against one another. Figure 4.3 shows residuals of (B - V) 
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against (V - R) for galaxies with absolute magnitude Mv < -20 mag and within 0.5 Mpc of 

the cluster center. (This is possible for three clusters - MS0301, MS1306 and MS0735). A trend 

manifests itself; galaxies that lie on the blue side of the (B - V) CMR do so also in (V - R). 
While the (R - I) vs. (B - V) trend is weaker (and appears different for the different clusters), it 

nevertheless exists. Since the latter set of axes are independent, only an unfortunate coinciderice 

of systenlatic errors, similar in the photometry of all the clusters, would produce such an effect. 

Due to the improbability of such an occurrence, we conclude that a part of the scatter in the 

CMR originates in real, physical differences in the colors of the CMR participants. 

4.3 Cluster "Sequence" Galaxies 

In the previous section, we have presented a study of the correlation between galaxy color and 

luminosity, derived for the population of presumed early-type galaxies. Here, we use two-color 

plots to address further questions about the nature of the cluster galaxies. While the interpreta- 

tion of broadband colors is by no means either trivial or unique, galaxy colors are mi te  u s e f u l  -- 
exploring the nature of the objects. The colors, or crude spectral energy distribution of a galaxy, - 
have contribution from not only the combined stellar population but also 'nebular' eniission from 

interstellar gas, and possibly from a non-thermal central source, all of which may be attenuated 

by dust whose extinction depends strongly on wavelength. In general, it is not straightforward 

to disentangle color differences arising from redshift from intrinsic spectral differences. However, 

the tightness of the H-R Diagram which defines the stellar constituents of galaxies provides a 

useful diagnostic. Galaxies, which are composite stellar systems, are red or blue depending on 

whether they are dominated by correspondingly cool or hot stars.2 The color positions occupied 

by galaxies at different cosmic distances shift according to the evolution of their stellar popula- 

tions and the K-corrections. < - 
lie on relatively well-defined and slight1 rent regions on a color-magnitude or c o l o r - c k  

-@$X- 

It is interesting to segregate the galaxies in different parts of the color-magnitude diagrams (see 

previous section) for such an analysis. We subdivide the galaxies in each cluster into three zones: 

a cluster "sequence" defined by the closeness to the CMRs and additional color constraints 

to be explained shortly, 

1 a "blue" zone with galaxies well blueward of the sequence, and 

l 

a "red" region of galaxies far redder than sequence determined by the ridge-line of early- 

type galaxies. 

Figures 4.4 and 4.5 display the distribution in color-color space of all the galaxies in the fields of 
our poor clusters. Solid and open circles plot galaxies which make up the "cluster sequence" (see 
P- 

'Galaxy colors broadly indicate their morphologies, with blue galaxies tending to be of late Hubble types and 
red ones mostlv comprising the E/SO classes. This trend for colors to become bluer with later morphological types 
is somewhat weak, though, with dispersion of colors within each morphological class being comparable to that of 
the color differences between successive Hubble types. 
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Figure 4.4: (B - V) vs .  (V - RC) color-color diagrams for the galaxies (to Mv = -18) in the - EMSS fields. Solid and open circles: galaxies in the "cluster sequence" within and beyond 0.5 
Mpc of the cluster center; large and small triangles: galaxies blueward of the sequence; and large 
and small squares: galaxies redward of the sequence, within and outside the projected 0.5 Mpc 
radius of the cluster, respectively. The bottom right panel shows galaxy colors predicted by the 
models of Guiderdoni & Rocca-Volrnerange (1988) at redshifts of 0.00, 0.05, 0.10, 0.15, 0.20, 0.30, 
0.40, 0.60, 0.80, 1.0 and 1.2 for the indicated morphological types. 
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Figure 4.5: (Rc - Ic)  vs. (V - RC) color-color diagrams for the galaxies in the EMSS fields. 
Symbols as before. 
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below) within and beyond 0.5 Mpc of the cluster center, respectively. Large and s~nall triangles 

represent galaxies blueward of the sequence, and large and small squares depict galaxies redward 

of the sequence, within and outside the projected 0.5 Mpc radius of the cluster. 

In order to interpret the CC diagrams, we may use theoretical predictions of apparent ~nagnitudes 

and colors for galaxies a t  various redshifts. The theoretical tool we use is an evolutionary synthesis 

model of spectrophotornetric evolution by Guiderdoni & Rocca-Valmerange (1 988). The ~rlodel is 

able to compute the integrated spectrum of galaxies of different spectral (Hubble) types including 

both the contribution of the stellar component and the nebular emission in the galaxies. In the 

bottom right panels of the CC diagrams, we plot the synthetic color expected for different Hubble 

types between redshifts of 0 5 z 5 1.2, in steps of roughly 0.1. 

From both galaxy evolutionary models and the distribution of galaxy colors in the Virgo and 

Fornax clusters galaxies (Schroeder & Visvanathan 1996), we determine that almost all normal 

galaxies (to Mv = -17) distribute themselves within the color ranges -0.55 5 A(B - V)O 5 0.25 

and -0.25 I A(V - R)o 5 0.25, where the subscript '0' refers to the ridge line of the early-type 
cluster galaxies populating the CMR. Though there exists substantial dispersion of colors within 

each Hubble type at the same redshift, we consider the above a reasonable range of colors that the - 
various galaxy types in a cluster would enclose. The color-magnitude relation can therefore sift --- 
out a "sequence " of the cluster galaxies from among all the detected objects. Such broadband - - - 
color selection based on closeness to the cluster CMR can, in princide, act as a crude estimator - 
of redshift and thus be a basic indicator of cluster membership. 

CI--- 

111 the CC diagrams of each poor cluster, we see a distinct clump of galaxies in the color ranges 

corresponding to the cluster sequence and within 0.5 Mpc of the cluster center (filled circles in 

the figure). Although there is a spread in the sequences, partly caused by the CMR (which is 

enhanced in the (B - V) index), we are inclined to believe these regions correspond to galaxies 

belonging to the cluster, with the reddest being tlle cluster ellipticals. The model color tracks 

validate our assumption that these red clumps are indeed likely to be cluster members at the 

fiducial cluster redshifts. The sornewhat inhomogeneous color distributions also straddle the 
range of colors occupied by all the Hubble types frorn E to Im, indicating that these EMSS poor 

clusters are populated by all morphological types. This is the case also with poor groups in the 

nearby universe, where tlle early-type fraction varies from 20% to 50% (Zabludoff & Mulchaey 

1998). 

If star formation in norrnal galaxies is governed by internal factors such as gas content and 

disk kinematics, it is not surprising that the tiglit CMR coexists with a significant scatter in 

the galaxian colors. The predominantly red bright galaxies in the core of the clusters - seen 

effectively in the CMR - indicate that most cluster members lack enough gas to actively for111 
f new stars. In fact, this could be a reflection of the predominance of early Hubble types in the 

cores of the poor clusters, similar to the situation in their rich counterparts. Apart from this, 
an important aspect to consider in the high-density regions of cluster cores is the expected high 

frequency of galaxy interactions and mergers. In particular, there may be blue ellipticals formed 

newly from mergers of gas-rich spirals. Though there are several galaxy pairs in each cluster, 

the interactions do not appear to have generated a corresponding number of starbursts to create 
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a significant population of very blue galaxies. We have, of course, no evidence that precludes 

a moderate enhancement in star formation in the recent past for these galaxies, through, for 

instance, starbursts in the nucleus or local (outer) regions. In fact, there is some support for the 

latter occurrence - the presence of morphological distortions in some blue galaxies on the cluster 

sequence. A more or less continuous process of low-level star formation that does not drastically 

alter the total content of the galaxies could also be occurring. In Sec. 4.4, we shall explore a 

few bright galaxies that appear to be cluster members but are too blue by more than 0.2 niag 

in ( B  - V) to lie on the CMR (the putative "blue fraction"). We shall discover that most of 

these bluer objects are not objects of the highest luminosity, and are small sized galaxies usually 

located away froni the densest cluster regions. 

Our clusters all contain a centrally-located, very luminous galaxy each. Such first-ranked galaxies 

should participate frequently in mergers and receive the debris of tidally-disrupted cluster galaxies. 

This would serve to heighten the star formation and nuclear activity in these galaxies. We shall 

see in Sec. 6.4.1 that the brightest galaxy of MS1306 shows patchy star-formation and some 
evidence for dust in its central few kiloparsec, and perhaps shows accretion of low-mass stars 

in its outer regions, due to interactions with arid subsequent coalescence of smaller neiglibors 

into itself. The dominant member of MS0735 also shows the characteristic halo of CD galaxies. 

The brightest galaxies of the other two clusters do riot evince any ano~nalies in their old stellar 

populations. 

The general lack of galaxies showing exceptional star-formation activity or vestiges of recent 

mergers is a resounding feature of all dense, physical galaxy associations. Galaxies in Hickson 
Compact Groups and looser groups do not show any global enhancements in star formation 

activity or evidence for young merger remnants (e.g., Moles et al. 1994; Zepf & Whitmore 1991). 

Indeed, the star formation rate in group galaxies is depressed relative to that of the same Hubble 

type in the field (Iglesias-Paramo & Vilchez 1999; Allam et al. 1999). The deficiency is particularly 

evident in the late-type group galaxies; the strength of their emission lines (representing current 

star formation) is only one-half to one-third that of field galaxies of similar Hubble types. Perhaps 

tidal forces between galaxies are not so efficient in larger agglomerations or the intracluster 

mediur~i may sweep away the interstellar gas through ram pressure, overall reducing the efficiency 

of star formation in these dense galaxy environments. 

In MS0301, there are a few sequence galaxies that appear too red in (V - R) compared to their 

( B  - V) colors. Their (V - R) colors alone would place them at rather large redshifts, but their 

blue ( B  - V) colors belie such a possibility. 011 the other hand, these objects could well be 

high-redshifts contaminants of the cluster sequence with the blue colors in ( B  - V) being a result 

of emission in UV bands redshifted into the optical. Their brightness of V 2 20.5 magnitudes 

seems to bolster this conclusion. In this case, the blanket K-corrections we have applied may be 

inappropriate for these objects, and their intrinsic colors different from what we quote. 

Objects in the "blue zone" (triangles in Figs. 4.4 and 4.5) that are much bluer than the color 

ranges specified for the cluster sequence, are likely to be hot stars (misclassified as extended ob- 

jects), foreground disk- and irregular galaxies, and quasars. Those galaxies much redder (squares 

in the figure) than the bright sequence ellipticals are in all likelihood 
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at higher redsliifts. Tlle deficit of objects witli extremely blue (B - V) colors is in part due to 

i~ncompleteness in the B band. Foreground early-type disk galaxies (e.g. Sa or Sab spirals) could 

still lie in the bluer part of the cluster sequence, but due to their numbers in the field being rel- 

atively small, their adulteration of cluster galaxies should be negligible. Though foreground red 

galaxies do exist, they are likely to be very faint arid do not contribute at the bright ~nagnitudes 

we shall consider to calculate a blue fraction in the following section, except perhaps in the case 

of MS0735. As we can see from the color-color diagrams, compared with the model predictions, 

background spirals arid foreground ellipticals do occupy somewhat different portions of the color- 

color space from the actual cluster galaxies. The color classes separate galaxies roughly on tlie 

basis of their recent levels of star formation. We shall have more to say about galaxies in the red 

zone in Sec. 4.5. 

In summary, we use the locus of early-type galaxies in the color-magnitude diagrams to sift out 

cluster members from among the total set of galaxies in the region of the cluster, thus accounting 

for the 'contamination' from background galaxies. This is acceptable since most of the cluster . - / 

population would riot have greatly changed or been involved in strong star-forming activity within 

the redsliifts we probe. Indeed, the CMR finds application in defining cluster populations in the 

recent literature (see, e.g., Biviano et al. 1995; Lopez-Cruz et al. 1997; de Propris & Pritchet 

1998; Gladders & Yee 2000; Moretti et al. 2001). But a rigorous analysis .of cluster galaxy 
populations requires reliable determination of cluster membership, Hubble types, and signatures . - 
of non-stellar activity. Strictly speaking, this requires spectroscopy which is difficult even at 

2 - -  

intermediate redsliifts, when the background contamination becomes increasingly do~ninant. 

4.4 Photometric Blue Galaxy Fraction 

4.4.1 The Butcher-Oemler Effect 

The universality of the cluster CMR makes it a powerful tool to trace variations of the galaxy 

population among clusters and over different redshifts. By identifying cluster objects whose colors - 
are anomalously blue witli respect to that of the expected narrow red locus, Butcher & Oemler - _ 4c 

78 andJS84. hereafk~BfXt34'1 ~resenkd-thg first evidence of evolutionary phenomenyf in 
, 

clusteraalaxies over the redshift range 0.003 (the Virgo cluster) to 054 .  -and subsequent 

photometric studies (Couch & Newel1 1984; Rakos & Schombert 1995; Lubin 1996; Margoniner & 

de Carvalho 2000) showed that the cores of compact clusters at z > 0.2 contain an excess of blue 
-L ' 2 

galaxies compared to the populations of local galaxy clusters which are almost homogeneously -- 
& These changes imply a general decline in the star-formation rate in cluster galaxies since 

z 0.4. Simple passive evolution of galaxies naturally leads to galaxies a t  higher redshifts 

(z > 0.5) being bluer, and deep galaxy counts suggest substantial evolution in the lurninosities 

and colors of the bulk (especially the low-luminosity subset) of the galaxy population (e.g., Tyson 
1988; Koo & Kron 1992). - Nevertheless, the Butcher-Oemler result is surprising because of tlie - 
rapidity with which the fraction of - galaxies with blue colors increases from nearly zero at the 

-L -- 

present epoch to -- 40% at modest redshifts of 0.5. ,Such extreme bluing of int- -- - shift 

galaxies, and its apparent synchronization, indicates relatively recent star formation activity - in 
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rich, dynamically old clusters, in contradiction to evolutionary model predictions and to the - -  L 

observed finespun color-magnitude relation of evolved (read early-type) galaxies which imply a 

long period of passive evolution. 

Explanations for the putative "Butcher-Oemler effect" ( B 0  effect) invoke virtually all environ- 

mental processes. Most cluster members classified as blue exhibit the morphology of normal - , 
disk or irregular galaxies - (e.g., Dressler et al. 1994; Lubin et al. 1998), and their number counts - .-. 

in high-z clusters are similar to those of SO galaxies within the cores of low-z clusters. Some - - - - -  

blue members seem to be undergoing interactions and mergers with their neighbors (Lavery & 
7 

Henry 1994; Oemler et al. 1997), and often exhibit features of "active" galaxies, or of young or 

intermediate-age stars superimposed on an older stellar population (Lavery & Henry 1986; Couch 

& Sharples 1987; Dressler & Gunn 1992; Poggianti et al. 1999). I t  is possible that the fraction 

of interacting and merging galaxies was higher at higher redshifts. Blue galaxies demonstrate a 

propensity to occur in the outer, less dense cluster regions (B084; Rakos, Odell, & Schombert 

1997). One natural explanation of the B 0  effect is that at high-redshift, spiral galaxies fall into 

(sub-units of) young galaxy clusters and experience enhanced star formation induced by ram- 

pressure of the intracluster medium (Evrard 1990). The velocity dispersion of the subset of B 0  

galaxies is usually higher than that of the cluster, supporting the above explanation. Blue cluster 

galaxies noLonly prevail in the outer cluster regions, but also prefer to reside within substruc- 

tures in rich clusters (Caldwell & Rose 1997). When subcluster-subcluster mergers occur (more 

commonly at early epochs, i.e., high redshifts), they can create shocks in the ICM which could 

simultaneously induce starbursts in several galaxies (Kauffmann 1995; Bekki 1999). The blue 
galaxies, then, are at a phase of active star formation, after which they exhaust their gas supply 

perhaps due to ram-pressure stripping or cluster tidal fields (Rakos & Schombert 1995). Mecha- 

nisms such as cluster collapse (Larson, Tinsley, & Caldwell 1980) or galaxy harassment (Moore .. 

et al. 1996) may morphologically transform the depleted spirals into red SOS at low-z. 

The corpus of studies suggests that redshift evolution is occurring in the star formation rate and 

stellar populations of cluster galaxies, in the rnorphologies of cluster galaxies, or both. But it 

is not clear if these different types of evolution are related phenomena. And several concerns 
about the validity of the B 0  effect remain. Are the samples affected by selection biases? Are rich 

clusters chosen for the B 0  studies at z = 0 and high-z the same type of objects? It appears that 

the B 0  clusters a t  low and intermediate distances may differ in their dynamical state (Newberry, 

Kirshner, & Boroson 1988) and X-ray luminosities (Andreon & Ettori 1999). Selection of clusters 

in the optical bands while also looking for evolution in optical colors could certainly carry biases. 

An obvious way to circumvent such biases would be to use other criteria, such as X-ray lunlillosity 

or radio sources to select clusters for the B 0  effect determination. In a sample of massive clusters 

at z = 0.22 - 0.28 selected through their high X-ray luminosity, there appears to be only a 

small blue fraction, which does not increase with epoch in this small range of redshift (Smail et 

al. 1998). Further, the B 0  effect may be an environmental, as well as evolutionary, phenomenon. 
Among galaxy groups surrounding powerful radio galaxies, the nearby ones show a trend of redder 

galaxies to predominate in richer and denser environments (conforming to the morphology-density 
relation) whereas at z 0.4, the blue galaxy fraction is independent of group richness (Allington- 

Smith et al. 1993). On the other hand, within Abell clusters, selected independently of richness, 
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morphology, or X-ray lurnirlosity, the fraction of blue galaxies depends not only the cluster redshift 

but also 011 the richness, in the sense that, at a given redshift, f b  is systenlatically higher for poor 

clusters (Margoniner et al. 2001). Another concern is that over 0.18 < z < 0.55, there appears 

to be no excess of cluster members compared to field galaxies a t  the same redsllift that have 

unambiguously undergone starbursts within the last 1 Gyr (Balogh et al. 1999). So, the increase 

in cluster blue galaxy fraction with redshift may not be a strictly cluster-specific phenomenon. 

Obviously, then, there is no concensus on the Butcher-Oernler effect. It is nevertheless an irnpor- 

tant feature of galaxy evolution, and a test of the connection between environment and evolution. 

In the following sect&we compute the fraction of blue galaxies in our poor cluster sample and 

examine them in relation to other poor environs at similar redshifts. We also place them in the - - 

4.4.2 Analysis 

The selection criteria (B084) to include galaxies in calculatior~s of broadband blue fraction, fb, 

are: 

the galaxies must be brighter than absolute magnitude Mv = -20 mag for H. = 50 

km S-' M ~ C - '  

the measured color is (B - V), K-corrected to the cluster rest-frame and corrected for the 

color-luminosity relation of EIS0 galaxies 

the host cluster must be compact and the galaxies rnust reside within a radius that 
contains 30% of the total cluster population. 

Then, those galaxies would qualify as "blue" whose (B - V) colors are bluer by 0.2 lnag than tile 

peak of the cluster color distribution. The blue fraction, fb ,  is then: 

where Nb is the number of blue galaxies and N is the total census of the cluster to Mv = -20 mag, 

both corrected for background contamination. It should be noted that f b  is computed based only 

on the rnagnitudes and colors of the galaxies, without regard to the morphological classification. 

While these criteria suit populous, orderly clusters well, they are not equally applicable to deter- 

mining blue fractions in poor clusters. A typical poor cluster may be too sparse to even manifest 

a color-magnitude relation, and too irregular to compute from its galaxy density profile. 

For instance, in order to count the blue fraction within the same projected area as done by B084, 

we need to establish the density profiles of our poor clusters. The structural analysis we perfor111 
on our sample (Chapter 5) indicates that the cluster profiles are not well-behaved, thus rendering 

difficult a proper definition of the B 0  radius of R30. And our CCD images are - 10' X 10'; thus 

we cannot be sure to have sampled the entire cluster, though we do believe that our clusters 
subtend only small angular areas on the sky. Now, the mean of B084 is about 0.7 Mpc (for 

H. = 50 kms-' Mpc-'and go = 0.1) with fluctuations of about 30%. Here, in consideration of 
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the expected srrialler sizes of our poor clusters, we adopt a fixed physical size of radius 0.5 Mpc 

(we assume H. = 50 kms-' MpcP1and go = 0.5) within wllicll to calculate fb. Tlie dependence 

of the conversion between angular and linear sizes on go is not great at tlie redshifts we consider. 

If we use the B084 choice of go = 0.1, the projected angular size of 0.5 Mpc would decrease by 
less than 5% at z = 0.2. 

We are able to match the magnitude and color selection criteria well. We select galaxies inside 

the 0.5 Mpc radius which, after K-correction, are brighter than the magnitude limit of Mv = -20 

mag. We recall here that we do not apply color-dependent K-corrections, opting instead to use 

those of E galaxies for all extended objects in the cluster images. We then classify as "blue" those 

objects with rest-frame (B - V) colors a t  least 0.2 mag bluer than the ridge of the early-type 

galaxies in the color-magnitude diagrams (Sec. 4.2). 

Computation of f b  and its comparison between local and distant clusters require accurate fore- 
ground/background galaxy subtraction. Field contamination would tend to decrease f b  since field 

galaxies are in general bluer than the cluster core early-type population. As we cannot use spec- 

troscopic redshifts to determine cluster membership, nor count the population of galaxies several 

Mpc away from the cluster centers (as did B084), we use a statistical method to determine the 

number of field contaniinants expected in the cluster images. In this section, we adopt an ap- 

proach for field correction different from that of Chapter 3. Because the contrast of the poor 

clusters over the background is low, we can improve the accuracy of membership determination 

by restricting the color ranges of the cluster galaxies that can be counted a s  part of the cluster 

sequence or as "blue". We constrain the color ranges to lie within the cluster "sequence" defined 

in an empirical fashion in the previous section. The sequence includes the range of colors occupied 

by disk and irregular galaxies which would most likely contribute to the B 0  effect. Therefore, 

we shall calculate N ,  Nb, and thus fb ,  using only objects within these lirnits, wllich correspond 

to the bluest objects being not more than 0.55 mag deviant from the ridge-line of the early-type 

cluster galaxies. 

Then, we compute the "blue fraction" ( fb ) ,  from the original definition of B084, but within 0.5 

Mpc of the poor cluster center. We estimate the error associated with f b  from counting statistics 

considering the quantity N to be Poissonian. Such propagation of errors is likely to be simplistic 

since it does not properly take into account tlie variations in background due to clustering of 

galaxies, nor the fact that N and Nb are perhaps correlated (Margoniner et al. 2001). However, 

with the data we have and the lack of independent estimation of the individual quantities, we 

have to consider the error estimation as acceptable to first order. 

We would like to compare our results with those of Allington-Smith et al. (1993, or AS93), 

who determined the blue fractions for poor clusters surrounding radio galaxies. They used a V 

magnitude limit of -19 mag, and a fixed metric radius of 0.5 Mpc (for go = 0.0). Therefore, we 

repeat our analysis above for a similar sample consisting of galaxies brighter than Mv = -19 
mag. 
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4.4.3 Results 

Table 4.4.3 lists the fractions of blue galaxies in our clusters, determined through the A(B  - V) 

(A(V -R) for MS0002, see below) criterion. The first column is the cluster name, the second and 

third columrls respectively list the cluster population and blue fraction for the magnitude limit 

of V = -20 mag prescribed by B084, while the fourth and fifth column give the same quantities 

for a cut-off magnitude of V = -19 mag for comparison with the results of AS93. 

The number of galaxies brighter than Mv = -20 rrlag and Mv = -19 rnag within the core region 

of 0.5 Mpc are typically less than 20 and around 30, respectively. Errors are large due to tlle 

limited galaxy populations in the cluster cores. (Note also, that due to the existence of a CMR, 

and type-dependent K-corrections, a blue galaxy with a given observed magnitude is in reality 

fainter than a red galaxy of the same brightness.) 

Table 4.2: Cluster blue galaxy fractions. 

The fact that f b  to a cut-off of Mv = -19 is a few percent larger than (though within errors, 

due to small number statistics) the corresponding fraction limited to one magnitude brighter 

tells us that blue B 0  galaxies are faint but not too much fainter than their fellow poor cluster 

members. Visual inspection leads to classifying a majority of the blue galaxies as disk (50%), 

perhaps late-type, galaxies. A few also show clear signatures of interactions (12%), but this does 

riot seem to be a one-to-one effect, with orlly one member of a pair being classified blue. There 

seen1 to be irregular galaxies (12%) also anlong the blue members; we cannot state confiderltly if 

these are peculiar due to mergers. Our resolution and seeing do not permit us to say anything 

concrete about the rest. 

Cluster 

If the zero-point of the CMR corresponds to the E-type galaxies, then the A(B  - V) = -0.2 cut- 

off falls between Sab and Sbc types of the conlpilation of galaxy colors by Fukugita, Shirnasaku 

& Icliikawa (1995). Since we have the advantage of nlultiple colors through our photometry, we - - 
may check if the objects we determine to be blue through the ( B  - V) index would appear blue 

N20 

through any other available CMRs and color indices, specifically if they correspond to disk galaxy 

colors. Position in the color-color plots are also crude clues to galaxy morphology. So, let us 

now apply our B 0  analysis to the (V -R)  color. In the previous section, we determined that the 
CMRs of our clusters in the (B - V) and (V - R) indices matched those of the Virgo cluster. 

We can therefore transforrrl the A ( B  - V) = -0.2 criterion for blue galaxies into one through 

(V - RC) using the relation between these colors for galaxies (of morphological types E to SC) in 

the nearby Virgo and Fornax poor clusters. We determine that the 0.2 rnag criterion in ( B  - V) 

color translates to (V - RC) colors at least 0.11 bluer than the locus of tlle early-type galaxies in 

fr20 I N19 I f;l9 
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the respective color-magnitude diagrams. (We recall that for MS0002, we have determined the 

fb through the (V - R) color index, since we do not have reliable photometry in the B band for 

this cluster.) We find that > 60% of galaxies classified as blue in (B - V) show up as blue in 

(V - R) as well. These are mostly tlle briglit disks and iriteractirlg galaxies. 

QgaaU&roni both colors (referring to s t ; l . r r ~ l i o l o g i e s ,  we may state that the 
blue galaxies i11 the EMSS poor clusters are similar to those in richer, distant clusters. We are 

therefore probing the same plienornenon within the vastly different envirorlrnents. 

Figure 4.6: The blue fractions in our poor clusters (filled circles), in the poor groups around 
radio galaxies (squares) studied by Allington-Smith et al. (1993), and in Abell richness 0 clusters 
(triangles) from the work of Margoniner & de Carvalho (2000). Also shown are fb values fro111 
the pioneering work of Butcher & Oeniler (1984) for compact, rich clusters (open circles). 

The smallness of the blue fractions are consistent with the mi~limal evolution expected over tlle 

redshift range z < 0.25. In order to explore if the blue fraction values of our poor clusters adhere 

to those for similar systems in the literature, we plot in Fig. 4.6 fb to Mv = -19 rnag for the 

poor clusters in our sample (filled circles), for poor groups around powerful radio sources (open 

squares) from AS93, and for the five Abell Richness 0 clusters (open triangles), among the 48 

observed by Margonirler & de Carvalho (2000, MdCOO henceforth). We overplot on these the 

blue fractions from the original rich cluster sample of B084 (open circles). We plot the actual 
data points (especially for the B084 points, instead of their "guiding line") chiefly to depict the 

real, large scatter associated with fb at each redshift, and to show that the error bars are usually 
large, and particularly so for the poor groups. 

AS93 provide blue fractions, as already stated, to the cut-off magnitude of Mv = -19 mag within 
tlle same metric radius we use. So, our estimations of fb are directly comparable. However, 
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MdCOO computed fb in the magnitude range M* - 1 and M* + 3 (where M* = -20.91 assulning 

h = 0.75), using ( g  - r) color indices; their fb is larger than that of B084 (i.e., to lnagnitude 

Mv = -20 mag) by 0.13 on average. It is not clear if there is a direct relationship betweell tlie 

estilnates of MdCOO and ours. Overall, despite our large error bars, our data lie in tlie sarne range 

as that of these two studies. All of the above values of fb are typically 0.05 larger than those 

calculated for rich, compact clusters by B084 (open circles in Fig. 4.6) at sirrlilar redshifts. 

We conclude that galaxies within not-too-distant X-ray luminous poor cluster are experiencing 

mildly enhanced star formation with respect to compact, rich cluster members, and are similar 

in this respect to objects in poor groups and Abell richness 0 clusters. This finds support in 

the recent study of Margoniner et al. (2001) who established that fb is systematically higher for 

poor clusters than for rich clusters at the same redshifts, though the rate of redshift evolution is 

approximately similar for all richness classes. 

But could the fraction of blue galaxies in these poor clusters be influenced by a selection effect - - 
of 3 clusters that are strong X-ray emitters? Now, tlle blue fraction in the corcs of clusters 
7 

at z = 0.22 - 0.28 selected on the basis of their si;lilar X-ray luminosities (Smail et al. 19'38) 
and simple, regular morphologies, is < 10%; therefore, the classical B 0  effect is not present in 

them. Though our selection of poor clusters is also through their being strong X-ray emitters, 

our fb values are larger and more scattered than such X-ray bright rich clusters. The X-ray 
morphologies of the poor clusters in this study are more or less regular; in particular, there is no 

evidence of strong substructure or bimodality in the high-energy emission. So, we can rule out 

large-scale shocks caused by merging (sub)clusters as the cause of the blue galaxy phenomenon 

in these poor clusters. However, in a small sample of clusters with binary X-ray structure at 

redshifts of z = 0.1 - 0.2, the number of blue galaxies is indeed enhanced with respect to rich 

clusters with relaxed morphologies (Wang et al. 1997; Metevier et al. 2000). 

Could it be that the X-ray lumirlous clusters of Smail et al. are not part of the sarne class of 

objects as those of the B084 work? Indeed, this was the objection raised by Andreon & Ettori 

(1999) about the original B084 work itself. Further, rich, X-ray luminous clusters from the EMSS 

sample (of various X-ray structures) at 0.18 < z < 0.55 show a significant Butcher-Oernler effect, 

but only when radii larger than about 2.3 Mpc are considered (Ellingson et al. 2001). While 

the cores of these rich EMSS clusters contain evolved composite stellar populations, the objects 

close to and outside the virial radius are similar to coeval field galaxies. If we similarly check 

for dependence of fb on angular sizes, i.e., at different radial distances from the cluster center, 

we determine that the fraction of blue galaxies does increase by nearly a factor of 1.6 when we 

include the region 0.7 Mpc (or 200 kpc further than we have thus far considered) of the cluster 

centers for MS0002 and MS0735. This further supports the idea that B 0  galaxies tend to avoid 

the very cores of their clusters. Galaxy groups and small clusters are correlated with rich clusters 

and, in hierarchical models, fall into clusters in greater numbers at intermediate redshifts than 
at present. The foray of subclusters into the larger structures, and of field galaxies into these 

subclusters, at highlintermediate redshifts may still induce the B 0  effect. A restatement of the 

B 0  effect in this perspective is one of a decline over time in the infall rate of field galaxies, leading 

to smaller number of starbursting cluster members at low redshifts. 



A nurnber of blue galaxies in our poor clusters are distorted or irregular; but most are likely 
to be normal lunlinous disk galaxies. It could well be that the poor cluster environnient, where 

ram-pressure sweeping is less effective than in rich clusters, allows niassive disk galaxies to sustain 

star formation for a long time aided further by the infall of gas from tlie intra-cluster rnediu~ri. 

Now, we find that a small number of the blue galaxies are interacting, consonant with dense 

environments hosting a greater number of pairs and small galaxy families than the field. This 

provides another scenario for the B 0  phenomenon, especially valid in poor clusters that do riot 

foster high internal tides or show substantial substructure to perturb galaxies into bursting into 

star formation. Perhaps the processes governing the Butcher-Oemler effect are more suscepti- 

ble to galaxy-galaxy interactions than to any large-scale influence. Now, there are early-type 
spectroscopic counterparts of the blue galaxies, E+A galaxies (Dressler & Gunn 1992), initially 

identified in distant clusters, that contain younglintermediate-age stellar populations superposed 

on the more evolved elliptical population. However, it turns out that these E+A galaxies exist 

also in the local universe, largely as pairs with many showing tidal features, in both field arid 

cluster environs (Zabludoff et al. 1996). Further, dusty starbursts are twice as common in tlie field 

(at similar redshifts) as in X-ray luminous clusters (Balogli et al. 1999). Therefore the presence 

of E+A galaxies in distant clusters or very blue galaxies in the outer regions of clusters do not 

provide clinching evidence uniquely for the effects of cluster environment on galaxy evolution. 

The properties and evolution of such galaxies may reflect the typical behavior of galaxies in pairs 

rather than the global influence of clusters on the star formation history of galaxies. 

Clearly, the B 0  effect is a complex phenomenon, and may have some or all of the above mecha- 

nisms at work. Perhaps a detailed analysis of the phenomenon including a study of the cluster 

perturbations and galaxy interactions in a large sample of clusters spanning all richnesses arid 

redshifts may lead to a confident answer. 

4.5 Red Galaxies 

As we have mentioned previously, almost all normal galaxies occupy the color range -0.55 5 
A(B - V)o 5 0.25 and -0.30 L: A(V - R)o 5 0.25. Just as one may estimate the fraction 
of blue galaxies using the tightness of the color-magnitude relation, one may also check for the 

presence of unexpectedly red galaxies in the lines-of-sight to clusters of galaxies. Garilli et al. 

(1996; or G96) used the CMR to study galaxy populations in clusters over 0.05 5 z 5 0.25. 

While they found no signs of evolutior~ in the blue fraction, they noted the presence of a rather 
large number (-- 7% of the total population) of red galaxies, with both (g  - r )  arid ( r  - i) colors 

(in the Thuan-Gunn bands) a t  least 0.3m redder than the early-type sequence. Most of these 

are compatible with being field galaxies at redshifts of 0.3-0.5. However, a significant fraction 

(upto 25%) of these "field" galaxies have ( r  - i) color indices indicating they may be at z > 0.7, 
but their (g  - r) 1.2 colors are not red enough for them to be so distant. G96 suggest that 

the anomaly of the spectral energy distributions may arise due to emission in the bands above 

0.7 - 0.8pm. Such a population of galaxies would be important for both number counts and in 

testing galaxy evolution models. Therefore, we use a similar methodology as G96 to search for a 

red galaxy population in our sample, with both (B - V) and (V - RC) colors at least 0.3 mag 
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Figure 4.7: Red galaxies in the EMSS fields. 

redder than the early-type sequence. Note that in this case, we do not translate the ( g  - r), (7. - i) 

criteria into the corresponding (B - V), (V - R) values, being inclined to believe that the same 

interval picks us background galaxies with equal effectiveness in both photometric systems. 

In the color-magnitude diagrams of the poor clusters, we have seen that an extended tail of faint 

red objects exists. The nature of these objects becomes apparent in Fig. 4.7, where we have 
replot ted the color-magnitude and color-color diagrams for them. Most of these objects have the 

colors of high-redshift field galaxies. They must be intrinsically quite lurninous to appear at the 

magnitudes we probe. We determine, further, that most of the objects lie a t  metric distances of 

> 700 kpc from the cluster center (which we identify with the position of the brightest cluster 

galaxy). Of course, the number of background galaxies contaminating each cluster depends on 

its redshift. Further, similar to the findings of G96, we discover a subset of red galaxies that are 

extremely red in (R - I) but have ( B  - V) and (V - R) colors too blue and thus are incompatible 

with the forrrler color to be at high-redshifts. The color distributions of these objects are much 

broader than the errors of typical measurements. These objects account for about 10% of the 

total red galaxy population, and are mostly faint, with V E 20 mag. The possibility that these 

reddest objects are stars misclassified as galaxies is not large; within our CCD fields (though all 

are at high Galactic latitudes), it is unlikely that we include so many faint red (M-type) stars. We 

therefore attribute the surprisingly red (R - I) colors of these objects to their unusual spectral 

energy distributions, with ernission in the redshifted I band. 

Metcalfe et al. (1994), Aragon-Salamanca et al. (1993) and others have found similar cluster 

galaxies identified through extremely red optical-near-infrared colors. Put together, these results 

suggest that the "anomalous" red galaxies are not exactly uncommon, and deserve closer atten- 

tion. It would be most worthwhile to determine the redshifts of these objects, and study their 
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spectral line characteristics. These will prove necessary to coririect the evolution of these galaxies 

with the nature of their local counterparts. 

4.6 Discussion and Conclusions 

The existence of a linear locus in tlie color-magnitude diagram, a main characteristic of the 

cluster early-type galaxy population, is clearly visible in the EMSS poor clusters. Further, the - 
poor cluster CMRs have slope and scatter unchanged with respect to local clusters such as Virgo, 

within the observational errors. 
, 
Let us use the mutual consistency of the CMRs of our poor clusters with those of Virgo, and 

by extension, those of higher redshift clusters, to establish constraints on galaxy formation and 

evolution. By considering the color evolution of galaxies after star formation ceases, Bower, 

Kodama & Terlevich (1998) showed that the scatter of the CMR constrains the spread in age 

that is allowed for the bulk of the stellar po~ulat io~i ;  the cluster galaxies rnust be coeval to within - - 

The breadth of the color distribution could imply significant scatter in the star-formation 

histories of the galaxies, assuming the effect of field galaxy contamination at these magnitudes 

is small. (The field contamination depends on the richness of the clusters, and becomes rather 

large especially among fainter, likely late-type, galaxies.) Followirig this analysis, an una~nbiguous 

conclusion from the smallness of the scatter in the CMR and near constancy of its slope over the 

admittedly modest redshift range of our poor cluster sample is that the bulk of the stars in these 

cluster early-type galaxies is coeval and has perhaps formed at z > 2 - 3. 

There is evidence for a substantial fraction of poor cluster galaxies bluer than can be ascribed 

to the existence of a CMR arid in excess of predictions of passive evolution. The blue fraction 

is higher than in rich clusters at similar redshifts. However, the overall redness and tightness 

of the cluster sequence in the color-color plots, and the smallness of the blue fraction indicate 

that within the poor cluster cores, tlie dense environrnerlt appears to suppress star forrnation and 

support galaxies of mostly early Hubble types. This is true even of a cluster like MS0301 which 

appears to contain a large fraction of disk galaxies. 

Interestingly, early-type galaxies in low-density environments possess a substantial intermediate- 

age population of stars that is considerably reduced or altogether lacking in the dense cluster 

ellipticals (Rose et al. 1994). Perhaps, early-type galaxies in cluster cores have experienced a 

truncated star formation and chemical enrichmen't history compared to their counterparts in 

lower-density regions because of ram-pressure evaporation of interstellar gas, or ran out of molec- 

ular gas due to a rnassive starburst when the gas-rich galaxy plunged into the cluster environment 

for the first time. Or the truncation of star formation in cluster galaxies may be largely gradual, 

due to long-term exhaustion of gas in the galactic disks (Balogh et al. 1999). It is still uncertain 

whether environmental differences outweigh the intrinsic dispersiorl between local galaxies. 

Many key issues in galaxy evolution remain open, and require a well-understood sample of galaxy 

clusters of all richness and at a wide range of redshift to be resolved. Ultirnately, such studies 

would help constrain galaxy forrnation in the context of large scale structure formation, and 

provide tools for the determination of cosn~ological constants. 



Chapter 5 

Cluster Morphology 
In the summer evening 

Where is my star 

hidden in  the Milky Way? 

- Issa Koba yashi 

5.1 Avant-Propos 

The appearance of clusters of galaxies indicates to some extent their physical properties. There 

is evidence that optical morphology, the presence of a dominant D or CD galaxy in the cluster 

center, and X-ray emission of the clusters correlate with their richness and dynamical states (e.g., 

Bahcall 1980, Forman & Jones 1984), and influence the ratio of dwarf galaxies to bright ones 

(Lopez-Cruz 1997). Cluster structures reflectKt0 some extent, their galaxy content - dense 

environments like cluster cores are populated almost solely by elliptical and SO galaxies, whereas 

the less extrerne environments of the cluster peripheries host spiral and irregular galaxies (Oemler 

1974, Dressler 1980). Further, regular clusters which show spherical symnietry arid high central 

co~icentration of galaxies contain predominantly E and SO galaxies, whereas irregular clusters 

which are amorphous and less dense contain galaxies of all types, including appreciable nun~bers 

of late-type spirals arid irregulars. Rich, regular clusters also turn out to be strong X-ray e~nitters 

more frequently than irregular clusters (For~nan & Jones 1982). 

It is interesting to ask whether poor clusters that contain fewer galaxies than their rich counter- 
/ 

parts are gravitationally bound systems instea w o j e c t i o n s  of galaxies, and how their - - 
morphologies and X-ray emission compare with those of rich clusters. .. r 

Clusters of galaxies are neither isolated nor static. Galaxies from the neighboring field continu- 

ously fall into them, and complex interactions within and between clusters modify their structures 

all through their lifetime. One of the i n d i o f a t u s  of a cluster is the degree of - 
regularity of the galaxy and gas distributions. A large fraction of clusters do not show a smooth 

,- 
morphology; they contain within themselves several clumps in the distribution of their galaxy 

population and X-ray emitting gas. Such substructure suggests that the cluster is in its dynani- 

ical youth and has not reached the state of virialization. Further, if cluster galaxies experiellce 

the effects of dynamical friction, they can approach energy equipartition in such a way that the 

bright galaxies stay closer to the cluster center while the smaller, fainter ones spread themselves 
out over larger volurnes. Other ariisotropies in the cluster galaxy distribution include the pref- 

erential alignment of the bright cluster galaxies with the host cluster (e.g., the work of Larnbas, 

Peebles and collaborators), and clusters themselves being aligned with neighboring clusters (Flin 
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1987). Since the universe is expected to be liornoge~~eous arid isotropic on the largest scales, tliese 

preferred alignments are clues to cosmic structure formation ~neclianisrns. Structures fornled by 
gravitational collapse of small fluctuations in an expanding universe. The type of dominant dark 

niatter determines the initial form of the fluctuation spectrum. Structure rilay have forrried from 

fragmentation of very large (supercluster-scale) regions into smaller regions (for hot dark matter) 

or from the hierarchical coalesence of small sub-units into successively large structures. The dif- 

ferent nature of these scenarios lead to observable differences in the clustering properties of the 

universe, and in properties of galaxy clusters such as density profiles, tlie amount of substructure, 

and orientation effects among member galaxies and larger scale structures. Thus, morphology 
tells us not only about the shape and dynamical state of clusters but also reveals interesting 

details about cosmogony. 

This chapter presents analyses related to the ~norphology of the four EMSS poor clusters of 

galaxies we have imaged with the VBT. We study the cluster morphology at various levels: 

qualitatively by visual assessment and through a simple comparison of the optical image with 

the contours of X-ray emission; and in $quantitative manner using maps of the projected galaxy - 

distribution. We look at tlie spatial arrangement of the galaxies as a function of their colors - - - 

to evaluate the radial trend of morpliology. We check if the clustering properties of tlie cluster 

galaxies depends on their brightness by estimating the amount of luminosity segregation. We then 

discuss the alignment effect wherein the brightest cluster member points in the same direction as 

the distribution of cluster galaxies. 

5.2 Visual and X-Ray Morphologies 

Inspection by eye leads to a first qualitative description of the cluster morphologies. Assurr~irig 

spatial homogeniety of field galaxies, the general conceritration of galaxies around a bright galaxy 

is a clue about the location of a cluster. The clusters in our sample are all bright at X-ray 

wavelengths, a selection criterion. X-ray observations provide information on the intracluster gas, 

which, since it is gravitationally confined, traces the cluster mass distribution or gravitational 

potential (Sarazin 1988). X-ray images, then, allow.one to study the distribution of both baryons 

and dark matter. In fact, as already stated, tlie hot gas in galaxy systems such as groups or 

clusters accounts for more mass than is found in the visible galaxies. By piecing together the 

optical and X-ray data, it may be possible to arrive at a better understanding of the morphologies 

of the clusters. 

In Figs. 5.1, 5.2, 5.3 arid 5.4, we present the optical/X-ray images of tlie poor clusters (PCs). Tlle 

VBT optical rnosaic images of tlie poor clusters cover different angular fields, all corresponding to 

metric sizes of at least 1.0 Mpc at the cluster redshifts. Table 5.1 lists their important parameters. 
We note here that the brightest cluster member (BCM) is not always centered in the rnosaics. Tlle 
X-ray data are from the data archives of the ROSAT X-ray satellite observatory position sensitive 

proportional counter (PSPC) in the energy range 0.1-2.4 keV. The PSPC (energy-dependent) PSF 
has a mean FWHM of about 2 arcmin, and increases dramatically as a function of off-axis angle 

over the two degree field-of-view, from 20 arcsec at tlie center to 4 arcmin at the edges. None 

of our PCs are too far from the PSPC center, though MS0301 has a PSPC rib shadowing it 
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Figure 5.1: Top panel: Gray-scale optical CCD image of MS 0002.8+1556 overlaid with ROSAT- 
PSPC X-ray emission iso-contours. The axes are sky co-ordinates in the epoch 52000. Bottom 
panel: Isopleths of the galaxy distribution in the cluster region, from counting galaxies in 20 X 20 
arcsec bins and smoothing over an area of 1 arcmin2. The brightest cluster galaxy is at the center, 
and the axes are in terms of distance in arcsec from it. North is at the top and east to the left in 
both panels. 
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Figure 5.2: Optical and X-ray morphology of MS 0301.7+1516. Axes, gray-scale images and 
corltours as before. 
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Figure 5.3: Optical and X-ray morphology of MS 0735.6+7421. Axes, gray-scale images and 
contours as before. 
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Figure 5.4: Optical and X-ray morphology of MS 1306.7-0121. Axes, gray,scale images and 
contours as before. 
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immediately to its North, arid one (MS0735) has been the subject of pointed observatioris 

The overlays show contour plots of (uncalibrated) broad-band ROSAT image data superposed on 
our optical CCD frarnes (see Chap. 2) after accurate alignment of the co-ordinate frames. We 

generated isointensity contour maps by extracting the photons in the total energy band (0.2-2.5 
keV band) and convolved the images with a a = 75 arcsec Gaussian profile. We applied no sky- 

or detector background subtraction. 

All four PCs show a visible concentration of galaxies around the BCM. As mentioned in Chapter 

3, we are limited by the lack of a local estimate of the galaxy background, which would account for 

any presence of large-scale structures, of foreground clusters and groups, and of local variations 

in background counts. The X-ray emission is extended, centrally peaked and in all cases but that 

of MS0301, there is evident coincidence between the BCM and the X-ray centroid to within a 

few arcseconds i.e., within the positional errors of the X-ray data. While not entirely circular 
in projection, the high-energy emissiori is more or less azimuthally symmetric in the clusters 

with L, > S-'. This near-circularity iniplies that the clusters are not too far from being 
dynanlically relaxed. We do not ourselves perform much detailed analysis of the X-ray structures 

of the clusters but for a rudimentary estimation of the X-ray position angle. 

Table 5.1: Optical mosaic images of the clusters 

Some specific classification schemes for the optical morphology of rich clusters include the Bautz- 

Morgan (BM; Bautz & Morgan 1970) system, and the Rood-Sastry (RS; Rood & Sastry 1971) 

system. The BM scheme classifies clusters based on relative contrast (i.e., dominance in luminosity 

and size) of the brightest cluster member over the other cluster members, ranging from type 

I to I11 in decreasing order of BCM dominance. Type I clusters contain a single, centrally- 

located dominant (CD) galaxy (e.g., Abell 2199); at the other end, type I11 clusters contain no 

galaxy that dominates over all others (e.g., Hercules); in between are type I1 whose brightest 

members are intermediate in appearance between CD and normal giant ellipticals (e.g., Coma), 

and further intermediate types 1-11 and 11-111. The RS syslenl distinguishes clusters depending 011 

the distribution of the ten brightest members, in classes CD, binary, core, line, flat, and irregular. 

Both classes seerri to be independent of cluster ricllriess but are sensitive to the celitral cluster 
density (BM I clusters are denser than BM I11 clusters). The classificatiori systenis lnay give 

rise to systematic errors due to the distance of the clusters (the large envelops of the CD galaxies 
may be dirnmed due to K-corrections) and rnisidentification of the brightest galaxies due to 

projection effects. While the second scherne is not quite suitable to classify poor clusters owing 

to its requirenlerit of the first ten bright galaxies, the first scheme may be useful in revealing 

morphological features of systems less populous than rich clusters. Therefore, we determine the 

Cluster 

MS 0002.8 + 1556 
MS 0301.7 + 1516 
MS 0735.6 + 7421 
MS 1306.7-0121 

Image Size 
pixels, sq. arcmin 

1017x 1017, 1 0 . 2 ~  10.2 
1321 X 1051, 1 3 . 4 ~  10.7 
1020x931, 10.2x9.3 

1185x1137, 12.1x11.6 

Metric Scale 
kpclarcmin 

166.9 
125.9 
267.2 
132.4 

Metric Size 
Mpc2 

1.7x1.7 
1.2x1.0 
2.7x2.5 
1.2x1.1 
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BM types of our four poor clusters below, by studying the brightest 3-4 galaxies and using the 

AMl2 determinations quoted in Table 3.2. 

We now proceed to descriptions of the individual clusters. 

MS0301 is noted by Gioia & Luppino (1994, GL94 from here on) as being 'a poor, irregular 

nearby cluster'. It appears in the VBT optical images as a sparse system witli an irregular spatial 

distribution of galaxies whose brightest member is an elliptical. We estimate it as being BM type 

either 11-111. West of the BCM, the presence of a very bright star affects the galaxy counts. The 

image also shows an additional clump of faint galaxies about 4 arcmin east and slightly north of 

the BCM. We speculate that this faint system is a distant cluster of galaxies, not related in any 

way to MS0301. MS0301 has a filamentary grouping of bright galaxies visible in the vicinity of its 

dominant member. Classification by eye of some of the brighter galaxies leads to the conclusion 

that the cluster is dominated by disk systems. The X-ray contours indicate that the structure of 

the hot gas is far from simple and sy~nmetric. As we have previously mentioned, the X-ray data 

for this cluster are of rather low signal-to-noise, and are hampered by the PSPC rib occurring to 

its immediate north. The peak of the X-ray ernission, as already mentioned, does not coincide 

with the BCM optical position. The projected separation between the optical position of the 

dominant galaxy and the host cluster X-ray centroid is about 1 arcmin (c 120 kpc). This is 
similar to the famous case of the galaxy group around NGC 2300, where the extended X-ray 

emission is not centered on any particular galaxy and is offset from the elliptical NGC 2300 by 

several arcminu tes. The X-ray structure shows an almost one-to-one correspondence wit h the 

galaxy isopleths (see the next section). Perhaps the individual large galaxies within the cluster 

contribute to the high-energy emission, making it patchy, as in several MKWIAWM poor clusters 

(Kriss et al. 1983; Price et al. 1991). It is also possible that the high-energy emission is associated 

with a shock front created by the infall of smaller groups into the cluster, as in the case of Stephan's 

Quintet (Sulentic et al. 1995). However, due to the low X-ray flux and irregular morphology, we 

cannot rule out the possibility of unresolved point sources (e.g. bright cluster galaxies, fore- or 

background sources such as weak AGN) being confused with the cluster emission. This could 

also explain the weakness of the X-ray emission itself. The low X-ray luminosity is in confornlity 

with the trend of spiral-rich clusters being irregularly shaped, with no central concentration. But 

if the gas is all associated with the ICM, and if it traces the gravitational potential, then this 

implies that the cluster is unrelaxed and is probably in the process of being assembled by tlie 

agglomeration of smaller units. 

MS1306 is at a redshift (z = 0.088) similar to that of MS0301 (z = 0.083) but its domirlant 

galaxy is about a magnitude brighter, and obtains a BM classification of Type I1 for the cluster. 

GL94 note that it is a 'poor cluster with a dominant central galaxy.' The X-ray emission of 

the clusters is likely to be spatially resolved; it is close to being azimuthally symmetric with no 

prominent substructure. MS1306 sliows an extended core of about eight bright galaxies within 
50 arcsec of the nominal X-ray centroid quoted by GL94, which nearly coincides with the BCM 
position. The BCM, a giant elliptical much larger than the BCM of MS0301, shows obvious 

signs of interacting with one (possibly two) of its neighbors. In turn, the smaller neighbors are 

distorted by interactions with the BCM. The probability of a fortuitous coincidence of so many 

bright galaxies in such a small region corresponding to a linear diameter of less than 100 kpc is 
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low. We therefore expect that this galaxy configuration is a real physical association. 

MS0002 is, in the description of Zwicky, an open cluster in optical images. Its elliptical BCM is 

more than a rriagnitude brighter than the second brightest cluster galaxy and makes the cluster 

BM type 11. Oppenheimer et al. (1997) have recently identified it witli the Abell cluster A2703 

(of richness class O), using the X-ray position in their EXSS catalog and the remeasured optical 

position of the BCM of A2703 (Paturel et al. 2000); the latter coincides with the BCM of MS0002. 

The PSPC X-ray coritours are elongated but nearly featureless, indicating that the i~~tergalactic 

gas is in a relaxed state. Indeed, both the X-ray gas and the optical major axis of the BCM are 

elongated in roughly the same direction (see Sec. 5.5). However, Jones & Forrnan (1999) also 
presented coritour plots of the X-ray emission of A2703,' and classified the cluster ~norphology 

as "complex", or containing substructure. Such morpliologies, could, according to the authors, 

imply that the cluster is still undergoing subcluster mergers. Jones & Forman did riot, however, 

derive the gas-density profile or estimate quantities such as the core radius for this cluster. 

The optical morphology of MS0735 is that of a moderately poor cluster with a large CD galaxy 

(GL94). The Zwicky catalog labels it a medium compact, "very distant" cluster (but its spectro- 

scopic redshift qualifies it to be one distance class farther, or "extremely distant"). The presence 

of the CD renders the cluster BM type I, though the contrast of the CD galaxy with respect to 

the second brightest member is not large (see Table 3.2). However, due to its redsliift not being 

low enough for us to detect the full extent of the CD envelop, we could be significantly under- 

estimating the total magnitude of the BCM. The first impression derived from its X-ray image 

is that the cluster gas is regular and extended, with no significant departures from symmetry. 

Donahue & Stocke (1995) analysed PSPC as well as the ROSAT High-Resolution Irriager data 

(at 5 arcsec resolution). Through a detailed morphological analysis, they found the cluster to 

be symmetric and elliptical, with a core radius of 230 f 40 kpc, and containing no significant 

structure on scales of 20-230 arcsec (1 arcsec is sz 4.5 kpc at the cluster z = 0.216). This proba- 

bly indicates that the cluster has suffered no recent disturbances and is more or less relaxed on 

its large scales. Donahue & Stocke determined the cluster luminosity in 0.2-2.5 keV band to be 

L, = 6.1 X l ~ ~ ~ e r ~ s - ' ,  and computed a gas temperature of T, sz 2.4 keV (significantly lower 

than expected from the empirical correlation between L, and T, (e.g. Edge & Stewart 1991). 

They further concluded that the cluster contained a central (Gaussian) source of Gaussian width 

30 f 3 kpc superposed on the extended emission, and located on the dominant central galaxy. 

This, together witli the lower X-ray temperature, points to a putative cooling flow in this distant 

object similar to those seen in nearby clusters. Donahue & Stocke estimated a cooling flow mass 

deposition rate of sz 1 2 5 ~ ~ ~ r - l .  In more recent work using multi-resolution analysis, Pierre & 

Starck (1998) detected an additional very elongated core with evidence of two maxima, confined 

within the CD envelop. They also determined the position angle of the cluster core to be -30 deg 

and declared it close to that of the CD galaxy (-21 deg by their reckoning, -18.5 f 1.8 deg 

according to this study). Donahue & Stocke show, however, that the position angle goes from 

about 10 deg at the very center to about -40 deg at a radius of % 90 kpc, again clinlbs to 10 deg 

at roughly 350 kpc and twists gradually back to about -30 deg at 600 kpc and remains alrnost 

'Jones & Forman did not identify A2703 with MS0002, but the co-ordinates of the X-ray data of A2703 and 
the optical position of the BCM of MS0002 match to within the positional accuracy of the Einstein detection. 
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constant from there outward to 1 Mpc. The ellipticity of the X-ray emission, in contrast, is almost 

constant through the entire cluster outward of 50 kpc from the BCM. Such complex variation 

in the position angle implies that processes other than self-similar gravitational collapse are at 

work. For instance, the intracluster gas may be dense enough to cool; indeed, the cooling flow 

could extend to a few hundred kiloparsec. Therefore, the X-ray isocontours of MS0735 do not 

simply trace the gravitational potential. The CD galaxy turns out to be a special radio source as 

well (see Chapter 6). 

Thus, our poor cluster sample is heterogeneous in its optical and high-energy appearance, and one 

(MS0735) presents evidence of a cooling flow in its center. Indeed, there is a considerable range 

in the observed X-ray morphologies of the whole class of poor clusters (including small groups 

of galaxies). X-ray luminous (Lx >. 1 0 ~ ~  ergs-') but poorly populated galaxy systems tend to 

exhibit somewhat regular morphologies, with X-ray emission peaking on the most luminous (early- 

type) galaxy, and often extending well beyond the optical extent of the cluster (e.g., Mulchaey 

& Zabludoff 1998). They share these characteristics with rich clusters containing CD galaxies 

(e.g., Allen et al. 1995). In contrast, low-luminosity X-ray groups (to which class MS0301 may 

belong) tend to be irregular, and have their X-ray emission not centered on any one particular 

galaxy (e.g., Mahdavi et al. 2000). This dichotomy of morphologies with X-ray strengths may 

indicate the differences in the nature of the X-ray emitting gas in the two types of poor galaxy 

systems. The observed diffuse high-temperature emission in X-ray lurrlinous poor clusters may 

originate from a true intra-cluster medium confined by the global potential while that of lower 

lu~ni~iosity systems may involve contributions from the global mediurn as well as from intra- 

cluster gas gravitationally bound to individual massive galaxies, and activity in cluster rnembers. 

These could have additional contributions from shock heating by collisions between galaxies and 

substructures. 

5.3 Spatial Distribution of Galaxies 

To place the above qualitative statements regarding cluster morphology on a firmer - quantitative 

- footing, the data necessary are the galaxy positions and magnitudes available in our catalogs. 

In this section, we perform 2-D cell counts and evaluate the area1 density of galaxies in our 

cluster sample. We also attempt to identify possible substructure in the optical galaxy surface 

distribution and the X-ray contours, and look for correlations between the two. Had we a priori 

information about which galaxies belonged to the cluster, we could perform a quantitative analysis 

of the morphology without worrying about background contamination. As it is, we make an ad hoc 

assumption that the large-scale distribution of field galaxies is uniform and any non-uniformity 

is due to the cluster. 

5.3.1 Galaxy Isopleths 

A straight-forward quantitative analysis is to impose a rectangular grid over the entire cluster 

image and count the number of galaxies per box of fixed angular or metric width within it. If 

galaxies are located at random on the sky, such 2D cell counts would have a width expected 
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frorri a siniple Poisson distribution. Any width larger than that of the Poissorl counts irriplies 

galaxy clustering. Then, contours of constant projected surface density of galaxies, rneasured in 

galaxies arcrnin-', constitute the cluster isopleths. 

To construct the isopleths for our poor clusters, we use square cells of size 20 X 20 arcsec2 (that 

correspond to different rnetric areas for the different clusters). We then smooth the isopleths over 

a 1 X 1 arcmin2 region to ameliorate the effects of discreteness in galaxy counts. We present the 

isopleths of the clusters in Figs. 5.1, 5.2, 5.3 and 5.4, along with their optical/X-ray images to 

provide a direct comparison between the contours of galaxy and cluster gas distributions. Our 

contours being lirnited to galaxies brighter than M" = -18 niag obviously ,do not count the 

dwarf galaxies; undoubtedly there are several tens, if not hundreds, of faint cluster members, 

arialogous to tlie dwarf spheroidal companioris of our Galaxy or the Virgo cluster. But, if - as 

we believe - these are not seriously affected by luminosity segregation, they are unlikely to alter 

the appearance or major structural parameters of the cluster. 

Frorn the smoothed isopleths we identify peaks in the spatial distribution. Usirig the idea that 

galaxies close to the BCM liave a higher probability of being cluster members, we can take tlie 

centroid of the peak of the galaxy density around the BCM as the cluster center. In all tliese 
clusters except MS0735, the barycenter lies virtually on the BCM itself. MS0735 is similar to the 

case of the X-ray rich cluster C1 1358+6245 (which also features in the EMSS catalog) where the 

galaxy isodensity contours are displaced = 125 kpc south and = 10 kpc east of the CD galaxy. 

Nearly all of our clusters appear to liave indications of substructure in their galaxy distribu- 

tion. Though the signal-to-noise in the isopleths is compromised by the paucity of galaxies (not 

to mention the lack of cluster membership information), the appearance of substructure is in 

concordance with other studies. Such substructure in the galaxy distribution implies that the 

geometrical center of the cluster need not be physically meaningful. We find significant correla- 

tions between the optical isopleths and X-ray niorpliological features, including the centers, which 

indicate that these are perhaps identifiable with the dynamical state of the clusters. The optical 

galaxy positional data indicate distinct structure (like groups of galaxies) near the cluster cores. 

Although these could be due to projection effects (for we lack radial velocities for the galaxies), 

our data do not permit us to rule out weak X-ray emission emanating from such galaxy groups, 

cauLing patchiness in the X-ray appearance. A large fraction of tlie hot gas in poor clusters nlay 

not be primordial, owing their creation to ejections from cluster galaxies (Kriss et al. 1983; Ikebe 

et al. 1992) by galactic wind. The clusters appear, in general, to be rounder in the X-ray than in 

the galaxy isodensity contours. 

The largely irregular nature of the clusters reflects that of the Virgo cluster (the archetypal poor 

cluster) whose primary characteristic is the overall irregularity with no one well-defined ceriter 

and bright ellipticals such as M87 and M86 being the centers of secoridary subclusters (Binggeli et 

al. 1987). The Virgo subclusters seern to be in a state of merging as evidenced by the kinematics 
and the X-ray properties of the cluster. Many, if not rnost, rich clusters show sirriilar features at a 

closer look. Whether clusters are "regular" and "relaxed" (e.g., the Coma cluster) or "irregular", 

they appear to be aggregates of subunits which have merged or are in the process of merging; 

many bear witness to the coincidence of optical and X-ray substructures. In short, the EMSS 
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poor clusters are similar in large-scale morphology to Abell rich clusters. 

5.3.2 Structural Parameters 

The dependence of galaxy density with radius in a cluster provides inforniation on cluster dy- 

narriics arid state of equilibriurn. A sirriple description of the cluster density profile is through a 

three-parameter function of the observed (i.e., projected) galaxy number counts: 

where a ( r )  is the projected galaxy density profile, a 0  is the central density, R, is the core radius 

(a central scale length, defined by a(Rc) = uo/2, and Rh the halo size (a cutoff radius important 

at large distances from the cluster center and a measure of its limiting extent). In all regular rich 

clusters, the observed density profile falls off smoothly from a high central density to a low-density 

tail at the outer regions 3 Mpc froni the center. Commonly-used fitting functions for these 
profiles in the literature are those given by Hubble (1936), Zwicky (1957), de Vaucouleurs (1960, 

with only two parameters), and King (1972). All of them assume that the clusters exhibit radial 

symmetry and are dynamically relaxed systems. 

0 1 2 3 4 5 0 l 2 3 4 5 
Radial Distance from BCM, arcmin Radial Distance from BCM, orcmin 

Figure 5.5: Galaxy counts in annuli centered on the BCMs with Poissonian error bars. 

There is actually little justification in modeling our poor clusters as spherically symmetric systems 

in equilibrium. As we have noted in Sec. 5.3.1, the systems mostly appear ragged and far froni 

tidy and symmetric. There are pockets of substructure i.e., local enhancement in projected galaxy 

counts. In Fig. 5.5, we plot the radial surface density profile of the galaxy distribution in the 

EMSS poor clusters. Though cluster galaxy counts broadly decrease with radius, they do not 

seem to match any well-defined profile. The inner 2 arcmin (250-450 kpc) regions of the clusters 

seem to contain the largest deviations from symmetry. A quick estimate, using the isopletlis, of 
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the azimuthal dependence of galaxy counts around the cluster center (identified with the location 

of the BCM) further rules out symmetry fro111 being a tenable assumption. 

Cluster Radial Extent 

I 80 0 1  

0 1 2 3 4 5 5 7 8  
Radius (orcmin) 

Figure 5.6: Radial extent of the poor clusters. Left panel: through the "curve of growth" method. 
Middle and right panels: using the method of Yamagata & Maehara (1986). 

It is difficult to accurately determine the density profiles of even rich clusters at the outermost 

regions because of the low galaxy density and considerable uncertainties in the (largely inhomo- 

geneous) background. There is virtually no determination of the "edge" of any cluster; the total 

"size" of a cluster is then a matter of definition. A standing example of the complexities in esti- 

mating cluster sizes due to different assumptions about field contamination around a cluster is of 

our nearest, most extensively-studied rich cluster, Coma ( z  = 0.023). Using both galaxy density 

and velocity profiles, different studies have arrived at discrepant results from 4 to > 10 Mpc for 

its size. 

- To estimate the expanse of clusters of galaxies, a common procedure is to construct an azinlutllally- 

averaged profile of the surface distribution of the galaxies; the cluster size is then the radial dis- 

tance at which the galaxy surface density falls to the background value. For most rich clusters, 

the galaxy density is several orders of magnitude higher than the field, so their radial profile 

has high signal-to-noise. Even so, different authors have obtained very different core radii for 

the same cluster (see Sarazirl 1988). The situation for poor clusters is - not unexpectedly - 

different because their central density contrast is only a few times that of the field. Poor systems 
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individually occupy smaller regions than their rich counterparts and are quite often not virialized. 

As we have seen above, our poor clusters lack strong central concentrations. The present sample 

does not therefore lend itself gladly to computation of any "azimuthally-averaged" parameter. 

As an alternative, we may borrow a procedure from aperture photometry to estimate how ex- 

tended our clusters are. We apply the method in the following way: using the position of the 
BCM as the cluster center, we count the number of galaxies in R-magnitude steps of AmR = 1.0 

beginning with tlie BCM rriagriitude and within circles increasing in radius from 1 to 6 arcrnin 

(the latter is a little larger than allowed by the typical field of view of our CCD images). We 

estimate the field correction using the faint galaxy counts of Tyson (1988)~ for the same circular 

areas. We then correct tlie observed counts at each radius for the background, thus estimating 

the contribution due to the cluster. The radius where the total cluster galaxy count falls to what 

is predicted for tlie field determines the cluster "boundary" or extension. The left panel of Fig. 

5.6 presents the curves of growth for the cluster galaxy counts (corrected for background) relative 

to that expected from the field, at different radial distances from the BCM. 

One other unconventional way of measuring the radial extent is that proposed by Yarnagata & 

Maehara (1986, YM86 henceforth) for MKWIAWM poor clusters. This consists of deterrninirig 

the maximum radius where the cuniulative galaxy count (to different magnitude limits) shows an 

appreciable excess over the field value. This is in fact tlle generalization of the curve of growth 

c net hod, and is equivalent to deter~ninirig the luminosity function for a range of radial distances 

from tlle cluster center, until the total galaxy count saturates. We perform a similar analysis; 

and plot the resulting curves in tlle second and third columns of Fig. 5.6. 

From Fig. 5.6, we coriclude that all our poor clusters extend to at least 5-6 arcmin, or the edge 

of the CCD frame. The galaxy density is significantly higher than that expected from the field 

counts of Tyson, especially within the central 3-4 arcminutes; outward of this, galaxy courits 

saturate largely due to incomplete coverage of the cluster in the optical images. Figure 5.6 

confirms the trend in Fig. 5.5 for the largest deviations from symmetry to occur within about 

2 arcmin of the cluster barycenter (defined to coincide with the BCM location). We see that the 

galaxies populating tlle brigliter region of the luminosity function congregate within the cluster 

cores (r < 2 arcmin) while faint galaxies increase in number toward the outer regions (see Sec. 

5.4.1). 

Though we ourselves do not provide detailed analyses of the diffuse X-ray emission from the 

poor clusters, we use results from the Einstein Extended Sources Survey (EXSS; Oppenlieimer 

et al. 1997) to determine if the PCs are indeed spatially extended in X-ray. Whereas the original 

EMSS source detection algorithm was most sensitive to finding point sources, tlle EXSS searched 

for diffuse sources using four circular apertures with radii of 1.25, 2.35, 4.20 and 6.10 arcmin. The 

progression of signal-to-noise in the various apertures help ascertain which of tlle detections are 

truly extended and which of the four aperture sizes best approximates each detection. Signal- to- 
noise should increase until the limiting radius of the source beyond which it should drop rapidly. 

We would then be able to compare the X-ray extension to the optical and determine whether the 
distribution of galaxies and hot gas extend to the same radius. 

2We convert Tyson's R-rnagnitudes to the Cousins passband with the aid of Fukugita et al. (1995). 
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The cluster MS0301 is not in the EXSS catalog. We can conceive of two possible reasons for its 

exclusion: its signal-to-noise in all the EXSS apertures is less than the threshold of 2.50 or it is 

too close to the Einstein IPC rib. The EXSS extent of MS1306 is 6.1 arcmin (807.6 kpc), which 

is already as extended as the largest aperture covered by the EXSS. The actual size of both the 

galaxy distribution and the spread of the intracluster medium for MS1306 are therefore likely to 

be a little larger than 800 kpc (though we determine a halo size of about 600 kpc through an 

independent method below). MS0002 is also an extended X-ray emitter with an EXSS size of 

4.2 arcmin corresponding to X 700 kpc at the cluster distance. MS0735 is also excluded from the 

EXSS catalog; we are unable to establish the reason for the same. However, Donahue & Stocke 

(1995) who performed a detailed spatial analysis of the X-ray emission of MS0735, derived a core 

radius of 234 f 40 kpc for the X-ray emitting gas which goes out to > 1 Mpc (see their figure 3). 

The presence of large-scale X-ray emission reinforces the idea that the poor clusters are genuine, 

bound systems. 

In place of using detailed radial galaxy counts to determine cluster angular sizes, we use another 
alternative approach based on relative positions of cluster galaxies (Hickson 1977, henceforth 

H77) that lets us deduce both cluster size and structure. We can apply the method without 

resorting to binning of data or assuming a given center of the galaxy systern. It consists of using 

the pixel or sky coordinates to construct all possible separation vectors Cj = 6 - 6 ,  measured 

in angular units. The separations preserve many structural properties of the galaxy distribution 

but do not contain any direct reference to absolute features such as spatial center nor require any 

assumptions of symmetry or regularity of structure. The pair-wise separations, rij = [Gj 1 ,  can 

thus illuminate tlle consequences of ambient density on galaxian properties. 

We may define two characteristic distances from the (projected) separations of the galaxies: 

where N is the number of galaxies within a designated area, and ri the position vector of tlle 

ith galaxy. Obviously, there will be nC2 = (N2 - N)/2 values of the pair-wise separations to 

cornpute. Writing the above statistical measures as generalized t-means following Capelato et 

al. (1980), we have: 

where t is a real number and Np is the total number of galaxy pairs. 

Since 0, = is a harmonic mean, it is sensitive to small separations; hence it evaluates a "core" 

size. Oh = XI evaluates large-scale variations, and behaves as a "halo" size that parametrizes the 

overall galaxy distribution and can be considered the size of the cluster itself. Note that this 
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halo size is not necessarily the same as those derived from fits to the King or other functional 

forrns of the surface density of galaxies. We can derive the corresponding core and halo metric 

sizes by correctly scaling 0, and Oh to the cluster redshift using the data in Table 5.1. Note that 

these core and halo sizes are not directly comparable to the ones in literature that are derived 

from fits to models such as the King or other isothermal functions. From the core and halo sizes, 

one may define a "concentration factor" following Austin & Peach (1974) and H77, C S Oh/Oc, 

which is a measure of the core-halo separation. The presence of inhomogeneities (or pronounced 

substructures) may affect the values of AtCo. 

Another interesting parameter definable from the t-means is that measures the degree 
of "clumpiness" (H77) : 

Now, to compute the separation vectors and length scales of the clusters, and interpret the 

means correctly, cluster membership information for galaxies is essential. It is easy to provide 

operational definitions of the field correction but hard to implement it. Clumpiness and the 
very diffuse extension of faint galaxies compared to bright galaxies are additional complications. 

In particular, one must account for the increasing fractional contamination due to non-cluster 

interlopers at fainter magnitudes. Normally, calculation of the core radius is rnore secure than 

halo size as it is less affected by the outer, sparser regions of the cluster where faint field galaxy 

contamination is likely to be higher. Consequently, the concentration factor is rnore sensitive to 

the error in halo radius than in core size. 

A complete removal of non-cluster galaxies is not possible with our data as mentioned several 

times previously. But all is not lost since the division of our sample into "sequence", "blue" and 

"red" (in Sec. 4.3) enables us to enhance the contrast of the cluster members over the background, 

and thus examine the cluster galaxy projected separations. If we further limit our analysis to 

reasonably bright magnitudes where the compromising effects of incompleteness and field galaxy 

interlopers are small, our results will be of better significance. 

Table 5.2: Values of the core and halo sizes, the concentration factor and clurnpiness parameter 
for the sequence galaxies computed within the largest circle enclosed by the CCD frame. Column 
1 is the cluster name and Column 2, its redshift. 

Cluster z Q,, Mpc Oh, Mpc C K NVl9 Diameter, Mpc 

MS0301 0.083 0.20 0.34 1.66 0.63 30 1.00 

We therefore calculate the desired length scales, 0, and Oh,  for our clusters using "sequence" 

galaxies brighter than rest-frame magnitude Mv = -19 within the largest circle enclosed by our 
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CCD images cerltered on the BCM. and list them in Table 5.2. In this table, we provide core 
and halo sizes (in Mpc) in colu~nns (2) and (3) and concerltration factors in column (4). Column 

(5) contains the values derived for the clumpiness parameter. We list the number of sequences 

galaxies counted in colunlrl (6) and in column (7), the diameter of the largest circle within which 

we perform the counts. 

There is a clear trend between cluster angular size and redshift; this is a presentation of the Hubble 

law which is nearly linear over this redshift range. We compare our parameters with the mean 

values determined by H77 (Column (All) of his Table 3) for rich clusters at  0.021 5 z < 0.10. 

About one quarter of the clusters in the sample of H77 possess a CD galaxy as the dominant 

member. We find, not surprisingly, that the core and halo values for our poor clusters are typically 

one third and one quarter of the correponding sizes (1.17 and 2.23 Mpc) for Abell clusters. The 

calculated sizes are also well within the diameter of the largest possible circle enclosed by our 

CCD images; thus, it appears that the smaller sizes of our poor clusters are not merely artefacts 

of the limited field of view of observations. The core size of MS0735 is a factor of 2.5 larger 
than the core of the X-ray emissiorl and six times as large as the cooling flow radius determirled 

by Donahue & Stocke (1995). Small X-ray core radii (50-100 kpc) derived frorn fits to isothermal 

models appear common in rich clusters (e.g., Durret et al. 1994, but see Jones & Forman 1992, 

who compute much larger values) where the core radius of the galaxy distribution derived from 

the King function fits is close to 0.25 Mpc (Bahcall 1975, Girardi et al. 1995). This suggests that 

the distribution laws for the galaxies and gas (and dark matter) are different from that predicted 

by hydrostatic isothermal equilibrium in many clusters (see Baier et al. 1996), implying that most 

galaxy clusters are more complex than generally accepted. 

The concentration factor C of our clusters is smaller than the average (1.90) determined by H77. 

The reason for this is simple: though the cores of rich clusters are larger than those of poor 

clusters, they contain a srnaller fraction of the cluster populatio11. This means that the halos 

of rich clusters are correspondingly larger. We find also that C is smallest for MS0735 with the 

central CD; this confor~ns to the results of H77 who found that Rood-Sastry type CD and L clusters 

show low values of concerltratiorl pararrleters with also small values of their associated dispersio~l 

compared to other cluster morphological types. Alongside the lack of central condensatioll in 

the poor cluster galaxy distribution, the smallness of 19, values compared to the cluster X-ray 

extensions (determined from the EXSS catalog) also indicates that the poor cluster galaxies are 

more concentrated than the diffuse intracluster gas distributions. Such concentration could be due 

to small-scale correlations such as pairing of galaxies, in the galaxy distribution. Subgroupings 

i11 galaxy distributions toward the cluster barycenter could also reduce the core size. 

Such substructure does indeed present itself in the isopleths; the irregular aspects of the cluster 

suggest it. Without a dynamical study, though, we cannot determine if the subgroups form 

a bound system within the clusters or if the clusters are still expanding with the Hubble flow 
and when they will condense from it. The clumpiness parameter turns out to be of similar 

amplitude as that in rich clusters, once the difference in core radii are taken into account. The 

clumpiness parameter, K of Equation 5.4, goes as m. If the location of galaxies in the cluster 

is a Poisson process, K measures the breadth of fluctuations in galaxy density over the cluster 

mean normalized by the core size Q,, and thus is a useful measure of the scale of subclustering. 
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Frorn Table 5.2, we see that substructures in our clusters are about half their respective core sizes. 

The clumpiriess is mildly larger for MS0301 and MS0735, caused presumably by the structures 

seen in the isopleths near the BCMs. There is no reason to believe that the reasons for the 
clurripiriess are the same in both clusters. As already mentioned, the clumps seen in the isopletlis 

of MS0301 coincide with the substructures (admittedly noisy) in X-ray emission. In contrast, 

the high-energy map of MS0735 is smooth on large scales, while the galaxian isoder~sity contours 

evince two condensations toward the south-east of the BCM (almost along its optical major axis). 

We prefer to use our halo size and concentration factor results prudently, since they are likely 

to suffer from having been determined over the small luminosity interval of about 4 rnagnitudes 

brighter than Mv = -19 (cf. Sec. 5.4.1). It is essential to acquire multi-object spectroscopy of 

the poor clusters to determine fully their structure and sizes among other important quantities. 

5.4 Galaxy Segregation 

The density profiles of galaxies separated into E, SO and S morphological types demonstrate that 
in regular clusters with strong central concentration, the projected density of late type galaxies 

decreases non-linearly toward the center and is consistent with a zero space density of spirals 

and irregulars in the core (Oemler 1974, Dressler 1980). Such a trend of early-type galaxies 
to be found in denser regions such as the cluster cores and for spirals to be more common in 

sparse regions goes by the name of morphology-density relation or morphological segregation (see 

Sec. 1.2.3 for more). Clustering strength is another among many properties of galaxies that are 

correlated with their morphology. In particular, early-type galaxies tending to cluster on smaller 

angular scales than later types (as in, e.g., the Pisces-Perseus supercluster, Giovanelli et al. 1986). 

Now, if early-type galaxies are on the average brighter than late-type galaxies (see review by 

Roberts & Haynes 1994), then galaxies that are more strongly clustered are brighter than those 

less clustered, leading to luminosity segregation. Luminosity segregation results in brighter galax- 

ies tending to be found in denser regions such as the cluster cores and faint galaxies being more 

common in regions that are not so dense. A consequence of such segregations is that the core radii 

of clusters can change significantly with the limiting magnitude of the sample: larger core radii re- 

sult from deeper samples as in, for instance, the Coma cluster (Quintana 1979). But observational 

evidence for this effect remains uncertain and controversial, with some studies claiming to see 

segregation with the most luminous galaxies being closer to the cluster centers (e.g., Capelato et 

al. 1980; Dominguez-Tenreiro & del Pozo-Sanz 1988; Yepes et al. 1991; Adami, Biviano, & Mazure 

1998 and references therein) with significantly lower velocity dispersions (Rood et al. 1972), and 

others refuting such claims (e.g., Einasto 1991). Luminosity and color segregation appear in both 

nearby clusters e.g., Coma (Ca~ela to  et al. 1980) and more distant ones (Thompson 1976; Mellier 

et al. 1988), as well as in poor galaxy systems (Hickson 1980). Further, the brightest few galaxies 
of a cluster appear to have velocities lower than the cluster average and tend to be ~referentially 

located in the cluster cerlters (Biviano et al. 1992). 

Such luminosity segregation, if the dark matter distribution is well-defined and if galaxies are 
homologous, presumably represents a real mass segregation. The fact that it is usually the 
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brightest few galaxies that show segregation suggests that the dynamical status of these galaxies 

is different from that of the rest of the members. The interpretation of segregation effects recall the 

"nature vs. nurture" problem of galaxies. Mass segregation may be a result of either primordial 

effects i.e., due to more massive galaxies forming at high peaks in the primordial density field (e.g., 

Kaiser 1984) or environmental effects such as dynamical evolution during the cluster relaxation 

phase and/or dynamical friction over a Hubble time. If, after a first phase of violent relaxation, 

a slow two-body relaxation occurs within the clusters, leading to equipartition, the multi-mass 

cluster presents mass segregation with more massive objects being concentrated toward the cluster 

center. Or dynamical friction can preferentially slow down massive galaxies, causing them to fall 

closer to the cluster core, circularize their orbits and enhance their merger rates (Mamon 1992). In 

the case of morphological segregation, the fundamental parameter determining it remains elusive 

- it could be the local galaxy density (Dressler 1980, Postman & Geller 1984) or 'global' cluster 

properties such as the distance from the cluster center (Whitmore, Gilmore, & Jones 1993 and 

references therein). 

Usually, studies of segregation effects employ the galaxy angular two-point correlation function 

or radial distribution over various magnitude ranges. Alternatively, we may look for segregation 

effects using two quantities suggested by Capelato et al. (1980): 

the average distance of galaxies within a magnitude or color bin frorn the cluster center and 

the distance of each galaxy from all other of the same absolute magnitude or color. 

The first case generates a characteristic length defined by the generalized t-means, given the 

distances ri of galaxies frorn the cluster center, as: 

where Ng is the number of galaxies in the cluster. For our poor clusters, we designate the 

cluster center to coincide with the location of the brightest cluster member (BCM). The second 

item corresponds to the rnutual separation vectors defined in Eqn. 5.3, which may be used to 

estimate the "halo" and "core" sizes defined by Hickson (1977), set out in Eqns. 5.1 and 5.2. 

The intergalactic separation calculated for each galaxy from all others is more suited to analyzirig 

poor clusters since it does not depend on the number of galaxies or the choice of cluster center 

or the smoothness of the galaxy distribution. 

The catalog of magnitudes, colors and positional information of the galaxies in our poor cluster 

fields provide the required data to study galaxy segregation. These data constitute a complete 

sample for Mv = -18.5 for each poor cluster. Usually, colors of galaxies are more amenable to 

determination than their morphologies. Since morphologies and colors are correlated, (as are ve- 

locity dispersions and colors), we may speak of color segregation being equivalent to morphological 

segregation to first order. 

In order to detect segregation confidently, one must first remove the perturbing effects of field 

galaxies. Now, a uniformly distributed field has a higher characteristic separation than a clustered 

region, resulting in an artificial enhancement of the overall moments of the separation vectors. 
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Note that field galaxies have an intrinsically weaker clustering amplitude than cluster members. 

Literature contains references to two (irreconcilable) scenarios of field contamination on lumi- 

nosity segregation: that the field m a s k s  real segregation (Dorninguez-Tenreiro & del Pozo-Sanz 

1988) and that failure to correct for tlie field produces spurious segregation due to increase in scale 

sizes at  fainter niagnitudes through a higher proportion of field over cluster galaxies (Metcalfe, 

Godwin, & Peach 1994). Of course, we do not have velocity inforniation to sift out tlie interlopers 

from cluster galaxies. However, the division of our galaxy sample in each cluster into three zones 

in the color-color plots in Sec. 4.3 helps enhance the contrast of the cluster "sequence" members 

over the background, thus nulling to some extent the contamination by non-cluster interlopers. 

It also helps us examine the distribution of probable cluster rnembers in comparisori with "blue" 

galaxies composed mainly of late-type galaxies in the field and some cluster irregulars, and "red" 

galaxies which should almost exclusively contain background (high-redshift) objects. 

We study differential luminosity and color segregation by studying the variations of the projected 

characteristic length scales (1) for subsamples of "sequence" galaxies in different magnitude bins 

and (2) for galaxies separated into the three different color zones mentioned above. We clioose 

a magnitude interval of Am = 1 mag, which is large enough to be free of systematics due to 

photometric errors and ensures that a reasonable level of mass segregation can be observed. We 

shall say that a set of galaxies is segregated in luminosity or color for a given magnitude or color 

range, respectively, if the values of the core and halo length-scales are smaller than those of any 

other set. 

5.4.1 Luminosity Segregation 

Table 5.3: Intergalactic separations for different magnitude ranges computed within 0.5 Mpc of 
the BCM. 

We divide the sequence galaxies brighter than Mv = -18 mag into four groups by increasing 

Cluster 
MS 0301.7 + 1516 

MS 1306.7 - 0121 

MS 0002.8 + 1556 

MS 0735.6 + 7421 

X-1 kpc 
199 
194 
163 
206 
294 
250 
434 
270 
391 
454 
438 
46 1 
516 
586 
576 

Absolute Magnitude Range 
Mv < -21 

-21 5 Mv < -20 
-20 5 Mv < -19 
-19 5 Mv < -18 

Mv < -21 
-21 5 Mv < -20 
-20 5 Mv < -19 
-19 5 Mv < -18 

Mv < -21 
-21 5 Mv < -20 
- 2 0 5  Mv < -19 
-19 5 Mv < -18 

Mv < -21 
-21 5 Mv < -20 
-20 5 Mv < -19 

XI kpc 
363 
489 
303 
405 
510 
561 
677 
610 
766 
712 
705 
728 
1006 
984 
970 

< r > kpc 
230 
171 
244 
185 
249 
265 
282 
212 
407 
211 
422 
335 
392 
603 
472 
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magnitude. We choose a magnitude interval of Am = 1 mag till Mv = -21 and include in the 

last bin all galaxies brighter than M" = -21. Note that this system of binning accornodates a 
different number of galaxies in each bin. We calculate the length scales At and (rjt  fot t = 1 

and t = -1. Table 5.3 gives these values. Similar to the results of the halo and core sizes (Sec. 

5.3.2), we find that the scale sizes are much smaller than those of rich clusters such as Coma 

(L1 - 1 Mpc, Capelato et al. 1980). 

The small differences seen between A*1 and (r) t  are consistent with the reasonably small values 

of the clurnpirless parameter derived in the previous section. The erratic behavior of these pa- 
rameters for galaxies fainter than Mv = -21 mag indicates that this is a threshold lunlinosity 

below which lunlinosity segregation effects are likely to be very weak or non-existent. 

When we apply the first method of comparing radial distances from cluster center, we see that, 

on average, fainter galaxies are more distant from the cluster center than their brighter cousins. 

We find feeble evidence that the galaxies with absolute magnitude -21 < Mv < -20 congregate 

more strongly to the center in the clusters MS0301 and MS0002. In MS0735, the opposite 

situation occurs along with the brightest four galaxies showing the smallest radial separations 

from the BCM that presumably defines the center of the cluster potential well. Typically in rich 

clusters dominated by CD galaxies, only the brightest few galaxies show lumiriosity segregation 

(Oemler 1974). In MS1306 however, galaxies with -20 5 Mv < -19 are the most spread out 
of all, indicatirlg anti-segregation. Thus the analysis using the second quantitative description of 

intergalactic separations also illuminates the presence of weak luminosity segregation. 

The fact that the luminosity segregation responds marginally niore strongly to cluster-centric 

distance rather than to local environment suggests that its dominant driver is the global (dynamic) 

potential of the cluster. It is possible though, that we are detecting a genuine spatial segregation 

but one which is superposed on field-contamination at the faintest luminosities. Therefore, we 

consider the above evidence as being only tentatively in favor of luminosity segregation. 

5.4.2 Color Segregation 

Table 5.4 provides the estimates of the characteristic length scales for galaxies in the different 

color zones. Figure 5.7 shows the projected spatial distribution of the three subsets - sequence, 

blue, and red - in the field of each poor cluster. Down to the limiting magnitudes of the galaxy 

datasets, the galaxy distributions within each subset are highly asymmetric. This supports our 

conclusion from Fig. 5.5 that azimuthal symmetry is in general not a valid assumption for poor 

clusters. 

The macroscopic color distributions also show that the surface density of the brighter sequence 

galaxies is larger closer to the cluster center, as already noted while discussing luminosity segre- 

gation. 

We see from above that blue galaxies i.e., those with signs of recent or ongoing star-formation, 

dominate in the outer parts of the cluster. We recall that while the color selection does indeed 

discriminate against non-cluster galaxies being included into the sequence, the blue zone may still 

contain some late-type cluster members. Then, this result sits well with our previous discussiorl of 
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Figure 5.7: The distribution on the sky of galaxies in the three color zones defined in Sec. 
4.3; top panel "sequence", middle "blue", and bottom "red" galaxies. Galaxies shown by filled 
symbols are brighter than absolute magnitude Mv = -20.5, large open symbols are in the range 
-20.5 < Mv 5 - 19, and small open symbols are fainter than Mv = -19. 
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Table 5.4: Intergalactic separations and mean radial distances for galaxies brighter than Mv = 
-18 in different color zones (using the B - V color-magnitude relation) and within the largest 
circle enclosed by the CCD. 

the Butcher-Oemler (BO) effect in tlie clusters, and the frequent occurrence of tlie B 0  participants 

in the cluster outskirts (Butcher & Oemler 1984; Dressler et al. 1994; Oemler et al. 1997). Early- 

type galaxies which populate the red zones appear to cluster more strongly than the blue or 

late-type galaxies. Nevertheless, they appear to be as much or more spread out in the cluster 

fields than the blue galaxies. In tlie field of MS0735, there seem to be remarkably many red 

galaxies which appear to overlap the cluster sequence members. These show a similar degree 

of aggregation as the sequence objects. One possible interpretation of this is to hypothesize a 

second cluster along the line of sight to MS0735, and at a slightly higher redsliift. If such is 

indeed the case, we may be detecting the late-type population of the background cluster (due to 

the K-correction being that of MS0735). As always, since we use only colors, with the attendent 

uricertairlties of nlorphological typing, we may speak of early- or late-types sirriply based on 

whether the galaxies are red or blue in a particular pair of color indices. 

Cluster 
MS 0301.7 + 1516 

MS 1306.7 - 0121 

MS 0002.8 + 1556 

MS 0735.6 + 7421 

Overall, the evidence for morphological segregation is subtle and not very tractable to our analysis. 

We emphasize that what we have presented here represents the situation for the four EMSS poor 

clusters only, and does not presume to be either conclusive or meariingfully applicable to all 

clusters. However, these results rnay be regarded as possible directions for further investigation. 

5.5 Alignment Effect 

Color Zone 
Sequence 

Blue 
Red 

Sequence 
Blue 
Red 

Sequence 
Blue 
Red 

Sequence 
Blue 
Red 

If the Cosmological Pririciple is valid, the properties and distribution of galaxies and large-scale 

structures must be random. Signatures of systematic coliererice such as the oft-cited morphology- 

density relation of galaxies direct attention to questions of whether systematic properties are 

inborn or if they are a result of galaxian environments and evolution. Alignments in the galaxy 

orientations comprise another coherent effect that must be fit into the galaxy formation puzzle. 

Literature on the "alignment effect" has the following protagonists: (1) cluster galaxies, rnostly 

kpc 
214 
121 
201 
369 
377 
370 
453 
329 
493 
604 
737 
581 

X1 kpc 
353 
261 
359 
586 
651 
674 
70 1 
819 
833 
944 
1103 
9 73 

< r >-l kpc 
213f 181 
385f 900 
187f 149 
239% 123 
326f 304 
492f 574 
319f 132 
605f 175 
404f 301 
500f 316 
579f 388 
411f 102 
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the bright ones aiid rnost prominently, the BCM; and (2) clusters themselves. At the spatial scales 

of a few tens of megaparsec, clusters appear to be weakly colli~nated with their neiglibors (Binggeli 

1982; Struble & Peebles 1985; Tully 1986; Fliii 1987; Plionis 1994, but see Martin et al. 1995 for 
a refutation; Chambers et al. 2000), constructi~ig elongated superclusters that may peicolate into 

larger-scale structures. Groups of galaxies also tend to align themselves with neighbors on scale 

extending to -- 30 - 60 Mpc (West 1994). Within clusters themselves, mildly non-random effects 

exist in the member galaxy orientations (e.g. Rood & Sastry 1972; Thompson 1976; Larnbas, 

Groth, & Peebles 1988). Further, ellipticals sometimes tend to align in parallel with their host 

clusters while disk galaxies tend to be either parallel or perpendicular to the principal axis of 

the cluster (e.g., Adams, Strom, & Strom 1980). The most persuasive indication of alignment 

involves the dominant galaxy of clusters, in particular the CD galaxies. The CD optical major 

axis is closely aligned with that of the galaxy distribution in the parent rich cluster (Sastry 1968; 
Carter & Metcalfe 1980, Binggeli 1982; Struble & Peebles 1985), the diffuse emission from the 

intracluster gas (Sarazin et al. 1995; Allen et al. 1995), and is CO-directional with the nearest 

neighbor cluster (Rliee, van Haarlem, & Katgert 1992) out to 20 Mpc (West 1994). Further, the 

BCM major axis is oriented along the line connecting the two brightest member galaxies (Struble 

1990); the effect is stonger than the alignment caused by the ellipticity of clusters (Trevese, 

Cirimele, & Flin 1992). However, the second brightest member is itself not aligned with the 
parent cluster; this supports the unique status of the BCM as tlie product of 'special' forinatio~i 
processes. Further, this alignment effect operates even in poor clusters (Mulchaey & Zabludoff 

1998; Fuller, West, & Bridges 1999) indicating that the processes responsible for the coherent 

effect operate independently of system richness. 

If the gas giving rise to the observed X-ray emission from clusters is in hydrostatic quilibrium, it 

is a good tracer of the cluster potential, and thus the position angle of X-ray isocontours point 

along the distribution of baryons in the cluster. I t  is not entirely certain that the alignment 
represents a primordial effect; dynamical evolution or tidal forces could create the effect. Sirice 

large objects such as galaxy systems evolve slowly with time, they provide the fossil record (to use 

a phrase from Bahcall 1988) of the history of formation of galaxies and cosmic structures, which 

must be reconciled with the minute temperature fluctuations in the cosmic background radiation. 

The type of dominant dark matter determines the initial form of tlie fluctuation spectrum from 

which structure fornied by gravitational collapse. In general, large-scale alignments require power 

on large scales in the initial fluctuation spectrum, arguing for structure formation from large to 

small scales (Zeldovich 1970; and much subsequent work) based on hot dark matter. However, 

alignments are possible on protocluster scales in the context of cold dark matter theory too, if the 

mass profiles and mass-to-light ratios of clusters are universal (e.g., West et al. 1991). Since it is 

not the intention of the present work to test the above theories (and since quality evidence through 

measurements of fluctuations in the cosmic background has kept researcher busy), we simply 

summarise that alignment studies are important tools to test structure formation theories which 
posit gravitational instability acting on Gaussian perturbations giving rise to cosmic structure. 

We examine the following sets of orientations for alignments among themselves: 

the major axis of the BCM 
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the vector between the BCM and the second brightest galaxy 

isopleth of galaxies 

the inclination of the X-ray emission. 

Table 5.5: Position angles of the BCM, the angle between the BCM and the second brightest 
galaxy, the position angles of the extended X-ray emission and the galaxy isopleths. All angles 
are in degrees North through East. 

We determine geometrical parameters including the position angle of the BCM, g5BCM in Sec. 

6.3; we see there that there is hardly any isophotal twisting, so the position angle is securely 

derived. We identify the second brightest cluster member and compute the angle of the great 
circle containing it from the meridian containing the BCM. To estimate the position angles (4) 

of the isopleths and X-ray emission, we fit ellipses to the isopleths and to the light distribution 

of the intracluster medium using the method of Sec. 6.2. The reliability of 4 derived from an 
ellipse fit depends on the ellipticity of the isopleths and X-ray emission (for round distributions, 

4 is not a meaningful quantity), the signal-to-noise ratio, and whether there is any isophotal 

twisting. A greater problem with this study is, of course, the severely limited number of cluster 

galaxies creating large errors in the statistics. This makes reliable determination of the position 

angle of the isopleths rather difficult. The incompleteness a t  magnitudes mv > 21 and noncluster 
interlopers (due to lack of membership information) exacerbate the problem. 

Despite the difficulties, it is possible to use projected galaxy positions, assuming field galaxies 

have a homogeneous distribution, to determine cluster position angles. We restrict determination 

of the orientations of the isopleths to galaxies brighter than Mv = -18 and to the X-ray emission 
within 0.7 Mpc of the BCM. These are, of course, much larger radii than that of the BCM itself. 

To check how robust our determination of the isopleth position angle is, we estimate it for a subset 
of the galaxies, those in the "sequence" of the color-color diagram (Sec. 4.3) of each cluster. A 

comparison of Figs. 5.1, 5.2, 5.3, 5.4, and 5.7 is instructive to gauge differences in distributions 
of the two sets of galaxies. We find that for all clusters except MS0002, the sequence 4isopleth is 
similar to that determined using all Mv < -18 galaxies within the errors. For MS0002, however, 

4isopleth for the "sequence" galaxies is 30 f 6 deg, or w 1.50 westward of the isopleths determined 

using all galaxies. Keeping these in mind, we look for alignments among the various entities. 

As we have mentioned in Sec. 5.2, the position angle of the X-ray isocontours of MS0735 changes 
with radius in a sinusoidal fashion. The position angle should not change with radius if only 

self-similar processes such as gravitational collapse are important. Thus the emission does not 

directly trace the cluster gravitational potential, and attests to the cooling of the gas within the 
inner 200 kpc or so. Outside the cooling radius of the ICM, however, one may expect that the 
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behavior of the position angle is mostly controlled by the cluster potential. So, the g5x-Tay we 

quote for this cluster is for the outer regions. Typically, the position angles derived using the 

X-ray maps have errors of about 10 degrees. 

Table 5.5 lists the position angles of the major axis of the BCM in colurnn (2), the angle on 

the sky between the BCM and the second brightest cluster galaxy ( q ! ~ ~ ~ )  in column (3), the long 

axis of the isopleths of the galaxy distribution, g5isopleth, in column (4), and that of the X-ray 

emission (g5x-Tay) in column (5). All angles are in the sense north through east. Among these, 

the position angle of the BCM is the most accurately determined. 

In all our poor clusters, there seems to be no preference for the line connecting the first and 

second brightest cluster galaxies to participate in the alignment effect with either the BCM, or 

the galaxy isopleths or the X-ray emission from the ICM. 

In MS0301, all four position angles are essentially different, suggesting a complete lack of align- 

ment among the BCM, the galaxy distribution and the intracluster gas. This is not unexpected, 

considering the disordered appearance of the cluster as traced by galaxy positions and discrete 

sources possibly contributing to the X-ray luminosity. The BCM of MS1306, the most luminous 

among our sample, is oriented to within 20 deg in the direction of the isopleths but is pointed 

nearly 40 deg to the east of the X-ray emission. We may argue here that the cluster X-ray 
emission is somewhat disordered, and the ellipticity and position angle vary spasmodically, thus 

masking any possible alignment.Or we may choose the other viewpoint to say that, as in the 

inner regions of MS0735, the X-ray emission may deviate from hydrostatic equilibrium and thus 

does not faithfully follow the gravitational contours of the cluster. In contrast, for MS0002,,and 

MS0735, the optical major axis of the BCM, the isocontours of the galaxy distribution and the 

X-ray emission (from the intra-cluster hot gas which, outside the cooling radius, traces the cluster 

gravitational potential) are clearly elongated in approximately the same direction. 

The collimation of the BCM major axis with the galaxy distribution in the parent cluster follows 

the statistical behavior of BCMs in rich clusters (Sastry 1968; Carter & Metcalfe 1980, Binggeli 

1982; Struble & Peebles 1985). The alignment of the BCM with the diffuse emission from intr- 

acluster gas also resembles that seen in rich clusters containing CD galaxies (see, e.g., Rhee et 

al. 1992; Sarazin et al. 1995; Allen et al. 1995), and in poor groups with a < 500km S-' and 

Lx % 104' - 1 0 ~ ~ e r ~ s - ' ( ~ u l c h a e ~  & Zabludoff 1998). It is tempting to speculate we have de- 

tected the alignment "effect". We believe the alignments are not artefacts of our analysis; in fact, 

the probability that two (conceivably three) of four X-ray selected clusters should randomly show 

the effect is rather small. Since we deal with such a small sample, we do not perform statistical 

analyses of the distributions of the differences of the various position angles, and cannot therefore 

quantify the significance of the alignments. 

This similarity between our X-ray luminous poor clusters, much poorer groups, and CD clusters 

offers support to the insensitivity of the alignment effects to system richness. These alignments 
further suggest that the formation and/or evolution of the central galaxy is linked to the shape 

of the global cluster potential. 

Now, the major axes of groups (West 1989) and clusters (Binggeli 1982) of galaxies within super- 

clusters exhibit a strong tendency to orient themselves along similar directions, thus creating a 
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supercluster "axis". The possibility of such collimation arising fortuitously is < 1%. In our own 

sample, we can look for such alignment for one cluster. MS0002 (now identified with A2703) and 

six other Abell clusters - Al, A43, A93, and probably A79, A84 and A2678 - all at redshifts 

of 0.09 5 z 5 0.12 cornprise a supercluster of dimension x 80 Mpc (for H. = 50 kms-' MpcP1; 

Batuski et al. 1985). We found, through a NED search for Abell clusters within 300 arcnlin of 

MS0002, that the richness 1 cluster A2705 could also be part of this supercluster. So, we can 

apply a modification of Binggeli's (1982) test consisting of comparing the cluster position angle 

and the orientation of its BCM with the direction to its nearest neighbors in the supercluster. 

The orientation of MS0002 vis-a'vis Abell 2705 (at z = 0.1147) is 102 deg and with respect to 

Abell 1 (z = 0.1249) is 87 deg. While the lines joining these clusters to MS0002 are inclined by 

more than 60 deg away from the BCM, they are within 10 deg of the line joining the BCM 
and the second brightest galaxy of MS0002. 

5.6 Summary and Discussions 

It is a capital mistake to theorize before one has data. Insensibly one begins to twist 

facts to suit theories, instead of theories to suit facts. 

- Sherlock Holmes (Sir Arthur Conan Doyle) 

There exist a number of strong correlations between the optical, radio and X-ray properties of 

clusters of galaxies. However, if the cluster morphology is related to its degree of dyriamical 

evolution, the correlations may be affected. The X-ray luminosity, temperature, and optical 
velocity dispersion relations may depend significantly on differences in cluster cooling flow mass- 

deposition rates, which create differences in the density profiles (White, Jones, & Forman 1997). 

We may now address the issue of whether the poor clusters are bound systems. Our poor clus- 

ters are similar to rich clusters in terms of a significant number of faint galaxies in the cluster 

"sequence", their central concentration, the coincidence of the position of the BCM and extended 

X-ray emission, and reasonable coincidence of X-ray and galaxy density isocontours. From the 

velocity dispersions (computed from the L*, - a correlations in Chapter 2) and their halo sizes 

(Table 5.2), we compute that the crossing times are x 400 million years for MS0301 and MS1306 

and = 600 million years for MS0002 and MS0735. Such short crossing times ( L  0.05 of a Hubble 

time) suggest that they are likely to be bound systems, and that the cores are perhaps close to 

being virialized. 

The lack of a clear galaxy density profile for the poor clusters could be due to both poor statistics 

as well as internal dynamics. If genuine, the non-uniform radial profiles demonstate that violent 
relaxation is probably not as efficient in these poor systems as in their rich counterparts. The 

substructures found (admittedly at weak significance, not much larger than that expected from 
random fluctuations) attest perhaps to these structures still collapsing for the first time, or to 

secondary infall into the clusters of small groups from the surrounding larger-scale structures. 

Optical and X-ray studies (Geller & Beers 1982; Dressler & Shectman 1988; Slezak et al. 1994; 

Pierre & Starck 1997; Jones & Forman 1999) suggest that over 40% of rich clusters exhibit 
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substructure in their galaxy distribution (both in position and velocity space) and in their intra- 

cluster medium. It is also arguable whether the distributions of galaxies, gas, and dark matter 

in the clusters are similar; the subclustering seen in the galaxy distribution is not prominent in 

X-ray. Many, if not most, poor as well as rich clusters of galaxies are thus likely to be out of 

dynamical and hydrostatic equilibrium. 

The implication is that the clusters, both rich and poor, are either young systems being formed 

in an inhomogeneous fashion by the continual formation and amalgamation of subcondensations, 

and/or are regions of complex, violent interactions that drive them out of equilibrium. 

Dynamical friction, implicated in the formation of CD galaxies, segregates the most rnassives 

galaxies toward the cluster center. But it may not be very effective in poor clusters, where 

the two-body relaxation time can be greater than the age of the Universe. Let us assume that 

luminosity segregation is tantamount to mass segregation if all galaxies carry a certain mass- 

to-light ratio. After virialization, the galaxy cluster undergoes dynamical evolution with no 

radial mass segregation. However, during encounters of cluster members which may lead to 

merging, energy exchange leads to decay of the orbits of relatively massive cluster members 

through dynamical friction. These bright galaxies thus arrive at the cluster center thus showing 

mass segregation. Near the cluster center, the tidal forces due to the cluster are weak, but there 

are increased chances for the slow-moving bright galaxies to be cannibalized by the dominant 

galaxy. As a consequence, tlie dominant galaxy grows at the expense of its bright neighbors; this 

process results in a decrease of luminosity segregation in the center. This would explain why we 

see MS1306 with a bright, compact core embedded in a sparse structure. similar to the situation 

in compact groups. 

Alignment effects are important and meaningful if the geometric axes reflect the cluster or galaxy 

dynamics. For instance, the shapes of elliptical galaxies arise from their velocity anisotropy , which 

is set into the stellar orbits once the dissipative galaxy formation is complete. In an analogous 

manner, if the intrinsic shapes of clusters - rich or poor - are related to their formation process, 

then it is likely that they inherit characteristics such as ellipticity and position angle from the 

progenitor large-scale structure. Tidal effects or torques after formation are unlikely to perturb 

the shapes and dynamical axes significantly. Then, the alignment can be traced back to the 

collapse of the cluster along the filament present in the cosmological initial conditions (Merritt 

1985; Dubinski 1998). 

We shall argue in Sec. 6.6 that the BCMs in these poor clusters are indeed likely to be results of 

galaxy interactions and consequent mergers. The high galaxy density and low velocity dispersions 

of poor clusters make them hospitable to such multiple mergers. To recall the simulations of 

Dubinski: the central galaxy forms via galaxy-galaxy mergers early in the lifetime of the poor 

cluster, and the BCM which does not suffer significant recent dynamical evolution, remains at 

rest in the center of the cluster potential. Such mergers will not occur in a haphazard fashion, but 
rather will proceed in an organized manner along preferred axes which may trace the large-scale 

anisotropies in the primordial density field. This gives them a tendency to be aligned with the 

major axis of their parent cluster and the galaxy distribution on much larger scales. 

We have seen that the static properties of poor clusters - viz., the positions, magnitudes (or 
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luminosities), and colors (or crude morphological types) of the member galaxies - have strong 

correlations, and permit inference of cluster dynamical evolution and even shed light on the 

formation of cosmic structures. To determine the actual mass distribution, one requires the map 

of the cluster dark matter, which is best derived using gravitational lensing (see Mellier 1999). 

None of our poor clusters show evidence of lensing in our CCD images; MS0735 does not exhibit 

lensing even in images obtained with much better seeing (Luppino et al. 1999). 

Our evidence for substructure in poor clusters, for galaxy segregation in luminosity or morphology, 

and of galaxy alignment are far from definitive. However, there is reason to believe that substruc- 

ture and alignment effects occur in our poor clusters just as they do in the richer systerns, and 

thus are independent of cluster richness. Poor clusters, which occupy the intermediate regime in 

density-enhancement, are about ten times as numerous as rich systems. They can therefore serve 

as very useful tools in mapping the relief of the universe and in distinguishing structure formation 

scenarios. To separate systematic properties of clusters of galaxies from those peculiar to only a 

few, it is desirable to assemble a large dataset of spectroscopic redshifts to construct sarnples of 

confirmed cluster members. 



Chapter 6 

The Brightest Cluster Galaxies 

I n  Nature's infinite book of secrecy 

A little I can read. 

- William Shakespeare 

6.1 Avant-Propos 

Many clusters of galaxies (including all in the present study) contain one or two remarkably 

luminous, gigantic elliptical galaxies near their centers which far outshine all the others. These 

brightest cluster members (BCMs) also turn out to be the most luminous ( N  lOL,) and most 

massive ( ~ O ' ~ - ' ~ M ~ )  galaxies in the universe. Cosmologically important, BCMs serve as "stan- 

dard candles" due to their being bright and large and remarkably homogeneous despite each 
galaxy having experienced a complex formation history (see below). The dispersion in their lu- 

minosity is only about 30% of the average compared with six orders in luminosity over which 

normal ellipticals range. Hoessel et al. (1980) have used BCMs as distance indicators to anchor 

the bright end of the Hubble diagram, while Postman & Lauer (1995) have employed them to 

map the nearby large-scale galaxy velocity field. Bender et al. (1998) have explored the possibility 

of using BCMs as "standard rods" to calculate the deceleration parameter of the universe's ex- 

pansion. If most galaxy mergers occur in deep potential wells, and if BCMs - presumably formed 

from multiple mergers - can be thought of as tracing these uncommon depths, then they mark 

important structure formation processes. p m y / 9 t  -/.A.'"+ 
Though BCMs are at first glance like normal elliptical galaxies (Es), wit 0 profiles 

described approximately by the de Vaucouleurs surface brightness law, r )  oc r1 (de Vau- 

couleurs 1953), they form a distinct class, with enlarged characteristic radii and sha ower profiles 

(Schombert 1986, Graham et al. 1996). Actually, BCMs comprise a heterogeneous family in 

appearance. Many are simply super-luminous, giant ellipticals whose profile follows the de Vau- 

couleurs law, some are "D galaxies" which have somewhat shallower light profiles than Es, and 

some others are "CD galaxies" with a colossal elliptical body surrounded by an extended halo 

of light that can be traced out to several hundred kiloparsec (Oemler 1976; Schombert 1987). 

There is a suggestion that the slope of the BCM luminosity profile is correlated with its environ- 

ment in the sense of scale length increasing with increasing cluster galaxian density (Garilli et 

al. 1997). BCMs may have multiple or complex nuclei, and distinct faint satellite companions, or 
they can consist of two comparably bright elliptical components, or resemble a nest of galaxies. 

The conlponents of the BCM usually display velocity dispersions of about 300 - 400 kms-l, close 

to the internal velocity dispersion of the dominant parent galaxy, implying that they are ~ r o b a b l ~  
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bound to it. 

The colors of many first-ranked galaxies generally redden toward their centers, in a manner similar 

to that of bright Es (Mackie et al. 1990). The magnitude of the color gradients are consistent 

with these galaxies being forrned or enhanced by merger events. However, 25% of BCMs in X-ray- 

A selected clusters evince young or intermediate-age stellar populations in their centers (Crawford 
et al. 1999). On the other hand, there seems to be great homogeneity in the strength of the 

CO stellar absorption feature of BCMs (James & Mobasher 2000), which could be the result of 

greater stellar age, or more uniform history of star formation in BCMs than in other ellipticals. 

The BCM is frequently located at the local density maximum (Beers & Geller 1983), and at  the 

dynamical center or bottom of the cluster potential well. X-ray emission from the tenuous, hot 

intra-cluster medium (ICM) is usually centered on the dominant galaxy (Jones & Forman 1984), 

which then preferentially collects the gas from a possible cooling flow and enhances its mass by 

10 - 100 M@ yr-'. The intrinsic luminosity of the BCM in Abell clusters is related to the X-ray 

luminosity and temperature of its host cluster (e.&, Schombert 1987). Additionally, there is an 

inverse correlation between the cooling time of the ICM and the radio luminosity of the cluster 

CD galaxy (Bagchi & Kapahi 1994), which in turn depends on the local galaxy density. Thus it 

appears that the BCM is responsive to the overall cluster properties, and evolves in tandem with 

its global neighborhood. 

Now, BCMs in different environments appear to evolve differently: those at the ce~lters of clusters 

with high X-ray luminosity are brighter and show smaller scatter than their counterparts in 

clusters with lower X-ray luminosity (Burke et al. 2000). Further, within low-mass clusters, there 

are suggestions that BCMs are growing by accretion and mergers of nearby galaxies even at 

0 < z < 1 (Aragon-Salamanca et al. 1998), which should add younger stellar populations to the 

first-ranked galaxy and thus reduce their homogeniety. 

While there is a substantial corpus of work on rich cluster BCMs, there is little in the nature of 

an unbiased observational exploration of poor cluster BCMs in the literature. Among the latter 

are Thuan & Romanishin (1981; TR81 hereafter) who determined the luminosity profiles of 

dominant galaxies in poor clusters. TR8l's surface photometry indicates that poor cluster BCMs 

show elliptical bodies similar to those of their rich cluster counterparts and normal ellipticals, but 

lacking giant haloes,, probably fail to become genuine CD galaxies. Yamagata & Maehara (1986) 

concluded that the total luminosity of the first ranked galaxies of poor clusters is closely related to 

the amount of hot intracluster gas and total visible mass in the systems. Thus, poor cluster BCMs 

are akin to rich cluster dominant galaxies. Bridges & Hanes (1994) detected a globular cluster 

system in the cooling flow poor cluster MKW 4, with a specific frequency typical for an average 

elliptical. Fuller et al. (1999) found that poor cluster BCMs exhibit a strong propensity to be 

aligned with the principal axes of their host clusters as well as with the surrounding distribution 
of nearby ( 5  20h-I Mpc) more massive clusters. The last is very similar to the behavior of 

their counterparts in the rich Abell clusters. (Interestingly, the objects in all these studies are 

the brightest galaxies of AWM and MKW poor clusters selected on  the basis of the presence of 

distinctive D- or CD-like galaxies, as mentioned in Sec. 1.3.2.) 

The "nature vs. nurture" question is valid here as well: have BCMs reached their present status 
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in the course of their evolution or did they inherit their size and luminosity from exceptioilal 

conditions at birth or at least early in the cluster history? The realization that at least 60% 
of the BCMs of rich and poor clusters are more luminous than expected from a statistical for- - 
mation process necessitates invoking a special creation process for (at least two-thirds of) these 

/ 

objects (Sandage 1976; Bhavsar 1989). There are indeed various theories for the origin of BCMs, 
/ 

especially that of the big and bright CD galaxies. Some approaches treat both the elliptical core 

and diffuse halo as having similar formation mechanisms, others explain the origins of these two 

components separately. The genesis theories have invoked virtually every galaxy-environment in- 

teraction mechanism described in Chapter 1. Briefly, these include galactic cannibalism to make 

up the body and tidal destruction of dwarf galaxies to create the stellar halo (Richstone 1976; 

Ostriker & Tremaine 1975), multiple galaxy mergers during the collapse and formation of the 

cluster core (Merritt 1985) and halo formation from gas condensing through X-ray cooling flows 

(Fabian 1994). However, each of these theories have their shortcomings. Lack of incontrovertible 

evidence for young stars in BCMs and their small dispersion in colors refute the cooling flow sce- 

nario; dynamical friction timescales are too long (by about twice) and velocity dispersions are too 

high for BCM formation via frequent galaxy merging; and galactic cannibalism is too inefficient 

in virialized clusters for much mass and luminosity to accumulate in the cluster core. Any t h e m  - 
of BCM formation must finally account for the homogeniet~ in BCM photometric ~roperties. - 
There are several important theoretical ideas specifically regarding poor cluster BCMs. Bode 
et al. (1994) simulated isolated clusters of 50 galaxies, similar to present-day poor clusters. A 
dominant galaxy forms from the merging due to enhanced encounter rates among the cluster 

members; almost all subsequent mergers involve the cannibalism by the centrally-located BCM, 

but these contribute weakly to the growth of the BCM luminosity. Garijo et al. (1997) have 

averred that under a variety of initial conditions, merging instability within poor clusters leads 

to the formation of a giant central galaxy. Galaxies in spherical virialised galaxy systems collapse 

to relatively round and isotropic BCMs, while aspherical initial conditions give rise to triaxial 

objects. N-body simulations of poor clusters by ~ i m a  Nieto et al. (1997) showed that a massive 
galaxy with CD characteristics is always formed within 100 kpc of the cluster centre. They 

showed further that with increasing mass of the intra-cluster medium, the merging rate rises 

due to the dynamical friction of the galaxies with the ICM. Dubinski (1998) proposed a suite of 

N-Body simulations that posits the formation of the main body of the BCM through rapid galaxy 

merging during the initial collapse of the cluster along a filament. The merger ~ r o d u c t  rnay then 

accrete its smaller neighbors and build up a cD-like halo. 

In this chapter, we shift focus from the ensemble properties of the galaxies in our poor clusters 

to their individual brightest cluster members. In our CCD images three of these BCMs are sufi- . - 
cientl.twel1-resolved (covering ly 2000 pixels) to allow their structural analysis. For - 
the BCMs of the three clusters, MS0002, MS0301 and MS1306, we obtain surface photometry 

in multiple filters. We model the galaxy isophotes as ellipses over a large range of galactocen- 
tric distances. From the surface photometry, we determine the radial variation of the surface 

brightness, ellipticity, and position angle. We also compute the Fourier coefficients of the higher 

order deviations from ellipticity to look for structural irregularities. We model the brightness 

profiles of the galaxies with the de Vaucouleurs law. We then look for l-D color gradients as 
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diagnostics for radial variations in stellar populations. Additionally, we create two-dimensional 

color maps to pick out irregular structures superposed over the galaxian surface, which could be 
due to interstellar matter. 

Two of the dominant galaxies in the present study (those of MS0002 and MS0301) are in common 

with the BCM sample of Garilli et al. (1997, hereafter G97). This allows us to also evaluate tlie 

external accuracy of our profile analysis. The fourth BCM, that of MS0735, is unfortunately too 
. . small in our images to allow&tailed siu&q ~t 1s 

L -- 
sour~e-a brief mention of this object, as its long-wavelength exploration is 
L -- 

beyond the scope of this thesis. We also perform a comparison of the first-ranked galaxies in our 

clusters with normal ellipticals and CD galaxies in rich clusters. 

6.2 Techniques: Isophotal Analysis and Color Maps 

Bright galaxies not classified as irregular or peculiar, when projected onto tlle sky, exhibit 

isophotes that can be approximated by ellipses. Quantitative analysis of the structure of reg- 

ular galaxies involves modeling their isophotes as ellipses described by parameters including the 

"centers", mean intensity, ellipticity, and position angle, as a function of radius. Further, one 
may also decompose the elliptical isophotes into a Fourier series. The high (> 2) order Fourier 

components indicate deviations from true elliptical structure of the isophotes. Carter (1978) has 

provided the algorithmic foundations of such analysis. 

6.2.1 Pre-Processing 

For this work, we crop regions of about 2 arcmin along each axis of the aligned CCD images 

centered on the BCM. The frames have north to the top and east to the left. Tlle cropped 
regions cleanly include the BCMs and several of the neighboring galaxies. 

In Chapter 2, we have described how we prepared the CCD images for object detection and 

photometry. For very accurate surface photometric analyses, we ought to subtract from the 

galaxy a two-dimensional sky background to eliminate any systematic sky variations across the 

CCD frame. Due to practical considerations, however, we remove a constant, average sky level. - 
We determine this background correction from the mode of the intensities of about fifteen circular 

regions of the CCD images uncontaminated by objects. This correction carries its own dispersion; 

the variance in sky level is about 0.8% over each CCD frame. This is the limit to the uniformity 

or flatness of the background, thus to the derived profile a t  the faint, outermost isophotes of the 

galaxies. We do not perform any deconvolution of the data, since the final images are generally 

created by CO-adding images that may have non-similar PSF shape. 

6.2.2 Photometric Calibration 

The photometric calibrations come from our 11-pixel (6.7 arcsec) circular aperture magnitudes 

tied to the Jolinson-Cousins' standard system, and are accurate to within 0.1 mag in every 

filter. In the innermost few arcseconds of the profiles, seeing changes could cause photometric 
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variations of up to = O.ml arcsec-'. The standard magnitudes we quoted in Chapter 2 include 

corrections for Galactic extinction, estimated from Schlegel et al. (1998). To further convert 

these magnitudes to the rest frame of the galaxy, we must apply the appropriate K-corrections 

and evolutionary corrections for elliptical galaxies at the redshifts of these BCMs. We derive 

these from the spectro-evolutionary models of Poggiariti (1997), as explained in Chapter 4. We 

used the corrections to a normal elliptical galaxy, assumirlg that the star formation history and 

evolution of a giant elliptical is not radically different from that of the former. Moreover, the 

lack of evidence of any major merger in progress (see below) and the small look-back times to the 

redshifts of our sample clusters are small enough that significant stellar evolution would not have 

occurred. We have tabulated these photometric corrections earlier in Table 3.1. We also account 

for a factor of (1 + x ) - ~  decrement in surface brightness due to cosmological effects. 

6.2.3 Ellipse Fitting 

Since BCMs appear structureless at first glance, and resemble elliptical galaxies, tlle method- 

ology for structural analysis of BCMs is similar to tlle well-established procedures for surface 

photometry of elliptical galaxies. 

We use the standard package STSDAS layered onto IRAF to interactively fit ellipses to the 

isophotes of the galaxies. The tasks in the package measure the galaxy images using the method 

of Jedrzejewski (1987). 

Our procedure includes masking of superposed non-galaxy light sources such as stars, and remnant 

cosmic-ray events, and excluding these from the ellipse fit. We are careful to delete regions 

substantially larger than the visible extent of the stars. Further we flag the brighter 30% of the 

pixels to stay clear of very faint stars or spurious features we might have missed masking. 

After removing the interfering objects, we proceed to fitting the isophotes with ellipses. The 

main outputs of this fitting include the azimuthally-averaged parameters of the best fit ellipses 

to the isophotes - the intensity and the geometric parameters (the X and Y center co-ordinates, 

ellipticity and position angle ) - over the radial extent of the galaxy. 

STSDAS uses the definition of ellipticity as e = 1 - minor axislmajor axis, which relates with 

the visual "flattening" of an ellipse rather than the canonical eccentricity. The position angle is 

in degrees counterclockwise from the +y axis, which in our work corresponds to an angle defined 

north through east. 

STSDAS also outputs the higher-order harmonic content of the data points on the isophote, fitted 

by the following function: 

y = yO + An X sin(n X E) + B n  X cos(n X E), 

with n = 3 arid n = 4, and E being the eccentric anomaly. The amplitudes A3, B3, A4, B4, 

normalized by the semi-major axis length and local intensity gradient, measure the isophote,'~ 
deviations from perfect ellipticity (see below for further details). 

Initially we keep all the geometrical parameters &variable while finding the best fit ellipse at each 
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semi-major axis length. But a t  large radii, i.e., low surface brightness regions, the small radial 

gradient can introduce large errors and output meaningless values for the ellipse parameters. 

So for isophotes more than 15 arcseconds from the center of the galaxy, we hold the center 

CO-ordinates fixed at the previous best fit; the wander in ellipse centroids is usually nlucli less 

than 1 arcsec till such radius, except for MS1306 (see below). We increment the semi-major 

axis by 10% for successive ellipses. This helps rnaintain a nearly constant signal-to-noise ratio in 
the azimuthally averaged intensities by compensating through a larger nu~nber of pixels for the 

decline in surface brightness with radius. We terminate the task when tlie isophotal itite~isity 

falls to below a few percent of the sky level. 

From the parameters of the fitted ellipses in the various filters, we determine the geometry of the 

isophotes, the surface brightness profiles, and the color gradients of the BCMs. 

6.2.4 Residual and Color Maps 

From the fitted ellipses, we can construct a (noiseless) photometric model image of the elliptical 

galaxy based on its isophotal parameters of brightness, position angle and ellipticity. Then, 
subtracting the model from the original and smoothing the subtracted image results in a "residual 

map". If the galaxy is deploying its stellar light quietly, the residual should be only sky and noise. 

However, if there are significantly strong patterns in the resultant image, they are signals of 

diskiness of the galaxies, or fine-structures, or non-uniform ISM. If the residues can be attributed 

to ISM/dust, then the residual map is essentially a map of optical depth, and can be thought of 

as an "extinction map" as well. Such a procedure works best when the ISM signal is strong, i.e., 

when the disturbance over the simple elliptical model is obvious in the direct image itself. 

A more sensitive way of detecting ISM using broadband multi-filter imaging is through a color 

map i.e., by taking the ratio of images in two filters. This is the logical extension of finding 
the galaxian color using aperture magnitudes in different filters, and is analogous to obtaining 

the galaxy color at every individual pixel. The method can unearth subtle (often small-scale) 

color changes over the entire galaxy, indicative of dust, shells, disks etc. One can use either the 

two direct images or one direct image and a model of the galaxy in one of the filters (usually 

the longer wavelength one). The latter method works better due to the noise being present in 

only one image, and results in the removal of a smoothed background provided by the longer 

wavelength image from the shorter wavelength one. The color maps can reveal features differing 

by about 0.05 mag over their surroundings, depending on the signal-to-noise of the individual 

images. Note that absolute photometry is not essential to this analysis. But a caveat here is that 

photometry on results derived using the smoothed images is fraught with uncertainties, since the 
flux is usually not conserved in the smoothi~~g. Of course, variations in seeing between filters 

would also contribute spurious features in the nuclear regions. 

From interpolation of the geometric parameters derived from isophote fitting, we build a model 

itnage in the V and R bands for each BCM (except for MS0002, for which we construct only tlie 

R-band model). Then, we generate a color map thus: 
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where Nxl and NA2 are the sky-subtracted counts per second at pixel(x, y) in the higher-wavelength 

(B or V) and lower-wavelength (V or R) filter images, respectively. 

6.2.5 Errors in Isophotal Analyses 

Several technical and image reduction constraints come into play during the detailed study of 

elliptical galaxy shapes. Errors in the fitting process are themselves small, and are defined by the 

local scatter of the point. 

The principal contributions to the error budget, besides those in photometric calibration, include: 

in the central regions: seeing effects that circularize the elliptical cores consequently leading 

to underestimates of the ellipticity, raridomize the position angle, and flat ten the central 

brightness distribution. This last also results in the flux being diverted to intermediate radii. 

The fits in the innermost regions are incidentally not too good due to the small number of 

pixels available for fitting the profile. Another problem is the possibility of saturation of 

the very bright central regions. Fortunately, we are not worried by this error. 

at the faint outer regions: residual non-flatness of the "sky" background due to iriiperfect 

flat-fielding and vignetting, and due to Poissonian fluctuations, which contribute inaccura- 

cies at levels of a few percent of the night sky luminosity. 

The shape and size of the image are also affected by telescope focus, and guiding errors which may 

change from one exposure to the next. Further errors come in due to overlapping galaxy halos 

and scattered light which are minimized though by the masking of visible superposed objects and 

by not including the higher-count pixels in the fits. 

For these reasons, we derive the overall ellipse parameters and model the galaxian surface bright- 

ness outside 5 arcsec from the center and until the isophotal surface brightness falls to 24.5 mag. 

However, in the case of MS1306 we derive the profile fits from an inner radius of 8 arcsec in all 

bands, and only till a surface brightness level of 23.6 mag. Interior to this 8 arcsec radius, the 

de Vaucouleurs r1I4 law does not fit the observed data points well. The individual values of all 

these ranges can be read off from Table 6.3.4 in the next section. Figure 6.1 displays the V-filter 

images of the three BCMs we analyze here. Overplotted on each are the isophotes corresponding 

to the ranges mentioned above. 

In the following section, we discuss our results on the geometrical parameters of the ellipse fits, 

as well as the fitting of a de Vaucouleurs profile to the radial surface brightness distribution. We 
also perform detailed surface photometric studies to uncover subtle deviations from symmetries 
and presence of dust in the inter-stellar medium of 'the galaxies. 
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MS 0301 MS 1306 

Figure 6.1: Images of the BCMs, with North at the top and East to the left. The images of 
brightest galaxies of MS0002, MS0301 and MS1306 are in the V-band, while MS0735 is in I-band. 
Metric areas covered by the stamps are about 200 kpc for the BCMs of MS0002, MS0301 and 
MS0735, and 300 kpc for MS1306. 

6.3 Morphological and Structural Parameters 

6.3.1 Visual Morphology 

Visual inspection of the brightest galaxies of the clusters here shows that they are undoubt- 

edly early-type galaxies. All the BCMs have several faint companions seen in projection. But 

there ends the resemblance. While the BCMs of MS0002, MS0735 and MS1306 are large and 

clearly dominant over their neighbors, their counterpart in MS0301 is not particularly impressive, 

appearing like an ordinary elliptical. 

.The dominant galaxy of MS1306 is surrounded by a diffuse envelop, has superposed on its core a 
dwarf galaxy, and shows clear tidal interactions with one, possibly two of its neighbors. There is 
a clearly visible tidal bridge that links this BCM with its small neighbor to the north by north 
east. There is also a hint of a distensiori of its tidal companion to the west. There are also small 

stellar groupings mostly within the corona of this BCM that we identify as dwarf galaxies. 
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The first-ranked galaxy in MS0735 is evidently a CD galaxy, with its halo enclosirig at least two 

small galaxies. There is weak indication that the CD halo is asymmetric with respect to the major 

axis of the main body of the galaxy. For this BCM, unfortunately, we can provide only visual 

morphology due to its small size in the images, though we do perform a cursory ellipse-fitting 

analysis to derive its ellipticity and position angle. Therefore we shall exclude it from subsequent 

discussiorls of surface photometry. 

6.3.2 Isophotal Geometry 

The actual 3-D shape of an undisturbed galaxy seen in projection as elliptical could be either 

spheroidal or triaxial (i.e., with the three axes being of different lengths). When a purely elliptical 

galaxy is projected onto the sky, its isophotes are simple, symmetric, coaxial ellipses and the semi- 

major axis will retain the same direction irrespective of the galaxy inclination (Mihalas & Binney 

1981). However, if the galaxy is triaxial in the sense that it has three orthogonal planes of 

symmetry, the position angles of its isophotes will depend not only on its orientation with respect 

to the line of sight but also on its axis ratios. Then (if the line of sight is not through one of 

the principal axes) the isophotes will appear (fro111 the same vantage point) to have changing 

axial ratios (i.e., varying ellipticity) and will show a conti~iuous, definite pattern of twists (for 

more on the topic, see Kormendy 1982). Another possible origin of positiori angle rotation is 

gravitational interaction; tidal forces disturb the galaxy in an asymmetric fashion and also cause 

isophotes to deviate from pure ellipses. Inclination effects could play a role in the shape variation, 

though physical causes such as triaxiality or gravitational interactions are most probable causes 

for the disturbances in ellipticity. The behavior of ellipse parameters in different wavebands is an 

indicator of dust, since in the presence of dust, the bluer band will be more affected than the red 

one, consequently distorting the bluer isophotes more than their corresponding red ones. Ellipses 

provide a reasonably good fit to the isophotes of all three BCMs under consideration here. As 

we shall see from the analysis of the Fourier components of the residuals to the fit, the isophotes 

do not deviate significantly from ellipses over most of the galaxy. 

In Table 6.1 we list the mean ellipticity, E and the position angle, q5 of the major axis at the 

effective radius in each band for the three BCMs. Position angle are positive north through east. 

We also tabulate the gradients of the ellipticity and position angle (per kiloparsec) computed over 

the fitted isophotes between 5 arcsec from the center and the chosen faintest outer isophotes. In 

Fig. 6.2 we present the profiles of ellipticity and position angle in three passbands (B, V and R) 
for the BCMs (except for MS0002, which we study in only two (V and R) bands). For the figures 

that follow, the solid lines represent the V band profiles, the long dashed lines, the R band, and 

dashed-dotted lines, the B band. 
C 

Ellipse Centroids 

The isophotes for the first-ranked galaxies of MS0002 and MS0003 are virtually concentric, with 

the pixel co-ordinates of the centroid moving barely 0.5 pixel(0.3 arcsec) within the inner 15 arcsec 

(after which we hold them fixed for the rest of the isophote fitting). The centring errors are 
typically less than 0.1 pixel. 
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Figure 6.2: Profiles of Ellipticity and Position Angle (measure N through E) for the BCMs. The 
abcissa is the equivalent radius of the best-fit isophote, defined as r = m where a and b 
are the semi-major and semi-minor axis length, respectively. The solid lines ,represent V band 
profiles, the long dashed lines are of R band, and dashed-dotted lines, the B band. 
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For MS1306 however, the center exhibits a wander in position largely along the minor axis of 

about 1.2 arcsec (the seeing is itself about 1.9 arcsec). Jedrejewski (1987) suggests that if there 

is a region of very diffuse emission on one side of the frame, it would show up as a shift in the 

centers of the outer isophotes with respect to the inner ones. The center shifts would generally 

influence neither the ellipticity nor position angles to first order. We notice that this is indeed the 

case for MS1306, from the R-band residual map (see below) which shows a not inconsequential 

excess in a major-axis sector about 12 arcsec (26 kpc) north of the center. 

Table 6.1: Isophote Geometrical Parameters. Ellipticity and Position Angles derived from linear 
fits at the effective radii given in Table 6.3.4. 

Object 

MS 0002 

MS 0301 

MS 1306 

Ellipticity 

In all objects, the ellipticity of the isophotes clearly increases, i.e., the BCMs flatten at irlcreasing 

galactocentric distance. At small radii tile typical ellipticity is < 0.2, which increases almost 

monotonically to > 0.3 at  40 kpc along the major axis. The rms error in ellipticity has a mean 

of 0.006 which rises to 0.01 at the innermost and outermost isophotes. Only for MS1306 is there 

a slight plateau between 25 and 40 kpc. We also see that c remains nearly the same across the 

filters, i.e., across a wide range of wavelengths, again except in the case of MS1306, where the 

R-band E is marginally lower than that of the two other filters. 

Filter 

V 

R 

B 

V 

R 

B 

V 

R 

The rate of change of ellipticity with radius, or ellipticity gradient AE kpcP', are remarkably 

similar across all filters of the individual galaxies, as well as among the three BCMs. 

In comparison with G97, our derived ellipticities appear to be a few percent higher for MS0002 

and 5% lower for MS0301, which may be attributable to variations in seeing, though both of our 

data sets have stellar FWHM close to 2 arcsec. However, the ellipticity gradients compare very 
well (MS0002: ours = 0.004 and G97 = 0.003, and for MS0301: ours = 0.0036 versus G97 = 

0.003, within the ranges of radii that they use). 

Other observations (e.g., Schombert 1986) also demonstrate that the ellipticity of BCM rises 

sharply with radius. Few, if any, BCMs exhibit any noticeable decrease in ellipticy with increasing 

E 

0.36 

0.32 

0.27 

0.24 

0.23 

0.32 

0.25 

0.24 

4, deg 

27.1 

28.0 

-70.2 

-73.6 

-75.7 

10.1 

10.5 

06.0 

AE kpc-' 

0.007 

0.006 

0.006 

0.006 

0.004 

0.006 

0.005 

0.005 

Aq5kpcV1 

-0.01 

-0.05 

0.54 

0.36 

0.32 

0.05 

-0.01 

1.06 
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radius. In an extensive study of surface brightness profiles of elliptical galaxies, Franx et al. (1989) 

have cautioned that at radii as large as five times the seeing FWHM, seeing can affect the 

ellipticity at tlie 10 percent level and smear tlie position angles by several degrees. Therefore, it 

is not unlikely that the gradient of ellipticity is a little lower than what we derive. 

Position Angles 

The inclination of the major axis of the BCMs of MS0002 and MS1306 remain alrnost constant, 

and close to north-east, within the rms error of about 1 degree. For MS0301, though the overall 

4 is z -75", it appears to change jerkily by about 8" between isophotal radii of 20 and 40 kpc. 

In the blue band, some part of the disconti~iuous change can be attributed to the lower signal-to- 

noise ratio of the image. We shall have more to say about the behavior of 4 in conijunction wit11 

the higher-order Fourier terms, in the next section: 

Comparing the derived position angles with G97 who measure inclination in the E-W direction, 

we find that the ~natcli is within 1 degree. However, for MS0002 G97 find a PA gradient of 
00.6 kpcP1 whereas we derive, in the same range of radii, OO.O1 kpc-l. We attribute tlie difference 

to the isophotes in the radial range of 30-40 kpc. Figure 1 in G97 indicates that tlie PAS of 

MS0002 twist by about 10 degree in this range, whereas we find a much smaller twist of FZ l 

degree. Note tliat the rtns error in deriving PAS is never larger than 1 degree in our work. 

Our BCMs are likely to be ellipsoidal since tlie semi-major axis seems to retain roughly the 

same direction through the run of tlie radial distance. But, tliis sniooth beliavior of 4 does 
not entirely rule out triaxiality. F'ranx (1988) shows tliat there exists a class of triaxial models 

(mainly axisymmetric) that have changing axial ratios, hence changing ellipticities, but show 110 

twist in projection. This could well be happening in the BCM of MS1306, whose isophotes exhibit 

considerable higher-order deviations from ellipticity. 

We have seen in Sec. 5.5 that the BCMs of MS0002 and MS0735 are oriented in similar di- 

rections as the cluster X-ray isocontours and galaxy isopleths. Along with the flattening of the 

fainter isophotes, this could indicate that the BCM outer regions are dynamically coupled to the 

elongated host cluster. 

6.3.3 Deviations from Elliptical Structure 

Now, are the BCMs always perfectly elliptical, or do they show distortions? Deviations from 

elliptical isophotes and other such structural anomalies in an elliptical galaxy could be evidence 

of bars or weak disks or dust absorption features. These could have their origins in a recent 

merger or interaction or internal gravitational instability. Simulations show that "fine structure" 

is an inherently transient phenomenon: when two galaxies collide, their structures car1 retairt 
vestiges of the interaction for only a few hundred million years. When they actually merge, the 

remnants settle down to becoming "normal" elliptical galaxies over about a billion years (for an 
excellent exposition on this, see Schweizer 1998). But there are three quasi-stable (i.e., long- 

lived) morphologies possible for an elliptical merger product: "pure" elliptical isophotes, "boxy" 
isophotes, and "disky" isophotes. Disky isophotes mean that the galaxy has excess light along 
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the major and rnirior axis directions, making the object's isophotes pointed rnuch like an edge-on 

disk galaxy. Boxy isophotes mean that the galaxy llas a light deficit along tlle major and rriirior 
axes, making its isophotal shape somewhat rectangular 

Observationally, the liigher-orders (3 and 4) terms of tlle harmonic expansiori of the ellipse fits to 

the isophotes are pertinent in detection of deviations from pure ellipticity; the third- and fourth- 

order coeeficients are zero for perfect ellipses. Positive sin38 (called A3) and cos38 (or B3) testify 

to "egg-shaped" or "heart-shaped" isophotes respectively. The 48 comporlents indicate deviations 

at even higher spatial frequencies. Nonzero cos48 (termed B4) is unambiguously indicative of fine 

structure: B4 < 0 and B4 > 0 imply boxy and disky structures respectively. Differences in these 

terms between filters are useful indicators of dust in the galaxy; non-zero 38 or 48 terms are often 

found in galaxies at radii with known dust features. 

Figure 6.3 presents the A3 (or sin38) and B3 (cos38) component plots, and the A4 (sin48) and 

B4 (cos48) components of the deviations from pure ellipticity. The uncertainties corrle from the 

rrns scatter of the intensities along the fitted ellipse. 

Traditionally, only the B4 t e r~n  has been considered important in deterrnining the character of the 

deviations from ellipticity. However, Franx et al. (1989) emphasize that the signs of the cos(44) 

and sin(4q5) terms are determined by the phase of these fourth-order residuals with respect to the 

apparent major axis, and projection effects can produce phase shifts of the residual harmonics. 

So, instead of using the A4 and B4 components separately, it would be better to study the 

amplitudes of the residual terms, 

Rn = Jm. 
So, in Fig. 6.3 we also plot the quadrature-added amplitudes of the tliird- and fourth-order 

residuals for the BCMs. 

All the BCMs have isophotes fairly well fit by ellipses, as already stated, but show srnall third- 

and fourth-order deviations (usually less than 0.2% at most measured radii). Though small, these 

higher-order deviations appear to be real; they exist in the images in different filters at similar 

galactocentric distances. Indeed it is not uncommon for elliptical and CD galaxies to display 

nonzero 38 and 48 terms; the typical values are of the order of 1% (see e.g., Franx et al. 1989). 

For MS0002, there is some signature of the B3 conlponerlt of the galaxy being positive about 

20 kpc, implying an egg-shaped isophotal structure. The B4 component, though, is not signifi- 

cantly different from zero here. But at 40 kpc from the center, this galaxy exhibits fairly negative 

A3 and B3 terms and a positive A4 term. The quadrature-added amplitudes of the 38 arid 48 
harmonics are irlsignificarit at the 20 kpc radius, but are both 3% between 40-60 kpc. These 

higher-order deviations show up in both V and R filters. The position angle ( 4 )  of the isopllote 

also shows a small but unnlistakable jump at the 40 arid 60 kpc regions. Since the color profile 

(see below) shows a 0.1 niag blueing at the same radius, we can rule out dust as the contributor 
to this behavior. 

Both the 38 and 48 cornponerits of the profile for MS0301 are rather noisy. It is therefore 

impossible to decide whether there are real variations within the 2% level that the comporlents 

straddle. However, at the 30 kpc isophote, the 38 total arnplitudes are about 3% in the B and V 
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Figure 6.3: Profiles of third- and fourth-order deviations from ellipticity. The abcissa is r = m, 
the geometic mean of the semi-major and semi-minor axis length. Solid line - V, dashed line - R, 
dash-dotted line - B band. 
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filters, indicating that the distortioris here have a three-fold symmetry. Usually, tlie Cos30 terrri 

reflects perturbations due to dust absorption; then, the strongest signal should be in tlie blue 
bands. This is not tlie case here, since both the B- and V-band higlier-order terrris seerri to follow 

each other in both rriagnitude arid direction. We also notice that q5 changes urieverily in tliis region 

arid the galaxian colors become rnargi~ially bluer. We do riot consider the corisiderable deviatior~s 

at > 40 kpc to be reliable, since they are at more than twice the effective radius (derived in Sec. 

6.3.4) of the BCM. 

Since the dominant galaxies of MS0002 and MS0301 show neither obvious signs of tidal inter- 

actions nor the present of dust in the color maps, it is possible that the higher-order deviations 

from pure ellipticity represent nonelliptical stellar distributions, perhaps embedded faint disk-like 

components. We need better signal-to-noise to decide whether there is an extra (disk) compo- 

nent superposed upon the elliptical body at large radii. These may represent remnants of not-too 

recent interactions with the neighbors which created a disk of material in the outer regions of the 

BCM. 

It is clear from Figs. 6.3 that the BCM of MS1306 shows deviations from pure ellipticity near 

20 kpc from the center and outside of the 30 kpc isophote. The changes are rather smooth, unlike 

that of the counterpart in MS0301, and are seen in both the individual 38 and 48 compo~ierlts 

as well as their corresponding quadrature sums. The inner distortion suggests that this galaxy 

is somewhat ovoid but otherwise not boxy. The presence of individually positive 30 and A4 

harmonic components in the outer regions - in fact, located around the characteristic radius of 

the galaxy - suggests that the galaxy has complex deviations from the basic elliptical structure. 

The total amplitudes of these harmonics further support this picture. We recall that this BCM 

also shows a plateau in its ellipticity gradient around the 25-40 kpc region. However, there 

is not much evidence of similar isophotal irregularities of the innermost regions which, as we 

shall discover subsequently, contain patchy dust. The amplitudes of the 38 and 48 ternis are 
themselves small and somewhat uncertain, as can be seen from the scatter of neigllboring values. 

This emphasises the need to consider the total amplitudes of these terms, to account for phase 

changes and to improve the reliability of the analysis. If we consider the usual interpretation of 

positive fourth-order harmonics, we must conclude that the elliptical MS 1306 has an additional 

disk component a t  large distances from the core. However, as we shall see, the parent body 

becomes redder outwards, making a disk unlikely, unless it happens to be composed only of very 

low-mass stars. These distortions of the outer regions could then be due to the visible interactions 

of the BCM with one (perhaps two) of its small (spiral) companions or as the result of acquisitio~i 

of low-luminosity galaxies. Since this galaxy does not show any large PA twists either, we may 

conclude that if it is not entirely ellipsoidal, it may however be mildly triaxial. 

G97 claim that the BCMs in common with ours show no significant corruscations in their 

isophotes; however they also mention that their analysis is sensitive only to strong (> 5%) signals 
of deviations from ellipticity. In fact, poor seeing and low signal-to-noise ratios could erase the 
signatures of fine structures, so it is not untenable to suggest that the detected higher harmonics 

are usually the lower limits. For the BCM of MS1306, which shows the clearest evidence for fine 

structure, it would be very useful to derive harmonic residuals beyond fourth order. However, we 

are limited by the lack of adequate signal-to-noise in our images, and opt out of extendirig the 
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analysis to higher I~armonic terms. 

6.3.4 Surface Brightness Profiles 

The average brightness along the isophotes describes the luminosity distribution in the galaxy, 

which presumably indicates the mass distribution if the mass-to-light ratio is well-behaved. Em- 

pirical laws, such as those formulated de Vaucouleurs (1953) and Freeman (1970), provide ad- 

equate descriptions of the radial brightness distributions of the bulge and disk components of 

galaxies, respectively. (The stellar halo is normally considered too discontinuous in the visible 

stars and star clusters to lend itself to surface photometry.) The de Vaucouleurs law for elliptical 

galaxies is applicable to the main body Parametrically, this "r1/4 law" is: 

with re the scale or effective radius enclosing half of the total galaxian luminosity, and p, the 

surface brightness along the isophote with radius re. One restriction of the r'I4 law is that 
it has only two free parameters, scaling for length and surface brightness; the profile shape is 

fixed. There are other fitting functions, such as the Hubble-Oemler law (Oemler 1976) and the 

dynamics-based King law (King 1966) which are also convenient representations of the early-type 

galaxy profiles. Graham et al. (1996) found that Abell cluster BCM surface brightness profiles are 

better modeled by a "generalized de Vaucouleurs law", or niln law, where n is a free parameter, 

with larger BCMs having larger values of n. But TR81 have demonstrated that the structure of 

giant elliptical galaxies in poor clusters are well fitted by the r to the 114 power law over a range 

of more than nine magnitudes. 

Recent Hubble Space Telescope studies have found that the nuclear regions of ellipticals (some of 

which are the brightest cluster members) can be characterized as "cores", i.e., surface brightness 

profiles which flatten in the central regions, and "power-law" profiles. Our sample does not have 

seeing so good as to study the very central regions, so we focus on the global behavior of the 

larger main body. An active galactic nucleus (AGN) may well be present in the BCM. In terms of 

galaxy profiles, the AGN contributes a point-source at the center of the galaxy. But if the seeing 

is not excellent, the PSF can redistribute the AGN contribution to larger radii and weaken the 

central peakedness. 

We perform the fits of the de Vaucouleurs law to the surface brightness versus radius data points 
using linear least-squares approximation including errors in both co-ordinates. For MS0301 and 

MS1306, we perform the fits for all four filters (B, V, R and I) in which we have imaged the 

clusters. For MS0002, we analyse surface brightness profiles only in V and R passbands. We take 

the errors in surface brightness as the rms deviation in intensity along the isophote, while for the 

radius, we assume a (generous) uniform 1% error in the computed radius. We have, as explained 

earlier, restricted the range of radii to exclude those seriously affected by errors due to seeing or 

sky subtraction. 

In Fig. 6.4 we plot the rest-frame surface brightness (in magnitudes a r c ~ e c - ~ )  as a function of r1I4 

(in kpc'i4), where r = (ab)'I2 = a(1- c)'/', the geometric mean of the semimajor and semimi~lor 

axes. Overplotted on the data points are the best fitting de Vaucouleurs law profiles. Obviously, 
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in the r'I4 co-ordinate frame, the fit is a straight line. Table 6.3.4 presents the final parameters 

of the fits within the reliable radial ranges. 

The BCMs of MS0002 and MS0301 show brightness profiles that fall off as the r1I4 law in the 

characteristic mariner of luminous Es. This is true for all the filters in which we derive the profiles. 

The small deviations from ellipticity as show11 by the 38 and 40 harmonic components do not 

appear to affect the global profile. As the dominant contribution to the luminosity of the BCMs 

is from their stars, the apparently elliptical structure of the galaxies is a clue that the distribution 

of stellar densities and dynamics across their breadth can be described by elliptical models. 

For MS1306, though, the de Vaucouleurs law is hardly an excellent representation of the BCM 

luminosity profile, particularly in the inner regions. We choose, therefore, to fit only points outside 

8 arcsec of the center with the r1I4 shape. The profiles are somewhat different in the different 

filters: the B band data points are rather more consistent with the standard law than those 

of the R filter. The extrapolated profile provides evidence for a central (inside of 5 kiloparsec) 

excess in both the R and I filters. It could be that the > 1.5 arcsec seeing disk has smeared the 

probable point source into relative non-prominence in all the filters. There is a feature in the 

surface brightness profile between r 6 - 15 kpc which falls below the projected r1I4 shape. This 
annulus then leads to a 10 kpc region which shows the contrary - a slight excess of emission. On 

the other hand, though this BCM displays a halo to the eye, the outer isophotes are consistent 

with being simple extensions of the r1I4 law. Matthews, Morgan, and Schmidt (1964)) who first 

identified CD galaxies as a separate class of objects, defined them as "supergiant" galaxies having 

an elliptical-like nucleus surrounded by an extensive envelope. The good fits to the fitting function 

imply no envelope of surface brightness fainter than 25 mag in blue which is characteristic of the 

supergiant CD galaxies (Oemler 1976). So, by the conventional definition, the first-ranked member 

of MS1306 is not a genuine CD galaxy since it lacks the additional halo. 

Could we have over-subtracted the sky, thus depleting the light content of the halo of the brightest 

galaxy in MS1306? That seems unlikely, since we have estimated the sky from regions fairly far 

away from the BCM. We shall see in Sec. 6.4.1 that this first-ranked galaxy is also unusual in 

terms of becoming redder with increasing galactocentric distance. It is then not surprising that 

the red profile of the brightest galaxy of MS1306 is most the deviant from that of an "ordinary" 

elliptical galaxy. 

It is important to note that the final fit parameters depend on the galaxy region included in 

the fit. In the inner region, there are more points in the profile which are also influenced by 

seeing variations. In the outermost regions, the uncertainties in the background subtraction are a 

significant fraction of the isophote level, so the modeled profile may be a little above or below the 

observed data points. For instance, for MS1306, if we fit the R-band luminosity profile excluding 

only the inner 5 arcsec region, which we have said does not appear to follow the r1I4 law, we 

derive a pe of 22.23 (nearly half a magnitude fainter compared to the one derived excluding a 
larger inner region of 8 arcsec) and an re of 44.3 kpc (or nearly 20% larger compared the earlier 

value). This is undoubtedly a reflection of the radial changes in color (see next section) that are 

present in the BCM. In such cases, the derived re will not be a genuine half-light radius but will 

merely describe the slope of the lunlinosit~ fall-off within the range of the linear fit. 
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Figure 6.4: Surface Brightness profiles for the three BCMs. Tlle abcissae are tlie fourth root of 
the equivalent radius defined as r = m where n and h are the semi-major and semi-minor 
axis length, respectively. Pluses, diamonds, asterisks and triangles represent the B, V, R and I 
band profiles, respectively. The overplotted lines are the best fit de Vaucouleurs laws, whose 
parameters are listed in Table 6.3.4. 
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Table 6.2: Fit parameters for tlie de Vaucouleurs law. 

Object 

MS 0002 

MS 0301 

We note that, no matter what ranges we use to derive the linear fit to tlie r1I4 law, the outer 

isophotes of the BCM of MS1306 do not show the excess corresponding to a cD-like halo. This is 

in keeping with the trend of BCMs in the poor MKW and AWM clusters which are well fit by the 

de Vaucouleurs law over nine magnitudes, and are devoid of an additional envelope that is the 

CD characteristic (TR81). But our profile fitting not being reliable fainter than V-band surface 

brightness of 24.5 tnagnitude rnay contribute in some way for non-detection of the envelop; a 

majority of CD galaxies in rich clusters have halos that become dominant usually beyond pv = 25 

magnitude. 

Despite the above caveats, we find that the de Vaucouleurs parameters we derive agree reasonably 

well with those of G97 within the radial ranges they use. For MS0002 and MS0301, the re we 

obtain are 28.3 f 2.2 and 16.2 f 2.5 kpc, while G97 quote 36.7 kpc and 21.1 kpc respectively. 

Si~nilarly, our values for p, for MS0002 and MS0301 are 22.7 f 0.2 and 22.35 f 0.3, in modest 

agreement with those of G97, i.e., 23.43 f 0.1 and 23.09 f 0.1 mag a r ~ s e c - ~  in the Gunn r band. 

(The Gunn r band in G97 is approximately 0.4 mag fainter than the Kron-Cousins R band of 

our work.) Sorne of the difference is attributable to the method of sky subtraction and sky-error 

measurements especially important in the outer isophotes. If we have overestimated the value of 

sky and thus truncated some of the outer low surface brightness regions, we could underestimate 

the characteristic radii. 

18 - 48 

18 - 62 

18 - 62 

17 - 52 

We next consider the relation between tlle quantities that the de Vaucouleurs law provides: the 

effective surface brightness and radius. We shall use this correspondence to test whether our poor 

cluster BCMs are similar to normal Es or if they show any influences of their special place at the 

centers of thinly populated clusters. Kormendy (1 977) discovered that normal ellipticals define a 

tight linear relationship between surface brightness and effective radius in the optical wavelerlgth 

r e ,  kpc 

34.5 f 1.3 

31.8 f 1.1 

20.6 f 1.6 

20.0 f 0.8 

15.4 f 0.8 

22.9 f 2.2 

Filter 

V 

R 

B 

V 

R 

I 

Fit region (kpc) 

14 - 53 

14 - 71 

10 - 22 

10 - 33 

10 - 40 

10 - 36 

p,, mag 

23.54 f 0.25 

22.94 f 0.21 

23.92 f 0.38 

23.08 f 0.20 

22.25 f 0.19 

21.49 f 0.20 
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regime. This "Korrnendy relationship", expressed as: 

pe,B = 3.28 1% 7.e + 19.45; pe ,v  = 3.28 log re + 18.79, 

where p is in nlag arcsec-' and re  is in kiloparsec, shows a dispersion of only 0.38 B mag arcsec-'. 

The structural parameters of the brightest galaxies of MS0002 and MS0301 conform to the very 

high end of the Korniendy relation to reasonably high accuracies. In a similar vein, Tliuan & 
Rorrianishin (1981; TR81) found that structural parameters cliaracterizir~g only tlie central part 

(i.e. excluding the envelope component in the case of rich clusters) of first brightest galaxies in 

both poor (AWM and MKW) and rich (Abell) clusters follow the brightward extrapolatiori of 

the Kormendy relation, and thereby smoothly extend properties exhibited by normal ellipticals. 

They showed further that brighter galaxies are on average more diffuse i.e., have larger re, and 

exhibit brighter p,  (of about 1.4 mag) than normal ellipticals, though with large scatter. The 
latter is evidently applicable in tlie case of MS1306 in particular. While the Kormeridy relation 

leads one to expect a central surface brightness of p e , v  = 23.4mag a r ~ s e c - ~ ,  tlie galaxy turns out 

to be brighter by 1.3 mag than predicted for its re. 

Normal elliptical galaxies actually follow a family of bivariate scaling relations that puts thern 

on a two-dimensional "fundamental plane" (FP), of which the Kormendy relation is but one pro- 

ject ion. The FP includes dynamical, structural and metallicity indicators of elliptical galaxies. 
De Carvalho & Djorgovski (1992; DD) established that while both cluster and field ellipticals 

8 

C 
obey the FP, cluster ellipticals are more honlogeneous than field members, in the sense of show- 

ing tighter correlations between measures of luminosity, radius, surface brightness, and stellar 

population indicators. We shall employ their bivariate fits using ( B  - V) colors as tlle second 

parameter in the effective radius-mean surface brightness relation, in order to check if our BCMs 

lie on the FP. Note that DD used the mean surface brightness within the effective radius, not p,  
itself. We have, therefore, estimated the former for our BCMs, as well, except for MS0002 for 
which we have not photometered ( B  - V) colors. We apply the DD solutions for the clusters and 

field galaxies of the "7s" dataset; these represent field and rich cluster ellipticals. 

We find that, for their measured p e , v  and re,v the BCMs of MS0301 and MS1306 would be too 

blue by about 0.25 mag in ( B  - V) (well over the observational error) for the field galaxy solutions. 

The brightest member of MS1306 has the right ( B  - V) color (within errors) for its p e , v  and 

r e , v  on applying the cluster correlation, while MS0301 would be marginally bluer. (Note that 

we use 11-pixel aperture magnitudes, and the BCM of MS1306 becomes redder with increasing 

galactocentric distance.) 

Since BCMs are physically different from normal ellipticals, having experienced complex dynam- 

ical processes specific to their location near or at the bottom of the cluster potential well, it is 

indeed not surprising that our poor cluster BCMs do not at all fit the F P  solution for field galaxies, 

while their properties are more or less similar to ellipticals in rich clusters. What is unexpected, 

however, is that the first-ranked member of MS1306, while not falling on the Kormendy relation, 
appears on the bivariate relations relating color to the p,  - re fits. 



Chapter G. The Brig11 tes t Cluster Galaxies 153 

6.4 Stellar Populations and Interstellar Matter 

Besides measuring the shape of the BCMs, we address another important issue of the distributions 

of their stellar populations and metallicity. By comparing the luminosity profiles in different 
filters, we can derive the color and therefore information about the types of stars that contribute 

to the observed luminosity. Such multi-passband surface photometry is also useful in the detection 

of the inter-stellar medium (ISM) including (asymmetrically distributed) dust. Radial color 
distributions provide us with information not only about the stellar properties but also of the 

dynamical history of the system, i.e., whether the galaxy has formed through dissipational collapse 

or has undergone tidal interactions. 

Akin to the color-magnitude relationship of the early-type galaxies in clusters such that rnore 

luminous galaxies are redder (Sandage & Visvanathan 1978, see also Chapter 5), individual 

galaxies are also redder at smaller radii i.e., in their bright central regions and generally bluer at 
larger galactocentric distances. 

There are two scenarios for the origins of color gradients: 

m variation in age of the stellar populations 

m metallicity gradient (Faber 1977). 

Both models reproduce the average color gradient seen in nearby ellipticals, creating an age - 
metallicity degeneracy. But they predict significantly different gradients at redshifts larger than 

-0.3, with the deviation increasing with increasing redshift. Derived by comparing models of the 

origin of color gradients with elliptical galaxies observed in the Hubble Deep Field, and in high-z 

clusters, the currently favored scenario is one in which the color gradients originate not in the age 

vzriations but in the metallicity gradient of the stars (e.g., Tamura et al. 2000, Saglia et al. 2000). . 
-er hand, the combined analysis of metal-sensitive and age-sensitive line indices (i.e., 

Mg2 and H P ,  respectively) indicates a combination of both age arid metallicity variations (e.g., 

Mehlert et al. 2000). Other factors like dust (Goudfrooij & de Jong 1995, Wise & Silva 1996) 

and localized star forming regions can also affect the color gradient. The effect of dust and star 

formation are complementary; dust tends to redden the galaxy whereas young stars lead to its 

blueing. 

6.4.1 Color Gradients 

The comparison of effective radii (derived from the de Vaucouleurs law fits) in different filters 

enables description of large scale trends in the distribution of galaxian color. It also provides a 

way of determining if the BCM shows dust or patchy star-formation, both of which would affect 
the brightness profiles as a function of wavelength. 

Another informative, quantitative expression for the radial change in color of a galaxy is 
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where mxl arid n r x z  represent tlie niagnitudes in tlie two filters. This color cllarige per decade in 

radius is usually well-behaved, can be computed from linear fits to the color profile. A negative 

gradient indicates that the galaxy is reddish outward. 

For tlie brightest cluster rrierrlbers we next construct the radial profiles of the color indices (B - 

V),  (B - R), (V - R) and (R - I) using the derived surface brightness profiles in the individual 

filters. As before, for MS0002 we perform the analysis only in the V and R filters. We then 

determine the logaritlimic color gradient, AClAlogr from linear fits to the colors as a function 

of the logarithm of the radial distance, accounting for errors due to seeing differences in the two 

filters. Unequal seeing may result in spurious color gradients in the innermost (T 5 3 arcsec) 

galaxy regions. We compute the effect of seeing on .the determination of the radial color variation 

using the prescription of Sparks (1988) who studied the effect of unequal seeing disks on the 

measurement of color gradients in r1I4 galaxies. For the outer faint isophotes, the systematics 

of background subtraction are the dominant contributers to the error budget. But since the sky 

subtraction errors are likely to be in the same direction in both filters, the errors in determining 
the color and color gradients in the outer parts of the galaxies are likely to be much less than 

those in the individual profile measurements. We chose, conservatively, to perforni the linear 
fit over the points over the radial ranges free from the strongest seeing effects and where the 

isophotes in the bluer filter fell to 24.5 mag in surface brightness, and not on tlie basis of any 

scale lengths of the galaxies. In these ranges the straight line is visibly a reasonable descriptor of 

the changes in color, though the linear fits are not excellent, with the reduced chi-square values 

being on average 2-5. 

While this analysis works well for the BCMs of MS0002 and MS0301, it provides a somewhat 

incomplete description of MS1306, whose first-ranked member is clearly differentiated into three 

regimes of color changes: the inner-most 10 kpc region (where the color gradients are dominated 

by seeing effects) shows a blueing with radial distance, then there is a region of a few kpc which 

has a negligible color gradient, followed by the large outer regions which are definitely reddening 

with galactocentric distance. 

The characteristic radii of the dominant galaxies of MS0002 and of MS0301 are very similar in 

all the filters; the small variations are quite consistent with seeing differences among the various 

frames. This is an indication that color gradients are largely absent in these galaxies. 

In contrast, for the BCM of MS1306 the scale lengths in the different filters are different, in the 

sense that re,v < re,B < re ,R  < re,l .  This clearly indicates that its profile is most concentrated in 

the V band. (Incidentally, the V-band image has the worst seeing of the lot, with the V FWHM 

nearly 0.3 arcsec broader than those in the other filters.) 

In Table 6.3 we list the color gradients we derive along with the range over which we have 

performed the linear fits. Negative values reflect colors becoming bluer with increasing galacto- 

centric distances. Figure 6.5 presents the color profiles for the BCM sample; tlie ordinates are 
the logarithm of the galactic radius in kiloparsec and the abscissa are the various colors. 

Tlie color profiles, while noisy, become bluer more or less regularly with radius. For MS0002 and 

MS0301, the magnitudes of the color gradient are of tlie order of the errors on the color profile 

due to seeing variations. The color profiles of MS0301 display no strong variation in slope, while 



Chapter G. The Brig11 test Cluster Galaxies 155 

Figure 6.5: Color profiles for the three BCMs. The abcissa is the logarithm of the equivalent 
radius, r = m. The ordinates are the colors (B-V), (V-R), (B-R) and (R-I) in magni- 
t ude~ ,  plotted with triangles, asterisks, squares and diamonds, respectively. The (R-I) profile for 
MS1306 has been shifted by +0.3 mag to ease visual comparison. Error bars correspond to the 
color gradients caused due to seeing differences in the concerned filters, calculated according to 
the prescription of Sparks (1988). Each overplotted line is the best fitting straight line to the 
corresponding color profile. 
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Table 6.3: 
interval of 
the galaxy 

Object 

MS 0002 

MS 0301 

Color gradients of the BCMs given as change in color (in units of rnagnitude) per 
one decade in the logarithm of the semimajor axis. A negative gradient indicates that 
is bluer outward. 

that of MS0002 is somewhat ill-fitted by a straight line, showing several step-like changes along 

the length of the galaxy. 

1 1306 1 i: 1 ![ 1 11-28 1 0.26 f 0.04 1 
-0.05 f 0.01 

0.13 f 0.01 

Filters 

V-R 

B-V 

V-R 

B-R 

R-I 

G97 concluded from their multi-color surface photo~netry of the above galaxies that their color 
gradients were consistent with almost no change in color over the entire galaxian areas, as against 

showing the small gradients we derive. G97 accounted for spurious color differences due to 

erroneous background corrections but did not include seeing corrections. A quick look at their 

Figure 4 shows that even in their data, MS0002 shows the non-smooth variation in colors that 

we report above. 

The ( B  - V) gradients of MS0002 and MS0301 compare well with those derived for rich cluster CD 

galaxies by Schombert (1988) and Mackie et al. (1990), while the ( B  - R) slopes are not different 

from that of the brightest E galaxies in the core of the Virgo cluster (Cohen 1986). Indeed, 

Andreon et al. (1995) have suggested that in a sample of optical and X-ray selected clusters, 

the richness of the environment does not strongly influence the color gradients. We assume that 

small color gradients can be produced by metallicity gradients within old stellar populations, 

particularly since there is no evidence for the presence of dust or non-thermal emission in either 

of the above BCMs. Then we derive metallicity gradients from the (V-R) color changes of = 0.2 

dex per radial decade for the BCMs of MS0002 and MS0301, applying the model of Arimoto & 

Yoshii (1987; AY87) which calculates broad-band color-metallicity correlations. 

Color 

mag 

0.69 

1.01 

0.46 

1.47 

0.88 

Again, an obvious anomaly with regard to both the magnitude and direction of the color gradients 

is MS1306. At intermediate galactocentric distances, in the (V - R) and (R - I) color indices, 
it shows a blueward gradient with decreasing radius, in contrast to the other two BCMs. In 

the central few kiloparsec, and the outermost regions, though, the galaxy once more becomes 
predominantly red, as already stated. The bumps and dips in the gradients are larger than 

Range 

kpc 

14-26 

8-26 

alogr  

mag log(kpc)-l 

0.05 f 0.04 

-0.16 f 0.08 

-0.18 f 0.06 

-0.18 f 0.04 

0.17 f 0.10 

-0.31 f 0.03 
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caused by differences in the seeing half-radii between tlle filters, and are likely to reflect true 

variations in the optical spectral indices of the galaxy. If one considers the arlnulus of blueing, 

it corresponds to the galactocentric distances at .which the ellipticity remains nearly constant 

and where the third- and fourth-order Fourier components of deviations fro111 pure ellipticity are 

significant (see Sec. 6.3.3), implying a possible superposed disk of material. To check 011 possible 

emission-line corltributiorl to the regions close to the center of the brightest galaxy of MS1306, 

we refit the gradients to radii outside of the central 10 arcsec. We find no significant change in 

the behavior of the color gradients, with and tlle inflections in tlle profiles renlaini~lg at about 30 

and 50 kpc. 

It is interesting to compare the BCM of MS1306 with another poor cluster first-ranked galaxy 

which also shows reddening of the outer regions (but is nowhere blueing). The cluster, 1E 
1111.9 - 3754, which is X-ray lumirlous but optically poor, is similar to those in our sample, and 

is at a redshift z = 0.1312. Maccagni et al. (1988) reported multi-band optical surface photometry 

that showed the BCM of this poor cluster as having the structure of a normal elliptical galaxy 
in the main body. But beyond 100 kpc in the R filter and beyond 50-80 kpc in the I band, it 

is surrounded by a very red halo with (R - I) z 1 mag that contributes luminosity in excess 

of the r'/4 law. This BCM is also extremely bright, with its absolute magnitude M" = -25.2 

making it comparable to the rich cluster CD galaxies. Further, it is located at the center of 
the potential well of a cluster whose velocity dispersion (a z 1220 kms-l) is similar to that of 

rich clusters. Maccagni et al. suggested that this giant galaxy must have formed during or even 

before the cluster itself collapsed, going by the color of the envelop. They suggested that the 
halo may contain a large fraction of cool AGB stars, and ruled out contribution fro111 low-mass 

stars which may have had their origins in deposition from a cooling flow. Johnstone & Fabian 

(1989) disagreed with the latter conclusion, and proposed that the extended red halo may well 

be explained by a population of low-mass (M 5 0.2 M @ )  stars. Joy et al. (1995) resolved this 

conflict by showing that near infra-red surface brightness profiles showed no evidence of extended 

halos, arguing against low-mass star accretion. Two other galaxies are known to display such 

large red gradients outwards. Both are CD galaxies of rich clusters (A3284, Molinari et al. 1995; 

and PKS 0745 - 191, Mackie et al. 1990) that harbor massive cooling flows. 

The central galaxy of MS1306 shows no optical emission lines (GL94) and its H a  luminosity 

is less than 6.7 X 1040 ergs-' (Donahue et al. 1992). Then, going by the strong correlation of 

H a  luminosity and the Inass accretion rate determined from X-ray surface brightness data, it 

does not lie in the core of a strong cooling flow, and so is not similar to the BCMs above. Our 

own data unfortunately do not permit unambiguous explanation for the physical cause of the 

red outer regions of this BCM. If the color gradients owe themselves to changes in the ages of 

stellar populations then the center and outermost regions must be older than the intermediate 

regions. If, in contrast, nletallicity gradients within old stellar populations may be implicated, 

then the red regions must be more metal rich than the middle blue one by about 1.35 per decade 
in galactocentric distance, as per the predictions of the chemical enricllment models of AY87. 

It may also be that the radial color distribution is revealing the presence of substructures with 

'~owever,  none of these studies considered the reddening as being driven by either metallicity changes or large 
scale dust distributions. 
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different composite stellar population~ in the galaxy. 

6.4.2 Presence of Dust and Fine Structure 

Many ellipticals exhibit non-symmetric features such as shells (Forbes & Thomson 1992), ripples, 

plumes, etc. (Seitzer & Schweizer 1992). Far from being free of an interstellar medium as 
originally supposed, a majority of luminous ellipticals and first-ranked cluster galaxies contai11 

significant amounts of dust (van Dokkum and Franx 1995, Goudfrooij et al. 1994); and gas whose 

temperature ranges all the way from a few tens to 1 0 6 ~  (e.g., Knapp et al. 1985, Fabbiano et 

al. 1992). Interestingly, the spatial distribution and kinematics of the stars, gas and dust do not 

show strong coupling in these galaxies, pointing to perhaps different origins and evolution in tirne. 

Extending the analysis of color gradients (which are azimuthally-averaged color changes) to mea- 

suring color at every pixel results in a color map of the galaxy. We may use extinction maps 

and color maps to uncover the presence of dust and fine structure. If neither are present, the 
statistics of the color maps should be the same over the galaxy and over the "sky" i.e., the regions 

unoccupied by any detected objects. The color maps highlight high spatial frequency (relative 

to the local length scale of the galaxy) disturbances, if any, which may be identified with regions 

affected by dust or intense star formation depending on whether they are red or blue, respectively. 

We recall here that dust extinction is influenced by viewing geornetry. 

The residual maps, obtained by sutraction of the best-fit model with purely elliptical isophotes 

from the direct image, show no marked features for any of the BCMs in our sample in any of the 

filters. So, there is no indication for significant variation in optical depth over the entire surface of 
the galaxies. As we have mentioned, such an exercise is optimal for galaxies which show obvious 

signatures of the inter-stellar medium or of dust in the direct images themselves. 

Similarly, for the BCMs of MS0002 and MS0301, even the color maps, more sensitive locators of 

inhomogenieties, do not display any features with good signal-to-noise over the sky. It appears, 

then, that the embedded disks implied by the Fourier components of deviations from ellipticity 

are hard to detect as coherent structures. If the disks are face-on, for instance, they could produce 

only weak signals in both the residual and color maps. 

As mentioned before while speaking of the shift in isophotal centers, the BCM of MS1306 shows 

evidence of a dust patch close to its center. In Fig. 6.6, we reproduce part of the (V - R) color 

map, that of the central region of the BCM of MS1306. The darker regions represent the redder 

areas, hence the more extincted regions within the BCM. (Though it would have been better to 

provide (B - R) color map analyses, we chose to use (V - R) since the signal-to-noise is rather 

a lot better.) There is a patch - extending faintly to a ring - of reddening seen in the figure 

as the darkened region covering an oval about 3 arcsec across. Note that the l-pixel wide ring 

feature at the very center is an artefact of seeing differences between the two filters and of the 
unreliability of ellipse fitting within one PSF of the galaxy center. The broader dark region near 

and around it, though, is no artefact, and is presumably dusty and cooler than its surroundirlgs. 

The swathe of extinction happens to be located in the reddened center of the galaxy that also 

shows deviations (particularly in the R-band) from the r114 law. 
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Figure 6.6: Color map that shows the presence of dust in the central few (= 5) kiloparsec of the 
BCM of MS1306. While the thin ring structure is likely to be an artefact of seeing and cessation 
of modeling in the innermost regions of the galaxy, there is no mistaking the region of higher 
extinction surrounding it. 

We compute the reddening within a circular region of radius 3 pixels (or 1.8 arcsec), coinparable 

to the seeing disk. We then compare this with the color differences in closely neigllborirlg areas 

(assumed dust-free) along the same isophote (to avoid the effect of the appreciable radial color 

gradient). We find that (with arbitrary zero-point) the "dust-free" regions around the center 
range in (V - R) from 0.59 to 0.65 mag with individual photornetric errors of about 0.06 rnag, 

and have a mean color of (V - R) = 0.63 and standard deviation of 0.03. The areas occupied by 

dust span a (V - R) range of 0.78 - 0.88, with a meail of 0.84 rnag and pixel-to-pixel rms of 0.04. 

It is well known that the Galactic extinction is correlated with the column density of HI gas 

(e.g., Burstein & Heiles 1982). The relation between the reddening and the column density of 

absorbing gas (which then provides an estimate of the associated gas mass) for our Galaxy is: 

Assuming that tlie gas and dust of tlie BCM of MS1306 obey the Galactic extinction law, the 

selective extinction or color excess of (V - R) = 0.21 mag translates into ( B  - V) of 0.275, using the 

conversion from Cardelli et al. (1989) assunling RV = 3.1. Then, the columzi density of neutral 
gas of is 1.6 X 1021 atomcmU2. This is a lower limit to the gas colunln density if we assurne 

that the extinction is due to the dust in the foreground of the stars. In order to convert the 

selective extinction into gas and dust masses, we need to determine the surface area of extinction, 

and make an assumption regarding the gas-to-dust ratio. Since the optical dust signal is not too 

strong to estimate the full surface area it occupies, and since we do not have an independent 

estimate of total extinction in each filter, we prefer not to extrapolate the column density into 

total gasldust masses. 

An interesting question that arises here is how the dust has survived despite being surrounded 
by hot X-ray emitting plasma of the iritra-cluster medium. Many recent studies have found 

indications for an external origin of dust in ellipticals, since the kinematics of stars and gas and 
dust are decoupled from each other (e.g., van Dokkum & Franx 1995, Bertola et al. 1988). If 

this is true of the BCM of MS1306 as well, then it augurs well for a scenario in which the dust is 

generated from evaporation of cool clouds associated with a gas- and dust-rich dwarf galaxy the 

BCM captured. 
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6.5 Further about Individual Galaxies 

6.5.1 Dwarf Galaxies of MS 1306.7-0121 

The most luminous galaxy of MS1306 displays about eight compact objects in its diffuse outer 

regions. These objects, which FOCAS classifies as "non-stellar", show no symmetry in their 
spatial distribution. The density of objects of similar magnitude over the rest of the CCD frame is 

only one half of what we find over the BCM outer extremities. Table 6.4 presents the photometric 

parameters of some of these objects which we could reliably photometer. The (V - R) colors of 

the majority of them are close to that of the outermost regions of the BCM. 

Table 6.4: Properties of the candidate dwarf galaxies around MS1306. 

RA (52000) Dec (52000) 

13:09:20.7 -1:36:59.3 

13:09:20.4 -1:37:32.7 

13:09:20.0 -1:37:35.9 

13:09:19.9 -1:37:41.8 

13:09:19.6 -1:37:48.5 

What are these objects: globular clusters (GCs) or companion dwarf galaxies? 

In the BCM of Virgo, M87 ( z  = 0.0044), GCs become detectable at  V = 20 mag. Since MS1306 

is twenty times more distant, or 6.4 mag fainter, we should start seeing M87-like GCs only Inore 

than five magnitudes above where we do detect them. Are these objects then GCs a hundred 

times more luminous than their cousins in M871 That is quite unlikely. For instance, Bridges 

and Hanes (1994) discovered a GC system around another poor cluster BCM (that of MKW 4 

at z = 0.02) and concluded that its luminosity function is similar to that of the GCs around the 

Virgo giant ellipticals scaled appropriately in distance. Furthermore, GC spatial distributiori is 

usually centrally concentrated. 

V mag 

21.9040 

21.6180 

21.0860 

22.4140 

21.5650 

So, by the process of elimination, we shall conclude that the compact objects around the most 

luminous member of MS1306 are likely to be dwarf galaxies. Additionally, the sizes of the faint 
objects ring more true if they are dwarf companions than if they are GCs. Let us proceed 

assuming they are physically associated with the bright central galaxy. From this arises an 

interesting question regarding their origin: have they been created from mass transfer during 

gas-rich interactions/mergers in which the galaxy was involved (as in the case of the 'Antennae 

galaxies')? Perhaps they are seen in the outer halo of the BCM rather than in the main body as 

a result of outer regions being most strongly affected by tides. What are the prospects of these 
dwarfs? Will they be cannibalized by the dominant galaxy creating a CD halo to it? We need 

deeper images with better seeing to respond to these questions. 

(V-R) mag 

0.98 

0.72 

1.02 

1.87 

0.44 
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6.5.2 The VSSS in M S  0735.6+7421 

The brightest cluster galaxies, due to their location at the dynamical center of their host cluster, 

receive tlle tidal debris from galaxy interactions as well as the deposit (10-100 M@ per year) 

due to any cooling flow. Even a srnall fraction of this accreted matter could be enougll to fuel 

nuclear activity in the BCMs, which then appear as powerful radio sources. The hot, diffuse 

ICM could confine the radio plasma (jets and lobes) ejected by their central engines. If the 

ICM confines the radio ejecta for sufficiently long periods (a few 10' years), radiative losses by 

synchrotron and inverse-Compton effect would preferentially remove the higher-energy photons 

of the radio eniission, and greatly steepen the radio spectrum.2 Such very steep spectruni sources 

(VSSS) would then be "relic" radio objects, where the central engines have long since ceased their 

activity, leaving the lobes to age by radiative losses. Interestingly, the steepest spectrum radio 

sources (with a < -1.3) are rare, typically comprising only 0.5% of a corriplete low frequency 

sample. A large fraction of these can be identified with very high-redshift galaxies (e.g., de Breuck 

et al. 2000) or (for cr < -1.6) ~ a l a c t i c  pulsars. X-ray emitting VSSS are almost always associated 

with galaxy clusters. Evidently then, low-z cluster VSSS are among tlie rarest phenomena. 

The BCM of the cluster MS0735 in our sample hosts one such VSSS. Slingo (1974) first associated 

a steep-spectrurn radio source, 4C +74.13, from the Fourth Cambridge Catalog of radio sources 

with the CD galaxy of the Zwicky cluster Zw 0735.7+7421. This particular cluster is in tlle EMSS 

catalog of GL94 bearing the name MS 0735.6+7421. The cluster is one of the rriost lunlinous 

EMSS sources, with 0.2-2.5 keV lumillosity L, = 6.1 X 1 0 ~ ~ e r ~  S-' and gas temperature of T, w 2.4 

keV (significantly lower than expected from tlie empirical correlation between L, and T, (e.g. 

Edge & Stewart 1991). The evidence points to tile cluster containing a cooling flow with a mass 

deposition rate of w 1 2 5 ~ ~ ~ r - '  (Donahue & Stocke 1995). The BCM has strong, extended 

H a  emission as well as low-ionization emission lines with [OII]X3727 > [OIII]X5007 emission 

(Donahue, Stocke & Gioia 1992), all attesting to the presence of a cooling flow. 

We collate fluxes at  various radio frequencies and compute the two-point spectral indices cr(vl, v2) 

over a frequency range of several decades. We also estimate the rest-frame radio luminosity (at 

the observed frequency) using the formula given in Weedman (1981). We list these in Table 6.5. 

Radio maps of 4C +74.13 from the Westerbork Northern Sky Survey (WENSS; Rengelink et 

al. 1997) at  a wavelength of 92 cm (327 MHz) and from the NRAOIVLA Sky Survey (NVSS; 

Condon et al. 1998) at  20 cm (1.4 GHz) show quite different morphologies. The angular resolutions 

of the two surveys are slightly different, though; 45 arcsec for NVSS images and about 10 arcsec 

worse for WENSS. We depict the WENSS and NVSS radio contours over our optical image in 

Fig. 6.7. While the low frequency radio morphology of this VSSS is distinctly double (i.e., two 

components arranged in a "peanut" form), the NVSS appearance is not, showing a barely resolved 

single component. 

 he two-point spectral index between two frequencies (vl ,  v2) is a = l o g , , ( ~ ) / l o g , , ( ~ )  where s l  and s2 are 
the flux densities at the respective frequencies. 
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Table 6.5: Radio fluxes and spectral indices of the very steep spectrum source 4C +74.13. 

Frequency 

MHz 

38 

151 

232 

325 

1400 

5000 

6.6 Discussion 

According to theories of structure formation, luminous galaxies are built up within dark rnatter 

halos in a hierarchical fashion, with small galaxies forming first, and merging into progressively 

more massive objects. While the details of the structure formation processes and merging liistory 

of the dark matter depend on the assumed cosmology, there is no contention on the basic premise 

of merging and hierarchical structure formation. In poor clusters, the low crossing time and 

reasonably high galaxy densities dictate that galaxy-galaxy and galaxy-cluster interactions alter 

both the structure and stellar content of the member galaxies, and tidal interactions could disrupt 

entire galaxies. Complementarily, such a cluster environment is also home to the most massive 

arid luminous galaxies in the universe. The tenuous but all pervasive hot intra-cluster gas could 

also alter the star-formation properties of the galaxies. 

Flux 

JY 
45.80 

3.61 

1.5 

0.827 

0.0227 

0.0023 

All the BCMs in our sample reside in regions of very high galaxy density within their host clusters 

(section 5.3). The increasing ellipticities of their outermost regions could indicate that the BCMs 

are dynamically coupled to the elongated host clusters. Their rough alignment with the cluster 

X-ray emission and long axis of the galaxy distribution support conjectures that they respond to 

their local large-scale structure. these first-ranked galaxies have total luminosities (Mv X -24) 

similar to those of the cD/D galaxies that dominate the AWM/MKW poor clusters (TR81), 

which in turn are comparable to total luminosities of CD galaxies - excluding the envelops - in 

rich clusters. 

If these BCMs are stationed at  the bottom of the host cluster potential well, a natural scenario 
for their formation and present special status necessarily invokes galaxy interactions and mergers. 

While the density of low-luminosity (fainter than M*) galaxes in the cores of poor clusters are 
nearly as high as that of their rich counterparts, their velocity dispersions are likely to be lower. 

So, poor clusters may foster higher merger rates than their rich counterparts, which results in 

Spectral Index 

-1.84 

-2.05 

-1.77 

-2.46 

-1.8 

Luminosity 

logP W S-' 

28.08 

27.99 

26.58 

26.39 

24.77 

22.93 

Reference 

Hales et al. (1995) 

Hales et al. (1991) 

Zhang et al. (1997) 

Rengelink et al. (1997) 

Condon et al. (1998) 

GL94 
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Figure 6.7: The radio maps of 4C +74.13 at 327 MHz (left) and 1.4 GHz overplotted on the 
optical image. 

extremely large and massive galaxies. The abundance of nearby neighbors and dwarf galaxies in 

the closest environs of the BCMs indicate that gravitational encounters would continue throughout 

the lifetime of the central galaxy. The BCMs could cannibalize some of tlie smaller cornpanions 

whose coalescence would further puff them up. 

Evidence exists for these, for instance, in the color variations of the lurnirious BCM of MS1306, 

its tidal bridge with its northern (much smaller) neighbor and its rumpled appearance, and in the 

multiple nuclei of the CD of MS0735. Computer simulations show that tidal bridges are fragile 

and are destroyed when the galaxies come back together for repeated encounter, implying that 

the BCM of MS1306 is currently undergoing violent phenomena and the bridge may therefore 

usefully probe the form of the interaction. Galaxy interactions are likely to significantly affect tlie 

star formation or AGN activity in the galaxy central regions. We see that the BCM of MS0301 is 

too blue for its structural parameters, while that of MS1306 has a blue annulus and red envelop. 

Using radio continuum data from the 5 GHz survey of GL94, we calculate that our BCMs are 

moderate radio sources, with log P (5 GHz) between 22.5 and 23 W HZ-l. Is the radio emission 

due to AGN or stellar contributions? Batuski et al. (1992) established that the starburst rriodel 

is the best descriptor of the radio emission from interacting galaxies in poor clusters, but the 

"central monster" (AGN) model could be applied in a few cases. Further, the finding of a very 

steep-spectrum radio source iri MS0735 indicates that the probability of a cluster containing such 

a source is unlikely to depend on cluster richness. The lack of strong absorption features in the 

residual color images indicates that there are no major dust lanes, or, if the galaxies are not really 
dust-free, then the dust is s~noothly distributed. 

The three BCMs studied through surface photometry have luminosity profiles well characterized 

by the de Vaucouleurs law for elliptical galaxies. This is in conformity with violent relaxation 

coming into play following major merger events. However, low-level deviations from purely ellip- 
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tical isophotes are ubiquitous, indicative in particular of weak ernbedded stellar disks. Further, 

the galaxies follow the equivalent Fundamental Plane relations for rich cluster ellipticals. Two of 

the three galaxies have de Vaucouleurs parameters at the very high end of the normal elliptical 

galaxies sequence; in the field, there are virtually no galaxies with such large effective radii as our 

BCMs. It may have been mergers of equal-mass galaxies that resulted in objects of such large 

dimensions. The various analyses indicate the occurrence of recent interactions and rnergers of 

the BCMs with their neighbors but also signify that the galaxies are in equilibrium for the rrlost 

part due to the last major merger having occurred at high-redshifts. 

Though the mean surface brightness are as bright or brighter than that of CD galaxies in rich 

clusters, our BCMs lack an extended halo and are hence unlikely to be genuine CD galaxies. Now, 

the amount of tidal stripping of galaxies in poor clusters is smaller compared to that in rich 

agglomerations, due to the shallower potential well. This probably is the cause of the missing 

extended envelops despite the CD-like luminosities of the BCMs (Thuan & Romanishin 1981). 

The N-body sirnulations of Dubinski (1998) are particularly interesting to us since the galaxy 

system of his simulations can be classified as a poor cluster in terms of its galaxy population 

and velocity dispersion. Dubinski's suite of N-Body simulations posits rapid galaxy merging 

building up the bulk of the BCM luminosity during the initial collapse of the cluster along a 

filament. Strong cluster tidal fields strip stars from member galaxies and could account for the 

extended, very low surface brightness envelop of the nascent CD galaxy. The final product is a 

massive central galaxy with a flattened surface brightness profile and velocity dispersion similar to 

observed BCMs. The long axis of the intrinsically triaxial BCM aligns itself with the primordial 

filament and with the long axis of the cluster galaxy distribution, agreeing with observed trends 

for galaxy cluster alignment.3 The BCM continues, over its lifetime, to accrete satellites and 

nearby dwarf galaxies through dynamical friction; the small galaxies do not contribute much 

extra mass, but distend the CD halo further. Such mergers of gas-rich protogalactic units can 

feed a central black hole and activate the dominant cluster galaxy into a powerful radio source 

(West 1994). In the centers of cooling flows clusters, such radio sources may turn out to have 

very steep spectral indices, as is the case in MS0735. 

Since the stellar population gradients are not very strong, in general, the brightness distributions 

are a pointer to the visible mass distribution of the galaxies. Extraordinary galaxies such as 

the X-ray overluminous elliptical galaxies (Vikhlinin et al. 1999) and ultra-luminous infra-red 
galaxies (Sanders & Mirabel 1996) appear to be luminous ellipticals in formation. There are 

indications that some of these reside in galaxy groups. Further, the luminosity of the brightest 

galaxy, in its priviliged location at the poor cluster center, is correlated with the entire cluster 

X-ray emission (Yamagata & Maehara 1986). It would therefore be of great interest to observe a 

full sample of poor cluster BCMs at various redshifts and connect their origin and evolution with 

their environment as also with the cluster luminosity function. 

3~ubinski's work does not explicitly include contributions from a cooling flow in the cluster. 
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Conclusions 
What the caterpillar calls the end of the world, the Master calls the butterfly. 

- Richard Bach, "Illusions: The Adventures of a Reluctant Messiah" 

The motivation for this work comes from the observed variations in properties of galaxies such as 

morphological fractions, star formation, etc., in different environments. The variations rnay have 

been set ab anitio, and/or may arise due to the different relative impact of processes such as galaxy 

interactions and mergers, ram-pressure stripping or gas infall in the different environments. This 

is the so-called "nature vs. nurture" debate about galaxy properties. In this thesis, we examine . 
the photometric properties and evolution of galaxies in poor clusters, and how compare with - 
their counterparts in isolation or in richer, denser neighborhoods. %c_ 

S In the literature there are many definition of poor clusters; this class of galaxy systerrls spans 

the entire gamut of galaxy populations from triplets, through quintets, through systems like the 

Local Group, upto (and including) the threshold of rich clusters. Our working definition of a 

poor cluster is that its bright galaxy population within the central 0.5 Mpc must number > 5 - 
but 5 the Abell (1958) richness 0 criterion of between 30 and 49 galaxies within two nlagnitudes 

L .-- 
of the third brightest cluster membey. - 

7.1 Recapitulation of our Results 

We study four poor clusters of galaxies selected as luminous X-ray sources (Lx 2 3 X 1 0 ~ ~ e r g  S-') 

< a t  moderate redshifts (0.08' < z < 0.22). The objects, from the Einstein Medium Sensitiv- 

ity Survey cluster catalog of Gioia & Luppino (1994) are: MS 0002.8+1556, MS 0301.7+1516, 

MS 0735.6+7421 and MS 1306.7-0121. w t i c a l  CCD ima~es  of these clus- 

ters (complete to V x 21 mag) using the 2.3-m Vainu Bappu Telescope operated by the Indian - 
Institute of Astrophysics. We performed aperture photometry of the galaxies in the lines-of-sight 

to the cluster and placed it on the Johnson-Cousins standard. 

How do star-formation properties of galaxies in poor clusters compare with those in the field and 

rich clusters? In C h a w r  4: we study the colors (and, by inference, star-formation properties) 

of the poor cluster galaxies. The early-type galaxies in the EMSS poor clusters follow a well- 

defined color-magnitude relation (CMR). We have found that the slope and scatter of the CMR 
r . b W & L a .  - 

arly-type galaxie~~are rou61lly consistent with each other, and with the CMR of the Virgo * 
-rlv redsliifted. We used the good defi~litiorl and tightness of the CMR to cull cluster 

r 
L L ~ e q u e ~ l ~ e "  members from the set of all the galaxies in each of the clusters. The fraction of "blue" 

objects - bluer than predicted by the CMR - is similar to those of low redshift richness 0 clusters, 
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which are themselves higher than those of rich clusters at similar redsliifts. This reflects the red 

colors of the majority of disk galaxies, and the lack of very recent mergers. 

What is the ~norphology of the poor clusters? What can we infer about their dynaniical states? 

1x1 Chapter 5 we present analyses related to the morphology of the four EMSS poor clusters. We 
_C 

study the cluster morphology at  various levels: qualitatively by visual assessrnerlt and through a ... 
sirilple comparison ot G t i c a l  image with the contours of X-ray emission; and in a quantitative 

m -'the distribution. We find, not surprisingly, that the core - 
and halo sizes for our poor clusters are typically one third and one quarter of the correponding 

sizes for Abell clusters (Hickson 1977). Their concentration factor is smaller than the average for 

Abell clusters. The poor cluster morphologies (which we study in Chapter 5) are irregular and 

show some substructure, suggesting they are relatively unevolved. However, the dynamical youth 

of the cluster does not seem to rule out galaxy segregation by luminosity (for which the evidence 

is marginally significant). Further, luminosity segregation responds marginally more strongly to 

cluster-centric distance rather than to local environment, suggesting that its dominant driver is 

the global (dynamic) potential of the cluster. As for morphological segregation, the evidence is 

subtle arid not very tractable to our analysis. 

We .- examine the cluster richness and galaxian distribution in luminosity, i.e., lurrii~losity function 
(LF) in Chapter 3. To test whether the galaxy LF is "universal", i.e., independent of environ- 

ment, (i) we compare the uribinned galaxy LFs created usi~ig galaxies belorlgirlg to the cluster 

color-rnagnitude "sequence" of the individual EMSS poor clusters among themselves and with a 

composite LF derived from the addition of the individual LFs, and (ii) perform fits of the binned 

weighted composite LFs in the B, V and R bands to the Schechter (1976) function and compare 

the Schechter parameters with the LFs of field and rich-cluster galaxies. 111 all these comparisons, 

we exclude the brightest cluster members which are thought to have "special", i.e., non-statistical 

origins. Non-parametric statistical tests show that the sequence galaxy LFs of the individual poor 

clusters are not significarltly different from each other to about Mv = -18, though there exist 

a few detailed variations especially at the brightest end. Schechter function fits to the binn5d 

composite LFs do not permit emphatic conclusions due to poor number statistics and lack of 
. . 

direct-membership information. However, there are clear indications that the faint-end of the 
L - 
coninosite LFs are alike (a R -1) in the different colors. and are similar to those of other poor - r 

ga-~ poor cluster LF is s t e m  that of fieu galaxies (Lin et al. 1996) 
/ 

but not so steep- as in either poor groups (Zabludoff & Mulchaey 2000) or ler clusters (e.g., - 4 

Lugger 1986, Colless 1989). 

All the poor clusters we study contain a dominantly bright galaxy close to the centroid of their . . 

X-ray emission. The luminosity difference between the hrst- and second-ranked galaxies rang<s 
/ 

from 0.4 to 1.3 mag. The profiles of these brightest cluster members (BCMs) are well-described 

by the de Vaucouleurs r1i4 law; the exception is the BCM of the z = 0.2 cooling-flow clus- 
ter, MS 0735.6+7421, which is a CD galaxy (and hosts the very steep spectrum radio source 

4C f74.13). There is relatively little support for any recent episode of star formation in these 
alaxies. However, the BCM of MS 1308.7-0121 shows clear evidence of interactions with one h its smaller neighhors and has a color gradient reddening outwards, contrary to that 

observed in most other cluster dominant members (e.g., Mackie 1993). For the two clusters 
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with L x  > 10" erg S-', the optical long axis of tlie BCM is aligned to within 10" of the X- 

ray elongation. This behavior is seen in the doniinarit galaxies of other poor clusters (Fuller, 

West, & Bridges 1999), rich clusters (Rliee, van Haarlem, & Katgert 1992) as well as poor groups 

(Mulchaey & Zabludoff 1998). The surface-brightness profile, colors arid color gradients of the 

BCMs, and their alignnient with the isocontours of X-ray emission are consistent with a scenario 

in which the BCM forrns by rapid mergers along a filament during the epoch of cluster formation 

(e.g., Dubinski 1998). 

In summary, the poor clusters are of Abell richness class r < l: exhibit central densities coni- 
c d 

parable to those of ricli clusters and have widely different X-ray luniinosities of the ricli cluster 

range. It is most likely that galaxy-galaxy and galaxy-cluster relaxation processes are on-going -- 
in these dynamically complex environments that host both evolved and star-forming galaxies. If 

such galaxy interactions lead to starbursts, they might be part coritributors to the blue galaxy 

fractions in poor clusters being higher than in the richer systems. Multiple mergers early in tlie 

history of the clusters could have been the origin of the brightest galaxies of tlie EMSS poor 

clusters that have enlarged core radii and lower surface brightnesses compared to their counter- 

parts in rich clusters. In terms of the statistical properties of their galaxies, poor cluster therefore 

appear to be extensions of their rich counterparts to lower masses and lower or comparable X-ray 

luminosities. 

7.2 Future Investigations 

The important thing is not to stop questioning. 

- A. Einstein 

Far from -being in splerldid isolation from each other, galaxies interact amorig themselves and 
with their surroundings. Galaxies are most likely products of both nature arid nurture. Thus, to 

understand the physical properties and the formation and evolution of galaxies, we have to take 

into account the interplay between galaxies and their environments. But despite much effort, 

even elementary questions about the influence of "nature" versus "nurture" regarding galaxies 

remain puzzling. Among the simple topics which are yet to throw up straight-forward answers 

are: (i) the mutual exchange of matter arid energy between the components of galaxy aggregates 

- member galaxies the intra-cluster medium, and dark matter - which influences the properties 

and evolution of tlie whole system, (ii) the evolution of statistical properties of galaxy systenis 

with redsliift which has cosrnological significance, and (iii) how small systerns such as galaxy 

groups and poor clusters fit into the picture of large-scale structure. 

The issue of "nature vs. nurture" lias beconie one not of "either-or" but of "how rnucli of eacli arid 

when". Disentangling the effects of birth and subsequerit evolutiori is made more cliallenging by 

the conspiracy of the very different influences leading to similar outconies on observable galaxian 

properties. Along with theoretical work, further observations are required to clarify these issues. 

We should extend our current work to a much larger sarnple of poor clusters to characterize 

the optical, radio, and X-ray properties and evolution of poor systems of galaxies at moderate 

redshifts. Recent X-ray catalogs (e.g., Vikhlinin et al. 1998), which are large, complete and have 
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reasonably secure optical cross-identification, would allow creation of a statistically co~riplete 

sample of poor clusters over a wide range of redshifts. Large datasets offer possibilities to better 

determine the galaxy lurninosity functions (LFs) in a liornogeneous way. Optical multi-color 
irnaging data that are deep and cover a wide-field across the clusters would help push L F  studies 

to faint regimes over the whole of the cluster extent. These would improve on LF studies even in 

the recent literature that appear fragmentary and often contradictory. 

Acquiring deep spectroscopic data for the galaxies in the field of the poor clusters. These would 

provide me~nbersliip information for the galaxies in the field of view, their spectroscopic types, 

i.e., whether they are emission-line galaxies or not. Many studies of environmental variations in 

galaxy morphology, lurninosity functions, etc., make a case for in-depth exploration of galaxies 

separated into quiescent arid actively star-forming. Detailed strengths of Balrner and metal ab- 

sorption lines as functions of galaxy Hubble type and redshift help constrain the star-formation 

and morphological histories of the cluster populations. Spectroscopy would be essential in deter- 

mining the internal kinematics of the clusters to characterize cluster substructure, and segregation 
by galaxy morphology, evolutionary state or velocity dispersion. 

Larger samples of poor clusters, and detailed studies of their brightest cluster members could also 

yield answers about the way in which structure formed and grew in the Universe, and facilitate a 

number of other projects. If special mechanisms at  the epoch of cluster formation create the BCM, 

and result in its alignment effects, then later processes in its dynamical evolution such as galactic 

cannibalism or cluster tidal fields should not affect it much. Here, it would be very productive to 

study the dwarf population that is closely associated with these brightest galaxies so as to derive 

the system masses, to map the outer potential wells of the latter, and to examine the objects in 

the context of heirarchical clustering and galaxy formation scenarios. It would also be irnyortant 

to check how the contrast of the brightest cluster galaxies with the second-ranked cluster galaxy 

affects the bright end of the LF. A small fraction of CD galaxies (including that of the poor cluster 

MS0735.6+7421 i11 our sample) host very steep spectrum radio sources (VSSS), especially if they 

reside at the centers of cooling flows. The fuelling of such highly luminous central radio sources is 

still a matter of debate. The role of dynamical activity in the larger cluster environs in creating 

the VSSS, and the reciprocal effect of the VSSS on the intracluster rnediurn surrounding them are 

subjects of great interest. Radio observations would help map the cluster magnetic fields (e.g., 

using arguments of equipartition of energy between the radio-emitting plasma and the pressure 

of the ICM), and corona1 lines in the optical spectra would provide estimates of the fraction of 

the cooling flow collected by the giant central galaxy. 

The X-ray study of these systems is an obvious vehicle to revealing the processes that prevail 

in the material between the galaxies. Questions to be answered include: is the intracluster gas 

Y in hydrostatic equilibrium; what fraction of the high-energy emission has contribution due to 

discrete sources; how much of the plasma is pre-heated, etc. 

It seems fair to say that only multi-frequency observations from the radio to the high-energy 

regime can provide insight into poor clusters which are among the most common environments 
for galaxies. 
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Appendix A 

Catalog of Galaxies 
Here we provide the photometric catalog of galax- 
ies in the line-of-sight to the poor clusters. The 
columris are the position (right ascension and 
declination in 52000.0 co-ordinates), V magni- 
tude, (B - V),  ( V  - R) and (R - I) colors in 
11 arcsec apertures, corrected for Galactic ex- 
tinction. 

Galaxies in the field o f  
RA (2000) Dec (2000) 
0: 5: 2.6 16:14:58 
0: 5: 2.9 16:15:24 
0: 5: 3.0 16:14:34 
0: 5: 3.3 16: 9:41 
0: 5: 3.3 16:13:24 
0: 5: 3.3 16:17:17 
0: 5: 3.4 16:14:42 
0: 5: 3.4 16:14:50 
0: 5: 3.7 16: 9:22 
0: 5: 4.7 16:16:15 
0: 5: 4.8 16:10:55 
0: 5: 5.2 16: 9:26 
0: 5: 5.2 16:15:29 
0: 5: 5.4 16:10:58 
0: 5: 5.6 16:12:25 
0: 5: 5.7 16:10:42 
0: 5: 5.7 16:11:23 
0: 5: 5.7 16:11:42 
0: 5: 5.7 16:15:55 
0: 5: 6.0 16:16:40 
0: 5: 6.2 16:10:44 
0: 5: 6.2 16:14:25 
0: 5: 6.2 16:15: 0 
0: 5: 6.3 16: 9:lO 
0: 5: 6.6 16:11:35 
0: 5: 6.6 16:12:20 
0: 5: 6.6 16:15:42 
0: 5: 7.2 16:15:42 
0: 5: 7.4 16: 8:30 
0: 5: 7.4 16:14:10 
0: 5: 7.5 16:15:36 
0: 5: 8.2 16:11:41 
0: 5: 8.4 16:14: 9 
0: 5: 8.5 16:11:55 
0: 5: 8.5 16:12:33 
0: 5: 8.7 16:14:30 
0: 5: 8.7 16:15:43 
0: 5: 8.7 16:16: 5 
0: 5: 9.2 16: 8:41 
0: 5: 9.7 16: 8:53 
0: 5: 9.9 16: 8:58 
0: 5: 9.9 1 6 : l l : l  
0: 5: 9.9 16:16:57 
0: 5:lO.O 1 313 
0: 5:lO.l 16: 8: 0 
0: 5:lO.l 16:13:35 
0: 5:10.2 16: 8:33 
0: 5:10.2 16:13:25 
0: 5:10.2 16:16:53 
0: 5:10.2 16:17:43 
0: 5:10.4 16:14:40 

0:5:10.5 16:13:48 
0: 5:10.7 16:14: 3 
0: 5:10.7 16:16:11 
0: 5:10.8 16:10:36 
0: 5:10.8 16:11:56 
0: 5:lO.g 16:17: 4 
0 5 : l . l  16: 8:45 
0 5:ll . l  16:17:21 
0: 5:11.4 16:11:16 
0: 5:11.6 16:16:30 
0: 5:11.7 16: 8:40 
0: 5:11.7 16:17: 8 
0: 5:ll.g 16:15:36 
0: 5:12.4 16: 9:32 
0: 5:12.6 16: 8: 3 
0: 5:12.6 16:13:48 
0: 5:12.7 16: 9:12 
0:5:12.7 16:16:49 
0: 5:12.8 16: 9: 7 
0: 5:13.1 16:ll: 9 
0: 5:13.3 16:15:48 
0: 5:13.7 16:14:29 
0: 5:13.7 16:15:14 
0:5:14.0 1 6 : 9 : 1  
0: 5:14.1 16:12: 3 
0: 5:14.1 16:13: 8 
0: 5:14.3 16:17: 5 
0: 5:14.4 16: 9:41 
0: 5:14.5 16:14:45 
0: 5:14.6 16:12:54 
0: 5:14.6 16:13: 3 
0: 5:14.8 16:17:38 
0: 5:14.9 16:13: 0 
0: 5:15.1 16:16:24 
0: 5:15.3 16:10:30 
0: 5:15.4 16:14: 0 
0: 5:15.4 16:14:14 
0: 5:15.5 16:14:41 
0: 5:15.6 16: 8: 1 
0: 5:15.6 16:13:44 
0: 5:15.9 16:16:17 
0: 5:16.1 16:13: 9 
0: 5:16.2 16:11:23 
0: 5:16.2 16:15:51 
0: 5:16.5 16: 9: 7 
0: 5:16.5 16:12:27 
0: 5:16.6 16:15: 4 
0: 5:16.7 16: 9:17 
0: 5:16.7 16:10:33 
0: 5:16.8 16:17:18 
0: 5:16.9 16:15:35 
0: 5:17.1 16:10:16 
0: 5:17.1 16:14:27 
0: 5:17.2 16:10:31 
0: 5:17.4 16: 8:50 
0: 5:17.4 16:11:11 
0: 5:17.4 16:13:42 
0: 5:17.5 16:12: 6 
0: 5:17.7 16:14:35 
0: 5:17.8 16:13:46 
0: 5:17.8 16:14:45 

MS0002 
V B-V V-R R-I 

19.51 - 0.43 - 

21.67 - -0.11 - 

21.76 - 0.53 - 

21.75 - 0.68 - 
21.59 - 0.93 - 
21.37 - 0.08 - 
20.14 - 0.56 - 

18.73 - 0.56 - 
20.64 - 0.67 - 

20.70 - 0.37 - 

22.34 - 0.26 - 
22.66 - 0.54 - 

21.51 - 0.46 - 

22.28 - 1.59 - 
19.62 - 0.84 - 
19.38 - 0.62 - 
22.95 - 1.04 - 
22.65 - 0.74 - 
21.53 - 0.39 - 
20.25 - 0.43 - 
22.85 - 1.48 - 

21.59 - 0.87 - 
20.63 - 0.62 - 

21.89 - 0.39 - 
24.16 - 1.04 - 
21.24 - 1.13 - 

20.25 - 0.41 - 

20.82 - 0.40 - 
21.50 - 1.03 - 
21.36 - 0.89 - 
22.17 - 0.78 - 

24.82 - 2.97 - 

21.87 - 1.07 - 

24.46 - 2.84 - 

18.61 - 0.68 - 
20.08 - 0.64 - 
22.45 - 0.87 - 
21.73 - 0.73 - 

19.26 - 0.54 - 
22.32 - 0.54 - 
23.29 - 1.30 - 
21.87 - 0.94 - 
20.52 - 0.44 - 
19.11 - 0.59 - 

22.66 - 0.65 - 

23.11 - 1.72 - 
28.01 - - - 
21.16 - 0.90 - 

21.63 - 0.65 - 

20.70 - -0.30 - 

23.02 - 1.16 - 
continued , 

21.79 - 1.26 - 

22.24 - 0.92 - 
21.81 - 0.63 - 
19.84 - 0.61 - 

22.25 - 0.52 - 

20.34 - 0.55 - 

21.23 - 0.71 - 

21.20 - 0.21 - 

19.26 - 0.42 - 
20.40 - 0.31 - 

21.39 - 0.66 - 

21.21 - 0.40 - 

20.45 - 0.39 - 

22.58 - 0.70 - 

22.23 - -0.66 - 
21.06 - 1.55 - 

18.86 ' - 0.65 - 

21.09 - 0.59 - 
18.19 - 0.39 - 

20.98 - 0.48 - 
22.23 - 0.66 - 

20.30 - 0.64 - 
22.53 - 1.09 - 

22.11 - 0.19 - 

23.73 - 2.19 - 
22.16 - 1.28 - 
20.64 - 0.45 - 
21.61 - 0.55 - 

21.87 - 0.67 - 

20.48 - 0.65 - 
19.54 - 0.69 - 
20.82 - 0.56 - 
19.63 - 0.62 - 
20.41 - 0.54 - 
22.88 - 1.28 - 
23.25 - 2.20 - 

22.72 - 0.64 - 

22.87 - 0.97 - 
21.42 - 0.23 - 
19.91 - 0.62 - 
18.43 - 0.60 - 

23.16 - 1.29 - 

19.60 - 0.47 - 
21.90 - 0.42 - 
23.14 - -0.46 - 
25.72 - 2.99 - 
21.64 - 0.70 - 
21.17 - 0.45 - 
22.05 - 0.28 - 

20.70 - 0.36 - 
22.28 - 0.42 - 

21.81 - 0.51 - 
24.23 - 1.46 - 

21.15 - 0.47 - 

22.66 - -0.22 - 
22.04 - 0.36 - 
21.82 - 1.55 - 
22.51 - 0.83 - 

18.17 - 0.71 - 
20.94 - 0.73 - 
18.47 - 0.67 - 

continued 
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r 1 

0: 5:17.8 16:15:26 
0: 5:18.1 16: 8:20 
0: 5:18.1 16:10:42 
0: 5:18.2 16:13: 2 
0: 5:18.2 16:15: 2 
0: 5:18.3 16:13:30 
0: 5:18.3 16:16:30 
0: 5:18.4 16:lO: 7 
0: 5:18.4 16:12:56 
0: 5:18.5 16:11:25 
0: 5:18.5 16:12:20 
0:5:18.5 16:12:43 
0:5:18.8 16:16:20 
0: 5:18.9 16: 9: 5 
0: 5:lg.O 16:13:54 
0: 5:19.2 16:10:29 
0: 5:lg.G 16:12: 2 
0: 5:20.0 16: 9:56 
0: 5:20.1 16:17:43 
0: 5:20.2 16: 8:25 
0: 5:20.5 16: 9: 1 
0: 5:20.5 16:11:22 
0: 5:20.5 16:14:30 
0: 5:20.8 16: 9:15 
0: 5:20.8 16: 9:33 
0: 5:20.8 16:17:14 
0: 5:20.9 16: 9: 1 
0:5:20.9 16:12:29 
0: 5:21.0 16:12: 7 
0: 5:21.1 16:14:37 
0: 5:21.2 16:10:20 
0: 5:21.2 16:15:38 
0: 5:21.4 16:ll: 6 
0: 5:21.7 16: 9: 2 
0: 5:21.9 16:13:18 
0: 5:22.0 16:13:10 
0: 5:22.1 16:14:11 
0: 5:22.3 16:10:45 
0: 5:22.7 16:17: 9 
0: 5:22.8 16:12:59 
0: 5:22.8 16:16:55 
0: 5:23.0 16:11:56 
0: 5:23.1 16:lO:lO 
0: 5:23.1 16:10:25 
0: 5:23.1 16:17: 6 
0: 5:23.2 16:11:42 
0: 5:23.4 16:12:49 
0: 5:23.4 16:16:31 
0: 5:23.4 16:16:35 
0: 5:23.8 16:11:47 
0:5:23.9 16:15:13 
0: 5:24.0 16:10:44 
0: 5:24.0 16:13: 9 
0: 5:24.0 16:13:18 
0: 5:24.1 16:ll:lO 
0: 5:24.1 16:12:11 
0: 5:24.1 16:15:19 
0: 5:24.2 16:1:19 
0: 5:24.5 16:14:16 
0: 5:25.0 16: 8:13 
0: 5:25.0 16: 9: 2 
0: 5:25.0 16:13:28 
0: 5:25.0 16:14:40 
0: 5:25.4 16:13:46 
0: 5:25.5 16:11:11 
0: 5:25.5 16:15:13 
0: 5:25.6 16: 9:51 
0: 5:25.6 I6:13:29 
0: 5:25.6 16:14:27 

21.53 - 1.02 - 

21.09 - 0.50 - 
19.95 - 0.39 - 

21.68 - 0.79 - 

22.45 - 0.54 - 

20.31 - 0.70 - 

19.79 - 0.57 - 
20.69 - 0.51 - 

23.71 - 1.49 - 

21.74 - 0.62 - 

24.16 - 1.91 - 

24.50 - 2.23 - 

21.25 - 0.80 - 

19.12 - 0.56 - 

23.57 - 1.65 - 

18.97 - 0.25 - 
22.80 - 0.79 - 
20.23 - 0.77 - 

20.59 - 0.35 - 
17.80 - 0.61 - 
18.13 - 0.64 - 

21.50 - 0.40 - 

23.54 - 1.03 - 

22.07 - 0.55 - 

21.43 - 0.39 - 

19.05 - 0.46 - 

20.21 - 0.91 - 
21.68 - 1.55 - 

19.58 - 0.64 - 

23.25 - 1.14 - 

18.91 - 0.63 - 

20.51 - 0.59 - 
18.65 - 0.54 - 

18.95 - 0.60 - 

20.85 - 0.62 - 
18.35 - 0.69 - 
20.89 - 0.47 - 

18.33 - 0.42 - 
18.89 - 0.51 - 

18.80 - 0.69 - 
20.99 - 0.73 - 
22.64 - 0.59 - 

20.58 - 0.55 - 

19.72 - 0.74 - 

19.83 - 0.66 - 

19.10 - 0.47 - 

20.51 - 0.70 - 

20.81 - 0.52 - 
21.05 - 0.65 - 
19.41 - 0.66 - 
20.15 - 0.35 - 

20.16 - 0.53 - 

16.53 - 0.69 - 

18.99 - 0.74 - 

19.55 - 0.58 - 

22.38 - 0.21 - 

21.27 - 0.63 - 
20.54 - 0.67 - 

20.55 - 0.62 - 
19.29 - 1.12 - 
24.25 - -0.26 - 

20.40 - 0.64 - 

21.70 - 0.24 - 
20.33 - 1.03 - 
22.40 - 1.11 - 

21.50 - 0.58 - 
23.06 - -1.24 - 
21.50 - 0.67 - 
20.59 - 0.98 - 

continued 
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Table A . l :  Catalog of galaxies in the field of 
MS0002. 

MS'0002 
0: 5:31.8 16:14:59 
0: 5:32.0 16: 8:57 
0: 5:32.0 16: 9:45 
0: 5:32.0 16:lO:lO 
0: 5:32.1 16: 9:26 
0: 5:32.2 16:13: 8 
0: 5:32.3 16:14: 4 
0: 5:32.3 16:14:31 
0: 5:32.3 16:14:54 
0: 5:32.3 16:16:55 
0: 5:32.4 16:10:53 
0: 5:32.5 16: 9:19 
0: 5:32.7 16: 8: 8 
0: 5:32.7 16:10:26 
0: 5:32.8 16: 8:49 
0: 5:33.0 16:12: 0 
0: 5:33.1 16:14:21 
0: 5:33.1 16:16: 8 
0: 5:33.2 16: 9:53 
0: 5:33.3 16: 8:46 
0: 5:33.5 16:12:41 
0: 5:33.5 16:16:53 
0: 5:33.5 16:17: 5 
0: 5:33.7 16:14:26 
0: 5:33.8 16:ll: 9 
0: 5:33.8 16:12:37 
0: 5:33.9 16:12: 8 
0: 5:34.0 16:15: 6 
0: 5:34.0 16:16:56 
0: 5:34.2 16: 9:24 
0: 5:34.3 16:11:49 
0: 5:34.3 16:12:22 
0: 5:34.3 16:14:18 
0: 5:34.4 16:14: 3 
0: 5:34.5 16:13:41 
0: 5:34.6 16: 8:45 
0: 5:34.8 16:10:54 
0: 5:34.8 16:14: 1 
0: 5:35.1 16: 8:54 
0: 5:35.3 16:17:48 
0: 5:35.4 16:14:38 
0: 5:36.1 16:16:14 
0: 5:36.1 16:16:42 
0: 5:36.3 16: 8:24 
0: 5:36.5 16:15:41 
0: 5:36.7 16:12:35 
0: 5:36.9 16:11:17 
0: 5:37.2 16:13:47 
0: 5:37.3 16:14: 5 
0: 5:37.3 16:15:32 
0: 5:37.6 16: 9:21 
0: 5:37.8 16: 8:59 
0: 5:37.8 16:11:36 
0: 5:37.8 16:13:38 
0: 5:37.8 16:14:40 
0: 5:38.0 16:16:42 
0: 5:38.1 16:12:30 
0: 5:38.1 16:13:28 
0: 5:38.1 16:14:50 
0:5:38.1 16:15:3 
0: 5:38.4 16:10:45 
0: 5:38.5 16:12:47 
0: 5:38.6 16:10:23 
0: 5:38.6 16:15:12 
0: 5:38.7 16: 9:14 
0: 5:38.7 16:11:50 
0: 5:38.8 16:11:59 
0: 5:39.0 16:15: 6 
0: 5:39.3 16:10:25 

18.80 - 0.52 - 

21.00 - 0.13 - 

21.10 - 0.54 - 
21.61 - 0.15 - 
23.46 - 0.79 - 

22.24 - 0.87 - 

20.43 - 0.75 - 

20.67 - 0.68 - 

20.17 - 0.90 - 
20.98 - 0.25 - 

19.90 - 0.60 - 

21.01 - 0.89 - 
21.82 - 0.07 - 
20.21 - 0.56 - 

21.35 - 0.40 - 

20.52 - 0.51 - 

20.69 - 0.67 - 

21.45 - 0.24 - 

22.96 - -0.26 - 

22.79 - 0.61 - 

20.23 - 0.76 - 

21.22 - 0.29 - 

21.40 - 0.57 - 

19.53 - 0.78 - 

20.01 - 1.22 - 

22.80 - 0.98 - 

21.81 - 0.37 - 

18.76 - 0.65 - 

20.61 - 0.37 - 

23.06 - 0.73 - 
23.00 - 0.05 - 

19.62 - 0.55 - 

21.51 - 0.74 - 

18.77 - 0.64 - 

22.09 - 0.49 - 

22.63 - -0.10 - 

20.49 - 0.88 - 
20.87 - 0.66 - 

21.31 - 0.28 - 

18.73 - 0.77 - 
19.92 - 0.59 - 
19.95 - 0.44 - 

19.91 - 0.53 - 
20.82 - 0.17 - 

21.02 - 0.16 - 

19.44 - 0.61 - 
19.57 - 1.13 - 

18.26 - 0.63 - 
21.67 - 0.38 - 
21.35 - 0.68 - 

19.47 - 0.29 - 

20.62 - 0.42 - 

22.26 - 0.60 - 
17.81 - 0.64 - 

21.29 - 0.48 - 
18.75 - 0.54 - 

19.85 - 0.33 - 

19.95 - 0.51 - 

22.40 - 0.16 - 
22.27 - 1.06 - 

18.04 - 0.62 - 

22.21 - 0.20 - 

20.67 - 0.53 - 

19.55 - 0.55 - 

22.61 - -0.23 - 

22.25 - 1.15 - 
20.87 - 0.50 - 

21.77 - 0.74 - 

22.91 - -1.93 - 

continued 
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Galaxies in the field of 
RA (2000) Dec (2000) 
3: 4:lO.g 15:22:59 
3: 4:11.7 15:28:10 
3: 4:12.4 15:25:42 
3: 4:12.6 15:25:35 
3: 4:12.6 15:31: 9 
3: 4:13.6 15:25:15 
3: 4:13.7 15:23:54 
3: 4:13.9 15:31: 9 
3: 4:14.3 15:29:21 
3: 4:14.3 15:30: 9 
3: 4:14.5 15:24:57 
3: 4:15.1 15:28:50 
3: 4:15.4 15:26:31 
3: 4:15.4 15:27:54 
3: 4:15.5 15:31:28 
3: 4:15.6 15:23:30 
3: 4:16.0 15:29:42 
3: 4:16.4 15:26: 5 
3: 4:16.6 15:26:54 
3: 4:16.6 15:27: 5 
3: 4:16.9 15:25:53 
3: 4:16.9 15:29:39 
3: 4:17.2 15:28:50 
3: 4:17.3 15:29:51 
3: 4:17.4 15:23: 7 
3: 4:17.6 15:26:12 
3: 4:17.7 15:27:41 
3: 4:17.9 15:26:31 
3: 4:18.0 15:29:36 
3: 4:18.3 15:29:43 
3: 4:18.4 15:25:30 
3: 4:18.4 15:26:11 
3: 4:18.7 15:28:27 
3: 4:18.9 15:30:47 
3: 4:lg. l  15:26:48 
3: 4:lg.l 15:30:28 
3: 4:19.2 15:28:58 
3: 4:19.3 15:22:53 
3: 4:19.3 15:24:31 
3: 4:19.3 15:27:30 
3: 4:19.5 15:28:37 
3: 4:19.8 15:26:31 
3: 4:19.8 15:29: 7 
3: 4:19.9 15:26:41 
3: 4:20.3 15:31:45 
3: 4:20.4 15:26:48 
3: 4:20.4 15:31: 8 
3: 4:20.5 15:28:41 
3: 4:20.9 15:27:56 
3: 4:21.0 15:28:18 
3: 4:21.2 15:26:41 
3: 4:21.2 15:28:52 
3: 4:21.3 15:29:49 
3: 4:21.6 15:28:54 
3: 4:21.8 15:27:30 
3: 4:21.9 15:22:52 
3: 4:22.2 15:25:51 
3: 4:22.5 15:25:35 
3: 4:22.7 15:27: 4 
3: 4:22.8 15:25:47 
3: 4:22.9 15:22:27 
3: 4:23.4 15:24:16 
3: 4:23.6 15:25:34 
3: 4:23.6 15:30:19 
3: 4:23.7 15:29:25 
3: 4:23.8 15:24:57 
3: 4:24.0 15:30: 1 

MS0301 
V B-V V-R R-l 

19.46 - 0.55 - 

18.49 0.31 0.64 0.63 
17.40 0.69 0.61 1.00 
19.46 -0.15 1.01 1.23 
19.26 0.38 0.82 0.53 
18.38 0.77 0.81 1.22 
17.83 0.82 0.45 1.54 
18.77 0.49 0.67 0.77 
19.66 0.21 0.80 0.04 
18.82 0.26 0.68 0.84 
18.40 0.83 0.78 1.15 
17.18 0.86 0.48 0.76 
18.54 0.15 0.53 0.58 
17.19 0.85 0.46 0.84 
21.82 - 1.43 0.45 
18.10 0.76 0.19 1.63 
16.74 0.92 0.49 0.84 
20.42 -0.73 1.31 0.52 
18.63 0.12 0.21 1.17 
17.96 0.04 0.04 1.13 
19.77 -0.27 0.72 0.08 
20.54 -0.27 0.79 -0.29 
20.15 0.10 0.97 1.01 
21.14 -0.06 1.02 -0.68 
19.15 - -0.04 - 

19.59 -0.02 0.49 0.47 
17.97 0.16 0.03 1.27 
18.57 0.43 0.47 0.77 
21.89 -0.84 1.44 1.27 
19.11 0.56 0.46 0.72 
20.47 -0.81 1.07 -0.15 
19.32 0.37 0.60 0.45 
20.25 -0.03 0.64 0.65 
17.99 0.12 0.15 0.81 
18.66 0.41 0.34 0.83 
20.22 - 1.04 1.69 
21.06 -0.44 0.44 0.38 
17.81 - -0.27 - 

18.56 0.27 0.47 0.89 
18.03 0.51 -0.13 1.23 
21.23 -0.15 0.87 0.83 
19.65 0.08 0.43 0.33 
18.84 0.55 0.39 0.67 
19.17 0.44 0.49 0.78 
20.20 - 0.67 1.72 
19.74 -0.03 0.60 0.79 
19.24 0.89 0.62 1.22 
21.24 -0.84 0.49 -0.46 
20.25 0.50 0.50 0.80 
19.97 0.55 0.39 0.76 
20.38 -0.05 0.61 0.05 
20.40 0.50 0.09 1.00 
20.85 0.29 0.29 -0.88 
20.91 -0.36 0.32 -0.44 
17.43 0.62 0.39 0.82 
18.86 - -0.41 - 
16.45 1.01 0.52 0.78 
18.70 0.47 0.39 0.47 
20.45 -0.15 0.33 -0.25 
16.93 1.06 0.47 0.79 
19.27 - -0.21 - 
20.25 -0.55 0.89 0.51 
21.01 -0.53 0.93 -1.70 
18.09 0.83 0.38 0.86 
20.19 0.39 -0.11 2.02 
20.94 -0.47 1.37 0.20 
20.05 0.38 0.22 0.16 

continued 

MS0301 
3: 4:24.2 15:24:50 
3: 4:24.3 15:26:50 
3: 4:24.3 15:27:59 
3: 4:24.3 15:28: 5 
3: 4:24.5 15:26:52 
3: 4:25.6 15:27:59 
3: 4:25.6 15:28:40 
3: 4:25.7 15:27:35 
3: 4:26.0 15:24:33 
3: 4:26.1 15:26: 9 
3: 4:26.1 15:26:45 
3: 4:26.1 15:28: 3 
3: 4:26.6 15:27:57 
3: 4:26.8 15:27:11 
3: 4:27.2 15:28:49 
3: 4:27.4 15:27:29 
3: 4:27.4 15:29: 3 
3: 4:27.7 15:27:33 
3: 4:27.8 15:23:27 
3: 4:28.1 15:30:22 
3: 4:28.4 15:28:14 
3: 4:28.4 15:31:50 
3: 4:28.6 15:29:21 
3: 4:28.8 15:28:37 
3: 4:28.9 15:28:17 
3: 4:29.0 15:27:46 
3: 4:29.0 15:28: 5 
3: 4:29.0 15:28:11 
3: 4:29.4 15:28:24 
3: 4:29.4 15:30: 6 
3: 4:29.5 15:22:49 
3: 4:29.6 15:28: 9 
3: 4:29.6 15:29:34 
3: 4:29.7 15:30:21 
3: 4:30.1 15:27:34 
3: 4:30.1 15:30:55 
3: 4:30.3 15:28:44 
3: 4:30.4 15:25: 2 
3: 4:30.6 15:29:17 
3: 4:30.7 15:29:31 
3: 4:30.8 15:25:53 
3: 4:31.0 15:23:31 
3: 4:31.1 15:30:58 
3: 4:31.3 15:27:44 
3: 4:31.3 15:30:20 
3: 4:31.6 15:31:14 
3: 4:32.0 15:29:12 
3: 4:32.1 15:25:45 
3: 4:32.2 15:28:23 
3: 4:32.3 15:29:47 
3: 4:32.3 15:31:20 
3: 4:32.8 15:29: 5 
3: 4:33.7 15:26:41 
3: 4:33.8 15:28:42 
3: 4:33.9 15:32:26 
3: 4:34.1 15:26:43 
3:4:34.4 15:23:57 
3: 4:34.8 15:27:53 
3: 4:34.9 15:29:59 
3: 4:35.I 15:29:17 
3: 4:35.4 15:25: 8 
3: 4:35.6 15:25:15 
3: 4:35.7 15:24:50 
3: 4:36.1 15:32:18 
3: 4:36.7 15:29:53 
3: 4:36.9 15:23:31 
3: 4:36.9 15:31:54 
3: 4:37.3 15:24:14 
3: 4:37.4 15:30:36 

21.14 -0.47 1.56 0 21 
20.30 0.05 0.28 0.16 
19.38 0.48 0.11 0.62 
18.27 0.82 0.37 0.78 
19.87 0.09 0.26 0.17 
20.24 0.29 -0.04 1.24 
21.08 0.10 0.88 -0.17 
20.68 -0.01 0.56 -0.01 
19.09 0.41 0.37 -0.08 
17.20 0.84 0.41 0.75 
17.39 0.90 0.46 0.84 
18.44 1.36 0.50 0.96 
20.20 0.37 0.53 0.29 
19.37 0.63 0.19 0.60 
17.41 0.94 0.40 0.86 
19.18 0.77 0.37 0.95 
19.10 0.73 0.28 1.00 
20.57 0.31 0.50 1.42 
19.92 0.54 1.07 1.13 
20.02 0.41 0.20 0.19 
16.19 0.98 0.45 0.87 
19.71 - 0.07 - 

20.65 0.13 0.63 0.07 
18.59 0.46 0.84 0.05 
18.88 1.29 0.43 1.15 
19.69 0.72 0.30 1.06 
19.93 0.51 0.12 1.53 
18.95 1.32 0.32 0.98 
18.06 1.52 0.49 0.95 
20.09 0.45 0.28 0.34 
19.01 1.47 0.52 0.70 
18.38 0.90 0.40 0.86 
20.17 0.74 0.44 0.22 
18.82 1.64 0.42 1.02 
15.76 1.01 0.46 0.88 
19.66 0.99 -0.11 1.41 
18.62 0.99 0.28 0.92 
21.20 -0.32 0.92 -0.14 
18.70 1.18 0.32 0.95 
20.83 0.34 0.52 -0.01 
20.43 0.62 0.41 -0.60 
21.20 -0.15 1.29 -0.19 
20.62 0.49 0.53 0.63 
19.17 0.96 0.22 0.97 
17.27 0.63 0.39 0.81 
20.76 -0.75 1.19 0.48 
18.61 1.02 0.31 0.85 
18.96 0.94 0.37 0.57 
20.91 0.31 0.57 0.15 
18.66 1.28 0.41 0.95 
17.97 0.71 0.26 0.83 
21.44 -0.14 1.15 0.01 
18.60 1.42 0.47 0.98 
19.85 1.27 0.35 0.38 
19.42 - -0.06 - 

18.43 1.34 0.39 0.90 
21.08 1.04 1.24 0.08 
19.95 0.69 -0.43 1.13 
20.94 0.00 0.30 0.18 
16.99 0.97 0.41 0.78 
20.86 0.35 0.97 0.29 
18.68 1.98 0.53 0.65 
20.25 1.44 0.63 0.39 
18.38 - 0.17 0.88 
21.31 0.87 0.85 0.16 
20.53 0.87 0.62 -0.85 
20.19 - 0.35 - 

20.97 0.78 0.55 0.89 
21.04 1.26 1.19 0.91 

continued 
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MS0301 
3: 437.5 15:25:50 
3: 4:37.6 15:27:40 
3:4:37.7 15:25:14 
3: 4:37.8 15:31:14 
3: 4:38.0 15:31:37 
3: 4:38.1 15:27:16 
3: 4:38.1 15:29:21 
3:4:38.9 15:29:26 
3: 4:39.0 15:30:46 
3: 4:39.3 15:22:51 
3: 4:39.6 15:28:24 
3: 4:39.9 15:31: 6 
3: 4:40.0 15:26:16 
3: 4:40.1 15:26:52 
3: 4:40.1 15:29:30 
3: 4:40.4 15:30:42 
3: 4:40.9 15:30:19 
3: 4:41.0 15:27:49 
3: 4:41.3 15:22:48 
3: 4:41.4 15:31:44 
3: 4:42.3 15:26:34 
3: 4:42.7 15:29:13 
3: 4:43.0 15:27:46 
3: 4:43.1 15:30:58 
3: 4:43.3 15:29: 5 
3: 4:43.4 15:29:10 
3: 4:44.0 15:31:59 
3: 4:44.1 15:31:49 
3: 4:44.2 15:29: 9 
3: 4:44.6 15:22:58 
3: 4:44.9 15:29:12 
3: 4:45.3 15:28:47 
3: 4:45.3 15:32:22 
3: 4:45.7 15:22:32 
3: 4:45.8 15:28:26 
3: 4:46.0 15:28:13 
3: 4:46.4 15:28:36 
3: 4:46.5 15:29:16 
3: 4:46.7 15:28:22 
3: 4:46.8 15:28:31 
3: 4:47.2 15:28:58 
3: 4:47.4 15:25:13 
3: 4:47.4 15:29: 3 
3: 4:47.6 15:22:58 
3: 4:47.6 15:28:47 
3: 4:47.9 15:26:15 
3: 4:48.2 15:28:24 
3: 4:48.3 15:23:27 
3: 4:48.5 15:31:34 
3: 4:48.6 15:30:46 
3: 4:49.1 15:28: 6 
3: 4:49.5 15:29:35 
3: 4:49.7 15:28:14 
3: 4:49.8 15:27:57 
3: 4:49.8 15:31:26 
3: 4:50.0 15:31:56 
3: 4:50.1 15:29:23 
3: 4:50.1 15:29:28 
3: 4:50.1 15:31:10 
3: 4:50.4 15:26:18 
3: 4:50.8 15:26:14 
3: 4:50.8 15:27:48 
3: 4:51.0 15:27:13 
3: 4:51.1 15:31:21 
3: 4:51.7 15:29:24 
3: 4:51.9 15:29: 0 
3: 4:51.9 15:31: 7 
3: 4:52.1 15:27:14 
3: 4:52.1 15:28:27 

20.86 0.81 0.75 0.61 
20.34 -0.12 0.30 0.31 
19.43 1.04 0.19 0.43 
20.44 1.16 0.49 1.49 
21.29 0.80 0.86 0.88 
20.35 1.60 0.66 1.37 
20.93 0.45 0.40 0.21 
20.86 1.34 1.14 0.80 
21.94 0.08 1.83 0.77 
20.63 1.47 0.63 -0.08 
19.64 0.87 -0.51 0.74 
20.37 0.80 0.51 0.28 
21.13 -0.31 0.51 0.01 
20.22 0.54 0.32 0.62 
20.83 1.27 1.09 0.83 
20.98 0.87 1.02 0.78 
21.43 -0.38 0.90 -0.57 
20.28 1.13 0.57 0.77 
19.15 0.57 0.29 0.71 
20.22 0.07 0.04 -0.45 
20.16 0.83 0.47 0.72 
21.25 1.16 1.04 0.67 
20.29 1.54 0.98 0.95 
19.56 0.43 0.43 0.26 
18.78 0.72 -0.21 -0.03 
20.25 0.64 0.33 0.39 
19.49 0.65 0.16 0.15 
20.31 1.48 0.85 0.73 
20.40 1.26 0.90 0.80 
19.59 1.05 0.10 0.09 
20.06 0.62 0.29 0.43 
19.34 0.83 0.38 0.65 
20.58 0.72 0.27 -0.51 
20.17 3.02 0.04 -0.19 
20.57 1.58 1.03 0.93 
20.69 1.00 1.09 0.78 
18.79 0.51 -0.75 0.65 
20.55 1.17 0.91 0.66 
20.44 0.33 0.27 0.48 
20.59 0.64 0.76 0.80 
21.24 - 1.01 0.77 
19.13 0.70 0.16 1.15 
21.02 2.23 0.85 0.52 
18.99 0.71 0.10 0.59 
20.10 1.08 0.65 0.79 
22.45 0.72 1.38 0.18 
20.74 2.54 0.96 0.89 
20.18 0.55 -0.10 0.57 
20.34 0.86 0.50 0.32 
18.99 1.25 0.39 0.52 
21.59 0.32 0.98 0.33 
20.11 1.00 0.28 0.38 
18.91 0.62 0.17 0.54 
20.60 0.96 0.48 0.38 
19.03 0.55 0.12 0.22 
19.90 0.54 0.23 -1.48 
18.88 1.51 -0.57 0.70 
19.78 0.71 0.22 0.27 
20.39 1.50 0.70 0.45 
20.46 0.80 0.60 0.42 
17.94 1.66 0.26 0.02 
20.52 1.29 0.46 0.50 
21.33 - 1.06 0.24 
17.54 1.52 0.22 0.52 
22.13 0.98 0.09 -1.27 
20.88 0.65 0.18 -0.68 
19.79 1.28 0.60 0.66 
20.38 0.40 0.96 0.71 
19.99 0.65 0.11 0.19 

continued 

3: 4:52.6 15:22:56 
3: 4:52.6 15:24:52 
3: 4:52.7 15:32:10 
3: 4:52.9 15:29: 7 
3: 4:52.9 15:30:39 
3: 4:52.9 15:31: 3 
3: 4:53.0 15:30:46 
3: 4:53.8 15:31:21 
3: 4:53.9 15:30:40 
3: 4:54.6 15:31:51 
3: 4:55.6 15:28: 1 
3: 4:55.8 15:23:20 
3: 4:56.0 15:24:38 
3: 4:56.3 15:22:32 
3: 4:56.3 15:22:57 
3: 4:57.7 15:22:43 
3: 4:58.8 15:27:52 
3: 4:59.0 15:27: 8 

18.29 1.44 0.42 0.84 
17.94 0.79 0.26 0.68 
18.68 - 0.40 0.42 
19.16 1.42 0.44 0.63 
21.09 2.46 0.06 - 

20.78 1.76 0.09 -0.14 
20.38 1.47 0.27 0.19 
19.71 - -0.06 -0.09 
19.29 1.20 0.30 0.63 
18.09 - 0.37 0.09 
18.94 1.68 0.51 0.70 
19.57 1.31 -0.27 0.20 
18.36 1.53 0.31 0.84 
18.75 0.92 -0.01 0.64 
16.96 1.00 0.35 0.86 
19.79 1.71 -0.04 1.03 
20.83 - 0.18 0.20 
20.37 1.04 -0.14 -0.53 

Table A.2: Catalog of galaxies in the field of 
MS0301. 
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Galaxies in tile field of 
RA (2000) Dec (2000) 
7:40:39.1 74:16:19 
7:40:44.7 74:14:36 
7:40:45.6 74:16:31 
7:40:48.0 74:13:31 
7:40:49.0 74:10:24 
7:40:50.8 74:12:38 
7:40:51.6 74:11:38 
7:40:51.7 74:15:34 
7:40:52.4 74: 9:41 
7:40:53.0 74:14: 7 
7:40:53.3 74:17:42 
7:40:53.8 74:12:52 
7:40:53.8 74:17:11 
7:40:54.7 74:11:36 
7:40:55.1 74:12:17 
7:40:56.4 74:14:46 
7:40:56.4 74:15:24 
7:40:57.3 74:15: 0 
7:40:58.3 74: 9:29 
7:40:59.6 74:17: 1 
7:41: 1.0 74:11:41 
7:41: 1.0 74:13: 8 
7:41: 1.0 74:15:36 
7:41: 1.5 74:12:30 
7:41: 1.6 74:12:56 
7:41: 1.7 74:16:40 
7:41: 2.2 74:16: 8 
7:41: 3.0 74:11:53 
7:41: 5.4 74:17:10 
7:41: 5.9 74:16:43 
7:41: 6.3 74:14:58 
7:41: 6.3 74:15: 4 
7:41: 7.4 74:11:33 
7:41: 7.7 74:15: 2 
7:41: 8.1 74:13: 4 
7:41: 8.2 74:14:21 
7:41: 9.2 74:12: 7 
7:41:12.4 74:13:50 
7:41:12.9 74:11:34 
7:41:13.0 74:17:52 
7:41:14.1 74:18:19 
7:41:14.2 74:18:12 
7:41:14.8 74:12: 7 
7:41:15.2 74:14:26 
7:41:15.7 74:9:31 
7:41:15.9 74:11:34 
7:41:15.9 74:16:23 
7:41:17.2 74:13:53 
7:41:17.5 74:18:41 
7:41:17.7 74:13:36 
7:41:18.4 74:16:22 
7:41:18.9 74:12:12 
7:41:20.5 74:16:41 
7:41:21.0 74:15:26 
7:41:22.0 74:14:31 
7:41:22.0 74:14:54 
7:41:22.1 74:12:58 
7:41:22.2 74: 9:45 
7:41:25.0 74:12:53 
7:41:25.8 74:18:10 
7:41:25.9 74:17: 0 
7:41:26.1 74:14:26 
7:41:26.8 74:lO: 0 
7:41:27.2 74:10:33 
7:41:28.6 74:17:25 
7:41:30.4 74:16:43 
7:41:31.1 74:17:57 

MSUrY5 
7:41:31.3 74:18:30 
7:41:31.5 74:12:55 
7:41:32.4 74:10:45 
7:41:33.7 74:15:18 
7:41:34.7 74:ll: 5 
7:41:34.7 74:14:28 
7:41:36.2 74:17:40 
7:41:36.4 74:13:13 
7:41:36.8 74:16: 9 
7:41:36.9 74:16:40 
7:41:37.1 74:16: 4 
7:41:38.6 74:18:15 
7:41:39.2 74:11:54 
7:41:39.2 74:16:29 
7:41:39.5 74:15:48 
7:41:39.8 74:15:37 
7:41:40.0 74:13:29 
7:41:41.1 74:18:22 
7:41:42.0 74:lO: 9 
7:41:42.6 74:14:58 
7:41:42.7 74:15:23 
7:41:42.8 74:16:26 
7:41:43.1 74:14:36 
7:41:43.4 74:17:41 
7:41:43.5 74:10:38 
7:41:44.6 74:14:38 
7:41:45.0 74:10:40 
7:41:45.1 74:13:31 
7:41:45.7 74:13:34 
7:41:45.7 74:15:57 
7:41:46.0 74:15: 4 
7:41:46.1 74:14: 8 
7:41:46.4 74:10:52 
7:41:46.7 74:14:12 
7:41:47.5 74:16:16 
7:41:48.3 74:17:55 
7:41:48.7 74:15:27 
7:41:48.7 74:18: 3 
7:41:48.9 74:13: 6 
7:41:49.1 74:14:10 
7:41:49.1 74:14:40 
7:41:49.2 74:18:43 
7:41:49.6 74:12: 8 
7:41:49.7 74:12:16 
7:41:50.9 74:12:30 
7:41:50.9 74:18:21 
7:41:51.0 74:18:51 
7:41:51.6 74:15:16 
7:41:52.2 74:10:53 
7:41:52.4 74:12:13 
7:41:53.2 74:12:12 
7:41:53.3 74:17: 0 
7:41:53.6 74:ll: 0 
7:41:53.7 74:18:14 
7:41:53.9 74:15: 8 
7:41:54.0 74:17:28 
7:41:54.1 74:13:36 
7:41:54.1 74:15:45 
7:41:54.7 74: 9:32 
7:41:54.7 74:14:16 
7:41:55.0 74:11:54 
7:41:55.3 74:18: 9 
7:41:55.6 74:13:34 
7:41:56.3 74:12: 8 
7:41:56.4 74:13:41 
7:41:56.5 74:11:53 
7:41:57.3 74:13: 6 
7:41:57.4 74:13:57 
7:41:57.9 74:12:53 

MS0735 
V B-V V-R R-I 

20.84 1.47 0.64 0.81 
20.57 0.37 0.02 0.08 
21.61 1.10 0.70 1.41 
22.05 1.72 0.70 2.23 
20.65 1.43 1.00 0.82 
21.22 1.80 1.19 1.24 
22.28 0.92 1.05 0.93 
21.94 1.49 1.51 1.21 
19.88 1.56 0.97 0.92 
21.30 1.43 1.54 1.20 
19.66 1.68 0.93 3.14 
22.94 - 2.06 1.58 
21.51 1.21 1.10 -0.38 
21.23 0.97 0.85 0.19 
21.98 0.12 0.68 -2.78 
22.19 2.94 1.14 0.58 
21.39 0.75 1.18 0.58 
20.33 0.81 0.87 0.53 
21.41 0.93 1.65 0.44 
21.01 1.32 1.26 1.34 
21.08 2.23 0.88 1.07 
22.09 0.38 1.46 0.73 
22.49 - 1.81 1.19 
19.24 0.96 0.81 0.57 
20.34 1.27 1.03 0.67 
20.50 1.57 0.96 0.84 
20.76 4.01 1.23 0.97 
21.95 1.06 0.97 0.19 
22.35 0.75 1.42 1.19 
22.13 1.07 0.91 1.79 
19.89 1.65 0.95 0.71 
20.31 2.29 0.78 0.73 
22.86 -0.78 1.59 0.25 
20.93 1.72 1.03 0.55 
20.39 1.26 1.07 0.75 
20.14 1.64 0.95 0.75 
20.21 1.87 1.04 0.74 
22.09 1.75 1.55 0.80 
21.02 1.23 0.88 0.62 
21.85 0.43 0.94 -0.32 
18.95 1.84 0.93 - 

20.20 2.11 0.87 - 

22.22 0.72 1.05 0.65 
21.48 1.50 1.52 1.34 
19.87 1.72 0.68 0.64 
21.25 0.53 0.58 0.13 
22.00 1.51 1.57 1.56 
20.73 1.10 0.92 0.51 
20.72 1.45 0.71 - 
21.25 0.44 0.87 0.15 
21.37 1.70 0.65 0.77 
20.73 0.83 0.74 0.40 
21.58 0.85 0.91 1.27 
19.26 1.51 0.95 0.72 
20.74 1.88 1.00 0.80 
21.16 1.32 1.08 0.60 
20.69 1.39 1.02 0.46 
20.39 2.00 1.69 1.78 
19.89 1.47 0.95 0.74 
21.15 1.35 1.11 - 

20.40 1.32 0.96 0.96 
22.17 0.74 0.63 0.00 
22.62 1.04 1.87 0.73 
20.86 1.04 0.78 0.41 
21.73 0.60 1.35 0.98 
19.62 1.78 0.94 0.85 
19.75 1.44 0.91 2.43 

continued 

19.47 1.69 0.79 - 
19.72 1.66 0.96 0.74 
21.68 1.44 1.26 1.24 
21.05 1.89 1.18 0.56 
20.75 1.48 0.84 0.81 
22.12 0.70 0.78 0.35 
21.51 1.09 0.95 1.23 
21.97 1.62 0.90 0.01 
21.05 1.46 0.96 0.97 
21.25 1.92 0.97 1.22 
21.53 1.26 0.93 0.82 
21.18 1.21 1.14 - 

22.42 3.89 1.72 1.65 
21.22 0.68 1.26 1.16 
20.24 1.03 0.94 0.68 
21.21 1.63 0.95 0.65 
21.82 1.34 0.95 0.68 
21.30 1.91 -0.80 - 
19.76 1.65 0.94 0.76 
21.31 1.60 1.09 0.44 
20.84 1.35 1.21 0.73 
19.39 1.28 0.79 0.58 
19.81 2.13 0.85 0.74 
20.37 1.61 0.91 0.90 
22.54 - 1.77 1.67 
18.53 1.62 0.95 0.79 
20.09 1.64 . 1.06 0.72 
20.31 1.14 1.01 0.72 
20.93 1.54 1.26 1.31 
20.01 2.67 0.95 0.73 
21.15 1.02 1.15 0.45 
18.86 1.58 0.95 0.75 
19.39 1.78 0.74 0.75 
19.54 1.68 0.85 0.84 
20.85 2.27 1.06 0.75 
19.69 1.65 0.81 0.57 
20.67 2.01 0.94 0.62 
21.08 1.34 0.97 2.44 
23.54 0.17 2.90 1.75 
21.36 1.22 0.69 0.56 
23.40 -0.52 2.36 0.93 
20.86 1.96 0.88 - 

20.36 1.59 0.94 0.77 
20.97 1.88 0.93 0.63 
19.78 1.35 0.93 0.71 
18.60 0.80 0.68 - 

21.14 1.70 0.77 - 
22.53 -0.56 1.22 0.68 
20.71 2.94 0.60 0.47 
19.53 1.91 0.91 0.75 
19.86 2.24 0.83 0.79 
21.74 0.40 1.27 1.06 
20.73 2.60 0.75 0.57 
22.58 0.91 1.56 - 

22.40 1.47 1.27 0.80 
19.37 1.71 1.00 0.74 
20.48 1.44 1.62 1.66 
21.47 0.23 0.67 0.54 
21.11 0.50 0.77 0.80 
19.49 1.36 0.93 0.74 
21.10 1.24 0.47 0.91 
21.36 1.01 1.26 - 

20.42 1.59 1.04 0.76 
20.44 3.15 1.00 0.84 
20.62 2.65 0.89 0.75 
19.90 1.59 0.93 0.77 
21.96 0.95 1.18 0.44 
21.96 1.14 1.08 0.92 
21.40 2.08 0.99 0.71 

continued 
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Table A.3: Catalog of galaxies in the field of 
MS0735 

7:41:58.0 74:10:19 
7:41:58.5 74: 9:33 
7:41:58.7 74:16:45 
7:41:58.9 74: 9:42 
7:41:59.1 74:15:46 
7:41:59.2 74:11:48 
7:41:59.3 74:10:21 
7:41:59.5 74: 9:51 
7:41:59.6 74:12: 1 
7:41:59.7 74:12:49 
7:42: 2.6 74:11:30 
7:42: 2.7 74:13:33 
7:42: 3.3 74:15: 0 
7:42: 3.8 74:17:22 
7:42: 5.1 74:15:58 
7:42: 5.8 74:13:12 
7:42: 6.6 74:15:38 
7:42: 6.8 74:17:18 
7:42: 7.2 74:12:26 
7:42: 8.5 74:lO: 9 
7:42: 8.8 74:10:48 
7:42:10.4 74: 9:45 
7:42:11.7 74:11:32 
7:42:12.6 74:12:33 
7:42:12.7 74:15:18 
7:42:15.3 74:18:40 
7:42:16.1 74: 9:43 
7:42:17.0 74: 9:34 
7:42:17.1 74:12: 4 
7:42:17.5 74:13:40 
7:42:18.1 74:10:22 
7:42:18.9 74:12:37 
7:42:20.7 74:12:35 
7:42:21.1 74:11:39 
7:42:21.3 74:16: 4 
7:42:21.5 74:15:31 
7:42:22.1 74:10:17 
7:42:22.8 74:12:45 
7:42:23.6 74:11:32 
7:42:23.7 74:14:13 
7:42:24.0 74:10:13 
7:42:26.6 74:15:36 
7:42:27.3 74:11:18 
7:42:27.4 74:12:50 
7:42:27.5 74:12: 3 
7:42:28.6 74:13:16 
7:42:28.6 74:13:23 
7:42:30.1 74:13:30 
7:42:30.7 74:14:13 
7:42:30.7 74:15:31 
7:42:31.0 74:11:58 
7:42:31.1 74:16:25 
7:42:31.4 74:13:57 
7:42:31.6 74:13: 0 
7:42:32.0 74:12:38 
7:42:33.0 74:16:58 
7:42:33.3 74:ll: 2 
7:42:34.0 74:11:38 
7:42:34.6 74:17:51 
7:42:34.7 74:10:44 
7:42:34.8 74:13:25 
7:42:35.6 74:16:41 
7:42:37.3 74:11:12 
7:42:37.8 74:10:33 
7:42:38.0 74:17:16 
7:42:38.3 74:14: 7 
7:42:38.4 74:14:43 
7:42:38.6 74:10:47 
7:42:38.9 74:15: 2 

M 5 5  
19.67 1.38 0.89 0.77 
20.04 1.83 0.90 0.64 
19.74 2.10 0.91 0.73 
20.00 1.90 0.88 0.86 
20.79 1.51 0.96 0.73 
20.14 1.85 0.97 0.75 
21.19 1.68 0.61 0.77 
19.38 1.75 0.90 0.74 
21.60 0.90 0.71 0.75 
20.45 1.22 0.97 0.95 
22.58 0.66 1.27 1.31 
21.60 1.34 1.07 0.73 
21.10 1.33 0.88 0.41 
20.65 1.32 0.91 0.34 
21.81 1.58 0.87 0.56 
20.85 1.11 0.99 0.66 
19.74 1.22 0.71 0.62 
21.51 1.85 1.39 0.78 
21.29 1.20 0.82 0.70 
21.34 3.13 0.50 0.39 
21.42 1.38 0.67 0.71 
21.24 1.76 1.08 0.43 
20.24 1.40 0.87 0.71 
21.31 1.87 0.96 1.04 
19.33 1.83 0.91 0.79 
19.88 1.65 1.11 - 

19.76 2.46 1.03 0.77 
21.48 2.03 1.49 -0.11 
22.00 0.74 1.08 0.43 
22.30 0.56 0.95 1.18 
20.50 2.43 0.91 0.22 
21.70 1.20 0.66 0.63 
21.76 - 0.30 0.14 
22.21 1.88 1.35 1.09 
22.76 2.31 1.53 1.66 
21.67 3.78 0.66 -0.09 
19.73 2.56 0.86 0.55 
21.83 1.64 1.22 1.46 
19.05 1.23 0.73 0.66 
22.08 1.63 1.24 0.60 
20.43 4.11 0.75 0.37 
18.64 0.82 0.53 0.51 
20.81 0.85 0.77 0.51 
19.80 1.65 0.85 0.66 
19.01 1.55 0.79 0.73 
19.70 1.52 1.10 1.16 
18.71 1.79 0.88 0.77 
20.88 1.25 0.96 0.65 
20.72 1.66 0.97 0.61 
20.49 0.89 0.67 0.75 
20.29 1.27 0.76 0.65 
21.87 1.37 0.72 0.96 
22.84 0.90 1.39 1.27 
21.97 0.67 0.81 0.14 
20.90 1.23 1.18 0.67 
21.09 0.84 0.77 0.20 
20.00 1.58 0.82 0.71 
21.39 1.87 0.94 0.55 
21.77 1.20 0.51 - 
22.20 1.64 1.30 1.66 
21.86 2.17 1.29 1.27 
21.46 0.65 0.72 0.50 
20.43 1.04 0.51 0.57 
22.34 1.01 0.89 1.26 
20.65 0.83 0.68 0.53 
19.52 1.27 0.75 0.71 
22.09 0.76 1.19 1.60 
21.81 - 1.02 1.66 
20.08 1.63 0.90 0.78 

continued 
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Galaxies i11 the field o f  
RA (2000) Dec (2000) 
13: 8357.5 -1:35:14 
13: 8:57.5 -1:36:59 
13: 8:57.8 -1:33:27 
13: 8:57.8 -1:38:18 
13: 8:58.2 -1:35:10 
13: 8:58.2 -1:40:50 
13: 8:58.9 -1:32:25 
13: 8:58.9 -1:41:46 
13: 8:60.0 -1:39:24 
13: 9: 0.4 -1:37:53 
13: 9: 0.7 -1:36:29 
13: 9: 0.7 -1:36:42 
13: 9: 0.7 -1:39:25 
13: 9: 0.7 -1:41: 0 
13: 9: 1 .  -1:34:54 
13: 9: 1 .  -1:41:24 
13: 9: 1.4 -1:36:50 
13: 9: 1.4 -1:40: 5 
13: 9: 2.5 -1:34:13 
13: 9: 2.5 -1:37:37 
13: 9: 2.9 -1:34:40 
13: 9: 3.2 -1:39:11 
13: 9: 3.6 -1:40: 8 
13: 9: 3.6 -1:41:57 
13: 9: 4.3 -1:31:59 
13: 9: 4.7 -1:37:17 
13: 9: 5.0 -1:31:56 
13: 9: 5.0 -1:36:22 
13: 9: 5.0 -1:36:43 
13: 9: 5.4 -1:35:59 
13: 9: 5.8 -1:34:18 
13: 9: 5.8 -1:37:49 
13: 9: 6.1 -1:33:29 
13: 9: 6.1 -1:33:53 
13: 9: 6.5 -1:35: 8 
13: 9: 6.5 -1:38: 5 
13: 9: 6.5 -1:38:21 
13: 9: 6.8 -1:34:35 
13: 9: 7.2 -1:37: 1 
13: 9: 7.2 -1:40:42 
13: 9: 7.6 -1:35:39 
13: 9: 7.6 -1:38:38 
13: 9: 7.6 -1:41:15 
13: 9: 7.9 -1:37:15 
13: 9: 8.3 -1:39: 5 
13: 9: 8.3 -1:42:14 
13: 9: 8.6 -1:32:15 
13: 9: 8.6 -1:39:59 
13: 9: 9.0 -1:33:41 
13: 9: 9.0 -1:34:52 
13: 9: 9.4 -1:34:29 
13: 9: 9.4 -1:39:53 
13: 9: 9.4 -1:40:12 
13: 9: 9.7 -1:32: 9 
13: 9: 9.7 -1:34:31 
13: 9: 9.7 -1:36:25 
13: 9: 9.7 -1:36:59 
13: 9:lO.l -1:33:38 
13: 9:lO.l -1:34: 9 
13: 9:10.4 -1:33:23 
13: 9:10.4 -1:33:44 
13: 9:11.2 -1:36: 4 
13: 9:11.2 -1:41: 7 
13: 9:11.5 -1:33:52 
13: 9:11.5 -1:39:41 
13: 9:11.5 -1:42: 3 
13: 9:ll.g -1:38:35 

MS1306 
V B-V V-R R-I 

20.99 1.02 0.75 0.36 
20.94 1.70 0.94 0.20 
19.24 1.32 0.93 0.85 
19.83 1.48 1.20 1.56 
20.50 1.06 1.26 1.46 
20.66 0.27 0.06 0.01 
20.39 1.17 0.34 - 

20.25 0.08 0.39 0.42 
21.20 1.08 1.09 0.64 
19.28 0.32 0.69 0.24 
19.31 1.41 1.13 1.16 
21.24 0.72 1.20 0.44 
20.30 0.87 0.81 0.48 
20.18 0.46 0.43 0.40 
20.81 1.25 1.49 1.57 
20.38 1.22 1.17 1.61 
21.09 0.72 1.60 1.05 
20.55 1.26 0.42 0.43 
20.57 0.30 0.74 0.87 
20.13 0.51 0.88 0.44 
18.75 1.08 0.80 0.64 
24.56 -2.20 4.03 1.80 
21.20 0.19 1.17 0.96 
19.38 1.13 0.65 0.91 
19.84 1.28 0.17 - 
19.90 0.15 0.62 0.73 
18.03 1.65 0.96 - 
20.35 0.54 0.95 0.95 
16.96 0.73 0.43 0.69 
21.29 0.35 0.96 1.20 
22.75 0.79 2.53 1.51 
22.20 -0.66 2.03 0.91 
20.83 2.07 1.18 1.23 
18.28 1.36 0.78 0.86 
19.34 0.83 0.72 0.94 
19.20 0.48 0.65 0.45 
19.31 1.05 0.86 0.72 
19.45 0.82 0.84 0.75 
19.38 1.16 0.98 0.94 
21.58 0.01 0.83 0.13 
17.00 0.62 0.42 0.71 
19.27 0.98 0.82 0.62 
18.67 1.22 0.81 0.60 
17.06 1.13 0.67 0.83 
20.85 -0.28 1.03 -0.27 
20.61 0.66 0.77 0.01 
19.24 0.82 0.31 - 
19.99 0.73 0.80 0.36 
18.51 1.06 0.74 0.81 
20.17 1.64 1.29 1.03 
22.03 -0.32 2.15 1.38 
22.44 -0.14 2.06 0.12 
20.60 0.80 0.78 -0.08 
16.38 1.25 0.67 - 

23.42 -0.31 3.31 1.55 
18.31 1.02 0.74 0.75 
16.49 1.87 -0.37 1.15 
20.72 1.34 1.63 1.28 
20.56 1.39 1.74 1.16 
19.51 0.98 0.58 0.80 
22.01 1.36 2.03 1.32 
20.86 0.92 1.11 1.17 
21.18 1.50 1.31 -0.57 
20.16 0.86 0.84 0.90 
20.91 0.89 1.21 0.57 
21.97 -0.06 1.61 -0.26 
20.97 0.80 0.92 0.42 
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Table A.4: Catalog of galaxies in the field of 
MS1306. 

MS1306 
13: 9:23.4 -1:40:49 
13: 9:23.8 -1:33:35 
13: 9:23.8 -1:33:44 
13: 9:23.8 -1:34:12 
13:9:24.1 -1:33:46 
13: 9:24.1 -1:36:36 
13: 9:24.1 -1:38:43 
13: 9:24.1 -1:41:29 
13: 9:24.5 -1:39: 1 
13: 9:24.5 -1:40:53 
13: 9:24.8 -1:32:38 
13: 9:24.8 -1:34:46 
13: 9:24.8 -1:36:42 
13: 9:24.8 -1:36:56 
13: 9:25.2 -1:32:59 
13: 9:25.9 -1:33:59 
13: 9:26.6 -1:34:22 
13: 9:26.6 -1:40: 8 
13: 9:26.6 -1:40:41 
13: 9:27.4 -1:32:50 
13: 9:27.4 -1:34: 5 
13: 9:27.4 -1:37:55 
13: 9:27.4 -1:38: 0 
13:9:27.4 -1:41:20 
13: 9:27.7 -1:32:33 
13: 9:27.7 -1:36:29 
13: 9:27.7 -1:38:19 
13: 9:28.1 -1:36:25 
13: 9:28.1 -1:37:50 
13: 9:28.1 -1:39:23 
13: 9:28.8 -1:33: 9 
13: 9:28.8 -1:37:23 
13: 9:29.2 -1:32: 5 
13: 9:29.5 -1:33:21 
13: 9:29.9 -1:32:29 
13: 9:29.9 -1:33:20 
13: 9:29.9 -1:36: 0 
13: 9:29.9 -1:36:32 
13: 9:29.9 -1:38:46 
13: 9:30.2 -1:35: 9 
13: 9:30.2 -1:38:20 
13: 9:30.2 -1:42: 2 
13: 9:30.6 -1:37:46 
13: 9:30.6 -1:37:51 
13: 9:30.6 -1:38:21 
13: 9:31.0 -1:37:22 
13: 9:31.3 -1:32:57 
13: 9:31.3 -1:38:52 
13: 9:31.3 -1:39: 3 
13: 9:31.7 -1:34:53 
13: 9:31.7 -1:35:34 
13: 9:31.7 -1:36:50 
13: 9:32.0 -1:32: 9 
13: 9:32.0 -1:37:36 
13: 9:32.0 -1:41:50 
13: 9:32.4 -1:34:38 
13: 9:32.8 -1:36:33 
13: 9:32.8 -1:36:59 
13: 9:33.1 -1:36:34 
13: 9:33.1 -1:37: 0 
13: 9:33.1 -1:38:45 
13: 9:33.5 -1:33:57 
13: 9:33.5 -1:34:53 
13: 9:33.5 -1:35:35 
13:9:33.5 -1:40:45 
13: 9:33.8 -1:41:59 
13: 9:34.2 -1:34:23 
13: 9:34.6 -1:38:37 
13: 9:34.6 -1:40:39 

21.08 1.44 1.38 0.40 
18.98 1.06 0.74 0.64 
19.84 0.97 0.76 0.44 
21.04 1.01 0.92 0.24 
19.69 0.90 0.74 0.43 
22.84 -0.35 2.69 1.51 
19.86 0.97 0.94 0.54 
20.90 0.79 1.03 -0.81 
21.27 0.11 1.31 0.05 
20.46 1.39 1.46 0.68 
16.42 0.98 0.64 - 

19.78 0.88 0.34 0.28 
19.08 0.88 0.81 0.60 
18.15 1.06 0.70 0.76 
20.63 1.04 0.58 0.99 
19.11 0.78 0.56 0.36 
17.24 1.18 0.63 0.82 
21.61 1.56 1.86 0.21 
20.06 0.58 0.89 0.00 
16.84 1.27 0.63 0.82 
20.81 1.15 0.67 0.10 
17.68 1.13 0.65 0.76 
18.61 1.11 0.67 0.63 
21.29 1.08 - - 

20.50 1.94 0.32 - 
20.42 0.69 0.74 -0.03 
21.71 -0.30 1.58 0.04 
21.03 0.89 0.81 -0.89 
20.01 1.05 0.97 0.31 
17.84 1.07 0.67 0.73 
20.46 3.20 0.64 1.09 
19.58 1.10 0.87 0.43 
20.36 1.96 -0.11 - 

19.93 2.75 -0.17 -0.27 
20.33 2.29 -0.25 - 
20.55 1.55 -0.04 - 

20.69 2.60 0.95 0.96 
20.90 0.72 0.87 -1.10 
22.52 -0.51 1.89 - 

17.89 1.23 0.63 0.73 
18.40 1.08 0.70 0.70 
20.31 1.05 0.28 -0.06 
20.34 0.66 0.59 -0.75 
18.78 0.40 0.40 0.12 
17.98 1.48 0.92 1.05 
23.70 -0.09 3.20 0.14 
19.66 2.98 0.65 0.16 
19.07 1.35 0.56 0.68 
18.76 1.01 0.54 0.53 
20.37 1.45 0.99 0.79 
20.21 1.34 0.40 0.34 
19.85 1.07 0.76 0.17 
20.23 1.71 -0.27 - 
20.52 1.78 1.15 0.16 
21.37 2.54 1.10 -0.61 
17.18 1.29 0.66 0.80 
20.78 3.96 1.00 0.92 
20.52 1.11 0.57 -0.93 
21.15 4.01 1.05 -0.60 
21.38 - 1.11 -0.43 
17.93 0.02 -0.07 -0.01 
20.54 2.07 -0.27 - 
16.99 1.24 0.63 0.81 
19.05 1.18 0.62 0.49 
20.02 1.85 1.38 2.14 
20.35 1.70 - -0.32 
20.41 2.26 0.12 - 
21.26 1.72 0.63 - 
19.20 0.92 0.43 -0.05 

continued 



Appendix B 

Cosmological Parameters 

This presents grapllically tlie variation of distance, the distance modulus, the angular size sub- 
tended, and tlie linear scale. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 
Redshift  

Figure B.l: Luminosity distance, distance modulus, angular size and linear size in different 
cosmologies Thick solid lines are for H. = 50kms-~M~c- '  and go = 0.5, thin solid lines for 
H. = 5 0 k r n s - ~ ~ ~ c - '  and yo = 0, dashed lines for H. = 1 0 0 k m s - ' ~ ~ c - '  and qo = 0.5, dashed- 
dotted lines for H. = 1 0 0 k m s - ' ~ ~ c - ~  and go = 0. 



Appendix C 

Image Reduct ion Software 
Here we present a synopsis of the software packages, and a listing of the most important tasks 
within them, that we have used to reduce and analyze the CCD data. 

Image Reduction and Analysis Facility (IRAF) includes programs for general irnage processing 
and graphics, plus a large number of prograrris specially for the reductiorl and arialysis of optical 
and Infra-Red astronomical data, both iniage and spectroscopic. It also has layered o ~ ~ t o  it 
packages to analyze data in other wavelerlgtll regimes such as Ultra-Violet and X-ray. 

Space Telescope Science Data Analysis System (STSDAS) is a software package for reducing ant1 
arialyzirig data from the Hubble Space Telescope but can be used on essentially any astronon~ical 
data. Its tasks are designed to make use of IRAF images and the package itself is integrated onto 
IRAF. STSDAS includes packages for fitting iniage features e.g., Zdimensional galaxy brightness 
profiles with elliptical isophotes, arid for image deconvolution and restoration, etc. 

Faint Object Classification and Analysis System (FOCAS, Jarvis and Tyson 1981, Valdes 1982) is 
a suite of programs for the detection and classification of objects on astronomical images. FOCAS 
acts to reduce tlle digitized image to a catalog contai~iing the magnitude, positiorl and classifi- 
cation data for objects in the image field. The cataloging process iricludes the segmentation of 
objects to a limiting isophote, estimation of object dimensions, and object listing. F'OCAS classi- 
fies objects as noise, stars or galaxies proceeds by fitting the PSF to the object light distribution 
using nonparanletric statistical pattern recognition techniques. If one uses optimal parameters to 
ensure detection of the faintest objects without significant contamination from spurious sources, 
one can routinely achieve detection efficiencies of = 90% and classification accuracies of 80% 
for apparent magnitudes as faint as 24. 

We used, anlong others, the following IRAFJSTSDAS packages and the com~nands within them: 
images.tv 

display - Load an image or image section into the display 

iniedit - Exanline and edit pixels in images 

imexamine - Examine images using image display, graphics, and text 

tvmark - Mark objects on the image display 

blkavg - Block average or sum a list of N-D images 

magnify - Magnify a list of l-D or 2-D irriages 

rotate - Rotate and shift a list of 2-D images 

'IRAF is distributed by the National Optical Astronomical Observatories operated by the Associatiorl of Univer- 
sities for Research in Astronorny, Inc., USA, under co-operative agreement with tlie National Science Foundation. 
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ccmap - Compute image plate solutions using matched coordinate lists 

ccsetwcs - Create an image celestial wcs from the ccmap plate solution 

ccxymatch - Match celestial and pixel coordinate lists 

imalign - Align and register 2-D images using a reference pixel list 

inlcentroid - Compute and print relative shifts for a list of 2-D images 

imcornbine - Combine images pixel-by-pixel using various algorithms 

psfmatch - Match the point-spread functions of l-D or 2-D images 

wregister - Register l-D or 2-D images using the image wcs 

chyixtype - Change the pixel type of a list of images 

hedit - Header editor 

imarith - Simple irnage arithmetic 

inlstatistics - Cornpute and print statistics for a list of inlages 

noao.apphot and noao.daophot 

phot - Measure nlagnitudes for a list of stars 

~ s f  - Compute the point spread function 

mkobjects - Make/add artificial stars and galaxies to 2D images 

rnkpattern - Make/add patterns to images 

bmodel - Build a model image from isophotal analysis data 

ellipse - Fit elliptical isophotes 

gfitld - Interactive l-d linear curve fit to images, tables or lists 


