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ABSTRACT

In this paper we investigate the Butcher-Oemler effect in a sample of 302 newly-detected galaxy
clusters in the Deep Lens Survey, in an attempt to gain a deeper understanding of the fundamental
mechanisms involved in galaxy and cluster evolution. We use BV Rz′ CCD photometry to confirm
the presence of the Butcher-Oemler effect in clusters out to redshift z = 0.80, with blue population
increasing linearly with redshift. Throughout this study, we compare clusters of similar redshift,
richness, and concentration, and examine how these properties contribute to their observed color
evolution. Although we find redshift to be the primary factor in determining a cluster’s blue fraction,
concentration and passive evolution are found to be secondary parameters. We conclude that the
Butcher-Oemler effect is likely a consequence of frequent galaxy-galaxy interactions and merging
taking place within the densest cluster environments.
Subject headings: galaxies: evolution - galaxies: clusters - galaxies: photometry

1. INTRODUCTION

Galaxy clusters are the largest gravitationally bound
structures in the known universe. Comprising of hun-
dreds to thousands of galaxies, these structures have
proven to be valuable in our understanding of the funda-
mental processes that govern galaxy formation and evo-
lution. An important clue as to how galaxies evolve is
the discovery that galaxy clusters at high redshifts have
a greater population of blue galaxies compared to clus-
ters nearby; a trend known as the Butcher-Oemler effect
(Butcher and Oemler 1984).

The Butcher-Oemler effect was first observed in
Butcher and Oemler (1978) and later confirmed in
Butcher and Oemler (1984) when detailed photometry
of 33 galaxy clusters revealed that the relative fraction
of blue galaxies (fB) of these clusters remained constant
at fB = 0.03±0.01 for z < 0.1, and increased with red-
shift to fB = 0.25 at z ≈ 0.5. These observations have
since been confirmed in a number of studies (Lavery and
Henry 1988; Rakos et al. 1996; Ellingson et al. 2001; Mar-
goniner et al. 2001; Tran et al. 2005). This was some of
the first evidence suggesting evolutionary processes are
at place in the cores of galaxy clusters, and that unseen
mechanisms are restricting the rate of star formation in
cluster galaxies; resulting in a decline in the blue popu-
lation over time.

Later studies have shown the fB of a cluster to cor-
relate with cluster properties such as luminosity (Elling-
son et al. 2001), richness (Margoniner et al. 2001), and
concentration (Butcher and Oemler 1984), hinting that
local environment may be a key factor in determining
the size of a cluster’s blue population. Direct obser-
vations (Lavery and Henry 1988) have revealed an in-
crease in the number of tails, streamers, and other tidal
features present on spiral galaxies in rich clusters, sug-
gesting that interactions between cluster members are
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frequent. Galaxy-galaxy interactions and merging are
known to cause bursts of rapid star formation, result-
ing in an accelerated rate of evolution (Mo et al. 2010).
These starburst galaxies use up their star forming ma-
terial relatively quickly, eventually resulting in a red-
dening in color as they are unable to form new stars.
Detailed spectroscopic measurements of Butcher-Oemler
cluster members (Dressler and Gunn 1983) show promi-
nent emission lines of [OII ],[OIII ], and Hβ; evidence that
intense star formation has occurred in the past. Further-
more, Rakos et al. (1996) found an abundance of star-
burst galaxies in Butcher-Oemler clusters, advancing the
idea that merging and galaxy-galaxy interactions are the
driving force behind the Butcher-Oemler effect.

However, recent investigations (Ellingson et al. 2001;
Tran et al. 2005) have shown that galaxy infall could
be the primary mechanism for the decline in the blue-
fraction observed in clusters at lower redshifts. Late-type
field galaxies located near a cluster’s edge can fall into
the cluster’s core region, and experience a ram-pressure
from the inter-cluster medium (ICM), stripping galaxies
of their star-forming material (Dressler and Gunn 1983).
It has been theorized that these infalling late-type spiral
galaxies morph into early-type lenticular galaxies once
star formation has ceased, thus giving a likely explana-
tion as to why lenticular galaxies are abundant in the
cores of highly-evolved clusters (?).

There has been some speculation that cluster galaxies
may be passively evolving at a rate comparable to those
in the field, and that the Butcher-Oemler effect could
primarily be due to an aging stellar population (Andreon
2006). As galaxies age, the blue star population will
deminish, yeilding an abundance of old red stars; leaving
the galaxy with a reddened appearance.

In this study we aim to verify the existence of the
Butcher-Oemler effect, and investigate the influences of
merging, infall, and passive galactic evolution on cluster
blue fraction. We analyze the blue galaxy populations
in clusters of similar richness, concentration, and red-
shift as to not introduce a bias from comparing clusters
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with different properties. The layout of this paper is as
follows: In §2 we cover the specifications of the Deep
Lens Survey, photometric redshifts, creation of our clus-
ter sample, and estimation of the background field. §3
we analyze the Butcher-Oemler effect and how it relates
to other cluster properties such as redshift, richness, and
concentration. In §4 we discuss the significance of these
results, and how they relate to previous works.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Observations

The Deep Lens Survey (DLS) is a deep, large-scale
imaging survey composed of five 2×2 degree fields. Ob-
serving fields were chosen to minimize contamination
from bright stars and galactic extinction, and were not
selected based on previously known structures (Wittman
et al. 2002). The CCD images were obtained using
4-meter telescopes at Kitt Peak National Observatory
(KPNO) and Cerro Tololo Inter-American Observatory
(CTIO) through Harris BV R and Sloan z′ filters. Each
CCD has 10,000×10,000 pixels with each pixel corre-
sponding to 0.257 arc-seconds. Twenty exposures were
taken with times of 600 seconds in BV z′ and 900 sec-
onds in R. Objects were identified and cataloged using
SExtractor (Bertin and Arnouts 1996) and magnitudes
were obtained with ColorPro (Coe et al. 2006). Roughly
6 million DLS galaxies have been cataloged. Refer to
Wittman et al. (2002) for a more in-depth explanation
as to the adopted observing methods and specifications
of the survey.

Galactic extinction corrections were applied using the
E(B − V ) map of Schlegel et al. (1998) using 4.325
E(B−V ) for the B band, 3.240 E(B−V ) for the V band,
2.634 E(B−V ) for the R band, and 1.540 E(B−V ) for
the z′ band. All magnitudes are calibrated using the AB
system. We used the spectral energy distribution of an
elliptical galaxy to derive k(z) corrections, allowing us to
compare galaxies at their B−V rest-frame absolute mag-
nitudes. Region masks and exclusion zones were applied
around bright stars, saturated objects, and field edges
using DS9 (Joye and Mandel 2003).

2.2. Photometric Redshifts

Photometric redshifts and galaxy types were estimated
using the Bayesian Photometric Redshift Estimation al-
gorithm (BPZ) (Beńıtez 2000). Only galaxies with BPZ
ODDS greater than 0.9 were considered, giving us re-
liable photometric redshifts without rendering our data
sample unusable. We use a simulation of the DLS devel-
oped by Margoniner and Wittman (2008) to determine
how accurately BPZ detects galaxies of different redshift,
type, and color with ODDS > 0.9; resulting in fractions
( BlueDetected

BlueSimulated
, TotalDetected

TotalSimulated
) that we later apply as a cor-

rection to the final data (Fig. 1). This correction com-
pensates for fraction galaxies that are cut by the BPZ
ODDS at each redshift.

When comparing photometric to previously known
spectroscopic redshifts in Field 1, the amount of scat-
ter in the relation is ∆z ≈ 0.06 for redshifts z < 1
(Margoniner and Wittman 2008). We therefore adopted
∆z = 0.06 as the depth of our redshift range used for
determining potential cluster member galaxies.

Fig. 1.—: Color completeness of BPZ in a DLS simulation
as a function of redshift. The blue line represents the fraction
of blue galaxies BPZ detects for ODDS > 0.9, the black line
is the fraction of total galaxies BPZ detects for ODDS > 0.9.

2.3. Cluster Sample

Galaxy clusters were detected using the Bayesian Clus-
ter Finder (Ascaso et al. 2010), an algorithm that iden-
tifies clusters based on three criteria: high density, a de-
fined red-sequence, and luminosity function. By taking
advantage of a variety of different detection methods,
it has the ability to detect clusters that may not have
well-defined red-sequences due to high redshifts, or low
richnesses. Furthermore, this algorithm is not subject to
the optical selection effects which may have biased the
results of previous studies. In all, a total of 845 cluster
candidates were detected.

For each candidate, the mean redshift of its cluster
members was determined. Cluster richnesses (ΛCD) are
defined as the effective number of L∗ galaxies in the clus-
ter (Ascaso et al. 2010). This method of richness estima-
tion is dependent on redshift, therefore a correction is
applied to account for the fraction of luminosity that is
lost due to the apparent depth of the survey. The bright-
est cluster galaxy (BCG) of each cluster is taken to be
the cluster’s central coordinates (Dressler 1984).

Similar to richness, we also aim to analyze how cluster
blue fraction depends on concentration (C), which we
define as the ratio of the effective surface densities
within a 0.5 Mpc radius and a 1.5 Mpc radius from a
cluster’s center.

C ≡ ρ(R0.5)/ρ(R1.5)

It is important to note how concentration differs from
richness; while richness is a measurement of the total
number of cluster members, concentration is a measure-
ment of how dense the central core region is compared to
the rest of the cluster. Concentration also gives insight of
how the galaxies are distributed within the area of a clus-
ter. A cluster with C < 1 means that either, the cluster
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Fig. 2.—: Redshift (z), richness (ΛCD), and concentration (C) distributions of our cluster sample.

has some kind of outer substructure, or a mistaken clus-
ter center. It is evident from Figure ?? that richness and
concentration are not correlated for our cluster sample.

In order to obtain an accurate fit to a cluster’s red-
sequence, only clusters with greater than 5 E/S0 galaxies
brighter than a limiting absolute magnitude ofMv = −20
were considered (more in §3.1). Clusters having greater
than 20% of their area within a masked region, or were
too close of proximity to a field’s edge regions were dis-
carded. After these cuts were applied to our sample,
a total of 302 clusters remained with ranges in redshift
from z = 0.25 to z = 0.74,in richness from ΛCD = 39.12
to ΛCD = 330.6, and in concentration from C = 0.33 to
C = 5.25 (Fig. 2).

Cosmological distances were computed using the Cos-
mology Calculator (Wright 2006) assuming a flat cosmol-
ogy of H0 = 68 Km s−1 Mpc−1, ΩΛ = 0.7, and ΩM =
0.3.

2.4. Field Sample

Not only is it critical to statistically subtract the back-
ground and foreground contamination when calculating
a cluster’s blue fraction, we also want to compare the
amount of evolution observed in the cluster to that of
the galaxy population in the surrounding field. We run
a Monte Carlo simulation for each cluster, generating 25
random field coordinates that are not in close proxim-
ity to a known cluster or masked region. Each of the
25 coordinates acts as a center-point for a cluster-sized
field sample of the same redshift as the subject cluster.
We perform the same procedure for these field samples
as the true data. This provides accurate representations
of the surrounding field population at the same redshifts
as the clusters. To minimize the probabilitiy of acciden-
tally landing on an unidentified cluster or substructure,
we only use field samples with less total galaxies than in
our clusters and with concentrations 0.80 < C < 1.20.

3. ANALYSIS OF THE BUTCHER-OEMLER EFFECT

3.1. Calculating the Blue-Fraction

When studying the Butcher-Oemler effect, it is essen-
tial to compare galaxy clusters over a wide range of red-
shifts. Due to the depth of the survey, observations of
high-redshift clusters are limited to only the most lumi-
nous galaxies, which is why a fixed absolute magnitude

limit is needed. For the purpose of directly comparing
our data and results with previous works (Butcher and
Oemler 1984; Margoniner et al. 2001), we adopt the orig-
inal magnitude limit used by Butcher and Oemler of Mv

= -20. This gives us a completion out to z ≈ 0.80 in the
DLS.

In Butcher and Oemler (1984), fB was originally de-
fined as the fraction of galaxies that reside within a radius
encompassing 30% of the total cluster population (R30),
and having an absolute magnitude brighter than Mv =
-20, and a B − V value 0.2 magnitudes bluer than the
best linear fit of the cluster’s early-type population (red-
sequence). We define fB in a similar way, however we
used a fixed radius of 1.5Mpc (R1.5) instead of R30. We
examine how the galaxy population changes as a func-
tion of radius for the top 10% richest and poorest clusters
between 0.525 < z < 0.575, the most populated redshift
in our sample. We find that the radial profiles of the two

Fig. 3.—: The radial profiles of the richest 10% (blue),
and poorest 10% (black) clusters in our sample within a tight
redshift range of 0.525 < z < 0.575. The dashed line is the
poor sample scaled by a constant multiple of 2.4. Cluster
radius does not depend on richness.
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types are remarkably similar, one being a scalar multiple
of the other (Fig. 3). In other words, rich clusters do
not appear to have larger radii than poor clusters, and
we would obtain the same results whether we use a fixed
cluster radius of 1.5Mpc or a scaling radius such as R30.

To calculate a cluster’s blue fraction, we use the equa-
tion:

fB = n(blue,cluster+field)−n(blue,field)
n(total,cluster+field)−n(total,field)

with obvious meanings for the symbols. n(blue, cluster+
field) and n(total, cluster + field) are determined by
counting the number of blue galaxies and the total num-
ber of galaxies within R1.5 of the cluster’s BCG, and
within a redshift slice of ∆z = 0.06. The error in
fB is predominantly due to the statistical variation
of the background. This gives us an estimation of the
amount of variation that is present in the field at a par-
ticular redshift. The error in the amount of variation in
the background is estimated by taking the median abso-
lute deviation (MAD) of the measured fB values for the
25 field samples. We chose using MAD over standard
distribution because we found that the galaxies in the
field don’t follow a normal distribution and occasionally
present radical outliers, greatly skewing the data.

3.2. Dependence on Redshift

To test for the Butcher-Oemler effect, we analyze how
the relative blue-fraction of a cluster’s galaxy population
depends on redshift. Due to the large size of our sample,
we bin the data by redshift and compute the weighted
mean of each bin (Fig. 4). A clear linear trend is ob-
served showing cluster blue-fraction to increase with red-
shift, thus confirming the presence of the Butcher-Omeler
effect in our cluster sample out to z = 0.80. In Figure
5 we divide the sample so that there is an equal num-
ber of points in each bin, showing both clusters (open
points) and field (open points). It is interesting to note
that the same trend is not as provalent in the surround-
ing field, suggesting that passive galactic evolution due
to an aging stellar population is not the primary factor
in cluster evolution. It should be noticed that the best
fits for the cluster and field samples intersect at z ≈ 0.85,
and could possibly indicate a period in the early universe
when galaxy clusters first started to evolve.

The possibility arises that the Butcher-Oemler effect
may be artificially caused from comparing dissimilar clus-
ters over wide ranges of redshifts; or how many have put
it ”comparing apples to oranges”. It is logical to assume
that the physical properties of a poor cluster will greatly
vary from those of a rich cluster. To test for this, we an-
alyze how the blue fraction depends on redshift for the
top 25% richest and poorest clusters in the sample (Fig.
6). Although there is more scatter, the Butcher-Oemler
effect is still evident in both rich and poor cluster pop-
ulations. The same trends can be seen when comparing
low concentrated clusters with those of high concentra-
tion (Fig. 7). It is interesting to note how in Figure 7,
clusters of high concentration generally have lower blue
fractions than those of low concentrations at similar red-
shifts; hinting that concentration contributes to cluster
color evolution. This trend is not observed with richness.

3.3. Dependence on Richness

Fig. 4.—: The Butcher-Oemler effect observed in 302
galaxy clusters in the DLS. Cluster blue fraction is directly
proportional to redshift. Binned by redshift in intervals of
0.05z.

Fig. 5.—: Butcher-Oemler effect with cluster blue fraction
being directly proportional to redshift. Closed points repre-
sent the complete cluster sample, open points represent the
surrounding field. The data is binned by redshift with an
equal number of clusters in each bin, and the weighted mean
calculated for each.

When comparing blue fraction and richness in clusters
of similar redshifts, we find that the blue fraction re-
mains fairly constant (Fig. 8), suggesting richness plays
a very minor role, if any, in how the colors of galaxy clus-
ters change as a function of time. Figure 8 also shows
that high redshift clusters generally have a greater blue
fraction than those at low redshifts.

Figure ?? shows the gaussian of the richness distribu-
tions for clusters at low (black) and high (blue) redshifts.
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Fig. 6.—: The Butcher-Oemler effect in clusters of
the poorest 25% (closed points), and the richest 25% (open
points).

Fig. 7.—: The Butcher-Oemler effect in clusters of the low-
est 25% concentration (closed points), and the highest 25%
concentration (open points).

We observe that at high redshift, the cluster popula-
tion has relatively more high-richness clusters than those
at low redshift. The observation that clusters become
poorer over time suggests that galaxy-galaxy merging
within cluster environments is frequent. As two galaxies
merge into one, the overall richness of the cluster will
decrease.

3.4. Dependence on Concentration

Studying how fBdepends on concentration may give
insight as to the processes taking place within galaxy
clusters, and potentially explain the amount of evolution
we observe to be happening over time. A comparison

Fig. 8.—: Cluster blue fraction as a function of richness
for low (closed points) and high (open points) redshifts.

Fig. 9.—: Cluster blue fraction as a function of concen-
tration for low (z < 0.5) and high (z > 0.6) redshifts.

between concentration and blue fraction for clusters of
similar redshifts reveals a clear linear trend with fB be-
ing inversly proportional to C (Fig. 9). It is interesting
that the slope of the fit for this relation is steeper for
high redshift (z > 0.6) clusters, than for those at lower
redshifts. Clusters of low concentration show the great-
est amount of color evolution with redshift, and could
be due to becoming more concentrated over time. It is
interesting to note that the highest concentrated clusters
are only present at lower redshifts, z < 0.5.

4. DISCUSSION

In an attempt to determine how greatly redshift, con-
centration, richness, and passive evolution contribute to
overall cluster evolution, we fit a theoretical model to
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mathematically explain the observed data. We perform
a least-squares fit to fit a general function: Azα + c and
determine = 0.997, α = 1.481, c = 0.070 to be the best
fitting model with a reduced χ2 = 1.029. We tried fitting

functions using one to three parameters for z, C,ΛCD and
found that z was the primary factor when determining
blue fraction.
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