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ABSTRACT

We have measured the flux, profile, color, and substructure in the diffuse intracluster light ( ICL) in a sample of
10 galaxy clusters with a range of mass, morphology, redshift, and density. Deep, wide-field observations for this
project weremade in two bands at the 1m Swope and 2.5m du Pont telescopes at Las Campanas Observatory. Careful
attention in reduction and analysis was paid to the illumination correction, background subtraction, point-spread
function determination, and galaxy subtraction. ICL flux is detected in both bands in all 10 clusters ranging from
7:6 ; 1010 to 7:0 ; 1011 h�1

70 L� in r and 1:4 ; 1010 to 1:2 ; 1011 h�1
70 L� in the B band. These fluxes account for 6%Y

22% of the total cluster light within one-quarter of the virial radius in r and 4%Y21% in the B band. Average ICL
B� r colors range from 1.5 to 2.8 mag when k- and evolution corrected to the present epoch. In several clusters we
also detect ICL in group environments near the cluster center and up to 1 h�1

70 Mpc distant from the cluster center. Our
sample, having been selected from the Abell sample, is incomplete in that it does not include high-redshift clusters
with low density, low flux, or lowmass, and it does not include low-redshift clusters with high flux, highmass, or high
density. This bias makes it difficult to interpret correlations between ICL flux and cluster properties. Despite this
selection bias, we do find that the presence of a cD galaxy corresponds to both centrally concentrated galaxy profiles
and centrally concentrated ICL profiles. This is consistent with ICL either forming from galaxy interactions at the
center or forming at earlier times in groups and later combining in the center.

Key words: cosmology: observations — galaxies: clusters: individual (Abell 141, Abell 2556, Abell 2734,
Abell 3880, Abell 3888, Abell 3984, Abell 4010, Abell 4059, AC 114, AC 118) —
galaxies: evolution — galaxies: interactions — galaxies: photometry

1. INTRODUCTION

A significant stellar component of galaxy clusters is found
outside of the galaxies. The standard theory of cluster evolution
is one of hierarchical collapse; as time proceeds, clusters grow
in mass through merging with other clusters and groups. These
mergers, as well as interactions within groups and within clus-
ters, strip stars out of their progenitor galaxies. The study of these
intracluster stars can inform hierarchical formation models, as
well as tell us something about physical mechanisms involved in
galaxy evolution within clusters.

Paper I of this series (Krick et al. 2006) discusses the methods
of intracluster light (ICL) detection and measurement, as well as
the results garnered from one cluster in our sample. We refer the
reader to that paper and the references therein for a summary of
the history and current status of the field. This paper presents the
remaining nine clusters in the sample and seeks to answer when
and how intracluster stars are formed by studying the total flux,
profile shape, color, and substructure in the ICL as a function of
cluster mass, redshift, morphology, and density in the sample of
10 clusters. The advantage to having an entire sample of clusters
is to be able to follow evolution in the ICL and use that as an in-
dicator of cluster evolution.

Strong evolution in the ICL fraction with mass of the cluster
has been predicted in simulations by both Lin & Mohr (2004)
and Murante et al. (2004). If ongoing stripping processes are
dominant, such as ram pressure stripping (Abadi et al. 1999) or
harassment (Moore et al. 1996), then high-mass clusters should
have a higher ICL fraction than low-mass clusters. If, however,
most of the galaxy evolution happens early on in cluster col-

lapse by galaxy-galaxy merging, then the ICL should not corre-
late directly with current cluster mass.
Because an increase in mass is tied to the age of the cluster

under hierarchical formation, evolution has also been predicted
in the ICL fraction as a function of redshift (Willman et al. 2004;
Rudick et al. 2006). Again, if ICL formation is an ongoing pro-
cess, then high-redshift clusters will have a lower ICL fraction
than low-redshift clusters. Conversely, if ICL formation hap-
pened early on in cluster formation there will be no correlation
of ICL with redshift.
The stripping of stars (or even the gas to make stars) to create

an intracluster stellar population requires an interaction between
their original host galaxy and either another galaxy, the cluster
potential, or possibly the hot gas in the cluster. Because all of
these processes require an interaction, we expect cluster density
to be a predictor of ICL fraction. Cluster density is linked to clus-
ter morphology, which implies morphology should also be a pre-
dictor of ICL fraction. Specifically we measure morphology
by the presence or absence of a cD galaxy, which is the result
of 2Y5 times more mergers than the average cluster galaxy
(Dubinski 1998). The added number of interactions that went
into forming the cD galaxy will also mean an increased disrup-
tion rate in galaxies therefore morphological relaxed (dynami-
cally old) clusters should have a higher ICL flux than dynamically
young clusters.
Observations of the color and fractional flux in the ICL over a

sample of clusters with varying redshift and dynamical state will
allow us to identify the timescales involved in ICL formation. If
the ICL is the same color as the cluster galaxies, it is likely to be
a remnant from ongoing interactions in the cluster. If the ICL is
redder than the galaxies, it is likely to have been stripped from
galaxies at early times. Stripped stars will passively evolve to-
ward red colors while the galaxies continue to form stars. If the
ICL is bluer than the galaxies, then some recent star formation
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has made its way into the ICL, either from ellipticals with low
metallicity, spirals with younger stellar populations, or in situ
formation.

While multiple mechanisms are likely to play a role in the
complicated process of formation and evolution of clusters, im-
portant constraints can come from ICL measurement in clusters
with a wide range of properties. In addition to directly constrain-
ing galaxy evolution mechanisms, the ICL flux and color is a test-
able prediction of cosmological models. As such it can indirectly
be used to examine the accuracy of the physical inputs to these
models.

This paper is structured in the following manner. In x 2 we
discuss the characteristics of the entire sample. Details of the ob-
servations and reduction are presented in xx 3 and 4, including
flat-fielding, sky background subtraction methods, object detec-
tion, and object removal andmasking. In x 5we list the results for
both cluster and ICL properties as well as accuracy limits. A dis-
cussion of the interesting correlations can be found in x 6, followed
by a summary of the conclusions in x 7. Details of the individual
clusters can be found in the Appendix. Throughout this paper we
use H0 ¼ 70 km s�1 Mpc�1, �M ¼ 0:3, and �� ¼ 0:7.

2. THE SAMPLE

The general properties of our sample of 10 galaxy clusters
have been outlined in Paper I; for completeness we summarize
them briefly here and in Table 1. Our choice of the 10 clusters
both minimizes the observational hazards of the Galactic and
ecliptic plane and maximizes the amount of information in the
literature. All clusters were chosen to have published X-ray lumi-
nosities, which guarantees the presence of a cluster and provides
an estimate of the cluster’s mass. The 10 chosen clusters are rep-
resentative of a wide range in cluster characteristics, namely red-
shift (0:05 < z < 0:3), morphology (three with no clear central
dominant galaxy, and seven with a central dominant galaxy as de-
termined from this survey [x 5.1.2] and not from Bautz-Morgan
morphological classifications), spatial projected density (richness
class 0Y3), and X-ray luminosity (1:9 ; 1044 ergs s�1 < LX <
22 ; 1044 ergs s�1). We discuss results from the literature and
this survey for each individual cluster in order of ascending red-
shift in the Appendix.

3. OBSERVATIONS

The sample is divided into a ‘‘low’’ (0:05 < z < 0:1) and
‘‘high’’ (0:15 < z < 0:3) redshift range, which we have ob-
served with the 1 m Swope and 2.5 m du Pont telescopes, re-
spectively. The du Pont observations were discussed in detail in
Paper I. The Swope observations follow a similar observational
strategy and data-reduction process, which we outline below. Ob-
servational parameters are listed in Table 2.

We used the 2048 ; 3150 Site No. 3 CCD with a 3 e� count�1

gain and 7 e� read noise on the Swope telescope. The pixel scale
is 0.43500 pixel�1 (15 �m pixel�1), so that the full field of view
per exposure is 14:80 ; 22:80. Datawere taken in two filters, Gunn
r (k0 ¼ 65508) and B (k0 ¼ 43008). These filters were selected
to provide some color constraint on the stellar populations in the
ICL by spanning the 40008 break at the relevant redshifts while
avoiding flat-fielding difficulties at longer wavelengths and pro-
hibitive sky brightness at shorter wavelengths.

Observing runs occurred on 1998 October 20Y26, 1999 Sep-
tember 2Y11, and 2000 September 19Y30. All observing runs
took place within 8 days of new moon. A majority of the data
were taken under photometric conditions. Those images taken
under nonphotometric conditions were individually tied to the

photometric data (see discussion in x 4). Across all three runs,
each cluster was observed for an average of 5 hr in each band. In
addition to the cluster frames, night-sky flats were obtained in
nearby, off-cluster, ‘‘blank’’ regions of the sky with total expo-
sure times roughly equal to one-third of the integration times on
cluster targets. Night-sky flats were taken in all moon conditions.
Typical B- and r-band sky levels during the run were 22.7 and
21.0 mag arcsec�2, respectively.

Cluster images were dithered by one-third of the field of view
between exposures. The large overlap from the dithering pattern
gives us ample area for linking background values from the neigh-
boring cluster images. Observing the cluster in multiple positions
on the chip reduces large-scale flat-fielding fluctuations on com-
bination. Integration times were typically 900 s in r and 1200 s
in B.

4. REDUCTION

In order to create mosaicked images of the clusters with a
uniform background level and accurate resolved-source fluxes,
the images were bias and dark subtracted, flat-fielded, flux cali-
brated, background subtracted, extinction corrected, and regis-
tered before combining. Methods for this are discussed in detail
in Paper I and summarized below.

The bias level is roughly 270 counts, which changed by ap-
proximately 8% throughout the night. This, along with the large-
scale ramping effect in the first 500 columns of every row, was
removed in the standard manner using IRAF tasks. The mean
dark level is 1.6 counts per 900 s, and there is some vertical
structure in the dark that amounts to 1.4 counts per 900 s over the
whole image. To remove this large-scale structure from the data
images, a combined dark frame from the whole run was median
smoothed over 9 ; 9 pixels (3:900 ), scaled by the exposure time,
and subtracted from the program frames. Small-scale variations
were not present in the dark. Pixel-to-pixel sensitivity variations
were corrected in all cluster and night-sky flat images using
nightly, high signal-to-noise ratio (S/N), median-combined dome
flatswith 70,000Y90,000 total counts. After this step, a large-scale
illumination pattern remained across the chip. This was removed
using night-sky flats of ‘‘blank’’ regions of the sky, which, when
combined using masking and rejection, produced an image with
no evident residual flux from sources but has the large-scale illu-
mination pattern intact. The illumination patternwas stable among
images taken during the same moon phase. Program images were
corrected only with night-sky flats taken in conditions of similar
moon.

We find that the Site No. 3 CCD does have an approximately
7% nonlinearity over the full range of counts, which we fit with
a second-order polynomial and corrected for in all the data. The
same functional fit was found for both the 1998 and 1999 data,
and also applied to the 2000 data. The uncertainty in the linearity
correction is incorporated in the total photometric uncertainty.

Photometric calibration was performed in the usual manner
using Landolt standards over a range of air masses. Extinction
was monitored on stars in repeat cluster images throughout the
night. Photometric nights were analyzed together; solutions were
found in each filter for an extinction coefficient and commonmag-
nitude zero point with a r- and B-band rms of 0.04 and 0.03 mag
in 1998 October, 0.03 and 0.03 mag in 1999 September, and
0.05 and 0.05 mag in 2000 September, respectively. These un-
certainties are a small contribution to our final error budget (x 5.3).
Those exposures taken in nonphotometric conditions were in-
dividually tied to the photometric data using roughly 10 stars
well distributed around each frame to find the effective extinction
for that frame. Among those nonphotometric images we find a
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TABLE 1

Cluster Characteristics

Cluster Flux ICL Flux Ratio

Cluster Name z

M3 � M1

(mag)

Richness

Class

Number of

Galaxies

�v
(km s�1)

rvirial
(Mpc)

Mass

(1014 M�)

B

(1011 L�)

r

(1011 L�)

B

(1011 L�)

r

(1011 L�)

B

(%)

r

(%) ICL Color

A4059a ............ 0.048b 1:05� 0:05 1 76 845þ280
�140

c 2.6d 2:82þ0:37
�0:34

d 4:2� 1:3 12� 3:5 1:2� :24 3:4� 1:7 21� 8 22� 12 1.89

A3880a ............ 0.058b 0:55� 0:05 0 62 827þ120
�79

e 2.5f 8:3þ2:8
�2:1

g 3:8� 1:1 8:6� 2:6 0:44� 0:23 1:4� 0:46 10� 6 14� 6 2.63

A2734a ............ 0.062b 0:62� 0:05 1 99 628þ61
�57

e 2.4d 2:49þ0:89
�0:63

d 3:4� 1:0 12� 3:6 0:7� 0:47 2:8� 0:47 17� 13 19� 6 2.54

A2556a ............ 0.087b 1:11� 0:05 1 104 1247� 249c 2.6f 25� 1h 3:3� 0:99 13� 3:8 0:14� 0:14 0:76� 0:66 4� 4 6� 5 2.48

A4010a ............ 0.096b 0:72� 0:05 1 93 625þ127
�95

e 3.1f 3:8þ1:6
�1:2

g 3:5� 1:0 12� 3:7 0:77� 0:28 3:2� 0:70 18� 8 21� 8 2.54

A3888.............. 0.151b 0:17� 0:04 2 189 1102þ137
�107

i 3.7d 25:5þ10:5
�7:4

d 7:2� 2:2 30� 9:0 0:86� :25 4:4� 2:1 11� 3 13� 5 1.97

A3984a ............ 0.181b 0:64� 0:04 2 151 . . . 3.5f 31� 10j 4:4� 1:3 20� 6:0 0:62� 0:21 2:2� 1:0 12� 6 10� 6 1.49

A141a .............. 0.23b 0:56� 0:04 3 185 . . . 3.7f 18:9þ11:1
�8:7

k 5:4� 1:6 32� 9:5 0:34� 0:11 3:5� 0:88 6� 3 10� 4 2.72

AC 114............ 0.31l 0:53� 0:04 2 220 1388þ128
�71

i 3.5m 26:3þ8:2
�7:1

i 2:3� 0:70 18� 5:3 0:38� 0:08 2:2� 0:4 14� 3 11� 2 2.15

AC 118............ 0.308b 0:24� 0:04 3 288 1947þ292
�201

n 3.4m 38� 37i 5:4� 1:6 44� 1:3 0:67� 0:17 7:0� 0:97 11� 5 14� 5 2.75

Note.—Sources for the virial radii and mass are discussed in xx A1YA10 and generally come from X-ray data.
a We have obtained additional photometric and spectroscopic data for this cluster, which will be published in a forthcoming paper.
b Struble & Rood (1999).
c Wu et al. (1999).
d Reiprich & Böhringer (2002).
e Girardi et al. (1998a).
f Ebeling et al. (1996).
g Girardi et al. (1998b).
h Reimers et al. (1996).
i Girardi & Mezzetti (2001).
j Cypriano et al. (2004).
k Dahle et al. (2002).
l Abell et al. (1989).
m Allen (1998).
n Couch & Sharples (1987).



standard deviation of 0.03 mag within each frame. Two further
problems with using nonphotometric data for low surface bright-
ness (LSB) measurements are the scattering of light off of clouds,
which causes a changing background illumination across the field,
and, second, the smoothing out of the point-spread function (PSF).
We find no spatial gradient over the individual frame to the limit
discussed in x 5.3. The change in PSF is on small scales and will
have no effect on the ICL measurement (see x 4.2.1).

Due to the temporal variations in the background, it is neces-
sary to link the off-cluster backgrounds from adjacent frames to
create one single background of zero counts for the entire cluster
mosaic before averaging together frames. To determine the back-
ground on each individual frame we measure average counts in
approximately 20 regions of 20 ; 20 pixels across the frame. Re-
gions are chosen individually by hand to be a representative sam-
ple of all areas of the frame that are more distant than 0.8 h�1

70 Mpc
from the center of the cluster. This is well beyond the radius at
which ICL components have been identified in other clusters
(Paper I; Feldmeier et al. 2002; Gonzalez et al. 2005; Zibetti
et al. 2005). The average of these background regions for each
frame is subtracted from the data, bringing every frame to a zero
background. The accuracy of the background subtraction is dis-
cussed in x 5.3.

The remaining flux in the cluster images after background
subtraction is corrected for atmospheric extinction by multiply-
ing each individual image by 10��=2:5, where� is the air mass and
� is the fitted extinction in magnitudes from the photometric so-
lution. This multiplicative correction is between 1.04 and 2.0 for
an air mass range of 1.04Y1.9.

The IRAF tasks geomap and geotran were used to find and
apply x- and y-shifts and rotations between all images of a single
cluster. The geotran solution is accurate on average to 0.03 pixels
(rms). Details of the final combined image after preprocessing,
background subtraction, extinction correction, and registration
are included in Table 2.

4.1. Object Detection

Object detection follows the same methods as Paper I. We use
SExtractor to both find all objects in the combined frames and to
determine their shape parameters. The detection threshold in the
V, B, and r images was defined such that objects have a minimum

of six contiguous pixels, each of which are brighter than 1.5 �
above the background sky level. We choose these parameters
as a compromise between detecting faint objects in high S/N re-
gions and rejecting noise fluctuations in low S/N regions. This
corresponds to minimum surface brightnesses that range from
25.2 to 25.8 mag arcsec�2 in B, 25.9 to 26.9 mag arcsec�2 in V,
and 24.7 to 26.4 mag arcsec�2 in r (see Table 2). This range in
surface brightness is due to varying cumulative exposure time
in the combined frames. Shape parameters are determined in
SExtractor using only those pixels above the detection threshold.

4.2. Object Removal and Masking

To measure the ICL we remove all detected objects from the
frame by either subtraction of an analytical profile or masking.
Details of this process are described below.

4.2.1. Stars

Scattered light in the telescope and atmosphere produce an
extended PSF for all objects. To correct for this effect, we deter-
mine the extended PSF using the profiles of a collection of stars
from supersaturated 4 mag stars to unsaturated 14 mag stars. The
radial profiles of these stars were fit together to form one PSF
such that the extremely saturated star was used to create the pro-
file at large radii and the unsaturated stars were used for the inner
portion of the profile. This allows us to create an accurate PSF to
a radius of 70, shown in Figure 1.

The inner region of the PSF is well fit by a Moffat function.
The outer region is well fit by r�2:0 in the r band and r�1:6 in theB
band. In the r band there is a small additional halo of light at
roughly 5000Y10000 (200Y400 pixels) around stars imaged on the
CCD. The newer, higher quality, antireflection-coated interfer-
ence B-band filter does not show this halo, which implies that
the halo is caused by reflections in the filter. To test the effect of
clouds on the shape of the PSF we create a second deep PSF from
stars in cluster fields taken under nonphotometric conditions.
There is a slight shift of flux in the inner 1000 of the PSF profile,
which will have no impact on our ICL measurement.

For each individual, nonsaturated star, we subtract a scaled
band-specific profile from the frame in addition to masking the
inner 3000 of the profile (the region that follows a Moffat profile).
For each individual saturated star, to be as cautious as possible

TABLE 2

Observational Parameters

Exposure Time

( hr)

Average Seeing

(arcsec)

Native Detection

Threshold

(mag arcsec�2)

Corrected Detection

Threshold

(mag arcsec�2 )

Background Accuracy

(mag arcsec�2 )

Cluster Redshift r B or V r B or V

Field of View

(h�1
70 Mpc) r B or V r B or V r B or V

A4059......................... 0.048 3.8 4.3 1.1 1.7 1:2 ; 1:4 24.9 25.8 26.25 26.04 27.7 29.9

A3880......................... 0.058 9.5 4.3 1.5 1.5 1:7 ; 2:2 25.1 25.2 26.22 26.04 28.0 29.2

A2734......................... 0.062 4.6 4.1 1.3 1.7 1:7 ; 1:9 24.8 25.2 26.21 26.05 28.7 29.3

A2556......................... 0.087 3.8 3.7 1.3 1.4 2:0 ; 2:4 24.7 25.4 26.13 26.11 27.7 29.4

A4010......................... 0.096 5.5 6.9 1.7 1.3 2:3 ; 2:5 25.0 25.7 26.10 26.09 28.4 29.9

A3888......................... 0.151 6.3 4.0 1.1 0.9 2:3 ; 2:2 26.4 26.0 25.94 25.67 28.8 29.5

A3984......................... 0.181 6.8 4.3 1.0 1.0 2:3 ; 2:5 26.4 25.9 25.89 25.65 28.9 29.0

A141........................... 0.23 6.8 4.0 0.9 1.0 2:8 ; 2:7 26.3 26.0 25.75 25.63 29.2 29.8

AC 118....................... 0.31 6.0 3.0 1.4 1.0 2:7 ; 2:9 26.3 26.9 25.62 25.70 29.7 29.9

AC 114....................... 0.31 5.5 4.3 1.1 1.8 2:4 ; 2:5 26.4 26.1 25.63 25.70 29.8 29.8

Notes.—The first five clusters in the table were imaged with the 1 m Swope telescope in the r and B bands. The last five clusters in the table were imaged with the
2.5 m du Pont telescope in the r and V bands. Native detection threshold refers to the measured detection threshold of the cluster at its appropriate redshift. Corrected
surface brightness detection threshold refers to the actual detection threshold to which we mask at the redshift of each cluster. This detection threshold has been surface
brightness dimmed and k-corrected to a redshift of 0, as discussed in x 4.2.2.
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with the PSFwings, we have subtracted a stellar profile given the
USNOmagnitude of that star and produced a largemask to cover
the inner regions and any bleeding. Themask size is chosen to be
twice the radius at which the star goes below 30 mag arcsec�2,
and therefore goes well beyond the surface brightness limit at
which we measure the ICL. We can afford to be liberal with our
saturated star masking, since most clusters have very few satu-
rated stars that are not near the center of the cluster where we
need the unmasked area to measure any possible ICL.

In the specific case of A3880 there are two saturated stars
(9 and 10 mag, r band) within 20 of the core region of the cluster.
If we used the samemethod of conservatively masking (twice the
radius of the 30 mag arcsec�2 aperture), the entire central region
of the image where we expect to find ICL would be lost. We
therefore consider a less extreme method of removing the stellar
profile by iteratively matching the saturated stars’ profiles with
the known PSF shape. We measure the saturated star profiles on
an image that has had every object except for those two saturated
stars masked, as described in x 4.2.2. We can then scale our mea-
sured PSF to the star’s profile, at radii where there is expected to
be no contamination from the ICL, and the star’s flux is not satu-
rated. Since the two stars are within 10 of each other, the scaled
profiles of the stars are iteratively subtracted from the masked
cluster image until the process converges on solutions for the scal-
ing of each star. We still use a mask for the inner region (�7500 )
where saturation and seeing effect the profile shape.

4.2.2. Galaxies

We want to remove all the flux in our images associated with
galaxies. Although some galaxies might follow de Vaucouleurs,
Sérsic, or exponential profiles, those galaxies that are near the
centers of clusters cannot be fit with these or other models either,

because of the overcrowding in the center or because their pro-
files really are different due to their location in a dense environ-
ment. A variety of strategies for modeling galaxies within the
centers of clusters were explored in Paper I and were found to be
inadequate for these purposes. Since we cannot fit and subtract
the galaxies to remove their light, we instead mask all galaxies in
our cluster images.
By masking, we remove from our ICL measurements all pix-

els above a surface brightness limit that are centered on a galaxy
as detected by SExtractor. For Paper I, we chose to mask inside
of 2Y2.3 times the radius at which the galaxy light dropped be-
low 26.4 mag arcsec�2 in r, akin to 2Y2.3 times a Holmberg
radius (Holmberg 1958). Holmberg radii are typically used to
denote the outermost radii of the stellar populations in galaxies.
Galaxy profileswill also have the characteristic underlying shape

of the PSF, including the extended halo. However, for a 20 mag
galaxy, the PSF is below 30 mag arcsec�2 by a radius of 1000.
Each of the clusters has a different native surface bright-

ness detection threshold based on the illumination correction and
background subtraction, and they are all at different redshifts.
However, we want to mask galaxies at all redshifts to the same
physical surface brightness to allow for a meaningful com-
parison between clusters at different redshifts. To do this we
make a correction for (1þ z) 4 surface brightness dimming and a
k-correction for each cluster when calculating mask sizes. The
mask sizes change by an average of 10% and at most 22% from
what they would have been given the native detection threshold.
Both the native and corrected surface brightness detection thresh-
olds are listed in Table 2. To test the effect of mask size on the ICL
profile and total flux, we also create masks that are 30% larger and
30% smaller in area than the calculatedmask size. The fluxwithin
the masked areas for these galaxies is on average 25% more than
the flux identified by SExtractor as the corrected isophotal mag-
nitude for each object.

5. RESULTS

Here we discuss our methods for measuring both cluster and
ICL properties, as well as a discussion of each individual cluster
in our sample.

5.1. Cluster Properties

Cluster redshift, mass, and velocity dispersion are taken from
the literature, where available, as listed in Table 1. Additional
properties that can be identified in our data, particularly those
that may correlate with ICL properties (cluster membership, flux,
dynamical state, and global density), are discussed below and
also summarized in Table 1.

5.1.1. Cluster Membership and Flux

Cluster membership and galaxy flux are both determined us-
ing a color-magnitude diagram (CMD) of either B� r versus r
(clusters with z < 0:1) or V � r versus r (clusters with z > 0:1).
We create CMDs for all clusters using corrected isophotal mag-
nitudes as determined by SExtractor. Membership is then as-
signed based on a galaxy’s position in the diagram. If a given
galaxy is within 1 � of the red cluster sequence (RCS) deter-
mined with a biweight fit, then it is considered a member (fits are
shown in Fig. 2). All others are considered to be nonmember
foreground or background galaxies. This method selects the red
elliptical galaxies as members. The benefits of this method are
that membership can easily be calculated with two-band pho-
tometry. The drawbacks are that it both does not include some
of the bluer true members and does include some of the redder

Fig. 1.—PSF of the 40 inch Swope telescope at Las Campanas Observatory.
The y-axis shows surface brightness scaled to correspond to the total flux of a
0 mag star. The profile within 500 was measured from unsaturated stars and can
be affected by seeing. The outer profile was measured from two stars with super-
saturated cores imaged in two different bands. The profile with the bump in it at
10000 is the r-band profile; that without the bump is the B-band PSF. The bump
in the profile at 10000 is due to a reflection off the CCD that then bounces off of
the filter and back down onto the CCD. The outer surface brightness profile de-
creases as r�2 in the r band and r�1:6 in the B, shown by the dashed lines. An
r�3:9 profile is plotted to show the range in slopes.
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nonmembers. An alternative method of determining cluster flux
without spectroscopy by integrating under a background-subtracted
luminosity function is discussed in detail in x 5.3 of Paper I. Due
to the large uncertainties involved in both methods (�30%), the
choice of procedure will not greatly affect the conclusions.

To determine the total flux in galaxies, we sum the flux of all
member galaxies within the same cluster radius. The image size
of our low-redshift clusters restricts that radius to one-quarter of

the virial radius of the cluster where virial radii are taken from the
literature or calculated from X-ray temperatures as described in
xx A1YA10. From tests with those clusters where we do have
some spectroscopic membership information from the literature
(see xxA3 and A6), we expect the uncertainty in flux from using
the CMD for membership to be �30%.

Fits to the CMDs produce the mean color of the red ellipticals,
the slope of the color-magnitude relation (CMR) for each cluster,

Fig. 2.—CMDs for all 10 clusters in increasing redshift order from left to right and top to bottom: A4059, A3880, A2734, A2556, A4010, A3888, A3984, A141,
AC 114, and AC 118. All galaxies detected in our image are denoted with an asterisk. Those galaxies that have membership information in the literature are overplotted
with triangles (members) or squares (nonmembers) (membership references are given in xx A1YA10). Solid lines indicate a biweight fit to the red sequence with 1 �
uncertainties.
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and the width of that distribution. Among our 10 clusters, the
color of the red sequence is correlated with redshift, whereas the
slopes of the relations are roughly the same across redshift, con-
sistent with López-Cruz et al. (2004). The widths of the CMRs
vary from 0.1 to 0.4 mag. This is expected if these clusters are
made up of multiple clumps of galaxies all at similar, but not ex-
actly identical redshifts. True background and foreground groups
and clusters can also add to the width of the RCS.

In order to compare fluxes from all clusters, we consider two
correction factors. First, galaxies below the detection threshold
will not be counted in the cluster flux as we have measured it and
will instead contribute to the ICL flux. Since each cluster has a
different detection threshold based mainly on the quality of the
illumination correction (see Table 2), we calculate individually
for each cluster the flux contribution from galaxies below the de-
tection threshold. Without luminosity functions for each cluster,
we adopt the Goto et al. (2002) luminosity function based on 200
Sloan clusters (� 0

r ¼ �0:85� 0:03). The flux from dwarf gal-
axies below the detection threshold (M ¼ �11 in r) is less than
or equal to 0.1% of the flux from sources above the detection
threshold (our assumed value of total flux). This is an extremely
small contribution due to the faint-end slope, and our deep, uni-
form images with detection thresholds in all cases more than
7 mag dimmer thanM�. Our surface brightness detection thresh-
olds are low enough that we do not expect to miss galaxies of
normal surface brightness below our detection threshold at any
redshift assuming that all galaxies at all redshifts have similar
central surface brightnesses.

Second, we apply k- and evolutionary corrections to account
for the shifting of the bandpasses through which we are observ-
ing and the evolution of the galaxy spectra due to the range in
redshifts we observe. We use Poggianti (1997) for both of these
corrections as calculated for simple stellar populations of ellip-
tical galaxies in B, V, and r.

5.1.2. Dynamical Age

Dynamical age is an important cluster characteristic for this
work, as dynamical age is tied to the number of past interactions
among the galaxies. We discuss four methods for estimating clus-
ter dynamical age based on optical and X-ray imaging. The first
two methods are based on cluster morphology using Bautz-
Morgan type and an indication of the presence of a cD galaxy.
We use morphology as a proxy for dynamical age since clusters
with single large elliptical galaxies at their centers (cD) have pre-
sumably been through more mergers and interactions than clus-
ters that have multiple clumps of galaxies where none have
settled to the center of the potential. Those clusters with more
mergers are dynamically older; therefore, clusters with cD gal-
axies should be dynamically older. Specifically, Bautz-Morgan
type is a measure of cluster morphology defined such that type I
clusters have cD galaxies, type III clusters do not have cD gal-
axies, and type II clusters may show cD-like galaxies that are not
centrally located. Bautz-Morgan type is not reliable, as Abell did
not have membership information. To this we add our own bi-
nary indicator of cluster morphology, clusters that have single
galaxy peaks in the centers of their ICL distributions (cD galaxies)

Fig. 2—Continued
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versus clusters that have multiple galaxy peaks in the centers of
their ICL distributions (no cD).

We havemore information about the dynamical age of the clus-
ter beyond just the presence or absence of a cDgalaxy, namely, the
difference in brightness of the brightest cluster galaxy (BCG) rel-
ative to the next few brightest galaxies in the cluster (the lumi-
nosity gap statistic; Milosavljević et al. 2006), which is our third
estimate of dynamical age. Clusters with one bright galaxy that
is much brighter than any of the other cluster galaxies imply an
old dynamic age, because it takes time to form that bright gal-
axy through multiple mergers. Conversely, multiple evenly bright
galaxies imply a cluster that is dynamically young. For our sample
wemeasure themagnitude differences between the first- (M1) and
second- (M2) brightest galaxies that are considered members
based on color.We run the additional test of comparingM2�M1
with M3�M1, where consistency between these values ensures
a lack of foreground or background contamination. Values of
M3�M1 range from 0.24 to 1.1 mag and are listed in Table 1.
This is the most reliable measure of dynamic age available to us
in this data set. In a sample of 12 galaxy groups from N-body
hydrodynamic simulations, D’Onghia et al. (2005) found a clear,
strong correlation between the luminosity gap statistic and forma-
tion time of the group (Spearman rank coefficient of 0.91) such
that �mag increases by 0:69� 0:41 (1 �) mag for every 1 Gyr of
formation. We assume that this simulation is also an accurate re-
flection of the evolution of clusters, and therefore that M3�M1 is
well correlated with formation time and, therefore, dynamical age
of the clusters.

The fourth method for measuring dynamical state is based on
the X-ray observations of the clusters. In a simulation of nine
cluster mergers with mass ratios ranging from 1:1 to 10 :1 with a
range of orbital properties, Poole et al. (2006) showed that clus-
ters are virialized when or shortly after they visually appear re-
laxed through the absence of structures (clumps, shocks, and
cavities) or centroid shifts (X-ray peak vs. center of the X-ray gas
distribution). We then assume that spherically distributed hot gas
as evidenced by the X-ray morphologies of the clusters free from
those structures and centroid shifts implies relaxed clusters, which
are therefore dynamically older clusters that have already been
through significant mergers. With enough photons, X-ray spectros-
copy can trace the metallicity of different populations to determine
progenitor groups or clusters. X-ray observations are summarized
in xx A1YA10.

5.1.3. Global Density

Current global cluster density is an important cluster charac-
teristic for this work, as density is correlated with the past interac-
tion rate among galaxies. We would like a measure of the number
of galaxies in each of the clusters within somewell-defined radius
that encompasses the potentially dynamically active regions of the
cluster. Abell chose to calculate global density as the number of
galaxies with magnitudes between that of the third-ranked mem-
ber,M3, andM3+ 2magwithin 1.5Mpc of the cluster, statistically
correcting for foreground and background galaxy contamination
with galaxy densities outside of 1.5 Mpc (Abell et al. 1989). The
cluster galaxy densities are then binned into richness classes with
values of 0 to 3, where richness 3 clusters are higher density than
richness 0 clusters. Cluster richnesses are listed in Table 1.

In addition to richness class we use a measure of global den-
sity that has not been binned into coarse values and is not affected
by sample completeness. To do this we count the number of mem-
ber galaxies inside of 0.8 h�1

70 Mpc to the same absolutemagnitude
limit for all clusters. Membership is assigned to those galaxies
within 1 � of the CMR. The density may be affected by the width

of the CMR if the CMR has been artificially widened due to
foreground and background contamination. We choose a magni-
tude limit of Mr ¼ �18:5, which is deep enough to get many tens
of galaxies at all clusters, but is shallow enough that our photo-
metry is still complete. At the most distant clusters (z ¼ 0:31), an
Mr ¼ �18:5 galaxy is a 125 � detection. The numbers of galaxies
in each cluster thatmeet these criteria range from62 to 288 and are
in good agreement with the broader Abell richness determination.
These density estimates are listed in Table 1.

5.2. ICL Properties

We detect an ICL component in all 10 clusters of our sample.
We describe below our methods for measuring the surface bright-
ness profile, color, flux, and substructure in that component.

5.2.1. Surface Brightness Profile

In eight out of 10 clusters the ICL component is centralized
enough to fit with a single set of elliptical isophotes. The excep-
tions are A141 andAC 118.We use the IRAF routine ellipse to fit
isophotes to the diffuse light that gives us a surface brightness
profile as a function of semimajor axis. Themasked pixels are com-
pletely excluded from the fits. There are three free parameters in the
isophote fitting: center, position angle (P.A.), and ellipticity. We fix
the center and let the P.A. and ellipticity vary as a function of radius.
Average ICL ellipticities range from 0.3 to 0.7 and vary smoothly if
at all within each cluster. The P.A. is notably coincident with that of
the cD galaxy where present (discussed in xx A1YA10).

We identify the surface brightness profile of the total cluster
light (i.e., including resolved galaxies) for comparison with the
ICL within the same radial extent. To do this, we make a new
‘‘cluster’’ image by masking nonmember galaxies as determined
from the CMR (x 5.1.1). A surface brightness profile of the clus-
ter light is then measured from this image using the same ellip-
tical isophotes as were used in the ICL profile measurement.

Fig. 3.—Surface brightness profiles for the eight clusters with a measurable
profile. Profiles are listed on the plot in order of ascending redshift. To avoid
crowding, error bars are only plotted on one of the profiles. Errors on the other
profiles are similar at similar surface brightnesses. All surface brightnesses have
been shifted to z ¼ 0 using surface brightness dimming, k-, and evolutionary
corrections. The x-axis remains in arcseconds and not in Mpc since the y-axis is
plotted in arcseconds. Physical scales are noted on the individual plots (Figs. 4Y
13). In addition, marks have been placed on each profile at the distances cor-
responding to 200 and 300 kpc. Also included as the solid black line near the
bottom of the plot is a Hubble-Reynolds surface brightness profile as a proxy for
an NFW density profile with a scale length of 100 kpc. The ICL does not have a
single uniform amount of flux or profile shape. Profile shape does correlate with
dynamical age where those clusters with steeper profiles are dynamically more
relaxed (see x 6.4).
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Fig. 4.—A4059. The plots are as follows, from left to right and top to bottom. The first is our final combined r-band image zoomed in on the central cluster region.
The second plot shows X-ray isophotes where available. Some clusters were observed during the ROSATAll Sky Survey and so have X-ray luminosities but have not
had targeted observations to allow isophote fitting. Isophote levels are derived from quick-look images taken from HEASARC. X-ray luminosities of these clusters are
listed in Table 1 of Paper I and are discussed in the Appendix. The third plot shows our background-subtracted, fully masked r-band image of the central region of the
cluster, smoothed to aid in visual identification of the surface brightness levels. Masks are shown in their intermediate levels, which are listed in Table 2. The six gray-
scale levels show surface brightness levels of up to 28.5, 27.7, 27.2, and 26.7 mag arcsec�2. The fourth plot shows the surface brightness profiles of the ICL (surrounded
by shading; r band on top, Vor B band on the bottom) and cluster galaxies as a function of semimajor axis. The bottom axis is in arcseconds, and the top axis corresponds
to physical scale in Mpc. Error bars represent the 1 � background identification errors as discussed in x 5.3. De Vaucouleurs fits to the entire cD plus ICL profile are
overplotted.



Figure 3 shows the surface brightness profiles of all eight
clusters for which we canmeasure an ICL profile. Individual ICL
profiles in both r and V or B bands are shown in Figures 4Y13.
Results based on all three versions of mask size (as discussed in
x 4.2.2) are shown via shading on those plots. Note that we are
not able to directly measure the ICL at small radii (<�70 kpc) in
any of the clusters because greater than 75% of those pixels are
masked. The uncertainty in the ICL surface brightness is domi-
nated by the accuracy with which the background level can be
identified, while the error on the mean within each elliptical
isophote is negligible, as discussed in x 5.3. Error bars in Figures 3
and 4Y13 show the 1 � uncertainty based on the error budget for
each cluster (see representative error budget in Table 3).

The ICL surface brightness profiles have two interesting char-
acteristics. First, in all cases they can be fit by both exponential
and de Vaucouleurs profiles. Both appear to perform equally well
given the large error bars at LSB. These profiles, in contrast to the
galaxy profiles, are relatively smooth, only occasionally reflect-
ing the clustering of galaxies. Second, the ICL ismore concentrated

than the galaxies, which is to say that the ICL falls off more rapidly
with increased radius than the galaxy light. In all cases the ICL light
is decreasing rapidly enough at large radii that the additional flux
beyond the radius at which we can reliable measure the surface
brightness is at most 10% of the flux inside of that radius based on
an extrapolation of the exponential fit.

There are two clusters (A141 [Fig. 11] and AC 118 [Fig. 13])
for which there is no single centralized ICL profile. These clus-
ters do not have a cD galaxy, and their giant ellipticals are distant
enough from each other that the ICL is not a continuous central-
ized structure. We therefore have no surface brightness profile
for those clusters although we are still able to measure an ICL
flux, as discussed below.

We attempt to measure the profile of the cD galaxy where
present in our sample. To do this we remove the mask of that gal-
axy and allow a ellipse to fit isophotes all the way into the cen-
ter. In five out of seven clusters with a cD galaxy, the density of
galaxies at the center is so great that just removing themask for the
cD galaxy is not enough to reveal the center of the cluster due to

Fig. 5.—Same as Fig. 4, but for A3880.
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the other overlapping galaxies. Only for A4059 and A2734 are
we able to connect the ICL profile to the cD profile at small radii.
These are shown in Figures 4 and 6.

In both cases the entire profile of the cD plus ICL is well fit by
a single de Vaucouleurs profile, although it can also be fit by two
de Vaucouleurs profiles. The profiles cannot be fit with single ex-
ponential functions. We do not see a break between the cD and
ICL profiles as seen by Gonzalez et al. (2005). While those au-
thors find that breaks in the extended BCG profile are common in
their sample, �25% of the BCGs in that sample did not show a

clear preference for a double deVaucouleursmodel over the single
deVaucouleursmodel. In both clusterswherewemeasure a cDpro-
file, the color appears to start out with a blue color gradient and then
turn around and become increasingly redder at large radii as the
ICL component becomes dominant (see Figs. 4 and 6).

5.2.2. ICL Flux

The total amount of light in the ICL and the ratio of ICL flux
to total cluster flux can help constrain the importance of galaxy
disruption in the evolution of clusters. As some clusters have cD

Fig. 6.—Same as Fig. 4, but for A2734.
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galaxies in the centers of their ICL distribution, we need a con-
sistent, physically motivated method of measuring ICL flux in
the centers of those clusters as compared to the clusters without a
single centralized galaxy. The key difference here is that in cD clus-
ters the ICL stars will blend smoothly into the galaxy occupy-
ing the center of the potential well, whereas with non-cD clusters
the ICL stars in the center are unambiguous. Since our physical
motivation is to understand galaxy interactions, we consider ICL
to be all stars that were at some point stripped from their original
host galaxies, regardless of where they are now.

In the case of clusters with cD galaxies, although we cannot
separate the ICL from the galaxy flux in the center of the clus-
ter, we can measure the ICL profile outside of the cD galaxy.
Gonzalez et al. (2005) have shown for a sample of 24 clusters
that a BCGwith ICL halo can bewell fit with two deVaucouleurs
profiles. The two profiles imply two populations of stars that fol-
low different orbits. We assume stars on the inner profile are cD
galaxy stars and those stars on the outer profile are ICL stars.
Gonzalez et al. (2005) find that the outer profile on average ac-
counts for 80% of the combined flux and becomes dominant at

Fig. 7.—Same as Fig. 4, but for A2556.
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40Y100 kpc from the center, which is at surface brightness levels
of 24Y25 mag arcsec�2 in r. Since all of our profiles are well
beyond this radius and well below this surface brightness level,
we conclude that the ICL profile we identify is not contaminated
by cD galaxy stars. Assuming that the stars on the outer profile
have different orbits than the stars on the inner profile, we cal-
culate ICL flux by summing all the light in the outer profile from
a radius of zero to the radius at which the ICL becomes un-
detectable. Note that this method identifies ICL stars regardless
of their current state as bound or unbound from the cD galaxy.

We therefore calculate ICL flux by first finding the mean sur-
face brightness in each elliptical annulus where all masked pixels
are not included. This mean flux is then summed over all pixels
within that annulus, including the ones that were masked. This
represents a difference from Paper I, where we performed an in-
tegration on the fit to the ICL profile; here, we sum the profile
values themselves. We are justified in using the area under the
galaxymasks for the ICL sum since the galaxies only account for

less than 3% of the volume of the cluster regardless of projected
area.
There are two non-cD clusters (A141 and AC 118) for which

we could not recover a profile. We calculate ICL flux for those
clusters by measuring a mean flux within three concentric, man-
ually placed, elliptical annuli (again not using masked pixels) in
the mean, and then summing that flux over all pixels in those
annuli. All ICL fluxes are subject to the same k- and evolutionary
corrections as discussed in x 5.1.1.

5.2.3. ICL Fraction

In addition to fluxes, we present the ratio of ICL flux to total
cluster flux, where total cluster flux includes ICL plus galaxy
flux. Galaxy flux is taken from the CMDs out to 0:25rvirial, as dis-
cussed in x 5.1.1. ICL fractions range from 6% to 22% in the r band
and 4% to 21% in the B band, where the smallest fraction comes
from A2556 and the largest from A4059. All fluxes and fractions
are listed in Table 1. As mentioned in x 5.1.1, there is no perfect

Fig. 8.—Same as Fig. 4, but for A4010.
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way of measuring cluster flux without a complete spectroscopic
survey. Based on those clusters where we do have some spectro-
scopic information, we estimate the uncertainty in the cluster flux
to be �30%. This includes both the absence from the calculation of
truemember galaxies, and the false inclusion of nonmember galaxies.

All cluster fluxes asmeasured from theRCSdonot include blue
member galaxies, so those fluxes are potentially lower limits to the
true cluster flux, implying that the ICL fractions are potentially
biased high. This possible bias is made more complicated by the
known fact that not all clusters have the same amount of blue
member galaxies (Butcher&Oemler 1984). Less evolved clusters
(at higher redshifts) will have higher fractions of blue galaxies
than more evolved clusters (at lower redshifts). Therefore ICL
fractions in the higher redshift clusters will be systematically
higher than in the lower redshift clusters since their fluxes will be

systematically underestimated. We estimate the impact of this
effect using blue fractions from Couch et al. (1998) who find
maximal blue fractions of 60% of all cluster galaxies at z ¼ 0:3
as compared to�20% at the present epoch. If none of those blue
galaxies were included in our flux measurement for AC 114 and
AC 118 (the two highest-z clusters), this implies a drop in ICL
fraction of �40% as compared to �10% at the lowest redshifts.
This effect will strengthen the relations discussed below.

Most simulations use a theoreticallymotivated definition of ICL,
which determine its fractional flux within r200 or rvirial. It is not
straightforward to compare our data to those simulated values, since
our images do not extend to the virial radius nor do they extend to
infinitelyLSB,which keeps us frommeasuring both galaxy and ICL
flux at those large radii. The change in fractional flux from 0:25rvirial
to rvirial will be related to the relative slopes of the galaxies versus

Fig. 9.—Same as Fig. 4, but for A3888, and here we show the elliptical isophotes of the ICL overplotted on the surface brightness image.

DIFFUSE OPTICAL LIGHT IN GALAXY CLUSTERS. II. 479No. 2, 2007



ICL. As the ICL is more centrally concentrated than the galaxies we
expect the fractional flux to decrease from 0:25rvirial to rvirial since
the galaxies will contribute an ever-larger fraction to the total cluster
flux at large radii.We estimatewhat the fraction at rvirial would be for
two clusters in our sample,A4059andA3984 (steepprofile and shal-
low profile respectively), by extrapolating the exponential fits to
both the ICL and galaxy profiles. Using the extrapolated flux
values, the fractional flux decreases by 10% where ICL and gal-
axy profiles are steep and up to 90%where profiles are shallower.

5.2.4. Color

For those clusters with an ICL surface brightness profile we
measure a color profile as a function of radius by binning together

three to four points from the surface brightness profile. All colors
are k-corrected and evolution corrected assuming a simple stellar
population (Poggianti 1997). Color profiles range from flat to
increasingly red or increasingly blue color gradients (see Fig. 14).
We fit simple linear functions to the color profiles with their cor-
responding errors. To determine if the color gradients are statis-
tically significant we look at the �2 � values on the slope of the
linear fit. If those values do not include zero slope, thenwe assume
the color gradient is real. Color error bars are quite large, so in most
cases 2 � does include a flat profile. The significant color gradients
(A4010, A3888, and A3984) are discussed in xx A1YA10.
For all clusters an average ICL color is used to compare with

cluster properties. In the case where there is a color gradient, that

Fig. 10.—Same as Fig. 4, but for A3984.

KRICK & BERNSTEIN480 Vol. 134



average color is taken as an average of all points with error bars
less than 1 mag.

5.2.5. ICL Substructure

Using the technique of unsharpmasking (subtracting a smoothed
version of the image from itself ) we scan each cluster for LSB tidal
features as evidence of ongoing galaxy interactions and thus pos-
sible ongoing contribution to the ICL. All 10 clusters do have
multiple LSB features that are likely from tidal interactions be-
tween galaxies, although some are possibly LSB galaxies seen
edge on. For example we see multiple interacting galaxies and
warped galaxies, as well as one shell galaxy. For further dis-

cussion see x 6.5 of Paper I. From the literature we know that the
two highest redshift clusters in the sample (AC 114 and AC 118,
z ¼ 0:31) have a higher fraction of interacting galaxies than
other clusters (�12% of galaxies; Couch et al. 1998). In two of
our clusters, A3984 and A141, there appears to be a plumelike
structure in the diffuse ICL, which is to say that the ICL stretches
from the BCG toward another set of galaxies. Of this sample,
only A3888 has a large, hundred kpc scale, arc-type feature; see
Figure 9 in this paper and Table 2 in Paper I. There are about four
examples of these large features in the literature (Gregg & West
1998; Calcáneo-Roldán et al. 2000; Feldmeier et al. 2004; Mihos
et al. 2005). These structures are not expected to last longer than

Fig. 11.—Same as Fig. 4, but for A141, and we are not able to measure a surface brightness profile or, consequently, a color profile.
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a few cluster crossing times, so we do not expect that they must
exist in our sample. Furthermore, it is possible that there is signif-
icant ICL substructure below our surface brightness limits (Rudick
et al. 2006).

5.2.6. Groups

In 7 out of 10 clusters the diffuse ICL is determined by eye to
be multipeaked (A4059, A2734, A3888, A3984, A141, AC 114,
and AC 118). In some cases those excesses surround the clumps of
galaxies that appear to all be part of the same cluster; i.e., the clumps
are within a few hundred kpc from the center but have obvious
separations, and there is no central dominant galaxy (e.g., A118).

In other cases, the secondary diffuse components are at least 1Mpc
from the cluster center (e.g., A3888). In these cases, the secondary
diffuse light component is likely associated with groups of galaxies
that are falling in toward the center of the cluster and may be at
various different stages of merging at the center. This is strong
evidence for ICL creation in group environments, which is con-
sistent with recent measurements of a small amount of ICL in iso-
lated galaxy groups (Castro-Rodrı́guez et al. 2003; Durrell et al.
2004; Da Rocha & de Oliveira 2005). This is also consistent with
current simulations (Willman et al. 2004; Fujita 2004; Gnedin
2003a; Rudick et al. 2006; Sommer-Larsen 2006 and references
therein). From the theory, we expect ICL formation to be linked

Fig. 12.—Same as Fig. 4, but for AC 114.
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with the number density of galaxies. Since group environments
can have high densities at their centers and have lower velocity
dispersions, it is not surprising that groups have ICL flux associated
with them. Sommer-Larsen (2006) found the intragroup light to
have very similar properties to the ICLmaking up 12%Y45%of the
group light, having roughly de Vaucouleurs profiles, and in general
varying in flux from group to group where groups with older dy-
namic ages (fossil groups; D’Onghia et al. 2005) have a larger
amount of ICL. Groups in individual clusters are discussed in
xx A1YA10.

5.3. Accuracy Limits

The accuracy of the ICL surface brightness is limited on small
scales (<1000) by photon noise. On larger scales (>1000), structure

in the background level (be it intrinsic or instrumental) will dom-
inate the error budget. We determine the stability of the back-
ground level in each cluster image on large scales by first median
smoothing the masked image by 2000. We then measure the mean
flux in thousands of random 100 regions more distant than 0.8Mpc
from the center of the cluster. The standard deviation of these
regions represents the accuracy with which we can measure the
background on 2000 scales. We tested the accuracy of this measure
for even larger scale uncertainties on two clusters (A3880 from the
4000 data and A3888 from the 10000 data). We find that the uncer-
tainty remains roughly constant on scales equal to or larger than
2000. These accuracies are listed for each cluster in Table 2. Regions
from all around the frame are used to check that this estimate of
standard deviation is universal across the image and not affected

Fig. 13.—Same as Fig. 4, but for AC 118, and we are not able to measure a surface brightness profile or, consequently, a color profile.

DIFFUSE OPTICAL LIGHT IN GALAXY CLUSTERS. II. 483No. 2, 2007



by location in the frame. This empirical measurement of the large-
scale fluctuations across the image is dominated by the instru-
mental flat-fielding accuracy but includes contributions from the
bias and dark subtraction, physical variations in the sky level, and
the statistical uncertainties mentioned above.

We examine the effect of including data taken under non-
photometric conditions on the large-scale background illumi-
nation. This noise is fully accounted for in the measurement
described above. All B- and V-band data were taken on pho-
tometric nights. Five clusters include varying fractions of non-
photometric r-band data; 47% of A3880, 12% of A3888, 15% of
A3984, 48% of A141, and 14% of AC 114 are nonphotometric.
For A3880, the cluster with one of the largest fractions of non-
photometric data, we compare themeasured accuracy on the com-
bined image that includes the nonphotometric data with accuracy
measured from a combined image that includes only photometric
frames. The resulting large-scale accuracy is 0.3 mag arcsec�2

better on the frame that includes only photometric data. Although
this does imply that the nonphotometric frames are noisier, the
added signal strength gained from having 4.5 more hours on
source outweighs the extra noise.

This empirical measurement of the large-scale background
fluctuations is likely to be a conservative estimate of the accuracy
with which we can measure surface brightness on large scales
because it is derived from the outer regions of the image where
compared to the central regions on average a factor of �2 fewer
individual exposures have been combined for the 10000 data and a
factor of 1.5 for the 4000 (which has a larger field of view and
requires less dithering). A larger number of dithered exposures at
a range of air mass, lunar phase, photometric conditions, time of
year, time of night, and distance to the moon has the effect of
smoothing out large-scale fluctuations in the illumination pat-
tern. We therefore expect greater accuracy in the center of the
image where the ICL is being measured.

We include a list all sources of uncertainty for one cluster in
our sample (A3888) in Table 3 (reproduced here from Paper I). In
addition to the dominant uncertainty due to the large-scale fluc-
tuations on the background as discussed above, we quantify the
contributions from the photometry, masking, and the accuracy
with which we can measure the mean in the individual elliptical
isophotes. Errors for the other clusters are similarly dominated
by background fluctuations, which are listed in Table 2. The er-
rors on the total ICL fluxes in all bands range from 17% to 70%
with an average of 39%. The exception is A2556, which reaches
a flux error of 100% in the B band due to its extremely faint

profile (see x A4). Assuming a 30% error in the galaxy flux (see
x 5.1.1), the errors on the ICL fraction are on average 48%. The
errors plotted on the surface brightness profiles are the 1 � errors.

6. DISCUSSION

We measure a diffuse intracluster component in all 10 clusters
in our sample. Clues to the physical mechanisms driving gal-
axy evolution come from comparing ICL properties with cluster
properties. We have searched for correlations between the en-
tire set of properties. Pairs of properties not explicitly discussed
below showed no correlations. Limited by a small sample and
nonparametric data, we use a Spearman rank test to determine the
strength of any possible correlations where 1.0 or�1.0 indicate a
definite correlation or anticorrelation, respectively, and 0 indicates
no correlation. Note that this test does not take into account the
errors in the parameters, and instead only depends on their rank
among the sample. Where a correlation is indicated we show the
fit, as well as �2 � in both y-intercept and slope to graphically
show the ranges of the fit, and give some estimate of the strength
of the correlation.
There are selection biases in our data between cluster param-

eters due to our use of an Abell-selected sample. The Abell clus-
ter sample is incomplete at high redshifts; it does not include
low-mass, low-luminosity, low-density, high-redshift clusters
because of the difficulty in obtaining the required sensitivity with
increasing redshift. Although our five low-redshift clusters are
not affected by this selection effect and should be a random sam-
pling, small numbers prevent those clusters from being fully rep-
resentative of the entire range of cluster properties.
Specifically, we discuss the possibility that there is a real trend

underlying the selection bias in the cases of lower luminosity
(Fig. 15) and lower density clusters (Fig. 16) being preferen-
tially found at lower redshift. Clusters in our sample with less
total galaxy flux are preferentially found at low redshifts; how-
ever, hierarchical formation predicts the opposite trend, that clus-
ters should be gainingmass over time and, hence, light over time.
Note that on size scales much larger than the virial radius mass
does not change with time, and therefore, those systems can be
considered as closed boxes; however, on the size scales of our
data, a quarter of a virial radius, clusters are not closed boxes.
We might expect a slight trend, as was found, such that lower

density clusters are found at lower redshifts. As a cluster ages, it
converts a larger number of galaxies into a smaller number of gal-
axies via merging and therefore has a lower density at lower red-
shifts despite being more massive than high-redshift clusters. The

TABLE 3

Error Budget

Contribution to ICL Uncertainty (%)

1 � Uncertainty � (000 Y 10000 ) � (10000 Y 20000 ) Total ICL Flux

Source V r V r V r V r

Background levela....................................... 29.5 mag arcsec�2 28.8 mag arcsec�2 14 18 39 45 24 31

Photometry .................................................. 0.02 mag 0.03 mag 2 3 2 3 2 3

Maskingb ..................................................... . . . . . . 5 5 14 19 9 12

Std. dev. in meanc....................................... 32.7 mag arcsec�2 32.7 mag arcsec�2 3 2 2 1 3 1

Total ........................................................ 15 19 41 50 26 33

Note.—Cluster flux is 16% for 1 � in both V and r. Errors on the total cluster flux are based on errors in the fit to the luminosity function (see x 5.1.1).
a Large-scale fluctuations in background level are measured empirically and include instrumental calibration uncertainties, as well as true variations in background

level (see x 5.3).
b Object masks were scaled by �30% in area to test the impact on ICL measurement (see x 4.2.2).
c The statistical uncertainty in the mean surface brightness of the ICL in each isophote.
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infall of galaxies works against this trend. The sum total of merger
and infall rates will control this evolution of density with redshift.
The observed density redshift relation for this sample is strong;
over the range z ¼ 0:3Y0:05 (elapsed time of 3 Gyr assuming
standard�CDM) the projected number density of galaxies has to
change by a factor of 5.5, implying that every 5.5 galaxies in the
cluster must have merged into one galaxy in the last 3 Gyr. This is
well above a realistic merger rate for this timescale and this time
period (Gnedin 2003b). Instead it is likely that we are seeing the
result of a selection effect.

An interesting correlation that may be indirectly due to the
selection bias is that clusters with less total galaxy flux tend to
have lower densities (Fig. 17). While we expect a smaller num-
ber of average galaxies to emit a smaller amount of total light, it
is possible that the low-density clusters are actually made up of a
few very bright galaxies. So although the trendmight be real, it is
also likely that the redshift selection effect of both density and
cluster flux is causing these two parameters to be correlated.

A correlation that does not appear to be affected by sample se-
lection is that lower density clusters in our sample are weakly

Fig. 14.—Color profile of the eight clusters for which measurement was possible plotted as a function of semimajor axis in arcseconds on the bottom and
megaparsecs on the top. The average color of the red cluster sequence is shown for comparison, as well as the best-fit linear function to the data.
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correlated with the presence of a cD galaxy (see Fig. 18). A
possible explanation for this is that as a cluster ages it will have
made a cD galaxy out of many smaller galaxies, so the density
will actually be lower for dynamically older clusters. Loh &
Strauss (2006) found the same correlation by looking at a sample
of environments around 2000 SDSS luminous red galaxies.

In the remainder of this section we examine the interesting
physics that can be gleaned from the combination of cluster prop-
erties and ICL properties given the above biases. The interpretation
of ICL correlations with cluster properties is highly complicated
due not only to small number statistics and the selection bias but
also to the direction of the selection bias. Biases in mass, density,
and total galaxy flux with redshift will destructively combine to
cancel the trends that we expect to find in the ICL (as described in
x 1). An added level of complication comes from our expectation
that the ICL flux evolves with time.We examine below each ICL
property in turn, including how the selection bias will affect any
conclusions drawn from the observed trends.

6.1. ICL Flux

We see a range in ICL flux likely caused by the differing
interaction rates and, therefore, differing production of tidal tails,

streams, plumes, etc., in different clusters. Clusters include a large
amount of tidal features at LSB, as evidenced by their discovery at
low redshift where they are not as affected by surface brightness
dimming (Mihos et al. 2005). It is therefore not surprising that we
see a variation of flux levels in our own sample.
ICL flux is apparently correlated with three cluster parame-

ters: density, M3 �M1, and total galaxy flux (Figs. 17, 19, and
20). There is no direct, significant correlation between ICL flux
and redshift. As discussed above, the selection effects of density
and mass with redshift will tend to cancel any expected trends in
either density, mass, or redshift. We are therefore unable to draw
conclusions from these correlations. Zibetti et al. (2005), who had
a sample of 680 SDSS clusters, were able to split their sample on
both richness and magnitude of the BCG (as a proxy for mass).
They found that both richer clusters and brighter BCG clusters
have brighter ICL than poor or faint clusters.

6.1.1. ICL Flux versus M3 � M1

Figure 19 shows the moderate correlation between ICL flux
and M3 �M1 such that clusters with cD galaxies have less ICL
than clusters without cD galaxies (Spearman coefficient of�0.50).

Fig. 15.—Redshift vs. total galaxy flux within one-quarter of a virial radius.
The Spearman rank coefficient is printed in the top right corner. The best-fit linear
function, as well as the lines representing �2 � in both slope and y-intercept, are
also plotted. The strong correlation between redshift and total galaxy flux shows
the incompleteness of the Abell sample, which does not include high-redshift,
low-flux clusters.

Fig. 16.—Projected number of galaxies vs. redshift. Galaxies brighter than
Mr ¼ �18:5 within 800 h�1

70 kpc are included in this count, which is used as a
proxy for density. The Spearman rank coefficient is printed in the top left corner.
There is a strong correlation between density and redshift. The best-fit linear func-
tion is included. While we do expect clusters to become less dense over time, this
strong correlation is not expected. Instead this is due to an incompleteness at high
redshift. See x 6 for a discussion of the effects of this selection effect.

Fig. 17.—Projected number of galaxies vs. ICL luminosity. ICL luminosity
shows 1 � error bars and has been k- and evolution corrected. Galaxies brighter than
Mr ¼ �18:5 within 800 h�1

70 kpc are included in this count, which is used as a
proxy for density. The Spearman rank coefficient is printed in the top left corner.
The best-fit linear function, as well as the lines representing �2 � in both slope and
y-intercept, are also plotted. There is a mild correlation between density and ICL
luminosity such that higher density clusters have a larger amount of ICL flux.

Fig. 18.—Difference in magnitude between the first- and third-ranked galax-
ies vs. projected number of galaxies brighter thanMr ¼ �18:5 within 800 h�1

70 kpc,
which is used as a proxy for density. Clusters with cD galaxies will have larger
M3 � M1 values. This plot implies that over time galaxies merge in clusters to
make a cD galaxy, and by the time the cD galaxy has formed, the global density
is lower. As discussed in the x 6, we assume this is not a selection bias.
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Although we choose M3 �M1 to be cautious about interlopers,
M2 �M1 shows the same trend with a slightly more significant
Spearman coefficient of �0.61. Our simple binary indicator of
the presence of a cD galaxy gives the same result. Clusters with
cD galaxies (7) have an average flux of (2:3� 0:96) ; 1011 (1 �),
whereas clusters without cD galaxies (3) have an average flux of
(5:0� 0:18) ; 1011 (1 �).

Although density is correlated with M3 � M1, and density is
affected by incompleteness, this trend of ICL fluxwithM3�M1
is not necessarily caused by that selection effect. Furthermore,
the correlation of M3 � M1 with redshift is much weaker (if
there at all) than trends of either density or cluster flux with red-
shift. If the observed relation is due to the selection effect then
we are prevented from drawing conclusions from this relation.
Otherwise, if this relation between ICL flux and the presence of a
cD galaxy is not caused by a selection effect, then we conclude
that the lower levels of measured ICL are a result of the ICL stars
being indistinguishable from the cD galaxy, and therefore the
ICL is evolving in a similar way to a cD galaxy.

By which physical mechanism can the ICL stars end up in the
center of the cluster and therefore overlap with cD stars? The

presence of cD galaxies indicates multiple major mergers of gal-
axies that have lost enough energy or angular momentum to now
reside in the center of the cluster potential well. ICL stars on their
own will not be able to migrate to the center over any physically
reasonable timescales unless they were stripped at the center, or
are formed in groups and get pulled into the center along with
their original groups (Merritt 1984).

Assuming the ICL is observationally inseparable from the cD
galaxy, we investigate howmuch ICL light the measured relation
implies is hidden among the stars of the cD galaxy. If 20% of the
total cD + ICL light is added to the value of the ICL flux in the
outer profile, then the observed trend of ICL flux with M3�M1
is weakened (Spearman coefficient drops from 0.5 to 0.4). If 30%
of the total cD + ICL light is hidden in the inner profile then the
relation disappears (Spearman coefficient of 0.22). The measured
relation between ICL r-band flux and dynamical age of the clus-
ters may then imply that 25%Y40% of the ICL is coincident with
the cD galaxy in dynamically relaxed clusters.

6.2. ICL Fraction

We focus now on the fraction of total cluster light that is in the
diffuse ICL. If ICL and galaxy flux do scale together (not just due
to the selection effect), then the ICL fraction is the physically
meaningful parameter in comparison to cluster properties.

ICL fraction is apparently correlated with both mass and red-
shift (Figs. 21 and 22) and not with density or total galaxy flux.
The selection effect will again work against the predicted trend
of ICL fraction to increase with increasing mass (Murante et al.
2004; Lin & Mohr 2004) and increasing density. Therefore, the
lack of trends of ICL fraction with mass and density could be
attributable to the selection bias.

6.2.1. ICL Fraction versus Mass

We find no trend in ICL fraction with mass. Our data for ICL
fraction as a function of mass is inconsistent with the theoreti-
cal predictions of Murante et al. (2004, 2007; based on a cos-
mological hydrodynamic simulation including radiative cooling,
star formation, and supernova feedback), and Lin&Mohr (2004;
based on a model of cluster mass and the luminosity of the BCG).

Fig. 19.—Difference in magnitude between the first- and third-ranked gal-
axies vs. ICL luminosity. ICL luminosity shows 1 � error bars and has been k- and
evolution corrected. Clusters that have cD galaxies have larger M3�M1 values and
are dynamically older clusters. There is a mild correlation between dynamic
age and ICL luminosity indicating that the ICL evolves at roughly the same rate
as the cluster.

Fig. 20.—Flux in galaxies vs. the flux in ICL in units of solar luminosities.
Errors on ICL luminosity are 1 �. Errors on galaxy luminosity are 30% as es-
timated in x 5.1.1. Overplotted is the best-fit linear function, as well as two lines
that represent 2 � errors in both y-intercept and slope. The Spearman rank co-
efficient is printed in the top right. Here galaxy luminosity is assumed to be a proxy
for mass, so we find a significant correlation between mass and ICL flux such that
more massive clusters have a larger amount of ICL flux.

Fig. 21.—Cluster mass vs. the ICL fraction measured at one-quarter of the
virial radius. Asterisks denote the r band, while squares show the B band and
diamonds show the V band. Errors on ICL fraction are 1 � as discussed in x 5.3.
Mass estimates and errors are taken from the literature as discussed in xx A1YA10.
The predictions of Lin & Mohr (2004) and Murante et al. (2004) at the virial radius
are shown for comparison. These represent extrapolations beyond roughly 1 ;
1015 M� in both cases (crosses without error bars). The roughly constant ICL
fraction with mass can be explained using hierarchical formation by the infall of
groups with a similar ICL fraction as the main cluster, by increased interaction
rates with the infall of the groups, or both.
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However, Murante et al. (2007) showed a large scatter of ICL
fractions within each mass bin. They also discussed the de-
pendence of a simulation mass resolution on the ICL fraction.
These theoretical predictions are overplotted on Figure 21. Note
that the simulations generally report the fractional light in the
ICL out to much larger radii (rvirial or r200) than its surface bright-
ness can be measured observationally. To compare the theoretical
predictions at rvirial to our measurement at 0:25rvirial, the predicted
values should be raised by some significant amount that depends
on the ICL and galaxy light profiles at large radii. This makes the
predictions and the data even more inconsistent than it first ap-
pears. As an example of the differences, a cluster with the mea-
sured ICL fraction of A3888would require a factor of greater than
100 lower mass than the literature values to fall along the pre-
dicted trend. Although these clusters are not dynamically relaxed,
such large errors inmass are not expected. As an upper limit on the
ICL flux, if we assumed the entire cD galaxy was made of in-
tracluster stars, then that flux plus the measured ICL flux would
still not be enough to raise the ICL fractions to the levels pre-
dicted by these authors.

There are no evident correlations between velocity dispersion
and ICL characteristics, although velocity dispersion is a mass es-
timator. Large uncertainties are presumably responsible for the
lack of correlation.

6.2.2. ICL Fraction versus Redshift

Figure 22 is a plot of redshift versus ICL fraction for both the r
and B or V bands. We find a marginal anticorrelation between
ICL fraction and redshift with a very shallow slope, if at all, in
the direction that low redshift clusters have higher ICL fractions
(Spearman rank coefficient of �0.43). This relation is strength-
ened when assuming fractions of blue galaxies are higher in the
higher redshift clusters (Spearman rank of �0.6; see x 5.2.3). A
trend of ICL fraction with redshift tells us about the timescales of
the mechanisms involved in stripping stars from galaxies. This
relation is possibly affected by the same redshift-selection effects
as discussed above.

Over the redshift range of our clusters, 0:31 > z > 0:05, a �2

fit to our data gives a range of fractional flux of 11%Y14%.
Willman et al. (2004) found the ICL fraction grows from 14% to

19% over that same redshift range. Willman et al. (2004) mea-
sured the ICL fraction at r200, which means these values would
need to be increased in order to directly compare with our values.
While their normalization of the relation is not consistent with
our data, the slopes are roughly consistent, with the caveat of the
selection effect. The discrepancy is likely, at least in part, caused
by different definitions of ICL. Simulations tag those particles
that become unbound from galaxies, whereas in practice we do not
have that information and instead use surface brightness cutoffs and
ICL profile shapes. Rudick et al. (2006) did use a surface brightness
cutoff in their simulations to tag ICL stars that was very similar to
our measurement. They found on average from their three simu-
lated clusters a change of ICL fraction of approximately 2% over
this redshift range.We are not able to observationally measure such
a small change in fraction. Rudick et al. (2006) predicted that in
order to grow the ICL fraction by 10%, on average, we would need
to track clusters as they evolve from a redshift of 2 to the present.
However, bothWillman et al. (2004) andRudick et al. (2006) found
that the ICL fraction makes small changes over short timescales
(as major mergers or collisions occur).

6.3. ICL Color

The average color of the ICL is roughly the same as the color
of the red ellipticals in each of the clusters. In x 8.1 of Paper I we
discussed the implications of this on ICL formation redshift and
metallicity. Zibetti et al. (2005) have summed g-, r-, and i-band
imaging of 680 clusters in a redshift range of 0.2Y0.3. Similar
to our results, they found that the summed ICL component has
roughly the same g� r color at all radii as the summed cluster
population including the galaxies. Since we have applied an evo-
lutionary correction to the ICL colors, if there is only passive
color evolution, the ICL will show no trend with redshift. Indeed
we find no correlation between B� r color and the redshift of the
cluster, as shown in Figure 23 (B� r ¼ 2:3� 0:2 [1 �]). ICL
color may have the ability to broadly constrain the epoch at
which these stars were stripped. In principle, as mentioned in the
introduction, we could learn at which epoch the ICL had been
stripped from the galaxies based on its color relative to the gal-
axies assuming passively evolving ICL and ongoing star forma-
tion in galaxies. While this simple theory should be true, the color
difference between passively evolving stars and low star-forming
galaxies may not be large enough to detect, since clusters are not

Fig. 22.—Cluster redshift vs. ICL fraction measured at one-quarter of the
virial radius. As in Fig. 21, asterisks denote the r band, squares show the B band,
and diamonds show theV-band fractions. The prediction of Willman et al. (2004)
for the ICL fraction as measured at r200 is shown for comparison. This prediction
would increase if measured at smaller radii, as was used in our measurement.
There is mild evidence for a correlation between redshift and ICL fraction such
that ICL fraction grows with decreasing redshift. This trend is consistent with
ongoing ICL formation.

Fig. 23.—Cluster redshift vs. ICL color in B� r, which has been k-corrected
and had simple passive evolution applied to it. If a color gradient is detected in
a given cluster then the mean color plotted here is that measured near the center
of the profile, weighted slightly toward the center. There is no trend in redshift
with ICL color that leads to the conclusion that the ICL is simply passively
reddening.
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made up of galaxies that were all formed at a single epoch and we
do not know the star formation rates of galaxies once they enter a
cluster.

ICL color may have the ability to determine the types of gal-
axies from which the stars are being stripped. Unfortunately the
difference in color between stars stripped from ellipticals, and,
for example, stars stripped from LSB dwarfs is not large enough
to confirm in our data given the large amount of scatter in the color
of the ICL (see Paper I for a more complete discussion).

There is no correlation in our sample between the presence or
direction of ICL color gradients and any cluster properties. This
is very curious since we see both blueward and redward color
gradients. A larger sample withmore accurate colors andwithout
a selection bias might be able to determine the origin of the color
gradients.

6.4. Profile Shape

Figure 3 shows all eight surface brightness profiles for clusters
that have central ICL components. To facilitate comparison, we
have shifted all surface brightnesses to a redshift of zero, includ-
ing a correction for surface brightness dimming, a k-correction,
and an evolution correction. We see a range in ICL profile shape
from cluster to cluster. This is consistent with the range of scale
lengths found in other surveys (Gonzalez et al. [2005] found a
range of scale lengths from 18 to 480 kpc, fairly evenly distrib-
uted between 30 and 250 kpc).

The profiles are equally well fit with the empirically motivated
de Vaucouleurs profiles and simple exponential profiles, which
are shown in the individual profile plots in Figures 4Y13. The
profiles can also be fit with a Hubble-Reynolds profile, which is a
good substitute for the more complicated surface brightness pro-
file of an NFW density profile (xokas & Mamon 2001). An ex-
ample of this profile shape is shown in Figure 3 with a 100 kpc
scale length, defined as the radius inside of which the profile con-
tains 25% of the luminosity. This profile shape is what you would
predict given a simple spherical collapse model. The physically
motivated Hubble-Reynolds profile gives acceptable fits to the
ICL profiles with the exception of A4059, A2734, and A2556
which have steeper profiles. We explore causes of the differing
profile shapes for these three clusters.

A steeper profile is correlated with M3 � M1, density, total
cluster flux, and redshift. These three clusters have an average
M3 � M1 value of 0:93� 0:27 as compared to the average of
0:49� 0:20 for the remaining seven clusters. These three clusters
are also three of the four lowest redshift clusters, having an av-
erage of 93 galaxies, which is 45% smaller than the value for the
remaining sample, and an average cluster flux of 12:3 ; 1011 L�,
which is 47% smaller than the value for the remaining sample.

We have the same difficulties here in distinguishing between
the selection effects and the true physical correlations. The key
difference is that the three clusters with the steepest profiles are
the most relaxed clusters (which is not a redshift selection effect).
We use ‘‘most relaxed’’ to describe the three clusters with the
most symmetric X-ray isophotes that have single, central, smooth
ICL profiles. This is consistent with our finding thatM3�M1 is a
key indicator of ICL flux in x 6.1.1 and that ICL can form either in
groups at early times or at later times through galaxy interactions
in the dense part of the cluster. If galaxy groups in which the ICL
formed are able to get to the cluster center, then their ICL will also
be found in the cluster center and can be hiding in the cDgalaxy. If
the galaxy groups in which the ICL formed have not coalesced in
the center then the ICL will be less centrally distributed and there-
fore have a shallower profile. This is consistent with the recent
numerical work by Murante et al. (2007), who found that the

majority of the ICL is formed by the merging processes that create
the BCG’s in clusters. This process leads to the ICL having a
steeper profile shape than the galaxies and having greater than half
of the ICL be located inside of 250 h�1

70 kpc, approaching radii
where we do not measure the ICL due to the presence of the BCG.
Their simulations also confirm that different clusters with different
dynamical histories will have differing amounts and locations of
ICL.

7. CONCLUSION

We have identified an intracluster light ( ICL) component in
all 10 clusters that has fluxes ranging from 0:76 ; 1011 to 7:0 ;
1011 h�1

70 L� in r and 0:14 ; 1011 to 1:2 ; 1011 h�1
70 L� in the

B band, ICL fractions of 6%Y22% of the total cluster light within
one-quarter of the virial radius in r and 4%Y21% in the B band,
andB� r colors ranging from 1.49 to 2.75mag. This work shows
that there is detectable ICL in clusters and groups out to redshifts
of at least 0.3, and in two bands including the shorter wavelengthB
or V band.

The interpretation of our results is complicated by small-
number statistics, redshift selection effects of Abell clusters, and
the fact that the ICL is evolving with time. Of the cluster proper-
ties (M3�M1, density, redshift, and cluster flux), onlyM3�M1
and redshift are not correlated. As a result of these selection
effects ICL flux is apparently correlated with density and total
galaxy flux but not with redshift or mass, and ICL fraction is
apparently correlated with redshift but not with M3 � M1,
density, total galaxy flux, or mass. However, we do draw con-
clusions from the ICL color, average values of the ICL fractions,
the relation between ICL flux and M3�M1, and the ICL profile
shape.

We find a passively evolving ICL color that is similar to the
color of the RCS at the redshift of each cluster. The relations be-
tween ICL fraction with redshift and ICL fraction with mass
show the disagreement of our data with simulations, since our frac-
tional fluxes are lower than those predictions. These discrepancies
do not seem to be caused by the details of our measurement.

Furthermorewe find evidence that clusterswith symmetric X-ray
profiles and cD galaxies have both less ICL flux and significantly
steeper profiles. The lower amount of flux can be explained if ICL
stars have become indistinguishable from cD stars. As the cluster
formed a cD galaxy any groups that participated in the merging
brought their ICL stars with them, as well as created more ICL
through interactions. If a cD does not form, then the ICL already in
groups or actively forming is also prevented from becoming very
centralized, as it has noway of losing energy or angular momentum
on its own. While the galaxies or groups are subject to tidal forces
and dynamical friction, the ICL, once stripped, will not be able to
lose energy and/or angular momentum to these forces, and in-
stead will stay on the orbit on which it formed.

Observed density may not be a good predictor of ICL prop-
erties since it does not directly indicate the density at the time in
which the ICL was formed. We do indeed expect density at any
one epoch to be linked to ICL production at that epoch through
the interaction rates.

The picture that is emerging from this work is that ICL is
ubiquitous, not only in cD clusters, but in all clusters and in
group environments. The amount of light in the ICL is dependent
on cluster morphology. ICL forms from ongoing processes in-
cluding galaxy-galaxy interactions and tidal interactions with the
cluster potential (Moore et al. 1996; Gnedin 2003a), as well as in
groups (Rudick et al. 2006). With time, as multiple interactions
and dissipation of angular momentum and energy lead groups al-
ready containing ICL to the center of the cluster, the ICL moves
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with the galaxies to the center and becomes indistinguishable
from the cD’s stellar population. Any ICL forming from galaxy
interactions stays on the orbit where it was formed.

A large, complete sample of clusters, including a propor-
tionate amount with high redshift and low density, will be able to
break the degeneracies present in this work. Shifting to a lower
redshift range will not be as beneficial because a shorter range
than presented here will not be large enough to see the predicted
evolution in the ICL fraction.

In addition to large numbers of clusters it would be beneficial
to go to extremely LSB levels (P30 mag arcsec�2) to signifi-
cantly reduce the error bars on the color measurement and thereby
learn about the progenitor galaxies of the ICL and the timescales
for stripping. It will not be easy to achieve these surface brightness
limits for a large sample that includes high-redshift, low-density
clusters, since those clusters will have very dim ICL both because
of the expectation that their lower densities will imply lower ICL
flux and due to surface brightness dimming.
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APPENDIX

THE CLUSTERS

In order of increasing redshift we discuss interesting charac-
teristics of the clusters and their ICL components. Relevant pa-
pers are listed in Table 1. Relevant figures are Figures 4Y13.

A1. A4059

A4059 is a richness class 1, Bautz-Morgan type I cluster at a
redshift of 0.048. There is a clear cD galaxy that is, however,
offset from the Abell center, likely due to the presence of at least
two other bright elliptical galaxies. The cD galaxy is 0:91�
0:05 mag brighter than the second-ranked cluster galaxy. The cD
galaxy is at the center of the Chandra and Advanced Satellite for
Cosmology and Astrophysics (ASCA) mass distributions. Those
telescopes detected no hot gas around the other bright ellipticals.
This cluster shows interesting features in its X-ray morphology.
There appear to be large bubbles or cavities in the hot gas, which

is likely evidence of past radio galaxy interactions with the in-
tercluster medium (Choi et al. 2004). As additional evidence of
past activity in this cluster, the cD galaxy contains a large dust
lane (Choi et al. 2004). The value of M500 (the mass within the
radius where the mean mass density is equal to 500 times the
critical density) is calculated by Reiprich &Böhringer (2002) for
A4059 to be (2:82�0:37

0:34 ) ; 10
14 h�1

70 M�.
The CMD shows a very tight red sequence. Membership in-

formation is taken from Collins et al. (1995), Colless et al.
(2001), and Smith et al. (2004). Using the CMD as an indication
of membership, we estimate the flux in cluster galaxies to be
(1:2� 0:35) ; 1012 L� in r and (4:2� 1:3) ; 1011 L� in B inside
of 0.65 h�1

70 Mpc, which is one-quarter of the virial radius of this
cluster. In this particular cluster, since the Abell center is not at
the true cluster center and it is the nearest cluster in our sample,
our image does not uniformly cover the entire one-quarter of the
virial radius. This estimate is therefore below the true flux in
galaxies because we are missing area on the cluster.
Figure 4 shows the relevant plots for this cluster. There is a

strong ICL component ranging from 26 to 29 mag arcsec�2 in
r centered on the cD galaxy. The total flux in the ICL is (3:4�
1:7) ; 1011 L� in r and (1:2� 0:24) ; 1011 L� in B, which makes
for ICL fractions of 22%� 12% in r and 21%� 8% in B. The
ICL has a flat color profile with B� r ’ 1:7� 0:08, which is
marginally bluer (0.2 mag) than the RCS. One of the two other
bright ellipticals at 0.7 h�1

70 Mpc from the center has a diffuse
component, the other bright elliptical is too close to a saturated
star to detect a diffuse component.

A2. A3880

A3880 is a richness class 0, Bautz-Morgan type II cluster at a
redshift of 0.058. There is a clear cD galaxy in the center of this
cluster, which is 0:52� 0:05 mag brighter than the second-ranked
galaxy. This cluster is detected in the ROSATAll-Sky Survey;
however, that survey is not deep enough to show us the shape of
the mass distribution. Girardi et al. (1998b) found a mass for this
cluster based on its velocity dispersion of (8:3þ2:8

�2:1) ; 10
14 h�1

70 M�.
The CMD shows a clear red sequence. There is possibly an-

other red sequence at lower redshift adding to thewidth of the red
sequence. Membership information is provided by Collins et al.
(1995), Colless et al. (2001), and Smith et al. (2004). Using the
CMD as an indication of membership, we estimate the flux in clus-
ter galaxies to be (8:6� 2:6) ; 1011 L� in r and (3:8� 1:1) ;
1011 L� in B inside of 0.62 h�1

70 Mpc, which is one-quarter of the
virial radius of this cluster.
Figure 5 shows the relevant plots for this cluster. Unfortu-

nately this cluster has larger illumination problems than the other
clusters, which can be seen in the gray-scale masked image.
Nonetheless, there is clearly an r-band ICL component, although
the B-band ICL is extremely faint. The total flux in the ICL is
(1:4� 2:3) ; 1011 L� in r and (4:4� 1:5) ; 1010 L� in B, which
makes for ICL fractions of 14%� 6% in r and 10%� 6% in B.
The ICL has a flat color profile with B� r ’ 2:4� 1:1, which is
0.8 mag redder than the RCS.

A3. A2734

A2734 is a richness class 1, Bautz-Morgan type III cluster at a
redshift of 0.062. The BCG by 0:51� 0:05 mag is in the center
of this cluster; however, there are two other large elliptical gal-
axies 0.55 and 0.85 h�1

70 Mpc distant from the BCG. The X-ray
gas does confirm the BCG as being at the center of the mass dis-
tribution. Those two other elliptical galaxies are not seen in the
44 ks ASCAGIS observation of this cluster; however, they are con-
firmedmembers based on spectroscopy (Collins et al. 1995;Colless
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et al. 2001; Smith et al. 2004). The value of M500 is calculated by
Reiprich & Böhringer (2002) for A2734 to be (2:49�0:89

0:63) ;
1014 h�1

70 M�.
The CMD shows a clear red sequence, which includes the

three bright elliptical galaxies. Spectroscopy from 2dF gives us
roughly 80 galaxies in our field of view that we can use to es-
timate the effectiveness of the biweight fit to the RCS in finding
true cluster members. Of those galaxies with confirmed mem-
bership, 94% are determined members with this method; how-
ever, 86% of the confirmed nonmembers are also considered
members. This is likely due to how galaxies were selected for spec-
troscopy in the 2dF catalog. Using the CMD as an indication of
membership, we estimate the flux in cluster galaxies to be (1:2 �
0:36) ; 1012 L� in r and (3:4� 1:0) ; 1011 L� in B inside of
0.60 h�1

70 Mpc, which is one-quarter of the virial radius of this
cluster.

Figure 6 shows the relevant plots for this cluster. There is a
strong ICL component ranging from 26 to 29 mag arcsec�2 in r
centered on the BCG. The total flux in the ICL is (2:8� 0:47) ;
1011 L� in r and (7:0� 4:7) ; 1010 L� in B, which makes for ICL
fractions of 19%� 6% in r and 17%�13% in B. The ICL has a
flat to redward color profilewithB� r ’ 2:3� 0:03,which ismar-
ginally redder than the RCS (0.3 mag). The cluster has a second
diffuse light component around one of the giant elliptical galaxies,
0.55 h�1

70 Mpc from the center of the cD galaxy. The third bright
elliptical has a saturated star just 4000 away, so we do not have a
diffuse light map of that galaxy.

A4. A2556

A2556 is a richness class 1, Bautz-Morgan type II-III cluster at
a redshift of 0.087. Despite the Bautz-Morgan classification, this
cluster has a clear cD galaxy in the center of the X-ray distri-
bution, which is 0:93� 0:05 mag brighter than any other galaxy
in the cluster. TheChandra-derived X-ray distribution is slightly
elongated toward the northeast where a second cluster, A2554,
resides, 1.4 h�1

70 Mpc from the center of A2556. The cD galaxy of
A2554 is just on the edge of our images, so we have no infor-
mation about its LSB component. A2556 andA2554 are a part of
the Aquarius supercluster (Batuski et al. 1999), so they clearly
reside in an overdense region of the universe. Given an X-ray
luminosity from Ebeling et al. (1996) and a velocity dispersion
from Reimers et al. (1996) we calculate the virial mass of A2556
to be (2:5� 1:1) ; 1015 h�1

70 M�.
The red sequence for this cluster is a bit wider than in other

clusters. The 1 � width to a biweight fit is 0.38 mag in B� r that
is approximately 30% larger than in the rest of the low-z sample.
This extra width is not caused by only a few galaxies; instead, the
entire red sequence appears to be inflated. This is probably caused
by the nearby A2554, which is at z ¼ 0:11 (Struble & Rood
1999). This is close enough in redshift space that we cannot sep-
arate out the two red sequences in our CMD. We have roughly
30 redshifts forA2556 fromSmith et al. (2004),Caretta et al. (2004),
and Batuski et al. (1999) that are also unable to differentiate be-
tween the clusters. Using the CMD as an indication of member-
ship, we estimate the flux in cluster galaxies to be (1:3� 0:38) ;
1012 L� in r and (3:3� 1:0) ; 1011 L� inB inside of 0.65h�1

70 Mpc,
which is one-quarter of the virial radius of this cluster.

Figure 7 shows the relevant plots for this cluster. There is an
r-band ICL component ranging from 27 to 29 mag arcsec�2 in
r centered on the cD galaxy. The B-band ICL is extremely faint,
barely above our detection threshold. Although we were able to
fit a profile to the B-band diffuse light, all points on the medium-
sizedmask are below 29mag arcsec�2. The total flux in the ICL is
(7:6� 6:6) ; 1010 L� in r and (1:4� 1:4) ; 1010 L� in B, which

makes for ICL fractions of 6%� 5% in r and 4%� 4% in B. Al-
though Figure 7 shows a color profile, we do not assume anything
about the profile shape due to the LSB level of the B-band. We
take the B� r color from the innermost point to be 2:1� 0:4,
which is fully consistent with the color of the RCS.

A5. A4010

A4010 is a richness class 1, Bautz-Morgan type I-II cluster at a
redshift of 0.096. This cluster has a cD galaxy in the center of
the galaxy distribution, which is 0:7� 0:05 mag brighter than the
second-ranked galaxy. There are only ROSAT All-Sky Survey
data for this cluster and no other sufficiently deep X-ray obser-
vations to show us the shape of the mass distribution. There are
weak lensing maps that put the center of mass of the cluster at the
same position as the cD galaxy and elongated along the same po-
sition angle as the cD galaxy (Cypriano et al. 2004). Muriel et al.
(2002) found a velocity dispersion of 743� 140 for this cluster,
which is 15% larger than that found byGirardi et al. (1998b), where
those authors found a virial mass of (3:8�1:6

1:2) ; 10
14 h�1

70 M�.
The CMD for A4010 is typical among the sample with a clear

red sequence. A few redshifts exist in the literature that help de-
fine the red sequence (Collins et al. 1995; Katgert et al. 1998).
Using the CMD as an indication of membership, we estimate the
flux in cluster galaxies to be (1:2� 0:4) ; 1012 L� in r and (3:5�
1:0) ; 1011 L� in B inside of 0.75 h�1

70 Mpc, which is one-quarter
of the virial radius of this cluster.

Figure 8 shows the relevant plots for this cluster. There is an
elongated ICL component ranging from 25.5 to 28 mag arcsec�2

in r centered on the cD galaxy. The total flux in the ICL is
(3:2� 0:7) ; 1011 L� in r and (7:7� 2:8) ; 1010 L� in B, which
makes for ICL fractions of 21%� 8% in r and 18%� 8% in B.
The ICL has a significant redward trend in its color profile with
an average color of B� r ’ 2:1� 0:1, which is marginally red-
der (0.2 mag) than the RCS.

A6. A3888

A3888 is discussed in great detail in Paper I. To review, A3888
is a richness class 2, Bautz-Morgan type I-II cluster at a redshift
of 0.151. This cluster has no cD galaxy; instead the core is com-
prised of three distinct subclumps of multiple galaxies each. At
least two galaxies in each of the subclumps are confirmed mem-
bers based on velocities (Teague et al. 1990; Pimbblet et al. 2002).
The brightest cluster galaxy is only 0:12� 0:04 mag brighter than
the second-ranked galaxy. XMM-Newton contours show an elon-
gated distribution centered roughly in themiddle of the three clumps
of galaxies. Reiprich & Böhringer (2002) estimated mass from the
X-ray luminosity to beM200 ¼ (25:5�10:5

7:4 ) ; 1014 h�1
70 M�, where

r200 ¼ 2:8 h�1
70 Mpc. This is consistentwith themass estimate from

the published velocity dispersion of 1102�137
107 (Girardi &Mezzetti

2001).
There is a clear red sequence of galaxies in the CMD of A3888.

Using the CMD as an indication of membership, we estimate
the flux in cluster galaxies to be (3:0� 0:9) ; 1012 L� in r and
(7:2� 2:2) ; 1011 L� in B inside of 0.92 h�1

70 Mpc. We also de-
termine galaxy flux using the Driver et al. (1998) luminosity
distribution, which is based on the statistical background sub-
traction of noncluster galaxies, to be (4:3� 0:7) ; 1012 L� in the
r-band and (3:4� 0:6) ; 1012 L� in V. The difference in these
two estimates is likely due to uncertainties in our membership
identification (of order 30%) and difference in detection thresh-
olds of the two surveys.

Figure 9 shows the relevant plots for this cluster. There is a cen-
tralized ICL component ranging from 26 to 29 mag arcsec�2 in r
despite the fact that there is no cD galaxy. The total flux in the ICL
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is (4:4� 2:1) ; 1011 L� in r and (8:6� 2:5) ; 1010 L� in B,
which makes for ICL fractions of 13%� 5% in r and 11%� 3%
in B. The ICL has a red color profile with an average color of
V � r ’ 0:5� 0:1, which ismarginally redder (0.2mag) than the
RCS. There is also a diffuse light component surrounding a group
of galaxies that is 1.4 h�1

70 Mpc from the cluster center that totals
(1:7� 0:5) ; 1010 L� in Vand (2:6� 1:2) ; 1010 L� in r and has
a color consistent with the main ICL component.

A7. A3984

A3984 is an interesting richness class 2, Bautz-Morgan
type II-III cluster at a redshift of 0.181. There appear to be two
centers of the galaxy distribution: one around the BCG, and one
around a semicircle of approximately five bright ellipticals that
are 1 h�1

70 Mpc north of the BCG. The BCG and at least one of the
other bright ellipticals are at the same redshift (Collins et al. 1995).
To determine if these two centers are part of the same redshift
structure, we split the image in half perpendicular to the line bi-
secting the two regions and plot the cumulative distributions of
V � r galaxy colors. A Kolmogorov-Smirnov test reveals that
these two regions have an 89% probability of being drawn from
the same distribution.WithoutX-ray observationswe donot know
where the mass in this cluster resides. There is a weak lensing
map of just the northern region of the cluster that does show a
centralized mass distribution, but does not include the southern
clump (Cypriano et al. 2004). The BCG is 0:57� 0:04 mag
brighter than the second-ranked galaxy. We use a velocity dis-
persion from the lensing measurement to determine a mass of
(31� 10) ; 1014 h�1

70 M�.
There is a clear red sequence of galaxies in the CMD of

A3984. Using the CMD as an indication of membership, we es-
timate the flux in cluster galaxies to be (2:0� 0:6) ; 1012 L� in r
and (4:4� 1:3) ; 1011 L� in B inside of 0.87 h�1

70 Mpc, which is
one-quarter of the virial radius of this cluster.

Figure 10 shows the relevant plots for this cluster. There are
two clear groupings of diffuse light. We can only fit a profile to
the ICL that is centered on the BCG. We stop fitting that profile
before it extends into the other ICL group (�600 kpc) in an
attempt to keep the fluxes separate. The total flux in the ICL is
(2:2� 1:0) ; 1011 L� in r and (6:2� 2:1) ; 1010 L� in B, which
makes for ICL fractions of 10%� 6% in r and 12%� 6% in B.
The ICL becomes distinctly bluer with radius and is bluer at all
radii than the RCS with an average color of V � r ’ �0:2� 0:4
(0.5 mag bluer than the RCS).

A8. A141

A141 is a richness class 3, Bautz-Morgan type III cluster at a
redshift of 0.23. True to its morphological type, this cluster has
no cD galaxy; instead it has four bright elliptical galaxies, each at
the center of a clump of galaxies, the brightest one of which is
0:42� 0:04 mag brighter than the second brightest. The cen-
ter of the cluster, as defined by ASCA observations and a weak
lensing map (Dahle et al. 2002), is near the northernmost clumps
of galaxies. The distribution is clearly elongated north-south;
therefore, it is possible that the other bright ellipticals are infall-
ing groups along a filament. The value of M200 from the lensing
map is (18:9�1:1

0:9) ; 10
14 h�1

70 M�.
There is a clear red sequence of galaxies in the CMD of A141.

Using the CMD as an indication of membership, we estimate the
flux in cluster galaxies to be (3:2� 1:0) ; 1012 L� in r and (5:4�
1:6) ; 1011 L� in B inside of 0.94 h�1

70 Mpc, which is one-quarter
of the virial radius of this cluster.

Figure 11 shows the relevant plots for this cluster. There are
three clear groupings of diffuse light that do not have a common

center, although one of these ICL peaks does include two clumps
of galaxies. We are unable to fit a single centralized profile to this
ICL as the three clumps are too far separated. The total flux in the
ICL as measured in manually placed elliptical annuli is (3:5�
0:9) ; 1011 L� in r and (3:4� 1:1) ; 1010 L� in B, which makes
for ICL fractions of 10%� 4% in r and 6%� 3% in B. We es-
timate the color of the ICL to beV � r ’ 1:0� 0:8, which is sig-
nificantly redder (0.6mag) than the RCS.We have no color profile
information.

A9. AC 114

AC114 (AS 1077) is a richness class 2, Bautz-Morgan type II-III
cluster at a redshift of 0.31. The brightest galaxy is only 0:28�
0:04 mag brighter than the second-ranked galaxy. The galaxy
distribution is elongated southeast to northwest (Couch et al. 2001)
as is theChandra-derived X-ray distribution. The X-ray gas shows
a very irregularmorphology,with a soft X-ray tail stretching toward
a mass clump in the southeast, which is also detected in a lensing
map (De Filippis et al. 2004; Campusano et al. 2001). The X-ray
gas is roughly centered on a bright elliptical galaxy; however, the
tail is an indication of a recent interaction. There is a clump of
galaxies, 1.6 h�1

70 Mpc northwest of the BCG, that looks like a
group or cluster with its own cD-like galaxy, which is not tar-
geted in either the X-ray or lensing (strong) observations. Only
one of these galaxies has redshifts in the literature, and it is a
member of AC 114. Without redshifts, we cannot know defini-
tively if these galaxies are a part of the same structure; however,
their location along the probable filament might be evidence that
they are part of the same velocity structure. As this cluster is not
in dynamical equilibrium, mass estimates from the X-ray gas
come from B-model fits to the surface brightness distribution. De
Filippis et al. (2004) found a mass within 1 h�1

70 Mpc of (4:5�
1:1) ;1014 h�1

70 M�. A composite strong and weak lensing anal-
ysis agree with the X-ray analysis within 500 h�1

70 kpc, but they
do not extend out to larger radii (Campusano et al. 2001). Within
the virial radius, Girardi & Mezzetti (2001) found a mass of
(26:3þ8:2

�7:1) ; 10
14 h�1

70 M�.
This cluster, in relation to lower z clusters, is a prototypical

example of the Butcher-Oemler effect. There is a higher fraction
of blue, late-type galaxies at this redshift than in our lower z
clusters, rising to 60% outside of the core region (Couch et al.
1998). This is not only evidenced in the morphologies but also in
the CMD, which nicely shows these blue member galaxies. We
adopt theAndreon et al. (2005) luminosity function for this cluster
based on an extended likelihood distribution for background
galaxies. Integrating the luminosity distribution from very dim
dwarf galaxies (MR ¼ �11:6) to infinity gives a total luminosity
forAC114 of (1:5� 0:2) ; 1012 L� in r and (1:9�1:2) ; 1011L�
in B inside of 0.9 h�1

70 Mpc, which is one-quarter of the virial
radius of this cluster. For the purpose of comparison with other
clusters, we adopt the cluster flux from the CMD, which gives
(1:8� 0:5) ; 1012 L� in r and (2:3� 0:7) ; 1011 L� in B inside
of one-quarter of the virial radius of this cluster. The differences in
these estimates are likely due to uncertainties inmembership iden-
tification and differing detection thresholds of the two surveys.
Figure 12 shows the relevant plots for this cluster. There is a cen-

tralized ICL component ranging from 27.5 to 29 mag arcsec�2 in r,
in addition to a diffuse component around the group of galaxies
to the northwest of the BCG. The total flux in the ICL is (2:2�
0:4) ; 1011 L� in r and (3:8� 7:9) ; 1010 L� in B, which in-
cludes the flux from the group as measured in elliptical annuli.
The ICL fraction is 11%� 2% in r and 14%� 3% in B. The ICL
has a flat color profilewithV � r ’ 0:1� 0:1,which ismarginally
bluer (0.4 mag) than the RCS.
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A10. AC 118 (A2744)

AC 118 (A2744) is a richness class 3, Bautz-Morgan type III
cluster at a redshift of 0.31. This cluster has two main clumps of
galaxies separated by 1 h�1

70 Mpc, with a third bright elliptical in
a small group that is 1.2 h�1

70 Mpc distant from the center of the
other clumps. The BCG is 0:23� 0:04 mag brighter than the
second-ranked galaxy. The Chandra X-ray data suggest that
there are probably three clusters here, at least two of which are
interacting. The gas distribution, along with abundance ratios,
suggests that the third, smaller group might be the core of one of
the interacting clusters that has moved beyond the scene of the
interaction where the hot gas is detected. From velocity measure-
ments Girardi & Mezzetti (2001) also found two populations of
galaxies with distinctly different velocity dispersions. The pres-
ence of a large radio halo and radio relic are yet more evidence
for dynamical activity in this cluster (Govoni et al. 2001). Mass
estimates for this cluster range from �3 ; 1013 M� from X-ray
data to�3 ; 1015 M� from the velocity dispersion data. This clus-
ter clearly violates assumptions of sphericity and hydrostatic
equilibrium, which leads to the large variations. The two velocity-
dispersion peaks have a total mass of (38� 37) ; 1014 h�1

70 M�;
we adopt this mass throughout the paper.

AC 118, at the same redshift as AC 114, also shows a signif-
icant fraction of blue galaxies, which leads to a wider red cluster
sequence (1� ¼ 0:3 mag) than at lower redshifts. We adopt the
Busarello et al. (2002) R- and V-band luminosity distributions
based on photometric redshifts and background counts from a
nearby, large-area survey. Integrating the luminosity distribution
from very dim dwarf galaxies (MR ¼ �11:6) to infinity gives a
total luminosity for AC 118 of (4:5� 0:2) ; 1011 L� in V and
(4:2� 0:4) ; 1012 L� in the r band inside of 0:25rvirial. For the
purpose of comparison with other clusters, we adopt the cluster
flux from the CMD, which gives (5:4� 1:6) ; 1011 L� in B and
(4:4� 0:1) ; 1012 L� in r inside of 0.94 h�1

70 Mpc, which is one-
quarter of the virial radius of this cluster.

Figure 13 shows the relevant plots for this cluster. There are at
least two, if not three groupings of diffuse light that do not have a
common center. The possible third is mostly obscured behind the
mask of a saturated star.We are unable to fit a centralized profile to
this ICL. The total flux in the ICL asmeasured inmanually placed
elliptical annuli is (7:0� 1:0) ; 1011 L� in r and (6:7� 1:7) ;
1010 L� in B, which makes for ICL fractions of 14%� 5% in r
and 11%� 5% in B. We estimate the color of the ICL to be
V � r ’ 1:0� 0:8, which is significantly redder (0.6 mag) than
the RCS. We have no color profile information.
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