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ABSTRACT

We examined the morphology-density relations for galaxy samples selected by luminosity and by mass in each of
five massive X-ray clusters from z ¼ 0:023 to 0.83 for 674 spectroscopically confirmedmembers. Rest-frame optical
colors and visual morphologies were obtained primarily from Hubble Space Telescope images. The visual morphol-
ogies ensure consistency with the extensive published results on galaxy evolution in dense environments. Morphology-
density relations (MDRs) are derived in each cluster from a complete, luminosity-selected sample of 452 galaxies with
a magnitude limitMV < M ?

V þ 1. The change in the early-type fraction with redshift matches previous work for mas-
sive clusters of galaxies. We performed a similar analysis, deriving MDRs for complete, mass-selected samples of
441 galaxies with a mass limit of 1010.6M�. Our mass limit includes faint objects, the equivalent of ’1mag below L?

for the red cluster galaxies, and encompasses ’70% of the stellar mass in cluster galaxies. The MDRs in the mass-
selected sample at densities of � > 50 galaxies Mpc�2 are similar to those in the luminosity-selected sample but
show larger early-type fractions, with a weak indication of a shallower slope. However, the trend with redshift in the
fraction of elliptical and S0 galaxies with masses >1010.6M� differs significantly between the mass- and luminosity-
selected samples. The clear trend seen in the early-type fraction from z ¼ 0 to ’0.8 is not found in mass-selected
samples. The early-type galaxy fraction changes much less and is consistent with being constant at 92% � 4% at
� > 500 galaxies Mpc�2 and 83% � 3% at 50 galaxies Mpc�2 < � < 500 galaxies Mpc�2. Given the mass limit
in our sample, this suggests that galaxies of mass lower than >1010.6M� play a significant role in the evolution of the
early-type fraction in luminosity-selected samples; i.e., they are larger contributors to the luminosity-selected samples
at higher redshifts than at low redshifts.

Subject headinggs: galaxies: clusters: general — galaxies: elliptical and lenticular, cD — galaxies: evolution —
galaxies: fundamental parameters — galaxies: photometry

1. INTRODUCTION

At low redshift, the cores of clusters of galaxies are dominated
by massive elliptical and S0 galaxies (Smith1935; Zwicky1942;
Oemler 1974). Dressler (1980b) quantified this as the morphol-
ogy-density relation (MDR), where the fraction of elliptical and
S0 galaxies (hereafter early-type galaxies) increases with increas-
ing local galaxy density. Much discussion has centered on the as-
trophysical reasons for this relation,with contributions frommany

studies. For example, how galaxymorphology depends on the un-
derlying mass in stars has been recently explored. Kauffmann et al.
(2003) found that the concentration of galaxies (a structural pa-
rameter correlated with morphology) depends solely on the un-
derlying stellar mass of the galaxies, not on their environment.
Kauffmann et al. (2004) subsequently found that the star forma-
tion rate depends inversely on both the local galaxy density and
the galaxy stellar mass. These results raise interesting questions
about the relative dependence of galaxymorphologies on galaxy
mass and on local galaxy environment.
At higher redshifts, the star formation rate increases rapidly

(Lilly et al. 1996; Madau et al. 1998). Clusters of galaxies grow
by the accretion of galaxies and groups of galaxies, many of
which will have a larger star formation rate than galaxies today.
Thus, we expect the fraction of star-forming (‘‘late type’’) galaxies
to increase. Dressler et al. (1997), Treu et al. (2003), Smith et al.
(2005), Postman et al. (2005), andDesai et al. (2007) all found an
increase in the number of late-type galaxies at higher redshifts in
clusters and a decreasing fraction of S0 galaxies at redshifts from
the present day out to redshifts z � 0:5Y1. This points to a sub-
stantial buildup of cluster galaxies in the last half of the age of
the universe, i.e., over look-back times from 4 to 8 Gyr.
Endeavoring to understand the details and the causes of these

changes is challenging, however, since luminosity was used to
select the galaxies. Variations in the star formation rate can cause
large changes in the mass-to-light ratios of galaxies (these changes
can exceed an order of magnitude). Galaxies of similar mass thus
can be spread across a range of luminosities (or be excluded alto-
gether if too faint). Selection directly by the stellar mass of galaxies
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would remove someof these problems. For example,mass-selected
samples would not include very low mass galaxies undergoing
bursts of star formation. These galaxies would enter luminosity-
selected samples and distort comparisons between galaxy pop-
ulations at different epochs. The stellar mass of galaxies changes
more modestly, even after a major mergers.

This has particular value for determining the progenitors of
the galaxy population in present-day clusters. Galaxies of sim-
ilar masses at higher redshifts are likely to form the majority of
the progenitors of current galaxies. Except for the raremajormerger,
mass growth for the typical cluster galaxy is likely to be modest.
Merging and star formation will move galaxies to higher masses
over time, so our higher redshift mass-selected samples will not
contain all progenitors of z ’ 0 cluster galaxies. However, these
processes will impact luminosity-selected samples much more
dramatically. Proper accounting and understanding of the evo-
lution of galaxy populations (and of the nature of relations such
as the morphology-density relation) will be better done using
mass-selected samples.

Given this, we set out to use mass-selected samples to in-
vestigate how the morphological mix in clusters of galaxies
changes with local galaxy density and how the mix varies with
time. The aim of our investigation is to determine whether the
trends found in the luminosity-selected samples of Dressler et al.
(1997), Smith et al. (2005), and Postman et al. (2005) appear in
mass-selected samples. The ultimate goal is to establish the pro-
genitors of the z ’ 0 elliptical and S0 population by examining
the masses of z ’ 0Y1 galaxies.

We have constructed a sample of five clusters of galaxies:
Coma at z ¼ 0:023, CL 1358.4+6245 (hereafter CL 1358) at
z ¼ 0:33, MS 2053.7�0449 (hereafter MS 2053) at z ¼ 0:59,
and MS 1054.4�0321 (hereafter MS 1054) and RX J0152.7�
1357 (hereafter RX J0152), both at z ¼ 0:83. Each cluster has a
large catalog of spectroscopic members, combined with high-
resolution imaging and precise colors in the optical rest frame.
These clusters are massive systems with both large X-ray lumi-
nosities and substantial velocity dispersions. This provides two
advantages: first, these rich systems provide large samples for
studying the distribution of morphologies; second, our cluster
selection minimizes the influence of the relation between X-ray
luminosity or velocity dispersion and early-type galaxy fraction
found in Postman et al. (2005) and Desai et al. (2007). For each
cluster, we have rest-frame B imaging, generally from the Hub-
ble Space Telescope (HST ), which provides visual morpholog-
ical classifications consistent with those used in previous work
such as Dressler (1980a, 1980b), Postman & Geller (1984), Treu

et al. (2003), Dressler et al. (1997), Smith et al. (2005), Postman
et al. (2005), and Desai et al. (2007). Many of the classifications
come directly from the work of Dressler (1980a) and Postman et al.
(2005). The underlying stellar mass is derived using the mass-to-
light ratio (M /L) from the redshifted B� V color (see Kelson et al.
2000c; Bell & de Jong 2001; Bell et al. 2003; Holden et al. 2006)
and total magnitudes from our measurements.

We discuss our data in x 2, with emphasis on how we select
galaxies to ensure that we have consistent morphologies and pho-
tometry across a variety of clusters.We discuss ourmass estimates
as well, with a longer discussion in Appendix B. In x 3, we turn to
our estimates of local galaxy density, showing that we reproduce
the observed evolution in the morphology-density relation reported
by other authors. We then create mass-limited samples of galaxies
in each cluster and examine the evolution of the morphology-
density relation for galaxies that, at low redshift, are the massive
early-type galaxies that dominate cluster cores. We discuss our
results in x 4 and provide a summary in x 5.

Throughout this paper, we assume �m ¼ 0:3, �� ¼ 0:7, and
H0 ¼ 70 km s�1 Mpc�1. All stellar mass estimates are done
using a ‘‘diet’’ Salpeter initial mass function (IMF; Bell & de
Jong 2001; Bell et al. 2003). This IMF has the slope of a tra-
ditional Salpeter IMF (x ¼ 1:35; Salpeter 1955) over the range
of 125Y0.35M�, with a flat slope below 0.35M�. This IMF pro-
duces the same colors and luminosity as a Salpeter IMF, with
70%, or 0.15 dex, of the M /L of the original Salpeter IMF
(Salpeter 1955). Bell & de Jong (2001) selected this IMF as it
matches the properties of low-redshift galaxies. This IMF yields
masses 0.1Y0.15 dex larger than the IMF of Kennicutt (1983),
Kroupa et al. (1993), or Chabrier (2003).

2. DATA AND OBJECT SELECTION

We studied five clusters of galaxies in this paper, and they are
listed in Table 1. Each cluster in our sample is massive, with a
velocity dispersion >850 km s�1, and is X-ray luminous. All but
Coma and RX J0152 were included as part of the Einstein
MediumSensitivity Survey cluster sample (Gioia et al.1990;Henry
et al.1992;Gioia&Luppino1994).We list velocity dispersions and
bolometric X-ray luminosities in Table 2.

For each of the clusters, we used morphological types, pho-
tometry, and redshifts from the literature to compute the fraction
of early-type galaxies as a function of luminosity, mass, and local
galaxy density. In columns (5)Y(7) of Table 1, we list the number
of galaxies used to estimate the local galaxy densities, the number
used to compute the MDR for luminosity-selected samples, and
the number of galaxies included in the mass-selected samples.

TABLE 1

Summary of Cluster Data

Cluster

(1)

z

(2)

Observed Filters

(3)

Redshift Rangea

(4)

No. of Allb

(5)

Members in Luminosityc

(6)

Sample Massd

(7)

Coma................................ 0.023 u, g, r 0.013 < z < 0.033 202 100 95

CL 1358 ........................... 0.328 V606, I814 0.315 < z < 0.342e 134 95 99

MS 2053 .......................... 0.587 V606, I814 0.57 < z < 0.60f 85 60 56

MS 1054 .......................... 0.831 V606, i775, z850 0.80 � z � 0.86g 112 90 82

RX J0152 ......................... 0.834 r625, i775, z850 0.81 � z � 0.87g 142 104 109

a The redshift range used to define cluster membership.
b The number of galaxies with redshifts in the range of the cluster with MV < M ?

V þ 1:5.
c The number of galaxies with redshifts in the range of the cluster with luminosities MV < M ?

V þ 1.
d The number of galaxies with redshifts in the range of the cluster with masses >1010.6 M�.
e The catalog of Fisher et al. (1998) contains only galaxies in this redshift range.
f From Tran et al. (2003).
g From Blakeslee et al. (2006).
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When estimating the local galaxy density, we selected galaxies
down to the limiting magnitude of M ?

V þ 1:5, where M ?
V is the

absolute magnitude from the Schechter (1976) luminosity func-
tion in theV band.We used the same value forM ?

V as Postman et al.
(2005), M ?

V ¼ �21:28, and we used the same evolution with
redshift, where M ?

V ¼ M ?
V (z ¼ 0)� 0:8z. We chose a different

luminosity limit, M ?
V þ 1, for our MDRs This limit was simply

selected to have about the same size as a mass selection. We se-
lected a mass limit of 1010.6M� as that is our completeness limit
at z ¼ 0:83. We explain this further in x 2.5. Finally, we selected
galaxies within 1.25 Mpc of the cluster center, a limit imposed
by the HST imaging, except for the Coma Cluster, where we ex-
tended the data out to 1.5 Mpc for comparing our results with
previous work in the literature.

We would like to emphasize that in this paper, early-type
galaxies are morphologically classified visually as elliptical and
S0 galaxies from the imaging data. The classification was done
using the image with the filter closest to rest-frame B. Neither the
galaxy color nor the spectrum was considered, thereby ensuring
consistency with the extensive body of previous work. Wemade
this distinction because strongly bulge-dominated systems, such
as elliptical and S0 galaxies, have been shown to evolve differ-
ently from spiral galaxies. Furthermore, galaxies selected based
on spectral energy distribution or color often show amix of mor-
phological types and star formation rates (see Popesso et al. 2007
for a recent example).

For all the galaxies in our clusters, we collected or determined
rest-frame optical morphologies, B� V colors in the redshifted
passbands (hereafter Bz � Vz), total magnitudes, and stellar mass
estimates. We discuss below the data we used to construct these
samples.

2.1. Morphologies

The morphological classifications came from the literature for
all the galaxies in our sample. For the Coma Cluster, we used the
morphologies from Dressler (1980a) combined with imaging data
from the Sloan Digital Sky Survey (SDSS). We selected early-
type galaxies as those classified as D, E, E/S0, S0/E, S0, and S0/a
in Dressler (1980a). Late-type galaxies are any galaxies with clas-
sifications in the spiral sequence and irregular galaxies. For all of
the clusters in our sample, we used the same classification criteria.

For CL 1358, we used themorphological types from Fabricant
et al. (2000). We selected early-type galaxies as those with a
classification less than or equal to zero. This puts the Sa/S0 class

in the early-type galaxy category. We used the unpublished data
of Tran et al. (2003, 2005b) to form a sample of spectroscopic
cluster members with morphologies for MS 2053. These clas-
sifications were done in the same manner as in Fabricant et al.
(2000), and we used the same divisions between early- and late-
type galaxies. Finally, for MS 1054 and RX J0152, we used the
previously published morphologies from Postman et al. (2005)
and Blakeslee et al. (2006). The classifications in Postman et al.
(2005) are on a very uniform system, one consistent with the ear-
lier samples of Fabricant et al. (2000) and Dressler (1980b).

2.2. Photometry

We require a consistent set of magnitudes and colors to esti-
mate stellar masses. We used the approach described in Blakeslee
et al. (2006) to measure color and total magnitudes for the cluster
galaxies in our sample. This procedure is a modification of the
approach outlined in van Dokkum et al. (1998). Each galaxy’s
surface brightness distribution was fit by a Sérsic model with the
exponent ranging from n ¼ 1 to 4, using the program GALFIT
(Sérsic 1968; Peng et al. 2002). The fitted model is convolved
with a point-spread function, accounting for the different responses
in our data. Thefittedmagnitudewas used as our totalmagnitude es-
timate, as we have found that to be a reliable measure (Holden et al.
2004, 2005). We then applied the CLEAN algorithm (Högbom
1974) to the original images in all passbands. We measured the
flux within the half-light radius determined from the surface
brightness fit to measure the colors. We detail below how the
colors were measured for each set of cluster galaxies since the
uniformity and consistency with which we carried out the pho-
tometry is an important factor in ensuring reliable mass estimates
across the redshift range studied here. Overall the agreement
with other studies was very good.

2.2.1. Coma

We created a mosaic of SDSS imaging covering all the gal-
axies in Dressler (1980a). We fit the Sérsic model to the g image.
For a second estimate of the galaxy colors, we froze all of the
parameters of the model, except for normalization, and fit the
surface brightness profiles in the u and r data. This is referred to
as a model color and is used in the SDSS database.
We compared the total magnitudes with those from both

Jørgensen et al. (1992) and Beijersbergen et al. (2002a, 2002b).
We found that our total magnitudes were almost identical, a dif-
ference of 0:006 � 0:017 from those of Jørgensen et al. (1992).
However, we found that the Beijersbergen et al. (2002a, 2002b)
magnitudes were 0.12 mag fainter than our measurements. The r
magnitudes fromBeijersbergen et al. (2002a, 2002b) are SExtractor
MAG_AUTO magnitudes. For the very brightest galaxies, we
found that the offset was larger,’0.2Y0.4mag, which we did not
find when we compared our total magnitudes to those of Jørgensen
et al. (1992). When we measured MAG_AUTO magnitudes from
ourmosaic, we found a similar offset for the brightest galaxies. This
probably results from the large number of neighbors for the bright-
est galaxies in Coma, suggesting that thesemeasurements are not as
reliable for total magnitudes.
We compared our colors with those of the SDSS and those

from Eisenhardt et al. (2007) and found very good agreement.
We found that our colors, measured within a half-light radius,
were redder by only 0:013 � 0:004 mag than the SDSS model
colors. We also compared our model colors with those of the
SDSS and found that those were redder by 0:006 � 0:005 mag.
Eisenhardt et al. (2007) give B� V colors for a number of Coma
members. We computed a similar conversion to that in Table 3,
but for observed B� V instead of redshifted colors, Bz � Vz.

TABLE 2

Summary of Ancillary Data

Cluster z

�

( km s�1)

LX
a

(1044 erg s�1)

Coma....................... 0.0231 1008 � 33a 9.0 � 0.2b

CL 1358 .................. 0.328 1027þ51
�45

c 10.2 � 0.7d

MS 2053 ................. 0.587 865 � 71e 6.5 � 0.4d

MS 1054 ................. 0.831 1156 � 82f 16.4 � 0.8g

RX J0152 ................ 0.834 919 � 168h 18.6 � 1.9i

a Struble & Rood (1999).
b Voevodkin & Vikhlinin (2004).
c Fisher et al. (1998).
d Henry (2004).
e Tran et al. (2003).
f Tran et al. (2007).
g Gioia et al. (2004).
h Demarco et al. (2005).
i Romer et al. (2000).
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Using the relation B� V ¼ 1:00(g� r)þ 0:15 to transform our
half-light radius g� r colors, we compared our calculated B� V
colors with the measuredB� V colors in Eisenhardt et al. (2007).
We found our colors are bluer by �0:008 � 0:003 with a scatter
of 0.029 mag when compared with the colors measured within r1,
a size that roughly corresponds to half of the light; see Eisenhardt
et al. (2007) for details.

2.2.2. CL 1358

For every galaxy in the redshift catalog of Fisher et al. (1998)
we derived photometry from F606W (V606) and F814W (I814)
Wide Field Planetary Camera 2 (WFPC2) imaging presented in
van Dokkum et al. (1998). We used the zero points from Kelson
et al. (2000a) for the WFPC2 photometry. We used our standard
procedure, using the imaging in the I814 passband to determine
the half-light radii. The colors were measured in a similar man-
ner in van Dokkum et al. (1998). We found an offset of 0:018�
0:006 mag from the van Dokkum et al. (1998) colors, and we
found a scatter of �(V606 � I814) ¼ 0:07 mag between the two sets
of data. Our total magnitudes are �0:021 � 0:030 mag brighter
than the total magnitudes from Kelson et al. (2000a).

2.2.3. MS 2053

The photometry we used is based on the archivalWFPC2 V606

and I814 imaging. Wuyts et al. (2004) give velocity dispersions
and the results of fitting surface brightness profiles to theWFPC2
imaging for a subset of the galaxies. We measured the apparent
magnitudes for all cluster galaxies in the WFPC2 imaging using
the same procedure as for CL 1358. We compared our total mag-
nitudes from surface brightness profiles with those from Wuyts
et al. (2004). We find that the I814 magnitudes of Wuyts et al.
(2004) are fainter by 0:037 � 0:020 mag than ours, so we con-
sider the two sets of magnitudes in good agreement.

2.2.4. MS 1054 and RX J0152

Blakeslee et al. (2006) measured the colors within the half-
light radius, with that radius determined from model fits, using
the program GALFIT (Peng et al. 2002). Blakeslee et al. (2006)
let the Sérsic exponent range from n ¼ 1 to 4. The total magni-
tudes came from the SExtractorMAG_AUTOparameter (Bertin
&Arnouts1996). To determine total magnitudes, a 0.2 mag aper-
ture correction was applied to the measuredmagnitude (see Holden
et al. 2005; Blakeslee et al. 2006).

Blakeslee et al. (2006) only analyzed the then existing catalogs
of redshifts fromDemarco et al. (2005) and Tran et al. (2007).We
have acquired additional redshifts for both clusters since the

publication of Blakeslee et al. (2006). We used the Magellan te-
lescopes with both the Inamori-Magellan Areal Camera and
Spectrograph (Bigelow & Dressler 2003; Dressler et al. 2006)
and the Low-Dispersion Survey Spectrograph 3. These newmem-
bers were analyzed in the same manner as presented in Blakeslee
et al. (2006).

For MS 1054, we also used the imaging data from the Faint
Infrared Extragalactic Survey (FIRES; Förster Schreiber et al.
2006). These data coverUBVJHK along with the archival WFPC2
photometry for MS 1054. We replaced the WFPC2 data with the
Advanced Camera for Surveys (ACS) imaging and recreated the
catalogs. In Appendix A, we discuss how we processed the data.
For most filters, we found very small scatter,<0.01 mag, between
our measured magnitudes and those provided in the FIRES cata-
logs. Once we constructed a photometric catalog, we fit spectral
energy distributions to measure redshifted colors and the mass in
stars for cluster members.We used these mass and color estimates
as a check for our masses and colors using onlyHST imaging.We
discuss these in xx 2.3 and 2.4 below.

2.3. Redshifted Magnitudes and Colors

To compute the rest-framemagnitudes in Bz and Vz from the ob-
served magnitudes and colors, we used the technique of Blakeslee
et al. (2006) andHolden et al. (2006).We calculated themagnitudes
of templates in the rest-frame filters. We then redshifted the tem-
plates and computed the magnitudes in the observed filters. For
the templates, we used exponentially decaying star formation
rate models from Bruzual & Charlot (2003, hereafter BC03).
These models had exponential timescales of 0.1Y5 Gyr, covering
a range of ages from 0.5 to 12 Gyr and three metal abundances,
2.5, 1, and 0.4 Z�. We list the transformations between the ob-
served filters and the redshifted ones in Table 3 and include the
distance modulus to the cluster in our chosen cosmology. For the
rest-frame filters, we used the B and V curves from Buser (1978),
specifically the B3 curve for the Bz. Both sets of curves are tab-
ulated by BC03.

For MS 1054 and RX J0152, Bz lies within the observed
wavelength range of the ACS filters, while the center of Vz is
redshifted to reddest part of the z850 filter at z ¼ 0:83. To compute
theMDR for luminosity-selected samples as was done in previous
work, we need to compute the Vz magnitude. We compared our
Bz � Vz colors forMS1054with those estimated from the broader
baseline of photometry from the FIRES survey. We fit spectral
energy distributions to the FIRES data (see Appendix B). We use
those fits to interpolate the observed colors to predict Bz and Vz

for each galaxy. We found that the Bz and Vz had an average

TABLE 3

Photometric Conversions

Cluster Redshifted Filter Transformation Distance Modulusa

Coma...................................... Vz g� 0:65(g� r)þ 0:01b 35.01

Bz � Vz 1:00(g� r)þ 0:15b 35.01

CL 1358 ................................. Vz I814 þ 0:27(V606 � I814)þ 0:63 41.18

Bz � Vz 0:91(V606 � I814)� 0:19 41.18

MS 2053 ................................ Vz I814 � 0:21(V606 � I814)þ 1:07 42.68

Bz � Vz 0:70(V606 � I814)� 0:30 42.68

MS 1054 ................................ Vz z850 � 0:16(V606 � z850)þ 0:74b,c 43.60

Bz � Vz 1:05(i775 � z850)þ 0:11b,c 43.60

RX J0152 ............................... Vz z850 � 0:20(r625 � z850)þ 0:78b 43.61

Bz � Vz 1:05(i625 � z850)þ 0:11b 43.61

a The distance modulus assumes �m ¼ 0:3, �� ¼ 0:7, and H0 ¼ 70 km s�1 Mpc�1.
b The Coma gr data and the ACS photometry use an AB zero point.
c TheV606 filter used in this conversion refers to the ACS F606Wand not theWFPC2 filter used in CL 1358 andMS 2053.
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offset between the FIRES predictions and the results from Table 3
of �(Bz � Vz) ¼ �0:006 mag with a scatter of �(Bz � Vz) ¼
0:005 mag. When we compare the two estimates of the Vz mag-
nitude, we find �Vz ¼ �0:033 mag with a scatter of �Vz ¼
0:027 mag. Reassuringly, we find that our redshift colors and
magnitudes from the ACS imaging alone match what we expect
from a much broader wavelength coverage.

We have computed the transformations between the observed
F606W and F814W WFPC2 photometry and the redshifted Bz

and Vz magnitudes for MS 2053 and CL 1358. These are dif-
ferent conversions from those previously listed in the literature.
For CL 1358, we found good agreement between our transfor-
mations and those previously published by van Dokkum et al.
(1998).We found offsets of ’0.1mag in the colors of red galaxies
inMS2053 between our transformations, listed in Table 3, and the
published ones of Tran et al. (2003). However, our transformation
between the observed colors and Vz agrees with that of Wuyts et al.
(2004) to within <0.05 mag. For consistency across our data sets,
we used the conversions we derived that are listed in Table 3.

2.4. Mass Estimation

Estimating stellar masses requires a total magnitude and an
estimate of the mass-to-light ratio (M /L). We used the redshifted
colors and magnitudes discussed in the previous subsections to
compute the total magnitude in the Bz filter, and we used the
linear relation betweenM /LB and the Bz � Vz color given in Bell
et al. (2003),M /LB ¼ 1:737(B� V )� 0:942, to deriveM /L.We
assumed the absolute magnitude of the Sun to be MB ¼ 5:45.11

The relations of Bell et al. (2003) use a ‘‘diet’’ Salpeter IMF (see
Bell & de Jong 2001 for an explanation). This IMF has the same
colors and luminosity as in a Salpeter IMF, but only 70% of the
mass. The offsets between the derived stellar masses assuming
this IMF and other popular IMFs are given at the end of x 1 and
in Bell et al. (2003). Generally, most other IMFs predict masses
0.1Y0.15 dex lower than our estimates.

The assumption of a single relation between rest-frame color
andM /L has two likely sources of error. First, there is an intrinsic
scatter in M /L at a fixed color, which Bell et al. (2003) estimate
as 0.1Y0.2 dex. Second, the Bell et al. (2003)M /L estimates are
appropriate for z ¼ 0 stellar populations. At higher redshifts,
star-forming galaxies may have lower stellar masses, as they
have formed fewer stars, yet they may have similar colors. Kassin
et al. (2007) find some evidence that star-forming, field galaxies at
higher redshift may have lower stellar masses than galaxies with
the same rest-frame colors at z ¼ 0.Kassin et al. (2007) find a shift
of ’0.1 dex in the stellar mass of star-forming galaxies at a fixed
dynamical mass. This shift is larger, ’0.2 dex, if Kassin et al.
(2007) use the Bell et al. (2003) stellar mass estimates. For pas-
sively evolving galaxies, van der Wel et al. (2006) find that sys-
tematic shifts of ’0.1 dex are possible. To estimate the sizes of the
errors in our masses, we computed separate M /L estimates for a
subset of our data. We also compared theM /L from the Bell et al.
(2003) relations with dynamical mass estimates in all of the
clusters in our sample, and we find a robust set of mass estimates
that are consistent with redshift. The results of these tests are
given below.

2.4.1. Comparison of M/L Estimates

For MS 1054, we fit spectral energy distributions to the pho-
tometric data from the FIRES catalog. In Appendix B, we dis-

cuss our results from fitting spectral energy distributions (SEDs),
using exponentially declining star formation rate, or �, models,
to the data of MS 1054 and a complementary sample of SDSS
Fourth Data Release (DR4) galaxies (Adelman-McCarthy et al.
2006). For both sets of data, we found that the average M /LB
agrees with the linear relation of Bell et al. (2003); see Figure 10.
We found a scatter of 33%, 0.14 dex, in M /L around the best-
fitting relation for MS 1054. Early-type galaxies have a very
similar scatter of 34%, or 0.15 dex, while late-type galaxies have
30%. In our lower redshift sample created using the SDSS DR4,
we find a smaller scatter of 28%, or 0.12 dex. These error esti-
mates agree well with the errors expected from Bell et al. (2003).

2.4.2. Comparison with Dynamical Masses

We compared our mass estimates with dynamical masses
(Mdyn) from fundamental plane measurements from the literature
(Jørgensen & Franx 1994; Jørgensen et al. 1995a, 1995b, 2005;
Kelson et al. 2000b, 2000c; Wuyts et al. 2004). For each cluster,
we combined the published velocity dispersions (�) and sizes
(reA) for themember galaxies using the relationMdyn ¼ 5reA�

2/G
(Jørgensen et al. 1996). We find that the relations between the
dynamical mass, derived from the velocity dispersion and re, and
the stellar mass have consistent zero points; the difference was
�0.02 dex, or�5%, for all of the clusters in our sample (see Fig. 1).

11 This value of MB varies slightly from the value in Binney & Merrifield
(1998); see http://www.ucolick.org /~cnaw/sun.html.

Fig. 1.—Photometric stellar masses vs. dynamical masses. Red circles are el-
liptical galaxies, orange squares are S0 and S0/a galaxies, and blue spirals are
later type galaxies. Each cluster has a subset of galaxies with velocity disper-
sion measurements which we use to compute masses using the relation Mdyn ¼
5reA�

2/G. The dotted lines show the approximate mass limits for the velocity
dispersion samples assuming the magnitude limits and the typical colors of the
samples. The z ¼ 0:83 panel (top right) contains galaxies from two different
clusters with two differentmagnitude limits; we show only the fainter limit.When
computing statistics, we only use galaxies with masses above that line. The solid
line has a slope of one, and the dashed line shows the best-fitting relation from
Gallazzi et al. (2006) using the de Vaucouleurs relation between size, velocity
dispersion, and mass. We show the scatter around the relation of Gallazzi et al.
(2006) as a vertical error bar and the average error for the dynamical masses as a
horizontal error bar. It appears that for themost massive galaxies, masses from the
color estimates of M /L may systematically, although slightly, underestimate the
dynamical masses. The average for each sample agrees with the Gallazzi et al.
(2006) intercept within �5%. Overall the photometric estimates provide a reli-
able and consistent estimate of the stellar mass in galaxies at all redshifts.
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The good agreement between the dynamical and stellar masses at
all redshifts shows that we have a consistent mass scale for all
early-type galaxies in our sample, and one that matches that of
others (van der Wel et al. 2006; Rettura et al. 2006).

We do note that the slope between the two mass estimates ap-
pears to be slightly less than one. It seems as if the highest mass
galaxies have lower than expected stellar masses. This is also
seen in some other comparisons (Gallazzi et al. 2006; Rettura et al.
2006; Kassin et al. 2007). We find that we recover the same zero
point for this relation as doGallazzi et al. (2006) after adjusting for
the different IMF used in that paper, over the same redshift range
as Rettura et al. (2006) or Kassin et al. (2007). We conclude that
there is no systematic shift with redshift in our stellar mass esti-
mates, and that our photometric stellar mass scale matches the
dynamical mass scale very well.

When we compared the stellar mass estimates from our colors
and total magnitudes to the dynamical estimates, we found that
the scatter increased with redshift (see the vertical error bars in
Fig. 1). This increase occurs regardless of whether we compare
with the best-fitting relation, the relation of Gallazzi et al. (2006),
or a simple slope of one. For Coma, we found a scatter of 30%,
or 0.13 dex, close to the 0.17 dex scatter between color-based
stellar masses and dynamical ones quoted in van der Wel et al.
(2006). At z ¼ 0:83, we found a scatter of 58%, or 0.25 dex,
close to the scatter found at z ’ 1 by van derWel et al. (2006). One
possible reason for the increased scatter is that the errors on the
velocity dispersion measurements increase. If we remove the
contribution from the velocity dispersion error in the dynamical
masses, the scatter only reduces to 55%, or 0.24 dex, so the in-
creased scatter we find is not from the statistical errors on the
dynamical mass measurements. Kassin et al. (2007) find a scatter
of 0.16 dex between the stellar mass and the dynamical mass at
all redshifts. Kassin et al. (2007) use relations between color and
M /L that are different from ours, but they recover the same slope
and zero point as we do in Figure 1. The difference between the
scatter found by Kassin et al. (2007) and our results most likely
comes from the details in how the measurements are made.
Kassin et al. (2007) explicitly model a rotational component for
later type galaxies, which they found to reduce the scatter. Both
Gallazzi et al. (2006) and Kassin et al. (2007) find that the slope
of the relation between the dynamical mass and the stellar mass
is less than one. Using that best-fitting slope from Gallazzi et al.
(2006) we reduce the measured scatter to 25%, or 0.11 dex, for
Coma and 46%, or 0.20 dex, for our two z ¼ 0:83 clusters. Such
scatter is well in line with the expectations from Bell et al. (2003).

2.5. Completeness Corrections and Catalog Limits

Each data set we used has a different completeness limit for
the redshifts and morphological identifications. For each cluster
in our sample, we needed to give a weight to each galaxy based on
the probability that it would have either a redshift or a morphol-
ogical type, based on the galaxy’s observed magnitude, hereafter
w (m; T ). The same approach was used by Postman et al. (2005).

For MS 1054, RX J0152, and CL 1358, the spectroscopic
redshift catalogs were less complete than our morphological cat-
alogs. Thus, weweighted the galaxies with redshifts based on the
fraction of objects with redshifts as a function of morphological
type and magnitude, as was done in Appendix B of Postman et al.
(2005). The weight, w (m; T ), is the inverse of the fraction of
galaxies with redshifts, N (z;m; T )/N (m; T ), where N (m; T ) is
the number of objects with classifications and N (z;m; T ) is the
number of objects with classifications and redshifts. Both frac-
tions are calculated in a magnitude bin mh � m � ml (we se-
lected bins of 0.5 mag in size).

The data forMS 2053 have the inverse problem, namely, com-
plete redshift catalogs but incomplete classifications. We there-
fore weighted each galaxy by the fraction of objects classified by
the magnitude and type, w (m; T ), such that w (m; T ) ¼ N (mh �
m � ml; z; T )/N (mh � m � ml; T ), where N (m; z; T ) is the
number of late-type or early-type galaxies in a magnitude bin
mh � m � ml with redshifts and N (z;m) is the total number ob-
jects in that bin with redshifts.

We plot, in Figure 2, the stellar mass estimates as a function of
absolute Vmagnitude for the five clusters in our sample. To create
a sample with a uniform selection across all redshifts, we selected
a mass limit where we were 50% complete at z ¼ 0:83. That limit
isM ¼ 1010:6 M� for our choice in IMF (M ’ 1010:45 M� for the
Kennicutt [1983], Kroupa et al. [1993], or Chabrier [2003] IMFs).

2.6. Projected Galaxy Density

To estimate the projected galaxy density we used the samemeth-
odology as Postman et al. (2005), i.e., a n ¼ 7 nearest neighbor
distance. We included all galaxies within 1.5 Mpc of the cluster
center withMV < M ?

V þ 1:5. In total, there are 674 galaxies in all
five clusters at or above this magnitude limit.

The local density was calculated to be

� ¼ 1

�ND
2
A

X7

n¼1

wn mn; Tnð Þ�1;

where �N is the angular area to the Nth nearest neighbor, DA is
the angular diameter distance for the redshift of the cluster, and
wn(mn; Tn) are the weights for galaxy n with a given magnitude

Fig. 2.—Photometric stellar masses as a function of absolute V magnitude.
Red circles are elliptical galaxies, orange squares are S0 and S0/a galaxies, and blue
spirals are later types. The cluster samples are Coma (bottom left), CL1358 (bottom
right ), MS 2053 (top left), and the combination of MS 1054 and RX J0152 (top
right ). The horizontal line is M ¼ 1010:6 M�, the completeness limit for mass-
selected samples. They are derived by determining where the completeness is 50%
for the reddest galaxies at z ¼ 0:83 (see x 2.5 for a complete explanation). The ver-
tical line is the magnitude limit,M ?

V þ 1, we used for luminosity-selected samples,
whereM ?

V ¼ �21:28� 0:8z (Postman et al. 2005).
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m and a classification T. We discuss how the weights are cal-
culated in x 2.5.

Because the weights are used in estimating both our densities
and our fractions by galaxy type, we derived errors for our den-
sity estimates by bootstrapping. We found that the errors on the
density estimates ranged from 0.17 dex for Coma to 0.24 dex for
MS 1054. Therefore, when we computed the MDR, we used bin
sizes of at least 0.5 dex.

Dressler (1980b), Dressler et al. (1997), and Postman et al.
(2005) all used a fainter magnitude limit, M ?

V þ 2, than we did
when computing the densities. We selected a brighter magnitude
limit to minimize the impact of sample incompleteness. For
comparison with these previous results, we needed to correct our
densities. Postman et al. (2005) had a similar problem. Since their
data were not always complete at that magnitude limit (M ?

V þ 2),
Postman et al. (2005) computed a correction factor for their den-
sities. This correction factor was the ratio of the number of gal-
axies in a Schechter luminosity function with � ¼ �1:22 down
to M ?

V þ 2 over the number of galaxies in the same luminosity
function down to the magnitude limit of the data. Using a similar
procedure, and assuming the same luminosity function, the den-
sities for a magnitude limit of M ?

V þ 2 would be larger than
our densities by 0.18 dex. In order to compare our results with
Dressler (1980b), Dressler et al. (1997), and Postman et al. (2005)
we have rescaled our densities by 0.18 dex.

3. THE MORPHOLOGY-DENSITY RELATION
AND THE EVOLUTION IN THE EARLY-TYPE

GALAXY FRACTION

We combined the data discussed above and created two sam-
ples for each cluster in order to derive MDRs and to study the
evolution in the early-type galaxy fraction with redshift. First,
we replicated the previous work using luminosity-selected sam-
ples, then we selected galaxies using the masses estimated above.
For each sample, we estimated the MDR in a consistent manner,
using the same sets of densities for both luminosity- and mass-
selected samples. In the following subsections, we outline howwe
derived MDRs for our clusters.

3.1. Early-type Fraction Estimates

The early-type fractions for the clusters were not simply based
on an integer number of objects. Instead, the early-type fraction
was the sum of weights of elliptical and S0 galaxies above our
magnitude limit or mass limit, divided by the sum of the weights
of all galaxies meeting that same limit. In general, these weights
are close to one, and not using these weights changes the result-
ing fractions by only a few percent. While the changes are small
we felt it important to be consistent and thorough in our ap-
proach. The errors on the fractions range from 3% to 15%, de-
pending on the number of galaxies. These errors are close to, but
slightly larger, than those expected from using Poisson errors.
We added in quadrature an error of 6% on the early-type frac-
tions we find for RX J0152 and MS 1054. This is the rms clas-
sification error found by Postman et al. (2005).

3.2. Luminosity-Selected Samples

Our first step was to create luminosity-selected samples to
compare with previous work on the MDR. As discussed in x 2,
we computed the morphology-density relation down to a magni-
tude limit ofM ?

V þ 1for all clusters, the same limit aswas selected
by Smith et al. (2005). We plot the resulting morphology-density
relations for a sample of a total of 452 galaxies in Figure 3. We
tabulate the plotted fractions in Table 4. We see MDRs in our

clusters. Our data clearly show a decrease in the early-type frac-
tion with decreasing density for luminosity-selected samples.
This evolution is consistent with that shown in previous work such
as Dressler et al. (1997), Smith et al. (2005), and Postman et al.
(2005).

3.2.1. Evolution of the Luminosity-Selected Early-type Fraction

The MDRs in Figure 3 also show a clear trend of decreasing
early-type fraction with redshift. To quantify this we examined
the fraction of early-type galaxies in two density bins as a func-
tion of redshift, � > 500 representing high galaxy densities and
500 galaxies Mpc�2 > � > 50 galaxies Mpc�2 for low densi-
ties. The cutoff of � ¼ 500 galaxies Mpc�2 was chosen to split
the combined MS 1054 and RX J0152 into two equal-sized sub-
samples. The lower limit is the density that contains 95% of our
sample. We plot our early-type fractions in each of these density
bins as a function of cluster redshift in Figure 4. We find a trend
of a decreasing early-type fraction with redshift, as seen before
(Dressler et al.1997; Smith et al. 2005; Postman et al. 2005). For
comparison, we show the average fractions in the same density
bins from the low-redshift sample of Dressler (1980b, updated in
Dressler et al. 1997), the Dressler et al. (1997) z ’ 0:4 sample,
and the z ’ 1 sample of Postman et al. (2005). Our data agree
with the trend shown in the other published work, given the size
of our sample.

Fig. 3.—Morphology-density relation for luminosity-selected galaxies by clus-
ter. We selected all galaxies to an absolute V magnitude of M ?

V þ 1 or MV ¼
�20:28� 0:8z (see Postman et al. 2005), for a total of 452 galaxies in all five
clusters. The circles connected by lines represent Coma (blue circles), CL 1358
(green circles), MS 2053 (orange circles), and the combined sample of MS 1054
and RX J0152 (red circles). The bins are shown along the bottom, with triangles
marking the centers. The galaxy fractions are derived in the same density bins but
are spread out for clarity around the bin centers in redshift order. The data for
Coma consist of the morphologies from Dressler (1980a) but photometry from
the SDSS. For comparison, the updated Dressler (1980b) results from Dressler
et al. (1997) are shown as squares, the results of Dressler et al. (1997) at z ’ 0:4
are shown as triangles, and the Postman et al. (2005) results at z ’ 1 are shown as
black circles with error bars. We find good agreement between our morphology-
density relations and the previous results from the literature. A trend in the early-
type fraction with redshift is apparent and is quantified further in Fig. 4. We list
the values for this figure in Table 4.
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The dashed line in Figure 4 is a fit to the data that includes
errors on the estimated early-type fraction. We find slopes that
differ from zero by more than 2 � for both fits; i.e., the nonzero
slope is significant at the 95% confidence limit. At high densities,
we find that the early-type galaxy fraction decreases by�0:20z �
0:10z, evolution at the 95% confidence limit. For the low-density
sample we find�0:29z � 0:10z, evidence at the 99% confidence

limit for evolution. Generally, studies find that most of the evolu-
tion at low to moderate redshifts happens at lower densities (Treu
et al. 2003; Smith et al. 2005; Desai et al. 2007), a result we rep-
licate with our data. Our results at all densities are clearly consistent
with the trend seen from the previous work of Dressler (1980b),
Dressler et al. (1997), and Postman et al. (2005). We list the frac-
tions in columns (3) and (4) of Table 6.

3.3. Mass-Selected Samples

3.3.1. The Mass-Selected MDR

The next step was to determine the MDR for mass-selected
samples. We used the same weights and densities as in Figure 3
and x 3.2. Our redshifts or morphological classifications became
incomplete at M < 1010:6 M�, so we select this as our mass
limit. There are a total of 441 galaxies above that mass limit in all
five clusters. This mass limit corresponds to a factor of 4 below
z ¼ 0M? for high-density regions (Baldry et al. 2006),12 as-
suming no evolution in the mass function. If we integrate over
this mass function, our mass limit encompasses 68%Y73% of
the total stellar mass of the cluster population, depending on the
mass limit for the galaxy population (108 or 109:5 M�, respectively).
To compute this, we used the best-fittingmass function fromBaldry
et al. (2006) for high-density regions, i.e.,� > 10 galaxies Mpc�2.
Thus, our mass-limited sample encompasses a wide range of
masses for cluster galaxies and includes the majority of the stel-
lar mass in galaxies in clusters.

We show the resulting mass-selected MDR in Figure 5. The
mass-selected MDR (Fig. 5) is different from the luminosity-
selectedMDR (Fig. 3). First, the slopes appear to be slightly less.
Second, at low redshift the MDRs appear roughly comparable,
but at higher redshift, at a given density, the mass-selected early-
type fraction is 10%Y20% higher than the luminosity-selected
fraction. The contrast is quite striking, considering that our mass
sample extends significantly belowM? (and below L?, since the
mass limit corresponds to’1 mag below L? for the reddest clus-
ter galaxies). See Tables 4 and 5 for the resulting fractions in com-
parison with those from luminosity-selected samples.

The MDR we show in Figure 5 is somewhat of a hybrid. We
estimated the galaxy densities using magnitude-limited samples,
while the early-type fractions came from mass-limited samples.
Weused a luminosity-selected sample to estimate the local galaxy to
minimize the changes in comparing the two samples (luminosity-
selected and mass-selected). In Figure 6, we show the morpholog-
ical fractions as a function of a galaxy density estimated using a
mass-selected sample. The mass limit we used was 1010.6 M�,
and we used the same weights as discussed in x 2.5. We find that
the mass-selected local galaxy densities are generally a factor of

TABLE 4

Luminosity-Selected Morphology-Density Relations

Cluster z

1580 galaxies Mpc�2 >

� > 500 galaxies Mpc�2a

(%)

500 galaxies Mpc�2 >

� > 167 galaxies Mpc�2a

(%)

167 galaxies Mpc�2 >

� > 50 galaxies Mpc�2a

(%)

Coma .................................................. 0.023 95 � 5 95 � 5 75 � 8

CL 1358 ............................................. 0.328 84 � 9 82 � 6 74 � 9

MS 2053 ............................................ 0.587 74 � 12 65 � 10 47 � 12

MS 1054 and RX J0152.................... 0.83 83 � 8 69 � 8 69 � 11

a The fraction of elliptical and S0 galaxies with luminosities MV < M ?
V þ 1 in the density range.

Fig. 4.—Early-type fraction as a function of redshift in two density bins for
luminosity-selected samples. The density bins are listed on the figure in galaxies
per square megaparsec (and differ from the bins used in Fig. 3). Blue, green,
orange, and red circles represent Coma, CL 1358,MS 2053, and the two z ¼ 0:83
clusters, respectively. For comparison, the squares at low redshift are the average
fractions in the listed density bin fromDressler et al. (1997), an updated version of
Dressler (1980b), the triangles show the average fraction at z ’ 0:4 fromDressler
et al. (1997), and the black circles represent the high-redshift fractions from Postman
et al. (2005). We note that these are not weighted by the number of galaxies at each
density but are simply the average early-type fraction inside the range of densities
listed in the panel. The dashed line represents a fit to the data from this paper; see
Table 6. We see a strong trend in the evolution of the early-type fraction with red-
shift and a lower early-type fraction at lower densities at most redshifts. The evo-
lutionwith redshift in the early-type fraction is significant at the >95% confidence
limit and is similar to that seen by others.

12 As noted above, we use an IMF that adds 0.15 dex to the masses of gal-
axies, raising the value of logM? from 11.05 to 11.2.
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’2 lower than those from luminosity-selected samples for the
same galaxy, similar to that found by van derWel (2007) for field
galaxy samples. This offset in the density does not, as expected,
change the overall shallow slope; we find the same value for the
slope as we do in Figure 5.When plotting against these new den-
sities, we still find a lack of evolution as we found in Figure 5.

The mass-selected MDR appears more shallow than the lu-
minosity-selected relation. We tested this in a simple way. We fit
the data from Dressler (1980b) with a linear slope in the density
range our sample covers. We compared that slope to the average
slope for the MDR of all five clusters in our sample that we plot
in Figures 3 and 5. The measured slopes are 0:26 � 0:09 for
Dressler (1980b) and 0:25 � 0:13 for Postman et al. (2005). Our
mean luminosity-selectedMDRhas a slope of 0:18 � 0:07,while
our mean mass-selected MDR has a slope of 0:12 � 0:08. To

measure these slopes, we average the samples after removing the
offset between the average early-type fractions for each cluster.
This preserves the shape of the MDR for each sample. The slope
in the mass-selected MDR appears to be less than our luminosity-
selected MDR, but it is not statistically significant. We find a
larger, but still not statistically robust, difference between the slope
of the relation from Dressler (1980b) and Postman et al. (2005)
and our mass-selected sample.
Overall, the mass-selected MDRs do not differ substantially

from the luminosity-selected MDRs, except in one very impor-
tant aspect—their evolution with redshift.

3.3.2. Evolution of the Mass-Selected Early-type Fraction

Again, as for the luminosity-selected sample, we split the sam-
ple into high- and low-density bins to establish the trend with
redshift in the early-type galaxy fraction.Wemeasured the mass-
selected early-type fractions in the same two density bins as in
Figure 4. This is shown in Figure 7. Clearly the trend with red-
shift seen in Figure 4 is much weaker in Figure 7. At high densities,
we find that the early-type galaxy fraction decreases by�0:13z �
0:09z, while for the low-density sample we find �0:14z � 0:10z.
These slopes are shown as dashed lines in Figure 7. Neither rep-
resents evolution at the 95% confidence limit. We note here that
the errors are the same size as those given earlier for the luminosity-
selected samples, but the slopes are half the size. We find mean
early-type fractions of 83% � 3% at 500 galaxies Mpc�2 > � >
50 galaxies Mpc�2 and 92% � 4% at � > 500 galaxies Mpc�2.
This reaffirms the lack of evolution seen in Figures 5 and 6. We
show the mean value of the early-type fraction as a solid line.
The early-type fractions for the mass-selected sample in Figure 7
are �20% higher than the z > 0:3 results from the literature
shown in Figure 4, and�10%Y20% higher than our own results
from the luminosity-selected samples. These results can be seen
columns (5) and (6) of Table 6 as well.
Wemeasured the slopes for themass-selected local galaxydensities

in two density bins as well. We simply use 250 galaxies Mpc�2 >
� > 25 galaxies Mpc�2 and� > 250 galaxies Mpc�2 as the typ-
ical mass-selected density is half that of the luminosity-selected
density. We find slopes of �0:13z � 0:12z at high densities and
�0:16z � 0:12z at low densities. The fraction of early-type gal-
axies in the high-density bin is 89% � 4% while we find 82% �
3% in the low-density bin. These are the samewithin the errors as
was found for the early-type fractions in the luminosity-selected
density bins.
The lack of a trend in the mass-selected sample points to gal-

axies of mass less than 1010.6M� as being the likely contributors
to the evolution at high redshift seen in the luminosity-selected
samples, as shown in Figures 3 and 4. This would be consistent
with expectations from the increasing global star formation rate
at higher redshift. The resulting substantial changes in theirM /L

Fig. 5.—Morphology-density relations for mass-selected samples of galaxies
in our clusters. The sample consists of all galaxies in our five clusters above a mass
limit of >1010.6M� (>1010:45 M� for the IMFs fromKennicutt [1983], Kroupa et al.
[1993], and Chabrier [2003]), or 0:25M? for a total of 441 galaxies in all five
clusters. Our mass-selected sample thus extends significantly below M? (and L?,
since themass limit corresponds to 1mag belowL? for the reddest cluster galaxies),
and includes�70%of the stellarmass in galaxies in the cluster. The symbols are the
same as in Fig. 3. The samples of galaxies at� < 50 galaxies Mpc�2 are too small
to be statistically significant. In contrast with Fig. 3 the early-type fraction is larger,
and the morphology-density relation is less clear. The trend with redshift also is
noticeably less; see Fig. 7. We list the values for this figure in Table 5.

TABLE 5

Mass-Selected Morphology-Density Relations

Cluster z

1580 galaxies Mpc�2 >

� > 500 galaxies Mpc�2a

(%)

500 galaxies Mpc�2 >

� > 167 galaxies Mpc�2a

(%)

167 galaxies Mpc�2 >

� > 50 galaxies Mpc�2a

(%)

Coma .................................................. 0.023 96 � 5 99 � 3 80 � 8

CL 1358 ............................................. 0.328 87 � 7 88 � 5 79 � 8

MS 2053 ............................................ 0.587 77 � 10 81 � 9 60 � 13

MS 1054 and RX J0152.................... 0.83 88 � 7 75 � 8 82 � 10

a The fraction of elliptical and S0 galaxies with masses >1010.6 M� in the density range.

HOLDEN ET AL.198 Vol. 670



would lead to low-mass galaxies brightening into the luminosity-
selected samples.

3.3.3. Is Coma Unusual?

A minor but interesting issue arises regarding Coma and its
somewhat higher early-type fraction. In Figures 5Y7, Coma ap-
pears to have a larger number of early-type galaxies at the highest
densities. We find that Coma has an early-type fraction 9% � 6%
higher than the average early-type fraction in the highest density
bin in Figure 7. The apparent higher fraction of early-type gal-
axies and the lack of any late-type galaxies at very high densities
for Coma could have several causes. First, the number of spiral
and late-type galaxies in the other clusters could be overes-
timated. Diaferio et al. (2001) provides a cautionary note, stating
that in some simulations, star-forming field galaxies could be
projected into a cluster even for redshift-selected samples. Using
the data fromGOODS (van derWel 2007), we estimate that 2 � 2
late-type galaxies above our mass threshold per cluster would fall
within the redshift windows listed in Table 1. This would change
the early-type fraction by 2% (for MS 1054 or RX J0152) to 10%
(for MS 2053), depending on the richness of the cluster and the
density bin in question. Thiswould raise the higher redshift cluster
early-type fractions, to an average of 89%, closer to the Coma
value. A second, more interesting, possibility is that there is evo-
lution in the number of spirals in the cores of clusters from
z ’ 0:3 to ’0. This would be mild evolution, 9% � 6% at the
highest densities we sample, as compared with the changes of
25%Y30% seen in previous luminosity-selected samples, such
as Dressler et al. (1997), Postman et al. (2005), or Desai et al.
(2007). Third, Coma could be on the high side of the distribution

of early-type fraction among low-redshift clusters, as indicated
in Figure 3. The significance of contributions from these effects
could be evaluated better with larger numbers of clusters and
larger mass-selected galaxy samples.

3.3.4. The Mass Dependence of the Early-type Fraction

As a further check on the lack of evolution, we investigated
whether, in some particular mass range, we could see evolution
in the early-type fraction. We subdivided our sample into differ-
ent mass bins and derived the early-type fraction in Figure 8. We
found no significant change of the early-type fraction with mass.
Linear fits to the data in Table 7, the fraction of early-type gal-
axies in each mass bin, yield slopes of 0:09 � 0:12 for Coma,
0:23 � 0:15 for CL 1358, 0:15 � 0:30 for MS 2053, and 0:01�
0:13 for the combined sample of MS 1054 and RX J0152. For all
five clusters, we find no statistically significant variation from a
slope of zero. The offsets in the mean with increasing cluster red-
shift can also be seen to be very small (consistent with the lack of
evolution seen in Fig. 7 for the mass-selected sample). In general,
the lack of a change in the early-type fraction seen in Figures 5Y7
appears to be true for the whole of the sample, not just a subset of
galaxies in a certain mass range.

Fig. 6.—Morphology-density relation for mass-selected samples of galaxies
using mass-selected galaxy densities. The symbols are the same as in Fig. 3. This
figure is similar to Fig. 5, where we plot the fraction of elliptical and S0 galaxies
above the mass limit of >1010.6 M�. In this figure, the local galaxy densities are
computed from the mass-selected sample (�M ), not the luminosity-selected sam-
ple as in Fig. 5. The change in our estimate of the local galaxy density does not
change our results. The typical values for�M are a factor of’2 smaller than from
ourMV < M ?

V þ 1:5 luminosity-limited sample, which van der Wel (2007) finds
as well for field galaxies.

Fig. 7.—Early-type fraction as a function of redshift for mass-selected sam-
ples in two density bins. The symbols are the same as in Fig. 4. The density range
in galaxies per square megaparsec and the mass limit are labeled in each plot. We
show the average early-type fraction in each bin as a solid line, with the height of
the bar showing the error on the average. We find mean early-type fractions of
83% � 3% at 500 galaxies Mpc�2 > � > 50 gal Mpc�2 and 92% � 4% at
� > 500 galaxies Mpc�2. The dashed line is the best-fitting linear relation to the
change in fraction with redshift, as in Fig. 4.We list the fractions in Table 6. There
is little evidence for evolution in the morphology-density relation above the mass
limit, with the best-fitting slopes half or less than half of those of Fig. 4. The evo-
lution in the luminosity-selected samples must occur predominately in galaxies
with M < 1010:6 M�.
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We also tested whether changing the mass limit at lower red-
shifts made any difference. This arises from a potential concern
that we may have introduced a systematic bias in our results by
keeping a constant mass limit for all redshifts, given the expec-
tation of some systematic increase in the mean mass of galaxies
(from merging and/or star formation). We increased the limit for
Coma by a factor of 2 to correspond to a significant mass buildup
between z ’ 0:8 and ’0. This would accommodate any likely
mean mass buildup (e.g., for the field, Bell et al. [2006] find that
�50%Y70% of today’s galaxies with masses >1010:5 M� may
have undergonemergers since z � 0:7). The changes in the early-
type fraction were insignificant, as would be expected from Fig-
ure 8. This is discussed further in x 4.1.

4. RESULTS AND DISCUSSION

4.1. Mass-Selected and Luminosity-Selected Samples

As discussed in x 1, we used mass-selected samples because
we expect onlymodest and systematic evolution in galaxymasses
with time, unlike luminosity-selected samples where galaxies can

enter and leave the sample as bursts of star formation dramatically
increase the luminosity for a period. A mass selection provides a
more robustmeans of identifying likely progenitors of z ¼ 0 clus-
ter galaxies in higher redshift clusters. However, even the mass-
selected sample of higher redshift cluster galaxies will not contain
all the progenitors, for two reasons. First, galaxies will continue to
grow in mass, either through star formation or by merging. Mass
growth will bring objects from below our mass limit at high red-
shift into the sample at low redshift. Second, the early-type frac-
tion is lower in the surrounding field (Noeske et al. 2007; van der
Wel 2007). Field galaxies will continue to infall into clusters and
build up the cluster population. Thus, even if there is no evolution
from z ¼ 0:83 to the current epoch in the fraction of early-type
galaxies in mass-selected samples, we do not expect that the total
mass in early-type galaxies remains constant. The total mass in
early-type galaxies in the cluster environment is likely to increase
(as has been suggested for the field by, e.g., Bell et al. 2004; Faber
2007; Brown et al. 2007)—it just has to increase through pro-
cesses which maintain a similar high fraction of early-type gal-
axies at masses >1010.6 M� at any time over the last 7 Gyr.
It is interesting to explore the types of galaxies in our samples.

Our mass-selected samples of cluster galaxies show little or no
change in the early-type galaxy fraction with redshift for masses
>1010.6 M�, i.e., for masses above �25% of the z ¼ 0 charac-
teristic mass, or M?. This mass limit encompasses the majority
(’70%) of the stellar mass in galaxies in these clusters. When
we use the same parent sample but select galaxies by luminosity,
we recover theMDR and the evolution seen by other authors.We
illustrate this selection for the combined sample of MS 1054 and
RX J0152 in Figure 9, where we show the distribution of masses
and galaxymorphological types over a range of densities for gal-
axies in a luminosity-selected sample (all galaxies have MV <
M ?

V þ 1). Atmasses lower than 1010.6M�, this sample of galaxies
becomes dominated by late-type galaxies. These lowermass, late-
type galaxies do not fall into our primary sample—becausewe are
incomplete at these low masses—but do fall into the luminosity-
selected sample, and so must be the primary contributors to evo-
lution in luminosity-selected samples.

4.2. Merging and Mass Assembly

Merging may play an important role in the formation of mas-
sive, red galaxies between z ’ 1 and today. For example, van
Dokkum et al. (1999) found that the merger rate in MS 1054 was
significantly higher than in z ’ 0 clusters and that the large
majority of these are ‘‘dry’’ mergers. Bell et al. (2006) find that,
in the field, asmany as 50%Y70%of today’s galaxieswithmasses
>1010:5 M� could have undergonemergers since z ’ 0:7, although

Fig. 8.—Morphology-mass relation for all five clusters. Each mass bin is 0.2
dex in width, starting at 1010.6M�. The data points represent the fraction of early-
type galaxies with Coma (blue circles), CL 1358 (green circles), MS 2053 (orange
circles), and both MS 1054 and CL 1358 (red circles). The data points are offset in
mass about the mean in the bin for clarity. The triangles show the bin centers. The
last bin contains all galaxies with masses >1011:2 M�. We examined this distri-
bution to see if the early-type galaxy fraction did change at, for example, the
lower end of our mass distribution.We find no statistically significant slope in the
early-type galaxy fraction with mass, and the average fractions agree with those
we find in different density bins; see Table 7. The constant early-type fraction we
see in Figs. 5Y7 comes from contributions over the whole of the mass function,
and is not caused by just the peak of the mass function being dominated by early-
type galaxies. The typical mass of a late-type galaxy contributing to Figs. 3 and 4
must be below our mass limit of 1010.6 M�.

TABLE 6

Early-type Galaxy Fractions in Two Density Bins

Luminosity MV < M ?
V + 1a Mass >1010.6 M�

b

Cluster

(1)

z

(2)

� > 500 galaxies Mpc�2

(%)

(3)

500 galaxies Mpc�2 >

� > 50 galaxies Mpc�2

(%)

(4)

� > 500 galaxies Mpc�2

(%)

(5)

500 galaxies Mpc�2 >

� > 50 galaxies Mpc�2

(%)

(6)

Coma ...................................... 0.023 96 � 4 86 � 4 96 � 4 86 � 4

CL 1358 ................................. 0.328 86 � 8 80 � 5 89 � 6 85 � 4

MS 2053 ................................ 0.587 74 � 12 57 � 8 77 � 11 74 � 7

MS 1054 and RX J0152........ 0.83 83 � 7 69 � 8 89 � 7 77 � 7

a The fraction of elliptical and S0 galaxies with luminosities MV < M ?
V þ 1 in the density range.

b The fraction of elliptical and S0 galaxies with masses >1010.6 M� in the density range.
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Masjedi et al. (2006) find little evidence of mergers amongmassive,
non-star-forming galaxies at z < 0:36.

Merging raises an interesting issue. Could a significant fraction
of the z ’ 0 cluster population lie below our mass limit at high
redshift? As the following arguments show, this appears to be un-
likely. One estimate of themerger rate is the number of close pairs
of galaxies. Tran et al. (2005a) and M. Postman et al. (2008, in
preparation) searched for close pairs of galaxies in MS 1054 and
RX J0152. Close pairs are defined in M. Postman et al. (2008, in
preparation) as galaxies within 30 h�1 kpc of but more than
200 h�1 kpc from the brightest cluster galaxy.Our sample includes
a subset of those pairs fromM. Postman et al. (2008, in preparation)

as we required both galaxies to be members of RX J0152 and the
galaxies to be separated by less than 300 km s�1 in the rest frame of
the cluster, the same criteria of the whole sample discussed in Tran
et al. (2005a). These two samples of potential mergers, 14 in MS
1054 and 9 in RX J0152, resulted in 23 galaxies in pairs or triplets
likely to merge in the next 1 Gyr, or 12% of our MV < M ?

V þ 1
sample. The fraction of merger candidates in the rest of our sample
is small,<1% (van Dokkum et al.1999), pointing to the possibility
that cluster galaxy mergers were more prevalent either at higher
redshift or in certain kinds of clusters. Nonetheless, 12% could
represent the rate of merging in z ’ 0:8 clusters.

We show the 23members of these close pairs of galaxies as black
open circles in Figure 9. The average mass of a galaxy in these
pairs, for galaxies above our luminosity limit, is 1011:2�0:3 M�.
The mean early-type galaxy in the whole sample is the same
mass, 1011:2�0:4 M�. Therefore, the samples of close pairs in
Tran et al. (2005a) and M. Postman et al. (2008, in preparation)
appear to have masses typical of M? at z � 0 cluster early-type
galaxies. It is possible that the progenitors of some low-mass (close
to our limit) z ’ 0 early-type galaxies have a mass at z ’ 0:8 such
that they would fall below our >1010.6M� limit. The close pairs we
observe suggest this possibility, but most (19 of 23) of the galaxies
observed have masses significantly more than a factor of 2 above
our mass threshold. Second, only two are spirals, pointing to a
prevalence of ‘‘dry’’ merging. Assuming no new galaxies, ‘‘dry’’
merging will decrease the number of early-type galaxies above
our mass limit. However, galaxies below our mass limit could
also merge. The overall impact from merging on the early-type
galaxy population depends on a number of factors and requires
up-to-date galaxy formation models to disentangle. However, if
the close pairs in our sample are representative of the typical
mergers between massive galaxies, the progenitors of the z ’ 0
galaxies near our mass limit may not have built up through mas-
sivemergers andmergingwill not have dramatically changed the
early-type galaxy fraction.

As mentioned in x 3 we carried out a test to see if setting the
mass limit in Coma at a higher value, >1010:9 M�, made any dif-
ference (compared to >1010.6M� for the z ¼ 0:83 clusters). This
would correspond to a large’2 times mass buildup from z ’ 0:8
to’0 (e.g., Bell et al. 2006; results mentioned above). Not unex-
pectedly, the results are unchanged (see Fig. 8). The early-type
galaxy fraction increases, as would be expected, but very mod-
estly by 4% at high densities and by only 1% at low densities,
well within the errors. Our results will not be changed by choosing
time-dependentmass limits, at least for levels that correspond to any
likely evolution in the mean mass buildup in clusters.

4.3. Field Galaxy Infall

Infall of late-type galaxies from the low-density region surround-
ing the cluster is expected to play a continuing role in the buildup of
early-type cluster galaxies through their transformation to elliptical

TABLE 7

Early-type Galaxy Fractions in Mass Bins

Cluster z

M > 1011.2 M�
a

(%)

M > 1011.1 M�
a

(%)

M > 1010.9 M�
a

(%)

M > 1010.7 M�
a

(%)

Coma.................................................. 0.023 89 � 6 96 � 4 88 � 7 89 � 5

CL 1358 ............................................. 0.328 86 � 10 100 � 5 75 � 8 85 � 6

MS 2053 ............................................ 0.587 79 � 1 80 � 14 75� 9 71 � 13

MS 1054 and RX J0152.................... 0.83 85 � 9 87 � 8 76 � 9 87 � 8

a The fraction of elliptical and S0 galaxies in the listedmass range at all local galaxy densities; the bin width is 0.2 dex except for the highest mass
bin, which includes all galaxies above the mass limit.

Fig. 9.—Mass-density relation for MS 1054 and RX J0152 at z ¼ 0:83 for a
magnitude-limited sample. The red circles are elliptical galaxies, the orange squares
are S0 galaxies, and the blue spirals are late-type galaxies. Each galaxy hasMV <
M ?

V þ 1, the criterion we use for luminosity-selected samples. The horizontal green
dashed line shows our mass selection limit, while the vertical black dashed line
shows the division between the two density bins in Figs. 4 and 7. Black open circles
highlight red galaxies that are potential mergers inMS 1054 (Tran et al. 2005a) and
in RX J0152 (M. Postman et al. 2008, in preparation). Themeanmass of a late-type
galaxy, in our luminosity-selected sample, is at the green line, or 1010:6�0:4 M�,
one-quarter of the mean mass, 1011:2�0:4 M�, of the early-type galaxies in our
luminosity-selected sample. A significant fraction of the late-type star-forming
galaxies are below our mass limit, yet they would be included in the luminosity-
selected MDR for these z ¼ 0:83 clusters. At lower redshifts, as star formation
ends and they fade to lower luminosities, they will drop out of the luminosity-
selectedMDR. The result would be an apparent increase in the early-type fraction
in the luminosity-selected samples.
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and S0 galaxies (and thus leads to a buildup in the total mass in
early-type galaxies with time). Since the early-type fraction in the
field above our mass limit, 1010.6 M�, is 30% lower than in the
cluster (’50%;Noeske et al. 2007; van derWel 2007), the infalling
spiral and late-type galaxiesmust transform to early-type galaxies if
the infall rate adds significant mass to the cluster (even if the mech-
anisms of the transformation are unclear at this time). Otherwise the
fraction of early-type galaxies would decrease with time, which is
inconsistent with what is seen in either the mass- or luminosity-
selected samples. One caveat on this argument is that the low-
density regions around rich clusters are likely to be unlike the
‘‘true’’ field (see, e.g., Diaferio et al. 2001), and so studies
of the cluster environment within �10 Mpc (comoving) will be
needed for quantitative discussions of the role of infall.

We expect clusters of galaxies to be continually growing in
mass by the infall of galaxies and groups of galaxies from larger
radii. Yet we find no change in the morphological mix above our
mass limit. No change in the fraction of early-type galaxies does
not preclude significant mass growth, however. A simple argu-
ment based on the rough constancy of the observed�85% early-
type fraction allows us to estimate how the mass in early-type
cluster members could grow. First, we assume that the infall rate
is always high enough to keep the fraction of late-type galaxies
’15%. Second, we assume that galaxies take’ 1.5 Gyr to trans-
form from a late-type spiral into an early-type galaxy, the as-
sumption from van Dokkum& Franx (2001). Between z ¼ 0:83
and 0, there are 7 Gyr, slightly more than 4 times the transfor-
mation timescale. Every 1.5 Gyr, the mass in early-type galaxies
in this scenario increases by 18%, as 15% of the total population
of galaxies transforms into same type as the remaining 85% of
the population. These assumptions lead to a doubling of the z ’
0:8mass by z ¼ 0. In other words,’50% of the z ’ 0 early-type
galaxy population enters the cluster as late-type galaxies between
z ’ 0:8 and ’0. Interestingly, this rate of increase in the mass
density of ellipticals and S0 galaxies is roughly comparable to that
typically measured in field surveys (see, e.g., Bell et al. 2004;
Faber 2007; Brown et al. 2007). The timescale of transformation
and the infall rate are the largest uncertainties. A longer transfor-
mation timescale would in turn lower the amount of inferred evo-
lution among early-type galaxies above our mass threshold, and
this calculation neglects thatmany infallingmassive galaxieswould
already be elliptical and S0 galaxies.

4.4. The Role of Low-Mass
Galaxies—Transformation at Low Masses

Our mass-selected sample reaches down to masses 1010.6M�,
and the lack of evolution of the early-type fraction in that sample
leads us to infer that changes at lower masses are playing a role in
the evolution seen in luminosity-selected samples, a possibility
discusssed in De Propris et al. (2003). No comprehensive studies
have been carried out that are complete from high to very low
galaxy masses.

However, there is some evidence of evolution at low masses
(transformation from late-type to early-type), but the results have
not been consistent. For example, a number of authors have ar-
gued for evolution in the faint, red cluster population (De Lucia
et al. 2004; Goto et al. 2005; Tanaka et al. 2005; De Lucia et al.
2007; Stott et al. 2007). This evolution is observed as an increase
in the ratio of faint—often called ‘‘dwarf’’—red-sequence galaxies
to the ‘‘giant’’ galaxies with luminosities of L?. In Holden et al.
(2006) we speculated that these additional ‘‘dwarf’’ galaxies would
become low-mass S0 galaxies in z ¼ 0 clusters. The samples of
De Lucia et al. (2007) and Stott et al. (2007) are selected to con-
tain galaxies with masses below 1010.6M�, so there is no conflict

between the observed evolution in that sample for galaxies with
masses of ’0:25M? and the lack of evolution in our mass-
selected sample containing >0:25M?. However, the reported
results are not unanimous. Andreon (2006) finds no change in the
population of faint galaxies in the cluster MS 1054. Tanaka et al.
(2005, 2007) find a similar result, i.e., no change in the luminosity
function for the red sequence in RX J0152 and RDCS 1252.9�
2927 at z ¼ 1:24. Interestingly, Tanaka et al. (2005, 2007) find a
truncation in the red sequence for the lower mass groups of gal-
axies outside the cluster cores. Tanaka et al. (2005) and Andreon
(2006) both imply that one might find no evolution in the early-
type galaxy fraction at even lower masses for the clusters in our
sample, a result that can be verified with deeper spectroscopic
samples of mass-selected galaxies.
The inconsistencies in these results suggest that robust, mass-

selected samples that are complete to substantially below
>1010.6M� are needed to establish the nature of the evolution of
the star-forming galaxies in the cluster environment.

5. SUMMARY

We selected a sample of clusters spanning a range in redshift
from z ¼ 0:023 to 0.83. Each cluster we included has approxi-
mately the same X-ray luminosity and velocity dispersion to miti-
gate the observed correlations between cluster mass estimates and
the fraction of elliptical and S0 galaxies seen in Postman et al.
(2005) and Desai et al. (2007). Using high-quality photometry,
largely from HST, we computed rest-frame optical colors for the
spectroscopically confirmed members and derived mass-to-light
ratios (M /L). FromM /L, we determined stellar masses of the 674
galaxies in our sample. We find that these stellar masses agree
well with those from dynamical measurements, with a scatter
ranging from 0.11 dex at z ’ 0Y0.20 dex at our highest redshifts.
All of the galaxies in our sample have morphological classi-

fications. While the classifications come from a variety of sources
(Dressler 1980a; Fabricant et al. 2000; Tran et al. 2003, 2005b;
Postman et al. 2005), all of the z > 0:1 catalogs were constructed
to be consistentwith the classification schemeof Dressler (1980a).
We used these catalogs to derive themorphology-density relations
(MDRs) in the five clusters and to establish the evolution in that re-
lation for luminosity-selected samples (for luminosities<M ?

V þ 1).
As shown in Figures 3 and 4, we found good agreement for both the
z ¼ 0MDR fromDressler (1980b) and Postman&Geller (1984) as
well as for the evolution seen in previous work (Dressler et al.
1997; Smith et al. 2005; Postman et al. 2005) for the 452 galaxies
brighter than <M ?

V þ 1 in our sample.
We contrast the results for our luminosity-selected samples

with a similar large completeness-corrected mass-selected sample
of 441 galaxies with masses >1010.6 M� (0:25M? at z ¼ 0) in
each of the clusters. At thismass limit, themajority (’70%) of the
stellar mass in galaxies in the clusters is in our mass-selected
sample.
Very interesting differences are seen between the mass- and

luminosity-selected MDRs. First, the MDRs derived for the indi-
vidual clusters from the mass-selected galaxy samples typically
have larger early-type galaxy fractions, by 10%Y20%, and show
marginal evidence of a lower slope with density. Second, and par-
ticularly striking, is that essentially no evolution is seen in themass-
selected early-type galaxy fraction with redshift. The change of the
slope is substantially less than for the luminosity-selected sample
and is consistent with no change with redshift. We find mean
early-type fractions of 83% � 3% at 500 galaxies Mpc�2 > � >
50 galaxies Mpc�2 and 92% � 4% at � > 500 galaxies Mpc�2.
This indicates that the evolution in the early-type fraction observed
in luminosity-selected samples of galaxies arises predominately
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from the inclusion of lower mass,<1010.6M�, late-type galaxies at
higher redshifts.

Despite finding no evolution in the mass-selected early-type
fraction with redshift, we recognize that the cluster galaxy for-
mation process is not finished at z ¼ 0:83. The overall mass in
early-type galaxies is expected to increase, but this increase must
happen so as to leave the early-type galaxy fraction largely un-
changed. The early-type fraction in the field above the samemass
limit is very significantly lower (48% � 7% at z ¼ 0:8; van der
Wel 2007). Infall of field galaxies, with a larger fraction of spiral
and late-type galaxies, into clusters is expected and must be ac-
companied by transformation to early-type galaxies to ensure
that the fraction of early-type galaxies remains constant.

Mass-selected samples to low masses, along with detailed
morphologies, are realizable and would be of great value for char-
acterizing and constraining galaxy evolution over the last 7Y8Gyr
out to z � 1. Identifying these physical processes and the nature
of the transition from the field early-type fraction is the next
step—for a range of cluster masses (see, e.g., Postman et al. 2005;
Desai et al. 2007). Of particular value will be the outer regions,
where future cluster members will be transformed during their
infall into the cluster by z ’ 0. Significant insights into the buildup
of galaxies in dense environments over the last 7Y8 Gyr would
result from increasing the sample of clusters with mass-selected
galaxies that have redshifts, morphologies and excellent photom-
etry. These data would be of particular value for developing insight
into the formation of S0 galaxies, which show strong evolution
in luminosity-selected samples from z ’ 1 to ’0.

In summary, we have derived luminosities, masses, and mor-
phologies for a large and complete sample of cluster galaxies
ranging from z ¼ 0:023 to 0.83. The luminosity-selected galaxy
samples show, in all clusters, a clear MDR. Furthermore, the
early-type galaxy fraction evolves substantially with redshift,
as found by others. When we construct mass-selected samples,

the MDRs are offset toward larger early-type fractions and are
marginally weaker.More dramatically, the evolution in the early-
type galaxy fraction is very weak, being consistent with no evo-
lution over the 7 Gyr period. As these two samples are drawn
from the same parent sample of fivemassive clusters of galaxies,
we conclude that the galaxies that lead to the evolution of the
luminosity-selected MDR must be galaxies less than our mass
limit, namely, those with masses <1010.6 M�.
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APPENDIX A

FIRES DATA FOR MS 1054

We used additional photometry for MS 1054 from the Faint Infrared Extragalactic Survey (FIRES), discussed in Förster Schreiber et
al. (2006). The FIRES team used FORS1 on the Very Large Telescope (VLT) to obtain the UBV data and ISAAC to obtain the JsHKs

data. The ISAAC imaging data consist of four overlapping pointings with 77 hr of total exposure covering a 5:50 ; 5:30 field of view.
The original FIRES catalog was created using a combination of the VLT data and older WFPC2 imaging in F606Wand F814W. We

elected to replace theWFPC2 data with our ACS imaging, as our data should be of higher quality and include an additional filter, z850. To
obtain accurate colors, we smoothed the ACS imaging, along with the rest of the VLT imaging, to the same effective seeing as the worst
of the ground-based imaging. We then rebinned the ACS data to the same scale, 0.099600 pixel�1, and orientation as the VLT Ks image.
We used the unsmoothedKs image as a detection image. All magnitudes for the colors were measured in fixed apertures on the smoothed
data. The apertures ranged in size from 1.000 to 2.400 in size in increments of 0.200. We selected the aperture in which the signal-to-noise
ratio for the color measurements was maximized. We used SExtractor (Bertin & Arnouts1996) for object detection and photometry for
the FIRES imaging.

As we have remeasured the magnitudes in all the images, we compared our resulting magnitudes with those as measured by the
FIRES team. For the near-infrared data, the scatter was less than 0.01 mag. For the B and V data, the scatter was around 0.02 mag, with
the U showing 0.04 mag in scatter. Given that the images are the same, this scatter came from different choices of parameters used for
object detection parameters, resulting in slightly different object positions and sizes.We examined the scatter for those objects labeled by
SExtractor as ‘‘biased,’’ i.e., objects with close neighbors in the FIRES catalog. We found that the scatter increased (at times it doubled)
only for those objects flagged as ‘‘biased.’’ Thus, the difference in detection parameters is most likely what causes the scatter in the
photometry between our measurements and those of the FIRES team. In addition to the scatter, we found a small offset between our
magnitudes and those from FIRES. This result came from the different point-spread function smoothing kernels used by us and by the
FIRES team. This offset is less than 0.01 mag for all filters.

Our photometric catalog was then merged with the ACS imaging catalog. We selected galaxies from the FIRES catalog, then
matched those to identifications from the ACS catalog. This catalog contains morphological types from Postman et al. (2005) and the
colors from Blakeslee et al. (2006). When two objects from the ACS imaging were identified as a single object in the FIRES imaging,
we removed them. The final catalog contains 1221 galaxies, with a subset of 482 that have morphological classifications from Postman
et al. (2005).
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We found a small 0:018 � 0:012mag offset between our z850 magnitudes and those from Blakeslee et al. (2006). The magnitudes in
Blakeslee et al. (2006) have a 0.2 mag aperture correction to estimate the total magnitudes. The FIRES magnitudes are based on the
five Kron radius aperture magnitudes from SExtractor as measured on the Ks imaging. The z850 � Ks color is then used to compute the
total flux in the z850 filter. However, no aperture correction is made, so this 0.018 mag offset reflects how much light is lost in the Ks

imaging.

APPENDIX B

MASS ESTIMATES BASED ON MULTIBAND PHOTOMETRY

ForMS 1054, we estimated stellar masses by fitting spectral energy distributions (SEDs) to the photometric data from the FIRES data
set. Specifically, we used two sets of BC03 models: simple stellar populations (SSPs) and models with exponentially decaying star
formation rates. These were fit to the combination of the FIRES data and ACS imaging. For both sets of BC03 models, we assumed a
Salpeter initial mass function. When using models with exponentially decaying star formation rates, or � models, we assumed
timescales (�) ranging from 100 Myr to 5 Gyr. For both the SSPs and the � models, we used three different metallicity values, 0.4, 1,
and 2.5 Z�.

Given a SED and the photometry of a galaxy in one of the clusters in our sample, we redshifted the SED to the observed value. We
computed the fluxes in the observed filters using the filter curves provided by ESO for FORS and ISAAC and by the Space Telescope
Science Institute for the ACS (Sirianni et al. 2005). For a given metallicity and � , we allowed the range of ages to vary. For every
model, we computed the normalization n that minimized the �2 for that model. This eliminates the need to fit for the best model and
the best normalization, as the normalization is the one that automatically minimizes the �2 for a given model. The normalization is
n ¼ (

P
fimi/�

2
i )/(

P
m2

i /�
2
i ), where i denotes a filter, fi is the observed flux, mi is the model flux, and �i is the estimated error. The er-

ror on n is �n ¼ (
P

�2
i /
P

m2
i )

1/2. This normalization provides the mass in stars required to reproduce the observed flux in the color
aperture. We used the total magnitudes in the Ks filter to correct this normalization to a ‘‘total’’ stellar mass. We then compared the �2

for each model using this normalization while varying the other parameters of interest.
These model fits were also used to derive rest-frame colors. We computed the model’s z ¼ 0, or rest-frame, magnitudes in the desired

filters, such as B and V. We then computed the model magnitudes in the observed filters as part of the �2 fitting. We used the offset
between the best-fitting model’s observed and rest-frame magnitudes to estimate the rest-frame magnitudes from the data for each
galaxy.

For both the SSP and � models, we included the effect of dust by adding an additional foreground screen to our spectral energy
distribution model fits. The typical change in the resulting stellar mass was minimal. For example, the average mass changes by 7%
between � models with dust and those without. Themodels generally fit the data with aminimal amount of dust for most galaxies, except
for the bluer, star-forming objects. Removing the filters that sample the rest-frameUV, theU andB in the FIRES data sample<25008 at
z ¼ 0:83, reduces this change in the mass to 4%. When combined with � models, dust removes any mass-metallicity relation and, as
expected, moves the average age to younger values. The mode of the age distribution, however, stays the same. The modal age of the
population is the age of the ‘‘red sequence,’’ and those galaxies are all fit with little or no dust. The addition of dust adds a tail of younger

Fig. 10.—RatioM /LB as a function of rest-frame B� V color for theMS 1054 sample (top) and the SDSSDR4 sample (bottom). In each panel, the blue spirals are late-
type galaxies while the orange squares are early-type galaxies. The solid lines represent the best fit to the relation between the B� V color and the mass-to-light ratio in the
B band. The dashed lines are the relations fromBell et al. (2003).We reproduce the results of Bell et al. (2003) and thus used that relation to estimateM /LB for the whole of
our cluster sample. The scatter around the relation is 0.14 dex in the high-redshift sample and 0.12 dex in the low-redshift sample, with no significant difference in the
scatter for early- or late-type galaxies.
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ages. Thus, dust models significantly changed the ages and masses only for the bluer populations, as expected for galaxies with ongoing
star formation, and do not affect the majority of the cluster population.

Bell et al. (2003) give, in x 2 of their Appendix A (Table 7), a relation between rest-frame color andM /L in the Johnson B, V, and R
passbands. We found, as in Bell et al. (2003), the best-fitting SEDM /LB correlates strongly with the B� V rest-frame color for the gal-
axies in MS 1054; see Figure 10. This plot is made by fitting dust-free � models to all of the FIRES and ACS filters. We show our best-
fitting relation between M /LB and the rest-frame B� V color. We find that our relations are very similar to the results from Bell et al.
(2003), shown as dashed lines in Figure 10.

We found a scatter of 33%, or 0.14 dex, in M /L around the best-fitting relation for MS 1054. Early-type galaxies have a slightly
larger scatter of 34%, or 0.15 dex, while late-type galaxies have 30%, or 0.13 dex. In our lower redshift sample created using the SDSS
DR4, we find a smaller scatter, 28%, or 0.12 dex, with the same scatter for both late- and early-type galaxies.
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