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ABSTRACT

We investigate the evolution in the distribution of surface brightness, as a function of size, for elliptical and S0
galaxies in the two clusters RDCS J1252.9�2927 (z ¼ 1:237) and RX J0152.7�1357 (z ¼ 0:837). We use multi-
color imaging with the Advanced Camera for Surveys on the Hubble Space Telescope to determine these sizes and
surface brightnesses. Using three different estimates of the surface brightnesses, we find that we reliably estimate the
surface brightness for the galaxies in our sample with a scatter of<0.2 mag and with systematic shifts ofP0.05 mag.
We construct samples of galaxies with early-typemorphologies in both clusters. For each cluster, we use amagnitude
limit in a band that closely corresponds to the rest-frame B, to magnitude limit of MB ¼ �18:8 at z ¼ 0, and select
only those galaxies within the color-magnitude sequence of the cluster or by using our spectroscopic redshifts. We
measure evolution in the rest-frame B surface brightness and find �1:41 � 0:14 mag from the Coma Cluster of
galaxies for RDCS J1252.9�2927 and �0:90 � 0:12 mag of evolution for RX J0152.7�1357, or an average
evolution of (�1:13 � 0:15)z mag. Our statistical errors are dominated by the observed scatter in the size–surface
brightness relation, � ¼ 0:42 � 0:05 mag for RX J0152.7�1357 and � ¼ 0:76 � 0:10 mag for RDCS J1252.9�
2927. We find no statistically significant evolution in this scatter, although an increase in the scatter could be ex-
pected. Overall, the pace of luminosity evolution we measure agrees with that of the fundamental plane of early-type
galaxies, implying that the majority of massive early-type galaxies observed at z ’ 1 formed at high redshifts.

Subject headinggs: galaxies: clusters: general — galaxies: clusters: individual (RDCS J1252.9�2927,
RX J1052.7�1357) — galaxies: elliptical and lenticular, cD — galaxies: evolution —
galaxies: fundamental parameters — galaxies: photometry

1. INTRODUCTION

The apparent evolution in the colors and magnitudes of
early-type cluster galaxies has long been used as a test of the his-
tory of galaxy evolution. The relations between magnitude and
size or velocity dispersion play an important role, as they give
the observer a way to predict the apparent luminosity of a gal-
axy on the basis of some other observable property (Faber &
Jackson 1976; Tully & Fisher 1977; Kormendy 1977; Djorgovski
& Davis 1987). Using these scaling relations, it has been ob-
served that there is remarkable uniformity in cluster early-type
galaxy properties at low redshifts, zP 0:2 (e.g., Sandage &
Perelmuter 1991; Jørgensen et al. 1996; Bernardi et al. 2003).

At redshifts up to ’1, there have been a number of papers that
have established a decrease in the mass-to-light ratio, using the
fundamental plane (FP). These studies find that the trend with
redshift corresponds to a passively evolving stellar population
that has a luminosity-weighted last epoch of major star forma-
tion around z ’ 2 3 (van Dokkum&Franx 1996, 2001; Kelson
et al. 1997, 2000c; van Dokkum et al. 1998; van Dokkum &
Stanford 2003; Wuyts et al. 2004; Holden et al. 2005). These
systems also appear to have old stellar populations when ex-
amined using their colors (e.g., Bower et al. 1992; Aragón-
Salamanca et al. 1993; Ellis et al. 1997; Stanford et al. 1998;
Blakeslee et al. 2003b; Holden et al. 2004), with a similar last
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epoch of star formation of z ’ 2 3. Combining the evolution
in colors and in the scaling relations provides us with the data
to measure the luminosity-weighted age of early-type galaxies
and, therefore, the epoch when most of the constituent stars
formed.

The size-magnitude relation is a projection of the FP along
the velocity dispersion axis. It has long been known that low-
redshift early-type galaxies follow such a relation (Kormendy
1977). By examining how the apparent magnitude changes as a
function of redshift at a fixed size, we can measure the apparent
luminosity evolution in early-type galaxies. Earlier measure-
ments of this at z ’ 0:4 0:6 (Sandage & Perelmuter 1990a,
1990b, 1991) and at z ’ 0:7 1:0 (Schade et al. 1996, 1997, 1999;
Sandage & Lubin 2001; Lubin & Sandage 2001a, 2001b, 2001c)
found the same pace of evolution as found by the evolution of
colors or from the FP of early-type galaxies.

We investigate the size–surface brightness relation for two
complementary goals. First, we can extend the measured evo-
lution to z ¼ 1:237, which corresponds to the highest redshifts
that the FP has been measured to date (van Dokkum& Stanford
2003; Holden et al. 2005). However, because we have a much
larger sample, we can also examine the distribution of the size–
surface brightness relation to see whether we find evidence for
early-type galaxies that have younger stellar populations. Tra-
ditionally, this has been done with colors or spectroscopically
(see Tran et al. 2003, for ‘‘E+A’’ galaxies that have early-type
morphologies). Van Dokkum & Stanford (2003), however, find
that one of their early-type galaxies has an ‘‘E+A’’–like spec-
trum and appears to be an outlier from the distribution of sizes
and magnitudes for that cluster (Holden et al. 2004). A significant
population of such objects would imply that we are finding the
epoch when intermediate-mass cluster galaxies are completing
their evolution into cluster early-type galaxies.

Our sample has two clusters, RDCS J1252.9�2927 at z ¼
1:237 (Rosati et al. 2004) and RX J0152.7�1357 at z ¼ 0:837
(Della Ceca et al. 2000). For each we use Hubble Space Tele-
scope (HST ) imaging data and other supporting ground-based
data, discussed in x 2, to construct a sample of early-type cluster
galaxies. For each galaxy in our sample, we measure three dif-
ferent total magnitudes and two different half-light radii (rh).
The comparisons of these measurements are discussed in x 3.We
verify that our sizes and total magnitudes are consistent, then use
those two quantities to measure the mean surface brightness
interior to the galaxy’s half-light radius ( �hh i). In x 4 we use rh
and �hh i to estimate the amount of luminosity evolution seen
from low redshift to the clusters in our sample. In addition, we
examine the scatter in the relation and search for galaxies out of
the norm. In x 5 we discuss and summarize our results in the
context of other work. Throughout the paper we compute dis-
tances and absolute magnitudes using the cosmological param-
eters of �m ¼ 0:3, �� ¼ 0:7, and H0 ¼ 70 km s�1 Mpc�1. We
use the ABmagnitude system (Oke 1990) unless otherwise noted.

2. DATA

We combine a number of different data sets to explore the
evolution of the size-magnitude relation. For our high-redshift
samples, we use the Advanced Camera for Surveys (ACS) imag-
ing data for RDCS J1252.9�2927, already discussed inBlakeslee
et al. (2003b), and for RX J0152.7�1357. Both clusters are de-
scribed in Postman et al. (2005), which focuses specifically on
morphological classification and themorphology-density relation.
Both clusters have additional ground-based data in the form of
spectra and multiwavelength imaging. We compare our high-
redshift result with the data forMS 1358+62, at z ¼ 0:328, from

Kelson et al. (2000a). We select this particular data set because
of the similarities in methods used by the authors.

2.1. RDCS J1252.9�2927

As described in Blakeslee et al. (2003b), the Advanced
Camera for Surveys (ACS) imaged RDCS J1252.9�2927, at
z¼ 1:237, for 12 orbits in the F775Wfilter, or i775, and 20 orbits
in the F850LP filter, or z850. The cluster was imaged as a mosaic
of two-by-two positions, with three orbits in i775 and five orbits
in z850 at each position. The central area was covered by each of
the four positions, resulting in deeper imaging over the central
arcminute. In Figure 1 we plot the filter transmission curves and
a representative spectral energy distribution. We note here that
the 850 in the F850LP designation refers to the wavelength
where the filter begins. The central wavelength of the filter, when
combined with the CCD performance is 9077 8, sampling at
4058 8 in the rest frame of RDCS J1252.9�2927.
The data were processed using APSIS, the ACS pipeline

science investigation software, described in Blakeslee et al.
(2003a). This pipeline generates drizzled images in each band,
a detection image made by combining all of the drizzled data,
and photometric catalogs constructed using a combination of
the detection image and the final images in each filter.
As discussed in Blakeslee et al. (2003b), we selected ob-

jects in RDCS J1252.9�2927 with z850 < 24:8 to ensure an ade-
quate signal-to-noise ratio for the fits. Each galaxy was fit with a
single-component Sérsic model (Sérsic 1968) using version 1.7a,
revision 3, of the GALFIT package (Peng et al. 2002). The ap-
proach of Peng et al. (2002) is to construct a model, convolve
it with a point-spread function, and then compare the �2 of the
resulting model with the data. For a noise model, we use the
variance maps produced by the APSIS pipeline. Our point-
spread functions are based on ACS imaging data of crowded
star fields. We discuss this further in x 3.1.
Each galaxy with 0:5 < i775 � z850 < 1:2 was morphologi-

cally identified by four of us (B. H., N. C., M. P., and M. F.).

Fig. 1.—A 13 Gyr old early-type galaxy spectral energy distribution at a
redshift of z ¼ 0:837 (top) and z ¼ 1:237 (bottom). In both panels, we plot the
filters we used for the observations with dotted lines and the Johnson B filter
as a solid line in the rest-frame of the galaxy. In each case, we have a color that
straddles the 4000 8 break and a filter that overlaps with the Johnson B.
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These identificationswill be discussed in another paper (Postman
et al. 2005). The identifications were made using the T-type mor-
phological classification system (de Vaucouleurs et al. 1991).
For the classifications, we found that 75% of the time all four
classifiers agreed on the morphological type, and three of four
agreed 80% of the time. These statistics are for the whole of
the sample, and the agreement is much higher for the brighter
galaxies. However, what matters for this work is how robust
the classification is for early-type galaxies in the final sample.
There are only two galaxies in RDCS J1252.9�2927 that ap-
pear in our final sample where a majority of the four classifiers
did not agree on a classification as an early type (i.e., lenticular
or elliptical). Both of those galaxies appear near the magnitude
limit of our sample, and neither are part of the spectroscopic
sample we will discuss below. At z850 < 23, 15 of the 20 early-
type galaxies were classified unanimously. From 24:5 > z850 >
23, the fraction drops to 20 unanimous identifications out of
32 early-type galaxies, or 63%, but for 30 of 32 times at least
three of the four classifiers agreed, higher than the 80% average
for the whole sample.

Despite the high degree of internal consistency, one potential
concern is a systematic offset in our classifications as compared
with other publications. To control for this, one of the classi-
fiers, M. P., assigned types to every galaxy in the MS 1358+62
sample of Fabricant et al. (2000). The classifications by M. P. of
MS 1358+62 agreed 80% of the time with those from Fabricant
et al. (2000).

In Figure 2 we plot the color-magnitude diagram of the early-
type galaxies with T < 0 that are within 1 Mpc, or 1A92, of the
cluster center and have z850 < 24:5 mag. The circles represent
galaxies classified as ellipticals (�5 � T � �4), and the squares
represent S0 (�3 � T � 1) galaxies. The solid line is the color-
magnitude relation (i� z) ¼ 0:958 0:025(z850 � 23). The dot-
ted diagonal line represents 2 �, or 0.08 mag, from this relation
(see Blakeslee et al. 2003b for details). We use this color crite-
rion for selecting early-type galaxies in the cluster. We remove
spectroscopic nonmembers that, nonetheless, have the colors of
the early-type red sequence in RDCS J1252.9�2927. We plot
the magnitude limit for morphological identification, z850 ¼ 24:5,
as a vertical, dotted line in Figure 2. This magnitude limit cor-
responds to ’0.2L?. We calculate L? starting with the value
from Norberg et al. (2002) and evolving it with the relation of
vanDokkum&Stanford (2003). At z ¼ 1:24,M ?

B ¼�21:7 inAB
magnitudes using the previous results (Blakeslee et al. 2003b).

In addition to the ACS imaging data described above, we
also use the photometric and spectroscopic data collected in
Demarco (2003), Rosati et al. (2004), Lidman et al. (2004), and
Toft et al. (2004). The catalog for RDCS J1252.9�2927 contains
photometry in the B, V, R, i, z, J, and Ks bands. The near-infrared
images were obtained with ISAAC on the VLT (Lidman et al.
2004), while the optical images were observed using the FORS1
and FORS2 (Appenzeller & Rupprecht 1992) instruments on the
VLT. These optical and near-infrared images were used to create
a sample of galaxies for a redshift survey of potential cluster
members. All galaxies have Ks < 21 and J � K < 2:1 and
R� K > 3 (Demarco 2003; P. Rosati et al. 2005, in prepara-
tion). These colors were chosen to preferentially select galaxies
at the redshift of the cluster regardless of the spectral energy
distribution while ignoring redder stars as well as low-redshift
systems. A total of 383 objects were observed, of which 235
have secure redshifts. This yields a sample of 36 cluster mem-
bers. The sample is almost complete for z850 < 23, which is
’0.8L?. When comparing other samples with the redshift sam-
ple of RDCS J1252.9�2927, we move the magnitude limit to

z850 < 23, but we do not use the color selection, shown by the
two dotted lines in Figure 2. This only adds one object to the
sample that would not be included in the color-selected sample.

2.2. RX J0152.7�1357

For RX J0152.7�1357, at z ¼ 0:837, the ACS images were
taken with the F625W, or r625, filter along with the i775 and z850
filters. Each of the three filters was observed for two orbits. As
with RDCS J1252.9�2927, RX J0152.7�1357 was observed
using a two-by-two mosaic pattern with deeper imaging in the
cluster core. In Figure 3 we show the inner 20 around the cluster
center. This color image was made from the combination of all
three filters.

Our sample for RX J0152.7�1357 was constructed in as simi-
lar a manner as possible as our sample for RDCS J1252.9�2927.
We used the SExtractor detection catalog to find galaxies. All
objects with isophotal i775 < 24:8 were fit with a Sérsic model
with 1 � n � 4 and visually typed (Postman et al. 2005). The
model fits were determined in the i775 filter, as that filter corre-
sponds closest to the rest-frame B (see Fig. 1), and the resulting
apertures were used to measure the apparent colors. These re-
sults are shown in Figure 4.

For RX J0152.7�1357, we have obtained B, V, R, and I
imaging data using the Keck telescope with the LRIS (Oke et al.
1995).We used SOFI (Moorwood et al. 1998) on the New Tech-
nology Telescope (Demarco et al. 2005) to observe in the J and
Ks bands. Using FORS1 and FORS2 on the VLT, Demarco et al.
(2005) targeted galaxies with R � 24 using the photometric
redshift selection criterion of 0:7 � zphot � 0:95; 262 objects
were observed resulting in 102 cluster members out of 227 mea-
sured redshifts.

Fig. 2.—Color-magnitude diagram for the early-type galaxies in the ACS
imaging data for RDCS J1252.9�2927 (Blakeslee et al. 2003b). The colors
are measured within the half-light radius as measured from fitting Sérsic models.
The red circles represent elliptical galaxies, while the blue squares are the gal-
axies classified as S0s. The solid line is the mean color-magnitude relation,
while the parallel dotted lines represent the 2 � limits for the color-selected
sample. The vertical dotted line is the magnitude limit for the color-selected
sample.
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As discussed in Postman et al. (2005), the classifications for
RX J0152.7�1357 were done by three of us (M. P., N. C., and
B. H.). The error rates are effectively the same as for RDCS
J1252.9�2927, but we examined all galaxies down to i775 < 24,
a fainter limit than our completeness for the redshift survey
(discussed below).

In the field of RX J0152.7�1357, Demarco et al. (2005)
found a group at z ¼ 0:64 that has a significant number of early-
type galaxies. These objects are, at best, slightly bluer than the
cluster members (see Fig. 4). The inclusion of these early-type
galaxies in the photometric redshift–selected sample reaffirms
this. As such, we do not make a color-selected sample for RX
J0152.7�1357 but, rather, will only use the spectroscopic red-
shift sample. In the magnitude range of 20 < i775 < 24, the
completeness of early-type galaxies ranges from 80% to 0%.
The effective magnitude limit of the survey is i775 < 23 as there
is only one early-type galaxy fainter than that with a measured
redshift. In the range 20:25 < i775 < 22:75, roughly 70% of
the early-type galaxies with spectra are cluster members. In
that same magnitude range, 60% of all early-type galaxies have
spectra. This completeness is roughly the same as MS 1358+62
(Kelson et al. 2000c), against which we will compare our data.
However, it should be realized that the photometric redshift se-
lection imposes, in effect, a color selection, as photometric red-

shifts are based on colors. Objects with stronger 4000 8 breaks
are more likely to be selected for spectroscopic follow-up. For
the remainder of the paper, we select all early-type galaxies in
RX J0152.7�1357 with i775 < 22:75 that are spectroscopically
confirmed cluster members. This corresponds to ’0.5L?.

2.3. MS 1358+62

For our sample in RDCS J1252.9�2927 and RX J0152.7�
1357, we used filters that straddled the 4000 8 break for cluster
members (see Fig. 1). To measure the amount of apparent lu-
minosity evolution, at a fixed size, requires that we measure the
magnitudes and sizes in filters that match, as closely as possible,
the same rest-frame bandpass.
For a low-redshift sample, we use the results from MS

1358+62, at z ¼ 0:33, fromKelson et al. (2000a, 2000b, 2000c)
because of the thorough study of the surface brightness pro-
files in the rest-frame B band. For MS 1358+62, Kelson et al.
(2000a, 2000b) conducted a spectroscopic survey to determine
the velocity dispersion for a flux-limited sample of galaxies.
The 52 objects were selected from the Fisher et al. (1998) study
of MS 1358+62 to R � 21. The total sample of Kelson et al.
(2000a, 2000b) includes an additional three galaxies that are
below the magnitude limit, but we used only those with R � 21.
The selection for this sample was done regardless of morphology,

Fig. 3.—Color image made from combining the r625, i775, and z850 imaging data for RX J0152.7�1357. The image is 20on a side; north is up, and east to the left.
Some ‘‘red’’ galaxies in this image are actually members of a foreground group at z ¼ 0:64.
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so we include only galaxies that are classified earlier than 0, or
the S0/a morphological class, according to the scheme of de
Vaucouleurs et al. (1991).

We use the tabulated values of the observed rest-frameV-band
surface brightnesses from Kelson et al. (2000a) along with the
half-light radii in that paper. To convert the V-band surface bright-
ness into a B-band surface brightness, we use the color from
Kelson et al. (2000c; taken from van Dokkum et al. 1998). The
apertures used to define these colors are the half-light radii mea-
sured by fitting a de Vaucouleurs profile. In addition, the authors
fit Sérsic models. There is a difference in their Sérsic models,
however, when compared to the Sérsic models in this paper.
In Kelson et al. (2000a) the authors allowed the Sérsic pa-
rameter to the range 1� n� 6. We restricted n over a smaller
range, 1� n� 4 for our fits of RDCS J1252.9�2927 and RX
J0152.7�1357. So, in all cases where Kelson et al. (2000a) find
n > 4, we replace the results of that fit, namely, rh and �hh i, with
corresponding n ¼ 4 results from Kelson et al. (2000a).

3. MEASURES OF THE SIZE AND MAGNITUDE

In order to measure the evolution in the Kormendy relation
(Kormendy 1977), we need robust measures of the half-light
radius and surface brightness. Below we discuss two methods,
one parametric and one nonparametric, we used to measure
both the total magnitudes, from which we infer the surface
brightness, and the half-light radii.

3.1. Model Fitting

To determine the colors of each of the galaxies, we used
models to establish the appropriate size of the apertures.We fit a
single Sérsic profile and allowed the parameter n to vary over

the range 1 � n � 4. We imposed this restriction because we
found that if we did not, a few objects would settle to very high
n numbers and correspondingly large half-light radii. As the
goal for the fits was to provide radii for measuring the colors of
the red-sequence galaxies, large radii potentially could lead to
systematic errors in the measurements.

The models were fit using GALFIT (Peng et al. 2002) and
yield the half-light radius and total magnitude of the model.
The mean interior surface brightness within the half-light radius
for that model can then be computed as �hh i ¼ mþ 5 log10rhþ
2:5 log102� (Jørgensen et al. 1995). The GALFIToutput for the
size is actually the semimajor axis of the best-fitting elliptical
model. We convert this radius into the effective radius, rh ¼
(ab)

1=2
, where a and b are the semimajor and semiminor axes,

respectively, when we discuss the half-light radius. As men-
tioned above, the fitting procedure constructs a model, con-
volves it with the point-spread function, and then compares the
resulting �2 between the model and the data. Because the mod-
eling process explicitly includes the point-spread function, even
for objects with sizes smaller than the point-spread function, a
FWHM ’0B09 could be, in principle, reliably measured. How-
ever, errors in our point-spread functions could cause systematic
biases in our resulting half-light radii. Thus, we will exclude
from our analysis objects with model half-light radii less than
0B1 for the rest of the paper.

One of the advantages of the GALFIT software is the ability
to fit multiple-component models to multiple galaxies simul-
taneously. For most of the galaxies, however, we masked out
neighboring objects using the results of the SExtractor segmen-
tation map, i.e., the map of pixels above the isophotal detection
threshold. At minimum, each postage stamp was 50 ; 50 pixels.
The actual size was 4 times the square root of SExtractor’s
isophotal area, the number of pixels 1 � above the sky. For close
galaxies, however, we had to fit models simultaneously. This
was often the case for the luminous ellipticals in the cores of
the clusters. In cases where a multiple galaxies had to be fit, we
ensured that all of the pixels that would be in the individual
stamps using the above recipe were included in the stamp con-
taining multiple galaxies.

For every object in the color-selected and spectroscopic red-
shift sample of RDCS J1252.9�2927 and spectroscopic redshift
sample of RX J0152.7�1357 we fit a pure de Vaucouleurs or
n ¼ 4 Sérsic profile, in addition to the already existing Sérsic
model. We selected a fixed-nmodel, in addition to the Sérsic fits,
for two reasons. First, the models have one less degree of free-
dom and therefore the potential to be more robust. Second, a
de Vaucouleurs’ model has traditionally been used. Thus, we can
compare with a broader range of results from the literature. We
plot in Figures 5 and 6 the observed size–surface brightness
relation using the results from pure de Vaucouleurs model fits.
The relation appears linear, but with a large scatter for RDCS
J1252.9�2927. This scatter likely comes from a combination
of observational errors, the inclusion of non–cluster members,
and systematic biases, in addition to the intrinsic scatter in the
relation. The size–surface brightness relation for RX J0152.7�
1357 is much tighter. The biweight scale (Beers et al. 1990)
of the scatter around the mean relation for RX J0152.7�1357
is 0:42� 0:05 for the de Vaucouleurs models and 0:36 � 0:03
for the Sérsic models, as opposed to 0:76 � 0:10 for the de
Vaucouleurs and 0:72 � 0:09 for the Sérsic models for RDCS
J1252.9�2927. We estimate the errors on the scatter using a
jackknife process (Beers et al. 1990; Lupton 1996).

In general, the error bars in Figures 5 and 6 are somewhat
misleading. GALFIT reports the errors on the individual terms,

Fig. 4.—Color-magnitude diagram for the early-type galaxies in the ACS
imaging data for RX J0152.7�1357. The colors are measured within the half-
light radius. Red circles represent elliptical galaxies, while blue squares are the
galaxies classified as S0s. The dotted line represents the magnitude limit.
Symbols with filled circles are confirmed to be cluster members, while those
with crosses are nonmembers. Unlike RDCS J1252.9�2927, we did not select
galaxies using colors because of the presence of a z ¼ 0:64 group of galaxies.
Known members of this group can be seen as crosses with colors very close to
the ‘‘red sequence’’ of the RX J0152.7�1357 members.
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but it is well known that there are significant anticorrelations
between the errors for the surface brightness and size (Hamabe
& Kormendy 1987; Jørgensen et al. 1993). Fortunately, these
errors are almost parallel with the actual size–surface brightness
relation, so objects will be scattered along the relation. We il-
lustrate the expected anticorrelation in Figures 5 and 6. Both
figures show a good deal of incompleteness for objects with sizes
rh < 0B1. For RX J0152.7�1357, this appears to be from themag-
nitude limit of the sample. However, for RDCS J1252.9�2927
we see a lack of objects with rh < 0B1 and faint surface bright-
ness even though such galaxies would be above our magnitude
limit. We assume that this is a point-spread function effect, as
discussed above, and do not use galaxies with sizes rh < 0B1 for
our analysis.

3.2. Nonparametric Magnitudes

The main problem with both of our current measurements
of the size and total magnitude is that they depend on fitting
models to the data. To complement these model magnitudes,
we implemented the approach of Wirth et al. (1994) and Wirth
(1996). This approach uses the Petrosian �-measure (Petrosian
1976) to derive a model-independent aperture. To review, the
Petrosian � ¼ I(r)/ I(<r)h i computes the ratio of the surface
brightness, I(r) at a particular radius, r to the average surface
brightness within that radius I (<r)h i. This is the inverse of the
function originally developed by Petrosian, but this version pro-
duces more tractable errors. Given � for our galaxies, we need to

decide on how to use it to derive an aperture. In the literature
there are two choices. Wirth et al. (1994) and Wirth (1996) se-
lected the aperture at which � ¼ 0:1 to measure the magnitude.
This aperture contains 95% of the total light of an exponential
disk and 87% of the light of a de Vaucouleurs profile (Wirth
1996). The Sloan Digital Sky Survey (SDSS; Strauss et al.
2002) uses Petrosian-derived apertures as well, specifically the
aperture containing twice the diameter at which � ¼ 0:2. This
aperture contains 99% of the total light of an exponential disk
but only 82% of the light of a de Vaucouleurs profile (Strauss
et al. 2002). Given that early-type galaxies are dominated by
de Vaucouleurs profiles, we select the approach of Wirth et al.
(1994) instead of the approach of the SDSS outlined in Strauss
et al. (2002).
When computing the �-distribution, we do not fit elliptical

isophotes, as did Wirth (1996), but use circular apertures as
is done in the SDSS (Strauss et al. 2002). Lubin & Sandage
(2001a) show that circular apertures, when plotted against ef-
fective radii, reproduce the results of fitting elliptical isophotes.
To compensate for the lower signal-to-noise ratio at larger radii,
instead of using the adaptive bin size approach of Wirth (1996),
we choose to bin logarithmically in radius. Finally, to determine
at what radius � ¼ 0:1, we interpolate our �-distributions for
each object using a low-order polynomial.
This still leaves the question of correcting the aperture mag-

nitude to a total magnitude. For each object, we measure the
aperture where � crosses 0.1 and then use that size to measure a
total magnitude. This � ¼ 0:1mag is computed by interpolating
from the curve of growth of the galaxy. This magnitude is not,
however, the total magnitude of the galaxy. As we do not want

Fig. 5.—Size–surface brightness relation for the early-type galaxies in the
ACS imaging data of RDCS J1252.9�2927. Filled symbols indicate spectro-
scopically selected members, and the open symbols indicate color-selected
members, with red circles for elliptical galaxies and blue squares for S0 gal-
axies. The surface brightnesses are in z850 magnitudes. We show the results for
Sérsic models with 1 � n � 4 in the top diagram, while the bottom diagram
shows the sizes and magnitudes estimated using de Vaucouleurs models. The
best-fitting relation to the whole sample is shown as a solid line, while the mag-
nitude limit of the color-selected sample is shown as a dotted line and the mag-
nitude limit we impose for the spectroscopically selected sample is shownwith a
dashed line (see x 2.1 for details).We plot the semimajor axis of the ellipse of the
anticorrelation between rh and �hh i as a line. The slope of the anticorrelation is
very close to the slope of the size–surface brightness relation. We note that the
sample appears incomplete at the smallest sizes, rh < 0B1.

Fig. 6.—Size–surface brightness relation for the early-type galaxies in the
ACS imaging data of RX J0152.7�1357, shown with filled circles. As with
Fig. 5, red circles represent ellipticals galaxies and blue squares represent S0
galaxies. The surface brightnesses are in i775 magnitudes. We plot the results
for Sérsic models with 1 � n � 4 in the top diagram, while the bottom dia-
gram shows the sizes and magnitudes estimated using de Vaucouleurs models.
The solid line shows the mean relation, while the dotted line shows the
magnitude limit. As with Fig. 5, we plot the semimajor axis of the ellipse of
the anticorrelation between rh and �hh i as a line. RX J0152.7�1357 appears
less incomplete at small sizes, possibly because of the brighter magnitude limit
imposed by the redshift survey used for selection.

HOLDEN ET AL.814 Vol. 626



to use a model-dependent aperture correction, we add 0.1 mag
to this magnitude. This would yield a magnitude 5% larger than
the true total magnitude for an exponential disk and 3% less
than the true total magnitude of a de Vaucouleurs profile. As
most of our galaxies have Sérsic values of 3 � n � 4, this ap-
erture correction should, in principle, yield around 97% to 99%
of the total light for the galaxies. For the rest of this paper, we
will refer to this as our Petrosian total magnitude.

3.3. Magnitude and Size Comparisons

With two different models used for fitting and an additional
nonparametric total magnitude for each galaxy in each cluster,
we can independently estimate the sizes of the errors on the
sizes and total magnitudes. The statistical errors based on the
expected variance in the photon flux for these galaxies are tiny,
on the order of a hundredth of a magnitude. However, this ig-
nores the errors caused by how well the model describes the
data or the size of aperture. The formal errors in the fits are also
small, with a �2 per degree of freedom around 0.6–0.7 for the
residuals. However, it is straightforward to construct models
that fit a given distribution well, in the sense that themodels yield
a small �2 per degree of freedom, but actually deviate system-
atically from the model. A good illustration of this is galaxies
that are well fit by n ¼ 4 models but when fit with a Sérsic yield
a value of n far from 4. Our nonparametric measure of the total
magnitude checks for this.

In Figure 7 we show the distribution of the differences in mag-
nitude for RX J0152.7�1357 as a function of the two different
sizes. We show the difference between the total magnitude as
measured by either the Sérsic model (squares) or the Petrosian

total magnitude (circles) and the de Vaucouleurs model plotted
as a function of the half-light radius from the de Vaucouleurs
model in the bottom panel. In the top panel, we plot the dif-
ference between the de Vaucouleurs model magnitude and the
Sérsic model magnitudes as squares, while the filled circles are
the difference between the Petrosian total magnitudes and the
Sérsic model magnitudes, but this time as a function of the
Sérsic model half-light radius. We find 0.11 mag of scatter be-
tween the Sérsic and the de Vaucouleurs magnitudes, 0.15 mag
of scatter between the Petrosian and the de Vaucouleurs mag-
nitudes, and only 0.06 mag of scatter in the differences between
the Sérsic and the Petrosian magnitudes. In addition, there are
systematic shifts; the de Vaucouleurs magnitudes are on aver-
age 0:02 � 0:01 or 0:10 � 0:02 mag brighter than the Sérsic
or Petrosian magnitudes, respectively. However, the Petrosian
magnitudes are only dimmer by 0:04 � 0:01mag than the Sérsic
magnitudes. We expect that the Petrosian total magnitudes
should be somewhat smaller than the Sérsic magnitudes, by
�0.03 mag.

We show the same quantities for RDCS J1252.9�2927 in
Figure 8. The scatter around the mean is larger, 0.17 mag for the
Sérsic model magnitudes and 0.21 mag for the Petrosian magni-
tudes, than the de Vaucouleursmodel magnitudes. As before, there
are small systematic shifts. We find that the Sérsic magnitudes are
0:03 � 0:03 mag dimmer than the de Vaucouleurs magnitudes,
while the Petrosian magnitudes are 0:07 � 0:03 mag dimmer.
The scatter between the Sérsic magnitude and the Petrosian
magnitude is smaller, 0.16 mag, and the systematic shift is also
smaller, 0:04 � 0:02 mag.

In Figures 7 and 8 there is an apparent correlation between
the plotted differences and some of the measured sizes. We ex-
amine the data using a Spearman rank correlation test. This test
yields a parameter, referred to hereafter as t, that is an estimate
of the degree of the correlation and can range �1 � t � 1.

Fig. 7.—Difference in the total magnitudes for RX J0152.7�1357 plotted as
a function of size. The top panel plots the difference between the de Vaucouleurs
model magnitudes and the Sérsic magnitudes as squares and the Petrosianminus
Sérsic differences as circles. This plot uses the Sérsic half-light radius as the ab-
scissa. In the bottom panel, we plot the difference between these Sérsic model mag-
nitudes and the de Vaucouleurs model magnitudes (squares) and the difference
between the Petrosian magnitudes and the de Vaucouleurs model magnitudes
(circles) as a function of the de Vaucouleurs model half-light radius. There are a
few outliers when comparing with Petrosian magnitudes (see x 3.3 for details).
Regardless of themagnitudes or sizes used, the overall scatter is small,’0.1mag,
with no statistically significant offset between the different magnitude types.

Fig. 8.—Same as Fig. 7, but using the results of RDCS J1252.9�2927 at
z ¼ 1:237. Compared to RX J0152.7�1357, the scatter is larger,’0.2 mag, and
there appears to be a small correlation between the difference in magnitude and
de Vaucouleurs model half-light radius. Most of this apparent correlation comes
from galaxies with best-fitting Sérsic indices of n � 2:5. This correlation and the
outliers are discussed more fully in x 3.3.
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Examining the data for RDCS J1252.9�2927, we find that
t ¼ 0:30 for the correlation between the de Vaucouleurs mag-
nitudes minus the Sérsic model magnitudes as a function of the
de Vaucouleurs half-light radii. The expected error on this mea-
surement of the correlation, assuming that there is no true cor-
relation for our sample, is 0.09, yielding 3.3 � difference from 0
or no correlation. There is less of a correlation with the Petrosian
magnitude, t ¼ 0:21 � 0:09, and we find no correlation, t ¼
�0:05 � 0:09 between the difference in the Sérsic and the
Petrosian magnitudes as a function of the Sérsic half-light radii.
These positive correlations mean that the difference in the Sérsic
model and the de Vaucouleurs model magnitudes increases with
large size, or the Sérsic model magnitudes are fainter than the de
Vaucouleurs model magnitudes as wemeasure larger sizes. This
correlation exists regardless of whether we use the Sérsic model
or de Vaucouleurs model half-light radii. These correlations do
not appear for RX J0152.7�1357, however. For this cluster we
find correlations with t ¼ 0:12 � 0:10 or smaller.

Most of the apparent correlation in Figures 7 and 8 comes
from a handful of galaxies. In each case, the galaxy has a large
de Vaucouleurs model magnitude when compared with the Sérsic
or Petrosian magnitude. We examined each of these in detail. In
every case in which a galaxy lies more than 3 � from the mean
of Figure 8, the best-fitting Sérsic model has a low, n � 2:5,
Sérsic index and smaller half-light radius. Therefore, the de
Vaucouleurs model is not a good fit to the data. In Figure 9 we
show two examples of this, along with two examples of mod-
els in which the Sérsic and de Vaucouleurs models are in good
agreement. In Figure 10 we plot the distribution of Sérsic indices

Fig. 9.—Four galaxies from RX J0152.7�1357. For each galaxy we show the original image (top), the residual image from the Sérsic model fit (center), and the
de Vaucouleurs model residuals (bottom). We give the Sérsic index in the bottom left corner of the top image and the difference between the Sérsic and de
Vaucouleurs model magnitudes the top left corner. In some cases, after removing the Sérsic model there are still strong residuals, which either point to a higher
Sérsic index being a better fit or to galaxy substructure.

Fig. 10.—Histogram of the distribution of Sérsic indices in RDCS
J1252.9�2927, RX J0152.7�1357, and MS 1358+62. There is, as expected, a
strong peak at n ¼ 4, as we constrain the fits to 1 � n � 4. There are a number
of galaxies, however, that are classified as early-types but have small n-values.
Such galaxies are the strong outliers in Fig. 8.
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for the three data sets, RDCS J1252.9�2927, RX J0152.7�1357,
and MS 1358+62. In each case, the galaxies are identified, by
eye, as early-type galaxies. It appears that the higher redshift
clusters have a broader range of Sérsic indices thanMS 1358+62.
This will be further discussed in Postman et al. (2005). Nev-
ertheless, the de Vaucouleurs models appear to be a bad fit to a
number of galaxies, which should explain the scatter in Figure 8.

When comparing the Petrosian magnitudes with the
de Vaucouleurs model magnitudes for RDCS J1252.9�2927,
there are four strong outliers. Each of these outliers is caused by
neighboring galaxies that contaminate the Petrosian total mag-
nitude. This is because our measure of the Petrosian total mag-
nitude assumes nothing about the underlying surface brightness
profile. We simply use the SExtractor segmentation maps to mask
out bright pixels.We do not attempt to compute the contribution
to the galaxy’s flux by the surrounding objects. Thus, in crowded
areas where a larger number of pixels are contaminated by
luminous or extended objects such as the brightest cluster mem-
bers, our Petrosian estimates are significantly overestimated and
so appear as large negative values in Figures 7 and 8.

To complement our Petrosian, or nonparametric, total mag-
nitudes, we can estimate a half-light radius by determining the
radius where the curve of growth contains half of the total light
from the galaxy. However, unless we make an attempt to re-
move the effect of the point-spread function, we will find a bias
toward larger sizes as the galaxies become intrinsically smaller.
We computed these half-light radii and find that, on average for
RDCS J1252.9�2927, the Petrosian sizes are 2% larger than
the Sérsic model sizes and 5% larger than the de Vaucouleurs
model sizes for objects with model sizes of at least 0B15. This
size bias grows markedly at smaller model radii, as expected.
We find no statistically significant difference between the
de Vaucouleurs model sizes and the Sérsic model sizes. For RX
J0152.7�1357, we find very similar numbers. The scatter in the
size as determined by the de Vaucouleurs model as compared
with the Sérsic model is slightly larger because of the handful of
cases for which the best-fitting Sérsic parameter is low, n � 2:5,
which causes large magnitude discrepancies as well. Overall,
the agreement between the Petrosian estimated half-light radii
and the model radii are good. However, because of the bias
toward larger sizes in our Petrosian half-light radii, we rely on
the model half-light radii for the rest of this paper.

Overall, it is encouraging that our different magnitude and
size measurements yield a small scatter and little or no sys-
tematic offsets. Nonetheless, it is prudent not to mix the various
measurements because of the small correlations seen above.
The Petrosian magnitudes, which yield numbers close to the
Sérsic model magnitudes, could potentially be used in con-
junction with the Sérsic half-light radii. However, for the rest of
the paper, we will measure evolution using the sizes and surface
brightnesses determined by the model fits, and we will only
compare Sérsic model fits with other Sérsic model fits, not with
pure de Vaucouleurs models.

3.4. Rest-Frame Magnitudes

To measure the amount of evolution, we need to compare
the surface brightnesses in the same rest-frame passband. Most
measurements of the evolution of the FP are given in terms of
the rest-frame Johnson B or Brest mass-to-light ratio. We used the
templates of Benı́tez et al. (2004), which are modified versions
of the templates from Coleman et al. (1980), to compute the
Brest value as a function of an observed filter and a color. For
RDCS J1252.9�2927, we computed Brest � z850 as a function

of i775 � z850, while for RX J0152.7�1357 we computed
Brest � i775 as a function of r625�i775. For a given galaxy in
RDCS J1252.9�2927 or RX J0152.7�1357, we then inter-
polate between the colors of the templates from Benı́tez et al.
(2004) to then compute theBrest � z850 orBrest � i775 color.Why
we chose these particular filter combinations is illustrated in
Figure 1, namely, that the z850 and i775 filters match the Brest filter
at the redshifts of RDCS J1252.9�2927 and RX J0152.7�
1357, respectively. The color was selected to span, roughly, the
U�B color in the rest frame of the galaxy. This process is very
similar to what was employed by Holden et al. (2004). In that
paper, the authors found that when the Brest filter was spanned
by the observed colors, the error on the magnitude transfor-
mation was on the order of 2%. In a case like RDCS J1252.9�
2927, however, the error was higher, at around 5%.

4. APPARENT LUMINOSITY EVOLUTION

4.1. Measuring the Offset at a Fixed Size

We would like to investigate how much apparent evolution
there is in the size–surface brightness relation. First, we shall
examine if the zero point in this relation changes with redshift.
The simplest way to measure this is to fit a linear relation to the
size–surface brightness relation for the low-redshift cluster and
then compute the constant required to minimize the deviation
around the same slope for the higher redshift cluster.

To determine the slope of the size–surface brightness rela-
tion at low redshift, we fit all of the data in MS 1358+62. We
then transform the MS 1358+62 data to the i775 or z850 band
in the manner described in x 3.4, and rescale the sizes as ap-
propriate for the z ’ 1 cluster, either RDCS J1252.9�2927 or
RX J0152.7�1357. We limit both the z ’ 1 cluster and MS
1358+62 to the same magnitude. We then apply a series of cuts
in the half-light radius, starting at a size of 0B25 and working
down to 0B1, below which the effects of the point-spread func-
tion will become important. At each size, we compute the zero
point in the size–surface brightness relation required to mini-
mize the scatter around a line defined by the slope as measured
for the whole of the MS 1358+62 sample. We compute this zero
point for both the trimmed MS 1358+62 and z ’ 1 cluster sam-
ples. We then change the magnitude limit of the sample of MS
1358+62 by the currently measured amount of evolution. We
trim the data at the new magnitude limit and continue iterating
until we converge. To compute the zero point for both distribu-
tions, we simply compute the biweight center for the deviations
between the average surface brightnesses and the slope times
the half-light radii.

We find that �1:04 � 0:13 mag of evolution is required to
match the size–surface brightness relation of MS 1358+62 when
comparing the deVaucouleursmodel results for galaxieswith rh>
0B15 and z850 < 24:5 in RDCS J1252.9�2927. In rest-frame B,
z850 ¼ 24:5 corresponds to MB ¼ �20:0 at z ¼ 1:24 and MB ¼
�18:8 at z ¼ 0, after assuming the FP evolution of van Dokkum
& Stanford (2003). We plot, in Figure 11, the data from MS
1358+62 as open squares, both for the pure de Vaucouleurs
models. The results for RDCS J1252.9�2927 are represented
by filled circles. The solid line represents the fit to the whole
data for MS 1358+62. The dotted line is the same, but shifted by
�1:04 � 0:13 B mag. This shift was calculated by minimizing
the scatter around a line with the slope specified by the whole
sample. Repeating the process but using the Sérsic model pro-
files, we find �1:08 � 0:13 B mag of evolution (see Fig. 12).
We note here that, as we discussed above, Kelson et al. (2000a)
allow a larger range of the parameter n in their fits. All galaxies
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with n > 4 in Sérsic models in Kelson et al. (2000a) were re-
placed by the corresponding de Vaucouleurs model.

We make the same computation for RX J0152.7�1357 and
find �0:44 � 0:06 mag of B-band evolution for rh > 0B15, the
size limit for the smallest galaxies in MS 1358+62, and�0:66 �
0:05 mag of evolution in the B band for the Sérsic models. If we
restrict ourselves to only those galaxies in RDCS J1252.9�2927
with redshift information and with z850 < 23, we find �1:41�
0:16 mag (de Vaucouleurs model) and �1:42 � 0:13 (Sérsic
model) mag of B-band evolution for rh > 0B15.

We summarize the results of these fits in Table 1. In the table
we also show the results for a selection of cutoff radii and for
each of the samples of RDCS J1252.9�2927. We selected a
number of half-light radii thresholds. We decided to not ex-
amine galaxies with rh < 0B10 as they are close in size to the
FWHM of the point-spread function and the samples appear
incomplete at those sizes (see x 3.1). However, there are few
galaxies in the sample of MS 1358+62 that have rh < 0B15, so
we selected that for our practical limit. We included a cutoff of
rh > 0B20 along with rh > 0B10 to illustrate that our results are
insensitive to the exact threshold selected.

The error we quote is the error on the mean shift between the
low-redshift size–surface brightness relation and the high-
redshift relation.We assume no error on the slope measurement,
simply taking the scatter around the mean relation and dividing
it by the square root of the number of galaxies in our high-

redshift sample. This raises the question of how our particular
choice of the slope of the size–surface brightness relation af-
fects our results. It appears, when looking at Figures 11 and 12,
that the slope of the size–surface brightness relation is differ-
ent for the different samples. We compare the data from MS
1358+62 and RDCS J1252.9�2927 using the slope of the best-
fitting relation for RDCS J1252.9�2927 instead the slope of
the relation for MS 1358+62. We find almost the same results
with small changes,’0.01 mag, in the measured evolution. For
RX J0152.7�1357, our changes in measured evolution are larger,
on the order of 0.03 mag to, at most, 0.05 mag. This provides an
additional source of uncertainty, which we will add in quadrature.

4.2. Comparison with the Fundamental Plane

Van Dokkum & Stanford (2003) measured the velocity dis-
persions for three galaxies in CL 0848+4453, a low-mass
cluster of galaxies at z ¼ 1:276. Holden et al. (2005) measured
velocity dispersions for four galaxies in RDCS J1252.9�2927,
which, when combined with van Dokkum & Stanford (2003),
yields a sample of seven objects with z̄ ¼ 1:25. Using those
values along with sizes and surface brightness from HST im-
aging, the authors measured the offset in the FP from z ¼ 0 to
the redshift of the cluster. The evolution corresponds to a
change in the mass-to-light ratio (M/L) with redshift of�0.98 z
in the rest-frame B filter, or (�1:06 � 0:06)zmag ofB-band evo-
lution at a fixed mass. For RDCS J1252.9�2927, this should
correspond to�1.31 mag of evolution in the rest-frame B band.
To compare our relative measurements between clusters at dif-
ferent redshifts with those made using the FP, we need to com-
pare our measured evolution with the Coma Cluster, the z ¼ 0

Fig. 11.—Size–surface brightness relation for the early-type galaxies in the
ACS imaging data of both RDCS J1252.9�2927 and RX J0152.7�1357 using
de Vaucouleurs fits. In each case, the low-redshift data, MS 1358+62, are rep-
resented by the open squares, while the filled circles are the data for the color-
selected sample from the redshift sample of RX J0152.7�1357 (top), the
spectroscopic redshift sample from RDCS J1252.9�2927 (middle), and the
color-selected sample from RDCS J1252.9�2927 (bottom). The galaxies in MS
1358+62 are iteratively selected to be above the same magnitude limit plus the
measured evolution to either RDCS J1252.9�2927 or RX J0152.7�1357. The
solid lines represent the fits to the size-magnitude relation for all the data for MS
1358+62, while the dotted line represents the relation shifted by the amount of
measured evolution. For RX J0152.7�1357, we find �0:44 � 0:06 mag of
evolution between z ¼ 0:328 and z ¼ 0:837. We find 1:41 � 0:16 mag of evo-
lution for the redshift-selected sample between MS 1358+62 and RDCS
J1252.9�2927, while we find �1:04 � 0:13 mag of evolution for the color-
selected sample.

Fig. 12.—Size–surface brightness relation for the early-type galaxies in the
ACS imaging data of both RDCS J1252.9�2927 and RX J0152.7�1357 as
compared with MS 1358+62. The sizes and surface brightnesses are from the
Sérsic model profiles. See Fig. 11 for an explanation of the symbols and the
lines. The amount of measured evolution is similar to that of the de Vaucouleurs
model fits. We find �0:66 � 0:05 mag for RX J0152.7�1357 (top) when the
samples are compared with MS 1358+62, �1:42 � 0:13 mag of evolution for
the redshift-selected sample of RDCS J1252.9�2927 (middle), and �1:08 �
0:13 mag of evolution for the color-selected sample of RDCS J1252.9�2927
(bottom).
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baseline for van Dokkum & Stanford (2003) and Holden et al.
(2005).

Tomeasure howmuch evolution occurs betweenMS 1358+62
and Coma, we implemented the same procedure as we used for
comparing RDCS J1252.9�2927 and RX J0152.7�1357 with
MS 1358+62. For the data for the Coma Cluster, we use the B
half-light radii and surface brightnesses, listed in Table A7 of
Jørgensen et al. (1996). In Kelson et al. (2000a), the authors
compare the techniques used to measure the half-light radii and
surface brightnesses in Jørgensen et al. (1996) with the two-
dimensional fitting techniques they used and find no significant
offsets. Thus, we compare the Coma radii and surface bright-
nesses directly with the values tabulated in Kelson et al. (2000c).
Wemeasure a shift of�0:35 � 0:07mag in the rest-frameB band
betweenComa andMS1358+62. Thesemeasurementswere done
with the whole sample of Coma and MS 1358+62, as both are
magnitude-limited, redshift-selected samples.

The amount of evolution expected between z ¼ 0 and z ¼
0:328 is�0:35� 0:06 mag in rest-frame B using the best-fitting
relation from van Dokkum & Stanford (2003), in good agree-
ment with the �0:31 � 0:12 mag expected from van Dokkum
& Franx (1996) and the �0:33 � 0:12 mag from Kelson et al.
(1997). Our result of �0:35 � 0:07 mag is in excellent agree-
ment, but with smaller statistical error bars. The systematic
errors are the same as the FP (see Kelson et al. 2000a).

We add the measured evolution between Coma andMS 1358+62
to the measured evolution that we find for RDCS J1252.9�2927
and RX J0152.7�1357. We plot both in Figure 13 along with
the FP results from van Dokkum & Stanford (2003) and Holden
et al. (2005). We fit a line to the data for RX J0152.7�1357 and
for the color-selected sample of RDCS J1252.9�2927 and find
(�1:13 � 0:15)zmag of B evolution, very close to the (�1:06 �
0:06)z mag found with the FP. We find (�1:42 � 0:33)z mag
of evolution if we use the redshift-selected sample of RDCS
J1252.9�2927, a result not statistically different from the FP be-
cause of the much error estimate.

Overall, our agreement with the measurements from the FP
are good, with the caveat that it is clear that sample selection
plays a critical role. Our first sample of early-type galaxies in
RDCS J1252.9�2927 was constructed by finding all galaxies
with the correct morphologies that also fall within the color-
magnitude sequence of RDCS J1252.9�2927. Restricting our
sample to galaxies with sizes of rh > 0B15, we find a result in

almost perfect agreement with results from the FP (van Dokkum
& Stanford 2003; Holden et al. 2005), regardless of whether we
use Sérsic or de Vaucouleurs models. If, however, we restrict
ourselves to those galaxies identified only by redshift, we find
more evolution at the highest redshifts. The redshift selection

TABLE 1

Summary of Measured Evolution from MS 1358+62

�� (Brest mag)a

Cluster z Membership
b

Minimum rh
c

(arcsec) n ¼ 4 1 � n � 4

RX J0152.7�1357 ............................. 0.837 z 0.20 �0.42 � 0.06 �0.67 � 0.06

0.837 z 0.15 �0.44 � 0.06 �0.66 � 0.06

0.837 z 0.10 �0.57 � 0.06 �0.68 � 0.05

RDCS J1252.9�2927 ........................ 1.237 Color 0.20 �0.97 � 0.14 �1.17 � 0.13

1.237 Color 0.15 �1.04 � 0.13 �1.08 � 0.13

1.237 Color 0.10 �1.09 � 0.11 �1.06 � 0.11

1.237 z 0.20 �1.32 � 0.16 �1.28 � 0.11

1.237 z 0.15 �1.41 � 0.16 �1.42 � 0.13

1.237 z 0.10 �1.53 � 0.16 �1.47 � 0.13

a Average change in surface brightness measured for the sample based on de Vaucouleurs models (n ¼ 4) or Sérsic models
(1 � n � 4).

b This column notes whether the galaxies in the sample were selected on the basis of spectroscopic redshifts (z) or the
galaxies’ colors.

c Minimum half-light radius for inclusion in the sample.

Fig. 13.—Amount of B luminosity evolution from the change in the zero
point of the size–surface brightness relation with redshift. The results for MS
1358+62, represented as an open blue diamond at z ¼ 0:33, shows the measured
amount of evolution with respect to Coma using our size–surface brightness
measurements. The orange square represents the average of the Sérsic and de
Vaucouleurs results for the rh � 0B15 sample of RX J0152.7�1357. The filled
red circle is average for the spectroscopically selected sample of RDCS
J1252.9�2927, and the open red circle represents average for the color-selected
sample. We plot, with a solid line, a fit to the evolution of MS 1358+62, RX
J0152.7�1357, and the color-selected sample of RDCS J1252.9�2927. The
dotted line shows the fit to the the same data, except using the spectroscopically
selected sample of RDCS J1252.9�2927. For both lines, the error bars at z ¼ 1
represents the error in the slope. The results for either fit agree with the FP
measurements in CL 0848+4453 (van Dokkum& Stanford 2003), shown with a
green cross, and RDCS J1252.9�2927 (Holden et al. 2005), shown with a
purple triangle.
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wasmade using aK-magnitude–limited sample, with some color
selection. As shown in Figures 2 and 5, almost all early-type
galaxies with z < 23 are included. Therefore, it is puzzling why
such a sample would appear to show so much more evolution.

4.3. Scatter in the Size–Surface Brightness Relation

In Figure 14 we plot the histogram of the scatter around the
size–surface brightness relation. This is the difference, in mag-
nitudes, between the measured surface brightnesses and those
predicted by the size–surface brightness relation. We plot the
residuals for RDCS J1252.9�2927 as compared with those from
MS 1358+62, using the de Vaucouleurs model sizes and surface
brightnesses. The solid line represents the results for RDCS
J1252.9�2927, while the dotted line is scatter for the compar-
ison sample of MS 1358+62. We plot the histogram containing
only confirmed cluster members in the top panel, while the bot-
tom panel shows all color-selected galaxies. In both panels, the
histograms are normalized to 1. For this figure, we plot all gal-
axies with projected sizes of rh > 0B15 at z ¼ 1:237. The mag-
nitudes for the galaxies in MS 1358+62 have been brightened
by the measured �1:04 � 0:13 mag of evolution in the B band
for the bottom panel and �1:44 � 0:15 mag in the top panel.

Examining Figure 5 again, however, we see that the objects
below the mean relation have, on average, a larger error in both
the size and average surface brightness than those above the
mean relation. Thus, a low tail toward large deviations is ex-
pected. At brighter magnitudes there are three galaxies brighter
than expected on the basis of the distribution of MS 1358+62.
The observed scatter is, as mentioned before, 0:76 � 0:10 mag
around a fixed size. Given that the errors in our total magnitude
measurements are, based on the comparisons between the de
Vaucouleurs model magnitudes and the Petrosian total magni-

tudes, around 0.2 mag, most of the scatter must be intrinsic
or systematic. For RX J0152.7�1357, there are 55 early-type
galaxies cluster members that meet our magnitude and size cri-
teria. In Figure 15 we plot the distribution of the two sets of
galaxies and note that the scatter is 0:42 � 0:05 mag. For com-
parison, we find in the sample from MS 1358+62 a scatter of
0:57 � 0:07 mag.
We calculate for each of our scatter measurements an error

based on the jackknife of the data, as recommended by Beers
et al. (1990). It seems that the scatter measurements are statisti-
cally very different. For example, the difference between the scat-
ter in RX J0152.7�1357 and inMS 1358+62 is 0:15� 0:06mag,
a 2.5 � difference. If we make the assumption that scatter in
the size–surface brightness relation comes from a Gaussian
parent population, we can use the F-ratio test to compare the
variances of two different scatter measurements.When we com-
pare the scatter for RDCS J1252.9�2927, 0:75 � 0:10 mag,
with that of MS 1358+62, 0:57 � 0:07 mag, we find that, de-
spite the 0.19 mag difference, the odds of the two populations
being drawn from the same parent population is around 2%, not
a statistically significant difference. We find a better agreement
when comparing RX J0152.7�1357 with MS 1358+62, a 15%
probability that variance measurements of the two samples are
drawn from the same distribution, despite the apparent 2.5 �
difference.
In x 2.1 we discussed the accuracy of our morphological

classifications. At fainter magnitudes, we found that our scatter
in classification was higher, as measured by the disagreement
among the classifiers. The inclusion of later type galaxies could
cause a bias in the estimate of the evolution. We measured the
evolution using only those galaxies with unanimous agreement
among the four classifiers and found a larger result, �1:46�
0:13 mag, for the color-selected sample. This agrees well with
the �1:44 � 0:15 mag found for the redshift-selected sample.
The inclusion of late-type galaxies should bias toward more

Fig. 14.—Deviations from the mean size–surface brightness relation for
RDCS J1252.9�2927 (solid line) and MS 1358+62 (dotted line) plotted as
normalized histograms. All galaxies in RDCS J1252.9�2927 with rh > 0B15
are included. The top panel contains all galaxies in the redshift sample, and the
bottom panel contains all those in the color-selected sample, all galaxies within
the dotted lines in Fig. 2. The scatter for RDCS J1252.9�2927 is 0:76 � 0:10 mag
for the color-selected sample and 0:65 � 0:12 mag for the redshift-selected sam-
ple, in contrast to the 0:57 � 0:07 mag found for MS 1358+62.

Fig. 15.—Deviations around the mean size–surface brightness relation for
RX J0152.7�1357 (solid line) and MS 1358+62 (dotted line). This figure is
similar to Fig. 14. All galaxies with redshifts in RX J0152.7�1357, filled
points in Fig. 4, and rh > 0B15 are included. The scatter for RX J0152.7�
1357, 0:42 � 0:05 mag, is smaller than the results for MS 1358+62.
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evolution, as spiral structure and large disks usually hold star
formation, yet the inclusion of the more uncertain classifications
actually lessens the amount of evolution. However, the lower
surface brightness galaxies are also the galaxies with more un-
certainty in their classification. Thus, by removing the galaxies
with higher uncertainty in their classification, we naturally re-
move the lower surface brightness galaxies. The scatter for the
color-selected sample, with uncertain objects removed, is 0:64�
0:12 mag, very close to the 0:65 � 0:12mag we find for the spec-
troscopically selected sample. Thus, we raise the possibility that
the difference in the two samples could come from classifica-
tion errors, as the majority of uncertain classifications are in the
23 mag < z850 < 24:5 mag range and below the cutoff for the
spectroscopically selected sample. Removing these less certain
classifications lowers the scatter and raises the amount of evo-
lution measured in the color-selected sample. However, these
objects have, on average, a lower surface brightness, 0.35 mag
in z850, than the objects with unanimous classifications. These
lower surface brightnesses could also explain why the classi-
fications are uncertain.

5. DISCUSSION

We observe, using the size–surface brightness relation,
(�1:13 � 0:15)z B mag of luminosity evolution from z ¼ 0 to
z ¼ 1:237. If we restrict our highest redshift sample to only
those galaxies with spectroscopic redshifts, instead of the large
sample of galaxies with red colors, we find (�1:42 � 0:33)zmag
of evolution, which is in statistical agreement with our other re-
sult. If we use only the color selection for RDCS J1252.9�2927,
we find that both of the measurements agree well with the FP
results at the same redshifts (van Dokkum et al. 1998; van
Dokkum & Stanford 2003; Holden et al. 2005) and, thus, with
the overall trend in luminosity evolution found from other size–
surface brightness studies (Schade et al. 1997, 1999; Lubin &
Sandage 2001c). The overall agreement points toward the con-
clusion that the majority of massive elliptical galaxies at these
redshifts are passively evolving, in agreement with their color
evolution.

Given that we find slow luminosity evolution for the majority
of cluster early-type galaxies in our samples, this is another
indication that the luminosity-weighted redshift of formation
is high for these objects. Van Dokkum & Stanford (2003) find
zf > 2:5, although for a different cosmology, using the FP, while
Holden et al. (2005) find zf 2:3

þ0:3
�0:2 for certain assumptions about

early-type galaxy evolution. As the evolution found in that paper
agrees with the evolution in offset of the size–surface brightness
relation, we would find a similar result. This epoch of forma-
tion is also in agreement with Blakeslee et al. (2003b) from the
colors of galaxies in RDCS J1252.9�2927. In general, the large
scatter on the size–surface brightness relation prevents us from
making significantly more accurate measurements of zf . Since
we selected galaxies for red colors in RDCS J1252.9�2927,
we could very well be missing an important part of the cluster
early-type population, namely, those galaxies that will become
red early-types but are bluer than our selection criteria at the
epoch of the observations. This would bias our results to higher
redshifts.

The redshift-selected sample of RDCS J1252.9�2927, how-
ever, shows much more evolution, (�1:42 � 0:33)z mag, than
the color-selected sample. It is possible that this is a selection
effect. Namely, it is easier to measure redshifts for higher surface
brightnesses objects. We attempted to mitigate this by trimming
the redshift-selected sample at z850 < 23, where the redshift-

selected sample is almost complete, containing 17 of 20 early-
type galaxies with rh > 0B15, regardless of color. One possible
explanation for this result is the scatter around the mean size–
surface brightness relation.

We observe that the apparent scatter for RDCS J1252.9�2927
around the size–surface brightness relation is larger than for RX
J0152.7�1357. This result is not statistically significant, al-
though an increase in the scatter would be expected at higher
redshifts. There are a couple of lines of evidence that, at z ’ 1,
there are elliptical galaxies that show evidence of recent star for-
mation. Such objects would show a smaller than average M/L.
Both van Dokkum& Stanford (2003) and Tran et al. (2003) find
galaxies morphologically classified as early-type galaxies, but
with strong Balmer absorption lines indicating recent star-
bursts. The example galaxy in the FP sample of van Dokkum &
Stanford (2003) has a much lower than expected M/L value, a
factor of ’13 lower than the massive galaxies in that sample,
and Holden et al. (2005) find a large scatter in theM/L value for
a purely luminosity-selected sample, much larger than the scat-
ter for lower redshift clusters such as Coma or MS 1358+62.
The inclusion of a handful of such galaxies in our sample would
increase the scatter, but disentangling them requires spectra or
good information. Spectroscopic evidence for recent bursts of
star formation in RDCS J1252.9�2927, which could explain
both the larger scatter and the larger apparent evolution when
using only the spectroscopically selected sample, will be dis-
cussed in a future paper (P. Rosati et al. 2005, in preparation).

6. SUMMARY

We have investigated the size–surface brightness relation for
two clusters of galaxies, RDCS J1252.9�2927 at z ¼ 1:237 and
RX J0152.7�1357 at z ¼ 0:837. For each cluster, we identified,
by eye, a sample of early-type galaxies across a broad range in
color and in magnitude (Postman et al. 2005). Using our ACS
imaging, which covers the rest-frame B, we created a magnitude-
limited sample for each cluster. The magnitude limits correspond
to approximately 0.3L? for RDCS J1252.9�2927 and 0.5L? for
RX J0152.7�1357. For RX J0152.7�1357, we selected gal-
axies based on the 102 spectroscopic redshifts (Demarco 2003).
RDCS J1252.9�2927 has 36 spectroscopic members (Demarco
2003; Rosati et al. 2004; P. Rosati et al. 2005, in preparation), and
we expanded the sample for that cluster using a color selection.
Our color criteria for RDCS J1252.9�2927 utilizes the color-
magnitude relation and scatter from Blakeslee et al. (2003b),
including all galaxies within 2 � of the mean relation. In each
case, we chose the observed magnitude limit in the filter that
corresponds most closely to the rest-frame B band.

We fit both Sérsic and de Vaucouleurs models to each galaxy
in our two cluster samples. These models provide total mag-
nitudes and half-light radii with the point-spread function broad-
ening removed. We converted the total magnitudes to the average
surface brightness within the half-light radius. In addition to the
model total magnitudes, we implemented a third total magnitude
measurement. We used the Petrosian magnitudes as implemented
in Wirth (1996) and found excellent agreement between these
nonparametric measurements and the Sérsic model magnitudes.
The disagreement with the de Vaucouleurs models in general
involved a small systematic difference of 0.04–0.1 mag, de-
pending on the cluster. In addition, we found that the difference
between the de Vaucouleurs model magnitudes and either the
Sérsic or Petrosian magnitudes correlated with the model sizes
for one of the two clusters. In general, we find that our overall
trends are robust, regardless of which size and magnitude we
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used for determining the surface brightness, as long as we com-
pare a given cluster measurement with a measurement made
using the same model in a different cluster.

We measured the amount of rest-frame Bmagnitude evolution
by computing the shift in apparent surface brightness at a fixed
size. We compare the clusters in this paper to the results from
MS 1358+62 in Kelson et al. (2000a), which contains both Sérsic
and de Vaucouleurs average surface brightnesses and half-light
radii. For MS 1358+62, we compute the amount of evolution re-
quired to match the size–surface brightness relation betweenMS
1358+62 and either RDCS J1252.9�2927 or RX J0152.7�1357,
with the data trimmed at a fixed size and magnitude limit. We
apply this correction to the data in MS 1358+62, recompute
which galaxies would fall above our magnitude limit, and re-
peat until we converge. We also apply this to MS 1358+62 and
the B-band Coma Cluster data of Jørgensen et al. (1996). For
that, we measure �0:35 � 0:07 mag of evolution, in excellent
agreement with the FP measurements (van Dokkum & Franx
1996; Kelson et al. 1997, 2000c). The rest of the evolution
measurements, summarized in Table 1, show results consistent

with the FP in most cases. We find that the average surface
brightness at a fixed size changes with redshift as (1:13 � 0:15)z,
very close to the (�1:15 � 0:13)z found with the FP. Only when
we examine the subset of galaxies in RDCS J1252.9�2927
selected by spectroscopic membership do we find a deviation.
The overall trend in the luminosity evolution that we find

agrees with this. At the redshift of RDCS J1252.9�2927, we
are likely within a 2–3 Gyr of observing epoch when most of
the stars formed in cluster early-type galaxies.
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by NASA grant NAG5-7697. We are grateful to K. Anderson,
J. McCann, S. Busching, A. Framarini, S. Barkhouser, and
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at JHU.
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