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ABSTRACT

The small scatter observed for the (U—¥) colors of spheroidal galaxies in nearby clusters of galaxies
provides a powerful constraint on the history of star formation in dense environments. However, with
local data alone, it is not possible to separate models where galaxies assembled synchronously over red-
shifts 0 < z < 1 from ones where galaxies formed stochastically at much earlier times. Here we attempt
to resolve this ambiguity via high-precision rest-frame UV-optical photometry of a large sample of mor-
phologically selected spheroidal galaxies in three z ~ 0.54 clusters that have been observed with the
Hubble Space Telescope (HST). We demonstrate the robustness of using the HST to conduct the mor-
phological separation of spheroidal and disk galaxies at this redshift and use our new data to repeat the
analysis conducted locally at a significant look-back time. We find a small scatter (<0.1 mag rms) for
galaxies classed as E’s and E/S0O’s, both internally within each of the three clusters and externally from
cluster to cluster. We do not find any trend for the scatter to increase with decreasing luminosity down
to L ~ L} + 3, other than can be accounted for by observational error. Neither is there evidence for a
distinction between the scatter observed for galaxies classified as ellipticals and SO. Our result provides a
new constraint on the star formation history of cluster spheroidals prior to z ~ 0.5 confirming and con-
siderably strengthening the earlier conclusions. Most of the star formation in the elliptical galaxies in
dense clusters was completed before z ~ 3 in conventional cosmologies. Although we cannot rule out the
continued production of some ellipticals, our results do indicate an era of initial star formation consistent

with the population of star-forming galaxies recently detected beyond z ~ 3.
Subject headings: cosmology: observations — galaxies: clusters: general — galaxies: evolution —

galaxies: photometry

1. INTRODUCTION

Elliptical galaxies are conventionally regarded as old
galactic systems whose star formation history can be
approximated as a single burst that occurred 12-16 Gyr ago
(Baade 1958; Tinsley & Gunn 1976; Bruzual 1983).
However, in recent years, this simple picture has been sub-
jected to a number of challenges. Numerous cases have been
found of ellipticals with intermediate-age stellar popu-
lations (O’Connell 1980), and dynamical arguments suggest
that many peculiarities seen in ellipticals (shells and dust
lanes) are best explained via recent formation from the
merger of gas-rich systems (Toomre 1978; Quinn 1984).
Detailed spectroscopy of such systems provides a rich set of
data whose interpretation in terms of star formation history
requires an adequate separation of the competing effects of
metallicity and age (Worthey 1995).
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The conflict might be resolved if the majority of ellipticals
were old single burst systems, whereas the remainder
formed via merging of gas-rich disk galaxies. In this case
one might expect an environmental and/or mass depen-
dence in the rate of occurrence of intermediate-age popu-
lations. Reasonably good evidence is emerging that recent
star formation is more prevalent in low-density environ-
ments than in clusters. Rose et al. (1994) find the mean
stellar dwarf/giant ratio is higher in environments with low
virial temperatures. This would be consistent with other
environmental trends that indicate accelerated star forma-
tion histories in clusters (Oemler 1991).

Sandage & Visvanathan (1978) first proposed that the
UV-optical color-magnitude (C-M) relation for cluster gal-
axies could provide a significant constraint on their past
history of star formation. The improved precision possible
with modern CCD detectors was exploited by Bower,
Lucey, & Ellis (1992, hereafter BLE) who obtained high-
precision U and V photometry of spheroidal galaxies in two
local clusters, Virgo and Coma. BLE observed a very small
scatter, o(U—V) <0.035, around the mean color-
luminosity relation for luminous E/S0’s, which was barely
larger than that attributable to observational errors.

The sensitivity of the U-band light to small numbers of
hot, young stars enabled BLE to constrain the past contri-
bution from upper main-sequence stars statistically across
both cluster samples. With a single present-day value for the
scatter, they chose to express their result in a number of
ways. Firstly, in terms of the passive evolution of a single-
burst population, the tightness of the C-M relation was
used to derive a minimum age. In the absence of any recent
star-formation, the homogeneity of the Virgo and Coma
populations would suggest stochastic formation of galaxies
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could only occur within the first few Gyr after the big bang
(ie, z>2 in cosmologies with H, =50 and Q =0.1).
Unfortunately, such absolute age estimates are subject to
many of the uncertainties that afflict those for globular clus-
ters.

More convincingly, abandoning the constraint on the age
of the first burst, BLE also concluded that no more than
10% of the current stellar population in present-day E/S0’s
could have been formed in any subsequent activity in the
past 5 Gyr, as might be the case if merging of gas-rich
systems had been involved. They expressed this result more
generally in terms of a combined synchronicity-age con-
straint. Recent activity from major merging would only be
consistent with the tight (U — V) scatter if the star formation
history had been similar from galaxy to galaxy both within
each cluster and between the Coma and Virgo clusters.

BLE’s result presents an important challenge for bottom-
up hierarchical theories of structure, since these predict
relatively recent formation eras for massive galaxies. Baugh,
Cole, & Frenk (1997) and Kauffmann (1996) have addressed
the question quantitatively using a simple prescription for
merger-induced star formation. They find that the homo-
geneity of BLE’s C-M data can be satisfied if the merging of
disk galaxies that produce the spheroidals was largely com-
plete by a redshift z ~ 0.5.

Although good progress has been made in tracking the
UV-optical C-M relation to higher redshift (Ellis et al. 1985;
Aragon-Salamanca, Ellis, & Sharples 1991; Aragon-
Salamanca et al. 1993), without morphological information
a major uncertainty remains. The scatter of the photometric
C-M relation may be underestimated if some spheroidal
galaxies lie blueward of the C-M sequence. This could well
be the case if the timescale for dynamical evolution is
shorter than that for main-sequence evolution, as indicated
in numerical simulations (Mihos 1995; Barger et al. 1996).
This point was originally examined by MacLaren, Ellis, &
Couch (1988), who showed that a detectable UV excess
could remain for ~2 Gyr after a burst induced, e.g., by a
merger.

In this paper, we extend the analysis of BLE to a sample
of three z ~ 0.54 clusters, taking advantage of images from
the Hubble Space Telescope (HST) Wide Field Planetary
Camera 2 (WFPC2) to classify morphologically a sample of
faint galaxies. In § 2 we summarize the new observations
and describe our photometric techniques and morphologi-
cal classifications. A key question we examine is the reli-
ability of using the HST to isolate distant spheroidals. In § 3
we discuss the color-magnitude relationships, both absolu-
tely in terms of predictions for no evolution and in terms of
the photometric scatter. Section 4 discusses the main result
in the context of the star formation history of cluster gal-
axies and explores the likely consequences in terms of locat-
ing the epoch of their formation. Section 5 summarizes our
principal conclusions.

2. DATA

2.1. Observations

The observations presented here consist of deep F555W
and F814W images of the core regions of three z ~ 0.54
clusters obtained using the WFPC2 (Fig. 1). The data form
part of a larger study of the morphologies of galaxies in
distant clusters (the “MORPHS” project; Smail et al.
1997a, 1997b, hereafter S97; Dressler et al. 1997a, 1997b;

Barger et al. 1997b). The clusters discussed here cover a
range of optical richnesses and X-ray luminosities within a
narrow redshift interval specifically selected so that
observed F555W/F814W is close to rest frame U/V. At
z =0.54, the F555W passband (525 + 61 nm) samples
341 + 40 nm in the rest frame with F814W (828 + 88 nm)
lying at 538 + 57 nm, compared with U and V at 365 + 70
nm and 550 + 90 nm, respectively. Using these passbands
we can thus analyze our cluster data in a similar way to
BLE, the principal difference being the significant look-
back time. In order of decreasing mass or X-ray luminosity,
the clusters are C10016 + 16 at z = 0.546 (Koo 1981; Fllis et
al. 1985; Dressler & Gunn 1992; Aragon-Salamanca et al.
1993), C1 0054 —27 at z = 0.563 (Couch, Shanks, & Pence
1985; Couch et al. 1991) and Cl 0412 —65 (=F1557.19TC)
at z = 0.510 (Couch et al. 1991; Bower et al. 1994, 1996).
Further properties of these systems and a log of the HST
observations are given in Table 1.

The individual exposures in each passband are grouped
in two sets, each offset by 2” to allow hot pixel rejection.
After standard pipeline reduction, the images were aligned
using integer pixel shifts and then combined into final
F555W/F814W frames using the IRAF/STSDAS task
CRREJ. We chose to work in the WFPC2 filter system
(which we call Viss and Ig,,), calibrated from our own
ground-based images of the clusters using the color trans-
formations given in Holtzman et al. (1995), as discussed
below. The final images (Fig. 1) cover the central 0.7 h~?!
Mpc,1© ie., ~0.35 h~! kpc pixel " !. The processed data
reaches a 5 ¢ limiting depth of I3, = 26.7 and provides
(Vsss — Ig14) colors with better than 2% precision at
I3, =21.0 and 5% at the limit of I4;, = 23.0 used in this
analysis (see below).

As we will compare this analysis with BLE’s previous
study of early-type galaxies in the Coma and Virgo clusters,
it is important to consider the physical regions of the clus-
ters sampled, as well as the spatial resolution and photo-
metric precision of the relevant ground-based and HST
data sets. In the case of BLE, galaxies were selected accord-
ing to the availability of stellar velocity dispersions from
Dressler (1984); generally they lie within 500 2~ ! kpc of the
cluster center. BLE’s analysis was based on aperture photo-
metry within a diameter ~5 h~! kpc (60" at Virgo, 11” at
Coma). Over a total luminosity range of ~4 mags to a
limiting absolute magnitude of M, ~ —17 + 5 log h, the
rms photometric error in (U — V) was 0.03 mag. As we will
see below, we can reproduce these quantities fairly closely
with the HST samples.

2.2. Reduction and Photometric Precision

We selected galaxies in the HST frames from the stacked
F814W (rest frame ~ V) images using the SExtractor
package of Bertin & Arnouts (1996). After convolving the
data with a top-hat kernel of diameter 0.3”, all objects with
areas greater than 12 pixels above the ug,;, = 25.0 mag
arcsec 2 isophote were evaluated. This ensures a source list
that extends much fainter than that eventually used in this
analysis. Colors were measured using an aperture with a
diameter of 5 h~! kpc (~1.4"), closely matching that used

10 Unless otherwise stated, we use g, = 0.5 and h = H,/100 km s~ *
Mpc~ L. Thus, 1” = 3.6 h~ ! kpc (C1 0412 — 65) or 3.7 h~* kpc (C1 0016 + 16,
C10054 —27).
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by BLE, and total magnitudes were obtained from the
SExtractor BEST_MAG estimates. We discuss the precis-
ion of both the aperture and integrated photometry next.

2.3. Calibration of (V555 — Ig14) between Clusters

An important aim of our investigation is to examine the
scatter not only internal to each cluster but also externally
across the three clusters. This requires precise relative
colors between the three clusters, and we have thus chosen
to determine independently the photometric zero points of
our WFPC2 images using ground-based images of the HST
fields, rather than having to assume that our various
WFPC2 F555W/F814W observations have fixed zero
points. The ground-based data were all obtained on a single
photometric night and thus provide a robust calibration of
the colors of galaxies across the three clusters. The images
were kindly provided by Barry Madore and were taken
using a thinned 2k? Tek CCD on the 2.5m Du Pont tele-
scope at Las Campanas Observatory (LCO), Chile. The

clusters were observed in Johnson ¥ and Cousins I across a
range in air masses, 1.2-1.5, on the night of 1996 October
14. A large number of Landolt (1992) standard fields were
also observed during this time, bracketing the air-mass
range of our observations. The total integrations on our
clusters are 500 s in ¥V and 800 s in I, with seeing of
FWHM = 1.0"-1.2". These data were reduced and cali-
brated in a standard manner using dome and sky flats.
Analysis of the standard fields shows that the night was
photometric and allows us to derive extinction and color
calibration of our science observations to an accuracy of
4+0.029 in ¥V and 40.015 in I, where we include the uncer-
tainty for extrapolating the color correction from the range
of our standard stars (V— I) ~ 1 to the expected colors of
E/SO’s in the distant clusters (V —1I) ~ 2.5.

We next measure photometry within 3” diameter aper-
tures from these V and I images, having matched the seeing
in the frames from measurements of the stellar profiles. To
reduce our sensitivity to residual color corrections, we have

TABLE 1
CLUSTER SAMPLE

Ty (ks)
o 1) Ly
CLUSTER (32000) (32000) z (10* ergs s™)  F555W  F814W
Cl0016+16...... 00 18 33.64 +16 25 46.1 0.546 23.5 12.6 14.7
Cl0054—27...... 00 56 54.59 —2740 313 0.563 1.0 12.6 16.8
Cl0412—65...... 04 12 51.65 —655017.5 0.510 0.3 12.6 14.7

Note—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds.
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chosen to restrict our comparison to just those red E/SO
galaxies from our HST images that are used in the analysis
below. We also apply a further magnitude limit to this
sample owing to the shallower depth of our ground-based
images; hence, we restrict ourselves to galaxies with
I < 20.5. Having measured the colors of these galaxies on
the ground-based images, we convert our (V —1I) to (Vsss
— Ig,,) using the color equations given for the WFPC2
flight system in Table 7 of Holtzman et al. (1995). We can
now compare this photometry with that obtained from our
WFPC2 images, where we have assumed a single zero point
for the F555W and F814W images of the three clusters. We
determine offsets in the zero points of the WFPC2 photo-
metry relative to the LCO data of —0.017 + 0.035,
—0.062 + 0.043, and 0.072 + 0.036 for Cl 0016+16, Cl
0054 —27, and Cl 0412 — 65, where the errors in the means
are estimated by bootstrap resampling. While using a single
WFPC2 zero point would be accurate in the mean,
—0.002 + 0.068, the scatter between the clusters (especially
for CI 0412 —65) justifies our recalibration. Having applied
these corrections to our photometry we now have a robust
calibration of (Vs5s — Ig;,) across our three clusters with a
precision of 4%.

2.4. Calibration of (Vss5 — Ig14) between Wide-Field
Camera CCDs

We have also tested the relative photometry across the
WFPC?2 field to estimate contributions to the scatter of the
entire sample from possible zero-point variations between
the CCD chips. Unfortunately, the calibrations shown
above lack sufficient numbers of objects to allow us to
undertake this test for all three clusters. However, we can
apply this with adequate precision by comparing our HST
photometry with deep high-resolution ground-based
images of a single cluster, C1 0016+ 16 (Smail 1993; Smail,
Ellis, & Fitchett 1994), to search for systematic offsets as a
function of position. Here we are searching for a variation
in the difference between the colors of galaxies measured on
the ground-based image and the three Wide-Field Camera
(WFC) CCDs. Owing to the slightly different color
responses of the ground-based Johnson ¥V and Cousins I
compared with F555W and F814W, we compare photo-
metry only for those objects which lie in a relatively narrow
band in the HST color-magnitude diagrams. To I, <
23.0 we have ~230 galaxies across the three chips. We set a
firm upper limit of A = 0.02 mag on the relative offsets in
(Vsss — Ig,4) between the chips.

2.5. Photometric Precision

The photometric errors on our HST aperture magni-
tudes have been estimated by analyzing both the variance in
the background sky and the Poisson noise in the object
counts. We have confirmed the estimates so obtained by
splitting the imaging data for one of the clusters (Cl
0016+ 16) into two independent sets and comparing the
photometry of 160 of the Ig;, < 23.0 objects measured off
each half. For I, = 22.0 we find an average photometric
error in (V55 — Ig,4) of +£0.016 increasing to +0.063 at
Igi, = 23.0; the median values are +0.015 and +0.053,
respectively. The distribution of the differences for the two
independent datasets in Cl 0016 + 16, when scaled by the
theoretical uncertainties, shows a distribution consistent
with these errors. The typical difference in integrated I,
magnitudes from the SExtractor photometry of the Las
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Campanas and WFPC2 images of the spheroidal galaxies in
the three clusters is (1555 —I5$9) ~0.1 mag at Iy,, ~ 21.0.
Examining the variance in the profile fits, we also estimate
an uncertainty of +0.1 mag in the total magnitudes
adopted.

We will generally consider three magnitude-limited
samples for each of our clusters. The brightest sample is
limited at I,, < 21.0, corresponding to an absolute magni-
tude of M, ~ —19.8 + 5 log h(L, ~ L + 1). At this limit
the morphological distinction between E’s and SO’s is rela-
tively clear, although we discuss below the level of mixing
between these two samples due to misclassification. To
Ig;, =220, a large fraction of the galaxies are
spectroscopic-confirmed members, and the photometric
precision is similar to that obtained by BLE. The faintest
sample is limited at I, < 23.0—or M, < —17.8 + 5 log
h—and enables us to investigate the possibility of a varia-
tion in the (Vs55 — Ig,4) scatter along the cluster C-M rela-
tion for the spheroidal (E and SO) population as a whole.

Finally, we compare the precision of the photometry
available from our HST images and the 4.2 m William
Herschel Telescope (WHT) (Smail 1993; Smail et al. 1994)
for C1 0016+ 16. At the faintest limit of our classifications,
Ig,4 = 23.0, the HST rms error on (V555 — Ig4) is 70% of
that obtained from the larger aperture WHT, despite good
conditions and longer integrations. This can be understood
in terms of the reduced sky background at longer wave-
lengths. Specifically, the Iy, sky is ~8 times fainter in
space, and this gain is equivalent to an effective aperture
increase of approximately a factor of 2.6 for background-
limited work. Thus the HST has significant photometric
advantages at faint limits quite apart from its superior
image quality.

2.6. Photometric Corrections

Before analyzing the C-M relations and the associated
UV-optical scatter, it is important to introduce two further
small corrections that must be made to the galaxy photo-
metry if we wish to combine the data across all three clus-
ters.

First, we have taken the interstellar reddening for our
three fields from the NED database.!! We find 45 = 0.08,
0.06, and 0.10 for Cl 0016+16, Cl 0054—27, and CI
0412 —65, respectively. As these effects are differentially
very small, we will apply corrections only to the (Vis5 —
I5,,4) colors using the conversion 6(Vsss — Ig14) = 0.36 Ap
and reducing all colors to those appropriate for Cl
0016 + 16. The corrections involved are small (< 0.007).

Second, a small correction must be made to allow for the
relative k-correction difference across the three clusters,
which have slightly different redshifts. This can be done
most simply by adopting a spectral energy distribution
(SED) and taking the derivative ok(Vsss — Ig14)/0z at the
mean cluster redshift z = 0.54. Adopting the SED of a
present-day giant elliptical with M, ~ —19.8 +5 log
hlIg.4 ~21 at z =0.54) (Aragon-Salamanca et al. 1993)
gives Ok(Vsss — Ig14)/0z = 1.8, and thus the differential
color shift is found to be <0.05 mag.

As the slope of the C-M relation is relatively constant
with redshift (see below), provided data are compared from

11 NED (the NASA/IPAC Extragalactic Database) is operated by the
Jet Propulsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration.
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one cluster to another at the same luminosity, the second-
order effect to the redshift correction arising from SED
variations with luminosity is very small. This was examined
by interpolating to the SED of a present-day Sab galaxy
(see techniques discussed in Couch et al. 1984), where we
found a negligible difference in the differential color term
(<0.01).

Combining both reddening and redshift effects, the color
corrections we have applied are —0.025 and 0.057 for Cl
0054 —27 and C1 0412 — 65, respectively.

2.7. Morphological Classification

A central issue to an application of the BLE technique at
z ~ 0.54 is the separation between disk and spheroidal gal-
axies from the HST images. In this section we describe our
classification methods and various tests conducted to test
the reliability of our results.

The morphological classifications for the various samples
in each of the three clusters were first determined indepen-
dently by three of us (A. D./W. J. C/R. S. E.) and subse-
quently combined into a single class according to a scheme
we have defined as part of the larger project to study the
evolution of galaxies in our cluster sample (S97). The images
were classified blind according to a list with no regard to
either the spectroscopic or color data. More extensive
details of the classification scheme and its precision are
given in our catalog paper (S97). Here we are primarily
concerned with the accurate selection of the spheroidal
population and the precision with which the E and SO sub-
classes can be identified to various depths. In our classi-
fications we use the term “E/S0” to describe an ambiguous
case, E or SO, rather than to classify actual transition cases
(in this we differ from the approach used in the Revised
Hubble scheme).

The suitability of ~3-6 orbit WFPC2 data (shallower
than that used here) for the morphological classification of
distant galaxies has been addressed by Glazebrook et al.
(1995) and Abraham et al. (1996a) by simulating the appear-
ance of z ~ 0.7 galaxies in the F814W band using nearby
CCD data. Those studies carefully take into account the
various detector and imaging point spread functions and, in
the case of Abraham et al. (1996b), accurately allow for
k-correction losses on a pixel-by-pixel basis using spectral
energy distributions assigned from multicolor data. Those
researchers found that misclassifications generally become
significant only beyond z ~ 1 and then mostly for interme-
diate and late-type spirals. The combination of the differen-
tial k correction between disk and bulge light and surface
brightness losses imply a shift to apparently later types.

In this study a key question is the reliability of isolating
the boundary between early-type spirals and SO’s as well as
the distinction between E’s and S0’s, which is troublesome
even at low redshift. One worry is that, even over a smaller
range in redshift for which the differential k-correction effect
is small, surface brightness losses may make certain early
spirals appear more bulge-dominated. That such effects are
unlikely to be significant is illustrated by Figure 2 (kindly
prepared by Roberto Abraham), which presents a mosaic of
representative present-day elliptical, SO, and Sa galaxies
taken from the catalog of Frei et al. (1996), simulated as
they would appear in the F814W band at z = 0.5 taking
into account all the various HST-specific factors discussed
above. Clearly, the majority of the diagnostic features used
to differentiate these systems locally remain clearly visible.
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Turning to the cluster images, Figure 3 illustrates both
the ease with which the classifications can be made to
various limits, as well as highlighting some difficult cases we
encountered. Where possible we have chosen spectro-
scopically confirmed members. A comparison of the mor-
phological classifications of the three classifiers is our
primary guide, since we wish the classifications to be strictly
independent of color and spectroscopic properties.

To Ig,, = 21.0 across all Hubble types, the morphologi-
cal types on a scheme of 10 classes (S97) are in unanimous
agreement for the three classifiers for 70% of the galaxies
and within + 1 type for all objects (S97). Most significant for
this study, 86% of the ellipticals and 60% of the SO’s to
Ig,4 = 21.0 were unanimously chosen as such by all three
classifiers. Examples of these objects are contained in the
top two rows of Figure 3. Note that, in calculating this
success rate, instances where one classifier indicated “ E/S0”
have been rejected. Together with Abraham’s simulations,
this suggests the morphological types to I5,, = 21.0 are as
good as those in the local clusters, in particular for discrimi-
nating between spheroidals and disk galaxies.

From Ig;, =21.0 to 23.0 the overall agreement across
the Hubble sequence worsens, as might be expected. Exam-
ples of these galaxies are shown in the third row of Figure 3.
Unanimous agreement among the three classifiers across all
types falls from 70% to 40%, with about 90% of the objects
being classed to within +1 type (previously 100%). Fortu-
nately, this does not impact significantly on the precision
with which ellipticals can be identified. Of the classed E’s,
70% were chosen definitely as such by all three classifiers.
However, only 25% of the SO’s were similarly identified.

The issue of misclassification of round E and SO galaxies
is dicussed in detail in S97, but we review it here briefly
owing to its importance for this analysis. Discriminating
between E and face-on SO galaxies has always been a
concern for morphological classification. A crude estimate
of the proportion of misclassified face-on S0’s can be made
from the observed ellipticity distribution of SO’s, under the
assumption that they can be simply modeled as randomly
projected thin disks. Such a model predicts a flat distribu-
tion of numbers of SO’s with ellipticity; when compared
with this, the observed fraction of S0’s provides an estimate
on the likely misclassification rate. Looking at the fraction
of SO’s with € < 0.3 we find 23% + 10% to Ig5,, = 23 in the
three clusters. Compared with the expected fraction of 33%
(S97), this indicates that we maybe misclassifying up to 10%
of the SO population. When combining all the data from our
three clusters (22 SO galaxies) this amounts to two or three
galaxies in total (compared with 60 or so ellipticals), and so
it is difficult to see how it might strongly affect our results.
We will incorporate this estimate into our analysis below, as
well as other possible sources of morphological contami-
nation.

Finally, in addition to the visual classification, we investi-
gated a more quantitative approach based on surface pho-
tometry profiles from the HST images. We considered that
this might be helpful in addressing the possibility that some
bulge-dominated systems with faint disks may be mis-
classified as ellipticals. We examined surface brightness pro-
files for 12 cases with Ig;, = 21.0-22.0 where there was
some disagreement between the morphological classifiers.
For five galaxies convincingly identified to be ellipticals on
the basis of profiles, four had been identified as such mor-
phologically by two of the three classifiers, but the third
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FiG. 2—The simulated appearance of representative local E, SO, and early-type spirals as they would appear when placed at a redshift z = 0.5 and
observed with WFPC2 using parameters equivalent to the “ MORPHS ” survey. NGC 5813, 4365, and 5322 are E’s, NGC 4526 is an SO, NGC 5377 and 3623
are Sa’s, and NGC 4594, 5701, and 3166 are SO/a’s. Classifications for these galaxies come from the Third Reference Catalog of Bright Galaxies (de
Vaucouleurs et al. 1991). The simulations were kindly performed by Roberto Abraham and take into account pixel-by-pixel k correction and surface
brightness effects with WFPC2-specific parameters as discussed by Abraham et al. (1996b).

disputing classifier led to our being cautious and assigning
E/SO in two cases. Only one profile-classed elliptical was
thought morphologically to be an SO. Likewise, two disk
galaxies identified from profiles had been assigned E/SO on
the basis of the morphologies suggesting a similar effect.
For the remaining five cases where there was disagreement
between the morphologists, the profile data was inconclu-
sive. The results suggest that while there is no major dis-
crepancy between the two approaches to classification, the
surface brightness profiles are not particularly helpful in
deciding in cases of difficulty.

In summary therefore, the morphological selection of
spheroidal galaxies appears reliable to the limit of our
sample. However, the distinction between E and SO
becomes somewhat uncertain fainter than I4,, = 21.0-22.0
and may result in up to 10% of our SO’s being misclassified
as E.

3. ANALYSIS

3.1. Estimating the Field Contamination

It is important at this stage to consider the possibility of
contamination of the cluster data from field galaxies, espe-

cially any that might be morphologically early-type gal-
axies. First we discuss the limited spectroscopic data that is
available for our clusters.

C1 0016 + 16 has been studied by Dressler & Gunn (1992)
and also, more recently, by the CNOC group (Carlberg et
al. 1996), who have kindly made their results available to
the authors (R. G. Abraham 1996, private communication).
Excluding stars, the original Dressler & Gunn spectroscopy
provides redshifts for 31 galaxies in the WFPC2 field, of
which seven are nonmembers. The CNOC group observed
14 galaxies in the same area, of which eight have redshifts in
close agreement with Dressler & Gunn; six are new red-
shifts, and all are cluster members. Examining the seven
nonmembers, the redshifts cover a wide range, and none are
morphologically spheroidal galaxies. The foreground group
at z = 0.30 suggested by Ellis et al. (1985) on the basis of
their SED fitting does not feature as prominently as those
authors had suggested. Only three galaxies have redshifts
associated with this structure.

In Cl 0412—65, spectra are available for our new study
(Dressler et al. 1997b) for four new members and a further
four nonmembers. In addition, spectra exist for 13 more
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Fi1G. 3—A mosaic of F814W images and morphological classifications for representative spheroidal galaxies in our three clusters. The top two rows
indicate galaxies in the bright sample I3, < 21.0, with the subclass indicated according to a scheme E:E/S0:S0 (see text). The third row indicates objects
classed as elliptical to the fainter limit 21.0 < I3,, < 23.0. The bottom row shows spheroidal galaxies for which there is some disagreement among the
classifiers (see text for details). The individual images are 10” x 10", roughly equivalent to 40 h~! x 40 h~* kpc at the distance of our clusters.

galaxies from the recent study of Bower et al. (1997), of
which five are nonmembers. Among the nine spectro-
scopically confirmed field galaxies, none were classed as
spheroidals, and thus no correction for contamination can
be made on this basis. For Cl 0054 —27, spectroscopy is
published for only the two brightest members (Couch et al.
1985), and we supplement this with new data on a further 10
members and four nonmembers from Dressler et al. (1997b).
Again there were no field spheroidals identified.

Overall, the spectroscopic coverage is sufficiently poor,
that field contamination must therefore be evaluated sta-
tistically. Glazebrook et al. (1995) and Abraham et al
(1996Db) present the morphologically dependent counts from
the HST Medium Deep Survey (MDS), and as one of us
(R. S. E.) was involved in the classification of that sample, it
is well suited for estimating the number of field E/S0’s in
each cluster field, as well as their color distribution. As the
MDS data has been classed only to Iz, = 22.0, we have
also taken the deeper classifications of Driver et al. (1995),
as well as counts from the Hubble Deep Field (Abraham et
al. 1996a). These data indicate that we can expect at most
approximately five to seven field E/SO’s per cluster image to
I3, =23.0 whose colors mostly lie in the range 1 <
(Vsss — Ig14) < 2. The uncertainty in subtracting the field
color distribution is sufficiently great that we prefer to use
this number to give an indication of the number of discrep-
ant points that it might be reasonable to consider elimi-
nating in estimating the scatter on the colors.

In some samples, prior to obtaining the fits, we have
eliminated a very small number (3%—8%) of galaxies with

highly anomalous (Vs55 — I5;4) colors, but in all cases the
number so deleted lies within the estimates of field contami-
nation. The bluest and faintest (I3,, > 22) of these are gen-
erally quite compact and may in fact be field H 11 galaxies,
rather than spheroidals. Obviously without spectroscopy of
the Ig,, > 22 galaxies we cannot prove these anomalous
objects are all field galaxies, and thus it is certainly conceiv-
able that there exist some faint spheroidal galaxies that are
cluster members with anomalous colors. Although retaining
these would increase the scatter in our faintest sample com-
pared with the numbers we discuss below, their inclusion
would produce an extended tail to the color distribution
around a narrow core (as expected for field contaminants),
and, thus, as we seek a statistical result, the uncertain iden-
tity of these objects does not seriously affect our main con-
clusions.

3.2. UV-optical Color-Magnitude Relations

Figure 4 shows the color-magnitude relations for each of
the three clusters with different symbols for the important
morphological types. The best fit to the total spheroidal
population is drawn, as well as that derived by BLE for
their Coma E/SO sample shifted to z = 0.54 using the local
giant elliptical SED adopted earlier (see below for further
discussion).

In fitting the color-magnitude relation we have, with the
assistance of Richard Bower, been able to use the same
algorithm used by BLE in their analysis of the local Coma
and Virgo samples. The fit parameters (4 = intercept at
Ig,, =21, B =slope) and the quality in terms of the rms
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F1G. 4—The (V55 — Ig14)—Ig,4 color-magnitude diagrams for the three clusters after transforming them to the Cl 0016+ 16 observed frame: (a) Cl
0016 + 16, (b) C1 0054 —27, and (c) C1 0412 —65. E’s are indicated by filled circles, SO’s by triangles, and E/S0’s by squares. Those spheroidals and compact
objects known to be field galaxies or discounted from the analysis are indicated by open circles. We overplot the best linear fits (Table 2) to the
color-magnitude relation of the spheroids (E, E/SO, and S0), and the dashed line represents the local BLE relationship as it would appear at z = 0.54 in the

absence of any color evolution.

residual for the various samples are given in Table 2. The
intercept is evaluated at Ig,, = 21 to simplify comparisons
for samples with different slopes. Assuming a Gaussian dis-
tribution for the residuals around the fit, we expect fraction-
al errors in the quoted rms of 15%, 10%, and 7% for sample
sizes of 20, 50, and 100 galaxies, respectively.

Looking at the various fits, it can be seen that the slope of
the color-magnitude relation is relatively poorly con-
strained given the narrow apparent magnitude range avail-
able. It is consequently difficult to address the question of

whether the three clusters are consistently drawn from a
population with a single slope. The different richnesses of
the three clusters is a further restriction in our analysis. Cl
0016+ 16 contains more spheroidals than the other two
clusters combined and thus dominates the statistics.
However, when we combine the samples for all three clus-
ters, correcting only for differential redshift and reddening
effects discussed in § 3.1, we find that the overall slope for
the deepest sample of 141 morphologically classed spher-
oidals (E, E/SO, and SO) to Ig,, = 23.0 is quite well con-
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F1G. 5—a) The distribution of (V555 — Ig,,) color residuals for spheroids (E, E/S0, and S0) in the combined cluster sample to I5,, = 23.0 after removing
the mean color magnitude slope (see text for details). Light shaded objects refer to those eliminated in the fits. (b) The similar distribution for elliptical galaxies
(E only) from all three clusters to a limit of Iy, , = 22.0. This has been corrected for the mean color magnitude slope (see text for details). (c) The distribution of
(V555 — Ig,4) color residuals for all the SO galaxies brighter than Iy, , = 22.0 in the combined cluster sample, after correcting for the mean color magnitude

slope.

strained (—0.070 + 0.009). This value is not significantly
changed by restricting the fit to the 93 galaxies to I, =
22.0. Ignoring the very small mismatch between (Viss —
I5,,) and rest frame (U — V) so far as the slope of the rela-
tion is concerned, the BLE fit to the Coma data to the same
luminosity limit yields a color-magnitude slope of
—0.082 + 0.008, i.e., agreement to within ~ 1 6. We thus see
little evidence evolution in the slope of the UV-optical

color-magnitude relation for spheroidal galaxies out to
z = 0.54, in line with expectations if metallicity differences,
rather than age, is the prime cause of color differences in
these distant cluster spheroids (Kodama & Arimoto 1997).
If we adopt the slope observed for the combined sample
and fit the individual clusters to determine the variation in
their intercepts, we find the values listed in Table 2. These
show a mean color of (V555 — Ig;4) = 2.31 + 0.05. Correct-
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TABLE 2
COLOR-MAGNITUDE RESULTS

Cluster Sample Iim, N A(lg,, = 21) B rms
Cl0016+16...... E+S0 <23 91 2.363 (11) —0.0673 (99) 0.092
<22 57 2.361 (10) —0.0677 (144) 0.076

<21 29 2.339 (18) —0.0941 (220) 0.063

<23 91 2.364 —0.0695 0.092

E <23 48 2.368 (12) —0.0605 (126)  0.082

<2 3 2355 (13) —0.0857 (167)  0.074

<21 19 2.338 (23) —0.0981 (248) 0.059

S0 <23 15 2358 (22)  —0.0549 (263)  0.080

Cl0054—27...... E+S0 <23 30 2.270 (18) —0.0898 (148) 0.091
<2 21 2252(21)  —0.1184(238)  0.081

<23 30 2.265 —0.0695 0.096

Cl0412—65...... E+S0 <23 20 2.289 (31) —0.0906 (287) 0.131
<23 20 2.290 —0.0695 0.137

All.ooooi E+S0 <23 141 2333(10)  —00695(86)  0.108
<22 93 2.337 (10) —0.0614 (124) 0.091

<21 54 2.342 (18) —0.0571 (196) 0.081

E <23 65 2.357 (10) —0.0618 (99) 0.082

<22 48 2.350 (12) —0.0708 (137) 0.076

<21 27 2.347 (21) —0.0748 (197) 0.058

S0 <23 2 2354 (17)  —00558 (214)  0.076

<2 19 2357 (23)  —0.0468 (366)  0.073

ing for the scatter between the clusters expected from our
calibration errors (+0.04), this would indicate a dispersion
between the mean colors in the three clusters of <0.03,
compared with the intrinsic scatter within each cluster,
+0.07 (see below). We conclude that the differences
between the mean colors of the spheroidal populations in
these three clusters are certainly no larger than the internal
scatter within the clusters.

The absolute comparison of the present-day color-
magnitude relation in the context of the HST data requires
a careful treatment of the mismatch between (Vsss — Igq4)
and rest frame (U —V) and relies on our absolute photo-
metric calibration of WFPC2 discussed above. To make
predictions, we have used the differential color matching
techniques explained in detail by Aragon-Salamanca et al.
(1993), and the results are shown on Figures 4a and 4b. The
predicted color-magnitude relations indicate an I¢,, = 21.0
galaxy in Cl 0016+ 16 would have a color of (Vis5 —
Ig,4) = 2.6873:3% (where the error includes a contribution
for the range in absolute luminosity in different
cosmologies). The mean color observed for our clusters
would thus imply A(Vsss — Ig14) = —0.37 £ 0.06 from
z = 0-0.54. While early studies indicated little evolution in
the colors of bright elliptical galaxies out to z ~ 0.2-0.5
(e.g., Wilkinson & Oke 1978; Kristian, Sandage, & West-
phal 1978), more recent work has reversed this conclusion.
In particular, our estimate is in reasonable agreement with
the precision measurement of Aragén-Salamanca et al.
(1993) for C1 0016+ 16 and Cl 0054 —27 (and the previous
results of Ellis et al. 1985 and Couch et al. 1985 for these
clusters), who find A(V—1I)= —0.29 + 0.06. The bluing
trend observed for our data out to z = 0.54 is thus compat-
ible with these estimates, which have been interpreted as
supporting a high redshift for the formation of the bulk of
the stars in luminous cluster ellipticals (Aragon-Salamanca
et al. 1993).

Any detailed interpretation of the rest-frame UV-optical
color-magnitude relation at high redshift will unfortunately
be affected by the uncertain contribution of hot stars in later
stage of stellar evolution. Recent models (Yi 1996) suggest a
greater contribution to the U-band light from such phases
than assumed by BLE on the basis of Bruzual’s (1983)
models. Although it seems clear that post-main-sequence
stars produce the enhanced far-UV flux seen in local ellip-
ticals (Demarque & Pinsonneault 1988; Dorman, Rood, &
O’Connell 1993), quantifying the effect depends on poorly
understood parameters, including the composition and
mass loss on the red giant branch (Yi 1996). The important
point to note here is that the observed scatter around the
C-M sequence, which is the principal measurement of inter-
est here, should be an upper limit to that arising from main
sequence stars.

3.3. UV-optical Scatter and Morphological Variations

We now turn to the prime motivation for the analysis,
namely, constraining the scatter about the best-fit relation-
ship both internally within each cluster and for the com-
bined sample after small corrections for differential
reddening and redshift effects. As before, we have chosen to
follow BLE’s prescription as precisely as possible. Table 2
summarizes the various rms values as a function of cluster,
limiting magnitude, and morphological class.

Only in CI 0016+16 is the sample large enough to
attempt to measure the scatter for the E and SO classes
separately. Regardless of sample definition, the tightness of
the C-M relation is remarkably small (<0.09 mag, Fig. 5).
There is also no evidence that the scatter for SO’s is larger
than that for those classed as E’s. The intrinsic scatter in our
sample can be obtained by subtracting the median photo-
metric errors assessed earlier as a function of apparent mag-
nitude in quadrature from the rms values measured to
Ig.4 =210, 220, 23.0 (Table 2). This indicates the intrinsic
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scatter is ~0.06 + 0.01 mag uniformly along the C-M
sequence. Of the other two clusters, the scatter in the E+ S0
sample for Cl 0054 —27 is comparable with that observed in
C1 0016+ 16, while that in Cl 0412 — 65 appears somewhat
larger. A bootstrap estimate of the error in the Cl 0412 — 65
measurement indicates an rms of 0.131 + 0.027 mag, so the
evidence for a larger scatter is marginal at best.

Having confirmed in the previous section that the scatter
between the clusters is smaller than their internal disper-
sion, we next combine the data from the three clusters. The
enlarged sample enables us to address possible morphologi-
cal differences more carefully. As in Cl 0016+ 16, the SO
population presents a similar C-M relation and scatter to
that observed for the ellipticals. In an attempt to circumvent
the problems with the misclassification of face-on S0’s dis-
cussed above, we also compare the scatter for those E’s and
S0’s with ellipticities above € = 0.3, where again we find that
both samples show comparable scatter, ~0.07 mag.
Although the fraction of morphologically classified SO’s is
small overall (a point we will return to later), there is no
convincing evidence for a broadening of their UV colors as
might be expected if a substantial fraction had been trans-
formed from spirals via environmental processes involving
recent star formation.

In summary, the scatter of the rest-frame UV-optical
C-M relation for morphologically confirmed spheroidal
galaxies at z = 0.54 is small. To the same luminosity limit
that BLE used in their analysis of the Virgo and Coma
clusters, the combined intrinsic scatter for E + SO’s across all
three clusters is <0.07 mag (Fig. 5), compared with <0.035
locally (BLE), and the internal scatter in each cluster is
comparable. There is no evidence of a systematic increase in
the scatter when less luminous galaxies are included (to
M, = —17.8 + 5 log h) or between the E and SO morpho-
logical samples, also in agreement with the analysis of local
clusters (Sandage & Visvanathan 1978; BLE).

Finally, we have also looked for evolution of the colors
within the spheroidal galaxies in these clusters. To do this
we compare the color within our 0.7” radius aperture with
that measured in an annulus between 0.7"-1.5" radius (<11
h~! kpc). Taking the 51 elliptical galaxies lying on the C-M
sequences in the clusters and for which we have good pho-
tometry (median Ig,, = 21.1), we obtain a median offset
between the outer and inner regions of d(s5s5 — Ig;4) =
—0.082 + 0.037, where the error is a bootstrap estimate of
the variance of the median. For the average profile of our
ellipticals, these annuli correspond to luminosity-weighted
radii of 0.18” and 0.96", respectively. We therefore observe a
color gradient of (V555 — Ig;4)/d(log r) = —0.11 £+ 0.05
per dex in these distant galaxies. The color gradients
observed in local spheroidal galaxies are on the order of
—0.20 £ 0.02 in (U—R) and —0.09 +0.02 in (B—R)
(Peletier et al. 1990; Sandage & Visvanathan 1978). Con-
verting these to (U—V) gives o(U—V)/o(log r) =
—0.16 4+ 0.03, close to the value we obtain at z = 0.54. This
indicates that there also has been little relative color evolu-
tion within these galaxies since z ~ 0.5, as expected if these
galaxies were all formed at high redshift.

4. STAR FORMATION HISTORY OF CLUSTER SPHEROIDALS

The tight scatter o(Vs55s — I5;4) we have found not only
internally in our three clusters but also across the entire
sample provides a significant new constraint on the history
of star formation in rich cluster galaxies. Returning to the
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analysis of BLE and considering the close match between
(Vsss — Ig14) and (U—V) we can, to good precision, apply
their original formula based on rest-frame 6(U — V):
diU—
sw—v) =D gy 1y <o,

where d(U—V)/dt is well understood and governed solely
by main-sequence lifetimes once the initial mass function is
specified, tg and t; are, respectively, the cosmic age at the
time of the observations and the look-back time from then
to the epoch at which star formation in a single burst ended.
B is a factor of order unity if the star formation history is
uniformly distributed across the interval between the big
bang and t;. Values of f significantly less than unity imply
smaller ages for a given o, but only at the expense of syn-
chronizing star formation across the sample within the
characteristic collapse timescale, t; — t; at a look-back
time of t.

At low redshift, BLE grappled with separating f and tg
and concluded by offering a joint constraint (Fig. 5 of BLE).
Assuming o < 0.05 at z ~ 0, they placed the epoch of star
formation as long ago as 13 Gyr for f = 1 but concluded
lower ages of 6—10 Gyr were allowed in the case where the
spheroidals in Coma and Virgo had a more synchronized
star formation history corresponding to f = 0.1-0.3.

Whenever comparing ages derived from main-sequence
lifetimes with cosmological timescales, the question of the
value of the Hubble constant necessarily arises. For the
purposes of the discussion presented below we will therefore
adopt h = 0.5 and note that using a larger value for h will
tend to increase the redshift limits we derive, although a
high enough value (e.g., h=1) will lead to a conflict
between the age of the universe and the stellar lifetimes in
standard cosmologies.

The most straightforward application of the BLE method
is to assume the scatter arises from the random formation of
spheroids within a 1 Gyr period that ended at t;. The
observed scatter of <0.07 mag gives a minimum age of
tr ~ 5 Gyr when viewed from a redshift of 0.54, irrespective
of other assumptions. A more elaborate treatment invoking
f =1 but based on a 1 Gyr burst in a cosmology with
ty = 15 Gyr, as assumed by BLE (h = 0.5), gives a similar
minimum age of 6 Gyr (Fig. 6). As discussed in detail by
BLE, as the rate of change of (U — V) with time is governed
primarily by the rate at which the main-sequence turnoff
evolves redward, such ages depend only weakly on the slope
of the initial mass function and on metallicity (Iben &
Renzini 1984).

At high redshift, the “f problem” is less important for
two reasons. First, we have witnessed that across three clus-
ters there is no convincing evidence that the cluster-cluster
scatter is significantly larger than that observed internally.
Yet, it would certainly appear that the three clusters are
rather different in their evolutionary histories, e.g., Cl
0016+ 16 is much more massive, richer, and X-ray lumi-
nous than CI 0412 —65. It would be difficult to argue that
the rate of star formation in the respective cluster galaxies
could evolve at the same rate unless either spheroidal gal-
axies evolve as closed boxes with no interference from their
local environment or the epoch of star formation was quite
along time earlier.

Second, if the primary goal is to establish whether spher-
oidal galaxies formed in a single burst at high redshift, the
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F1G. 6—The solid line shows the rate of change of galaxy color as a
function of time since the formation epoch ¢t after a single burst of star
formation of duration 1 Gyr. Assuming the observations refer to a cosmic
age t, associated with z = 0.54, the observed scatter in colors, o, places an
upper limit on the allowed rate of color evolution according to the cri-
terion 6(U — V)/dt < o/P(ty — tg), where f is a factor that allows any syn-
chronization in the formation history (see text). The dotted lines indicate
minimum ages at the time of observation for various values of 8.

compression of look-back time at high redshift means that
uncertainties are far less troublesome when interpreting the
UV-optical scatter at z =0.54 as compared with that
viewed by BLE at z = 0. For example, in a cosmology with
h=0.7Q,=005 an age of >6 Gyr at z=0.54
(corresponding to f = 1) implies major star formation must
have occurred before z, ~ 3 when the age of the universe
was only ~3 Gyr old. For Q, = 1, elliptical galaxies join
the age dilemma associated with globular clusters unless H,,
is significantly lower. The important point here is not the
precise era of formation but simply that any f larger than
0.3 implies cluster spheroidals formed most of their stars
well before a redshift of 3. Indeed, this era can be brought
below z ~ 3 only if the formation is unreasonably synchro-
nized (f ~ 0.1) or by invoking a world model with a domi-
nant cosmological constant (2, ~ 0.8).

It is tempting to consider combining the BLE and present
data into a statement about the considerable age of all
cluster spheroidals. Certainly, BLE’s estimates on the
residual star formation allowed for Virgo and Coma were
upper limits entirely consistent with the new constraints
found here. However, as Kauffmann (1996) has argued, by
selecting the richest clusters at a given redshift for study, we
are unlikely to be observing the precursors of present-day
clusters. Likewise, Franx & van Dokkum (1996) have
warned of the selection effects that might operate if ellip-
ticals are identified in ways that guarantee they are at least
2-3 Gyr old at any redshift. It is certainly possible that the
luminous ellipticals in Coma and Virgo are somewhat
younger than those studied here, and we cannot exclude the
possibility that more luminous ellipticals will form in, say,
Cl 0016+ 16 subsequent to the time of our observation.
However, the latter does seem unlikely given that the ellip-
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tical fraction is already very much higher than in many local
clusters. The most robust statement we can make from the
present study is that the stars that form the dominant pro-
portion of the red light in three z ~ 0.54 clusters formed
before z ~ 3.

We have also shown that the differences in the mean
colors of the spheroidal galaxies in the three clusters are
smaller than the intrinsic dispersion within any one cluster
(50.03 vs. <$0.07). The relatively wide range in cluster
masses for our sample would then indicate that spheroidal
galaxies in rich clusters were all formed within a relatively
short period of time. However, there is expected to be some
scatter between the collapse times of the structures in which
the ellipticals formed, at a fixed mass, depending on the final
mass of the structure in which they are forming. The small
cluster-to-cluster scatter would indicate that the environ-
mental variation in the mean collapse times is smaller than
the intrinsic dispersion in collapse times for halos, which
will all form similar luminosity galaxies.

Two important questions emerge from the above dis-
cussion. First, to what extent can we generalize the conclu-
sion concerning the bulk of the starlight in these three
clusters to the majority of rich clusters? It certainly seems
reasonable to consider that our conclusions might apply to
those galaxies that form the “red envelope” in the larger
sample of 10 clusters tracked by Aragon-Salamanca et al.
(1993) to z ~ 0.9. Although those authors did not have
access to morphological data, the scatter in the (V' —K)
color of the red envelope from cluster to cluster at a given
redshift is similarly small, and the photometric color evolu-
tion, when interpreted in the framework of Bruzual’s (1983)
models, indicates a high redshift of star formation. To gen-
eralize our result, however, we would need to address the
selection criteria for the clusters themselves, as well as the
volume density of red starlight so located compared with
the present-day value. As none of the clusters in the present
data set, or in Aragon-Salamanca et al’s study, were found
using well-defined search criteria, it is not possible to make
further progress.

The second question is, To what extent we can quantify
the proportion of present-day spheroidals that have the
properties we have assigned to the sample seen at z = 0.54?
This is crucial to understand when one considers recent
attempts to track the fundamental plane to moderate red-
shifts (van Dokkum & Franx 1996; Barger et al. 1997).
Although related to the first question in the sense that any
evolution of the morphological content of clusters with red-
shift cannot be detached from understanding how the clus-
ters themselves were selected, we immediately note from
Table 2 that the E:S0 ratio in our high redshift clusters is
far higher than that observed in present-day clusters like
Coma and Virgo. Thus, although we find no evidence that
those few (predominantly luminous) SO’s formed their stars
any later than the more dominant ellipticals, clearly the
mixture has evolved since z = 0.54 in the sense that points
to continued production of S0’s. This point is discussed
more fully in the context of the evolution of the
morphology-density relation in the sample discussed by
Dressler et al. (1997a).

If our results are typical of high redshift clusters, as seems
reasonable given earlier work, what can we expect to see
during the primeval star-forming phase? Traditionally, such
systems were thought to be spectacularly luminous, placing
them well within the range of faint optical redshift surveys
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(Tinsley 1977). The absence of a bimodal redshift distribu-
tion at faint limits (Lilly et al. 1995; Cowie et al. 1996)
makes this picture difficult to support unless the redshift of
formation is very high. A more likely explanation is the
hierarchical merging picture elucidated by Baugh et al.
(1997) and Kauffmann (1996). In this picture, a rapid era of
star formation at z > 3—4 involves subunits of lower intrin-
sic luminosity that subsequently merge and assemble the
galaxies seen at z = 0.54. Kauffmann claims the merging
history can be made consistent with our measured (V55 —
I, ,) scatter if it occurs primarily before a redshift z ~ 2 (cf.
her Fig. 3); at such an early epoch it would appear to be
somewhat semantic whether a halo collapse is described as
a merger or not.

In recent months, the first glimpse of a possibly normal
galaxy population at redshifts z > 3 has emerged via
Lyman limit selected samples in the Hubble Deep Field
(van den Bergh et al. 1996; Clements & Couch 1996;
Giavalisco, Steidel, & Macchetto 1996; Steidel et al. 1996b)
and in other faint fields (Steidel et al. 1996a). The redshifts of
many of these objects have now been confirmed spectro-
scopically. Morphologically they are found to be small
objects; many are multiple, and all are blue and undergoing
moderate star-formation.

It is tempting to interpret these high redshift systems as
ancestors of the spheroidal population. Crucial to this inter-
pretation however, is an estimate of the mass associated
with the z ~ 3 objects, as well as an estimate of their volume
density in the context of the present-day population. At this
stage, neither connection can be convincingly established.
However, we would note that the principle conclusion of
our study is that the main star formation era for cluster
spheroidals occurred before z ~ 3, ie., possibly in the
regime of the Lyman limit samples, and that these are most
likely the oldest galaxies of all. The connection with the
Lyman limit samples is therefore certainly suggestive when
one considers the rarity of the population observed beyond
z~3

5. CONCLUSIONS

We have analyzed the photometric properties of a large
sample of morphologically selected spheroidal galaxies in
three clusters of mean redshift z = 0.54 and shown how it is
possible to derive constraints on the nature of the universe
beyond z ~ 3 from precision studies at more modest red-
shifts. We can summarize our main conclusions as follows:

1. We demonstrate, through simulations and other tests,
that we can easily differentiate between spheroidal galaxies
and disk systems to at least I3, = 22.0 in WFPC2 images
of a few orbits’ duration.
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2. We find that the rest-frame UV-optical color-
luminosity relation has approximately the same slope at
z=0.54 as it does locally with only a modest bluing,
A ~ —0.3 mag, consistent with evolution inferred from
earlier ground-based studies.

3. The scatter in the rest-frame UV-optical color-
luminosity relation at z = 0.54 is found to be <0.1 mag rms
to Ig4, =230 with no evidence of any luminosity-
dependent scatter down to absolute magnitudes of M, =
—17.8 4+ 5 log h. In the combined samples, there is no evi-
dence that the SO population has a greater scatter than the
more numerous ellipticals, a similar result to that found
locally (Sandage & Visvanathan 1978; BLE).

4. Significantly, the external scatter in the color-
luminosity relation between the three clusters is smaller
than the internal scatter within each cluster. Given the rela-
tively large range in cluster properties within our sample,
this would imply that the formation epoch for the stellar
populations in the cluster spheroids is fairly insensitive to
the cluster properties.

5. In the context of the earlier work of Bower et al.
(1992), we can understand the tight scatter in rest-frame
UV-optical colors only if the bulk of the star formation in
the dominant spheroidal cluster galaxies occurred about
5—6 Gyr earlier than the era at which they are observed. In
conventional cosmologies without a dominant A term, this
implies a redshift z; > 3 for h = 0.5. This high redshift is
consistent with the modest bluing of their stellar popu-
lations we observe between z = 0 and z = 0.54.

6. Although our result does not preclude the continued
formation of spheroidal galaxies in clusters or in the field at
lower redshift, within the context of hierarchical models, an
important implication of our result should be the detection
of a population of star-forming subunits with z > 3, as
recently verified with Keck spectroscopy.
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