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HST Photometry and Keck Spectroscopy of
the Rich Cluster MS 1054–03 atz = 0:83

ABSTRACT

We present a photometric and spectroscopic study of the galaxy population of
the rich X-ray cluster MS 1054−03 at z = 0:83. We obtained a large mosaic
of HST WFPC2 images in two filters of this cluster. The Keck telescope was
used to measure redshifts for 186 galaxies in the MS 1054−03 field. We present
redshifts, morphologies, and accurate colors of 81 spectroscopically confirmed
cluster members within the HST mosaic. We study the color-magnitude (CM)
relation in MS 1054−03 as a function of morphology. The early-type galax-
ies in MS 1054−03 follow a remarkably tight and well defined relation, with
observed scatter 0:032� 0:011 in restframeU − B. The slope and scatter of
the relation are very similar to those of the nearby Coma cluster. There is no
significant dependence of the CM relation on radius in the cluster, although
the data are consistent with the trend observed in the colors of S0 galaxies in
the cluster CL 1358+62 atz = 0:33. Early-type galaxies constitute only 44 %
of the galaxy population. The remainder consists of spirals (39 %) and merg-
ers (17 %). These last two classes have a larger scatter in their colors than the
early-type galaxies, and are bluer on average. Using simple prescriptions for the
star formation histories of the galaxies we evolve the CM relation atz = 0:83
forward in time. Assuming mergers evolve into early-types we find that the
colors of local counterparts of the mergers are indistinguishable from other lu-
minous cluster early-types. The evolution of the spirals is difficult to predict
because they are still forming stars atz = 0:83. The low fraction of early-types
in MS 1054−03 and the presence of mergers demonstrate that morphological
evolution should be taken into account in models for the evolution of the scatter
in the CM relation. A generic model with continuous formation of early-type
galaxies between 0< z < 2 by truncation of star formation in their progenitors
provides a good fit to the observed scatter at 0< z < 1, provided that galaxies
are classified as early-types 1 Gyr after their star formation ceases.
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7.1 Introduction

There is good observational evidence for evolution in the galaxy population of rich clusters.
Examples are the Butcher-Oemler effect (Butcher & Oemler 1978, 1984), the large number
of star forming and post starburst galaxies in intermediate redshift clusters (e.g., Dressler &
Gunn 1983, Couch & Sharples 1987, Barger et al. 1996, Fisher et al. 1998, Poggianti et al.
1999), and the enhanced spiral fraction in clusters atz� 0:5 (Dressler et al. 1997).

Studies of the redshift evolution of the color-magnitude (CM) relation (Ellis et al. 1997;
van Dokkum et al. 1998a; Stanford et al. 1998) and the Fundamental Plane (van Dokkum et
al. 1998b) seem to be at odds with these results. The scatter and zeropoint of these relations
provide constraints on the star formation epoch of galaxies (e.g., Bower, Lucey, & Ellis 1992
[hereafter BLE92], van Dokkum et al. 1998a). The scatter in the CM relation of early-type
galaxies is very low, even in clusters atz > 0:5 (Ellis et al. 1997, Stanford et al. 1998). These
results indicate an early and brief star formation epoch of early-type galaxies (e.g., Stanford
et al. 1998). Similarly, the slow evolution of the zeropoint and slope of the CM relation
(Stanford et al. 1995, 1998; Kodama et al. 1998) and the zeropoint of the Fundamental Plane
(van Dokkum & Franx 1996, Kelson et al. 1997, Bender et al. 1998, van Dokkum et al.
1998b) suggest high formation redshifts of early-type galaxies. van Dokkum et al. (1998b)
find that the luminosity weighted formation redshift of the stars in massive early-type galaxies
zform > 2:8, for q0 = 0:15 and a Salpeter IMF.

Because early-type galaxies dominate the galaxy population of local rich clusters
(Dressler 1980) it seems hard to resolve this apparent conflict. However, as pointed out
by, e.g., Franx & van Dokkum (1996) studies of early-type galaxies in high redshift clusters
may suffer from selection effects. In particular, if early-type galaxies were formed in mergers
or experienced star bursts samples of early-type galaxies at high redshift are special subsets
of samples of low redshift early-types. In that case studies of the CM relation or the Fun-
damental Plane at high redshift are biased towards the progenitors of the oldest present-day
early-types.

The importance of such biases can be quantified with large samples of spectroscopically
confirmed galaxies in high redshift clusters. As an example, if mergers occur frequently at
high redshift a fraction of the galaxy population is expected to be involved in these merg-
ers. Mergers may take only a short time (e.g., Barnes 1998); therefore, large samples are
required to determine the relevance of this process. Spectroscopic confirmation is crucial,
because the field contamination among non-early-types is large and uncertain. In the absence
of spectroscopy a field correction needs to be applied to determine the merger fraction in
clusters. This field correction requires subtraction of a large uncertain number from another
large number (see, e.g., Barger et al. 1996).

In van Dokkum et al. (1998a) we studied morphologies and the CM relation of a sample of
194 spectroscopically confirmed galaxies in the cluster CL 1358+62 atz = 0:33. A population
of mildly blue S0s was found in the outskirts of the cluster. It was inferred that these galaxies
had likely been accreted from the field and had thereafter stopped forming stars. The mildly
blue S0s in CL 1358+62 are of low luminosity; massive cluster galaxies formed apparently
formed atz > 0:3.

Recently it has become possible to study cluster galaxies out toz � 1 (e.g., Lubin et al.
1998, Postman et al. 1998). Here, we present a large area survey with the W. M. Keck Tele-
scope and the Hubble Space Telescope (HST) of the cluster MS 1054−03 atz = 0:83. The
most striking result of our survey is the discovery of a large number of luminous mergers.
Properties of the mergers and implications of their existence are discussed in van Dokkum
et al. (1999). In this paper, we present redshifts, morphologies, and accurate colors of all
81 spectroscopically confirmed cluster members within the 60� 40 HST field. The num-
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ber of confirmed cluster galaxies observed with HST is second only to that of the cluster
CL 1358+62 atz = 0:33 (van Dokkum et al. 1998a). Furthermore, we present the color-
magnitude relation of this high redsfhift cluster and quantify the effects of morphological
evolution on the observed scatter in the CM relation. We will assumeH0 = 50 km s−1 Mpc−1

andq0 = 0:15.

7.2 Data

7.2.1 Spectroscopy

We have conducted a spectroscopic survey of the MS 1054−03 field, using the LRIS spectro-
graph (Oke et al. 1995) on the 10 m W. M. Keck II Telescope. The main purpose of the survey
was to measure redshifts for anI magnitude limited sample. In addition to the redshifts we
have determined spectral types of the galaxies.

Sample Selection and Observations

Targets for the spectroscopy were selected from a photometric catalog of objects in the
MS 1054−03 field. The catalog was created from a 900 s KeckI-band image of the clus-
ter, centered on the Brightest Cluster Galaxy (BCG), and spanning 50�70. The seeing in the
image is 1:000. Objects were detected with FOCAS (Valdes et al. 1995).I band magnitudes
were measured in a 300 diameter aperture. The resulting catalog contains 412 objects with
20:0< I < 22:7. These objects were selected as potential targets for the spectroscopy. The
magnitude of the BCG isI = 20:2.

Six slitmasks were designed, with� 40 slitlets each. Objects with 20:0< I < 22:2 were
given the highest priority. Objects located outside the boundaries of our HST mosaic (see
Sect. 7.2.2) were given low priority irrespective of their magnitude. The positions and posi-
tion angles of the masks were chosen to maximize the total number of slitlets within the HST
mosaic.

The MS 1054−03 field was observed 1998 February 28 and March 1. All six slitmasks
were exposed, using the 400 lines mm−1 grating blazed at 8500 Å, and 1:002 wide slits. Five
masks were exposed for 2�20 minutes, and one mask for 20 minutes. The seeing was� 0:008
during the observations, and conditions were photometric. The instrumental resolution, as
measured from sky lines, is� 7 Å FWHM at 7500 Å. The wavelength coverage depends on
the position of the slitlet in the multislit mask, but is typically 5700 – 9500 Å. The [OII ]
3727 Å doublet and the 4000 Å break redshifted toz = 0:83 are covered in all slitlets.

Reduction

The reduction involved bias subtraction, flatfielding, removal of cosmic rays, rectification,
and sky subtraction. Critical steps in the reduction process were flatfielding and cosmic
ray removal. Flatfielding is difficult because the Tektronix CCD has severe fringing at��>
7500 Å. The fringes have phases� � 20 Å, and amplitudes to� 8 %. The signal-to-noise in
the sky subtracted spectra critically depends on the ability to flatfield out the fringe pattern.
For this reason we took flatfield exposures at a range of hour angles and grating angle settings,
bracketing the hour angle and grating angle at the time of the observations. The flatfields that
produced the lowest noise in the sky lines were used. This procedure reduced the amplitude
of the fringes to� 0:5 %.
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Cosmic rays were removed in a similar way as described by van Dokkum & Franx (1996).
The galaxy spectra and sky lines were fitted with appropriate functions and subtracted. Pixels
that deviated significantly from the expected noise in the subtracted functions were flagged
as possible cosmic rays. Several slits in the masks were tilted in order to cover more than one
object with the same slit. These tilted slits produced tilted sky lines in the 2D spectra, which
were not completely removed by the fitting functions. Residuals from sky lines in these slits
were removed interactively. After subtraction of the cosmic rays, the frames were carefully
checked by eye to ensure that only cosmic rays were removed.

For each row in each slitlet a wavelength solution was obtained from the sky lines. Wave-
lengths of unblended sky lines (the [OI] 5577, 6300 Å lines and the OH P1 lines) were taken
from the Osterbrock et al. (1996) catalog. The 2D galaxy spectra were corrected for the S-
distortion and transformed to a common wavelength scale. The sky spectrum was determined
from the edges of each slitlet, and subtracted. Finally, 1D spectra were extracted from the 2D
spectra usingAPSUM in IRAF.

Redshifts and Completeness

A total of 256 spectra were extracted from the 2D data. This number includes objects that
were unintentionally covered by slits pointed at other objects. Redshifts were measured from
emission lines usingSPLOT in IRAF, or determined from absorption lines using the cross-
correlation routineXCSAO. For the cross-correlations two template spectra were used: the
spectrum of the nearby early-type galaxy NGC 7331, and the spectrum of the E+A galaxy
209 in CL 1358+62 (Fisher et al. 1998). The galaxies and the templates were cross-correlated
in the 3750 – 4500 Å restframe wavelength range. Redshifts could be determined from 200
spectra. Ten objects turned out to be stars, and four objects were observed twice. Therefore,
the number of galaxies with redshifts is 186.

We investigate the completeness of the spectroscopic sample by comparing the number of
galaxies with measured redshifts to the number of galaxies in the photometric catalog. Figure
7.1(a) shows the completeness as a function ofI magnitude, calculated in�0:25 magnitude
bins around each galaxy. The sample is 65 % complete for 20:0< I < 22:2, and 16 % com-
plete for 22:2� I < 22:7. Within the boundaries of the HST mosaic the completeness is 73 %
for 20:0< I < 22:2, and 17 % for 22:2� I < 22:7.

As is often the case in this type of survey (e.g., Lilly 1995, Fisher et al. 1998) the incom-
pleteness at the faint end of the sample is primarily caused by sparse sampling, and not by the
inability to measure redshifts of observed galaxies. The success rate of measuring the redshift
of observed objects is plotted in Fig. 7.1(b). The success rate is still� 80 % atI = 22:7. There
are 34 galaxies with 20:0< I < 22:7 that were observed but do not have a redshift. It may
be that a large fraction of these galaxies are red early-type galaxies in the cluster, since it is
easier to determine the redshift of galaxies with emission lines. We test whether the ability
to measure the redshift is a function of color in Fig. 7.2, which shows the distributions of
confirmed cluster galaxies, confirmed field galaxies, and galaxies without redshift in theR−I
versusB−R plane. TheB andR magnitudes were determined from images kindly provided by
G. Luppino (Luppino & Kaiser 1997); theR − I andB −R colors were normalized to the col-
ors of the BCG. Only a small fraction of the galaxies without redshift have colors consistent
with those of red early-types in the cluster. We conclude that the sample of spectroscopically
confirmed cluster members is not significantly biased against red galaxies.

Figure 7.3 shows the redshift distribution. The peak atz = 0:83 is conspicuous, but we
also find peaks at lower redshifts. In particular, there is a concentration of 14 galaxies at
z = 0:547, with a dispersion of only� 200 km s−1. MS 1054−03 is well separated from the
field in redshift space. In the redshift range 0:78< z < 0:87 all galaxies have redshifts in the
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Figure 7.1:(a) The completeness as a function of magnitude, calculated by dividing the number of
galaxies with measured redshift by the number of galaxies in the photometric catalog, in�0:25 mag
bins centered on each galaxy. Open symbols are for the full sample, solid symbols for objects covered
by our HST imaging. The arrow indicates the BCG. In (b), the success rate of measuring the redshift
of observed objects is plotted.

Figure 7.2: The distribution in theR − I ver-
sus B − R plane of spectroscopically confirmed
cluster galaxies (filled circles), spectroscopically
confirmed field galaxies (open circles), and ob-
served galaxies for which no redshift could be
obtained (crosses). The sample of spectroscop-
ically confirmed cluster members is not biased
against red galaxies.

interval 0:8132< z < 0:847, i.e., within�2:7�cl (Tran et al. 1999). The distinction between
cluster galaxies and field galaxies is therefore unambiguous.

The number of cluster members in our spectroscopic sample is 80. Their redshifts are
listed in Table 1. Two of the cluster members were observed serendipitously, in slits pointed
at other objects. These galaxies haveI � 24, and will not be considered in our subsequent
analysis. The total number of spectroscopically confirmed members of MS 1054−03 is now
89. This number includes 3 galaxies from Donahue et al. (1998), 3 galaxies from Tran et al.
(1999), and 3 galaxies from van Dokkum et al. (in prep).
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Figure 7.3:Redshift distribution of galaxies in our spectroscopic sample. The peak atz = 0:83 is
conspicuous, and well separated from the field. We find at least two peaks at lower redshifts.

Spectral Types

We have measured equivalent widths of the [OII ] 3727 Å emission line and the H� 4102 Å
Balmer line. The strength of the [OII ] line is a measure of ongoing star formation, and the
strength of the H� line of recent star formation activity (e.g., Barbaro & Poggianti 1997). We
used line strength index definitions of Fisher et al. (1998). EW H� is positive if in absorption,
and EW [OII ] 3727 Å is positive if in emission. The restframe equivalent widths and their
associated errors are listed in Table 1. For most galaxies the errors are a few Å.

Based on the strengths of [OII ] and H� spectral types were assigned to the galaxies.
The definitions of the spectral types are analogous to those of Fisher et al. (1998). The
spectral types are “absorption”, “emission”, and “E+A” (Dressler & Gunn 1983). Emission
line galaxies have EW [OII ] � 5 Å. Galaxies with EW [OII ] < 5 Å and EW H�� 4 Å are
“E+A” galaxies. The spectral types are listed in Table 2. Spectral types which are 1� removed
from another spectral type (as determined from the errors in EW [OII ] 3727 Å and EW H�)
are labeled with a question mark.

In our restframeB selected sample of 78 cluster galaxies, there are 52 absorption line
galaxies (67 %), 15 emission line galaxies (19 %), and 11 E+A galaxies (14 %). The number
fractions of the various spectral types are not significantly different from those in interme-
diate redshift clusters (e.g., Couch & Sharples 1987, Balogh et al. 1998, Fisher et al. 1998,
Poggianti et al. 1999). The fraction of emission line galaxies in MS 1054−03 is significantly
lower than that of the optically selected massive cluster CL 1604+4304 atz = 0:89, as deter-
mined by Postman et al. (1998). These authors find that 11 out of 22 cluster galaxies have EW
[O II ] > 15 Å. In contrast, only 7 out of 78 galaxies in MS 1054−03 have EW [OII ] > 15 Å.
We note, however, that the Postman et al. (1998) sample extends to fainter magnitudes than
our sample. Furthermore, our sample was selected in restframeB and the Postman et al.
(1998) sample in restframeU . Finally, CL 1604+4304 is an optically selected cluster whereas
MS 1054−03 was selected in X-rays.

As shown in Fig. 7.4 the emission line galaxies in MS 1054−03 are less concentrated
toward the center of the cluster than the other galaxies. The fraction of emission line galaxies
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TABLE 1
SPECTROSCOPICDATA

Id z EW H� error EW OII error type
514 0.8398 −2.5 3.0 −4.4 3.2 abs
564 0.8322 3.2 4.0 39.0 6.8 emi
573 0.8362 3.7 2.8 1.0 3.1 abs?
661 0.8470 1.0 2.1 5.4 2.2 emi?
675 0.8417 3.2 2.3 1.9 3.1 abs?
696 0.8322 1.4 1.4 −0.2 1.5 abs
703 0.8323 −0.5 3.8 −1.1 3.7 abs
710 0.8344 0.4 1.2 1.2 1.5 abs
742 0.8307 0.3 2.7 2.7 3.0 abs?
777 0.8323 3.7 1.6 −2.9 1.9 abs?
793 0.8276 5.3 2.6 2.4 3.1 E+A?
796 0.8235 2.9 1.6 −0.8 1.8 abs?
997 0.8389 0.2 0.7 1.0 0.8 abs

1035 0.8307 8.1 2.4 4.3 2.9 E+A?
1088 0.8184 1.0 2.5 −3.1 2.1 abs
1091 0.8449 3.7 1.6 4.6 2.5 abs?
1103 0.8222 5.7 1.9 5.0 1.9 E+A?
1114 0.8317 0.5 2.2 −2.1 2.6 abs
1119 0.8225 −4.2 3.0 −4.1 2.3 abs
1163 0.8338 3.7 1.2 1.1 1.7 abs?
1198 0.8313 1.7 2.4 5.2 2.9 emi?
1209 0.8379 2.5 1.5 0.4 2.0 abs?
1215 0.8394 2.2 1.7 3.4 2.3 abs?
1280 0.8372 0.4 1.3 −0.3 1.7 abs
1294 0.8352 −2.5 1.0 −0.3 1.1 abs
1298 0.8363 1.5 2.7 5.9 4.3 emi?
1304 0.8335 2.6 1.3 −0.4 1.6 abs
1305 0.8209 0.5 3.0 −4.2 2.5 abs?
1325 0.8311 2.1 1.0 −0.8 1.2 abs
1329 0.8352 3.2 2.5 3.5 3.8 abs?
1340 0.8403 2.7 3.1 5.1 3.6 emi?
1355 0.8355 1.1 1.3 −2.5 1.7 abs
1359 0.8180 0.9 1.7 −1.7 1.6 abs
1396 0.8299 −2.6 2.1 −3.5 2.6 abs
1403 0.8132 2.8 1.9 14.7 2.2 emi
1405 0.8363 1.2 1.4 0.6 2.0 abs
1406 0.8206 −2.2 1.8 2.8 1.8 abs
1422 0.8330 −2.8 2.9 2.5 2.2 abs
1430 0.8240 5.4 1.2 −0.3 1.3 E+A
1434 0.8248 −1.8 2.3 −4.5 2.0 abs
1435 0.8197 0.9 2.6 −0.8 2.7 abs
1439 0.8213 4.2 2.8 −2.3 2.6 E+A?
1457 0.8420 2.7 1.2 −3.8 1.3 abs
1459 0.8461 5.6 0.9 5.9 1.2 emi?
1477 0.8274 1.2 2.6 4.5 3.0 abs?
1481 0.8258 −0.6 2.0 −4.4 2.0 abs
1484 0.8318 1.0 1.0 −0.1 1.2 abs
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TABLE 1 (CONTINUED)

Id z EW H� error EW OII error type
1486 0.8332 0.1 3.4 −3.8 4.0 abs
1492 0.8280 1.1 2.4 −1.1 2.5 abs
1493 0.8334 2.9 2.9 0.6 3.6 abs?
1519 0.8301 1.4 2.1 −4.5 2.3 abs
1520 0.8310 0.1 2.7 1.5 2.8 abs
1567 0.8279 3.4 1.3 −2.3 1.4 abs?
1583 0.8261 6.9 0.6 0.4 0.7 E+A
1584 0.8313 −0.4 1.6 1.1 2.1 abs
1585 0.8369 4.4 3.1 3.8 3.3 E+A?
1635 0.8363 1.3 1.7 −1.7 2.7 abs
1639 0.8377 5.4 2.0 8.1 2.3 emi
1650 0.8294 7.1 2.8 3.9 3.1 E+A?
1651 0.8241 0.7 3.5 −3.4 3.6 abs?
1656 0.8223 2.0 1.3 0.2 1.5 abs
1692 0.8253 1.7 2.9 1.6 3.0 abs?
1701 0.8317 1.2 1.7 −3.7 2.0 abs
1733 0.8347 0.5 4.9 23.0 5.6 emi
1758 0.8374 5.1 2.4 −3.0 3.4 E+A?
1760 0.8246 5.6 1.2 1.3 1.4 E+A
1763 0.8390 3.9 4.1 20.8 4.7 emi
1801 0.8328 0.6 1.1 51.9 1.6 emi
1834 0.8394 7.6 1.3 3.1 1.8 E+A
1855 0.8210 2.7 2.4 17.8 3.8 emi
1896 0.8227 2.5 3.4 20.6 3.1 emi
1929 0.8400 2.8 1.5 −2.7 1.7 abs?
1942 0.8307 1.8 1.2 2.1 1.5 abs
1986 0.8253 0.4 1.5 0.1 1.7 abs
2011 0.8413 −4.2 3.2 32.5 3.4 emi
2130 0.8250 3.1 4.2 10.2 4.5 emi
2152 0.8319 −0.8 1.0 2.8 0.8 abs
2174 0.8382 −1.6 2.6 −2.4 3.3 abs

1888X 0.8286 −11.8 9.2 66.5 14.9 emi
2297X 0.8240 −1.4 5.8 64.0 11.9 emi

is 6 % within a radius of 0:5h−1
50 Mpc, and 31 % outsideR = 0:5h−1

50 Mpc. These numbers are
similar to those found for low and intermediate redshift clusters (e.g., de Theije & Katgert
1999, Balogh et al. 1998). The E+A galaxies in MS 1054−03 seem to reside at intermediate
radii, also similar to what is found at lower redshift (Fisher et al. 1998).

7.2.2 HST WFPC2 Imaging

We have obtained a large HST WFPC2 mosaic of MS 1054−03, consisting of six slightly
overlapping pointings in two filters. The MS 1054−03 field was observed with the F606W
and F814W filters on 1998 May 30. Six exposures were taken in each filter and at each
position, giving a total of 72 exposures. In order to improve the sampling the six exposures
at each position were split in two sets of three, with relative offsets between the sets of 5.5



CHAPTER 7. HST PHOTOMETRY AND KECK SPECTROSCOPY OFMS 1054–03 115

Figure 7.4:Spatial distributions of galaxies with different spectral types. Filled circles are absorption
line galaxies, open circles are emission line galaxies, and open circles with crosses are E+A galaxies.
The emission line galaxies have a less concentrated distribution than the other galaxies. The layout of
the HST WFPC2 mosaic is overplotted.

pixels inx andy. Furthermore, the three exposures in each set were shifted relative to each
other by�3:0 pixels, to facilitate the identification of hot pixels. Total exposure times were
6500 s in each filter for each pointing. The layout of the field is shown in Fig. 7.4, and Fig.
7.5 [Plate 6, page 61]. The area of the mosaic is 25 arcmin2, or 8h−2

50 Mpc2.

Reduction

The pipeline reduction was performed at the Space Telescope Science Institute (STScI). Fur-
ther processing involved masking of bad pixels and bad columns, shifting the exposures to
a common position on the sky, sky subtraction, identifying cosmic rays and hot pixels, and
combining the images.

The most labour intensive step in this process is the cosmic ray removal. We experimented
with the CRREJECTtask in theSTSDAS package, but found that the quality of the combined
image is quite sensitive to the choice of input parameters. In particular, the noise in the final
combined image can be higher than expected from the noise in the individual input images.

We followed therefore a different strategy. We compared the exposures with integer pixel
shifts in each set of three, and removed cosmic rays in several steps. First, the expected noise
�exp in each pixel was calculated from the minimum of the three exposures. Then, the task
GCOMBINE was used to identify cosmic rays, with�exp as the input noise model. The output
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of GCOMBINE is a cosmic ray cleaned average of the three exposures, an image containing
the number of cosmic rays found, and an output noise map�true based on the actual variation
in each pixel. Finally, the noise model and the measured noise were compared to identify
pixels affected by cosmic rays in two of the three exposures. The method proved to work
very well. In particular, in no cases were the central pixels of stars or galaxies mistaken for
cosmic rays.

After identifying the cosmic rays each set of three exposures with integer pixel shifts was
averaged, excluding the flagged pixels. As a result there are two images of each field and
in each filter, shifted with respect to each other by 5.5 pixels. The images separated by 5.5
pixels were interlaced, producing one image of each field in each filter, with a resolution of
0:00071 pixel−1. Interlacing leaves the pixel values intact, and there is no loss of information.
The interlacing procedure is explained in detail in the Appendix.

A color image of the full HST mosaic is shown in Fig. 7.5 [Plate 6, page 61]. The red
cluster galaxies are conspicuous. The cluster is elongated, and has significant substructure.

Photometry

There are 81 spectroscopically confirmed cluster members in the HST WFPC2 mosaic. Fig-
ure 7.6 shows the F814W images of these galaxies, at 0:

001 resolution. Total (“best”) mag-
nitudes of these galaxies were determined from the HST data using the SExtractor program
(Bertin & Arnouts 1996). Colors were determined from the HST data usingPHOT in IRAF.
The colors were measured within the effective radii of the galaxies, which were derived from
fits of the galaxy images tor1⁄ 4 laws convolved with the PSF (see van Dokkum et al. 1998a).
In order to limit the influence of the HST WFPC2 PSF, the images wereCLEANed (Høgbom
1974; see Appendix) before these measurements.

The observed F606W and F814W bands roughly correspond to restframeU andB for
objects redshifted toz = 0:83. Following the method outlined in van Dokkum & Franx (1996)
transformations were computed from the observed bands to redshiftedB (denotedBz), and
(U −B)z colors:

Bz = F814W −0:03(F606W −F814W ) +1:23 (7.1)

(U −B)z = 0:76(F606W −F814W ) −1:14: (7.2)

The zero points of theF814W andF606W filters are taken from the HST Data Handbook
(STScI, Baltimore). TotalBz magnitudes were converted to total absoluteMT

B magnitudes
usingH0 = 50 km s−1 Mpc−1 andq0 = 0:15.

The photometric accuracy can be assessed empirically, by comparing the two independent
measurements of colors of objects in the overlapping regions between the six HST pointings.
From this comparison we find that the average photometric uncertainty in the color is 0:016
for a single measurement. In our analysis of the scatter in the CM relation, this number is
subtracted in quadrature from the measured scatter.

7.3 Morphologies

7.3.1 Visual Classifications

The F814W HST WFPC2 images of spectroscopically confirmed members were visually
classified by three of us (PGvD, MF, and DF). The images were compared to images of
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Figure 7.6:Hubble Space Telescope WFPC2 F814W images of spectroscopically confirmed cluster
members in MS 1054−03. Each image is 6:004�6:004, with 0:001 pixels. At the distance of MS 1054−03,
this corresponds to 61�61h−1

50 kpc. The number in the lower right is total F814W magnitude. Mor-
phological classifications are in the upper left.
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Figure 7.6:(Continued)
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TABLE 2
MORPHOLOGIES ANDPHOTOMETRY

Id x (00) y (00) morph F814WT BT
z (U −B)z �(U −B)z

514 53.8 −132.4 M/P 21.83 23.00 0.402 −0.034
661 53.4 −94.1 Sc 21.05 22.24 −0.064 −0.520
675 75.2 −89.0 M/P 21.36 22.53 0.393 −0.053
696 −58.1 −83.7 S0/a 20.55 21.72 0.467 −0.011
703 −24.5 −79.3 ? 21.91 23.08 0.360 −0.073
710 30.6 −81.2 E 20.78 21.95 0.432 −0.035
777 90.6 −63.5 S0 20.99 22.16 0.431 −0.023
793 −89.3 −59.6 M/P 21.14 22.31 0.365 −0.087
796 33.1 −57.0 S0 21.80 22.97 0.413 −0.027
997 136.2 −58.3 M/P 20.29 21.47 0.343 −0.141

1024 81.7 −44.8 ? 21.75 22.95 −0.194 −0.627
1035 18.0 −41.2 M/P 22.34 23.53 −0.122 −0.543
1039 67.3 −40.9 Sa 21.31 22.49 0.333 −0.124
1043 −91.6 −41.7 E 20.87 22.04 0.461 −0.004
1086 98.9 −38.8 S0 21.65 22.82 0.424 −0.022
1088 −13.7 −37.4 E 21.92 23.09 0.423 −0.011
1091 82.2 −35.7 S0 22.05 23.23 0.215 −0.217
1103 −85.1 −33.8 E/S0 21.95 23.14 0.059 −0.375
1114 −3.6 −31.4 S0/a 21.44 22.61 0.410 −0.040
1119 25.8 −30.9 S0 21.85 23.02 0.442 0.003
1163 −63.5 −29.4 M/P 20.49 21.66 0.438 −0.039
1198 −58.1 −25.1 Sa 22.17 23.36 0.031 −0.395
1209 84.3 −24.1 S0 21.41 22.58 0.504 0.050
1215 130.6 −25.7 Sa 21.09 22.26 0.421 −0.038
1280 122.3 −16.9 E 20.74 21.91 0.482 0.011
1294 21.5 −13.3 E/S0 20.60 21.77 0.472 −0.002
1298 75.2 −11.4 Sa 22.11 23.28 0.469 0.042
1304 32.0 −11.9 Sb 21.28 22.45 0.396 −0.060
1305 29.4 −13.6 Sb 22.04 23.22 0.335 −0.097
1325 52.8 −9.8 E 19.88 21.05 0.360 −0.120
1329 −24.0 −5.7 Sb 20.87 22.04 0.393 −0.058
1340 45.5 −1.6 M/P 21.06 22.23 0.472 0.030
1354 38.8 −8.2 Sb 21.51 22.68 0.424 −0.021
1355 43.7 −5.6 E/S0 21.38 22.55 0.455 0.002
1359 38.9 −0.4 E/S0 21.09 22.26 0.457 −0.005
1396 119.9 2.1 S0/a 21.60 22.77 0.486 0.042
1403 −56.9 −5.6 Sc 20.14 21.33 −0.037 −0.507
1405 −46.3 −3.6 E 20.03 21.20 0.478 0.000
1406 −49.4 1.4 E 21.42 22.59 0.398 −0.050
1422 22.9 5.8 Sc 21.03 22.23−0.230 −0.681
1430 −26.3 6.9 Sb 20.36 21.54 0.348 −0.133
1434 −21.5 9.3 E/S0 21.96 23.13 0.410 −0.026
1435 −29.7 4.5 E/S0 21.87 23.04 0.366 −0.067
1439 −37.9 8.2 ? 21.97 23.14 0.461 0.029
1457 −16.5 0.1 M/P 21.00 22.17 0.448 −0.013
1459 6.1 8.3 Sc 20.66 21.84 0.183 −0.288
1477 12.5 0.7 S0/a 21.57 22.74 0.378 −0.069
1478 −4.1 −3.7 Sa 21.37 22.54 0.496 0.041
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TABLE 2 (CONTINUED)

Id x (00) y (00) morph F814WT BT
z (U −B)z �(U −B)z

1481 12.0 −5.6 S0 21.95 23.12 0.373 −0.065
1484 0.0 0.0 E 19.53 20.70 0.496 0.005
1486 2.0 4.3 Sa 22.00 23.17 0.534 0.097
1492 −5.5 12.4 ? 21.95 23.12 0.440 0.005
1493 −44.2 11.7 Sb 22.30 23.47 0.454 0.030
1519 −20.6 20.7 S0/a 21.21 22.38 0.454 −0.002
1520 −21.7 19.2 E/S0 21.57 22.74 0.442 −0.004
1567 −70.7 25.2 E 21.04 22.21 0.494 0.033
1583 −52.2 22.9 M/P 20.50 21.68 0.318 −0.165
1584 −61.6 28.2 E 20.76 21.93 0.483 0.011
1585 −53.0 27.9 Sc 22.09 23.28 0.004 −0.426
1635 −18.5 31.1 S0/a 21.77 22.94 0.467 0.027
1639 85.1 31.1 Sb 21.59 22.77 0.200 −0.241
1650 14.4 29.7 Sd 21.59 22.78 0.056 −0.386
1651 13.5 33.9 E/S0 22.17 23.34 0.463 0.038
1655 −37.9 34.1 E 20.94 22.12 0.252 −0.214
1656 −37.8 31.2 E/S0 21.06 22.23 0.448 −0.011
1692 10.1 44.2 M/P 21.68 22.86 0.313 −0.127
1701 −43.5 48.1 S0 21.10 22.27 0.447 −0.013
1733 187.8 34.3 Sc 22.07 23.26−0.036 −0.463
1758 68.4 55.7 S0/a 21.93 23.11 0.354 −0.082
1760 −34.4 56.1 M/P 20.29 21.46 0.369 −0.108
1763 −97.6 56.8 Sb 22.71 23.90 −0.086 −0.493
1801 7.2 65.1 M/P 20.39 21.60 −0.536 −1.007
1834 −57.6 73.1 Sb 20.98 22.16 0.326 −0.139
1896 129.2 86.0 Sc 21.12 22.32−0.210 −0.654
1929 40.1 96.3 E 21.18 22.35 0.410 −0.050
1942 −59.3 97.6 E/S0 20.98 22.15 0.457 −0.005
1986 −133.6 111.4 Sb 21.30 22.47 0.524 0.070
2011 −105.6 116.9 M/P 22.13 23.33 −0.271 −0.698
2130 −57.7 150.5 Sd 21.84 23.03 −0.001 −0.424
2174 18.7 160.7 S0/a 21.82 22.99 0.372 −0.068

1888X −90.2 101.4 Sd 23.21 24.23 −0.194 −0.752

nearby galaxies from the survey by Jansen et al. (1999). The classification system is identical
to that of Fabricant et al. (1999), and similar to the system of Smail et al. (1997). In order to
extract as much information as possible from our data the galaxies were displayed in several
formats. Of each galaxy, we inspected the image at the original 0:

001 WFC resolution, the
interlaced image at 0:00071 resolution, theCLEANed interlaced image, and the interlaced image
convolved with a� = 0:0011 Gaussian. The latter image brings out faint outer structure.

The classifications of the three classifiers were compared to assess their internal errors.
In general, classifications agreed within the broad categories of early-type, spiral, or merger.
If galaxy types are binned in the two categories early-types (E, E/S0, S0) and other types the
three classifiers agreed exactly on 76 % of all galaxies. To combine the classifications we
used the same combination rules as Fabricant et al. (1999). The classifications are listed in
Table 2.



CHAPTER 7. HST PHOTOMETRY AND KECK SPECTROSCOPY OFMS 1054–03 121

Figure 7.7: Early-type fraction plotted against
R, the projected distance from the BCG. The his-
togram shows the average early-type fraction in
0.5h−1

50 Mpc wide bins. The early-type fraction is
low, even in the central regions of the cluster.

Figure 7.8: Evolution of the early-type frac-
tion in rich clusters. The early-type fraction in
MS 1054−03 is lower than the early-type fraction
in clusters at lower redshift, indicating strong
evolution in the nunber density of early-type
galaxies.

7.3.2 Morphological Fractions

We find that the relative fractions of ellipticals, S0s, spirals, and mergers are 22 %, 22 %,
39 %, and 17 % respectively, where E/S0s and S0/as are evenly split between their neigh-
boring types. One of the most striking results of our survey is the high fraction (17 %) of
galaxies classified as mergers. Properties of the mergers and implications of their existence
are discussed by van Dokkum et al. (1999). The ratio of ellipticals to S0 galaxies is� 1.
This quantity is somewhat uncertain, because it is very difficult to distinguish ellipticals from
S0s (see, e.g., Jørgensen & Franx 1994, Andreon 1998). The fraction of early-type galaxies
(E+E/S0+S0) is better determined (see, e.g., Fabricant et al. 1999). We find that only 34 out
of 77 classified galaxies (44 %) are early-types.

In Fig. 7.7 we test whether the early-type fraction is a function ofR, the projected distance
from the BCG. The histogram shows the average early-type fraction in 0.5h−1

50 Mpc wide bins.



122 FORMATION AND EVOLUTION OF EARLY-TYPE GALAXIES

We find that the radial dependence of the early-type fraction is weak forR�< 1h−1
50 Mpc. Even

in the central regions of the cluster the early-type fraction is< 50 %. At R > 1h−1
50 Mpc the

early-type fraction is� 20 %.
MS 1054−03 has an irregular and elongated appearance (cf. Fig. 7.5 [Plate 6, page 61]).

We test whether the low early-type fraction in the central regions of MS 1054−03 is related to
substructure, by calculating the early-type fraction within apertures centered on the three most
luminous galaxies in the cluster. Their positions coincide with those of the three strongest
peaks in the luminosity density distribution. The early-type fractions in the immediate vicin-
ity of these three galaxies are in fact somewhat lower than the average fraction in the central
region of the cluster: they are 33 %, 38 % and 38 % within circles with radiiR = 0:25h−1

50 Mpc
centered on galaxies 1484, 1325 and 1405 respectively. WithinR = 0:5h−1

50 Mpc these frac-
tions are 47 %, 43 % and 50 %. We conclude there is no evidence for a strong dependence of
the early-type fraction on luminosity density.

We can compare the early-type fraction in MS 1054−03 to the early-type fractions in rich
clusters at lower redshift, using data from Fabricant et al. (1999) of CL 1358+62 atz = 0:33,
and data from Dressler et al. (1997) of rich clusters atz � 0:04 andz � 0:5. The WFPC2
data of Dressler et al. (1997) only cover the central regions of thez � 0:5 clusters. For
consistency with Dressler et al. (1997) we calculate the early-type fractions in all clusters
within a projected radiusR = 635h−1

50 kpc. The evolution of the early-type fraction is shown in
Fig. 7.8. The early-type fraction atz = 0:83 is significantly lower than in rich clusters at lower
redshift, which may imply strong evolution in the number density of early-type galaxies. In
the following Section we will study the color-magnitude relation in MS 1054−03, to constrain
the star formation histories of the early-types, mergers, and spirals. In Sect. 7.7 we will
discuss the connection between the evolution of the early-type fraction and the evolution of
the CM relation.

7.4 The Color-Magnitude Relation

7.4.1 The CM Relation for Different Morphologies

The color-magnitude relation of spectroscopically confirmed cluster members is shown in
Fig. 7.9. There is a strong trend with morphology. Most early-type galaxies follow a tight and
well defined relation, but there are four early-types which are fairly blue. We stress that these
blue early-types are spectroscopically confirmed cluster members. The most luminous blue
elliptical (1325) has an overall red color and a small blue feature 0:5 arcsec from the center.
This may be a lensed background galaxy, a star forming region, or a small cluster galaxy
which may be merging with the luminous elliptical. The other blue elliptical is uniformly
blue. Luminous blue early-types are very rare in clusters at lower redshift (e.g., van Dokkum
et al. 1998a). The spirals are, on average, bluer than the early-types and have a large scatter.
The mergers are also somewhat bluer than the early-type galaxies, but follow a much tighter
CM relation than the spirals.

We determined the form of the CM relation from a fit to the early-type galaxies, and
subtracted this fit from the observed relation. For each morphological subsample we then
computed the offset and scatter in the CM relation from the distribution of residuals. Ex-
cluding the four bluest galaxies, the fit to the early-type galaxies (Es, E/S0s, and S0s) has the
form

(U −B)z = −0:031(MT
B +22)+0:449: (7.3)



CHAPTER 7. HST PHOTOMETRY AND KECK SPECTROSCOPY OFMS 1054–03 123

Figure 7.9:The restframeU −B versusB color-
magnitude relation for different morphologies.
There is a clear trend with morphology. Most el-
lipticals and S0s follow a tight and well-defined
CM relation, although there are a few outliers.
The drawn line in each plot is a fit to the CM
relation of the early-type galaxies (Es, E/S0s,
and S0s). Spirals have a large scatter, and
are on average bluer than early-type galaxies in
MS 1054−03. The mergers follow the same CM
relation as the early-types, but are slightly offset
to the blue and show a larger scatter.

The predicted colors from the CM relation were subtracted from the observed colors. For
each morphological subsample the mean and scatter in the distribution of residuals�(U −B)z
were computed using the biweight statistic (Beers, Flynn, & Gebhardt 1990). Uncertainties
in the scatter were determined from bootstrap resampling. The results are listed in Table 3.

The observed scatter in the early-type galaxies is low at 0:032� 0:011. The intrinsic
scatter is 0:028�0:012. This scatter is much smaller than that of the full sample (0:097�
0:027). Because of the small number of early-type galaxies (30) the offsets and scatter in the
subsamples of Es, E/S0s and S0s have large uncertainties, and the differences between these
three subsamples are not significant. The scatter in the ellipticals is 0:045�0:019.

From Table 3 we can see that the spirals and mergers are more heterogeneous in their
colors than the early-type galaxies, but the spirals much more so than the mergers. The
mergers follow the same CM relation as the early-types, but are slightly offset to the blue and
show a larger scatter. The average offset between the CM relation of the early-types and the
mergers is only−0:07�0:02 magnitudes. The scatter in the CM relation of the mergers is
comparable to their mean offset from the early-types, and roughly twice that of the ellipticals.
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TABLE 3
OFFSET ANDSCATTER OF THECM RELATION

Sample N Offset Error Obs. Scatter Error
E,E/S0,S0 30 0:000 0.006 0.032 0.011
S 26 −0:219 0.047 0.255 0.025
M/P 13 −0:066 0.019 0.073 0.029
E 12 −0:003 0.012 0.045 0.019
E,E/S0,M/P 35 −0:024 0.010 0.054 0.011
All 81 −0:023 0.010 0.097 0.027

7.4.2 Radial Dependence of the Color-Magnitude Relation

In the cluster CL 1358+62 atz = 0:33 the scatter and offset of the color-magnitude relation
are dependent onR, the projected distance to the BCG: S0 galaxies in the outer parts of
CL 1358+62 have a larger scatter in the CM relation and a bluer mean color than S0s in the
inner parts (van Dokkum et al. 1998a). If this trend is caused by an age gradient in the cluster
one might expect it is stronger at higher redshift. In Fig. 7.10 the residuals from the CM
relation are plotted againstR. There is no significant correlation between�(U −B)z andR for
the early-type galaxies. The trend observed in CL 1358+62 is indicated by the broken line in
Fig. 7.10; our data are consistent with this trend.

We conclude that the scatter in the CM relation atz = 0:83 is mainly driven by spirals
and (to a lesser extent) mergers. Although there are a few fairly blue early-types, most of the
early-type galaxies follow a well-defined color-magnitude relation with small scatter. In our
data there is no significant trend with distance from the BCG; we do not have sufficient data
to confirm or rule out a similar trend as seen in the colors of S0s in the cluster CL 1358+62
at z = 0:33.

7.5 Evolution of the Color-Magnitude Relation of Early-Type
Galaxies

The slope and scatter of the CM relation of early-type galaxies can be compared to data at
lower redshift. Fig. 7.11(a) shows the evolution of the slope of the CM relation as a function
of redshift. Data points are from BLE92 for the Coma cluster, van Dokkum et al. (1998a)
for CL 1358+62 atz = 0:33, and Ellis et al. (1997) for three clusters atz � 0:55. We have
used the Worthey (1994) models to transformU −V (BLE92 and Ellis et al. 1997) andB −V
colors (van Dokkum et al. 1998a) toU − B colors. For solar metallicity these models give
�(U − B) = 1:4�(B −V ) and�(U − B) = 0:6�(U −V ). The samples of BLE92 and Ellis et
al. (1997) only cover the inner parts of the clusters. For CL 1358+62 and MS 1054−03 we
determined the slope for the inner parts of the cluster as well as for the whole sample.

A fit to the evolution of the slope in the inner parts of the clusters gives�(U −B)z⁄ �Bz =
(0:013�0:016)z − (0:041�0:008). We conclude that the data are consistent with a constant
slope with redshift. If the slope in the relation atz = 0 is (partly) due to a systematic age
gradient, such that high luminosity galaxies have higher luminosity weighted ages than low
luminosity galaxies, one might expect the slope to become steeper at higher redshift (e.g.,
Kodama et al. 1998). There is no evidence for such an effect in the data presented here, con-
firming the results of Stanford et al. (1998) and Kodama et al. (1998), who used ground based
photometry and HST morphologies to determine the slope and scatter of the CM relation of
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Figure 7.10:Residual from the color-magnitude
relation plotted againstR, the projected distance
from the BCG. The dashed line indicates the
trend found in the CM relation of S0s in the clus-
ter CL 1358+62 atz = 0:33. There is no signif-
icant correlation between (U −B)z andR for the
early-type galaxies, although we cannot exclude
a similar trend as in CL 1358+62. Note the ab-
sence of early-type galaxies atR> 1h−1

50 Mpc.

early-type galaxies in clusters at 0< z < 1.
The evolution of the scatter in the CM relation of early-type galaxies is shown in Fig.

7.11(b). The scatter is remarkably low at all redshifts. In particular, the scatter atz = 0:83 is
very similar to the scatter atz = 0. This is remarkable, because the scatter in the CM relation
might be expected to increase with redshift due to increasing fractional age differences be-
tween galaxies (see, e.g., BLE92, van Dokkum et al. 1998a). Our result is consistent with the
results from Stanford et al. (1998).

We conclude that there is no strong redshift dependence of the slope and scatter of the CM
relation of early-type galaxies. In particular, the scatter in the CM relation of MS 1054−03
at z = 0:83 is almost identical to the scatter in the CM relation of the nearby Coma cluster.
In the following Sections, we will model the color and luminosity evolution of galaxies in an
effort to reconcile this result with the strong evolution of the early-type fraction in clusters.

7.6 Predicted Color Evolution of Mergers and Ellipticals

An important question is how the colors and luminosities of the mergers will evolve with
time. Here, we assume all mergers will evolve into ellipticals or E/S0s, and evolve the CM
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Figure 7.11:Evolution of the slope (a) and scatter (b) of the CM relation of early-type galaxies. In
order of increasing redshift the data points in (a) and (b) are from BLE92 (z = 0:023), van Dokkum et
al. (1998a) (z = 0:33), Ellis et al. (1997) (z = 0:55), and this study (z = 0:83). The data are consistent
with a constant slope and scatter.

relation of the combined sample of mergers, ellipticals, and E/S0s forward in time. We note
that the color evolution of the spirals is very difficult to predict, because they are still forming
stars atz = 0:83.

7.6.1 Modeling Color Evolution

We assume that the star formation rate in all galaxies was constant fromz = 10 to an abrupt
truncation atz = z2. Furthermore it is assumed that all galaxies on the CM relation have iden-
tical ages, and that the distance to the CM relation depends on the age only. For consistency
with the luminosity evolution of early-type galaxies toz = 0:83 inferred from the Fundamen-
tal Plane (van Dokkum et al. 1998b) we takez2 = 3 for galaxies on the CM relation. As shown
in Appendix 7.B we can calculate the truncation redshiftz2 for each galaxy from its distance
to the CM relation�(U −B)z under these assumptions.

Fig. 7.12 shows the CM relation of ellipticals, E/S0s and mergers atz = 0:83, and the
predicted CM relations atz = 0:5, z = 0:3, and atz = 0. In each panel, the line indicates the
CM relation of early-type galaxies atz = 0:83. The scatter in the sample of Es and E/S0s and
the scatter in the combined sample of Es, E/S0s, and mergers are indicated in the lower right
corner of each panel. Observational errors were subtracted in quadrature from the scatter at
z = 0:83; at lower redshifts the predicted scatter was corrected by the same fraction as the
correction atz = 0:83.

Galaxies on the CM relation fade by�B� 0:9 magnitudes and become redder by�(U −
B)� 0:2 magnitudes betweenz = 0:83 andz = 0. Blue galaxies evolve faster than red galaxies,
because young stellar populations evolve faster than old stellar populations. The scatter in
the CM relation of the combined sample of Es, E/S0s and mergers decreases with time, from
0:055 atz = 0:83 to 0:016 atz = 0. The implication is that the present-day counterparts of the
z = 0:83 mergers have the same colors as luminous early-type galaxies. Note that the merger
remnants are among the most luminous galaxies atz = 0; they will have absolute magnitudes
in the range−22�< MT

B �< −20.
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Figure 7.12:Color and luminosity evolution of ellipticals, E/S0s and mergers in MS 1054−03. The
panels show the observed CM relation atz = 0:83, and predicted CM relations atz = 0:5, z = 0:3, and
z = 0. The CM relation was evolved forward in time using models described in Sect. 7.B. Galaxies
become progressively fainter and redder with time. The scatter in the CM relation decreases, because
the fractional age differences between galaxies become smaller.

7.6.2 Evolution of the Scatter

The predicted redshift evolution of the scatter in the CM relation of the combined sample
of ellipticals and mergers is shown in Fig. 7.13. At each redshift the predicted scatter was
calculated from the predicted colors, using the same method as used for the observations.
Assuming a merger timescale of 1 Gyr, the mergers seen atz = 0:83 will all be completed at
z� 0:65. The data points atz < 0:83 show the scatter in the CM relation of ellipticals, from
BLE92, van Dokkum et al. (1998a), and Ellis et al. (1997). The scatter in the CM relation of
ellipticals atz < 0:83 is well fitted by the predictions.

Figure 7.13 demonstrates the effect of morphological evolution on the scatter in the CM
relation. The scatter in the colors of all progenitors (i.e., the ellipticals and the mergers) of
low redshift ellipticals is much higher atz = 0:83 than the scatter in the colors of the ellipticals
alone.
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Figure 7.13:Predicted and observed evolution
of the scatter in the CM relation of ellipticals
and mergers. The solid line shows the predicted
scatter atz < 0:83, assuming all mergers have
evolved into ellipticals atz�< 0:65. Data points
are from BLE92 (z = 0:023), van Dokkum et al.
(1998a) (z = 0:33), Ellis et al. (1997) (z = 0:55),
and the present study (z = 0:83). The model pre-
dictions are consistent with the observed scatter
at z < 0:83.

7.7 The Effect of Morphological Evolution on the Scatter in
the Color-Magnitude Relation of Early-Type Galaxies

We have demonstrated that the formation of ellipticals by mergers has an effect on the mea-
sured evolution of the scatter in the CM relation of ellipticals at high redshift. Here, we take
a broader view and examine the effects of the overall evolution of the early-type fraction in
clusters. We do not want to resolve the issue to what extend this evolution is due to mergers
forming ellipticals or spirals forming S0s, but treat these transformations as one process.

We take the observed evolution of the early-type galaxy fraction in clusters, and calculate
the expected effect on the measured scatter in their CM relation. We assume the early-type
fraction increases with time because star forming galaxies are transformed into early-type
galaxies. We furthermore assume these systems are classified as early-types some time (�
1 Gyr) after star formation ceased.

The observed evolution of the early-type fraction is repeated in Fig. 7.14a. The line is a
linear least squares fit to the data, of the formfearly = 0:85−0:43z. Extrapolating this fit to
higher redshifts gives a formation epoch of 0< z < 2 for cluster early-type galaxies, with the
formation rate linear in redshift.

We calculated the predicted evolution of the scatter in the CM relation and the evolution
of the zeropoint of the Fundamental Plane using Monte Carlo simulations. The star forma-
tion history of each galaxy in the simulations is described by the continuous truncated star
formation model described in van Dokkum et al. (1998a) and Sect. 7.8. In Fig. 7.14b andc
the predictions of this model are shown for various values of�t, the time interval between
truncation of star formation and classification as early-type galaxy. Excellent fits to the ob-
servations are obtained for�t � 1 Gyr.

The modeling demonstrates that morphological transformations of galaxies can “artifi-
cially” cause a roughly constant, low scatter in the CM relation. The low early-type fraction
and the presence of the mergers in MS 1054−03 provide direct evidence for such morpho-
logical transformations. The main aspects of our model are formation of early-type galaxies
by truncation of star formation, combined with the assumption that early-type galaxies are
recognized as such� 1 Gyr after star formation ceased. The formation rate of early-type
galaxies is specified by the observed evolution of the early-type fraction.

We emphasize the approximate nature of our modeling. In particular, galaxy transforma-
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Figure 7.14: Redshift evolution of the early-
type fraction (a), the scatter in the CM rela-
tion (b), and the evolution of the zeropoint of
the Fundamental Plane (c). The observed evo-
lution of the early-type fraction is the input for
the model predictions shown in (b) and (c). It is
assumed that early-type galaxies are recognized
as such�t Gyr after star formation ceases. For
�t � 1 Gyr the models agree very well with the
observations.

tions may not occur continuously, but could be triggered by the infall of galaxies or groups
from the field (e.g., Abraham et al. 1996, van Dokkum et al. 1998a, 1999). Also, the star
formation histories of galaxies may be better described by other models, e.g., a combination
of an exponentially decreasing star formation rate followed by a small star burst (see, e.g.,
Barger et al. 1996). Given the simplicity of our approach the excellent fits to the observations
are encouraging.

7.8 Summary and Conclusions

We have presented a large format two color HST WFPC2 mosaic of the cluster MS 1054−03
at z = 0:83. Furthermore, we have presented a spectroscopic survey of this field with the
10 m W. M. Keck telescope. This combination has yielded a sample of 81I selected spectro-
scopically confirmed cluster members imaged with WFPC2, currently the largest sample of
confirmed cluster galaxies atz > 0:5 observed with HST.

We have studied the morphologies and colors of these galaxies. The most striking result of
our survey of MS 1054−03 is the high fraction of mergers among theL> L� cluster population
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(van Dokkum et al. 1999). In the present paper we have presented a quantitative study of the
color-magnitude relation in MS 1054−03, and discussed the implications of morphological
evolution of cluster galaxies.

The color-magnitude relation is a strong function of morphology. Most early-type galax-
ies follow a remarkably tight and well defined relation, consistent with results based on
ground based color measurements in 17 clusters at 0:3< z < 0:9 by Stanford et al. (1998).
The slope and scatter of the relation are very similar to those of the Coma cluster. There is no
significant dependence of the CM relation on radius in the cluster. The data are insufficient
to rule out or confirm the weak trend observed in the cluster CL 1358+62 atz = 0:33 (van
Dokkum et al. 1998a).

Early-type galaxies constitute only 44 % of the galaxy population in MS 1054−03. Spirals
and mergers, which make up the other 56 % of the galaxy population, have a larger spread
in their colors than the early-type galaxies and are on average bluer, but the spirals more so
than the mergers. The mergers follow a similar CM relation as the ellipticals, and are only
modestly bluer. The scatter in the CM relation of the mergers is similar to the difference
in mean color between the mergers and the ellipticals. Using a simple prescription for the
star formation histories we have evolved the CM relation of ellipticals and mergers forward in
time. The merger remnants have almost identical colors as other luminous early-type galaxies
at z = 0.

Taking the observed increase in the early-type fraction with time as input for our mod-
eling, we have calculated the effect of morphological transformations on the scatter in the
CM relation of early-type galaxies. The roughly constant, low scatter in the CM relation at
0< z < 1 can be successfully reproduced, provided that the transforming systems are clas-
sified as early-types roughly 1 Gyr after star formation ceased. The success of this model
demonstrates that the low scatter in the CM relation of early-type galaxies does not require
that all early-types formed their stars in a short period at very high redshift (as suggested by,
e.g., Ellis et al. 1997, Stanford et al. 1998, and Kodama et al. 1998). We note that all “stan-
dard” models predict a continuous increase of the scatter with redshift, because the fractional
age differences between galaxies become larger at larger lookback times.

The most important assumption in our study is that MS 1054−03 is a typical cluster for
its redshift. As discussed in vD99, the large fraction of mergers in this cluster may be related
to its unvirialized state. More large field observations of distant clusters would be valuable.
Furthermore, it will be interesting to extend this type of study to lower density regions.
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7.A Resolution Enhancement

7.A.1 Combination of Interlaced Images

As is well known, the 0:001�0:001 WFC pixels undersample the HST WFPC2 PSF. The sam-
pling can be improved by obtaining multiple exposures of the same field, offset by subpixel
shifts. The shifted exposures can be “drizzled” on a finer grid (see Fruchter & Hook 1999 and



132 FORMATION AND EVOLUTION OF EARLY-TYPE GALAXIES

references therein). If the offsets between the exposures are precisely 0.5 pixels, the images
are interlaced. In this special case there is a one-to-one correspondence between pixels in the
original image and in the higher resolution output image. The improvement in the sampling
is a factor

p
N, with N = 2 orN = 4 the number of independent positions.

The present observations are taken at two independent positions, offset by�5:5 pixels.
In theN = 2 case, the two exposures sample an (x;y) grid which is rotated by 45� with respect
to the original grid. This is illustrated in Fig. 7.15. The sampling distance in the combined
image is 0:001⁄

p
2 = 0:00071.

We combined the two offset exposures of each field by copying the pixels on a finer grid.
The transformations from the offset input imagesIA andIB to the interlaced output imageIAB

are

IAB
n+i− j;i+ j−1 = IA

i; j (7.4)

IAB
n+i− j;i+ j = IB

i; j; (7.5)

with n� n the size of the input images, andi; j = 1; 2; :::; n. The output image has a size
2n�2n. The area of the output image containing data is

p
2n�

p
2n = 2n2 pixels.

Figure 7.15: Illustration of interlacing using
two independent positions. Solid circles are the
centers of pixels in the first exposure, open cir-
cles are the centers of pixels in the second, offset,
exposure. The solid circles and open circles sam-
ple a grid that is rotated by 45� with respect to the
original grid. The output pixels are indicated by
heavy lines. The output pixel size is 0:001⁄

p
2.

7.A.2 Image Restoration

Although the interlacing improved the sampling by a factor
p

2, the improvement in reso-
lution is much smaller. This is caused by the wings of the PSF, and the subpixel response
function (e.g., Krist 1995). In order to obtain high resolution images of the cluster galaxies,
and to correct the photometry for the effects of the PSF (see van Dokkum et al. 1998a), the
interlaced images were restored usingCLEAN (Høgbom 1974).

The CLEAN algorithm requires a model for the PSF. For all cluster galaxies subsampled
PSFs appropriate for the positions of the galaxies on the WFC chips were created using
Tiny Tim (Krist 1995), version 4b. The exposures were mimiced by creating a copy of each
subsampled PSF and shifting it by 0:

0005 inx andy. The PSFs were then rebinned to the WFC
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A B C1 C2

D E

Figure 7.16:Effect of resolution enhancement as a result of interlacing and subsequentCLEANing. A:
Original (“true”) image of dimensions 2:001�5:005; B: image A convolved with HST WFPC2 PSF;C1,
C2: image B sampled at WFPC2 0:001 resolution and convolved with the subpixel response function,
at two positions with relative offsets of 0:0005 in x andy; D: interlaced combination of images C1 and
C2, at 0:00071 resolution;E: CLEAN restoration of image D.

resolution, and convolved with the subpixel response function using the kernel given in Krist
(1995). Finally, each PSF was combined with its 0:

0005 shifted copy in the same way as the
actual exposures. The effect of interlacing and subsequentCLEANing on noiseless data is
demonstrated in Fig. 7.16. Note that most of the degradation of imageA is caused by the
coarse sampling of the PSF by the 0:

001 pixels.
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7.B Modeling Color and Luminosity Evolution

It is assumed age differences are the only contributor to the scatter in the color-magnitude
relation. The color and luminosity evolution of a galaxy depend on the passband, the IMF,
the metallicity, and the star formation history. For simplicity, we assume a Salpeter IMF
and solar metallicity. We furthermore assume that the star formation rate in the galaxies was
constant fromz = z1 to z = z2, with an abrupt truncation atz = z2. As shown by van Dokkum
et al. (1998a) the luminosity evolution in the truncated star formation model is given by

LB /
hp

(t − t1)(t − t2)
i
�B

; (7.6)

and the color evolution by

LB

LU
/
hp

(t − t1)(t − t2)
i
�U −�B

; (7.7)

with t1 the time of onset of star formation,t2 the time of truncation, andt the age of the
Universe at the epoch of observation. The coefficients�B and�U describe the luminosity
evolution of a single age stellar population:L/ (t −t0)−�, with t0 the time of formation of the
population. These coefficients can be calculated from stellar population synthesis models. As
shown in Fig. 7.17 the rate of evolution is similar in the Worthey (1994), Bruzual & Charlot
(1996) and Vazdekis et al. (1996) models. Figure 7.17 also demonstrates that our powerlaw
approximation for the color evolution is reasonable, even for fairly young stellar populations.
Using Worthey (1994) we find�B = 0:93 and�U = 1:08 for solar metallicity and a Salpeter
IMF.

Figure 7.17:Predicted color evolution of single
age stellar populations from various stellar pop-
ulation synthesis codes (Worthey 1994, Bruzual
& Charlot 1996, and Vazdekis et al. 1996). The
color evolution can be approximated by a power
law. The coefficient of the powerlaw is similar in
the three population synthesis codes.

For consistency with the luminosity evolution derived from the Fundamental Plane (van
Dokkum et al. 1998b) we takez1 = 10 andz2 = 3 for galaxies on the CM relation. Assuming
z1 = 10 for all galaxies in MS 1054−03, the value ofz2 can be calculated from the observed
�(U −B)z, for each galaxy. Since

(U −B)evo = 0:543(�U −�B) [ln(t − t1) + ln(t − t2)] +C (7.8)
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the color difference between two galaxies with the samet1 and truncation timestA
2 andtB

2 is

�(U −B)evo = 0:543(�U −�B)
�
ln(t − tA

2 ) − ln(t − tB
2 )
�
: (7.9)

Note that the expression for the color difference only depends on the time of truncationt2,
and is independent oft1, the time of the onset of star formation.

The observed residual from the CM relation�(U −B)obsis inflated due to the increased lu-
minosity of young galaxies. The relation between�(U −B)evo and the observed color residual
is given by

�(U −B)obs=

�
1+

�

1:086
�B

�B −�U

�
�(U −B)evo = 1:22�(U −B)evo; (7.10)

where� is the slope of the CM relation (see van Dokkum et al. 1998a) Combining Eq. 7.9
and Eq. 7.10 yields

ln(t − tB
2 ) = ln(t − tA

2 ) −
0:82�(U −B)obs

0:543(�U −�B)
(7.11)

Takingz2 = 3 for galaxies having�(U −B)obs= 0 (i.e., galaxies on the CM relation) we find

ln(t0:83− t2) = −1:198+10:07�(U −B)z (7.12)

with t0:83 the age of the Universe at the epoch of observation (note thatt0:00� 1).
A consequence of Eq. 7.12 is that galaxies with�(U −B)z < −0:2 havez2� 0:83, i.e., they

are still forming stars atz� 0:83. The fact that 15 out of 20 galaxies with�(U −B)z < −0:2
have EW [OII ] 3727 Å> 5 Å lends some support to our modeling. Galaxies with�(U −B)z >

0:064 havez2 > 10, which is not allowed in the present model. There are only two galaxies in
our sample which have�(U −B)z > 0:064: 1486 and 1986. They are both spirals, and their
colors are probably affected by dust. For these galaxies we have setz2 = z1 = 10.

Given the values oft1 and t2 we can calculate the color and luminosity of each galaxy
at timet using Eq. 7.6 and Eq. 7.7. We note that our results are not very dependent on the
assumed star formation history. As shown by van Dokkum et al. (1998a), the evolution of
the scatter in the CM relation is mainly driven by the mean luminosity weighted ages of the
galaxies, and this parameter is well constrained by the luminosity evolution derived from the
Fundamental Plane.




