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ABSTRACT

We present the fundamental plane (FP) for 38 early-type galaxies in the two rich galaxy clusters RX
J0152.71357 ¢ = 0.83) and RX J1226:83332 ¢ = 0.89), reaching a limiting magnitude bf; = —19.8 in
the rest frame of the clusters. While the zero-point offset of the FP for these high-redshift clusters relative to
our low-redshift sample is consistent with passive evolution with a formation redstsft ok 3.2 , the FP for
the high-redshift clusters is not only shifted as expected for a mass-indepepgdent but rotated relative to the
low-redshift sample. Expressed as a relation between the galaxy masses and the mass-to-light ratios, the FP is
significantly steeper for the high-redshift clusters than for our low-redshift sample. We interpret this as a mass
dependency of the star formation history, as has been suggested by other recent studies. The low-mass galaxies
(10*** M) have experienced star formation as recentlyas.35 (1.5 Gyr prior to their look-back time), while
galaxies with masses larger tha@*** M, had their last major star formation episadedab

Subject headings: galaxies: clusters: individual (RX J0152:71357, RX J1226.93332) —
galaxies: evolution — galaxies: stellar content

1. INTRODUCTION which is described in detail in Jgrgensen et al. (2005). We adopt

H — <1 ~1 —
The fundamental plane (FP) for elliptical (E) and lenticular gr%%Dl\ﬂcgs%mology withH, =70 km s* Mpc® 0, = 0.3,
, = 0.7.

(S0) galaxies is a key scaling relation, which relates the ef-
fective radii, the mean surface brightnesses, and the velocity
dispersions in a relation that is linear in logarithmic space (e.g.,
Dressler et al. 1987; Djorgovski & Davis 1987; Jgrgensen et Spectroscopy for RX J0152:71357 and RX J1226:93332
al. 1996, hereafter JFK1996). The FP can be interpreted as ayas obtained with the Gemini Multi-Object Spectrograph at
relation between the galaxy masses and their mass-to-light raGemini North (GMOS-N; Hook et al. 2004). The data for RX
tios (M/L). For low-redshift cluster galaxies, the FP has very j0152.7-1357 are published in Jargensen et al. (2005). The
low internal S(_:atter (e.g., JFK1996) It is therefore a p(_)WGI'fU' reduction of the RX J1226-93332 spectroscopy was done
tool for studying the evolution of th&//L  as a function of ysing similar techniques, with suitable changes to take into
redshift (e.g., Jergensen et al. 1999; Kelson et al. 2000; vanaccount the use of the nod-and-shuffle mode of GMOS-N (I.
de Ven et al. 2003, Gebhardt et al. 2003; Wuyts et al. 2004, Jorgensen et al. 2006, in preparation)_ We Hsbble Space
Treu et al. 2005; Ziegler et al. 2005). These authors all find Telescope (HST) archive data of the two clusters obtained with
that the FP az = 0.2-1.0 is consistent with the passive evo- the Advanced Camera for Surveys (ACS). In this Letter we
lution of the stellar pOpulationS of the galaXies, generally with use effective radiire , and mean surface br|ghtned$%3, , de-
a formation redshift,, >2 . Most previous studies of the FP rijyed from either F775W or F814W observations, calibrated
atz = 0.2-1.0cover fairly small samples of galaxies in each tg the rest-frameB band (see K. Chiboucas et al. 2006, in
cluster and are limited to a narrow range in luminosities, and preparation, for deta”s)_ The GALFIT program (Peng et al.
therefore masses, making it very difficult to detect possible 2002) was used to determing add, . We fit the cluster
differences in the FP slope. A few recent studies indicated amembers with Ssic (1968) and¥* profiles. The combination
steepening of the FP slope far~ 1  galaxies (di Serego Ali- that enters the FR)gr, + 8 log (I). 8(= 0.7-0.8 ), differs very
ghieri et al. 2005; van der Wel et al. 2005; Holden et al. 2005). |ittle for the two choices of profiles. In the following we use
These studies and the studies of kaband Iuminosity function the parameters from** -fits for Consistency with our low-red-
(Toft et al. 2004) and the red sequence (de Lucia et al. 2004)shift comparison data. None of the main conclusions of this
at z~ 0.8-1.2 suggest a mass dependency of the formation | etter would change had we chosen to use thesiBéits.
epoch. Masses of the galaxies are derivedMis= 5¢°r, G+ .

We present the FP for two galaxy clusters, RX J0152.7 Our Coma Cluster sample serves as the low-redshift refer-
1357 az = 0.83 and RX J1226:8332 atz = 0.89. Oursam-  ence sample (Jgrgensen 1999). We have obtainecBrsand
ples reach apparefit -band magnitudes of 22.5-22.8, equivalenghotometry of this sample with the McDonald Observatory
to an absolute magnitude M; = —19.8 in the rest frame of (.8 m telescope and the Primary Focus Camera (Claver 1995).
the clusters. No other published samples suitable for studies ofThe data were reduced in a standard fashion, and effective
the cluster galaxy FP at>0.8 go this deep. Our study of these parameters were derived as described in Jargensen et al. (1995).
two clusters is part of the GemihiST Galaxy Cluster Project,  Table 1 summarizes the sample sizes and some key cluster

properties.

2. OBSERVATIONAL DATA

* Gemini Observatory, 670 North A‘choku Place, Hilo, HI 96720;
ijjorgensen@gemini.edu, kchibouc@gemini.edu.
2 Current address: State University of New York at Stony Brook, The Rein-

vention Center, Stony Brook, NY 11794; kathleen.flint@stonybrook.edu. - .
® Gemini Observatory, Casilla 603, La Serena, Chile; mbergmann@gemini.edu. We first establish the FP for the Coma Cluster data. In order

“ Department of Astrophysics, University of Oxford, Keble Road, Oxford 1O limit the effect of diﬁerence_s in Samp|e selection for the
OX1 3RH, UK; jmb@astro.ox.ac.uk, rid@astro.ox.ac.uk. Coma Cluster sample and the high-redshift sample, we exclude
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TABLE 1
GALAXY CLUSTERS AND SAMPLES

a
Ocluster

Cluster Redshift (km s™) Nyt  Nanayss Ref.
Coma = Abell 1656...... 0.024 1010 116 105 Jaorgensen 1999
RX J0152.71357 ........ 0.835 1110 29 20 Jogrgensen et al. 2005
RX J1226.743332 ........ 0.892 1270 25 18 This Letter

# Cluster velocity dispersion.
® Number of galaxies observed.
¢ Number of galaxies included in the analysis (see text).

galaxies withM < 10'**M_ as well as emission-line galaxies. 4. POSSIBLE SYSTEMATIC EFFECTS
The sum of the absolute residuals perpendicular to the relation

was minimized. We find To test how well we recover input (). , andgr, +

Blog (). (8 = 0.7-0.9, we simulateHST/ACS observations
_ of galaxies with Sesic profiles withn = 0.8—4.6 and effective
logr, = (1.30+ 0.08) logo — (0.82+ 0.03) log{l). — 0.443, parameters matching our Coma sample. iror2 rite  fits

1) recover logr, with an rms of 0.15. Howevelpgr, +

B log (1), is recovered with an rms scatter of on#.02 for3

wherer, is the effective radius in kiloparseess the velocity between 0.7 and 0.8. There are no systematic effects as a func-
dispersion in kilometers per second, afifl is the surfacetion of effective radii or luminosities (see K. Chiboucas et al.
brightness withirr, in units ok, pc® . The uncertainties on 2006, in preparation, for details). Simulations of spectra match-
the coefficients are determined using a bootstrap method (sedng the instrumental resolution, signal-to-noise ratios, and spec-
JFK1996 for details). The rms of the fit is 0.08logr, . The tral properties of our observational data showed that velocity
coefficients are in agreement with other determinations avail- dispersions below the instrumental resolutitbgc = 2.06 )
able in the literature (e.g., JFK1996; Colless et al. 2001; Blak- may be subject to systematic errors as large+a8.15 in
eslee et al. 2002; Bernardi et al. 2003). log o (Jgrgensen et al. 2005). Excluding from the analysis the

Figure 1 shows the Coma Cluster FP face-on as well as twofour galaxies in the high-redshift sample witly ¢ < 2.06 , we
edge-on views of the relation, with the high-redshift sample find a slope for theéV/L -mass relation 6f47 = 0.06 , while
overplotted. The FP for the high-redshift sample is not only the FP coefficients are not significantly different from those
offset from the Coma Cluster FP but appears “steeper.” As given in equation (2).
there is no significant FP zero-point difference between thetwo Finally, we address whether or not the selection effects can
high-redshift clusters, we treat the high-redshift galaxies as onebe the cause of the differences in the relations for the two
sample. Deriving the FP for the high-redshift sample using the samples. We choose 1000 random subsamples of 38 galaxies
same technique and sample criteria as for the Coma Clusterfrom the Coma sample, roughly matching the mass distribution
we find of the high-redshift sample. We confirm the match in mass

distributions by using a Kolmogorov-Smirnov test. The prob-
logr, = (0.60 + 0.22) logs — (0.70 + 0.06) log(l), + 1.13, ability that the subsamples and the real high-redshift sample

are drawn from the same parent distribution is above 90% for

@ more than 90% of the realizations. For the remainder, the prob-

. . . . - ability is above 70%. We then compare the fits to these sub-
with an rms of 0.09 irlog fe - The difference In the coefficient samples to the results from bootstrapping the high-redshift sam-
for logo between equations (1) and (2) s« = 0.70+ ple. For the FP coefficients, the subsample fits overlap the
0.23 a 3¢ detection ofa_d|ffe_ren(_:e_|n the_FP slope. The internal bootstrap fits in only 1.6% of the cases (Fig) 2while for the
scatter of.the two relations is similar. Figurd §hows the FP _M/L-mass relation, the slope for the subsamples overlaps the
as a relation between the galaxy masses andthe . The fit),iqiran fits in 3.7% of the cases (Fidy)2This shows that
to the Coma sample, excluding the low-mass galaxies, giVes the Fp and tha//L -mass relation for the high-redshift sample
are different from the relations found for the Coma sample at
the 96%—-98% confidence level.

Based on the simulations of the data and the selection effects,
we conclude that the differences in relations that we find be-
tween the Coma sample and the high-redshift sample are un-
likely to be due to systematic effects in the data or due to
differences in selection effects.

log (M/L) = (0.24 = 0.03) logM — 1.75, 3)

with an rms of 0.09 inlog (M/L) . Fitting the high-redshift
sample, using the same mass limit, gives

log (M/L) = (0.54 = 0.08) logM — 5.47, (4)

with an rms of 0.14 inlog (M/L) . The internal scatter in
log (M/L) is not significantly different for the two relations. 5. THE STAR FORMATION HISTORY OF E/SO CLUSTER GALAXIES

We find 0.07 and 0.08 for the Coma sample and the high- The median offset ofog (M/L) for the high-redshift sample
redshift sample, respectively. Even with the same mass limit relative to the Coma sample i80.38. Using stellar population
enforced on both samples, one might argue that the fits are stillmodels from Maraston (2005), which show tiatog (M/L) =
affected by the difference in the luminosity limit. Therefore, 0.93%A log (age)(Jgrgensen et al. 2005), this gives an epoch for
we also fit a subsample of the Coma sample limited at the last major star formation episodezgf,, =~ 3.2 . However, the
M; = —19.8 mag The coefficient for logM is in this case steepemM/L -mass relation found for high-redshift clusters com-
0.28 + 0.06 Thus, the difference between the coefficients for pared to the Coma Cluster may be due to a difference in the epoch
the high-redshift and low-redshift samples is at the [@vel. of the last major star formation episode as a function of galaxy
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Fic. 1.—FP for RX J0152.71357 frange squares), RX J1226.9-3332 (ed squares), and Comalflue triangles). The smaller symbols represent galaxies with
M < 10'°* M, excluded from the analysis. RX J1226.8332 ID = 711 and ID= 966 (with Sesic indexn< 1.5) are labeled and excluded from the analysis.
(a, b) Edge-on view of the FP.c) FP face-on, for the Coma Cluster coefficientd). FP as mass v&/L . The solid blue line &),((b), and @) represents the
fit to the Coma Cluster sample. The solid green lineandnd @) represents the Coma Cluster fit offset to the median zero point of the high-redshift sample.
The orange-red line inbj and @) represents the fit to the high-redshift sample. The fit showrb)ris(not the optimal FP for the high-redshift sample since it
has the coefficient folog (1), fixed at 0.82. The dashed linexjratid @) represent the luminosity limits for the Coma Clusteliug¢) and both redshift clusters
(orange). In (c) the solid blue and green lines mark the “exclusion zones” (Bender et al. 1992) for the Coma Cluster and high-redshift sample, respectively,
assuming the slope and zero points as showrajnThe dashed green lines id)(represent models from Thomas et al. (2005; see text for discussion). Internal
uncertainties are shown as representative error barg) lthé internal uncertainties are the size of the points.

mass. The low-mass galaxies have experienced the last major stap the massive stars formed at that time. Very shortly after the
formation episode much more recently than the high-massend of the last major star formation episode, these galaxies follow
galaxies. The difference between the high- and low-redshift a tight FP. For galaxies witvl = 10°® M, , we fing,,, =
samples isAlog(M/L) = —0.30logM + 3.72, equivalent to 1.9, while for galaxies withV > 10> M, , we find,,,, > 4.5 .
Alog(age)= — 0.32loyl + 4.0. Thus, for the lowest mass Thomas et al. (2005) used absorption-line index data for
galaxies 10'** M, ), the last epoch of star formation may have nearby E/SO galaxies to establish rough star formation histories
been asrecentdg,, ~ 1.35 . Thisis orl§.5 Gyrpriortowhen  of the galaxies as a function of their masses. They find that the
the light that we now observe was emitted from the galaxies in most massive galaxies form the majority of their stars at high
the high-redshift sample. There appears to be just enough timeedshift, while lower mass galaxies continue forming stars at
for the galaxies to no longer have detectable emission lines duemych later epochs. Thomas et al. convert velocity dispersions
to galaxy masses using a model-dependent relation that is in-
consistent with our data. We therefore correct their masses to be
woftom 1 ] consistent with our data by using the empirical relation between
; ] our mass estimates and the measured velocity dispersions. The
1 . °F ) E lower of the two dashed green lines in Figuteshows the result
1 2 200 P 3 based on the star formation history in high-density environments
E ! E as established by Thomas et al. and onNfike modeling from
] E e Maraston (2005). Our data show slightly less evolution in the
2 0 02 04 06 08 1 M/L betweenz= 0.8—-0.9 and the present than predicted by
a (FP) a (M/L - Mass relation) Thomas et al. However, it is striking that the slope of the pre-
Fic. 2.—Distributions of FP coefficients and the slopepf the M/L -mass dICted-relatlon 'S gg_reement with our data. As an experiment,
relation for 1000 subsamples of the Coma Cluster sanipiel points and we shifted the predictions from Thomas et al. to the best agree-

histogram) and for 1000 bootstrap samples of the high-redshift sarme ( Ment With our data. The upper of the two daShe_d green lines
points and histogram). See text for discussion. shows this for the formation look-back times shifted 2.5 Gyr
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earlier for all masses such that the earliest formation look-backis offset and rotated relative to the FP of our low-redshift com-
time is 14 Gyr (roughly the age of the universe in this cos- parison sample of Coma Cluster galaxies. Expressed as a relation
mology). The absolute formation epochs from Thomas et al. may between thé//L and the masses of the galaxies, the high-redshift
not be correct, since their analysis depends on stellar populatiomyalaxies follow a significantly steeper relation than found for the
models. However, their results on the relative timing of the star Coma Cluster. We interpret this as being due to a mass depen-
formation episodes as a function of galaxy mass closely matchdency of the epoch of the last major star formation episode. The
our results for this high-redshift sample. _ lowest mass galaxies in the sam@&¢*M_, ) have experienced
Thomas et al. predict that star formation is ongoing for a longer significant star formation as recentas,, ~ 1.35 , while high-
perioc_i in Iow—m.ass galaxies than in high—mass_ galaxies. Basedyagg galaxies( > 10"*M_ )hawe,, >4.5 .Thisisingeneral
on this, we estimate that the internal scatter in .~ -mass,; eement with the predictions for the star formation histories
relation, inlog (M/L), should be-0.06 at10'™* M, but only of E/SO galaxies from Thomas et al. (2005) based on their anal-

~ 11.3 1
70'01 atlo™ My . We cannot confirm SL.JCh a decfease of the ysis of line index data for nearby galaxies. The scatter of FP for
internal scatter. However, it would most likely require a larger ;

these twaz = 0.8-0.9 clusters is as low as found for the Coma

sample and/or significantly smaller measurement uncertainties , o . .
to tezt this predic%on y Cluster, and we find no significant difference in the scatter for

Factors other than the mean ages of the stellar populationd®W- @nd high-mass galaxies. This indicates that at a given galaxy
could be affecting th&//L  of the galaxies. For RX J0152.7 Mass, the star formation h|st0ry fo_r the E/SO galaxies is quite
1357 we found, based on absorption-line index data, that aSimilar. In a future paper we will discuss these results in con-
large fraction of the galaxies may haweelement abundance nectior_1 with our absorption-line index data for the galaxies in
ratios, [«/Fe], about 0.2 dex higher than found in nearby clus- both high-redshift clusters.
ters (Jgrgensen et al. 2005). This could affect Mie in a
systematic way. C. Maraston (2005, private communication)
finds from modeling that stellar populations with/Fe] =
0.3 solar metallicities and ages of 2—7 Gyr may hawk This work is based on observations obtained at the Gemini
the blue that are about 20% higher than those wittF§] = Observatory (GN-2002B-Q-29, GN-2004A-Q-45), which is
0.0. While it is still too early to use these models for a detailed operated by AURA, Inc., under a cooperative agreement with
analysis of high-redshift data, it indicates that for future detailed the NSF on behalf of the Gemini partnership: NSF (US),
analysis of the FP, we may have to include information about PPARC (UK), NRC (Canada), CONICYT (Chile), ARC (Aus-

in

the [a/Fe] of the galaxies.

6. CONCLUSIONS

We find that the FP for E/SO galaxies in the clusters RX
J0152.71357 ¢ = 0.83) and RX J1226:03332 ¢ = 0.89)

tralia), CNPq (Brazil), and CONICET (Argentina). This work
is also based on observations made with the NASA/EBB-

ble Space Telescope. 1. J., K. C., and K. F. acknowledge support
from grant HST-GO-09770.01 from STScl. STScl is operated
by AURA, Inc., under NASA contract NAS 5-26555.
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ERRATUM: “THE FUNDAMENTAL PLANE FOR z = 0.8-0.9 CLUSTER GALAXIES” (ApJ 639, L9 [2006])

INGER JBRGENSEN, KRISTIN CHIBOUCAS, KATHLEEN FLINT, MARCEL BERGMANN, JORDI BARR, AND ROGER DAVIES

In the above-mentioned Letter, an incorrect calibration of the photometry to the restirémared was used for the two high-
redshift clusters RX J0152-71357 ¢ = 0.83) and RX J1226:03332 ¢ = 0.89). This error was identified with the help of P.
van Dokkum. To correct for the error, the photometry for the two high-redshift clusters should be offset to brighter luminosities
with a factor(1 + z,,.) , cOrresponding to an average offsetoigL for the two clustelegafl + 0.86) = 0.27 .

With this error corrected, the fundamental plane (FP) for the two high-redshift clusters (eq. [2] in the above-mentioned Letter)
should read

logr, = (0.60 + 0.22) logs — (0.70 + 0.06) log(l), + 1.32. Q)
The relation between the galaxy masses and the mass-to-light ratio (eq. [4] in the above-mentioned Letter) should read
log (M/L) = (0.54 + 0.08) logM — 5.74. (2)

We include a revised version of Figure 1 that reflects these changes.

The discussion of the possible systematic effects and the simulations supporting the conclusion that the FP is steeper for th
high-redshift sample compared to that of the Coma Cluster remain unchanged (8 4 and Fig. 2 of the above-mentioned Letter).

The offsets and relations stated in § 5 in #ive-mentioned Letter change as follows. The median off$egd/L) for the high-
redshift sample relative to the Coma sample-8.65, corresponding to an epoch of the last major star formation episagg, o
1.3 The mass-dependent differencelay (M/L) between the high- and low-redshift samplegyigV/L) = —0.30 logM + 3.99 ,
equivalent taA log (age)= —0.32 logM + 4.27 . Thus, for the lowest mass galax&8°¢ M, ), the last epoch of star formation may
have been as recent as,,,~ 1.1 . This is oaly Gyr prior to when the light that we now observe was emitted from the galaxies in
the high-redshift sample. For galaxies with= 10°®* M, , we fingl,,~1.25 , while for galaxies Witk 10** M , we find
Ziorm = 1.6.

As the revised Figure 1 shows, the predictions from Thomas et al. (2005) are in quite good agreement with our high-redshift
data, and no offset to higher look-back times is needed.

The remainder of the above-mentioned Letter is unaffected by the error in the calibration. The authors regret the mistake anc
thank P. van Dokkum for assisting in identifying this problem.
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Fig. 1.—FP for RX J0152.70152 range sguares), RX J1226.9-3332 (ed sguares), and Comalflue triangles). The smaller symbols represent galaxies with
M < 10'* M, excluded from the analysis. RX J1226.83332 ID = 711 and ID= 966 (with Sesic indexn< 1.5) are labeled and excluded from the analysis.
(a, b) Edge-on view of the FP.c| FP face-on, for the Coma Cluster coefficientd). EP as Mass vaM/L . The solid blue line ia),((b), and ¢) represent the
fit to the Coma Cluster sample. Solid green lineap &nd @) represent the Coma Cluster fit offset to the median zero point of the high-redshift sample. Orange-
red line in p) and () represent the fit to the high-redshift sample. The fit showb)ns(not the optimal FP for the high-redshift sample since it has the coefficient
for log (1), fixed at 0.82. The dashed lines ic) @nd ¢) represent the luminosity limits for the Coma Clustigiug) and both redshift clustersiange). In (c) the
solid blue and green lines mark the “exclusion zones” (Bender et al. 1992) for the Coma Cluster and high-redshift sample, respectively, assop@ranthe s
zero points as shown ira). The dashed green line id)(represents the model from Thomas et al. (2005; see text for discussion). Internal uncertainties are shown
as representative error bars. k) the internal uncertainties are the size of the points.





