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Abstract. We investigate the origin of color gradients in clustetion (Kauffmann 1996, Baugh et al. 1996) predict more extended
early-type galaxies to probe whether pure age or pure metallicétyr formation histories, with substantial fractions of the stellar
gradients can explain the observed data in local and distaat ( population formed at relatively small redshifts. From an obser-
0.4) samples. We measure the surface brightness profilesvafional point of view, evidence is growing that the formation of
the 20 brightest early-type galaxies of CL0949+44 (hereaftefair fraction of the stellar component of bright cluster Es must
CL0949) at redshift=0.35-0.38 from HST WF2 frames takerhave taken place at high redshit$ 2) and cannot have lasted
in the filters F555W, F675W, F814W. We determine the coldor more than 1 Gyr. This conclusion is supported at small red-
profiles(V — R)(r), (V —I)(r),and(R — I)(r) as a function shifts by the existence of a number of correlations between the
of the radial distancein arcsec, and fit logarithmic gradients inglobal parameters of elliptical galaxies, all with small scatter:
the range-0.2 to 0.1 mag per decade. These values are simillwe Color-Magnitude (CM, Bower et al. 1992), the Fundamen-
to what is found locally for the color§U — B), (U — V), tal Plane (Jgrgensen etlal. 1996), the M(folless et al. 1999)
(B — V) which approximately match th@” — R), (V — I), relations. These hold to redshifts up to 1 (Stanford et al. 1998,
(R — I) at redshift~ 0.4. We analyse the results with up toBender et al. 1998, Kelson etial. 1997, van Dokkum ét al. 1998,
date stellar population models. We find that passive evolutiBender et al. 1996, Ziegler & Bender 1997, Ellis et al. 1997),
of metallicity gradients#£ 0.2 dex per radial decade) providesonsistent with passive evolution and high formation-ages. In
a consistent explanation of the local and distant galaxies’ dagadition, the Mg over Fe overabundance of the stellar popu-
Invoking pure age gradients (with fixed metallicity) to explaitations of local cluster Es (Worthey et al. 1992, Mehlert et al.
local color gradients produces too steep gradients at redsHZ®90D), requires short star formation times and/or a flat IMF
z =~ 0.4. Pure age gradients are consistent with the data orflyhomas et al. 1999). Field ellipticals might have larger spreads
if large present day ages 15 Gyr are assumed for the galaxyin formation ages (Gorées 1998), but comparisons with clus-
centers. ter Es (Bernardi et dl. 1998) and the first trends observed for the
evolution of the FP with redshift (Treu et al. 1999) do not allow
Key words: galaxies: elliptical and lenticular, cD — galaxiesmuch freedom.
kinematics and dynamics — galaxies: abundances — galaxies:The study of the variations of the stellar populations inside
formation galaxies, the so-calleggtadients offers an additional tool to con-
strain the models of galaxy formation. Classical monolithic col-
lapse models with Salpeter IMF (Carlbérg1984) predict strong
1. Introduction metallicity gradients. The merger trees generated by hierarchical
models of galaxy formation (Lacey & Cole 1993) are expected
The efforts to understand the mechanisms of formation aﬁfjd”ute gradients origina"y present in the merging ga|a_xies
evolution of elliptical galaxies have dramatically increased @nd therefore give end-products with milder gradients (White
the last years. On the theoretical side, the classical picture1980), although detailed quantitative predictions are still lack-
the monolithic collapse la Larson[(1974) has been increasng. Color gradients are known to exist in ellipticals since the
ingly questioned by scenarios of hierarchical structure formgioneering work of de Vaucouleufs (1961). The largest modern,
tion, where ellipticals are formed by mergers of spirals (Whit€CD based, dataset has been collected by Franx ét al.|(1989),
& Rees[1978). While in the first case the stars of the galageletier et al.[(1990), Goudfrooij et al. (1994), who measured
ies are supposed to form in an early episode of violent agdrface brightness profiles in the optiéal B, V, R, I bands
rapid formation, the semi-analytical models of galaxy form3or a large set of local ellipticals. These radial changes in col-
Send offprint requests t®.P. Saglia (saglia@usm.uni-muenchen.dei s haye been tradl_tlonally mter_preted as (?hanges n metaI_IICIty
* Based on observations with the NASA/E$Aibble Space Tele- abef 197]7), arguing that line index gradients measured in lo-

scope obtained at the Space Telescope Science Institute, which is 56" field (Davies et al. 1993, Carollo etlal. 1993, Kobayashi.&
erated by AURA, Inc., under NASA contract NAS 5-26555. Arimoto[1999) and cluster (Mehlert et al. 1998, 2000a) galaxies
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support this view. A~ 0.2 dex change in metallicity per radialtical telescope assembly and spiders, and the related presence
decade suffices to explain the photometric and spectroscopi@ dark diagonal X structure. In order to determine the back-
data (see, for example, Peletier efal. 1990). However, due to gineund accurately, the Sextractor program (Bertin & Arnouts
age-metallicity degeneracy of tipectraof simple stellar pop- [1996) was used. We detected and subtracted sources iteratively
ulations (Worthey 1994) this conclusion can be questioned. Bied constructed an average source-free sky frame. The resulting
Jong (1996) favors radial variations in age to explain the colsource-free, sky-subtracted images taken with the F675W and
gradients observed in his sample of local spiral galaxies. If &814W filters have rms residuals of 0.3—-0.5%, the ones with the
lipticals form from merging of spirals, age might be the drivee555W filter up to 1%, which set the final precision of our sky

of color gradients in these objects too. The combined analysightraction. In addition, we constructed background-subtracted
of more metal-sensitive (i.e., Myjand more age-sensitive (i.e.jmages using the first-iteration background determined by Sex-
H ) line index profiles points to a combination of both age artdactor, which takes into account the diffuse light contribution
metallicity variations (Gorales[ 1998, Mehlert et al. 2000b).of extended objects. These frames were then used to perform
Finally, Goudfrooij & de Jong (1995) and Wise & Silva (1996}he surface photometry analysis for all galaxies except for the
stress the importance of dust on the interpretation of color gi> on the WF2 frame (#201 of Figl. 1). In this case we preferred
dients and conclude that it might add an additional sourcetbk sky-subtracted images to be able to measure the extended
degeneracy to the problem. halo of the object.

With the resolution power of HST itis now possible to mea- The isophote shape analysis was performed following Ben-
sure the photometric properties of distant galaxies and theder & Mollenhoff (1987). The procedure was improved in two
fore implement an additional constraint on the stellar populatiaspects. 1) Mask files were produced automatically from the
models, i.e. the time evolution, that helps breaking the degenéisegmentation frames” produced by Sextractor. 2) The surface
ciesdiscussed above. Abraham etal. (1999) study color distribuightness and integrated magnitude profiles following ellip-
tions of intermediate redshift galaxies of the Hubble Deep Fidfidal isophotes were computed from the averages of the not
to constrain the star formation history of the Hubble Sequencesked pixels between the isophotes. Statistical errors were
of field galaxies. Here we determine the color gradients in théso derived from the measured rms. Profiles of surface bright-
V, R, I Johnson-Cousinsfilters of asample of cluster early-typess, ellipticity, position angle and higher order terms of the
galaxies at redshift =~ 0.4 observed with HST, and compare~ourier decomposition were derived for the 70 brightest objects
themto the U, B and V gradients observed in local Es. By meatistected by Sextractor on the F814W frames. The information
of new, up to date models of Simple Stellar Populations (SSRJas used in combination with the visual inspection of the im-
we investigate whether pure age or pure metallicity gradierg#tges to classify the galaxies morphologically. Twenty early-type
can explain the observed colors and gradients and their evajalaxies were found. Their identification numbers can be read
tion with redshift. The structure of the paper is the followingn Fig.[. In the following we shall consider only these objects.
In Sect[2 we present the new HST observations of CL0949, fhiee data for the late-type galaxies will be presented elsewhere.
data reduction and the derived photometric profiles. In SkcfTBe cross-identification with Dressler & Gunn (1992) is givenin
we describe the reference sample of local cluster galaxiesTable[1, where the available spectroscopic information is also
Sectl st we describe the stellar population models and their ssenmarized. Inspection of the profiles of the isophote shape
to study the evolution of color gradients. Ages and metalliparameters shows smooth variations as a function of the radial
ities derived according to the different modeling assumptiodsstance, and absence of strong odd-term coefficients, which
are presented in Sett. 5. Results are discussed in[Sect. 6 emiudes the presence of large amounts of patchy dust. This is
conclusions are drawn in Selck. 7. confirmed by the examination of the two-dimensional (V-R),
(V-1), (R-I) color maps.

) Circularly averaged surface brightness profiles were also
2. HST observations of CL0949 measured following Saglia et al. (1997a). The photometric cal-

The central core of CL0949 (a superposition of two clustersigfation on theV, R, I Johnson-Cousins bands was performed
redshifts 0.35 and 0.38, Dressler & Gunn 1992) was obsenkging the “synthetic system” (Holtzman et/al. 1995) as in Fig. 1
with HST and WFPC2 in December 1998 (PID 6478). Ninef Ziegler et al.[(1999). A first estimate of the zero-points was
images with each of the filters F555W, F675W, and Fg814¥btained usingth@/ —I)and(V — R) colors typical of: = 0.4
were obtained totaling exposure times of 7200 sec, 7200 se@!ly-type galaxies, as in Ziegler et al. (1899). The final zero-
and 7000 sec respectively. The images were taken with sub-pixeints were derived recomputing the calibration with the so-
shifts to improve the resolution and sampling. The pipeline rBeasuredV — I) and (V' — R) colors. Half-luminosity radii
duced frames were further processed under IRAF to elimindfe(555), R.(675), R.(814) and total magnitudes:z(555),
cosmic rays, and combined after resampling to half the origiriair (675), mr(814) were derived fitting the circularly averaged
scale, following the algorithm described in Seitz et @l_(199g)rofiles using the algorithm described and extensively tested in
The subsequent analysis was performed under MIDAS. Paaglia etal.[(1997b). The algorithm fits a PSF (computed using
ticular care was needed to treat the images taken with the #1e Tinytim program) broadened’* and an exponential com-
ter F555W, which suffered from an elevated background levePnent simultaneously and separately to the circularly averaged
throughout the field of view, due to Earth reflection by the ofgurface brightness profiles. As a result, disk-to-bulge ratios and
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Fig. 1. The F814W image of the clus-
ter CL0949. The labels indicate the 20
brightest early-type galaxies detected.

the scale-lengths of the bulge and the disk components are afeF814W profiles are given in Talble 2 together with fheB
determined. The quality of the fits were explored by Montatio, for the objects where a two-component model was fit. As
Carlo simulations in Saglia et al. (1997b), taking into accoudescribed above, the fit to the galaxy 201 is highly uncertain. If
the possible influence of sky subtraction errors, the signal-thhe whole radial extent of the F814W profile is fit, an 8 times
noise ratio, the radial extent of the profiles and{Rejuality of larger value of the bulge scalelength is needed.

the fit. Accordingly, the half-luminosity radii are expected to be Following Burstein & Heiles[(1984), no correction for galac-
accurate to 25%, the total magnitudes to 0.15 mag. Two fits gieabsorption was necessary. Note, however, that Schlegel et al.
more uncertain than these figures. The valueRg®14) and (1998) give E(B — V') = 0.019. The use of this correction
R.(675) of galaxy 201 have been derived restricting the fit tgives Ay = 0.063, Ar = 0.051, A; = 0.037, making the de-

the radial range of the F555W profile. Fitting the whole F814\ved intrinsic(V — R), (V — I), (R — I) colors bluer by 0.01,
profile, more extended than the F555W and F675W ones @h@26, 0.014 mag respectively. These variations do not affect
shallower than the extrapolated profiles expected from the fithat follows.

in the V and R bands, one would get a valugf814) twice Finally, we determined the color profiles of the galaxies from
as large. Fitting the whole F675W profile produces a value thfe calibrated elliptical isophote surface brightness profiles, es-
R.(675) 30% smaller. Finally, the F555W profile of the galaxyimating statistical and systematic errors. The latter were com-
408 is not extended enough to allow a reliable determinatipated considering the extreme cases of possible sky subtraction
of R.(555). The best fit the these data involves a large (50%})rors,+0.5% for the F675W and F814W filters, antd1%
extrapolation and gives a value &.(555) twice as large as for the F555W (see above). For example, we computed the two

R.(675) andR.(814). (V —1I) profiles corresponding to +1% sky error on V and -0.5%
Fig[2 shows the resulting fits to the F814W filter profilesky error on I, and -1% sky error on V and +0.5% sky error on .
and the profiles in the F675W and F555W bands. The error budget on the colors is dominated by statistics in the

Half-luminosity radii and total magnitudes are given in Taeentral regions of the galaxies, and by systematics in the outer
ble[d. The scalesH.5 andh in arcsec) and the magnitudesparts. We fitted the logarithmic slope gradient and zero point,
(mp andm p) of the bulge and disk components measured witkeighting the data according to the statistical errors. In the fit
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Table 1. Results of the photometric fits. Column 1 gives the galaxy name (seEl Fig. 1), Column 2 the cross identification with Dressler &
Gunn (1992), Column 3 the redshift from Dressler & Gunn (1992), Column 4 the morphological type, Columns 5-10 give the half-luminosity
radii R. in arcsec and total magnitudesr in the F555W, F675W, and F814W filters respectively. Magnitudes are calibrated ¥ tRe I
Johnson-Cousins system (see text). Column 11 gives the central velocity dispersions from Ziegler &|Bender (1997) and comments.

Name D&G92 z Type R.(555) mp(555) Re(675) mr(675) Re(814) mr(814) Comment
201 118 0.3815 cD 1.46 19.44 190 18.06 2.05 1723 5=325+50
202 E 0.64 20.54 0.59 19.53 0.55 18.78
203 102 0.3766  SBO 0.35 20.52 0.37 19.58 0.36 18.87 E+A
204 130 0.3402 E 0.63 20.77 0.58 19.85 0.55 19.09
205 E/SO 0.52 20.91 0.49 19.86 0.48 19.08
206 E 0.72 20.84 0.58 19.91 0.54 19.17
208 123  0.3779 ) 0.45 21.51 0.47 20.4 0.50 19.58
209 110 0.3744  S/SO 0.67 21.3 0.66 20.34 0.62 19.74
210 E/SO 0.44 21.45 0.34 20.51 0.41 19.69
211 108 0.3799 E/SO 0.20 21.87 0.18 20.79 0.20 20.03
302 163 0.3778 E/SO 0.65 20.42 0.58 19.47 0.57 18.70
303 119 0.3484 E/SO 0.43 21 0.49 19.88 0.44 19.17
304 S0 0.56 21.1 0.47 20.11 0.48 19.31
312 E/SO 0.15 225 0.16 21.39 0.15 20.67
401 221 0.3772 E 1.07 20.05 1.05 18.87 1.07 18.06 = 230 + 25
402 193 0.3767 Sa/So 1.12 20 1.10 18.93 1.12 18.44= 230 + 25
403 217 0.3784 E 0.69 20.42 0.71 19.32 0.69 18.57 = 125+ 15
404 187 0.3778 E 0.81 20.63 0.77 19.61 0.76 18.87
405 SBO 0.37 21.79 0.29 20.83 0.29 20.05
408 S0 -2 -2 1.03 20.7 0.85 19.78  Background?

1: uncertain

2: profile too short to allow a reliable fit

Table 2. The parameters of the bulge+disk fits as measured with ttiee two extreme cases of possible sky errors discussed above.
F814W profiles. Column 1 gives the galaxy name (sedFig. 1), ColumiTBe median value OR,in/Re 1S 0.2, Of Ry / Re 1.6 for the
the half-light radius of the bulge componet in arcsec, Column 3 (17 — R) and(V — I) colors, and 2.8 fo(R — I). We explored
the magnitude of the bulge componeng;, Column 4 the scalelength the effect of the radial range by repeating the fits on a fractional
h of the disk component in arcsec, Column 5 the magnitude of the d@(Q < R/R, < 1.5) or on a fixed radial rangé)(l < R < 1
. . . M — e = .
g??f;ﬂ)ergfggt'oiﬁgTgoi;?fsof':ﬁz'rtggg'?ei:)aw/ B. Magnitudes 5 0qec). In both cases we obtained similar gradients and zero-
' points within the statistical errors, if the systematic errors in

this radial range due to sky subtraction are not too laxgé.(
N R.p(814 814 h(814 814 D/B T .

amle (814) mp(814) N84 mp(8l4) D/ mag). We verified that the differences between the HST PSFs
201 0.80 17.81 3.08 18.18 = 0.71 iy the different filters do not affect the derived gradients within

203 0.44 19.32 0.18 2005 051 the errors. Tests oR'/* profiles of R, = 0.5 arcsec convolved

ggg 822 2%04'152) g'ig 20'213 ;gg with the PSF for the filters F555W and F675W show that the
211 0.18 20.4 0.14 2136 0.2 Systematic errors produced on the logarithmic gradients com-
302 0.49 18.89 0.54 20.68 019 buted following our procedure are smaller than the systematics
303 0.60 19.41 0.13 2092 0.25 due to the sky subtraction errors. For galaxy 312, the small-
304 0.38 19.81 0.36 20.41 0.58 estof the sampleR. ~ 0.15"), we derived color gradients by
312 0.12 21.13 0.11 21.83 0.53 first convolving the pairs of images (for example, F675W and
402 1.02 18.4 0.80 19.82  0.27 F555W)withthe corresponding interchanged PSFs (F555W and
403 0.67 18.67 0.45 21.21 0.097 Fe75W). The differences in the derived logarithmic slopes are
405 0.25 20.48 019 21.26 049 gmaller than twice the statistical error; thus we expect that this
408 0.82 20.09 0.54 21.3 033 gffectis negligible for the other, more extended objects. Figs. 3
1: uncertain fit to[H show the color profiles with the logarithmic gradient fits.

Tabled §-b summarize the results of these fits. The colors given

there are computed at hakf, in the F675W band. The galaxy
we consider only points within 0.1%,;,)and 3.2 {,.42) arc- 408 has colors 0.2-0.5 mag redder than the rest of the sample.
sec and with statistical and SyStematiC errors less than 0.1 M@ assume thatitis a background Object and do not consider it

Systematic errors on the gradients and zero-points due to gkyhe following analysis. Inspection of Figs. 310 5 shows that on
subtraction were estimated determining the two quantities for
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Fig. 2. The fits to the circularly averaged surface brightness profiles (taken with the F814W filter and calibrated in the Cousins | band) of the 20
brightest early-type galaxies of CL0949. Two plots are shown for each galaxy. The upper panel shows the calibrated surface brightness profile
(small dots) together with the fitted bulge and/or disk profiles (full lines) as a function of the 1/4 power of the disteoroethe center in

arcsec. The horizontal dashed line shows the position corresponding to 1 per cent of the sky level. We also show the circularly averaged surface
brightness profiles taken with the F675W and F555W filters, calibrated in the Johnson-Cousins V and R bands. For clarity they have been shifted
by 0.5 and 1 mag respectively. In each panel the galaxy name and the type of best fit are given (B for bulge only, D for disk only, BD for bulge+disk
fit), together with the value aR. in arcsec and the total magnitude calibrated in the Cousins | bandzJ leeation is also marked as a vertical

line from the top xaxis in each panel. Below each surface brightness profile we show the residuals ofAp&fitss 1iobs (1) — e rie (r) (dots,

scale -0.2 to 0.2 mag arcsey and the integrated magnitude differendenag(r) = magops(< ) — magr (< r) (full lines, scale -0.1 to

0.1 mag).

the whole the color profiles are well described by the logarittheir reducedy? are rather large, in the range 2—4. This stems
mic fits, with mean rms residuals in the range 0.02—0.03 mdgpm the small radial scale color variations present in many pro-
However, the fits are not optimal in a statistical sense, because
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Fig. 3. The F555W-F675W color profiles (with statistical errors) and the logarithmic gradient fits of the 20 brightest early-type galaxies of
CL0949. Notice that since the colors of N408 are particularly red, we plot the observed colors shifted by -0.2 mag. The shift of 0.2 mag indicated
in the figure has to be added to get the real colors of the object. The dotted curved lines show the systematic errors on the colors due to sky
subtraction. The straight full lines show the fitted gradients and their statistical errors. The straight dashed lines show their systematic errors.
Relevant radial distances are marked on the top x axis of each panel as vertical lines: the lodat{6@®f (solid); the minimum and maximum

radius used in the fit (dotted); tle2 R. — 2R, range (arrows) used in the modeling. Finally, each panel is labeled with the galaxy name, and
with the gradient slope (upper row) and zero point (lower row) followed by their statistical and systematic error.

files. Similar effects are observed in local galaxies (i.g., Peletigradients are detected with at leastsignificance. None of the

et al[1990). positive gradients is statistically significant. The systematic er-
Fig[8 summarizes the properties of the gradient sample. Nws are on average larger than the statistical ones. Due to the

correlation is observed between galaxy size and/or galaxy maather large errors, the correlation between the gradients in the

nitude and gradients. All objects have detected negative gd#ferent bands is not very strong.

dients in at least one color. For at least half of the sample the
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Fig. 4. The F555W-F814W color profiles and logarithmic gradient fits of the 20 brightest early-type galaxies of CL0949. Lines and labels as in
Fig.[3. The shift to be applied to the colors of N408 is shown as iff Fig. 3.

3. The local sample ter galaxies, their membership, the color gradient, the colors at

. R./2 and the source of the photometry. For those objects with
Since the F555W, F675W, F814W bands:atz 0.4 map ap- - . :
proximately thel/, B, V Johnson filters at — 0, the direct source of photometry “I”, thé” profile was not available. We

comparison of our measured color gradients with those derivde%l{ived it by interpolation of the B and R profiles using the
for I(?cal early-type galaxies in thegU B, V bands can give & ation(B — V) = 0.66 x (B — 1) —0.03, which was deter-
y-ype g T 9VE€ Bined from the SSP models of Maraston (2000) for ages older

first idea of their evolution. Therefore, we consider the surfaﬁﬁe n 4 Gyr, independently of the metallicities. The errors on the
brightness profiles measured by Franx et[al. (1989), Peletier ea%antities 'given in Tablgl6 are systematic an.d due to the uncer-

N . U
al. (1990), and Goudfrooij et al. (1994). Focusing on C|USt?:5intiesinthe sky subtraction. The statistical errors are (usually)

galaxies our sample consists of 21 objects, for which at least )
L . . uch smaller. Inspection of Talile 6 shows that our local galax
one color gradient is available. Talilk 6 lists the selected clus- P galaxy
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Fig. 5. The F675W-F814W color profiles and logarithmic gradient fits of the 20 brightest early-type galaxies of CL0949. Lines and labels as in
Fig.[3. The shift to be applied to the colors of N408 is shown as iff Fig. 3.

sample consists of 16 objects(@@ — B) and(U — V'), and 21 magnitudes fainter thasy -21. On the whole, the comparison
in (B — V). In the following we indicate with DS the distantbetween the two samples is fair.
sample of E galaxies of CL0949 at~ 0.4 and with LS the lo- Fig[8 compares the cumulative distributions of the mea-
cal sample of cluster E galaxies from the literature.[Hig. 7 shoasred gradients for the LS and the DS samples. The distributions
the comparison of the cumulative distributions of the absolué@pear rather similar, suggesting little evolution. In particular,
total B band magnitudes of the two samples, having applidte median values of thié/—B), (U—V') and(B—V') gradients
0.4 mag dimming (cf. Ziegler et al. 1999) to the DS galaxiesfthe LS galaxies are -0.12,-0.17 and -0.06 mag/dex per decade
The distributions look similar (the Kolmogorov-Smirnov probrespectively. These are close to, but somewhat steeper than the
ability is 0.28), although the LS suffers from incompleteness atedian values of the” — R), (V —I), and(R — I') gradients of

the DS galaxies, thatare respectively -0.09, -0.08, -0.03 mag/dex
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m,(675) Errors grad(R-I) are shown.
L \ =T ] described by Simple Stellar Populations (SSP), i.e. coeval and
og [ [8T0R83 .S B chemically homogeneous assemblies of single stars. The SSP
Tr ’ 1 models for this work are computed with the evolutionary syn-
S 06 h thesis code described in Maraston (1998), in which the Fuel
B N ] Consumption theorem (Renzini & Buzzani 1986) is used to
E 04 ; evaluate the energetics of Post Main Sequence stars. The in-
-0 ] put stellar tracks for the SSP models used here are from Cas-
0.2 - 7=0.37 ] sisi (private communicationsee also Bono et &l._1997), cov-
C ] ering the metallicity ranggFe/H] = [—1.35 + 0.35], with
07724‘ ‘7‘22‘ ‘7‘20‘ helium-enrichment parametekY/AZ=2.5. The amount of
Mag mass loss along the Red Giant branch (RGB) is parametrized &’

) S ] la Reimers((1975), with the efficieney=0.33 as calibrated by
Fig. 7. Cumglatlve distributions of the B-band absolute magnitudes ?hsi Pecci & Renzini(1976). The mass loss prescriptions affect
the =0 (solid) and ~ 0.4 (dotted) samples. the evolutionary mass on the horizontal branch (HB), leading to
warmer HBs as the mass loss increases. We adopt Salpeter IMF

. —_ —(142z) .= P
per decade. A Kolmogorov-Smirnov (KS) test shows that oni)\/Il(m) = Am . ' 1.'35) down toa lower mass "T“'t 0f0.1
the (B-V), (R-1) pair of distribution is marginally different. M. For plausible variation of the IMF slope, the optical colors

In the following we will investigate quantitatively the evo-Of SSPs are virtually unchanged (e.g. Maraston 1998). The evo-

lutions of color gradients under different assumptions for thdlfionary synthesis code has been updated for the computation
origin and compare the models to the observed distributionsf.)f the SSP Spectral Energy Dlstrlbutlon§ (SEDs), asa function
of t and [Fe/H]. We adopted the spectral library of Lejeune et al.
(1998) to describe the stellar spectra as functions of gravity, tem-
4. The models perature and metallicity. A redshifted grid of SSP model SEDs
has also been computed tointerpretthe colors of the DS galaxies.
We have applied the same redshift 0.3775 to all the models.
Our modeling is based on the assumption that the light-averaddts is the average value of thealistribution of the DS sample,
stellar population in the Es betweerx 0.4 andz = 0 can be having assigned to the galaxies without redshift determination,

4.1. The basic tool: Simple stellar populations
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the KStests applied to the corresponding
pairs of distributions.

Table 3. The results of the fits to the (V-R) color profiles. Column Trable 4. The results of the fits to the (V-I) color profiles. Columns as

gives the galaxy name (see . 1), Column 2 the fitted logarithmic Table[3.
gradient in mag per radial decade, Column 3 the statistical error, Col-

umn 4 the systematic error, Column 5 the fitted color at®.5675), Name a(V-1) da: day Col dCol; dCol,
Column 6 the statistical error, Column 7 the systematic error. 201 -0.114 0011 0.028 1.963 0.007 0.021
202 -0.225 0.016 0.034 1.864 0.013 0.010
Name a(V-R) da day Col dCol: dCol, 203 -0.077 0.041 0.032 1.663 0.039  0.003
201 -0.101 0.023 0.025 1.178 0.015 0.019 204 -0.165 0.015 0.037 1777 0012 0.012
202 -0.179 0.019 0.039 1.082 0.016 0.011 205 -0.090 0.024 0.034 1896 0022 0.009
203 -0.007 0.028 0.035 0.947 0.027 0.002 206 -0.217 0.031 0.041 1.858 0026 0.013
204 -0.083 0.018 0.039 1.019 0.015 0.012 208 0.026 0.034 0.046 1926 0.031 0.011
205 -0.120 0.035 0.036 1.141 0.031  0.009 209 -0.325 0.043 0045 1688 0033 0.017
206 -0.198 0.023 0.043 1.100 0.019 0.014 210 -0.015 0.039 0.046 1.879 0.041  0.005
208 0.024 0.052 0.049 1.139 0.047 0.012 211 -0.141 0.042 0.052 1904 0.051 0.010
209 -0.245 0.044 0.048 0981 0.033 0.018 302 -0.040 0.022 0038 1.862 0016 0.008
210 -0.072 0.059 0.050 1.134 0.060 0.005 303 -0.087 0.018 0.042 1.830 0016 0.010
211 -0.083 0.088 0.057 1.155 0.106 0.012 304 -0.085 0.041 0.043 1927 0.035 0.008
302 0.026 0.033 0.038 1.099 0.026  0.009 312 0.032 0.044 0077 1797 0055 0.018
303 -0.067 0.028 0.043 1.082 0.024 0.010 401 -0.008 0.010 0.032 1991 0.007 0.016
304 -0.155 0.039 0.046 1.144 0.033  0.009 402 -0.077 0.015 0.032 1881 0.009 0.018
312 -0.058 0.066 0.082 1.125 0.083  0.020 403 -0.207 0.012 0.037 1.835 0.009 0.013
401 0.013 0.015 0.034 1.192 0.009 0.017 404 -0.182 0.031 0.038 1783 0.022 0.015
402 -0.048 0.017 0.033 1.115 0.011 0.019 405 -0.037 0.031 0.051 1917 0.032  0.002
403 -0.154 0.011 0.033 1.084 0.009 0.012 408 -0.616 0.071 0.054 2241 0.050 0.043
404 -0.123 0.027 0.040 1.037 0.019 0.016
405 -0.011 0.053 0.054 1131 0.055 0.002
408 -0.359 0.063 0.046 1.268 0.046  0.040

their derivatives with respect to age and metallicity (given as
[Fe/H]). Derivatives are computed as finite differences on the
grid and assigned to the midpoints in age and metallicity.
the average redshift value of the objects with a measured red-In general, optical colors become redder with increasing
shift. The uncertainties introduced by=a0.03 variation in red- age and/or increasing metallicity. In our models, there are two
shift are of the same order as the statistical errors. Model SE®&eptions to this trend, both at low metallicities. The [Fe/H] =
have been convolved with tHéBV RI Johnson-Cousins filter -1.35 models become bluerinh— B as they age from- 3to~
functions (Buser 1978, Bessel 1979) to yield synthetic mag®i-Gyr. This is due to the properties of the— B stellar colors
tudes. The applied zero points até,3,V,R,1)=(0.02, 0.02, forT, ~8500-7500K (see e.g. Castelll 1999) typical of turnoff
0.03, 0.0039, 0.0035) for the Vega model atmosphere of Kstars in this age range. At higher metallicities this effect does
rucz (1979) with T, g, [Fe/H])=(9400, 3.9, -0.5). This ensuresot appear, because when the turnoff stars have temperatures in
consistency with our HST photometry (Holtzman et al. 199%his range, their contribution to the total light is less important
We refer to Marastori(2000) for more details. due to the presence of AGB stars (Maraston 2000).

Figs[® and 10 summarize the properties of the models rel- At old ages, the same set of models become bluer and bluer
evant to our case. Figl 9 shows th€ — B), (U — V) and in B—V from~ 12 Gyr onward, reflecting warmer and warmer
(B — V) colors of the rest-frame SSP models, together withBs. Withn = 0.33, this effect sets in for [Fe/H] —0.5. It
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Fig.9. The colors, time and [Fe/H]
derivatives of the rest-frame SSP models
in the U, B and V bands. The different
line type of the color and time derivative
rows refer to the metallicities indicated
in the top-left plot. The line types and
their corresponding metallicities (mid-
points of the above) of the [Fe/H] deriva-
tive are given in the bottom panel of the
central figure. The filled dots show the
0.2 R. colors of the LS galaxies with
ages assigned on the solar metallicity
line. The open dots show theirf2. col-
ors at the (arbitrary) age of 14 Gyr.

Table 5. The results of the fits to the (R-I) color profiles. Columns agoisy behavior due to the discrete modeling. However, a general
trend can be appreciated, with the derivative initially decreasing

in Table3.

Name a(R-I) da day, Col dCol; dCol,,
201 -0.001 0.009 0.014 0.788 0.005
202 -0.055 0.016 0.029 0.782 0.012
203 -0.069 0.016 0.027 0.718 0.015
204 -0.049 0.013 0.032 0.757 0.010
205 -0.050 0.028 0.033 0.751 0.023
206 -0.012 0.012 0.029 0.758 0.010
208 0.069 0.024 0.035 0.790 0.020
209 -0.054 0.015 0.029 0.716 0.011
210 -0.019 0.026 0.034 0.753 0.025
211 0.149 0.059 0.042 0.673 0.070
302 -0.024 0.024 0.029 0.766 0.018
303 -0.059 0.020 0.034 0.755 0.016
304 -0.002 0.023 0.035 0.779 0.018
312 0.113 0.058 0.054 0.664 0.072
401 -0.005 0.010 0.023 0.804 0.006
402 -0.021 0.008 0.021 0.769 0.005
403 -0.072 0.010 0.023 0.747 0.007
404 -0.031 0.012 0.031 0.751 0.008
405 -0.112 0.034 0.038 0.808 0.034
408 -0.208 0.022 0.039 0.999 0.013

0.009
0.005
0.000
0.005
0.004
0.006
0.004
0.009
0.000
0.013
0.003
0.003
0.002
0.018
0.009
0.010
0.006
0.009
0.004
0.020

and leveling off at~ 0.01 — 0.04 mag/Gyr for ages older than
~ 7 Gyr. The time derivatives appear almost independent on
metallicity for Z > 0.5 Z;, while the lowestZ set of models
behave differently due to the two effects described above.

The derivatives of colors with respect to metallicity show a
different trend with age, with colors generally becoming more
and more sensitive to [Fe/H] as the SSPs get older. It is worth
noticing that the plotted curves are color variations per metal-
licity decade. The dependence ris quite different, with low
metallicity model colors much more sensitive Xovariations
than the highZ ones. We preferred to plot the derivatives with
respect to [Fe/H] because these are the actual tools used in our
simulations. We also point out that in our models the helium
abundance varies in lock-steps with This influences the tem-
poral behavior of the SSP colors and of their derivatives, espe-

cially at high metallicity.

Fig.[I1 compares our models (shown down to younger ages
for the purpose) to the ones of Vazdekis et al. (1996), Bruzual &
Charlot{(1995) and Worthey {1994) as a function of metallicity
and age (see Maraston 1998 for a comparison to the models
of Tantalo et all_ 1996 at solar metallicity). On the whole, the
agreement between all the models in tfie— V') color is good.

disappears when no mass loss is applied (Maraston 2000; g€ variations between the models are of the same order of
also Chiosi et al. 1988). The time derivative of colors shows a
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the uncertainties in the observed colors. Our SSP optical coltts (U — V') color, reminiscent of Fid18. Thus we expect that
compare remarkably well with Vazdekis et al. (1996). Largéne (U — V') colors of nearby galaxies are more sensitive to age
differences between the models are observed ir{the- B). gradients than thél” — I') colors of distant objects.
Bruzual & Charlot [(1996) models tend to have systematically Simple inspection of FigEl9 annd]10 already allows us to
redder(U — B). Worthey [1994) models produce instead systefine the framework for the interpretation of color gradients in
tematically bluer(U — B) (and (U — V) colors at a given ellipticals. The filled and open dots show the 0.2 atftl 2olors
(B — V). A thorough investigation of these discrepancies wilif the LS and DS galaxies. It is clear that the range of ages and
be presented in Marastdn (Z000). The age (at fixed metallicitpgtallicities considered here is adequate to model the observed
or metallicity (at fixed age) differences inferred using the diffecolors both as a pure age sequence (at a fixed metallicity) or as
ent models between the central and outer parts of the galaxagaure metallicity sequence (at a fixed age).
(the galaxy NGC 1399 is shown as an example) are consistentTurning now to the gradients’ evolution, we start consider-
within the errors. The results on the origin of the color grading that the LS galaxies all (with one exception) have negative
ents presented here also depend on the derivatives of the cojpeslients, with colors being redder in the central regions. Thus,
with respect to age and metallicity. This dependence is difficifithey are caused bgge gradients onlycenters must belder
to estimate quantitatively because of the coarseness of the ¢nah the outer partsy{( 5 Gyr per radial decade). In addition, if
of the other sets of models, and of the unavailability of theihe present age of the Es centers is large enosgtb(Gyr), we
entire SEDs. The close similarity of our models to the Vazdelkéxpect the age derivatives of the colors to stay approximately
is reassuring. constant for look-back times up te 7 Gyr, and therefore to
Similar to Fig[9, Fig_ID shows the properties of the redneasure color gradients in the DS of approximately the same
shifted SSP SEDs in thE, R and! bands. Broadly speaking,size in(V — R) and(R — I), and twice as small iGV’ — I).
the(V — R), (V — I) and(R — I) colors trends with age re-  In contrast, if color gradients are causedmbgtallicity gra-
semble those of th&/ — B), (U — V) and(B — V) colors. dients onlythe centers of local Es must be more metal rich than
Some differences are present, as aresult of the different effective outer partsA£ 1.6 more metal rich per radial decade). In
wavelengths and sensitivity curves of the corresponding paéiddition, given the increase with age of the metallicity deriva-
of filters. In particular we notice that the time derivative of théves of the colors, we expect the color gradients of the DS to be
(V —1I) color is approximately a factor of 2 smaller than that of
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Table 6. The color gradients of the Local Sample. Column 1 gives the galaxy name, Column 2 the galaxy cluster (F for Fornax, V for Virgo,
C for Coma), Column 3 the U-B logarithmic gradient, Column 4 its error, Column 5 the U-B col®s /&, Column 6 its error, Column 7 the

source, Column 8 the U-V logarithmic gradient, Column 9 its error, Column 10 the U-V colRg &, Column 11 its error, Column 12 the

source, Column 13 the B-V logarithmic gradient, Column 14 its error, Column 15 the B-V cafty/&f Column 16 its error, Column 17 the

source. The source codes are: F for Franx ¢t al.|1989, G for Goudfrooij et al. 1994, P for Peletler et al. 1990, | indicates that the V profile was
obtained interpolating the B and R profiles (see text). Errors are due to sky subtraction and therefore systematic.

Galaxy Cl a(U-B) da U-B dCol S a(U-V) da U-V dCol S a(B-Vv) da B-V dCol S
A 496 - -0.05 0.10 057 001 P -0.28 0.11 145 0.12 | -0.10 0.02 0.94 0.03 |
IC 1101 - -0.05 010 069 001 P -0.09 0.12 171 0.15 I -0.06 0.03 097 0.04 |
NGC 1379 F -0.06 0.18 040 0.09 F -0.02 0.28 135 0.03 I -0.05 0.04 092 0.02 |
NGC 1399 F -0.08 0.15 055 0.07 F -0.15 0.12 152 0.06 F+G -0.07 0.01 097 002 G
NGC 1404 F -0.07 0.04 057 001 F -0.08 0.03 153 0.01 F+G -0.01 0.01 096 001 G
NGC 1427 F - - - - - - - - - - -0.05 0.01 089 001 G
NGC 4365 V - - - - - - - - - - -0.04 001 097 001 G
NGC 4374 V -0.17 0.02 054 001 P -0.22 0.04 157 0.02 I -0.04 0.01 102 0.01 |
NGC 4387 V -0.01 0.02 049 001 P 0.01 0.08 154 0.02 I -0.02 0.02 1.05 0.01 |
NGC 4406 V -0.15 002 052 001 P -0.16 0.03 152 0.02 | -0.02 0.01 1.00 0.01 |
NGC 4472 V -0.15 0.03 055 001 P -0.18 0.05 158 0.03 I -0.03 0.01 105 0.01 |
NGC 4478 V -0.12 004 052 001 P -0.14 0.07 152 0.02 I -0.03 0.02 099 0.01 |
NGC 4486 V -0.23 004 041 001 P -0.27 0.03 137 0.01 P+G -0.04 001 09 001 G
NGC 4564 V - - - - - - - - - - -0.12 0.01 093 001 G
NGC 4621 V - - - - - - - - - - -0.03 001 092 001 G
NGC 4636 V -0.22 004 046 001 P -0.27 0.07 145 0.05 | -0.05 0.02 0.99 0.01 |
NGC 4649 V -0.15 0.04 065 001 P -0.18 0.06 1.69 0.03 I -0.04 0.01 104 0.01 |
NGC 4660 V - - - - - - - - - - -0.05 001 098 001 G
NGC 4874 C -0.07 006 055 001 P -0.20 0.05 150 0.05 | -0.10 0.02 0.97 0.01 |
NGC 4889 C -0.08 0.04 072 001 P -0.11 0.09 165 0.04 | -0.10 0.03 095 0.02 |
NGC 6086 - -0.15 0.04 062 001 P -0.17 0.14 158 0.06 I -0.03 0.03 096 0.01 |

flatter than those of the LS. This effect should be less prominent Inspection of Figg.1815 shows that the color gradients of the
if the centers of ellipticals are old. DS galaxies are measured in the radial radge2 R.. The

As noted in SecEl2, some of the gradients measuredsiame applies to most of the local galaxies. Therefore, we choose
CL0949 Es are positive. In Sekt. .3 we shall argue that thesethis radial decade to model the gradients. A more innerly de-
caused by measurement errors, with an underlying distributifimed decade (i.€0,1-1 R, ) suffers of insufficient resolution for
of intrinsically negative gradients. Here we note that a changetire more distant sample. A more outerly defined decade (i.e.,
sign with time of the color time derivative of SSP models is po$-3—-3 R.) is poorly investigated in the local sample. Thus, we
sible only at low metallicities and/or low ages. Color gradientmnalyse a given color gradient by examining the colors at the
caused by metallicity cannot change sign with time followin@.2 R. (hereafter, the central region) afdR. (hereafter, the

passive evolution. outer region) isophotes, as derived from the values listed in the
Table[36.
4.2. Modeling the evolution of color gradients We need now to choose representative SSP models for the

inner and outer regions. Due to the age-metallicity degeneracy,
The detailed modeling of the color gradients evolution of eadme parameter has to be fixed to derive the other from the ob-
galaxy involves a number of steps. As a starting point, a caserved colors. For the central stellar populations we consider
mological model should be chosen to fix the look-back time &0 options: 1) Case m, in which all the galaxy centers have the
2 ~ 0.4. Here we adopil,=65Km - s~! - Mpc~! and2,,=0.2, same age and the colors are used to infer their metallicities; 2)
with A = 0.8. The age of the Universe is 16.18 Gyr and Case a, in which all the galaxy centers have the same metallicity,
ti, = 4.53 Gyr atz=0.3775. The choice of the cosmologicahnd their colors are used to infer their ages. In Case m we explore
parameters is not crucial to model color gradients, but a mugto possible current ages: 10 and 15 Gyr; in Case a we assign
younger universe (for example, 10 Gyr) would strongly disfavaolar metallicity to all the galaxy centers. A smaller metallicity
the age hypothesis for the origin of color gradients (see beloWi)e., half-solar) would imply implausibly large (larger than the
In addition, the look-back time has an influence on the exaage of the Universe) ages for the galaxies (see Higs. §and 10).
value of the predicted colors. As we will show later, the optimdlhe canonical interpretation of the Color-Magnitude relation
agreement between the observed color distributions in the &éfScluster early type galaxies is consistent with Case m (e.qg.
and the DS samples is achieved for larger look-back times, i&rimoto & Yoshii[1986, Kodama & Arimot6 1997); Case a is
t, =~ 8 Gyr. nevertheless worth exploring.
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As for the gradients, we consider the two extreme possibili:) fixing the age and metallicity of the central and outer SSPs

ties that they are driven by pure ad®) (r pure metallicity 1) according to the specific option4zaM ,mA and niM);
gradients. Thus we have four scenarios in which we model thg rejuvenating the SSPs by the adopted look-back time
evolution of the color gradients: (4.53 Gyr);

aA:

mA:

mM: metallicity drives the color gradients. The central angy and distant galaxy samples. Indeed, the ages or metallicities

To summarize, we model the evolution of the color gradien

3.) computing the color gradients of the rejuvenated and red-
age drivesthe color gradients. Central and outer SSPs haveshifted SSPs in th&, R andl bands.

solar Z and colors reflect their ages. The gradients are F ist | ; th . tand
expected to steepen with look-back time if the centers are or consistency, we also perform the reverse experiment an

young; to remain nearly constant if they are old enougﬁompme the predicted, B,V color gradients of the CL0949

age drives the color gradients. The central SSPs of Io@é\la}des aftet, 5 (i.e., 4.53_Gyr) of_passive evol_ution. we tESt?d.
Esare 10 or 15 Gyr old (%0 and nA 15); the outerSSPst at the results we are going to discuss remain the same within

have the same metallicity as the central ones, but diﬁeré g errors if the whole color profiles are modeled at each radial

ages. The gradients’ evolution is expected to be similarafgsztfgce’ and alogarithmic gradient is fit to the predicted profiles

case &.

metallicity drives the color gradients. Central SSPs have o )
solarZ; the outer SSPs have the same age as the centerg*ges and metallicities of the galaxies
but different metallicities. Color gradients are expected to IN the four scenarios

flatten with look-back time. We consider now the applicability of the four scenarios to our lo-

outer SSPs of local Es are coeval and 10 or 15 Gyr dighrived from the three colors available should agree within the
(mM 10 and nM15), and the colors reflect their metallicyneasurement errors. The distribution of ages derived for cases
ities. The gradients’ evolution is expected to be similar 97 aM and nA for the LS and the DS galaxies should be sim-
case o. ilar, given the look back time. The distributions of metallicities
(Elserived for casesM, mA and nM should also be similar.

of each galaxy in the LS in the four scenarios by:
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5.1. Age gradients: theAacase 5.2. Metallicity gradients: the M case

Figs[12 an@ 13 show the ages assigned to the centeR(Pahd Figs[14 and 15 show the metallicities assigned to the center
the outer isophotes (B.) of the local and distant galaxies, hav{0.2 R.) and the outer isophotes (2.) of the local and distant

ing assumed solar metallicity for both samples in both regiorgalaxies, assuming a present day age of 15 Gyr for the LS ob-
The ages derived from different colors are in agreement (withjicts. Atz = 0 the metallicities derived from the three colors
the rather large statistical errors), better for the DS objects. \Afgree well. Local galaxies appear to be slightly subsolar at their
note that the LS objects appear in the plot only when the smentersif 15 Gyr old, solar if 10 Gyr old. The central SSPs of the
cific pair of colors is available. However, the average ages ab& objects require only half solar metallicity, if the look-back
rms indicated in the plots are those obtained considering all tivae is 4.53 Gyr, but with;t, ~ 8 Gyr the central is larger by
objects with the specified color available. On the average, 45 dex. This discrepancy is the same present in Aheaese:
centers of LS galaxies appearl2 Gyr old, while the periph- for our adopted look-back time the observed central colors of
eries are- 7 Gyrold. The DS galaxies appear Gyroldinthe the DS objects are too blue (those of the LS are too red) when
center,~ 2.5Gyr old in the peripheries. Thus, the consisten@gompared to passively evolving models. The metallicity gradi-
of the & hypothesis is rather questionable, both because #ms are= 0.2 dex for both DS and LS, indicating that metallicity
average age difference between the centers of the two samgi@gen color gradients are a viable interpretation (see Bect. 6).
is larger than our adopted look-back time, and because the aigsvever, we notice that the DS galaxies span a wider range in
gradients implied under this scenario are much smaller for thetallicity gradients, compared to LS objects. This indicates a
DS sample than for the LS one. In addition, the colors of sorakight inconsistency also for thevhscenario, but see Selct. 6.3
local galaxies require a present age younger than 4.5 Gyr orfana possible way out.

age older than the age of the universe in our chosen cosmology.

In other words, only a subsample of the LS galaxies could be

passively evolved descendants of the CL0949 objects. This % The & and mA cases

partly a consequence of forcing a sofafor all the considered The @ case is always applicable: since the central ages derived
SSPs. inB.1 arex~ 12 Gyr on the average, and the central metallicities
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are supposed to be solar, the other colors for both DS and 6.SResults

galaxies can be reproduced consistently in allfilters by decreﬁﬁhis section we present the results of the detailed modeling of

ing the meta.II|C|t.y' by 0.2 dex. : the evolution of the central colors and color gradients under the
The applicability of the rA scenario strongly depends on th?ou

assumed central age. When 10 Gyr is adopted for the center, ]{s_clzlenarlos, acr(]:ordmé; tlo th%pr(_)cedurehouéllne%m BE“;;"Z'
LS galaxies, a substantial number of objects appearto have o?ﬁprw' compargt € mode pre |ct|qns to the data y consider-
SSPs younger than our adopted look-back time. In additidng the cumulatlve dlstrlbutlon.functlons of the colqr gradients
the average age of the outer regions of the DS galaxies isarid applying Kolmogorov-Smwnoy tests t.o the pairs of corre-

SS{Jondent theoretical and observational distributions. In partic-

3_Gyr, toc_> old to evolve into the LS gaIa_X|es_. The situation Iu ar, the redshifted’, R, I colors of rejuvenated LS galaxies
ifferent if the central age of local galaxies is fixed to 15 Gyr. . . )

The average outer age of the LSxs10 Gyr in this case, with W'Ill be cfomparedl to th(l)sedoéé:LO?@ Oble.ﬁti' tie B, V d
only a few objects younger than our adopted look-back tim?—ﬁ c;Jrsg p‘)/ass:ve y ?YO V? llinti g? a);'\eSd.W' N cC:iorEpare hto
The peripheries of the DS galaxies appea Gyr old on the thel, 5, V colors of local ellipticals. As discussed above, the

average, which is consistent with the average age of the LS.COIOrS of some LS. galaxies are so blue that_ age“s shorter :Ehan
t 1.5 would be required. In these cases the object “drops out” of

To summarize, the metallicity driven color gradients hyz o sample by aetting an assianed (blue) color of -1. For some
pothesis is always applicable, while the age hypothesis ho} pie by getling '9 (blue) '

b : i1 For
only if local galaxies are old{ 15 Gyr). This reflects the fact choices of age or metallicity the colors are outside our grid of

that a small metallicity variation is required to explain the obrPOdaS' In these cases we assign the minimum (-1.35) or max-

: : . imum (0.35) metallicities, and 30 Myr of age (the smallest age
served color gradients, while a large age gradient(& Gyr) o )
is needed to fit the color gradients of the LS objects. WithOf the grid), if the extrapolated age is smaller than 0, or 15 Gyr,

4.5 Gyr look-back time, a substantial number of LS galaxies (lﬁ'l)arger ages are extrapolated.
not have their corresponding object in the DS.
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6.1. The distributions of central colors Assuming that the color differences are real, they can be

. . o lai i I look-back time. F =
Fig.[18 compares the cumulative distributions of observed agﬁp ained using a ‘arger 10o back time. For example;

. : . yr (obtained with the same cosmology and a rather extreme
simulated central colors of local and distant galaxies. The

. low value of the Hubble constantl, = 37) gives reasonable

Kolmogorov-Smirmov probability KS thatthe observed and Sk s probabilities (5—-80% for the different colors and models).

ulated data are drawn from the same underlying distributicme result might also point to recent, minor episodes of star

are always smallgr or equal than 0.001. None .Of the smula% mation in the distant galaxies (Poggianti efal. 1998, Couch
central color distributions appear compatible with the observg al [ 1998)

ones. This result is confirmed using the Wilcoxon test. The sim-
ulated centers of the DS objects appear too blue{loy04 mag

in B — V) when compared to the local ones, and, vice verga2. The distributions of color gradients
the centers of local galaxies appear too red)(03 mag in R-I)

. . Fig! th lative distributi f the ob d
when compared to the CL0949 galaxies. The differences Ig LI compares the cumulative distributions of the observe

) A% simulated color gradients. The Kolmogorov-Smirnov prob-
more pronounced in th@/ — B) and(V — R) and(U_— V) and apiities that the observed and simulated data are drawn from
(V- .I) pairs. Measurement errors alone seem insufficient §g, o, e underlying distribution are given in TdHle 7.

explain the difference between thes_e pairs [s__eb 6'3?’ while t €The & Caseis clearly ruled out. The very small differences
(IB.—V)and(R—I) colors m|ght'not_d|ffer5|gn|f|cantly|r_1asta- hetween the central and outer ages required at 0.4 (see
tistically sense. The uncertainties in the galaxy redshifts and [T3) evolve into too shallow gradients at z=0. Along the

the calibra_ltion to t_he Joh_nson-Cousins system (see Holtzm%r& e line, the 5 Gyr age difference inferred at z=0 (se¢ Hig. 12)
et al[1995), combined with the notoriously difficult phOtomeL}iroduces too steep gradients:at: 0.4, because the color time

rc c_:ahbratlon of the U band probably suffice tp explain o (ﬁerivativesincreasefordecreasing age (seé¢Fig. 9 and discussion
findings. In any case, we tested that the conclusions concer %ectiIIL)

the origin of color gradients are not affected by this possible in- The nM case is viable for both the assumed present-day
consistency of the central colors. The distributions of gradientg ages of 10 and 15 Gyr. The t-test confirms that the means
_sh_own n Fég a;esgitrdilgy(;:hanged when the look-back UN%the observed and simulated distributions in all colors at both
IS Increased from 2.55 10 S Lyr. z=0 and:z =~ 0.4 are statistically identical. The f-test on the rms
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of the distributions confirms the slightly lower KS probabilitie§able 7. The Kolmogorov-Smirnov probabilities of the color gradient
obtained for theB — V' gradients for z=0 and for thg? — I) distributions. Column 1 gives the examined Case, Columns 2-5 the KS
for z~ 0.4. As discussed in Sefi. 4.1, all (except one) local grarobabilities for theU — B), (U — V), (B — V) color gradients at
dients are negative, while some positive gradients are obserged 0, Columns 6-7 for th¢V’ — R), (V — 1), (R — I) atz ~ 0.4.

atz = 0.4. This makes the observed widths of the: 0.4 gra-
dient distributions larger than the simulated ones. Errors mightase K$-5 KSu_v KSp_v KSy_r KSv_; KSg-;
partly explain this effect (see discussion in Jecl. 6.3). Indeed, aA 7.5e-05 4.4e-06 2.9e-07 0.05 0.013 0.002
the widths of the distributions are somewhat dissimilar, witihM 10 0.79 0.50 0.18 0.62 0.50 0.18
the DS presenting a tail of steep gradients with no counterp@¥'15 ~ 0.67 051 0.09 017 029 0.22
in the simulated LS. Since the metallicity color derivatives de- @~ 0.37 015 020 ~ 0.83 050  0.32
crease with decreasing age, the evolution leads to shallo10  0.016  0.004 0.08  0.009 0.0002 2.7e-05
(not steeper) gradients. The same considerations apply to fAats 0.83 0.50 0.01 062 087 018
aM Case, which provides also an acceptable model of color

grat_jrlﬁnf;\ Cased & ; | ut Ois not observed in the data. Similarly, only a small fractien (
€ ase does not offer a perfect clear-cut solution. r16—20%) of the distant galaxies cannot be matched in their outer

can clearly exclude the case of central present-day young ag&s, < by this mechanism. The remaining objects are assigned
(10 Gyr), since the resulting outer ages at z=0 are either younggra, ages that produce reasonable gradients locally.
than the assumet}, g, or so young to correspond to a very

steep rejuvenated color gradient. The outer colors of the distant .
galaxies require such large ages that too shallow gradients @ The influence of errors

produced at z=0. In contrast, present day central ages of 15 Gyfhe previous sections we pointed out that some of the prob-
still make the age hypothesis a possible explanation for co|gpg recognized in the modeling (the difference in the median
gradients. Inthis case, the outerages (senie&Syr smallerthan oo nira) colors of the LS and DS samples, the presence of positive
the central ones) required to match the colors ofthe z=0 g_alaﬁ‘?ﬁdients at ~ 0.4, the differences in the observed and pre-
are large enough (see Sectl5.3) to produce mild gradienty@te width of the gradient distributions) might be explained
z~ 0.4, evenif atail of too steep gradients is produced, WhiGliing into account the observational errors. Errors are domi-
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same underlying distribution are always
(V=R), (V=D (R—1)o smaller or equal than 0.001.

nated by systematics for the LS galaxies, and have both a statatiboth z=0 and =~ 0.4 are separated even when errors on both
cal and a systematic component for the DS. They affect both #ides are considered. A larger look-back time (8 Gyr) produces
observed and the predicted distributions. We estimate the effagood overlap.
of statistical errors on the observed distributions by bootstrap- The inspection of Fig. 19 shows first that the results de-
ping the measured colors or color gradients with their statisticadribed in Seck. 612 are robust against the errors. Cé#sesd
errors, assumed to be gaussianly distributed. The estimatiom# with a central present age of 10 Gyr are ruled out with high
the effect on the predicted color and color gradient distributiosgynificance because the large tail of steep negative gradients
requires the choice of a model. For simplicity, we focus on thieat they produce at ~ 0.4 is not present in any of the distri-
mM Case with present-day age of 10 Gyr. We bootstrap thations with errors. As a second remark, errors help explaining
measured colors at 0.2 andR2 with their statistical errors at the discrepancies between the observed and modeled distribu-
z = 0.4, assumed to be gaussianly distributed. We compute tiiens. Complete overlap at both z=0 and~ 0.4 is achieved
metallicities implied by the SSP models, predict the expectbdtween the observed and modeled distributions of the U-B and
colors atz=0, and derive the color gradients and their cumulative— R gradients. The agreement for the— V andV — [
distributions. Fig$.18 arld 19 show the result of 30 such bogtadient distributions is improved, with most of the differences
straps. The typical width of the obtained measured and predictiedhe widths accounted by the errors. The 10% tail of distant
color distribution clouds isz 0.02 mag. As discussed in Se[ct. 2 galaxies with the largest positive R-I gradients (objects 211 and
the statistical errors dominate over the systematic effects. T32) cannot be explained by the observational errors. However,
typical width of the obtained measured and predicted distribilne two galaxies are the smallest of the sample and it can be
tions clouds of the color gradients4s0.02—0.04 mag/dex. In argued that their gradients are not well determined (seelSect. 2).
this case the systematic effects bracket the statistical variatiohiserefore, we conclude that theMn aM, and, to less extent,

Fig [18 shows that measurement errors alone are insufficiem& 15 cases provide a satisfactory description of the color gra-
to explain the difference in central color between the LS amtients of (bright) cluster ellipticals at z=0 andx 0.4 following
DS samples, because the simulated and observed distributioassive evolution.
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F - + .7 ; 7 served distributions. Two rows of plots
0.6 & _ E R o are shown for the local and distant case.
04 T i o x . The top row refers to the age-driven
F T + 1 color gradients. Here the dotted lines
02 p E3 Ea E show the & case, the short-dashed lines
0 f+HH+H i AT+  the mA10 case, the long-dashed lines
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- T T ) 1 tothe metallicity-driven color gradients.
- ; -+ -+ ) = Here the dotted lines show th#acase,
E =+ + 4 B the short-dashed lines theMrdO case,
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C f /// S fet E E The Kolmogorov-Smirnov probabilities
Gl Tl by a1y 0 L1 [ v b Ly I B B that the Observed and Simulated da.ta are
-03 -0 -01 0 -03 -02 -01 O -0.1 0 0.1 drawn from the same underlying distri-
grad(V-R) grad(V-I) grad(R-I) bution are given in Tablg 7.
6.4. The role of dust decade is enough to match both local and distant gradient distri-

, — N . . butions. The Case Awith 15 Gyr central ages ard 2.5 Gyr
Wise & Silva [1996) examined the possibility that color gra'ounger peripheries allows a consistent model of all local and

T e e s etant bt The Cassmih 10GYT cetal ges s
y P 9 unprobable than before, but still not acceptable.

adopting dn‘feren_t radlal_d!strlbutlons and total mass of the dugt These findings can be used to estimate the viability of mixed
component. Their best fitting models are characterized by a dis- __ . L L o

oo -1 . cenarios, where combinations of age and metallicity variations
tributionsoc 7~ and dust masses much higher than those Are driving the color gradients. The possibility that metallicity
rectly determined fromthe IRAS data. The ratios of these masses g g ) P y

. ) . increases in the outer regions of ellipticals is very unlikely, be-
are in the range 3.6—-307, only NGC 1399 having ratio of Ordgéuse the age driven model (Casd aannot explain color gra-

unity. Therefore we are confident that the radial variation of ”%ﬁents already when the metallicity is kept constant, and works

stellar populations plays a major rol_e in driving the color grad@{)éy with large central ages (CaseA5). In this case 0.1 dex
ents. Nevertheless, part of the gradient may be due to dust. increase in metallicity in the outer parts would require.5 Gyr
have thus tested the hypothesis that 50% of the color gradients y P qaie.o Ly

. ounger ages, enough to attribute ages of the ordey, pfto
git()) iir\;?(jszg(%agz(:g %ed:lesé’u?e\{ﬁgfyrgz‘i’é;?:l;‘c‘t:gc?gpz )% of the LS galaxies. The possibility that both metallicity and
. ) ar y age decrease outwards can be constrained if the present day cen-
making the 0.2R. colors bluer and leaving the R, as mea-

) tral ages of cluster ellipticals are 10 Gyr. In this case at most
sured. As a consequence, for Case a we require central

m i :
ages smaller by 2 Gyr at z=0 but only shorter by 0.4Gyr §81F of the observed color gradients can be explained by age

ats ~ 0.4 ForCase m we require central mean metallicitie\éariations' Scenarios where metallicity “overdrives” the color
smzallmért.) S 0.1 dex. This doeg not modify much our CorlCIu_gradients by compensating age increases in the outer regions

. y~ U.10ex. ) . . of the galaxies are also possible. Approximately 0.1 dex addi-
sions about the viability of the different mechanisms examm?g

in Sect[6.2. Casefaremains ruled out with high confidence. Ailncr;zgggci:;egsz ;\/g;etraalgic;tly dlscgfjided to compensate 2.5 Gyr
metallicity change (Casesvhand @) of ~ 0.1 dex per radial g y '
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0.8 [ [ T 1 tributions of the observed and predicted
“F L + 1 central colors for the LS (upper) and
C i T 1 the DS (lower) galaxies. For the DS
506 - — —  galaxies and for each color we show
s B i T 1 30 distributions (dotted lines) obtained
© - r T 1 by bootstrapping the measured colors
= 04 N T ] and modeling their evolution (see text
C r T 1 for explanation). The thick lines show
02 L 4 - the measured distributions. The dashed
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(V=R)oe (V=D (R=I)oe (lines with crosses).
7. Conclusions — The age driven gradient with fixed-metallicity (Cagd aan

We presented the surface brightness profiles of the 20 bright- be ruled out. It fails to reproduce the distribution of color

est early-type galaxies of CL0949 at redshif.35—-0.38 from g:]a:jdllggj, (ogr(lﬁit;?rtléptge:;c;g?o&laZf;?j?gnrtl;gggl\g?ersd|ents)
HST WF2 frames taken with the filters F555W, F675W, F814W. - . . e )
. . ~ The metallicity driven gradient with fixed-age (Cas&n

We determined the color profil¢¥” — R)(r), (V — I)(r), and o

R_1 and fit loaarithmic aradients in the ranae 2 to is viable for both galaxy ages assumed (10 or 15 Gyr at the
(() 1_ma) (r)ér decrl;ldegTr:eseIvagljuesI are slimilar to Whét is found present day). A metallicity gradient ef 0.2 dex per radial

' gp ; . decade is needed to explain the observed color gradients
locally for the colorU — B), (U — V), (B — V) which ap- f local and di laxies. Th dient distributi

roximately match théV — &), (V — 1), (R — I) at redshift of local and distant galaxies. The gradient distributions at
P R ' z=0 and 0.4 can be matched well by taking into account the
~ 0.4. We analyzed the results with up to date stellar popula-

tion models, exploring whether the following mechanisms are observational errors.
» €XP g g = The metallicity driven gradients model assigning a fixed

e 0 metallyothe ceners Case o il
9p - " “being very similar to case i for a 10 Gyr age.

C_aseaA: The cent_ral colors and their grad_lents are d.ue to age The age driven gradient model assigning a fixed age to the
differences. Galaxies have all solar metallic®asemM: The .

. . L centers (Case Aj) does not work if the present day central
central colors and their gradients are due to metallicity differ- . ller th 10 10 Gvr. In thi
ences. Galaxies have all the same age (10 or 15 Gyr at present)age 'S sma er_t an or equal to yr. Inthis case too steep
Casea.M' The color gradients are due to metallicity. Galaxies hegative gradients at~ 0.4 are produced and furthermore
have solér metallicitgin their centers, the central cgiors are de- the modeling of some = 0 galaxies is not possible, because

y ’ it would require ages smaller thapg. A central age of

fined by the age of th_e galaxgasemA: The color gradients 15 Gyr allows the modeling of most galaxies with an age
are due to age. Galaxies have 10-15 Gyr old centers at present ; :
gradient of~ 4 Gyr per radial decade.

:,T,Srrggﬁﬁ ct:r(])(l_:‘ofrslI:;re_:efér(;itilbysllt:nesmetall|C|ty of the galaxy. The central colors of local (bright) cluster galaxies imply
wing usions. central ages ofc 10 Gyr (if solar metallicity is assumed)
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03 -02-01 0 01-03-02-01 0 01 -01 0 0.1 taking into account the systematic errors
grad(V-R) grad(V-I) grad(R-1) (lines with crosses).
or slightly subsolar ([Fe/H¥ —0.1) metallicity, if a central The present results do not allow per se to discriminate
age of 15 Gyr is assumed. whether metallicity or age are generating the color-magnitude

With ¢ 5 = 4.53 local galaxies appear too redatz 0.4 relation of cluster ellipticals. Both M and &/ cases provide a
and distant galaxies appear too blue at z=0. Possible reas@asonable model of the color gradients observed locally and at
arethe uncertainties in the galaxy redshifts, in the calibratierr: 0.4 down to the magnitude limit of our samplB (= —21).
to the Johnson-Cousins systenrat: 0.4 and the U band However, the metallicity scenario is favored when the CM re-
atz = 0. The distributions of the central colors of local andation down to fainter magnitudes is considered (Kodama &
distant ellipticals can also be matched by passive evolutiénimoto[1997).
of simple stellar populations if large look-back times ( The presence of a metallicity gradient in galaxied(rar
8 Gyr) are assumed. aM case) is our favored mechanism for the origin of color gra-
The results described are obtained consistently in the thiients, since a fraction of galaxies cannot be modeled under
pairs of colors{y —BandV — R, U —V andV —I, B—V mA15. Tamura et al[ (2000) and Tamura & Otta (2000) reach
andR — I). the same conclusion from the analysis of the color gradients
The conclusions reached above are still valid if the meaf ellipticals in the Hubble Deep Field North and in clusters.
sured gradients are reduced by a factor 2 to simulate fhkis indicates that our result does not depend on our particular
possible presence of a screen of dust. A 0.1 dex reductichoice of models.
of metallicity per radial decade would suffice in Casdd m  The mild center to periphery metallicity difference (-0.2 dex
and aM to explain the data. CaseArwith 15 Gyr present per radial decade) reiterates the failure of classical monolithic
day central age and 2.5 Gyr younger outer regions would collapse models with Salpeter IMF, which predict much stronger
also be a possible explanation. gradients£& —0.5 dex between center ari¢L, Carlberg 1984).
In hierarchical galaxy formation scenarios, originally present
gradients are diluted by the merging process (White 1980).

Bright cluster ellipticals appear 10-15 Gyr old at z=0 whatthis goes in the direction of accounting for the observations,

ever the modeling assumptions. This is an important constrait quantitative prediction_s are still Iacking. Passive evolution
that models of galaxy formation must take into account. ~ Se€ems adequate to explain the color gradients at both z=0 and
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