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ABSTRACT

We present deep VLT spectra of early-type galaxiez=atl in the Chandra Deep Field—South, from which
we derive velocity dispersions. Together with structural parameters ftabhle Space Telescope imaging, we
can study the fundamental plane for field early-type galaxies at that epoch. We determine accurate mass-to-light
ratios (/L) and colors for four field early-type galaxies in the redshift raQd#< z< 1.14 , and two with
0.65< z<0.70 The galaxies were selected by color and morphology, and have generally red colors. Their
velocity dispersions show, however, that they have a considerable spriit {bby a factor of 3). We find that
the colors and directly measurdd/L correlate well, demonstrating that the spreadvifi is real and reflects
variations in stellar populations. The most massive galaxies Nekecomparable to massive cluster galaxies at
similar redshift and therefore have stellar populations that formed at high redshit ( ). The lower mass galaxies
atz= 1 have a lower averadd/L, and one is a genuine “EA” galaxy. TheM/L indicate that their luminosity-
weighted ages are a factor of 3 younger at the epoch of observation, because of either a low formation redshift
or late bursts of star formation contributing 20%—-30% of the mass.

Subject headings: cosmology: observations — galaxies: evolution — galaxies: formation

1. INTRODUCTION z =~1-1.14and two atz~ 0.7 in the Chandra Deep Field—
South (CDF-S). The S/Ns are comparable to those obtained
for nearby galaxies. Together with accurate multiband photom-
etry available for the CDF-S, we have measured the accurate
M/L and rest-frame optical colors at~ 1

Good understanding of the formation and evolution of early-
type galaxies is one of the major challenges for current struc-
ture-formation models. Models of hierarchical structure gen-

erally predict that field early-type galaxies form relatively late Throu : .

P X ) ; ghout this Letter we use Vega magnitudes and assume
]Ee-g-’ t[.)'af%r.'(?{ et al.f200|1).t0ne Ofl the pr.'rq(; dlagnlof_tlcs ?ft:]he aA-dominated cosmology®,,, ?,] = [0.3,0.7] ), with a Hub-
ormation history of early-type galaxies is the evolution of the o ngtant oH, = 70 km € Mpc ™.

M/L as measured from the fundamental plane (FP; Franx 1993).
Studies of the evolution of the luminosity function, together
with the evolution ofM/L , quantify the evolution of the mass
function. Previous studies of the evolution of tNEL have 2.1. Sample Sdlection and Observations
produced consistent results for the evolution of massive cluster
early-type galaxies: the evolution is slow, consistent with star
formation redshiftz= 2 (e.g., van Dokkum & Stanford 2003).
On the other hand, studies of the evolution of field galaxies
have yielded more contradictory results: whereas early studie
found slow evolution (e.g., van Dokkum et al. 2001; Treu et
al. 2001; Kochanek et al. 2000), more recently, evidence for
much faster evolution was found by Treu et al. (2002) and
Gebhardt et al. (2003); and yet other authors found that the
majority of field early-types evolve slowly, with a relatively
small fraction of fast-evolving galaxies (e.g., Rusin et al. 2003

van Dokkum & Ellis 2003; van de Ven, van Dokkum, & Franx ) : :
2003: Bell et al. 2003). The CDF-S was observed in MXU mode with FORS2 on

Th . N fered f | VLT-UT4 during three runs from 2002 September through 2003
These previous measurements suflered Irom Several UNCereqp ary for a total of 14 hr. The 6a0grism (central wave-
tainties: the signal-to-noise ratios (S/Ns) of the spectra were

. “"length 9010A | resolution 5.4 ar,., = 72 km™ was
generally quite low, much lower than usual for nearby studies used. During the observations toward the CDF-S the seeing
of the FP (e.g., Faber et al. 1989; Jgrgensen et al. 1996). Thos@aried betwee®’7 and’5 , with a median seeing of abéut 1
studies, based on lensing galaxies, used stellar-velocity dis-The sky was cléar all tHe ti’me
persions derived from image separations. '

In this Letter, we present high-S/N spectra and accurate mea-

surements of theM/L of four field elliptical galaxies with

2. SPECTROSCOPY

The galaxies were selected from the COMBO-17 catalog
(see Wolf et al. 2003), and imaging was obtained by the Great
Observatories Origin Deep Surveg{sO0DS; data release ver.
0.5) from the Advanced Camera for Surveys (ACS) on the
SHubble Space Telescope. We selected compact, regularly
shaped galaxies with photometric redshifts higher than 0.8 and
=22 (1-2)gp Z< 22 (1—2) 5. denotes the color of the Sbc
template of Coleman, Wu, & Weedman (1980) at the photo-
metric redshift. This template h&d—V),_, = 0.95 . The typ-

. ical uncertainty in the color is 0.1 mag. Lower priority galaxies
' were included with either lower redshifts or later types.

2.2. Velocity Dispersions

It turned out that 10 out of the 11 high-priority objects at
* Based on observations collected at the European Southern Observatoryﬁphot~ 1have the spectrum ofa quiescent galaxy; the other one

Chile (169.A-0458). as a bright [On] emission line. The brightest four
? Leiden Observatory, P.O. Box 9513, J. H. Oort Building, Niels Bohrweg (z < 21.0, independent of the color) had sufficient S/Ns to
ngNééEi?t?nzg'oﬁgﬁgh ’S‘r‘:‘g‘ﬂzgﬁiversity b 0. Box 208101, New Haven, PETfOrm reliable dispersion measurements. The rest-frame spec-
CT 06520-8101. ’ ’ ’ * tra of these four galaxies are shown in Figure 1. They all show
* Max-Planck-Institut fu Astronomie, Kaigstuhl 17, D-69117 Heidelberg,
Germany. 5 See http://www.stsci.edu/science/goods.

L5



L6 VAN DER WEL ET AL. Vol. 601

[o2]

22239

Flux (arb. units)
ey

F ]
\Jf o JWMW\"W"’(\M%M ]
) |
sl 21376 |
%.MMWWWMWW“
4500 ‘ 4460Jéoo I 5600 ‘ 5é00 ‘ 5400
Wavelength (A)

n

3800 4000

FiG. 1.—Left: Unsmoothed rest-frame spectra of the six objects with velocity dispersions. Regions with bright sky lines are interpolated. The wavelength scale
is interrupted af\ = 4500 A Right: ACS images (F850LP) of the four galaxieszat 1 , and the residual images fromt“the Frdiin left to right: 20950,
19990, 19375, and 22432.

a strong 4000 break and Ca lines. Balmer lines (especially 3. PHOTOMETRY
the H line) are also present, although varying in strength from
object to object (see Table 1). Object 19375 is an+/A2
galaxy, according to the criteria used by Fisher et al. (1998).
For two ellipticals with0.65< z< 0.70 we also have sufficient
signal to determine a velocity dispersion.

Dispersions were measured by convolving a template star
spectrum to fit the galaxy spectrum as outlined by van Dokkum

&. Franx (1996). We tested this p_rocedu_re extensively, u_sing van Dokkum & Franx 1996)z-band images were used for the
different template stars and masking various spectral regions., 4 objects, and-band images for the~ 0.7 objects. Stars

The final values fo_r the velocity dispersions (see Tablg 1) Were ore used as the PSE. The resulting values.for jand  vary
ob.tamed by ma._%lqng the Ca H and K and B_almer lines gnd by =#10% when using different stars, but also correlate such
using the best-fitting template spectrum, which was a high- o the error is almost parallel to the FP (van Dokkum & Franx
resolution solar model spectrdmmoothed and rebinned to  199g). Therefore, the errors in our results are dominated by
match the resolution of the galaxy spectra. The Ca lines wereine errors in the velocity dispersions. The results are listed in
not included in the fit because this greatly reduced the depen-aple 1. The images of the~ 1 objects and the residuals of
dence of the measured velocity dispersions on template typene fits are shown in Figure 1.
The tests using different templates and different masking of g determine thé—z ang—i colors, fluxes were calculated
the Ca lines indicate that the systematic uncertainty3%o. from ther™* model within the measured effective radius. To
In order for the results to be comparable to previous studies, this model flux we added the flux within the same radius in
an aperture correction as described by Jergensen, Franx, &he residual images. We corrected for Galactic extinction based
Kjeergaard (1995b) was applied to obtain velocity dispersions on the extinction maps from Schlegel, Finkbeiner, & Davis
within a circular aperture with a radius @f7  at the distance (1998). The correction is extremely smaf(B—V) = 0.007
of the Coma Cluster. This correction 4§/%. Rest-frameB-band surface brightnesses and rest-frame
This is the first extensive sample of such objectsz at U-V colors were obtained by transforming observed flux den-
0.9 with high S/N (see van Dokkum & Ellis 2003; Treu et al. sities in two filters to a rest-frame flux density exactly as
2002; Gebhardt et al. 2003, for other spectroscopic studies). outlined by van Dokkum & Franx (1996). The spectral energy
distribution used to calculate the transformations is the early-

Photometry and structural parameters were determined from
the GOODS ACS images (data release ver. 1.0). Images are
available in four filters (F435W, F606W, F775W, and F850LP),
which we refer to a®, v, i, andz, respectively.

For each object, the effective radiug ( ) and the surface
brightness at the effective radius.( ) were obtained by fitting
anr** profile, convolved by the point-spread function (PSF;

® See http://bass2000.0bspm.fr. type spectrum from Coleman et al. (1980). We found the same
TABLE 1
PHOTOMETRIC AND SPECTROSCOPIC PROPERTIES
o ) logr, SIN o (Hy +H8)2 [0 u]

ID (arcsec) (arcsec)  Zy. i v—i -z (kpc) He A (kms™? (A) (A)
19375...... 0 -50 1.089 21.72 171 1.04 —0.410+ 0.012 21.75+ 0.05 26 198+ 25 4.1 —-4.6
19990...... -32 -35 0.964 2132 1.89 1.00 —0.388 + 0.007 21.45+ 0.03 49 159+ 14 25 >—1
20950...... —-73 -6 0.964 21.18 2.07 1.07 0.0085 0.026 22.95+ 0.08 39 261+ 23 <1 >—1
22432...... 83 41 1.135 2238 2.00 1.42-0.109 + 0.040 23.35+ 0.13 21 217+ 20 <1 —-4.4
21376...... 129 10 0.685 21.46 1.77 0.58-0.447 + 0.001 22.16+ 0.04 27 156+ 24
22239...... 236 35 0.660 20.67 1.67 0.50-0.842 + 0.002 19.83+ 0.03 40 177+ 19

NotEe.—Coordinates are in arcseconds east and north of R.A3'32"25, decl. = —27°54'00". Errors in the magnitudes and colors are, respectively, 0.03

and 0.05 mag. Effective radii and surface brightnesses (mag afcaie) are measured in theband for objects 19375, 19990, 20950, and 22432, and in
thei-band for objects 21376 and 22239. The listed errors in the velocity dispersions are fitting errors and do not include a 5% systematic error.
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Fic. 2.—(@) FP points of the field galaxies presented in this paper (errors include a 5% systematic effect in the velocity dispersions), the FP points of cluster
galaxies atz = 1.27 (van Dokkum & Stanford 2003), and the FP of the Coma Cluster (Jgrgensen et al. §)99&gets inM/L; from the Coma Cluster FP
(square; derived from Jgrgensen et al. 1996). Besideszhe 1.27 cluster, this figure also contains the data from van Dokkum et al. (1998) on the MS 1054
cluster atz = 0.83. The full, dashed and dotted curves are the model predictions for a single burst of star formation with a Salpeter (1955) initial prass functi
for redshifts 3, 2, and 1.5, respectively. Filled symbols indicate galaxies with msksesx 10" M, ; other symbols indicate galaxies less massive than that.
Crosses and squares distinguish between galaxies @i8 z>a0dB , respectively. All galaxies occupying the region beto3he model cuVe are “E
galaxies, except 19990, and have masses less3hai0"™ M . The more massive galaxies have significantly older stellar populations.

results for other template spectra. The results are listed in
Table 1.

T T T T T T T T
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4. MASS-TO-LIGHT RATIOS FROM THE FUNDAMENTAL PLANE

Figure 2 shows the FP for the six field galaxies described
above, and the FP for Coma derived by Jgrgensen et al. (1996).
Additionally, we show the results from van Dokkum & Stanford
] (2003) on three cluster galaxiesza& 1.27 . The offsets of the
1 high-redshift galaxies from the Coma FP are a measure of the

" 20039 , evolution of M/L. We show the evolution df//L in Figure
| as a function of redshift.
— Obviously, the field galaxies at- 0.6 span a wide range in
7 offsets, by a factor of approximately 3 M/L. The error bars

il on the individual points are much smaller than the offsets. A
- 19990 . model with a single-formation redshift can be ruled out at the
99% confidence level, as measured from #fe ~ method. The
rest-frame colors of the galaxies confirm the reality of the
T . ‘ variations in theM/L. As shown in Figure 3, a very strong
! L2 4 correlation exists between the colors and M&., in the di-
(U=V)estirame rection predicted by population synthesis models. The good

Fic. 3—Rest-framaJ—V color v&/L, in solar units. Filled symbols are  COrrelation demonstrates that colors can be used to estimate the
objects more massive tham>3 x 10 M, ; open symbols represent the less M/L, as applied, for example, by Bell et al. (2003), to a large
massive ones. The cluster galaxies areztke 1.27 galaxies from Fig. 2. The sample of field early-type galaxies_
f?dst*;irf;ZAegg”dféi g‘r’]igtDiSCtgg :é%’aggrf‘:nggfx::‘i&mgiqaer a';%rsltggeg)a We note that galaxies in our study lie fairly close to the red
?rl:s lines are solar-metallicity Bruzfjal gCharIét (ZOOI;’) mcfdelg with consta)ﬁt sequence and were CharaCter!zed by Be".et al. (20.03). to have
star formation during the first 200 Mydtted line) and exponentially decaying  '€d colors. The overall spread in colors of field galaxies is much
star formation on the same timescatiaghed line). larger (1.5 mag) compared to the spread found here (0.3 mag).
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5. DISCUSSION to the M, mass of an early-type galaxy: if we take the  of

early-type galaxies derived by Kochanek (1994) of 225 ki s

On the basis of our high-S/N spectra we have found a ratherWe derive a typical mass #, = 3.1 x 10" M, , based onthe
wide range inM/L for early-type galaxies & = 1 , indicating sample measured by Faber et al. 1989. The sample as a whole
arange in star formation histories. TREL and colors are well ~ €volves asAIn (M/Lg) = (-1.64 + 0.45y , whereas the sam-
correlated, as expected from stellar population models. Hencepleé Wwith masses smaller thag x 10" M,  evolves as
the scatter inVI/L is real. Aln(M/Lg) = (-1.95= 0.29p. o

The results agree surprisingly well with earlier results based ~ The results are therefore consistent with little or no (recent)
on lensing galaxies. Rusin et al. (2003) and van de Ven et al.star formation in massive early-type galaxiesoutte 1, and
(2003) found a range iM/L, and van de Ven et al. (2003) Younger populations in less massive galaxies, possibly caused
found a similar correlation between rest-frame colors and by bursts involving up to 30% of the stellar mass. Since these
M/L. Other authors found either loM/L (e.g., Treu etal. 2002;  less massive galaxies have much more regular stellar popula-
Gebhardt et al. 2003) or higM/L (e.g., van Dokkum & Ellis tions atz< 0.5 vx(lthout signs of recent star format_lon, the_se
2003), and this is most likely due to (still unexplained) sample results are consistent with the downsizing seen in the field
selection effects. The last authors found that galaxies with re-Population (Cowie et al. 1996): at progressively higher red-
siduals from the™* profile had young ages. However, we find shifts, more and more massive galaxies are undergoing strong
no such relation in our sample. star formation. . .

Stellar population models indicate that the Io#L of the It remains to be seen how this trend continues out to even
bluez~ 1 galaxies may be due to an age difference of a factor higher redshlfts. The bl_ases inherent in stud|es_ o_f gaIaX|_es at
of 3. Alternatively, bursts involving 20%-30% of the mass can Z = 2 and higher make it very hard to perform similar studies:
produce similar offsets. The current sample is too small to the optical light has shifted to the near-IR, and spectroscopy

determine the fraction of young early-type galaxiezatl

is extremely hard at those wavelengths.

reliably. Large, mass-selected samples are needed for this, as More studies at redshit~ 1 are needed to determine the
current samples are generally optically selected and thereforedistribution of colors andW/L of the progenitors of field early-

biased toward galaxies with low®f/L.

types. Such a determination should be based on mass-selected

It is striking that the most massive galaxies have modest evo-Samples. Further studies of spectral energy distributions ex-

lution in M/L, similar to what van Dokkum & Stanford (2003)

tending to the rest-frame infrared will be very useful to better

found for massive cluster galaxies. The evolution of the galaxies constrain the star formation histories of the bluer galaxies.

with M = 6.0%,0*> 3 x 10" M, (Jgrgensen et al. 1996) in
our sample i\ In (M/Lg) = (=1.17 = 0.14¥ . The implied for-
mation redshift is above 2, ignoring the effects of progenitor

We thank the ESO staff for their support during the obser-
vations. We thank C. Wolf for making available the COMBO-

bias (van Dokkum & Franx 2001). The mass limit is comparable 17 catalog.
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