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ABSTRACT

We confirm spectroscopically the existence of a population of galaxies &t with rest-frame optical colors
similar to normal nearby galaxies. The galaxies were identified by their red near-infrared colors in deep images
obtained with the Infrared Spectrometer and Array Camera on the Very Large Telescope of the field around the
foreground cluster MS 105403. Redshifts of six galaxies with—K, > 2.3 were measured from optical spectra
obtained with the W. M. Keck telescope. Five out of six are in the réhg8< z< 3.52 , demonstrating that the
J.—K, color selection is quite efficient. The rest-frame ultraviolet spectra of confizne?l galaxies display a
range of properties, with two galaxies showing emission lines characteristic of active galactic nuclei, two having
Ly« in emission, and one showing interstellar absorption lines only. Their full spectral energy distributions are
well described by constant star formation models with ages 1.4-2.6 Gyr, except for one galaxy whose colors
indicate a dusty starburst. The confirmesd 2 galaxies are very luminousktheir = magnitudes are in the range
19.2-19.9 corresponding to rest-frame absoliMenagnitudes from-24.8 to —23.2. Assuming that our bright
spectroscopic sample is representative for the general populatidnr-igf selected objects, we find that the
surface density of red= 2 galaxiesa®).9 arcmin® taK, = 21 . The surface density is comparable to that of
Lyman break-selected galaxies wKiy< 21 , when corrections are made for the different redshift distributions
of the two samples. Although there will be some overlap between the two populations, most “optical-break”
galaxies are too faint in the rest-frame ultraviolet to be selected as Lyman break galaxies. The most straightforward
interpretation is that star formation in typical optical-break galaxies started earlier than in typical Lyman break
galaxies. Optical-break galaxies may be the oldest and most massive galaxies yet identifie?l at , and they
could evolve into early-type galaxies and bulges.

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

1. INTRODUCTION minosity and so will preferentially select relatively unobscured,
The identification of star-forming galaxies at= 3 by the actively star-forming galaxies. Stellar ages of LBGs are typi-

- ._cally ~3 x 10® yr (Papovich, Dickinson, & Ferguson 2001;
Lyman break technique has greatly enhanced our understanding® g ’ '
o¥galaxy formationqand thegstar f)</3rmation history of the uni- hapley etal. 2001), suggesting that the descendants of galaxies

verse (Steidel et al. 1996, 1999; Madau et al. 1996). Although Elhat statr)ted f(cj)rmmg starsi ?jt _S|gn|f|ca?tly higher redslizf:b(
other high-redshift galaxy populations have since been iden-D)iér(ﬁéog ugr: Pee[reo?/rigﬁeznO%Z)m current surveys (e.g., Ferguson,
tified (e.g., Hu, Cowie, & McMahon 1998; Smail et al. 2000; As ShO\;Vﬂ in gcom anion. aper (Franx et al. 2003), such
Barger et al. 2001), Lyman break galaxies (LBGs) dominate |, ved” hiah-red h'ftp laxi pap b lect d. Hocti 'I .
the UV luminosity density at high redshift (Steidel et al. 1999) EVO'Ved Nigh-Tedshilt galaxies can be selected efiectively In

; ; ._the rest-frame optical, which is redshifted to near-infrared (NIR)
%ngrgi\p/)i ba?%n C?L%;fg t(oe %e tgzg é?]g:tn g:)rigo;g; assive gal&1)(I(avg\2avelengths for = 2 . The criterioh—K, > 2.3 is expected to

However, the census of normal galaxieszat 3 may stil isolate galaxijes with prominent rest-frame optical breaks, caused

10
be incomplete because of selection effects. The Lyman breal )rlwitsh‘%St?s;-ﬁ?eﬂ?’ire?égggnoirstctfn?p?lg%g?tgr?tg Egrli?ri;violet
technique requires a high rest-frame far-ultraviolet (UV) lu- Lyman break selection. In Franx et al. (2003), we show that

. , . optical-break galaxies have a high surface density in the Hubble
Based on service mode observations collected at the European Southerrb . . .
Observatory, Paranal, Chile (ESO progamme 164.0-0612). eep.F'eld_SOUt.h (HDF-S), an(_j We derive from photometric
2 Based on observations obtained at the W. M. Keck Observatory, which is redshifts that their volume density is comparable to LBGs. In
operated jointly by the California Institute of Technology and the University Daddi et al. (2003), we infer that the population is highly clus-
of California. tered. The main uncertainties in Franx et al. are the lack of

A . .
o I(D)ggg(r)t_rgfgiofAstronomy, Yale University, P.O. Box 208101, New Haven, spectroscopic redshifts and the sniB x 2'3 field.

* California Institute of Technology, MS 105-24, Pasadena, CA 91125. Here we present spectroscopic observations of a small sam-
® Leiden Observatory, P.O. Box 9513, J. H. Oort Building, Niels Bohrweg ple of optical-break galaxies in MS 10543, a field with a
2, NL-2300 RA, Leiden, Netherlands. foreground cluster at = 0.83 . The NIR imaging data in this

¢ European Southern Observatory, Karl-Schwarzschild-Strasse 2, D'85748field Complement our extremely deep Very Large Telescope
Garching, Germany.

" University of California Observatories/Lick Observatory, Natural Sciences (VLT) Infrared Spectrometer and Array Cam_era (ISAAC) data
Il Annex, University of California at Santa Cruz, Santa Cruz, CA 95064. on the HDF-S (Labbeet al. 2003) and consist of 77.5 hr of

8 Max-Plank-Institut fu Astronomie, Kaigstuhl 17, D-69117 Heidelberg, J, H, andK, imaging with ISAAC distributed over 34 x
Germany.

¢ Max-Plank-Institut fu Astrophysik, P.O. Box 1317, Karl-Scharzschild-
Strasse 1, D-85741 Garching, Germany. 9 Magnitudes are on the Vega system, unless stated otherwise.
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TABLE 1
J.—K, SELECTED GALAXIES WITH REDSHIFTS 4 Tyt T FESd T F YT T E % 2

Galaxy Ks KS (:orra Js_ Ksb z MV, resf =

o 1-H>3.0, J,-K,<2.3 1
596 ....... 19.68 1991 235 1.189 ..
1671...... 19.09 1923 265 2424 —237
1195...... 1929 19.63 230 2425 —23.9
1458...... 1971 19.86 225  2.427 —23.2
184 ....... 19.29 19.40 254  2.705-24.1
1656...... 1959 19.81 298 3525 —248

o J,-K,322.3

NotEe.—Magnitudes are on the Vega system. B
#K-band magnitudes corrected for weak lensing ampli- (P
fication by the foreground = 0.83 galaxy cluster (Hoekstra, N‘g 2=
Franx, & Kuijken 2000). ﬂ
® Colors were recalibrated following the initial spectro- —
scopic selection; errors ared.05 mag. i
°H, = 65kms* Mpc*,Q, = 0.3, and?, = 0.7 .
0

5!4 square of four pointings (N. M. ‘Fster Schreiber et al.

2003, in preparation). Although not as deep as our HDF-S
observations, the-5 times larger area enables us to make a
more robust measurement of the surface density and is well
suited for efficient multislit spectroscopy. 0

2. SPECTROSCOPY

; ; ; ; Fic. 1.—Spectroscopic and photometric redshifts of galaxies selected by
Optlcal Spectroscopy was obtained for galaXIeS in the MS broadband colors. The 12 galaxies withH >3.0  ahdK < 2.3 have red-

1054-03 field on 2002 February 14-17 with the Low Res0- gyitis in the range 1.06-1.87. Five out of six galaxies WithK_>2.3  are at
lution Imaging Spectrograph (Oke et al. 1995) on the W. M. 2.43<z<3.52 The histograms show the photometric redshifts of observed
Keck telescope_ The sample was not restri(;te'l;i—t&(S selectedbalaxies Wh(_)se spectra had insufficient signal-to-noise ratios to determine their
galaxies but also contained candiddte: z < 2 galaxies se-spectroscopic redshifts.

lected by their redl—H color. The sample was limited at

K = 20.7, with priority given to objects witl <24.5 . Four  tometric redshift of galaxies with spectroscopic redshifts (2.6).

multislit masks were designed, with faint objects repeated in We conclude that there is no evidence of a strong redshift bias
several or all masks. The 300 line min grism was used on in our spectroscopic sample.

the blue arm, in combination with the D680 dichroic. On the  The redshifts of the five confirmerd>2 galaxies span a
red arm, we used the 600 line min  gratingu{h blaze) on  |arge range, which is not surprising given the large spacing
February 14-15 and the 400 line min  grating (850Dl&ze)  between thel, anK. filters. The mean redshift is 2.7, similar
on February 16-17. Conditions were photometric, and the seetp the median photometric redshift of 2.6 for galaxies with
ing ranged from (8 to I'5. The exposure time ranged from j—K_>2.3andK,<22.5 in the HDF-S (Franx et al. 2003).
7.2 ks for the brightest objects to 72 ks for the faintest. Remarkably, three galaxies are at almost identical redshift,
Redshifts were measured for six out of 11 obserJetK qualitatively consistent with the strong angular clustering of
selected galaxies. Five have redshifts in the range 2.43-3.523 —K _ selected galaxies in the HDF-S (Daddi et al. 2003).
with the remaining galaxy showing a faint emission line that ~ TheJ,—K_ selection is the higher redshift analog of the well-
we tentatively identify as [Qr] A3727 atz = 1.19 (Table 1).  known selection ol <z< 2 galaxies by théirH  color (e.g.,
Additionally, redshifts were measured for 12 out of 27 observed McCarthy et al. 2001), and by combining the two methods,
galaxies with —H > 3.0 and,—K < 2.3 ;they are inthe range galaxies can be selected over the entire range<lzO< 3.5
1.06-1.87, with meafg) = 1.40 . _ (see Fig. 1). We note that-H  selected galaxies appear to be
The spectroscopic redshifts confirm that our simeK highly clustered as well: only one out of 12 objectadswithin
color cut effectively isolates galaxiesat2 , indicating only 2000 km s* of another galaxy.
a small ¢20%) contamination by (dusty) galaxies at lower
redshifts. A concern is that the fivk—K, selected galaxies
without redshift are at~ 1.5 , since there would be no strong
spectral features in the observed wavelength range. The im- The rest-frame UV spectra of confirmed-2  galaxies are
portance of this potential bias can be estimated by comparingshown in Figure 2. The small sample displays a wide range of
the photometric redshifts of galaxies with and without spec- properties: two galaxies have emission lines characteristic of
troscopic redshift. Photometric redshifts were determined usingactive galactic nuclei (AGNSs), two are kyemitters with no
the publically available HYPERZ code (Bolzonella, Miralles, evidence for the presence of an AGN, and one shows interstellar
& Pelld 2000); a full discussion will be given in N M. Fster absorption lines typical of nearby star-forming galaxies.
Schreiber et al. (2003, in preparation). As demonstrated in Fig- The high fraction of emission-line galaxies is striking, al-
ure 1, the photometric and spectroscopic redshifts are in goodthough in part a selection effect resulting from the difficulty
agreement. The red histogram shows the photometric redshiftof measuring absorption-line redshifts of these faint galaxies.
distribution of the fiveJ,—K, selected galaxies without spec- Our single absorption redshift required an exposure time of
troscopic redshift. Two are inthe rangg < z,,,<2 ,andthree 72 ks, and judging from a cross-correlation with an LBG tem-
havez,,.>2. The median is 2.4, similar to the median pho- plate, it is only marginally significantr (= 3.1 ). Two other

3. SPECTRA OF RELx > 2 GALAXIES
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Fic. 2.—Left panels: Rest-frame UV spectra of red galaxiezat2 . The spectra display a wide range of properties. The inset for galaxy 1195 shows a NIRSPEC
rest-frame optical spectrum. The panel below 1656 shows the mean spectr@5®1BGs without Lyx emission, from Shapley et al. (2003ight panels:
SEDs of the same galaxies. Overplotted are models with varying age and dust content (see teBt).HFhand probablyl, -band fluxes of 1195 are affected
by strong emission lines. Color images were created fromHEE R,z = 0.5V28 ., + 115, and VLT K, images (after smoothing to the same resolution) and
are5'1 x 571.

galaxies show evidence for breaks indicating the onset of theserved at a time when many black holes were still in the process
Ly« forest but do not produce significant peaks in their cross- of formation.

correlation functions. Since there are five observed galaxies

without redshift, we estimate that the true emission-line fraction 4. SPECTRAL ENERGY DISTRIBUTIONS

is =40%. The fact that Ly photons can escape in sode- S
. I Broadband spectral energy distributions (SEDs) are shown
K, selected galaxies may indicate that they are not all very in the middle panels of Figure 2. Optical data were obtained

dusty or that they have patchy dust distributions. with the Hubble Space Telescone (HST) WEPC2 (van Dokkum
The two AGNSs are at identical redshift and separated By 84 et al. 2000) anSdD the VLZFFpOR(S; a) full desc(ription of the

Galaxy 1195 is a narrow-line AGN similar to type Il quasars phaiometry is given in N. M. Fister Schreiber et al. (2003,
and nearby Seyfert Il galaxies. Galaxy 1458 has a complex speciy preparation). We fitted GISSEL98 model spectra from G.
trum, with narrow £1500 km s* FWHM) Lya and Crv emis- Bruzual & S. Charlot (2003, in preparation) in order to interpret
sion lines and broader~B000 km s* ) Har and Cu lines. The  the SEDs. As is well known, it is difficult to obtain unique
resonant transitions N, Sitv, and Crv show P Cygni profiles,  solutions for the functional form of the star formation history,
indicative of a radiatively driver3000 km s* wind (e.g., Mur-  the age of the stellar population, and the dust content (see, e.g.,
ray et al. 1995). More data are needed to determine how commorPapovich et al. 2001 and Shapley et al. 2001). Here we only
AGNs are among),—K, selected galaxies and to compare theconsider models with a constant star formation rate and a Cal-
rate of occurrence with that in rest-UV—selected objects (Steidelzetti et al. (2000) reddening law.

et al. 2002). It is widely believed that all massive, bulge-  As shown in Figure 2, the two laremitting galaxies 1671
dominated systems in the local universe harbor massive blackand 184 are fairly well fitted by such models. The same model
holes (e.g., Magorrian et al. 1998), and we can speculate thatvith a “maximally old” age of 2.6 Gyr and a moderate ex-
the optical-break galaxies are progenitors of such galaxies ob-tinction E(B—V) = 0.4 provides the best fit to both galaxies,
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and we conclude that the rdd-K,  colors of these objects aremined forz= 3 LBGs by Shapley et al. (2001). We assume that
most likely the result of their evolved stellar populations. The the luminosity function does not evolve, and we use a template
SEDs of galaxies 1195 and 1458 are almost certainly affectedspectrum to calculate the dependencevijf on redshift. Inte-
by emission from their AGNs, which is difficult to model. grating over the redshift range 2.0-3.5 we find a surface density
When the continuum contributions of the AGNs are ignored, of ~2.0 arcmin? taK, = 21 , twice the density of optical-break
galaxy 1458 is best fitted by a constant star formation model galaxies. This result is quite sensitive to the assumption that the
with age 1.4 Gyr andE(B—V) = 0.3 , and 1195 by a model redshift distribution of optical-break galaxies is a top hat with a
with age 1.7 Gyr andE(B—V) = 0.5 . The highest redshift lower bound of 2.0. Integrating over the redshift range 2.4-3.5
galaxy in our sample, 1656, is not well fitted by simple models. reduces the density t0.9 arcmin? , and we conclude that the
Good fits are obtained for composite models of a young, dust-surface density of optical-break—selected galaxies is 0.5-1 times
free component and a second young component that is heavilythat of Lyman break—selected galaxies in the same redshift range.
obscured, havinge(B—-V) ~ 1.5 (see Fig. 2). These numbers are broadly consistent with results obtained for
For galaxy 1195, the contribution of byemission to thes- fainter samples in the HDF-S (Franx et al. 2003).
band flux (30%—40%) had to be taken into account in the model Optical-break galaxies are underrepresented in samples se-
fitting. On 2002 January 6, we obtained a 1208-band spec-  lected by the Lyman break technique: only two out of 40 galaxies
trum with NIRSPEC on the Keck Il telescope (inset in Fig. 2). observed id andK, by Shapley et al. (2001) satisfy our selection
The spectrum shows the redshifted linesif) A4959, 5007; criterion. Most optical-break galaxies in the MS 10928 field
H@ is undetected. The lines contrib@el2 + 0.04 mag to the are too faint in the rest-frame UV to be selected as LBGs in
H-band flux, consistent with the observed offset from the best- ground-based surveys:70% of galaxies withK,< 21 have
fitting model spectrum. Since 1195 is by far the strongest Ly R,g > 25.5 As shown in Franx et al. (2003), the overlap is even
emitter in our sample, this result suggests that the contributionsmaller for the fainter HDF-S sample. We note, however, that
of line emission to the NIR fluxes is generally small for because of obvious selection effects, four of the five galaxies
J.—K, selected galaxies. confirmed by optical spectroscopy are brighter than this limit
We conclude that the rel}—K, colors are probably produced and probably would be selected as LBGs if at the appropriate
by evolved stellar populations and, in one case, a dusty youngredshift.
population. The median age of 1.7 Gyr is higher than the me- The most straightforward (but not unique) interpretation of
dian age of~3 x 108 yr for LBGs, derived using the same the newly identified population is that they are evolved descen-
models (Shapley et al. 2001; Papovich et al. 2001). dants of galaxies that started forming stars at redshiftg . As
shown in Franx et al. (2003), their typical mass-to-light ratios
are probably higher than those of galaxies selected by the Lyman
break technique; hence, they may be the most massive galaxies
The spectroscopic redshifts demonstrate that 2 galaxiesyet identified atz>2 and could be progenitors of early-type
can be selected efficiently ky—K, colors alone. The criterion galaxies and bulges. Interestingly, the five confirmed2 gal-
J—K, > 2.3is not extreme but selects galaxies whose rest-frameaxies alone may already place limits on galaxy formation models.
optical colors are similar to those of normal nearby galaxies: for They constitutex1.5% of theK,< 20 counts (e.g., Maihara et
z = 2.7, our J.—K limit corresponds t&J—V = 0.1 inthe rest al. 2001; Labbest al. 2003), whereas current semianalytical gal-
frame, and a local sample thus selected would include almostaxy formation models have predicted that galaxies beyond
all luminous galaxies (e.g., Jansen et al. 2000). 2 should essentially be absent in such bright samples (see Cimatti
The surface density of,—K,>2.3 galaxies in the MS et al. 2002). The fraction is even higher506) when galaxies
1054-083 field is 1.09922 arcmin® toK = 21 . If our small  without spectroscopic redshift are included.
spectroscopic sample is representative of the general popula- Surveys over larger areas will help us to establish the surface
tion, ~20% are at low redshift, and the surface density of density with greater confidence. More spectroscopy is needed to
z> 2 optical-break galaxies i€0.9 arcmin® (ignoring the lens-  determine the redshift distribution and AGN fraction better. Fi-
ing effect of the foreground cluster). The Poissonian errors nally, NIR spectroscopy for more galaxies is needed to determine
imply 65% confidence limits of 0.7—1.1. However, significant the contribution of emission lines to the broadband fluxes.
field-to-field variations exist: there are deK >2.3  galaxies
to K = 21 in the Hubble Deep Field—North (Fémiez-Soto,
Lanzetta, & Yahil 1999), whereas the surface density in the We thank Henk Hoekstra for computing the lens magnifi-
HDF-S is similar to that in the-5 times larger MS 105403 cations, Alice Shapley and Aaron Barth for useful discussions,
area. Additional errors due to galaxy correlations increase theand the referee, Pat McCarthy, for constructive comments that
upper limits but leave the lower limits relatively unchanged improved this Letter. P. G. v. D. acknowledges support from
(see, e.g., Daddi et al. 2000). Based on the observed clusteringNASA through theSRTF Fellowship program. The authors
of J—K,> 2.3 galaxies in the HDF-S (Daddi et al. 2003), we wish to extend special thanks to those of Hawaiian ancestry
find a 20 lower limit of 0.5 arcmin? . on whose sacred mountain we are privileged to be guests. With-
The surface density can be compared with that of LBGs with out their generous hospitality, many of the observations pre-
K, < 21, by integrating theK -band luminosity function deter- sented herein would not have been possible.

5. DISCUSSION
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