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ABSTRACT
Using deep near-infrared imaging of the Hubble Deep Field—South with the Infrared Spectrometer and Array
Camera on the Very Large Telescope, we find six large disklike galaxies at redskifts4—3.0 . The galaxies,

selected inK, (2.2um), are regular and surprisingly large in the near-infrared (rest-frame optical), with face-on
effective radiir, = 0/65-09 or 5.0-7.5; kpc in A cold dark matter cosmology, comparable to the Milky Way.

The surface brightness profiles are consistent with an exponential law over 2—3 effective radii. The Wide Field
Planetary Camera 2 morphologies Hubble Space Telescope imaging (rest-frame UV) are irregular and show
complex aggregates of star-forming regie# (~15h-; kpc) across, symmetrically distributed aroundihe -band
centers. The spectral energy distributions show clear breaks in the rest-frame optical. The breaks are strongest in
the central regions of the galaxies and can be identified as the age-sensitive Balmer/6888k AThe most
straightforward interpretation is that these galaxies are large disk galaxies; deep near-infrared data are indispensable
for this classification. The candidate disks constitute 50% of galaxieslwith 6 x 10 h,5 L, z =atl.4—

3.0. This discovery was not expected on the basis of previously studied samples. In particular, the Hubble Deep
Field—North is deficient in large galaxies with the morphologies and profiles we report here.

Subject headings: galaxies: evolution — galaxies: high-redshift— infrared: galaxies

1. INTRODUCTION surface brightness because of active, spatially compact, and
unobscured star formation. As a result, large and UV-faint disk
rgalaxies may have been overlooked, and, additionally, the mor-
phologies of Lyman break galaxies (LBGs) could just reveal
the unobscured star-forming regions rather than the more
evolved underlying population that forms the disk.

The most direct evidence for the existence of large disks at
high redshift has come from observations in the near-infrared
(NIR), which provide access to the rest-frame optical. Here the
continuum light is more indicative of the distribution of stellar
mass than in the UV, and nebular lines are accessible for kin-
ematic measurements. Van Dokkum & Stanford (2001) discuss

Disk galaxies are believed to undergo a relatively simple for-
mation process in which gas cools and contracts in dark matte
halos to form rotationally supported disks with exponential light
profiles (Fall & Efstathiou 1980; Mo, Mao, & White 1998). A
critical test of any theory of galaxy formation is to reproduce
the observed properties and evolution of galaxy disks.

Previous optical spectroscopy ahiudibble Space Telescope
(HST) imaging have yielded a wealth of data on disk galaxies
atz=1 (e.g., Vogt et al. 1996, 1997; Lilly et al. 1998; Barden
et al. 2003), although contradictory claims have been made

regarding the implications for the size and luminosity evolution a K-selected galaxy at = 1.34 with a rotation velocity of

with redshift (see Lilly et al. 1998; Mao, Mo, & White 1998; ~290 km s* . Erb et al. (2003) detect aa50 km s* rotation

Barden et al. 2003) and the importance of surface brlghtnessat ~6 I} kpc radii in the Hy emission line of galaxies at

selection effects (see Simard et al. 1999 and Bouwens & Silk 2.3 and Moorwood et al. (2003) fingt 100 km s * rotation

2002). 1 .
L . . at ~6 h;; kpc from the center of a galaxy at= 3.2 , seenin
It is still unknown what the space density and properties are the NIR spectrum of the [@1] A5007 emission line.

of disk galaxies at substantially higher redshift. Many galaxies = 1,4 imaging data in these studies, however, are of limited

atz~ 3 have been identified using the efficiehtiropout tech- . s .
: X ; pth and resolution, making it difficult to determine morpho-
nique (Steidel et al. 1996, 1996b). Most of these objects '€ ogical properties. In this Letter, we present an analysis of the

compact with radii~1-2 h-3 kpc, but some are large and ir- rest-frame ultraviolet-to-opti :

X | . ] - -to-optical morphologies and spectral en-
regular (Giavalisco, Steidel, & Macchetto 1996; Lowenthal et oo qistributions (SEDs) of six large candidate disk galaxies
al. 1997). However, th&J-drop selection requires high far-Uv atz~ 1.4-3using the deepest ground-based NIR data set cur-

rently available (Labbet al. 2003). Throughout, we adopt a

* Based on service mode observations collected at the European Souther _ ; _ _ _
Observatory, Paranal, Chile (ESO programme 164.0-0612) and also based orﬂat A-dominated cosmologyk, = 0.3 A = 0.7 , arld, =

—1 <1 H H
observations with the NASA/ESMubble Space Telescope, obtained at the nio h70 km s MpC' ) All magn'tUdes are eXpressed in the
Space Telescope Science Institute, which is operated by AURA, Inc., under Johnson photometric system.

NASA contract NAS5-26555.

2 Leiden Observatory, P.O. Box 9513, NL-2300 RA Leiden, Netherlands.

3 Max-Plank-Institut fu Astrophysik, Karl-Schwarzschild-Strasse 1, Post- 2. OBSERVATIONS
fach 1317, D-85741 Garching, Germany.

“ European Southern Observatory, Karl-Schwarzschild-Strasse 2, D-85748 \We obtained 102 hr of NIR), H, andK, imaging in the
G‘f},rgh'”gvtee”t“i”g\’-t Vale Universitv. P.O. Box 208101 New H Hubble Deep Field—South (HDF-85 x 2!5 ) under excellent
T Debpnegio o ronomy, Tale BRversiy, F.5. Eox ,NEWHAVEN, - seeing EWHM =~ 0746 ), using the Infrared Spectrometer and

s Max-Plank-Institut fu Astronomie, Koenigstuhl 17, D-69117 Heidelberg, Array Camera (ISAAC; Moorwood 1997) on the Very Large

Germany. Telescope (VLT). The observations were taken as part of the
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Fic. 1.—Left panels: WFPC2U,,,, averageW .+ | 4;, (rest-frame UV), and our averaged ISAAEK, images (rest-frame optical), scaled proportional to
F, with arbitrary normalization per galaxy. The rest-frame UV morphologies are complex and symmetric with respect to the center of the smoother optical
distribution. Middle panels: SExtractor’sl,,, -band segmentation map, the smoothgd images, ad the -band images after subtracting the scaled, smoothed
lg1, band. From the segmentation map, it follows that detectioh,in would likely split up most of the sources. The central resiiudls, i, demonstrate
that optical and NIR light are distributed differently and that all galaxies have a “red” nud¥gld.panels: Radial profiles in th&, band. The abscissa and the
ordinate are, respectively, the mean geometric radial distance and the surface brightness along elliptical isophotes. The arrensonfaténte intervals for
measurements with a signal-to-noise ratio of less than 1. Overplotted are the best-fit exponentiakttad/|{ne), r* law (dotted line), and point-exponential
(dash-dotted line) for galaxies 494 and 611.

Faint InfraRed Extragalactic Survey (FIRES; Franx etal. 2000). (PSF) to theK, -band images. Six objectszat 1.4 have ef-
We combined our data with existing deep optietT/Wide fective radiir, > 3.6 h.; kpc, three of which have spectroscopic
Field Planetary Camera 2 (WFPC2) imaging (ver. 2; Casertanoredshifts. The mean redshift of the sample is 2.4. We will focus
et al. 2000), in theU,y, B,s» Veos andlg,, bands, and we on these large galaxies in the remainder of the Letter. The
assembled &, -selected catalog of sources with SExtractorstructural properties of the fuk, -selected sample will be dis-
(Bertin & Arnouts 1996). Photometric redshifts and rest-frame cussed in I. Trujillo et al. (2003, in preparation).
luminosities were derived by fitting a linear combination of
empirical galaxy spectra and stellar population models to the
observed flux points (Rudnick et al. 2001; G. Rudnick et al.
20034, in preparation). The reduced images, photometric cat- The large galaxies are shown in Figure 1. They have a regular
alog, and redshifts are presented in Lakbal. (2003) and are  morphology in the ISAACK, band (2.2m), which probes
all available on-line at the FIRES home pdgeurthermore, rest-frame optical wavelengths between 5400 and 900 A
we obtained optical spectroscopy with FORS1 on the VLT for contrast, the WFPCY¥,,, - and,, -band morphologies, which
some of the sources (G. Rudnick et al. 2003b, in preparation).map the unobscured star-forming, regions at rest-frame UV
Additional redshifts were obtained from Vanzella et al. (2002). wavelengths between 1500 and 3300afe irregular with sev-
As discussed in Rudnick et al. (2001; G. Rudnick et al. 2003a, eral knots up to~2" (~15 h,; kpc) apart, symmetrically dis-
in preparation), our photometric redshifts yield good agreementtributed around thé&, -band centers. In a few cases, the ob-
with the spectroscopic redshifts, with an rms ¢f,,..— served optical light is spatially almost distinct from the NIR.
Zonotl (1 + Zpe) = 0.05f0r z ,.> 1.4 As a result of the structure in the WFPC2 imaging, four of
Large disk galaxies in the HDF-S were identified by fitting the large objects have been split up into two sources by Cas-
exponential profiles convolved with the point-spread function ertano et al. (2000). Figure 1 shows the corresponding “seg-
mentation” map by “SExtractor” that illustrates how the pixels
7 See http:/iwww.strw.leidenuniv.pifires. in each image are allocated to different sources. The galaxies

3. REST-FRAME OPTICAL VERSUS UV MORPHOLOGY
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TABLE 1

PrROPERTIES OF HIGH-REDSHIFT DisKk GALAXIES IN THE HDF-S

r 3 rl/Z.K r1/2.I

e K
(arcsec) (arcsec) (arcsec)

Galaxy S, tot z MB. rest Ho, B, rest €
1) ) 3 (4) ®) (6) () ®) 9)
302 ...... 19.70 1.439 -—-22.70 19.70 0.89 0.70 0.86 0.46
267 ...... 1998 182 —22.88 19.92 0.75 0.74 0.88 0.37
257 ... 20.25 2.027 —-23.08 19.53 0.74 0.74 0.84 0.36
657 ...... 20.68 2.793 -—-23.56 19.33 0.76 0.70 0.74 0.18
611 ...... 2053 294 -2359 1851 0.65 0.52 0.97 0.27
494 ...... 21.14 3.00 -—-2331 18.84 0.75 0.56 0.86 0.47

Note.—Col. (1): Catalog identification numbers (see Lalabeal. 2003). Col. (2)K, -band
total magnitudes. Col. (3): Redshift. Col. (4): Rest-frame absd@ttand magnitudes. Col. (5):
Face-on rest-framB-band central surface brightnesses. Col. (6): Face-on best-fit effective radii.
Col. (7):K, half-light radii. Col. (8)1,,, half-light radii, PSF-matchedo . Col. (9): Ellipticity.

# Spectroscopic redshifts.

® Two-component models (poifexponential).

were not split up when thK_ -band image was used to detect The effective radii (semimajor axes) are surprisingly large,
objects. However, the broader PSF in thg  -band image canr, = 0°65-09 (5.0-7.5h;5 kpc in aA cold dark matter
play a role: if we smooth thé,;, -band data to the same res-[ACDM] cosmology), comparable to the Milky Way and much
olution, we find that SExtractor only splits up one galaxy. larger than typical sizes of “normal” LBGs (Giavalisco et al.
Hence, the question remains whether these four objects splitl996; Lowenthal et al. 1997). As might be expected from the
up in ly,, are superpositions or whether they are part of larger previous section, theband images have even larger effective
systems. We tested this by subtracting the PSF-matthed  +adii. All galaxies have a “red” nucleus, and the colors become
band images from th&, -band images. Thg -band imagesbluer in the outer parts.
were scaled to th&, -band images to minimize the residuals. Overall, the optical-to-infrared morphologies and sizes are
The residuals are shown in Figure 1. In all cases, we find strongstrikingly similar toL* disk galaxies in the local universe, with
positive residuals close to the centers of the objects as defineded bulges, more diffuse bluer exponential disks, and scattered
in the K -band, whereas residuals at any oflthe  -band peaksUV-bright star-forming regions. Some even show evidence of
might be expected in case of a chance superposition. Furtherwell-developed grand-design spiral structure. However, the
more, we performed photometric redshift analyses for subsec-mean central surface brightness of the disks is 1-2 mag higher
tions of the images and found no evidence of components atthan that of nearby disk galaxies, and the mean rest-frame color
different redshifts. (U-V) =0 is ~1 mag bluer (see Lilly et al. 1998). Passive
evolution can lead to disks with normal surface brightnesses
at low redshift. Alternatively, the disks are disrupted later by
interactions or evolve into SO galaxies, which have higher sur-
face brightnesses (e.g., Burstein 1979).

4. PROFILE FITS AND SIZES

Next, we fitted simple models convolved with the PSF
(FWHM = 0746) to the two-dimensional surface brightness
distributions in theK, band. The images are well described by
a simple exponential law over 2—3 effective radii (galaxies 302,
267, 257, and 657) or by a point source plus exponential (gal- The overall SEDs of the galaxies show a large variety. Four
axies 611 and 494), where the point source presumably rep-of the galaxies (257, 267, 494, and 657) satisfy conventional
resents the light emitted by a compact bulge contributing aboutU-dropout criteria (Madau et al. 1996; Giavalisco & Dickinson
40% of the light. We also derived intensity profiles by ellipse 2001). One galaxy is at too low redshift (302) to be classified
fitting. As can be seen in Figure 1, most galaxies are well as aU-dropout, and one other galaxy is too faint in the rest-
described by an exponential. The central surface brightnesse$rame UV (611). It has,—K.> 2.3 and is part of the population
and effective radii, enclosing half of the flux of the model of evolved galaxies identified by Franx et al. (2003) and van
profile, are corrected to face-on and are shown in Table 1. TheDokkum et al. (2003).
central surface brightness is multiplied with — €)¥> , as an  The red colors of the central components can be due to either
intermediate case between optically thin and optically thick, dust, higher age, emission-line contamination, or a combination
and corrected for cosmological dimming. of effects. The SEDs show stronger Balmer/4000raaks in

the inner parts than in the outer parts (see Fig. 2 for an example).

5. SPECTRAL ENERGY DISTRIBUTION
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Fic. 2.—SED of source 611 in a’® circular diameter aperturéeft) and

in a concentricl’-2' diameter ringight), normalized to theK, -band flux.

Overplotted are independent model fits from G. Rudnick et al. (2003a, in

preparation).

We derived colors inside and outside of ‘& @adius centered

on theK, -band center. The mean differences~0& mag in
observedlg,,—K, and-0.2 mag in rest-framé&—V . Higher
resolution Near-Infrared Camera and Multi-Object Spectrom-
eter data are required to address the population differences in
more detail.

6. DISCUSSION

We have found six large galaxies with characteristics similar
to those of nearby disk galaxies: exponential profiles with large-
scale lengths, more regular and centrally concentrated mor-
phologies in the rest-frame optical than in the rest-frame UV,
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and, as a result, red nuclei. It is very tempting to classify these (e.g., Labbeet al. 2003 vs. Papovich, Dickinson, & Ferguson
galaxies as disk galaxies, given the similarities with low-red- 2001) and that the disk galaxies are more luminous inHhe
shift disk galaxies. However, kinematic studies are necessaryband than most of the high-redshift galaxies found in the HDF-
to confirm that the material is in a rotating disk. Photometric N (Papovich et al. 2001). The larger number of red galaxies
studies of larger samples are needed to constrain the thickness the HDF-S (e.g., Labbet al. 2003; Franx et al. 2003) and
of the disks. We note that the simulations of Steinmetz & their strong clustering (Daddi et al. 2003) may indicate that
Navarro (2002) can show extended structures during a mergingthe red galaxies and large disks are both part of the same
or accretion event. However, the expected duration of this phasestructures with high overdensities and evolve into the highest
is short, and the disk galaxies comprise a high fraction of the overdensities at low redshift, i.e., clusters. If this is the case,
bright objects. It is therefore unlikely that a significant fraction the large disk galaxies may be the progenitors of large SO
of the galaxies presented here are undergoing such an eventgalaxies in the nearby clusters, which have colors very similar
The density of these large disk galaxies is fairly low: over to elliptical galaxies (e.g., Bower, Lucey, & Ellis 1992).
a survey area of 4.7 arcnfirand to a magnitude limit of Finally, we can compare the observed disk sizes with the-
Kewt = 22, they make up six out of 52 galaxies at oretical predictions. Itis often assumed (Fall & Efstathiou 1980;
1.4 =< z =< 3.0. However, they do constitute six out of the 12 Mo et al. 1998) that the disk scale length is determined by the
most rest-frame—luminous galaxieg = 6 x 10 h;5 L in spin parametex and the circular velocity of the virialized dark
the same redshift range. The comoving volume density is matter halo (Fall & Efstathiou 1980; Mo et al. 1998). For a
~3 x 107* h3, Mpc™® at a mean redshift=~ 2.3 . Obviously, ACDM cosmology, Mo, Mao, & White (1999) predict that the
larger area surveys are needed to establish the true densityz ~ 3 space density of large.= 3.6h.;  kpc) brigdtdropouts
We note that three of the galaxies have only photometricis 1.1 x 10°* h3, Mpc 3, whereas we find that it is2 x
redshifts, one of which (&-drop galaxy atz,,, = 1.82) is 10 * h3, Mpc 2 for our fourU-drops at a meafg) ~ 2.4 . This
in the poorly tested rangk4<z< 2.0 . The volume density difference of a factor of 2 is not very significant, given our
of disk galaxies with,> 3.6 h,; kpc in the local universe is low number statistics and small survey volume. The combi-
much higher a3 x 10*h3,Mpc 2 (de Jong 1996), although  nation of sizes and rotation velocities will give much stronger
many nearby disks would not be present in our high-redshift constraints on these models; it may be possible to measure the
sample because their surface brightness would be too low. kinematics of some of these large galaxies using NIR spectro-
We note that similar galaxies are absent in the very deepgraphs on large telescopes.
NIR imaging data on the Hubble Deep Field—North (HDF-N;
Williams et al. 1996; Dickinson 2000). Although notable dif- We thank the staff at ESO for their hard work in taking these
ferences between optical and NIR morphologies were reporteddata and making them available. This research was supported
for two of the largest LBGs in the HDF-N, no large galaxies by grants from the Netherlands Foundation for Research
were reported to have red nuclei or exponential profiles as in (NWO), the Leids Kerkhoven-Bosscha Fonds, and the Lorentz
the HDF-S. The two fields are different in other aspects as well. Center. G. R. thanks Frank van den Bosch and Jarle Brinch-
We found earlier that the HDF-N is deficient in red sources mann for their useful discussions.
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