
bourhood. And, of course, the use of
high-precision astrometric measure-
ments with instruments like the VLTI or
the Keck interferometer will survey
“nearby” stars for long-period systems.
Altogether, these coming observational
facilities will definitely help us to con-
struct a new and more complete view of
how planetary systems are born and
how they evolve. 
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1. Introduction

Between October 1999 and October
2000 an undistinguished high-galactic
latitude patch of sky, the Hubble Deep
Field South (HDF-S), was observed
with the VLT for more than 100 hours
under the best seeing conditions. Using
the near-infrared (NIR) imaging mode

of the Infrared Spectrometer and Array
Camera (ISAAC, Moorwood 1997), we
obtained ultradeep images in the Js
(1.24 µm), H (1.65 µm) and Ks (2.16
µm) bands. The combined power of an
8-metre-class telescope and the high-
quality wide-field imaging capabilities of
ISAAC resulted in the deepest ground-
based NIR observations to date, and

the deepest Ks-band in any field. The
first results are spectacular, demon-
strating the necessity of this deep NIR
imaging, and having direct conse-
quences for our understanding of
galaxy formation. 

The rest-frame optical light emitted
by galaxies beyond z ∼1 shifts into the
near-infrared. Thus, if we want to com-
pare 1 < z < 4 galaxies to their present-
day counterparts at similar intrinsic
wavelengths – in order to understand
their ancestral relation – it is essential
to use NIR data to access the rest-
frame optical. Here, long-lived stars
may dominate the total light of the
galaxy and the complicating effects of
active star formation and dust obscura-
tion are less important than in the rest-
frame ultraviolet. This therefore pro-
vides a better indicator of the amount of
stellar mass that has formed. Com-
pared to the selection of high-redshift
galaxies by their rest-frame UV light,
such as in surveys of Lyman Break
Galaxies (LBGs, Steidel et al. 1996a,b),

Figure 1: Three-colour composite image of
the ISAAC field on top of the WFPC2 main-
field, outlined in white, and parts of three
WFPC2 flanking fields. The field of view is
approximately 2.5 × 2.5 arcminutes and
North is up. The images are registered and
smoothed to a common seeing of FWHM ≈
0.46″, coding WFPC2 I814 in blue, ISAAC Js
in green and ISAAC Ks in red. There is a
striking variety in optical-to-infrared colours,
especially for fainter objects. A number of
red sources have photometric redshifts z > 2
and are candidates for relatively massive,
evolved galaxies. These galaxies would not
be selected by the U-dropout technique be-
cause they are too faint in the observer’s op-
tical. 



selection in the NIR Ks-band gives a
more complete census of the galaxies
that contribute to the stellar mass con-
tent of the early universe. And, by
studying these systems over a sub-
stantial redshift range, we can directly
see how they were assembled as we
look  further  back  in  time.  Very deep
optical-to-infrared data in many filters
are  required  not  only  to  access  the
rest-frame optical light of galaxies and
constrain their stellar composition, but
also  to  determine  the  redshifts  of
faint distant galaxies from their broad-
band  photometry  alone.  The  majori-
ty  of  the  galaxies  detected  are  too
faint to be observed spectroscopically,
even  with  powerful  telescopes  like
the VLT. 

Here, we discuss the full NIR data set
of the HDF-S. The observations, reduc-
tion techniques, the catalogue of
sources, and the photometric redshifts
are described in detail in Labbé et al.
(2002). Throughout, we will assume a
flat Λ-dominated cosmology (ΩM = 0.3,
Λ = 0.7, H0 = 100h km s–1 Mpc–1) and
all magnitudes are expressed in the
Johnson photometric system unless
explicitly indicated by the subscript AB
for the AB magnitude system. 

2. Observations

The observations of the HDF-S are
part of the Faint InfraRed Extragalactic
Survey (FIRES, Franx et al. 2000), a
large public programme carried out at
the VLT consisting of very deep NIR
ISAAC observations of two selected
fields with existing deep optical WFPC2
imaging. The second and somewhat
shallower field around the z ≈ 0.83 clus-
ter MS1054-03 (Förster Schreiber et al.
in preparation) was observed for 80
hours over an area four times larger
than the HDF-S. The full NIR data set
of the HDF-S consists of 33.6 hours of
imaging in Js, 32.3 hours in H, and 35.6
hours in Ks with ISAAC, which has a
2.5′ × 2.5′ field of view. The effective
seeing in the reduced images is ap-
proximately 0.46″ in all bands, close to
the best seeing that can be reasonably
obtained from Paranal. We reach a depth
of 25.9 in Js, 24.8 in H, and 24.4 in Ks
(total magnitude for point sources, 3σ).
Complemented by ultradeep HST/
WFPC2 imaging (version 2, Casertano
et al. 2000) in the optical filters U300,
B450, V606, and I814 bands (the subscript
indicating the effective wavelength), we
assembled a Ks-selected catalogue
containing 833 sources, of which 624
have seven-band photometry, covering
0.3–2.2 µm. We determined the photo-
metric redshifts of all extragalactic
sources using a method detailed in
Rudnick et al. (2001, 2002a in prepara-
tion). Comparison with spectroscopic
redshifts available for 49 sources in the
field shows excellent agreement: |zspec
– zphot | / (1+zspec) ≈ 0.08. 

The colour image shown in Figure 1
combines HST I-band data with ISAAC
data in the Js and Ks bands. Most
sources visible are very faint distant
galaxies and a rich variety in their opti-
cal-to-infrared colours is readily appar-
ent. Some high-redshift galaxies, visi-
ble as red sources, are hardly detected
or even absent in the optical I-band but
are quite bright in the NIR Ks. 

3. Evolved Galaxies at High
Redshift

Remarkably, the HDF-S contains
many high-redshift sources that are rel-
atively bright in the infrared and ex-
tremely faint in the optical, whereas the
HDF-N contains far fewer such galax-
ies. This is clearly visible in Figure 2,
which shows V606 – H colours versus
the infrared H band magnitudes of NIR
selected galaxies between redshifts 2 <
z < 3.5. The filters are chosen to match
those used in Figure 1 in Papovich,
Dickinson & Ferguson (2001), allowing
a direct comparison with the HDF-N.
For a similar survey area and similar
limiting depth, we find 7 galaxies redder
than V606,AB – HAB > 3 and brighter than
HAB < 25 (on the AB magnitude sys-
tem), compared to one in the NIR sam-
ple of HDF-N. These systems are prob-
able candidates for relatively massive

and evolved galaxies with comparative-
ly low star-formation rates, and models
of galaxy formation must allow for their
formation in sufficient numbers at z ∼ 3.
It  appears  that  in  recent  hydrody-
namical simulations (Weinberg, Hern-
quist & Katz 2002) high-redshift galax-
ies  are  converting  gas  into  stars
continuously and at a fairly high rate,
keeping them blue or “unevolved”.
While this is qualitatively consistent
with the lack of red galaxies in the HDF-
N, the situation in the HDF-S is signifi-
cantly different. 

All high-redshift galaxies with very
red V606 – H colours also have very red
infrared Js – Ks colours. Redshifting
model spectra of galaxies shows that
such red colours are produced by
evolved systems at redshifts z > 2. In
our Ks-band selected catalogue we find
13 relatively bright galaxies (Ktot < 22)
that have red Js – Ks > 2.3 colours
(Franx et al. in preparation), compared
to 37 U-dropouts to the same flux limit.
The photometric redshifts of these
galaxies, determined from the optical-
to-infrared spectral energy distributions
(SEDs), are between 2 < zphot < 4. Yet,
most of the red galaxies are so faint in
the observers optical that they would be
missed by standard optical selection
criteria, such as the U-dropout method.
In principle, the red colours can be
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Figure 2: V606 – H versus H colour-magnitude diagram (on the AB system) for galaxies in the
HDFS Ks-selected catalogue with 1.95 < zphot < 3.5. Filled symbols indicate galaxies with
spectroscopy and the data points are grouped into two redshift ranges: 1.95 ≤ z < 2.7 (red)
and 2.7 ≤ z ≤ 3.5 (blue). We find 7 galaxies redder than V606,AB – HAB > 3 and brighter than
HAB < 25, compared to only one in the HDF-N. Galaxies with S/N < 2 for the V606 measure-
ment (triangles) are plotted at the 2σ confidence limit in V606, indicating a lower limit on the
V606 – H colour. Galaxies having red (Js – Ks)J > 2.3 colours (open squares) are also shown.
The number of candidates for red, evolved galaxies is much higher than in the HDF-N for a
similar survey area, as shown in an identical plot in Figure 1 of Papovich, Dickinson &
Ferguson (2001). The transformation of the V606 – Hs colour from the AB system to the
Johnson magnitude system is (V606 – H)J = (V606 – H)AB + 1.26. 



Figure 4: The angu-
lar two-point correla-
tion function for
galaxies with red Js
– Ks > 1.7 colours
between redshifts of
2 and 4, with the
best fitting power-law
(solid  line) and 1-
sigma errors (dotted
lines). A positive and
large clustering sig-
nal is detected, sug-
gesting that these
red FIRES galaxies
are strongly
clustered in real
space, with a corre-
lation length r0 = 8.3
± 1.2 h–1 Mpc
comoving. This is
the largest level of
clustering ever found
for distant, z > 2
galaxy populations. 

caused by dust, by contribution of
prominent emission lines falling in the
Ks-band, or by the redshifted Balmer or
4000 Å break, which indicates the pres-
ence of evolved stars. Although emis-
sion lines have been detected in spec-
troscopically confirmed Js – Ks > 2.3
galaxies in the FIRES MS1054-03 field
by van Dokkum et al. (in preparation),
their contribution to the broadband NIR
photometry is estimated to be small. In
many cases the spectral energy distri-
butions show a clear break between Js
and Ks, which is more easily explained
as an aging effect than as a result of
dust reddening. These galaxies con-
tribute significantly to the rest-frame op-
tical luminosity density (Rudnick et al.
2002a in preparation) and from their
red rest-frame optical colours – imply-
ing high mass-to-light ratios – we esti-
mate that they contain a substantial
fraction of the total stellar mass present
in all galaxies at z ∼ 3. 

The morphologies of the red galaxies
are generally very compact at all wave-
lengths, as can be seen in Figure 3. A
notable exception is the galaxy in
Figure 3c which is clearly extended and
has an exponentially decreasing sur-
face brightness profile out to 1″ radius
in the H-band. This galaxy seems to
host blue knots which could form a spi-
ral arm in the optical WFPC2 images,
while it has an extended disk-like ap-
pearance with a prominent bulge in the
centre in the ISAAC H and Ks images;
possibly these are actively star-forming
sites embedded in a larger mature host
galaxy. 

4. Strong Clustering of Faint
Red Galaxies at 2 < zphot < 4

Presumably, high-redshift galaxies
with red Js – Ks colours are among the
oldest and most massive galaxies at
their cosmic epoch and they have
formed at the highest density peaks in
the matter distribution at significantly
earlier times. If so, this population
should be more clustered than less
massive and less evolved (bluer) ob-
jects at similar redshifts. Using the
FIRES data of the HDF-S, Daddi et al.
(2002) have studied the clustering be-

haviour of Ks-selected galaxies at 2 <
zphot < 4, finding that the amount of
clustering depends strongly on the Js –
Ks colour of galaxies , with red galaxies
more clustered than blue galaxies, very
similar to what is observed in the opti-
cal in the local universe. Dividing the
sample at Js – Ks = 1.7 in two subsam-
ples reveals that the galaxies with Js –
Ks > 1.7 colours have the largest-ever
level of clustering measured for z > 2
galaxies (see Fig. 4). The derived cor-
relation length for the faint red galaxies
is r0 = 8.3 ± 1.2 Mpc (comoving): a fac-
tor of 3–4 higher than that of Lyman
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Figure 3: Morphology of bright red Js – Ks > 2.3 galaxies in the HDF-S. The left grayscale panels show the averaged WFPC2 V+ I data, and
right-hand panels show our VLT/ISAAC Js, H, Ks data. The intensity is proportional to Fλ, with arbitrary normalization for each galaxy. The
colour images show a combination of I, Js, Ks data, after matching the image quality to that of the Ks-band. The right-hand column shows the
spectral energy distributions. Many of these galaxies are small and show prominent breaks in the infrared (rest-frame optical). Note that the
galaxy in the top row is barely visible even in Js. The SED of the object in the middle is consistent with a strong Balmer/4000Å break at z ∼
2.5. The galaxy in the bottom row is very extended in the rest-frame optical. It shows faint emission in the H-band out to 1″, consistent with
an exponential profile. 



Break galaxies over similar redshift
ranges and with similar number densi-
ties.  The  overall  properties  of  this
red J – K > 1.7 strongly clustered pop-
ulation suggests that they are the pro-
genitors of present-day massive ellipti-
cals and extremely red objects (EROs)
at z ∼ 1.5. 

5. Large Disk-Like Galaxies at
High Redshift

The high-redshift galaxies in HDF-S
show a large variation in both mor-
phologies and spectral energy distribu-
tions. Spectacularly, we find some z > 2
galaxies that are very large in the rest-
frame optical and show profound differ-
ences between the intrinsic ultraviolet
and optical morphologies (Labbé et al.
in preparation). Three of the galaxies,
shown in Figure 5, are LBGs (selected
by applying the U-dropout criteria of
Madau et al. 1996), while one is the
previously described red galaxy in
Figure 3c. Their spectral energy distri-
butions show a pronounced break in
the rest-frame optical, identified as the
age-sensitive Balmer/4000 Å break.
They are amongst the brightest and
reddest in the rest-frame optical and
they are probably the most massive
galaxies at z ∼ 2–3. 

The I-band morphologies (probing
rest-frame 2000–2700 Å) are complex
with a patchy distribution that is not
concentrated towards the centre.
Conversely, the NIR light is compact
and peaks right in the centre of the I-
band structure, surrounded by a diffuse
and extended disk-like distribution. The
most straightforward explanation is that

these systems are very luminous giant
spiral galaxies, with patchy star forma-
tion residing in a diffuse disk with a red
bulge in the centre. It is well possible
that we have discovered the predeces-
sors of the large disk galaxies we see
in the lower-redshift universe. Mor-
phological studies in the rest-frame UV
light of LBGs have always emphasized
the compact and small sizes of the gal-
axies (Giavalisco et al. 1996, Lowen-
thal et al. 1997), as indeed is true for
the bulk of our sample. However, galax-
ies that are large in the rest-frame optical
with classical spiral morphologies have
never been seen before, in particular not
in the HDF-N (Dickinson et al. 2000)
even though such structures would
have been well recognizable in their
deep WPFC2 and NICMOS imaging. 

Follow-up VLT/FORS spectroscopy
(Rudnick et al. 2002b in preparation)
confirmed the redshift of the galaxy in
Figure 5c, a disk-like U-dropout at zspec
= 2.793 ± 0.003, implying a scale length
of 10 h–1kpc. Vanzella et al. (2002) found
an identical redshift for this galaxy and
for another, shown in Figure 5a, they
found zspec = 2.027. Theories of disk
formation generally predict that large
disk galaxies have been assembled re-
cently (z < 1), and that high-redshift z >
2 disks are small and dense, with typi-
cal sizes of ∼ few kpc. Producing large
disk-like galaxies with reasonable likeli-
hood may therefore pose a challenge to
the current hierarchical models. 

6. Summary

These first results on the HDF-S
demonstrate the necessity of extending

deep optical observations to near-IR
wavelengths for a more complete cen-
sus of galaxies in the early universe. In
particular, the deepest-ever Ks-band
data have proven to be invaluable,
probing well into the rest-frame optical
at 2 < z < 4, where long-lived stars may
dominate the light of galaxies. 

Provided with a new window on the
early universe we find previously undis-
covered populations of galaxies, with
possible far-reaching consequences for
our understanding of galaxy formation.
We find that the HDF-S has many more
galaxies at z ∼ 3 with very red V606 – H
colours than the HDF-N; these are can-
didates for relatively massive evolved
systems. Closely connected, we find a
substantial population of red Js – Ks >
2.3 galaxies at z  > 2, many of which are
barely detectable even in the deepest
optical images, and would be missed
by optical colour selection techniques
such as the U-dropout method. Yet,
these galaxies probably contribute sub-
stantially to the total stellar mass pres-
ent in the early universe at z ∼ 3. We
detect strong clustering (r0 = 8.3 ± 1.2
Mpc, comoving) of galaxies with Js – Ks
>1.7 colours at 2 < zzphot < 4. The strong
clustering and their red Js – Ks colours,
suggest that there is a direct evolution-
ary link between these systems, EROs
at z ∼1.5, and massive elliptical galax-
ies in the local universe. We also find
high-redshift systems that are very
large  in  the  rest-frame  optical  with
morphologies  similar  to  those  of
nearby giant spiral galaxies, containing
a red bulge surrounded by a diffuse
disk and with scattered patches of star-
formation. While these are only a few
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Figure 5: Same as Figure 3 for the three largest Lyman-break galaxies in the HDF-S. The K-band images (rest-frame optical) are more cen-
trally concentrated than the WFPC2 images; this is a real change in light distribution and not caused by the decreased image quality in the
NIR. The redshifts of galaxies (a) and (c) have been confirmed spectroscopically; they have z = 2.027 and z = 2.793 respectively, implying a
scale length of 10h–1kpc for the latter.



examples, it is currently not clear
whether galaxy formation models can
produce objects of comparable colours
and sizes in sufficient numbers to be
consistent with our observations. 

Lastly,  the  substantial  differences
between HDF-N and HDF-S demon-
strate that results based on such small
fields  can  be  seriously  affected  by
cosmic  variance.  The  results  of  the
second field in the FIRES survey, the
much larger MS1054-03 field, should
decide which one of the fields is atypi-
cal. We are pursuing extended follow-
up programmes to obtain more spec-
troscopic confirmation of the above re-
sults,  allowing  us  to  fully  investigate
the nature of these galaxies and the
clues they provide for models of galaxy
formation. Updates on the FIRES pro-
gramme and access to the reduced im-
ages and catalogues can be found at
our website http://www.strw.leidenuniv.nl/
~fires. 
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OTHER ASTRONOMICAL NEWS

Summary of the Workshop on

EXTRAGALACTIC GLOBULAR CLUSTER SYSTEMS
hosted by the European Southern Observatory in Garching on August 27–30, 2002

By M. KISSLER-PATIG

Extragalactic Globular Clusters,
a Booming Field of Research

Globular cluster systems were estab-
lished in the last decade as powerful

tools for the study of galaxy formation
and evolution. For this purpose they are
used in nearby galaxies with as much
success as the diffuse stellar popula-
tions and complement the latter studies

by being superior in several practical
aspects. For instance, globular clusters
are better chronometers than the dif-
fuse stellar population since each glob-
ular cluster can be identified as a sin-
gle-age population. The age determina-
tion of the major globular cluster sub-
populations allows one to precisely
date the star formation events in the
host galaxy. 

Further, the study of globular cluster
systems is the easiest way to detect
multiple old or intermediate-age sub-
populations within a galaxy. These in
turn can trace multiple major star-for-
mation episodes at early times, invisi-
ble in the studies of the diffuse galaxy
light in which all populations are mixed. 

Another advantage is that globular
clusters can be traced far out in the
halo, probing stellar populations and
kinematics at several effective radii of
the host galaxy – a range inaccessible
to diffuse stellar light studies. The glob-
ular clusters can be used for dynamical
studies at outer radii, shedding light on
the assembly histories of the systems
and the host galaxies. 

Finally, globular clusters are very
good calibrators at all wavelength for
single stellar population models, an es-

Figure 1: NGC 6946 – a nearby spiral with a large number of very luminous young stellar clus-
ters. Taken from Larsen’s contribution. The observations were made with the ALFOSC in-
strument on the Nordic Optical Telescope on La Palma. ALFOSC is a twin instrument of
DFOSC on the Danish 1.54-m and mounted on the NOT; it has a field size of about 6 × 6 arc-
min. The colour image was generated from a mosaic of 3 pointings with red channel = V + I
+ Hα; green channel = V; blue channel = B.


