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1. Introduction

We describe the current status of the
ESO-Sculptor Survey. The observation-
al goal has been to produce a new multi-
colour photometric catalogue of galax-
ies in a region located near the southern
galactic pole, complemented by a spec-
troscopic survey. The primary scientific
objectives are (1) to map the spatial dis-
tribution of galaxies at z Q 0.1–0.5 and
(2) to provide a database for studying
the variations in the spectro-photometric
properties of distant galaxies as a func-
tion of redshift and local environment.
The first clues towards the understand-
ing of the matter distribution in the Uni-
verse have been obtained by mapping
the distribution of its major light-emitting
components, the galaxies. One of the
main properties of the galaxy distribu-
tion is the presence of structures at
nearly the largest scales examined (of
the order of 100 h –1 Mpc with a Hubble
constant of H0 = 100 h km s–1) Mpc. The
3-dimensional maps provided by red-
shift surveys of various regions of the
sky have clearly demonstrated the inho-
mogeneity of the galaxy distribution and
have emphasised the need for system-
atic redshift surveys over large volumes
of the universe.

The nearby galaxy distribution sug-
gests a remarkable structure in which
galaxies cluster along sharp walls which
delineate vast regions with diameters
between 10 and 50 h –1 Mpc devoid of
bright galaxies, in a cell-like pattern [2].
Gigantic structures such as the “Great
Wall’’ have been detected and pose the
problem of the largest scale for the inho-
mogeneities [3]. The general distribution
has the topological properties of a
“sponge’’, which naturally arises from
gaussian initial perturbations collapsing
under gravity. The nearby redshift maps
[2] have generated a renewed interest in
mapping the large-scale structure of the
Universe in the early 1990’s. Several
ambitious programmes were then initiat-
ed and provide new maps which probe
the distribution out to distances of p
500 h –1 Mpc. These maps contain many
sheets and voids, and confirm the
sponge-like topology [4, 5], with no evi-
dence of voids larger than p 100 h –1

Mpc [6]. It seems that these surveys
have reached the scale where the gal-
axy distribution becomes homogene-

ous, but this requires further quantitative
studies.

The maps of the galaxy distribution
raise several fundamental questions of
observational cosmology. Among them
is the problem of the missing mass de-
tected in increasing amounts at larger
and larger scales [7]. If the limits of the
nucleosynthesis predictions are to be
met [8], the required dark matter for ex-
plaining the formation of large-scale
structure must be for the most part non-
baryonic [9]. In this picture, the galaxy
formation must be biased towards the
densest peaks of the matter distribution
[10]. Therefore, the voids of the galaxy
distribution could be filled with dark –
and partly non-baryonic – matter. So far,
all observational searches for baryonic
matter within these voids in the form of
galactic-size systems have led to only
rare detections (see [11, 12] and refer-
ences therein), largely insufficient for ex-
plaining a significant fraction of the miss-
ing mass. The detection of the dark mat-
ter is therefore a crucial requirement for
validating the current scenario for large-
scale-structure formation (the gravita-
tional collapse of primordial fluctua-
tions). Another challenge is to reconcile
the size and amplitude of the inhomoge-
neities in the galaxy distribution with the
high degree of isotropy of the microwave
background radiation [13] (this also re-
quires large amounts of dark matter).

Mapping the inhomogeneities in the
galaxy distribution allows to obtain clues
on the nature of the primordial fluctua-
tions in the matter density field, and
therefore to better understand the pre-
vailing mechanisms in shaping the early
universe. At large scales, constraints on
the spectrum of primordial fluctuations
can be derived directly from the maps of
the 3-dimensional galaxy distribution.
On smaller scales (p 1 h –1 Mpc), the
non-linear effects of gravitation compli-

cate the derivation of such constraints. A
study of the different galaxy populations
and their environment becomes neces-
sary for a better insight into the forma-
tion of structure on galactic size up to
several h–1 Mpc. Constraints on the ini-
tial perturbations which led to the forma-
tion of structures on these scales may
be obtained if one can eventually make
the link between the mass function of the
collapsing matter, the star formation his-
tory of the galaxies, and the influence of
their environment. The mass function is
predicted by the theoretical models and
is partly constrained by the galaxy lumi-
nosity function [14]. The star formation
history is tightly constrained by the ob-
servations (spectral energy distribution
and magnitude number counts) [15].
One difficulty is to decouple the influ-
ence of the local environment, to which
galaxies are intimately related via tidal
interactions and mergers, from the
large-scale segregation effects resulting
from the initial conditions [16].

Detailed knowledge of both the large-
scale clustering and the galaxy popula-
tions in a 3-dimensional galaxy map
therefore provides invaluable informa-
tion for studying the formation and evo-
lution of structure in the universe. With
the goal to address these issues, the
ESO-Sculptor survey of faint galaxies
(ESS, hereafter) was initiated in 1989.
The programme was granted the key-
programme status by ESO, which pro-
vided the unique opportunity for obtain-
ing a new complete galaxy sample to
both substantial depth and area on the
sky. A large amount of observing nights
on the 3.6-m and NTT was attributed
and allowed to complete the observa-
tions in the fall of 1995. We describe the
characteristics of the photometric and
spectroscopic ESS samples in § 2 and 3
respectively, and we report the major re-
sults already obtained in § 4. In § 5 we

*The ESO-Sculptor Faint Galaxy Survey is one of
the ESO Key Programmes. All the data have now
been collected.

Figure 1: Distribution on the sky of the 13,096 galaxies in the ESO-Sculptor Survey (ESS) to its
completeness limit of R = 23.5 (in J2000 equatorial co-ordinates). The r.m.s. magnitude uncer-
tainties are 0.04 mag, and the r.m.s. astrometric uncertainties are p 0.2 arcsec. Even at this
large depth, the galaxy distribution shows large-scale inhomogeneities which are measured by
the angular 2-point correlation function [19].
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comment on the results and examine
the prospects for the ESS in the coming
years.

2. The ESS Photometric Sample

The photometric data for the ESS [17]
was obtained from CCD imaging of a
continuous strip of 1.53° (R.A.) × 0.24°
(DEC.) Q 0.37 deg2 in the Sculptor con-
stellation (p 0h 21m, p –30° in J2000 co-
ordinates), 17° away from the Southern
Galactic Pole. The typical exposure
times at the NTT in the B, V, R filters
were 25 min, 20 min, and 15 min, re-
spectively. Whereas the R and V images
have comparable depths, the B images
are shallower because of the lower
quantum efficiency at short wavelengths
of the CCDs used. The photometry for
the survey is obtained by a mosaic of p
50 CCD frames in each filter overlapping
on the edges. The galaxy catalogues are
complete to B = 24.5, V = 24 and R =

23.5. All objects are detected in the 3
bands up to R p 21.5. In the range 22 <
R < 23.5, the colour completeness drops
to 65%. Figure 1 shows the projected
distribution on the sky for the R photo-
metric sample.

The data were reduced within MIDAS
on SUN and IBM workstations. The ma-
jors steps in the data reduction were:
bias  subtraction,  flat-fielding  using  a
“super-flat’’ obtained from median-filter-
ing of the target exposures themselves,
co-addition of multiple exposures, re-
moval of cosmic events. Because the
photometric data were obtained during
10 different observing runs with chang-
ing telescopes, instruments, filters and
detectors, the calibration of the data re-
quired a thorough work of measurement
of colour coefficients and magnitude
zero-points. These were determined si-
multaneously with an iterative method.
Listed in Table 1 are the mean zero-
points and the colour coefficients for the

various instrumental set-ups used at the
3.6-m (EFOSC1) in 1989–1990, and at
the NTT (EMMI) from 1990 to 1995 (see
[17] for further details). These allow to
convert the observed CCD magnitudes
into the standard Johnson-Cousins BVR
system.

To obtain a homogeneous photome-
try, an algorithm for comparing and ad-
justing the measured magnitudes in the
overlaps of neighbouring CCD frames
was used [17]. This technique reduces
by a factor of 3 the systematic deviations
in zero-point between individual CCD
frames. The resulting r.m.s. internal un-
certainties in our photometry are 0.04
mag in the 3 filters. The galaxy cata-
logue was obtained by analysing the full
CCD data with Sextractor [18]. Note that
the ESO-Sculptor data played a major
role in testing and improving the per-
formances of the Sextractor package for
faint galaxy photometry. Because of its
excellent performances, this software is

Figure 2:  27 spectra from the ESS (black curves) and their reconstructions using 3 principal components (red curves; see text for details). Note
the filtering effect on the spectra with low signal-to-noise ratio, and the variable accuracy in the reconstruction of spectral lines.
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Table 1: CCD photometric characteristics for EFOSC1 (3.6-m) and EMMI (NTT)

Instrument                                           Average zero-points                                                             Colour coefficients(a)

CCD/Period                  B                             V                             R                      kB [B—V]           kV [B—V]           kV ′[V—R]           kR [V – R]

EFOSC1
RCA#8/43-44 23.70W0.03 24.24W0.04 24.21W0.02 0.16W.03 0.04W.02 0.10W.02 0.00W.02
RCA#8/45-46 23.41W0.01 24.06W0.03 24.03W0.02 0.16W.03 0.04W.00 0.10W.02 0.00W.02

EMMI-R
THX#18/49-50 24.30W0.02 24.65W0.03 0.05W.01 0.10W.02 –0.10W.01
LOR#34/52 24.69W0.02 25.14W0.02 –0.03W.01
TEK#36/54 25.40W0.02 0.03W.02 0.05W.02

EMMI-B
TEK#31/52 24.69W0.02 –0.21W.02
TEK#31/54 24.26W0.01 –0.21W.02

(a) Indicated in brackets are the colour terms by which must be multiplied the listed coefficients kM  in order to convert the observed CCD
magnitudes Mobs into the standard Johnson-Cousins magnitudes Mstd (Mstd = Mobs + kMcolour).

now widely used by the astronomical
community. The final ESS photometric
catalogue was produced after identifica-
tion of the multiple detections of the
same objects from different images, and
determination of the adopted object pa-
rameters. This catalogue provides aper-
ture magnitudes in the standard B
(Johnson), V (Johnson) and R (Cousins)
filters, astrometric positions to 0.2 arc-
sec, and morphological parameters for
p 9500, p 12,150, and p 13,000 galax-
ies, respectively [17, 19]. As a by-prod-
uct, the ESS also provides the 3-colour
photometry of 2143 stars to B = 24.5.
These are useful for constraining the
models of galactic structure.

The ESO-Sculptor galaxy number-
counts in the 3 bands, and the colour
distributions are in good agreement with
the results for other existing samples
[17]. The faint number counts show the
well-known excess over no-evolution
models, in all 3 bands [20]. The faintest
galaxies also exhibit a colour evolution,
characterised by a blueing trend at R >
22 in the B – V colour. These effects are
often interpreted as an increase in the
star-formation rate with look-back time
[20]. The angular 2-point correlation
function also shows evidence for signifi-
cant evolution at R Q 23 which could be
related in origin to the excess of faint
galaxies in the blue number-counts [19].
Whereas the change in amplitude at
fainter magnitudes was already detect-
ed in several other samples, a change in
the slope is also detected thanks to the
increased survey area compared to the
previous studies [19]. This analysis of
the angular 2-point correlation function
might provide new clues on the nature
and evolution of galaxies at faint mag-
nitudes. Adjustment of the number-
counts, colour distributions, and varia-
tions in the slope and amplitude of the
two-point correlation function for the
ESS provide useful constraints for the
models of galaxy evolution, and might
allow to discriminate among the different
scenarios (pure luminosity evolution,

field; cosmic events removal by compar-
ison of multiple exposures; flat-fielding
to correct for pixel-to-pixel variations, for
variations in the slits transmission, and
for fringes; long-slit wavelength calibra-
tion using the context LONG of MIDAS;
sky subtraction with a wavelength-de-
pendent fit of the sky flux along the slit
and by interpolation at the position of the
object; optimal extraction of objects by
profile weighting; flux calibration using

spectrophotometric standards; cross-
correlation of the resulting spectra with
galaxy templates for redshift measure-
ment and error estimation.

The delicate extraction of spectra of
extended objects with an integrated lu-
minosity which represents only a frac-
tion of the night sky, as it is the case for
the ESS, requires optimised techniques.
As a result, several of the high-level
commands have been re-written within

dwarf galaxy com-
ponent, etc. ) [20].

3. The ESS
Spectroscopic
Sample

The spectroscop-
ic catalogue pro-
vides the flux-cali-
brated spectra of
the complete sub-
sample of p 700
galaxies with Rc m
20.5 using multi-slit
spectroscopy. At this
depth, there are 1.3
galaxy per sq. arc-
min in the survey,
and the typical multi-
slit masks at the
NTT contain p 30
slits. The spectra
are reduced using
semi-automatic MI-
DAS procedures
which were specifi-
cally designed for
these data and
which guarantee a
homogeneous and
systematic treat-
ment of the numer-
ous CCD expo-
sures and extracted
spectra. The major
steps in the spec-
troscopic reduction
are: 2-D correction
for vignetting of

Figure 3: Distribution in R.A. versus redshift for 402 galaxies in the
ESS in 3 contiguous redshift ranges (0.08–0.21, 0.21–0.34, 0.34–
0.47). These maps show that the alternation of voids and walls per-
sist at large distances, with a typical scale of 20–60 h –1 Mpc [25]. The
right-most cone shows the geometry of the full volume of the ESS
(430 galaxies). In all 4 cones, the right ascension range is 4.72–5.9°
(see Figure 1).
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MIDAS, and allow better control of the
reduction. In particular, the cross-corre-
lation programme was specifically writ-
ten for and tested on the ESS data. The
essential steps are the continuum sub-
traction, the filtering of the spectra, and
the matching of the rest-wavelength in-
tervals of the observed spectrum and
template. This matching is performed by
first estimating the object redshift based
on the cross-correlation with 6 templates
representing the different galaxy spec-
tral types (E, S0, Sa, Sb, Sc, Irr) and ob-
tained by averaging several spectra
from Kennicutt’s sample [21]. The spec-
tra are then cross-correlated within their
common rest-wavelength intervals with
a template of the bulge of M31 which
provides a reliable zero-point of the red-
shift scale [22]. We emphasise that we
do not use the comparison of the cross-
correlation with the different galaxy
types for determination of the spectral
types of the ESS galaxies: this tech-
nique is subject to large errors because
it is very sensitive to the noise and spuri-
ous features in the spectra. Our spectral
classification method is described in
§ 4.2 below.

The full MIDAS routine guarantees a
well-controlled and user-friendly reduc-
tion  of  the  numerous  images  contain-
ing simultaneous spectra of 10 (with
EFOSC1) to 30 (with EMMI) galaxies.
The average slit lengths vary between
p 10 and p 30 arcsec and the slit width
is in the range 1.3–1.8 arcsec. The dis-
persion is 230 Å/mm. The resolution of
the resulting spectra varies from 20 Å
(EFOSC1) to 10 Å (EMMI) (p 110 spec-
tra where obtained with EFOSC1 at the
3.6-m, the rest with EMMI at the NTT).
The resulting wavelength coverage is
4300–7000 Å with EFOSC1 and 3500–
9000 Å with EMMI. The signal-to-noise
ratio of the spectra varies in the range 4–
40, with 75% in the spectra in the range
10–30. The resulting r.m.s. uncertainty
errors in the redshifts are in the range
0.0002 to 0.0005 (i.e. p 60 to 150 km s–1;
this corresponds to a spatial scale of
1 h–1 Mpc, which is small compared to
the size of the large-scale structures).
For each galaxy, the rest-wavelength in-
terval results from the combination of
the grism dispersion, the position of the
object within the multi-aperture mask,
and the object redshift. The majority of
the EFOSC1 spectra have rest-wave-
length intervals in the range 3300–
4700 Å, and the EMMI spectra in the
range 3300–5700 Å. Therefore, only few
emission-line galaxies have Hα within
the observed wavelength range.

Typical spectra of the ESS in the inter-
val 3700–5350 Å are shown in Figure 2
(black lines). The prominent H (3968.5
Å) and K (3933.7 Å) lines of Ca II and the
G molecular band of CH (4304.4 Å) are
detected in most spectra with no emis-
sion lines. A large part of the contribution
to the cross-correlation peak originates
from these lines. A large fraction (48%)

of the galaxies in the sample have emis-
sion lines [23]. These are essentially
[OII] 3727 Å, Hβ 4851 Å and [OIII]
4958.9 Å and 5006 Å. For objects with
emission lines, the final redshift is ob-
tained by the weighted mean of the
cross-correlation redshift with the emis-
sion redshift derived by gaussian fits to
the emission lines. Among the 277 gal-
axies for which the spectral classifica-
tion has already been performed (see
§ 4.2), 4 are most likely HII galaxies
(based on diagnostic diagrams using
line ratios), and only one galaxy is a
Seyfert 2 [23]. This is in marked disa-
greement with the significantly larger
fraction of active galaxies found in the
Canada-France Redshift Survey at z m
0.3 [24].

A large fraction of the ESS spectra
(p 3/4) were observed in spectro-photo-
metric weather conditions. Note that op-
timisation of the multi-slit spectroscopic
observations does not allow to minimise
the flux losses by adjusting the slit width
and slit orientation (to correct for atmos-
pheric refraction): the slit width is fixed
and varies from 1.3 to 1.8 arcsec for the
survey, and the slit/mask orientation is
chosen as to globally maximise the
spacings between the objects perpen-
dicular to the dispersion direction. How-
ever, at the redshift of the ESS galaxies
(z > 0.1), the slits used contain > 95% of
the disk and bulge emission of a typical
face-on spiral galaxy (p 20 kpc in diam-
eter). Therefore, the aperture and orien-

tation bias which affect the nearby red-
shift surveys as well as the intermediate
distance multi-fiber surveys, are small
for the ESS. Comparison of multiple
spectroscopic observations for a sub-
sample of 40 spectra shows that for
those taken in spectro-photometric con-
ditions, the total external error is of the
order of 7% pixel-to-pixel. Because the
only existing flux-calibrated samples of
galaxies are nearby samples of several
tens of spectra [21], the ESS spectra
provide a unique database of galaxy
spectra representative of the galaxy
populations in a significant spatial vol-
ume. These spectra will be useful for
constraining at low redshift the models
of spectrophotometric evolution of gal-
axies, which is an essential step for
making  reliable  predictions  of  galaxy
evolution at high redshift.

4. Current Results

4.1 Large-scale structure

 The ESS allows for the first time to
map in detail the large-scale clustering
at z lp 0.5 (nearly 10 times deeper than
the nearby maps of the galaxy distribu-
tion [2]). Figure 3 shows the spatial dis-
tribution for p 400 galaxies of the ESS in
3 portions because of the long line-of-
sight (the right cone shows the full red-
shift range for the ESS). These maps re-
veal a highly structured distribution
which closely resembles that seen in the

Figure 4: PCA spectral sequence for 277 ESS galaxies. The parameter δ measures the
relative contribution of the red and blue stellar components in the galaxy (PC1 et PC2 in
Figure 5), and  θ measures the contribution of the emission lines (as shown in PC3 in Figure
5). Green points indicate galaxies with W[OII] m 15 Å, blue points are galaxies with 15 Å
m W[OII] ≤ 30 Å, and red points are galaxies with W[OII] M 30 Å. The different discrete
classes obtained by comparison with the Kennicutt spectra [21] are indicated by vertical
dotted lines. Note the non-uniform sampling of the various types, with late-type galaxies span-
ning a larger range in δ, in good agreement with the larger variations in morphological proper-
ties among the spiral galaxies. As expected, late spectral types tend to have more frequent and
stronger emission lines. θ is a good indicator of emission-line strength for late-type galaxies
when used in conjunction with δ. Some of the early-type objects also have emission lines [23].
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nearby surveys: the distribution is char-
acterised by an alternation of sharp
walls which are spatially extended
across the sky, with voids with typical di-
ameters of 20–60 h –1 Mpc [25]. The
ESS maps suggest that the cell-like gal-
axy clustering seen in the shallower red-
shift surveys extends to z Q 0.5. Several
statistical analyses of the data are in
preparation (two-point correlation func-
tion, power-spectrum, genus, etc. . . .)
and will provide a characterisation of the
large-scale clustering in the ESS for
comparison with the nearby galaxy dis-
tribution. The long line-of-sight sampled
by the ESS might also provide new con-
straints on the galaxy clustering on
scales of Lp 100 h –1 Mpc, which are
poorly sampled by the shallower sur-
veys.

We emphasise that the large-scale
structure pattern detected in the ESS is
nowhere as regular as in the redshift
survey of Koo et al. [26], which suggests
a periodic distribution of dense struc-
tures with a separation of 128 h –1 Mpc.
This scale is well above the typical size
of the voids in both the shallower sur-
veys [2, 4, 5] and the ESS. This disa-
greement can be partly explained by the
narrow beam size of the Koo et al.
probes (p 5 h 

–1 Mpc at z p 0.4) which
makes them sensitive to small-scale
clustering and might cause an overesti-
mation of both the density contrast of the
walls and the size of the voids. More-
over, the sparse distribution of the nar-
row probes of Koo et al. over the sky

(only a few per cent of the galaxies in the
survey region have a measured redshift)
makes it difficult to establish a relation-
ship between the detected peaks and
the network of sheets and voids. In con-
trast, the ESS was designed to sample
efficiently structures similar to those
found in the nearby surveys: at the medi-
an redshift of 0.3, the redshift survey
probes an area of 4 × 15 h –1 Mpc2, suffi-
cient for detecting most sheets with a

surface density comparable to that for
the “Great Wall’’ [3]. Note that the ESS
lies 7° away from the Koo et al. survey
on the sky. At z Q 0.3 this corresponds
to 90 h 

–1 Mpc (with q0 = 0.5). Compari-
son of the 2 surveys shows no obvious
correlation in the occurrence of the over-
dense structures along the line-of-sight,
which might be difficult to reconcile with
a typical clustering scale of 128 h –1 Mpc.
Further  investigations  along  this  line
using simulated distributions are in
progress.

4.2 Spectral classification

In the ESS, galaxies have diameters
m 12 arcsec. As a result, the disk and
spiral arms are poorly visible. Any at-
tempt for a morphological classification
would thus be largely approximative,
and could only be limited to the pres-
ence of the main features (disk, bulge,
spiral arms, signs of interaction), and re-
stricted to the closest objects (to z m 0.2;
at larger distances, the diameter of the
objects becomes too small – l 9 arcsec
– for any usable classification). Even
from high-resolution images, the mor-
phological classification is dependent on
the filter used for the imaging, and differ-
ent filters show different stellar compo-
nents with varying morphologies [27].
The Spectral Energy Distributions (SED
hereafter) are a useful alternative ap-
proach for characterising the galaxy
populations. The SEDs measure quanti-
tatively the relative contributions of the
underlying stellar components and con-
strain the gas content and average me-
tallicity. The spectral classification thus
provides a physical sequence which can
be interpreted in terms of evolution of
the stellar components, and allows to
trace back the episodes of stellar forma-
tion. For deriving a robust classification

Figure 5: The first 3
principal components
obtained for the ESS
sample. The 1st PC is
the average spectrum
and resembles an Sb
spectrum. The 2nd
PC allows to quantify
the relative contribu-
tion of the young stel-
lar population, and
the 3rd PC measures
the contribution from
the emission lines.
98% of the flux of the
ESS spectra can be
reconstructed by line-
ar combination of
these 3 PCs [23].

Figure 6: Observed and intrinsic B – R colours for 330 ESS galaxies as a function of redshift and
spectral type (E/S0 in black; Sa in red; Sb in green;Sc/Im in blue). The differences result from
application of the K-corrections derived per spectral type, redshift interval, and filter band, using
the spectrophotometric model PEGASE [34].
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for the ESS, we have used the Principal
Component Analysis (PCA hereafter)
[28]. This technique is un-supervised in
the sense that it does not rely on the use
of a set of galaxy templates. It provides
an objective study of the systematic and
non-systematic trends of the sample,
and has the advantage of being poorly
sensitive to the noise level in each spec-
trum. Moreover, the resulting spectral
classification is strongly correlated with
the Hubble morphological type [29, 30,
23].

 Application of the PCA to the ESS al-
lows to re-write each spectrum as a line-
ar combination of a reduced number of
parameters and vectors (3 in this case),
and which accounts for 98% of the total
flux in each spectrum. The spectral type
of the galaxies can be written in terms of
2 independent parameters δ, θ which re-
spectively measure the position of the
spectra along the sequence of spectral
types, and the deviation from the se-
quence originating from either peculiar
continua and/or strong emission line.
The two parameters are in addition cor-
related (late-types tend to have stronger
emission lines). Figure 4 shows the δ−θ
sequence for 277 galaxies of the ESS
sample. Figure 5 shows the first 3 princi-
pal components obtained from these
data sets (PC1, PC2, and PC3). The first
2 principal components account for the
red and blue stellar populations in the
observed galaxies, and their relative
contributions to each galaxy spectrum
define its position along the PCA se-
quence (measured by δ); the 3rd compo-
nent determines the emission line contri-
bution (measured by θ). It was already
known that the colours of galaxies can
be described by a linear combination of
stellar colours (namely types AV and
M0III [31]). The interest of the PCA is to
provide a more detailed demonstration
of this effect over a large sample of gal-
axy spectra.

The continuous PCA spectral se-
quence obtained for the ESS can be
binned to provide the corresponding
fractions of the different Hubble morpho-
logical types (the correspondence is
made by using spectra of galaxies with
known morphology [21]). In this manner,
we find that the ESS contains 17% of E,
9% of S0, 15% of Sa, 32% of Sb, 24% of
Sc, and 3% of Sm/Im (see Fig. 4). The
type fractions show no significant varia-
tions with redshift over the redshift range
0.1 l z l 0.5, and are in good agree-
ment with those found from other sur-
veys to smaller or comparable depth
(see [23, 32]). We find systematic varia-
tions in the main spectral features
(equivalent width of the [OII], [OIII] and
Hβ emission lines; height of the 4000 Å
break; slope of the continuum) with PCA
spectral type, which illustrates the effi-
ciency of the PCA technique for perform-
ing a physically meaningful spectral
classification.

The PCA spectral classification has

many advantages over other classifica-
tion methods. It first provides a con-
tinuous classification in a 2-parameter
space, which allows quantitative analy-
ses of the sample properties as a func-
tion of spectral type. In particular, it will
allow an unprecedented measurement
of the morphology-density relation [33]
at large distance. The PCA also provides
a convenient filtering technique: the re-
constructed spectra (with 3 compo-
nents) are inherently “noise-free’’ be-
cause the principal components are de-
rived from a large sample of spectra. For
the ESS, the reconstructed spectra have
a signal-to-noise in the range 35–80 (to
be compared with the range of 4–40 for
the S/N of observed spectra). The ESS
spectra are reconstructed from the prin-
cipal components of Figure 5 as a linear
combination α1PC1 + α2PC2 + α3PC3
(with 0.92 l α1 l 1, –0.2 l α2 l 0.3 –0.05
< α3 l 0.15). Figure 2 shows the recon-
structed spectra (in red) versus the ob-
served spectra (in black) for 27 ESS gal-
axies. Reconstruction of noise-free
spectra can be especially useful for
comparing the ESS spectra with syn-
thetic templates obtained from models
based on stellar population synthesis
[34].

The spectral classification for the ESS
allows to derive accurate cosmological
K-corrections for the various photomet-
ric bands, which correct for the “blue-
shift’’ of the observed filter bands with
respect to the rest-frame spectra. The
crucial step is the extrapolation of the
observed spectra in the rest-frame B
band, which at z p 0.5 corresponds to a
U filter. For this, we use the multi-spec-
tral model PEGASE developed at IAP by
B. Rocca-Volmerange et al. [34] which
provides galaxy SEDs from the UV to

the infrared. These represent a good
match to the ESS spectra in the optical
range 3700–5250 Å. We can then derive
analytical relations between galaxy
spectral type as measured by δ, redshift
and K-correction [32]. In turn, the K-cor-
rections provide absolute magnitudes
for the galaxies in the rest-frame filter
bands. Figure 6 shows the observed B –
R colours for the ESS spectra as a func-
tion of redshift and spectral type and the
intrinsic colours after application of the
K-corrections. These diagrams show
that the effect of the K-corrections on the
object colours is significant over the red-
shift range for the ESS, and is strongly
correlated with spectral type. Note, how-
ever, that the large dispersion in the ob-
served B – R colours makes any at-
tempt to determine spectral types from
colour-redshift diagrams subject to large
uncertainties. This approach is often
used for determination of the galaxy
types.

4.3 Luminosity function

In addition to the physical information
which it provides, the galaxy luminosity
function is indispensable for any statisti-
cal study of an apparent magnitude-lim-
ited survey. However, this function is
poorly known so far due to the limited
samples adequate for its measurement.
The existing luminosity functions meas-
ured at z m 0.2 from surveys with typical-
ly p 104 galaxies give variables results,
which are a function of the selection cri-
teria for the samples [32]. The “local’’ lu-
minosity function (z p 0.03) [35] is likely
to be affected by errors in the magnitude
measurements in the Zwicky catalogue.
Luminosity functions based on digitised
plates can be biased by the non-linearity

Figure 7: Luminosity functions in B (open squares) and R (filled circles) for 327 galaxies of the
ESS.  The  best  fit  Schechter  functions  have  M*B  =  –19.58  W  0.17 αB  =  –0.85 W 0.17,  and
M*R  = –21.15 W 0.19 αR = –1.23 W 0.13 [32].
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of the photographic emulsion at bright
magnitudes [36], and by incompleteness
at faint magnitudes. The recent Las
Campanas Redshift Survey [4] has the
advantage of providing the largest CCD
galaxy catalogue for measurement of
the luminosity function at z p 0.2 (see
[37] and references therein). However,
this spectroscopic sample is affected by
selection effects such as variable sam-
pling over the sky, and a systematic un-
der-sampling of low-surface brightness
galaxies, which might be responsible for
the shallow faint-end slope.

The luminosity functions for different
galaxy types show variations in their
faint end slopes [37, 35]; in some cases,
the variation is closely related to the
presence of emission lines in the galaxy
spectra [38]. In addition, deep redshift
surveys suggest that the slope of the
late-type luminosity function evolves sig-
nificantly at z M 0.5 [39, 40, 41]. Al-
though the different deep surveys agree
to detect an evolution in the luminosity
density by a factor of nearly 2 between
z p 0 et z M 0.5 [41, 42], the differences
in the results emphasise the need for a
confrontation with new catalogues. In
Figure 7, we show the B and R luminos-
ity function for 327 galaxies from the
ESS sample calculated using an “inho-
mogeneity-independent’’ method (see
[32] for details). The 2 luminosity func-
tions are in good agreement with the re-
sults for the CNOC1 survey [40] using
similar filters and an analogous observa-
tional set-up (multi-slit spectroscopy at
the Canada-France-Hawaii telescope),
and which probes the galaxy distribution
to similar depth as the ESS. A more de-
tailed study using the full ESS sample is
in course.

5. Conclusions and Prospects

The ESS demonstrates the interest of
a deep fully-sampled pencil-beam sur-
vey for probing through and identifying
numerous large-scale structures along
the line-of-sight. The survey confirms
that the nearby properties of the large-
scale clustering extend to z lp 0.5,
namely a cell-like structure of sharp
walls alternating with voids of order of
20–60 h–1 Mpc in diameters [25]. Meas-
ures of the power-spectrum at scales
Lp 100 h –1 Mpc and of the topological
properties of the detected structures will
provide useful constraints on the nature
of the primordial fluctuations which led
to the observed large-scale clustering.
The ESS also has the potential for un-
covering very large structures exceed-
ing the extent of the shallower surveys.
Some marginal evidence for the pres-
ence of an extended under-density in
the redshift range 0.3–0.4 is under close
examination.

The ESS photometric survey is the
largest CCD multi-colour survey of gal-
axies, and allows to confirm with tighter

error bars the previous analyses of gal-
axy number counts and colour distribu-
tion at B l 24.5 based on smaller areas
and/or fewer bands [17]. The ESS gal-
axy spectra provide a unique database
for adjustment of the models of spectro-
photometric evolution of galaxies at
“low’’ redshift [34]. Calibration of these
models on the ESS data, via the propor-
tions of the different galaxy types and
their luminosity functions will allow to
obtain better predictions of galaxy evolu-
tion at z L 1. These predictions could be
tested on the full photometric sample,
which extends significantly deeper than
the spectroscopic sample, using the 2-
point angular correlation function [19].
Photometric redshifts techniques [42],
which would require the acquisition of U-
band photometry, would provide addi-
tional constraints, and are under consid-
eration.

The ESS spectroscopic sample is be-
ing complemented by a similar spectro-
scopic survey being performed in the
northern hemisphere using the CFH Tel-
escope. The p 1700 galaxies contained
in the two samples, and their homoge-
neous spectral classifications and abso-
lute magnitude determinations provided
by the Principal Component Analysis
[23] will provide a new measure of the
luminosity function as a function of spec-
tral class at the intermediate redshifts
0.1 m z m 0.5. The difficulty to interpret
the galaxy number-counts from the
“Hubble Deep Field’’ [42] emphasises
the need for a better determination of the
“local’’ luminosity function per galaxy
type. Objective detection of the galaxy
groups within the ESS is also in
progress and will allow a detailed study
of the different galaxy populations and
their relationship with the environment,
as measured by the local galaxy density
and the location within the large-scale
structure. In particular, the morphology-
density relation [33], and the existence
of an analogous to the Butcher-Oemler
effect [43] for field galaxies are being in-
vestigated.

The optical study of the ESS data is
complemented by multi-wavelength fol-
low-up observations: IRAC2 on the
ESO-2.2-m telescope is used for obtain-
ing K ′ imaging of a sub-sample of the
ESS spectroscopic sample; the same
region is scheduled for observations
with ISO at 10 µm and 90 µm (in collab-
oration with B. Rocca-Volmerange); the
full ESS region has been observed with
the VLA at 6 cm and 20 cm (in collabora-
tion with J. Roland and A. Lobanov). The
optical-K ′ colours allow to identify the
stellar populations from massive stars to
old giants. The K ′-far-infrared colours al-
low to separate the different populations
of grains, and indirectly allow to con-
strain the star-formation rate. Determi-
nation of the luminosity functions per
type in the infrared, are crucial for inter-
preting the infrared galaxy counts.
These, in contrast to the optical counts,

show no excess over no-evolution mod-
els [44]. Finally, the radio observations
will allow to study the correlation be-
tween the optical and radio properties of
the different galaxy populations in an
optically selected sample (the opposite
of the usual approach of making optical
follow-up observations of a radio-select-
ed sample).

We are considering the extension of
the ESS spectroscopic sample one
magnitude fainter using FORS1 at the
VLT/UT1. This would provide the red-
shifts  for  another  p 1000  galaxies  to
z lp 1 for which the photometry is al-
ready available. This survey would be
useful for obtaining a dense sampling of
the large-scale structure at redshifts
where so far only individual structures
are detected, usually in association with
quasars or radio galaxies. The evolution
of the large-scale clustering at z p 1 is
expected to depend markedly on the
cosmological parameters [45]. Any de-
tection or absence of evolution in the
cell-like pattern with redshift would pro-
vide useful constraints on the mean mat-
ter density in the Universe (Ω). The red-
shift extension of the ESS would also be
useful for preparing the definition of the
large area surveys which will be done
more efficiently with VIRMOS.

Only one other systematic redshift
survey is currently being performed at
the depth of the ESS: the CNOC2 pro-
gramme, with the goal to obtain redshifts
for 10,000 galaxies at z lp 0.7. Answer-
ing the question of the scale of homoge-
neity in the galaxy distribution, and
hence of the underlying matter distribu-
tion will nevertheless require larger area
redshift surveys than the ESS and
CNOC2. In particular, the “Sloan Digital
Sky Survey’’ (SDSS) [46] and the “2dF’’
project [47] to map 1 million and 250,000
galaxies respectively out to distances
z p 0.2 over large areas of the sky will
both make a tremendous improvement
in the statistical analysis of the galaxy
distribution. The larger distances will be
probed by the 2dF extension (6,000 gal-
axies to R Q 21) [47] and the DEEP sur-
vey with the Keck Telescope (15,000
galaxies with B lp 24) [48]. Note that the
well-known difficulties with the flux cali-
bration of multi-fiber spectroscopy, sup-
plemented by the aperture bias at
z lp 0.2 (the fibres only sample the core
of the galaxies) will make any spectral
classification of the SDSS and shallow
2dF survey subject to a number of bias-
es. A unique survey for determination of
the galaxy luminosity function per type
will be the 5-m “Liquid-mirror telescope’’
which will provide SEDs with photomet-
ric quality for nearly one million galaxies
to z p 1 using a multi-narrow-band im-
aging technique [49]. These data will be
essential for constraining the evolution
of the galaxy populations and of the
large-scale clustering with look-back
time. It will also allow to simulate the bi-
ases in the SEDs obtained with the
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multi-fibre surveys. Although the ESS is
not in proportion with these large-area
surveys to come in terms of survey vol-
ume, budget, and manpower, it provides
an anticipated understanding of the
properties of the galaxy distribution at
large distances.
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Massive Stars Running Through Space
L. KAPER, F. COMERÓN, J.Th. VAN LOON, A.A. ZIJLSTRA

1. Introduction

OB runaways are massive (OB) stars
that travel through interstellar space with
anomalously high velocities. The space
velocity of these stars can be as high as
100 km/s, which is about ten times the
average velocity of “normal” OB stars in
the Milky Way. Many of them can be
traced back to a nearby OB association
where they seem to have originated
from. But how did these massive stars
obtain such a high velocity? Recent ob-
servations carried out at the European
Southern Observatory have provided

compelling evidence that, at least in one
case, the supernova explosion of a mas-
sive binary companion is responsible for
the large space velocity gained by the
remaining OB star. The observational
evidence is based on the discovery of a
wind bow shock around the high-mass
X-ray binary Vela X-1, an X-ray pulsar
with a B-supergiant companion. Here
we report on new high-resolution coron-
ographic observations of the bow shock
obtained with ESO’s New Technology
Telescope. Furthermore, we present the
first results of hydrodynamical calcula-
tions simulating the interaction between

the interstellar medium and the stellar
wind of a B supergiant moving with a su-
personic velocity.

According to Blaauw (1961), a
“bona-fide” runaway star fulfils two crite-
ria: (i) it has an observed high (i.e. L 30
km/s) space velocity and (ii) a “parent”
OB association has been identified. It
turns out that a significant fraction of the
OB stars are runaways; their frequency
steeply decreases as a function of spec-
tral type: from about 20% among the
O-types to 2.5% among B0-B0.5, and
still lower among B1–B5 (Blaauw, 1993).
Almost all runaways appear to be single;


