VLT/FORS2 S PECTROSCOPY IN
GOODS-S OUTH F IELD

THE

THE FORS2 INSTRUMENT AT THE ESO VLT HAS BEEN USED TO OBTAIN SPECTRA OF A LARGE SAMPLE OF FAINT
GALAXIES IN THE CHANDRA DEEP FIELD SOUTH IN THE FRAMEWORK OF THE GREAT OBSERVATORIES ORIGINS
DEEP SURVEY (GOODS). A TOTAL OF 303 OBJECTS WITH MAGNITUDE Z850 ≤ 25.5 HAS BEEN OBSERVED,
PROVIDING 234 REDSHIFT DETERMINATIONS. THE REDUCED SPECTRA AND THE DERIVED REDSHIFTS ARE
RELEASED TO THE COMMUNITY (http://www.eso.org/science/goods/). THEY CONSTITUTE AN ESSENTIAL
CONTRIBUTION TO REACH THE SCIENTIFIC GOALS OF GOODS, PROVIDING THE TIME COORDINATE NEEDED TO
DELINEATE THE EVOLUTION OF GALAXY MASSES, MORPHOLOGIES, AND STAR FORMATION, CALIBRATING THE
PHOTOMETRIC REDSHIFTS THAT CAN BE DERIVED FROM THE IMAGING DATA AT 0.36–8 µm AND ENABLING
DETAILED STUDIES OF THE PHYSICAL DIAGNOSTICS FOR GALAXIES IN THE GOODS FIELD.
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T

GREAT OBSERVATORIES
ORIGINS DEEP SURVEY
(GOODS) is a public,
multi-facility project that
aims to answer some of the
most profound questions in cosmology:
how did galaxies form and assemble their
stellar mass? When was the morphological
differentiation of galaxies established and
how did the Hubble Sequence form? How
did AGN form and evolve, and what role do
they play in galaxy evolution? How much
do galaxies and AGN contribute to the
extragalactic background light? Is the
expansion of the universe dominated by a
cosmological constant? A project of this
scope requires large and coordinated efforts
from many facilities, pushed to their limits,
to collect a database of sufficient quality
and size for the task at hand. It also requires
that the data be readily available to the
worldwide community for independent
analysis, verification, and follow-up.
The program targets two carefully
selected fields, the Hubble Deep Field
North (HDF-N) and the Chandra Deep
Field South (CDF-S), with three NASA
Great Observatories (HST, Spitzer and
Chandra), ESA’s XMM-Newton, and a
wide variety of ground-based facilities. The
area common to all the observing programs
is 320 arcmin2, equally divided between the
North and South fields. For an overview of
GOODS, see Dickinson et al. (2003),
Renzini et al. (2002) and Giavalisco et al.
(2004a). Spectroscopy is essential to reach
the scientific goals of GOODS. Reliable
redshifts provide the time coordinate needed to delineate the evolution of galaxy
masses, morphologies, clustering, and star
formation. They calibrate the photometric
redshifts that can be derived from the imaging data at 0.36–8 µm. Spectroscopy will
measure physical diagnostics for galaxies
in the GOODS field (e.g., emission line
strengths and ratios to trace star formation,
AGN activity, ionization, and chemical
HE

abundance; absorption lines and break
amplitudes that are related to the stellar
population ages). Precise redshifts are also
indispensable to properly plan for future
follow-up at higher dispersion, e.g., to
study galaxy kinematics or detailed spectral-line properties.
The ESO/GOODS spectroscopic program is designed to observe all galaxies for
which VLT optical spectroscopy is likely to
yield useful data. The program makes full
use of the VLT instrument capabilities
(FORS2 and VIMOS), matching targets to
instrument and disperser combinations in
order to maximize the effectiveness of the
observations. The magnitude limits and
selection bandpasses depend to some
degree on the instrumental setup being
used. The aim is to reach mag ~24–25 with
adequate S/N, with this limiting magnitude
being in the B-band for objects observed
with the VIMOS LR-Blue grism, in the Vband for those observed in the VIMOS LRRed grism, and in the z-band for the objects
observed with FORS2. This is not only a
practical limit, however, but is also well
matched to the scientific aims of the
GOODS program. The ACS i775 imaging
samples rest-frame optical (B-band) light
out to z = 1, where i775 = 25 reaches 1.5 to 2
magnitudes past L*B. This is also the practical limit for high-quality, quantitative morphological measurements from the ACS
images (cf. Abraham et al. 1996). Similarly,
i775 = 25 is ~1 mag fainter than the measured L* UV for z = 3 Lyman Break Galaxies
(LBGs), and 0.5 mag fainter than that at
z = 4 (Steidel et al. 1999). These are the
limits to which GOODS/SIRTF IRAC data
will robustly measure rest-frame near-IR
light, and hence constrain the stellar mass.

THE SELECTION OF THE TARGETS
FOR THE FORS2 SPECTROSCOPY
Objects were selected as candidates for
FORS2 observations primarily based on the
expectation that the detection and measure© ESO - December 2004

45

ment of their spectral features would benefit
from the high throughput and spectral resolution of FORS2, and its reduced fringing at
red wavelengths, relative to other instrumental options such as VIMOS. In particular, we
expect that the main spectral emission and
absorption features for galaxies at
0.8 < z < 1.6 would appear at very red optical wavelengths, out to ~1 µm. Similarly,
very faint Lyman break galaxies at z ≥ 4,
selected as B435, V606, and i775–dropouts from
the GOODS ACS photometry, also benefit
greatly from the red throughput and higher
spectral resolution of FORS2.
In practice, several categories of object
selection criteria were used to ensure a sufficiently high density of target candidates on
the sky to efficiently fill out multi-slit
masks. Using ACS photometry in the AB
magnitude system, these criteria were:
1.
Primary catalog: (i775–z850) > 0.6
and z850 < 24.5. This should ensure redshifts
z ≥ 0.7 for ordinary early-type galaxies
(whose strongest features are expected to be
absorption lines), and higher redshifts for
intrinsically bluer galaxies likely to have
emission lines.
2.
Secondary catalog: 0.45 < (i775–
z850) < 0.6 and z850 < 24.5.
3.
Photometric-redshift
sample:
1 < zphot < 2 and z850 < 24.5, using an early
version of GOODS photometric redshifts
like those described by Mobasher et al.
(2004).
4.
i775-dropout and V606–dropout
Lyman break galaxy candidates, selected
from the criteria of Dickinson et al. (2004a)
and Giavalisco et al. (2004b), respectively.
5.
A few miscellaneous objects,
including host galaxies of supernovae
detected in the GOODS ACS observing
campaign.
When designing the masks, we generally tried to avoid observing targets that had
already been observed in other redshift surveys of this field, namely, the K20 survey of
Cimatti et al. (2002) and the survey of X-ray
sources by Szokoly et al. (2004).
In the present spectroscopic catalog
there are 303 targets, 114 meeting the primary selection criterion and 56 meeting the
secondary selection criteria. The other targets belong to the remaining classes.

Figure 1: Typical FORS2 data products for an individual slit of the
multi-object mask. From the top of the figure: the 2-D spectrum of the
arc lines used for the wavelength calibration, a 2-D science exposure
(1200 seconds), the final flat-fielded and sky-subtracted 2-D spectrum
(co-addition of 12 exposures for a total of 4 h), and at the bottom the
1-D spectrum with the identification of the main absorption and emission lines (in this example an elliptical galaxy at z = 1.100,
GDS J033217.46-275234.8).

O BSER VATIONS AND
D ATA R EDUCTION
The VLT/FORS2 spectroscopic observations were carried out in service mode during several nights in 2002 and 2003. In all
cases the 300I grism was used as dispersing
element without order-separating filter. This
grism provides a scale of roughly 3.2Å/
pixel. The nominal resolution of the configuration was ℜ=λ/∆λ=860, which corresponds to about 9Å at 8000Å. The spatial
scale of FORS2 was 0.126)/pixel, the slit
width was always 1). Dithering of the targets
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Figure 2: Three examples of objects classified as “em.” (emission-lines detected), “abs.” (absorption lines) and “comp.” (both emission and absorption lines
detected).

Figure 3: Color-redshift diagram of the spectroscopic sample. Only redshifts with quality flag
“A” and “B” have been selected. Filled pentagons symbols are objects identified with absorption features only (“abs.” sources), while open pentagons are objects showing only emission
lines (“em.” sources). The intermediate cases are shown by filled triangles (“comp.” sources).
The long-dashed line and the short dashed line show the colors of a non-evolving L* elliptical
galaxy and an Scd galaxy, respectively, estimated integrating the spectral templates of
Coleman, Wu & Weedman (1980) through the ACS bandpasses.

along the slits was applied in order to effectively improve the sky subtraction and the
removal of CCD cosmetic defects.
399 spectra of 303 individual targets
have been extracted and calibrated with a
semi-automatic reduction tool that we have
developed in the MIDAS environment using
commands of the LONG and MOS contexts
(Fig. 1). From the spectra we have been able
to determine 234 redshifts. In the large
majority of cases the redshift has been determined through the identification of prominent features of galaxy spectra: the 4000Å
break, Ca H and K, g-band, Mg II 2798,
Al II3584 in absorption and Ly-α, [O II]3727,
[O III]5007, Hβ, Hα in emission. The redshift
estimation has been performed by cross-correlating the observed spectrum with templates of different spectral types (S0, Sa, Sb,
Sc, Ell., Lyman Break, etc.), using the rvsao
package in the IRAF environment. The redshift identifications are available at
http://www.eso.org/science/goods/ and in
Vanzella et al. (2004).
The objects have been classified in three
categories (see Fig. 2) depending on the
presence in the observed spectrum of emission line(s) (class em.), absorption-line(s)
(abs.) or both (comp.). Eleven objects have
been classified as stars. A quality flag has
also been assigned to indicate “secure” redshift (flag A), “likely” (B) or “tentative” (C).
In 38% of the cases the redshift is based only
on one emission line, usually identified with
[O II]3727 or Ly-α. In general these soloemission line redshifts are classified as flag
C or B. The presence of breaks, the absence
of other spectral features in the observed
spectral range and the broad band photometry are particularly important in the evaluation. The typical redshift uncertainty on the
basis of internal and external comparisons,
is estimated to be σz ≅ 0.001 with a rate of
“catastrophic” misidentifications at most
few percent.

D IAGNOSTIC

Figure 4: Color-magnitude diagram for the spectroscopic sample. Only redshifts with quality
flag “A” and “B” have been selected. The symbols are the same as in Figure 3.
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Figures 3 and 4 show the color-redshift and
the color-magnitude distributions for the
spectroscopic sample. In Figure 3 the two
populations of “emission-line” and “absorption-line” (typically elliptical) galaxies are
clearly separated. The mean color of the
“absorption-line” objects increases from
i775–z850 = 0.46 ± 0.079 at < z> = 0.6 to
i775–z850 = 0.86 ± 0.18 at <z> = 1.0, consistent with but increasingly bluer than the colors of a non-evolving L* elliptical galaxy
(estimated integrating the spectral templates
of Coleman, Wu & Weedman (1980)
through the ACS bandpasses).
The “emission-line” objects show in
general a bluer i775–z850 color and a broader
distribution than the “absorption-line”
sources: i775–z850 = 0.16 ± 0.13 at <z> = 0.6
and i775–z850 = 0.52 ± 0.21 at < z> = 1.1. The
broader distribution, with some of the
© ESO - December 2004
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”emission-line” objects entering the
color regime of the ellipticals, is
possibly explained by dust obscuration, high metallicity or strong line
emission in the z850 band.

REDSHIFT DISTRIBUTION AND
LARGE SCALE STRUCTURE
Figure 5 shows the redshift distribution of the objects observed in the
present survey. The majority of the
sources are at redshift of about one
(the median of the redshift distribution is at 1.04), in agreement with
the main criterion for the target
selection (see Sect. 2). Table 1
shows the fraction of determined
redshifts as a function of the spectral features identified, i.e. emission
lines, absorption lines, emission &
absorption lines, and no reliable
spectral features (unclassified).
There are 49 galaxies identified
with absorption lines only (mainly
Ca H and K) in the range of redshift
between 0.4–1.3; an example is
shown in Fig. 1. In 46% of the total
sample we have measured emission
lines (mainly [O II]3727), many of
them entering the so-called “spectroscopic desert” up to z=1.61.
The main peaks in the redshift
distribution are at z~0.73 (21 galaxies) and 1.1 (25 galaxies). Two concentrations at z~1.6 (with 5 galaxies
at the mean redshift <z> = 1.612 ±
0.003, see the two dimensional
spectra in Fig. 6) and z~0.67 (9
galaxies) are also apparent. The
presence in the CDF-S of large
scale structure, (LSS) at z~0.73 and
z~0.67 is already known (Cimatti et
al. 2002, Gilli et al. 2003, Le Fevre
et al. 2004). The peak at z~1.1
seems to be a new indication of
large scale structure, of the 25
galaxies in the range 1.09< z <1.11,
10 show emission lines, 9 are ellipticals and 6 are intermediate-type
galaxies.
The significance of the LSS at
z=1.61, which extends across a
transverse size of ~ 5 Mpc in a walllike pattern rather than a group
structure, is confirmed by:
1.
the observations of Gilli
et al. (2003) who found a peak in
the redshift distribution of X-ray
sources at z=1.618 (5 galaxies) and
measured a Poisson probability of
3.8 10–3 for a chance distribution;
2.
three more galaxies at
z=1.605,1.610,1.615 in the K20 survey (Cimatti et al. 2002).

H IGH

REDSHIFT GALAXIES

Three galaxies have been identified
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at redshifts larger than four: GDS
J033240.01-274815.0 at z=5.828,
the only i775-dropout (see Sect. 2)
actually targeted in the present
observations, and two serendipitously-observed high redshift
sources,
GDS
J033228.84274132.7 and GDS J033228.94274128.1, measured at z=4.800 and
z=4.882, respectively. In the spectrum of GDS J033240.01-274815.0
the Ly-α line is clearly detected at
z=5.828 and shows the blue cut–off
characteristic of high–redshift Ly-α
emitters and the Ly-α forest continuum break.
Figure 7 shows a peculiar system of three sources: two emissionline sources above (~1.5 arcsecond)
and below (~3 arcsecond) the main
galaxy GDS J033228.88-274129.3,
clearly visible in the ACS color
image and in the two dimensional
spectrum. The same target has been
observed in two different masks
adopting the same orientation of the
slits. The total exposure time is
≅43 ks. The extracted one dimensional spectra are shown in the right
side of Fig. 7.
The main galaxy GDS
J033228.88-274129.3 has a redshift
z=0.733 with both emission and
absorption lines measured (quality
flag “A”): [O II]3727, MgI, Ca H
and K, g-band, etc. The bottom
object (GDS J033228.84-274132.7)
shows a solo-emission line at
7052Å (see the 1D spectrum), and
is not detected in the ACS B-band,
we interpret this line as Ly-α at
z=4.800 with quality “C”.
The source above GDS
J033228.88-274129.3 is most probably a Ly-α emitter at redshift

Figure 5: Redshift distribution for the spectroscopic
sample with quality A, B and C (23 redshift determinations out of 224 have quality C). Three objects at z>4 are
not shown in the histogram.

Table 1: Fractions of sources with different
spectral features.
Spectral
class

zmean

zmin

zmax

Fraction

emission

1.131

0.117

5.828

46%

absorption

0.950

0.366

1.910

16%

em. & abs.

0.897

0.382

1.317

12%

stars

0.000

0.000

0.000

4%

–

–

unclassified

–

22%

Figure 6: Two dimensional spectra of 5 galaxies at z=1.61. The [O II]3727 emission line is
marked with a circle at 9727.5Å. The absorption sky feature (~7600Å, A band) is indicated with
an arrow. It is worth noting the optimal red sensitivity of FORS2.

Figure 7: Simultaneous spectrum of
three sources in the slit. On the right of
the figure, the 1D spectra of the z=0.733
main galaxy GDS J033228.88-274129.3,
the single emission line ~3 arcsecond
below (GDS J033228.84-274132.7) and
the object ~1.5 arcsecond above are
shown. The left-hand panel shows the
ACS color image, 5 arcsec on a side.
North is up, east is to the left. The bottom
panel shows the 2D spectrum, with the
spatial profile obtained by collapsing 80
columns (256 Å), centered at 7150 Å,
shown to the right. Candidate serendipitous Ly-α emission lines are clearly
marked. The object above the target
source shows faint continuum redward of
the emission line.

Figure 8: Three examples of tilted [O II]3727 emission line at redshift around 1. The two dimensional FORS2 spectra are shown (object
and sky lines). In the first two spectra (top and middle) a zoom of the [O II]3727 emission line is shown (the white rectangle underlines
the region where the Gaussian fit has been performed to derive the line peak, small black crosses), in the bottom spectrum the line is
too faint to calculate a reliable peak (this object has been serendipitously-identified). In the right side of the spectra the ACS images
of the galaxies and the slit orientations are shown.

Vanzella E. et al., FORS2 Spectroscopy in the GOODS-South Field
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Figure 9: The light merged case, two objects at different
redshift superimposed in the slit (marked with white lines
in the left panel). In the right panel the same extracted
spectrum with different identifications. An elliptical galaxy
(the target, GDS J033210.93-274721.5) at z=1.222 clearly
identified with the Ca H and K, Hδ, Mg I (quality flag “A”).
The bright bluer object (GDS J033210.92-274722.8)
shows absorption and emission lines: Ca H, [O III]5007,
Na, Hα at z=0.417 (quality flag “B”). The Ca K is contaminated by the sky line ~5577Å.

z=4.882 (quality “B”). The spectrum has
been extracted subtracting the contamination of the tail of the main galaxy. After the
subtraction the shape of the spectrum shows
the blue cut–off and the Ly-α forest continuum break, typical of the LBGs.

D YNAMICAL MASSES
OF GALAXIES AT Z ~ 1
Three galaxies, GDS J033215.88-274723.1,
GDS J033225.86-275019.7 and GDS
J033230.71-274617.2, at redshift z=0.896,
1.095 and z=1.307, respectively, show a spatially resolved [O II]3727 line (Fig. 8) with a
characteristic “tilt”, indicative of a high rotation velocity. The measured velocity increases with increasing distance from the center
of the objects reaching a value of the order
of and greater than 400 km/s at the extremes.
Assuming that the observed velocity structure is due to dynamically-relaxed rotation,
then it is possible to estimate the dynamical
mass for the three galaxies, which turns out
to be in the range 1.5–3.1 1011/sin2 (i) MA.
The estimates should be considered a lower
limit to the total dynamical mass because
more external parts of the rotating structure
might have a lower surface brightness and
remain undetected.

GDS J033210.93-274721.5:
A SPECTRUM CONTAMINATED
BY A NEARBY GALAXY

The
spectrum
of
the
galaxy
GDS J033210.93-274721.5 simultaneously
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shows features corresponding to the redshifts z=1.222 and z=0.417 (Fig. 9). The origin of the overlap is the presence of a nearby galaxy (z850=19.98, GDS J033210.92274722.8) offset by 1.3 arcsecond with a
redshift z=0.417. Light from the brighter
z=0.417 galaxy contaminates the spectrum
of the fainter (z850=22.19), higher redshift
galaxy GDS J033210.93-274721.5 (see
Fig. 9). Such cases may represent a problem
and a source of error in large spectroscopic
surveys, which require highly automated
data processing. A possible solution is to
evaluate a priori on the basis of imaging
what are the cases of light contamination
requiring a “special” reduction. Alternatively, color-redshift diagrams (such as
Fig. 3), a comparison of spectroscopic and
photometric redshifts or similar diagnostics
are required to carry out the necessary data
quality control and single out possible
misidentifications.
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