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3 Department of Astronomy, Nanjing University, Nanjing 210093, China
4 Department of Astronomy and Astrophysics, P. Universidad Catolica de Chile, Casilla, Santiago, 306, Chile

Correspondence should be addressed to E. Giraud, edmond.giraud@lpta.in2p3.fr

Received 8 June 2010; Accepted 15 July 2010

Academic Editor: Gary Wegner

Copyright © 2011 E. Giraud et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

We study spectral evolution of galaxies in a magnitude limited sample of 550 galaxies from z = 1 down to z = 0.3 on a pencil beam
of ≈ 10′ × 10′. We concentrate on the large apparent cosmological structures along the line of sight, and we bin our individual
galaxy spectra to obtain representative high S/N spectra based upon these structures. We divide the resulting average spectra in
three groups to facilitate the analysis:galaxies with pure absorption line spectra, galaxies with emission lines and blue continua, and
galaxies with emission lines and red continua. We revisit the question of downsizing in emission-line galaxies between z = 0.9 and
z = 0.45 in our pencil-beam and find the following results: strong star formation in emission line galaxies, aging in emission line
galaxies, and aging in absorption systems, are shifting from bright to faint systems as cosmological time increases. Each redshift
bin is repopulated in new starbursts. Therefore at redshifts z � 1 galaxy formation is downsizing both in luminosity and number
density. Our observations indicate that at z � 1 star formation and hierarchical structure formation of CDM halos are not in
phase.

1. Introduction

In the course of an investigation of the diffuse intergalactic
light in X-ray emitting clusters at intermediate redshifts
[1], we obtained redshifts and flux distributions for 654
galaxies of which 550 are in a pencil beam of 10′ × 10′ and
at 0.275 � z � 1.05. In fact, our spectroscopy provides a
50–60% complete sample of galaxies uniformly down to
R = 23. The vast majority of our individual spectra reduced
to zero redshift have S/N ratios per 2.6 Å pixel larger than 3
at 4200 Å. Our pencil beam sample covers a redshift range up
to z = 1 (with some galaxies up to z = 1.7). In standard
cosmology with Ho = 75 km s−1 Mpc−1, Ω0,m = 0.30, and
Ω0,Λ = 0.70, this range provides a large leverage of about
3000 Mpc or 7 Gyr, which should be sufficient to extract
some of the most conspicuous characteristics on galaxy
evolution at z � 1. About half of all stars seem to be still
forming, mostly in disks, in this range [2, 3].

Our sample compares in size with the DEEP1 spectro-
scopic pilot survey [4] but is far smaller than large surveys
such as DEEP2, VVDS, and GOODS. The main advantage of

a pilot survey is that it can be handled rather easily by a single
(or a few) researcher(s) having multiple parameters in mind.
It can be used to test new methods, new ideas, or to make
independent control, which in a second step can be applied
to large surveys, requiring much more manpower.

More than a decade ago, [5] suggested that while the
most massive galaxies were formed early in the Universe, star
formation is progressively shifted to smaller systems, the so-
called downsizing effect. This effect had been confirmed by
several later studies [6, 7]. The downsizing detected in sam-
ples of galaxies at different redshifts has been termed “down-
sizing in time” to be distinguished from the “archaeological
downsizing” which refers to the observation that less massive
early type galaxies formed their stellar populations later and
over a longer time span than the more massive ones [8, 9].

Cold Dark Matter (CDM) models are hierarchical in the
sense that large halos are built from the merging of small
halos. Therefore, downsizing seems to be in conflict with
hierarchical structure formation. In the present paper we
revisit the question of downsizing, and we investigate the
variation of star formation in emission-line galaxies with
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Table 1: Properties of galaxies in the field of RX J0054.0-2823.

obj
RA (α) DEC (δ)

z mR
V Verr RT Nobs lines

J2000 J2000 km/s km/s

23 13.598707 −28.434965 0.79304 22.78 237912 161 4.7 1 K–H

26 13.590379 −28.416917 0.77636 22.26 232908 77 8.1 1 [OII]–H10–H9–H

cosmological age, the aging in emission-line galaxies, and the
aging in absorption systems.

The paper is structured as follows. Section 2 summarizes
observations and the data reduction procedures. Section 3
presents observed variations in spectral energy distribution
with redshift for absorption and emission systems, which
are discussed with the use of population synthesis models.
Section 4 is dedicated to population variations with z and
luminosity in absorption systems. In Section 5 we partition
emission-line galaxies in blue and red systems and study
them separately. Down-sizing is in Section 5.4.

2. Observations and Data Reduction

The observations (ESO program 078A–0456(A)) were
obtained with the FORS2 instrument [10] on the Cassegrain
focus of the VLT UT1 telescope in multiobject spectroscopy
mode with the exchangeable mask unit (MXU). We describe
in joint paper [11] the details of the observations, data
reductions and calibrations. The relative fluxes per wave-
length of the calibrated spectra can be compared with stellar
population models, in arbitrary unit.

The 4000 Å break amplitude definition used in the
present paper is the “narrow” 4000 Å break defined by Balogh
et al. [12] as the flux ratio in the range 4000–4100 Å over
3850–3950 Å (e.g., [13]). The error in D(4000) is calculated
from the spectral noise in the two passbands. The equivalent
widths of [OII] and of Hδ were measured by using the
ESO-MIDAS (www.eso.org/projects/esomidas) subpackage
ALICE which is dedicated to spectral analysis (rebinning,
fluxes, continuum fitting, lines fitting, equivalent widths,
flux in lines, . . .). Full observational measurement errors on
indexes of individual spectra were obtained by measuring
D(4000) and EQW([OII]) on spectra with multiple obser-
vations. Thus 17% of the spectra have typical errors of 4% in
D(4000) and 10% in EQW([OII]); 54% have typical errors
of 8% in D(4000) and 20% in EQW([OII]); and 14% have
poorer spectra with typical errors of 16% in D(4000) and
40% in EQW([OII]).

The ESO data of our program are presently in the public
domain. The Catalog is available on request and will be
made public by Centre des Données Stellaires in Strasbourg.
It presents positions, redshifts, Petrossian R-magnitudes,
and line identifications for the full sample of 654 galaxies
observed in our program. The radial velocities and the
corresponding measurement errors are also given. Table 1 is
illustrative of the information contained in the full table.

Figure 1 shows the R-magnitude histogram of the galax-
ies with measured redshifts superimposed on the magnitude
histogram of all galaxies in our pencilbeam indicating that
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Figure 1: R-magnitude histogram of galaxies with measured
redshift in the central beam.

our observations sample at a rate of 50–60% the population
of galaxies in the magnitude bin R = 20.5–21.5 and at
a rate 60–65% in the magnitude bin R = 21.5–22.5. The
sampling seems fairly representative in the magnitude bin
R = 22.5–23.0, and sparse at R > 23. The apparent increase
in incompleteness toward brighter magnitudes is due to two
selection bias in the following observations: (1) we tried
to counterbalance Malmquist bias by observing the largest
possible number of galaxies in the magnitude range R =
22–23 missing some objects in the bin R = 20.5–21.5, (2)
our observations were designed to avoid bright galaxies at
redshifts z � 0.25.

The R-band average magnitudes of galaxies in each
redshift bin are given in Table 2 separately for absorption,
“red” and “blue” emission-line galaxies, together with the
adopted distance moduli. The partition “red” versus “blue”
is defined by the median spectral slope in each redshift bin
(Section 5.1).

We used the R-band photometry to calibrate individual
spectra by convolving each spectrum with a box filter 1290 Å
wide, centered at λ = 6460 Å. Once the spectra were
calibrated in the observer R-band, we measured the average
fluxes in the wavelength range 4150–4250 Å of the galaxies,
which we normalized to the flux of blue emission galaxies at
〈z〉 = 0.9 to compute the luminosity index f . Thus f (that
is equal to 1 for blue galaxies at 〈z〉 = 0.9) is an indicator
of AB(4200) that allows us to compare the luminosities of



Advances in Astronomy 3

Table 2: Average R-band magnitudes of absorption systems (abs), and red and blue emission-line galaxies. The adopted distance moduli
(m−M)0 and the 4150–4250 Å fluxes f normalized to the blue galaxies at z = 0.9 are also tabulated.

〈z〉 R(abs) R(red) R(blue) (m−M)0 f (abs) f (red) f (blue)

0.29 19.80 20.12 20.97 40.18 0.74 0.72 0.48

0.43 20.24 20.59 20.95 40.86 1.08 0.92 0.75

0.65 21.50 21.60 21.94 41.51 1.42 1.28 0.86

0.9 22.45 22.13 22.35 41.98 2.08 1.70 1

red and blue galaxies at a given redshift and to investigate
luminosity variations with z.

Figure 2 presents the magnitude redshift relation and the
cone diagrams for the full sample. The points are color coded
according to the presence or absence of emission-lines.

A cursory inspection of Figure 2 reveals the presence
of several conspicuous structures walls of objects spanning
almost the entire field of view over the full range of redshifts
covered by our observations. Making bins centered on the
peaks of the redshift distribution maximizes the number of
objects in each bin and minimizes its redshift dispersion.
So using the apparent structures rather than a blind slicing
appears well adapted to our sample.

3. Evolution in the Pencil Beam:
Number-Weighted Analysis of
Combined Spectral Types

Each galaxy spectrum was wavelength calibrated, corrected
for instrument response, rebinned to zero redshift, and
normalized to have the same flux in the wavelength range
Δλ = 4050–4250 Å.

The normalization gives more weight to the more
numerous galaxies than to the few very luminous ones, and
is adapted to extract spectral properties from bright high-z
galaxies to fainter low-z objects. In particular, downsizing,
where the bulk of star formation shifts from bright to faint
galaxies [6, 14], requires to compare bright and faint systems
using the same weight.

The redshift range of our pencil beam survey goes up
to z = 1.72 with a strong decline above z ∼ 1. We have
truncated the sample at z = 1.05 and assembled the spectra
in bins centered on (pseudo) structures at 0.29, 0.41, 0.45,
0.63, 0.68, 0.82, and 0.99 to build high S/N composite spectra
for each bin. In order to compensate (or at least alleviate) for
Malmquist bias we rejected objects fainter than MR = −18.8
mostly at z � 0.45 (Figure 2(a)). A sample completely free
of Malmquist bias would require a cutoff at MR ∼ −20.5.
For clarity of the figures throughout the paper, we often
combined the mean spectra at z = 0.41 and 0.45 into a single
bin at 〈z〉 = 0.43, the spectra at z = 0.63 and 0.68 into a bin
at 〈z〉 = 0.65, and in some cases the spectra at z = 0.82 and
0.99 into a bin at 〈z〉 = 0.9. The spectra of all galaxies in these
five combined redshift bins are shown in Figure 3, where we
show the spectra of absorption systems (a), and emission-
line galaxies (b), separately. The S/N ratios of the combined
spectra, measured in the wavelength range 4150–4250 Å to
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Figure 2: (a) Magnitude redshift relation for the full sample. The
three lines overploted over the measured points correspond to
absolute R magnitudes of −22.5, −20.5, and −18.5. The distances
have been calculated using a cosmology with Ω0,Λ = 0.70,
Ω0,m = 0.30, w = −1, and H0 = 75 km s−1 Mpc−1 (h =
H0/75 km s−1 Mpc−1). Red dots are galaxies with no emission-lines
and blue dots are galaxies with emission-lines. (b) Cone diagrams
in Dec for all the galaxies measured in the field of RX J0054.0-2823.
The scales is in Mpc calculated using the angular distance for the
standard cosmology. The detection threshold for emission-lines is
EQW([OII]) ∼ 2-3 Å. (c) Same as (b) but for RA.

avoid prominent lines, are given in the relevant tables and/or
in the figure captions.

The most conspicuous spectral change with redshift is
a decrease in flux redward of the G-band from 〈z〉 = 0.29
and 〈z〉 = 0.43 to higher z coupled to an increase to the
blue of [OII] from 〈z〉 = 0.65 to 〈z〉 = 0.82 and higher
z. Since we normalized the spectra at λλ4050 − 4250 Å,
this redistribution of flux is manifested as a rotation of the
continuum around a pivot point at λ ∼ 4150 Å. This rotation
of the normalized spectra implies a systematic change in the
galaxy populations entering the sample with redshift: more
star forming galaxies at higher z, and more galaxies with
old stars at lower z. This is quantified in Table 3 that shows
that the redshift dependence of the 4000 Å break amplitude
is more substantial in emission-lines galaxies, while the
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Figure 3: Composite spectra of absorption systems (a); and emission-line galaxies (b) normalized in the wavelength range Δλ =
4050–4250 Å. All individual galaxies are brighter than MR = −18.8.

Table 3: 4000 Å break amplitudes for absorption (abss), and emission (em) galaxies and equivalent width of Hδ for absorption galaxies. The
errors are those in the index measurements. The S/N ratios are those of the combined spectra measured in the wavelength range 4050–4250 Å.
The magnitude cutoff is MR = −18.8 for all the redshift bins, but is affected by Malmquist bias.

Absorption systems Emission systems

〈z〉 D(4000) EQW(Hδ) S/N D(4000) S/N

0.29 1.67± 0.065 −1.5± 0.2 23 1.22± 0.02 32

0.43 1.70± 0.06 −1.5± 0.2 22 1.22± 0.01 52

0.65 1.60± 0.055 −1.8± 0.2 24 1.14± 0.01 35

0.82 1.57± 0.06 −2.4± 0.5 18 1.07± 0.02 28

0.99 1.43± 0.05 −2.9± 0.3 23 1.08± 0.02 25

changes in the depth of Hδ may be more visible in absorption
systems, indicating that the spectral rotation is driven by the
more recent star formation history.

In order to throw more light on this issue, we fitted
simple stellar population (SSP) models to our composite
spectra. We applied a modified version of the spectral popu-
lation synthesis code, starlight (http://www.starlight.ufsc.br/)
[15, 16] to fit the observed and combined spectra. The code
does a search for the best-fitting linear combination of 45
simple stellar populations (SSPs), 15 ages, and 3 metallicities
(0.2 Z�, 1 Z�, 2.5 Z�) provided by [17] to match a given
observed spectrum Oλ. The model spectrum Mλ is

Mλ
(
x,Mλ0 ,AV , v�, σ�

) =Mλ0

⎡

⎣
N�∑

j=1

xjbj,λrλ

⎤

⎦⊗G(v�, σ�),

(1)

where bj,λ = LSSP
λ (t j ,Zj)/LSSP

λ0
(t j ,Zj) is the spectrum of the

jth SSP normalized at λ0, rλ = 10−0.4(Aλ−Aλ0 ) is the reddening
term, x is the population vector, Mλ0 is the synthetic
flux at the normalization wavelength, and G(v�, σ�) is
the line-of-sight stellar velocity distribution modeled as a
Gaussian centered at velocity v� and broadened by σ�. The
match between model and observed spectra is calculated as

χ2(x,Mλ0 ,AV , v�, σ�) = ∑Nλ

λ=1 [(Oλ −Mλ)wλ]
2, where the

weight spectrum wλ is defined as the inverse of the noise
in Oλ. For more details we refer to the paper by [18]. We
rebin the 45 SSPs into 5 components according to age as
follows: I (106 � t < 108 yr), II (108 � t < 5 × 108 yr),
III (5× 108 � t < 109 yr), IV (109 � t < 2.5× 109 yr), and V
(t � 2.5× 109 yr).

Figure 4 shows an example of the fit for the averaged
spectrum at 〈z〉 = 0.29. Panels (a), (b), and (c) correspond to
absorption line, emission-line, and all spectra, respectively.

The results summarized in Table 4 clearly show that the
fraction of young stars in emission-line spectra and that of
intermediate age in absorption systems increase with z.

4. Absorption Line Systems

The spectral resolution of the 300V grism allows us to detect
[OII] emission down to EQW([OII]) ∼ 2-3 Å. We will call
absorption line galaxies those for which star formation is low
enough to preclude [OII] detection at our detection level.
Thus, our absorption line sample comprises mostly E, E+A,
and S0 galaxies with no ongoing star formation.

4.1. Absorption Systems as Function of Redshift. The nor-
malized and combined spectra of absorption line systems
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Table 4: Stellar population properties of normalized average full sample (absorption + emission), absorption (abs), emission (em) spectra
in each redshift bin. The magnitude cutoff is at MR = −18.8, except for the 10 faintest absorption systems at z = 0.29 where we used all the
observed objects.

〈z〉 log(Age) <8 8–8.7 8.7–9 9–9.4 >9.4

0.29

abs 0.0% 0.0% 30.1% 0.1% 69.8%

abs (10 brightest) 0 0 17.4 0 82.4

abs (10 faintest) 0 0 12.0 66.4 21.7

em 16.0 44.1 12.8 1.5 25.7

0.43
abs 0.0 0.7 11.7 6.9 80.7

em 28.3 14.2 16.5 36.8 4.2

0.65
abs 0.0 0.0 18.2 38.5 43.3

em 33.1 0.3 65.1 1.4 0.0

0.82
abs 0.0 0.0 86.8 3.3 9.8

em 21.9 37.1 26.9 0.1 14.1

0.99
abs 0.0 0.0 42.3 0.0 57.7

em 53.9 9.6 22.7 13.8 0.0
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Figure 4: Spectral fitting results with SSP models for the redshift
〈z〉 = 0.29 bin. (a) Observed (thin black line) model (red line) and
residuals for the absorption spectrum. Points indicate bad pixels
and emission-line windows that were masked out during fitting.
(b) Emission-line spectrum; (c) Total spectrum. SSPs do not model
emission-lines.

presented in Figure 3(a) have S/N ratios in the range 18–
24. They are obtained with spectra of galaxies brighter than
MR = −18.8. They do not show any obvious change in their
continuum and their 4000 Å break amplitude up to z ≈ 0.6
(Table 3). There is a small decrease in the 4000 Å break at
z � 0.65 ranging from 5% at z ∼ 0.65 to 15% at z ∼ 1
while the Hδ absorption line becomes stronger at z � 0.65
(Table 3) suggesting the presence of increasing numbers of
A stars at higher redshifts. The indexes suggest that these

galaxies had the bulk of their star formation at z � 1, while
some of the systems at z > 0.8 still had clearly detectable star
formation about 1 Gyr ago.

We have compared our spectral indexes at z ∼ 0.82
with those measured by [19] in the rich cluster MS 1054-
03 at z = 0.83 using the same index definitions from [13].
The average break amplitude and Hδ index of absorption
systems in MS 1054-03 are, respectively, D(4000)(abs) =
1.67 ± 0.00 and EQW(Hδ)(abs) = −1.7 ± 0.0 [19, Table
4]; amplitude of measurement errors estimated by Tran et
al. by Monte Carlo. Our absorption systems at z ∼ 0.82
appear to have younger stellar populations as indicated both
by D(4000) and EQW(Hδ) (Table 3). They have clearly less
A stars than composite E+A field galaxies at 〈z〉 = 0.6, for
which D(4000) (abs) = 1.36 ± 0.02 and EQW(Hδ) (abs) =
−4.6± 0.2 as measured by Tran et al. [20].

Our SSP models (Table 4) indicate that absorption line
systems at z � 0.65 show more than 50% of stars younger
than 2.5 Gyrs, while those at z � 0.8 had star formation only
about one Gyr ago.

4.2. Absorption Systems as Function of Luminosity at z = 0.29.
Having tested bright absorption systems at various z (with
cutoff at MR = −18.8) we now turn to faint absorption
galaxies in the cluster at 〈z〉 = 0.29 by combining the
spectra of the 10 faintest galaxies without emission-lines.
Their average R-band magnitude is R = 22, which at a
distance modulus of 40.18 corresponds to MR = −18.2, and
the faintest object has MR = −17.44. Their mean indexes,
D(4000) = 1.55± 0.01; Hδ = −2.27± 0.04, measured on the
spectrum shown in Figure 5 are consistent with a younger
age than absorption line galaxies with MR � −18.8 (Table 3)
in the same cluster. This is in agreement with the well known
evidence that the stellar populations in absorption systems
tend to be younger in low-mass galaxies than in the more
massive ones (e.g., [21]). The index values are in fact very
close to those of our bright absorption systems at z = 0.8.
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Table 5: D(4000), [OII] equivalent width, and Hδ index for emission-line galaxies. Index errors are measured on combined spectra. The
number of objects in each bin, Ngal is listed in the second column and the rms dispersions in the index distributions within each bin are
listed in parenthesis. The values of EQW(Hδ) marked (∗) were measured after fitting an underlying absorption profile on spectra displaying
Hδ both in absorption and in emission. The S/N ratios of the continuum spectra in the range 4150–4250 Å for a pixel element of 2.6 Å, are
given in the last column.

〈z〉 Ngal D(4000), (σ) EQW([OII]), (σ) EQW(Hδ) S/N

0.29 25 1.22± 0.02 (0.16) 19.6± 0.3 (17) −3.07± 0.2 32

〈0.43〉 75 1.22± 0.01 (0.14) 17.9± 0.3 (12) −3.01± 0.1 52

〈0.65〉 60 1.14± 0.01 (0.12) 19.0± 0.3 (12) −3.3± 0.1 35

0.82 22 1.07± 0.02 (0.09) 37.2± 0.7 (16) −5± 0.7 (∗) 28

〈0.9〉 44 1.08± 0.01 (0.10) 39.7± 0.5 (20) −5± 0.5 (∗) 31

0.99 16 1.08± 0.02 (0.13) 43.5± 0.9 (23) −5.5± 0.7 (∗) 25
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Figure 5: Normalized spectra of the 10 brightest (in red) and the 10
faintest (in blue) absorption-line galaxies in the cluster at z = 0.29,
and the full sample of absorption-line systems at z = 0.82 (in cyan).

The SSP models indicate that on average about 80% of
the stars in the 10 faintest galaxies are younger than 2.5 Gyr
(Table 4), that is, were born at z < 1. For comparison, 80%
of the stars contributing to the spectrum of the brightest
absorption galaxies in the cluster are older than 2.5 Gyr
(Table 4).

To illustrate the full spectrum continuum difference
between bright and faint systems at z = 0.29 and the
similarity of faint spectra at z = 0.29 with bright spectra
at z = 0.8, we have plotted in Figure 5 the average spectra
of the 10 brightest and the 10 faintest absorption systems at
z = 0.29, and the average spectrum at z = 0.82.

At a redshift of z ∼ 0.8 (i.e., ∼4 Gy earlier), the red-
sequence of our unrelaxed cluster at z = 0.29 (merging
central system; elongated intracluster light and galaxy distri-
bution) was already in place but was truncated at brighter
magnitudes because those faint absorption systems which
have 78% of stars younger than 2.5 Gyr, were in the process of
star formation, and would be classified star-forming galaxies.

This is consistent with the observation that some clusters at
z 
 1 have red sequences truncated at faint limits [6, 14], and
supports the picture of an environmental dependence of red
sequence truncation presented by [22]. Our findings are also
in agreement with [23] scenarios in which final assembling
in the red-sequence can be observed well below z = 1. The
red sequence at 〈z〉 = 0.29 will be studied in more detail
together with the cluster dynamics and the ICL of the RX
J0054.0-2823 cluster core in a forthcoming paper [24].

5. Emission-Line Galaxies

After removing the absorption line galaxies from the sample,
the variation of the spectral continuum of galaxies with
emission-lines as function of redshift becomes significantly
stronger (Figure 3(b)). Table 5 gives the values of the physical
distribution dispersions σ(D(4000)) and σ(EQW([OII])),
measured on individual galaxies in each redshift bin.

The observed changes in spectral continuum shape in
the local indexes given in Table 5, and in the best fit stellar
population models presented in Table 4 take place over
cosmological time scales of order 4 Gyr. Since for single
bursts the models predict such variations on time scales of
less than 2 Gyr, we interpret the observed spectral changes
as an evolutionary sequence where, on average, galaxies with
various bursts at various rates and ages, “migrate” towards
redder types as they evolve. These results are in agreement
with the well known steep increase in SFR between redshifts
0 and 1 [25–28].

Before examining this evolution in more detail, we would
like to know which fraction of our emission-line objects
are AGNs, and which fraction are star-forming galaxies.
Methods based upon intensity ratios of emission-lines were
devised long ago to distinguish photo-ionization by AGN
from star formation [29–31]. Kauffmann et al. [13, 31]
isolate star-forming galaxies by using a diagram based
upon [OIII]/Hβ and [NII]/Hα which cannot be used here.
Nevertheless the condition [OIII]/Hβ � 3 separates well
AGNs from star-forming galaxies and LINERs, as shown in
Figure 7 of Yan et al. [32]. In order to estimate the AGN
contribution we apply the condition [OIII]/Hβ � 3 to the
redshift limited region 0.35 � z � 0.65 excluding the cluster
at z = 0.29. In the layer 〈z〉 = 0.68 the fraction of spectra
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Table 6: Values of the 4000 Å break amplitudes and EQW([OII])
dividing “blue” and “red” emission-line galaxies.

〈z〉 D(4000) EQW([OII])

0.29 1.19 19

〈0.43〉 1.22 18

〈0.65〉 1.14 19

〈0.9〉 1.07 37
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0.65

0.9
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Figure 6: Diagram of the 4000 Å break amplitude plotted versus
the equivalent width of [OII] for all the galaxies of our sample.
The global parameters measured in the combined spectra are
overplotted in different colors labeled by their redshifts. Individual
errors are not shown; the bulk of individual spectra have typical
errors of 8% in D(4000) and 20% in EQW([OII]).

truncated at λ = 4950 Å is 16% and increases with z. We find
that 8% of our emission-line galaxies have Seyfert spectra.

5.1. Partitioning the Emission-Line Galaxies in “Red” and
“Blue” Systems by Their Continuum Slope. In order to
examine the evolution of our emission-line galaxies, we
partition the sample in two halves: those with continuum
slopes bluer than the average and those with continuum
slopes redder than the average. Our intention is to divide the
data in two groups by using the simplest possible statistical
method, with the first group containing starburst galaxies
and the second objects in a more advanced evolutionary
stage. The resulting values of D(4000) and EQW([OII])
parameters for galaxies with spectral continua near the
median of the partition, are given in Table 6.

While a median partition does not necessarily represent
a physical partition, in our case the choice is justified by
the relation between EQW([OII]) and D(4000) shown in
Figure 6.

The average values of EQW([OII]) and D(4000) for “red”
and “blue” continuum spectra are overplotted, showing
that our simple median partition in continuum separates
objects with a large spread in D(4000) and small spread in
EQW([OII]) (EQW[OII]< 15 Å), from objects with a large
spread in EQW([OII]) and small spread in D(4000) (0.8 <
D(4000) � 1.2); it divides “young” galaxies, for which the
evolution is dominated by ongoing star formation from “old”
galaxies where the evolution is dominated by changes in the
older stellar populations.

5.2. Blue Emission-Line Galaxies. The average parame-
ters D(4000), EQW([OII]), and EQW(Hδ) of the spectra
obtained by combining the blue half of emission systems
shown in Figure 7(a) are given in Table 7, and their locations
in the (EQW([OII]-D(4000)) diagram are overplotted in
Figure 6 as indicated in the caption.

We clearly see in Figure 7(a) that the spectra in the
redshift bins z = 0.29, 0.43 and 0.65 are basically indis-
tinguishable from each other: they correspond to starbursts
showing strong [OII] and bright UV.

The population of Seyferts being small, the spectra of
most of blue objects are dominated by an ongoing stellar
burst essentially undiluted by older stellar populations.
Galaxies with a few giant HII regions diluted by a sufficiently
large population of old stars will by definition be part of the
red half of the sample. The three redshift bins are separated
by ∼1 Gyr each in cosmic time, so the starbursts that we are
observing in one bin will not be classified as starburst in the
next (lower z) bin. Therefore, the population of starburst
galaxies must be repopulated from one bin to the next either
by new star formation events in the same galaxies, or by new
galaxies going through the starburst phase. This significant
production of new starbursts will populate the starting point
of new evolutionary sequences at each redshift. Figure 7(a)
also shows that at z > 0.68 the blue emission-line galaxies
are even bluer than at lower z implying an even higher
birthrate of starbursts in the corresponding redshift range
0.8 � z � 1, or a higher nuclear activity. This implies that
the populations of starburst galaxies must be continuously
repopulated between z ∼ 1 and z ∼ 0.3.

5.3. Red Emission-Line Galaxies. After having isolated the
two extremes of our galaxy population: starburst dominated
emission-line galaxies, and absorption line systems, we now
turn to the galaxies in intermediate evolutionary stages.

The middle panel of Figure 7 shows the spectra of the red
half of emission-lines galaxies in the corresponding redshift
bins. The most conspicuous changes in the spectra are the
systematic increase in UV continuum and [OII] strength
with redshift. The average values of EQW([OII]), D(4000),
and EQW(Hδ) in each redshift bin are given in Table 8
and are overplotted on the (EQW([OII])-D(4000)) diagram
of Figure 6 showing an increase by a factor almost 3 in
EQW([OII]) between 〈z〉 = 0.43 and 〈z〉 = 0.9 coupled to
a significant decline in the amplitude of the 4000 Å break.

In order to quantify the evolution of the continuum to
the red of the G band, we introduce a G-step index as the
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Table 7: D(4000) and equivalent widths of [OII] and Hδ of average “blue” emission-line galaxies. Values marked (∗) have Hδ both in
absorption and in emission. In those cases, EQW(Hδ) was measured by fitting a profile to remove the emission component. Objects for
whichHδ was not visible in emission (in the 〈z〉 = 0.43 bin) may still have the bottom of the absorption profile contaminated with emission.
The S/N ratios of the continuum in the wavelength range 4150–4250 Å are given in the last column.

〈z〉 D(4000) EQW([OII]) EQW(Hδ) S/N

0.29 1.11± 0.01 34.3± 0.5 −4± 0.5 (∗) 23

0.415 1.09± 0.01 32.3± 0.5 −2.64± 0.08 40

〈0.43〉 1.12± 0.01 27.9± 0.4 −2.84± 0.08 49

0.447 1.18± 0.01 22.3± 0.6 −3.60± 0.07 42

0.63 1.07± 0.015 40.8± 0.7 −3.5± 1 (∗) 15

〈0.65〉 1.09± 0.01 30.3± 0.7 −5± 0.5 (∗) 28

0.68 1.11± 0.015 21.3± 0.8 −5± 0.5 (∗) 32

0.82 1.04± 0.02 53.1± 0.8 −6± 0.5 (∗) 18

〈0.9〉 1.02± 0.015 53.8± 0.8 −5.5± 0.5 (∗) 23

0.99 1.02± 0.02 58.8± 0.9 −5± 0.5 (∗) 12

ratio of the [4550–4650] Å to the [4150–4250] Å fluxes. The
resulting values are given in Table 8. There is an increase of
16% in the G-step index between 〈z〉 = 0.65 and 〈z〉 = 0.29
and a corresponding increase of 9% in the D(4000) break.
These variations reach, respectively, 26% and 15% over the
redshift range 〈z〉 = 0.9 to 〈z〉 = 0.29. The G-step of absorp-
tion systems, also given in Table 8 for comparison, is in all
cases larger than the values for the red emission-line galaxies.
The red half of emission-line galaxies must have huge HII
regions at z > 0.6, while at lower z the HII regions are
more diluted by an older stellar continuum similar to what is
observed in local early-type spiral galaxies. As noted above,
the SSP models show that the single bursts require a much
shorter time to reach the red emission-line phase than the
time span corresponding to the redshift interval 0.3 < z < 0.6
(∼2 Gyr). Therefore, we are observing a mix of objects where
evolved emission-line galaxies tend to accumulate at lower z.

We have fitted the average spectra of red emission-line
galaxies in Figure 7(b) with spectral synthesis population
models. The resulting SSPs rebinned into 5 age ranges are
given in Table 9. The SSPs clearly show that star formation
in red emission-line galaxies is fading at z < 0.5 and most of
the stars in the observed spectra at z > 0.5 are younger than
2.5 Gyr.

5.4. Down-Sizing of Star Formation. The values of the
parameters D(40000) and EQW([OII]) that we find in the
average red spectrum at 〈z〉 = 0.9 (Table 8) are close to those
measured on the average blue spectra at z = 0.29 and 〈z〉 =
0.43 (Table 7), which are also fainter (Table 2). To quantify
this downsizing effect from z = 0.9 to z = 0.4 we determine
the range of luminosities for which galaxies have spectra
similar to luminous ( f � 1) galaxies at 〈z〉 = 0.9. Figure 8
shows the average spectra of bright and faint red emission
systems at 〈z〉 = 0.43. The “faint” objects at 〈z〉 = 0.43 have
an average magnitude R = 21.9, that is, MR = −19.0 or
f ≈ 0.3 while “bright” objects have f ≈ 1.66. Best fitting
SSP models are overplotted and the corresponding stellar
populations are reported in Table 10. Clearly the stellar mix
in our red galaxies at 〈z〉 = 0.9 (Table 9) has less young stars

than our faint galaxies at z < 0.5, and less intermediate-
old stars than our bright, f � 1, galaxies at z < 0.5. We
thus scanned the magnitude range of all our emission-line
galaxies at 〈z〉 = 0.43 with a band of magnitudeΔm ∼ 1−1.5,
averaged the selected spectra, and compared the averages to
the spectrum of bright galaxies at 〈z〉 = 0.9. Residuals were
calculated after scaling the 〈z〉 = 0.43 spectrum to the same
flux at 4150–4250 Å as for the 〈z〉 = 0.9 bright spectrum.
The minimum in the residuals was obtained by combining
spectra in the magnitude range 21.5 � R � 22.4. The average
spectrum at 〈z〉 = 0.43 and the difference with the bright
spectrum at 〈z〉 = 0.9 are shown in Figure 9.

The emission-line galaxies which were used to obtain the
above spectrum at 〈z〉 = 0.43 have a mean magnitude of R =
−19.86, or 〈 f 〉 = 0.40±0.03 at 4150–4250 Å while the bright
emission-line galaxies at 〈z〉 = 0.9 have 〈 f 〉 = 1.6 ± 0.3, a
factor of 4 larger! Therefore, the downsizing phenomenon in
our sample is of 1.2–1.7 magnitudes from z = 0.9 to z = 0.4.

Clearly there is a population of bright red emission-line
galaxies at z = 0.4 which we have not at z = 0.9. The
results of population synthesis models presented in Table 11
indicate that the bright red emission-line galaxies at z < 0.5
are the oldest. They are indeed the only ones where we detect
significant populations of stars older than 2.5 Gyr. We also
find that galaxies with stars older than 2.5 Gyr carry no
weight in the 〈z〉 = 0.65 bin. So these objects are rare at
z > 0.5.

5.5. The Red Limit of Emission-Line Galaxies. At each z we
have selected those galaxies with the reddest continuum
(the reddest quartile at each redshift bin). We will refer to
the combined spectra of these extreme sample as the red
envelope or red limit of emission-line galaxies. Since we are
working with small numbers of galaxies, typically 5–10, it
was necessary to combine the samples at z = 0.82 and
z = 0.99 to improve statistics. Nevertheless, because our
red emission-line galaxies are rather luminous the combined
continuum spectra still have high S/N ratios (Table 12). The
resulting spectra are shown in Figure 7(c). The common
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Figure 7: Composite spectra of galaxies with emission-lines:
(a) blue half; (b) red half; and (c) reddest. Spectra have been
normalized in the wavelength range Δλ = 4050–4250 Å and shifted
for clarity. The S/N ratios of the continuum in the wavelength range
4150–4250 Å are given in Tables 7, 8, and 12.Note the probable
contamination of blue spectra by Seyferts (conventionally defined
as galaxies with [OIII] � 3×Hβ; [30]).
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0.43 redshift bin selected in the magnitude range 21.5 � R � 22.4
(with 〈 f 〉 = 0.4 ± 0.03) and residuals between this spectrum and
that of bright (f � 1; 〈 f 〉 = 1.6 ± 0.3) emission-line galaxies at
〈z〉 = 0.9.

parts of the red envelopes of spectra at 〈z〉 = 0.29, 〈z〉 =
0.43, 〈z〉 = 0.65 are similar, while the red limit at 〈z〉 =
0.9 has higher UV continuum. Both the continuum and
the indexes of the red limit at z � 0.68 (i.e., D(4000) ∼
1.35–1.45, EQW([OII]) ∼ 4–8), are typical of nearby spirals
with prominent bulges and low star formation [12, 33, 34],
or early-type LINERs. Up to z ∼ 0.7 the populations of
red spirals and early-types can be well separated by their
morphology. The higher UV continuum and lower D(4000)
break amplitude of the limit spectrum at 〈z〉 = 0.9 indicate
that such red objects become rare at z � 0.68 in our sample.

5.6. Antihierarchical Galaxy Evolution. There are blue galax-
ies in each bin that are at least one magnitude brighter
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Table 8: Equivalent widths of [OII] and Hδ in absorption, 4000 Å break amplitudes, and G-step indexes for “red” emission systems. The
number of galaxies in each bin (Ngal) is given in the second column and the rms dispersions EQW([OII]) and D(4000) within each bin are
given in parenthesis as in Table 5. The values of EQW(Hδ) marked with a (∗) are measured as in Table 7. The S/N continuum ratios are
measured as in Table 5. The G-steps of absorption systems are listed in the last column for comparison.

〈z〉 Ngal EQW([OII]) D(4000) EQW(Hδ) G step S/N G step (abs)

0.29 13 13.2± 0.3 (11) 1.324± 0.038 (0.53) −1.89± 0.05 1.221± 0.012 27 1.470± 0.018

0.415 22 8.9± 0.4 (3.8) 1.330± 0.044 (0.17) −2.34± 0.05 1.181± 0.015 28 —

〈0.43〉 38 10.7± 0.5 (4.6) 1.317± 0.038 (0.15) −2.32± 0.05 1.164± 0.012 34 1.423± 0.018

0.447 16 10.5± 0.5 (5.5) 1.300± 0.040 (0.13) −2.48± 0.07 1.142± 0.016 34 —

0.63 17 13.9± 0.5 (6.6) 1.182± 0.032 (0.12) −3.80± 0.05 1.056± 0.014 29 —

〈0.65〉 29 14.3± 0.5 (6.0) 1.197± 0.037 (0.10) −4.42± 0.05 1.054± 0.010 37 1.369± 0.017

0.68 12 17.0± 0.7 (5.8) 1.215± 0.040 (0.07) −5.0± 0.1 1.054± 0.012 28 —

0.82 11 26.7± 0.7 (12.5) 1.118± 0.038 (0.08) −4.6± 0.5 (∗) 0.977± 0.019 22 —

〈0.9〉 23 29.5± 0.6 (19) 1.132± 0.040 (0.09) −5.3± 0.3 (∗) 0.971± 0.015 25 1.325± 0.034

0.99 9 30.3± 0.7 (19.7) 1.150± 0.050 (0.07) −5.5± 0.5 (∗) 0.965± 0.020 20 —

Table 9: Stellar population properties of red emission-line galaxies.

〈z〉 log Age
χ2

<8 8–8.7 8.7–9 9–9.4 >9.4

0.29 0.0 28.3 16.6 25.5 29.5 1.20

0.43 9.0 20.8 30.8 32.7 6.7 0.70

0.65 13.8 25.1 40.9 20.2 0.0 0.68

0.9 18.0 33.2 15.2 33.6 0.0 0.75

Table 10: Stellar population properties of faint ( f ≈ 0.3) red emission-line galaxies at z < 0.5.

〈z〉 log Age
χ2

<8 8–8.7 8.7–9 9–9.4 >9.4

0.29 (faint) 37 0 59 0 3.8 2.1

0.43 (faint) 24 6 41 24 4.5 1.0

Table 11: Stellar population properties of red emission-line galaxies with luminosity f > 1.

〈z〉 log Age
χ2

<8 8–8.7 8.7–9 9–9.4 >9.4

0.29 0.0 22.5 31.6 7.7 38.2 1.50

0.43 19.0 0.1 48.0 0.9 32.0 1.17

0.65 6.2 40.8 24.5 28.5 0.0 1.15

Table 12: Equivalent width of [OII], 4000 Å break amplitude, Hδ index, and the G-step of the red envelope of emission-line galaxies. The
continuum S/N ratios are given in the last column.

〈z〉 EQW([OII]) D(4000) EQW(Hδ) G step S/N

0.29 4.2± 0.3 1.35± 0.07 −1.8± 0.3 1.224± 0.017 19

0.43 8.5± 0.2 1.39± 0.06 −2.5± 0.2 1.268± 0.014 24

0.65 8.3± 0.2 1.44± 0.06 −3.0± 0.2 1.273± 0.012 29

0.9 9.0± 0.3 1.30± 0.07 −3.9± 0.2 — 18
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than the average in their redshift bin, and, consequently,
that are brighter than the average of red galaxies in the next
(lower z) bin. Therefore, as the starbursts fade, some of
the parent galaxies will fall below our magnitude limit and
leave the sample, while others will migrate to the red half
of the next lower redshift bin. This indicates that the two
populations are connected and that the starbursts in one bin
will evolve to populate the fainter portion of the distribution
of red emission-line galaxies in the next bin at lower redshift.
A typical starburst galaxy in one redshift bin, however, is
not sufficiently luminous to populate the whole range of
luminosities of red emission-line galaxies in the next bin, so
the brightest red galaxies must come from older and brighter
starbursts.

The fainter emission-line galaxies may have had more
recent starbursts than the brighter ones, but also the
frequency of starbursts must be decreasing to explain the
extension of red spectrum types to fainter objects. The
downsizing is, therefore, twofold: in the range 0.3 � z �
1 both the luminosity and the frequency of starbursts
decrease with time. It is as if the strongest mode of star
formation switches off progressively from the brightest to the
faintest systems. The Universe produces smaller and smaller
starbursts systems as it evolves: the large become old and
small become beautiful.

We are in fact observing a combination of four effects,
of which the following three are shifting from bright to faint
systems with decreasing z: strong star formation in emission-
line galaxies; aging in emission-line galaxies; and aging in
absorption systems. The fourth effect is the repopulation of
starbursts in each redshift bin.

Cold Dark Matter (CDM) models are hierarchical in
the sense that large halos are built from the merging of
small halos. Our observations indicate that, similarly to what
has been observed for ellipticals in clusters [35], in our
pencilbeam sample of the Universe star formation and halo
assemblage are not in phase. This would imply that the era
when CDM merging and star formation were massively in
phase was much further in the past.

The abundance of haloes of various masses forming at
a given time is very broad and is not a simple hierarchical
model in which large halo form at a late time [36]. The
gravitational sequence of halo formation may be further
modified by the galaxy formation physics which may change
the efficiency of galaxy formation as function of halo mass.
Simulations that incorporate a shutdown seem to be able
to reproduce downsizing trends [37]. Gravitational shifts in
halo formation time are enhanced by the inclusion of AGN
feedback [38–40]. It would be important to compare our
data with large ΛCDM simulations, such as for example
the “Millenium Run” [41] to determine which physical
ingredients need to be added to CDM halo buildings to
reproduce our observations.

6. Summary and Conclusions

We have analysed spectral energy distributions as function
of redshift of a magnitude limited sample up to z ∼ 1 in a
pencil beam survey of ≈ 10′ × 10′. The redshift range has

been divided in bins centered on the structures that were
detected in the (RA, Dec, z) pseudovolume. The redshift
bins correspond to cosmic time slices of ∼1 Gyr. Our sample
of more than 600 galaxies is reasonably well populated for
galaxies brighter than MR = −18.8 up to z ≈ 0.5; at z � 0.75
the cutoff is at −20.5.

For each redshift bin combined the spectra normalized
to the same flux in the wavelength range 4050–4250 Å so
in the combined spectra each galaxy has equal weight. This
allowed us to study the evolution of the galaxy populations
independently of luminosity, and thus to extract spectral
properties going from bright high-z galaxies to fainter low-
z objects. We recovered the luminosity information by
calibrating the spectra with broad-band photometry. From
this analysis we reach the following conclusions:

(i) While absorption line galaxies do not show signif-
icant variation in their continuum energy distribu-
tions up to z = 0.6, we find that those at z � 0.8
still had some star formation about 1 Gyr earlier.
Moreover the faint absorption line galaxies in our
dynamically young cluster at z = 0.29 have indexes
similar to those of bright absorption line systems
at z = 0.8, suggesting that faint galaxies without
emission-lines tend to be younger than more massive
galaxies with similar spectra. Our population synthe-
sis models indicate that 50% of the stars contributing
to the spectra of faint absorption line galaxies at
z = 0.29 were formed at z < 1. This is consistent
with cases of truncated red sequences observed in
some high-z clusters and suggests that clusters with
truncated red-sequences may be dynamically young.
This also suggests that the red sequence is still in a
building phase at z � 1.

(ii) The average spectra of galaxies with emission-lines
show significant systematic variations in their energy
distribution with z, consistent with what is observed
in other regions of the Universe. However because
the original observations were targetted at measuring
the intergalactic light in a X-ray emitting cluster,
the survey region is not typical, we present results
that are still valid when the foreground cluster at
z = 0.29 is ignored. In our sample the “downsizing”
phenomenon is of 1.2–1.7 magnitudes from z = 0.4
to z = 0.9. When we divide the sample of emission-
line galaxies in two halves by continuum color, we
find that the spectral variations are consistent with
the following scenario:

(a) the brightest red emission-line galaxies at z <
0.5 have the oldest stellar populations;

(b) the Universe at z � 0.65 is repopulated with
starburst galaxies at a constant rate down to
z 
 0.3 while at z � 0.65 the birthrate of
starbursts is higher;

(c) the red half of emission-line galaxies become
redder with decreasing redshift and have lower
EQW([OII]) and higher D(4000), which we
interpret as the migration of a mix of galaxies
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of different ages towards galaxies with diluted
star formation or low photo-ionization. Red
galaxies with diluted star formation would be in
a late phase of smooth star formation.

(iii) The red limit in the energy distribution of emission-
line galaxies at z � 0.6 is typical of bulge-dominated
spiral galaxies with moderate star formation.

(iv) The intrinsic luminosities of starbursts decline with
cosmological time, and continue to decrease also in
the next evolutionary phase. Therefore, downsizing
must take place both in luminosity and in number
density.

To summarize, we find that as cosmological time
increases, star formation occurs predominatly in smaller
and smaller halos, implying that star formation and halo
assemblage in our pencil beam are not in phase.
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