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ABSTRACT

We have used the zCOSMOS-bright 10k sample to identify 3244 Spitzer/MIPS 24 pum-selected galaxies with
0.06 mJy < S24,m S 0.50mlJy and Ixg < 22.5, over 1.5 deg2 of the COSMOS field, and studied different spectral
properties, depending on redshift. At 0.2 < z < 0.3, we found that different reddening laws of common use in the
literature explain the dust extinction properties of ~80% of our infrared (IR) sources, within the error bars. For
up to 16% of objects, instead, the Ho A6563 /HB A4861 ratios are too high for their IR/UV attenuations, which is
probably a consequence of inhomogeneous dust distributions. In only a few of our galaxies at 0.2 < z < 0.3, the IR
emission could be mainly produced by dust heated by old rather than young stars. Besides, the line ratios of ~22%
of our galaxies suggest that they might be star-formation/nuclear-activity composite systems. At 0.5 < z < 0.7,
we estimated galaxy metallicities for 301 galaxies: at least 12% of them are securely below the upper-branch
mass—metallicity trend, which is consistent with the local relation. Finally, we performed a combined analysis of
the Hs equivalent width versus D, (4000) diagram for 1722 faint and bright 24 um galaxies at 0.6 < z < 1.0,
spanning two decades in mid-IR luminosity. We found that, while secondary bursts of star formation are necessary
to explain the position of the most luminous IR galaxies in that diagram, quiescent, exponentially declining star
formation histories can well reproduce the spectral properties of ~40% of the less luminous sources. Our results
suggest a transition in the possible modes of star formation at total IR luminosities Ltir ~ (3 £2) x 10" L.
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1. INTRODUCTION last' eight gi'gayears (Gyr}. At z > 1, the I.R background. is

mainly dominated by luminous and ultraluminous IR galaxies

Investigating the composition of the extragalactic IR back- (LIRGs and ULIRGS, with total IR [5—1000 wm] luminosities
ground (Puget et al. 1996; Elbaz et al. 2002; Dole et al. 2006) 10" Lo < Lt < 102 Lo and Ly > 10'% Lo, respectively).
at z < 1 is of key importance to understand galaxy evolution However, these populations are progressively less important at
and the global decline of the star formation rate density in the lower redshifts, becoming rare by the present epoch. The most
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typical IR sources at z < 0.7 are IR normal galaxies, i.e., those
with total IR luminosities Ltr < 101! L. Their study is funda-
mental to clarify the production of the bulk of the IR background
in the second half of cosmic time.

Our knowledge of IR galaxies at low redshifts was first pos-
sible thanks to studies conducted with the Infrared Astronomi-
cal Satellite (IRAS) and the Infrared Space Observatory (ISO;
see, e.g., Aussel et al. 1999; Genzel & Cesarsky 2000, for a
review), which revealed that both star formation and nuclear
activity were associated with the dust emission. More recently,
with the advent of the Spitzer Space Telescope (Werner et al.
2004) and the Akari Telescope (Matsuhara et al. 2006), a much
deeper insight into the nature of the z < 1 IR galaxy popu-
lation has been possible. We have now characterized their lu-
minosity evolution (e.g., Le Floc’h et al. 2005; Caputi et al.
2007; Magnelli et al. 2009), stellar masses (e.g., Caputi et al.
2006a, 2006b), and spectral energy distributions (SEDs; e.g.,
Rowan-Robinson et al. 2005; Rocca-Volmerange et al. 2007;
Takagi et al. 2007; Bavouzet et al. 2008; Kartaltepe et al. 2009;
Symeonidis et al. 2009), among others (see Soifer et al. 2008,
for a review).

Spectroscopic surveys at different wavelengths can add very
valuable information that help understand the nature of the
z < 1 IR sources. In addition to providing accurate redshift
determinations, spectroscopic data allow us to characterize other
aspects of IR galaxies, such as their extinction properties,
metallicities, and general chemical composition. The initial
optical/near-IR spectroscopic studies of IR galaxies at z < 1
targeted /RAS and ISO sources (e.g., Kim et al. 1995; Veilleux
et al. 1995, 1999; Franceschini et al. 2003; Flores et al. 2004,
Arribas et al. 2008; Garcia-Marin et al. 2009). In the Spitzer era,
and in light of larger spectroscopic campaigns, more systematic
studies of IR galaxies and their environments have been possible
(e.g., Choi et al. 2006; Papovich et al. 2006; Caputi et al. 2008
(CO8 hereafter), 2009; Desai et al. 2008).

In particular, optical spectra are useful to disentangle the
power source of the IR emission, which generally occurs
when the galaxy dust re-processes the energy provided by
the ultraviolet (UV) photons of young stars or active nuclei.
However, in some cases, the observed IR emission might not
be associated with any on-going stellar or nuclear activity, but
rather be produced by dust heated by old stars (e.g., Gordon et al.
2000; Kong et al. 2004; Cortese et al. 2006; but also see Young
et al. 2009), or even direct stellar emission. The importance
of these mechanisms within the IR galaxy population is not
yet well established. The identification of “passive” IR sources
is important to quantify the degree of contamination in the
IR-derived cosmic star formation rate densities. Spectroscopic
data can be very helpful to elucidate the presence of star
formation in sources that are presumably dominated by old
stellar populations.

Spectral features also carry the imprints of the galaxy star
formation history. Thus, for IR galaxies, optical spectra can
be used to investigate at what stage of the galaxy history the
IR phase is produced. Locally, the rare LIRGs and ULIRGs
are known to be mainly the consequence of galaxy mergers
that induce bursts of star formation and nuclear activity (e.g.,
Armus et al. 2007). Instead, more typical IR galaxies at z = 0
are usually less disturbed and appear to form their stars in a
more regular way. There are several clues that suggest that,
in the past, when LIRGs and ULIRGs were more common,
both the burst-like and quiescent modes of star formation could
also lead to the IR phase (e.g., Elbaz et al. 2007; Daddi
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et al. 2008). In spite of these different pieces of evidence, it
is not yet clearly established whether there exists a transition
in the possible modes of star formation between galaxies
of different IR luminosities. One of the main aims of this
work is to study such a transition in IR galaxies at 0.6 <
z < 1L.0.

The Cosmic Evolution Survey (COSMOS; Scoville et al.
2007) has been designed to probe galaxy evolution, star forma-
tion, and the effects of large-scale structure up to high redshifts.
The COSMOS field is defined by its Hubble Space Telescope/
Advanced Camera for Surveys (HST/ACS) 2 deg® coverage
(Koekemoer et al. 2007). There are multiple follow-up obser-
vations carried out in the COSMOS field, ranging from X-rays
to radio wavelengths. Among the photometric imaging observa-
tions, COSMOS includes the full and homogeneous coverage of
the field with the Spitzer Infrared Array Camera (Spitzer/IRAC;
Fazio et al. 2004) and the Multiband Photometer for Spitzer
(MIPS; Rieke et al. 2004), as part of Spitzer cycle-2 and 3
Legacy Programs (Sanders et al. 2007).

COSMOS also comprises a large spectroscopic follow-up
program named zCOSMOS (Lilly et al. 2007) that is being per-
formed with the Visible Multiobject Spectrograph (VIMOS;
Le Fevre et al. 2003) on the Very Large Telescope (VLT).
The zCOSMOS survey has two parts, one of which consists
in the observation of an I < 22.5 AB mag limited sam-
ple of 20,000 galaxies over 1.7 deg? of the COSMOS field
(zCOSMOS-bright). Here, we make use of the first half of spec-
tra observed and analyzed in zCOSMOS-bright, which consti-
tute the so-called “zCOSMOS-bright 10k sample” (Lilly et al.
2009).

This paper presents the second part of a study we have carried
out to analyze the optical spectral properties of 24 um-selected
galaxies in the COSMOS field, using the zCOSMOS-bright
10k sample. In this second part, we analyze 3244 IR sources
with 0.06mJy < S,m S 0.50mly, which constitute the
largest optical spectroscopic sample of mid-IR-selected galaxies
analyzed to date in the redshift range 0 < z < 1. The results
presented in this paper complement our first study of the optical
spectra of brighter MIPS 24 um sources (C08), and focus on the
most outstanding aspects discussed in this previous work. The
study of these new fainter galaxies is of particular importance:
they largely outnumber our previous sample and, especially,
span the typical IR luminosities that dominate the IR background
at z < 1 (Le Floc’h et al. 2005; Caputi et al. 2007; Magnelli
et al. 2009), covering a range in Ltr of, e.g., a few times 10'0
to 9 x 10" Ly at z = 0.5, and between Ltr ~ 9 x 10'° and
5x 10" Lgatz =1.

The layout of this paper is as follows: in Section 2, we
describe the deep MIPS 24 um and zCOSMOS-bright data sets
and the cross-correlation of the two catalogs. In Section 3, we
give details about the rest-frame mid-IR luminosities for our
galaxies. We present our results in Sections 4 and 5, based
on a variety of line diagnostics in different redshift ranges:
we extensively discuss the dust extinction properties of our
galaxies at 0.2 < z < 0.3, and study metallicities and stellar
masses at 0.5 < z < 0.7. Later on, we perform a combined
analysis of our present faint and previous brighter IR samples
at 0.6 < z < 1.0 to investigate the possible mechanisms of star
formation in IR galaxies, and how they vary with IR luminosity.
Finally, we summarize and discuss our results in Section 6. We
adopt throughout a cosmology with Hy = 70kms~! Mpc~!,
Qv = 0.3 and Q4 = 0.7. All quoted magnitudes and colors
refer to the AB system.
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2. DATASETS
2.1. The zCOSMOS-bright 10k Sample

The zCOSMOS survey (Lilly et al. 2007) is a very large
spectroscopic program being performed with VIMOS (Le Fevre
et al. 2003) on the VLT. VIMOS is a multi-slit spectrograph
with four non-contiguous quadrants that cover 7 x 8 arcmin?
each. zCOSMOS is designed to have a uniform pattern of
pointings and a multiple-pass strategy, which guarantee a
uniform coverage of the field. The technical characteristics of
this survey are explained in further detail by Lilly et al. (2007).

In zCOSMOS-bright, the vast majority of targets are se-
lected randomly from a complete / < 22.5 AB mag catalog
(the “parent catalog”). This selection /-band magnitude corre-
sponds to a total HST/ACS F814W magnitude in most cases.
zCOSMOS-bright also includes a set of targets that have been
selected for specific reasons, e.g., X-ray or radio sources. All
the observations are performed with the R ~ 600 VIMOS
medium-resolution (MR) grism, with a spectral coverage of
(5500-9500) A and a dispersion of 2.55 A. The spectra are au-
tomatically reduced using the VIPGI software (Scodeggio et al.
2005), and the redshift determination of each source is manually
checked on an individual basis by two independent reducers.

The confidence in the redshift determination of each source
is qualified with a flag, whose values can be: 4 (completely
secure redshift); 3 (very secure redshift, but with a very
marginal possibility of error); 2 (a likely redshift, but with
a significant possibility of error); 1 (possible redshift); 0 (no
redshift determination); and 9 (redshift based on a single secure
narrow line, which is usually [O11] A3727 or Ha 16563). The
addition of +10 to the flag indicates a broad-line active galactic
nucleus (BLAGN). The confidence flags are manually assigned
and reconciled by the two independent reducers (see Lilly et al.
2007, 2009 for further details).

Independently, photometric redshifts for the entire zCOS-
MOS sample have been obtained with the Zurich Extragalactic
Bayesian Redshift Analyzer (ZEBRA; Feldmann et al. 2006),
using the UV through near-IR waveband data available for the
COSMOS field. Also, a newer set of photometric redshifts based
on 30-band photometry have been derived by Ilbert et al. (2009)
and Salvato et al. (2009). Tests performed on objects with dupli-
cate spectra of different quality show that good-quality photo-
metric redshifts as those obtained with the COSMOS data sets
can be useful to confirm less-secure spectroscopic redshifts,
such as those with flag = 2, 1, or 9 (see Lilly et al. 2007). The
differences between the photometric and spectroscopic redshifts
are Az < 0.08 x (1 + z) for >93% of the objects with spectro-
scopic flag = 2, 3, or 4, and for 72% of those with a flag = 1
(Lilly et al. 2009).

In this paper, we make use of the “zCOSMOS-bright 10k
sample” over 1.5 deg2 of the COSMOS field, in which 10,580
out of 10,644 sources have I < 22.5 AB mag. This first set
of zZCOSMOS-bright spectra is now publicly available.”* A full
description of this data set can be found in Lilly et al. (2009).

2.2. The SCOSMOS MIPS Deep 24 um Catalogue

The SCOSMOS survey (Sanders et al. 2007) comprises IRAC
3.6, 4.5, 5.8, and 8.0 pum and MIPS 24, 70, and 160 pum
observations including the entire 2 deg? of the COSMOS-ACS
field, and are part of the Spitzer cycle-2 and 3 Legacy Programs.

24 http://archive.eso.org/cms/eso-data/data-packages/zcosmos-
data-release-dr2/
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Figure 1. zZCOSMOS-bright 10k and the SCOSMOS/MIPS shallow and deep
sample coverage fields.

(A color version of this figure is available in the online journal.)

In cycle-3, the COSMOS field has been mapped at 24 um
down to a flux density S»4,m ~ 0.06 mJy (SCOSMOS-deep).
The source extraction and photometric measurements on the
24 pm maps have been performed with the SExtractor soft-
ware (Bertin & Arnouts 1996) and the DAOPHOT package
(Stetson 1987), respectively. A point-spread function (PSF)-
fitting technique for measuring the photometry has been nec-
essary to deal with blending problems. Further details on the
SCOSMOS survey as well as the data reduction and source de-
tection procedures are given by Sanders et al. (2007) and Le
Floc’h et al. (2009).

The final SCOSMOS-deep 24 um catalog contains 52,092
sources with Sy4 ;m > 0.06 mJy over the entire COSMOS field,
with ~70% of them lying within the zCOSMOS-bright 10k-
sample area (see Figure 1).

2.3. Cross-correlation of the Catalogs

We performed the cross-correlation of the MIPS-deep and
zCOSMOS-bright 10k catalogs in the same way as we did it for
the shallow MIPS 24 pum sample in C08, so we only summarize
the procedure here, quoting the figures corresponding to the
matching of the deep 24 um sample.

First, as the vast majority of our zCOSMOS-bright 10k
sources are randomly taken from an / < 22.5 AB mag complete
catalog, it is important to make clear what fraction of the
S24um > 0.06 mJy sources can be identified with such an optical
magnitude cut. To determine this fraction, we cross-correlated
the SCOSMOS-deep 24 um catalog with the ZCOSMOS-bright
“parent catalog,” We obtained that around 39% of Sy4,m >
0.06 mJy sources are associated with an / < 22.5 AB mag
counterpart and, therefore, our analysis can be considered as
representative of this fraction of 24 m sources.

The cross-correlation of the deep 24 um catalog with the
zCOSMOS-bright 10k catalog allowed us to identify 4497 IR
sources, using a matching radius of 2 arcsec. This figure is
the result of simultaneously considering: the fraction of all
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Figure 2. zCOSMOS redshift distributions of the new 24 um sources identified
in this work and those considered for spectroscopic analysis (empty and filled
histograms, respectively).

(A color version of this figure is available in the online journal.)

24 pm sources lying in the zCOSMOS-bright 10k-sample field
(~70%); the fraction of sources selected with the I < 22.5 mag
cut (39%), and the zCOSMOS-bright 10k sampling rate, i.e.,
~1/3 of the I < 22.5 sources.

To assess the presence of false identifications, we performed a
separate cross-correlation of the deep 24 um catalog with a deep
complete / < 25 AB mag catalog available for the COSMOS
field (Capak et al. 2007). We found that a small fraction of
our 24 um sources (138 out of 4497, i.e., 3%) have an optical
I < 25 AB mag association that is closer than the zCOSMOS-
bright 10k counterpart. We excluded these 138 sources from our
analysis.

Out of the remaining 4359 24 um/zCOSMOS identifications,
3865 sources (i.e., ~89%) have a good-quality redshift determi-
nation (as indicated by their zZCOSMOS quality flags; see Lilly
et al. 2007 and CO08). Of these sources, 3838 are galaxies, while
the other 27 are galactic stars.

Finally, our sample of 3838 24 um galaxies with good-quality
zCOSMOS-bright redshifts and spectra contains 594 objects
that we have already analyzed in CO8. (Note that the very
small discrepancy of 2% in the number of bright 24 um galaxies
analyzed in CO8 and found here is due to the update of the 24 ym
and zCOSMOS-bright 10k catalogs). In this work, we study
new 3244 galaxies with 0.06 mJy < Sps,m S 0.50mlJy, and
combine or compare with our previous results for the brighter
24 um sample, where appropriate.

Nearly 97% (99%) of the 3244 galaxies in our final sample
lie at z < 1.2 (z < 1.5), as can be seen in Figure 2. This
figure also indicates the redshift bins and subset of galaxies
that we effectively consider for spectroscopic analysis in the
following sections. The 1% high-redshifttailatz > 1.51is almost
exclusively composed of sources identified as BLAGN with
the zZCOSMOS spectra. Within our 24 um/zCOSMOS sample,
there are 88 BLAGN in total at any redshift. Roughly half of
them are at z > 1.5.

3. IR LUMINOSITIES

We computed the rest-frame 24 zm luminosities vL2*#™ of
the 3244 galaxies in our final sample in the same way as in CO8:
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we used the observed 24 um fluxes, the zZCOSMOS redshifts,
and the k-corrections derived using the Lagache et al. (2003,
2004) IR SED models. Our galaxies have 24 ym luminosities
vL24Hm 2 108 L at z = 0.1, roughly between 10° and 101° L,
at z = 0.5, and between 10' and ~10'"' Ly at z = 1.

The estimated total IR luminosities Lyig of these galaxies
depend on the recipe used to convert monochromatic into
bolometric IR luminosities. By adopting the vL2**M_Lpg
calibration of Bavouzet et al. (2008), we obtain that our galaxies
span Lyr values between a few times 10'? and 9 x 10'° L at
7z =205, and Lyig &~ 9 x 10 and 5 x 10" Ly at z = 1.
These total IR luminosities imply that our sample is composed
of IR normal galaxies at intermediate redshifts, and mainly
LIRGs by z = 1. The analysis of IR sources in these luminosity
ranges is particularly important, as they make the bulk of the
IR background at these redshifts (Le Floc’h et al. 2005; Caputi
et al. 2007; Magnelli et al. 2009).

In general, the SED models and recipes used to estimate
IR luminosities apply only to IR galaxies dominated by star
formation. The SED of some AGNs, instead, are characterized
by a power-law shape f, o« v* (witha < O; see, e.g., Elvis et al.
1994; Alonso-Herrero et al. 2006). As in CO8, we analyzed
the Spitzer/IRAC photometry available for our galaxies to
determine those cases in which the fluxes in the four IRAC
channels 3.6, 4.5, 5.8, and 8.0 um are consistent with a single
power law, within the error bars. We found that 96 of our 3244
galaxies have an IRAC power-law SED, and nearly 80% of them
are also zZCOSMOS-classified BLAGN.

4. SPECTRAL DIAGNOSTICS AT 0.2 < z < 0.3
4.1. Balmer Lines and Optical Colors

The wavelength coverage (5500-9500) A of the VIMOS
MR zCOSMOS spectra allows for different Balmer lines to
be observed at different redshifts. The spectral quality is quite
uniform up to wavelengths 1 ~ 8000 A, but is degraded by
fringing at longer wavelengths, especially at A > 8500 A. Thus,
for example, although one can in principle observe the Ho 16563
line up to redshift z &~ 0.45, reliable measurements of this line
on individual spectra are generally only possible for sources at
7503,

We measured the fluxes and equivalent widths (EWs) of all
lines in our spectra by direct integration on the rest-frame
spectra. To minimize the errors introduced by fringing, we
manually checked the measurements of those lines at observed
8000A < A < 8500 A which had particular problems, such
as a significantly shifted center. We have not performed line
measurements beyond observed A > 8500 A.

In this section, we focus on the analysis of those spectra in
which the two main Balmer lines Ho 16563 and HB 14861 are
simultaneously present, as their flux ratio provides information
on the dust obscuration affecting the on-going star formation in
IR galaxies. With this purpose, and willing to avoid measuring
lines both in the fringing region and the blue edge of the
spectra, we performed simultaneous Ha 16563 and HB A4861
measurements only for the 204 IR galaxies that lie at 0.2 < z <
0.3 within our sample (none of which is classified as a BLAGN).

We corrected both the He A6563 and HB 14861 emission-line
measurements for stellar absorption. We estimated the stellar
absorption correction in each case by fitting the continuum of
each spectrum with synthetic stellar SEDs from the Bruzual &
Charlot 2007 library (Bruzual & Charlot 2003; Bruzual 2007).
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Figure 3. Ho 16563 and HB 244861 EWs vs. luminosities for our IR galaxies at 0.2 < z < 0.3 (left and right-hand panels, respectively). All measurements are
corrected for stellar absorption, and line luminosities also include aperture corrections.

(A color version of this figure is available in the online journal.)

We also applied aperture corrections to account for the fact that
the slits in the VIMOS masks have a width of only 1 arcsec. To
obtain the aperture corrections, we convolved each zCOSMOS
spectrum in our sample with the Subaru Suprime-Cam R and
I-band filters, and compared the resulting magnitudes with the
total magnitudes of our galaxies, as available in the COSMOS
optical photometry catalogues (Capak et al. 2007).

Within our sample at 0.2 < z < 0.3, 189 out of 204 (>92%)
galaxies have Ha 16563 EW > 5 A (before stellar absorption
correction). This means that these galaxies have an ongoing
star formation that is significant with respect to the underlying
stellar population. The remaining 15 galaxies with Ho 16563
EW < 5A will be analyzed later, but we anticipate that only
among them can we expect to have sources in which the IR
emission is likely to be associated with dust heated by old
stars rather than UV photons from ongoing star formation. The
adopted limit (EW = 5 A) to separate our galaxy sample is the
same as the one we used in CO8 and, of course, is arbitrary.
However, no result or conclusion in this work depends on the
exact value of that limit.

Among the 189 24 um galaxies with Hae 16563 EW > 5A
at 0.2 < z < 0.3, 94 also have HB 14861 EW > 5 A, while
the other 95 have lower HB 24861 EW values. This is not very
surprising as, even in the absence of extinction, there is no
reason for both Ho 16563 and HB 214861 EWs to be similar.
Their ratio depends on the galaxy age and star formation history
(because they determine the slope of the continuum between
the Ho 16563 and HB 14861 wavelengths). In addition, any
possible differential extinction between gas and stars could also
influence the EW ratio. We discuss in more detail the extinction
properties of these sources in Section 4.3.

Although here we classify our galaxies according to their
Ho 6563 and HB 24861 EWs (which measure the relative
importance of the on-going and the past integrated star formation
histories), it is instructive to see the behavior of these quantities
with respect to the line luminosities (Figure 3). Globally, the
EWs and luminosities relate to each other, although with non-
negligible dispersion. This is both due to the different optical
continuum levels in IR galaxies, and the spectral measurement
errors.

In this section, our main interest is to investigate whether
IR galaxies with different Balmer line EWs can be recognized
by their optical broadband colors, and how, in general, the
optical color distribution of IR galaxies compares with the color
distribution of the entire zZCOSMOS 10k sample.

The left-hand panel of Figure 4 shows the distribution of the
observed (B — i) colors for all zZCOSMOS-bright 10k galax-
ies at 0.2 < z < 0.3, compared to the color distribution for
the 24 um/zCOSMOS sources (note that the number of all
zCOSMOS-bright galaxies is renormalized to 204 to coincide
with the number of 24 um/zCOSMOS sources in this redshift
range). On the right-hand panel, we plot the respective (B — i)
color distributions for the 24 um/zCOSMOS sources with
Ha 26563 and HB 14861 EW > 5 A; Ha 16563 EW > 5 A and
Hp 14861 EW < 5 A;andbothEW < 5 A.Inall cases, the (B —
i) are total (i.e., aperture-corrected) colors measured on the Sub-
aru Suprime-Cam images for COSMOS (Taniguchi et al. 2007).

The comparison of these different histograms clearly shows
that, while the overall zZCOSMOS galaxy population at 0.2 <
z < 0.3 displays a bimodal color distribution, this bimodality
is not seen for the IR sources. This is basically due to the
relatively higher fraction of “green valley” 1.3 < (B —1i) < 1.7
galaxies within the 24 um sample, and lower fraction of blue
(B — i) < 1.3 galaxies, which suggests that the zCOSMOS
sources detected at 24 um are on average more obscured.

When we analyze the (B — i) color distributions for the
IR galaxy samples with different values of Ho A6563 and
HpB 14861 EWs, we see the following: those galaxies with both
Ho 16563 and HB 14861 EW > 5 A make most (~75%) of the
optically blue (B — i) < 1.3 IR galaxies. Instead, the “green
valley” and red IR galaxies are mainly sources with HB 14861
EW < 5A (58% and 78%, respectively). Therefore, although
there is no one-to-one relation between the line EWs and the
broadband flux ratios, one can roughly predict the spectral
characteristics of IR galaxies according to their different optical
colors.

A similar conclusion can be extracted by plotting the ob-
served (B — i) colors as a function of the Balmer decrement
L(Ha)/L(HPB) (Figure 5). In this diagram, it is clear that galax-
ies with HB 214861 EW < 5 A dominate the region defined by
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(A color version of this figure is available in the online journal.)

(B — i) > 1.3. The vast majority of our 24 um galaxies display
Ho 16563 /HpB 14861 values above the intrinsic ratio in the typ-
ical case B recombination with 7 = 10,000K (i.e., Hox A6563/
HpB 14861 = 2.87; Osterbrock 1989), independently of their op-
tical colors, indicating in all cases significant dust attenuations.
However, nearly all the sources with the highest dust extinctions
Ha 16563/HB 14861 > 7 have (B — i) 2 1.3 (cf. Section 4.3).

The stacked spectra of the sources with HB 14861 EW < 5 A,
classified according to their (B — i) colors, are useful to

summarize the average spectral properties (Figure 6). These
stacks show that the Balmer line EWs become smaller for redder
colors, with the (uncorrected) HB 14861 EW ranging from
(3.48 £ 0.50) A for the (B — i) < 1.3 stack, to (0.62 £ 0.20) A
for that with (B — i) > 1.7. The average stellar-absorption-
corrected L(Hwa)/L(HpB) ratio varies from (4.12 + 0.52) to
(10.3 £ 2.6), respectively.

4.2. IR Galaxies with He EW < 5 A

Our 24 um/zCOSMOS galaxy sample at 0.2 < z < 0.3
contains 15 sources whose individual Hoa 16563 EWs are
smaller than 5A. This indicates that either the ongoing star
formation in these galaxies is insignificant with respect to their
integrated past star formation history, or that there is a very
different degree of extinction in the gas associated with the new
star formation and the old stars responsible for the continuum
light. In this section, we investigate in detail the properties of
these galaxies, and discuss in particular the origin of their IR
emission.

Figure 7 shows the average stacked zZCOSMOS spectrum of
these 15 galaxies. This spectrum is characterized by a weak
Ha 26563 line in emission with EW = (4.8 + 1.0)A, and
an HpB 14861 line in absorption that indicates the importance
of the underlying old stellar populations. The presence of
prominent absorption Mg1 line at A = 5175.4 A and NaD line
at A = 5892.5A confirms the dominance of the old stellar
component.

To better understand the nature of our Ha 16563 EW < 5 A
sources, we inspect their HST/ACS F814W-band morphologies
on an individual basis. The ACS images reveal a variety of cases:
some of these galaxies are irregular with clumps, favoring the
case of heavily obscured star formation. A few are simply edge-
on galaxies, so the large extinction is mainly an orientation
effect.

Five out of 15 of these sources are ellipticals or lenticular
galaxies. In principle, there is no indication of significant star
formation in these objects except for their IR emission. Only two
of them are detected in the near-UV with NUV < 25.8 mag (cf.
Section 4.3). These galaxies are probably the only candidates
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inour 0.2 < z < 0.3 sample for which the IR emission could
be mainly associated with dust heated by the UV photons of
evolved stars.

Figure 8 shows the rest-frame broadband SEDs of these five
galaxies with presumably no star formation. For reference, we
added the SED model templates of three galaxy types: elliptical,
S0, and Sc (from Polletta et al. 2007; based on the GRASIL
code, Silva et al. 1998). For the spiral models, the templates
in the wavelength range 5-12 pum have been constructed using
empirical spectra observed with ISO and Spitzer (see Polletta
et al. 2007 for more details).

The comparison of our galaxy SEDs with the different models
shows that, in all cases, the mid-IR emission is in excess of
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Figure 7. Average stacked spectrum of 24 um galaxies at 0.2 < z < 0.3 with
individual He A6563 EW < 5 A.

what is expected from pure stellar emission (as in the case of
an elliptical galaxy model). This indicates that the presence of
dust is indeed necessary to explain the mid-IR emission in our
galaxies. Note, however, that in the two middle-panel SEDs the
mid-IR excess is small, i.e., the direct stellar emission constitutes
a significant part of the 24 yum flux.

The IR emission of none of these five sources seems to be
powered by an AGN, as none of them has an IRAC power-law
SED or is detected in the X-ray catalogues available for the
COSMOS fields (Hasinger et al. 2007; Elvis et al. 2009). The
mid-IR luminosity distribution of these galaxies is similar to that
of IR sources with larger-EW Balmer lines at similar redshifts.

4.3. Dust Extinction

As in C08, we analyze our 24 um galaxy sample with si-
multaneous Ho A6563 and HB 214861 measurements at 0.2 <
z < 0.3 to investigate the relation between the Balmer decre-
ment L(Ha)/L(HpB) and the far-IR-to-ultraviolet (UV) lumi-
nosity ratio. In general, for star-forming galaxies, the far-IR /UV
ratio gives a measurement of the dust extinction Axp0: (L70 um +
L000)/ Laooo &~ 109442 (e o Buat & Xu 1996; Gordon et al.
2000; Buat et al. 2002, 2007).

Our results for bright IR galaxies with Ho 16563 and
HpB 14861 EW > 5Aat02 <z <03 (CO08) showed that,
for most of them, the Balmer decrement versus the far-IR/UV
attenuation was compatible with the Calzetti et al. (2000) red-
dening law, within the error bars. Here, we would like to in-
vestigate whether this conclusion is still valid when considering
fainter IR galaxies.

We estimated the rest-frame 70 wm luminosity of our 24 um
galaxies at 0.2 < z < 0.3 using their rest-frame 24 yum lumi-
nosities and the v L2*#m—y L70#™ conversion formula calibrated
by Bavouzet et al. (2008). To obtain UV luminosities at rest-
frame A = 2000 A, we used the Galaxy Evolution Explorer near-
UV data available for the COSMOS field (PI: D. Schiminovich),

which has an observed effective wavelength A = 2310 A.
For NUV non-detected sources, we adopted a lower limit of
25.8 AB mag.

Figure 9 shows the Balmer decrement L(H«)/L(HB) versus
the extinction log;y([L70.m + L20ool/L2000), for our galaxies
with He 16563 EW > 5A at 02 < z < 0.3 (circles and
diamonds for HB 44861 EW > and < 5 A, respectively). The
values obtained for brighter IR galaxies are also shown (crosses).
Note that Figure 9 shows more bright 24 ;«m galaxies than those
analyzed in CO8, as here we want to study all galaxies with
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(A color version of this figure is available in the online journal.)

Ha 16563 EW > 5 A (independently of the HB 14861 EW), as
we do for our current fainter sample. This allows us to extend
our dust extinction analysis to the most obscured sources.

We see that, when considering all bright and faint 24 um
galaxies with Ho 16563 EW > 5 10\, the spread in the extinction
diagram is quite large. While many of our sources lie above
or close to the relation derived from the Calzetti et al. (2000)
reddening law, several others have lower Balmer decrements for

their Lig/Lyy attenuations. The attenuation of some of these
galaxies seems more compatible with the Small Magellanic
Cloud (SMC) reddening law (Prévot et al. 1984), but unfor-
tunately it is difficult in general to decide among the different
reddening laws given the line-ratio error bars.

Around 5% of our 24 um galaxies are characterized by
an L(Ha)/L(HP) ratio close to a T = 10,000K case B
recombination, but have a substantial Ligr/Lyy attenuation.
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(A color version of this figure is available in the online journal.)

This effect has also been discussed in CO8. These are usu-
ally cases of sources with an inhomogeneous dust distribution,
where the VIMOS 1-arcsec slit only receives the optical light
of the practically unobscured central region, while the large
(~six-arcsec full-width half maximum) Spitzer/MIPS point
spread function collects the IR light of the dustier surroundings.
However, in our new fainter sample, we identify a more inter-
esting property for several of these outlier galaxies: their line
ratios suggest that they could be composite star-forming/AGN
systems (see Section 4.4). For these sources, trying to under-
stand their dust attenuation with reddening laws calibrated on
pure star-forming galaxies is probably misleading.

On the other hand, we see that other galaxies in our sample
are characterized by very large Balmer decrements: around
16% of them are at least 1o away from any of the common
reddening laws (this figure includes ~13 and 19% of sources
with HB 14861 EW > 5 A and < 5 A, respectively). The use of
any of these reddening laws with the corresponding Lir/Lyy
attenuations would significantly underestimate the HB A4861
extinctions observed in these galaxies. Interestingly, very few
of them have line ratios characteristic of composite systems
(Section 4.4), so the plausible presence of obscured nuclear
activity does not appear to be related to the high Balmer
decrements.

Among the brighter IR galaxies in the C08 sample, and taking
into account all the sources with Hoe L6563 EW > 5 A, we find
that around ~11% have Balmer decrements that are significantly
above the predictions of the various reddening laws.

A possible caveat is that these outliers could be simply pro-
duced by an underestimation of the stellar absorption corrections
applied to the HB 14861 lines, whose median is (3.1 & 0.3) A
and maximum value is 3.7 A. Such a correction is comparable
to the same uncorrected HB 14861 EWs in some cases. To test
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this possibility, we calculated the hypothetical stellar absorption
corrections that would be needed in order to make the outliers
have Balmer ratios within 1o of the Calzetti et al. (2000) red-
dening law. For this to happen, we found that around half of
the outliers would need stellar absorption corrections of more
than 3.7 A, the maximum value obtained for any of our galaxies
by fitting their spectral continuum. This fact suggests that, at
least for half of them, the large displayed Balmer decrements
are not an artifact of underestimated stellar absorptions. Note
that, in this exercise, we have not considered any variation in
the Ha 16563 stellar absorption (in reality, the two corrections
would increase simultaneously). Thus, our test determines the
maximum possible fraction of outliers that could be corrected
just by applying a larger, though still realistic, stellar absorption
correction.

A likely explanation for the highly extincted galaxies is that
they contain heavily obscured starbursts that are concentrated
in their central regions. While (L79,m + L2000)/L20oo is related
to the total amount of galaxy dust, L(Ha)/L(Hp) is more
sensitive to the dust concentration. So, even if the total amount
of dust is not very large, the Ho A6563/HB A4861 ratio will
be, when the dust is too concentrated towards the center
(the Ha 16563 and HB 44861 fluxes correspond to the central
1 arcsec width light collected in the VIMOS slit). Note that
basically all of these galaxies are detected in the NUV, so either
they are intrinsically bright at these wavelengths or, indeed, the
highly obscured region is very compact and the UV photons can
leak from the less obscured surrounding regions.

It is important to remark that the discrepancies between the
extinctions derived from the Balmer decrements and the IR/UV
are expected to be less important at higher redshifts, because
the spectral slits collect a more representative part of the total
galaxy light.

4.4. The BPT Diagram

The [O 1] A5007/HB 14861 versus [N11] 26584 /Ha 16563
diagram (Baldwin et al. 1981; BPT hereafter) provides a useful
diagnostics to assess the diversity of the nature of a galaxy
population. For example, one can disentangle the existence of
nuclear activity from the high [N 11] A6584 /Ha A6563 ratios, or
select candidates to star-forming/AGN composite systems (e.g.,
Kauffmann et al. 2003b).

Figure 10 shows the BPT diagram for our 24 um galaxies
at 0.2 < z < 0.3. Symbols are the same as in Figure 9: cir-
cles indicate the line ratios of galaxies with both Ho 16563 and
Hp 14861 EW > 5A, while diamonds correspond to galax-
ies with Ho 16563 (HB A4861) EW > (<)5 A and different
(B — i) colors.

In all cases, the He 16563 and HB 24861 values are corrected
for stellar absorption. However, we do not include extinction
corrections. Given the dispersion of these sources in the dust
attenuation diagram presented in Figure 9, we preferred to
present the crude line ratios in the BPT diagram. The errors of
this approach are basically negligible (<0.0025 and <0.02 on
log,q of [N1]A6584/Ha A6563 and [O11] A5007/HB 14861,
respectively).

Inspection of Figure 10 shows that 24 um sources occupy
quite different places within the BPT diagram, providing evi-
dence of the heterogeneous character of the IR normal galaxy
population. We obtained a similar conclusion in CO8 for brighter
IR sources.

In our present faint IR sample, we find a significant fraction
of galaxies lying in the composite region of the BPT diagram.
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(A color version of this figure is available in the online journal.)

This fact suggests that simultaneous star formation and nuclear
activity could be present in these sources. These galaxies make
around 22% of our sources with Ha 16563 EW > 5A at
0.2 < z < 0.3, including ~ 24% of the sample with HB 14861
EW >S5 A, and 20% of the sources with H8 14861 EW < 5 A.
In addition, one of the red galaxies with HB 14861 EW < 5 A
is identified as a Seyfert galaxy.

Within the brighter IR sample (crosses in Figure 10), the
percentage of composite sources is <15% (and quite smaller
among the sources with HB 14861 EW > 5A analyzed in
C08), and no Seyfert galaxy has been found. Among all the
optically selected zCOSMOS-10k galaxies at similar redshifts,
the percentage of composite galaxies in the BPT diagram is only
~10%-12%.

A bit more than a half of the composite galaxies in our faint
IR sample are optically blue (B — i) < 1.3), while the rest
have redder colors. We note that, in spite of being spectroscop-
ically classified as composites, none of these galaxies has an
IRAC power-law SED or is detected in X-rays. This fact sug-
gests that the plausible AGN component is not dominant, and
that aperture effects could also have a role in the fraction of
sources identified as composite.

Indeed, if the AGN component were concentrated toward
the center, the line ratios observed in the 1 arcsec wide optical
spectra would not be the same as those obtained from the total
galaxy light. In this case, one should probably expect to identify
a lower fraction of composite systems among similar IR sources
at higher redshifts, for which the central light would not be
spectroscopically resolved.

5. SPECTRAL DIAGNOSTICS AT z > 0.5
5.1. The Mass—Metallicity Relation

At z > 0.5, the Hx 16563 and [N11] A6584 emission lines
are out of the coverage of the zCOSMOS-bright VIMOS
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spectra, but the [O1] L3727 line starts to be visible instead.
In particular, between z = 0.5 and z = 0.7, all the three
[Ou] A3727, HB A4861, and [O 1] A5007 emission lines are
located in good regions of the zZCOSMOS spectra (i.e. outside
the regions severely affected by fringing). The flux line ratios
of these three lines can be used to estimate the galaxy oxy-
gen abundances (with, e.g., the so-called R,3 parameter, i.e.,
Ry = ([Ou] A3727 + [0 1] A4959, 5007)/HB; see Pagel et al.
1979).

The relation between galaxy mass and metallicity at different
redshifts has been widely investigated from the observational
(e.g., Lequeux et al. 1979; Zaritsky et al. 1994; Tremonti et al.
2004; Maiolino et al. 2008) and theoretical (e.g., de Lucia
et al. 2004; Tissera et al. 2005; de Rossi et al. 2007; Davé
& Oppenheimer 2007; Finlator & Davé 2008) points of view.
The basis of this relation is that galaxy growth and chemical
enrichment are closely associated. However, during an episode
of star formation, such as those characterizing most IR galaxies,
gas inflows and outflows can alter the composition of the inter-
stellar medium. This fact contributes to the scatter observed in
the mass—metallicity relation and, in particular, to the existence
of outliers.

In CO8, we found that around 1/3 of the LIRGs and ULIRGs
for which we had metallicity measurements at 0.5 < z < 0.7
were securely below the mass—metallicity relation. Our aim here
is to investigate the fraction of outliers in the mass—metallicity
relation among less luminous IR sources at similar redshifts.
Our present faint 24 um sample at 0.5 < z < 0.7 spans around
adecade in IR luminosities 3 x 10!1° Lo, < Ltr <3 x 10! L,
i.e., it is mainly composed of IR normal galaxies and the less
luminous objects among the LIRGs.

We derived metallicities for our 301 IR galaxies with
HB A4861 EW > 5 A and positive [O 11] A3727 and [O 11] A5007
fluxes. We used the algorithm described by Maier et al. (2005),
which is based on the Kewley & Dopita (2002) model. We ap-
plied this algorithm on completely corrected emission lines, i.e.,
corrected for stellar absorption, aperture effects and extinction.
zCOSMOS BLAGN have been excluded from the analysis.

To correct our lines for extinction, we assumed that the sum
of the star formation rates (SFRs) derived from the UV and IR
should be equal to that derived from the HB A4861 luminosity,
as obtained applying formulae commonly used in the literature
(Kennicutt 1998; see CO8 for more details). This procedure
could be dubious for some galaxies at low z < 0.3 redshifts:
we remind readers that we have concluded in Section 4.3 that
the Balmer decrements and IR/UV attenuations of up to 16%
of our galaxies at 0.2 < z < 0.3 could not be reconciled with
any of the commonly used reddening laws.

However, the galaxies in our present sample are at somewhat
higher redshifts (0.5 < z < 0.7), where the aperture effects
should be less important. Based on this, and the fact that the
typical reddening laws do roughly predict the extinctions of
most IR galaxies even at low z, we decided to apply the SFR
balance procedure—SFR(UV+IR) ~ SFR(Hg)—to estimate the
extinction of our IR galaxies at 0.5 < z < 0.7. In any case, as
we discuss later, this assumption does not affect any of our
conclusions.

Figure 11 shows the [O1]/[O1] ratios versus the Rps3-
parameter values for the 301 IR galaxies in our metallicity
sample. The resulting metallicity versus stellar mass diagram is
shown in Figure 12. Stellar masses for all our galaxies have been
derived through the synthetic template fitting of their broadband
SEDs, from UV through near-IR wavelengths (Bolzonella et al.
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Figure 11. [On1]/[O 1] ratio vs. the Rp3 parameter for the galaxies in our
metallicity sample at 0.5 < z < 0.7. Small and large circles refer to galaxies
that have degenerate and non-degenerate metallicity estimates, respectively.

(A color version of this figure is available in the online journal.)

2009), and correspond to a Salpeter (1955) initial mass function
over stellar masses M = (0.1-100) M.

Around 79% of galaxies in our sample have degenerate O/H
values (small blue circles and crosses in Figure 12, showing
the upper and lower alternative metallicities, respectively).
The metallicity is in general two-valued with respect to the
oxygen abundances [O 1] A3727 /HB A4861 and [O 111] 5007/
HpB A4861, because low line ratios can be produced either by
low abundances, or high abundances with very efficient line
cooling.

The remaining ~21% of our sample have non-degenerate
metallicity solutions (large red circles in Figure 12). Not
surprisingly, these galaxies are those with the largest and
smallest R,3 values (see Figure 11), as the oxygen-abundance
versus metallicity curve is single-valued for extreme Rj3 (this
is particularly true for the Kewley & Dopita calibration; see
Kewley & Dopita 2002).

From the analysis of Figure 12, we can extract two main
conclusions. First, the upper-branch metallicities of our sources
with degenerate solutions—whose median redshift is z =
0.62—concentrate around the local mass—metallicity relation.
As a reference for the local mass—metallicity relation, we
considered the results obtained on Sloan Digital Sky Survey
(SDSS) galaxies at z < 0.1 (Kewley & Ellison 2008; solid
line in Figure 12). The metallicities in this local relation also
correspond to the Kewley & Dopita (2002) calibration. We note
that we could not have concluded on this effect in CO8 due to
the small number of sources with metallicity measurements in
this previous work.

Second, more than a half of our sources with non-degenerate
metallicity solutions lie well below the local mass—metallicity
relation, around which the upper-branch solution of our sources
with degenerate metallicities are located. Most of the non-
degenerate metallicities concentrate around the turning point
of the oxygen-abundance versus metallicity R»3 curve, i.e., at
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Figure 12. Oxygen abundances vs. assembled stellar masses for our 24 um
galaxies with HB 4861 EW > 5A at 0.5 < z < 0.7 (filled circles: large
and small for non-degenerate and degenerate O/H values, respectively). The
thick blue crosses indicate the lower metallicity alternatives of the blue
circles. The plus-like symbols inside the circles refer to X-ray-detected AGN.
The average error bars shown in opposite corners of the plot correspond,
respectively, to metallicities in the upper and lower branches (non-degenerate
metallicities around 12+log;,(O/H) ~ 8.6 have similar errors to the lower
branch metallicities). Open circles and thin black crosses correspond to the
more luminous 24 um galaxies analyzed in C08, while open triangles indicate
CFRS galaxies with known metallicities (Maier et al. 2005). The solid line shows
the best-fit mass—metallicity relation obtained by Kewley & Ellison (2008) on
SDSS galaxies at z < 0.1. The solar metallicity derived by Asplund et al. (2004)
is also shown for reference (dotted line).

(A color version of this figure is available in the online journal.)

12 +1log,,(O/H) & 8.6, consistently with them having large Ry3
values.

The sources with low non-degenerate metallicities display
a variety of stellar masses, putting a secure lower limit of
~12% for the outliers to the mass—metallicity relation within
our sample at 0.5 < z < 0.7. This percentage is considerably
smaller than that estimated for more luminous IR galaxies at
similar redshifts (CO8), but we emphasize that it is only a
lower limit, as there could be more low-metallicity sources
among those with degenerate abundances. The underabundance
is probably not the consequence of a line ratio produced by the
presence of an AGN within our sources, as only two of these
are detected in X-rays (plus-like symbols in Figure 12).

We observe that a significant outlier ratio to the mass—
metallicity relation has also been reported in optically selected
samples at z < 1, as, e.g., the Canada France Redshift Survey
(Lilly et al. 1995) galaxies analyzed by Maier et al. (2005;
triangles in Figure 12; see also Lilly et al. 2003). The stellar
masses of Maier et al. sources are comparable to those of our
24 um galaxies, suggesting that the ~12% outlier fraction we
derived here is very likely a lower limit.

To test whether the main conclusions obtained in this section
depend on the adopted dust-extinction-correction recipe, we de-
rived new metallicity values for our galaxies based on the emis-
sion lines uncorrected for dust extinction, and compared with
our previous results. We found that the percentage of sources
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Figure 13. Rest-frame 24 um luminosities vs. D, (4000) parameter values for
our 24 um galaxies at 0.6 < z < 1.0. Filled circles correspond to galaxies in our
current faint 24 ;#m sample, while open circles indicate the CO8 24 ;+m sources.
The dashed lines delimit the bins we have adopted for spectral stacking and H8
EW versus D, (4000) measurements (cf. Figure 14). The D, (4000) values in
this figure are not corrected for extinction.

(A color version of this figure is available in the online journal.)

with non-degenerate metallicity values in the uncorrected case is
19%, and the upper branch solutions in the degenerate cases are
still compatible with the local mass—metallicity relation within
the error bars. The percentage of secure outliers to this relation
is ~9%. These figures are very similar to those obtained using
the extinction-corrected emission lines.

5.2. The IR Phase in the Galaxy Star Formation History
5.2.1. Individual D, (4000) Measurements

The 4000 A break in galaxy spectra is produced by the
differential contribution of young and old stars that, respectively,
dominate the spectral light blueward and redward of A =
4000 A. The strength of this feature D, (4000), usually defined as
the ratio of the average flux densities between the (4000—4100)
and (3850-3950) A bands (Balogh et al. 1999), is a very good
indicator of the time passed since the last significant burst of
star formation occurred in the galaxy.

Besides, the presence of higher order Balmer lines in absorp-
tion, such as Hs 24102, indicates recent star formation activity,
which typically has occurred within the last Gyr (e.g., Dressler
& Gunn 1983). The combined diagnostics of the D,(4000) pa-
rameter and Hs EW in optical spectra is, then, commonly used
as a powerful tool to constrain the galaxy star formation history
(see, e.g., Kauffmann et al. 2003a; COS).

Our results in CO8 showed that the vast majority of optically
bright ULIRGs and some of the most luminous LIRGs at 0.6 <
z < 1.0 were characterized by spectra with D,,(4000) < 1.2. We
interpreted this effect as the consequence of secondary bursts of
star formation produced in galaxies with underlying old stellar
populations. Here, we do a combined analysis of the IR-brighter
CO08 sample and our current fainter sample to investigate whether
this mode of star formation is similarly valid for galaxies of
different IR luminosities.

Vol. 707

Our present 24 um sample at 0.6 < z < 1.0 is mainly
composed of galaxies with rest-frame 24 um luminosities
5x 10° Ly < vL2##m < 10! L, i.e., total IR luminosities
53x 10" Ly < Lrr < 5x 10" L. This range is particularly
important for IR galaxies at 0.6 < z < 1.0, as it contains most
of the IR luminosity density at these redshifts (the total IR lumi-
nosity function is characterized by L* ~ 2.5x 10! Ly atz = 1;
see Caputi et al. 2007). The brighter CO8 sample extends the IR
luminosity range to vL2**™ ~ 5 x 10! Lg, i.e., Ltr &~ 1.5 x
10'? L. Thus, the combined analysis we perform here covers
two decades in mid-IR luminosities (or 1.5 decades in Lyg).

We measured the D,,(4000) parameter values on the spectra of
atotal of 1722 IR sources at 0.6 < z < 1.0. This figure excludes
BLAGN. The resulting vL2**™ versus D,(4000) diagram is
shown in Figure 13. In this figure, we can see that, in contrast to
the more luminous IR galaxies studied in CO8, the less luminous
sources display a wide range of D,,(4000) values, from ~0.8 to
~1.8. Still, a bit more than 60% of them have spectra with
D,(4000) < 1.2.

We used the diagram in Figure 13 to classify our galaxies in
different bins of D, (4000) values and vL**#™ Juminosities. We
stacked the ZCOSMOS spectra of all galaxies in each bin in order
to measure their average spectral properties (cf. Section 5.2.2).
The bins have been chosen in such a way to produce a good
sampling of the (D,(4000); le%‘”“n) space with a sufficient
number of objects.

The D, (4000) values shown in Figure 13 and used for the
classification are not corrected for dust extinction. This assures
that we stacked spectra with similar characteristics prior to
any dust extinction assumption. In any case, the impact of the
dust extinction corrections is small: for example, an extinction
Ay = 2 only produces a correction of ~8% on the D, (4000)
values.

5.2.2. The Hs EW-D, (4000) Diagram: Discerning the Modes of Star
Formation

Locating our galaxies in the Hs 14102 EW-D,,(4000) diagram
allows us to have a better insight of the time at which the IR
phase occurs within the galaxy star formation history.

As we explained in CO8, the Hs absorption EWs in the
zCOSMOS spectra of IR galaxies are usually quite small and
the associated errors too large as to rely on the individual
measurements. Therefore, to perform H; EW measurements
with more precision, we stacked the IR galaxy spectra.

We classified all (bright and faint) 24 um galaxies at 0.6 <
z < 1.0 in 14 groups according to their D, (4000) and v L24#m
values, and averaged their respective spectra. We then measured
the D, (4000) parameter and H; EW on each composite spec-
trum. The number of galaxies in each stack varies between 495
and 28. We have not separated our galaxies according to their
redshifts because the binning in the 0.6 < z < 1.0 redshift
range does not produce any relevant effect in all the analysis
presented here.

The resulting Hs EW-D,(4000) diagram for our stacked
spectrais shown in Figure 14. Positive EW values in this diagram
indicate Hs in absorption, and are corrected for line filling. To
do this correction, we measured the Hy emission line on each
composite, corrected it for stellar absorption, and assumed an
intrinsic decrement Hy /Hé = 1.80 (for a case B recombination
with temperature 7 = 10,000K; Osterbrock 1989). The final
H; EW values carry significant error bars, mainly because the
crudely measured values are quite small and also because of
the uncertainties in the corrections. The D,,(4000) values shown
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Figure 14. H6 EW vs. D,(4000) diagram. The average location of our
zCOSMOS 24 pm galaxies at 0.6 < z < 1.0, classified in intervals of mid-IR

luminosity vL%4 H™ and D,,(4000) values, are indicated by filled squares (note:

the average D, (4000) values shown in this plot are statistically corrected for dust

extinction; see the text). The total IR luminosities Ltir shown in the labels have

been obtained applying the conversion formula L = 6856 x (vL%4 HIm0.71

(Bavouzet et al. 2008). The thick lines show the tracks produced by various
exponentially declining star formation histories: from top to bottom, 7 = 0.01,
0.2, 1, 2Gyr, and T — oo (i.e., constant SFR). Tracks only show the evolution
of each model up to 6 Gyr, which is approximately the age of the universe at
z = 1. The filled circle intersecting each track marks the position at 1 Gyr.
Thin solid lines indicate the effect of secondary bursts of different amplitudes
(the relative amplitude with respect to the primary burst is indicated with a
percentage) produced at different ages of an underlying old stellar population.

(A color version of this figure is available in the online journal.)

in Figure 14 do include dust extinction corrections, which we
estimated using the median extinction of the galaxies in each
stack group. The total IR luminosities shown in the labels have
been obtained by converting the limits of the vL2*#™ bins with
L1k = 6858 x (vL2*#m)%71 (Bavouzet et al. 2008). One should
keep in mind that using a different recipe to convert mid-IR into
total IR luminosities will produce some variations in the derived
Ly values.

The tracks shown with thick solid lines in Figure 14 corre-
spond to galaxy models with different exponentially declining
star formation rates SFR o< e(~"/?, where 7 is the characteristic
decaying time that varies between 7 = 0.01 Gyr and T — oo
(i.e., a model with a constant SFR). We have produced these
tracks by measuring the Hs EW and D,(4000) parameter on
galaxy synthetic SEDs generated with the GALAXEV code and
the 2007 version of the Bruzual & Charlot models (Bruzual &
Charlot 2003; Bruzual 2007). All these tracks are plotted only
up to ages < 6 Gyr, as this is approximately the age of the
Universe at z = 1.

As we have discussed in C08, the average position of the most
luminous IR galaxies in the H; EW-D,,(4000) diagram cannot
be reproduced by any of these simple t-decaying star formation
histories. Our present analysis confirms that this is the case for
galaxies with total IR luminosities Ltir > 3 x 10'! L (squares
with the two largest sizes in Figure 14). Instead, secondary
bursts of star formation in galaxies with underlying old (=3 Gyr)
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stellar populations appear as a plausible mechanism to explain
the spectral characteristics of these most luminous IR sources
(thin solid lines in Figure 14). We note that bursts producing
5-10% of the galaxy stellar mass are sufficient to drastically
move the position of a few-Gyr-old galaxy in the diagram from
D, (4000) 2 1.5 to D,(4000) < 1.2.

Interestingly, although the average (Hs EW; D,,(4000)) points
for the most luminous IR galaxies with D, (4000) < 1 do seem
to be consistent with r-decaying models, they intersect their
tracks at ages <0.1 Gyr. As it is quite unlikely that there exist
many of such young galaxies at 0.6 < z < 1.0, the scenario of
secondary bursts of star formation is still the most reasonable
to explain the properties of these sources. This argument is
supported by the fact that the stacked spectra of these galaxies
show some signatures of old underlying stellar populations, such
as the presence of Cann H & K absorption lines. Also, these
sources are known to have already assembled intermediate-to-
large stellar masses (M > 1 x 10'° Mg; see, e.g., Caputi et al.
2006a), suggesting that we are not witnessing their first episode
of star formation.

As we discussed before, for the less luminous IR (Ltr <
3 x 10" Ly) galaxies (squares of the two smallest sizes
in Figure 14), the D, (4000) parameter has a wider range
of values. Taking into account their average position in the
Hs EW-D,(4000) diagram and other features in the stacked
spectra, we can obtain clues on the star formation histories of
the sources in different D, (4000) bins.

The sources with D,(4000) < 1 are characterized by an
average spectra with relatively weak absorption lines, and an
H; line with EW < 2A (that, in the case of the less luminous
IR galaxies, is actually observed in emission; see upper panels
in Figure 15). They also show a prominent [O 11] emission line
and, those with Ltgr < 1.7 x 101! L, amodest but significant
[Neu] line. These spectral characteristics, and the resulting
average position of these sources in the Hy EW-D, (4000)
diagram, suggest that these are either really young galaxies or,
more likely, they are experiencing a major secondary burst of
star formation that hides any plausible older stellar component.
Note that the ionization lines could also be the consequence of
the presence of AGNs. However, only one of these sources is
detected in the X-ray catalogs for the COSMOS field, and only
two have an IRAC power-law SED (one of which is the X-ray
source).

The sources with Lyr < 3 x 10'! Lo in the 1.0 <
D, (4000) < 1.2 bin are characterized by quite different average
stacked spectra (lower panels in Figure 15). These galaxies dis-
play prominent Ca1t H & K absorption lines, indicating that the
underlying old stellar component is important. Their average po-
sition in the diagram at (extinction-corrected) D, (4000) ~ 1.02
seems compatible with some of the t-decaying models at young
(<1 Gyr) ages. However, the optical spectra indicate that these
galaxies are very probably older. Thus, once more, secondary
bursts are the most plausible mechanism for the ongoing star
formation in these objects.

The stacking points indicating Lt < 3 x 10'! L, galaxies
at D,(4000) > 1.15 in Figure 14 correspond to a different
situation. All these points intersect the T-decaying model tracks
at ages >1 Gyr, so such models allow for the underlying
old stellar component that is present in these galaxies. At
the same time, although the SFR is exponentially declining,
it is still sufficient to explain the observed average [O11]
fluxes (cf. Figure 16). For example, the stacking point for
Ltr < 1.7 x 10" Ly galaxies at D,(4000) = 1.38 and
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Figure 15. Stacked spectra for the less luminous IR galaxies in our sample and the smallest D, (4000) values (the bins displayed in the labels are those used for the

stacks, i.e., D,(4000) is not corrected for extinction).

Hs EW= 3.78 A is consistent with a T = 0.2 Gyr model at
an age ~1.4 Gyr. By that time, the initial SFR has decayed by
a factor of =7 & 1073, This situation is feasible: a galaxy that
started its life being a ULIRG would still be producing a few
Mg yr~! 1.4 Gyr later.

Also, the stacking point at D, (4000) = 1.63 could be well
explained by the model of a 6 Gyr-old galaxy with a much slower
SFR decaying time (see the T = 1 Gyr track in Figure 14). In
spite of being quite old, the SFR of such a galaxy is still non-
negligible (¢7® ~ 2.5 x 1073 times its initial value). Thus,
this model simultaneously accounts for the absorption lines and
[O 1] emission observed in the average spectrum.

It is important to remark that the fact that r-decaying models
are able to explain the spectral characteristics of these less
luminous IR galaxies, the secondary-burst scenario cannot be
excluded. In all cases, one can find the right combination of burst
amplitude and onset age (i.e., the age of the galaxy when the
burst is produced), in order to reproduce the average location of
galaxies with different D,,(4000) values in the Hs EW-D,,(4000)
diagram.

The IR galaxies for which r-decaying models offer a good
explanation for the ongoing star formation (i.e., those with un-
corrected D, (4000) > 1.2) constitute ~40% of our Ltr <
3 x 10" Ly sample at 0.6 < z < 1.0. This result clearly
shows that a quiescent mode of star formation can drive the
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Figure 16. Average [O 11] fluxes vs. D,,(4000) values measured on our stacked

spectra at 0.6 < z < 1.0, corresponding to different vL\2)4“ ™ and D,(4000)
bins. Symbols are the same as in Figure 14.

(A color version of this figure is available in the online journal.)
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IR emission in a significant fraction of the less luminous LIRGs
and IR normal galaxies.

5.3. Candidates to Young Starbursts

Although the average spectra of most 24 um galaxies at
0.6 < z < 1.0 are characterized by having high-order Balmer
lines such as H; in absorption, in some objects those lines
are present in emission. A significant Hs emission is expected
for galaxies at the very early stages (~107 years) of a new
burst of star formation, when the Hs absorption associated with
intermediate-age stars is still not sufficient to compensate the
emission produced by the youngest ones.

As we explained in C08 and in Section 5.2.2 of this present
paper, the Hs EW measurements on the spectra of our IR
galaxies generally have too low signal-to-noise ratios as to safely
consider them on an individual basis. In spite of this fact, we
used our tentative Hs EW measurements and secure D,,(4000)
values to select galaxies that are candidates to be hosting young
starbursts.

Our present sample of 1587 faint 24 um galaxies at 0.6 <
z < 1.0 contains 31 galaxies with D, (4000) < 1.0 that have
H; EW > 5Aand 0 < d(H;)/Hs < 1 (i.e., Hs is securely in
emission). These galaxies constitute 18% of all our faint sources
with D, (4000) < 1.0at 0.6 < z < 1.0, and around 3% of those
that are within ~10% year of a new burst of star formation
(cf. Figure 14). So, the clear cases of galaxies hosting very
young starbursts constitute a minor fraction of our IR sample
(we extracted a similar conclusion for brighter IR sources in
CO08).

There are two alternative explanations for this situation. One
possibility is that the IR phase is not equally likely within the first
~108 year of a new burst, i.e., galaxies containing very young
bursts are still too faint to be detected at IR wavelengths. The
other possibility is that the earliest stages of star formation are
heavily obscured. If only the gas had a very large extinction, the
observed Hs emission would be weak, and the Hs EW > 5 A
cut could be missing young starburts. If both gas and stars
were very obscured, the galaxies would look faint in the optical
wavebands and, in that case, they could simply be missed by the
zCOSMOS-bright I < 22.5 AB mag selection.

6. SUMMARY AND CONCLUSIONS

In this paper, we have identified 3244 24 um-selected galaxies
with 0.06 < Sp4um < 0.50 mJy within the zZCOSMOS-bright
10k sample, and studied different optical spectral properties
depending on their redshifts. Our sample spans, e.g., total IR
luminosities ~3 x 10" Ly < Ltr < 9 x 10"° Ly at z = 0.5,
and ~9 x 101°Ly < Ltr < 5 x 10" Ly at z = 1. This
means that our sources are IR normal galaxies at z < 0.5, and
a mixture of IR normal galaxies and LIRGs at 0.5 < z < 1.0.
This work complements our previous study of the zCOSMOS-
bright spectra of more luminous IR galaxies at similar redshifts
(CO08). The fainter luminosity range studied here is particularly
important, as it contains the bulk of the IR background energy
at these redshifts.

For galaxies at 0.2 < z < 0.3, we took advantage of
the simultaneous presence of the Ho A6563 and HB A4861
lines in the zCOSMOS spectra to study the relation between
line emission, broadband colors, and dust extinction. We also
discussed the possibility for the IR emission to be associated
with dust heated by old rather than young stellar populations.
We summarize our results as follows:
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1. 92% of our 24 um galaxiesat 0.2 < z < 0.3 have Ho 16563
EW > 5A, which indicates that the vast majority of IR
sources at these redshifts are associated with significant
on-going star formation.

In most of these sources, the relation between the gas
obscuration, i.e., L(Ha)/L(HB), and IR/UV attenuation
can be reasonably explained with different reddening laws
of common use in the literature. However, for up to
16% of our sample at 0.2 < z < 0.3, the Balmer
decrement is much larger than predicted by any of these
laws. We believe that this is produced by a combination
of an inhomogeneous dust distribution and the fact that
the zCOSMOS spectra only receive the light from a
1 arcsec width slit centered at the source. The presence
of a very obscured star-forming region towards the center
can produce very high L(Ha)/L(HpB) ratios. We note that
this effect should be much less important at higher redshifts,
where the 1 arcsec width covered by the VIMOS slit collects
a more representative fraction of the total galaxy light.

It is necessary to emphasize that, although the broadband
SEDs of many low-redshift IR galaxies are dominated
by old stellar populations, the optical spectra reveal the
presence of on-going star formation in most cases. Thus,
for these galaxies, one cannot conclude that the IR light
is produced by dust heated by old stars. More likely, the
young stellar component is the main energy source for the
IR emission. Of course, this does not exclude the possibility
that the old stars have a minor contribution to the dust
heating.

2. Although there is no one-to-one relation between the
Ha 16563 and HPB 14861 emission and the galaxy opti-
cal broadband colors, around 80% of the objects with
Ho 16563 and HB 24861 EW > 5A are in the blue
(B —i < 1.3) cloud, and around 70% of those with
HB 14861 EW < 5A are in the “green valley” or redder
(B—i=>13).

3. The location in the BPT diagram of our galaxies with
Ha 6563 EW > 5A suggests that ~22% of them are
composite systems. However, in none of these galaxies can
the presence of an active nucleus be confirmed with the
X-ray or IRAC data available in the COSMOS field. This
fact suggests that, although an AGN component might be
present in these galaxies, in any case is not dominant, and
that aperture effects could also influence the fraction of
sources identified as composites.

4. We identified only five galaxies in our sample at 0.2 <
z < 0.3 that have no spectral signs of star formation
and, besides, have elliptical or lenticular morphologies. We
believe that these are the only candidates in our sample at
0.2 < z < 0.3 for which most of the IR emission could
genuinely be produced by dust heated by old rather than
new stellar populations.

The second part of our analysis has been devoted to galaxies
at z > 0.5. We used the zZCOSMOS spectra to determine
oxygen abundances, measure the D,(4000) parameter and the
average Hs EWs. Our results are as follows.

1. 79% of our galaxies with HB 214861 EW > 5A at 0.5 <
z < 0.7 have degenerate metallicity values. This is a
consequence of estimating metallicities based on only three
emission lines (through the R,3 parameter). When we place
these galaxies in a stellar mass—metallicity diagram, we see
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that the upper-branch solution is compatible with the mass—
metallicity relation in the local universe within the error
bars. This implies that our data do not allow us to conclude
on any evolution of the mass—metallicity relation between
z ~ 0and z ~ 0.6. Among the 21% of galaxies with non-
degenerate metallicity measurements, we find that more
than a half are well below the mass—metallicity relation.
Over our total IR-galaxy population at 0.5 < z < 0.7, they
put a secure lower limit of 12% to the fraction of outliers
to this relation. This percentage is quite smaller than that
observed for LIRGs and ULIRGs by C08. However, the
comparison of our results with those for optically selected
galaxies with similar stellar masses and well-determined
metallicities suggests that the 12% fraction is indeed a lower
limit.

2. In contrast to the results for more luminous IR galaxies, we
find that our present sample at 0.6 < z < 1.0 displays a
wide range of D, (4000) values. Still, ~60% (80%) of our
sources have uncorrected (corrected) D, (4000) < 1.2.

3. A combined analysis of our present faint IR sample and
previous CO8 brighter sample at 0.6 < z < 1.0 has al-
lowed us to investigate the possible modes of star forma-
tion in IR galaxies. The burst-like mode of star formation
is necessary to simultaneously explain the different aver-
age spectral properties of the most luminous IR galaxies
(Ltr = 3 x 10! Ly,). Instead, for nearly 40% of the less
luminous LIRGs and most luminous IR normal galaxies,
a continuous, quiescent star-formation mode is possible.
Realistically, the Lyg for the transition at 0.6 < z < 1.0
should be considered to be (3 & 2) x 10'! L, to take into
account the errors in the determination of the total IR Iumi-
nosities and the data binning.

Our findings are consistent with other recent results in the
literature, which indicate that around a half of IR galaxies of
intermediate luminosities at z ~ 1 are typical disks that do not
show any sign of disturbance (see, e.g., Elbaz et al. 2007). They
could also be explained in the scenario proposed by theoretical
studies that suggest that some galaxies could have had a star
formation history characterized by steady gas flows since early
times (Dekel et al. 2009).

In summary, our optical spectral analysis has clearly shown
the diverse nature of the galaxies that make the bulk of the
mid-IR background at z < 1. And, even when star formation
seems to be the most important driver of the IR emission at these
redshifts, IR galaxies are characterized by a complex variety of
star formation histories.

This paper is based on observations made with the VIMOS
spectrograph on the Melipal-VLT telescope, undertaken at the
European Southern Observatory (ESO) under Large Program
175.A-0839. This paper is also based on observations made
with the Spitzer Observatory, which is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under
NASA contract 1407. We thank the anonymous referee for a
constructive report of this paper.
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