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Abstract. One hundred and five 15 um-selected objects in three ISO (Infrared Space Observatory) deep survey fields (CFRS 3",
UDSR and UDSF) are studied on the basis of their high-quality optical spectra with resolution R > 1000 from VLT/FORS2.
~92 objects (88%) have secure redshifts, ranging from 0 to 1.16 with a median value of z,,eq = 0.587.

Considerable care is taken in estimating the extinction properties of individual galaxy, which can seriously affect diagnostic
diagrams and estimates of star formation rates (SFRs) and of metal abundances. Two independent estimates of the extinction
have been made, e.g. Balmer line ratio and energy balance between infrared (IR) and HB luminosities. For most of the sources,
we find a good agreement between the two extinction coefficients (within +0.64 rms in Ay, the extinction in V band), with
median values of Ay(IR) = 2.36 and Ay(Balmer) = 1.82 for z > 0.4 luminous IR galaxies (LIRGs). At z > 0.4, our sample
show many properties (IR luminosity, continuum color, ionization and extinction) strikingly in common with those of local
(IRAS) LIRGs studied by Veilleux et al. (1995). Thus, our sample can provide a good representation of LIRGs in the distant
Universe.

We confirm that most (>77%) ISO 15 um-selected galaxies are dominated by star formation. Oxygen abundances in interstellar
medium in the galaxies are estimated from the extinction-corrected “‘strong” emission line ratios (e.g. [O u]/HB, [O m]/HB and
[Om]/[O1u]). The derived 12+log(O/H) values range from 8.36 to 8.93 for the z > 0.4 galaxies with a median value of 8.67.
Distant LIRGs present a metal content less than half of that of the local bright disks (i.e. L*). Their properties can be reproduced
with infall models although one has to limit the infall time to avoid overproduction of metals at late times. The models predict
that total masses (gas + stars) of the distant LIRGs are from 10'! M, to <10'> M. A significant fraction of distant large disks

are indeed LIRGs. Such massive disks could have formed ~50% of their metals and stellar masses since z ~ 1.

Key words. galaxies: abundances — galaxies: evolution — galaxies: ISM — galaxies: photometry — galaxies: spiral —

galaxies: starburst

1. Introduction

The IRAS all-sky survey detected tens of thousands of galax-
ies with far-infrared (far-IR) radiation luminosities from less
than 10° L, to ~10"3 L, up to a moderate redshift (z ~ 0.3).
However, luminous infrared galaxies (LIRGs) are not typical of
local galaxy population, and they account for only ~2% of the
local bolometric luminosity density (Soifer et al. 1987; Sanders
& Mirabel 1996).

* Based on observations collected with the ESO Very Large
Telescope at the Paranal Observatory (66.A-0599(A)) and with
ISOCAM Deep Survey and ISO-CFRS follow-up.

** Table 1-7 are only available in electronic form at
http://www.edpsciences.org

However, the COsmic Background Explorer (COBE) ob-
servations imply that there likely exists a very significant
contribution of dust-obscured star formation at high redshifts
(Puget et al. 1996; Genzel & Cesarsky 2000). The ISO made it
possible to study the infrared emission of galaxies at z > 0.5,
which plays an important role in understanding the co-moving
star formation density evolution with look-back time. The
ISO mid infrared camera (ISOCAM) (Cesarsky et al. 1996)
is ~10% times more sensitive and has 60 times higher spatial
resolution than IRAS. The mid-IR ISOCAM 15 um source
counts provide evidence for strong IR light density evolution,
as revealed by the strong excess of 15 um counts above the pre-
dictions of non-evolution models at sub-mJy (Elbaz et al. 1999;
Aussel et al. 1999). The cosmic infrared background resolved
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by ISOCAM shows that the co-moving density of infrared light
due to the luminous IR galaxies (Lig > 10'' Ly) was more
than 40 times larger at z ~ 1 than today (Elbaz et al. 2002). The
main driver for this evolution is the luminous infrared starburst
galaxies seen by ISO at z > 0.4, which form stars at a rate of
more than 50 M yr‘1 (Flores et al. 1999).

Based on the correlation analysis of deep X-ray and
mid-IR observations in Lockman Hole and Hubble Deep Field
North (HDF-N), Fadda et al. (2002) found that the active galac-
tic nuclei (AGN) contribution to the 15 um background is
only 17 + 2%. They concluded that the population of IR lu-
minous galaxies detected in the ISOCAM deep surveys, and
the cosmic infrared background sources themselves, are mostly
dust-obscured starbursts (also see Elbaz et al. 2002). Reviews
of extragalactic results from ISO can be found in Genzel
& Cesarsky (2000), Franceschini et al. (2001) and Elbaz &
Cesarsky (2003).

Recently, Flores et al. (2004a) studied the interstellar
extinction and SFRs of 16 luminous infrared galaxies in
Canada-France Redshift Survey (CFRS) 3" and 14" fields
using the spectra from the European Southern Observatory
(ESO) Very Large Telescope (VLT) and Canada-France-
Hawaii Telescope (CFHT). They found that the extinction co-
efficients obtained from Hy/HB (using the VLT/FORS2 or
CFHT spectra) and Ha/HB (combining the VLT/FORS2 and
VLT/ISAAC spectra) are in agreement, and that SFRs derived
from Ha are consistent with those from infrared luminosi-
ties, except for the galaxies near the ultra luminous IR galaxy
(ULIRG) regime (Ljr > 102 Ly).

Spectrophotometric properties of IRAS galaxies have been
studied in detail, providing a full diagnostic of their ISM prop-
erties (Veilleux et al. 1995, hereafter V95; Kim et al. 1995).
However, at higher redshifts, studies of ISOCAM sources have
mostly focused on source counts and SFRs. Very little is known
about chemical properties of distant LIRGs, including their
metal content, and the main objective of this paper is to fill
this gap.

In the local Universe, metallicity is well correlated
with the absolute luminosity (stellar mass) of galaxies over
a wide magnitude range (e.g. 7-9 mag) (Zaritsky et al.
1994; Richer & McCall 1995; Telles & Terlevich 1997;
Contini et al. 2002; Melbourne & Salzer 2002; Lamareille
et al. 2004). Some results have been obtained on the
luminosity—metallicity (L-Z) relations in the intermediate-
redshift Universe. Kobulnicky & Zaritsky (1999) found that the
L—Z relations of 14 intermediate-z emission line galaxies with
0.1 < z < 0.5 are consistent with those of the local spiral and
irregular galaxies studied by Zaritsky et al. (1994), Telles &
Terlevich (1997) and Richer & McCall (1995). The 16 CFRS
galaxies at z ~ 0.2 studied by Liang et al. (2004) fall well in
the region occupied by the local spiral galaxies (from Zaritsky
et al. 1994).

At higher redshifts, Kobulnicky et al. (2003) have obtained
the L-Z relations of 64 galaxies from the Deep Groth Strip
Survey (DGSS) which have been separated into three redshift
ranges (z = 0.2-0.4, 0.4-0.6, and 0.6—0.82). In the highest
redshift bin galaxies are brighter by ~1 mag relatively to those
in the lowest redshift bin and brighter by ~2.4 mag compared
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to the local (z < 0.1) field galaxies (from Kennicutt 1992a,b,
hereafter K92, and Jansen et al. 2000a,b, hereafter J20). Such
a result is confirmed by Maier et al. (2004). These studies con-
trast with the results of Lilly et al. (2003), who have found that
the L-Z relation of most of their 66 CFRS galaxies with 0.5 <
z < 1 is similar to that of the local galaxies from J20. However,
Lilly et al. (2003) have assumed a constant Ay = 1 for ac-
counting for dust extinction. In this study, we investigate the
L—Z relation for LIRGs in z > 0.4 Universe, after a detailed
account for their dust extinction properties.

This paper is organized as it follows. In Sect. 2, we describe
the sample selection, the observations and the data reduction
and analysis, while the redshift distribution and the spectropho-
tometric properties are presented in Sect. 3. Sections 2 and 3 are
aiming at assessing whether our resulting sample can be used to
test the properties of distant LIRGs. Flux measurements, inter-
stellar extinction and SFRs of the galaxies are shown in Sect. 4.
It includes a detailed comparison between extinction parameter
deduced from Balmer line ratio to that derived from mid-IR lu-
minosity. In Sect. 5, we discuss the diagnostic diagrams to test
the AGN contribution as well as the ionization properties. In
Sect. 6, we present the luminosity-metallicity relation (based
on oxygen abundances) of distant LIRGs which is compared to
other galaxy samples. Discussion and conclusion are given in
Sects. 7 and 8. Throughout this paper, a cosmological model
with Hy = 70 kms™! Mpc™!, Qu = 0.3 and Q4 = 0.7 has been
adopted.

2. Sample selection, observations and data
reduction

2.1. The fields

Our sample galaxies were selected from three ISO deep survey
fields: CFRS 3", Ultra-Deep-Survey-Rosat (UDSR) and Ultra-
Deep-Survey-FIRBACK (UDSF) fields.

The CFRS was carried out in five moderate to high galactic
latitude (|b|> 45°) survey fields of area 10" x 10’ chosen to
match the field of view of the MOS multiobject spectrograph
on the 3.6 m CFHT. The 14" and 3" fields have been deeply
imaged with the ISOCAM. Combining the deep IR observation
and the deep optical and radio data, Flores et al. (1999) studied
the 78 ISOCAM sources detected in the 14" field down to a
15 um flux >250 uly. In the CFRS 3" field, 70 sources were
detected, with the 15 um fluxes in the range of 170—-2100 uly
(Flores et al. 2004a,b, in preparation).

The UDSR field refers to the Marano field (centered at
@(2000) = 03"15™09°%, §(2000) = —55°13’57"), which is
a deep ROSAT observation field. The deep (~80 or 120 ks
integration time) XMM-Newton observations (Giedke et al.
2001, 2003) and the optical identifications were also done
(Lamer et al. 2003). FIRBACK is a deep survey conducted
with the ISOPHOT instrument aboard the ISO at an effec-
tive wavelength of 175 um. The total survey covers more
than 4 square degrees located in one Southern and two Northern
fields (Puget et al. 1999; Lagache & Dole 2001). For the UDSR
and UDSF fields, very deep ISOCAM follow-up have been
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Fig.1. a) The IR luminosity log(Lir/Ly) distribution (bin = 0.25)
of 55 ISO-detected sample galaxies with z > 0.4 in all of the
three fields (the shaded region), with the median IR luminosity
of log(Lir/Lo) = 11.32, which is similar to those of the local
IRAS sample of V95 and Kim et al. (1995) (the dotted-line for BGSs,
and the dashed-line for WGSs, with the median values of 11.34
and 11.38, respectively). b) The distribution of the corresponding
38 galaxies with z > 0.4 in the UDSR and UDSF fields (the solid
line), with the median IR luminosity of log(Lir/Ls) = 11.27, and
the distribution of the galaxies in the CFRS 3" field (the dashed-line),
with the median IR luminosity of log(Lir/Ls) = 11.55. Although the
ISOCAM survey observations in the UDSR and UDSF fields are three
times deeper than in the CFRS 3" field, the total distribution of the
galaxies in the 3 fields is a reliable representation of the IR luminous
galaxies in z > 0.4 Universe.

done (Elbaz et al. 2004) reaching flux limits three times lower
than for the CFRS fields.

2.2. The sample

In the CFRS 3" field, we selected 25 targets out of
the 70 ISO 15 um sources according to their (@, §) positions
to observe by using VLT/FORS2. Another 9 objects with-
out 15 um fluxes were added to these observations to fill the
FORS2 mask. In the UDSR field, 29 targets with ISO 15 ym
fluxes were selected to be observed by using VLT/FORS2.
Another 6 non-ISO objects were also added. Three slits (num-
bers 18, 19 and 25) were superposed on more than one object.
In the UDSF field, 27 targets out of the ISO sources list were
selected to be observed by using VLT/FORS2. Another 9 ob-
jects without 15 um fluxes were also selected. Three slits (num-
bers 26, 27 and 29) were superposed on more than one object.

In total, 105 objects were selected for VLT/FORS?2 spectral
observations from the three fields. The basic data of the target
galaxies are given in Tables 1 and 2. The columns are the slit
numbers (also CFRS name in Table 1), the 2000 epoch coor-
dinates, redshift z, / or R band photometric and spectral mag-
nitudes in the AB system, aperture correction factor by com-
paring the photometric and spectral / or R band magnitudes,
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absolute B band magnitude Mp in the AB system, the spec-
tral types of the objects, and the related infrared data including
15 um fluxes, far-IR luminosities and IR-SFRs.

The IR luminosities (and deduced SFRs) have been cal-
culated using the procedure given in Elbaz et al. (2002) and
are given in Tables 1 and 2. They are based on mid-IR fluxes
which show good correlations with radio and far-IR measure-
ments in the local Universe (Elbaz et al. 2002). In the dis-
tant Universe, these estimates agree within a factor of 2 with
those based on Ha luminosities (Flores et al. 2004a). Figure 1a
shows the distribution (the shaded region) of the inferred IR lu-
minosity (8—1000 um) of the 55 ISO/15 um-detected objects
with z > 0.4 (the called “high-z” sample in the following
parts of this paper) in the three fields for VLT/FORS2 spec-
troscopic observation (see Sect. 3 for redshifts) with a median
value of log(Lir/Le) = 11.32. Figure 1b shows the correspond-
ing distribution of the 38 z > 0.4 objects in the UDSR and
UDSF fields with a median value of log(Lr/Ls) = 11.27,
and the distribution of the objects in the CFRS 3" field with
a median value of 11.55. The difference is simply related to
the different flux limits adopted in UDSR and UDSF fields
on one side and on the CFRS 3" field, on the other side.
However, our high-z sample exhibits IR luminosity distribution
very similar to local IRAS galaxies studied by V95 and Kim
et al. (1995), in which the median log(Lr/Ls) = 11.34 for
the Bright Galaxies (BGSs) and 11.38 for the Warm Galaxies
(WGSs) (in Fig. 1a, the dotted-line for BGSs, and the dashed-
line for WGSs). We believe that our sample can be used to
probe the properties of distant LIRGs over an IR luminosity
range comparable to that of V95.

2.3. Spectroscopic observations and data reduction

Spectrophotometric observations of the 105 targets were ob-
tained during three nights with the ESO 8 m VLT using the
FORS2 with R600, 1600 at a resolution of 5 A and covering the
possible wavelength range between 5000 and 9200 A. The slit
width is 1.2” and the slit length is 10”. Spectra were extracted
and wavelength-calibrated using the IRAF! package. Flux cal-
ibration was done using 15 min exposures of 3 photometric
standard stars per field. In addition, for one field (CFRS), we
have compared the spectrophotometry to the V and / photome-
tries and found a very good agreement. To ensure the reliability
of the data, all spectrum extractions as well as lines measure-
ments were performed by using the SPLOT program.

A rest-frame spectrum of one typical galaxy of our sam-
ple, UDSR23, is given in Fig. 2. The strong emission lines
(e.g. [O11] 23727, Hy, HB, [O111] 15007) and the obvious ab-
sorption lines are marked. The continuum has been convolved
except at the locations of the marked emission lines using
the softwares developed by our group (Hammer et al. 2001;
Gruel 2002). The adopted convolution factors are 7 pixels and
then 15 pixels.

! IRAF is distributed by the National Optical Astronomical
Observatories, which is operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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Fig. 2. Rest-frame spectrum of one of the sample galaxies, UDSR23.
It is a luminous infrared galaxy with log(Lir/Ly) = 11.38. The con-
tinuum has been convolved except at the location of the emission lines
(e.g. [Om] 43727, Hy, HB and [Om] A4 4959, 5007). The dashed
boxes delimit the wavelength regions where strong sky emission lines
(e.g. [01]5577, 5891, 6300, 6364 A and OH 6834, 6871, 7914 A etc.)
and absorption lines (O, 6864, 7604 A etc.) are located.

3. Redshift distributions and spectral types

Redshifts are identified by using the emission and/or absorption
lines. Column (4) of Tables 1 and 2 gives the z values of the ob-
jects. Redshift distributions of the combined and the individual
three fields are shown in Fig. 3. The corresponding median red-
shifts are zmeq = 0.587 in the combined sample, zypeq = 0.525
in the CFRS, Zmea = 0.521 in the UDSR and zpeq = 0.698 in
the UDSF. The redshift peak around z = 0.70 in the UDSF field
(six galaxies) shows a velocity dispersion of ~1390 km s, a
typical value for a galactic cluster. The corresponding six ob-
jects are UDSFO06, 07, 08, 21, 26a and 26b. In the UDSR field,
four objects (UDSRI11, 12, 13 and 16) show a redshift peak
around z = 0.166, which may correspond to a velocity disper-
sion of ~129 km s~!, a typical value for a galactic group.

The redshift distributions are consistent with the results in
some other ISOCAM survey fields, e.g., the zpeq = 0.7 in the
CFRS 14" field (Flores et al. 1999) and 0.585 in the HDF-N
(Aussel et al. 1999). Franceschini et al. (2003) found a peak
at z ~ 0.6 for their 21 objects in the Hubble Deep Field South
(HDF-S) field, which they suggested to be a cluster or a large
galaxy concentration. The similarities between the IR lumi-
nosities as redshift distribution of our sample to those of other
studies lead us to assume that our sample can be used to test the
properties of distant LIRGs. About 81% (75/92) of the redshift-
identified galaxies show obvious and strong emission line (EL)
(see Col. 9 of Tables 1 and 2). The corresponding EL galaxies
fraction of ISO-detected objects is ~85%. Table 3 summarizes
the redshift identifications and spectral types of the galaxies in
our sample.
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Fig. 3. Redshift distributions (bin=0.08) of the sample galaxies in the
combined and the individual three fields.

4. Flux measurements, extinction and SFRs
4.1. Flux measurements

The fluxes of the emission lines are measured using the
SPLOT package. The stellar absorption under the Balmer lines
is estimated from the synthesized stellar spectra obtained using
the stellar spectra of Jacoby et al. (1984). To do so, we use the
spectra of four stellar types (e.g. A, B, F and G types) to syn-
thesize the “galactic” continuum and absorption lines. Then,
the “pure” emission Balmer lines are obtained through reduc-
ing the underlying stellar absorption. The corresponding error
budget of emission line flux is deduced by a quadratic addition
of three independent errors: the first one is related to the use of
stellar templates to fit stellar absorption lines and continuum;
the second one comes from the differences among independent
measurements performed by Liang, Flores and Hammer; the
third one is from the Poisson noises from both sky and objects,
and it actually dominates the error budget. The flux measure-
ments of emission lines and their percent errors are given in
Table 4 for high-z galaxies, and in Table 5 for low-z galax-
ies. Three low-z galaxies are also given in Table 4 for their
Hy fluxes. To obtain reliable global fluxes of emission lines of
the galaxies, we should notice that the 1.2" slit of VLT obser-
vations does not always contain the whole galaxy. Thus, the
fluxes of the emission lines are corrected by an aperture factor
derived by comparing the photometric magnitudes to the spec-
tral magnitudes at Iap (for CFRS field) or Rap (for UDSR and
UDSF fields) bands. The aperture correction factors are given
in Col. 7 of Tables 1 and 2.
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4.2. Balmer decrement and extinction

The extinction inside the galaxy can be derived using the decre-
ment between the two Balmer lines: Hy/HB for our high-z
galaxies, and Ha/Hg for the low-z galaxies. Case B recombina-
tion with a density of 100 cm™ and a temperature of 10000 K
was adopted, the predicted ratio is 0.466 for Io(Hy)/Io(HB)
and 2.87 for Iy(Ha)/Iy(HB) (Osterbrock 1989). Using the inter-
stellar extinction law given by Fitzpatrick (1999) with R = 3.1
(R = A(V)/E(B-YV)), the extinction can be readily determined.
Using the Balmer decrement method we find a median extinc-
tion of Ay(Balmer) = 1.68 (=1.82 for the z > 0.4 sample).
Extinction corrected Balmer lines (either H3 or Ha) can be
used to estimate the SFR, which could be then tested by com-
parison with SFR obtained from infrared flux.

4.3. Comparison between SFRs deduced
from mid-IR and from Balmer lines

To compare the SFRs from IR and Balmer lines, we adopt the
calibrations from Kennicutt (1998) based on the Salpeter’s ini-
tial mass function (IMF) (Salpeter 1955) with lower and higher
mass cutoffs of 0.1 and 100 M. The median SFRr of our sam-
ple galaxies is about 31 Mg yr~! for the z > 0.4 galaxies (it is
19 M, yr~! when the low-z galaxies are included). The obtained
median SFR; g77mp) is about 28 Mg yr‘1 for z > 0.4 galaxies.
For most galaxies, SFR» g77mp) are consistent with SFRs esti-
mated from infrared luminosities (Fig. 4a).

4.4. A robust estimate of the extinction coefficient

Because of the large uncertainties related to the measurements
of the Hy line, we need to verify the quality of our derived
extinction. This can be done assuming that the infrared data
provide a robust SFR estimate for IR-luminous galaxies (Elbaz
et al. 2002; Flores et al. 2004a). We estimate a new dust extinc-
tion coefficient, Ay(IR), by comparing the infrared SFR with
the SFR calculated from the optical HB emission line: the en-
ergy balance between IR and HB luminosities. Figure 4b shows
that the derived Ay (IR) is consistent with Ay (Balmer) for most
galaxies, most of them falling in the +0.64 rms discrepancy.
Few objects however lie outside the +0.64 rms as shown in
Fig. 4b (also see Table 6). For three of them (filled squares,
CFRS10, CFRS19 and UDSF13) showing Ay (IR) much larger
than Ay(Balmer), we believe that the discrepancy could be re-
lated to a possible overestimate of the IR flux due to contamina-
tion by neighboring ISO sources (the “possible flux blending”
sources).

The derived median value of Ay(IR) is 2.18 (=2.36 for z >
0.4 galaxies) for our sample, which is slightly larger than the
extinction derived from optical Balmer lines. This trend might
be related to the fact that infrared radiation includes fluxes from
the optical thick H 1 regions, which might be obscured to con-
tribute to the detected optical emission lines. An extreme ex-
ample is CFRS25, CFRS03.0932, which shows Ay(Balmer) =
1.04 and Ay(IR) = 3.77. It is an extreme edge-on disk galaxy
with an inclination of ~79° (Zheng et al. 2004). Most of the
optical light of the whole galaxy is strongly hidden by dust
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Fig.4. a) The SFRs estimated from the extinction corrected Balmer
lines (I,(Ha) ~ 2.871,(HB)) (also see Tables 6, 7), compared with
the SFRs estimated from infrared fluxes. The small zoomed fig-
ure on the bottom right is for the low-z sample. Relative error bars
(ASFRg/SFRr) are quoted in Tables 1 and 2, and average to 30%
(see however a discussion by Cardiel et al. 2003). b) The relation
between the extinction Ay values derived from Balmer decrement
and by the energy balance between the IR radiation and the op-
tical HB emission line luminosities. The two dashed lines refer to
the results with +0.64 rms. The different kinds of symbols in the
two figures roughly show whether the infrared fluxes of the galax-
ies are affected by nearby objects according to their images from the
VLT and the ISOCAM: the filled squares represent the objects for
which the IR fluxes are possibly affected by other nearby ISO objects;
the filled circles show the objects for which no contamination is ex-
pected; the asterisks mark the objects which are not detected by ISO,
and their Ay(IR) are just upper limits.

(screen effect), and the detected optical Balmer lines just trace
the star formation of a few optical-thin Hu regions lying on the
edge of the galaxy.

The median extinction in our sample is lower than those of
the local IRAS sample by V95 who obtained the median E(B —
V) (= Ay/3.1) values 0.99 for the Hu LIRGs, and 1.14 for the
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LINERSs. This could be due to the fact that V95 only studied the
central ~2 kpc parts of the IRAS galaxies, which could be more
affected by dust than the whole galaxy light as studied in dis-
tant galaxies. The derived median extinction of our galaxies is
comparable to that of radio-detected Sloan Digital Sky Survey
(SDSS) galaxies (Ag, = Ay/1.25 = 1.6, Hopkins et al. 2003).
It is much higher than those of the local normal star forming
galaxies for which the median Ay ~ 0.86 (K92 and J20).

Comparison between the extinctions derived from IR and
optical Balmer lines (Fig. 4b) provides a significant reduction
of the error bars derived from the single H3/Hy ratio, to ~0.64
for Ay. This might also provide a useful diagnostic for the dust
and star formation properties in individual galaxies. In the fol-
lowing, we have to adopt a reliable Ay which describes as best
as possible the global properties of each individual galaxy. The
one based on the HB/Hy ratio shows a large uncertainty be-
cause it is based on the faint Hy emission line. Diagnostic dia-
grams and metal abundance determination often depend on the
[Ou] A3727/HB ratio and then on the adopted extinction coef-
ficient. It is uncertain whether such a ratio can be obtained as
a global parameter for a given galaxy. On the other hand, us-
ing Ay(IR) could lead to overestimates of the extinction (and
then to underestimates of the metal abundance) since it ac-
counts for the most obscured regions. However the good corre-
lation found by Flores et al. (2004a) between SFRr and SFRy,
for LIRGs implies that strong obscuration are not preponderant
in the energy balance for these galaxies. Because our study of
the metal abundances is only based on starbursts and LIRGs
(no ULIRGs), we adopt in the following Ay (IR) for estimating
the extinction, while paying attention to how our results would
be affected if using Ay(Balmer).

4.5. Continuum colors

The continuum colors of our sample galaxies are deter-
mined by the ratios of the continuum levels at 4861 A
and 3660 A (C4861/C3660, for the high-z sample) and
at 6563 A and 4861 A (C6563/C4861, for the low-z sample)
(no extinction correction). We use the same three IR lumi-
nosity bins as V95 for log(Lir/Ly) (<11, between 11 and 12,
and >12) in the following studies. Figure 5a shows the IR lu-
minosity against the C4861/C3660 color for our sample galax-
ies. It seems that this plot shows that the more IR luminous
galaxies with log(Lir/Ly) > 11 have redder colors than the
less luminous galaxies with log(Lir/Ls) < 11. However, the
trend is very weak(less than 107) and similar to the result of V95
(their Fig. 17, for C6563/C4861 vs. IR luminosity). Figure 5b
shows the color excess (extinction) against the C4861/C3660
color for our sample. It shows a weak positive correlation, i.e.,
the redder color, the higher dust extinction, which is similar
to that of the local IRAS sample shown by Fig. 5 of V95
(with C6563/C4861 color). Figure 5c shows the color excess
against the C6563/C4861 color for the low-z sample. It seems
that a weak correlation exists as well, similar to that of V95
(on their Fig. 5). The median color C6563/C4861 value is
about 0.4. If the dust extinction is considered to correct the
continuum color roughly, the median color (C6563/C4861),
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(“0” means extinction correction) is about 0.35, which is simi-
lar to the value 0.4 obtained by V95 for their local IRAS sample
(their Fig. 16).

5. Diagnostic diagrams
5.1. High redshift galaxies

The diagram of log([Om] A3727/HB) vs. log([Om] 114959,
5007/Hp) can be used to distinguish the H it region-like objects
from the LINERs and Seyferts. The H 1 region-like objects can
be Hu region in external galaxies, starbursts, or Hi region
galaxies, objects known to be photoionized by OB stars.

Figure 6a gives the diagnostic diagram for our z >
0.4 galaxies, and shows that most of the objects are Hi re-
gion galaxies, and are consistent with the theoretical fitting of
the local extragalactic H 1 regions (the solid line, from McCall
et al. 1985). The dashed line shows the photoionization limit
for a stellar temperature of 60 000 K and empirically delimits
the Seyfert 2 area from the Hm region area (also see Hammer
et al. 1997). From this plot, eight objects are identified to
be AGNs, including five LINERs (CFRS17, 32, 33, UDSR04
and UDSF32) and three Seyfert 2 galaxies (UDSR09, UDSF13,
28). An AGN fraction of ~23% is identified from the diag-
nostic diagram. However, this ratio can be decreased to 11%
when Ay (Balmer) instead of Ay (IR) is used to correct the emis-
sion line fluxes. One reason for this is the higher extinction
of Ay(IR) results in higher [O 1] emission line flux corrected
by extinction, hence, a higher LINER fraction. The AGN frac-
tion is consistent with previously reported results (17%, Fadda
et al. 2002).

5.2. Low redshift galaxies

For the low-z galaxies, the diagnostic diagrams of
[Om] A5007/Ha vs. [Su] 146716, 6731/Ha and
[Om] A5007/Ha vs. [Nu] A6583/Ha are available to di-
agnose their source of ionization (Veilleux & Osterbrock 1987;
Osterbrock 1989). Figures 6b and ¢ show these properties of
the sample galaxies.

From the [Su]/Ha vs. [Om]/HB relations, most of the
galaxies are LINERs with low ionization levels. However, from
the [N u]/Ha vs. [Om]/HB relations, most of the galaxies are
Hu region galaxies since only two objects (20%) show the
LINER character (UDSRO06, 11). Also, most of them will be
classified to be “Star Forming” galaxies by using the corre-
sponding diagnostic for the SDSS sample (Kauffmann et al.
2003; Brinchmann et al. 2003). Thus, to study the diagnos-
tic diagrams of such emission line galaxies, these two dia-
grams are needed simultaneously (also see Liang et al. 2004).
Considering the limits given by Kewley et al. (2001) (the long-
dashed lines in Figs. 6b and c), most of the low-z galaxies
would be classified as Hm regions. It may infer that most
of them occupy a region intermediate between LINERs and
Hu regions.
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with log(Lig/Lo) > 12. Most of our sample galaxies have relatively
low ionization levels ([O m]/HB < 3).

5.3. [Om}/HB versus [O n}/[O ] diagram
for high-z galaxies

The ([Ou] A3727/[Om] A5007) emission line ratio follows a
sequence from low-excitation Hu regions to high-excitation
Hu regions (Baldwin et al. 1981). Figure 7 shows the
log([Om] A5007/HP) vs. log([O 1] A3727/[Om] A5007) diag-
nostic relation for our sample, compared with that for local
IRAS LIRGs of V95. Most of our galaxies lie in the bottom
right region indicating low ionization levels ([Om]/HB < 3).
The apparent excess of high ionization objects in V95 could be
attributed to the fact that they only studied the central ~2 kpc
of the IRAS galaxies, and that they could be more sensitive to a
possible high ionization central AGN. Another possible selec-
tion bias in V95 might also contribute to this excess, since they
have been able to detect [O 1] 43727 line only in their bright-
est and more distant sources, which likely include more objects
with high ionization levels.

6. Abundances in interstellar medium
and luminosity—metallicity relation

Chemical properties of gas and stars within a galaxy are like a
fossil record chronicling its history of star formation and its
present evolutionary status. The high quality optical spectra
from VLT/FORS2 make it possible, for the first time, to ob-
tain the chemical abundances in ISM for such a large sample
of high-z LIRGs.

Y. C. Liang et al.: The L-Z relation of distant luminous infrared galaxies

6.1. Metallicities estimated from diagnostic diagram

On the diagnostic diagram of log([Omn] A3727/HB) vs.
log([Om] 114959, 5007/HB), the local H 1t region samples with
different metallicities lie in different areas. Moreover, they fol-
low the empirical sequence from McCall et al. (1985), which
fits the local H i galaxies well with metallicity decreasing from
the left to the right (see Fig. 12 of Hammer et al. 1997). The
corresponding relations for our galaxies are given in Fig. 8a
(the larger points), together with the local Hu regions with
different metallicities (the smaller points, the representative
metallicities of the different symbols are shown in the box on
the bottom right, Zy is the solar metallicity). The solid line
shows the theoretical sequence from McCall et al. (1985). This
diagram shows that our high-z Hm region galaxies fall in the
local sample well, and have metallicities of 0.5 Z, < Z < Zg.
One non-ISO galaxy, UDSF26a, perhaps has low metallicity
with Z < 0.25 Z,. It seems that there is no obvious difference in
metallicities between the more luminous infrared Hu galaxies
(log(Lir/Le) > 11) and other less luminous infrared samples
(log(Lir/Lo) < 11).

This plot shows that the horizontal-axis parameter,
log([O m] 114959, 5007/HB), can trace the metallicities of the
Hu galaxies roughly, following a trend that increasing values
(up to ~1.0) corresponds to lower metal abundances. Also, this
ratio is almost independent of extinction. Therefore, we further
obtain the log(Lir/Le) vs. log([O mi] 414959, 5007/HB) (no ex-
tinction correction) relation shown by Fig. 8b, in which more
data points are included though their Hy emission lines (for ex-
tinction) and/or [O 1] 43727 shift out of the rest-frame spectra.
Figure 8b indicates that there is almost no obvious correlation
between the two parameters, if one exists, a very weak corre-
lation may show the decreasing [O m]/Hg ratio following the
increasing IR luminosity for the high-z galaxies when the three
Seyfert 2 galaxies (with log([Om] 144959, 5007/HB) > 1.0)
are excluded.

6.2. Oxygen abundances estimated from strong
emission lines

The “direct” method to determine chemical compositions re-
quires the electron temperature and the density of the emitting
gas (Osterbrock 1989). In a best-case scenario, the electron
temperature of the ionized medium can be derived from the
ratio of a higher excitation auroral line, such as [Om] 14363
to [Om] 114959, 5007. However, [O 1] 44363 is too weak to
be measured except in extreme metal-poor galaxies, and be-
comes extremely weak in more metal-rich environments due
to abundant heavy elements reducing collision excitation of
the upper levels. In this case, the oxygen abundances may
be determined from the ratio of [Ou]+[Om] to HB lines
(“strong line” method). The general parameter is Ry3: Ry3 =
([011]43727 + [0 111]44959 + [0 111]45007)/ HB.

Many researchers have developed formula for convert-
ing R,3 into oxygen abundance. The different calibrations have
been checked by Kobulnicky & Zaritsky (1999) and Kewley
& Dopita (2002). Recently, using the calibration given by
McGaugh (1991), Kobulnicky et al. (1999) presented two
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Fig.8. a) The relation between log([Ou] A3727/HB) and

log([Om] A44959,5007/HB) for z > 0.4 galaxies, compared
with a sample of local Hu regions and Hu galaxies with different
metallicities (see Fig. 12 of Hammer et al. 1997 for references of
Hu samples). The solid line shows the theoretical sequence from
McCall et al. (1985), same as in Fig. 6a. b) The relation between
the infrared luminosities and the log([Om] 414959, 5007/HB) (not
corrected by extinction), which includes more data points than figure
a) panel since some galaxies can be added according to their [O 1] to
Hp ratios which are almost independent of extinction.

analytic formulae to convert R,3 into 12+log(O/H) for the
metal-rich and metal-poor branches, respectively. Here we only
adopt the calibration for the metal-rich branch since the re-
lated sample includes only luminous galaxies (Mp < —18)
(Kobulnicky et al. 1999):

12 + log(O/H) =12 — 2.939 — 0.2x — 0.237x* — 0.305x>
-0.0283x* — y(().0047 -0.0221x

—0.102x2 - 0.0817x° — 0.00717x4), 1)
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where x refers to logRy3, and y refers to logOs;: log(03;) =
log(([0111]24959 + [O111]45007)/[011]A3727). To trans-
late R»3 to be 12+1og(O/H), the different calibrations will cause
slightly different oxygen abundances. In fact, it is not important
which calibration is used here since we are interested in the
relative abundances between local and distant galaxy samples
analyzed in the same manner. For the comparison samples in
Fig. 9 (K92; J20; Kobulnicky et al. 2003; Lilly et al. 2003), the
same calibration (Kobulnicky et al. 1999) has been adopted.

Due to the limits of wavelength ranges, [O1n]43727 emis-
sion lines shift out of the visible wavelength in the low-z galax-
ies. Oxygen abundances in ISM of these galaxies can be esti-
mated by R3 parameter for this case (Edmunds & Pagel 1984):
R3 = 1.35 % ([0 111]245007/HPB). Then, their 12 + log(O/H) val-
ues can be obtained using the empirical relation proposed by
Vacca & Conti (1992) (also see Coziol et al. 2001):

log(O/H) = —0.69 x log Ry — 3.24, (0.6 < logRs < 1.0).

The derived 12 + log(O/H) values of the galaxies are given in
Col. 12 of Table 6 (for high-z sample) and Col. 8 of Table 7 (for
low-z sample), which show that our high-z Hn region galaxies
have 12 + log(O/H) from 8.36 to 8.93, with a median value
of 8.67. Two low-z galaxies have higher metallicities than 9.0.
We should notice that here and hereafter the mentioned “oxy-
gen abundance” or “metallicity” refers to “gas-phase” value in
the ISM.

For the solar metallicity, Anders & Grevesse (1989) ob-
tained a value of 12 + log(O/H) = 8.90, Grevesse & Sauval
(1998) got 8.83, whereas Allende Prieto et al. (2001) gave a
preferred solar value of 8.68. Therefore, in the following, our
discussion is based wherever possible on 12 + log(O/H) val-
ues rather than metallicities relative to solar, in order to avoid
confusion.

6.3. Luminosity-metallicity relation

In the local Universe, metallicity is well correlated with the
absolute luminosity of galaxies (Zaritsky et al. 1994; Contini
et al. 2002; Melbourne & Salzer 2002; Lamareille et al. 2004).
Based on the current understanding of cosmic evolution, the
volume-averaged star formation rate was higher in the past
(Madau et al. 1996; Lilly et al. 1996; Flores et al. 1999) and
the overall metallicity in the Universe at earlier times was cor-
respondingly lower. We might expect galaxies to be consider-
ably brighter at a given metallicity (i.e. luminosity evolution)
if they are forming stars at higher rates. A high or intermedi-
ate redshift galaxy sample ought to be systematically displaced
from the local sample in the L—Z plane if individual galaxies re-
flect these cosmic evolution processes. However, if local effects
such as the gravitational potential and “feedback” from stellar
winds and supernova regulate the star formation and chemical
enrichment process, the L—Z relation might be less dependent
on the cosmic epoch. In fact, feedback could confuse the use of
metallicity as a simple metric (Garnett 2002).

Figure 9 presents the Mp vs. 12 + log(O/H) relations for
our LIRG sample, compared with the local (from K92 and J20)
and the other two high-z samples (from Kobulnicky et al. 2003
and Lilly et al. 2003). The Mp values of the compared samples
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Fig. 9. The Mg—metallicity relation of our distant LIRGs (with the typical uncertainty of 0.08 dex on metallicity), compared with other samples
and Pegase2 models: a) with the local galaxies from K92 and J20; the vertical arrow connecting with the solid fit line shows the maximal
extinction effect on Mg, assuming an average extinction correction of Ay = 2.36. b) Pegase2 infall models are superimposed assuming a total
mass of 10" M, and infall times of 5 Gyr and 1 Gyr (the solid and dashed lines with pentagons, respectively); the different timescales are
indicated below pentagons. ¢) With the galaxies with 0.4 < z < 0.82 from Kobulnicky et al. (2003). d) With the galaxies with 0.47 < z < 0.92
from Lilly et al. (2003); solid triangles represent the LIRGs in the Lilly et al. sample for which we suspect that their location should move
to lower metal abundance values (see text), reconciling their results to ours and those of Kobulnicky et al. The linear least-squares fits of the
samples are given: the solid line is for our distant LIRGs, the short-dashed line for the local sample, and the long-dashed lines for the other

two high-z samples.

have been corrected to be the same cosmological model as ours
and in the AB system. The linear least-squares fits for the cor-
responding galaxy samples are also given by considering the
metallicity as an independent variable.

6.3.1. Comparison with local disks

Figure 9a compares the L-Z relation for the LIRGs to that of
local disks (K92 and J20), which are restricted to moderately
star forming galaxies (EW(HB) < 20 A) following Kobulnicky
et al. (2003). For the local disks, there is a correlation be-
tween Lp and Z, with some dispersion at low luminosity,
which could be related to different star formation histories
at different epochs. For the brightest/more abundant disks,

this might be translated into a mass-abundance relation,
assuming that their B lights are dominated by emissions
from intermediate or old stellar populations. Most of the low
redshift sample galaxies (the triangles) lie in the disk locus,
which could be simply related to the fact that they show
moderate SFRs, and are not so different from the local disks.
Two of the low-z galaxies (CFRS09, 13) show high metal
abundances 12 + log(O/H) > 9.0). They are the so-called
“CFRS Hea-single” galaxies studied by Liang et al. (2004), and
are over-abundant spirals. The situation for distant LIRGs is far
more complex. At a given metal abundance, all of them show
much larger B luminosities than local disks, which corresponds
to Mp = 2.5 mag at the median 12+1og(O/H) = 8.67 (with the
median Mp = —21.24). These galaxies show ~0.3 dex lower
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metallicity than that of the local disks with the similar
B luminosity (e.g. the median Mjp = -21.24).
Adopting Ay(Balmer) instead of Ay(IR) would move the
median metal abundance value of our galxies by +0.03 dex.

The small Mp variation with metallicity is probably re-
lated to selection effect because distant ISOCAM sources
likely correspond to luminous (and massive?) systems (also
see Franceschini et al. 2003). As an aside, they are also con-
sistent with an infall model (single-zone Pegase2 from Fioc &
Rocca-Volmerange 1999) as displayed in Fig. 11 of Kobulnicky
et al. (2003) for a 10" M, galaxy (our Fig. 9b). The model as-
sumes a SFR proportional to the gas mass where the galaxy is
built by exponentially decreasing infall of primordial gas with
an infall timescale of 5 Gyr (the solid line with pentagons).
Here the nucleosynthesis yields of stars (from the B-series
models of Woosley & Weaver 1995) have been arbitrarily re-
duced by a factor of 2 to avoid overproduction of metals at
late times (see Kobulnicky et al. 2003). The dispersion of the
points around this relation may be reproduced by adding sin-
gular burst of star formation of 10°~7 M, on the model galaxy.

However, we believe that Fig. 9a does not tell us all
of the story. Indeed, distant LIRGs show SFRs extending
from 30 to several hundreds of My yr~! and high gas extinc-
tions. Conversely to local quiescent disks, their B luminosi-
ties are dominated by young stars, and as such, are strongly
affected by dust effects. The latter cannot be accurately esti-
mated from their spectral energy distribution, without a care-
ful modelling of stellar populations, IMF and of the dust ge-
ometry. We can estimate the maximal B luminosity of distant
LIRGs, which can be reached if all blue stars were embedded
in the ionized gas. This “maximal” dust correction is repre-
sented in Fig. 9a by a big vertical arrow connecting with the
linear least-squares fit of our high-z LIRGs sample, assum-
ing an average extinction correction Ay(IR) = 2.36 (or 3 mag
at4350 10\). Then, at a given metal abundance, LIRGs have B lu-
minosities by far larger than those of the local disks, which
excess 0Mp ranging from 2.5 mag to more than 5 mag at the
median 12 + log(O/H) = 8.67. Assuming an infall gas model,
distant LIRGs could be interpreted as forming very massive
systems with total mass ranging from 10'! My to <10'> M,
which extend from massive disks to massive ellipticals.

It is valuable to notice that, at the given magnitude (the
median value), the metallicity of the distant LIRGs are also
lower by ~0.3 dex than those of other local samples (Contini
et al. 2002; Lamareille et al. 2004; Melbourne & Salzer 2002).
Because the above studies are based on UV or Ha emission,
they mostly include low luminosity (mass?) systems in the lo-
cal Universe. In Fig. 9a we have chosen to compare our re-
sults to those of more massive objects, i.e. the spiral galaxies
from K92 and J20, because this provides us a better tool to un-
derstand evolutionary effects.

6.3.2. Comparison with other high-z samples

Figure 9c compares the distant LIRGs with the high-z galax-
ies from Kobulnicky et al. (2003) with 04 < z < 0.82
(EW(HB) < 20 A). Kobulnicky et al. estimated the O/H values
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using Ry3 and O3, parameters obtained from the correspond-
ing equivalent widths of the lines, which are believed to be less
affected by dust extinction (see Kobulnicky & Phillips 2003).
The metallicities of their galaxies are in similar range to ours,
but the galaxies are fainter at a given metallicity. The median
(Mg, 12 + log(O/H)) of their sample is about (8.64, —20.08).
The difference between the two samples decreases at increas-
ing metallicity, from 0Mp = 2.3 mag at 12 + log(O/H) ~ 8.42
to 0Mp = 0 at 12 + log(O/H) ~ 8.85. The 6Mp is ~1 mag at
the median abundance of 8.67 of our LIRGs. This discrepancy
in Mp reflects that our sample galaxies are brighter and possi-
bly more massive than the rest-frame blue selected sample of
DGSS galaxies.

Figure 9d compares the distant LIRGs with the distant
CFRS sample studied by Lilly et al. (2003). The Mp values
of the two galaxy samples are very similar, from about —19.8
to —22.5. The linear least-squares fits of the two samples (the
solid line is for our sample, and the long-dashed line is for
Lilly’s sample) show a non-significant difference in L-Z rela-
tion: 0Mp ~ 0.4 mag. For reasons of clarity, we have restricted
the sample of Lilly et al. (2003) to the CFRS 3" and 14" fields,
which have been surveyed by ISOCAM. Among this subsam-
ple of 42 galaxies, 10 have been identified to be LIRGs by ISO
(shown as filled triangles in Fig. 9d). The derived oxygen abun-
dances by Lilly et al. for these 10 ISO-galaxies show a me-
dian value of 12 + log(O/H) = 8.98, which is ~0.3 dex higher
than the median value of our distant LIRG sample. Indeed,
Lilly et al. (2003) assumed a constant extinction of Ay = 1
for all their galaxies, which strongly underestimates the aver-
age extinction for LIRGs, and then, leads to underestimated
[Ou]A3727/HB ratios, hence the overestimated oxygen abun-
dances. This effect has been checked by us in investigating
the properties of two common galaxies in the two samples.
For CFRS02 (Ay = 3.24) and CFRS06 (Ay = 2.74), Lilly et al.
(2003) found the 0.5 dex and 0.3 dex larger 12 + log(O/H) val-
ues than our estimates, respectively. If one assumes an aver-
age Ay = 2.36 for LIRGs in the Lilly et al. sample, this would
move all the corresponding points (full triangles) towards a
lower metallicity by ~0.3 dex. Extinction effects could thus
reconcile Lilly et al.’s results with those of Kobulnicky et al.
(2003).

7. Discussion

We have gathered a sample of 105 ISOCAM galaxies for which
we present detailed optical spectroscopic properties. The sam-
ple, although slightly biased towards high IR luminosity, shows
several strikingly similar properties with the local sample of
IRAS galaxies studied by V95 and Kim et al. (1995). This in-
cludes a similar IR luminosity distribution, continuum color,
extinction and ionizing properties. We believe that our sam-
ple provides a good representation of distant LIRG properties.
We also confirm that, for >77% of the distant LIRGs selected
by ISOCAM at 15 um, star formation is responsible for most
of their IR emission.

ISO distant galaxies present a L-Z diagram strikingly dif-
ferent from that of local disks. Distant LIRGs are forming
stars at very large rates, and their L-Z diagram is almost an
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horizontal line reaching the local disk L-Z correlation: they
are the systems actively building up their metal content. At the
median luminosity (Mp = —21.24), their median 12+1log(O/H)
is about 0.3 dex smaller than the local disk value, and even less
if we correct the Mp value for extinction. It is unlikely that
this discrepancy is related to our determination of metallicity,
because we have adopted the conservative assumption that all
distant LIRGs lie on the upper branch of the R,; — O/H dia-
gram, i.e. with 12 + log(O/H) > 8.35. In the following, we
investigate the relation between distant LIRGs and present-day
disk galaxies.

LIRGs can reach the local disk locus by either a progres-
sive enrichment of their metal content or fading. Both cases
are somewhat extreme. Single-zone infall models with infall
time from 7 = 1 to 5 Gyr could easily reproduce the link
between distant LIRGs, the distant large disks, and the local
massive disks (see Fig. 9b). These models predict the total
masses of galaxies range from 10!" M, to <10'? M,,. The lat-
ter mass value comes from the maximal B band luminosity (see
Sect. 6.3.1). As noticed by Kobulnicky et al. (2003), reducing
the infall time (to values down to few 10% years) would lead
to overproduction of metal at later times. However, we believe
that simple infall models cannot apply during the whole his-
tory of the galaxy: several factors can prevent the star formation
from being held at very large rates, including disk self regula-
tion (Silk 1997), gas consumption or small timescales related
to merging events.

A major problem is the uncertainty about the characteristic
infall time: if much smaller than 1 Gyr, distant LIRGs might
fade away after the burst and be progenitors of low mass disks.
It is likely that LIRGs correspond to specific events of strong
star formation in galaxy history: if associated to mergers, such
events should be rather short, within few 107 to 108 years,
leading to relatively small amounts of formed stellar mass
and metals. Indeed, several consecutive bursts are predicted
by merging simulations. Several minor merger events may oc-
cur in a Hubble time. The study of the Balmer absorption
lines of these LIRGs will be presented in a forthcoming paper
(Marcillac et al. 2004), in which they will be used to quantify
the mass fraction of stars born during the starbursts as well as
the duration of these bursts.

LIRG morphologies suggest that a noticeable amount of
them are intimately linked with the population of large disks.
Using HST color maps of 34 distant LIRGs drawn from the
CFRS sample, Zheng et al. (2004) showed that 36% of the
LIRGs have disk morphologies and only 17% are major merg-
ers of two galactic disks, which confirms the preliminary study
in Flores et al. (1999). Lilly et al. (1998) have gathered a
small but representative sample of large disks (rgix > 4 h;(})
at z > 0.5, which appears in number density comparable to
that of local large disks. Restricting this sample to the two
CFRS fields surveyed by ISO (3" and 14"), 6 (30%) of the
19 large disks are LIRGs (Lig from 3 to 18 x 10" Ly) de-
tected by ISO (4 of them are indeed detected by ISO but 2
of them are in the supplementary catalog of Flores et al. 1999;
also see Zheng et al. 2004). If we assume that the sample of
Lilly et al. (1998) is a good representation of massive disks in
the 0.5 < z < 1 volume, and that a large fraction of them are

Y. C. Liang et al.: The L-Z relation of distant luminous infrared galaxies

experiencing strong star forming episodes (LIRGs), this could
constraint the amount of metal/stellar mass they have formed.
The elapsed time between z = 1 and z = 0.5 is ~2.7 Gyr, and
if 30% of distant disks are experiencing strong star formation
episodes (LIRGs), infall time likely averages to a value close
to 1 Gyr: this would suffice to produce an amount of metal to
reach the upper metal branch of local massive disks.

Unfortunately, at present, we only have a few K band mea-
surements for the sample galaxies studied here to estimate
their stellar masses. However, Zheng et al. (2004) has derived
rest-frame K-band luminosities ranging from 1.4 x 10'% Lg
t02.9% 10! L, for 24 of their distant LIRGs. The characteristic
time for doubling the stellar masses of the distant LIRGs ranges
from 108 to 10° years. Since in the very simple model (1 Gyr
infall) described above, a noticeable fraction of the gas was not
converted into stars, this supports our view that LIRGs are re-
lated to the formation of massive systems (~10'! My, mostly
large disks). On average, z ~ 1 large disks could double their
metal content and their stellar mass to reach the massive spi-
ral locus at z < 0.5. This is consistent with Franceschini et al.
(2003), who found that the distant IR sources in the HDF-S are
hosted by massive galaxies (M ~ 10'! M), with an observed
median star forming activity parameter, M/SFR ~ 1 Gyr.

Our result is globally in agreement with that of
Franceschini et al. (2003) who found that the host galaxies of
ISO sources are massive members of groups with typically high
rates of star formation (SFR ~ 10 to 300 My yr~!), and sug-
gested that the faint ISOCAM galaxies appear to form a com-
posite population, including moderately active but very mas-
sive spiral-like galaxies, and very luminous ongoing starbursts,
in a continuous sequence.

8. Conclusion

A large sample (105) ISO/15 pm-selected sources in three
ISO deep survey fields (CFRS 3", UDSR and UDSF) are stud-
ied on the basis of their high quality VLT/FORS2 spectra and
the infrared data from ISO. Among the 92 redshift-identified
objects, 75 (64 with z > 0.4) are classified to be EL galax-
ies. 66 (55 with z > 0.4) objects are EL galaxies out of the
77 ISOCAM 15 um detected sources. This is by far the largest
sample of spectra of distant ISO galaxies. We present here their
properties derived from the emission lines. The redshift distri-
bution (zmeq = 0.587) is consistent with that of previous stud-
ies, and some galaxies belong to a z ~ 0.70 cluster (in the
UDFS field) or to a z ~ 0.166 galaxy group (in the UDSR field).
This study provides us:

— An accurate calculation of the extinction coefficient from
Balmer emission lines, which properly account for underly-
ing Balmer absorption (Ay(Balmer), median value of 1.82
for z > 0.4 sample galaxies).

— An energy balance between IR and Balmer luminosi-
ties which provides us with an original way to calculate
an IR-based extinction coefficient (Ay(IR), median value
of 2.36 for z > 0.4 galaxies).

— A good correlation between the above-mentioned two ex-
tinction coefficients, which, for the first time, allows us to
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reliably obtain the chemical properties of distant galaxies
with considering interstellar extinction; this diagram could
also be used as a diagnostic of their dust geometry and star
formation history.

— The very similar general properties of z > 0.4 ISO sources
to those of the local IRAS LIRGs studied by V95, includ-
ing IR luminosity distribution, continuum color, ionization
and extinction properties, which ensures that our sample is
representative of LIRGs in the distant Universe.

— An extinction-corrected diagnostic diagram based on
[Ou]/HB and [Om]/HB ratios, which confirms the
small fraction (~23%) of Seyferts and LINERs for
ISOCAM 15 um sources found in other studies (Flores
et al. 1999; Fadda et al. 2002; Elbaz et al. 2002).

— A determination of O/H metallicity, which ranges
from 8.36 to 8.93 in 12 + log(O/H) for the z > 0.4 sam-
ple; no obvious trend is found between the IR luminosity
and the metallicity.

This study shows that distant LIRGs form a peculiar sequence
in the Mp-O/H diagram, which is a broad L-Z relation at
bright B absolute luminosities. When compared to local bright
disks, at constant metallicity (12 + log(O/H) = 8.67, median
value), LIRGs are from 2.5 to 5 mag more luminous, and at
constant Mg (Mp = —21.24, median value), they are more than
two times deficient in metal. These properties can be repro-
duced with infall models though one has to limit the infall time
to avoid overproduction of metals in late time. Models predict
a total mass ranging from 10'! M, to <10'> My, which can be
twice of the stellar masses of distant LIRGs derived by Zheng
et al. (2004) on the basis of the K band luminosities. In a forth-
coming paper (Hammer et al. 2004) we investigate whether
LIRG properties could be related to a recent and significant
star formation in massive galaxies, including spirals.
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Table 1. Basic data of the sample galaxies in CFRS 3" field.

Object RA Dec z InBphot IaBspec Aper Mpap  Type f(S15) log( LLL;* ) SFRir

Slit (J2000) (J2000) uly My yr!

(1) (2) (3) 4) (5) ® (D (8) ) (10) (11) (12)
03.1153 CFRSO1 30252.12 +001256.3 0.0000 21.64 21.89 1.26 - Star 0.0 0.00 0.00
03.1309 CFRS02 30252.01 +001033.0 0.6172 20.62 21.13 1.60 -21.49 EL 507.0 11.86+0.08 124.86
03.1324 CFRS03 30250.72 +001041.0 0.1748 21.80 21.20 0.58 -17.19 EL 0.0 0.00 0.00
03.1183 CFRS04 30249.37 +0013 7.5 0.3870 2190 2193 1.03 -18.37 Ear 419.0 11.26+0.10 31.06
03.1188 CFRS05 3024885 +001230.2 9999 21.68 23.58 5.75 - ? 0.0 - -

03.1349 CFRS06 30249.08 +0010 1.8 0.6169 20.87 2147 174 -21.16 EL 3340 11.56+0.11 62.07
03.1522 CFRS07 3024731 +0013 7.2 0.5870 22.02 23.18 291 -1959 ? 213.0 11.21+0.12 28.06
03.0422 CFRS08 30246.29 +001353.6 0.7154 2121 2197 201 -21.22 EL 331.0 11.72+0.11 90.80
03.0641 CFRS09 3024593 +001125.7 0.2613 20.03 20.81 205 -19.11 EL 0.0 0.00 0.00
03.0445 CFRS10 30244.57 +001220.1 0.5276 20.64 2120 1.70 -21.23 EL 220.0 11.17+0.19 25.67
03.1541 CFRS11 3024338 +0012 95 0.6895 21.85 21.80 1.06 -20.52 EL  425.0 11.86+0.10 123.54
03.0495 CFRS12 3024154 +0014429 0.2614 1943 20.01 205 -19.82 EL 323.0 10.60+0.12 6.81
03.0711 CFRS13 3024231 +0010 1.4 0.2615 21.04 2152 155 -1854 EL 180.0 10.32+0.22 3.56
03.0507 CFRS14 30240.44 +0014 3.8 0.4652 2095 2133 142 -2047 EL 195.0 11.04+0.30 19.00
03.1531 CFRS15 30239.72 +001321.2 0.7163 21.81 23.56 496 -20.52 EL 293.0 11.65+0.11 76.85
03.0533 CFRS16 30238.80 +001417.5 0.8274 2147 2198 1.60 -2138 EL 401.0 12.10+0.10 215.84
03.0776 CFRS17 30239.18 +001035.1 0.8837 2237 2288 1.60 -20.69 EL 177.0 11.59+0.20 67.38
03.0799 CFRS18 3023821 +001150.1 9999 24.04 2547 3.73 - ? 0.0 - -
03.0828 CFRS19 30237.44 +001117.4 03310 2244 2329 219 -17.83 EL 305.0 10.88+0.12 12.95
03.0569 CFRS20 30235.63 +001412.0 0.1810 21.33 2232 249 -1673 ? 176.0 9.88+0.23 1.32
03.0578 CFRS21 30235.19 +001410.1 0.2189 20.79 2227 391 -18.62 EL 167.0 10.07+£0.23 2.04

03.0589 CFRS22 30234.41 +0013319 0.7172 22.18 2253 138 -20.25 EL 0.0 0.00 0.00
03.5004 CFRS23 30234.82 +0012429 0.0875 17.74 19.63 5.68 - EL 2089.0 10.29+0.08 3.35
03.0916 CFRS24 30233.71 +001137.7 1.0300 2131 22.05 1.98 - QSO  219.0 12.04+0.12 -

03.0932 CFRS25 30233.14 +0011 52 0.6478 21.37 2221 217 -20.73 EL 529.0 11.94+0.09 150.83
03.0006 CFRS26 3023153 +0014 3.3 0.8836 2329 2394 182 -19.77 EL 183.0 11.61+0.23 69.65

03.0015 CFRS27 30230.73 +001258.6 0.1980 21.68 21.64 096 -16.60 Ear 0.0 0.00 0.00
03.0138 CFRS28 30230.82 +0011 1.8 0.4797 20.09 2046 141 -20.87 Ear 0.0 0.00 0.00
03.0035 CFRS29 30229.41 +001259.8 0.8804 21.16 2199 215 -21.88 EL 318.0 12.03+0.12 182.36
03.0149 CFRS30 3022951 +00 917.2 0.2510 20.74 2229 4.17 -1892 EL 0.0 0.00 0.00

03.0062 CFRS31 3022720 +001356.6 0.8272 20.96 21.79 215 -21.85 EL 228.0 11.67+0.15 80.51
03.0174 CFRS32 3022753 +001057.2 0.5251 2231 23.06 200 -19.11 EL 212.0 11.16+0.26 24.66
03.0186 CFRS33 30226.86 +001055.1 0.5254 22.01 22.88 223 -1932 EL 185.0 11.08 £0.25 20.58
03.0085 CFRS34 3022524 +001324.8 0.6089 22.00 2229 131 -1996 EL 203.0 11.21+0.20 27.66

Note: The magnitude of CFRS23 is Rap and is not Ixp.
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Table 2. Basic data of the sample galaxies in UDSR and UDSF fields.

Object RA Dec z RAB phot RaBspec Aper Mg A Type f(S15) log(lﬁ) SFRr
Slit (J2000) (J2000) uly Mg yr!
(1) (2) (3) “) (5) (6) ) (3) ) (10) (11) (12)
UDSRO1 315024  -552125 0.1025 20.94 21.72 2.05 -17.03 EL 91.2 8.91+0.20 0.14
UDSRO02 314546  -552217 0.9334 23.16 23.72 1.67 -20.72 EL 0.0 0.00 0.00
UDSRO03 314516  -552227 9999 23.28 23.77 1.57 - ? 0.0 - -
UDSR04 314559 -552134 04501 22.97 23.21 1.25 -19.42 EL 231.5 10.96 +0.18 15.68
UDSRO05 31507.1 -551945 1.0657 23.22 23.74 1.61 -22.18 EL 249.6 12.03+0.24 183.10
UDSRO06 31505.1 -551951 0.1836 19.88 20.32 1.50 —-19.30 EL 345.5 10.08 £0.12 2.07
UDSRO07 314573  -552031 0.5507 2391 24.36 1.51 -19.27 ? 251.9 11.10+0.19 21.85
UDSRO08 314552  -552031 0.7291 21.60 22.18 1.71 -21.52 EL 235.7 11.32+0.21 35.66
UDSR09 31456.1 -552008  0.3884 19.53 19.95 1.47 -21.75 EL 608.9 11.30+0.08 34.21
UDSR10 314439 -552135 0.6798 20.84 21.48 1.80 -22.29 EL 495.2 11.75+0.13 96.92
UDSRI11 314457 -552053  0.1660 19.81 20.38 1.69 —-19.20 EL 252.1 9.82+0.13 1.15
UDSRI12 314375 -552144  0.1654 20.76 21.15 1.43 -18.23 EL 226.7 9.77+0.15 1.01
UDSRI13 314359 -552135  0.1666 20.78 21.12 1.37 —-18.15 EL 53.0 9.14+0.23 0.24
UDSR14 314433 -552011 0.8150 21.56 22.29 1.96 -22.22 EL 200.1 11.34+0.24 38.00
UDSRI5 314363 -552102  0.4949 21.51 22.19 1.87 —-20.61 EL 235.6 11.03+0.19 18.40
UDSR16 31433.1 -552101 0.1662 20.86 21.15 1.31 -18.29 EL 180.4 9.67+0.16 0.82
UDSR17 314413  -551924  0.9680 22.51 23.05 1.64 -22.25 EL 386.2 12.10+0.19 219.01
UDSRI8a 314535 -551726 9999 23.33 23.24 0.92 - ? 0.0 - -
UDSRI8b 314534 551724 9999 24.43 23.74 0.53 - ? 247.1 - -
UDSRI19a 314395 -551903  0.0000 22.53 22.48 0.95 - Star 174.7 0.00 0.00
UDSRI9% 314393 -551901 0.0000 22.66 22.98 1.34 - Star 174.7 0.00 0.00
UDSR20 31441.1 -551840  0.7660 21.79 23.12 3.40 -21.87 EL 214.4 11.32+0.23 35.81
UDSR21 314436 -551750  0.4655 22.54 23.17 1.79 -19.52 EL 56.8 10.24+0.26 3.01
UDSR22 314482 -551657  0.4970 21.92 23.15 3.10 - ? 0.0 0.00 0.00
UDSR23 31432.1 -551902  0.7094 21.12 21.45 1.36 -21.70 EL 271.1 11.38+0.20 40.96
UDSR24 314337 -551840 0.3136 - 20.46 - - Ear 164.0 1036 +0.18 3.96
UDSR25a 314248 551935 0.5816 20.48 20.61 1.13 -22.08 EL 702.5 11.85+0.09 122.08
UDSR25b 314248 -551936 9999 21.11 - - - ? 0.0 - -
UDSR26 314367 -551732  0.3841 21.08 21.68 1.74 -20.27 EL 82.5 10.27+0.23 3.17
UDSR27 314296 -551822  0.6429 22.19 22.18 0.99 —-20.61 EL 128.9 10.80+0.23 10.93
UDSR28 314207 -551920  0.5210 20.65 21.01 1.39 -21.76 Ear 231.5 11.04+0.18 18.65
UDSR29 314274  -551806 9999 23.52 23.43 0.92 - ? 0.0 - -
UDSR30 314267 -551751 0.9590 22.69 23.08 1.43 -21.45 EL 408.7 12.12+0.18 225.95
UDSR31 314256 -551751 0.9530 22.84 23.17 1.36 -21.81 ? 274.5 11.80+0.21 109.40
UDSR32 314303 -551653  0.5841 22.33 22.96 1.79 -19.98 EL 137.3 10.77+0.23 10.13
UDSFO1 313276 -550553  0.4656 20.41 21.22 2.11 -21.61 EL 86.6 10.45+0.11 4.82
UDSF02 313233 -550515 0.7781 22.57 24.00 3.73 -21.43 EL 47.0 10.43+0.12 4.59
UDSFO03 31333.6 -550427 0.5532 21.54 22.65 2.78 -20.86 EL 0.0 <10.81 <11.14
UDSF04 313285 550445  0.9620 22.99 23.44 1.51 -21.54 EL 246.8 11.75+0.12 97.17
UDSFO05 313304 -550417  0.1658 19.85 20.46 1.75 -19.12 Ear 0.0 <9.59 <0.69
UDSF06 313302 -550404  0.6928 2191 22.31 1.45 -21.52 EL 150.0 1097 +0.33 15.97
UDSF07 313173  -550516  0.7014 22.37 22.95 1.71 —-20.70 EL 154.3 1099 +0.12 16.77
UDSF08 313142 -550537  0.7075 22.30 22.96 1.84 -21.03 EL 137.7 1091 +0.12 14.01
UDSF09 313180 -550457 0.2273 19.99 20.93 2.38 -19.71 Ear 68.9 9.58+0.10 0.69
UDSF10 313126 -550511 9999 24.04 24.31 1.28 - ? 0.0 - -
UDSF11 313233 -550333  0.0937 19.36 19.93 1.69 -18.39 EL 155.4 9.06 +0.09 0.23
UDSF12 31307.7 -550526  0.7388 22.45 23.13 1.87 -21.39 EL 331.1 11.56 +0.13 62.83
UDSF13 313142  -550421 0.7605 23.54 24.37 2.15 —20.44 EL 906.6 1238 +0.11 408.45
UDSF14 31309.7 -550433  0.8190 23.08 23.92 2.17 -21.08 EL 64.1 10.65+0.13 7.70
UDSF15 313107 -550406  0.2302 22.60 23.55 2.40 -17.57 EL 0.0 <9.95 <1.49
UDSF16 313080 550418  0.4548 20.39 21.11 1.94 -21.47 EL 137.6 10.68 +0.11 8.16
UDSF17 313086 —-550357  0.8100 21.45 22.16 1.92 -22.42 EL 256.9 11.52+0.14 56.97
UDSF18 313165 -550227  0.4620 21.42 22.08 1.84 —20.60 EL 170.0 10.81+0.10 11.03
UDSF19 31309.8 -550308  0.5476 20.68 21.20 1.61 -21.94 EL 611.3 11.67+0.11 80.86
UDSF20 313190 -550142 0.8424 22.30 23.25 2.40 - EL 117.2 11.04+0.14 18.84
UDSF21 313045 -550312  0.6980 21.78 22.41 1.79 -21.35 EL 0.0 <10.97 <16.20
UDSF22 312517 -550439  0.2298 20.48 20.88 1.45 —-19.38 EL 134.1 9.89+0.09 1.38
UDSF23 313050 550236 1.0404 22.76 23.26 1.58 -21.83 ? 0.0 <11.58 <65.47
UDSF24 313048 550224 1.1586 21.92 23.13 3.05 -23.31 EL 159.7 11.91+0.16 138.87
UDSF25 31307.3 -550156  0.8094 23.32 24.94 445 -20.42 EL 94.2 10.86+0.13 12.52
UDSF26a 312580 -550253  0.7027 23.07 24.63 4.21 —-21.60 EL 0.0 <10.98 <16.31
UDSF26b 312575 -550248  0.7023 21.16 21.83 1.85 -20.62 EL 163.3 11.03+0.13 18.38
UDSF27a 312584  -550234 9999 23.43 23.98 1.66 - ? 108.1 - -
UDSF27b 312582  -550232 9999 23.72 24.33 1.75 - ? 0.0 - -
UDSF28 31251.8 -550257  0.6612 21.31 22.25 2.38 -21.84 EL 321.4 11.40+0.12 42.96
UDSF29a 312505 -5503 1 9999 24.18 - - - ? 0.0 - -
UDSF29b 312502 -550259  0.6619 22.64 23.37 1.96 -20.45 EL 3539 11.47+0.12 51.34
UDSF30 312449  -550327 9999 23.31 22.79 0.62 - ? 114.6 - -
UDSF31 312440 -550321 0.6868 22.39 22.93 1.64 -20.57 EL 192.8 11.10+0.13 21.71
UDSF32 312533  -550143  0.7268 23.16 23.78 1.77 -19.73 EL 226.3 11.27+0.13 32.28
UDSF33 312539 -550128 9999 21.07 22.17 2.75 - ? 295.7 - -
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Table 3. Redshift-identification and spectral types of the galaxies in the three fields. “ELGs” means “Emission Line Galaxies”, “ETGs” means

¢

“Early-Type Galaxies”, “z-poor” means the redshift can be gotten even the Type is not clear from the spectrum.

Fields Objects ELGs ETGs Stars QSO  z- z- Redshifts Redshift median
ISO non-ISO poor unknown | ISO non-ISO identified z
z>04 z<04
CFRS 34 16 4 3 1 1 2 2 25 7 94.12 %  0.525
UDSR 35 14 1 2 2 0 28 2 85.71%  0.521
UDSF 36 21 2 4 2 0 0 1 6 24 6 8333 %  0.698
Three fields 105 51 15 9 7 3 1 6 13 77 15 87.62%  0.587
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Table 4. Measured emission line fluxes (F;) in unit of 10~!7 (ergs cm™2 s™!) and the errors in percent for the high-z EL galaxies. “9997” means
the line is blended with strong sky line, “9998” means there is no corresponding emission line detected at the line position, and “9999” means
the line is shifted outside of the rest-frame wavelength range. “05” means [O 11]sp07, and “04”” means [O 11]49s9.

Slit z [O 11]3727 6[0“]% H’}/ eHy% Hﬁ EHﬁ% [O 111]5007 6,15% [O 111]4959 6,14%
@ @) 3 “ (&) ©® (@) ®) ® 10) atn a2)
CFRS

2 0.6172 14.66 0.02 1.99 0.12 6.30 0.10 9.49 0.06 9998 9998
6 0.6169 6.55 0.02 1.63 0.10 5.04 0.10 8.49 0.06 2.28 0.17
8 0.7154 4.28 0.04 1.38 0.13 437 0.10 9999 9999 9999 9999
10 0.5276 7.57 0.05 1.68 0.08 4.29 0.07 0.90 0.16 9998 9998
11 0.6895 5.10 0.09 1.05 0.20 3.92 0.08 1.18 0.25 9998 9998
12 0.2614 9999 9999 3.78 0.13  10.09 0.05 30.90 0.02 10.97 0.04
14 0.4652 16.81 0.02  2.09 0.11 6.87 0.05 6.55 0.10 2.55 0.17
15 0.7163 2.86 0.08 2.06 0.16 9997 9997 9998 9998 9998 9998
16 0.8274 11.42 0.04 1.64 0.15 9999 9999 9999 9999 9999 9999
17 0.8837 7.14 0.04 058 0.19 2.05 0.11 0.58 0.40 9998 9998
19 0.3310 9999 9999 0.29 0.16 0.77 0.08 1.44 0.10 0.43 0.32
22 0.7172 4.99 0.05 0.63 0.28 9997 9997 9999 9999 9999 9999
25 0.6478 6.34 0.04 1.14 0.17 2.87 0.15 2.85 0.11 9998 9998
26 0.8836 2.05 0.15 9998 9998 9999 9999 9999 9999 9999 9999
29 0.8804 2.38 0.16 9998 9998 9999 9999 9999 9999 9999 9999
31 0.8272 5.61 0.05 1.46 0.15 9999 9999 9999 9999 9999 9999
32 0.5251 1.13 0.13 9998 9998 0.31 0.10 0.32 0.16 9999 9999
33 0.5254 2.80 0.04 0.31 0.50 0.98 0.10 0.56 0.16 9998 9998
34 0.6089 9.97 0.04 076 0.15 9997 9997 2.12 0.22 9998 9998
UDSR

2 0.9334 5.39 0.05 1.01 0.30 9999 9999 9999 9999 9999 9999
4 0.4501 3.71 0.08 9998 9998 0.58 0.15 1.65 0.13 0.51 0.23
5 1.0657 5.92 0.06 9999 9999 9999 9999 9999 9999 9999 9999
8 0.7291 23.27 0.02 407 0.07 9.52 0.06 10.88 0.05 5.03 0.07
9 0.3884 5.83 0.08 9998 9998 0.47 0.10 9.34 0.05 3.10 0.15
10 0.6798 11.13 0.06 247 0.15 7.02 0.09 5.24 0.13 1.83 0.15
14 0.8150 18.13 0.04 332 0.18 9.29 0.50 8.93 0.10 3.01 0.15
15 0.4949 9999 9999 1.20 0.10 4.02 0.15 3.92 0.06 1.32 0.12
17 0.9680 2.28 025 9998 9998 9999 9999 9999 9999 9999 9999
20 0.7660 16.57 0.02 2.33 0.09 6.48 0.06 9.81 0.08 9998 9998
21 0.4655 2.03 0.13 9998 9998 0.45 0.40 4.75 0.10 9998 9998
23 0.7094 13.35 0.02 222 0.11 7.01 0.07 4.63 0.10 1.57 0.15
26 0.3841 3.61 0.10 9998 9998 1.25 0.20 1.04 0.16 9998 9998
27 0.6429 4.13 0.08 9998 9998 9997 9997 9998 9998 9998 9998
30 0.9590 2.85 0.18 9998 9998 9999 9999 9999 9999 9999 9999
32 0.5841 8.45 0.05 0.89 0.25 2.64 0.10 4.47 0.09 9998 9998
UDSF

1 0.4656 30.79 0.02 3.74 0.08 9.42 0.04 13.98 0.11 5.11 0.12
2 0.7781 1.82 0.07 9999 9999 0.54 0.40 0.36 0.40 9998 9998
3 0.5532 2.66 0.09 9999 9999 1.90 0.13 1.45 0.30 9998 9998
4 0.9620 2.985 0.09 9998 9998 9999 9999 9999 9999 9999 9999
6 0.6928 4.70 0.11 9998 9998 9998 9998 9999 9999 9998 9998
7 0.7014 3.79 0.08 0.88 0.23 2.42 0.16 1.19 0.30 9998 9998
8 0.7075 2.15 0.08 9998 9998 9998 9998 9998 9998 9998 9998
12 0.7388 4.44 0.06 9998 9998 1.84 0.11 9998 9998 9998 9998
13 0.7605 5.62 0.08 0.51 0.30 1.58 0.40 21.55 0.05 6.02 0.10
14 0.8190 1.39 0.50 9998 9998 9998 9998 9998 9998 9998 9998
15 0.2302 9999 9999 0.74 0.10 1.87 0.10 3.92 0.05 1.49 0.11
16 0.4548 3.79 0.07 1.15 0.24 3.88 0.09 2.35 0.30 9998 9998
17 0.8100 10.57 0.06 1.45 0.33 4.09 0.18 1.56 0.17 9998 9998
18 0.4620 12.93 0.03 2.09 0.14 5.36 0.05 2.93 0.18 0.95 0.30
19 0.5476 8.21 0.05 3.61 0.10  11.09 0.07 7.72 0.40 9998 9998
20 0.8424 2.72 0.50 9998 9998 9999 9999 9999 9999 9999 9999
21 0.6980 11.56 0.03 2.27 0.22 5.66 0.10 6.20 0.13 9998 9998
24 1.1586 13.61 0.04 9999 9999 9999 9999 9999 9999 9999 9999
25 0.8094 6.00 0.04 9998 9998 9999 9999 9999 9999 9999 9999
26a 0.7027 3.76 0.01 1.24 0.30 2.95 0.05 22.65 0.01 5.89 0.05
26b 0.7023 35.75 0.01 5.32 0.06 12.85 0.05 25.34 0.01 9.03 0.05
28 0.6612 5.49 0.05 0.61 0.25 1.89 0.20 15.85 0.04 5.00 0.09
29 0.6619 2.44 0.09 0.36 0.40 1.21 0.20 1.02 0.26 9998 9998
31 0.6868 2.52 0.11 9999 9999 2.13 0.30 1.73 0.10 9998 9998

32 0.7268 2.25 0.10 9998 9998 0.65 0.20 0.51 0.20 9998 9998
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Table 5. Measured emission line fluxes (F;) in unit of 1077 (ergs cm™ s7') and the errors in percent in the low-z EL galaxies in
CFRS/UDSR/UDSF fields (C/R/F).

Slit Hﬁ EH/;% [0111]5 605% [0111]4 604% Ha EHQ% [NII]2 6,,2% [NII]1 6,,1% [SII]1 651% [SH]2 652%
(L @2 O @ O ® @O & O qo dan a2 a3 a4 a5 ae dn

C
3 9999 9999 1.31 0.19 9998 9998 345 0.17 054 021 9998 9998 9997 9997 9997 9997
9 221 0.11 092 0.18 031 0.06 1025 0.09 353 012 1.18 0.12 <1.38 - <1.65 -

12 10.09 0.05 3090 0.02 1097 0.04 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999
13 449 0.04 1.95 0.10 065 0.11 1358 0.04 578 0.12 1.04 0.12 356 0.10 196 0.19
19 077 0.08 1.44  0.10 043 032 341 0.14 137 027 9998 9998 9997 9997 9997 9997
21 1.23  0.16 1.77 0.15 061 0.15 876 005 180 036 1.06 032 180 0.17 207 0.14
239999 9999 9999 9999 9999 9999 2577 0.01 3730 0.01 1131 0.03 568 0.08 540 0.12
30 476 0.06 543  0.04 1.87 0.04 17.18 0.04 349 0.12 135 0.13 395 0.18 2.61 0.15
R

1 483 0.10 13.68 0.02 460 0.05 17.06 0.02 221 0.10 9998 9998 295 050 2.68 0.10
6 4.62 0.14 431 0.09 9998 9998 19.35 0.03 12.14 0.08 349 0.10 6.83 0.15 422 040
11 442 0.05 322 0.08 094 006 1392 0.03 821 0.03 9998 9998 6.16 0.08 7.19 0.11
129999 9999 9999 9999 9999 9999 11.23 0.03 6.16 0.07 9998 9998 442 0.12 273 0.18
139999 9999 9999 9999 9999 9999 429 0.08 257 0.10 9998 9998 149 030 0.70 0.30
16 9999 9999 9999 9999 9999 9999 2490 0.01 555 0.04 9998 9998 7.62 0.04 4.81 0.10
F

11 1043 0.03 6.11 0.07 9998 9998 30.10 0.01 13.76 0.02 750 0.06 1032 0.07 859 0.06
15 1.87 0.10 392 0.05 149 011 798 004 075 032 060 040 171 0.16 0.82 040
229999 9999 4.62 0.08 146 021 3040 002 995 005 288 0.17 7.69 005 604 0.13

Notes: [O11]5 and 05 mean [O m] A5007; [O m1]4 and 04 mean [O m] 44959; [N 1], and n2 mean [N 1] 46583; [N 1], and nl mean [N 1] 16548;
[S1u]; and s1 mean [S 1] A6716; [S 1], and s2 mean [S 1] 26731. The Hy emission line fluxes of CFRS12, 19 and UDSF15 are given in Table 4.
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Table 6. The extinction Ay(Balmer), Ay(IR), the SFRy,, “flux blending” factor “FB”, the continuum colors, some important emission line
ratios, the oxygen abundance in ISM and the spectral types from the diagnostic diagrams (“H” for Hu region galaxies, “L” for LINERs and
“S” for Seyfert 2) for the sample galaxies. [O 1] = [O 1] 43727, [O m] = [O m] 44959 + [O m] 45007, and [O m]s = [O m] A5007. “FB” (Col. 4)
refers to the possible flux blending: “3” means “possible flux blending”, “1” means “isolated”, “0” means ‘“non-ISO detected”. For oxygen
abundances (Col. 12), the right up-description “L” means the values are determined from R; parameter. The uncertainties of the line ratios and
metallicity are from the uncertainties of extinction and emission line flux measurements. The typical 30% uncertainty of SFRjg will result in a
typical 0.03 dex discrepancy on the derived values.

Slit Ay SFRy, FB Ay, S58L Jog( [{)OH‘I‘]]S ) 1og(%;1) 1og([%1) log(R»)  log(Ox)  12+log(8) T
Balmer M, yr! IR
€] (2 B @ 6 ® (7 ®) )] (10) an (12) (13)
C
2 252+096 5608831 3 324 1.81 0.67+0.10 0.79+0.08 0.24+0.03 0.89+0.07 -0.54+0.10 837x0.11 H
6 2.35+0.96 4035793 3 274 111 029+0.10 047+0.09 0.30+0.03 0.69+0.05 —0.17+0.10 8.69+0.06 H
8 2.54x1.17 7175707 1 275 2.17 - - - - - - -
10 1.11£093 6.05*12 3 243 148 128+0.15 0.56+0.07 -0.60+0.13 0.59+0.07 -1.16+0.15 8.72+0.07 H
11 3.59+1.40 97.1771465 3 381 1.23 120+0.14 0.61+0.08 —0.47+0.11 0.64+0.07 -1.07+0.14 8.67+0.09 H
12 141090 4.54%% 1 178 0.97 - - 0.58 +0.01 - - 8.34+001L H
14 275+0.90 3549*370 1 218 132 0.73+0.07 0.67+0.04 0.06+0.04 0.77+0.04 —-0.61+0.07 8.55+0.05 H
17 324+1.48 96.17*1340 1 291 1.73 1.52+0.20 0.92+0.09 -0.48+0.17 0.93+0.09 —1.39+0.20 8.15+0.20 L
19 1.34+134 059%9%3 3 397 - - - 0.32+£0.05 - - 8.57+0.05-1 H
25 1.04717 7.89%12%5 1 377 209 050+0.15 048+0.13 0.10+0.05 0.63+0.11 -0.38+0.15 8.73+0.19 H
32 - - 1 397 624 1.13+0.13 1.08+0.10 0.07+0.07 1.12+0.09 —-1.01+0.13 7.78+025 L
33 259137 8833130 1 337 231 1.19+0.12 0.89=0.09 -0.18+0.07 0.93+0.08 —1.07+0.12 8.22+0.16 L
R
4 - - 3 397 - 094+0.15 132+0.13 0.51+0.05 138+0.11 —0.81+0.15 7.05+041 L
6 178153 1.037 07 1 242 - - - 0.05 +0.04 - - 8.83+0.04L L?
8 055709 16.05%19%° 1 130 131 0.52+0.06 0.56+0.05 0.16+0.02 0.70£0.04 -0.40=£0.06 8.66+0.04 H
9 - - 1 399 244 039+0.10 1.61+0.09 1.35+0.03 1.80+0.06 —0.26+0.10 - S
10 1.82+1.13 42.087317 1 259 1.10 0.71+0.11 0.53+0.08 —0.05+0.06 0.63+0.06 —0.58+0.11 8.71+0.07 H
14 17284 844183148 1 098 1.39 045048 0.42+042 0.09+0.07 0.58+0.29 -0.33+0.48 8.78+0.26 H
15 291+1.19 3744812 1 225 120 - - 0.07 +0.05 - - 8.81£0.05 —
20 1.68+0.70 84.957¢+0 1 0.89 223 036+0.07 0.52+0.05 0.29+0.04 0.72+0.03 -0.23+0.07 8.65+0.04 H
23 249+0.84 740777 1 1.94 130 0.75£0.08 0.53+0.06 —-0.09+0.04 0.62+0.05 -0.62+0.08 8.72+0.05 H
26 - - 0 234 233 089+021 0.76+0.17 0.00+£0.07 0.83+0.15 -0.76+0.21 844+024 H
32 2.13+1.72 149827% 1 176 0.84 0.54+0.10 0.73+0.08 0.32+0.04 0.87+0.06 —0.41+0.10 842+0.09 H
F
1 1.04+0.58 1126797 3 025 122 038+0.06 0.55+0.03 0.29+0.05 0.74+0.03 -0.26+0.06 8.63+0.03 H
2 - - 1 1.16 271 088+0.53 0.68+0.42 -0.08+£0.23 0.75+£0.36 —-0.75+0.53 8.56+0.49 H
3 - - 1 1.87 210 054+0.19 039+0.12 -0.03+0.14 0.53+£0.09 -042+0.19 8.82+0.07 H
7 158215 11.43*26% 3 193 1.53 0.79+020 044=0.14 -0.22+0.13 0.53+0.11 -0.66+0.20 8.81+0.10 H
12 - - 1 321 345 - - - - - - -
13 239732 27439928 3 239 280 -0.23+0.39 0.86+0.34 1.21+£0.05 137+0.15 0.12+0.39 - S
15 1.06£0.92 051%% 0 206 - - - 0.41+0.03 - - 8.50+0.03- H
16 2.93+1.66 31.65'36%3 1 1.68 145 046+0.17 021+0.08 -0.13+0.15 0.37+0.07 -0.33+0.17 8.93+0.04 H
17 178220 3818237 1 215 1.52 115+0.19 0.69+0.15 —0.33+0.08 0.73+0.14 -1.03+0.19 8.56+0.20 H
18 1.15£094 620%2 1 1.68 158 0.89+0.09 0.60+0.04 —0.17+0.08 0.67+0.04 —0.77+0.09 8.66+0.04 H
19 2.33+0.78 60.94312 3 258 2,02 041038 0.20+0.06 —0.08+0.37 0.38+0.13 —0.28+0.38 8.92+0.08 H
21 0.98*% 1440232 0 1.09 112 043+0.09 045+0.06 0.14+0.06 0.62+0.04 —-0.31+0.09 8.74+0.04 H
262 0.647197 104522 0 1.10 1.92 -0.62+0.05 0.25+0.04 0.99+0.01 1.06+0.01 0.74+0.05 836+0.02 H
26b 0.77+0.50 27.11*1477 3 041 1.10 021£0.05 0.50+0.04 041x0.01 0.76+0.02 -0.09+0.05 8.62+0.03 H
28 2347207 24.60*352 3 285 1.82 -0.04+0.19 0.83+0.17 0.99+0.03 1.22+0.07 0.16+0.19 - S
29 2.8872% 2334*749 3 361 209 091£025 0.77+0.18 -0.02x0.15 0.84=0.16 —-0.79+0.25 843+025 H
31 - - 3 236 164 0.51+029 0.38+026 —0.01+£0.06 0.53+0.18 —0.39+0.29 882+0.15 H
32 - - 3 363 184 1.18+0.11 1.01+0.09 —0.04+0.05 1.05+0.09 —1.05+0.11 7.96+021 L




Table 7. The extinction Ay from Balmer decrement, SFRs, important emission line ratios, oxygen abundance in ISM and continuum colors of
the low-z galaxies. “nc” means no extinction correction for the emission line fluxes. The uncertainties of the line ratios and metallicity are from
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the uncertainties of extinction and emission line flux measurements.

Slit Ay SFR log(B4) log(EH) ) logR; 12+log(2) &8
My yr!
(1) (2) 3) 4) ) (6) (7) (8) )
CFRS
03" - - -0.26+0.20 —0.80+0.12 - - - -
09 1.30£0.38  0.88*9%  -0.54+0.04 -047+0.06 -040+0.08 -0.55+0.11 9.14+0.08 0.5546
13 0.14£0.15 0.39*9%  -039+0.09 -0.37+0.05 -036+0.04 -049x0.06 9.10£0.04 0.2778
19 1.18+0.52  0.50*018 - -0.40+0.13  025+0.06  0.34+0.08 853+0.06 0.4482
21 245£045 218979 -037+0.10 -0.69+0.15  0.11£0.09  0.15+0.12 8.66+0.08 0.2514
23 - - -0.37+0.06  0.16+0.01 - - - -
30 0.62+0.19 1.69*02  -0.42+0.10 -0.69+0.05 0.05+0.03  0.06+0.04 8.72+0.03 0.1889
UDSR
01 0.56+0.17 0.11°9%!  -0.52+0.07 -0.89+0.04 044+0.02  0.60+0.03 835+0.02 03810
06 1.02+0.38 045012 -025+0.18 -021+0.04 -0.05+£0.07 -0.07+0.09 881+0.06 0.3896
11 0.25+0.16 0.16*9%2  -0.02+0.06 -0.23£0.02 -0.14+0.04 -0.19+£0.05 8.89+0.04 0.3608
127 - - -020+0.11 -0.26+0.04 - - - -
13" - - -0.29+0.19  -0.22+0.07 - - - -
16" - - -0.30+£0.05 -0.65+0.04 - - - -
UDSF
11 0.01*9%  0.09709)  -0.20£0.04 -0.34+0.01 -0.23+0.03 -031+0.04 8.98+0.03 0.3308
15 1.06£0.29 0.51*910  -0.50£0.19 -1.03+0.14  030+0.04 041+0.06 848+0.04 0.3887
20 - - -0.35+0.07 -0.49+0.05 - - - -




