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ABSTRACT

Context. This is the fourth in a series of papers based on the ISOCAM Parallel Survey at 6.7 um. While the first three papers have been
devoted to active galactic nuclei (AGN), here we report on emission-line galaxies without AGN signatures in their optical spectra.
Aims. Polycyclic aromatic hydrocarbon (PAH) emission has been found in both starbursts and modestly starforming galaxies, but the
relation between starforming activity and PAH luminosity is still a matter of debate. The different correlation degrees could be caused
by the variety of optical and far-infrared sample selection criteria. In order to obtain a census of the typical properties of PAH emitting
galaxies, we here study moderately distant galaxies which have been selected by their PAH emission.

Methods. Combining the ISOCAM Parallel Survey at 6.7 um with 2MASS we have colour-selected a sample of 120 candidates
for strong PAH emission. We obtained optical and mid-infrared spectra of 75 and 19 sources, respectively, and analysed IRAS-
ADDSCANS and available Spitzer 3.6-160 um photometry.

Results. The Spitzer mid-infrared spectra exhibit clear PAH features and corroborate that our photometric selection criteria trace the
PAH emission of galaxies fairly well. The optical spectra show emission lines, at median redshift z ~ 0.1, as well as Hs; and Call
absorption, indicating ongoing starformation as well as post-starbursts. The mid- and far-infrared spectral energy distributions (SEDs)
provide evidence for a broad range of far-infrared (FIR) luminosities (10° L,—2x 10'? L), but in general the dust is colder (7' < 25K,
B = 2) than for starburst galaxies like M 82 (T" ~ 40 K). For most galaxies the monocromatic luminosity (v - L,) peaks at about equal
height at optical, 6.7 um (PAH) and FIR wavelengths. In about 15% of the sources the FIR luminosity exceeds the optical and PAH
energy output by about a factor 5-10 despite the cool dust temperature; in these galaxies a large dust mass of 103-10° M, is inferred.
Conclusions. At moderate distance (z ~ 0.1), PAH selected galaxies turn out to be a quite heterogeneous population of dust-rich,
partly infrared-luminous galaxies but mostly cool with a range of post-starburst signatures and starforming activity which appears to
be rather modest relative to the entire gas content (derived from the dust mass and assuming a standard gas/dust ratio). Our results on
PAH selected galaxies question the often expressed interpretation that the majority of high redshift galaxies detected in 15 and 24 ym

surveys are dominated by powerful ongoing starbursts with high starforming efficiency.

Key words. galaxies: active — infrared: galaxies

1. Introduction

Polycyclic aromatic hydrocarbonates (PAHs) emit prominent
features in the mid-infrared around 6-9 pum (Puget & Leger
1989). PAH carriers are widely distributed in the dusty inter-
stellar medium of our Galaxy (Mattila et al. 1996) and they are
excited in the photodissociation regions (Cesarsky et al. 1996b)
as well as by the mild UV-radiation field around A- and F-type
stars (Lemke et al. 1998; Uchida et al. 2000). PAH emission
occurs in normal spirals (e.g. Mattila et al. 1999) as well as in
luminous and ultra-luminous starbursts (ULIRGs, Genzel et al.
1998). PAH features have been detected also in dusty elliptical
galaxies (Bregman et al. 2008; Kaneda et al. 2008) and in AGN
(Schweitzer et al. 2006; Shi et al. 2007), although faint above the
underlying continuum.

In the local universe (z < 0.01), the PAH flux appears to
be better correlated with the 850 and 160 ym emission from
cold dust than with the 15 and 24 um warm dust emission
(Haas et al. 2002; Bendo et al. 2008). Compared with normal
galaxies, ULIRGs show an enhanced 100 um/PAH flux ratio

* Tables 1-3 are only available in electronic form at
http://www.aanda.org

(Klaas et al. 2001), and among optically selected metal-rich
starforming galaxies the 70 um/8 um flux ratio increases with
luminosity (Monkiewicz et al. 2008). An analysis of Revised
Shapley-Ames galaxies in the SINGS survey suggests that it
is uncertain by a factor of 10 to use the PAH luminosity to
extrapolate the far-infrared (FIR, >60 um) properties and the
starforming activity (Dale et al. 2005). For example, consider
two galaxies with the same PAH luminosity: A quiescent one
like NGC 891 with a large amount of cool dust (SED peaking
at 120 um, with star forming efficiency Lir/Mgss ~ 1 Lo/Mo,
Chini et al. 1986) and an active one like M 82 with about a
factor of 10 less dust mass which is heated to higher temper-
atures (SED peaking at 60 um, with star forming efficiency
Lir /Mgy ~ 50 Lo /Mo, Thronson et al. 1987). Despite their simi-
larity in PAH luminosity, the galaxies are clearly different in FIR
luminosity and starforming activity, hence different in physical
states.

Because the underlying continuum from stars and very small
dust grains is relatively weak (except for AGN and elliptical
galaxies), the 6-9 ym PAH emission of local galaxies dominates
by far (80%) the total flux seen in ISOCAM 6.7 um and Spitzer
8 um broad band images. At cosmological distances the PAH
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emission shifts into the ISOCAM 15 ym (z = 1) and Spitzer
24 um (z = 2) passbands and could dominate the observed fluxes
as well. This could naturally explain the peak found in the dif-
ferential galaxy number counts, without invoking an extraordi-
nary new galaxy population (Xu 2000). While for high-redshift
galaxy populations (detected in the GOODS fields in the 15 and
24 um passbands) the rest-frame FIR observations are in gen-
eral not available, models derived from local — mostly IRAS de-
tected — templates suggest also a high far-infrared luminosity
(e.g. Elbaz et al. 2002; Caputi et al. 2007). But the key ques-
tion remains open as to whether PAH emitting galaxies typically
show an intense M 82-like starburst activity, presumably affect-
ing the whole galaxy, or whether the sources are large dust-rich
systems with moderate star formation relative to the total gas
content. Therefore, it is vital to establish the nature of PAH emit-
ting galaxies over a range of luminosities and distances.

Combining the spectroscopic SDSS galaxy sample with the
Spitzer First Look and SWIRE surveys, a good correlation be-
tween 8 um, 24 ym and 70 um luminosity has been reported (Wu
et al. 2005; Zhu et al. 2008). However, these samples are opti-
cally selected to have strong H,, emission and, because SWIRE
reaches much deeper than SDSS, a substantial fraction of PAH
emitting IR galaxies may have been excluded; for example these
samples do not contain any ULIRGs. Therefore, it may be put
into question as to how far these correlations from optically se-
lected samples are relevant for properly selected PAH emitting
galaxies.

The ISO-ELAIS survey contains some fields observed at
6.7 um (e.g. Viisdnen et al. 2002), but so far no specific re-
sults on PAH emission have been reported, since the survey fo-
cused on exploring the cosmic starforming history to higher red-
shifts mainly using the 15 and 90 ym data (Rowan-Robinson
et al. 2004 and references therein). The ISO-FIRBACK survey at
170 pum has found a population of IR-luminous but cold galaxies,
rather neglected up to now (Patris et al. 2003; Dennefeld et al.
2005). While 22 of these FIR selected galaxies with clean coun-
terparts at shorter wavelengths show PAH emission as inferred
from Spitzer-IRAC photometry, the modelled L3_1000 um/Lpran
ratio in total spreads by about a factor of ten (Sajina et al. 2006).

A proper study of the census of PAH emitting galaxies
should be built on galaxy samples selected by their PAH emis-
sion. We here report such a study at moderate distance (z ~ 0.1)
based on the ISOCAM 6.7 um Parallel Survey. Distances in
this paper are calculated using a ACDM cosmology with Hy =
71 kms™! Mpc‘l, Q. =0.27 and Q, = 0.73.

2. Sample selection
2.1. ISOCAM 6.7 um Parallel Survey and 2MASS

The most prominent PAH emission features lie around 7 um
(with peaks at 6.2, 7.7 and 8.6 um) and at 11.3 ym. The band-
pass of the ISOCAM LW?2 filter is 5-8.5 um centered at 6.7 um.
Thus, LW?2 is able to measure 6.2 um PAH emission for moder-
ately distant galaxies up redshift z ~ 0.3.

Parallel to the observation of a prime target by ISO’s pho-
tometer ISOPHOT or the spectrographs ISOSWS/ISOLWS, the
mid-infrared camera ISOCAM (Cesarsky et al. 1996a) randomly
mapped sky locations next to the prime target using the LW2 fil-
ter. This results in the 6.7 um ISOCAM Parallel Survey. It covers
a total area of 27 deg? and contains about 16 000 point sources
(FHWM = 5") with a flux limit down to F(6.7 um) ~1 mly
(Siebenmorgen et al. 1996, 2000; Ott et al. 2003; Ott et al. in
preparation). At high galactic latitude |b| > 20°, the surveyed
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Fig. 1. Colour-colour diagram illustrating the sample selection. While
most of the 3000 ISO-2MASS sources lie in the region around zero out-
lined by the dashed curve, here we consider only sources with 6.7 yum
excess over 2.2 um emission (K — LW?2 > 8). We obtained optical spec-
tra for all sources in the upper right corner (red subsample, indicated by
the solid lines) and a random subset of the remaining sources. Sources
without optical spectra are suggested emission line galaxies (ELGs).
Spitzer IRS spectra were taken for the brightest red sources (filled cir-
cles). AGN would populate the red colour range; they are not shown
here. Local starforming galaxies like NGC 891, NGC 6946, Arp 244 and
M 82 have H — K, < 0.5 and K,—LW2 > 2.7.

area is about 10 deg?. It provides a suitable hunting ground to
search for galaxies with prominent PAH emission.

In order to select such galaxies, we have matched (within
a radius of 2”) the ISOCAM sources with the 2MASS point
source catalog, with the USNO-B, DSS and UCAC optical cata-
logues, as well as the NVSS and FIRST radio surveys, and anal-
ysed IRAS ADDSCANS. The point source criterion ensures that
the galaxies are compact and/or at sufficient distance to be un-
resolved by these two surveys (5” angular extend corresponds
to ~5 kpc at z = 0.1). We excluded objects which have mul-
tiple NIR and optical counterparts within 10”, or are contami-
nated by extended sources (2MASS XSC), or have proper mo-
tion (pm > 30 from UCAC). At |b| > 20°, this yields about 3000
isolated ISO-2MASS sources with clean photometry. The bright-
ness of the sources goes down to B ~ 20.5 mag, K ~ 15.5 mag,
LW?2 ~ 12 mag (Vega based system). The typical uncertainties
on the H — K5 and Ky — LW2 colours are about 0.2 mag and
0.4 mag, respectively. Essentially none of the sources is listed in
the NVSS and FIRST radio catalogues. Note that our procedure
may have excluded closely interacting galaxy pairs.

2.2. Near-mid-infrared colour selection

The source selection is described in more detail by Haas et al.
(2004, Paper 1). We give a brief desciption here: stars and pas-
sive elliptical galaxies populate the colour range Ky — LW2 < 1.
About 150 of the 3000 ISO-2MASS sources show a 6.7 um flux
excess which we defined by Ky — LW2 > 1.8 (Fig. 1). We con-
sider them as candidates for galaxies with strong PAH emission
(hereafter named PAH-candidates). The threshold K, — LW2 >
1.8 is based on the comparison with local normal galaxy popula-
tions (Dale et al. 2001) as well as luminous and ultra-luminous
infrared galaxies (Genzel et al. 1998; Klaas et al. 2001; Laurent
et al. 2000) for which we found suitable LW?2 data in the ISO
Data Archive'. While among local galaxies only ultra-luminous
infrared galaxies (ULIRGs) have red H — K > 0.5, at redshift

! http://www.iso.vilspa.esa.es/ida/
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z 2 0.1 the K-correction may shift normal galaxies to red H — K
values?.

Active galactic nuclei (AGN) populate the colour range
K, — LW2 > 2.7 and, at redshift z < 1, also H — K; > 0.5
(Haas et al. 2004). While this range overlaps with that of the
PAH-candidates, in this paper all sources with AGN signatures
in their optical spectra are omitted. The results on the 33 ISO-
2MASS-AGN have been presented by Leipski et al. (2005, 2007,
Papers 2+3).

The sample of 120 PAH-candidates is listed in Table 1. None
of the 75 sources with optical spectra turned out to be a star.
Therefore we adopt that the sample consists of 44 “red” galaxies
with colours similar to those of AGN, and 76 “blue” galaxies
outside the AGN colour range.

3. Follow-up data
3.1. Optical spectroscopy

In order to study the emission- and absorption-line properties
of the PAH-candidates and to determine their redshifts, we have
performed optical spectroscopy in the wavelength range between
3500 and 9000 A. As mentioned above, among the red sub-
set also AGN are expected. Therefore, we obtained spectra for
the complete set of 44 red sources. For the remaining subset of
76 blue sources (120-44) we restricted the observational effort
and obtained optical spectra of 19 sources randomly selected.
Among these blue sources, no AGN was found.

The data were obtained during 2004 and 2005 at various tele-
scopes?, and standard data reduction was applied. The quality of
the spectra is not homogeneous, but in general, it is sufficient to
identify the prominent emission lines. Faint lines or absorption
structures are measurable only in the best spectra of the brightest
objects. Examples are shown in Fig. 2.

Good spectra of additional 12 sources are available from the
Sloan Digital Sky Survey (SDSS, data release 7), as well as pho-
tometry of 43 sources for which we also inspected the morphol-
ogy (Table 1).

3.2. Mid-infrared spectroscopy

In order to verify the PAH nature of the 6.7 um emission and to
exclude the possibility of buried AGN, for the 19 brightest red
sources we obtained low-resolution mid-infrared (MIR) spectra
using the Infrared Spectrograph (IRS, Houck et al. 2004) on-
board the Spitzer Space Telescope (Werner et al. 2004).

Spectra of 9 sources were observed in cycle-1 (prog-id 3231)
covering the full wavelength range 5-38 um with a relatively
short integration time (4 X 14 s in SL and 4 x 30 s in LL).
All 9 spectra show clear PAH features but poor S/N in the
high-excitation emission lines used for excluding or establishing
buried AGN. Therefore, in cycle-2 (prog-id 20090) we observed
10 more sources with longer integration time (12 x 120 s), but
only in the range 19-38 um containing the high-excitation lines
[NeVl]z3 yum and [OIV]25.9 ym. All 19 spectra were taken without
peak-up images.

Starting from the background subtracted pipeline products,
we performed standard interactive data reduction, using the

2 http://www.ipac.caltech.edu/2mass/releases/sampler/
sampler.html

3 South African Astrophysical Observatory 1.9 m, Tautenburg 2m,
Kitt Peak 2.1m, Calar Alto 2.2m, Nordic Optical Telescope 2.5 m,
Telescopio Nazionale Galileo 3.5 m, ESO/NTT 3.5m, CTIO Blanco 4m,
ESO/VLT 8.2m.
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Fig. 2. Examples of optical spectra. Top (2MASS 01051501 —2612466):
While H, and [OII] are prominent, Hg appears suppressed. Bottom
(2MASS 05375494 —4408547): While H,, is well seen, the other emis-
sion lines appear relatively faint and the Hs and CallK absorption is
rather strong.

SPICE software tool as well as our own routines for improved
cleaning of residual rogue pixels and and cosmic rays, and for
combining the spectra of the four IRS channels.

Table 2 lists the MIR spectral properties as well as contin-
uum fluxes at 15, 24 and 35 ym.

Integration of the spectra over the LW?2 passband yields a
good coincidence between the LW?2 and IRS photometry for all
but one of the 9 sources (Frwz/Fmrs = 1.00 £ 0.14)*.

3.3. Mid- and far-infrared photometry

All but 4 sources are not contained in the IRAS faint source
catalogue. Therefore we analysed IRAS ADDSCANSs?. Using a
matching radius of 20” around the 2MASS position, 19 sources
could be detected with at least 40~ at 60 um and 13 of them also

4 The outlier (2MASS 15554606+1532218) has a factor 1.8 lower IRS
flux in the LW?2 passband. The discrepancy could be explained by either
a photometric LW2 error due to a non-detected cosmic ray event, or
an IRS pointing error or aperture effects. On SDSS images the source
is extended with a diameter of about 8" including a bright tail to the
south. While from the LW?2 image the total flux is measured, part of the
flux could be missed in the IRS spectrum due to the slit width of 3.7”
between 5 um and 14 um. However, the IRS spectrum of 2MASS 1555
does not show a jump at 14 um longward of which the slit width is
11.6”. Probably a combination of all three effects is responsible for the
discrepancy between LW?2 and IRS photometry of this source. Because
this source has typical average properties, the results and conclusions
are essentially not affected by the choice of the 6.7 um flux value.

> http://scanpi.ipac.caltech.edu: 9000/
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at 100 um. The fact that 13/19 sources are detected in both fil-
ters supports that the detections are real. Because the flux level is
rather low, we adopt in general a 30% photometric uncertainty,
although for 4 sources listed in the IRAS faint source catalog
our ADDSCAN-photometry agrees within 1%. We also checked
on the 2MASS and ISOCAM images that no nearby (<30”) red
source is likely to contribute to the IRAS fluxes. (Actually two
more sources had been detected on ADDSCAN:S, but they have
been discarded). Table 1 lists the photometry of the accepted de-
tections and the 60 um upper limits of the remaining sources.

In the wavelength range 3.6-160 um, 14 sources are cov-
ered on archival maps taken with the Spitzer Space Telescope.
All sources are detected in all bands observed and match well
with the 2MASS positions (better than 2” for IRAC 3.6-8 um
and 4-10" for MIPS 24-160 um, respectively). Using the Post
Basic Calibrated Data Products, we derived aperture photome-
try with an uncertainty of about 10% (IRAC) and less than 30%
(MIPS). Because the used apertures are sufficiently large, e.g.
12" for IRAC, no aperture corrections are necessary. The values
are listed in Table 3.

We computed far-infrared luminosities using the standard
formula (Sanders & Mirabel 1996, their Table 1):
Lpr =4m Dp? x 1.6 x 1.26 X 10714 (2.58 Fgo + F100) [Lo], with
Feo and Fo given in Jy. For the 6 cases with 60 um detection
but 100 um upper limit, we adopted Fig0 = 2 X Fgo. Figo 1S
probably even higher, because most sources have Feo/F100 > 2,
if measured. Note that the Lgr formula assumes an average
star forming galaxy SED and thus may weaken possible differ-
ences between M 82- and NGC 891-types. But given the photo-
metric uncertainties, this approximation should be sufficient for
our purpose, and any difference between the IRAS 60+100 um
and Spitzer 70+160 um passbands should play a minor role.
Therefore, we used the same formula also for the Spitzer 70 and
160 um data to derive L, adopting Fgp =~ F79 and Fgp = Fi60
and Fgp = 2 X F79, when Fig is not observed.

3.4. K-correction

Because our sources have strong PAH features as shown below,
K-correction plays a role:

1) we have determined the K-correction for LW2 fluxes from
local ISO-SWS spectra of starforming galaxies. For the red-
shift of our sources from z = 0.03 to z = 0.3 the K-correction
factor increases steadily from 1.1 to 2.2;

2) for 24 um fluxes we determined K-correction factors from
our 19-38 um spectra. To correct also the photometry data
of sources without spectra, a fit yields
F24 (K-corrected) = (1 + 3z)x F24 (observed);

3) in the FIR K-correction plays a minor role, at least with re-
gard to the measurement errors. At 60 and 70 um we applied
a K-correction factor of (1 + 0.33z),1.e. 0 at z = 0 and 10%
at z = 0.3, and no K-correction at 100 and 160 um.

All data points shown in Figs. 8 to 10 have been K-corrected.

4. Results and discussion
4.1. Optical spectra

Two example spectra are displayed in Fig. 2. In general, the spec-
tra show a range of blue and red continua as well as reddened
Balmer emission lines with a ratio reaching H, / Hg > 6 even
after correction for stellar absorption troughs. Most spectra also
show [O1I];,,; 4 emission (henceforth simply denoted [O II]).

M. Haas et al.: Polycyclic aromatic hydrocarbon selected galaxies
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Fig.3. Equivalent widths of [OII] emission and CallK absorption.
The average errors are illustrated by the bars in the upper right corner.
The two sources with spectra shown in Fig. 2 are labeled. Overplotted
crosses mark those sources detected with IRAS at 60 um. The two
sources with the highest EW [O1I] are the two ULIRGs of our sam-
ple.

The equivalent widths of [OII] and H,, are broadly correlated.
High-excitation emission lines ([OIIl]y,,; 4) mostly are not de-
tected or are faint, and the emission line ratios place the objects
in the starforming part of the standard diagnostic diagrams used
for separating AGN, LINER and starforming galaxies (Veilleux
& Osterbrock 1987).

The equivalent width of [OII] is an indicator of the aver-
age massive star formation rate (e.g. Dressler & Gunn 1982;
Kennicutt 1992). Sodré & Stasinska (1999) report a clear cor-
relation of EW [OII] with spectral types ST obtained with a
principal component analysis of the continuum and absorption
features of spectra. For ST > 0 their equivalent widths cover ap-
proximately the same range as in Fig. 3 of the present paper with
EW ~ 5 A for ST 0 and EW ~ 40 A for ST 10°. These authors
argue that the spectral sequence can be interpreted as a sequence
of an increasing ratio of the present to the average past star for-
mation rate. In that picture, low values of EW [O II] correspond,
on average, to galaxies where most of the star formation occured
long ago, very few OB stars contribute to the optical spectrum,
and the ionizing UV radiation field is dominated by AGB stars.
The highest values of EW [OII] in our sample are measured for
the two ULIRGS (Sect. 4.3).

From the 45 EW [OII] measurements listed in Table 1, one
finds a remarkably high mean value of 23 A. This can be com-
pared with the mean values of 11 A and 17 A found by Liu and
Kennicutt (1995) for a complete, magnitude-limited sample of
(optically selected) local galaxies and for a sample of more dis-
tant merger galaxies, respectively. Even for the (certainly un-
realistic) case that the ~30 galaxies in our spectroscopic sam-
ple without EW [OII] measurements have no [OII] emission
at all, the sample average of 14 A is larger than that of Liu &
Kennicutt’s local sample.

About one third of the objects show Hs and/or CallK ab-
sorption with equivalent widths EW > 4 A. This indicates
that stars of intermediate age contribute strongly to the spectra.
However, there is no galaxy in our spectroscopic sample with
really strong Balmer absorption indicating a dominant A-star
population as measured in “E+A” galaxies with EWH; > 6 A

® The Sodré & Stasifiska (1999) spectral type ST is correlated with
the Hubble morphological type. ST> 0 roughly corresponds to Hubble
types later than Sa, and ST 10 to irregular galaxies.
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(Liu & Kennicutt 1995). The Hs and Ca Il K absorptions suggest
that about 0.5—1 Gyr ago an intense starforming episode stopped
and that we now see the galaxy in a post-starburst phase, but
with considerable ongoing star formation as traced by the H,
and [O II] emission.

The spectra of 34 sources had sufficient S/N at the blue end to
allow us to quantify both [O II] emission and Ca Il K absorption.
The equivalent widths of [O II] emission and CalIl K absorption
are roughly anti-correlated. The sources with strong [O II] have
weak Call K, and vice versa, as shown in Fig. 3.

So far, we have assumed that both the emission lines and
their underlying continuum suffer, on average, from similar ex-
tinction. On the other hand, Calzetti (2001) found in a UV-
selected sample of star forming galaxies that the HII emission
lines undergo a factor ~2 higher extinction than the stellar con-
tinuum. An explanation for this difference could be that HII re-
gions are located closer to the parent dusty molecular clouds and
therefore are more likely affected by extinction than the bulk of
stars. If the difference between emission line and continuum ex-
tinction also holds for our sample, then one expects that EW
[OII] decreases with increasing H,/Hg ratio (which traces the
emission line extinction). In fact, the mean EW [OII] value de-
creases from EW = 26.6 A for sources with low H./Hg < 6
to EW = 14.2 A for high H,/Hg > 10. However, the popula-
tion in the lower right corner of Fig. 3 (EW [O1I] < 20 and EW
CallK > 4) contains sources with low as well as high emission
line extinction which again is not correlated with IRAS 60 ym
detection or non-detection. In addition, the highest EW [OII]
are seen in the two ULIRGs although they have H,/Hg > 10.
This indicates that, even in the case of high emission line ex-
tinction, the [OII] equivalent width can identify the star form-
ing activity fairly well and consistent with MIR emission line
diagnostics (Sect. 4.2.2). Furthermore, the EW [O1I] compari-
son of our sample with that of others (Sodré & Stasiinska 1999;
Kennicutt 1992; Liu & Kennicutt 1995) was performed in a con-
sistent manner, all samples not being extinction corrected. These
considerations give us confidence that the potential extinction
difference between emission lines and continuum does not affect
our basic conclusions on the wide range of starforming activ-
ity and the presence of aged stellar populations in PAH selected
galaxies.

We inspected the extent and morphology of 43 sources with
SDSS images available. Most (34/43) of the sources appear ex-
tended (>5") and about one third (12/43) shows irregular mor-
phology or possible faint companions (with unknown redshift).
However the data did not allow us to establish a connection
between morphology and spectral properties such as equiva-
lent widths. Nevertheless, this suggests that disturbed morphol-
ogy does not automatically imply the presence of powerful
starbursts.

To summarise, the optical spectra indicate a range of ongo-
ing starformation as well as evidence for a intermediate-age stel-
lar populations. The basic conclusions have been drawn without
calculating starforming rates from the emission line fluxes, be-
cause the corrections for extinction and for aperture loss due to
the 1-2" slit widths introduce large uncertainties.

4.2. Mid-infrared spectra
4.2.1. PAH nature of the 6.7 um flux

While local non-AGN templates suggest that PAH emission
dominates the 6.7 um flux of our sources, we need to ex-
clude that hidden AGN contribute significantly to the 6.7 um

717

150
2M 0357
[ LW2
1001~ ;000 7
= [ -
e 2=0.07 é
< =
2 [ 2=03
50 — -
07 —
I S S S A S S S T[S S S AN T T O S NS S SRS N
5 10 15 20 25 30 35
Arest [um]

Fig. 4. Example IRS spectrum of 2MASS 03574895—-1340458 exhibit-
ing strong PAH features at 6-9 um and also at 11.3, 12.7 and 17 ym.
Three emission lines are clearly detected: [S III] at 18.71 and 33.48 um
and [Sill] at 34.81 um, while [Nelll] at 15.55 um is very faint and
[OIV] at 25.89 um is not detected. The horizontal bars indicate for
three redshifts how much of the PAH features is covered by the LW?2
passband.

continuum. Hard X-ray data (>2 keV) are not available for our
sample. Therefore, we checked the nature of the 6.7 um flux by
means of MIR spectra.

Figure 4 displays the IRS spectrum of the brightest source
2MASS 03574895—-1340458. The 5-38 um spectra of the other
8 cycle-1 sources look very similar. The MIR spectra show
strong 69 um PAH emission. Depending on the redshift of our
sources (0.03 < z < 0.3), the LW?2 passband essentially catches
the 6.2 um PAH feature and part of the 7.7 um feature. The
8.6 um PAH feature is shifted out of LW2.

On average, about 50% of the rest frame 6-9 ym PAH flux
falls into the LW?2 passband and thus explains why the objects
have high K — LW2 > 1.8 colour values and meet the selection
criterion. The individual values of the PAH fraction seen in LW?2
are listed in Table 2. Among our sample, however, we do not see
a trend of K—LW?2 colour with redshift, indicating that the broad
range of K — LW2 (Fig. 1) is not dominated by K-correction
effects.

Any 10 um silicate absorption is difficult to determine, but if
present then it appears weak. With respect to buried AGN, which
in principle could contribute to the 6.7 um continuum, we con-
sider what can be concluded further from the 19-38 um spectra
of cycle-1 and cycle-2. High-excitation lines ([NeV]o43 ym and
[OIV]25.9 um) are not detected, even in the ten 19-38 um spectra
with longer integration times. The low upper limits of the line lu-
minosities and equivalent widths argue against powerful buried
AGN and against a significant 6.7 um AGN continuum. This
conclusion is further supported when looking for possible re-
emission of shielding dust at longer optically thin wavelengths:
With the exception of two ULIRGsS, the SEDs show only a mod-
erate rise from 15 to 35 um, and hence are different from those
of elusive X-ray detected AGN like NGC4945 and of starburst-
AGN composites like Circinus (Fig. 5). The two ULIRGs of
our sample do not have a 5-10 um spectrum, but cool F»s/Fgg
colours (Fig. 6) which argue in favour of starburst dominated
6.7 um emission with strong PAH features (Genzel et al. 1998).

These results from 19 sources with MIR spectra lead us to
conclude that most if not all galaxies of our sample show strong
PAH emission and that our LW?2 photometry serves as a measure
for about 50% of the 6-9 um PAH luminosity.
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Fig.5. IRS spectrum of 2MASS 03574895-1340458 and ISO-SWS
spectra of the starburst-AGN composite Circinus and the elusive X-ray
AGN NGC 4945. The ISO-SWS spectra are scaled to match the PAH
flux level at 6-9 um. At wavelengths longer than 12 ym and 30 um, re-
spectively, the continuum of Circinus and NGC 4945 is much brighter
than that of 2M 0357.
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Fig.6. SEDs of the two ULIRGs. 2MASS 06033357-4509412 (as-
terisks) is scaled by a factor 0.4 to match the 6.7 um flux of
2MASS 133717214+0904430 (filled circles). In comparison with the
spectrum of M 82, both SEDs show a similarly steep 15-30 um rise. The
temperature 7 = 40 K of the modified greybody is typical for ULIRGs
when using an emissivity index 8 = 2 (Klaas et al. 2001). The optical
data are from SDSS.

4.2.2. Mid-infrared starforming tracers

[NeIl]i2.8 um Wwould be the first choice among MIR starforming
tracers, because of its brightness and the required low excitation
potential of 21.6 eV. But in the low resolution spectra this line
is not well separated from the 12.7 um PAH feature. Therefore
we analysed the [SIII];g7 m and [Nelll];s s ,m lines requiring
excitations of 23.3 eV and 40.9 eV, respectively. The fluxes are
listed in Table 2. The [S III]/[Ne III] flux ratio lies in the range
2-5 typical for (modestly) starforming galaxies; for compari-
son, intense starburst galaxies like M 82 have [S III]/ [Ne III] ~2
(Verma et al. 2003) and the starburst knots in the overlapping re-
gion of the Antennae galaxy pair have [S III]/ [Ne III] ~1 (Kunze
et al. 1996). This is because the radiation field of bursts of O-
stars is harder and a higher fraction of neon is in the double-
ionized state. There is a marginal trend that sources with high
[NeIII] fraction also show a high equivalent width of H, and
[O11] 37574

Two sources, which turn out to be ULIRGs (Sect. 4.3), have
steeply rising 20-35 um continua (Fig. 6). But the MIR continua
of all 17 other sources do not show the strong rise between 15
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Fig.7. IRS spectrum of 2MASS 03574895—-1340458 and ISO-SWS
spectrum of the starburst template M82. The spectrum of M82 is scaled
to match the PAH flux level at 6-9 um. At wavelengths longer than
15 pm the continuum of M82 is much brighter than that of 2M 0357.
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Fig. 8. Colour-magnitude diagram F24 ym/F6.7 ym versus 6.7 um lu-
minosity. The data have been K-corrected. Uncertainties of 20% in x
and 40% in y are illustrated in the upper left corner. For comparison
two spirals (NGC 891, NGC 6946), the Antennae Galaxy Arp 244 and
the starburst galaxy M 82 are shown (open squares). Also labelled is
2MASS 0357, the source with MIR spectrum shown in Fig. 4.

and 35 um typical for warm starburst heated dust like that found
in M 82 (Fig. 7).

This is also reflected in the low F,4/F¢7 ratio for most
sources as shown in Fig. 8. In this plot we included both the F4
data from the spectra and the MIPS-24 ym photometry (Tables 2
and 3); for three sources without redshift but with photometry
we adopted the median redshift of the sample (z = 0.105). For
the comparison sources we used the IRAS 25 ym fluxes from
the NED (the difference between IRAS-25 and MIPS-24 band-
passes is negligible here). The F,4/F7 colours of most galaxies
appear more similar to those of the rather quiescent spiral galax-
ies NGC 891 (edge-on) and NGC 6946 (face-on) than to M 82.
A few sources reach the Fy4/Fg7 ratio of Arp244, the colliding
Antennae galaxy pair with dust-enshrouded starbursts as well
as a large amount of cold dust (Mirabel et al. 1998; Haas et al.
2000).

To summarise, most (~15/19) of the mid-IR spectra indicate
rather modest starforming activity and do not show the signa-
tures of powerful M 82-like starburst galaxies, either in emission
lines or the continua.
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Fig. 9. Colour-magnitude diagrams F60/F6.7 and F100/F6.7 versus
6.7 um luminosity. The data have been K-corrected. Uncertainties of
20% in x and 40% in y are illustrated in the upper left corner. For
comparison with local templates two spirals (NGC 891, NGC 6946),
the Antennae Galaxy Arp 244 and the starburst galaxy M 82 are shown
(open squares). Also labelled is 2MASS 0357, the source with the MIR
spectrum shown in Fig. 4. The numerous 60 pm upper limits populate
the F60/F6.7 range between 10 and 100; they are not plotted to avoid
confusion.

4.3. Far-infrared properties

Figure 9 shows the 60 and 100 um fluxes normalized by
F6.7 um. We include also the Spitzer 70 and 160 ym photom-
etry, adopting for the first look that colour corrections play a
minor role. A striking fact is that at least half of the FIR detected
sources show a much higher Fg(/F¢7 ratio than the local cool
templates, and the F' oo/ Fe 7 ratio of virtually all sources exceeds
that of local templates. Thus the basic result is: Apart from the
two ULIRGs, most if not all of the 17 sources with IRAS FIR
detections are exceptionally strong cool dust emitters, relative to
their PAH emission.

Further evidence for this conclusion comes from the far-
infrared luminosities as shown in Fig. 10. Among the 19 IRAS
detections 16 sources have Lgr > 101 L. Two of them qual-
ify as ULIRGs with Lpr > 10'?2 Lo (in Table 1 they are
marked after the 2MASS name)’. One of the two ULIRGs

7 We do not expect that our sample contains more than these two
ULIRGsS. The reason is that known local ULIRGs have K, — LW2 > 2.7
and H-K; > 0.5, and all objects of this red subsample have redshifts, so
that the FIR luminosity can be determined. With exception of the two
ULIRGsS, all other sources of the red subsample have Lgr < 102 L,
even in case of upper FIR flux limits. Outside of the red subsample a
ULIRG could be expected if z > 0.3. Then it still has H — K; > 0.5,
but K; — LW2 becomes lower, because the PAH features move out of

719
C T T |
[ e IRAS 60+100 um 20603 @ " 1357
10"} * Spitzer 70+160 um = o
E Sl E
Veg ]
- T ey ]
© T ﬁ% oo
— 10“5_ ll 3%224 Ol E
& ; T g B ]
T Y ﬁl B g2
— + N891*_‘,.-"'
1010:_ _‘j(-'N6946 -
E Lo E
L *
10° ! ! 1
108 10‘) 1010 1011

vL, 67um) [Lo ]

Fig. 10. Far-infrared versus 6.7 um luminosities. The data have
been K-corrected. Upper limits from IRAS are marked with arrows.
Uncertainties of 20% in x and 40% in y are illustrated in the upper
left corner. For comparison with local templates, two spirals (NGC 891,
NGC 6946), the Antennae Galaxy Arp244 and the starburst galaxy
M 82 are shown (open squares). The dotted lines mark the range Lpr =
3 and 30 X Le7. At highest luminosity, the Lgr / Le7 ratio tends to
increase as indicated by the two labelled ULIRGs.

(2ZMASS1337172140904430 at z = 0.3) has a remarkably high
F100/F60 (=5.5) indicating a large amount of cool dust de-
spite the ultra-luminous IR emission. A similar cool ULIRG has
been found at z = 0.45 by Chapman et al. (2002) in the ISO-
FIRBACK survey.

Most of the sources with upper IRAS FIR flux limits have
Ler (<10'"" Ly). The seven Spitzer FIR detections reach about
a factor of 5 lower fluxes than the IRAS upper limits, resulting
in both lower Lgr and Lgr /Lg.7, too, which makes the sources
similar to local cool templates. Therefore, we suggest that most
of the sources with IRAS FIR upper limits also have Lpr/Le7
similar to the Spitzer FIR detected sources and to local cool tem-
plates.

From Fig. 10 it is clear that Lgg is basically correlated with
L¢7. However, the Lpr/Lg7 ratio of the entire sample varies
between 3 and 30, in a range of a factor of 10. The ratio in-
creases further at highest luminosities, consistent with the results
by Klaas et al. (2001) and Elbaz et al. (2002). If the total IR lu-
minosity L3100 um is considered instead of Lgr, the range of
L3_1000 um/Le.7 Will be even larger.

Comparing the FIR properties with optical equivalent
widths, the IRAS detected sources have the same EW [OII] ver-
sus EW CallK distribution as the IRAS non-detections and do
not show a preference for a high EW [OII] (Fig. 3). In particular,
for those sources with low EW [OII], the cool dust temperature
and the signatures of old stellar populations suggests that the FIR
luminosity is powered substantially by the interstellar radiation
field from the old stars rather than purely by the ongoing starfor-
mation. If this is the case, then Lgr will not properly measure
the ongoing starforming activity.

To summarise, most (17/19) of the IRAS 60-100 ym de-
tected sources are exceptionally luminous cool dust emitters, but
not all of them exhibit strong starforming signatures as traced by,
for instance, their [O II] equivalent widths.

the LW2 passband. In this colour range there are 10 sources without
spectra, but for none of them is the optical to MIR SED consistent with
a ULIRG template at (photometric) redshift z > 0.2.
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4.4. Optical to millimetre SEDs

Figure 11 shows the mean optical to millimetre SEDs (v F)
of the 17 IRAS sources and of the 7 Spitzer sources, detected
at FIR wavelengths. The two ULIRGs have been excluded. The
important features of these IRAS- and Spitzer-SEDs are:

1) The Spitzer-SED has three peaks of roughly the same height,
one in the optical at about 0.6 um, one in the MIR around
7 um and one in the FIR at about 100 um. Between these
peaks the SED shows valleys at about 4 and 25 ym. This
SED is similar to that of NGC 891 and NGC 6946.

2) The IRAS-SED shows peaks of about the same height at op-
tical and MIR wavelengths, but is about 7—10 times brighter
in the FIR than the Spitzer-SED. At 6.7 um the IRAS-SED
is about a factor of 1.5 higher than the Spitzer-SED. In
the optical-NIR the IRAS-SED is somewhat redder than the
Spitzer-SED.® The redder optical SED is consistent with the
IRAS detection statistics: While among the 44 sources with
red NIR SED (i.e., with H — K > 0.5 in Fig. 1) about one
quarter is detected with IRAS, the fraction of the IRAS de-
tections among the remaining 76 bluer sources is about a
factor of 3 lower. Thus, optical selection criteria are biased
against the red but exceptionally FIR bright sources.

3) Figure 11 also shows the mean 850 um flux predicted for the
IRAS sources. This prediction is based on the 1:1 relation
between LW2 and SCUBA 850 um flux found for normal,
luminous and ultra-luminous dust-rich local galaxies (Klaas
et al. 2001; Haas et al. 2002). The remarkable benefit of this
relation is that the sub-mm flux can be predicted from the
PAH flux, despite the fact that the emission from cold dust is
not related to that from transiently heated very small grains.
The 60-850 um SED is consistent with cool dustat 7 < 25 K
(emissivity index S = 2). Here, we applied a K-correction
for average flux loss in LW2. Without such a K-correction
the dust temperature would be warmer. Using standard for-
mulae (Kriigel 2003), high dust and gas masses are derived
(Mgust = 108-10° Mo, and My, = 10'°-10"" M, assuming
the standard gas/dust mass ratio of 100). For comparison, the
dust masses of M 31 (Andromeda galaxy) and the archetypal
ULIRG Arp 220 are about 3 x 107 and 1.4 x 10° My, respec-
tively (Haas et al. 1998; Klaas et al. 2001).

4) For comparison, the Milky Way SED from COBE/DIRBE
is shown. While the peaks at 6.7 and 100 um are of similar
height, the MIR 20-60 um energy output is much lower than
in the IRAS- and Spitzer-SEDs, and at optical wavelengths
the Milky Way would be about ten times brighter than in the
FIR (not shown in Fig. 11 to avoid confusion by too many
lines). The SEDs of sources with an IRAS FIR upper limit
have about equally high peaks at optical and 6.7 um. This
adds a further argument supporting that these sources are
similar to the Spitzer-SED sources, i.e. local templates like
NGC 891 and NGC 6946.

To summarise, the most striking feature of the optical to mil-
limetre SEDs is the strong FIR bump in about 15% (17/120) of
the sources. Despite being caused by rather cold dust, the FIR
energy output of these sources is about a factor of ten higher
than at optical wavelengths. Future surveys, for instance with
the Herschel Space Telescope, will find more such galaxies, also
at higher redshifts, and thus may solve the debate on how much a

8 Because the number of our Spitzer FIR detected sources covered by
SDSS is very small, we used the mean SDSS SED of all non-IRAS
detections. The result is basically the same, but smoother.
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Fig. 11. Mean optical to millimetre SEDs (v- F,) of two subsamples.
The upper FIR data points (filled circles) are the IRAS detections; the
two ULIRGs have been excluded. The lower FIR photometry curve (as-
terisks) refers to the Spitzer FIR detections. The mean F6.7 of the IRAS
sample is a factor of 1.5 higher than for the Spitzer sample. The IRS
spectrum is that of 2MASS 0357 (Fig. 4), scaled to the mean F6.7 of the
IRAS sample. The optical and NIR data are from SDSS and 2MASS.
The modified greybody with temperature 7 = 24 K has an emissiv-
ity index S = 2. The open circle marks the predicted 850 um flux
adopting the F6.7/F850 relation (Haas et al. 2002). The long-dashed
line shows Milky Way cirrus of the solar neighbourhood measured with
COBE/DIRBE; it is scaled to the mean Spitzer 6.7 um flux level.

cool galaxy population contributes to the cosmic infrared back-
ground (e.g. Lagache et al. 2005; Dole et al. 2006; Juvela et al.
2009).

5. Summary and conclusions

In order to obtain a census of the typical properties of PAH
emitting galaxies, we combined the ISOCAM Parallel Survey
at 6.7 um with 2MASS and colour-selected a sample of 120 can-
didates for strong PAH emission. Optical spectra of 75 sources
establish that they are starforming galaxies at moderate dis-
tance (0.03 < z < 0.3) with a median redshift z ~ 0.1. Mid-
infrared spectroscopy of the reddest 19 sources confirms that
they have strong PAH emission and that they are not dust-
enshrouded AGN. This leads us to conclude that the entire sam-
ple of 120 sources consists of PAH selected galaxies with a
6.7 um luminosity between 10® and 10'' Le. This galaxy popu-
lation has the following properties:

1) In about one third of the sources the H, and [O1I]35574
equivalent widths indicate intermediate to strong starform-
ing activity, while one third shows only moderate ongoing
star formation but Hs and/or Call K absorption, indicating
a significant contribution of stars of intermediate mass and
age. The remaining third of the sources lies between these
cases. Many sources exhibit morphological irregularities, but
our data did not allow us to establish a relation with spectral
properties.

2) The mid-infrared emission lines [SII]ig7,m and
[Nelllliss um as well as the lack of higher ionisation
lines corroborate that even in the reddest sources the
radiation field is relatively soft. For all sources except two
ULIRGS, the MIR lines and continua exclude powerful
buried AGN and do not suggest the presence of intense
hidden starbursts. The 24 um/6.7 um flux ratio is more
like that of cool normal spiral galaxies such as NGC 891
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and NGC 6946 and in a few sources it reaches that of the
Antennae galaxy Arp 244.

3) In the far-infrared, 26 sources are detected on IRAS-
ADDSCANS or Spitzer maps. Most SEDs steeply rise from
60 to 100 um, adding further evidence that a large amount
of cool dust (T < 25K, My > 108 M) dominates the
FIR luminosity (10° to 2 x 10'? Ly). In 17 sources (~15%)
the FIR energy output is 5—10 times higher than the opti-
cal one, despite the cool dust temperature. The sources with
upper FIR flux limits are consistent with this picture. The
exceptional FIR-luminous galaxies increase the dispersion
in the Lpay/Lpr relation. Their, on average, redder optical
colours and the fact that 30% of them have rather low H,
and [O II]5,,, s equivalent widths, strongly suggest that op-
tical selection criteria fail to collect a complete PAH emitting
galaxy sample.

At moderate distance, PAH selected galaxies turn out to be
a quite heterogeneous population of dust-rich, partly infrared-
luminous galaxies but mostly cool with a range of post-starburst
signatures and starforming activity which appears rather modest
relative to the entire gas content. The diversity of PAH emitting
galaxies strongly suggests that the cosmological interpretation
of deep 15 and 24 um surveys in favour of an early universe full
of IR starburst galaxies with high starforming efficiency appears
to be premature.
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Table 1. The sample of PAH selected galaxies and observed properties.

2MASS LW2 H K, Feo  Fioo z Ha HB [0l EWHa EW[OIN] EWHS EW CallK Morph
mlya)  mag mag mlyf) mly b) b) b) Ac) Ac) Ad) Ad) e)

00112015-1156099  0.98 1581 1547  <l44 0.241 233 0.78 —53.19 375

00180953-1009448 077 1601 1510 <129 compact

00253965-3252466  2.58 1541 1519 <147

00285431-7726146 345 1528 1478 190 590 0087 1076 091 211  —4698 3113 5.22 3.46

00445167-2653191 1.73 1551 1473 <132 0.113 952 070 206  -18.42 -8.06 5.48 4.21

00465933-2527218 137 1571 1550 <123

00482481-2519270 095 1534 1541 <138

00524246-3024175 1.51 1540 1490 <129

00544355+0024382  1.99 1588 1583 <132 edge-on

00544465-3907006  3.12 1590 1544 <135

00561930-3742185 1.08 16.10 1521 <96 0.090 220 -7.50 3.80

00565066-2736010  1.05 1636 1578 <114 0.109 580 072 144  —4590 -14.10 2.20

01051501-2612466 171 1615 1543 <132 0.110  11.97 208 414 9484 —40.77 2.86 2.01

01144234-4521493 096  16.17  15.38 <96 0.123 931 0.85 —54.94

01240481+0403022 1,57 1590 1533 <120 0.110  9.00 093 —42.00 2.60

01255879+8739093  2.13 1593 1555 <162

01511176-0931553  0.80  15.86 1492 <150 compact

01515168+0253146 140 1567 1511 <123 0.128  8.67 0.75 140  -32.19 -9.50 1.50 7.79

02072273+2338418 2,04 1374  13.62 <81

02185851-0242460 1.53 1551 1526 <156

02261823-1510595 140 1556 1519 <11 0.070 3843 5.01 -35.91 2.00

02542961+1509122 136 16.14 1492 <147 0.099 2543 1.31 —40.30 6.00 6.61

03262563+3039153 297 1473 1460 <138

03280979+3126028 1,54 1423 1390 <210

03525104+1120254 1.04 1539 1477 <156 compact

03561911-6423202 1.03 1582 15.33 0.059  34.12 9.24 ~78.06 2.00

03574895-1340458  10.67 1452  13.87 160 620 0.072 4270 3.76 —54.02 3.00 2.40

04145870+0547135 1.91 1549 15.09 <96 0.096 444 084 138  -85.28 —49.82 2.00

05375494-4408547 147 1548  15.04 <78 0.105 1.41 0.14 022 2412 -9.27 2.96 5.87

05400261-6002387 226 1538  14.39 210 430 0.155  12.00 361 —30.00 ~20.00 4.30 6.00

05575775-3808188 115 1515 1481 <60 0.102  14.00 —34.00

05580218-3805258  0.88 1557  14.91 <87 0.033  9.50 -12.80

06033357-4509412 ¢ 3.51 1528 1419 1680 2300 0.161 1600 —1.14 446  —48.00 —46.49 5.48 1.90

06213825+7813105 176 1471 14.19 <99

08083959+7554555 076 1551  14.89 <114

11110523+5550119  1.17  15.82 1498 <108 0.141  11.01 210 235 -59.09 -18.28 2.10 3.42

12191852+2953166  3.06  14.99 1446 <213 0.104  10.09 170 -16.11 -9.30 tail

12211572+1151156 099 1558 1518 <117 group

12255713+4838051 0.83 1631 1549 <174 0.261 7.86 1.84 —41.30 irregular

12281094+0852471 229 1543 1507 <114 0.088 5390 1240 28.00  -50.77 -39.20 1.80 2.60 regular

12325569+1328585 193 1623 1599 <111 companion?

12361826-3938464  1.53 1584 1510 <138 0.105  8.17 1.9 -27.74

12361865-3938006  3.19 1556  15.10 230 0.109 1.64 017 023 -43.24 -29.62 2.19 4.20

12482307-0344102 1.87 1526  14.55 200 470  0.176  10.98 072 255  -23.80 ~14.01 5.80 4.94 regular

13092436+2939351 126 1623 1551 <168 0.113 964 080 770  -33.56 ~15.00 companion?

13165999-3336459  3.53  15.00  14.29 120 0.111 419 0.15 042 -1375 -7.06 3.70 5.56

13371372+0906127  1.41 1584 1533 <150 0.138 2696 435 13.01  -35.34 -29.00 2.10 2.29 edge-on

133717214+0904430 © 145 16.10  14.93 140 780 0306  17.03 1.89 720  -52.67 —45.70 4.50 2,55 companion

13371806-3005123 092 1599 1559 <156 0.037  20.90 6.20 -23.50

13484308+4912271 1.45 1544 1502 <120 0.136 574 110 148  -53.61 -15.51 3.80 3.80 compact

13491845+1808258 1.07 1553 1494 <108 0.086  25.60 -18.50 regular

14025863+6426228 098  16.17  15.71 <99 0.122 1470 195 550  -28.12 —26.45 3.00 2.20 regular

14080590+5414370 082 1589  15.56 <78 tail

14234395+2552515 1.71 15.66 1531 <162 0.150  7.50 1.40 -28.80 compact

14335047+1037077 1.04 1552 1507 <117 0.109 2850 467 678  —26.68 -10.16 2.50 5.70 regular

14343833+3051499 095 1577  14.86 <96 double?

14375074-1442498 1.41 1605 1551 <114 0216 512 -050  1.00  —29.95 -12.00 2.50 7.18

14404891-0011195 1.65 1595 1551 <138 0.072  16.08 362 673 2242 -16.50 1.70 3.20 regular

14445354+2919055 297 1446  14.07 <90 double?

1451124542253010  2.56 1521  14.56 250 330  0.119  9.90 -36.75 edge-on

14523534+7354420  1.57 1550  14.91 <87 0.176  9.08 090 430  -35.03 ~20.00 3.10

14535143+2431031 133 1582 14.94 <90 0.065 130 030 -27.88 edge-on

15004675+4803272  2.08 1570 1527 290 610 0.140  17.40 288 3.94 2200 -10.10 2.00 5.50 regular

15125997+0724457  2.51 15.08  14.72 210 0.101 9419  17.04 17.02  —44.55 ~12.43 3.50 5.80 regular

15160785-1608098  1.54  15.69  14.94 210 810 0.129 8.4l 118 127  -33.14 -25.10 2.50 4.20

15163000+5614003  0.81 1597 1581 <195 compact

15270421+1928206 139 1553 1482 <132 0.121 220 020 030 5474 -13.90 2.00 companion?

15492435+4822553 076 1568 1547 <87 0.072 5460 13.60 37.60  —54.65 -38.38 3.60 1.40 compact

15554606+1532218  2.06 1569 1470  <l11 0.131  33.01 890 19.09  —66.00 —43.00 1.70 2.00 tail

16025967+5826592  2.01 1535 1495 150

16053289+2037347 245 1555  15.17 <75 0.133  89.67 1897 3855  —69.73 -34.86 3.00 236  companion?

16132299+4203418 1.99 1629 1512 210 310 0.138  13.09 3.41 841  —64.43 ~34.90 2.50 3.66 irregular

16164591+3221543 177 1584 1552 130 430  0.103 4800 1096 2350  —65.00 -29.33 3.80 2.40 regular

16251436+2352427 144 1565 1516 <123 0.063  18.80 315 785 -27.38 ~18.64 2.60 3.20 regular

16275436+5533101 117 1607 1546 <126 0.135 2226 1.32 -33.28 regular

16452008+4615126  1.12 1566 1528 <108 compact

17193516+4751517 096 1574 1523 <147 0.118  15.08 263 331 2693 -17.05 4.74 5.00

17350268+6814020 078 16.00  15.51 <63 0.029 1.60  0.31 -18.34

17480224+6723023 142 1564 1541 <84

17493662+6832182 079  15.69  14.96 <87

17512100+5652085  0.96  16.17  15.67 <81 0.154 317 0.38 -33.32 regular

17533157+5710232 150 1530 1475 <220 0.068  6.51 —29.86 companion?
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Table 1. continued.

2MASS LW2 H K Feo Fioo z He HB [O1I] EWHa EW[Ol] EWHsS EWCallK Morph
mly a) mag mag mly f) mly b) b) b) Ac) Ac) Ad) Ad) e)

17542851+5818226 0.73 15.20 15.33 <98 compact

17545857+5121560 1.15 15.82 15.19 <78 0.071 3.50 0.94 -9.70 regular

17554655+6638399 1.74 15.39 15.02 <42 0.043 0.22 0.03 —-64.79

17562602+5136032 1.38 15.42 14.95 <84 0.118 14.02 1.41 —65.63

17564103+6634162 1.99 15.30 14.91 <33

17571162+6645220 1.22 1594  15.67 <135
17574141+6648578 1.03 15.49 15.15 <108

17582761+6651113 2.10 15.40 14.97 <45 0.118 14.90 2.02 -25.87 3.66
17584647+6647585 1.48 15.82 15.04 <75 0.077  46.82 5.98 7.20 —-39.80 -21.95 3.30

18143059+4512303 1.85 13.99 13.74 <74

18233704+6418121 0.86 1494  14.60 <93 regular
18332203+6336009 1.79 1530 1474 <90 0.083  28.39 4.78 5.15 —63.98 -35.90 4.50 regular
19135367+6732331 7.37 12.89 12.83 <90

19184395-3815471 1.75 15.68 14.97 <276 0.160 1.19 0.92 —44.00 2.50

19283755-4124470 1.54 14.19 14.05 <69

20101411-0616586 4.39 15.66 1551 <150

20285026—-1947520 1.05 16.10 15.24 <108 0.159 11.53 1.88 -17.77

20445728-1049227 0.85 14.94 14.43 <75

21251104-1736181 4.02 15.37 14.91 150 0.089 9.38 1.11 =79.67

21573517+0114331 1.83 1590 1521 200 0.136  41.32 8.73 9.67 -56.55 -15.52 3.80 2.87 regular
21582549-3022493 0.82 1594 1538 <153 0.175 -0.67 0.44 -7.57 5.06 7.21
22023161-5657577 2.29 15.90 15.23 <99 0.083 17.43 4.44 13.57 -33.50 —-16.65 4.54 4.80
22064236—-0353402 2.68 15.33 14.71 180 520 0.072 19.37 0.56 -30.74

22352396-2649402 1.36 15.44 15.17 <108

22485447-5134173 1.42 1576 14.89 110 660  0.094 14.44 2.08 9.99 —44.48 -30.45 2.00

22564496-3637423 1.04 1556 14.82 <156

22565483-3649515 1.27 16.05 15.21 <156 0.086 6.72 1.17 3.16 —-29.40 -15.33 4.99 3.27
22572343-2950575 0.99 15.96 15.03 <90

23032475+1652437 0.82 15.99 15.06 <123

23055422-3539591 1.22 15.78 14.98 <87 0.162 9.13 1.16 1.60 -25.69 -11.34 4.27 6.46
23075850+0537063 1.21 15.83 15.13 <126 0.136 8.50 1.90 —-19.48

23080919+0538305 1.47 16.01 14.82 <129 0.146  27.40 5.53 -21.05 -12.35

23094110-2236359 1.58 15.03 14.39

23134646-6252115 1.11 15.46 1530 <102
23242107-0555516 3.76 15.08 14.93 <144
23345423+4025496 1.17 15.38 14.90 <140
23370573-0208169 2.25 15.61 15.12 <165 0.078 9.37 1.61 -67.09
23521660+2000553 1.37 14.94 15.05 <111

a) LW2 zero magnitude corresponds to 90 Jy, i.e. 0.9 mJy corresponds to 12.5 mag (Vega system); b) emission line fluxes as measured in the 1-2"
wide slit are given in 10716 erg/s/cm?/A, the uncertainties are ~5-10%; c) negative EW values correspond to emission lines. Mean uncertainties
are ~10%; d) mean uncertainties are ~25%; e) morphological appearance in SDSS images. The definitions are: regular, edge-on and irregular
sources are extended with >5" diameter, regular sources have between face-on and intermediate inclination; compact = regular and <5 diameter;
tail = irregular, but with bright connected tidal tail(s); double = two equally bright sources; companion = another fainter source nearby (<10”);
group = at least two companions; f) two sources are not covered by IRAS; u) ULIRG.

Table 2. Parameters from the Spitzer IRS spectra.

2MASS LW2] F15 F24  F35 [Nelll] [SII]

6-10 um mly mly mly 15.55 18.71
00285431-7726146 0.57 7.03 9.3 27.2 6.1 16.0
00445167-2653191 4.8 11.7 - -
01051501-2612466 049 288 46 11.6 5.8 12.0
02542961+1509122 052 215 3.0 8.1 1.6 4.2
03574895-1340458 0.61 1448 252 85.0 3.6 19.1
06033357-4509412 89.3  468.5 - -
12482307-0344102 4.7 12.0 - 24
13165999-3336459 53 14.2 - 2.6
13371721+0904430 62 228 - 2.1
15160785-1608098 33 9.5 - 3.0
15554606+1532218 * 040  2.88 5.3 13.7 2.5 59
16132299+4203418 136 514 - 6.1
19184395-3815471 77 248 - 0.8
21573517+0114331 0.42 3.06 39 9.6 <0.7 32
22023161-5657577 058 434 76 18.7 <2.0 8.1
22565483-3649515 0.58 1.60 22 6.0 <1.0 52
23055422-3539591 3.0 7.7 - -
23075850+0537063 32 9.5 - -
23080919+0538305 0.41 322 46 11.6 <0.7 4.1

The second column gives the fraction of the 6—10 um flux seen in the LW?2 passband (5-8.5 um). F15 refers to the flux integrated over the ISOCAM
LW3 passband (12-18 um). The uncertainty of the continua F15, F24, and F35 are about 10%. Emission line fluxes are given in 107'° erg/s/cm?
with ~10-20% uncertainties; *) absolute photometry uncertain, see footnote in Sect. 3.2.
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Table 3. Photometry from Spitzer IRAC (3.6-8 pm) and MIPS (24-160 pm).

2MASS F36 F45 F58 F80 F24 F70 FI160
mly mly ml]y mlJ]y mly mly mly
00465933-2527218 * 529 531 158.0
00482481-2519270 * 252 285 81.0
00561930-3742185  0.477 0.410 1.50 215 49.9
13092436+2939351 0.530 3.09
13371806—-3005123  0.676 0.898 1.57 214
14080590+5414370 * 6.57 554
15163000+5614003 = 0.335 0.309 0.290 1.61 275 539 76.3
17512100+5652085 2.21

17554655+6638399  0.520 0.38 0.86 296 449
17564103+6634162  1.050 0.714 0915 437 4.87
17571162+6645220 = 0.455 0.337 0.645 1.66 34.6
17574141+6648578  0.572 0.410 0.557 191 1.40
17582761+6651113  0.705 0.520 0.630 3.39 2.65
17584647+6647585  0.527 0.375 0.576 257 228

Uncertainties are about 10% at 3.6—8 um, and less than 30% at 24—160 um; * Median redshift of the sample (z = 0.105) adopted.
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