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ABSTRACT

ISO observed, for the first time to such a high sensitivity
level, the mid- and far-infrared universe. A number of deep
surveys were performed to probe the cosmological evolution
of galaxies. In this review, I discuss and summarize results of
mid-infrared ISOCAM and far-infrared ISOPHOT surveys, and
show how our vision of the extragalactic infrared universe has
become more accurate. In particular, ISO allowed us to resolve
into sources a significant fraction of the Cosmic Infrared Back-
ground (CIB) in the mid-infrared, and to probe a fainter popu-
lation in the far-infrared with the detection of the CIB fluctu-
ations. Together with other wavelength data sets, the nature of
ISO galaxies is now in the process of being understood.

I also show that the high quality of the ISO data put strong
constraints on the scenarios of galaxy evolution. This induced a
burst in the development of models, yielding to a more coherent
picture of galaxy evolution.

I finally emphasize the potential of the ISO Data Archive
in the field of observational cosmology, and describe the next
steps, in particular the forthcoming cosmological surveys to be
carried out by SIRTF.

Key words: ISO — infrared galaxies — galaxy evolution — extra-
galactic surveys — cosmic infrared background

1. INTRODUCTION

The Cosmic Infrared Background (CIB) (e.g. Puget et al. 1996;
Hauser & Dwek 2001) is the relic emission of galaxy formation
and evolution, being composed of light radiated from galaxies
since their formation. The aim of the cosmological surveys is
to resolve the CIB into sources, and to provide data on galaxies
at various wavelengths, redshifts, with enough quality on indi-
vidual objects as well as with statistical significant samples, in
order to address the questions of the processes of galaxy for-
mation and evolution, and the nature of the galaxies.

The CIB Spectral Energy Distribution (SED), shown in
Fig. 1 (from Hauser & Dwek, 2001) shows the existence of a
minimum between 3 and 10 pm separating direct stellar radia-
tion from the FIR part due to radiation re-emitted by dust. The
latter radiation contains at least a comparable integrated power
as the former, and perhaps as much as 2.5 times more. This ra-
tio is much larger than what is measured locally (~30%). The
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Figure 1. The Cosmic Infrared Background Spectral Energy Distribu-
tion from Hauser & Dwek (2001). This plot includes detection (solid
line in the submm part), upper limits (triangles and diamonds), and
lower limits from source counts (squares). The shaded region repre-
sents current observational limits, and the solid rising curve in the
mm range represents the CMB.

CIB is thus likely to be dominated by a population of strongly
evolving redshifted IR galaxies.

ISO revolutionized our view of the extragalactic universe
with sensitive cosmological surveys carried out in the mid- and
far- infrared. Of course, other cosmological surveys have been
carried out with SCUBA, MAMBO, Chandra, XMM, and in
the optical range; all give invaluable informations about galaxy
evolution, but it is beyond the scope of this short paper to re-
view them. Reviews of extragalactic results from ISO can be
found in Genzel & Cesarsky 2000 and Franceschini et al. 2001,
and a comprehensive overview of ISO operations and science
in Casoli et al. (2000) (particularly in the Puget & Guider-
doni paper). I will here summarize the main results obtained
in the MIR with ISOCAM (Sect. 2), in the FIR with ISOPHOT
(Sect. 3), and overview the models that ISO data were able to
constrain (Sect. 4). Sect. 5 emphasizes the potential of the ISO
archive, and in Sect. 6 I briefly explore the future of IR (and
mm) astronomy, in particular with SIRTF.

Proceedings of the Symposium “ Exploiting the SO Data Archive - Infrared Astronomy in the Internet Age”,
24-27 June 2002, Sigiienza, Spain (C. Gry, S. B. Peschke, J. Matagne et al. eds., ESA SP-511)
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Figure2. K-corrections from Francecshini et al. 2001. Dash: M82
spectrumat 7 pm. Dot: inactive spiral at 15 pm. Line: M82-like spec-
trumat 15 pm.

2. MID INFRARED SURVEYS

2.1. SPECIFICITIES

The mid-infrared surveys have been conducted with ISOCAM
(Cesarsky et al. 1996), mainly at 7 and 15 pm; a few have been
performed at 4.5 ym and 12 ym (Clements et al. 1999). At 7
pm using the LW?2 filter (e.g. Taniguchi et al. 1997; Oliver et
al. 2002), the contamination by stars is important and data at
other wavelengths (usually near infrared) are needed to iden-
tify them. The decreasing k-correction is less favorable for de-
tecting higher redshift galaxies (dash line in Fig. 2, taken from
Franceschini et al. 2001).

At 15 pm using the LW3 filter (e.g Elbaz et al. 1999), the
stellar contamination is less of a problem and the k-correction
of galaxies is favorable for detecting sources up to redshifts
around 1.4 (Fig. 2). Thus, a significant part of the extragalactic
results are based on 15 pm observations.

2.2. SOURCE COUNTS

Source counts at 15 wm show an impressive consistency over
four decades of flux between surveys of different depths (e.g.
Elbaz et al. 1999, Gruppioni et al, 2002). Data come from large
and shallow surveys like ELAIS (e.g. Serjeant et al, 2000), to
narrower and deeper surveys (e.g. Serjeant et al, 1997, Aussel
et al, 1999; Altieri et al, 1999). The number counts (summa-
rized in Fig. 3 by Elbaz et al. 1999) are in excess by a factor of
10, at the 0.5 mJy level, compared to non evolution scenarios.
The slope is steep (o = 3.0 £ 0.1 in the differential counts, for
S, > 0.4 mly), and a turnover appears at S, = 0.4 mJy. At
fainter levels, the convergence (decrease) is fast.
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Figure 3. Differential source counts (normalized to Euclidean) at 15
pm from Elbaz et al. 1999. The shadowed area represents a scenario
with no evolution. Symbols represent different surveys.
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Figure4. Infrared luminosity (left axis) and star formation rate (right
axis, for starbursts only) of 15 um S > 0.1 mJy galaxiesin the HDF-
N from Elbaz et al. 2002. The dash curve represents the sensitivity
limit. Thisfigure also illustrates the redshift distribution of the sources,
with a median redshift of 2 = 0.8 (Aussel et al. 1999).

2.3. NATURE OF THE GALAXIES

With a median redshift of z ~ 0.8 and most of the sources
with 0.5 < z < 2 (Aussel et al. 1999), the MIR sources have
a mean luminosity of 6 x 101! L, (Elbaz et al. 2002). Most of
them are experiencing intense stellar formation of about 100
Mgyr~!, which appears to be uncorrelated with the faint blue
galaxy population dominating the optical counts at z~0.7 (Ellis
1997; Elbaz et al. 1999). Fig. 4 (from Elbaz et al. 2002) repre-
sents their HDF-N sample, and summarizes the properties of
MIR galaxies: redshift distribution, luminosity, and SFR (for
80% of the non-AGN galaxies).
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2.4. GALAXY EVOLUTION

Elbaz et al. 2002 present a summary of the galaxy evolution at
15 wm and beyond. First, they show that 60% of the CIB at 15
wm is created by LIRGs (L > 10''Lg). Second, they show
that the comoving luminosity density at 15 pm was about 55
times larger at z ~ 1 than today. Third, still using some as-
sumption about the SED of the galaxies, they conclude that
the comoving density of IR luminosity radiated by dusty star-
bursts (which is directly related to the star formation) was about
70 £ 35 times larger at z ~ 1 than today. At intermediate red-
shifts, Flores et al. 1999 also determined the star formation rate.
Finally, they show that about half of the CIB at 140 um is pro-
duced by LIRGs and about one third by ULIRGs. Thus MIR
galaxies observed by ISOCAM have resolved about 75% of
the CIB at 140 pm.

3. FAR INFRARED SURVEYS

3.1. SPECIFICITIES

The far-infrared surveys have been conducted with ISOPHOT
(Lemke et al., 1996), mainly at 90 and 170 um; a few have
been performed at 60, 120, 150 and 180 um (Juvela et al. 2000;
Linden-Voernle et al. 2000). In the 50 to 100 um range, the
C100 Ge:Ga camera is sensitive to the peak of rest-frame emis-
sion from obscured star formation. The decreasing k-correction,
in addition to a challenging data processing, led to probe mainly
the local universe. With 46 arcseconds per pixel and a FWHM
of about the same size, the angular resolution at 100 pm is sig-
nificant improved since IRAS.

In the 100 to 200 pm range, the C200 stressed Ge:Ga cam-
era is sensitive to the very cool local galaxies as well as higher
redshift starburst galaxies, thanks to an advantageous k-correc-
tion (e.g. Guiderdoni et al. 1997) and the behavior of the cam-
era (e.g. Lagache & Dole, 2001). With 92 arcseconds per pixel
and a FWHM of about the same size, the angular resolution at
170 um is an issue for source identifications.

3.2. SOURCE COUNTS

Source counts at 170 pum (e.g. Kawara et al. 1998; Puget et al.
1999; Dole et al. 2001) exhibit a steep slope of a = 3.3 + 0.6
between 180 and 500 mly (lower left panel on Fig. 7) and,
like in the MIR range, show sources in excess by a factor of
10 compared with no evolution scenario. This strong evolution
was unexpected and quite difficult to reproduce with models.
Matsuhara et al. 2000 extended the source count analysis to
fainter fluxes and still detected a strong evolution.

At 60 and 90 pm, the situation is less clear, but prelimi-
nary source counts (Kawara et al. 1998; Efstathiou et al. 2000;
Linden-Voernle et al., 2000) are compatible with no evolution
scenarios on their bright end, and begin to show evolution-
ary effects on their bright end. New processing techniques (see
Sect. 5) will certainly allow to go deeper.
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Figure5. Distribution of IR luminosities from Patris et al (2002). Solid
line: FIRBACK FSM 170 pm sample (S > 200 mdy); Dash: IRAS100
um sample from Bertin et al. 1997 with 110 < fo < 200 mJy.

3.3. NATURE OF THE GALAXIES

Determining the nature of the FIR galaxies has been a longer
process than in the MIR, mainly because of the difficulty to
find the shorter wavelength counterparts in a large beam. Vari-
ous techniques have been used to overcome this problem, one
of the most successful being the identification using 20cm ra-
dio data (e.g. Ciliegi et al. 1999). Another technique is the FIR
multi-wavelength approach (Juvela et al., 2000) that helps con-
straining the position and the SED; it also helps to separate
the cirrus structures from the extragalactic sources. A varia-
tion is to use ISOCAM and ISOPHOT data, like the ELAIS
Survey (Oliver et al. 2000; Serjeant et al. 2000,2001). Finally,
the Serendipity Survey (Stickel et al. 1998, 2000), by covering
large and shallow areas, allows to detect many bright objects
easier to follow-up or already known.

FIR ISO galaxies can be sorted schematically into two pop-
ulations. First, the low redshift sources, typically z < 0.3 (e.g
Serjeant et al., 2001; Patris et al. 2002, Kakazu et al. 2002),
have moderate IR luminosities, below 10! L, and are cold
(Stickel et al. 2000). Second, sources at higher redshift, z ~ 0.3
(Patris et al., 2002, see Fig. 5) and beyond, z ~ 0.9 (Chapman
et al. 2002) are more luminous, typically L > 10! L, and ap-
pear to be cold. Serjeant et al. (2001) derived the Luminosity
Function at 90 pm, and started to detect an evolution compared
to the local IRAS 100 pm sample.

3.4. FLUCTUATIONS OF THE CIB

Sources below the detection limit of a survey create fluctua-
tions. If the detection limit does not allow to resolve the sources
dominating the CIB intensity, which is the case in the FIR
with ISO, characterizing these fluctuations gives very interest-
ing information on the spatial correlations of these unresolved
sources of cosmological significance. An example of the mod-
eled redshift distribution of the unresolved sources at 170 um
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Figure6. Fluctuations of the CIB in a power spectrum analysis of
the FIRBACK/ELAIS N2 field at 170 microns by Puget & Lagache
(2000). Observed power spectrum: diamond; straight continuous line:
the best fit cirrus power spectrum; dash line: cirrus power spectrum
deduced from Miville-Deschénes et al. 2002; continuous curve: detec-
tor noise.

can be found in Fig. 12 of Lagache et al. 2002; the sources dom-
inating the CIB fluctuations have a redshift distribution peak-
ing at z ~ 0.9. After the pioneering work of Herbstmeierer
al (1998) with ISOPHOT, Lagache & Puget (2002) discovered
them at 170 pm in the FIRBACK data, followed by other works
at 170 and 90 pm (Matsuhara et al. 2000; Puget & Lagache,
2000; Kiss et al, 2001). Fig. 6 shows the CIB fluctuations in
the FN2 field by Puget & Lagache, (2000), at wavenumbers
0.07 < k < 0.4 arcmin— .

4. MODELS

ISO provided high quality data, taken in the frame of the cos-
mological survey programs, as well as nearby galaxies or seren-
dipitous programs. The first observable to be widely used as a
constraint on the models is the source counts at 15 and 170 um,
but also at 7 and 90 um. The redshift distributions, mainly at
15 pm (and soon at 170 wm) put additional constraints, as well
as a better knowledge of the nature of the galaxies: AGN vs
Starburst, luminosities, star formation rate. The global star for-
mation rate, as derived in part from ISOCAM data, adds other
constraints to the models. Finally, a few models use explicitly
the constraint of the level of the CIB fluctuations in the far in-
frared.

These observables and constraints induced a burst in the
development of new models in the late nineties, among which:
Roche & Eales (1999), Tan et al. (1999), Devriendt & Guider-
doni (2000), Dole et al. (2000), Wang (2000), Chary & Elbaz
(2001), Franceschini et al. (2001), Malkan & Stecker (2001),
Pearson (2001), Rowan-Robinson (2001), Takeuchi (2001), Xu
etal. (2001), Balland et al. (2002), Lagache et al. (2002), Totani
& Takeuchi (2002), Wang (2002). This development was also
made possible because of the better knowledge of the galaxies

SED in the infrared (e.g. Dale et al. 2000; Helou et al. 2000;
Lutz et al. 2000; Stickel et al. 2000, Tuffs & Popescu, 2002),
with the availability of the SED of the CIB (Gispert et al. 2000;
Hauser & Dwek, 2001), and of complementary data sets (X-
rays, optical, NIR, submm, radio).

Even if there is no unique scenario reproducing all the ob-
servables, the models help now to have a more coherent picture
of galaxy evolution. It is beyond the scope of this paper to re-
view the models and their predictions, we thus give here only
two examples. Fig. 7 shows the observed source counts at 15,
60, 170 and 850 um and the fits by Lagache et al. 2002. Using
other kind but similar evolutions (pure density and pure lumi-
nosity evolutions in addition to the density+luminosity evolu-
tion), Chary & Elbaz (2001) predict the star formation rate and
compare it with data and Xu et al (2001) (Fig. 8). Combined
with the different approach of Gispert et al (2000), the SFR is
well constrained in the redshift range 1 < z < 3.
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Figure7. Observed source counts at 15, 60, 170 and 850 pm with the
model of Lagache et al. 2002. Symbols represent data (CAM at 15
pm, IRASat 60 pm, PHOT at 170 pm and SCUBA at 850 pm. Solid
line: model prediction. Dash: LIRG/starburst component. Dot-dash:
normal/cold galaxy component.

5. POTENTIAL OF ISO DATA

Even if the ISO data led to an impressive scientific return with
a high efficiency (about 62% of the data are published) in the
field of the cosmological evolution of the galaxies, many other
results are still to come, based on the amount of unpublished
data available in the archive.

In addition, new techniques of data reduction are now avail-
able, thanks to a better understanding of detector behaviors,
both for the Silicon Array (CAM)(Coulais & Abergel, 2000;
Miville-Deschénes et al. 2000; Lari et al. 2001, 2002; Vaccari,
2002) and the Germanium detectors (PHOT) (Coulais et al.
2000). Processing unpublished data and/or reprocessing pub-
lished data allows us to reach better sensitivity levels with a
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Figure8. Star Formation Rate from Chary & Elbaz (2001). Upper
panel: min and max range from their model, and observed UV/opt
data; dots represent Xu et al. 2001 model. Lower panel: 3 different
evolution scenarios from their model and data corrected for extinc-
tion. Line: pure luminosity; upper dash: pure density; lower dash:
luminosity+density.

higher confidence (e.g. for ISOCAM HDF-N: Serjeant et al.
1997; Aussel et al. 1999; Désert et al. 1999. E.g. for ISOPHOT
Lockman Hole: Kawara at al., 1998; Rodighiero et al. 2002).

Concerning the CIB and the cirrus foreground, a brilliant
example of what can be done from the archive is the work
of Kiss et al (2001,2002), detailed in this conference. Further-
more, the ISO data may induce discoveries in other data sets. A
recent example concerns the fluctuations of the CIB in the far
infrared. Lagache & Puget (2000) and Puget & Lagache (2000)
measured the level of the fluctuations of the CIB at 170um in
the FIRBACK fields. Given the SED of the CIB, it was possible
to predict the fluctuation level at 60 and 100 um (e.g. Lagache,
Dole, Puget, 2002), and show that this might be detectable in
the IRAS data. As a consequence, Miville-Deschénes et al.
(2002) recently reported the first detection of the CIB fluctu-
ations at 60 and 100 wm in the IRAS data.
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Figure9. Predicted redshift distribution of sources observed at 24 ym
with MIPS on SRTF, from Dole et al. 2002, for various 5c surveys
depths. Line: GTO shallow survey or SMRE. Dash: GTO deep. Dot:
GTO ultradeep or GOODS.

6. THE NEXT STEPS: SIRTF AND BEYOND

SIRTF, the Space Infrared Telescope Facility, to be launched
in early 2003, is expected to improve our view of the IR uni-
verse over the next five years, thanks to the recent technolog-
ical developments in IR detector arrays. A number of mul-
tiwavelength cosmological surveys are scheduled with MIPS
(Multiband Imaging Photometer for SIRTF) at 24, 70 and 160
um (Dole et al. 2002') and IRAC (Infrared Array Camera) at
3.6,4.5,5.8 and 8.0 um. In the frame of the Guaranteed Time
(GTO) or Legacy (GOODS and SWIRE) Surveys, about 80 Sq.
Deg. will be observed at different depths. Probing the proper-
ties of the galaxies with samples of statistical significance up
to redshifts of 2.5 or more will be possible. Fig. 9 (from Dole
et al, 2002) shows predictions of the redshift distribution at 24
pm for MIPS surveys.

The next steps after ISO and SIRTF for understanding the
infrared and submillimeter Universe from space will be ISAS’s
ASTRO-F in 2004, ESA’s Herschel & Planck (around 2007),
and NASA’s NGST (around 2010+), in addition to the ground-
based ALMA (from 2005). These telescopes are the promise
for a lot of exciting science to be done (at least) in the next 15
years !
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ABSTRACT

More than half square degree in the region of the Lockman
Hole has been observed at 14.3pm with the ISOCAM camera
on board ISO. We analyzed these data using the algorithm by
Lari et al. (2001) detecting more than 270 sources with fluxes
between 0.2 and 4 mlJy. Thanks to ancillary optical data ob-
tained with the wide field camera of the Isaac Newton tele-
scope, we are able to find clear optical counterparts for 93% of
the infrared sources. In the flux range where the survey is more
than 80% complete (fluxes greater than 0.8 mly), the counts
are in good agreement with the recent results of Gruppioni et
al. (2002) in the ELAIS South field.

Key words: ISO — surveys — extragalactic

1. INTRODUCTION

IRAS and COBE experiments showed that a large part of the
bolometric luminosity from the deep Universe is absorbed by
dust and reprocessed into the infrared wavelengths (Soifer &
Neugebauer 1991, Puget et al. 1996). This process is especially
important in galaxies or galaxy regions where stars are form-
ing in great quantity. Therefore, an infrared image of the deep
Universe can be seen as a complementary image of the usual
optical images, revealing the sources that are heavily obscured
in the optical wavelengths.

Unfortunately, only a few selected regions in the sky allow
us to take a look at the deep Universe because of the pres-
ence of HI clouds in our own Galaxy, the so called “cirri”
(cirrus means “curl” in Latin). One of these “holes” among
clouds has been discovered by Lockman et al. (1986) and has
been since then observed in several wavelengths from radio
(with VLA, de Ruiter et al. 1997) to the X-rays (ROSAT ob-
servations, Hasinger et al. 1993 and more recently with XMM,
Hasinger et al. 2001).

As part of the ISOCAM extragalactic guaranteed time sur-
veys, a region of 44’ x 44’ has been observed with the LW3
broad filter (centered at 14.3um) with the ISOCAM camera
(Cesarsky et al. 1996) on board ISO (Kessler et al. 1996). This
has been the largest and shallowest of the surveys performed in
this program.

Accordingly to the estimates of Elbaz et al. (2002), the
sources that are detected with this survey account for 20% of
the total cosmic infrared background. Moreover, the flux range
which is explored by this survey corresponds to the region where
there is a change in the slope of the LW3 counts (see Elbaz et
al. 1999) which can be explained only with a strong evolution
in number and density of the galaxies.

The interest in studying the optical counterparts of the galax-
ies detected in this survey is therefore evident. Only a multi-
wavelength approach can give us the necessary information to
understand the nature of these strong infrared emitters.

The same area has been also covered by other ISO observa-
tions: 90um and 160um observations (Kawara 1998, see also
the contribution of Rodighiero in the same volume) and deep
LW3 (14.3um) and LW2 (6.7 um) observations in a smaller re-
gion (Fadda et al., in preparation). If we take into account also
the observations made in the sub-mm wavelength by SCUBA
(Scott et al. 2002), the Lockman Hole region is one of the few
regions in the sky which have been deeply observed at every
accessible wavelength.

2. OBSERVATIONS

The survey consists of 4 raster scans totaling 55 ksec with
the mid-infrared camera ISOCAM in the direction
RA(J2000)=10:52:03 DEC(J2000)=+57:21:46 .

Each of the four scans consists of 24 x 8 sub-pointings, with 11
readouts of 5 seconds of exposure time. The pixel size of these
observations is 6 arcseconds in order to optimize the angular
resolution of the camera and the signal-to-noise ratio for the
detection of faint sources.

In order to study the ISOCAM sources, a deep Sloan r im-
age has been obtained with the wide field camera (WFC) of the
Isaac Newton Telescope at La Palma, Spain. The image was
obtained with four pointings of the camera repeated 5 times to
fill the gaps, correct for bad pixels and cosmic rays for a total
of 4 hours of integration.

3. DATA ANALYSIS

The ISOCAM data have been reduced using the recent tech-
nique developed by Lari et al. (2001, see also the contribution
of Vaccari in the same volume). This technique is especially
suited for the detection of faint sources in observations with

Proceedings of the Symposium “ Exploiting the SO Data Archive - Infrared Astronomy in the Internet Age”,
24-27 June 2002, Sigiienza, Spain (C. Gry, S. B. Peschke, J. Matagne et al. eds., ESA SP-511)
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Figure 1. NGC 3440, the only IRAS source in the field observed by ISOCAM. The infrared emission (black isocontours) is resolved in two spots,
while the shallowest contours show the structure of the arms. A careful inspection allows one to note that the optical arms are counter-rotating

with respect to the infrared arms.

low redundancy, which is the case of the Lockman Hole Shal-
low survey. Our final catalog contains 277 sources at the S0
level in the signal-to-noise map, with fluxes between 0.2 and 4
mly. To appreciate the level of refinement of the analysis, Fig. 1
shows the isocontours of the unique IRAS source in the field.
The source appears resolved in two components. The arms are
also visible and seem to be counter-rotating with respect to the
optical ones.

The reduction method computes the photometry correcting
the peak flux measured on the map through a simulation of
a source of the same flux and in the same position where it
has been detected (called auto-simulation). The ratio between
input and measured fluxes of the auto-simulated source allows
one to correct the flux of the real source taking into account the
local problems around the source. However, since the measured

positions always differ from the real ones, fluxes are on average
underestimated. It is possible to quantify this bias by simulating
false sources in the raw data.

According to our simulations, fluxes are underestimated by
12%. After the correction for this bias, fluxes of stars in the
field agree fairly well with the LW3 fluxes computed on the
basis of their optical and near-IR colors.

The analysis of the optical data has been done with the
IRAF package MSCRED and using the information about the
features of the camera in the web page of the Wide Field Survey
(www.ast.cam.ac.uk/ wfcsur/index.php) . The source extrac-
tion has been made using Sextractor (Bertin & Arnouts 1996).
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Figure 2. Completeness as a function of the flux from simulations done
adding false sources to the raw data cube.

4. COUNTS

In absence of a complete identification of the optical counter-
parts and measurement of the redshifts, counts are the main
tool to study the galaxy evolution providing constrains to the
theoretical models. The LW3 counts based on a preliminary re-
duction of ISOCAM data by Elbaz et al. (1999) showed a clear
departure from Euclidean prediction at fluxes less than 1 mly.
This has been interpreted as an evidence for a strongly evolving
population of mid-IR galaxies (Franceschini et al. 2001).

Sources in the Lockman Shallow Survey span a flux range
between 0.2 and 4 mJy. To study the completeness of the sur-
vey, extensive simulations have been performed adding false
sources to the original cube of data at several fluxes (0.35, 0.5,
0.7,1.,1.4,2.,2.8 and 4 mJy). As shown in Fig. 2, the survey is
80% complete for fluxes greater than 0.8 mJy. Moreover, due to
the limited area covered by the survey, counts make sense only
for fluxes less than 2 mJy. In fact, if we exclude stars, there are
only a few sources with fluxes greater than 2 mJy. Therefore,
we estimate counts only between 0.8 and 2 mJy.

The star-galaxy separation in our catalog has been done on
the basis of the shape of optical counterparts in the deep r-
image: 12% of the sources are stars. The good quality of the
image allowed us to identify more stars than those found in
the counts by Elbaz et al. (1999). The counts we derived are
in fact lower than those published by Elbaz et al. (1999). The
main reason is the better star-galaxy separation although the
fluxes also appear slightly overestimated in the previous analy-
sis (around 10%).

If we compare our result with the recently published counts
in the South ELAIS field (Gruppioni et al. 2002) we have a
remarkable agreement. We stress the importance of our result
since the ELAIS survey is far from completeness in the flux
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range covered by our survey (see Lari et al. 2001, Fig. 15).
For instance, at 1 mJy the repeated central region of the ELAIS
South survey which has a size comparable to the Lockman Hole
Shallow survey is less than 60% complete. The other parts of
the survey are only 20% complete (cfr. Lari et al. 2001, Fig. 9).
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Figure 3. Differential LW3 extragal actic counts normalized to the Eu-
clidean distribution (N (S) o S~2-%). CountsfromElbazet al. (1999)
for the Lockman Shallow Survey (black triangles) and from Gruppioni
et al. (2002) for the ELAIS South field (black dots) are compared with
preliminary counts fromour analysis (empty stars).

5. CONCLUSIONS

We have presented the analysis of the LW3 (14.3m) ISOCAM
Lockman Hole shallow survey done with the technique by Lari
et al. (2001). We detect 270 sources with fluxes ranging be-
tween 0.2 and 4 mJy which have in 93% of the cases a clear
optical counterpart in deep r images.

Through extensive simulations we estimated the complete-
ness of the survey at different flux limits. In particular, the sur-
vey is 80% complete for fluxes greater than 0.8 mJy. The star
contamination of this field is low (around 12%). After exclud-
ing stars on the basis of their shape and visual inspection on
optical images, we derived the counts in the flux interval be-
tween 0.8 and 2 mly. Our result agrees well with the counts
by Gruppioni et al. (2002) in the ELAIS South field while they
are lower than those published in Elbaz et al. (1999). The main
difference with the analysis in Elbaz et al. (1999) is a better
star/galaxy separation thanks to our recently obtained deep r
images and an estimate of the flux slightly lower (around 10%)
than the previous values (See Fig. 3).
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ABSTRACT

A number of ISO programmes, totaling over 100 hours of
observation time, made use of the gravitational lensing phe-
nomenon to extend the sensitivity of ISO observations. Sub-
stantial results derived from those programmes have been pub-
lished, or are in the peer review process, addressing the MIR
properties of the background lensed galaxy population. These
results, which have important implications for galaxy evolu-
tion, and which resolve a large fraction of the 15 and 7 um
infrared-background light, will be briefly summarised. But the
data has much further potential. Little has been published to
date concerning the implications of the ISO lensing data for
the foreground clusters themselves, nor addressing the overlap
between the observed ISO sources and lensed populations seen
at X-Ray and Sub-mm wavelengths. We report briefly on an on-
going programme to systematically reassess the set of ISO ob-
servations of lensing galaxy clusters and to describe and com-
pare the IR properties of the clusters themselves. The overlap
between ISO source lists and recently published lists of X-Ray
and Sub-mm sources in the same fields is under study.

Key words: Surveys — gravitational lensing — Galaxies: clus-
ters: — Infrared: galaxies

1. INTRODUCTION

After the identification of the first cosmological gravitational
lens by Young et al. (1980) there has been a rapid exploitation
of both the theoretical and observational aspects of this phe-
nomenon. Paczynsky attributed a lens origin to the luminous
arcs observed by Lynds & Petrosian (1986) and Soucail et al.
(1987A) and Soucail et al. (1987B) in several galaxy clusters
(Paczynsky, 1987). That was spectroscopically confirmed by
Soucail et al. (1988). In addition, other wavelengths have been
used to observe galaxy cluster lenses (e.g. Smail et al. 2002,
Cowie et al. 2002 and Blain et al. 1999 for the sub-millimetre
region; Bautz et al. 2000 for the X-Ray range).

At the same time, the development of models describing
lensing (Kneib et al. 1996; Bezecourt et al. 1999) made it possi-
ble to correct source counts and source fluxes observed through
a lens to yield the values that would be found in the absence of
the lens. This opened the path to using cluster lenses as natu-
ral telescopes to probe the deep Universe to flux limits which

would not otherwise be reached with the same time and facili-
ties.

The source plane, observed through the lens, exhibits an ap-
parent surface area dilation that makes it easier to resolve indi-
vidual sources at a given flux level. This apparent expansion is
stronger towards the cluster core and increases with the source
plane redshift. In the case of A2218, for example, the magnifi-
cation in the inner area is greater than a factor of 5, and around
a factor of 1.5 or 2 over an area of the order of 70 square ar-
cminutes. In addition, this amplification implies an achromatic
increase of the measured flux (due to Liouville’s theorem) that
improves the limiting flux to which a target field can be ob-
served. This benefit is best appreciated when the lensed area is
folded with the number density of sources as a function of flux,
as represented in figure 1 (taken from Metcalfe et al. 2003).
Parts a to d show, for example, the area of the sky accessible to
the observations of the large ISO “ARCS” lensing survey (Met-
calfe et al. 2003; Altieri et al. 1999), as a function of flux, in the
absence of a lens (dashed lines), and once the presence of an
intervening lens has been taken into account (solid curves). The
observations covering A370, A2218 and A2390 are separately
treated, along with the merging of the three into a single survey.
Parts e and f indicate the relative number of sources accessible
per unit area of sky to a given limiting flux-density, after fold-
ing the number density of objects with the flux-dependent sur-
vey area for the cases of A2218 and the combined set of three
clusters, respectively.

A number of proposals were made with the Infrared Space
Observatory (ISO) (Kessler et al. 1996), which could benefit
from the lensing effect, and involving a range of galaxy clus-
ters. At the same time, the resulting observations contain a lot
of data about the foreground and cluster galaxies. These data
are now being exploited for their relevance to the study of the
cluster properties.

2. ISO LENSING PROGRAMMES

A total 0f 420 kiloseconds of ISO observing time were assigned
to nine proposals that sought to observe a range of gravitation-
ally lensing galaxy clusters. Five of these programmes directly
aimed to take advantage of this phenomenon to probe the back-
ground galaxy population. The other four focused on the prop-
erties of the clusters themselves: either properties of the cluster
galaxies or of the intracluster medium. In table 1 a summary
of these ISO programmes is presented, listing their Principal
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Figure 1. Increased sensitivity due to lensing: in (a), (b) and (c) the dashed line defines, per cluster field, the area of sky accessible to the survey
as a function of flux, in the absence of lensing. The profile is stepped because the rastering measurement performed on the sky covered different
regions to different depth. The solid curve in each case shows how the area of sky covered depends on the limiting flux after lensing istaken into
account. (d) shows the same parameters for the composite survey which results from combining observations on the three clusters. In (e) and
(f), the measured distribution of faint MIR sources with flux (Elbaz et al. 2002) has been folded with the previoudly illustrated flux-dependent
accessible areas. The resulting curves: (e) for A2218 and (f) for the three-cluster survey, show the relative number of sources accessible to the
survey through lensing. It is seen that a significant population of sources below the unlensed sensitivity limit (dashed line), becomes accessible
to the measurement. The peaks in the source-density plots are due to the discontinuities in the sensitivity levelsin the “ accessible-areas’ plots,
arising from the raster measuring strategy used (from Metcalfe et al. 2003).

Investigators, their titles, the clusters observed and the time as-
signed.

A significant part of the information obtained in these pro-
grammes is still to be exploited, not only for the original pur-
poses of the programmes, but for other applications as well.
Though the first four proposals in the list were intended to ob-
serve background objects, they, of course, made deep observa-
tions of the clusters themselves.

The ISO ARCS lensing survey made a significant contribu-
tion to the number of MIR luminous sources detected with [ISO-
CAM, detecting about 15% of all deep MIR sources reported.
Ongoing exploitation of the data obtained on the clusters (e.g.
Coia et al. 2003, Biviano et al. 2003) will yield valuable ISO
results for the study of galaxy clusters.

3. SOURCE COUNTS AND IBL RESOLVED

Of the 148 sources detected in the fields of the three clusters
used for the ARCS survey, redshifts were available for 89 of
them: 6 foreground objects, 40 cluster sources, 31 background
objects and 12 stars. For the rest of the sample, a sorting rule
was established based on a strong correlation between MIR
colour and the cluster-member or non-cluster-member status
of the galaxy. It was found that a detection at 15um clearly
favours a background status. 75% of known-redshift sources
seen at 15 um are background objects. On the other hand, 93%
of objects detected only at 7um proved to be cluster members.

We concatenate the source counts obtained from the sam-
ple of lensed background sources (and the few foreground
sources) to the extensive results of other ISOCAM field
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Table 1. Alist of the 1 SO programmes relevant to studies of, or through, lensing clusters.
PL Title Cluster Observed Assigned Time
Metcalfe ISO observations of gravitationally lensed arcs A370, A2218, MS2137, CL2244 56981
Altieri Ultimate ISOCAM raster on A2390 A2390 143082
Mellier Arclets in 3 intermediate z clusters CL0024 25753
Barvainis High z primeval galaxies lensed by clusters A2218, A2219 8148
Ivison A new window on galaxy formation and evolution A370,A2219, CL2244, MS0440 10348
Biviano The IR properties of brightest cluster members A2806,A2870, A2877 78005
Maholtra Studying gas in gravitational lenses at highz PKS1830-211, Q2237+030 3362
Cesarsky Deep imaging of a sample of X-ray galaxy clusters in Hydra Hydra, A2390 84139
Franceschini  Deep Imaging of Intermediate and High Redshift Clusters A1689 10044

surveys reported by Elbaz et al. (2002). Integrating in the
achieved flux density range from 30uJy to 50 mJy, we resolve
(2.7540.62)x 10 Wm~2 sr !, or 55%, of the 15 pum infrared
background, into discrete sources. At 7 um we rely entirely
on the lensing counts in the limited flux-density range from
14 pJy and 460 ply to resolve (0.49+£0.2)x10 2 Wm—2sr~!,
or ~10%, of the 6.75 yum infrared background.

The current measurements and estimated limits to the back-
ground radiation from sub-mm to UV wavelengths are pre-
sented in figure 2 (adapted from Elbaz et al. 2002). The red
and blue points take into account the results of the work re-
ported here, in the context of all the ISOCAM surveys. Our re-
sults are completely consistent with the fit derived by Elbaz et
al. (2002), extending to fainter flux-densities the experimental
confirmation of their model.

The 15 um source counts reach very significant levels, show
ing a steadily increasing excess by a factor of 10 over no-
evolution models.

4. FURTHER EXPLOITATION OF ISO DATA

We consider briefly some initial results from the use of ISO
lensing data sets to study galaxy clusters, and the possible in-
fluence of the cluster environment on galaxy evolution.

The ISO maps of CL0024, obtained by Mellier, have been
studied by Coia et al. 2003, in preparation) who have recov-
ered about 50 sources in the 15 ym map, with 18 cluster galax-
ies and 2 background sources having redshifts available, and
the remaining 30 sources lacking redshift values. Neverthe-
less, it is already clear that the relationship between cluster-
membership and MID IR colour found consistently across the
three clusters A370, A2218 and A2390 is not applicable to
CL0024. The cluster/non-cluster distribution of 15um sources
is strongly different. Very interestingly, this is very similar be-
haviour to that reported by Fadda et al. (2000) and Duc et
al.(2002) in the case of the cluster A1689, where the clus-
ter is rich in 15 um sources. Most of the galaxies detected at
7pum concentrate in the center of the cluster and have similar
colours to the overall cluster population. In CL0024, as well
as in A1689, there is evidence for a significant MIR analogue
of the Butcher-Oemler effect seen in the optical. Though this

is a well known phenomenon, it has not been widely investi-
gated in the MIR and this spectral range might bring a better
understanding of its nature.

Another important and substantially open field is the com-
prehensive characterization of the observed MIR sources, ei-
ther background or cluster galaxies. The results to date indi-
cate that the detected MIR-bright background objects are either
AGN powered, or are star forming galaxies, in both cases heav-
ily obscured by dust. The combination of the ISO data with
multi-wavelength data available for the well studied lensing
cluster fields will facilitate the further classification and char-
acterisation of the background population. Several ISO MIR
sources in the fields of A370, A2218, A2390 and CL0024 have
been found to have X-Ray counterparts in XMM and/or Chan-
dra maps of the fields, indicating that they are powered by
AGNs. These coincidences are under study. A number of ISO
sources have submm counterparts, four corresponding to back-
ground objects in A370 and A2390 (two sources in each) and
one being the central cD galaxy in the core of A2390. They are
likely to be luminous dust-obscured star-bursts.

5. CONCLUSIONS

The use of gravitational lensing as a natural telescope is a pow-
erful tool to probe the deep Universe. Eight different ISO pro-
grammes obtained data relevant to this theme. The analysis of
part of these data has resulted in the resolution into discrete
sources of (2.75+0.62)x10 "W m 2?sr~! of the 15pum in-
frared background light, and (0.4940.2)x 10 > Wm—2sr~! of
the 7 pm infrared background light.

But this is not all. The great value of the data for studies
of the galaxy clusters themselves begins to be realised, with
potential to yield unprecedented results for clusters with red-
shifts up to 0.4, and the possibility to further characterise a
MIR Butcher-Oemler effect suggested by Fadda et al. (2000)
from the ISO data on the z= 0.18 cluster Abell 1689. Early re-
sults on the z=0.39 cluster CL0024 are very encouraging.

The combination of ISO MIR data on these novel, very well
studied, cluster fields, with available multi-wavelength data can
contribute significantly to characterisation of galaxy popula-
tions and galaxy evolution.
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Figure2. Figure is adapted from Elbaz et al. (2002), showing results
from Metcalfe et al. (2003). (a) presents limits to, and measurements
of, the background radiation from UV to sub-millimetre wavelengths,
as described in Elbaz et al. (2002). The values of the integrated back-
ground light at 7 and 15 um, calculated from lensing source counts,
have been plotted on this graph. (b) shows the 15 um resolved 1BL
value plotted over the Elbaz et al. (2002) fit to the counts of other 1S0-
CAM deep surveys. The lensing data point extends the flux-limit of
the observations and remains consistent with the fit. The dashed lines
correspond to 1-o error bars obtained by Elbaz et al. (2002) fitting
the upper and lower limits of the source counts from other surveys.
The error bars on the overplotted lensing data point were obtained by
integrating over the upper and lower limits of the differential source
counts.

REFERENCES

Altieri, B., Metcalfe, L., Kneib, J-P. et al. 1999, A&A, 343, 65

Bautz, M.W., Malm, M.R., Baganoft, F.K. etal. 2000, ApJ, 543, L119

Bézecourt, J., Kneib, J. P., Soucail, G., & Ebbels, T. M. D. 1999, ApJ,
347,21

Biviano et al. 2003, in preparation

Blain, A.W., Kneib, J.-P., Ivison, R.J. & Smail, I. 1999, ApJ 512, L87

Coia et al. 2003, in preparation

Cowie, L., Barger, A., Kneib, J.-P., 2002, ApJ, 123, 2197

Duc, P.-A., Poggianti, B. M., Fadda, D. et al. 2002, A&A, 382, 60

Elbaz, D., Cesarsky, C.J., Chanial, P. et al. 2002, A&A, 384, 848

Fadda, D., Elbaz, D., Duc, P.-A. et al. 2000, A&A, 361, 827

Kessler, M.F., Steinz, J.A., Anderegg, M. et al. 1996, A&A, 315, L27

Kneib, J-P., Ellis, R.S., Smail, 1., Couch, W.J., Sharples, R.M. 1996,
Apl, 471, 643

Lynds, R., Petrosian, V. 1986, Bull. Am. Astr. Soc. 18, 1014

Metcalfe, L., Kneib, J,-P., McBreen, B. et al. 2003, in preparation

Paczynski, B. 1987, Nature, 325, 572

Smail, 1., Ellis, R., Blain, A. W., Kneib, J.-P. 2002, MNRAS, 331, 495

Soucail, G., Fort, B., Mellier, Y., & Picat, J. P. 1987, A&A, 172, L14

Soucail, G., Mellier, Y., Fort, B., Mathez, G., & Hammer, F. 1987,
A&A, 184, L7

Soucail, G., Mellier, Y., Fort, B., Cailloux, M. 1988, A&AS, 73, 471

Young, P., Gunn, J.E., Oke, J.B., Westphal, J., Kristian, J. 1980, ApJ
241, 507



321

A FAR-INFRARED VIEW OF THE LOCKMAN HOLE FROM ISOPHOT

Giulia Rodighiero', Dario Fadda?3, Alessandra Gregnanin', Carlo Lari*, and Alberto Franceschini'

1Dipartimf:nto di Astronomia, Universita di Padova, Vicolo dell’Osservatorio 2, 1-35122 Padova, Italy
ZCaltech, SIRTF Science Center, MC 220-6, Pasadena, CA 91126, USA
3Instituto de Astrofisica de Canarias (IAC), Via Lactea S/N, E-38200 La Laguna, Spain
“1stituto di Radioastronomia del CNR, via Gobetti 101, 1-40129 Bologna, Italy

ABSTRACT

An important advance in the knowledge of the nature of
galaxies is possible only using mid- and far-infrared data. In
particular, the deep and extended surveys performed by the
satellite ISO are suited for this kind of study. We present our
preliminary results of the analysis of the PHOT 90um data in
the Lockman Hole with a recently developed technique (Lari et
al. 2001). The survey covers an area of 40’ x40’ and is comple-
mentary to the shallow survey in the mid-infrared by ISOCAM.
We are able to detect 36 sources down to a flux of ~20 mJy. In
particular, we discuss the cross-correlations between the far-
and the mid- infrared sources. For the sample of sources de-
tected in both IR bands, it becomes possible to study in detail
the SEDs exploiting optical data (photometry in several bands
and spectroscopy).

1. INTRODUCTION

The infrared and submillimeter window from 1 to 1000 um
is a powerful instrument to study the early phases of galaxy
evolution.

With the advent of the Infrared Space Observatory (ISO,
Kessler et al. 1996) the improved resolution and sensitivities
of the detectors made deep infrared surveys possible that for
the first time allowed to study the evolution of faint IR galax-
ies at cosmological distances, both in the mid and in the far
infrared. 15 ym ISOCAM-LW3 counts at different flux lev-
els reveal a consistent deviation from the Euclidean slope (El-
baz et al. 1999), which has been interpreted as the presence
of a strongly evolving mid-IR population of starburst galaxies
(Franceschini et al. 2001, Gruppioni et al. 2002) . Similar find-
ings seem to emerge from different ISOPHOT surveys in the
90 and 175 um channels (Efsthatiou et al. 2000, Mathsuhara et
al. 2000, Dole et al. 2001). The 90 pm filter in particular is cru-
cial, as the Spectral Energy Distribution (SED) of actively star-
forming galaxies peaks around 60 and 100 ym. For luminous
infrared galaxies, more than 80% of the flux can be emitted in
the far-IR, and the peak of the far-IR emission becomes a mea-
sure of the bolometric luminosity of such galaxies, and a good
estimator of their star formation rate. The long-standing prob-
lem with ISOPHOT 90 um observations was the difficulty to
reduce the data taking into account all the instrumental effects
(mainly due to cosmic ray impacts on the detector), preventing
to get highly reliable samples (spurious detections can affect

the final source lists). Here we present our new method for the
reduction of ISOPHOT C100 data, which has been developed
starting from the code designed for ISOCAM LW data by Lari
et al. (2001). We report on our analysis of the ISOPHOT 90 um
Lockman Hole survey, a region particularly suited for the de-
tection of faint infrared sources due to its low cirrus emission.
The good quality of the data and a careful reduction allow us to
reach faint detection limits (~ 20 mJy). We focus in particular
on the implications for the evolutionary models as derived from
galaxy counts. Our results seem to favour a scenario dominated
by a strongly evolving population, quite in agreement with the
model discussed by Franceschini et al. (2001).

2. THE LOCKMAN HOLE OBSERVATION
STRATEGY

The Lockman Hole was originally selected for its high ecliptic
latitude (]3] > 50, to reduce the impact of zodiacal dust emis-
sion) and low cirrus emission. This region presents the lowest
HI column density in the sky, and turns out to be particularly
suited for the detection of faint infrared sources. In the past
few years these advantages enhanced the study of the Lock-
man Hole at other wavelengths, making it a powerful region
to study the nature and the statistical properties of faint distant
galaxies, via a multi-frequency approach. Today the spectral
coverage goes from the X rays (Hasinger et al. 2001), to the op-
tical (Fadda et al. in preparation), the mid-infrared (Fadda et al.
2002), the far-infrared (Kawara et al. 1998), the submillimeter
(Scott et al. 2002), until the radio (De Ruiter et al. 1997). The
spectroscopic information is still sparse.

Two different regions in the Lockman Hole have been ob-
served by ISOPHOT on board the Infrared Space Observatory
(ISO; Kessler et al. 1996). Each of the two fields, called LHEX
and LHNW, covers an area of ~ 44’ x 44’ and has been sur-
veyed at two far-infrared wavelengths with the C100 and C200
detector (respectively at 90 and 175 ym, with the C 90 and
C_160 filters), in the P22 raster configuration. We focused our
analysis on the LHEX field, which is a mosaic composed of
four rasters each covering an area of ~ 22’ x 22’, observed in
the PHT22 staring raster map mode. The ISOPHOT detector
was moved across the sky describing a grid pattern, with about
half detector step in both directions (corresponding to 1.5 de-
tector pixel). This strategy improves the reliability of source
detections as each sky position is observed twice in successive
pointings.
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Figurel. ISOPHOT 90 pm map in the Lockman Hole. North is up, East isto the | eft.

3. ANEW TOOL FOR THE REDUCTION OF
PHOT-C DATA

As known, the reduction of ISO data requires a careful treat-
ment of all the external and instrumental effects affecting the
detectors. The results recently obtained by Lari et al. (2001)
in developing a reduction technique for ISOCAM LW data,
prompted us to apply the same approach to the analysis of
ISOPHOT data. We will not enter in the details of the algo-
rithm and of the computation, which are described in Lari et
al. (2001). Instead, here we will discuss the main aspects and
implications of this new procedure that is especially designed
for the detection of faint sources.

As for the ISOCAM LW detector, in the ISOPHOT C de-
tectors two main effects must be considered, produced by cos-
mic ray impacts (glitches) and transient behaviour (i.e. the slow
response of the detector to flux variations), respectively. The
method discussed by Lari et al. (2001) was mainly developed
to describe and overcome these problems. It is based on the as-
sumption that the incoming flux of charged particles generates
transient behaviours producing two different time scale effects:
a fast (breve) and a slow (lunga) one. Applying this model we
look at the time history of each detector pixel and the code finds
the stabilization background level. Then it models the glitches,
the background and the sources with all the transients over the
whole pixel time history.

The application to PHOT-C data is not a simple translation
of what has been done for CAM-LW. If the approach is the
same, some peculiarities of the far-infrared detector need to be
treated with a more suitable technique. However, we found that
the description of transients with the equations used in the case
of CAM pixels works also in fitting PHOT-C data (after adapt-
ing the temporal and charge parameters).

4. APPLICATION TO THE LOCKMAN HOLE

The Lockman Hole 90 um field represent a good dataset to test
the performance of our reduction technique. The long integra-
tion times (~ 16 sec for each raster position) and the redun-
dancy allow an accurate evaluation and modeling of any tran-
sient effects, on both long and short time scales. This is a per-
formant strategy for the detection of faint sources: shorter ob-
serving times affect the signal-to-noise ration and make strong
glitches hide real sources.

4.1. THE SOURCE CATALOGUE

The final catalogue obtained with our method contains 36
sources detected at 90 um in the Lockman Hole, over an area
of 0.5 O°. All sources have a signal-to-noise ratio greater than
3. In Fig. 1 we show the final mosaic map obtained combining
together the four raster sub-maps. The catalogue will be pre-



Afar-infrared view of the Lockman Hole from |SOPHOT

Figure2. Optical R-band image with superimposed the 90 um con-
tours. Red triangles are radio detections (De Ruiter et al. 1997), open
blue circles are CAM LW3 detection.

sented in Rodighiero et al. (2002, in preparation). All sources
have been extracted from the map and confirmed by visual in-
spection on the pixel history (by two independent people). This
approach provides an highly reliable catalogue.

5. IDENTIFICATIONS

Given the low spatial resolution of ISOPHOT detectors, it is
difficult to make a direct cross-correlation between far-IR and
optical sources. However, these identifications are important in
order to obtain informations about the spectroscopic redshifts
of our sample. A powerful way to associate a far-IR source to
its optical counterpart is to look at the catalogue positions of the
same field in another wavelength. In our case, for example, we
can use the informations coming from ISO-CAM LW3 15 ym
maps (see Fadda et al., this volume and Fadda et al. 2002 in
preparation) of the same region surveyed at 90 um. Moreover,
the Lockman Hole have been observed in the radio (De Ruiter
et al. 1997), and given the known far-IR/radio correlations, we
can use also this high resolution map to find the far-IR counter-
parts. We show in Fig. 2 two optical R-band images with super-
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imposed the 90 ym contours. It is evident that in the large beam
of the PHOT detector pixels we can find more optical sources.
We report also radio (red triangles) and CAM LW3 (open blue
circles) detections. In these examples the associations between
the optical and the IR source is evident.
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Figure3. Integral 90 pm counts, compared with different model pre-
dictions.

5.1. SOURCE COUNTS

Notwithstanding the small area covered by the present study
(~0.50°), we have computed the 90 um source counts down to
a flux level of 30 mJy. The integral counts have been obtained
by weighting each single source for its effective area. The re-
ported errors represent the Poissonian term of the uncertainties,
and have to be considered as lower limits to the global source
counts errors. The computed values of the integral counts at
different flux levels are plotted in Fig. 3 as stars. Here we com-
pare our counts with the results from other surveys: the prelim-
inary analysis from the ISOPHOT ELAIS survey (Efsthatiou et
al. 2000, open circles), and the counts derived from the IRAS
100 pm survey (open triangles).

Our data are in good agreement with previous results, show-
ing a good overlap in the common flux range.

The present results seem to confirm the existence of an
evolving population of IR galaxies. The solid line in Fig. 3
that nicely fits the 90 um counts, represents the model from
Franceschini et al. (2001). For comparison we report other mod-
els: the dot-dashed line in Figure 3 comes from Lagache et al.
(2002), the dashed line from Xu et al. (2001), the dotted line is
the model by Rowan-Robinson et al. (1999).

The Franceschini et al. (2001) model reproduces the IR
counts assuming the contribution of three population compo-
nents characterized by different physics and evolutionary prop-
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erties. The main contribution come from non-evolving spirals
and from a fast evolving population including type-II AGNs
and starburst galaxies. A third component considered are type-
I AGNs. The fraction of the evolving starburst population is
assumed to be ~10 percent of the total (consistent with the lo-
cal observed fraction of interacting galaxies). In this scenario,
every galaxy is expected to spend most of its life in a quiescent
phase. However occasional interactions with other sources put
it in a short active starbursting phase (few to several 107 years).
The interpretation of this cosmological evolution is simply re-
lated to a geometrical effect that increases the probability of
interactions in the past.

Let us note that our statistics is limited to an area of about
0.5 [J°, and that we need a wider sample to better constrain the
far-IR source counts. We are planning to reduce other ISO-
PHOT C100 surveys, like the second Lockman Hole (LHNW)
and the ELAIS fields. With our method we foresee to reach
fainter flux limits than the preliminary analysis (Efsthatiou et
al. 2000). A first reduction of few ELAIS rasters indicates that
we are able to detect sources at a level of ~50 mly.

Another limit of the present analysis is related to the res-
olution of the ISOPHOT detector and to its low sensitivities.
In the near future, deeper far-IR observations will be possible
with SIRTF, while a proper characterization of the faint far-IR
population will require the Herschel’s better spatial resolution.
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ABSTRACT

The European Large Area ISO Survey (ELAIS) was the
largest single Open Time project conducted by ISO, mapping
an area of 12 square degrees at 15um with ISOCAM and at 90
with ISOPHOT. We first present the data analysis of the 90 um
survey. We show comparisons with model prediction for stan-
dard stars and with COBE/DIRBE for surface brightnesses of
individual ELAIS fields and with the IRAS FSC catalog for 35
sources in common. The large number of rasters necessary to
cover the wide ELAIS areas allows to compute a relative un-
certainty for the calibration based on the FCS of typically 7%.
From the comparison with standard stars model predictions, the
absolute calibration is shown to be better than 15%.

The survey is 1.5 order of magnitude deeper than the IRAS
100pm survey and is expected to provide constraints on the
formation and evolution of galaxies.

Finally, we present 90 pm number counts from a reliable
subset of the detected sources. ELAIS number counts are com-
pared to the evolutionary models of Guiderdoni (1998) and
Rowan-Robinson (2001).

Key words: ISOPHOT,; survey; galaxy evolution; Methods: data-
analysis

1. OBSERVATIONS

The ELAIS survey was carried out in four main areas (three
in the northern and one in the southern hemisphere) and some
smaller areas of special scientific interest. The data consists of
a number of P22 staring raster maps performed with the 3 x 3
array of the ISOPHOT instrument on-board ISO. The pixel size
of the C100 detector is 43.5" x 43.5" on the sky and the C' 90
filter with reference wavelength 90m was used (see Oliver et
al. 2000) for a complete description of the survey at 15,90 and
175um).

The area covered by each raster is typically 20 x 40 square
arcminutes and the 4 largest fields are about 2.5 square degrees,
N3 having the lowest coverage is only 2.1 square degree.

2. DATA PROCESSING

The data were first processed with PIA (PHT Interactive Anal-
ysis) version 9.1 using the OLP10 calibration files with how-
ever the improved dark signal and reset interval correction,

and the consideration of by-passing sky light on the FCS (see
Héraudeau et al. (2002a), del Burgo et al. (2002a) and del Burgo
et al. (2002b) for details on ISOPHOT calibration).

The data reduction from ERD (Edited Raw Data) to SCP
(Signal per Chopper Plateau) was performed using the so-called
pairwise method developed by Manfred Stickel. The distribu-
tion of the difference between consecutive read-outs is used
instead of making linear fits to the whole ramps. After reject-
ing the first 10% of the data stream which can be affected by
transient, the mode of the distribution is estimated with myr-
iad technique (Kalluri & Arce 1988) as the final signal for each
raster position. This method has the advantage to be more ro-
bust against glitches caused by cosmic rays and which might
create spurious sources in the data stream.

For each field, the relative uncertainty coming from the
FCS calibration was computed as the mean absolute deviation
of the average sky background of all rasters and is typically
%.

3. SOURCE DETECTION AND CLASSIFICATION

The source detection was performed using the Sextractor soft-
ware, version 2.2.2 (Bertin & Arnouts 1996), on the final map.
To ensure the reliability of the sources detected by Sextractor,
we confront them to eye-balled classification based on the time
sequence analysis of the data streams (See Surace et al. 1999).
For each source detected by Sextractor we look for the clas-
sifications of detections around the central position within the
size of the C100 detector array. We retain sources which were
classified at least twice as a source and with a signal-to-noise
ratio larger then 3.

4. CALIBRATION
4.1. STANDARD STARS

In order to better determine the ELAIS calibration (as well
as the general ISOPHOT calibration) three stars ( HR6132,
HR6464 and HR5981) close to the ELAIS fields were observed
in mini-raster mode (a 3 x 3 raster with the star positioned at
the centre of a different pixel in each pointing). The faintest of
the stars (HR598) was observed twice on the same ISO orbit.
To increase the sample of measurements and thus the reliabil-
ity of the comparison we selected all other standard stars from
the archive also observed in mini-raster mode at 90um. These
stars also formed part of the ISO ground based preparatory pro-
gramme. Models for their far-IR spectra were constructed by
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fitting near-IR data and extrapolating to longer wavelengths as
v? (Hammersley et al. 1998). A more empirical approach was
given by Cohen et al. (1999). The predicted stellar fluxes lie in
the range 0.06 - 10Jy. Tab. 1 shows the list of stars and the char-
acteristics of the measurements as well as predicted fluxes. The
integration time per pointing in these mini-rasters (from 40 to
72s ) is longer than that used for the bulk of the ELAIS survey
in order to obtain an accurate determination of fluxes to estab-
lish the ISOPHOT calibration. The observations of calibration
stars were processed in the same way as the survey rasters. Re-
sults of the comparison are given in Tab. 1 as the ratio between
measured (based on the FCS) and theoretical fluxes. When two
model predictions were available, we used their mean to com-
pute the ratio. The two measurements on HR5981 are in agree-
ment within 5%. ISOPHOT fluxes are systematically higher
than the predicted ones and the mean ratio is 1.12 £ 0.11.

4.2. COMPARISON TO COBE/DIRBE

The extensions of the large ELAIS fields make them appropri-
ate for a comparison of their sky background brightnesses with
COBE/DIRBE without being hampered by the lower resolution
of the latter. For a systematic comparison of ISOPHOT versus
DIRBE surface brightnesses see Héraudeau et al. (2002a).

Fig. 1 shows the comparison of DIRBE versus ISOPHOT
surface brightnesses. Error bars for DIRBE are typically equal
to 0.06 M Jy/sr. Error bars for Phot come from the rms of the
rasters sky background level for each series of measurement
and are typically 0.2M Jy/sr.

The relationship is well fitted with a straight light of the
form:

SB(ISOPHOT) = 0.55 4 0.56 + 1.30 & 0.16 x SB(DIRBE)

ISOPHOT (WJy/sr)

4
DIRBE (Mly/sr)

Figure1. Comparison of 1SO and COBE/DIRBE surface brightnesses
for the ELAIS fields. The largest fields (N1,N2,N3 and Sl are di-
vided into two sets of measurements (NV1,, N1;, etc...) which were
performed at different period of the year and therefore may have dif-
ferent Zodiacal light contribution. DIRBE values were interpolated at
90pum. The solid line is the result of fitting the points with a straight
line. The dotted line represents a slope of unity.

4.3. COMPARISON WITH IRASSOURCES

While the ELAIS fields were chosen to avoid strong infrared
sources, there are a number of IRAS 100um sources in the
PSC and FSC which were detected in the survey. The fluxes of
these 35 sources lie in the range 0.2Jy < S(100) < 2.1Jy.
Fig. 2 shows the comparison with the FSC catalogue which is
the more accurate at this faint level. All common sources have
low (the flux is an upper limit) or intermediate IRAS quality
flags. Color correction factors were computing from the IRAS
4-band Spectral Energy Distribution and IRAS and ISOPHOT
filter profiles.

Optical identifications of these sources appear to be galaxy
pairs or galaxies. Three of them are stars. The mean difference
between IRAS and ISOPHOT is 0.086 Jy and the standard de-
viation is 0.20 Jy for IRAS data with intermediate quality flag
(2) only.
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Figure2. Comparison of ISOPHOT and IRASFSC fluxes at 90 mi-
cron for 35 common sources in the ELAISfields. The 90um fluxes of
the IRAS sources are estimated by linearly interpolating between the
color-corrected 60 and 100um fluxes. Squares and triangles corre-
spond to IRAS sources with quality flag equal to 1 (upper limit) and 2
(intermediate quality). Typical error bars are indicated in the upper-
left part of the diagram.

4.4. CONCLUSION ON CALIBRATION

We rescaled our photometry according to the difference found
for standard stars (i.e. a factor 1.12). This correction also goes
towards the same direction than the slope of the relationship
found for surface brightnesses between ISO and DIRBE which
is somewhat larger (a factor 1.30). As we are mainly interested
in calibrating point sources we do not use the scaling factor
coming from the surface brightnesses comparison which may
involve additional uncertainties coming from the determination
of solid angles.

5. NUMBER COUNTS

The resulting integral counts are given in Fig. 3 (points) where
are also plotted the IRAS counts (see Efstathiou et al. 2001).
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Table 1. The list of standard stars used to check the FCS calibration with theoretical values. TDT numbers of measurements, name of stars,
exposure time, size of the mini-rasters, model predictions from M. Cohen (MC’) and P. Hammersley (' PH’) as well as ISOPHOT fluxes and
their uncertainties are indicated. “ Ratio” isthe ratio between measured and predicted fluxes. When two model predictions were available, we
used their mean to compute theratio. “ Iras’ isthe IRASflux extrapolated from the 60m flux when the quality flag was good.

Measurement ~ Name  Exposure RI  Size F(MC) F(PH) Pht epht Ratio  Iras
sec sec Jy Jy Jy Jy - Jy

08602417 HR5340 37.00 0.12 5 9.308 9.029 9.589 0360 1.046 8.573
10503417 HR6705 72.00 0.50 5 2.013 1.904 2424 0.139 1237 2.001
27502117 HRS5340 72.00 0.25 5 9.308 9.029 9.593  0.233 1.046 8.573
29301005 HR7310 72.00 4.00 5 0.258 0.268 0.330 0.022 1.281 0.251
39103002 HR8775 72.00 0.25 5 4.961 5.096 5.777 0.143 1.149 5.300
65701318 HR1654 72.00 1.00 3 0.713 - 0.744  0.026 1.044 0.666
72701418 HR7980 72.00 1.00 3 0.517 - 0477 0.024 0923 0.488
77200361 HR5981 40.00 2.00 3 - 0.063 0.071  0.015 1.131 -
77200364 HR5981 40.00 2.00 3 - 0.063 0.066  0.010 1.058 -
78300465 HR6464 40.00 2.00 3 - 0.120 0.157  0.020 1.310 -
78300677 HR6132 40.00 2.00 3 - 0.288 0.323  0.023 1.121 -
63801807 HR7451 54.00 1.00 3 - 0.0075  0.0427 0.010 5.696 -

ELALIS counts are corrected for incompleteness estimated from

the number of recovered simulated sources on the maps. 47

5.1. COMPARISON WITH EVOLUTIONARY MODELS

In figure 3 we also compare the observed counts with the evo-
lutionary models of Rowan-Robinson (1999) and Guiderdoni
et al. (1998).

The model of Rowan-Robinson includes four spectral com-
ponents: infrared cirrus (emission from interstellar dust), an
MS82-like starburst, an Arp220-like starburst and an AGN dust
torus.

The model of Guiderdoni et al. is set within the frame-
work of hierarchical growth of structures according to the cold
dark matter model, and extends earlier studies to the IR/submm
wavelength regime. In Fig. 3 we plot the prediction from their
models A and E. The latter model incorporates a heavily ex-
tinguished (ULIRG) population, assumed to dominate at high
redshift in order to account for the far-ir background.

6. SUMMARY AND CONCLUSION

We have re-analysed ELAIS 90um data with the so-called
“pairwise” method which is more robust against glitches than
the usual ramp fitting. We selected sources with a signal-to-
noise ratio larger than 3 and which were classified as a real
source by at least 2 people to ensure their reliability.

The ELAIS counts extend the IRAS counts by 1.5 order of
magnitude in flux. The slope of the counts is consistent with
the strong evolution seen in other infrared and submillimeter
surveys.

Within the uncertainties associated with the flux calibration
of the survey, the counts agree with the strongly evolving mod-
els of Rowan-Robinson (1999) and Guiderdoni et al. (1998)
favouring the model E of the latter.

log[S(90)/Jy]

Figure3. ELAIS 90um number counts. The solid line represents the
model of Rowan-Robinson (1999), the dashed and dotted lines show
model A et E respectively of Guiderdoni et al. (1998). Iras number
counts are also plotted (triangles).
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