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Abstract. The European Large Area ISO Survey, ELAIS, was the largest Open Time survey
on the Infrared Space Observatory, ISO. It was designed to explore obscured galaxies and hence
quantify the recent star-formation history of the Universe. The final reanalysis of the data has been
completed and a band-merged catalogue with associations across many wavelengths compiled
and released the data to the global astronomical community (http://astro.imperial.ac.uk/Elais/).
This paper summarizes some of the key results.
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1. The ELAIS Project

The European Large Area ISO Survey was the largest non-serendipitous project
on ESA’s Infrared Space Observatory (ISO, [1],[2]) using ISOCAM [3], [4] and
ISOPHOT [5], [6]. The survey covered around 12 square degrees, with ISO data
at 6.7, 15, 90 and 178n. To reduce the effect of cosmic variance, ELAIS was
split into 3 fields of comparable sizes, 2 in the north (N1, N2) and 1 in the south
(S1), plus 6 smaller area. The aims of the project and a detailed description of
the observations can be found in [7]. A Preliminary Analysis was undertaken to
provide early scientific results and to provide follow-up source lists at 6.7 and
15um [8], 90um[9] — the 17pum data was processed by the FIRBACK consor-
tium [10]. To extract the maximum information from the ISO data a very careful
Final Analysis of the 1Am data [11], [12], and at 90n[13] was undertaken.

The infrared catalogues have also been cross-correlated with each other and
associated with complementary optical, NIR and radio catalogues (including
[14], [15], [16], [17], [18], [19]). The final ISO and Radio selected compilation
comprises nearly 4000 sources with limiting flux densities at 6.7, 15, 90 and
175um of ~ 1.0, 0.7, 70 and 223 mJy [20], these “band-merged” catalogues
have been made public (http://astro.imperial.ac.uk/Elais/).

* Based ¢, on observations with ISO, an ESA project ¢ with instruments funded by ESA
Member States (especially ¢, the Pl countries: France, Germany, the Netherlands ¢, and the United
Kingdom) and with the participation ¢, of ISAS and NASA.
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2. Motivation

The original motivation for studying galaxy evolution in the infrared comes
from our understanding of star formation within our own galaxy. In these re-
gions the intrinsically bright optical and UV emission from young massive
stars is strongly affected by dust. The effects of obscuration are less significant
in the thermal infrared (148n) and in the mid and far infrared we actually
see the reprocessed emission from the dust. Thus to properly understand star-
formation and hence galaxy formation we must study both optical and infrared
wavelengths. Indeed actively star forming galaxies such as M82 emit signifi-
cantly more power at far infrared wavelengths than in the optical and UV. The
discovery that as much or more power in the extra-galactic background emerges
at far-infrared/sub-mm wavelengths as in optical/UV bands [21], (see [22] for
a review) emphasizes the cosmological importance of these far-infrared emit-
ting populations. The unexpectedly numerous galaxies discovered by SCUBA
(e.g. [23]) are expected to be star forming galaxies at high redshifts where the
rest-frame far-infrared galaxies has been shifted to sub-mm wavelengths.

The ELAIS survey was designed to study the comparatively recent evolu-
tion of obscured star formation providing a bridge between local IRAS samples
and SCUBA. It also aimed to understand the AGN phenomenon by exploring
emission from the dusty tori.

3. Number Counts

The first evidence for galaxy evolution in any new survey inevitably comes
from the number counts. We analysed the preliminary counts at 6. 5],

90um [9] and the FIRBACK team presented the 18 counts [10]. The Final
Analysis counts at 1&n in S1 and 9Am have been discussed by [24] and
[13] respectively. Whichever wavelength you choose the result is the same:
the counts are inconsistent with any no evolution predictions, i.e. we detect
significant evolution at all wavelengths. This is illustrated at 15 anah®
Figure 1.

The departure from no evolution is particularly evident at 15 micron. In this
band, the large dynamic range in flux density spanned by ELAIS (0.5-100 mJy),
has allowed us to sample the source counts between the flat-Euclidean IRAS
counts and the deep, ISOCAM counts ([25], [26], [27], [28], [29]). Moreover,
the large area of the ELAIS survey means it provides a very precise measure-
ment of the shape of the counts near 1-2 mJy, the critical flux density where the
ISOCAM counts start diverging from no-evolution models.

The ability to detect strong evolution in sources dowisto 0.5 mJy within
ELAIS has been possible thanks to the sophisticated reduction tools based on a
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physical model of the detectors (Lari Method, [11]). These allowed us to observe
at least a factor two deeper than expected.
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Figure 1. Number counts from ELAIS and other ISO surveys. Both show significant departures
from no evolution models. Left: Differential-Euclidean normalisegih5counts. Data points:
ELAIS data from [24]; new A2390 data from [32] and new Lockman data from [34]. Other data
points from [27]. Dashed, dotted, long-dashed and dot-dot-dot-dashed lines represent the model
contribution for the spiral, the starburst, the Type-1 and the Type-2 AGN populations ([33],[38]).
The solid line is the total. Adapted from [33].

Right: Differential-Euclidean normalised @ counts: ELAIS (solid symbol, [13]); Lockman

Hole (open symbols, [35]) and IRAS PSC-z (crosses, [13]) compared with a no-evolution model
(solid line). The dashed and dotted line represent model A and E from [36]. The dash-dotted line
is the counts predicted by [37]. Taken from [13].

4. Multi-wavelength Identification

To investigate what sort of galaxies are responsible for the excessive numbers of
galaxies seen at faint fluxes requires data at other wavelengths. There have been
extensive observing imaging survey campaigns or comparisons with archival
data at radio [18], [19], [39], optical [14], [15], [41], [42], [45], NIR [16], [17]
and X-ray wavelengths [43], [44]. 80% have optical identificationRte 23
[14] and 92% tdR ~ 24 [15].

Redshifts have been obtained for 500 galaxies of our infrared samples (47%
of the 13um galaxies with identifications), primarily on AAT, ESO 3.6m, WHT,
and other smaller telescopes. The median redshift distribution is 0.17p&h 15
and 0.1 at 90 and 175 micron. In Figure 2 (right) we show th@rh5redshift
distribution, as summerised in [20]. Besides the strong peak around 0.2, a tail of
sources at higher redshift, presumably the most luminous examples of the same
sources which are seen in the deep surveys which have the redshift p&a&
([291,[30].[31])
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The optical spectra can be used to classify sources as AGN (Type-1 and
Type-2), starburst galaxies and normal galaxies ([14]), [45]) About 75 % of the
sources are starburst galaxies whil25% contain an AGN. About 20% of the
galaxies show e(a) spectra [14] with both weak emissj@ni{) and absorption
(Hs). The e(a) galaxies are also found in the deep ISOCAM surveys ([46])
and are explained to be a result of selective dust extinction which affects the
youngest, most massive, young stars in HIl regions and they are believed to be
associated with dust enshrouded starburst galaxies ([47]).

We have dissected the number counts in S1 using these classifications (Figure
2 (left), [14]). It is clear that the unidentified fraction increases as we go to
fainter fluxes (where the excess over no evolution predictions becomes more ex-
treme). Assuming that these unidentified sources are galaxies (as seen in deeper
ISO surveys) rather than AGN then the galaxy fraction increases at fainter ISO
fluxes. Overall we have an identified AGN fraction of around 25% [14].

The broad-band photometry from all the ISO instruments combined also pro-
vides a powerful constraint on the properties of the infrared emission processes.
It appears that there are many luminous infrared galaxies with Arp220 like
Spectral Energy Distributions (SEDs), but also, suprisingly, a large population
of luminousL;, > 10, galaxies with cool (cirrus-type) SEDs [20].
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Figure 2. Left: Integral 1%um number counts from the ELAIS S1 field broken down by opti-

cal classes. Notice that the starburst/AGN fraction increases at fainter fluxes and, naturally, the
unidentified fraction increases sharply at the faintest fluxes. (Taken from [14].) Right: Redshift
distribution for ELAIS 1%m sources. Solid curve: both photometric and spectroscopic redshifts
(840 sources), dotted curve: spectroscopic redshifts only (468 sources), broken curve: effect of
assigning blank fields uniformly to rangeb0< z < 1.5. Long broken curve: predicted redshift
distribution from [37], dash-dotted curve: predicted redshift distribution from [33]. Predictions
take into account both the identified objects and the blank fields. Taken from [20]
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5. Active Star-formation

As we have mentioned a significant fraction of the ELAIS sources have an
Active Galactic Nuclei (AGN) [14]. It should be noted that the presence of an
AGN does not necessarily mean the infrared luminosity is powered by the AGN.
[20] model the infrared emission for all 306 galaxies with two or more IR bands
and for only 34 (11%) does the AGN luminosity dominate. So a large fraction
of the ELAIS sources are forming stars.

The optical photometry suggests a significant fraction of the sources have
a high infrared to optical ratio and that this fraction increases as we move to
fainter infrared fluxes and brighter infrared luminosities [14], [15] and [20].
The infrared/optical ratio is explore in Figure 3. Since the infrared luminosity
is roughly proportional to star-formation rate and the optical is roughly propor-
tional to stellar mass the ratio is some measure of the star-formation activity
of efficiency in a galaxy. At lowLgr this ratio is roughly constant, i.e. quies-
cent star formation, but at aboutD.,, the ratio starts increasing and is fitted
as logLis/Lgr) = 0.47log(L15/Ls) — 5.02 with a dispersion of 0.32 dex [14],
where the total amount of star-formation is related to the strength of the “burst”
which bears little correlation to the total stellar mass in the host galaxy (see e.g.
Figure 3, right).

A number of galaxies show very high rates of activiifr/Lopt ~ 100 and
very modest optical luminosities. Similarly [48] identify a population of extreme
mid-to-near-IR objects (EMNOSs), characterized by very high MIR/NIR flux
ratios. However, they argue that their selection specifically picks out obscured
AGN and nearly all appear to also be ULIRGSs, and some are EROs.

In Figure 3, the 34 sources whose model infrared SED is dominated by an
AGN are circled. As expected many of these fall in the optically luminous part
of the diagram. Here there are other optically luminous sources which also pre-
sumably host AGN but which may not dominate the infrared luminosity. The
infrared/optical ratio is less meaningful for any of these objects.

The importance of star-formation in these populations is also illustrated by
the association between thelts sources and the 1.4GHz radio catalogues [39]
which has revealed a mid-IR — radio correlation nearly as strong as the famous
far infrared radio correlation (e.g. [49]). This correlation, shown in Figure 4,
can be fitted as l0d-1.46Hz/Lo) = (1.08+0.04log(L1spum/Le) — (6.07+0.41)
with a dispersion of 0.27 dex (relation found taking into account also the radio
upper limits). [39] also estimate the contribution of the infrared starbursts to the
radio source counts and show that they are responsible for 60% of the counts at
S:0.05 mJy. ELAIS has been able to check the validity of the mid-IR — radio
relation from the local Universe up to~ 0.5; deeper surveys have found that
this relation is still valid up t@ ~ 0.8 — 1.0 [40]. A statistical understanding
of the star-forming populations and their evolution comes from studies of the
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Figure 3. Left: Infrared excess vs IR correlation. Far-infrared luminosity estimated primarily
from the 1%um band and optical, fronR. Over-plotted are lines of constant optical luminosity
and the fit reported by [14].

Right: The same information but plotted agaimhsgi; to better illustrate the poor correlation
between activity and stellar mass at high star-formation rates. (Figures constructed from the final
band-merged ELAIS catalogue, following [14], [20].)
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Figure 4. Mid-IR radio correlation. Dashed-line: best-fitting relation considering only radio
detections; dot-dashed line: best-fitting relation considering also radio upper. Taken from [39].

luminosity functions. We have calculated theuib® luminosity functions for
galaxies [33]. The infrared to optical ratio was adopted as new criterion to sepa-
rate the quiescent, non-evolving population from the rapidly evolving starbursts.
For the starburst population, a combination of luminodityl(1+2)%?,Q ~ 3.5)

and density evolutiong(0 (1+ 2)P,P ~ 3.8) provides the best fit, Figure 5
(left). This model, derived from the ELAIS data, also fits the fullibnumber
counts (Figure 1, right) and the redshift distributions from the deeper ISOCAM
surveys [29], [30], [31], [34]. We have also calculated theu®@0luminosity
function from the Preliminary Analysis [51] and again from the Final Analysis
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with more spectroscopic redshifts in [52], Figure 5 (right). This function is also
significantly different from the redshift zero IRAS counterpart.

The ELAIS ISO data has also helped in the understanding of the star-forming
galaxies seen by SCUBA. Using constraints on the SEDs &dfm > 8mJy
SCUBA sources [50] concluded that all hagt 1 and half had > 2.
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Figure 5. Left: Galaxy luminosity function at 18m. Points represent the observed space density
at different redshift, while lines represent the best-fit model predictions (dashed, dotted and solid
lines: starburst, normal and starburst+ normal populations). Data split intn<00.2 andz > 0.2
intervals. Taken from [33]. Righz= 0 luminosity function at 90m from the ELAIS. The shaded

area shows the-1o estimate from the Final Analysis of the northern ELAIS fields. Pure lumi-
nosity evolution of(1+ 2)3 is assumed. Luminosities are converted to bolometric luminosities
assuminguLy, =constant. Also plotted is the predicted®0 local luminosity function from the
PSC-z survey [53]. Taken from [52].

6. Active Galactic Nuclei

As we have already said, SED modelling suggests around 11 percent of the in-
frared sources have SEDs dominated by emission from dusty tori around AGN.
Also around 24% of the sources contain an AGN, even if it does not necessarily
dominate the infrared luminosity. So it is clear that AGN are related, even if
not causally, with the infrared galaxy phenomenon. It is interesting to note
that the fraction of AGN seen in infrared galaxies increases with the infrared
luminosity (Figure 6, left) an effect that had previously been noted in IRAS
infrared galaxies at lower redshifts [54].
We have also calculated the i luminosity functions for AGN (Type-1
and 2, [38], [55]). These show very significant evolution (see Figure 7). As yet
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we have too few AGN to determine the luminosity function in different redshift
bins, but the IRAS sample of [56] gives a lacounterpart. The Type-1 AGN
evolution is consistent with pure luminosity evolution at a rat¢lof )< with

Q~ 2.6, similar to that already seen for this type of sources at other wavelengths
and the infrared galaxies. A similar evolution scenario is found for Type-2 AGN
with Q ~ 2— 2.6 (depending on the assumed SED) and this is the first time the
shape and evolution for Type-2 AGN has been derived.
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Figure 6. Left: Fraction of infrared galaxies containing (bottompeot containing — top) an AGN
as a function of infrared luminosity. Right: Infrared luminosity as a function of black hole mass,
taken from [57].

[43] have investigated the 15 ELAIS sources that were also detected by
ROSAT. 6 of these were broad-line QSOs, 4 were narrow-line star-forming
galaxies or Type-2 AGN, 3 were stars, and 2 were unidentified optically. They
did not find any particularly hard sources, arguing against heavily obscured
AGN. [44] conducted a 2-10 keV survey over 2.5 square degree in S1 using
Beppo-SAX. They found 17 hard X-ray sources, 10 of which hagrScoun-
terparts and 8 of these have spectral classifications: 6 QSOs, 1 Type-2 AGN and
one apparently normal galaxy. These observations were too faint to investigate
the bulk of the ISO populations. [58] have investigated the associations between
15 um sources and deep Chandra observations in ELAIS N1 and estimate an
AGN fraction of 19% with the emission from the other ISO sources consistent
with star-formation. A similar AGN fraction has been observed in deeper 15
micron fields using the same X/MIR correlation method (HDF-N and Lockman
Hole: [59]). To-date, the X-ray surveys are either too small or too shallow to
address this AGN fraction definitely.

[57] have investigated optically selected QSOs in the ELAIS N1 field and
found that their optical properties are largely indistinguishable from the QSOs
15um selected sample. They do find an apparent correlation between the black
hole mass and the infrared luminosity (Figure 6, right).
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Figure 7. AGN luminosity functions at 1m. Points represent the observed space density at dif-
ferent redshift, while lines represent the best-fit model predictions. Left: objects spectroscopically
classified as Type-1 AGN; Right: objects spectroscopically classified as Type-2 AGN. The thin
line represents the value of the fit at l@xz = 0.05). Taken from [38].

7. Hyper-luminous galaxies

Objects as luminous as those seen in the SCUBA surveys are very rare. The
wide areal coverage and large volume<(50° Mpc—2) of ELAIS makes it ideal

for discovering rare objects such as these. So far we have discovered 9 galaxies
whose infrared luminosities probably excded 103221, [20] (60% of these

are based on photometric redshifts and await spectroscopic confirmation). It
is very likely that this number increases as the follow-up proceeds but this is
already almost as many as have ever been discovered from the IRAS database.
The bolometric emission from the first of these, ELAISP90 J1640101410502
[60], has been modeled with an almost equal contribution from star formation
and accretion disk processes. Such objects may provide us with accessible “lo-
cal” counterparts to the elusive SCUBA galaxies or, if they are unrelated, will
provide interesting additional challenges to galaxy evolution models.

8. Large-scale structure

Very recently we have been able to analyse the clustering within ELAIS. In the
southern field, S1, we have estimated the angular correlation function (Figure 8,
[61]). Using the median redshift~ 0.2 [14] and inverting Limber's Equation

we have estimated the 3D infrared galaxy-galaxy autocorrelation function with
amplitude, encapsulated in the correlation lerngtk- 4.31%:2 h=Mpc. This is
consistent with measurements from local infrared samples 3.79+0.14 at

z~ 0.02, IRAS [65];rg = 3.7 atz~ 0.02, PSCz[66]) and weaker than optical
(ro=5.7 atz~ 0.05 — APM, [62];rp = 4.92+0.27 atz~ 0.08 — 2dFGRS, [64];
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ro =5.7+0.2 atz~ 0.18 — SDSS, [63]). Our results thus conform to the exist-
ing picture i.e. the clustering strength of infrared samples is less than optically
selected samples. This result appears to contradict that presented by [25] who
found that in deep infrared surveys the infrared galaxies were more strongly
clustered that the optical galaxies. However, this may suggest that within the
ISO surveys we have already detected the evolution of clustering. Within the
ELAIS survey itself [67] find a significant over-density of EROs around faint
ELAIS mid-IR sources. A radial distribution of the EROs suggests a physical
connection of these EROs and ISOCAM sources, which also suggests that the
faintest ELAIS sources are more strongly clustered. This would be qualitatively
consistent with the predictions of hierarchical models where star-formation oc-
curs first in the strongly clustered peaks of the density field and takes longer to
initiate in the lower density, more weakly clustered “field”.
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Figure 8. The Angular correlation function measured in our Southern field S1. Taken from [61]

9. The ELAIS Legacy

The ELAIS fields were carefully chosen to avoid contamination from dust emis-
sion from our own Galaxy [7]. Coupled with the ever expanding multi-wavelength
data available the ELAIS fields are a prime target for new surveys. A number of
surveys and projects have been carried out whose goals are relatively indepen-
dent of the ISO observations themselves. Notable amongst these are the SCUBA
8mJy [71] and MAMBO surveys[72] and X-ray surveys [68], [69], [70]. These
fields are particularly ideal for Spitzer and the ISQuibband data (inaccessible

to Spitzer) will be extremely valuable. For example the GOODS validation field
[75] was executed in ELAIS fields. More significantly, three of the ELAIS fields
are core components of the SWIRE fields [73], [74].
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10. Discussion

We have demonstrated that infrared emitting galaxies evolve strongly. The in-
dications are that the star forming galaxies make up the bulk of the excess over
no evolution predictions. Low star-formation rate (infrared luminosity) systems
have similar infrared/optical ratios which is a measure of activity of the star-
formation (star-formation rate per unit stellar mass) so their total star-formation
rate is determined by the total stellar mass. However, at high star-formation
rates there is a correlation between the infrared/optical excess and the infrared
luminosity (total star-formation rate) and a corresponding lack of correlation
with the optical luminosity (total stellar mass), indeed very high infrared/optical
excess galaxies are found with very modest optical luminosities. This suggests
that active star-formation is associated with factors external to the galaxy.

AGN are found in 20-25% of the sources, but star-formation may still be the
dominant source of the infrared luminosity in all but 11% of the sources. The
AGN and infrared phenomena are however, closely linked: the AGN fraction
increases at higher IR luminosity; the infrared luminosity functions evolve at
a similar rate; and the infrared luminosity is correlated to the black hole mass.
This may imply a common factor in the AGN and star-formation phenomena.

At the extreme end we have discovered 9 hyper luminous galaxies, compa-
rable with the total number discovered by IRAS.

We detect clustering with an amplitude consistent with lower redshift in-
frared samples and lower than optical samples, this contrasts with the higher
clustering of infrared galaxies in a deeper sample suggesting that an evolution
of clustering may have been detected in the ISO surveys.

It seems quite plausible that the environment provides the external factor
determining active star-formation and the common factor linking star-formation
and AGN activity, thus we might expect the evolution in the luminosity func-
tions to be linked to an evolution in the clustering.

The ELAIS samples will provide invaluable templates for understanding the
deeper samples detected by the Spitzer GTO and legacy surveys (e.g. [73], [76])
and the ELAIS fields themselves provide a valuable legacy for surveys with
Spitzer and other facilities.

The complete ELAIS survey comprising a band-merged catalogue with multi-
wavelength associations is now publicly available at the web address http://astro.imperial.ac.uk/Elais
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