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Zusammenfassung

Gegenstand dieser Dissertation sind die Eigenschaften und die Entwickdangtark rot-
verschobenen leuchtstarken Infrarotgalaxien. Dazu verwendepiktreskopische Beob-
achtungen im mittleren Infrarot und entwickele eiitkwarts gerichtetes Evolutionsmodell.
Dieses Modell reproduziert aktuelle BeobachtungBgn wie die Anzahl von Galaxien und
die Verteilungen in Rotverschiebungrfverschiedene ausgahite Galaxienpopulationen.
Es trifft Vorhersageniir zuliinftige Infrarotbeobachtungen.

In Kapitel/1 beschreibe ich den Stand der Forschung im Bereich dexi€adantwick-
lung, sowohl von der Seite der Beobachtung als auch von der Seitéderi& aus. Ich gebe
auch einen kurzetiberblickuiber die beidenifr die vorliegende Arbeit bedeutsamen Instru-
mente: den Infrarotspektrographen (IRS) an Bord des Weltraumtgleskpitzerund die
Photodetector Array Camera and Spectrometer (PACS) des Weltraumpedesiarschel
IRS hat erstmalig Spektren von leuchtstarken 2.5 Infrarotgalaxien im mittleren Infrarot
gewonnen. PACS wird 2009 gestartet undistdie Untersuchung von Galaxienentwicklung
im fernen Infraroten — dem Bereich, in dem viele Galaxiberwiegend strahlen — optimiert
worden.

In den Kapiteln 2 und 3 diskutiere ich spektroskopische BeobachturgeBuwbmillimeter-
Galaxien, deren Strahlung in ihrem jeweiligen Ruhesystem im mittleren Infearsge-
sandt wird. Diese Objekte entsprechen wahrscheinlich einer entsobemdé&hase in der
Bildung massereicher Galaxien. Sie stellen eine Herausfordetung$er Verstndnis der
Galaxienentwicklung sowie der parallelenBildung von Sternsystemen utichles schwar-
zen Lochern dar. Kapitel 2 diskutiert die ersten beiden beobachteten deras®glaxi-
en. SMMJ02399-0136 bei = 2.81 zeigt eineUberlagerung von PAH-Emission mit ei-
nem Kontinuum im mittleren Infrarot. Dies deutet auf signifikante und etwa lylsiar-
ke Beitiage zur bolometrischen Helligkeit durch Sternentstehung und einen ogian
AGN hin. Ich errechne eine neue Rotverschiebung zen 2.80 fur MMJ154127+6616
aus einem IRS-Spektrum und schliesse dass dieses Objekt durchevoeristehung aus-
geloster PAH-Emission dominiert wird. In Kapitel 3 stelle ich die gesamte Stichprobke
13 Submillimeter-Galaxien vor. Die Auswahl eathausschliesslich helle Objekte aus lee-
ren Feldern und Gravitationslinsen-Suchgebieten mit genauen, intedersch bestimm-
ten Positionen. Die Spektren werden mehrheitlich gut durch Modellspektittmassiver
Sternentstehung oder einer Kombination von PAH-Emission mit einem scbwaafarot-
Kontinuum beschrieben; letzteres weist auf aktive Galaxienkernecfdiesslich optisch
dicker Kerne) hin. Ich bestimme im mittleren Infrarot die spektroskopisdRetverschie-
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bungen @r alle neun mit IRS entdeckten Quelleiir irei dieser Quellen waren die Rotver-
schiebungen bisher unbekannt. Der Median der Verteilung der Rohrelsingen liegt bei
Z~ 2.8 unter der Annahme dass die mit IRS nicht entdeckten Quellen hochsolndren
sind. Ohne diese Annahme liegt der Median bei 2.7 und somit etwasdher als der Me-
dian der Rotverschiebungenufrerer, im Optischen durchdéfrter Untersuchungen. &ven
die mit IRS nicht detektierten Quellen b&hnlichen Rotverschiebungen lokalisierijingde
dies eine bhere Extinktion im mittleren Infrarot erfordern als in lokalen ULIRGs heedb
tet. Die Spektren im mittleren Infrarot (im Ruhesystem) und die spektralegteverteilung
im mittleren bis fernen Infrarot enstsprechen denen lokaler ultraleddtiter Infrarotga-
laxien, zeigen allerdingsdhere Fisse. Im mittleren Infrarot begigen die Spektren den
Eindruck fiiherer Beobachtungen: Submillimeter-Galaxien sind dominiert durch die Emis-
sion starker Sternentstehung und weniger durch die Emission des AGN.

In Kapitel 4 stelle ich ein empirischesiitkwarts gerichtetes” Galaxienentwicklungsmo-
dell fur helle Infrarotgalaxien vor, wobei dessen Randbedingungerhdofarotbeobach-
tungen in mehreren Wellesahgenindern festgelegt werden. Zu diesem Zweck entwickele
ich einen neuartigen Monte-Carlo-Algorithmus. Dieser Algorithmusitiesichtigt und va-
riiert Verteilungsfunktionen der Ferninfrarot-SEDs und des AGN-Bggtr Er errechnetif
jede Quelle eine entsprechende Modell-SED undogilimht auf diese Weise den Vergleich
mit verschiedenen Beobachtungen in zahlreichen Wéliegdgnbereichen. Zum ersten Mal
beriicksichtigen die verwendeten SEDs B&ffe zuLtr sowohl von Sternenstehungsaus-
briichen als auch von AGN. Diese — varr abhangigen — Beitige werden unter Ver-
wendung einer grol3en Stichprobe von LIRGs und ULIRGswelche MIR-Spektren im
SpitzerArchiv zur Verfugung stehen quantifiziert. Die relative Bageandern sich signifi-
kant bei hoherz. Unter Verwendung von Literaturdaten folgirfinfrarotgalaxien aus unse-
rem bestem Modell eine starke Leuchtkraft- € Lo(1+ z)34] bis z= 2) und Dichteevolu-
tion ([p = po(1+2)] bis z= 1). Fir hdherez nehmen die Entwicklungsraten nfit + z)~1
und (1+2)~1° ab. Um sowohl die Anzahlen als auch die Verteilung der Rotverschiebun-
gen vom MIR bis zum sub-mm-Bereich zu reproduzieren, muss sowahlEialution der
AGN-Beitrage als auch ddr — T-Beziehung eingéihrt werden. Hinweise auf solche Ent-
wicklungen wurden in aktuellen photometrischen und spektroskopischegrduichungen
von sub-mm-Galaxien bereits gefunden. Unser Modell wird verwendetrate Vorhersagen
fur kiinftige Infrarotbeobachtungen mit der Photodetector Array Camer&padtrometer
(PACS) aufHerschelzu treffen.

Teile dieser Dissertation wurden bereits zur dfegntlichung angenommeﬁ (Lutz et al.
2005a - Kapitel 2; Valiante et al. 2007 - Kapitél 3).




Summary

In this thesis | study properties and evolution of high redshift luminousriedrgalaxies,
using mid-infrared spectroscopic observations and developing a badlevolution model.
This model is able to reproduce current measurements like number codmedshift distri-
butions of different selected galaxy populations and can make prediftiohgure infrared
surveys.

In Chapter 1 | describe the current framework of galaxy evolution, brotim the point
of view of observations and simulations. | also briefly describe the two m&ints tightly
related to this thesis: the Infrared Spectrograph (IRS) on board SfgtieerSpace Telescope
and the Photodetector Array Camera and Spectrometer (PACS) mounted ldertithel
Space Observatory. The first has provided for the first time mid-irdrapectra oz ~ 2.5
luminous infrared galaxies. The second will be launched in 2009 anddeasdptimized to
study galaxy evolution directly in the far-infrared wavebands that domihatemission of
many galaxies.

In Chapter 2 and 3 | present rest frame mid-infrared spectroscogybohillimeter galax-
ies. These objects likely represent a key step in the formation of masdaseggaand pose
a crucial challenge for our understanding of galaxies formation andeottthevolution
of spheroids and central black holes. Chapter 2 describes the firgalamies observed.
SMMJ02399-0136 at = 2.81 shows a superposition of PAH emission features and a mid-
infrared continuum, indicating significant and roughly equal contributtorits bolometric
luminosity from star formation and from a Compton-thick AGN. | derive a nedshift of
z= 2.80 for MMJ154127+6616 from the IRS spectrum and find this object midated
by starburst PAH emission. In Chapter 3 the whole sample of 13 submillimetediegmia
presented. The sample includes exclusively bright objects from blddk fad cluster lens
assisted surveys that have accurate interferometric positions. | fintthéhaiajority of spec-
tra are well fitted by a starburst template or by the superposition of PAH emifsatures
and a weak mid-infrared continuum, the latter a tracer of Active Galactic N@ictduding
Compton-thick ones). | obtain mid-infrared spectroscopic redshiftslfoiree sources de-
tected with IRS. For three of them the redshifts were previously unkn@iva median value
of the redshift distribution ig ~ 2.8 if | assume that the four IRS non-detections are at high
redshift. The median for the IRS detections alone 4s 2.7, slightly higher than the me-
dian redshift obtained by previous optical surveys. Placing the IRSIetections at similar
redshift would require rest frame mid-IR obscuration larger than is selatal ULIRGs.
The rest frame mid-infrared spectra and mid- to far-infrared specteatg distributions are
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consistent with those of local ultraluminous infrared galaxies, but seglddrther in lumi-
nosity. The mid-infrared spectra of the entire sample confirm what thebssrved objects
had already shown: submillimeter galaxies are sites of extreme star formatiber than
X-ray-obscured AGN.

In Chapter 4 | present an empirical “backward” galaxy evolution maatehffrared bright
galaxies, constrained using multi-band infrared surveys. | developrdumte-Carlo algo-
rithm for this task, implementing luminosity dependent distribution functions fog#tax-
ies’ far-IR SED shape and for the AGN contribution and allowing for etiofuof these
quantities. A local far-IR luminosity function is adopted and evolved usingepdaw
parametrizations for possible luminosity and density evolutions. By attachiagm@opriate
SED to every source predicted by the model, the algorithm enables simulsaceoyar-
isons with multiple surveys in a wide range of wave bands. The SEDs usethtalaccount,
for the first time, both the contributions of starbursts and AGN td_the. The quantification
of this contribution, varying with thérr, is made locally using a large sample of LIRGs
and ULIRGs for which the mid-IR spectra are available in @pgtzerarchive. This relation
shows significant changes at high Constrained by data from the literature, our best-fit
model adopts a very strong luminosity evolutifin= Lo(1+ 2)>4], up toz= 2 and a density
evolution, [p = po(1+ 2)], up toz= 1, for the population of infrared galaxies. At higher
z, the evolution rates drop 44 +2)~! and (1+2)~1° respectively. In order to reproduce
both number counts and redshift distributions from mid-IR to submillimeter wagéts, it
is necessary to introduce both an evolution in the AGN contribution and datevoin the
L —T relation: clues of such evolutions have been already shown in recetdrpétric and
spectroscopic studies of submillimeter galaxies. The model developed isauseke the
first predictions for future infrared surveys carried out with the Piietector Array Camera
and Spectrometer (PACS), mountedéerschel

Parts of this thesis have already been accepted for publicbtion (Lutﬁﬂﬂﬂa - Chap-
ter(2; Valiante et al. 2007 - Chapter 3).




Introduction

1.1 Framework

In the last years, the focus of physical cosmology research is no méyreentred on de-
termining the values of the basic cosmological parameters, but is also startittgdh the
problem of galaxy formation. A combination of factors is responsible foradh#&ge in em-
phasis. Firstly, the cold dark matter cosmological model has been placethaorefirmer
footing by recent measurements of the cosmic microwave backgroundisaciad galaxy
clustering. Many of the fundamental cosmological parameters are knoam docertainty
of around 10%. Secondly, the increase in readily available computingrpmwpled with
the development of powerful new techniques, such as the semi-anatytioadrodynamical
modelling of galaxy formation, means that we are in a position to generate s&ditfoons
for the properties of galaxies in hierarchical cosmologies. Finally, anduviiibe the main
subject of this thesis, the 1990s saw the first detections of sizeable popslaf galaxies at
high redshifts, allowing evolutionary trends to be established. Given thgsarable con-
ditions, there is now a genuine chance of making real progress in theawant of our
understanding of the process of galaxy formation and evolution.

1.1.1 Cosmological background

The cold dark matter (CDM) model has steadily gained acceptance since firstanooted
in the early 1980s (Peebl%s 1982; Blumenthal (ﬁmﬂ%& Davis et &).19Be adoption
of CDM as the theorist’s model of choice can be attributed to three featbrestly, there
are many candidates for the cold dark matter particle predicted by extensihiesstandard
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model of particle physics. Secondly, the model has tremendous pregiciver. The state
of the art in numerical N-body simulations of the growth of structure in a C@khwlogy

allows incredibly detailed predictions to be made for a wide range of propatithe dark

matter at all epochs. Thirdly, and most importantly, many of these predicterestarned

out to be impressively successful.

Perhaps the most convincing support for the CDM model comes from thsumezaent
of temperature anisotropies in the cosmic microwave background (CMBjti@d The
pattern of hot and cold spots in the radiation can be related to density flucsigiesent
in the Universe when the radiation and baryon fluids stopped interactingpnélanother at
the epoch of recombination. Since the initial detection of these anisotrople ngular
scales by th€Osmic Background Explor¢COBE) satellite in 1992 (Smoot et al. 1992), the
power spectrum of the fluctuations has been gradually uncovered, atingjrin the clear
detection of three Doppler peaks due to acoustic oscillations in the photporbfiuid at
the last scattering surface (de Bernardis etal. HOOO; Hanan;} eOﬂ‘J Blhshaw et al. 2003;
Jones et al. 2006; Hinshaw et al. 2b07).

Further compelling support for the CDM model has come from two galaxyegsrwhich
have revolutionized our view of the local Universe: the two-degree Fialhxy Redshift
Survey (2dFGR§; Colless et al. 2d)01) and the Sloan Digital Sky Sun2g$SYork et al.
). The unprecedented size of these maps of the galaxy distribusgpehaitted the
most accurate measurements to date of the power spectrum of galaxyiotu@@ercival et al.
2001; Tegmark et al. 2004; Pope et al. 2004; Cole at al. 2005; Tegehatk2006; Padmanabhan et al.
mﬁ Percival et al. 2007). For the first time, many of the basic cosrwalquarameters can
be constrained with accuracies approaching or better than 10%.

Despite the burgeoning circumstantial evidence in support of the CDM mibdaiould
be borne in mind that candidate particles for the non-baryonic dark maiteryls to be
detected in the Iaboratoﬁy (Bergst#gm ZbOO). In the current best fil Giadel, the universe
is close to being spatially flat (e.d Sanchez et al. EOOB). However, laas3to of the
critical density required for this geometry is contributed by matter. The rereaiadhought
to be in some form of “dark energy”, one limiting case of which is the cosmadbgmnstant
dCarroII %4). Compelling support for a dark energy component deone the deduction
that the expansion of the universe is accelerating, based on the Huabtard of distant
type-la supernovaé (Riess etal. 1998, 2004; Perimutter et al. 1896 so, some authors
considered also alternative models without any form of dark enerdgr @ample a mod-
ification to the law of gravity at large scales (Deffayet, Dvali & Gabada@pe2; Carroll

2006).

The conclusion is that, within the context of the CDM model, there is now a veoy g
idea of the values of most of the fundamental cosmological parametenskg tathe much
narrower range of current cosmologies, galaxy evolution studiesoavenore focussed.
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Figure 1.1: Spectral energy distribution of the extragalactic backgrh demonstrating
that the total power output in the Universe at infrared wengths is comparable to the
output at optical WavelengtHs (Lagache et al. 2005). The greve shows the spectrum for
one representative~ 0 starburst galaxy, M82, normalized to the peak of the bamkgpl
at 140um.

1.1.2 Galaxy formation and evolution

It came as a surprise when COBE found that the extragalactic bacldtigin at infrared

IR) was roughly equal to that at optical wavelengths (e.g. Puget ¥996; Hauser & Dwek
; see Fig. 11). In the local Universe, the volume density of irdrgadaxies is such that
there are not enough dusty, IR-luminous galaxies to account for thigimmnd, therefore
the density of such systems must evolve strongly with redshift and must betanpto the
build-up of galaxies in the Universe (see é.g. LagacheHet al. 2005 ¢éwiew). In fact, imag-
ing observations with thEpitzerSpace Telescope have shown that about 70% of the comov-
ing star formation rate density (SFRD) abG< z < 3 is obscured by dust (Le Floc'h et al.
200

In the local Universe, these dusty galaxies are referred to as luminfraseth galaxies

(LIRGs, 10 < L|gr < 10*?L..)) and ultraluminous infrared galaxies (ULIRGsg > 10*°L.,
see Sanders & Mirabel 1996 for a review), for which the IRAS mission fravided a
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comprehensive view. However, at high redshift, different selectimetions from the ob-
served submillimeter and from the observed mid-IR, in various combinationsawitfiary

multi-wavelength data, have led to a somewhat disjoint picture of the infrarathdws

galaxy population. Dusty galaxies are detected in surveys at differan¢lengths, with
only partial overlap between the samplbs (Daddi et al. 2005; Lutz et 8520van et al.
2005; Pope et al. 20b6). Clearly, we are learning that the currentleampinfrared lumi-
nous galaxies at high redshift are probing a diverse population irreliffevays.

1.1.3 Observations of galaxies at high redshift: the role of submillimeter
galaxies

The second key advance that makes progress in understanding fralagyion possible is
the unveiling of the galaxies in the high redshift universe in the secoricopéne 1990s.
Observations of galaxies over a range of redshifts allow us to compadreptbperties at
different epochs in the history of the universe. Such a comparisobeased to shed light
on the formation and evolution of galaxies, and in particular can be usethtaisk whether
galaxy formation is a steady process or if it took place much more vigorotisbnae earlier
epoch. Perhaps the first major breakthrough in characterizing thedtghift universe was
the Hubble Deep Field (Williams et al. 1996: Ferguson, Dickinson & Williams 2008e
unprecedented faint imaging of galaxies, combined with the Lyman-breglodt technique
to isolate high redshifiz(> 2) galaxies\ (Steidel et al. 1996) was essential in making possible
the first determination of the cosmic star formation history over more than 80% @igih
of the universe (Madau et al. 1996; Ellis 1997; Steidel et al. 1999)is @pproach uses
measurements of the rest frame ultra-violet flux from a galaxy to infer thariteeous star
formation rate. The UV flux is dominated by stars with masses in excess obkgnees the
mass of the sun; these stars are also short lived, producing the U\bfltiriescales on the
order of 10 Myr. One problem with conducting such a census at thegseveyths is that the
rest-frame ultra-violet can be strongly attenuated by dust extinction.

The most enigmatic members of the high redshift population are the submillimetgr gala
ies (SMGs). These galaxies were discovered in abundance starting latg¢hE990s with
the Submillimeter Common User Bolometer Arrg§CUBA, | Holland et al, 1999) on the
James Clerk Telescope (JCMT) and then later with Ntex-Planck Millimeter BOlome-
ter (MAMBO) camera on the Institut de Radio Astronomie Millimetrique (IRAM) 30-m
telescope (sée Blain et al. 2002 for a review). Due to the poor spat@uties of current
submillimeter telescopes and their faintness at all other wavelengths, thetyegdiaxies
have proven to be extremely difficult to study. However, since the dusirended star
formation phase is the dominant source of star formation at high redshifinh&rtance
of SMGs as the most prominent examples of dusty galaxy evolution has mdtaafeeat
deal of challenging follow-up work. It has been found that SMGs arg massive systems
(Genzel et aﬁ%)é: Swinbank et al. 2004; Borys et al. 2005; Geeue 2005; Tacconi et al.
\2006) atz~ 2 {Chapman etal. 2005; Aretxaga etal. 2007) with disturbed morphologies

10
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{Conselice etal. 2003; Chapman etal. 2003c; PopeHet al. 2005) amoenwensities com-
parable to local massive elliptical galaxies. Fig. 1.2 shows the contribution & sub-
sample of SMGs to the global SFRD compared to that of UV-selected stairfgigalaxies.
The comoving space density of UV-selected galaxies-a is roughly 300 times that of
bright SMGs (Chapman et al. 2003a; Adelberger et al. 2005). While SK® much less
numerous than UV-selected galaxies, their contribution to the SFRD is cobfgarBor
these reasons, SMGs have been thought to be connected to the degsardssive galaxies
via an evolutionary sequence (é.g. Lilly e%M999), and dynamical stadéebeginning to
flash out this evolutionary pat\h (Tacconi et al. 2006, 2008).

The intense emission arising from SMGs might be associated not only torstzabtivity,
but also to radiation from an active galactic nucleus (AGN) that is abddypelust and re-
radiated at longer wavelengths. The presence and relative importhaceASsN can be
constrained by combining sub-millimeter observations with X-ray ima.
dZOOSa) report that practically all objects with sub-millimeter emission contaAGix, but
that their large luminosities result primarily from high star formation rates. Neskess,
this result assumes that SMGs are not highly obscured at X-ray watetrand that there
is no significant number of fully Compton-thick AGN, that are hard to deteXtiays. Mid-
IR spectroscopy is a powerful tool to discover the presence of an &N if its emission
is absorbed in X-ray wavelengths, and to put limits to its contribution to the totalrat
luminosity (Lutz et al. 2005a or Chaptér\ 2, Matdez-Delmestre et al. 2007, Valiante et al.
2007 or Chaptéﬂﬁ, Pope eﬂ!ﬂOOB). The main source powering SWiasoav it can drive
the subsequent evolution is one of the principle topics of this thesis.

An evolutionary scenario for massive galaxies was proposéd by Baedal. \(198\8) in
which massive galaxies undergo several stages before becomingigenadifistical galaxy.
The process starts with an infrared luminous phase, most likely triggereal rogissive
merger. During this stage of intense star formation, the AGN is also growisghéAGN
becomes larger it begins to feed back on the galaxy, eventually quertblistar formation
completely by blowing off all the remaining dust and gas. Thus begins thegD&€e, where
the AGN is free to dominate the emission. After exhausting its fuel, eventually S <gt-
tles down and we end up with a quiescent massive elliptical galaxy. While tbisgo
is widely accepted, important elements such as timescales are not completefgtoad.
In particular, how long is the infrared luminous phase, how long does itttakéGN to
develop and can there be multiple episodes of ULIRG and QSO activity?

1.1.4 Simulations of hierarchical galaxy formation

Not only observational technology has improved in the last decadeldautee precision of
computer simulations which set the theoretical framework to deduce the fomeoatosmic
structures from first principles. They describe the build-up of cosmimélss and galaxy
clusters down to the scale of massive individual galaxies for differitiBonary scenarios.
In a picture of a hierarchically forming Universe, where small structonegye to form the

11
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Figure 1.2: Evolution of the star formation rate density (SFRD) in theiugnse
(Chapman et al. 2005). The large solid squares show a suplsaoh radio-selected
spectroscopically-identified SMGs and the large open sqisatheir estimate of where
the radio-undetected SMGs lie. The solid curve is a Gaudsianthe 4 large squares. The
smaller squares are the same SMG points corrected for ctenples down to an 8%Mn
flux of 1mJy. The smaller open symbols are from UV (higbtircles, triangles), optical
stars, hexagon), mid-IR (loweircles) and radio (solid circle) surveys (et al
2005 for a full list of references). Symbols which are smadled shifted above slightly
larger symbols have been corrected for dust extinction. ddshed line is the prediction

from the model in Blain et al. (20&)2). Also due to the adoptechpleteness correction, the
SMGs contribution to the SFRD looks comparable to the U¥celd galaxies one.
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big mass concentrations observed today, dark matter “ halos” are the maméakin drivers
of the mass assembly, and only on size scales of individual galaxies g baryons have
an impact on structure formation.

The hierarchical model is a non-linear description of mass assembly, anthérefore
counter-intuitive in some respects. One example is the apparent “antieiiga” growth
of the most massive galaxies. The most massive galaxies at low redgfetirdiold, red and
dead”: they are dominated by olel (L0'° yrs) stellar populations, have little gas content and
form stars at very low rate. The age of the stellar populations indicatethésiaformation
redshifts must be > 1 — 2. They have high metallicities, which indicates that they must
have been evolving rapidly at high redshift. The tight correlation betwleemass and the
metallicity of galaxies has been confirmed by Tremonti et al. (b004) basgdlaries from
the SLOAN survey.

However, the “anti-hierarchical growth” is only in contradiction to the hielhaal model,
if the model is understood as a pure “bottom-up” assembly. This static vieenerweglects
that the density perturbations during the recombination era were scale-Tiiee shorter
collaps times of bigger overdensities will make the most massive objects ewdblest.
Smaller clumps will evolve at a slower pace. Since their number density will pletdel by
accretion onto higher mass systems, and replenished by growth of smaitduisds, over-
all the hierarchical model predicts a scenario, where the mass spedtaugiven redshift
depends on a dynamical equilibrium between mass scales rather thare g¢bwtom-up”
assembly of structure. However, this implies that a galaxy of given massw&usin the lo-
cal Universe will have a different evolution than a galaxy with equal massrved at higher
redshift.

The investigation of mass assembly is seriously hindered by the fact thandeelying
driver, the dark matter, is not directly observable at high redshift. Dyca mass estimates
are difficult to obtain for large galaxy samples, due to the observational linmtat&bhigh-
redshift studies. Only in recent times the measurement of dynamical magkesome
accuracy became possible.

Dynamical and gas phase metallicity studies indicate that SMGs have higmizamyasses,
approaching 15Mq dGenzeI etal. ZO(NS; Neri et al. 20d)3; Tecza et al. 2b04; Swinbaak e

2004; Greve et al. 2005; Tacconi et al. 2b06). In order to repredhe observed large space

density of massive galaxies at= 2 — 3, which are perhaps forming in rapid and effi-
cient starbursts fed by galaxy mergers, previous models of hierarcfataxy formation
{Kauﬁmann etal. 1999; Baugh et al. 2003) need to be modified. Rewsells must not
only account for the number of massive dark halos needed to reahservations, but
also for the speed and mechanism of the assembly of the associatedsbatpomassive
galaxies\(Tecza etal. 2004).
Using a model invoking a top-heavy stellar initial mass function (IMF), Bagicgi. kZOOS)
were able to reproduce the observed submillimeter number counts. Connpafrtte SMG
population with the modelled number density of high redshift massive galaxgl isn-
going, also in view of new implementations of semi-analytical models taking intcuatco
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1 Introduction

feedback due to AGN. Using such models, Bower et al. (b006) have &lgle to predict
a substantial population of massive galaxies out t05, offering a promising route for a
detailed comparison with the SMG population. In terms of chemical enrichmenin-the
troduction of feedback from AGN in the model or the use of a top-heawy #vk equiva-
lent and both consistent with the observed metallicity in elliptical gala&ies (M@gaset al.
ZOOSH,b). Extreme objects, such as the SMGs, can trace the formationi6t thg, galax-
ies already fully assembled at redshiftszof 1.6 — 1.9 (Cimatti et al. 20d4). SMGs may
also meet the constraint on rapid formation of low redshift massive ellipticeEs&d from
measurements of the/Fe element abundance ratios (Thomas et al. \2005). A local census
of the distribution of the baryonic mass reveals, albeit with large uncertaithisthe ma-
jority of the baryons presently locked in stars resides in spheﬂoidsictl%’emlucci | 1992;
\Fukugita, Hogan & Peebles 1§98). A key question is then when and hadiveabaryons
have come to reside in spheroids. If the connection between spheraidtion and the
submillimeter population turns out to be well-founded, then determining theife]$folo-
metric luminosities and spectral properties of a significant number of sbwmald enhance
our understanding of how spheroids formed and which mechanisms nwgjlgtinfluenced
their formation.

1.2 The role of technology

Most of the work of this thesis has been done using observations made withfthred
Spectrograph (IR$, Houck et al. 2@04) on board ofSpézer Space Telescope high red-
shift (see Chapter 2 and Chapter 3) and local (sde2) targets. The modeling part (see
§14.3) is instead focused on the capabilities of an upcoming instrument, the Ptemtod
tor Array Camera and Spectrometer (PAbS. Poglitsch et al. 2006) mountie Herschel
Space ObservatonA short description of these instruments is given below.

1.2.1 The Spitzer Space Telescope and IRS

On August 28, 2003, 1:35:39 EST, th8pitzer Space Telescopélerner et al. 2064), for-
merly known as theSpace Infrared Telescope Facilig@IRTF), was launched on a Delta
7920H from the Cape Canaveral Air Force Station in Florida, USA, into anthErailing
heliocentric orbit (see Fig. 1.3). Itis the fourth and final element in NASamily of Great
Observatories and represents an important scientific and technicat boidMASA's Astro-
nomical Search for Origins program.

The Spitzerkey science objectives can be summarized in four main topicseérch for
and study of brown dwarfs and super planets) discovery and study of protoplanetary
and planetary debris disksiji§ study of ultraluminous galaxies and AGNy) study of the
early Universe Spitzeris an ideal platform from which to extend and follow up on many of
the results from thénfrared Space Observatot$O. It is so much more sensitive than any
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1.2 The role of technology

Figure 1.3: Spitzerin its heliocentric orbit (artist’s conception).

Table 1.1. Properties of the IRS modules

Module  Array Pixel Scale’) Order A (um) A/ON
Short-Low  Si:As 1.8 SL2 5.2-737 80-128
SL1 7.4-145 64-128

“blue” peak-up 13.3-187 ~3
“red” peak-up 18.5-2600 ~3

Long-Low  Si:Sb 5.1 LL2 14.0-2123 80-128
LL1 19.5-38.0 64-128

Short-High  Si:As 2.3 11-20 9.9-19.6 ~600

Long-High Si:Sb 4.5 11-20 18.7-37.2 ~600

8The bonus orders cover— 8.7pm (SL) and 194 — 21.7pm (LL).

PThis is the full width at half maximum of the filter.
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1 Introduction

preceding or contemporary infrared facility that observations f8pitzeritself are the best
means of following up on mangpitzeis scientific results.

Spitzeris composed of a spacecraft bus, a telescope, a cryostat, and threenergs:
the Infrared Array CamergIRAC), the Multiband Imaging Photometer for SpitzévlIPS)
and thelnfraRed SpectrograpliRS). The telescope is a Ritchey-@lien design, with a
85cm primary mirror. It is the largest infrared telescope launched intoespa far. With a
field of view of 8 x 5 (in most bands), diffraction limited detectors down~db.5um and
sensitivities measured jRly to mJy, it offers orders of magnitude improvements in capability
over previous facilities. The cryogenic system is based od K liquid helium bath which
cools the instruments, while the helium vapor produced by the dissipatechiesttpower is
used to cool the telescope to its operating temperature®5 K. The three instruments are
housed in the Multiple Instrument Chamber (MIC). All of them make extenssesof the
large-format infrared detector array technology now available in thetsidiecommunity,
covering a wavelength range between 2.6 andub60

The IRS is one of the three science instruments on3pigzer Space Telescopdhe
instrument comprises four separate spectrograph modules coveringatieéength range
from 5.3 to 3&um with low and moderate spectral resolutioRs= A /AX ~ 90 and 600. In
addition to its spectrographs, the IRS contains two peak-up imaging fieldghzandpasses
centered at 1gm (“blue”) and 22um (“red”). The basic characteristics of the modules are
summarized in Table 1.1. The primary objective in the design of the IRS wasstotakimal
advantage of the very low background conditions provided by the sgraéonment. The
low-resolution modules very nearly achieve the full background limitedfitesfeéhe space
environment, while the high-resolution modules are detector noise limited.

1.2.2 The Herschel Space Observatory and PACS

TheHerschel Space Observatofsee Figl 1.4), or simplilerschel is an astronomy obser-
vatory mission that targets approximately the-5570um wavelength range in the far-IR and
submillimeter part of the electromagnetic spectrum, providing observatiornrtojtes for
the entire scientific communityderschelis the fourth cornerstone mission in the European
Space Agency (ESA) Horizon 2000 science program and will be ladhithearly 2009.

Herschelis the only space facility dedicated to this part of the submillimeter and far-IR
range. Its vantage point in space provides several decisive ageantBhe telescope will be
passively cooled, which, together with a low emissivity and the total abs#ratmospheric
emission, offers a low and stable background enabling very sensitoterpitric observa-
tions. Furthermore, the absence of even residual atmospheric absaipts full access to
the entire range of this elusive part of the spectrum, which offers thebdayp to perform
completely uninterrupted spectral surveys.

Herschelis designed to observe the “cool universe”. It has the potential ob@sing the
earliest epoch proto-galaxies, revealing the cosmologically evolving AtaNburst symbio-
sis, and unravelling the mechanisms involved in the formation of stars andaasgstems
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1.2 The role of technology

Figure 1.4: Artist's impression oHerschel.

bodies.

Black-bodies with temperatures between 5 and 50K peak irHémschelwavelength
range, and gases with temperatures between 10 and a few hundred K emiridphtest
molecular and atomic emission lines here. Broadband thermal radiation frofhcsrag
grains - typically re-radiating absorbed shorter wavelength radiation eisthst common
continuum emission process in these bands. This is the situation, for exandellar”
level in starforming molecular clouds, and at “galactic” level for actiargirst or AGN
powered) galaxies. Because of its large primary mirror and small diffrahated beam,
Herschelwill reach its far-IR confusion limit at fluxes much fainter than the small cryo-
genic telescopes of ISO @pitzer Herschelhas been optimized to study galaxy evolution
directly in the energetically dominant rest-frame far-IR, without the unicgi¢a involved
in extrapolations from other wavelengths.

The key science objectives emphasize specifically the formation of stdrgadaxies,
and the interrelation between the two. The guaranteed time programs spar&daied to
solar system, interstellar matter, stars, galaxies and AGN and cosmologatticugar, the
two main guaranteed time cosmological surveys arégrschel Multi-tiered Extragalactic
Survey(HERMES) and thé’ACS Evolutionary Prob&PEP).

The Photodetector Array Camera and Spectrometer (PACS) is one of geedtience
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instruments forHersche] together with the Spectral and Photometric Imaging Receiver
(SPIRE) and the Heterodyne Instrument for the Far Infrared (HIEQovers the shortest
wavelength band, 60 210pm and provides both photometric and spectroscopic observing
modes suited to address the key scientific topics oHbeschelmission.

Photometric color diagnostics require spectral bands with a relative tdtiddA /A <
1/2. In coordination with the SPIRE bands, the PACS photometric bands leavedefined
as 60— 85um, 85— 130um and 130G- 210um. A major fraction of theHerschelobserving
time will go to deep and/or large scale photometric surveys, like PEP and HERME

PEP is aHerschelguaranteed time key programme survey of the extragalactic sky, aimed
to study the rest frame far-IR emission of galaxies up to redsHhsftas a function of environ-
ment. The survey will shed new light on the constituents of the cosmic inflaekiground
and their nature, as well as on the co-evolution of AGN and starburstse. PEP survey
is driven by science goals addressing a number of key open topics kygalalution: (i)
resolve the Cosmic Infrared Background and determine the nature ofnistitoents;(ii)
determine the cosmic evolution of dusty star formation and of the infrared lurtyirioac-
tion; (iii) elucidate the relation of far-IR emission and environment, and determinerahgste
properties{iv) determine the contribution of AGNy) determine the infrared emission and
energetics of known galaxy populations. PEP is coordinated with SPIR& adtions of the
same fields in the external HERMES program.

HERMES consists of a nested set of fields that will bring unprecedesetattt dnd breadth
to the study of infrared galaxies. HERMES will be used to measure the boloregtission
of infrared galaxies, study the evolution of the luminosity function, measeie ¢hustering
properties, and probe populations of galaxies below the confusion limighrtensing and
statistical techniques. HERMES is closely coordinated with the PEP surdeyidiprovide
arich data set legacy for the greater astronomical community to mine for yezos
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The first observed mid-infrared spectra of
submillimeter galaxies

..or... Mid-Infrared Spectroscopy of Two Luminous Submillimeter

Galaxies atz~ 2.8
D. Lutz, E. Valiante, E. Sturm, R. Genzel, L. J. Tacconi, M. D. Lehnert, A. Sternberg,

A. J. Baker 2005, ApJ, 625, 83L

Abstract

Using the Infrared Spectrograph (IRS) on board the Spitpecs Telescope, we have
obtained rest frame mid-infrared spectroscopy of two krggibmillimeter galaxies.
SMMJ02399-0136 at z=2.81 shows a superposition of PAH eomdgatures and a
mid-infrared continuum, indicating significant and rouglelqual contributions to its
bolometric luminosity from star formation and from a Compthick AGN. We derive
a new redshift of z=2.80 for MMJ154127+6616 from the IRS $pee and find this
object is dominated by starburst PAH emission. The restdramd- to far-infrared
spectral energy distributions are consistent with thedendlimeter galaxies being
scaled up versions of local ultraluminous infrared galsxi@he mid-infrared spec-
tra support the scenario that submillimeter galaxies des sif extreme star formation
and represent a key phase in the formation of massive galaxie
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2 The first observed mid-infrared spectra of submillimeter galaxies

2.1 Introduction

Deep submm and mm surveys using SCUBA and MAMBO have changediewmrof the
early universe by resolving a significant fraction of the cosmic submrkdraand into in-
dividual sources (Smail et al.—(l%QJV): Hughes et al. (ﬁ998); seeralsew b% Blain et al.
M) and references therein). A detailed characterization of thesedus (sub)millimeter
galaxies (SMGs) is only slowly accumulating because of their faintness shait wave-
lengths and the difficulty of counterpart identification. Photometric estimatasnoédian
redshift of 2.5-3 for the SMG population (e\.q. Carilli & Yun 2000) are sistent with the
recent determination of a median redshift 8fZ2 for the<50% of the population accessible
to optical spectroscopﬂ/ (Chapman et al. 2005). The detection of SM@&Hhanmplied star
formation rates and space densities immediately motivated speculation that thesaosay
the formation of massive spheroids. Their central role in the assembly cfiveagalax-
ies is now becoming clearer through dynamical and through gas phase nigtstlicies
(Genzel et al. 2003; Neri et al. 2003; Tecza et al. 2004; Swinbaak €004; Greve et al.
). Quantifying AGN in submillimeter galaxies is of immediate relevance formate
ing their source of luminosity. It is of further importance in the context ofarathnding the
evolution of the black hole mass to spheroid relation during one of the keseplud massive
galaxy formation, characterized by high star formation rates and gastonte

Rest frame mid-IR spectroscopy can further our understanding of SM®@vo ways.
First, it can determine redshifts for SMGs that have up to now eluded opgidshift mea-
surements. Mid-IR spectral features, in particular the narrow aromatid’‘Reatures, if
present, allow reasonably accurate redshift measurements everg#&istinat are extremely
faint at optical wavelengths. Like the radio continuum commonly employed aiddbese
galaxies (e.d. lvison et al. 2002), mid-IR emission is closely linked to the Hutlewsource
luminosity that is emitted in the far-IR, and in addition contains spectral featiites risk
of erroneous redshift assignment due to misidentification is thus redu¢@dline emis-
sion shares this property, however with existing instrumentation mid-IR ggecipy has
the advantage of larger fractional bandwidth coverage than mm spempsosSecond, low
resolution mid-IR spectroscopy can be used to constrain the energyescamd physical
conditions of infrared luminous galaxies, by decomposition into an AGN camiinand a
starburst component that is dominated by PAH emission features. Thisgeehras been
successfully applied to the local infrared galaxy population during the H#€3ion (e.g.
Genzel et al. 1998; Laurent et al. 2@00). With the sensitivity of IRS @enShitzer Space
Telescope it is now possible to extend this method to high redshift infrangalgtoons such
as the SMGs. Identifying the mid-IR AGN continuum by such spectral deositipn is
possible even in the presence of significant obscuration, equivaleéahsoof magnitudes
in the rest frame optical and more in the rest frame ultraviolet. With approiigiel-to-
noise, relatively faint continua can be identified that do not yet strorfiggtathe broadband
infrared colors that are another indicator of AGN. An application of theanefd methods
further constraining AGN properties is in combination with rest frame hardyXemission
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2.2 Observations and Data Reduction

at levels signalling AGN activity, in particular for cases where the X-ragtph statistics is
too limited to be able to fully constrain the X-ray obscuring column and thus thesidrin
X-ray luminosity.

We are pursuing a program of Spitzer rest frame mid-IR spectrosdopylozen bright
and well studied SMGs. All have accurate interferometric positions thath@eeces-
sary prerequisite for such a study. In this letter, we present firsttsefar two bright
SMGs, SMMJ02399-0136, the brightest source found in theu858CUBA Cluster Lens
Survey \(Smail et e“ 199?@02), and MMJ154127+6616 detectedAtedl 2125 in the
MAMBO 1.2mm survey (Bertoldi et dl. 2000). We addpt, = 0.3, Qa = 0.7 andHp = 70
kmstMpc L.

2.2 Observations and Data Reduction

Low resolution long slit spectra were obtained using Spitzer-IRS (Ho'uak\éooﬁ) in the

staring mode. SMMJ02399-0136 was observed in the LL1 19.5g88rodule for 30 cy-

cles of 120sec ramp duration. The total on-source integration time was2fnoon addition

of the independent spectra created by the telescope nod along the slitl3MM2F +6616,

without an available optical redshift, was observed in the same way in therddlle, and

also for 15 cycles of 120sec ramp duration in the LL2 14.042h.&hodule. We replaced
deviant pixels in the individual differences of the two nod positions of tpelme 11.0.2

basic calibrated data frames by values representative of their spegigaborhoods, and
averaged the set of resulting 2-dimensional frames clipping deviantsvdughe individual

pixel fluxes. After subtracting residual background emission, we tise@MART package
(Higdon et al. 20d4) to extract calibrated 1-dimensional spectra fordbigiye and negative
beams; these were averaged into the final spectra. Figs. 2.1 and 2.2hehextracted LL1

spectra of SMMJ02399-0136 and MMJ154127+6616 as well as pittie @orresponding
2-dimensional frames. The shorter wavelength LL2 spectrum of MMUAB#6616 does
not show significant continuum or feature emission at the target positosistent with

the tentative photometric fluxes of 0.05mJy and 0.07mJy gmlénd 22m reported by

Charmandaris et al. (20\04).

2.3 Spectral Classification and Redshifts

The spectrum of SMMJ02399-0136 shows well detectedrf.2nd 7.um aromatic ‘PAH’
emission features superposed on a strong continuum. It is well fitted byipleeposition
of a scaled and redshifted starburst spectrum (M’I82, Sturm et alb 200@ linearly rising,
unabsorbed or little-absorbed continuum (Fig.| 2.1). This spectrum is sitnildrose of
local universe infrared luminous galaxies having significant contribatfoom both star
formation and powerful AGN to their bolometric luminosities (e.g. Mrk .
M). The global fit shown in Fig. 2.1 corresponds to a redshift &.2l8e 6.2m feature
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Figure 2.1: Spitzer IRS low resolution spectrum of SMMJ02399-0136 ) &dpng with the
2-dimensional long slit spectrum from which it was extracfeottom). Note the increase
of noise at long wavelengths. The thin dotted lines indith&efit of the spectrum by the
sum of the scaled and redshifted ISO-SWS spectrum of theussarl82, and a linearly
sloped and unabsorbed AGN continuum.

is intrinsically narrower and in a less complex part of the mid-IR spectrumtti@broader
7.7/8.6um complex. Fitting just this feature and comparing to similar fits to local universe
ISO-SWS PAH spectra we obtain a redshift of 2.829 with a formal fit uacey of 0.013.
Both values are in better than 1% agreement with the accurate CO-bashdtreti2.8076
for SMMJ02399-0136 (Frayer et al. 1998; Genzel et al. 2003).

The spectrum of the fainter MMJ154127+6616 is dominated by a broddnmsza 3Qum
observed wavelength, with very weak emission at shorter and longedeveyths. We iden-
tify this feature with the 7.[dm PAH feature, based on the fit obtained to a redshifted starburst
spectrum (Fig. 2.2). We have also investigated fits with the obscured contispectrum
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Figure 2.2: Spitzer IRS low resolution spectrum of MMJ154127+6616. Tiie dotted
line indicates the fit by the scaled and redshifted spectriuktiB2. The small insert repeats
the spectrum together with the lower quality fit by the obedugalaxy IRAS F00183-7111.
The bright line at the bottom of the 2-dimensional spectrsia$erendipitous source found
in the slit.

of IRAS F00183-7111 (Tran et al. 2001; Spoon et al. 2004). Spebtsa have a maximum
near §m rest wavelength, at the onset of the silicate absorption feature, aaddbe con-
sidered as alternative fit to peaked mid-IR spectra of infrared galaXisle resulting in
comparable redshifts, the fits with an FO0183-like spectrum do not repedthe weakness
or absence of short wavelength continuum emission (see insert of.E)g TAis is corrobo-
rated by a factor 1.5 increase in reduggaf the 82 degree of freedom fit over this spectral
range when changing from an M82 to an F00183 template. We suggetidtsgectrum of
MMJ154127+6616 is PAH dominated, consistent with the presence of drmabygsignifi-
cant maximum at the position of the @il feature.
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2 The first observed mid-infrared spectra of submillimeter galaxies

To our knowledge, no redshift more accurate than the uncertain rabdliofsiestimates
has been reported for MMJ154127+6616. Using their SCUBAUBHAux in addition to
the MAMBO 1.2mm and radio data, Eales et al. (2003,0bject A2125-MM27 dir tist)
estimate z=215"5 27 from the radio/submm relation anekzL from the technically difficult
120Qum to 85(um ratio. Aretxaga et al. (2003) estimate z&8257 with slight variations for
different adopted models. From the fit in Fig. 2.2, we derive z=2.80 withirsnertainty
of Az=0.1 estimated from the global fit. This uncertainty is likely an upper limit given th
indications for 6.am PAH emission. As for SMMJ02399-0136, this is somewhat larger
than the median redshift for the part of the SMG population for which iiéiddtave been
obtained in the optica\l (Chapman et al. 2\005). These results demonstraabieqgs IRS
to derive redshifts not only for 24n selected sources (Houck etal. 2\005), but also for those
bright SMG sources where the redshifted mid-IR features lie shortwedrthe noisyA >
35um region of the IRS low resolution spectra.

For our adopted cosmology, a dust temperature of 45K and an emissiviy fhe-
1.5 (consistent with the SMMJ02399-0136 studies of Ivison et al. (lQBBbGaenzel etal.
(2003)) the intrinsic 8-100@n luminosity isLig ~ 1.2 x 10%3L., for SMMJ02399-0136, af-
ter correcting for the lensing amplification of 2.45. We estimiate~ 1.9 x 10'3L., for
MMJ154127+6616 scaling with the intrinsic 858 fluxes.

2.4 ULIRG-like rest frame mid- to far-infrared SEDs

The rest frame mid- to far-IR SEDs provide clues about propertiesggiseurces, and ra-
diation fields of SMGs but are presently insufficiently constrained by twbservations.
Constraints on their far-IR peaks are currently indirect using the ebdeubmm and radio
fluxes and the assumption of the radio/far-IR correlation for star fornﬂlu)@esal.
2003%%5). In view of the variations observed in local galaxy SERdhave added an-
other constraint by comparing the ratio of PAH features and SCUBAu85bntinua (rest
frame~ 222um for our two objects). We adopt SCUBA fluxes of 23mJy for SMMJ02399
0136 (Smail et al. 20d)2) and 14.6mJy for MMJ154127+6616 (A21252Vi\h Eales et al.
M). In Fig.[ 2.3 the ratio of peak flux density of the ph¥ PAH feature after contin-
uum subtraction to the continuum flux density at rest frameug2fr our two SMGs is
compared to the same measure for 11 local ultraluminous infrared galaXiéR@J) with
PAH emission, where the PAH data have been taken from ISOPHOT-3vabisas (e.g.
Rigopoulou et a@Q) and the continua from slight extrapolations ofthERf photometry
of Klaas et a .%1), which reaches out to g@0observed wavelength. The PAH to far-IR
ratios of the two SMGs are fully consistent with that of the local ULIRG pojuta These
SED properties are in agreement with the finding from spatially resolved mnficrdene-
try that SMGs are scaled up versions of the compact star formation evdataiftULIRGs
{Tacconi etal. 20d6).
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2.5 AGN content
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Figure 2.3: Histogram showing the ratio of PAH 7uih peak flux density and rest frame
222um continuum flux density for eleven local ULIRGS. In this me@sof the mid- to
far-IR SED, the two SMGs are very similar to the local ULIRGoptation. However, both
show a lower value than the low luminosity starburst M82. M&2 point is based on
the PAH data of Brster Schreiber et al. (2003) and the far-IR continuum db&uo et al.
4199%, obtained in large and similar apertures.

2.5 AGN content

With both strong AGN continuum and PAH features, at a feature-to-camtintatio ~1,
SMMJ02399-0136 is at the transition between predominantly starburstrpdvand pre-
dominantly AGN powered according to the mid-IR diagnosti\c of Genzel é199$). AGN
signatures are also seen in the optical spect*um (Ivison et al. 199@).cdrhbination of
mid-IR spectroscopy and the Chandra X-ray data of Bautz et al. \(Zﬂi}O):onstrain the
properties of this AGN. Bautz et al. (2d00) clearly detect relatively héirdy emission
from SMMJ02399-0136, with an observed luminosity in the rest framek&\X (and of
0.18 x 10*erg s* (corrected to our adopted cosmological parameters). Because of limited
photon statistics, their data cannot discriminate between seeing the direct#dskion, al-
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2 The first observed mid-infrared spectra of submillimeter galaxies

though absorbed by a significant columm\pf ~ 10?*cm~2 (with the intrinsic emission-15
times brighter), and a fully Compton thick AGN seen in reflection, with the intringsisgion
brighter by the inverse of their adopted reflection efficiency of 0.022tWmrelated reasons,
the Compton thick case appears more consistent with our infrared otisesva-irst, the ra-
tio of rest frame hard X-rays and mid-IR AGN continudiog(L,_10kev/VLy (6um)) is -0.54
for the reflected case. This ratio is at the center of the equivalent disbribof mid-IR to
intrinsic hard X-ray ratios for local AGN, studied bv Lutz ef EI. (2b04bl,ilwthe lower ratio
for the direct emission case would be a the lower end of this distribution n8ecorrecting
from intrinsic hard X-rays to AGN bolometric luminosity assuming 1okev/Lsol ~ 0.09
for AGN ﬁEIvis et alU 1994), the reflected case witBolagn =~ 2 10'2L, is closer to the
roughly similar contributions of AGN and star formation that are suggestdteinfrared
spectroscopy. In summary, we conclude that SMMJ02399-0136 isrpdveg roughly equal
contributions of star formation and a Compton-thick AGN.

No strong AGN continuum is present in MMJ154127+6616 (Fig. 2.2), miqdar be-
low ~6.5um rest wavelength where it would be most easily detectable in the peesén
PAHSs. This is further supported by the weakness of the tentative 162uml ghotometric
detections of Charmandaris et al. (2004), at levels below 0.1mJy. As isaeefor local
ULIRGs, it is appropriate to caution that our conclusion of dominance of@taation does
not exclude in any way the presence of an AGN that is a very minor cotuributhe bolo-
metric luminosity. A significant number of minor AGN in SMGs is suggested by tepeist
Chandra observations (Alexander et al. 2003, 2b05a).

2.6 Discussion

We have presented Spitzer mid-IR spectroscopy of two of the brighteatrkeubmillimeter
galaxies, SMMJ02399-0136 and MMJ154127+6616. Our unambigdetestions of PAH
spectral features and mid-IR continua allows us to constrain the enasggesdn these ob-
jects, and to determine the previously unknown redshift for one of thelh(M4127+6616).
We find that the luminosity of the first galaxy is generated by approximatelgl egutribu-
tions from star-formation and an AGN. The second galaxy is dominated biostaation.
The existence of star formation dominated systems at infrared luminositieséssegt
10'3L ., is unique to the high redshift universe. In our previous I1SO studied tRGs in the
local universe, using the same mid-IR methods, we have found star fomaatoinated sys-
tems only up to a luminosity of £865L ., (Rigopoulou et al. 1999; Tran et al. 2001). Similar
conclusions have been reached from optical spectroscopy of lad&Gs fVeiIIeux etal.
M). The existence of higher luminosity starbursts in SMGs may be relatieeitdigher
gas fractions (Greve et ﬁgZ—ddS: Tacconi et al. 2006). Star formatioceeding at these
extreme rates in high redshift objecs {000M. /yr for Ligr > 10"3L.) naturally fits into
the evolving understanding of the formation of massive galaxies at higthifechowever.
Such extreme events can trace the formation of tHéMQ galaxies already fully assem-

26



2.6 Discussion

bled at redshifts z=1.6 to 1.9 (Cimatti etal. 2b04). Rapid star-formation maynad®t the
constraint on rapid formation of massive ellipticals inferred from measurenwod thea/Fe
element abundance ratios (Thomas ét al. QOOS).

Spectroscopy with IRS can play a central role in elucidating the relationshigsgst
various infrared selected high redshift galaxy populatibns. Houck @003) have recently
obtained IRS spectra of frh bright (>0.75mJy) but optically faint (R24) galaxies selected
from alarge area Spitzer survey. Submillimeter galaxies-@twith an Arp220-like SED but
still more luminous than a typical SMG from the current SCUBA/MAMBO susrepuld
meet the basic brightness and obscuration constraint of this sample. dpenderance
of heavily obscured continua in the Houck et al. (2005) spectra, henvemlike the PAH
and PAH plus continuum spectra of our two SMGs, argues for a smallapvbetween the
two populations, and that the population of R-band faint bymn24right sources may be
dominated by obscured AGN.
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2 The first observed mid-infrared spectra of submillimeter galaxies
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Submillimeter galaxies: redshifts and
other properties from mid-infrared
spectroscopy

..or... A Mid-Infrared Spectroscopic Study of Submillimeter Galax-
les: Luminous Starbursts at High Redshift

E. Valiante, D. Lutz, E. Sturm, R. Genzel, L. J. Tacconi, M. D. Lehnert, A. J. Baker
2007, ApJ, 660, 1020

Abstract

We present rest frame mid-infrared spectroscopy of a saofijé@ submillimeter galax-
ies, obtained using the Infrared Spectrograph (IRS) ondbtar Spitzer Space Tele-
scope The sample includes exclusively bright objects from bléields and cluster
lens assisted surveys that have accurate interferometsitigns. We find that the
majority of spectra are well fitted by a starburst templatéyithe superposition of
PAH emission features and a weak mid-infrared continuumlgtier a tracer of Active
Galactic Nuclei (including Compton-thick ones). We obtaiid-infrared spectroscopic
redshifts for all nine sources detected with IRS. For thriethem the redshifts were
previously unknown. The median value of the redshift distiion isz ~ 2.8 if we
assume that the four IRS non-detections are at high redgti# median for the IRS
detections alone iz~ 2.7. Placing the IRS non-detections at similar redshift would
require rest frame mid-infrared obscuration larger thasemsn in local ULIRGs. The
rest frame mid-infrared spectra and mid- to far-infraredcsgal energy distributions
are consistent with those of local ultraluminous infrarathgies, but scaled-up further
in luminosity. The mid-infrared spectra support the scentdrat submillimeter galax-
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3 SMGs: redshifts and other properties from mid-IR spectroscopy

ies are sites of extreme star formation, rather than X-tascored AGN, and represent
a critical phase in the formation of massive galaxies.

3.1 Introduction

Less than a decade ago, observations with the Submillimeter Common User Bolgmete
ray (SCUBA; Holland et al. 1999) on the James Clerk Maxwell Telescd@®(T) identi-
fied a new and unexpected population of submillimeter galaxies (SMGS: Srahil]ﬂf)?;
\Barger etal. 1998; Hughes etal. 1998). Subsequent surveys @itlBS and the Max-
Planck Millimeter Bolometer (MAMBO; Kreysa et al. 1§98) array at the IRADh8Btele-
scope resolved a significant fraction of the cosmic submillimeter backgiatmahdividual
sources (Sée Blain et al. 2002, and references therein).

A detailed understanding of this population has emerged only slowly, dueitdahe-
ness at all short wavelengths and the difficulty of counterpart iderntdita Photometric
estimates of median redshifts aroun& 2 3 {Carilli & Yun H2000) are consistent with the
recent determination of a median redshifizef 2.2 for the< 50% of the population accessi-
ble to optical spectroscopN (Chapman et al. 2005). The optical redshttie radio/optical
bright sub-class have been confirmedid5 cases through CO line detections (Frayer et al.
@gé\ 1999; Neri et al. 2003; Greve et al. 2005; Tacconi et al6P0Despite all these ef-
forts, the characterization of the redshift distribution remains incompletguse of the
large positional uncertainties for SMGs without interferometric countesard the large
uncertainties in purely photometric redshift estimates.

The tendency of SMGs to be faint in X-rays suggests that their large lurtieso®sult pri-
marily from high star formation rates (Alexander em%& 2b05b). Mare dynamical
and gas phase metallicity studies indicate that they have high (aggroacﬁh@@bar -
onic masses (Genzel et al. 2bb3; Neri et al. 2@03; TeczaeTCJam idphank et al. 2004;
Greve et al. 2005; Tacconi et al. 2@06). These high star formatios aatkbaryonic masses
place SMGs at the assembly phase of massive galaxies-&— 3, in rapid and efficient
starbursts likely fed by mergers.

The contribution of AGN to the energy output of SMGs has strong implicationshie
origin of the cosmic submm background and the origin of the correlation eethiack hole
mass and spheroid mass/velocity dispersion in local galdxies (Ferrandserit 2000;
Gebhardt et al. 2000). Studies of the relationship between stellar arkl liodée mass in
submillimeter galaxies, under the assumption of accretion at the Eddingtoraratepn-
sistent with a model where the supermassive black holes in SMGs unagrigogrowth to
reach the locaM, — Mgy relation \(Borys etal. 20d)5).

SMGs thus mark a pivotal point in the evolution of massive galaxies and #mirat black
holes. Observational characterisation of their redshift distributiorgesgansities, masses,
metallicities, AGN content, and structure are all needed to understand tis#iopan the
hierarchical growth of structure and the growth of massive galaxiesdrgtion of gas and
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3.1 Introduction

merging of smaller galaxies. Models of hierarchical galaxy formation\(eagfﬂﬂann etal.
1993; Baugh et al. 2003) are in the process of adapting to the newabisaal constraints

including properties of the SMG population (é.q. Baugh et al. 2005; Betval: 2006). Ex-
treme objects, such as the SMGs, can trace the formation of ##z0galaxies already
fully assembled at redshifts af= 1.6 — 1.9 (Cimatti et al. 2004). SMGs may also meet the
constraint on rapid formation of low redshift massive ellipticals inferrechfmeasurements
of thea/Fe element abundance ratios (Thomas et al. 2005).

Even at low resolution, rest-frame mid-IR spectra of galaxies can disciienbetween
star formation and accretion (e\.q. Genzel & Cesarsky \2000, ancenefes therein) on the
basis of four distinct spectral components observed in dusty galaxies lodhl universe
(Genzel et al. 1998; Laurent et al. 2000; Tran et al. 2001): (ingtemission from the poly-
cyclic aromatic hydrocarbon (PAH) features found over a very widgezof star forming
galaxies; (ii) a variable but usually small contribution of an HIl region canim steeply
rising in the 6- 15um rest wavelength range; (iii) a flatter PAH-free AGN continuum, some-
times accompanied by additiorfal 10um AGN related silicate emission (Siebenmorgen et al.
2005; Hao et al. 20d)5); (iv) absorption features in the@um range as well as the Bum
silicate absorption feature (Spoon etal. 2004).

The anticorrelation between PAH feature strength relative to the AGN camtiraind the
ionization state of the ionized gs{s (Genzel &Hgié%; Dale et al. 20@B)gbir supports
these low resolution diagnostics. Using tBpitzer Space Telescqpbe diagnostics based
on the mid-IR spectral components of dusty luminous and ultraluminous gaiaxieslocal
universe can now be applied to dusty SMGs at high redshift. Our uiateliag of SMGs
can be improved in three ways:

Verification or determination of redshift. Mid-IR spectral features, in particular the
narrow aromatic PAH features, if present, allow reasonably accurds@ifemeasurements
(Az < 0.1) even for targets that are very faint at optical wavelengths. Theyesdfy optical
redshifts in cases where these are uncertain due to the faintness otitteg opunterpart,
due to the presence of multiple candidate counterparts (e.g. 8 of 73 SMGss iadshift
study of Chapman et al. (2005) have multiple radio/optical counterpartdjieoto uncertain
optical line identifications. Mid-IR emission shares with CO line emission a reltsie of
an erroneous redshift assignment, because these tracers are raehglai@ed than the rest
frame UV to the rest frame submm/far-IR emission that dominates the SMG'’s bimiome
luminosity. They are thus less likely to measure the redshift of a misidentifietilmmiging
source. The difficulties of identification with an optical/near-IR sourcebeaseen for exam-
ple in the case of HDF850.1 (Downes et al. 1999; Dunlop etal. \2004)scFches without
known optical redshifts, new mid-IR spectroscopic redshifts stronglyge the template
ambiguities that are always possible for model-dependent photometritfted¥he advan-
tage of the mid-IR spectra over CO is that, with existing instrumentation, there igex la
fractional bandwidth coverage than for mm spectroscopy. The distaby&is that for a pos-
siblez > 4 tail of the SMG redshift distribution, the main PAH features leave the wag#ien
range of sensitiv&pitzerspectroscopy.
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3 SMGs: redshifts and other properties from mid-IR spectroscopy

Evaluation of the relative importance of AGN and star formation using the relative
strength of PAH and continuum. Submillimeter sources are likely starburst-dteditut
more luminous than the threshold above which most local infrared galax@éesGi domi-
nated\(Rigopoquu etal. 1999; Veilleux et al. 1999; Tran et al. bO(llr)hErmore, although
massive ellipticals in formation should also be forming massive black holes én turgbro-
duce theMgy — o relation \(Tremaine et ﬁl. 2002), evidence for energetically dominant AGN
is scarce (Alexander et al. 2003). Evaluating the ratio of starbursiA@nd contributions
will also allow us to investigate trends with other quantities. We adopt a ratic/ pfy PAH
feature to local continuum of 1 as the border between starburst anddd@fhance in the
bolometric luminosity, following the approach\of Genzel et al. (1998) thatelt matched
to the rest wavelength coverage and S/N of our data. The rest-frameRmdntinuum, if
isolated from the non-AGN components of the mid-IR emission, can providgtr@onts on
the role of AGN, including highly X-ray absorbed sources (Krabbé.\&@Ol; Lutz et al.
). Mid-IR spectra tracing the re-radiation of absorbed AGN emigsios also con-
strain the presence of Compton-thick AGN that are hard to separate femtivim objects in
current high redshift X-ray data, because their X-ray photon statisticde insufficient for
clear identification of reflected AGN emission, or because the AGN may bedoNgred.

Constraining physical conditions in the starburst. By analogy with local galaxies,
dilute/cool regions are expected to show a larger PAH contribution to thdnétaled emis-
sion and a cooler rest frame far-IR peak than denser starburstDg@eg& Helou 2002).
Very compact regions can show absorption features like those of watenéchydrocarbons.
Some of the most luminous local ULIRGs exhibit strong continua with supedoeission
features deviating from a canonical PAH feature shbpe (Trarﬂ et@l; Zpoon et al. 2004).
Similar features may be found in SMGs.

Spitzerspectra are also important to test the popular assumptioﬁ (e.q. Huqhéis&ﬁﬁﬁ)l.
that the overall spectral energy distributions (SEDs) of SMGs are simildwoe of local
star forming Ultraluminous Infrared Galaxies (ULIRGS).

In § 2 we discuss the properties of our sample angl & observations and data analysis.
§ 4 presents the SMG spectra and discusses the results of their spectralpdsition. In
§ 5 we discuss the implications for the three main questions raised above.
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Table 3.1. Summary of SMG observations

Name RA DEC Error Ref. SL1 LL2 LL1
J2000 J2000 " (7.4—145pm) (140—213pm) (195-—38.0um)
sxn.of cycles sn.of cycles sn.of cycles
SMMJ00266-1708 (M12) 00:26:34.10 +17:08:33.7 0.8 F0O 12015 120x 30
SMMJ02399-0136 (L1/L2) 02:39:51.87 —01:35:58.8 0.6 GO03 120x 30
SMMJ09429-4659 (H8) 09:42:53.42 +46:59:54.5 L02 12 15 120x 30
SMMJ0943%-4700 (H7/H6) 09:43:03.69 +47:00:15.5 0.3 NO3 120x 30
SMMJ10519-5723 (LE 850.18) 10:51:55.47 +57:23:12.7 102 120x 30
SMMJ10524-5719 (LE 850.12) 10:52:07.49 +57:19:04.0 102 120x 30
MMJ120517-0743.1 12:05:17.86 —07:43:08.5 0.4 D04 12010 120x 30
MMJ120539-0745.4 12:05:39.47 —07:45:27.0 0.4 D04 120x 30
MMJ120546-0741.5 12:05:46.59 —07:41:34.3 0.5 D04 12911 120x 30
MMJ154127-6615 15:41:26.90 +66:14:37.3 0.1 BOO 1209 15 120x 30
MMJ154127-6616 15:41:27.28 +66:16:17.0 0.1 BOO 12Q 15 120x 30
SMMJ16369-4057 (N2 850.8) 16:36:58.78 +40:57:28.1 102 24& 5 120x 10
SMMJ16371#4053 (N21200.17) 16:37:06.60 +40:53:14.0 GO05 12@ 15 120x 30

€€

Note. — Names in brackets indicate aliases used in the literature.

References. — Interferometric positions adopted for the IRS ob#mmgafrom VLA 1.4 GHz if not stated otherwise): BOD: Bertoldi et al.
m). D04: PdBI mm position of Dannerbauer et al. (2004). FOORO mm position of Frayer et aI’.(@OO). GO03: PdBI mm position
of Genzel et al. (2003). GO5:"1from final CO position of Greve et al. (2005). 102: Ivison et al. (2D0R02: Ledlow et al. (2002). NO3:
PdBI mm position 0I3). For sources with no positionrestated in the references, we assug6.5” from the interferometer
configurations used.
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3 SMGs: redshifts and other properties from mid-IR spectroscopy

3.2 Sample Selection

Among the several hundred SMGs detected up to now, our sample comgxidasively
bright (Sgsoum > 4.5mJy) objects from blank field and cluster lens assisted surveys that
have accurate positions from follow-up radio or mm interferometry. Objiota radio
pre-selected surveys are not included because they may be biasddhiitrand AGN con-
tent. No constraint on mid-IR photometric flux, which could potentially introchiases on
SED and energy source, has been applied to this Cycle 1 sample.

The 13 targets in our sample (Tab. 3.1) cover the full range of propeastiesrrently
known bright SMGs. The ratio of optical/near-IR and submm fluxes,Xarle, varies by
almost two orders of magnitude (Tab. 3.3). In our sample there are 6 ohjigletsublished
optical redshifts (Barger et al. 1999; Ledlow et al. 2002; Chapmah 2085), in particular
3 cases where the redshift is confirmed by CO interferometry ( Neri 208B; Greve et al.
M), and 7 sources for which no optical redshift is available due tofdietness in the
optical/NIR. Including these objects in our study reduces biases that feayatample with
measured optical redshifts only. The redshift distribution of a sample wiibabpedshifts
will tend to avoid the optical “spectroscopic desert’2 ¥ z < 1.8). It may also favour
sources with unobscured or mildly obscured AGNs because of theimgstest frame UV
line emission. We include sources selected at88(SCUBA) as well as sources selected
at L.2mm (MAMBO), to minimize selection effects due to redshift or dust temperature
The sample encompasses the five brightest MAMBO sources with interfeiopesitions
known before the Voss et al. (2006) observations, and a numbeighit ISCUBA sources
with and without redshifts.

3.3 Observations and Data Analysis

We obtained low resolutior\( AN ~ 60-12@) long slit spectra usin§pitzedRS (Houck et al.
M) in the staring mode. The detector is a $228 Si:Sb (LL1 and LL2 modules) or Si:As
(SL1 module) Blocked Impurity Band (BIB) array.

The rest wavelength range required to detect mid-IR PAH featuresrasilitate absorp-
tion, encompasses at a minimum wavelengths from 5 torl.@bservations are summarized
in Table 3.1. Most of the sources were observed in the LL5 288.0um module for 30
cycles of 120 s ramp duration. The total on-source integration time wasr2 from addi-
tion of the independent spectra created by the telescope nods along tRerstibjects with
z < 2.7 and most objects with unknown redshifts we added the LLD 4£21.3um range
with 15 cycles of 120 s to ensure the required rest wavelength covimaglplausible red-
shifts. In these cases, the slit on-source integration time for LL2 was 11 Begause of its
low redshift, SMMJ163694057 was observed in the LL2 range for 10 cycles of 120s, as
well as in the SL1 4 — 14.5pum module for 5 cycles of 240 s (2400 s total on-source inte-

1 A\ is approximately constant as a functiomof
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3.4 Results

gration time). With this observation plan, we could in principle detect both 2gné and
7.7um PAH features of a starburst-like spectrum for a redshift rangs ¥ < 3.8. For lower
redshifts, we would observe only the7pm maximum, which fully exits the observed win-
dow atz~ 1, but the longer wavelength 11.3 and 2j2m PAH features might still provide
useful information in such a case.

We reduced the data as follows. We subtracted, for each cycle, the wvpasitions
of the pipeline 14.0.0 basic calibrated data frames. In the difference jasiaizd, we re-
placed deviant pixels by values representative of their spectral rerigbdds. We subtracted
residual wavelength dependent background, measured in seaecesfions of the two di-
mensional difference spectra. In averaging all the cycles of the 2-diovead subtracted
frames, we excluded values more than three times the local noise away fonedn. The
calibrated 1-dimensional spectra for the positive and the negative bearaextracted us-
ing the optimum extraction mode of the SPICE analysis package (version, hddithe two
1-dimensional spectra averaged in order to obtain the final spectrum.

Since our measurements are close to the sensitivity limit of the instrument, faatall d
analysis we cut away the long and short wavelength ends of each mathelies the noise is
much higher and no signals are detected.

In order to do a formak? template fit for our sources, it is essential to determine the
uncertainties on each point of the spectra. We used a processedgditchdd image of one
of the undetected sources (the result was comparable for all of there)uridertainty for
each spectral point was calculated as the noise for each pixel times the sqot of the
number of pixels in the resolution element, which increases with wavelengéndike for
each pixel has been assumed to be the clipped standard deviation onf&2pixels, all at
the same wavelength. The resolution element is defined by the IRS pipelitéyiding the
region of the array covered by the spectrum into a sequence of tidpgrped elements.
This estimate may not fully reproduce the absolute noise level of a givemat®on, due to
variations in strength of zodiacal light with position and epoch, but is a gppdoximation
of the change of noise as a function of wavelength.

3.4 Results

The spectra of the nine detected sources and the four non-detectosisoavn in Figl. 3.1.
As quantified by spectral fits below, the detections can be well reprdduceombinations
of PAH features and continua. In one or two cases a heavily absoobédeum is a possible
alternative. We do not see evidence for strong continua like those stEE@iQSOs (which
also show silicate emission outside our rest wavelength coverage, searBagen et al.
2005; Hao et al. 2005; Sturm et al. 2005). These individual classifitaare strongly sup-
ported by the PAH-dominated average of the SMG spectra [(Fig. 3.3), whiolvs much
larger PAH equivalent widths than those seen in Q$Os (Schweitze? e04).2
In spectra of faint sources with poor S/N, only spectral features witficiguntly large
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Figure 3.1: SpitzerIRS low resolution spectra (solid lines) of the sample galsx The
detected sources are shown together with the best tempidtotied and dashed line).
Their redshifts are listed in Talle 3.3. The last four sgeshow the IRS non-detections.
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3 SMGs: redshifts and other properties from mid-IR spectroscopy

equivalent widths can be used for redshift determination. At one exirémase features
are the strong PAH emission features of starburst galaxies. Theseefeappear whenever
the interstellar medium is exposed to moderately intense UV radiation ie.é. ﬂﬁﬁ)’@@).
The other extreme shows strong absorption features, the strongegsbieiate absorption.
Examples of PAH features in high-redshift galaxies observed with thatR Teplitz et al.
d200$)l Yan et al. (200!#), Lutz et al. (2005a) and Desai et al.gp08n extremely absorbed
local source is IRAS F001837111 (Tran et all), whose IRS spectrum is shown in
\Spoon etal. (20@4). Similar spectra have been observed in opticallyr@askigh redshift
24um sources (Houck et al. 2005; Weedman et al. 2006).

Redshifts can be determined by using either the set of strong PAH emisaiomefe or,
for absorbed spectra, thew maximum and nearby silicate absorption. The strongest PAH
feature is at 77um (rest frame), so a similar redshifiZ ~ 4+0.1) would be derived even if
it is ambiguous whether the strongest feature is the 8naximum or true PAH emission.
The physical interpretation of the source, however, would be vergréffit for the two alter-
natives. In order to correctly identify a feature as a PAH, we requiradioation that the
6.2um PAH feature is present with the correct shape and (relative to. Ten/feature) flux.

In our sample there is no case of ambiguity in identifying a feature with the 6.27pm7
PAH feature, since either both are detected or the large observed widthtewlthat it can-

not be the narrow @ um PAH feature. For one of our sources, template fits identify such a
single broad maximum with the7um PAH feature but, depending on rest wavelength range
and S/N, it is also conceivable to identify such a single broad peak withptrerBaximum

of absorbed spectra.

We estimate redshifts by? fitting a selection of templates to the full spectra of the de-
tected sources. Two of the templates are absorbed, likely AGN dominatedeso NGC
4418 and IRAS FO01837111 (Spoon et al. 2001, 2004). As a third template we use the star-
burst spectrum of M82 (Sturm et MOO), both as observed (withpibetrsim dominated
by pure PAH emission) and with superposition of an additional continuunisthasumed to
vary linearly over the short wavelength range covered. This lastrspeds similar to those
of local universe infrared luminous galaxies having significant cortioha to their bolo-
metric luminosities from both star formation and powerful AGN (e.g. NGC746%273,
Genzel et al. 1998). More complex fitting schemes have been used tar@ttieng resolu-
tion mid-IR spectra, for example by allowing additional obscuration to the Péididated
starburst component (e[é. Tran eOOl), or by decomposing tHeeBvponent into in-
dividual features that can be well approximated by Lorentzians, (exgaBger et al. 1998;
Smith et al. 2007). We do not adopt such schemes here because of thé &/Ndata and
their rest wavelength coverage, which is usually limited to shortward of thgn®silicate
absorption by the IRS wavelength range.
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Table 3.2. Fitresults. The best fit is in bold type (see the text for details).

Name M82 IRAS FO01837111 NGC 4418 M82- continuum
X2 z oy X2 z oy X? z oy X? z oy

SMMJ00266+1708 1.5 2.73 0.01 3.1 2.75 0.02 20 266 0.01 14 273 0.02
SMMJ02399-0136 17 2.80 0.01 12 2.86 0.01 21 272 0.01 1.1 2.81 0.02
SMMJ09429-4659 0.58 2.38 0.01 1.5 243 0.03 0.86 2.33 0.01 0.59 2.38 0.02
SMMJ09431-4700 10 3.33 0.01 3.2 326 0.04 43 3.20 0.01 099 3.36 0.02
SMMJ10519-5723 0.68 2.67 0.01 1.2 2.67 0.01 0.80 2.64 0.02 0.75 2.67 0.02
SMMJ10524-5719 0.74 2.69 0.01 1.3 2.75 0.02 1.1 2.73 0.010.63 2.69 0.02
MMJ1541274-6616 0.55 2.78 0.01 0.82 2.79 0.04 0.60 2.67 0.020.35 2.79 0.02
SMMJ16369-4057 0.60 1.21 0.01 1.68 1.17 0.01 0.66 1.12 0.010.30 1.21 0.02
SMMJ16371-4053 1.1 2.38 0.01 1.2 2.48 0.01 1.3 2.34 0.01041 2.38 0.02
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Table 3.3. Properties of the SMG sample

Name $50um S1.4GHz K Opt. Magnd 2 2% Spazzum®  Scontzzum® T Lig x 1013 Best fit
mJy [IN)Y mag mag mJy mJy K Lo

SMMJ00266-1708 18.6-2.4 94+15 229  1>26.1 2.4 2.73 0.750 0.150 35.3 0.5 M82GN
SMMJ02399-0136 23,619  526£10" 178 R=212 25 280 281 1.12 1.44 53.4 25 M82GN
SMMJ09429-4659 4918  970+35 197 R=25.2 13 2.38 0.683 83.0 6.3 M82
SMMJ09431-4700 10518  55+3.9 204 R=234 1.2 335 336 0.607 1.04 41.6 0.9 M82GN
SMMJ10519-5723 45:1.% 47410 >204  1=24.6¢ 269  2.67 0.491 42.0 05 M82
SMMJ10521-5719 6.2:1.6¢ 278+1%  >20.6  1=22.K 269  2.69 0.370 0.122 61.6 2.9 M82AGN
MMJ120517-0743.1 6.3:0.9 40+13M 228" R~254" >3.6
MMJ120539-0745.4 6.31.4 55+13"  >22.7" R>26.2" >3.6
MMJ120546-0741.5  18.3-2.4 42413 219" R>26.2" >3.6
MMJ154127+6615 10.71.2 814137  >21.°7 R>24.9 >3.6
MMJ154127%-6616 14.6-1.8 67+13" 208" R>24.5 2.79 0.472 0.159 35.0 0.9 M82AGN
SMMJ16369-4057 5.11.4 74429 18.% R=22.% 119 121 0.493 0.205 275 0.1 M82AGN
SMMJ16371-4053 11.229° 74£2® 198 =234 238 238 0.519 0.242 34.3 0.7 M82GN

a Adopted lensing magnification where applicable, magnificet is assumed otherwise. See text for references. Theraubd radio fluxes and

optical/near-IR magnitudes listed here are not correatedrplification, while the infrared luminosities includeetmagnification correction.
Magnitudes are on the Vega system.

Frayer et al. (2000) 9 Smail etal. (2002) P Smail et al. (2000) i Cowie et al. (2002)

Ledlow et al. (2002). Opt/NIR magnitudes for SMMJ09431700 are dominated by the H6 component while H7 is the domsssmm component
(Tacconi et al. 2006).

K lvison et al. (2002) ! Ealesetal. (2003) ™M Dannerbauer et al. (2004) " Bertoldi et al. (2000)  © Chapman et al. (2005)

P Dannerbauer (2004) 9  Smail et al. (2004)

b Redshift from previous measurements. See text for refesence

¢ Redshift from best fit to IRS mid-IR spectrum (this work). Urtaérty 0.06 including effects of potential template misnhatBee Sect. 4
for details).

d Flux of the PAH 77 pm rest frame feature after continuum subtraction.

e Flux of the continuum 7 pm rest frame.
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3.4 Results

Results of the fits with all the templates are listed in Table 3.2. The best fit forakgect
is specified in Tah. 3|3 and also shown in Fig./3.1. The redshifts deneed the best fit
for each object are also listed in Table /3.3 and compared with known redeliére avail-
able. IRS and previous redshifts are consistent for all the sourcegveétious redshifts
from optical spectroscopy (SMMJ09434700 b)} Ledlow et al. 20@02, SMMJ10515723,
SMMJ105215719, SMMJ163694057, SMMJ16374+4053 b)} Chapman et al. 2005) and
sometimes from additional CO interferometry (SMMJ02399 36 b% Frayer et al. 1998,
SMMJ09431-4700 by Neri et al. 2003; Tacconi et al. 2006, SMMJ1632053 by Greve et al.
). Three sources had no accurately determined redshifts. Ber, the new redshifts
are inside the 68% confidence intervals of the photometric estimates of Aaeikalb \(200\3)
for at least three of the six different evolutionary models used. Thadbfit uncertainties
for the best fit are up to abodiz = 0.02 but, because of the differences in derived red-
shifts depending on the template used (Tabl. 3.2), we assume an uncekzint).06 for
all the sources. For the six sources with both IRS and optical/CO redshifisuresl we
derive a reassuringly small standard deviation of only 0.014 for therdiite between the
best fitting IRS redshift and independent optical/CO redshift. For thertaioty of a new
IRS redshift from a spectrum similar in quality to our spectra, we neveghgleefer the
more conservativAz = 0.06 which includes the possibility of template mismatch, since the
smaller standard deviation for the six sources includes only spectranegagavell fit by
the M82 (plus continuum) templatedz = 0.06 is an overestimate if the identification of
PAHSs in the spectrum is beyond any doubt. Table 3.3 also classifies samgcerding to
how their spectra are characterized: PAH emission (M82 best fit), silibatejgtion or §im
maximum (IRAS F001837111 or NGC4418 best fit) or a superposition of PAH emission
and a linearly rising continuum.

In the remainder of this section, we briefly describe the properties of tleeSMGs with
new mid-IR rest-frame spectra. We also discuss the four non-detectidnsoastraints on
their possible redshifts and/or SED properties.

SMMJ00266+1708The best fit for this source is the combination of M82 PAH template
and weak AGN continuum (see Fig. 3.1), but ttfetest gives similar results also for the
absorbed continuum NGC 4418 template (see Tab. 3.2). The spectrusndacivident
6.2um PAH feature, the wavelength of which still falls in the observed band. ieead
with the best fitting PAH plus continuum interpretation but note that a classificafithis
source as an absorbed AGN is clearly not excluded. The previousmbtric redshift of
z2=27" g;g estimated by Aretxaga et al. (2003) is consistent with our spectroscolpie va
z=2.73+0.06. Frayer et al, (2000) identify a faint ERO counterpart for this dbgec
estimate a lensing magnificatiord2: 0.5, which we adopt for our analysis.

SMMJ02399-0136The mid-IR spectrum of this source was already presentEd by Lutz et al.
dZOOSa). It contains well detected2fum and 77um PAH features superposed on a strong
continuum (see Fig. 3.1). This source is at the transition between preduiyistarburst
powered and predominantly AGN powered, according to the mid-IR didigsas Genzel et al.
dl99$) and Laurent et al. (2000). AGN signatures are also seen ipptieal spectrum
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3 SMGs: redshifts and other properties from mid-IR spectroscopy

Ivison et al. 199\8). Combining mid-IR spectroscopy &ithndraX-ray observations (Bautz et al.
2000), we conclude that this source is powered by roughly equalilsotdns of star for-
mation and a Compton-thick AGN (Lutz et al. 20b5a), in agreement with camtstien the
importance of star formation in this object from molecular gas mass and its pasititive
to the radio/far-IR correlation (Frayer et al. 1@98). Its luminosity (sée/3B) is calculated
taking into account a lensing magnification factor of 2.5 (lvison etal. 1998)

SMMJ09429+4659This source is well fitted with the starburst-like M82 spectrum. No
accurate redshift was previously known for this object. Using the radimnm spectral
index and the models fro\m Carilli & YuH (2000), the estimated redsh#ti€.4+0.3. The
intense radio emission suggests, though, that there is a significant radidocton from
an AGN, even if we do not see AGN emission in the mid-IR spectrum, making tle va
estimated from the radio-submm relation only a lower limit. Assuming this galaxy fellow
the K — z relationship for powerful radio galaxids (Jarvis etal. 2001), it mostylikes at
z> 2 (Ledlow et al. 20d2). Our spectroscopic valuezef 2.38+ 0.06 confirms the high
redshift of this object. The luminosity of this source (see Tab. 3.3) is caézlilay taking
into account a lensing magnification factor of 1.3 (Cowie @2002).

SMMJ09431+4700 We pointed IRS at the mm positioﬁ (Neri etal. 2b03) of compo-
nent H7 in the notation of Ledlow et al. (2d02), but note that componenisHGcluded
in the observing aperture as well. This source has the highest redstii#t sample £ =
3.36), not accounting for the non-detected objects (see discussion)belbvs well fit-
ted with a PAH spectrum plus a strong linearly rising continuum, so we inferithat
powered by both starburst activity and a powerful AGN (see [Fig. 3The optical spec-
trum of component H6 shows features of a weak AGN (Ledlow etal. ROThe spec-
tral properties, line widths and line ratios of this galaxy are very similar to tkesa for
narrow-line Seyfert 1 galaxies (NLSyﬂs: Crenshaw et al. h99§MM-Newtonobserva—
tions (Ledlow et al. 2002) suggest that the intrinsic X-ray luminosity of théNA&Smodest
(L2_10kev < 10*erg st em™2), unless there is heavy obscuration. Comparison to the strong
rest frame mid-IR continuum seen in the IRS spectrum suggests the lattegéslitite case:
at Ly_10kev/VLy(6pm) < 0.015, this source falls more than an order of magnitude below
the relation between unobscured-20keV luminosity and fim continuum for local AGN
dLutz et al.@@. SMMJ094344700 hosts a heavily obscured or Compton-thick AGN,
the location of which we cannot firmly ascribe to component H6 or H7. The lositiy of
SMMJ09431-4700 (see Tab. 3.3) is calculated taking into account a lensing amplification
factor of 1.2 \(Cowie etal. 20@2).

SMMJ10519+5723 The lowesty? fit for this object is the one with the M82 starburst
template, which is supported by the tentative detection obar PAH feature. Still, the
X2 is not much higher for the absorbed continuum template NGC 4418. We iate%’
source as powered by starburst activity, consistent with optical gisecipy|(Chapman et al.
M), but note that an absorbed continuum interpretation cannottlg éxcluded. The
spectroscopic redshift suggested for this source by Chaoman\e@éBa(ﬂwasz = 3.699.
Later, Egami et al. (20@4) and Chapman etal. (2005) indicated values- @69 andz =
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3.4 Results

2.686 respectively. Our fits give= 2.674 0.06 using the starburst template ang 2.64+
0.06 using the obscured one. Both redshifts are in agreement with the lptiest oesults.
SMMJ10521+5719The spectrum of this source shows PAH features plus a weak con-
tinuum. The source does not contain AGN features in the optical spe&bap(nan etal.
). The mid-IR AGN continuum is detected but the feature-to-continatim is much
higher than in the cases of SMMJ02399136 and SMMJ0943%4700, thus suggesting a
smaller AGN contribution. The presence of an AGN is confirmed as well fradio and
X-ray emission that show the possible presence of a radio loud qha’saun(bt al. 2002?.
MMJ154127+6616The mid-IR spectrum of this source was already published by Lutz et al
dZOOSa). We reprocessed the data using a later version of the IRS pifiblif0.0). The new
reduction further increases the similarity to a starburst spectrum with wigtledie62 um
and 77pum PAH features and is well fitted by a M82 spectrum plus a very weak ftatrco
uum. Thex? is not much worse adopting the NGC4418 template which better matches the
emission at long wavelengths, but the clear presence of both PAH featunegly increases
confidence that this source is powered by star formation.
SMMJ16369+4057 This source has the lowest redshift of the sample (L.21) and is
well fitted with the M82 spectrum plus a very weak flat continuum. The optEdtsoscopy
of Chapman et al. (2005) detects typical starburst lines, consistent witlesult.
SMMJ16371+4053The mid-IR spectrum of this source shows cle&pén and 77pm
PAH features. A flat continuum is detected. The mid-IR spectrum showd itkgpowered
mainly by starburst activity, even though an AGN is probably also pre#€siN lines have
been detected in the optical spectrurﬁ of Chapman et al. (2005).
IRS non-detectionsThe sources for which we have neither detected features nor continua
in the IRS spectra despite accurate interferometric positions are MMJ120517
—0743.1, MMJ1205390745.4, MMJ1205460741.5 and MMJ15412¢#6615. Multiple
arguments support the reality of these mm sources: they are well detectiee amigi-
nal MAMBO data (Bertoldi et al. 2000; Dannerbauer éfLZ(bOZ, %O@na confirmed by
SCUBA fEaIes et j(l. 2003), have weak VLA counterpérts (Bertoldi. 0; Dannerbauer et al.
) and have dust continuum emission directly confirmed and located bptenferom-
etry tDannerbauer etal. 2002, 2004; Dannerbbuer\2004). Timeéas or non-detection of
their optical/near infrared counterparts (see also Table 3) lead thesgsatatlthe conclusion
that these sources must be at very high redshift and/or highly olascure
We now consider each of these scenarios in turn. If the IRS non-deteetie intrinsically
similar to the detected sources but simply more distant, we can place one lowemnlitndio
redshifts by requiring that the 7— 8.6 um PAH complex or the Bm maxima in any absorbed
spectra have remained undetected because they were shifted to wHwelenger than-
35um, where the detector sensitivity falls rapidly and the noise increases. mMumant
implies redshifts greater than 3.6. Similarly, sinc216n features in PAH emission spectra
would already be lost in the noise at wavelengths longer th&®um (being somewhat
weaker), such sources could only be IRS non-detectiong f013.8. Hence, we would
conclude for all undetected sources redshift3.6.

43
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If the IRS non-detections lie at redshifts similar to those of the IRS detectioeis SEDs
must be significantly different. We infer in Section 5.2 below that the detedattess
already have a ratio of mid-IR PAH to far-IR emission similar to that of localRIES. This
implies that to escape IRS detection at the same redshifts, the non-deteabioldsnsed
to be even more heavily obscured in the mid-IR than local ULIRGs. By wagxample,
consider Arp 220, well known for its extremely low ratio of mid- to far-IR enuss(e.g.
Sanders et al. 1988; Haas et al. 2001).zAt 2.5, an extreme Arp 220-like SED scaled to
the millimeter fluxes of the IRS non-detections would still manifest a broad PAltufe
peaking at the 45— 0.2mJy level. No such feature is indicated in the spectra of the four
non-detections (Fig. 3.1).

Previous assessments of the “higher redshift” and “higher obscutatenarios for these
sources have been based on faint or undetected near-IR coutgerpar MMJ120517—
0743.1, MMJ120539-0745.4, and MMJ120546—-0741.5, féirhand magnitudes and the
assumption of SEDs similar to those of local ULIRGs imply very high redshifts 4
(Dannerbauer et al. 2002). Similarly, tke> 21.2 counterpart of MMJ15412/6615 im-
plies a redshifz > 3. This particular argument is weakened by evidence that SMGs can have
rest-frameJV/opticalobscurations greater than those of local ULIRGs; SMMJ0626@8,
for example, has a very faint near-IR counterpart but (based odata)z = 2.73. However,
if we generalize the argument to the rest-framie-infrared which is more difficult to ob-
scure than the UV/optical, we are on stronger ground. Tellingly, our I®&detections
are at least- 3 times fainter in the rest-frame mid-IR than even SMMJO0G26F08. This
result is confirmed by the mid-IR imaging\of Charmandaris et al. (2004),pldnze all four
sources (three not detected and one tentatively detected) at the lowf &mel mid-IR to
submm flux ratio distribution.

A further reason to prefer the “higher redshift” scenario for the IR®-detections is
that the radio counterparts to all four are faint, despite their bright mmdi(Bertoldi et al.
2000; Dannerbauer et al. 2d)04). The mean of their ratio ofi858nd 14 GHz flux densities
(2124 77) is about twice that of the Chapman etal. (2005) sample-@% and still higher
than both the value of 1089, obtained for the same sample after exclusion of potentially
radio-loud §; 46Hz > 200u)y) SMGs, and the value of 13620, derived from a 15 sources
subsample matching the mean SCUBA flux of our four non-detections. Thiiseonsis-
tent with higher redshifts (Carilli & Yun 2000), although the scatter abaitélio/submm
vs. zrelation is large. Taken together, the various lines of evidence suggaghéhfour
IRS non-detections do lie at high redshift, although with all arguments stiddbas SED
assumptions. Direct spectroscopic redshifts will be needed for a definitinclusion.
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3.5 Discussion

3.5.1 The redshift distribution has a median of z~ 2.8

Figure[ 3.2 shows the redshift distribution for our sample. Taking into atcthe lower
limits adopted for the undetected sources, we derive a median redshift @79 for the
full sample of 13 SMGs. The median redshift of the 9 detected sour@es B69. These
values are noticeably higher than the mediaa 2.2 measured by Chapman et al. (2\005)
for their sample of 73 submillimeter galaxies with optical redshifts, and also hitae
their estimate ok = 2.3 for the extrapolation to the full SMG population. None of our new
IRS redshifts is in the optical “redshift gap”.@.< z < 1.8) of the optical spectroscopic
census of the submillimeter galaxy populatibn (Chapman\bt al. 2005), wirere rsew IRS
redshifts might have been expected. It is natural to assume that the optishlfts are still
biased towards the optically bright and low redshift part of the populéﬂam(lerbauer etal.
M). The recent discovery of a submillimeter galaxy at redshifé (Knudsen et al. 20@6)
similarly indicates an extension of the SMG redshift distribution beyond thestablished
by\ChaDman etal, (2005). In contrast, Pope et al. (2006) suggestdrcombination of
spectroscopic and photometric redshifts a median redshift of 2.0 for 8M&es in the HDF-
North region that they consider securely identified through rad®pitzercounterparts.

Our results suggest a modest extension of the Chapmah\et al. (208biftrddstribution
towards a larger high redshift tail, but the number statistics of our and otliegnt SMG
samples with redshifts is small. To investigate the significance of this differevecéave
run simple Monte-Carlo simulations to estimate the probability of obtaining by cleamzse
dian redshift> 2.79 for a 13 objects sample drawn randomly from a Chapman M(ZOOS)
redshift distribution. Using the distributions plotted in Fig. 4 of Chapman\eQéD%), this
probability is a low 0.3% drawing 13-objects samples from their optical SMGhiécdis-
tribution with overall median 2.2, and a still interesting 8% for drawing from thaggested
extrapolation to the overall SMG redshift distribution with median 2.3. The latempar-
ison is conservative in ignoring the fact that our sample with masitiyjo-interferometric
identifications is still biased against the very highest redshift objects.

In addition to these simple statistical comparisons, and perhaps more importestahe
be effects of field-to-field variations including spikes in the redshift distitim for the cur-
rent small area SMG surveﬂrs (Blain et al. 2004). A potemtiald redshift spike in the NDF
region observed with MAMBO b&/ Dannerbauer et al. (2004) from whigkee of our IRS
non-detections are drawn, for example, could emphasize the high z comtpooer small
sample. Likewise, the results of Pope etal. (2006) could have beamdnithe opposite di-
rection by being drawn from a single field. These constraints clearlyardilifther analyses
using larger samples from large and widely separated fields.
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z=2.3 z=2.79

Number
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Figure 3.2: Histogram showing the redshift distribution for our SMG gden(solid) and
for the submillimeter-flux-limited sample of Chapman et{ﬁDO?o) (cross-hatched), scaled
for the maximum value. The dotted linezat 2.3 indicates the median value obtained by
Chapman et al, (20@5) and the dashed line-at2.79 indicates the median of our sample
distribution. Our value is calculated assuming 3.6 for undetected sources.

3.5.2 SMGs have ULIRG-like SEDs and are largely starburst-powered

The rest frame mid-IR spectra of SMGs and their comparison to the faaitiopthe SEDs
hold interesting clues about their physical properties, energy soarmksadiation fields.
The average spectrum of the nine detected SMGs, individually scaledsartinerest wave-
length flux S22,m = 15mJy to give all sources equal weight (see Fig. 3.3), clearly shows
the PAH features at 6.2 and7{um but relatively weak continuum. The rest wavelength of
222um was chosen for this scaling because it is well constrained by obsersatioce it is
the rest frame wavelength for the SCUBA §80 flux at redshiftz= 2.8, about the median
redshift of the sample. Scaling by the rest frame far-IR emission is clogaliog by bolo-
metric flux, which is appropriate for interpreting the mid-IR diagnostics in/FigiBterms

of energy sources of a typical SMG without biasing towards star form&Rahri) or AGN
(continuum). For galaxies at different redshifts, the rest framgu&22ontinuum emission
was extrapolated from the SCUBA flux. For this step as well as in quantifyiadgoulk
properties of our targets, we assign luminosities and temperatures folloveiragimoach of
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\Chapman etal. (2005) who use the local FIR/radio relation (Helou\et&ﬂ)le assign FIR
SEDs to sources with known redshift, radio, and submm fluxes. Thetedidgr-IR SED
model is a grey body witls, 7 O k(v)By 1 with k(v) O vB andp = 1.5. We calculatedy for

our galaxies using two photometric points (850 and 14 GHz) and the relation found by
Chapman et al (2005)

1+z
(SBSOum/SlAGHz)O'26

with a proportionality constant of 6.29 (see Tab.|3.3). Infrared luminositiexalculated
as the integral between 8 and 1Q00 of the SED, assuming ACDM cosmology with
Ho = 70kms Mpc 1, Qu = 0.3 andQa = 0.7 (see Tah. 3/3). Like other SMGs, our sample
objects are inferred to be very luminous objettg (~ 101L ).

The spectrum of Fig. 3|3 provides a first and direct indication that ources are, on
average, starburst-like (see aJIso Madez-Delmestre et él. 2d07, for a similar conclusion
for several lower redshift SMGs). It can be seen as a superpositianM82-type PAH
spectrum and a weak additional continuum. Comparison with the spectra ofidbity
starburst-dominated local ULIRG population (see e.g. Fig. 1 in Lutz et 8B)Y18uggests
that SMGs are scaled up versions of these objects. A further prooisotdimes from a
comparison of the ratio of PAH features aBghm continua. Figure 3.4 shows the ratio
of peak flux density of the.7um PAH feature, after continuum subtraction, to the contin-
uum flux density at 22@m rest frame for all the detected sources of our sample and for 11
local ULIRGs with PAH emission and good FIR photometry. The ULIRG datee leen
taken from ISOPHOT-S observations (Rigopoulou et al. ﬁ999) andahiéncia from slight
extrapolations of the far-IR photometry of Klaas etMOOl), whichreldeo an observed
wavelength of 200m. The PAH-to-far-infrared ratios of our sources are fully consistent
with those of the local ULIRG population. These SED properties are ineaggat with
the conclusion, from spatially resolved mm interferometry, that SMGs are sitoilacal
ULIRGs suitably scaled for their larger masses, luminosities and star fornrat&s) as well
as their greater gas fractions (Tacconi et al. 2006).

Given this similarity of SMGs and local ULIRGs in the comparison between PAdfar-

IR parts of the SED, it is instructive to also compare the dust temperatures:f8.5 SMGs

with those of local galaxieé. Chapman et al. (2005) ifiter 36+ 7K for SMGs which can
be compared to local galaxies in two ways: (1) SMGs have colder dust tatupes than
local ULIRGs of the same luminosity (that means colder dust than so-callelRi®s). For

local HyLIRGs, Chapman et al. (2003b) fiffd ~ 42K atL ~ 101L. This could be due
to their difference in energy sources: local HyLIRGs seem predortiinAGN driven (e.g.

Tran et a”ml), while many SMGs of the same luminosity are starburstSM@&s have
similar dust temperatures to the bulk of the local ULIRG population which has hsities

just above 18L. For local ULIRGs, Chapman etal. (20d)3a) infRr~ 36K. This com-

parison is in line with other indications that SMGs are “scaled up” versiossdi ULIRGs

rather than direct analogs of local HyLIRGs.

T O (3.1)

47



3 SMGs: redshifts and other properties from mid-IR spectroscopy

1.5

E - -
g 1-0f -
=
2 ]
c p
(]
© J
% 0.5 -
L J
.................. M82j|'continuum-
o] T _~continuum
5 6 7 8 9 10

Rest wavelength[um]

Figure 3.3: Average IRS spectrum of all 9 detected SMGs, individualbled toS2om =
15mJy in the rest wavelength. Both thgm and the 77um PAH features are clearly
visible. The spectrum is well fitted by the starburst-likeespum of M82 plus a weak
continuum.

From the rest frame mid-IR spectra it is possible to evaluate the presemhtiesestrength

of a possible AGN contribution to the very large infrared luminosity of the SMf&&Ir sam-

le. Many SMGs show evidence of an AGN, from X-ray observationex@nder et al. 20@3,
2005a,b) or optical/near-IR spectra (é.g. vison et al. hJ998; Swineaak 2004l; Chapman etal.
). However, the most important question is not whether there aretalg@t2 AGN sig-
natures, but whether or not the AGN is a significant contributor to the luntynos the
galaxies. From our spectral decompositions, we can use the ratio of PAlhpeak and
local continuum as an indicator of the AGN and star formation contribution tbdtmmetric
luminosity. Following studies of local infrared galaxiés (Genzel Ht al. \1Mrent et al.
2000; Tran et al. 20 1), we adopt a feature to continuum ratio of 1 alsdider between
predominantly star formation and predominantly AGN pov@re‘ﬁhe fitted fluxes for the
7.7um PAH peak and local continuum are listed in Table 3.3.

20ur decomposition by template fit differs from the one used by Genzdl @), which interpolates be-
tween two points in the observed spectrum to define the continuum, in apprgavery high feature to
continuum values in the limit of almost pure star formation. The two methiveésvgry similar results in the
presence of significant AGN continuum
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Figure 3.4: Histogram showing the ratio of PAH 7um peak flux density and rest frame
222um continuum flux density for our SMG sample (solid) and fovelelocal ULIRGSs
(cross-hatched). In this measurement of the mid-to famietl SED, SMGs are very similar
to the local ULIRG population. However, they show a lowemathan the low luminosity
starburst M82. The M82 point is based on the PAH datadster Schreiber et al. (2003)
and the far-IR continuum of Colbert et al. (1999), obtainethrge and similar apertures.

In our sample, there is no trace of an AGN continuum in the adopted fits togh&ame
mid-IR spectrum for two sources (SMMJ09429659 and SMMJ105195723). Seven
sources (SMMJ002661708, SMMJ023990136, SMMJ0943%4700,
SMMJ105215719, MMJ15412% 6616, SMMJ163694057, SMMJ163744053) are well
fitted by a superposition of an AGN continuum and PAH features. We nati digat the
alternative fit by an obscured (AGN?) continuum cannot be firmly exaduddr one of these
(SMMJ00266-1708). Assuming that a feature to continuum ratio of 1 means similar bolo-
metric contribution from star formation and accretion, we conclude that, séthiee targets,
two are pure starbursts with at best very weak AGN, five have AGN withestodontri-
butions of the order 20%, and two (SMMJ0239®136, SMMJ094344700) have strong
AGN contributing slightly above half of the bolometric luminosity. We cannot tairs
the starburst or AGN nature of the four undetected sources that ahe dikhigh redshift,
apart from stating that their non-detection means absence of a strobgaumed hot AGN
continuum even for redshifts somewhat above 3.6. Our sample is small, seniissrea-
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sonable to expect that the full submillimeter population will show an even wateye of
AGN properties perhaps including less obscured, energetically donfa¥s. Egami et al.
(T2004) and lvison et al. (20b4) have used mid-IR photometry as a dséigrtool to put
limits on the AGN contribution to the infrared luminosity and agree that fewer ti%&a 2
of the SCUBA/MAMBO sources observed are AGN powered. From Kalservations,
Alexander et al. (2005b) found that, on average, the AGN contributienlange sample of
radio-detected SMGs was likely to be modest1(0%). This result assumes that SMGs do
not have a substantially larger dust-covering factor than optically selgo@shrs, and that
there is no significant number of fully Compton-thick AGNs that are hard tealéen X-rays.
Our finding of starbursts being prevalent in the mid-IR spectra extendssshist by show-
ing that SMGs typically do not contain such dominant X-ray obscured A®INs strong
mid-IR continuum re-emission. Obscured AGNs with strong mid-IR continuenficand in
Spitzemid-IR surveys (e.g. Mamez-Sansigre et al. 2005), but show only little overlap with
the SMG population (Lutz et al. 2065b). In general it seems that the AGhibation to the
infrared luminosity of most SMGs is small when compared to heating from atarattion
activity.

While the IRS spectra argue against dominant AGN being typical for Skh@g,can still
help to constrain the obscuration of the lesser AGN found, independevitaiher suffi-
cient photons are available for a detailed X-ray spectral ana‘ysis (Adixaet al. 2005b).
From comparison to X-ray data, we have argued in the discussion of tivedumal sources
for high X-ray obscuration of the two strongest AGN in our sample. #er2.8, a rest
frame 6um continuum of~ 0.1 mJy for the weaker AGN, and the relation of rest frame
2—10keV flux and um AGN continuum from Lutz et al. (2004), a rest frame-20keV
emission of 4x 10 %%erg s tcm~2 is expected for an unobscured AGN following this rela-
tion. This is in the sensitivity regime of current X-ray data in the corresjpgndbserved
frame band, and can constrain the obscuration of such “minor” AGN witltdlveat that
large samples are needed given the variations in intrinsic AGN SEDs andrtiesponding
significant scatter of the mid-IR/X-ray relation. We have u€édndraarchival X-ray data
to put limits on the observed frame33- 2keV emission of SMMJ002661708 (< 0.56 x
10 1%erg stem=2) and MMJ154127-6616 (< 0.16 x 10~1%). From XMM-Newtonobser-
vations of SMMJ105245719 in the same soft band, a value df®x 10 %erg s lcm 2 is
derived (Brunner et al., in prep.). These limits and fluxes imply that théresae 2— 10keV
emission is lower than the extrapolation from the mid-IR continuum to unobdetrays.
Noticeable X-ray obscuration may thus be found in many of the minor AGN in SM&
agreement with Alexander et al. (2005b).

Metallicity and dust-to-gas ratios in many high redshift galaxies are expexteslower
than at low redshift. Low metallicity systems show weaker mid-IR PAH emissiodsgng.
Engelbracht et al. 2005). In addition to differences in radiation fieldsjslprobably due to
the fact that these galaxies are young and thus may lack the carbong®ktars required to
form the PAH molecules. However, the enrichment will proceed once iatstias formation
activity is underway for a sufficient time, or if there has been precedimdstaation. This
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seems to be the case for SMGs. They show very clear PAH featurescassti their

intense starbursts. We can therefore assume that high metallicity is typitadfoopulation

of massive SMGs, consistent with the supersolar metallicity derived frdoalaileemission
for SMM14011 \(Tecza etal. 2004) and the roughly solar abundanct®e SMG sample
of\Swinbank et al.\ (2004). In fact, because of the intense star formatiermetallicity of

these systems should rapidly approach that of their likely present-degr#emnts: luminous
elliptical galaxies\(Swinbank et al. 2d04). These observations and émaso that SMGs
evolve to ellipticals are in full agreement with the fossil record that the formatidhe stars
of local ellipticals must have happened rapidly and at high redshift (Thanal, 2005).

3.6 Conclusions

We have presentespitzermid-IR spectra of a sample of 13 submillimeter galaxies. For nine
of them, we have unambiguous detections of PAH spectral features anididR continua
that allow us to constrain energy sources in these objects and to deternthregicases for
the first time, their redshifts.

The IRS detections alone have a median2.7. If the four IRS non-detections lie at sim-
ilar redshifts, their rest frame mid-IR obscurations would have to be evea extreme than
those of local ULIRGs. More plausibly, the four IRS non-detections lieiglter redshifts
(> 3.6), giving a mediarz ~ 2.8 for the full set of 13. Although our sample is small, this
result may indicate an extension to higher redshift of the SMG redshiftaliston relative
to radio-preselected samples with optical redshifts.

In the majority of cases, the detection of PAH emission and the weakness\bEa@inua
indicate that these galaxies are mainly starburst-powered. This resedisagith previous X-
ray, optical and SED studies that indicate only a small AGN contribution to thenhitosity
compared to heating from star-formation activity. Our work extends thieskes by also
constraining the role of highly obscured AGN.

The SED properties of our galaxies are in agreement with the SMGs beatedaap
versions of the compact star-forming regions in local ULIRGs.

The existence of star formation dominated systems at infrared luminositieséssegt
1013LO is unique to the high redshift universe. The presence of high luminosityustds in
SMGs may be related to their higher gas fractions (Greve et al. 20050ieetal. 2006).

Mid-IR spectroscopy with IRS, together with ancillary observations fragrofiitical through
radio wavelengths, can play a central role in understanding the natsuemillimeter galax-
ies and can be a powerful tool for probing the earliest and most drantagie sf the evolu-
tion of galaxies.

This work is based on observations made with$pétzer Space Telescqpehich is op-
erated by the Jet Propulsion Laboratory, California Institute of Teclgyplonder a contract
with NASA. We thank the referee for thorough and helpful comments. Titleoas want
to thank M.Brusa and V.Mainieri for help with X-ray data. E.V. would like to thdhe
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following people for helpful discussions and support during the wkRighi, F.Braglia,
L.Conversi.
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A backward evolution model for infrared

surveys

Abstract

Empirical “backward” galaxy evolution models for infrarédight galaxies are con-
strained using multi-band infrared surveys. We developeéva Monte-Carlo algo-
rithm for this task, implementing luminosity dependenttidlmition functions for the
galaxies’ far-IR SED and for the AGN contribution, allowifigr evolution of these
guantities. A local far-IR luminosity function is adopteddeevolved using power law
parametrizations for possible luminosity and density etiohs. By attaching an appro-
priate SED to every source predicted by the model, the dlgorénables simultaneous
comparisons with multiple surveys in a wide range of wavelsaihe adopted SEDs
take into account the contributions of both starbursts a@NAo theLtr, for the
first time in a coherent treatment rather than separate AGNstar-forming popula-
tions. The quantification of this contribution, varying lttr, is made locally using
a large sample of LIRGs and ULIRGs for which the mid-IR speeeire available in the
Spitzerarchive. The relation shows also significant changes athigtonstrained by
data from the literature, our best-fit model adopts a vemngtiuminosity evolution,
L = Lo(1+2)%4, up toz= 2 and a density evolutiorp = po(1+2), up toz= 1, for
the population of infrared galaxies. At highgrthe evolution rates drop && +2)~*
and (1+2)~1° respectively. In order to reproduce both number counts adshifts
distributions from mid-IR to submillimeter wavelengths,d necessary to introduce
both an evolution in the AGN contribution and an evolutiotialL — T relation: clues
of such evolutions have been already obtained in recenbpteitic and spectroscopic
studies of submillimeter galaxies.
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4 A backward evolution model for infrared surveys

4.1 Introduction

The discovery of the cosmic infrared background (CIB) ksee Hatigawek 2001 for a re-
view), together with recent deep cosmological surveys in the infraRddafid submillimeter
bands, has opened new perspectives on our understanding of faderation and evolu-
tion. The surprisingly high amount of energy contained in the CIB showedttis crucial
to probe its contributing galaxies to understand when and how the bulk sfistared in the
Universe. Thanks to the deep cosmological surveys carried out®yK8ssler et al. 19@6,
e.g. Aussel et al. 1999; Oliver et al. 2000), SCUBA (Holland et al9] %gl Huéhes etal.
1998), MAMBO kKreysa etal. 1998, e.g. Bertoldi et al. ZbOO) Spltzer(Werner et al.
\2004, e.g\. Papovich et al. 2004; Frayer et al. 2006) it is now possiblearious degrees,
to resolve the CIB into discrete sources. The source counts are high camepared to
no-evolution or moderate-evolution models for infrared galakies (Gudnhé et aI.\LSQS;
Franceschini et al. 19@8). The striking results of these surveysaoing the evolution of
the infrared and submillimeter galaxy population, and the constraints from tasumes of
the CIB, make necessary the development of new models to explain the tagti exolution
of infrared galaxies.

The problem of describing the number distribution of galaxies in the Uravisrsisu-
ally tackled via one of two methods. In the first method, known asféneard evolu-
tion approach, the evolution is computed assuming some initial conditions of thé phys
cal processes of chemical evolution and photometric evolution of the stelfarations
that heat the dust. The so-callsdmi-analyticalapproach combines these assumptions on
chemical/photometric evolution of galaxies with modeling considering dissipatdean-
dissipative processes affecting galaxy formation within dark matter Hlamq’Bet al. 20d6)
and has provided a reasonable fit to the source counts in the infranetb(Goni et al. 1998).
Arguably, theforward evolutionapproach has the advantage of being based on a more fun-
damental set of assumptions. However the obvious disadvantage is tae nargber of
free/unknown parameters assumed in these models. Compared to othiengths there is
one further complication for forward modelling of infrared surveys. reifeylobal proper-
ties of the evolving galaxies like star formation rate or AGN activity are ctlyrecodelled,
additional assumptions about the dust content and structure of the draesyo be invoked
to convert them into a prediction of the luminosity and spectral energy distibof the
re-emitted infrared radiation.

The alternative method, often callédckward evolutiorapproach, takes the observed,
present dayZ= 0) luminosity function (LF) and evolves it in luminosity and/or density back
out to higher redshifts assuming some parametrization of the evolution (argoRe& Rowan-Robinson
\199$; Xu et al. 2001). This method has the advantage of being both dindctelatively
simple to implement. The disadvantage in the past was that the information on which th
assumptions about evolution were made often came from IRAS or ISO dath etiended
out only to relatively low redshifts. Because of their simplicity, backwarlion models
have traditionally played a strong role in the planning of new infrared gsrv& backward

54



4.1 Introduction

evolution model fitting the main constraints provided by previous missions caaity
modified to predict the results of new missions and help in the first steps gfiietielg their
results. Thanks to the latest deep and comprehensive observatiotw®lgi® constrain the
backward evolutiomethodology to significantly higher redshifts are now available.

Very recently, several empirical approaches have been proposead®sl the high rate of
evolution of infrared galaxies, in particular to reproduce source cainie mid-IR surveys
made withSpitzer(e.g.\ Lagache et al. 2003, 2004; Gruppioni et al. ?005, Xu et alg200
Rowan-Robinson et al. 20b8Franceschini et al. 20@)3

The “classical” backward evolution model starts from different popuftatiof galaxies,
typically cirrus, starburst, active galactic nuclei (AGN) and ultraluminofiaied galaxies
(ULIRGS) (e.gJ Rowan-Robinson 2001), or a subset of those. Raphlation is assigned
a proper spectral energy distribution (SED) and a local luminosity funetimhevolved in-
dependently, assuming it has a proper cosmic evolution rate. This appoaased on
hypotheses not always satisfied. First of all, the SEDs adopted foustagalaxies usually
are either represented by a single SED or come from a set of templates avheique rela-
tion between temperature and luminosity is assumed. This aspect was aligadysdd by
\Chapman etal, (ZOOBb): analyzing a sample of local infrared galaxieg found that the
luminosity-temperature(— T) relation presents a significant spread and that some evolution
of the relation with redshift cannot be excluded. Second, and perhapsimportant, dif-
ferent populations of galaxies are not so distinct as assumed in the meeigisiften AGN
and starbursts co-exist in the same object, can be predominant atrditienes depending
of the evolution stage of the object itself and can influence each othe™N@N.feedback
on star formation).

Backward evolution models based on single SEDs or the simple SED familyagbpro
described above have been quite successful in fitting the number coamtghie IRAS and
ISO missions, the first submillimeter counts, the global CIB level, and for mdkistpre-
dictions forSpitzerandHerschel The number and quality of observed constraints is increas-
ing, however, and already the fifSpitzerresults have led to on the spot modifications (c.f.
the modified SEDs adopted by Lagache et al. 2004) that may either repteseimproved
knowledge or reflect our reaching the limitations of the simple assumptions madeuysly.
Furthermore, questions gaining increased importance, like the co-exdstEAGN and star-
formation in infrared galaxies, cannot be addressed by this generétioodels, not even in
the simple sense of fitting existing data and extrapolating to new observatioisittieerent
to the backward evolution approach. The goal of this work is hence tdhakeext step and
develop a backward evolution model that considers realistic spreadsinirired SEDs, in
AGN contributions at different luminosities, and their possible evolution witisinét. To
that end, we first have to describe the local situation that is the startinggidire backward
evolution scenario.

Luminous (LIRGs: 18 < Ltir = Lg_100qm < 10*?L;) and ultraluminous (ULIRGS:

lin preparation
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Ltir > 10'2L..) infrared galaxies (Sanders et al. 1988) have been studied exibrisithe
local Universe, for instance with tHefrared Astronomical SatellitdRAS; e.g. Soifer et al.
1987; Saunders et MQO), thdrared Space ObservatorflSO; e.g. Lutz et §I®8;
Genzel & Cesarsﬂg& ZOOb; Tran et al. 2b01), and more recently, wittnfr@red Spectro-

raph (IRS; Houck et al. 2064) on board Sbitzer(e.g.\ Weedman et al. 2005; Brand| et al.
é&)%; Armus et al. 2007; Desai et al. 2007). These galaxies exhihige tange of proper-
ties in the mid-IR, some showing strong PAH emission features characterigtiovefful (up
to ~ 1000M.yr—1) star formation rates (e.b. Brand! et al. 2006; Smith et al. 2007), and all
exhibiting a large range in Bum silicate absorption or emission strengths (e.g. Weedman et al.
M; Desai et al.—ZOQOJV; Imanishi et al. 20073 pitzerIRS is now enabling the study of
mid-IR spectra of infrared galaxies to much higher redsh#tg @; Valiante et al. 2007 or
Chapter 8). Although locally rare, infrared galaxies become an imporamilation at high
redshifts and account for an increasing fraction of the star-formatitwitst in the universe
(Le Floc'h et al. 2005). By studying their infrared properties, we asé$tarting to estimate
the extent to which AGN and star-formation contribute to their infrared luminssitad
therefore determine a correct census of starbursts and AGN atepottte Universe when
their luminosity density was at its maximum.

The local luminosity function of IR-bright galaxies can be described idenisg two
different populations: normal galaxies, dominating the “low-luminosity” mdrtF, and
starburst galaxies, dominant in the “high-luminosity” part. The AGN contidnuappears
dominant only at very high luminosityL{ir > 2 x 10*?L.). Nevertheless, a small frac-
tion of the total infrared luminosity can be due to the presence of an actiaetiganucleus
even in star formation dominated cases, and vice versa (Genzdl et 8). Tere are sev-
eral studies of the AGN content for luminous galaxies at ULIRG and HY&[Ryperlumi-
nous infrared galaxied,rir > 10*3L.) levels, both using X-ra;} (Franceschini et al. 2003;
Teng et al. 20 5) and mid-IR (e.\g. Genzel etal. 1998; Lutz et al. 1968 et al. 20d1)
emission, and it is generally believed that AGN are typically less important atrlaw
frared luminosities. Still missing is a comprehensive study including lower lumingsitie
(< 10*L.), with the aim of quantifying the distribution of AGN luminosity respect to the
infrared luminosity of the host and the fraction of infrared luminosity due toeton. Such
a study is made in the following section (Sgé.2).

This chapter is organized as follows: in the first p§(2), starting from an IRAS-based
sample of LIRGs and ULIRGs observed with IRS, we derive local digiobufunctions
for the AGN contribution at different infrared luminosities. Using a small deropdistant
galaxies, we also try to explore this relation at highdn the second part@.3), we present
a new model whose originality is to consider a single population of infrar&akigs, with
a single local luminosity function. An SED including the contribution due to statbuand
AGN is associated to each source, according with the relations derived firghpart for
local and distant objects. This model, besides reproducing existingesoaunts, redshift
distributions and CIB intensity, is also able for the first time to quantify the caritaib due
to starbursts and/or AGN to the total infrared luminosity and how this contribetioives
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for different classes of luminosity.

4.2 The AGN contribution in local ULIRGs and LIRGs

In order to be useful for the backward modelling project outlined abavecal calibration
of the distribution of AGN contributions at given infrared luminosity has t@hefiom the
highest luminosities down to at least the low end of the LIRG regimé!(1). Given the
evidence for the major contribution of objects above this luminosity thresholdet€itB
and to the cosmic star formation ratezat 1 (e.g.\ Elbaz et al. 2002;8Pez-Gonalez et al.
M), covering this luminosity range is essential. Historically, many of tlezertes cited
above have focussed on the ULIRS (0%L.) regime and even its upper end where the
AGN contribution is highest, while studies at lower luminosities mostly focussealdrid-
ual interesting objects. What is needed is a quantification of AGN conteminfonbiased
far-IR selected sample reaching down td410,. Of the two principle routes towards this
observational goal, X-ray observations and mid-IR spectroscopmake use of the second
for two reasons. First, there is not yet a full unbiased and deep Xataset for such a sam-
ple available. There are XMM and Chandra data of depth required fudt ¥eray spectral
analysis for many local LIRGs/ULIRGs, but still with a tendency to targeitkm AGN. Sec-
ond, since the implicit goal of our modelling effort is to characterize the AGéteon the
infrared SED, mid-IR data can provide useful constraints quite direcéiy @xkhen adopting
simple analysis methods, while evidence from other wavelengths would hgeetbhoough
a conversion to the mid-IR range, or even in two steps via the AGN bolometriermpaw
process that will be subject to the considerable scatter of AGN SEDslE®g4.2.2).

Our basic approach is to determine the distribution of AGN contributions fai IARGs
and ULIRGs from the IRAS Revised Bright Galaxy Samble (Sanders\éﬁﬁé) for which
archival Spitzer spectroscopic coverage is essentially complete. Vige adomple quantifi-
cation of the AGN contribution from the rest framgré continuum which, while not making
use of the full detail of the best S/N spectra, is applicable to the entire sangphdlaws for
straightforward use in the later modelling. We also compare to X-ray resulpafoof the
sample.

In mid-IR spectra of AGN, the gm flux after subtraction of the starbursts contribu-
tion (fsacn), is related to the nuclear activity, as indicated by the intrinsic hard X-ray flu
dLutz et al. 2004). Hard X-rays, unless extremely obscured in fully Gomghick objects,
can provide a direct view to the central activity, while the infrared contimisuidue to AGN
emission reprocessed by dust, either in the torus or on somewhat laags. sthe mid-IR
continuum has the advantages of showing no significant differenteséetype 1 and type
2 AGN and of being a good tracer of nuclear activity even in those cakesevinard X-rays
are strongly absorbed. Low resolution mid-IR spectra of galaxies cale@@mposed into
three componentE (Laurent et al. 2000): a component dominated bythati “PAH” fea-
tures arising from photodissociation regions or from the diffuse interstelédium of the
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Figure 4.1: Total infrared luminosity distribution of the galaxies afrassample, including
galaxies from RBGS catalob (Sanders etal. ?003) and sofroresTran et al. (2061).

host, a continuum rising steeply toward wavelengths beyonanl@ue to HIl regions and a
typically flatter thermal AGN dust continuum present in active galaxies.

In the range covered by the low resolution modules of IRS (SL1 and 3$b#&) 45 to
~14pum as described in Houck et al. 2004), the AGN emission is most easily isoladed sh
wards of the complex of aromatic emission features (Laurent et al, 20eDYetermine the
continuum at @um rest wavelength and eliminate non-AGN emission by subtracting a star
formation template scaled with the strength of the aromatic “PAH” features afisingthe
host or from circumnuclear star formation. This method does not requsestitally resolve
the AGN from the host and, thanks to the high sensitivity of IRS, allows alsal¢hection
of aweak AGN in the presence of strong star formation in many nearbyigalax

4.2.1 Sample selection and data reduction

The starting point for this study is the IRAS Revised Bright Galaxy Samplég&Ba com-
plete flux-limited survey of all extragalactic objects with80 flux fgo > 5.24 Jy (Sanders et al.
). The galaxies withtigr > 10 L, were selected from this sample and the mid-IR IRS
data were obtained from th®pitzerarchive for all of the them, with the exception of 6
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Figure 4.2: Examples for the decomposition used to isolate the AGN nanth. Top
panels SpitzerIRS low resolution spectra of four representative galaxiBsttom pan-
els Cutout of the region around theZum PAH feature. Top continuous line = observed

spectrum. Top dotted line = fit by the sum of the M82 spectruchatinear AGN contin-
uum. Bottom dotted line = fitted AGN continuum. Bottom contius line = difference of

observed spectrum and fitted PAH component. The thick \aitice indicatesfgacn.
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sources that were not yet observed or for which there were nowatigen programs at all.
Most of our observations have been obtained within the observatioogigm PID 30323
(PI L.Armus)

Because of the limit in flux, this sample misses the most luminous infrared galaxies¢h
rare in the local universe. In fact, it does not include any galaxy Wwith10'25L ., excluding
all HYLIRGs, for example, from the analysis. In order to enlarge ongeain luminosity, in
particular including representatives of the most luminous tail of the locakgalapulation,
we added 14 galaxies from the sample of 16 by Tran etal. (2001). Tdeegalaxies were
selected from surveys at different limits figo and with a preference for high-luminosity
targets. They do not introduce any bias in mid-IR spectral propertiesGdt dontent. In
particular, no AGN-related IRAS color criteria, like tHes/ fgo ratio, were applied in the
selection.

The total sample includes 211 sources spanning a luminosity radg@40 g < 101%8L
(see Figl 4.1 and Tab. 4.1).

We reduced the data as follows. We subtracted, for each cycle, the thympsdions of the
pipeline 15.3.0 basic calibrated data frames. In the difference just caltuheaeplaced de-
viant pixels by values representative of their spectral neighborhdddsubtracted residual
wavelength dependent background, measured in source-freaseatfithe two dimensional
difference spectra. In averaging all the cycles of the 2-dimensiotasiied frames, we
excluded values more than three times the local noise away from the meanalititated
1-dimensional spectra for the positive and the negative beams weretegtand the two
1-dimensional spectra averaged in order to obtain the final spectrung t&@nSMART
analysis package (Higdon et al. 2004).

We derivefgagn by a decomposition over a range fronspm to 6.85um rest wavelength.
We fit the spectrum by the superposition of a star formation component di@dibg the
6.2um PAH feature (M82 spectrum !by Sturm et al. 2\000) and a simple linear @ppabon
of the AGN continuum. Fid. 4.2 shows the decomposition of the spectrum focas with
different nature: NGC1614 is a pure starburst, NGC1365 is classsiedSeyfert 1.8 from
its optical spectrum, has a Compton-thin AGN observed in the X-ray emigsisalﬁRet al.
2000) but shows also PAH features in the mid-IR spectrum, MCG-03634h@s a typical
AGN-dominated mid-IR spectrum and the galaxy pair NGC3690/IC694 (@9p5 classi-
fied as Compton-thick AGN from its X-ray spectru\m (Della Ceca etal. 2860a)its mid-IR
spectrum reveals that the nuclear activity is quite high but coincident wahgstar forma-
tion.

The results of the fit procedure afgign, represented in Fig. 4.2 by the thick vertical line,
and Fs‘zpeaksg an average flux density of the PAH component over the rest waveleagle
6.1 to 6.35um (see Tab. 4/1). The spectrum of M82 is well suited for this decompositibn b
represents just a single object that may not be fully representativeafdiosming objects in
general. In order to take into account the dispersion among star-forrhjegts in relative
importance of all the components of the model of Laurent et al. f2000)aprpdy to the
results of our fit the correction calculated \by Lutz et al. (2004). Thisexbion is derived
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from applying the same M82-based decomposition to a small sample of 1lostang
objects. The valuedsacn Used for the further analysis (see Tab./4.1) are obtained after
subtracting (D96 x fo. 2peakseffom the direct fit resultdsagn. Error estimates fofgagy are

the quadratic sum of two components. The first is a measurement ereat dasndividual
pixel noise derived from the dispersion in the difference of obsenvatial fit. The second

is 0.085x fe_zpeaksg thus considering the dispersion in the properties of the comparison star
forming galaxies.
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Table 4.1. Full sample of infrared galaxies: results of the fit and coaddgign fluxes

Name z log(LTir) feacN f6.2peakss fencN
Lo mJy mJy mJy
Sources from RBGS catalog (Sanders et al. Q003)

NGC0023 0.015 11.05 1319.0 132.#1.8 <23.8
NGC0034 0.020 11.44 4818.1 182.2t5.7 <62.9
MCG-02-01-051/2  0.027 11.41 6t8.8 116.4£1.5 <19.9
ES0O350-1G038 0.021 11.22 5%8.5 46.2+0.8 53.4+4.0
NGC0232 0.020 11.30 20481.5 144 .42.6 <314
MCG+12-02-001 0.016 11.44 2037 284.2£3.2 <48.4
NGC0317B 0.018 11.11 148.7  121.4-1.3 <23.6
IC1623A/B 0.020 11.65 19642.5 358.2£4.5 162.6:30.5
MCG-03-04-014 0.035 11.63 8.7 141.8t1.3 <24.1
ES0244-G012 0.023 11.39 126.3 201.4:2.3 <34.3
CGCG436-030 0.031 11.63 3%8.6 96.5:1.1 26.5:8.2
ES0O353-G020 0.016 11.00 26:2.1 132.5£2.0 <30.1
ES0O297-G011/012  0.017 11.09 1601 182.5:2.0 <31.1
IRASF01364-1042  0.048 11.76 4.0.2 16.20.4 <5.2
11Zw035 0.028 11.56 2101 8.10.2 <27
NGCO0695 0.033 11.63 5490.5 79.0:0.9 <13.5
UGC01385 0.019 10.99 0.7 96.8:1.3 <16.5
NGCO0828 0.018 11.31 1H43.1 159.9:2.0 <29.2
NGC0838 0.013 11.00 5461.5 210.8:2.7 <36.0
1C0214 0.030 11.37 3:00.5 67.8:0.8 <11.6
NGCO0877 0.013 11.04 340.1 4.3t0.2 3.3:0.4
uGC01845 0.016 11.07 2512.0 230.6:3.6 <42.5
NGC0958 0.020 11.17 540.1 6.4:0.2 4.4+-0.6
NGC0992 0.014 11.02 5401.0 161.#1.9 <27.6
NGC1068 0.003 11.27 1049330.6 120.5-55.8 10482.832.3
UGC02238 0.021 11.26 16H4.4 210.8:2.5 <35.9
IRASF02437+2122 0.023 11.11 18.68.4 26.4:0.6 15.8:2.3
UGC02369 0.031 11.60 HD.6 80.5+1.1 <15.3
UGC02608 0.023 11.35 6Aa.1 72.4:1.9 60.0t6.3
NGC1275 0.018 11.20 120iD.8 5415 119.40.9
IRASF03217+4022 0.023 11.28 12:0.9 79.3:1.6 <18.9
NGC1365 0.005 11.00 22H8.7 144 °#3.1 213.912.4
IRASF03359+1523 0.035 11.47 0.1 3.A40.2 <0.7
CGCG465-012 0.022 11.15 6:8.5 71.6:0.9 <12.2
IRAS03582+6012 0.030 11.37 18%1.5 10.5£2.7 188.41.7
UGC02982 0.017 11.13 64#D.8 113.81.4 <194
ES0420-G013 0.012 11.02 86:4.1 177.8£1.9 69.5-15.2
NGC1572 0.020 11.24 1846).6 84.741.1 <24.9
IRAS04271+3849 0.019 11.06 *B.7 125.5:1.3 <214
NGC1614 0.016 11.60 2449 331.6:5.3 <56.7
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Table 4.1
Name z log(Ltir) fencn f6.2peaksB feacn
Lo mJy mJy mJy
UGCO03094 0.025 11.35 2HD.5 80.3:0.9 <27.2
ES0O203-1G001 0.053 11.79 129.4 2.8t0.8 12.6:0.5
MCG-05-12-006 0.019 11.12 13t9.5 85.5+0.8 <20.3
NGC1797 0.015 11.00 1248.9 145.3:-1.7 <24.8
CGCG468-002 0.017 11.10 41:0.6 76.2:1.0 33.86.5
VIIZw031 0.054 11.94 8.50.7 123.6:1.2 <21.0
IRAS05083+2441 0.023 11.21 5:0.9 165.8-1.7 <28.2
IRAS05129+5128 0.027 11.36 11+0.4 82.10.8 <17.5
IRASF05187-1017 0.028 11.23 6:P.3 31.3t0.6 <8.5
IRASF05189-2524  0.043 12.11 2048.9 36.6:1.6 201.3:3.2
IRAS05223+1908 0.030 11.59 36748.1 11.42.0 366.A41.5
NGC1961 0.013 11.02 8460.3 8.8:0.6 7.8:0.8
MCG+08-11-002 0.019 11.41 26:3.1 165.4:2.0 <38.6
UGC03351 0.015 11.22 22£9.9 126.#1.6 <31.8
IRAS05442+1732 0.019 11.25 130Q.5 194.#2.7 <33.2
UGC03410 0.013 11.04 5i0.5 66.10.8 <11.3
IRASF06076-2139  0.037 11.59 *0.3 26.6:0.5 7.12.3
NGC2146 0.003 11.07 4546.2 881.1#11.3 <150.3
ES0O255-1G007 0.039 11.84 1#171.3 214.5-2.4 <36.6
ESO557-G002 0.021 11.19 58.3 49.2+0.6 <9.0
UGC3608 0.022 11.30 840.4 59.10.7 <12.4
IRASF06592-6313  0.023 11.17 11%0.5 64.8:0.9 <16.5
AMO0702-601 0.031 11.58 10040.4 22.5:0.8 98.0:2.0
NGC2342 0.018 11.25 5i680.4 67.5:0.8 <115
NGC2369 0.011 11.10 30:.4 166.9-2.6 <425
IRAS07251-0248 0.088 12.32 16:4.1 4. H2.1 15.9:1.2
NGC2388 0.014 11.23 22401 168.3:2.1 <34.5
MCG+02-20-003 0.016 11.08 534.7 74.#3.0 46.2t6.6
IRASF08339+6517 0.019 11.05 20.8 92.0:1.4 <15.7
NGC2623 0.018 11.54 2243.8 86.2-1.4 <28.8
IRAS08355-4944 0.026 11.56 780.6 100.2-1.1 69.185
ES0432-1G006 0.016 11.02 1&1.0 135.5:1.8 <28.8
ESO60-1G016 0.046 11.76 56:0.6 35.3t1.1 53.0t3.1
IRASF08572+3915 0.058 12.10 29%38.9 10.8t5.4 290.5:3.0
IRAS09022-3615 0.060 12.26 83P.5 76.3:t0.9  75.9:6.5
IRASF09111-1007 0.054 12.00 58.3 35.3:0.5 <8.4
uGCo04881 0.040 11.69 HD.3 62.3t0.6 <13.6
UGC05101 0.039 11.95 46471.0 66.9-1.6 40.3:5.8
MCG+08-18-013 0.026 11.28 0.1 1.5:0.2 <0.3
1C0563/4 0.020 11.19 6:00.4 54.6:0.8 <10.0
NGC3110 0.017 11.31 940.7 123.5:1.3 <21.0
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Table 4.1
Name z log(LTir) fencn f6.2peakss feacN
Lo mJy mJy mJy
IC2545 0.034 11.73 31146.2 30.6:11.3 308.86.7
IRASF10173+0828 0.049 11.80 2:0.1 6.0+0.2 1.5-0.5
NGC3221 0.013 11.00 049.2 34.8:0.4 <5.9
NGC3256 0.009 11.56 66413.1 581.#5.7 <109.3
ESO264-G036 0.023 11.35 16:6.0 38.3t1.7 6.9+3.4
IRASF10565+2448 0.043 12.02 16:6.6 108.9:1.1 <24.7
ES0O264-G057 0.017 11.08 #8.5 76.4:0.9 <13.0
MCG+07-23-019 0.035 11.61 0t0.1 8.#0.2 <15
CGCGO011-076 0.025 11.37 29:9.8 102.8:1.4 20.0+8.8
IC2810 0.034 11.59 5:00.3 43.2:0.5 <9.1
ES0319-G022 0.016 11.04 %0.3 31.4:0.5 6.4:£2.7
NGC3690/IC694 0.011 11.88 40946.6 519.4£10.2 359.144.5
ES0O320-G030 0.011 11.10 24:1.2 150.1-2.2 <35.3
ES0440-1G058 0.023 11.36 16:8.8 123.8:1.4 <211
IRASF12112+0305 0.073 12.28 4.6.4 29.7#0.6 <6.9
ESO267-G030 0.018 11.19 14:0.7 90.4£1.4 <20.9
NGC4194 0.009 11.06 5043.1 366.2-5.7 <77.6
IRAS12116-5615 0.027 11.59 42:8.8 135.6:1.5 29.3t11.6
IRASF12224-0624 0.026 11.27 6:0.3 1.5+0.5 6.10.3
NGC4418 0.007 11.08 2021321 44.:22.0 198.%12.7
UGC08058 0.042 12.51 670t2.8 43.1#5.1 665.9%44.6
NGC4922 0.024 11.32 4318).5 42.10.9 39.6:3.6
CGCG043-099 0.037 11.62 *B.4 77.40.8 <15.1
MCG-02-33-098/9 0.016 11.11 12:0.9 135.#1.7 <23.1
ESO507-G070 0.022 11.49 13.6.7 89.4:1.3 <20.3
IRAS13052-5711 0.021 11.34 @0.4 72.0t0.7 <125
NGC5010 0.021 11.50 2H2A.6 65.9:8.2 22.9+7.2
IRAS13120-5453 0.031 12.26 45:3.4 200.6:2.5 <60.2
1C0860 0.013 11.17 6:40.2 20.6:0.4 4.4+-1.8
VV250a 0.031 11.74 1441.1 144.6:2.0 <24.9
uGC08387 0.023 11.67 199).9 177.2-1.6 <32.7
NGC5104 0.019 11.20 1640.8 98.11.5 <23.4
MCG-03-34-064 0.017 11.24 2110.3 7.0t2.4 210.314
NGC5135 0.014 11.17 331818 149.9:3.2 <45.1
ESO173-G015 0.010 11.34 62:2.6 302.2:4.7 <85.0
1IC4280 0.016 11.08 6:50.5 57.5:0.9 <10.8
NGC5256 0.028 11.49 144D0.5 109.6:1.0 <22.1
NGC5257/8 0.023 11.55 5:3.3 39.4+0.6 <8.2
UGC08696 0.038 12.14 5211.8 57.#2.8 46.6:5.2
UGC08739 0.017 11.08 HA.5 49.40.9 <135
ES0221-1G010 0.010 11.17 ‘D9 114.2:1.6 <19.5
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Table 4.1
Name z  log(Lrir)  feaon f6.opeakss feacn
Lo mJy mJy mJy
NGC5331 0.033 11.59 6440.4 68.5+0.7 <11.7
NGC5394/5 0.012 11.00 143.2 123.4£2.2 <23.6
CGCG247-020 0.026 11.32 1&:8.5 82.2:0.9 <16.4
NGC5653 0.012 11.06 74#40.5 63.9:0.9 <12.2

IRASF14348-1447 0.082 12.30 0.4 22.9:0.6 5.2:2.0
IRASF14378-3651 0.068 12.15 6:0.4 24.9:0.7 <8.0

NGC5734 0.014 11.06 1248.6 58.8:1.0 <17.2
VV340a 0.033 11.67 13:40.6 93.9:1.2 <20.4
VV705 0.041 11.89 1203 14.5£0.5 <3.0
ES0099-G004 0.029 11.67 13:68.5 101.A0.9 <22.9
IRASF15250+3608 0.055 12.02 35%:8.5 12.2t4.0 34.4:2.7
NGC5936 0.013 11.07 148.9 126.5%1.7 <21.6
UGC09913 0.018 12.21 4441.9 102.6:3.0 34.9:8.9
NGC5990 0.013 11.06 9HD.5 76.3:0.9 89.9t6.5
NGC6052 0.016 11.02 3460.9 60.6:1.7 <10.5
NGC6090 0.030 11.51 140.4 47.3:0.8 <8.1
IRASF16164-0746 0.027 11.55 1%3.2 94.#3.9 <24.9
CGCG052-037 0.024 11.38 1&6.7 134.¢:1.3 <22.8
NGC6156 0.011 11.07 1640.3 37.6£0.6  12.4:3.2
ESO069-1G006 0.046 11.92 124.4 168.6:2.6 <28.8
IRASF16399-0937 0.027 11.56 13:6.4 40.6:0.7 9.A3.4
ES0453-G005 0.021 11.29 36.2 20.2:0.3 <56.1
NGC6240 0.024 11.85 7THB.5 167.4:6.5 57.4:14.7
IRASF16516-0948 0.023 11.24 0.3 49.7#0.6 <8.5
NGC6286 0.019 11.32 143.6 104.31.1 <22.1

IRASF17132+5313 0.051 11.89 0.2 23.10.4 <4.8
IRASF17138-1017 0.017 11.42 59.9 59.4:1.7 <10.5
IRASF17207-0014 0.043 12.39 1%6.1 103.21.7 <27.4

ESO138-G027 0.021 11.34 120.4 70.5:£0.7 <17.4
UGC11041 0.016 11.04 8.6 82.6t1.1 <14.3
CGCG141-034 0.020 11.13 126.5 72.6:0.8 <17.9
IRAS17578-0400 0.013 11.35 89.7 111.%13 <19.1
IRAS18090+0130 0.029 11.58 &5.6 103.51.0 <17.6
NGC6621 0.021 11.23 8490.6 75.8:1.2 <14.6
CGCG142-034 0.019 1111 0.4 50.4:0.7 <13.4
IRASF18293-3413 0.018 11.81 4%2.8 507.#5.1 <86.5
NGC6670A/B 0.029 11.60 9#60.6 125.¢t1.1 <21.3
1IC4734 0.016 11.30 20420.8 111.&1.5 <28.5
NGC6701 0.013 11.05 1649.0 122.11.7 <26.0
ES0593-1G008 0.049 11.87 #D.5 69.5:0.9 <12.3

NGC6786/UGC11415 0.025 11.43 220.7 94.11.3 <29.1
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Table 4.1
Name z  log(Ltir) fercN f6.2peaksB feagN
Lo mJy mJy mJy
IRASF19297-0406 0.086 12.37 7#0.4 29.4:0.8 <9.9
IRAS19542+1110 0.065 12.04 11%0.4 18.3:0.7 9.3t1.6
ES0339-G011 0.019 11.12 28.8.6 52.3t1.0 23.5:4.5
NGC6907 0.011 11.03 749.6 73.6:1.0 <13.0
MCG+04-48-002 0.014 11.06 22.4.0 158.@:1.8 <34.4
NGC6926 0.020 11.26 5430.1 4.0£0.2 4.9-0.4
IRAS20351+2521 0.034 11.54 5:0.5 62.6:1.0 <10.7
CGCG448-020 0.036 11.87 2&:P.5 61.740.8 14.3t5.3
ES0286-1G019 0.043 12.00 39%53.0 23.1+1.8 37.3t2.2
ES0286-G035 0.017 11.13 &0.8 138.4:1.5 <23.6
IRAS21101+5810 0.039 11.75 5:6.3 48.9£0.5 <9.2
ES0343-1G013 0.019 11.07 129.5 91.6t1.0 <19.7
NGC7130 0.016 11.35 334.5 67.1+1.0 27.0t5.7
ESO467-G027 0.018 11.02 38.3 41.0£0.5 <7.0
ES0602-G025 0.025 11.27 2%0.7 140.6:1.2 <40.3
UGC12150 0.021 11.29 14®.8 109.A41.5 <25.7
ES0239-1G002 0.043 11.78 1&P.3 39.6:0.5 <13.2
IRASF22491-1808 0.077 12.11 3B.2 16.10.3 <4.5
NGC7469 0.016 11.59 17H8.9 261.1%3.5 146.7422.3
CGCG453-062 0.025 11.31 6:0.3 48.4£0.5 <9.6
ES0148-1G002 0.045 12.00 24:0.4 58.0t0.7 19.14.9
NGC7552 0.005 11.03 11438.5 564.4:6.3 <156.9
1C5298 0.027 11.54 4441.7 40.8:3.1 40.2£3.9
NGC7591 0.017 11.05 1240.5 56.9+0.8 <16.5
NGC7592 0.024 11.33 28HD.6 126.1%+1.2 <37.8
ESO077-1G014 0.042 11.70 11%P.6 70.3:1.0 <16.5
NGC7674 0.029 11.50 138183.2 16.G:2.1 137.:1.8
NGC7679 0.017 11.05 1361.2 145.12.1 <24.8
IRASF23365+3604 0.064 12.13 5.0.3 17.6:0.5 3.5t£1.5
MCG-01-60-022 0.023 11.21 5£9.5 75.2:0.8 <12.8
IRAS23436+5257 0.034 11.51 11#0.3 35.1%#0.5 8.0t3.0
NGC7752/3 0.017 11.01 530.4 55.8:0.7 <9.5
NGC7771 0.014 11.34 1481.0 120.21.8 <26.8
MRKO0331 0.018 11.41 22815 275.32.7 <46.9

Sources fro@m)
IRASF00183-7111  0.327 12.77 45:0.6 2412 44.9+0.6
IRAS00188-0856 0.129 12.31 1%8.3 7.3t0.5 11.1#0.7
IRAS00275-2859 0.279 12.46 35%8.1 3.8:0.2 35.4:0.3
IRAS00406-3127 0.342 12.64 1%6.3 1.2£0.6 11.5:0.3
IRAS02113-2937 0.194 12.29 D1 8.10.2 <2.3
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Table 4.1
Name z log(Ltr)  feaon  fezpeakse  feacn
Lo mJy mJy mJy

IRASF02115+0226  0.400 12.48 ¥P.1 2801 1.0:0.2
IRASF02455-2220  0.296 12.57 8.1 2.5:0.2 1.6:0.2
IRAS03000-2719 0.221 12.41 2D.1 5.5£0.2 2.2£0.5
IRAS03538-6432 0.310 12.65 89.2 4.9t0.3 8.4t0.5
IRAS03521+0028 0.152 12.46 0.1 6.A40.2 1.5-0.6
IRAS04384-4848 0.213 12.32 38.3 5105 3.3t05
IRAS17463+5806 0.309 12.48 2D.1 2.A40.1 1.9:0.3
IRAS18030+0705 0.146 12.18 @&b.1 15.8:0.2 <2.7

IRASF23529-2119  0.430 12.55 8&9.1 1.1#0.2 8.8:0.1

4.2.2 Comparison to X-ray measurements

While we use the mid-IR continuum to quantify the AGN contribution, it is instrectw
compare to X-ray data for part of our sample where such data are deai&bfar, the cor-
relation between mid-IR continuum and X-ray emission was demonstratedarrgyferts
and QSOS\ (Lutz et al. 2004; Horst et al. 2b08) rather than IR-selealedies. ULIRGS
show often the simultaneous presence of active star formation and AGQNinkiple, the
contribution at mid-IR wavelengths that is due to the star formation should fioeirce
the relation between the X-rays intrinsic emission digukn, since the & um PAH feature
has been subtracted before measuring the latter. Anyway, beformiagsthat fsgacn is @
good AGN quantifier, we test if the correlation between the AGN luminosity amdnild-IR
continuum emission derived by Lutz et al. (2b04) holds also for our sample

We check the correlation for all the sources with X-ray data. Tab. 4. @stlioe results
of our fit of the Gum luminosity (gacn) for the 28 galaxies for which X-ray observations
are available in the literature. Fig. 4.3 compares mid-IR and X-ray luminositigsmea-
surements and limits for infrared galaxies are consistent with the mean rataisgpsision
found b)} Lutz et al. (2004) for Seyferts and QSOs, represented blidlgeam by continuous
and dotted lines. The only clear exception is the source IRASF15258+36fresents an
absorbed mid-IR spectrum, likely indicating an obscured AGN, and diftemectral decom-
position methods, as shown both in Fig. 4.4 and in Nardini et al. (2008 eapat an AGN
should give the main contribution to the mid-infrared emission. Neverthelesséak X-ray
emission is interpreted as due to starburst (Franceschini et al. 2003paeviidence for
absorption. Overall, these findings suggest that the X-ray emissionPASHR5250+3608 is
dominated by host star formation while a strong AGN seen in the mid-IR is toauodsto
even show tracers like reflected emission in the X-ray spectrum. The diafyres not show
the 8 sources classified as Compton-thick from the X-ray spectrum éed P) because of
the impossibility to derive a reliable absorption corrected X-ray flux in socinces. Three
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Table 4.2. Galaxies with X-ray observations

Name z log(Ltir)  log(vleacn)  log(Lux)* Note&
Lo ergs?t ergs?t

IRAS00188-0856 0.129 12.31 44.3 >41.9  SB/Compton-thick AGN
NGC1068 0.003 11.27 44.1 >40.9 Compton-thick AGN
NGC1275 0.018 11.20 43.6 438 AGN
NGC1365 0.005 11.00 42.8 426 AGN
IRAS03521+0028  0.152 12.46 >43.9 >41.3  SB/Compton-thick AGN
NGC1614 0.016 11.60 >43.3 >41.8 Compton-thick AGN
IRASF05189-2524  0.043 12.11 44.6 433 AGN
UGC05101 0.039 11.95 43.8 483 AGN
NGC3256 0.009 11.56 >43.1 41.2 SB
NGC3690/IC694 0.011 11.88 43.6 >41.5° Compton-thick AGN
IRASF12112+0305 0.073 12.28 >43.7 41.6 SB
UGC08058 0.042 12.51 45.1 44,0 AGN
MCG-03-34-064 0.017 11.24 43.8 49.4 AGN
NGC5135 0.014 11.17 >43.0 >40.9 Compton-thick AGN
NGC5256 0.028 11.49 >43.4 >41.9 Compton-thick AGN
UGC08696 0.038 12.14 43.8 4%.4 AGN
IRASF14348-1447  0.082 12.30 >43.9 417 SB
IRASF15250+3608  0.055 12.02 44.0 A5 SB
UGC09913 0.018 12.21 43.1 >41.0" Compton-thick AGN
NGC6240 0.024 11.85 435 495 AGN
IRASF17207-0014  0.043 12.39 >43.8 41.6 SB
ES0286-1G019 0.043 12.00 43.9 42.9 AGN
NGC7130 0.016 11.35 42.8 >41.8 Compton-thick AGN
IRASF22491-1808  0.077 12.11 >43.6 41.% SB
NGC7469 0.016 11.59 43.6 43.6 AGN
ES0148-1G002 0.045 12.00 43.6 42.3 SB/AGN
NGC7674 0.029 11.50 44.1 >41.9 Compton-thick AGN
IRASF23365+3604  0.064 12.13 >43.5 >41.8  SB/Compton-thick AGN

Hard X-ray intrinsic luminosity (corrected for absorptidn)the range 2 — 10.0KeV.
2 X-ray classification. If not indicated, the reference is $aene as for the X-ray luminosity.

References. —

(@) Tengetal. (2005) (b) Risaliti et al. (300) [Severgnini etal. (2001) (d)
Maiolino et al. [(2003) (e) Della Ceca etlal. (2002)|(f) Frasuteni et al.|(2003) (d) Braito et al. (2004)
(h) Ptak et al. (2003) (i) Iwasawa et al. (2005)

sources which may show in the X-rays either emission of a Compton-thick AGhkhofor-
mation signatures are shown with lower limits to the X-rays. They are all objésereed
by\Teng etal. (2005) and are too faint for conventional spectral fittiftgeir hardness ra-
tios (soft X-ray to far-IR flux ratios and hard X-ray to bolometric flux rajisuggest that
these galaxies are not energetically dominated by AGN, but the possibilitthiatost a
Compton-thick AGN cannot be ruled out.
This first test is a further proof thdgagn is a good proxy for nuclear activity for the
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Figure 4.3: Hard X-ray luminosities (2- 10KeV) corrected for absorption végagn for
those infrared galaxies where an absorption corrected/Xira was available. Continuum
and dotted lines indicate the mean ratio and the dispersiond by Lutz et al. iZOEM) for

Seyferts and QSOs.

objects in our sample. Furthermore, these data show that mid-IR emissionvieeyddool
to quantify the AGN luminosity even for sources without X-ray detectionsabse of the
high absorption due to the Compton-thick material surrounding the nucleus.

For the aims of this work, the use of mid-IR spectra, in particulafgafn, is the best
way to quantify the AGN fraction for several reasons: (1) in order tivdea local lumi-
nosity function, we need high statistics: the number of objects for which mgptetra are
available is much higher than the number of sources with X-ray data ofisuffiguality; (2)
we are interested in the contribution of AGN to the infrared emisdigagn is much more
correlated to the AGN's infrared emission than, for exampeiokev; (3) fsacn is sensi-
ble also to Compton-thick AGN, not detected in the X-rays: this kind of galasiesady
present in the local universe, becomes very important at higls-shown both in mid-IR

dDaddi etal. 2007) and X-ra{/ (Gilli et al. 2007) surveys.
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Figure 4.4: Decomposition of the mid-IR spectrum of IRASF15250+3608mBols are
like in Fig.[4.2. This source shows a mid-IR absorbed spagttindicating an obscured
AGN, but the X-ray counterpart has no trace of nuclear agtiEranceschini et al. 2003).

4.2.3 Distribution of the AGN contribution

Next we want to study the AGN contribution kg,gr of ULIRGs and LIRGs as a function of
luminosity. Our results will be used in the modelingsef.3 to build composite SEDs taking
into account the two main aspects (starbursts and AGN) of infrared galaxie

Fig. 4.5 shows the distributions of the ratio between thm@GN continuum luminosity
and the total infrared luminositwsacn/LTir) fOr five different luminosity bins, spanning
a range from 189 to 10?8L.. These distributions do not show the intrinsic AGN lumi-
nosity, but the fraction of the IR emission due to the contribution of an AGbBabee of the
normalization used.

As shown from the distributions of Fig. 4.5 (solid and cross-hatched histeg) and also
in the diagram of Fid. 4.9 (open squares), there is not an evident trigmélvinosity in the
values of the means of thdetections In the bins at lowet g there is good statistic, but
the percentage of upper limits kgagn is rather high (upper limits are represented by cross-
hatched histograms). In the bins at highejr, where thefgagn detection rates increase in
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Figure 4.5: Distribution of vLgagn/LTir, for different luminosity bins. Solid histograms
show the measurements, while the cross-hatched histograticsite objects with upper

limits. As indicated in each diagram, the mean values of @teations do not vary signif-

icantly between the different bins. What noticeably vargethe detection rate, spanning
values from 23.3% to 100%.
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4 A backward evolution model for infrared surveys

a significant way (solid histograms represent detections), the statistimbescoore modest.
In both cases, the averages obtained from detections only (operesdudig! 4.9) have to
be considered upper limits to the real mean values of the distributionssgén/L1ir-

The evident trend that our measurements show is in the detection rate astiarfuof
Ltir. The decreasing fraction of upper limits clearly means that the distributiorarsyohg
across the luminosity bins and that there must be a trend also in the intrinsicudistribf
vLesaen/LTir. With some assumptions about the shape of the distribution, it is possible to
obtain information about the main parameters (mean and standard deviatiba)iatrinsic
distribution ofvLgagn/LTiIrR DY Monte-Carlo simulations, taking into account the flux limit
defining the RBGS sample as well as $gitzerIRS detection limit.

4.2.4 Simulating the distribution of the AGN contribution

In order to reproduce our measurements, in terms of detection rate, nubataadard devi-
ation of the detections (hereafter dimger, Oged, USiNg Monte-Carlo simulations, we need to
make assumptions about the intrinsic distributionlofacn/LTir We are looking for and the
quantities that affect our upper limitsLsagn/L1ir IS tightly correlated with two different
guantities. Leagn depends in a trivial way otigagn, i.€. on the sensitivity of the instru-
ment. Ltr is related to the 6(m flux by relations well known and tested on IRAS data
{Helou etal. 1985; Dale et al. 2d01).

Our RBGS-based sample is selected g0 Therefore, the first step of the simulation
consists in generating a population of sources havingtlux density spanning a range
from 5.24 to 200Jy and a distributioN( f,) O f;+° (Sanders et al. 2003), expected for a
complete sample of objects in a non-evolving Euclidean universe that issanaale ap-
proximation for the relatively small redshift range covered by our sampe .deriveLtr
for each source generated starting from itgi@0flux density, adoptingtir ~ 2 x VLgoum as
appropriate for our sample. Assuming that the distributionlgfgn/L1ir IS gaussian with
a certain mean and standard deviation §), we calculate the expected valuefgfgn. At
this point we apply a detection limit tésagn and calculate d.ringet andoger. The values
of mando that best reproduce the measured dae; and o4et for each luminosity bin are
assumed to be the parameters ofwhgagn/Lir intrinsic distribution.

Our IRS data come from the pubiBpitzerarchive, so from several observing campaigns
with different goals. The depths of the observations are differendiferent objects. To
assign a detection limit tdgagn, We consider the values ofb3for the detections and the
values of the upper limits for the non-detections in each luminosity bin. We astene
medians of the distributions of these values as the detection limits of our meastseme
These values span from18 mJy to~ 1 mJy, depending on the luminosity bin (see Tab. 4.3).

Fig.[4.6 shows the results of the simulation for a population ef1®* objects. This
amount is necessary to make the results independent from the randahtiesgenerated
values. Each diagram shows the best gaussians that, given the delietitioreproduce
the observed values of d.myet and oger. A summary of the distribution parameters of
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Figure 4.6: Simulations ofvLgagn/LTir, assumed to be normal distributed, reproducing
the same detection rates (d.r.), meang{) and sigmadgey) of the detections obtained from
the data. The detection limit assumed fgrgy is 20mJy. Symbols are like in Fig. 4.5.
Each simulation is made for a population ok40* objects. Each diagram reproduces the
values observed in the corresponding panel of Fig. 4.5 anshlso meam() and sigma
(o) of the distribution adopted.
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Table 4.3. Distributions parameters of measurements and simulations

log(LTir) Measurements Detect.limit Simulations

Lo Mdet Odet  d.1[%] mJy Mget Odet  O.r[%)] m o
10.9+-11.3 -1.9 0.6 23.3 17.9 20 0.6 23.4 3.1 1.0
11.3-11.7 -1.6 0.5 26.8 17.5 -1.9 0.6 26.9 -3.0 09
11.7+12.1 -1.8 05 48.0 105 -20 0.6 48.2 -26 0.8
12.1+-12.5 -1.7 0.6 65.2 8.3 -1.9 0.7 65.2 -2.3 09
12.5:-12.9 -1.0 05 100.0 0.9 -1.0 05 100.0 -1.0 05

measurements and simulations is presented in_Tab. 4.3. The values founduholo are
also plotted in Fig. 4.9 (green stars). Here, a correlation between thebcuioin to the
infrared luminosity due to the AGN and the total infrared luminosity is clearly visilith
a dispersion decreasing with the luminosity. The besvfigagn/L1ir O LYk, givesa =
1.4+0.6.

The achieved results assume thgacn/L1ir distribution to be gaussian for each lumi-
nosity bin. This is a reasonable first hypothesis, because it is simple withllensmméoer of
parameters and reproduces the observations in terms of detection rateamdedispersion
of the detections. More attention is needed when applying it to our Monte Slarldations
of the infrared sky. The low AGN activity end of the distribution, corraggiog mostly to
IRS non-detections, is certainly poorly constrained, but such diftereibetween already
weak and totally insignificant AGN will not have a major effect on the predistidDiffer-
ences at the high AGN activity end can be more important by introducing or mgigsiy lu-
minous mid-IR sources dominated by AGN. Comparing for example thelegen/LTir)
distribution for the third luminosity bin in Fig. 4.5 and Fig. 4.6 (Zk log(Lir) < 12.1), we
find the modelled distribution extending up to (@§sacn/LTiIR) ~ O Which is not reached
by the observations. This could reflect limits in the statistics of our IRS samplelaas
a true overprediction of our simple gaussian hypothesis at the highlggsn/LTir) end.
We will return to this issue ir§ in the context of our backward evolution model. In
the following we assume that the increase of the fraction of AGN occursumty the last
luminosity bin measured_gr ~ 10'%7 L) and then the relation betwe®hgacn/LTir and
Ltir becomes flat (see Fig. 4.9, green dotted line).

4.2.5 Evolution with redshift

It is interesting to check if and how the relation just found betweleghgn/L1ir @andLtir

evolves with redshift. Previous studies already showed that, even if in tiaé Uoiverse
ULIRGs tend to be AGN-dominated &tng > 10*25L. (Lutz et al. 1998; \eilleux et al.
1999; Tran et al. 20@1), this trend is not followed any more at high ifdslror example,
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4.2 The AGN contribution in local ULIRGs and LIRGs

submillimeter galaxies that, with their typical infrared luminosity~ofL0'3L ., are among
the most luminous objects known, are mainly starburst dominated. Mid-IRrepecpy in
fact showed that the contribution to the total luminosity due to AGN continuum is small
most of the sources observed wiipitzerIRS at high redshifts (Lutz et al. 2005a or Chap-

ter(2, Meréndez-Delmestre et al. 2007, Valiante et al. 2007 or Chﬁpier 3 Poéé@ 8)

These results are consistent with X-ray observations of the same popsigaander et al.
2005a).

A systematic study at high redshifts is difficult with current data. The hegishift sources
with mid-IR spectroscopy were often selected for their high luminosity. Secaneheck our
relation only for the most luminous part of the rangd.ifir spanned in the local Universe.
More important, in order to have an unbiased sample of objects, we haveltolesources
selected by methods that prefer AGN or starbursts as power sourceiofréred emission.
For this reason, we do not include in our comparison, for example, optalatiyured sources
selected at 2dm (Yan et al. 2004, 20@7), most of them presenting warm dust, typical of
AGN-powered sources, in the comparison of mid-IR and millimeter obser\em:%%\.
2005b).

Ideally, to be consistent with the locally derived IRAS luminosity function, dtigam-
ple should be selected at Q1+ z) um, at the peak of the dust emission, but this cannot be
done with our prederschelobservations.

Our high redshift sample includes all the sources observed byMiz-Delmestre et al.
{2007), Valiante et al. (ZOW), Pope et al. (2008) and Brand gt@ﬁﬁ)&for which the ob-
servations cover the range fronbpim to 6.85um rest wavelength (see Tab. 4.4). Objects
from the first three works are submillimeter galaxies, some of them radisgheeted. These
selections do not prefer AGN or starburst as main power source jfe8&fGs later showed
to be mainly starburst powered. Sources from Brand et al. (200®)pically faint objects
selected at 7m: their mid-IR spectra show that they can be either PAH or absorption dom-
inated. All the IRS data have been retrieved from $ipétzerarchive and reduced using the
same techniques describediid.2.1, in order to derivegagy in a consistent way for all the
objects. The results of the fit process are listed in Tab. 4.4. The valuesrohave been
taken from the works cited above.

The sources of the high redshift sample have very large infrared luitigsofd g ~
10'3L.), so we can compare thait gacn /Lmir with the local values only in the overlap of
the luminosity ranges. We can check if the trend found in the IRAS sample gt hrodis-
tant galaxies. We consider three luminosity bins, each spanning a ranggetthiae the bins
previously considered. Fig. 4.7 shows the distributions ofilbggn/LTir. Unfortunately,
the statistic is rather modest for the bins at lowest and highest luminosities.

The redshift range spanned by this sample is very bro&¥ (@ z < 3.35). In particular,
the bin at lowest luminosity is mainly populated by objects lying gt1, while the most lu-
minous bins include the most distant sources. We treat the whole sampleigae popula-
tion, because the inclusion of theS 1 objects does not significantly change Wgacn/LTir
distribution in any of the luminosity bins.

75



4 A backward evolution model for infrared surveys

Table 4.4. High redshift sample of infrared galaxies: results of the ficanectedfsacn

fluxes
Name z  log(Ltir) feacN fe.opeakse  feaGN
Lo mJy mJy mJy
Sources from Brand et al. (2008)

70Bootesl 0.50 12.15 0.2D.04 0.3@0.08 0.18:0.05

70Bootes2 0.37 11.79 0.£D.04 0.5@:0.07 <0.12

70Bootes3 0.99 13.05 0.49.04 1.1a-0.08 <0.25

70Bootes4 0.98 12.95 0.+0.04 1.15%0.07 <0.14
70Bootes5 1.21 13.24 1.99.08 0.28:0.14 1.96:-0.08
70Bootes6 0.94 13.01 1.8D.07 0.25:0.12 1.79-0.07

70Bootes7 0.66 12.61 0.3D.04 1.3@0.07 <0.43
70Bootes8 0.81 12.88 0.70.06 0.3@:0.10 0.710.06

70Bootes9 0.67 12.81 0.28.05 2.38-0.09 <0.42
70Bootes10 0.51 12.41 0.7P.06 0.22-0.10 0.620.07
70Bootes11 0.48 12.49 2.80.07 0.3%0.13 1.98:0.08

Sources from Pope et al. (2008)

C3 1.88 12.78 0.150.03 0.1@:0.05 0.14:0.03
GN39 1.98 12.70 0.080.04 0.54:0.07 <0.08
GNO7 1.99 12.84 0.020.03 0.3@:0.06 <0.09
GNO6 2.00 12.81 0.060.03 0.5310.05 <0.06
C1 2.01 12.98 0.480.07 0.3@:0.12 0.45:0.07
GN26 1.23 12.56 0.080.02 0.8%0.03 <0.14
GN17 1.73 12.30 0.1#0.03 0.3%£0.06 0.13:0.05
GN19 2.48 13.08 0.180.04 0.26:0.06 <0.13
GNO4 2.55 12.82 0.240.04 0.150.08 0.23:0.05

Sources from Meendez-Delmestre et al. (2007)
SMMJ030228+000654 1.41 13.44 060.03 0.2#0.05 <0.12
SMMJ163639+405636 1.50 12.81 0:60.02 0.1#0.04 0.040.03
SMMJ163650+405735 2.38 13.52 0:40.05 0.33:0.07 0.38:-0.06

Sources from Valiante et al. (2007) or Chapter 3

SMMJ00266+1708 2.73 12.70 048.05 0.3@:0.09 <0.15

SMMJ02399-0136 2.81 13.40 04p.04 0.21%0.07 0.4@:0.04
SMMJ09429+4659 2.38 13.80 0£88.04 0.430.07 <0.08

SMMJ09431+4700 3.36 12.95 058.04 0.2%£0.07 0.55:0.04
SMMJ10519+5723 2.67 13.07 040.03 0.14:0.05 0.1@:0.03
SMMJ10521+5719 2.69 13.25 048.03 0.130.05 0.1%0.03
MMJ154127+6616 2.79 12.95 016.01 0.190.02 0.12£0.02
SMMJ16369+4057 1.21 12.23 048.02 0.23:0.03 0.12:0.03
SMMJ16371+4053 2.38 13.04 040.03 0.180.05 0.12:0.03
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Figure 4.7: Distribution ofvLgagn/Lir for different luminosity bins. The sample lies at
redshift 037 < z < 3.35. Symbols are like in Fig. 4.5. Each diagram shows also &
the dispersion and the detection rate of the distribution.
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Figure 4.8: Simulations ofuLgagn/L1ir Normal distributions reproducing the same detec-
tion rates (d.r.), meansngey) and sigma @qey) Of the detections obtained from the data of
the high redshift sample, assuming a detection limit.@B®nJy. Each diagram reproduces
the values observed in the corresponding panel of/ Fig. 4hflewthe last luminosity bin
has been not simulated because the statistics it too lowwmtha fit converging. Symbols
are like in Fig. 4.5. Each diagram shows also maangnd sigma ¢) of the distribution
adopted.

In order to characterize the intrinsic distributiondfgagn/L1ir, We run Monte-Carlo
simulations with the same techniques used for the local galaxies explaifiedl2d. We
generate a population of sources havingu®0flux spanning a range from 40 to 1100 mJy.
We calculate the expected value of they®rest-frame flux from the 856m and 7Qum,
respectively for the submillimeter and the pfd selected sources, assuming a grey-body
spectrum with emissivity indef = 1.5 and Ty = 32K. The values obtained give us the
range of the 6Qm population to simulate. Because of the low statistic in the bin at highest
luminosity, we are able to reproduce only the distributions of the first two Isimawn in
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Fig./4.8.

At high redshift, AGN contributions to the total infrared luminosity are différfeom the
local ones at same luminosity, at least for certain luminosity ranges as cseebalso in
Fig.[4.9. ForLtigr ~ 10%L.,, the AGN contribution is still consistent with the local universe
distribution given the small number statistics. For the better populaté&ddbg(Ltir) <
13.3 bin, which contains most of the SMGs, the AGN contribution typically is cleaxielo
than for the few local objects reaching similar luminosity. All this evidence is tigrtgiven
the small number statistics, the possible biases invoked by the selection atificiakion
of the populations used and the broad redshift range consideredhdnie too early to
conclude on a specific functional form of the change invthgagn/LTir relation. For our
further applications in the simulation, we simply assume that the relation is the same as
derived locally, with a change in the behaviour of the flat part: while in thel logiverse the
increase of the AGN contribution stopslatg ~ 1027 L., for distant galaxies it occurs at
lower luminosities g ~ 10'2L.).

4.2.6 Discussion and conclusions

The different role of AGN at low and high redshift for objects in the samg class should

not be a surprise. Fig. 4.9 can be read in two (equivalent) ways: (Eptitebution of AGN

to Ltir is lower at highz respect to the local universe for sources Witk ~ 10%L., or (2)

the AGN content of higte sources withLtir ~ 10%L,, is similar to that of local galaxies
with Ltir ~ 10'2L.,. This latter conclusion points out an analogy in the properties of SMGs
and local ULIRGs.

Such an analogy has been already discussed by Tacconi et al):(26586 CO obser-
vations of a sample of 14 SMGs, they conclude that the density of the moleadathg
luminosity surface density and the temperature of the dust are the same in thepula-
tions and SMGs are similar to local ULIRGs mergers, suitably scaled for thgerlanasses,
luminosities and star formation rates, as well as their greater gas fractiospatially re-
solved observations, SMGs and ULIRGs show considerable likenaksesespect to their
kinematic (Tacconi et al. 20b8): the SMGs presenting multiple componentstaracting
systems and are similar to local double-nucleus ULIRGs, while SMGs shalisngcteris-
tics of a rotational star-forming gas disk present the same surface andevdensities, for
example, of the extremely compact ULIRG Arp220. All SMGs studied withausecond
millimeter interferometer so far, appear to be major mergers in different stsigear to
local ULIRGsS.

Our analysis, nevertheless, is modeling-oriented: its purpose is not ta fimeloretical
explanation for the different populations observed, but just to devaigyolutionary model
based on observations being able to reproduce available data andetdadthhcoming sur-
veys with new instruments.

In summary, we have used spectral decomposition to a large sanfppétnériRS spectra
of ULIRGs and LIRGs with_tjr > 10, to isolate the AGN @m continua. We compared
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Figure 4.9: vLeagn/LTiR, VS. LTir. Dots and small arrows represent respectively mea-
surements and upper limits of all the galaxies of our locaifga. The large open squares
are the means of the detectiomsy§) in the measurements (see Tab. 4.3 and Fig.4.5). Be-
cause of the large amount of non-detections, they represénan upper-limit of the true
logvLsacn/LTir for almost all the bins. The green stars and their errorfaw sneansrt)

and sigmad) of the gaussian distributions adopted in the simulatiareder to reproduce
detection rates (d.t.), meansif) and sigma @qer) Of the detections from the measure-
ments (see Tab. 4.3 and Fig.4.6). The beswfigagn/LTir O LY g, givesa = 1.4+ 0.6

and is shown as a dotted green line: the relation is assumbee fiat at highLtjr. The

red stars and their errorbars show means and sigma of theigawistributions adopted

to reproduce measurements of the high redshifts sample~{ged.7 and Fig. 4.8). The
relation found for the local galaxies does not hold any more.



4.3 The model: number counts and redshift distributions of infrared sources

Leacn With the intrinsic X-ray luminosity, where available in the literature. The correfatio
found in previous studies still holds also for our sample. The distribution_gfen/LTir
depends oibLtig. Even if the mean value of the detections does not vary significantly, the
number of the detections increases with increasing luminaosity, indicating aeharthe
intrinsic distribution. Monte-Carlo simulations, making the assumption of an intatgic
gaussian distribution, quantify this increase with luminosity of the AGN contributiche
infrared luminosity. The best fiyLeym/LTir O LY\, givesa = 1.4+ 0.6. The relation
does not hold any more at high redshifts. The most luminous high redsinéted galax-
ies,Ltir ~ 10'L ., show a small contribution from AGN, being mainly starburst powered.
However, the number of distant objects with mid-IR observations is still small.

4.3 The model: number counts and redshift distributions of
infrared sources

4.3.1 The strong evolution of infrared galaxies: observational evidence

There has been, in the past years, strong observational evidemcatimgl extremely high
rates of evolution for infrared galaxies.

First, galaxy evolution can be observed through its imprint on the far-tiRagalactic
background. Weakly constrained even as recently as the end of thea®idsis observations
now measure or give upper/lower limits on the background from the ultra\lo\) to the
millimeter waveband (e.b. Hauser & Dwek 2001). Data show the existencenafimmum
between 3 and 1jim separating direct stellar radiation from the infrared part due to radiation
re-emitted by dust. This re-emitted dust radiation contains a comparable istbgi@ver
as the optical/near-IR: this amount is much larger than what is measured I@e&8ly per
cent). The CIB is thus likely to be dominated by a population of strongly evohkadghifted
infrared galaxies. Since the long-wavelength spectrum of the baakdrisusignificantly
flatter than the spectrum of local star-forming galaxies, it strongly cdnstthe far-IR ra-
diation production rate history (Gispert etlal. 2000). The energy densist increase by
a factor larger then 10 between the present time and redshift — 2 and then stay rather
constant at higher redshift (til~ 3).

Secondly, several deep cosmological surveys at 15, 24, 70, 908%@ and 130Am have
resolved a fraction of the CIB into discrete sources. For all surveysper counts indicate a
very strong cosmological evolution of infrared galaxies, not only in the pmaer radiated
but also in the shape of the LF. This is particularly obvious at submillimeter leagths,
where the background is dominated by high-luminosity galaxies (SCUBA aAMBO
sources). The high rates of evolution exceed those measures in otleemgth domains as
well as those observed for quasars and active galactic nuclei (AGN).

Finally, high rates of evolution are suggested by the detection of Poisstnédumations
of the CIB at a high level at 60 and 1t with IRAS (Miville-Desclénes et al. 20@2), and
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f, ol 100 Mpc )

Figure 4.10: The family of SEDs used to derive the adopted SEDs fofllpg- 8— 13.5L,
(Dale et al. 2001; Dale & Helou 2002). The flux density is esgesl in Jansky and is
scaled for a distance of 100 Mpc. Color intensity is relatétth Whe temperature: it spans
the range 23- 45K.

170um with ISOPHOT\(Lagache et al. 2000; Matsuhara et al. 2000). Fanpka the con-
straints given by Matsuhara et al. (2000) on the galaxy number countsaiedhe existence
of a strong evolution in the counts.

4.3.2 SEDs

Most of the backward evolution model§/4.1) separate the infrared sources into different
populations. For examplé. Franceschini at al. (1988) consider tliifeeedt populations:
(1) normal late-type galaxies, (2) interacting/starburst galaxies arga(&8xies with AGN.
IRAS studies showed that galaxies of different nature in the local Wsevhave different
spectral energy distributions (SEDs), e.g different values ofgf)efos ratio, so usually each
population is associated with a particular SED family. The different popukbbthe model
can evolve as a single populati&)n (Xu et al. 1998; Xu ?000) or at diffestes, assuming a
local LF for each componeﬂt (Xu et al. 2@01). Nevertheless, it is knihat infrared galax-
ies, in particular ULIRGSs, can host both starburst activity and an AGM@EI et QI. 1998;
Lutz et al. 1998) and that galaxies classified as Seyfert show statbacers at infrared
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Figure 4.11: AGN template used in the model. It is the nuclear infrarediconim spec-
trum of the Seyfert galaxy NGC1068 calculated by Efstatleibal. k1995).

wavelength§ (Lutz et al. 2004), while most of the far-IR emission in locaDIS powered
by starbursts (Schweitzer et al. 2006).

The SEDs can either be constructed empirically, considering the individumaponents
responsible for the overall emission from the galaxies ke.g. Rowan—amﬁﬁihQQJZ), or us-
ing radiative transfer models (e.g. Efstathiou et al. 000). While a comglieatay of dust
properties contributes to the SED of each galaxy, studies of IRAS galaaxiestypically re-
duced the description to a best-fit single dust temperalyravith a one-to-one mapping to
the fso/ f100 flux ratio (hereafter referred to &60,100)). It has been demonstrated, as well,
that local IRAS galaxies exhibit correlations Bf60, 100) with luminosity (e.gI.
M) and thaR(60,100) changes systematically over a large range of luminosities. A sta-
tistical relation exists betweeR(60,100) and infrared luminosity, even if the distribution
is broad. Up to date, only preliminary analyses of the distribution spread inetaope
for each luminosity bin and of its evolution exist (Chapman etal. 2\003b). chiffes of
models with simple SED families and evolution functions became obviousSpitizerdata
(e.g.\ Lagache et al. 20\04). There is already evidence for a chargeDnproperties with
redshift, with the intrinsic SED shapes of higlEMGs resembling lower luminosity local
objects rather than similarly luminous local HYLIRGS, but a deep study ofsS&ial tem-
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Figure 4.12: Some examples of adopted SEDs (solid lines) obtained addétay-forming
galaxy spectrum (dashed lines) (Dale et al. 2001; Dale & #&2002) and an AGN tem-
plate (dotted lines) (Efstathiou et al. 1995). The flux dnisi expressed in Jansky and is
scaled for a distance of 100 Mpc. In each diagram is indickigg and the ratio between
the luminosity of the starburst spectrum and the luminosftthe AGN. For each lumi-
nosity class, two examples are shown: an AGN-dominated SEB/[(AGN) < 1, left
column) and a starburst-dominated SERH/L AGN) > 1, right column).



4.3 The model: number counts and redshift distributions of infrared sources

peratures of high-redshift galaxies is still missing. The main problems ardetpeneracy
of dust temperature with redshift (Blain et al. 2002) , the limited sample ofhsillimeter

alaxies with measurements of spectroscopic redshifts (Chapmah ety \20iante et al.
éﬁ Pope et al. 20b8), and the selection effects on dust temperadueethby current
methods to select high redshift infrared galaxies.

In building the SEDs for our model, we will take into account the coexistehstadourst
and AGN in the same galaxies, their varying contribution viifkr, and the spread in the
luminosity-temperaturel(— T) relation. AGN are hosted in infrared galaxies of different
luminosities and their contribution to the total infrared emission can be either itdglay
predominant. We studied and discussed the problem of the AGN contributiof.th We
found that, on average, the contribution to thgr due to an AGN in IRAS galaxies is
proportional toL};% of the host. Even if the dispersion in the relation allows the presence
of low luminosity AGN-dominated objects (e.g. NGC1068, (bg.-) = 11.3), as well as
ULIRGs powered by pure starbursts (e.g. IRASF19297-0406L)og 12.4L ), this corre-
lation holds over a two order of magnitude range{log~ 11— 13L,. In §/4.2, we estimated
the AGN contribution measuring the emission gh§ after the subtraction of a starburst-like
spectrum; this method does not require to spatially resolve the AGN from #ie ho

In the simulation, we follow the opposite direction. Each source is generatdtedase
of its Lir, comprehensive of both the starburdigg) and AGN {acn) contributions. Start-
ing from L1r, we calculate the expected valpd_sym/Lmir) for that luminosity, using the
relation found in§ 4.2:

VLem/Lrir O LE&. (4.1)

and assuming that it holds up itg;r = L., and then becomes flat (see Fig. 4.9). The value
of L, depends on the redshift.

Then, we generate a random valuevbg,m/Ltir assuming its distribution is a gaussian
with mean (vLg,m/LTir) and sigma corresponding to the luminosity bin whesfe lies
(see Tall. 4/3). From this random value we deffiyesn. Last, we scale an AGN template
(see Figl 4.11) in order to have the right flux densfigyen at 6pm. The AGN template
used is the model calculated by Efstathiou et al. (i995) for the nucleareéaficontinuum
spectrum of the Seyfert galaxy NGC1068. The luminosity of the scaled tempjan, is
the contribution of the AGN th.1r

Spectral templates for starbursts are taken from the Dale et al. (2%1&)I® Dale & Helou
) catalog, divided into 64 classes fr&{60, 100) = 0.29 to 1.64, corresponding roughly
to single-component dust-temperature models of 23 K. SEDs are normalized integrating
each spectrum over the-81000um range and scaling to the expected valuégk for its
R(60,100), calculated from the relation found by Chapman et al. (2003b)

L, \° Lrir Y
R(60,100) = C, x <1+ ) X <1+ > (4.2)
Ltir L.

with y = 0.16, & = 0.02, C, = 0.45 andL, = 5.0 x 10!°L. In this way we obtain an
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SED family in the range 10— 10'57Hz spanning luminosities Idy) = 8 — 13.5L, (see
Fig.'4.10). In the simulation, we use the reIationjﬁ of Chapman et al. (200Bth)dstarburst
contributionLsg to the total infrared luminosity only, which we obtain by subtractiog
from Ltir. From Eq/ 4.2 we obtain the corresponding méR(60,100)) for the Lsg of
the generated source. Then, we calculate the spread ibthE relation and generate a
random value oR(60, 100), following the gaussian distribution calculated by Chapman et al.
) (see their Eq. 6) and centered (&i60,100)). Finally, we rescale to the correct
[sg the Dale & Helou \(20d2) library SED for tHg(60,100), which was obtained from the
gaussian distribution implementing the spread intheT relation.

To obtain the final SED, we add the two spectra derived for the AGN anostas parts.
Fig./4.12 shows examples of SEDs with differénir and different AGN contributions.
Because the model takes into account both the average relation and itsidispe permits
a wide range of combinations of values fafir and AGN fraction.

4.3.3 Model parameters

In this section we describe the algorithm to model coherently the number douditferent
bands. An evolutionary model needs some basic “ingredients”:

e the spectral energy distributions, already describgd i8.2, depending oiorr, R(60, 100)
and AGN content

e a cosmological model describing the accessible volume in a survey solid asgle
function of redshift. This is now well constrained from WMAP results (péet al.

2007)

e aluminosity function az= 0, e.g. the IRAS luminosity function (Sanders etal. 2003)

e the evolution functions for density and luminosity evolution.

The solid angle observed (and therefore the number density of theespuscgeomet-
rically defined by the assumed Universe model. The predicted numberuodesoin a
given redshift interval(z— 0.5dz,z+ 0.5dz) and in a given infrared luminosity interval
(L—0.5dL,L+0.5dL) is given by

dN(L,2) =9(2) (p(L/f(z))z\;dez (4.3)

whereq@is the local luminosity function andl(z) andg(z) are respectively the luminosity
evolution function and the density evolution function.
The comoving volume i¥ = (A/3)D3,, whereA is the sky coverage in steradians dbl
is the comoving distance:
c

Dy = |TO/O (Qu(1+2)3+Qn) 2 d7 (4.4)
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4.3 The model: number counts and redshift distributions of infrared sources

in a flatA cosmology. A concordance cosmologyHyf= 75kmstMpc1,Qu =0.3,Q5 =
0.7 is assumed.

The luminosity function assumedzat 0 is a power law parametrization of IRAS galaxies.
As explained by Sanders et al. (ZbOB~}|R was calculated using the fluxes of all four IRAS
bands\(Sanders & Mirabel 1d96). The LF was computed using/Mg.i method (Schmiﬁt
). The “double power-law” shape of the LF for IRAS bright géaxis similar to
that derived earlier (Soifer et al. 1987), except for improved statiatic®th low and high
infrared luminosities, plus the decreased influence of the Virgo clustetaltiee larger
survey area. In the model the best fit power-laws are ugéd, L%, with a = —0.6 and
o = —2.2 below and aboverr ~ 10195 respectively (see Sanders et al. 2003, Fig. 12).

Observational evidences demonstrate an evolution for infrared galaeie$4.3.1). The
amount of observed star formation shows that a large component of tiaeehfpopula-
tion has evolved to the present epoch. Possible scenarios are deosittyoey where, due
to merging/interactions, galaxies were more numerous in the past, or luminosityiews,
where, due to enhanced star formation, galaxies were more luminous insthé pbase two
schemes of evolution capture in a way that is practical for computationad¢esphat in prin-
ciple is a more general evolution of the luminosity function with redshift. In ggdneome
evolution is needed for all populations of active sources (e.g. QS@is, galaxies and star-
burst galaxies) in order to model extragalactic source counts sualies®ne of the ways to
model luminosity and/or density evolution is using a simple power law. This assumigtio
motivated by similar evolutionary models at radio and X-ray WavelenbthsIeEEHyaH 1988;
Benn et al. 1993; Condon 1994). Similar evolution has also been olosiereptically se-
lected starburst galaxiés (Lilly et al. 1996) and in the submillimeter emissionrixdia loud
galaxies observed at 8fth by SCUBA (Archibald at al. 2001).

Our model assumes power law luminosifyz), and densityg(z), evolutions. The fol-
lowing functional forms are adopted:

(1+2™ (z<z)

f(z) = { 142" (z2>2) (4.5)
1+2™ (z<2)
92 _{ A+9™ (2> 12) (4.6)

The algorithm calculates the number of sources predicted in each rezslfgee Eqg. 4.3),
introducing a poissonian scattering to the expected value. Then, al\giuis associated to
each source, by Monte-Carlo extraction, according to the luminosity funcétculated for
the redshift of the sourcd.tir is then split into two parts: the fraction due to AGN contri-
bution Cacn), calculated following Ed. 4.1, and the remaining part associated to ss&sbur
(Lsg). The SED is thus “built” (se§[4.3.2) adding a scaled AGN template (NGC1068) of
luminosity Lagn With the starburst template correspondind. ¢, after the application of a
scatter in the. — T relation, and scaled to the appropriate luminosity distance. The sources’
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4 A backward evolution model for infrared surveys

flux densities in different bands are then calculated by convolving trehiféeld SED with
the bandpasses of the filters. In this way, we effectively simulate a virkyaios a given
evolution model. For each source, we know not only the flux densitieef@ral bands and
the Ltir, but also the temperature of the dust andltBg/Lacn ratio. The latter informa-
tion, in particular, allows us to follow the co-evolution of starbursts andedicar, exploring
photometric indicators to select different populations of infrared saurce

4.4 Results and comparisons with available surveys

Backward evolution models for the infrared spectral range include dfisemt number of
tunable parameters, and using the proper observational constrainjisdtthdse parameters
is the key to the successful use of such models. Traditionally, the firstitjga to fit are the
total IR/submm background as measured by COBE (CIB), and the nurobatscat mid-
IR to submillimeter wavelengths. With improving identification and follow up of SCUBA
ISO andSpitzersources, redshift distributions of different IR-selected populati@t®ime
increasingly available as another powerful constraint. We are nowt ab@nter the next
level of physical characterization including determination of full resinigdar-IR SEDs, a
field that will get a big boost witltHersche] and better disentangling the role of star forma-
tion and AGN in high redshift infrared galaxies. The model presentee isedlesigned to
allow comparison with this new type of constraints on SED and AGN content. Blcithp
coupling AGN evolution to infrared galaxy evolution, this model is also amenabéem-
parison with AGN surveys at other wavelengths, making use of assumpiioA&N SEDs
and obscuration.

The most relevant results of the last years are related to surveysdcaatidy SCUBA
andSpitzer Thus, we will compare our results with the data available for these instruments
Hereafter, we will use number counts from Papovich et al. (@OO4}M&I. (2098)
for the 24um sources, Frayer et al. (2006) for thepn® and 16(um sources, Coppin et al.
M) for the 85@m sources. Redshift distributions are from Wuyts etal. (200824
sources) and Chapman et al. (2\005) (BBsources). Some of the models simulated are also
compared with the CIB measurements (Fixsen etal. 1998; Lagaché e@@j\.F?.@nault et al.
\2001; Miville-Descl@nes et a“. 200?: Lagache eﬂal. 2003). All the simulations are run on
a field of view of 3de, in order to be comparable with the main infrared surveys and
sufficiently sample the high luminosity end. The redshift range coverediz & 8. In
the plots of the redshift distributions (see Fig. 4-F3g./4.16), the available data have been
appropriately scaled in order to be comparable with the simulations.

In order to find the best set of parametans, {12, z;, My, My, 22) fitting available data we
have run simulations on small fields of view, changing slightly each paramagenand”.
Changing the parameters one by one allows to understand how and howeaitipa-
rameter influences the final results: we have used this approach tollaweritrol on the
simulation and to know the role and the weight of each parameter. An optimizatiog u
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Table 4.4. Evolution models

Model Description nn n zz M N 2
M1 SB 30 00 20 10 0.0 20
M2 SB+AGN 30 00 20 10 0.0 20
M3 SB+AGN 34 -10 20 10 -15 1.0
M4 SB+AGN+L — T evolution 34 -1.0 20 10 -15 1.0

M5  SB+“cut” AGN+L—T evoluton 34 -1.0 20 10 -15 10

a x2 minimization would need a large computing power and will be done only in the fu-
ture, to tune the solution found with the first method. During the optimization psyeee
have considered differently the several constraints given fronetsurveys, depending on
their reliability: first, we have tried to reproduce the most accurate measnoteied only
later we have looked after the fit of the less constrained results. For éxaS8HHADES
{Coppin etal. 2006) has made accurate measurements of the numberat@5iam down
to faint fluxes & 2mJdy) andSpitzerhas provided very sensitive measurements with mini-
mum uncertainties of the number counts aj2¥ either with observations on large scales
(49ded, Shupe et al. 206D8) or very deep, up to fluxe8.1 mJy (Papovich et al. 2004). On
the other hand, the redshift distribution of submillimeter galaxies is not weditcained at
high z. In fact, the radio-selected sampld of Chapman etal. (2005) is biaseddsmvg 3
because of the radio flux limit, and there are several clues of galaxies al.
2007; Knudsen et al. 2008). The redshift distribution ofi@dsources is obtained mainly by
photometric redshifts (Wuyts et al. 2008), with all the uncertainties intratibgehe choice
of the SED, and the surveys at 70 and [IlﬁO{Frayer etal. 20d)6) are still rather shallow.
Below, we present a summary of the optimization process, showing the mamfstep
lowed to obtain the best parameters setity, z1, M, My, ). A summary of the parameters
for all the models discussed are shown in Tab. 4.4.

4.4.1 Pure starbursts SEDs

As a starting point, we compare the observations with a model considerinthergyarburst
part of the SED, including its scatter in the- T relation (model M1). The submillimeter
galaxies are starburst dominated, so we look for the best parametepssducing at least
the 85Qum number counts. We assume a strong evolution in luminosity=(3, n, = 0)

and a less strong evolution in density(= 1, mp = 0), with z; = z, = 2. The results are
shown in Fig. 4.13. The 8530n counts are well reproduced. However, all the other counts
are underestimated: using this evolutionary model, there is still room to inecaluSED
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Figure 4.13: Number counts at 24, 70, 160, 8% and redshift distributions at 24 and
850um, considering evolutions with; =3, n; =0,m =1, mp =0, z; = 2 = 2, without
AGN contribution(M1, solid lines). Data are from Papovich et al. (200f#)ed circles and
\Shupe etal. (2008ppen squaredor the 24um number counts, Frayer et al. (2006) (iIr0
and 16Qum counts)\, Coppin et al. (20b6) (8aM counts), Wuyts et al. (20b8) (M red-
shifts) and Chapman et al. (2005) (880 redshifts). Matching the observations references,
euclidean normalized differential counts are shown at 4}, 160um, while integrated
counts are shown at 8pfh. Redshifts dataofpen histogramshave been scaled in order to
be comparable with simulation§lied histogramg
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taking into account also the AGN contribution. The redshift distribution ain24s quite

well reproduced, while at 856n the modeled redshift distribution shows a strong excess at
high redshifts. Adding the AGN part, we can be confident that the submillirdesgibution

will not change too much, but we should not expect the same trend in theRnimktause in
that band the AGN contribution can be significant, in particular at high i&sish

4.4.2 Adding the AGN contribution

In this second step, we build SEDs as describegl4i3.2. In particular, we determine the
AGN contribution following Eql 4.1. As calculated 4.2, we assume a gaussian distri-
bution in each infrared luminosity bin (see Tab./4.3). Moreover, we assuomainosityL,
beyond which the contribution of the AGN does not increase any moreeayis constant
with respect toLjr. Such a value evolves with the redshift: as shown if2, the con-
tribution of the AGN seems to follow different relations in the local and distamvé&fse.
We take into account this different behavior assuminglleglL. ) = 12.8 for z < 0.5 and
log(L./Ls) =123 forz> 0.5. The results, assuming the same evolution applied previously,
are shown in Fig. 4.14 (M2). Compared to model M1, thei@humber counts are now bet-
ter reproduced, even if the shape of the peak is slightly different. Tdehif distribution at
24um has become worse: the AGN contribution has introduced a large excess2a The
parameter set used up to now is no more acceptable and we have to explperameter
space further, in order to reproduce all the observations.

Comparing different kinds of evolution, we learn that we need a strong bsitinevolu-
tion in order to reproduce the number counts girdand the 850Qm, but this always intro-
duces an overprediction of the @ z ~ 2 sources. On the other side, with a strong density
evolution we obtain a redshift distribution at @4 that is very similar to the observed one,
but we completely lose the peak in the 24 number counts. We note, moreover, that a
shift of the peak of the density evolution, towards lower redshifts, causes a change in the
shape of the redshift distribution at geh, reducing the number of theev 2 sources, without
changing the 2dm number counts. Last, if we want to reduce the number of high redshift
850um sources, we need a luminosity evolution peaking and then dropping dowmsg
has to be negative). Fig. 4/15 shows number counts and redshift distni&dor a model
withng =34,n,=-1,z27=2,m =1,m, = —1.5andz = 1 (M3). Data at 24m are well
reproduced, in particular the predicted peak of the number counts hathesame shape of
the measurements even if it is slightly lower, while at fg0the simulation underpredicts
the integral number counts but reproduces the redshift distribution.

In this simulation, the starburst part of the SED still does not vary from tbal o the
distant universe. This last point is in contradiction to recent works @yreaentioned in
§14.3.2, showing that submillimeter galaxies, even being as luminous as locallRGA”,
have dust temperatures typical of less luminous local galaxies (ULI pman et al.
\200$; Pope et al. 2006; Valiante et al. 2007). Pope et al. 2006), rircylar, needed to
modify the “classical” SED model of Chary & Elbaz (2001) increasing tHd component
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Figure 4.14: Same as Fig. 4.13, but nowith AGN contribution(M2). AGN-dominated
galaxies Lagn/Lsg > 1) are represented with dashed line, while starburst daetirgalax-
ies Lacn/Lsg < 1) are in dotted line.

of the dust, in order to fit the SEDs of the submillimeter galaxies in the GOODSKN fie

We then include in our model a simple evolution in the T relation. We assume that, at
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Figure 4.15: Number counts at 24, 70, 160, 8&fh and redshift distributions at 24 and
850um, considering evolutions withy =3.4,np=—-1,z1=2,m=1,m=—-15andz» =
1, with AGN contributionM3). Symbols are like in Fig. 4.14. Data are like in Fig. 4.13

high redshifts £> 0.5), Eq/ 4.2 is shifted towards colder temperatures:

R(60,100) = C, x (

10x L,
14—
Ltir

) =

Lrir 1\’
1 T
+ 10x L*>

4.7)
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Figure 4.16: Same as Fig. 4.15, assumingelution in the LT relation (M4).

with all the parameters as in Eq. 4.2. This evolution is consistent with the alisery
cited above. Fig. 4.16 shows number counts and redshift distributiortkifonew model
withn =34,n,=-1,z7=2,m =1,mp = —1.5 andz = 1 (M4). All the submillimeter
measurements are now well reproduced, with perhaps some excess umtberrcounts
at strong fluxes, together with the mid-IR data, whose number counts haveviedpand

redshift distribution has not felt the effect of the new SEDs.
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Figure 4.17: Cosmic background from mid-IR to millimeter wavelengths ficodel M4.
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E%i) and at 60m (triangles Miville-Descrenes et al. 2002). See Lagache et al. (2003)

for references about the limits at shorter wavelengths.

Even if the peak of the 2d4n number counts is well reproduced by the model M4, there
is still some excess in the number counts at strong fluxes, where AGN dopboatehere
the statistic of the predictions is low and the model cannot be very accurateompare the
number of AGN predicted by our model with the number of sources expadigating QSO
luminosity functions. We select only the brightesi@4 sources f>4 > 5mJy) and consider
only the AGN-dominated sourcekAgn/Lsg > 1). With the exception of some local and
faint objects, all the sources selected in this way are highly luminous, d&s&xt Applying
a simple bolometric correctiolhgo, ~ 10vL, at mid-IR rest wavelengths, we can calculate
the expected number of QSOs for the sdipg. andzranges of our subsample. We integrate
the luminosity function of Hopkins et al. (2007) (“full” model, with pure luminosityolu-
tion and bright- and faint-end slopes evolving with redshift) fot?£0< Lgo, < 10*+°L,
and 01 < z< 2.3. The number of the sources selected from our simulation does notexcee
the expected number given by the bolometric luminosity function. Neverthelessiready
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pointed out that the high part of ties(AGN) /L1 distribution is not well constrained (see
§/4.2.4). In particular, the hypothesis of the gaussian distribution could begwit was as-
sumed following the principle of the minimization of the free parameters, buterdiit kind
of distribution, for example an asymmetric distribution with a cut-off at high lunitiess
cannot be excluded.

As an experiment, in order to reduce the number of luminous AGN, we chhegas-
sumed gaussian distribution introducing a cut for large valued gfn/Ltir: we reject all
values ofvLg,m/LTir more than & away from its expected value. The results, again using
the same parametens (=3.4,n, =—1,z7=2,m =1,mp = —1.5,2 = 1, model M5), do
not change too much with respect to M4, so we do not show them here.

We can consider M4 our best-fit model: all the number counts are wetideped (within
a factor < 2), together with the redshift distributions. There is only one exception: the
160um number counts are largely underestimated. We will discuss this is§l&eTn

A further constraint on our evolutionary model comes from the comparistmthe cur-
rent CIB measurements. Our model predictions for the CIB are deriyadiimming up the
flux densities of all sources for the bands in question. | Fig 4.17 showsrdakcied CIB
intensity at specific wavelengths together with the comparison with pressetaions for
the model M4 it agrees with all the available measurements and limits.

4.5 Star formation history

Much attention has been attracted since Madau et al. k1996) relatec smunets and red-
shift distributions obtained from deep UV/optical surveys to the star formétietal pro-
duction history of the universe. Since then the so-cdlllediau diagramhas been revised
many times through various improvements, including (1) the corrections foeftbet of
dust extinction on UV/optical luminosities e.g. Steidel et al. 1999), (2)lte$om less
extinction-sensitive Balmer line surveys (e.g. Yan et al. 1999), ance&jlts from submil-
limeter SCUBA surveys (e.b. Chapman et al. 2005).
Adopting the conversion factor of Kennicutt (1@98),

SFRMoyr 1] =45.10* x Lyr[ergsy, (4.8)

we can convert the cosmic luminosity density evolution of our model to a SFR.cur
In the calculation, we take into account only the fraction on infrared luminalsig/to star
formation (sg). In Fig.[4.18 the results of the simulation using model M4 are compared with
the survey data already shown in Fig.]1.2. The model is in very good ragreewith the
observations for the full redshift range. In particular, Zgr 4, the model results are similar
to the results from SCUBA surveys, while it is slightly lower than the measuresoétained
from the UV/optical surveys. This does not surprise, since the mod#ligsmnstrained by
the infrared/submillimeter data.
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Figure 4.18: Histogram showing the SFR evolution of the model M4 compavil the
observational results already shown in Fig. ¥2llow triangle radio surveysred circles
mid-IR surveys;green stardJV and optical surveys, corrected for dust extinctioiglet
squares SMGs corrected for completeness. See Chapman et al.\(mloa)full list of
references.

4.6 AGN contribution to infrared emission

As discussed earlier, LIRGs and ULIRGs, with their huge infrared lunitiess correspond
to an extremely active phase of dust enshrouded star formation andidraé&tity. They
become an increasingly significant population at high redshift, repiiagean important
phase in the buildup of massive galaxy bulges and in the growth of theiatenpermassive
black holes. To understand these processes, it is essential to sépacastribution of AGN
and starburst to the infrared luminosity of LIRGs and ULIRGs.

Recent works have shown how the IRAC color-color diagram and tHeSVA4 to &im
color can be used to identify AGN-dominated sources (Lac et al. 20fiSet al. 2005;
Stern at al. 200$; Yan et al. 20d)4; Brand et al. 20 6). Brand et@ﬂ).é()z in particular, have
demonstrated how the 24 tqui flux ratio = log[v fny(24pum) /v f, (8 um)]) can be used
to disentangle the contribution of AGN and starbursts to the total repratesselR (~
5—25um) emission as a function of the pih flux. We use this study as a first example
of how to confront our model with observations that constraint the AGiNerd of high-z
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sources.

Nevertheless, a photometric study of this type is subject to several cakéaty broad
emission- and absorption-line features are known to be present in theRnsidelctrum of
ULIRGs (e.g\ Houck et al. 2005; Yan et al. 2005), and this may affexs function of red-
shift. For example, at.1 <z < 1.7, the 241im observed emission can be strongly attenuated
by the silicate absorption feature a?fim. It is also possible that an AGN could be heavily
embedded in large amounts of cooler dust and could remain undetected iprthbahd
even though it dominates the bolometric infrared emission. In practice: oidagthe
galaxies, which ilﬁ Brand et bi (2d06) are classified as “AGN-dominatkzhost an AGN,
but it is not necessary the dominant source powering the infrared emissiohe other side,
objects that are known to be dominated by AGN in the mid-IR, like NGC1068ptpresent
the color { ~ 0) that is considered “typical” for AGN-dominated sources in the Brarad. et
M) study.

Obtaining mid-IR spectroscopy of complete unbiasefdri4elected samples of infrared
sources will be important in putting more constraints on the AGN contribution teotaé
infrared emission and in characterization of thqu2dselected population. At the moment,
there are three different observing programs with IRS that will be wétddor this task,
but no results have been published yet. BpitzerGO-2 program PID 20629 (PI L.Yan)
will observe 159 sources from the First Look Survey (FLS) wigh > 0.9mJy and will
estimate the relative frequencies of AGN, starburst and composite sydtamsjeriving
the true obscured star formation density. BpmtzerGO-3 program PID 30431 (Pl L.Yan)
will extend the previous sample to fainter objectslf< fo4 < 0.5mJy), thus to higher
redshift. The proposed observations, in combination with brighter samlesrevious
IRS surveys, will allow to trace the evolution of AGN/SB ratio, strength of R&hission
and mid-IR opacities as a function @fg andz Last, theSpitzerGO-4 program PID
40539 (PI G.Helou) will obtain IRS spectroscopy of a flux-limited sample &bges with
5 < faq < 100mJy: this sample bridges the gap between the pre-Spitzer objects such as
nearby spirals and ULIRGs, and the much fainter and more distant sqouecgued in most
IRS follow-up work to date.

The models developed in this thesis allows to predict the fraction of AGN-ddetina
sources as a function of the mid-IR flux. In particular, it is possible to distgtigbetween
sources dominated by AGN at prh and sources AGN-dominated with respect to the total
infrared luminosity. This distinction is important when comparing the results o$ithe-
lation with the observations: the information abdui will be useful in comparison with
the results from the upcoming IRS observations cited above, while the fioegicelated to
Ltir will be confronted withHerschelresults.

Fig.'4.1% shows the fraction of all sources whose mid-IR emission is dominated by AGN
(f2aaen/ f24s8 > 1) as a function of the 24m flux density for model M4<olid histogran)
and M5 @ashed histograjn The trend and the values obtained are similar to those measured
by\Brand etal. (2006)apen squares even if the measurements have to be compared care-
fully for the reasons explained above. Our predictions will be easily cosapgastead with
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Figure 4.19: Fraction of all sources whose mid-IR emissiah4nd total infrared emission
(b) are dominated by AGN as a function &f4 for model M4 &olid histogram and M5
(dashed histograin Redshift range of the sources isz < 8. Open squaresepresent the
results from Brand et al. (2006).
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the upcoming IRS observations, that will help us to put more constraints omadeled
AGN contribution. In fact, the AGN fraction of model M5, where the AGN tdution has
been slightly modified, is a bit lower compared to model M4: only more constreams

ing from mid-IR spectroscopic observations can discriminate between thebslels M4

and M5. Figl 4.1p shows the fraction of all sources whose total infrared emission is dom-
inated by AGN [acn/Lsg > 1) as a function of the 24m flux density for the two models
M4 and M5. As expected, the values of the fraction are lower, becaes@GIN starts to
dominate the mid-IR part of the SED before being dominant in the entire idfrargye (see

e.g. Figl 4.12).

4.7 Open issues

Our best-fit model M4 is able to reproduce most of the measurements avaliblerthe-
less, there are still some issues that need a deeper analysis and disaeunssiall be dealt
with in further studies.

The first point concerns the 1ffh number counts. None of our models was able to
reproduce the number counts at 169 underestimated by a factor €f5. The ISOPHOT
serendipity survey has revealed a population of nearby cold galéxliirekq&t al. 1998,
M), under-represented in the 80 IRAS sample. These objects are often associated
with bright optical spiral galaxies, and their far-IR colofs#/ f100 ~ 1.3) indicate a rising
spectrum beyond 1Q@n, similar to that seen for example in the Milky Way galactic ridge
(Serra et al. 1978). Lagache et al. (2\003) implemented this class ot®jeceafter “cold
galaxies”) in their evolutionary model: cold galaxies dominateztheD luminosity function
at low luminosities and become less important at higher redshifts, becairsevibiation is
passive and shorb{ = 1,n, = 0,z; = 0.4). Their contribution to the high luminosity part of
the luminosity function is still substantial up tar ~ 10'L.,, while at larger luminosities
it is quite small, Lagache et al. (2d03) show that the fraction of cold galasiesontribute
to the total number counts up 4050% at 17Qum in the flux range where a comparison with
measurements is possible16- 1.0mJy, see their Fig. 9). The modifications added later to
the model have not changed the number counts amﬁ@.agache etal. 20@4, their Fig. 4).
We can conclude that probably the scatter inltheT relation calculated Idi Chaéman et al.
4200390) and implemented in our simulations needs some corrections in ordeetmtiak
account the cold galaxies population. The lack of these corrections gdairexvhy we
underestimate the 166 number counts. An important constraint on such a future change
of the adopted. — T relation and its scatter will be the 8@t counts. The 16@m counts
need to be increased without creating excesg8b0ounts. This may support a mostly local
change.

The second point regards the excess of bright sources in the&8B80mber counts. This
excess is probably due to the different statistics in the observed and sidhiiddds. Infact,
the simulated field of view is 3dég6 times larger then the SHADES field, which the data
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points refer to. The same model (M4) applied to a smaller field of vietd€d, same as
SHADES) reproduces perfectly the observations. Nevertheless,sabliyillimeter obser-
vations on larger scales (SCUBA2 surveys) will be able to constrain igatkend of the
distribution.

The third point regards the distribution of the AGN contribution and the fracif)AGN-
dominated sources. We already pointed out that the models M4 and M5 tpsaditar
24um number counts, but different amount of AGN-dominated sources.x{@alatz ~ 2
presenting a “mid-IR excess” have redder 5.8um colors than normal galaxies: this is
evidence for an AGN contribution to the mid-IR continuum due to warm dust.presence
of Compton-thick AGN is confirmed by the stackétlandraX-ray data\(Daddi etal. 2007).
The sky density and the volume density of this population of obscured AGdeagason-
ably well with those predicted by the background synthesis models of Gilli @7). In
order to discriminate between our best models, M4 and M5, we need to cotmeaAGN-
dominated sources predicted with upcoming observations with IRS. This wibidnte a
further constraint, in addition with the bonds already used to the total numbets;@nd it
will make the final model able to reproduce the co-evolution of AGN and stsrin more
detail.

4.8 Prediction for multiband Herschel surveys

In this section, we will show predictions using the best-fit model M4. We witlcemtrate

on future surveys wittHersche] which will be launched in early 2009, in particular on the
PEP survey (seg1.2.2). All three PACS bands (70, 100, 160) are considered. Predicted
number counts at 70 and 16 are already shown in Fig. 4/16 and compared with the
currently available data at those wavebands.

In Fig.[4.2Qop the predicted euclidean normalized differential number counts garh00
are plotted. While at 7@m the AGN-dominated sources can give a non-negligible contri-
bution to the total number counts, in particular figp = 50mJy, at 10Qm, as well as at
160um, the number counts are exclusively dominated by the starburst component.

Fig./4.2Mottomshows predicted redshift distributions for the deépd> 1.5mJy) and
large (f160 > 8 MJy) PEP fields. The deep (2015) and the large (85« 85)) fields are cen-
tered respectively on the GOODS-S and on the COSMOS fields, in ordevéothe max-
imum availability of multi-wavelength data and follow up opportunities. The chdistas
are infact fully covered in several of the following: deep X-ray sysydJV/optical/near-
IR/IRAC imaging, HST imagingSpitzermid-IR surveys, submillimeter surveys and radio
mapping. The predicted distributions show a prominent peak-at and a secondary bump
atz~ 2. Both the surveys will observe sources ugto3, allowing a consistent step forward
in the study of the cosmic evolution of dusty star formation and of the infran@éhhsity
function, as well as in the determination of the overall SEDs of active galaxie
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Figure 4.20: Prediction using the best-fit model M4 for the upcoming PEReys. Top:
euclidean normalized differential number counts at@fdQsolid ling). AGN-dominated
galaxies [agn/Lsg > 1) are represented with dashed line, while starburst daetdrgalax-
ies (Lagn/Lss < 1) are shown as dotted lineBottom-left redshift distributions of PEP
survey in the deep field (1& 15, fip0 > 1.5mJy). Bottom-right redshift distributions of
PEP survey in the large field (8% 85, f150 > 8mJy).

4.9 Conclusions

The aim of this work has been to find a “backward evolution” model that canlyfit the
galaxy source counts from the mid-IR to submillimeter wavelengths whilst ntattirig the
constraints set by the CIB measurements. SCUBASmitzersurveys have discovered high
redshift sources showing clear differences in their nature: submillimetgcss are mainly
starburst-powered (e.\g. Tacconi et al. 2d06; Valiante et aI.\ZOGﬂbe whe brightest 24m
sources show typically AGN features both in the mid-IR and in the stackeayXspectra
(e.g.\ Yan et alfg&)‘)(; Daddi et al. 2007). Are we seeing a reprasentaf two stages of
galaxy evolution of the same population or different evolutionary pathedrmste popula-
tions?
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4.9 Conclusions

The model developed here has demonstrated that it is possible to reptbéuerist-
ing measurements considering only one population of objects, where ttrébatan be-
tween starbursts and AGN varies with the redshifts and the luminosities. Rerazeeé
(N1, N2,z1,Mmy, My, 22) luminosity evolution function,f(z), and density evolution function,
0(2), are adopted. The best-fit results aje=3.4,np, = —-1,21=2m =1, mp=-152 =
1. The luminosity evolution is mainly constrained by number counts at 24 anagh850hile
the density evolution is strongly influenced by theu@#redshift distribution.

Furthermore, this is the first evolution model using an evolving SED both intéhlewssts
and in the AGN part. This evolution is needed in order to reproduce simuliahethe
number counts in the mid-IR and in the submillimeter and has already been ethéeithe
most recent observations of submillimeter galaxies made Spitzer(Pope et a%G; this
thesis).

There are still three aspects under analysis. (1) The number couG@Lmb Are not repro-
duced by our current model. We probably have to implement more cold aatdogrces,
as made by Lagache et al. (2@03), changing the spread in thE relation calculated by
Chapman et al. (2003b). (2) The predicted number counts girBfdesent too many bright
sources. These luminous objects have never been observed, butpgiobably due to the
small field (05ded) of the current submillimeter surveys. (3) The best fit to the data is
given by the model M4. Nevertheless, also the model M5, where the AGMilotion is
implemented in a slightly different way, is able to reproduce the observatitims.differ-
ence between the two models is in the fraction of AGN dominated sources astefuof
the 24um flux density. Only forthcoming mid-IR spectroscopic observations willlile t
discriminate between model M4 and M5.

Of course, in order to develop a well constrained model of high redSkiis, more mea-
surements at far-IR and submillimeter wavelengths are needed, in partwelaaracterize
the peak of the dust emissionzt 2. This is exactly one of the main aims of tHerschel
surveys.

Finally, prediction related to the PEP survey are presented: in two of the BAES
wavebands, the number counts will be dominated by the starburst compBoémnthe deep
and the large fields will observe sources ugto 3. PEP will quantify the total energetics
of the obscured stages in black-hole evolution, as well as of the startformia their phase
of maximum activity.
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Conclusions

In this work, we have analyzed and discussed the nature and evolutioinaséd high red-
shift galaxies, both using mid-infrared observations and developingekiiard evolution”
model to carry out numerical simulations.

We have presenteslpitzermid-infrared spectra of a sample of 13 submillimeter galaxies.
For nine of them, we have unambiguous detections of PAH spectral feancdor mid-
infrared continua that allow us to constrain energy sources in thesdaohjatto determine,
in three cases for the first time, their redshifts. The IRS detections almeeahaediarz ~
2.7. Plausibly, the four IRS non-detections lie at higher redshit3.6), giving a mediaiz ~
2.8 for the full set of 13. Although our sample is small, this result may indicagxgnsion
to higher redshift of the SMG redshift distributioglative to radio-preselected samples with
optical redshifts. In the majority of cases, the detection of PAH emission amwdghkness of
AGN continua indicate thahese galaxies are mainly starburst-powerdthis result agrees
with previous X-ray, optical and SED studies that indicate only a small AGiribmtion to
the infrared luminosity compared to heating from star-formation activity. Gukwextends
these studies by also constraining the role of highly obscured AGN. Tie B&perties
of our galaxies are in agreement with t8MGs being scaled-up versions of the compact
star-forming regions in local ULIRGsThe existence of star formation dominated systems
at infrared luminosities in excess of .., is unique to the high redshift universe. The
presence of high luminosity starbursts in SMGs may be related to their high&agasns

(Greve et aJI’—Z&)L}o Tacconi et al. 2@06) Mid-infrared spectnogedth IRS, together with
ancillary observations from the optical through radio wavelengths, legngpcentral role in
understanding the nature of submillimeter galaxies and can be a powellffbitgwobing
the earliest and most dramatic stage of the evolution of galaxies.
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5 Conclusions

In order to constrain the AGN contribution to infrared galaxies over a targege of
luminosities than previously, we have applied spectral decomposition te@snigua large
sample ofSpitzerRS spectra of ULIRGs and LIRGs withrg > 10'L, to isolate the AGN
6pum continua. The distribution ofLeagn/LTir depends oiyir. Even if the mean value
of the detections does not vary significantly, the number of the detectioreaes with
increasing luminosity, indicating a change in the intrinsic distribution. MontdéeGamu-
lations show thathe contribution to the infrared luminosity due to AGN actually increases
with the luminosity The best fityLsym/Lmir O LS5, givesa = 1.4+ 0.6. The relation does
not hold any more at high redshifts

We developed a “backward evolution” model that can viably fit the galaxyce counts
from the mid-infrared to submillimeter wavelengths whilst not violating the coimésraet
by the CIB measurements, SCUBA aBgitzersurveys. The model developed here re-
produces the existing measurements considering only one population ofspbybere the
contribution between starbursts and AGN varies with the redshifts and thedsitiés. Pa-
rameterizedry, np, 1, My, My, Zo) luminosity evolution functionf (z), and density evolution
function, g(z), are adopted.This is the first evolution model using an evolving SED both
in the starbursts and in the AGN parfThis evolution is necessary in order to reproduce
simultaneously the number counts in the mid-infrared and in the submillimeter arad-has
ready been observed in the most recent observations of submillimeteregal®@here are
still two aspects under analysis: the number counts apd68re not reproduced by our cur-
rent model and the total amount of AGN dominated sources could be nsistemt with the
Compton-thick sources observed in the mid-infrared.

In order to develop a well constrained model of high redshift SEDs, mesurements at
far-infrared and submillimeter wavelengths are needed, in particular tacikaze the peak
of the dust emission at~ 2. More measurements at far-infrared will enable a detailed study
of the evolution of the infrared luminosity function and luminositgmperature relation
with redshift, expanding on the results based on mid-infrared or submillimetesys and
suppressing the associated uncertainties due to extrapolation of thedn8&Ds. This is
exactly one of the main aims of tlterschelsurveys.
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