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Resumen de la tesis en castellano

Obijetivos de la Investigacon

El observatoridRAS(Infrared Astronomical Satellidefue puesto en érbita en 1983 con la mision de
explorar el cielo completo en distintas longitudes de orelatrd del rango infrarrojo (IR). Una de
sus aportaciones mas importantes fue el descubrimientma&ueva poblacion de galaxias con una
intensa luminosidad en el IR g > 10* L) que ademas domina completamente respecto a la emision
en otros rangos de energia. Se las denominb Galaxias beasren el IRl uminous Infrared Galaxies
—LIRG).

Dentro de las LIRG se descubrieron nuevas galaxias con mmadsidad en el IR ain mayor: las
Galaxias Ultraluminosas en el Infrarrojblfraluminous Infrared Galaxies- ULIRG) si su luminosi-
dad IR excedia de 19 L., y las Galaxias Hiperluminosas en el Infrarrojdyperluminous Infrared
Galaxies— HLIRG) si su luminosidad IR excedia de'#Q..

La elevada luminosidad de estas galaxias solo podia exgpii® bien mediante episodios de violenta
formacion estelarstarburst- SB), o bien por la acrecion sobre un agujero negro supéronésu-
pemassive black holes - SMBH) central de grandes masas dem@go (Nlcleo activo de galaxia
— AGN). Cual de estos fenbmenos es el verdadero motor deikiéa IR de estas galaxias ha sido
un tema muy debatido por la comunidad astronomica desdeseutrimiento de las ULIRG y las
HLIRG.

Finalmente, los nuevos telescopios terrestres y espad@ponibles durante la Ultima década han
permitido elaborar un paradigma consistente para las ULIRfBualmente se acepta que éstas son
el resultado de fusioneg/qyinteracciones entre galaxias ricas en gas. Dichas aofisiconducen
grandes cantidades de gas y polvo al nicleo de las gal@sigs, del cual es consumido en episodios
de formacion estelar muy intensos y otra parte cae en el SMBEendiendo un AGN. El debate
actual sobre estos objetos se centra en como interacciomntarsdendomenos (SB y AGN) entre siy su
posible influencia en la evolucion posterior de la galaxia.

Este paradigma sin embargo no parece ser completamengetooen el caso de las HLIRG. Si bien
se acepta que, como en las ULIRG, la luminosidad IR es prdeopar alguna combinacion de SB
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y AGN, observaciones realizadas con el telescopio espidaialble demuestran que sbélo un tercio de
estas galaxias muestran sefiales de colisiones o int@nasciSon necesarias pues investigaciones mas
detalladas para comprender la naturaleza de las HLIRG yaiér con las ULIRG.

Por otro lado, si los fenbmenos de formacion estelar ycimmesobre SMBH son tan extremos como
estudios anteriores sugieren, las HLIRG resultan un lafxoaexcelente para estudiar las interac-
ciones y procesos de retroalimentacion entre AGN y SBeasio con la galaxia que los hospeda.
Lograr una comprension detallada de estas interacci@sedta imprescindible dentro del paradigma
de coevolucion de los AGN y las galaxias. Un numero cadanaygor de observaciones sefialan clara-
mente que la formacion de las galaxias se encuentra de algdo relacionada con el crecimiento de
los SMBH que albergan en su centro. El estudio de las HLIRGoesamto crucial dentro de dicho
paradigma.

El principal objetivo de esta tesis es presentar un marduoatjp coherente de las HLIRG en el cual
poder explicar las propiedades de estos objetos derivadalssgtrvaciones multifrecuencia. Necesita-
mos pues estimar la contribucion relativa de AGN y SB a lssémibolométrica total de las HLIRG.
¢Los procesos de acrecion son dominantes respecto a ladénmestelar? ¢O mas bien sucede lo
contrario? ¢Como es la emisibn de estos objetos a lo labespectro electromagnético? Puede ex-
plicarse su enorme luminosidad IR simplemente por la @mid€ un AGN o de un SB, ¢,0 son ambos
fenbmenos necesarios? ¢ Cual es el rango de energiecade@smdo para estudiar y poder separar la
emision del AGN de la formacion estelar en estos objetos?

Podemos resumir los objetivos de esta tesis en los sigaipntgos:
1. Caracterizar las propiedades de las HLIRG en distintogasde energia e interpretarlas desde
un punto de vista amplio y consistente.

2. Separar la emision originada en los AGN y los SB presaamidas HLIRG mediante diferentes
técnicas complementarias y estimar la contribuciontivglale cada una de esas componentes a
la emision total.

3. Comprobar si las luminosidades de los AGN y de los SB edg&algin modo relacionados en
distintas épocas del Universo.

4. Estimar las tasas de formacion estelar de estas gala#iaando diferentes métodos y compro-
bar si dichas tasas son tan extremas como han encontradmsstateriores.

5. Estudiar la densidad del gas y la fraccion de cielo ctdjgor polvo en las HLIRG.

6. Reproducir la emision global de las HLIRG mediante la loimacion de modelos sencillos de
AGN y SB, asi como estudiar cualquier dependencia de esgbdenton otras propiedades de
las HLIRG como el oscurecimiento o la luminosidad bolomséatr



7. Comprobar si las HLIRG forman una Unica poblacion biefinida o pueden separarse en dis-
tintas “familias” y, en ese caso, intentar explicar logjeries fisicos de éstas.

Planteamiento y metodologa

Los AGN y los procesos de formacion estelar se producernudadiviente en entornos muy oscurecidos
por grandes cantidades de gas y polvo. La observacion es bay en el IR permiten penetrar en
esta clase de entornos y estudiar dichos fenbmenos. lseqiie los rayos X proporcionan una vision
clara de la emision primaria de los AGN, observaciones @R efrecen informacion detallada acerca
de los niveles de polvo y la formacion estelar que se prodadas cercanias del AGN.

Las observaciones en el IR y rayos X resultan pues esenpiatasomprender de un modo detallado
la formacion estelar y los AGN. Afortunadamente hoy endisgponemos de potentes observatorios
en estos rangos de energia, coBltandra XMM-Newton Suzaku Spitzer o AKARI. Pueden em-
plearse diferentes estrategias para aprovechar la sinengie rayos X e IR, por ejemplo mediante
exploraciones del cielo multifrecuencia como los proyec®ODS, AEGIS o COSMOS, mediante
observaciones puntuales en el IR de objetos con propiegedesiares en rayos X (como los cuasares
absorbidos en rayos X), o mediante observaciones en rayeduédtes que emiten fuertemente en el
IR, como las ULIRG o las HLIRG.

Gracias a las excepcionales caracteristicas de los nodgesvatorios antes mencionados podemos
estudiar las propiedades de las HLIRG en distintas long#wte onda con un detalle muy elevado.
Para desarrollar esta investigacion seleccionamos ueatraude HLIRG compuesta por fuentes que
habian sido observadas por los observatorios espacidfidg- Kewton(rayos X) y Spitzer(IR). La
tesis que aqui se presenta esta dividida en tres partestuelio de los espectros X de las HLIRG, el
estudio de sus espectros en el IR medio (MIR) y el estudio sidistribuciones espectrales de energia
(Spectral Energy Distributior SED).

La comparacion entre HLIRG y ULIRG de sus propiedades Xmindjas, asi como de sus SED, nos
permiten determinar hasta que punto estos objetos formapaldaciones bien diferenciadas. AlUn
mas, mediante el analisis de una muestra amplia y repegsande HLIRG podremos concretar si
todos las HLIRG comparten caracteristicas similares d@user divididos en distintas familias.

Podemos aplicar también distintos métodos para detkxstaenales tipicas de la emision de AGN y

SB en distintas longitudes de onda, asi como estimar laiboaidbn de cada uno de estos procesos a
la emision bolométrica de las HLIRG. Nuestro enfoque ifrattuencia puede proporcionas pruebas
mas concluyentes acerca de cual es el mecanismo domeratds HLIRG comparado con anteriores

estudios restringidos a un Unico rango de energia.



Gracias a la capacidad penetrante de las observacionega@nXay en el IR, podemos detectar la
emision AGN incluso en entornos altamente oscurecidosliciqo las correcciones bolométricas
estandar es posible estimar la luminosidad total del AGN gantribucion relativa a la emision total

de cada HLIRG. Ademas a través del estudio de sus SED padeamoprobar si estas correcciones
bolométricas son adecuadas para estos objetos de ludaddsin elevada.

Los rayos Xy el IR también ofrecen una ventana excelengeglastudio de los procesos de formacion
estelar que se pueden dar en las HLIRG. Es posible estimamtésosidades de la emision SB y las
tasas de formacion estelar que se dan en las HLIRG, asi comprobar si éstas se encuentran de
algin modo relacionadas con las propiedades del AGN, Isefielaria hacia un origen fisico comun.

Aportaciones originales

La investigacion presentada en esta tesis ha contribugidfisativamente al conocimiento de las
HLIRG. Anteriores trabajos se limitan a un solo rango de @gaey, generalmente, a un pequefo
nimero de fuentes. Solo dos trabajos anteriores han adtudina muestra significativa de HLIRG
(Rowan-Robinson 20Q0Farrah et al. 2003apero ambos estan restringidos al rango IR y utilizan las
mismas técnicas para su estudio. Nuestro trabajo es etprique ha estudiado una muestra modera-
damente grande de HLIRG en distintos rangos de energiajtiardo obtener una vision consistente
capaz de explicar la elevada luminosidad de estos objetos.

Nuestras investigaciones de los espectros X y MIR de las BLiBN sido los primeros estudios sis-

tematicos de estos objetos realizados en dichos rangasedgi@& Del mismo modo, nuestro trabajo

sobre las SED de las HLIRG es también pionero en estudianisi@ global de estas fuentes mas

alla de la banda infrarroja. Estos resultados han sideptados en varios congresos y revistas inter-
nacionalesRuiz et al. 20062007, 2010ab,c).

Conclusiones

Esta investigacion ha permitido caracterizar las prapied de las HLIRG en rayos X y en el MIR, asi
como explicar su emision global a través de la constacdg sus distribuciones espectrales de energia,
desde la banda de radio hasta los rayos X. Nuestro enfoquidrenwiencia nos ha permitido presentar
pruebas sblidas de que todas las fuentes que hemos estadliigigan un AGN. En la mayoria de
estas fuentes es necesaria la existencia de un SB paraagxqaiopletamente todas sus propiedades.
Hemos podido determinar también que aquellas fuente®simation estelar significativa son en rea-
lidad cuasares muy luminosos, con lo que no deben conssgenaténticas HLIRG ya que su emision
bolométrica no esta dominada completamente por la emist. Asi pues, los fenbmenos de AGN y
SB resultan ambos cruciales para entender la luminosidaehex de las HLIRG.



Hemos encontrado indicios significativos de que las HLIRGarman una poblacion homogénea.
Por un lado hemos encontrado HLIRG muy oscurecidas en raypogMIR, sefialando la existen-
cia de grandes cantidades de gas y polvo que envuelven capletamente el nicleo galactico. Los
AGN y SB presentes en esta clase fuentes parecen encoritrarsgnente interconectados y los estu-
dios morfologicos de algunas de estas galaxias indicarsgumcuentran sometidas a fendbmenos de
interaccion yo fusion entre galaxias. Todas estas propiedades son esnauas ULIRG, con lo que
podemos concluir que este tipo de HLIRG son el extremo de miayonosidad dentro de la poblacion
de ULIRG.

Por otro lado encontramos HLIRG poco oscurecidas en rayo®MMIR, con lo que las cantidades
de polvo y gas presentes son significativamente menoresead¢astradas en el anterior grupo. Los
procesos de retroalimentacion entre los AGN y los SB ersdatntes parecen ser también menos
importantes. Los SB de la mayoria de estas fuentes puedeapseducidos mediante modelos de
SB jovenes. Los estudios morfologicos sefialan que semtés aisladas, no encontrando evidencias
de que hayan sufrido interacciones o fusiones recientestcas galaxias. Si bien se necesitan estu-
dios mas detallados para comprender la naturaleza deHislR&, podrian ser galaxias jovenes que
estan sufriendo su primer proceso importante de formaesbelar. Parte del gas necesario para esta
formacion estelar cae en su SMBH central, encendiendo U4.AG

Podemos concluir por tanto que las fuentes estudiadas artess$ pertenecen a una de estas tres

poblaciones:

1. Cuasares muy luminosos sin formacion estelar sigtiifeca

2. Galaxias activas aisladas y jovenes sometidas a su rpepigodio importante de formacion
estelar, sin ninguna relacion con interacciones o fusigadacticas recientes.

3. Galaxias sometidas a interacciones recientes con @tlasias, lo cual atrae a su centro grandes
cantidades de gas y polvo. Estos eventos disparan episdadlestos de formacion estelar y
enciende el AGN en un entorno altamente oscurecido. Esjemslpueden clasificarse como la
version de alta luminosidad de las ULIRG.

Futuras lineas de investigadn

Los resultados presentados en esta tesis pueden mejdganifieativamente mediante las siguientes

lineas de actuacion:

1. Incrementar la muestra de HLIRG. En este trabajo se ha estudiado un nUmero moderado de
fuentes, alrededor de unas veinte HLIRG. Este nimero exdraacion importante del total de



HLIRG conocidas (cerca de cincuenta) cuando se comenadesss. Sin embargo las explo-
raciones de gran area realizadas por los nuevos telesciofiarrojos lanzados en los tltimos
aflos comdSpitzery AKARI, junto con los futuros resultados de WISEH®rsche] estan in-
crementando espectacularmente el nUmero de HLIRG camcibdos estos nuevos datos nos
permitiran construir muestras de HLIRG con un nimero rounhyor de fuentes, seleccionadas
de una manera mas homogénea. Esto hara posible obtem@unsiones acerca de la poblacion
global de HLIRG mucho mas soélidas.

. Comparacion con otras poblaciones de fuentes astr@micas. Esta tesis se ha limitado al es-
tudio de HLIRG aredshiftmoderado, pero los nuevos observatorios infrarrojos haoutbéerto
un niumero cada vez mayor de HLIRG a algnishift La comparacion entre las propiedades
de las poblaciones de las ULIRG y HLIRG a bajo y atdshiftes crucial para comprender la
evolucion de estos objetos a lo largo del tiempo. Resuttdiian importante estudiar la posible
relacion entre HLIRG y otras fuentes de alta luminosidasi@das galaxias sub-milimétricas o
los QSO con absorcibn en rayos X. Estas investigacionesex®sarias para obtener una vision
global acerca de la relacion entre los AGN y la formacioiagjica.

. A largo plazo, lanueva generaddn de observatorios X.La mision conjunta de NASA, ESA
y JAXA para desarrollar el nuevo observatorio internadia®arayos X (IXO) proporcionara
una herramienta excelente para el estudio de las HLIRG. tabl@aumento de sensibilidad
y la ampliacion del rango de energia en el que presumibirfencionara IXO permitiran la
observacion directa de la emision nuclear de las fuentes aacurecidas. También permitira
la deteccibn de la emisién X originada por procesos de doiom estelar incluso en aquellas
HLIRG dominadas por la emision del AGN.
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“They both savoured the strange warm glow of
being much more ignorant than ordinary people,
who were only ignorant of ordinary things.”

Discworld scientist at work
(Terry Pratchett, Equal Rites)

“In order to make an apple pie from scratch,
you must first create the Universe.”

Carl Sagan






Summary

One of the most challenging results brought by the Infrarettaghomical Satellite (IRAS) is the dis-
covery of a new population of extragalactic objects, thedlliminous Infrared Galaxies (ULIRG).
These sources showed a luminosity comparable to qudsars (L0* L), but their bolometric output
was completely dominated by the infrared (IR) emission.

The origin of their extreme IR luminosities has been in diston for decades, but in the last few years
a consensual picture has emerged, brought by multi-wagtderbservations. Now is broadly accepted
that ULIRG are dusty galaxies where fierce star formatiorgsees have been triggered by mergers or
interactions between rich-gas galaxies. Only half of thiowsActive Galactic Nuclei (AGN), which
usually are minor contributors to the total IR emission, thetfraction of ULIRG harbouring an AGN
and its relative contribution to the bolometric output E&ses with luminosity.

Hyperluminous Infrared Galaxies (HLIRG) are defined as¢Ho&RkG with Lig > 10'° L,. However
the ULIRG paradigm described above is not so well-groundetif£ IRG. Most of these objects seem
to be composite sources, i.e. AGN and SB phenomena are bettedigo fully explain their IR
emission and only about a third of them has been found inantgrg systems. Further investigations
are needed to fully understand the nature of HLIRG and itsxection with ULIRG. Moreover, as
HLIRG could represent the most vigorous stage of galaxy &ion they are unique laboratories to
investigate extremely high stellar formation, and its amtion to super-massive black hole (SMBH)
growth. HLIRG could be key objects to understand the cotgiart between SMBH and galaxies.

AGN and star formation processes occur in environmentsrendlad by large amounts of gas and
dust. X-ray and IR observationsfer the needed penetrating power to study these phenomerie Wh
X-rays provide a largely uncontaminated view of the primafN emission, measures of infrared
emission yield detailed information about the levels oftcarsd on-going star-formation surrounding
AGN.

Infrared and X-ray observations are therefore essentiahtierstand the AGN and SB phenomena on-
going in HLIRG. The main objective of this thesis is to drawcenprehensive and consistent picture
on HLIRG derived from multi-wavelength observations. Tkeito the unprecedented capabilities of
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state-of-the-art observatories we are able to charaetdrezproperties of HLIRG in several wavelength
ranges.

We selected a moderate size sample of HLIRG observed by XN&Mtonandor Spitzer which al-
lows performing our study in two complementary energy baddsay and MIR, and we have also
studied their broadband SED from radio to X-rays. We havdieghpifferent techniques to detect the
signatures of AGN and SB emission at several wavelengthestimdate the contribution of these pro-
cesses to the bolometric output. Our multi-wavelength @ggr provides more conclusive evidence
on which is the dominant mechanism with respect to any otfeigus study restricted to a particular
energy range.

We found that all the studied sources harbour an AGN. MIR andyXobservations have allowed its
detection even in heavily enshrouded environments. Mdsiesie sources posses a strong SB, with star
forming rates up to- 1000 M, yr—1. Moreover, we found that those sources with no SB contdiputi
are in fact luminous quasars and hence they are not “bonaHilddR G, since their bolometric emission

is not dominated by the IR output. We can confirm that both AGNSB phenomena are indispensable
to understand the extreme luminosity of HLIRG.

However, the “bona fide” HLIRG do not seem to be an homogenpopslation. On one hand there
are sources with large amounts of gas and dust enshroudinguitieus as it is suggested by the
strong absorption shown in X-rays and MIR and by the shapbkeif SED. Their large dust covering
factors are also consistent with a nucleus almost completedhrouded by dust. The gas and dust fuel
powerful AGN activity and strong star formation, that cobleltriggered by galaxy interactions dord
mergers, as suggested by the study of the morphology andoemnt of some of these HLIRG.
The analysis of their SED also hints toward a strong feedlatWween both phenomena. These are
common properties of ULIRG and hence we can consider thesRGEllas the objects occupying the
high luminosity tail of the ULIRG population distribution.

On the other hand there are HLIRG with minor MtfRticajX-ray obscuration, suggesting lower quan-
tities of gas and dust than in the “ULIRG-like” populationowever the strong SB observed in these
sources need large amounts of gas to fuel the star formattm SB emission in these HLIRG can be
modelled with young SB models. They seem to be isolated gaawith no signs of interactions or

ongoing mergers. Further studies are needed to explainatineenof these HLIRG, but they could be
young active galaxies undergoing their first major episdd&ar formation.

Therefore, the sources studied in this thesis likely betorthyree diferent populations:

1. Very luminous QSO with minor star formation activity.

2. Young, isolated active galaxies undergoing their firs$@ge of major star formation with little
connection with a recent major merger.



3. Galaxies which have recently experienced a mgilggturbance that brought lots of gas and dust
into the inner regions. This event triggered both the stemé&tion and the AGN activity in a
heavily obscured environment. These objects are good datedi to be the high luminosity tail
of the ULIRG population distribution.
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Chapter 1

Introduction

The “extreme” has been always a fascination for human bei®gs history is in some way a reflect
of our ambition to go higher, to get deeper, to reach the datthto be the best. And science is not
immune to our desire to search for the Universe’s own brartiebiggest and the brightest. But the
curiosity of science for extreme objects and conditionsoisamly a matter of this particular quality of
the human behaviour.

Strange and extreme environments allow scientist to tesirigss beyond the “normal” conditions
where they were established and to learn better how is tlagir@ Special relativity tells us how
objects behave at the highest velocities, general relatdéscribes how gravity works in extreme
conditions and how the Universe evolves in the largest scglgantum mechanics was developed to
understand the tiniest scales of the Universe.

Astronomy, in particular, is a science of extremes. Mosiatibns studied by astronomers are far
beyond our daily experience, but we still are interestedinaxtremes. We search for the biggest and
brightest sources in the Universe, we call them ultra-thisyper-that, and all of them teach us about
the most extreme conditions in the Universe. This work iscdd to one family of these extreme

astronomical objects, the Hyperluminous Infrared Gakxiend behind these objects we found two
of the most powerful astronomical phenomena: active galaciclei and starburst episodes.

1.1 Active galactic nuclei

The term 'Active Galactic Nuclei’ (AGN) refers to the exiate of energetic phenomena in the nuclei,
or central regions, of galaxies which cannot be attributedrty and directly to stars. The luminosity
of the centre can range from tens to thousands of times thtteotinderlying host galaxy, which
is completely outshined, appearing in the optical imagea bgght point source when the AGN is
distant. These objects are among the most luminous persgiarces known in the Universe (gamma

1



Chapter 1lntroduction 2

ray bursts can be brighter by a few orders of magnitude bytdhby last a few seconds) and about 10%
of all known galaxies harbour an AGN. Their bolometric lunsities span a broad range of values,
from 10* to 10" erg s for the most luminous AGN. A fundamental characteristic afStmAGN is
the strong time-variability observed in their optjgdl//X-ray emission, implying that the spatial scale
of the main engine of AGN is within the order of light days: alaus comparable to the size of the
Solar System is emitting hundreds of times as much energyg estae galaxy.

There is an enormous number of AGN 'flavours’ based on theseolational properties. Here we list
some of the most relevant classifications:

e Based on their luminosity, wefiierentiate between Seyfert (Sy) galaxies and quigarsjuasi-
stellar objects - QS0O). Seyfert galaxies are those AGN viaolute magnitude in B band gv>
—215+ 5logHp. An alternative criterion, based on the X-ray luminositgfides as QSO those
objects withLx > 10** erg s*. There is also a family of AGN whose emission does not dorainat
over the host galaxy, the low-luminosity AGN (LLAGMK,0 1999 Panessa et al. 20D7

e According to their opticdUV spectrum, "Type 1’ and "Type 2’ sources are distinguish&gpe
1 AGN show broad (widttfsup to several thousands kilometres per second) permitied &nd
narrow (widths of a few hundreds of kilometres per secondinjited and forbiddehlines in
the spectrum, while Type 2 objects show only narrow linespelgs and 2s do not form two
completely separate groups. There is a continuum of objedistween where the broad line
components are increasinglfiitiult to observe and may vary quite considerably.

e Based on their radio emission, AGN are classified in 'Radigdl (RL) and 'Radio-quiet’ (RQ).
This classification is based on the radio-loudness of thecspthe ratio between the radio flux
at 5 GHz and the optical flux in the B band (centred at 4400R})= log &F—‘;HZ Those objects
with R_ > 10 are labelled as RL AGN whereas the rest are RQ AGN. Roudi¥fy df AGN are
RL.

The 'taxonomy’ of AGN include several other types of objedike radio galaxies, low-ionization
nuclear emission-line regions (LINERS), blazars, opljcaiolent variables (OVV) AGN, etc.. See
Petersor(1997) for a complete review.

1In the beginning the term 'quasar’ (acronym of 'quasi-stetbdio source’) was applied only to objects with significan
radio emission, but nowadays is often used to refers all-highinosity AGN.

2The widths of AGN emission lines are usually expressed incigl units since the broadening is due to the Doppler
effect.

3The term *forbidden lines’ refers to spectral lines not alied in laboratory spectra. The low pressure and temperatur
conditions of some astronomical environments, not repritdiel in Earth laboratories, allow the existence of thesedi
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1.1.1 Emission mechanisms

The principal physical mechanisms responsible of the @kseemission in AGN at dlierent wave-
lengths can be summarized as follows:

1. Black body emission:a black body (BB) is a body in thermal equilibrium with the mumding
radiation field, i.e. it is a perfect emitter and absorber rgmtiation is reflected). The emission
spectrum of a BB depends only on its temperature. Althougteabobject is a perfect BB, it is
a fair approximation in many cases. The opfidd continuum observed in AGN is described as
BB emission originated in an accretion disk: the gas andslusbunding a super-massive black
hole (SMBH) is attracted forming a disk due to the conseovatf angular momentum. The
material in the disk is heated due to the viscous frictiodjating energy and loosing angular
momentum until it finally falls into the black hole. AGN action disks are relatively cool
(~ 10 — 10° K) producing blue spectra in the optigdV energy range. A fraction of this
continuum is absorbed by the dust around the SMBH (the dastys tangor the interstellar
medium of the host galaxy) and then re-emitted in the MIR alfitl A BB (or a combination
of BBs at diferent temperatures) is also a good description of this oggs®ed emission due to
heated dust.

2. Inverse Compton scattering: “normal” Compton scattering is the process where a photon of
wavelengtha interacts with an electron bound to an atom resulting a nesiguhof 1’ > A,
i.e. the original photon imparts a fraction of its energy he electron. If free, relativistic
electrons are present, the invergBeet can occur: the photon is kicked up to higher energies
(i.e. shorter wavelengths) by the electron. This proceksadgvn as Inverse Compton scattering.
The spectrum of the scattered radiation depends on theaiesbergy distribution. The broad
X-ray continuum observed in AGN is usually explained thiouhis dfect. A corona of high
energy electrons, coming from the ionized material in thereton disk, is believed to surround
the inner regions close to the SMBH event horizon . The optiddphotons emitted in the disk
are transformed into X-ray photons due to Inverse Comptattesing.

3. Synchrotron radiation: electromagnetic radiation produced by charged particlesimg at
relativistic velocities (near the speed of light) in extrmagnetic fields is named synchrotron
radiation. The emission spectrum depends on the velogtyildition of the particles. Assuming
a power law (non-thermal) distribution of the particleg #mitted spectrum is a power law with
an energy indexr (F, o« v™®). It is believed that synchrotron radiation from a popwatbf
relativistic electrons located in jets is responsible fog tadio emission in radio-loud AGN.
However, it is very unlikely that synchrotron radiation is inportant contributor to the high
energy spectra of AGN, excepting the small fraction of rddiad AGN.

4. Free-free emission:a free charged particle subject to decelerated movementdee to the in-
teraction with particles of opposite charge) emits elentxgnetic radiation. Since the energy of
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free particles spans a broad range, the emission has a tlemtiauum distribution. This emis-
sion is named free-free radiation or bremsstrahlung (ibgakadiation’ in German). It is related
to emission produced in hot dense ionized plasma (the etectose energy due trough interac-
tions with ionized atoms). If there are metals in the plasmtanse emission lines superimposed
to the continuum can be produced.

1.1.2 Spectral Energy Distribution

The broadband emission of AGN is venyfférent from that of normal galaxies. They emit over the
entire electromagnetic spectrum from radio to gamma rRysaliti and Elvis 2004 In particular,
from hard X-rays to FIR, an AGN releases energy with almosaegower per decade of frequency
(see Figl.1). The main features observed in the AGN spectral energyilalisons (SED) include:

e Radio continuum: the radio emission is only a small fraction of the total AGNpu, 5-6
orders of magnitude lower than the optical continuum. Onl$0% of AGN are strong radio
emitters (RL sources). The radio emitting regions of RL AGHN jpowerful relativistic jets and
extended lobes with kiloparsecs and even megaparsecs,sadlide RQ sources show parsec-
scale central radio cores. The radio spectrum is well desdrivith a power law, indicating a
non-thermal origin. The radio emission of jets is usualbegker (i.e. higher values of the power
law index) than that observed in the radio cores.

e Infrared: AGN continua show a broad IR bump. The IR emission startseaging at~ 1
um (the 'NIR inflection’), peaking at- 60 um and rapidly decreasing at lower energies (the
'sub-millimetre break’) until reaching the radio contimau In RL sources the emission drops
only ~ 2 decades, while for RQ sources it is usuallys — 6 decades. The IR continuum is
consistent with thermal emission of dust and molecular tesdbscuring torus, see Settl.3
heated by the opticAlV/X-ray radiation of the central engin&fstathiou and Rowan-Robinson
1995 Granato et al. 2004 However the origin of the FIRub-millimetre (sub-mm) emission is
still debated, with several authors proposing that a sicanifi fraction of this emission could be
originated in circumnuclear starburg&lifzur et al. 2004 Schweitzer et al. 2006

High-resolution spectra of AGN show high-ionization faftéén emission lines (e.g. [Ne V], [O
V], [S ll]) superimposed on the IR continuunsturm et al. 2002Dudik et al. 2007 Dasyra
et al. 2008, originated in the narrow line region (see Sdct.3.

e Optical/UV: a significant amount of energy is emitted in a strong, broadufe that domi-
nates the SED at wavelengths shortward-o4000 A (the ’big blue bump’ - BBB) and peaks
around~ 1000 A. This feature is attributed to some kind of thermal ssioin in the range
around 168 — 10° K, usually the emission of a heated accretion disk surrowndi SMBH (see
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Sect.1.1.3. Superposed on the continuum the optical spectrum of AGhvshstrong broad
permitted emission lines and narrow forbidden and perchitaission lines.

e X-rays: afundamental signature of AGN is the strong X-ray emissidnitsted by these objects.

A (um) / E (keV)
10° 10 10° 10° 10% 1q° 1q‘1 1o|'2 10° 10* 1q'5
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Ficure 1.1: Top: Average SED of Seyfert 1 and Seyfert 2 galaxies (fieneto et al. 201 Bottom:
Schematic representation of the AGN SED including a possiblurce for each emission components
(from Manners Ph.D. thesis).
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The X-ray continuum can be broadly described as a power latv avtypical slope of~ 1.9
(Mateos et al. 2005drom energies of 1 keV up to an eventual cutitsomewhere beyond 100
keV (see Figl.2). Other significant features shown in AGN X-ray spectra are:

1. Photoelectric absorption due to neutral Hydrogen (Gialdcom material surrounding the
central engine and from the host galaxy). If the hydrogemrool density Ny) reaches
10?4 cm™?, all the direct X-ray emission below 10 keV is absorbed anly oeflected
emission from the AGN can be observédigt et al. 2000. Those sources showing column
densities greater than that limit are named “Compton-th{€KT), while AGN showing
absorption below that limit are named “Compton-thin”.

2. Soft emission (below 2 keV), peaking in the extreme UV, superimposed to the poswer |
continuum (the ’'soft excess’) is found in30% of AGN. It has been usually explained as
thermal emission associated to the accretion disk, i.etaihef the BBB, but the origin of
the soft excess is still unclear (see Cha@térr a more detailed discussion of this topic).

3. Emission lines at 6.4 — 6.7 keV are usually observed in AGN X-ray spectra with enough
signal-to-noise ratioMlushotzky et al. 1995Nandra et al. 2007 This feature is explained
as the fluorescent emission of iron (the direct X-ray emisg@aeflected by excitation of
the inner electronic layer - & - of iron atoms) in the accretion disks€orge and Fabian
1992, Fabian et al. 2000andor in the absorbing torusghisellini et al. 1994

10!

Compton hump

[

soft excess

<— lron line

Warm absorber

f(E) (arbitrary units)

1072

10-*
10-1 1 10

Energy (keV)

Ficure 1.2: Schematic X-ray spectrum of an unabsorbed AGN (blalit Ene) along with the most
relevant spectral components (frdisaliti and Elvis 2004
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4. A broad bump above the power law continuum is observed mym&N within ~ 7 — 60
keV, peaking at- 30 keV (the 'Compton reflection hump’). This spectral featig often
explained as reflection of the direct X-ray continuum in tberation disk or the molecular
torus (Turner and Miller 2008

1.1.3 The Unified Model

A
To Radio Lobe —

Clouds in
Broad-Line
Region (BLR)

Thin Hot Accretion Disk

Black Hole Engine

Clouds in
) ) Narrow-Line
To Radio Lobe 7 Region (NLR)

(a) Image credit: Brook€ole Thomson Learning. (b) Image credit: Aurore Simonrn&pnoma State University.

Ficure 1.3: Conceptual schemes for unification of AGN. Left: AGNusture proposed by the unified
model. Right: dependence of the AGN classification with thgl@of view of the observer.

It was early pointed out that the most plausible physicatess able to explain the large luminosities
within such small regions observed in AGN should be the diccr@f matter due to the intense gravity
of a super-massive object (or objects), like black holesention starslt is broadly accepted that the

main engine of AGN activity is the matter accretion into a SMBith masses of 10- 10'° M.

To explain the enormous diversity of AGN, each with partécuproperties, Antonucci and Miller
(1989 proposed the Unified Model for AGN. These authors suggdsegdhe diterent characteristics
observed in AGN are just dependent on the angle of view of biserwer. They proposed an structure

for AGN as showed in Figl.3(a) with the following components:

e Black Hole and Accretion disk: The material surrounding the SMBH cannot fall into it ralyial
due to its large angular momentum, thus forming an optidhilgk, geometrically thin accretion
disk. Gravitational potential energy is converted intoiafidn via viscous dissipation afuat
magnetic processeSlkakura and Sunyaev 1973

e Broad Line Region: the broad emission lines observed in the opfiddl spectrum of some
AGN (type 1) have typical widths of 5000 kms?, reaching in some objects widths ef

“Theoretical estimates suggest that no cluster of neutrans sr low-mass BH is stable within the small space regions
and time scales where the AGN activity occuwiller 2006).
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30 000 kms!. These lines are emitted by clouds of high density gas (10° cm=3, needed

by the observed ratio between forbidden and permitted émnidises) moving at high velocity
in keplerian orbits close to the SMBH (within 0.01-0.1 pchieh explain the large Doppler
broadening observed.

e Narrow Line Region: the narrow lines observed in the optjt#V spectrum of AGN have much
smaller widths, typically~ 100 kms?. They can be explained by the emission of low-velocity
gas clouds further away from the central engine (as far 480 pc). These clouds have lower
densities g ~ 10° — 1P cm3) than the BLR clouds. Both BLR and NLR clouds are excited by
the ionizing radiation of the accretion disk.

e Obscuring torus: outside the BLR, at distance scales of few parsecs, thereeigien of cold
gas and dust with a toroidal geometry in a similar plane asattoeetion disk. The details of
its structure and formation, as its dependence on otherigaiysroperties of the AGN (e.g.
luminosity) are still uncertain. The torus absorbs andtscathe nuclear radiation and partially
covers the central engine, blocking the BLR and the accretdisk to certain lines of sight.
The dust heated by the nuclear emission is believed themsipe for the MIRFIR continuum
observed in AGN.

e Radio Jet: this component arises from the sub-parsec scales of the AtINtds probably
related to magnetic processes within the inner accretisk, dilthough a complete mechanism
able to explain the formation of jets is still a challenge indarn astronomyNarayan et al.
2010. The radio emission is due to synchrotron emission of ikedit electrons.

The dusty torus is the essential piece to explain the iniinadependent of the observed properties.
According to this model there is intrinsically only one typeAGN (type 1), but in some cases we
observe the nuclear regions through an attenuating medianhides the central engine and the BLR,
and the AGN is seen as a type 2 object (see Eig(b). The existence of a jet of relativistic charged
particles (e.g. electrons) has been proposed to take istmatthe bi-modality of RQ and RL AGN
(Urry and Padovani 1995those AGN with a jet emitting synchrotron radiation woblel RL objects,
while those with no jet would be RQ.

The Unified Model is well established for local Seyfert gadax A fundamental prediction of the
unified models is the existence of broad emission lines letiie obscuring material, which have
been detected through several techniques: spectropelayimbservations of Sy2 AGN have revealed
hidden polarized broad line&ftonucci and Miller 1985Tran 200) scattered by free electrons in a
“mirror” of ionized gas located just outside the opening lué torus; broad emission lines have also
been observed in the NIR unpolarized spectra of opticalie t§ sourcesRix et al. 1990 Ruiz et al.
1994 Goodrich et al. 1994 since the absorption is lesfective in the NIR than in the optical range.
X-ray observations of Seyfert 2 galaxies have shown heawyogtectric absorption due to cold gas,
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likely associated with the dusty torusiétt et al. 2003 The dust torus itself, or a similar structure,
has been observed in nearby AGG]llimore et al. 1997JdTe et al. 2004Capetti et al. 2006

This unification schemefters a simple explanation for the diversity observed in AGMeiQhe years
detailed observations have suggested indeed a more soataidtstructure for the innermost regions
of AGN which account for all the AGN types seen in the sky andlifferent wavelengths. There
are however a growing number of observational results haxjplained by these modelkutz et al.
2004 Mateos et al. 2005h), suggesting a more complex extension of the Unified mdgktz(r and
Shlosman 200§ or even a change of paradigialyis 2000.

1.2 Starburst galaxies

A significant fraction of galaxies shows the signatures térise ongoing star formation activity, i.e.
an starburst (SB) episode. The most general definition of ay&&xy is one whose luminosity is

dominated by an episode of star formation which cannot baisiesl over its life-time, i.e. continued

star formation with the current star formation rate (SFRuldoexhaust the available gas reservoir
in much less than the dynamical time-scale of the galaxyhgyes one rotation period in a disk type
galaxy). SeeMoorwood (1996 for a complete review on starburst galaxies.

Bursts of massive star formation were first invoked in the afBd@0s to explain the unexpected dis-
covery of galaxies whose IR luminosities and optical-toréiios appeared too high to be sustained
over their life-times Harwit and Pacini 1975Rieke and Low 1975Rieke and Lebofsky 19%9There
are several astronomical sources where violent, episddicfamation has been observed, like the
blue compact dwarf galaxieZwicky 1965 Binggeli and Cameron 199Hunter et al. 201)) the
Wolf-Rayet galaxies@onti 1991 Lopez-Sanchez and Esteban 202809 or the luminous and ultra-
luminous infrared galaxies (see SetB).

1.2.1 Spectral Energy Distribution

Figure1.4(a)shows the average SED of SB galaxies dominated by young drstailar populations
(Schmitt et al. 199) The emission of SB galaxies is primarily characterizedlpyominent IR bump
peaking around 60-10@m. The opticgJV/X-ray emission is much lower than that observed in type
1 AGN (see Figl.1), although the dierence between SB and type 2 AGN emission is relatively small

e Radio: radio emission is only a small part of the bolometric outponf SB galaxies. It is
explained as a combination of free-free continuum from leljions (i.e. regions of atomic
hydrogen ionized by the UV radiation field emitted by hot yggtars) and synchrotron radiation
from supernova generated electrons interacting with ttezstellar magnetic field. Only young
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SB in HIl regions like dwarf galaxies are dominated by fremefemission. In spiral galaxies the

radio emission is modelled as a power law with index0.7.

e Infrared: the broad IR bump is reprocessed emission from dust heatedyrby hot massive
stars formed in the SB. Characteristic temperatures aumdrd5 K, but the bump is broader than
a single black-body due to the presence dffiedlent components including cold dust associated
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Ficure 1.4: Top: Average SB SED dominated by old (right panel) and young (eftel) stellar
population (fromSchmitt et al. 199} Bottom: SED of NGC 7714, a typical young SB, including a
possible source for each emission components (data from)NED
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with molecular clouds, dust heated by the interstellaratian field and dust in and around Hll
regions heated by stellar UV photons. SB IR spectra showdbdoat (silicates and polycyclic
aromatic hydrocarbons - PAH) absorption and emission fegtualong with strong emission
lines (Laurent et al. 2000

e Optical/UV: The optical emission is dominated by starlight of the hostga while the UV
radiation is emitted by young hot stars formed in the bursistwf the UV emission is absorbed
by the large amounts of dust and gas in the star-forming nsgamd re-emitted in the IR range.
Superimposed to this continuum, the opticAl spectrum of SB galaxies show narrow strong
forbidden and permitted emission lines emitted by excitslig HIl regions. Optical line ratios
diagrams, e.g. [O111]5007Ad; versus [N11]65834H,, are the most common tool to distinguish
between SB and AGNJsterbrock 198p

e X-rays: The high energy emission of SB exhibits a rough power law tspecwith a mean
photon index of~ 1.5 between~ 0.5 — 100 keV. It contains contribution from massive X-ray
binaries, supernova remnants, starburst-driven windsirareise Compton scattering of FIR
photons by relativistic electrons. The soft X-ray spectrwam be modelled as thermal (black-
body) emission with temperature 0.5 keV (Rephaeli et al. 1995Persic and Rephaeli 2002
Persic et al. 2004

It has been established, as a first approach, that the oypeoglerties of star-forming galaxies are
dependent on two parameters: age and luminosity. Thus EBec&n be modelled with templates that
vary primarily with luminosity Devriendt et al. 1999Chary and Elbaz 200Dale and Helou 2002
and stellar population synthesis models demonstrate hewttaracteristics of the galaxy evolve with
the age of the dominant star-forming episoBadelbracht et al. 199&ewley et al. 2001 Asari et al.
2007). With the improvements in sensitivity and sophisticatadMIR and FIR instrumentation it has
become apparent that metallicity constitutes a thirdaaitparameter influencing the overall properties
of SB galaxies Asari et al. 2007Engelbracht et al. 2008

1.2.2 Starburst models

A pre-requisite for star formation is the existence of giardlecular clouds which may form from
the agglomeration of small clouds or through magnetic,nilaror gravitational instabilities. Stars
form in such clouds, either spontaneously due to furtherigt@gonal instabilities antr via a collapse
induced by cloud-cloud collisions, supernova explosionsadiation and wind pressure from pre-
existing star clusters (cMcKee and Ostriker 200%r a complete review about the current theory of
star formation).

In 'normal’ spiral galaxies the star formation is inducedhie spiral arms through density waves which
compress the interstellar matter passing through théagd] et al. 1988Kim et al. 2008. However
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this mechanism is slow at converting gas into stars (few {&iges, i.e. several rotation periods in an
spiral galaxy) and incient: the ionizing radiation and supernovae destroy thkecotar clouds thus
providing a negative feedback to the procdsargon 1987Williams and McKee 1997/Krumholz et al.
2008 Price and Bate 2009In contrast, SB in central regions convert gas mdiieiently into star and
are of transient nature. They are associated with largeecdrations of gas with high critical densities
for star formation and hence high star formation rates. éfreethat in most occasions this gas is
generally captured during interactions and merg@rhifmore et al. 1999Lambas et al. 2003Noods

et al. 2006 Overzier et al. 2008 although merger-driven starburst seem to be less imputoatahigh
redshift OQaddi et al. 2007Shapiro et al. 2008 favouring other mechanisms like the fragmentation of
gas-rich disks, or the presence of large gas reseniaddi et al. 2008

In circumnuclear SB the gas driven in should form a disk inctietral kpc regionBarnes 200Rwhose
mass could be a significant fraction of the dynamical masss falge amount of gasz(10° M) can
collapse further due to gravitational instability, cloddud collisions and dynamical frictiorSplos-
man et al. 1990Immeli et al. 2004 Clouds are supported by turbulent motions and shrink @s th
turbulence dissipates. Star formation begins once a a@ritiensity is reached and turbulent energy
can be replenished by supernovae explosions. The resglisglensities are higher than those in the
galactic disk by factors of 1000 due to the large tidal and Coriolis forces. When stamé&tion starts,
therefore, it does so rapidly and with SFRLCP times larger and gas consumptions tiree$00 times
shorter than in the diskglmegreen 1994Mihos and Hernquist 199€Imegreen 2004

The later evolution of the burst depends on a number of paem@lihos and Hernquist 199@i
Matteo et al. 2008including the structure of the progenitor galaxies, thioraf dissipation time
to massive star lifetime and the gravitational potential.lo gravitational potential may result in
repetitive SB or expulsion of gas from the core. A high gtidnal potential leads to a continually
increasing density and the formation of compact objects hickv stellar collisions may result in a
super-massive star cluster or in stars which finally colapso black holesl(oose et al. 1982Barnes
and Hernquist 1991

1.3 Infrared Galaxies

In 1983 the Infrared Astronomical SatelliteRAg was launched, the first space telescope to perform a
survey of the entire sky in the infrared waveband. One of thetimportant results from the mid- and
far-infrared all sky surveys carried out by this mission Weessdetection of a new class of galaxy where
the bulk of the bolometric emission lies in the infrared mr{oifer et al. 1984 This population,
named "Luminous Infrared Galaxies” (LIRG), becomes the shamt extragalactic population at IR
luminosities above 8L, with a space density higher than all other classes of gedadficomparable
bolometric luminosity (seSanders and Mirabel 199fbr a complete review of these objects). At the
brightest end of this population distribution lie ultraluimaus and hyperluminous infrared galaxies.
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1.3.1 Ultraluminous Infrared Galaxies

Ultraluminous Infrared Galaxies (ULIRG) are a class of gaa with IR luminosityLig > 10 L,
dominated by the emission in the infrared (IR) waveband.yTdre, together with optical quasars, the
most luminous objects in the local Universe. $easdale et al(20063 for a complete review of these
objects.

A few luminous galaxies with IR emission comparable to thaitical output were discovered by
the pioneers of IR astronomy.g¢w and Kleinmann 1968Kleinmann and Low 197.0Rieke and Low
1972 Rieke and Lebofsky 197%9but it was thanks to thiRASsurveys that the first ULIRG came to
light: ninelRASsources invisible or extremely faint on the Palomar Sky 8uplates, and exhibiting
IR-to-optical luminosity ratios ratios over 5816uck et al. 198%

Since then, larger samples of ULIRG have been discoverece Reévised Bright Galaxy Sample
(RBGS; 625 IRAS galaxies brighter than 5.24 mJy a8 Sanders et al. 2008ontains 20 ULIRG,
and the complete flux-limited IRAS 1 Jy sampl&rq and Sanders 199&ontains 118 ULIRG drawn
from the IRAS Faint Source Catalog (FS@Joshir et al. 199D SeeSanders and Mirab€1996
for a complete review of the IRAS legacy on ULIRG. The new gatien of IR observatories like
Spitzerand AKARI have dramatically increased the number of knowrnRI{E (Serjeant et al. 2004
Matsuhara et al. 2006

The mechanism which powers these objects has been dis@issedheir discovery. All the diagnostic
studies concerning ULIRG have to deal with the great opaditiieir nuclear regions, that precludes a
straight identification of the hidden power source. The cactmess of the IR-emitting regions in lumi-
nous IR galaxies (cf.Condon et al. 1991suggests two possible origins for the observed high ULIRG
luminosities: compact nuclear SB (see Sé&c2) andor highly obscured AGN activity (see Seitl).
Over the last decade comprehensive observations from Xttapugh radio band have produced a
consistent paradigm for local ULIRG, showing that they am¥gars between gas rich dusty galaxies,
where the interaction triggers a sort of combination of éhrthrouded SB and AGN. The emphasis
has now shifted to the determination of the dominant ragéatiechanism and to the understanding of
the relationship between co-existing AGN and SB emissiemdwhether evolutionary (one evolves
into the other) or causal (one triggers the other somehowdiocidental (a third element triggers both
phenomena).

The early, ground-based, optiddIR imaging studies of ULIRG revealed that 70% — 90% were
interacting systems, with morphologies expected from tikson of two disk galaxiesArmus et al.
1987 Leech et al. 1994Clements et al. 1996Murphy et al. 1995 Observations from the Hubble
Space Telescope (HST¥fered enhanced angular resolution and sensitivity. Allisgidarried-out
with this telescope are consistent with all local ULIRG shmgvsigns of interactions and mergers
(Surace et al. 1998-arrah et al. 2001Bushouse et al. 2002 The largest imaging study of ULIRG
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(Veilleux et al. 2002, based on ground observations of the IRAS 1 Jy sample, ascalssistent with
these results.

Mergers provide a plausible trigger to the huge IR luminesiof ULIRG. These events provide the
large amount of gas and dust needed to fuel and enshroudwifes pources in ULIRG (irrespective of
whether they are SB, AGN, or both), and it is channelled insonall volume, most plausibly sited in
the nucleus of the resulting host galaxy.

The global view éfered by multi-wavelength observations of local ULIRG obéal in the last decades
suggest that, at lower luminosities at least, they are dataihby SB emission. The majority of ULIRG
have optical and NIR spectra reminiscent of SRBilleux et al. 1999, but with a systematic increase
of Seyfert (1 or 2) optical spectra with increasing IR lunsitg reaching~ 50% atL;g > 10123 L,
(Veilleux et al. 2002 However most ULIRG with Seyfert spectra also show eviéeior ongoing or
recent star formation.

The modelling of the IR spectral energy distributions (SBEDYLIRG offers a consistent view. The
study of a sample of 41 local ULIRG (where only10% havel g > 10*%2 L) showed that all of
them seem to contain a luminous SB, whereas approximat#lgdraain a luminous AGN. The mean
SB fraction is~ 80%, and in~ 90% the SB produces more than half of the total IR emissiore Th
fraction of purely AGN-powered ULIRG in the local Universeléss than 2%Harrah et al. 2003

The analysis through emission lines diagnostic techni¢Basm et al. 200Rof high resolution mid-
infrared (MIR) spectra shows again that the infrared emisfiom most ULIRG is powered mostly by
star formation, with only 20% of ULIRG hosting an AGN with an IR luminosity greater ththat of
the SB, but in~ 40% of ULIRG the AGN contribution in the MIR is significarEdrrah et al. 2007

When a larger number of luminous ULIRG (those witfz > 1022 L) are present in the analysed
samples, and more sensitive techniques to AGN emissiorpatied, the fraction of ULIRG harbour-
ing an AGN rises. The study of the continuum of low resolutMiR spectra of larger samples of
ULIRG (where more than half ULIRG haver > 10'%2 L) found signatures of AGN activity in
~ 70% of ULIRG, but the main fraction of ULIRG luminosity is ciiimed to arise from star for-
mation eventsNardini et al. 20082009. The average AGN contribution to the total IR luminosity
is non-negligible £ 20 — 30%) and again is shown to increase with luminositiardini et al. 2009
2010.

Radio observations of neutral molecular gas, principaipagh CO Downes and Solomon 1998
Bryant and Scoville 1999HCN (Gao and Solomon 2004nd OH masersBaan et al. 1989Darling
and Giovanelli 200Remission demonstrated that ULIRG exhibit compact nuadleservoirs of high-
density gas, with mass estimates of ordet 20L0'° My, in HI and H,. These results are consistent
with the interpretation that star formation accounts foubssantial fraction of the FIR luminosity in
Luminous IR Galaxies.
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X-ray observations are also important not only becausesddiitignostic ability of the X-ray to discrim-
inate between AGN and SB emissidRiéke 1988, but also because models of the X-ray background
(XRB) require substantial populations of highly-obscufg@N at redshifts~ 0.5 — 1.5, to reproduce
the observed XRB spectruriéda et al. 2003Gilli 2004; Gilli et al. 2007).

ULIRG are generally under-luminous in X-rays compared &ssical AGN Rieke 1988Boller et al.
1998, requiring sensitive, high energy, observations to deteem. Recent ULIRG X-Ray surveys
with XMM- Newton (Franceschini et al. 2003Chandra (Ptak et al. 2003 Teng et al. 2005and
Suzaku Teng et al. 200pobtained X-ray luminosities typically dfs_1o kev < 10*2 — 10 erg s1.
These luminosities represeat 1% of the IR luminosities in these systems, confirming thatR{&
are much less luminous in X-rays than classical AGN. The Xafty emission from all systems is
dominated by extended, thermal emission viiih~ 0.7 keV associated with a SB origin, while the
hard X-ray emission is consistent with heavily absorbed Agahssion Franceschini et al. 2003eng

et al. 2009. The observed high X-ray obscuring columns could explamdbserved low flux levels.
X-ray data seem to be consistent with the vision of ULIRG ampasite sources where the SB activity
is dominant.

LIRG and ULIRG are rare in the local UniversBdifer et al. 198Y. They account only for 6% to
the total IR luminous energy density, and abeuB8% of the total bolometric energy densitgdifer
and Neugebauer 1981However large numbers of ULIRG are detected in deep-IReys; and are a
fundamental constituent of the high redshift galaxy popate(Smail et al. 1997Genzel and Cesarsky
2000 Franceschini et al. 20011t has been proposed that ULIRG at high redshift could keeabrigin
of present day massive elliptical and SO galaxiEsfceschini et al. 1994.illy et al. 1999 Genzel
and Cesarsky 2000A large fraction of stars in present day galaxies wouldehaeen formed during
these evolutionary phases.

As mentioned above, the debate about ULIRG is now more facosehe connection between AGN
and SB. Evolutionary schemes of all kinds and implicatioasshbeen proposed, and extensive studies
comparing AGN and SB population have been carried out. Weneutere only a few key points.

One popular scenario is an evolutionary sequence in whichjarrgas-rich galaxy merger first results
in a massive cool SB-dominated ULIRG, followed by a warm UGIRhase as a QSO turns on inside
the dust cocoon and heats the surrounding dust, and thely timalQSO emerges in an optically bright
phase when it blows away the surrounding dust cocoon, ancethdting stellar system resembles a
spheroid Sanders et al. 198&ormendy and Sanders 199Ibseph 1999%abian and Iwasawa 1999
Lipari et al. 2003.

The evolutionary scenarios have received a boost fromalewerks performing high resolution hydro-
dynamic simulations of major gas-rich mergelts Matteo et al. 2005Hopkins et al. 2005Springel

and Hernquist 2005motivated by linking the growth of spheroid masses and SMB&$ses in order
to explain the observed correlations between SMBH mass alyg lmass or velocity dispersion of
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local spheroids (see Sedtd). Accretion rates are predicted to be highest at late metggles, when
the SMBH grows exponentially, followed by the most luminaygtically-visible QSO phase when
the active QSO essentially explosively drives out all ratimgj material in the systenHEpkins et al.
2005. The period of high obscuration during the high accretiate phase would correspond to an
obscured QSO phase, i.e. an AGN-powered ULIRG. Starbuestteoccur earlier in the lifetime of
the merger when gas is still plentiful, and a SB-ULIRG phasela occur when the gas is centrally
concentrated into a dense compact region at relativelystatges.

There are several works lending support to this evolutipisaquence@analizo and Stockton 2001
Masegosa and Marquez 2Q08tevens et al. 20055 chweitzer et al. 2006\Netzer et al. 2007 but
further studies are needed to obtain a full understandintpeinterplay between AGN and SB and
how it affects the co-evolution of SMBH and galaxy formation (see Sed}. The study of objects at
higher luminosities than ULIRG may add new insights on thisjact.

1.3.2 Hyperluminous Infrared Galaxies

Hyperluminous Infrared Galaxies (HLIR®pwan-Robinson 20Q@re defined as those infrared galax-
ies withLig > 10" L. The first object of this family was discovered Kieinmann et al(1988 when
the IR source IRAS 09104109 was identified with a z 0.44 galaxy, implying a total far infrared
(FIR) luminosity of 15 x 10'® L, a factor 3 higher than any other ultraluminous galaxy seehat
date.

The programme carried out to identify IRAS FSC sourdeswan-Robinson et al. 1991ead to the
discovery of seven new objects with IR luminosities compbr#o that observed in IRAS 09164109
(McMahon et al. 1999 This discovery brought to our knowledge an entirely neasslof infrared
galaxies. Subsequent IR surveys and follow-up program®zased the number of known HLIRG
(Cutri et al. 1994 Dey and van Breugel 199%Viiman et al. 1998Irwin et al. 1999.

As in the case of ULIRG, the dichotomy between AGN and SB has lotaimed to explain the emis-
sion mechanism of these objects. However the ULIRG paradigstribed above is not so well-
grounded for these more luminous objects. Only a third afdéhsources has been found in interacting
systems Farrah et al. 2002b therefore in most HLIRG mergers cannot be the trigger efbwer-
ful AGN and star formation activity needed to explain theearied luminosities.Rowan-Robinson
(2000 suggested that HLIRG could be, instead of a high-lumigogitrsion of ULIRG, primeval or
very young galaxies. He argues that if the rest-frame FIRsaiiidmm emission from HLIRG is due to
star formation, then the star formation rates would be thbést for any objects in the Universe. This
would strongly suggest that these galaxies are going tihralgir maximal star formation periods,
implying that they are galaxies in the first stages of forpratiAn alternative possibility is that the IR
emission arises via some other mechanism (e.g. a tranftdotinous phase in QSO evolution not
triggered by interactions), HLIRG would then be an entirdilyerent class of objects.
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The relative contribution of both components (AGN and SBth® bolometric luminosity of HLIRG

is still in debate. Previous studies of small samples of HEBhowed contradictory results, with some
authors suggesting that their IR emission arises predarttintom a SB Frayer et al. 19981999
with SFR of the order 100M.yr~1, while other authors suggested that HLIRG are powered biydus
AGN (Granato et al. 199€Evans et al. 1998yun and Scoville 1998 The analysis of the IR SED of
large samples of HLIRG reveals that about half of these ssuasice AGN dominatedrowan-Robinson
2000 Verma et al. 200R These results were however based on samples biased t&@ad

Farrah et al(20023 built a sample of HLIRG unbiased toward AGN and they obtdisgh-mm data of

these objects, introducing tight constraints on SB lumitga®ntribution in the IR SED analysis. They
found most HLIRG being AGN dominated, but with a significaabtibution due to star formation in
all objects ¢ 20%).

Observations of individual HLIRG wittChandraand XMM-Newtonshow that the IR emission of
these objects could be powered by buried quasars throughretluadiation. The nuclear source is
heavily obscured, reaching the CT limliMasawa et al. 20Q1Wilman et al. 2003 lwasawa et al.
2005. It has also been suggested that a galaxy merger in an ewsitd region may be a necessary
condition for the formation of this class of sourcésgsawa et al. 2005 However this suggestion is
in contradiction with the significant fraction of isolated lRG found byFarrah et al(2002h.

Both SB and AGN activity seem to be therefore important toeustind the properties of these
objects. Moreover, as HLIRG could represent the most vigerstage of galaxy formation, with
SFR> 1000 Myyr~ in several objects, they are unique laboratories to inyasti extremely high
stellar formation, and its connection to SMBH growth. LikelBG, HLIRG could be key objects to
understand the co-evolution between SMBH and galaxies.

1.4 Co-evolution of galaxy formation and SMBH growth

During the last decade a growing number of observations teaaaled tight links and feedback loops
between the evolution of galaxies and the growth of SMBH#aeir tcentres. In the local Universe,
most galaxy bulges host a SMBMagorrian et al. 1998Kormendy and Gebhardt 200Eerrarese
and Ford 200p and studies of their dynamical influence on the surroundiars and gas have led to
the discovery of tight correlations between the SMBH maskthe bulge mass and stellar velocity
dispersion Gebhardt et al. 200McLure and Dunlop 2002Haring and Rix 2004

Extensive programs of optical and NIR follow-up observasiof X-ray selected AGN in th€han-
dra and XMM-Newtonera put on solid ground the evolution of the AGN luminositpdtion Ueda
et al. 2003 Hasinger et al. 20Q%brero et al. 2009 which traces the growth of SMBHs during active
accretion phases, over a significant fraction of cosmic tiliiés evolution matches the mass function
of SMBHs in the local UniverseYu and Tremaine 20Q0ZShankar et al. 2004Marconi et al. 200§
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suggesting that most galaxies in the Universe went thromgAGN phase. Furthermore, lower lu-
minositylower mass AGN peak at a lower redshift than luminous QSOh Sunc“anti-hierarchical”
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behaviour is analogous to that observed for star format@aizetti 1997 Connolly et al. 1997Dick-
inson et al. 2003fHeavens et al. 2004usually referred to as “cosmic downsizing”. The peak.tgti
of luminous QSO occurs & ~ 2, where large galaxies were also forming most of their Sses
Fig. 1.5, while moderately luminous AGN are more common at the ecurepoch, where stars are
forming in smaller galaxies, lending further support to ttiea that the formation and evolution of
SMBHSs and their host galaxies might be closely related.

While the SMBHgalaxy co-evolution is now an accepted scenario, the getdikhis joint evolu-
tion are not yet fully understood. In particular, the doveirgj behaviour is in contradiction with the
cosmological models based on a Universe dominated by danggmnd cold dark matteAn(CDM
models). The latter models are in good agreement with sffatiee-art observations of Type la su-
pernovae, the cosmic microwave background and cluster lekiga evolution $pergel et al. 2003
Komatsu et al. 2009 However they predict a “hierarchical” formation of galkes, where low-mass
objects are formed firsSpringel et al. 2006 This contradiction could be because feedback mecha-
nisms due to star formation and accretion onto SMBH and thtgdrplay, are not yet properly treated
in these modelsHontanot et al. 2009

The study of objects where violent episodic star formatgarpurst) and AGN activity are both present
(e.g. ULIRG and HLIRG, see Sedt.3) offers an excellent opportunity to obtain a better understandi

of these processes. AGN and star formation processes decarsironments enshrouded by large
amounts of gas and dust (see Settsandl.2). X-ray and IR observationdi@r the needed penetrating

power to study these phenomena. While X-rays provide allatgeontaminated view of the primary

AGN emission, measures of infrared emission yield detaiéarmation about the levels of dust and
on-going star-formation surrounding AGN.

Infrared and X-ray observations are therefore essentiahtierstand the phenomena of star formation
and AGN. Fortunately, nowadays powerful tools are avadldablobserve the Universe in both energy
ranges, i.eChandrg XMM- Newton Spitzer AKARI or Suzaku Different strategies can be employed
to investigate the IRX-ray synergy on the study of the AGN-galaxy co-evolutiorg.eby multi-
wavelength surveys like GOODS, AEGIS or COSM@3ckinson et al. 2003aDavis et al. 2007
Scoville et al. 200¥, or by targeted MIR observations of peculiar X-ray sourdes X-ray absorbed
broad line QSO $tevens et al. 2003age et al. 20Q7 by targeted X-ray observations of MIRR-
emitting objects like ULIRG Franceschini et al. 2003eng et al. 200band HLIRG Wilman et al.
1998.

The Wilkinson Microwave Anisotropy Prob@VMAP) concordance cosmology has been adopted to
calculate luminosities throughout this thedits = 70km s Mpc™, Qm = 0.27, Q4 = 0.73 (Komatsu
et al. 2009.
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1.5 Aims of this thesis

As discussed above, the nature of HLIRG is a highly debatéjesu In particular, the emission
mechanisms active in these sources and their trigger #irarstiear, together with the understanding
of the AGN and SB contribution to the overall emission, ad aeltheir interplay.

The main objective of this thesis is to draw a comprehensig @nsistent picture on HLIRG de-
rived from multi-wavelength observations. Thanks to thprecedented capabilities of state-of-the-art
observatories we are able to characterize the propertied lRG in several wavelength ranges. We
will perform our HLIRG study in two complementary energy danX-ray and MIR, and we will also
study their broadband SED from radio to X-rays.

The comparison of X-ray and IR properties of HLIRG and ULIRSS,well as their broadband SED,

allows determining if these objects are truly twéfeient populations. Moreover, through the study of
a large sample of HLIRG we can also ascertain whether all KL.#Rare common properties or they
could be divided in dterent “flavours”.

In addition, we can apply ffierent techniques to detect the signatures of AGN and SB emiss$
several wavelengths and estimate the contribution of theseesses to the bolometric output. Our
multi-wavelength approach can provide more conclusiveenge on which is the dominant mecha-
nism with respect to any other previous study restrictedgaréicular energy range.

Thanks to the penetrating power of X-ray and MIR observati@fGN activity can be detected even in
heavily enshrouded environments. Applying standard betdmcorrections is possible to estimate the
AGN bolometric luminosity and its relative contributionttee total output. Furthermore, by construct-
ing the individual SED, we can test if the bolometric cori@ts hold in these extremely luminous

sources.

X-rays and IR observationdfer also a good window to study the star-formation processig@n in
these objects. We can estimate SB luminosities and SFR autk ¢b what extent they are correlated
with the AGN activity, pointing or not toward a common phyaitink.

Summarizing, along this work we will tackle the followingiges:
1. Characterize the properties of HLIRG in several energgea and study them from a global,
coherent point of view.

2. Disentangle the AGN and SB emission in HLIRG usinffedtient, complementary techniques
and estimate the relative contribution of each componetitedotal output.

3. Testif AGN and SB luminosities are in some way related glomsmic time.

4. Estimate the SFR of these objects throudfedent proxies, checking if it is as extreme as has
been found by previous studies.
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5. Study the column density of neutral Hydrogen and the dogtring factor (the fraction of sky
covered by dust as seen from the nucleus) of HLIRG, which é&m some clues on the gas and

dust distribution of these objects.

6. Reproduce the broadband emission of HLIRG combining empdels of AGN and SB and
study any dependence of this emission with several prgsedf HLIRG like obscuration or

bolometric luminosity.

7. Check if HLIRG are a unique population or can be separaiséveral groups and, in that case,

explain the physical origin of that division.






Chapter 2

HLIRG samples

Throughout this chapter we describdfeient samples of known HLIRG (Sec&l1 and?2.2). Sec-
tion 2.3 explain the selection criteria we have applied to assenmigl¢HLIRG samples that have been
analysed for this thesis. In Se@t4 we give a brief description of each source.

2.1 Rowan-Robinson’s HLIRG Sample

The largest sample of known HLIRG was presente®awan-Robinson 20Q0hereafter RR00. The
author define as HLIRG those galaxies with rest-frame iafigd-100Qum) luminosities in excess of
108%2 L (1022hz2 Le). Forty-five sources selected fromfidrent catalogs are included in the
RR00 sample, which can be divided, accordingly to the cailgselection criteria, in four sub-samples:

1. Objects found from direct optical follow-up of unbiasesh&ys at far infrared or sub-mm wave-
lengths, such as the IRAS point source catalogue surSayr{ders et al. 1995the 850um
SCUBA surveys or the follow-up of IRAS faint source survéjcfMahon et al. 1999 A total
of thirteen HLIRG were identified through these methods.

2. Sources found from cross-correlation of known quasar B&arsSanders et al. 198%nd
radio galaxy (Texas radio surveey and van Breugel 199%ists with 60um catalogues, or
using warm IR colour selectiorCltri et al. 1994 Wilman et al. 1998 Twelve objects were
classified as HLIRG using this technique.

3. Sources selected ad-hoc from sub-mm observations ofhigty redshift quasars and radio-
galaxies Omont et al. 1997Hughes et al. 199 McMahon et al. 1999 Fourteen HLIRG were
identified through this selection.

4. Known luminous IR galaxies withig < 10"3°h2 L, but satisfyingLig > 10"hz2 Le. Six
sources are included in this sub-sample.

23
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The sub-sample 1 is a flux-limited sample, unbiased towafahlAhe sources in the sub-samples 2
and 3 have been selected in order to host an AGN, and thertdsib-samples fier from selection
effects. Since the RR0OQ’s criterion to define a source as HLIRfased only on its IR luminosity, we
expect a certain level of “contamination” from sources hgva large IR luminosity which however
does not dominate the bolometric luminosity (e.g. very lumais QSO). Through the analysis of the
broadband SED we will be able to distinguish “bona fide” HLIR@Gm other classes of sources (see
Chapterb).

From the surveys collected in sub-sample 1 the estimatedeauoi HLIRG per square degree brighter
than 200 mJy at 6@m is 0.0027-0.0043, which would imply that there are 100-B9perluminous
IRAS galaxies over the whole sky brighter than 200 mJy ati®QRR00).

2.2 Farrah’s HLIRG Sample

Farrah et al. 2002&ereafter FO2, assembled a sample of 11 HLIRG as targetalfiemm observations
with SCUBA. These objects were chosen from the RR0OO sub4gafnpescribed above and were
selected in a manner independent of obscuration, inalinatr AGN content. Given the statistical
homogeneity and completeness of the parent samples, thedR@@e is therefore entirely free from
AGN bias and suitable for drawing global conclusions abbatHLIRG population. Tabl2.1 shows
the sources included in this sample.

TasLe 2.1: HLIRG in FO2's sample.

Name RA De@ 2 Type
IRAS F0023%1024 002606.7 1041276 0.58 NL
IRAS 07380-2342 074009.8 -234957.9 0.29 NL
IRAS F10026-4949 1005525 4934478 112 Syl
IRAS F12509-3122 1253176 3105505 0.78 QSO
IRAS 13279-3401 133015.3 334628.7 0.36 QSO
IRAS 14026-4341 140438.8 432707.2 032 Syl
IRAS F14218& 3845 1423555 383151.3 1.21 QSO
IRAS F16124-3241 1614 22.1 323403.7 0.71 NL
ELAISP90 J164018410502 164010.2 410522.1 1.10 QSO
IRAS 18216-6418 182157.3 642036.4 030 Syl
IRAS F23569-0341 235933.6 -032512.8 0.59 NL

a Positions and redshifts are taken from the NASA Extrageld&vatabase.
b Spectral Type, taken from RR0OO and NED. NL: Narrow Line obj&y1: Seyfert 1

galaxy.

¢ New optical and MIR observations reject this source as HLIREe Sect2.2.1below

for details.
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2.21 IRAS 132793401

The galaxy IRAS 132783401, included in RR0OO and FO2 samples, has been previolaslsified as a
QSO (RR00), and the IR luminosity estimated through thehifidsresented in the literature € 0.36,
RRO00) identified it as an HLIRG. However, we have now strorigeswce showing that this source is a
much closer galaxy.

Figure2.1(a)shows the optical spectrum of IRAS 13273101 obtained by the 2.5m Isaac Newton
Telescope with the Intermediate Dispersion Spectrograptriiment. We did not detect any type

| feature, indeed a QSO with = 0.36 should present a broads lemission line at~ 6600 A. We
estimated a redshift = 0.023 for this source with a standard galaxy template. The kaiepvas
redshifted matching its stellar absorption features witisé of the observed spectrum.

The MIR spectrum of this source (see Fagl(b), obtained by thé&pitzer Space Telescopevas also
analysed. We estimated the redshift of the source using a®Blate fromNardini et al.(2008.
We redshifted the template matching the most importanttegdieatures and the estimate obtained is
z ~ 0.02, which is consistent with our estimate from the opticactpum. The IR luminosity derived
with this redshift is~ 3 x 10%° L, well below the HLIRG limit and even below LIRG luminosity.

Flux (Jy)

Flux (erg st cnm? A1)

0.001

)
A (um)

. . . I . . .
4000 4500 5000 5500 6000 6500 7000 7500 8000
Wavelength (A)

(a) Optical spectrum (2.5m INT). (b) MIR spectrum $pitzerIRS).

Ficure 2.1: Optical (a) and MIR (b) spectra of IRAS 13273101 in the observer frame. The red
slashed line in the right panel is an SB template figandini et al.(2008.

1Observation performed on 2008-03-30 during service tinhe Z.5m Isaac Newton Telescope and its service programme
are operated on the island of La Palma by the Isaac NewtonpGmnahe Spanish Observatorio del Roque de los Muchachos
of the Instituto de Astrofisica de Canarias.

2Observation performed on 2005-02-07 for programme 3746APverma.
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2.3 HLIRG samples assembled for this thesis

This section presents the HLIRG samples studied throughdithesis. Each sample is composed of
sources extracted from the RR00 and F02's samples and watesbfundamentally on the basis of
the availability of XMM-Newton(Sect.2.3.1) andSpitzer(Sect.2.3.2 data.

2.3.1 XMM-Newton HLIRG Sample

We built this sample selecting those HLIRG from the RROO0 darmjith public data available in the
XMM- NewtonScience Archive (XSA), as of December 2004. We also inclunteskrvations of five
sources from OBS-ID 030536 by our group (see next ChaptéleBal). We then constrained the
resulting sample to those sources with redshift less ##aro prevent strong biases due to the presence
of high-z QSO.

A total of thirteen objects compose this X-ray selected darfgee Tabl@.2). There are seven sources
which are included in the first RR0Q’s sub-sample (six of tlaso included in the FO2’'s sample), four
sources are in the second sub-sample, one source is intthariti one is in the fourth one. Most of our
sources are therefore selected from sub-samples whiclm arénciple not biased in favour of AGN.
However, selecting the sample by using the availability &M-Newtondata probably introduces
a selection ffect in favour of the presence of bright sources in X-rays dmhce towards AGN.
Moreover, estimating the completeness level of this sanmgpiificult, since it is not flux limited. As
stated above, the estimated number of HLIRG brighter th&nr2@y at 6Qum over the whole sky is
100-200. Thirteen of them are included in this sample, widdhe largest sample of HLIRG studied
in X-rays.

Table2.2describes our sample. Column 3 shows the optical spectsdification as derived from the
literature: eleven sources in our sample present AGN cteistics. Seven of them are classified as
‘type 1', and four of them as ‘type 2'. We have classified as @@€tead of Seyfert) those objects with
intrinsic 2-10 keV luminosity> 10* erg st (see next Chapter, Tab%3). A couple of sources have
been classified from the literature as “Narrow line” (NL) sms, i.e. sources showing narrow forbid-
den emission lines with line flux ratios associated to Hii(gbrming) regions. Previous observations
suggest that all ‘type 2’ and one NL galaxy could present CJogftion in X-rays.

Several authors have analysed the IR SED of these HLIRG (RROB, Verma et al. 200Rusing
radiative transfer models (RTM) to reproduce their IR einisse.g. the standard M82-like SB model
and the Arp220-like high optical depth SB model frdgfstathiou et al(2000 and the AGN dust
torus model fromRowan-Robinsor{1995. These studies revealed that the IR SED can be modelled
by a combination of an AGN and an SB component. In TabR column 5 we report the relative
contribution of the AGN and SB component to the IR luminosigeded to fit the IR SED with these
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models. Nine objects show an AGN-dominated IR SED (i.e. tk&NAcontribution is greater than
50%) and three are SB-dominated (i.e. the SB contributigmaater than 50%).

2.3.2 Spitzer HLIRG Sample

Nine out of ten sources in FO2 sample have been observed hatinfrared Spectrograph (IRS) on
board theSpitzer Space Telescoprd the data were publicly available in tBpitzerArchive. However,
only five sources had complementary XMNewtondata and just two of these five HLIRG were
detected (see Chapt8y). In order to study the relation between the X-ray and MIRs=ioin for this
kind of sources, we included four sources from the XNNdwtonsample that have also public IRS
data.

Thirteen sources compose tBpitzerHLIRG sample (see Tabl2.2). Accordingly to their optical
spectra, six are type 1 AGN (Seyfert 1 or QSO), four are typegsANASeyfert 2 or QS02) and three
are NL objects. As presented above, the IR SED of these sohiaee been studied using RTM to
reproduce the AGN and SB emission (RR00, F&2rma et al. 2002 Both components (AGN and
SB) are needed to model the IR emission of these HLIRG, bé&i@gAGN output dominant for most
sources (see Tab®2 column 5).

Concerning to the objects in FO2’'s sample, six are type 1 AGUl taree are optically classified as
narrow-line objects. Six out of nine show an AGN-dominatBdSED, accordingly to the analysis
using RTM.

2.4 Description of the sources

In this section we briefly describe the most relevant charestics of each source included in the
samples presented above, based on the observations apsearadrformed previously to this thesis.

IRAS 00182-7112

Using the optical emission lines ratios froArmus et al.(1989, and the diagnostic diagram from
Osterbrock(1989 chap. 12), we classified this source as a type 2 AGN. IR data fRAS suggest
the presence of both AGN and SB components, the former besgpnsible for~ 35% of the IR
luminosity (RR00). New observations wipitzerset this value up te- 70%, based on the strength
of the 11.2um PAH feature §poon et al. 2004a Both ISO and Spitzerdata suggest the presence of
a deeply obscured nuclear power sourteaf et al. 200LSpoon et al. 2004a This result along with
X-ray observationsNandra and lwasawa 20P@oints towards this source as a CT source.
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TasLe 2.2: HLIRG studied in this thesis.

Source Samplé2  Type® CT IR-Model® RA DEC z logLpr @
X S F AGN/ SB [erg s cm?]

IRAS 00182-7112 v v - QS02 v 0.35/0.65 RROO 002034.7 -705527 0.327 46.49
IRAS F002351024 v /v NL v 0.5/0.5 F02 002606.5 +104132 0.575 <46.76
IRAS 07380-2342 v ¥ Vv NL - 0.6/0.4 FO02 074009.8 -234958 0.292 46.56
IRAS 091044109 v v - QS02 v 1/0 RROO 0913454 +405628 0.442 <46.42
IRAS F10026-4949 - v v Syl - 0.8/0.2 FO02 100552.9 +493442 1.120 <47.07
PG 1206-459 v - - QSO - 1/0 RROO 120858.0 +454036 1.158 47.20
PG 12474267 v - - QSO - 1/0 RROO 125005.7 +263108 2.038 47.70
IRAS F12509-3122 v v v QSO - 0.6/0.4 FO02 125317.6 +31 0550 0.780 <46.86
IRAS 125141027 v v - Sy2 v/ 0.4/0.6 RR0O0 125400.8 +101112 0.3 46.18
IRAS 14026-4341 V¥ /v QSso18 - 0.6/0.4 FO02 1404 38.8 +432707 0.323 46.26
IRAS F14218-3845 v - Vv QSO - 0.2/0.8 Fo02 142355.0 +383214 1.21 47.80
IRAS F1530%-3252 v v - QS02 v 0.7/0.3 V02 153244.0 +324247 0.926 <47.07
IRAS F16124-3241 -V vV NL - 0.4/0.6 F02 1614221 +323404 0.71 <46.46
IRAS 163447037 v - - QSO - 0.8/0.2 FO02b 1634289 +703133 1.334 47.42
ELAISP90 J1640168410502 - v v QsO - 0.7/0.3 FO02 164010.1 +410522 1.099 <46.67
IRAS 18216+641& v v v QS01.2 - 0.6/0.4 FO02 182157.3 +642036 0.297 46.49
IRAS F23569-0341 - vV Vv NL - 0.05/0.95 RROO 2359336 -032513 0.59 <45.79

a X: sources from the XMMNewtonsample. Asterisk marks those sources observed but noteétwith XMM-Newton S: sources from th8pitzersample;
F: sources from the FO2's sample;

b NL: narrow-line objects; Sy2: Seyfert 2 galaxy. Comptoiskttandidates are labelled as CT. Spectral classificatimm Rowan-Robinsorf2000, except
IRAS F00235 1024 {/erma et al. 200R IRAS 14026-4321 Wang et al. 2006and IRAS 182166418 {Véron-Cetty and Véron 2006 IRAS 00182-7112 has
been classified as type 2 source using the optical emissies fromArmus et al.(1989 and the diagnostic diagrams fra@sterbrock1989 chap. 12).

¢ Fraction of the IR emission originating in AGN aiod SB. Data from: (RROORowan-Robinson 200qF02) Farrah et al. 2002¢V02) Verma et al. 2002
(FO2b)Farrah et al. 2002b

4 FIR luminosity calculated through IRAS fluxes asSanders and Mirabél996.

€ Source in cluster.

f Not detected in X-rays. We use the optical data to classif/gburce as QSO.
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IRAS FO0235+1024

This galaxy is optically classified as a NL galaXje(ma et al. 2002 HST images reveal an object
that is clearly strongly interacting-arrah et al. 2002b Its IR emission cannot be modelled solely by
a pure SB or a pure AGN modeVérma et al. 2002 Sub-mm observations with SCUBA suggest a
comparable contribution~50%) of the AGN and SB components to the bolometric lumigodite
modelling of its IR emission suggested strong obscuratibichvcould arise from viewing an AGN
dust torus almost edge-on, through intervening absorgiiocooler dust (FO2). Moreover, XMM-
Newtonobservations suggest CT absorption for this objédtrhan et al. 2008

IRAS 07380-2342

This galaxy is a NL object. Its IR emission can be reproducgd ltombination of SB and AGN
models, with the AGN component providing60% of the total IR luminosity. The SB component is
dominant at wavelengths 45 um (F02).

IRAS 09104+4109

This galaxy lies in a rich cluster of galaxigsléinmann et al. 1988and is radio-loud with a radio jet
(Norman et al. 200R It is considered a dust-enshrouded type 2 Q¥Rr{ et al. 2000Franceschini
et al. 2000 and optical spectropolarimetry has revealed hidden berassion lines Klines et al.
1999. There is no evidence of a SB component in its IR SED (RRO@)¢chvis consistent with the
non detection of COEvans et al. 1998and the absence of cold dufigane and Trentham 200ih
this source.

There is a controversy on the X-ray absorption levels showthis object, which has been usually
classified as a CT AGN on the basis of BeppoSAX &ithndraobservations Kranceschini et al.
2000 Iwasawa et al. 2001 HoweverPiconcelli et al(2007), using XMM-Newtondata, states that its
X-ray spectrum is consistent either with a transmission@hice. Compton-thin absorption) or a pure
reflection model (i.e. CT absorption). The estimate®moncelli et al(2007) of the equivalent width

of the observed Fe & emission line € 1 keV) seem to favour the former interpretation, although
some CT AGN with equivalent widths below 1 keV have been olekibefore (Jeda et al. 2007
Severgnini et al. 2010, in preparation). On the other hamstrong emission above 10 keV detected
by Bepp&AX (Franceschini et al. 200@avour the CT modelPiconcelli et al (2007 argues that the
Bepp®AX data, given its low angular resolutior X°), could be contaminated by other hard X-ray
sources or, alternatively, that this source could be a “gimgnlook” quasar, i.e. the gas column density
changed from CT to Compton-thin level during the five yeatsvbenBepp&AX and XMM-Newton
observations.
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IRAS F10026+4949

This object has been optically classified as a Syl galaxy QRRAST observations show moderate
morphological disturbance and multiple very close compasmisuggesting that the object is in ongoing
interactions. Its IR emission can be reproduced with an AGieh providing~ 80% of the total IR
luminosity, plus an SB component.

PG 1206+459

This source has been classified as a QSO through its optieatram, without evidence of optical
obscuration. ThéRAS 12-60um data and théSO 12-200um data for this galaxy are well reproduced
by an AGN modelHaas et al. 1998 and there is no evidence of SB emission (RR00).

PG 1244267

The ISO data of this QSOHaas et al. 2000can be reproduced with an AGN dust torus model, and
there is no evidence for a SB component (RR0OO).

IRAS F12509+3122

In this QSO the AGN and SB components are both needed to fpyapedel the IR emission. The
majority (~ 60%) of the emission is provided by the AGN, but the SB doneisait wavelengths
> 50um (FO2). The HST image of this galaxy shows no signs of intemad¢Farrah et al. 2002b

IRAS 12514+1027

This object has been classified as a Seyfert 2 galaxy, base&laptical spectrum. It has been observed
in the IR by IRAS and in X-rays byROSAT and XMM-Newton The IR data suggest a 40%
AGN contribution and a- 60% SB contribution to the bolometric luminosity (RR00). XM™Newton
observations suggest that its X-ray emission is absorbeZiTomaterial (Vilman et al. 200R

IRAS 14026+4341

The optical spectrum of this source was classified as a brbsdrgtion line (BAL) QSO byLow
et al.(1989. However, new observations classify it as a type 1.5 olf)aking et al. 2006 Optical
spectropolarimetry shows that the observed polarizasafue to dust scatteringdines et al. 2001
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Its IR emission is reproduced using a composite model, WighAGN providing~ 60% of the total IR
output (F02).

IRAS F14218+3845

This source presents a type 1 QSO optical spectrum. HST\@igmrs suggest that this galaxy is
not involved in ongoing interactions. The IR data suggeat its IR luminosity is dominated by SB
emission Farrah et al. 2002b An AGN is also needed to completely reproduced its IR eimiss
contributing~ 20% to the total luminosity, and dominating the emissioneat-frame wavelengths
< 30um (Verma et al. 2002F02).

IRAS F1530A43252

This source presents a type 2 [dytical spectrumutri et al. 1994, and optical spectropolarimetry
indicates the presence of a dust-enshrouded quid§seg et al. 1995 This result along with previous
X-ray observationsKabian et al. 19960gasaka et al. 199Twasawa et al. 2005classified it as CT
candidate. The HST image of this object shows an interacysgem Farrah et al. 2002b The IR
emission of IRAS F1530#3252 can be reproduced by a composite model, where the AG8s&miis
dominant & 70%), though a strong SB is needed30%), in order to explain its FIR emissiovdrma
et al. 2002.

IRAS F16124+3241

This NL galaxy show no detectable polarized broad linessiojittical spectrum, suggesting that the IR
emission may be powered by a young SB rather than a dust @osA@N (Tran et al. 1998 However
to reproduce completely its IR SED both AGN and SB componargsieeded (F02).

IRAS 163447037

This galaxy presents a near-IR spectrum consistent withea1yQSO Evans et al. 1998 The IR data
from IRASandISO could be reproduced with an AGN modéldas et al. 1998-arrah et al. 2002b
rejecting any significant SB contribution. The non-detatdf CO is also consistent with the absence
of star formation activity Evans et al. 1998 HST observations show no signs of interaction in this
galaxy.
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EJ1640+41

This radio-quiet QSO was discoverelldrel et al. 200) as part of the European Large Area ISO
Survey (ELAIS, Oliver et al. 2000. The IR emission of this galaxy can be reproduced with a asite
model, with the AGN providing- 70% of the total IR luminosity. Its soft X-ray emission, det by
ROSATIs consistent with an unabsorbed AGMdrel et al. 200

IRAS 18216+6418

IRAS 18216-6418, a giant elliptical (cD) galaxy in the center of a richb@N 2) cluster, is a type 1
QSO, one of the most luminous at low redshift. Its IR SED isodpced with a mixed model, with an
AGN component, providing 60% of the IR emission, and a SB component (RR0O; F02).

IRAS F23569-0341

This NL galaxy Clements et al. 1999vas detected at 6@m by IRAS but ulterior observations ¢80
(Verma et al. 200Rand SCUBA (F02) could not confirm this detection. RR0OO rdpied the IR SED
of this source with a pure SB model.
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An XMM- Newton Study of HLIRG

3.1 Motivation

X-ray studies are an essential tool to study star formatimh &GN phenomena ocurring in HLIRG
(see Chaptet, Sect.1.4) and hence useful to unravel the relative contribution oB88 AGN emission
to the bolometric luminosity in this kind of sources. Obsgions in the X-ray range can give us a first
clue on which is the dominant process and allow to study tissipte interplay between SB and AGN,
as well as how their relative contribution varies with costime.

In this chapter we present an X-ray study of HLIRG, for whiok kave considered the X-ray selected
HLIRG sample, made of thirteen sources observed by the Xbagrvatory XMMNewton(see Chap-
ter2, Sect.2.3.1).). In order to compare the X-ray properties of HLIRG witthet similar classes of
objects, we have included two samples in our study. On ond,haa chose a sample of ten ULIRG
studied in X-rays by XMMNewton(Franceschini et al. 2003 This sample is flux-limited at 6@m
and complete t&Seo,m > 5.4 Jy. On the other hand, we have selected all the HLIRG (sotnfr
the Stevens et al(2005 sample of high redshift X-ray Compton-thin absorbed QSkesE sources
have been observed in X-rays BYDSAT(Page et al. 20Q01and by XMM-Newton(Page et al. 2010,
submited), and by SCUBA in the sub-mm ba&tgvens et al. 2030

This chapter is structured as follows: S&2describes the XMMNewtonobservatory; data reduction
and spectral analysis of each source are described in 8ctesults are discussed in Se8i4 and
Sect.3.5 summarizes the conclusions we obtained from this studys Stoidy has been published in
an international journal aRuiz et al.(2007).

33
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3.2 The XMM-Newton X-ray observatory

The XMM-Newtonobservatory is the second cornerstone of the Horizon 20i@dse programme of
the European Space Agency (ESA) and was launched on the filD#cember of 1999. The satellite
is in a 48-hour elliptical orbit allowing continuous morritay of selected targets up to about 40 hours.

XMM- Newtoncarries six science instruments. The three co-alignedyXel@scopes onboard XMM-
Newtonhave the largestfiective area achieved so far, 0.15 at 1 keV and 0.05 fat 5 keV. Each
telescope has its own Point Spread Function (PSF, theldistm of light of a point-like source in the
focal plane), which has a minor energy dependence but agstteppendence with theffeaxis position.

On the focal plane of each telescope there is an EuropeamrPhofging Camera (EPIC) instru-
ment. XMM-Newton carries two dlierent technologies of CCD detectors: Metal-Oxide Semiaond
tor (MOS) and p-n junction (pn), which was specially develdgor XMM-Newton There are two
cameras (MOS1, MOS2) constituded each one by 7 individuaBMEBZD arrays (60& 600 pixel
each,Turner et al. 200jLand one camera (pn) containing 12 pn CCDs %6200 pixel eachStrider
et al. 200).

The EPIC cameras can perform imaging over a 30 arcmin diarfietd of view, and are sensitive
to photons with energies from 0.1 to 15 keV providing modekatergy resolution (resolving power
E/AE ~ 20— 50). The angular resolution is determined by the PSF of thairor modules (the pixel
size of the EPIC cameras is much smaller than the PSF). TheMWftthe PSF is 6 arcsec, allowing
to obtain X-ray source positions with accuracies-df — 3 arcsec.

The EPIC cameras can be operated itedént observing mode&éndziorra et al. 19971999 Kuster

et al. 1999. Each camera is equipped with three aluminized filters different thicknesses (named
thick, medium and thin filters) to block IR, visible and UV ration and reduce the contamination of
the observations (the EPIC CCDs are also sensitive to thuesgies).

The telescopes with MOS cameras in their focal planes havatimg assembly (RGA) that split about
40% of the incoming X-rays to a Reflection Grating Spectram¢RGS,den Herder et al. 2001
About 44% of the incoming light reaches the MOS cameras,eathié remaining- 16% is absorbed
by the supporting structures of the RGA. The RGS instrumpetform high resolution dispersive
spectroscopyE/AE ~ 200— 800) of bright sources in the soft energy band.

XMM- Newtonalso carries aboard the Optical Monitor (OMason et al. 200 a 30 cm Ritchey-
Chretien telescope feeding a compact image-intensifietbphapunting detector. The detector oper-
ates in the UV and the blue region of the optical spectrum {&@B50 nm). The OM is co-aligned with
the X-ray telescopes to allow simultaneous /dptica)X-ray observations.



Tasce 3.1: Description of the XMMNewtonobservations.

Source Net. exp. time [ks] Ext.radius [arcsec] Source unt Obs. date Filter
pn MOS1 MOS2 pn MOS1 MOS2 pn MOS1 MOS2
IRAS 00182-7112 9.1 - - 19 - - 13415 - - 2003-04-17  Thin
IRAS F00235-1024 14.4 - - 35 - - <30 - - 2001-01-10  Thin
IRAS 07380-2342 4.7 11.4 11.6 30 40 40 <45 - - 2005-10-13 Medium
IRAS 091044109 9.2 12.6 125 20 20 20 554475 2245+ 47 2332+48 2003-04-27 Medium
PG 1206-459 5.9 6.9 6.9 26 32 29 73432 188+ 16 193+ 16 2002-05-11 Thin
PG 1247267 194 255 26.6 35 35 35 513774 1646+ 42 1694+ 43 2003-06-18 Medium
IRAS F12509-3122 119 146 141 25 25 25 584 156+ 13 139+ 13 2005-12-11 Thin
IRAS 125141027 16.7 20.0 182 22 40 40 182 28+ 13 7+12 2001-12-28  Thin
IRAS 14026-4341 - 6.6 5.6 - 35 35 - <30 <27 2005-11-26 Thin
IRAS F142183845 115 15.2 151 30 34 31 55®@9 185+ 17 176+ 16 2003-08-01 Medium
2.3 7.3 70 30 30 30 91 14 109+ 20 79+ 18  2005-06-09 Medium
IRAS F153043252 9.4 115 120 22 40 40 9721 30+ 12 42+ 13 2002-07-30  Medium
IRAS 1634747037 129 15.6 158 30 56 48 111¥206 3546+67 3785+66 2002-11-23 Medium
IRAS 18216-641% 0.5 2.9 33 20 20 20 - 740286 8481+92 2002-10-16 Thin

a Total source counts in the 0.2-10 keV band.
b Chandradata are also used in the study of this source. See $8c3for details.
¢ Data from OBS-ID 030536.
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3.3 X-ray data reduction and analysis

3.3.1 Data reduction

Table3.1 presents the most relevant information about the XMwtonobservations. The data have
been processed using the Science Analysis System (SA$)vérd.0, and have been analyzed using
the standard software packages (FTOOLS and XSPEC) incindéBAsoft 5.3.1.

We reprocessed the EPIC pn and MOS Observation Data FileE$Di0 obtain new calibrated and
concatenated event lists, using the SAS t&#R0C andEPPROC, including the latest calibration files
at the time of reprocessing.

The new event files were filtered to avoid intervals of flarirmgticle background, and only events
corresponding to pattern 0-12 for MOS and 0-4 for pn were (E&te et al. 200k The events with
energy above 12 keV and below 0.2 keV were also filtered oue Sdurce spectra were extracted
from circular regions, whose radii were chosen in each easptimize the signal-to-noise ratio/(§),
and to avoid the CCD gaps. The background spectra were takarcular source-free regions near
the object, also avoiding CCD gaps. We generated our owstrémlition matrices and ancillary files
(correction for the ffective area) using the SAS task$FGEN andARFGEN.

XMM- Newtondetected ten out of thirteen sources80%) with diferent N quality. In cases where
the SN ratio was poor, the MOS and pn spectra were co-adBadd et al. 2003 All spectra were
rebinned to have= 25 counts per energy channel, except IRAS 00182-7%125 counts) and PG
1206+459 (& 20 counts). The resulting EPIC spectra (see Bid) reveal heterogeneous spectral
properties for these objects (see Tablgand Sect3.3.5.

3.3.2 Non-detected sources

We have estimated upper limits to the luminosity of thosecinot detected by XMNNewton We
estimated the count rate which would correspondddfiBctuations of the background in a circular
region of the pn-EPIC images, centered in the source ccaten To convert between count rate
and physical units a simple model was chosen: a powet Vaith photon index” = 2 and Galactic
absorption.

3.3.3 Cluster emission subtraction

Two sources of our sample, IRAS 0914109 and IRAS 182166418, reside in clusters. They present
soft extended emission from the intra-cluster medium (ICM)take into account this residual fore-
ground in the subsequent spectral analysis, we added an G&Emal component to the spectral

1% o &', whereN are the number of photons aads the energy of the photons.
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TasLe 3.2: Chandraobservations description.

Source Instrument Grating Exp. time.  Obs. date
[ks]
IRAS 091044109  ACIS-S None 9.17 1999-11-03

IRAS 182166418  ACIS-S LETG 171.82 2001-01-18

model gbremss or, if emission lines are significanigkal). Two parameters characterize this model:
temperature and normalization.

We estimated the temperature of the cluster by extractin-aay spectrum in an annular region
around the source and fitting it with a thermal bremsstrahlmoedel. The normalization was obtained
re-normalizing the flux from the annulus to that from the sewircular region. If we assunidy « Sg,
whereNg is the normalization of the X-ray spectrum in regiBrand Sy, is the surface brightness of
the regionR, we have

S
Ne = Na x ==, (3.1)
Sa

whereA is the annular region an@ is the source circular region. Therefore we can use the X-ray
surface brightness profile of the cluster, integrating &rdsoth regions to obtain the normalizatitin

We determined the brightness profile using pullimndradata (see Tabl&.2). The angular resolution
of Chandrais higher than of XMMNewton(~ 0.6 arcsec compared to 6 arcsec of XMMNewtor),
allowing to extract a better profile. Assuming an isothert@, the radial profile of a cluster can be
well-fitted using g3-modef (Sarazin 1986Mushotzky 2004 This profile was then convolved with
the XMM-NewtonPSF, before integrating it over the regions of interest.

3.3.4 Spectral analysis

Our aim is to estimate the AGN and SB contribution to the totaly emission. As described in
Chapterl, Sect.1.1, the X-ray spectrum emitted by an AGN can be typically maateivith four
components: an underlying absorbed power law, a reflectorponent, an iron [(emission line and
a soft excess above the power law at energies beldvkeV.

The power law component is associated with the direct X-raisgion of the central engine of the
AGN, where the opticdUV photons emitted by the accretion disk are converted ira)Xhotons
by high energy electrons surrounding the disk through B&Eompton scattering (see Chaptgr
Several observational results show that the typical phistdex of this power law in unobscured AGN
isT" ~ 1.5 - 2 (Nandra and Pounds 199Reeves and Turner 200Plateos et al. 20052010.

2The background spectrum of the annular region was extractedircular region free of sources away from the cluster
emission. We used the XMMlewton“blank fields” (Read and Ponman 2008 extract the background spectrum of the
source.

¥S(r) = So(1 + (r/ro)?) ¥+0°
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The soft excess component, common in type 1 ARsdves and Turner 200Biconcelli et al. 200p
can be reproduced with a thermal model, with an expecteddasatyre remarkably constant around
0.1-0.3 keV Piconcelli et al. 2005Gierlihski and Done 2006and the ratio between its 0.5-2 keV
luminosity and the luminosity of the power law componenthie same band is found in the range
~ 0.15- 1.45 (Piconcelli et al. 200p Several alternative models have been proposed for tgaarf
this soft excess, such as a relativistically blurred plustizied disk reflectionRoss and Fabian 1993
Crummy et al. 20060r ionized absorption in a wind from the inner digi¢rlihski and Done 2004
2006. It has also been shown that the analysis of the high résnlMM-NewtonRGS spectra is
important to understand the nature of the soft excess emigBianchi et al. 2006 We have only
used thermal models in this work for simplicity, since moetadled models are not warranted by the
guality and low spectral resolution of the data.

The SB emission can be modeled with a power law with a typibatgn indext” ~ 1.0 — 1.4 (White

et al. 1983 Dahlem et al. 1998Persic and Rephaeli 2002r with a thermal model with temperature
0.5-1.0 keV (wasawa 1999Franceschini et al. 2003The soft X-ray-to-bolometric luminosity ratio
for an SB is~ 1074, as found bylwasawa(1999 for a sample of four prototype powerful FIR SB
galaxies. This factor can be used to estimate the bolometrmosity of the SB component of the
sources.

All sources were analyzed using the following scheme. Riesfitted the data with a power law model
plus Galactic absorptidn(see Table3.3, column 3). We added intrinsic absorption (XSPEgha
model) where it was statistically significant

We compared this model with a power law reflected from neuraterial (modeled with the XSPEC
pexrav® Magdziarz and Zdziarski 1995When two models had the same number of parameters (and
hence the F-test is not useful), the fit with the Iowezslwas taken as our baseline model. However,
when they? from two models were comparable, we adopted as our basetitieefione with less
uncertainty in the determination of the model parameters.

We then checked for any significant additional componenh @mission line (modeled wittgauss at

~ 6.4 keV) andor soft excess. We fitted the latter withldirent thermal models (blackbodgbbody;
bremsstrahlungzbremss, Kellogg et al. 1975 bremsstrahlung with emission linemekal, Mewe

et al. 1985 Kaastra and Mewe 1993 We introduced the thermal component to parameterize the
starburst emission afmt the AGN soft excess emission.

In those cases whefewas out of the range expected for AGN or SB, this parameteffiwesto 2, and
we tried to fit again the spectrum with two alternative modalsabsorbed power law and a reflection

4All models referred to in this Chapter implicitly include auttiplicative Galactic absorption component fixed at the
GalacticNy value fromDickey and Lockmar{1990.

5To this end we used the F-test, accepting additional spectnaponents only when they improved the fit with a signifi-
cance> 3o.

5We kept fixed all the parameters of thexrav model to the standard values except the photon index of ttident
power law, the reflection scaling factor and the normalorati
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model pexrav). In both cases, additional intrinsic absorption and tte@mmission models were also
added (if needed) to improve the fit.

The best fit model for each source is given in Tehl@ We calculated the luminosity for each compo-
nent in the hard and soft X-ray bands, corrected by Galantidrtrinsic absorption. A more detailed
description of the analysis and the results for each soarpeesented in Se@.3.5

We estimated upper limits on the luminosity (see Tabh8 column 11) for a thermal component in the
X-ray spectra of those sources where it was not significamthi§ end, we fixed all parameters to their
best fit values. We added a thermal componehtémss) with a fixed temperatur&kT = 0.6 keV (the
mean temperature of the ULIRG thermal component flaanceschini et al. 2003and we calculated
the 2r confidence interval for the normalization parameter, whiels then used to estimate the upper
limit of the luminosity.

3.3.5 Source by source analysis
IRAS 00182-7112

This type 2 QSO was detected by the EPIC-pn camera only. Welewds spectrum with a reflection
component, using thepexrav model Magdziarz and Zdziarski 1995The photon index is fixed to 2
and a pure reflection component is assumed. This implies erlbmit to the column density of the
absorber materialNy; > 10?° cm™2). We marginally detect a narrow emission line &3 keV
(significance within 2- 30), consistent with He-like Fe line (this energy is also cetesit at 2- level
with neutral Fe 6.4 keV line).

ISO and SpitzerIR data suggest the presence of a deeply obscured nuclear powrce Tran et al.
2001, Spoon et al. 20094aThis is qualitatively consistent with our X-ray analysgsults. The X-rays
detected by XMMNewtonare consistent with the reflected emission from the AGN, \aittiron K,
fluorescent emission from the reflecting material. The edeit width of this line, B + 0.6 keV, is
consistent with the CT hypothesis, but the poor quality efghectrum prevents us from reaching any
stronger conclusion. Assuming that the direct X-ray erois$s completely absorbed by CT material,
we estimate that the intrinsic 2-10 keV luminosity of the A@¥ponsible for the reflection component
is 6.3 x 10M(21/Qef)) €rg s, whereQres < 21 is the solid angle subtended by the reflector at the
illuminating source.

Our X-ray analysis of this source points towards an AGN with @dbscuration. The analysis of the
broadband SED of this source which we perform in Chapisralso consistent with the presence of a
highly obscured AGN in this galaxy and its MIR spectrum (sé@@er4) shows signatures of strong
obscuration.
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TasLe 3.3: XMM-Newtonspectral analysis results. Fluxes and luminosities in CG&.UAIl errors are quoted at 90% confidence level for onapeter
of interest (i.e Ay? = 2.71) throughout this chapter.

Source Modef Ny P r KT EW Y?/v  Ax* logSx°© logL @

(keV) (keV) L;’L( L?ﬁ L;‘i‘ L.'?,’j
IRAS 00182-7112  D+E 424 2E.=9% - 08+06 5.09 10.7 -12.8 449 <419  44.8 <40.7
IRAS F00235-1024 - 5.07 2 - - - - <-145 <42.2 - <424 -
IRAS 07380-2342 - 64.3 2 - - - <-13.7 <41.7 - <425 -
IRAS 091044109  (Bf +A +E 1.82 162+0.07 - 038910 374324 42 -11.7 442 <43.0 445 <418
+BeppGAX: (Be+B+D+E " 1.2+ 8:3 3.1* 8:‘3‘ 0.2* g‘} 330326 53 7447 442 453  44.2
PG 1206-459 A 1.31 17+09 - - 72/67 - -12.5 45.8 <44.0 45.1 <42.8
PG 1247%267 A+C 0.90 198f§:§§ 0.49j8€§ - 235281 30 -12.3 459 455 459 440
IRAS F12509-3122 A+B 1.24 138J_r0:1% 0.21+0.03 - 3830 80 -129 438 438 443 40.2
IRAS 125141027 B+ Fx A 1.67 2 035537 - 5/15 15 -14.2 432 422 433 397
IRAS 14026:4341 - 1.19 2 - - - - <-13.7 <425 - <42.6 -
IRAS F142183845 A 0.93 224+012 - - 7075 - -13.1 44,7 <43.8 44.6 <42.5
IRAS F15307%3252 A 2.03 21+ 04 - - 1622 - -13.6 454 <431 459 <419
IRAS 1634%7037  C+A 448 177+0.13 153+0.18 - 561547 26 -11.7 458 457 46.0 454
IRAS 18216-6418  (Cf+C+A 4.04 157J_f8:%‘2) 0.49j8'8g - 329332 151 -10.7 452 451 456 43.6

8XSPEC models: Apower law, B:mekal, C: zbremss, D: pexrav, E: zgauss (emission line), Fzpha (intrinsic absorption).

bGalactic neutral hydrogen column density (in units of’l&toms cm?), from Dickey and Lockmar{1990).

¢Observed frame 0.5-10 keV flux.

dLogarithm of the rest-frame intrinsic X-ray luminosity: S®oft X-ray (0.5-2 keV) band; HX: Hard X-ray (2-10 keV) banl.: Power law component; TH: Thermal (soft
excess) component.

€This component models the cluster contribution.

fIntrinsic Ny = 420 x 107% cm2.

9Luminosity corrected assumirRanessa et al2006 results. See Sec®.3.5for details.
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Ficure 3.1: XMM-NewtonX-ray spectra and residuals of the detected sources fromltheG sam-
ple. The solid line is the best fit model. Continues in the figxire.

IRAS F00235+1024

XMM- Newtonobserved this NL SB galaxy for 26 ks, but it was not detectedheyEPIC cameras.
Wilman et al.(2003, assuming a thermalkkal model KT = 0.5 keV), estimate an upper limit to the
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Ficure 3.1: Continued.

0.5-2 keV luminosity of B8 x 10*2 erg s, consistent with our result in this band. The reported upper
limit to the hard X-ray luminosity £ 1.9 x 10* erg s!) is also consistent with our estimate.

The model able to reproduce the IR SED of this source sugbastroughly half of its bolometric
luminosity is originated in an AGN (F02). The analysis ofMtiR spectrum (Chaptet) and broadband
SED (Chapteb) also suggest that a dust-enshrouded AGN resides in tragygal T absorption could
then explain the low X-ray emission of this source.

IRAS 07380-2342

This NL object was not detected by XMMewtonand we estimated upper limits as described in
Sect.3.3.2 Its MIR spectrum (Chapted) and broadband SED (Chapts) suggest that the non-
detection is probably due to strong absorption.
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IRAS 09104+4109

The type 2 QSO IRAS 091041109 resides in a rich clusteKlginmann et al. 1988 The X-ray soft
extended emission from the ICM was already detecteROWBAT(Fabian and Crawford 1995 We
subtracted this foreground as explained in S&&.3

The source spectra were extracted from circular region®¢fradii for all detectors, and the cluster
spectra from an annular region betweer! 20hd 90’ (constrained to the CCD where the source is
located). The cluster emission was fitted witihhekal model. The temperature k§ = 5.5 + 0.4 keV,

and the metal abundance i80+0.12 Z,, which is consistent with the mean Fe abundance for clusters
with a temperature greater than 5 keBaimgartner et al. 2001 We obtained the radial brightness
profile usingChandradata: g3-model with a core radiug = 4”.6 + 0”.6 andg = 07.576%-018 The

0”.016°
cluster emission represents 62% of the total 0.5-10 keVHosity.

The spectrum of the source was fitted with a power law with a kébkoad ¢~ = 0.27 + 0.09 keV)
emission line at fﬁsf:g:% keV. This broad line could be explained as a complex of neatrd ionized

narrow lines merged due to the low resolution of the detector

Although IRAS 091044109 is classified as a type 2 QSO, the XMidwtondata did not reveal any
intrinsic absorption feature. However, tihandraobservation of this source suggested a column
density of 3x 1072 cm2 (Ilwasawa et al. 2001 Also, Bepp®AX detected this object at energies
greater than 10 keV, pointing to non-thermal quasar enmssinerging from a thick absorbing torus
(Franceschini et al. 2000with Ny ~ 7 x 10°* cm~2. On the other handRiconcelli et al(2007) found
that the XMM-Newtonspectrum of this source is consistent either with a trarsioismodel (i.e
Compton-thin absorption) or a pure reflection model (i.e.a@b$orption), although the low equivalent
width of the iron emission line they found seem to favour tleenPton-thin hypothesis (see Chapger
Sect.2.4). However CT sources showing iron lines with equivalentttvidelow 1 keV have been
observed(eda et al. 200/

Our combined analysis of tigepp&AX and XMM-Newtondata sets (which will be taken as the best
fit for this source in what follows) shows that a reflectioyomodel is needed to explain the complete
spectrum in the 0.2 to 50 keV range. This implies a lower Iijt> 10?°> cm to the column density
of the absorber, which it is consistent withasawa et al(2001), where a similar analysis of this source
is done withBepp®&AX andChandraobservations. Assuming = 1.4, which is in the flatter side of
the photon index distribution of quasaiRdeves and Turner 200Ghey found that a cold reflection
model without transmitted component fits well the complettad This model gives an intrinsic hard
X-ray luminosity of 2x 10°(27/Qe)) erg s* for the AGN. The estimated bolometric luminosity of
this source is ther 3.5 x 103 L.

We have also found in our combined analysis a new thermal oaem, but its temperatur&T ~
3 keV) is too high to be associated with SB or AGN emission. c8ithere is no evidence of an
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SB component in the IR SED of this source (RR00), this thermoahponent is probably due to an
incomplete subtraction of the cluster emission. Previessilts indicate that a strong cooling flow of
the ICM is taking place in the core of the clustéabian and Crawford 199&llen and Fabian 1998
Ettori and Fabian 1999wasawa et al. 2001 so the isothermal ICM hypothesis we have assumed
could underestimate the cluster luminosity in the centrgian.

We confirm that IRAS 091044109 is dfected by CT absorption, and that the X-ray emission detected
below 10 keV by XMMNewtonis only due to a reflection continuum from cold matter. Itsdufioand
SED (see Chaptés) is also consistent with an obscured AGN. The MIR spectrurthisf object is
dominated by synchrotron emission and hence does not shpakaorption features (see Chapder

PG 1206+459

The XMM-Newtonobservation of this QSO is contaminated by background fetréee beginning and
at the end of the observation. The finélleetive exposure is 7 ks. The spectra continuum has been
modelled with a power law. We have not detected significatninisic absorption or soft excess. The
lack of absorption in the X-ray spectra is consistent withdptical and IR evidencdl@as et al. 1998
RRO00). The X-ray spectrum of this object is therefore cdastswith having a pure AGN origin.
Tha analysis of the broadband SED of this galaxy is also sterdi with a pure AGN with no SB
contribution (see Chapté&).

PG 1244267

The X-ray spectrum of this QSO has been modelled with a poswerand a thermal component. A
pexrav model is formally the best fity®/v = 224/282) of these data. However, the photon index
obtained I ~ 2.3) with this model is slightly larger than that expected farAGN. Moreover, the
reflection scaling factor~ 4) is sensibly larger than that typically expected for typoirces (within

0 and 1). No other reflection features have been found in thayXspectrum. Therefore, we have
adopted the power law plus thermal component as our best fit.

The temperature of the thermal compondait & O.48f8€§ keV) is consistent with the typical temper-
ature of an SB galaxy. However, the bolometric luminosist thie can estimate through the soft X-ray
emission for this SB is- 10*° erg s, much higher than the RROO estimate $.2 x 10% erg s1).

Therefore, the soft excess component is too luminous to aguee SB origin. Furthermore, its soft
excess-to-power law soft X-ray luminosity ratio~s0.4, which is typical for soft excess observed in

AGN.

We can conclude that the X-ray spectrum of this source isistamt with being dominated by an AGN.
The analysis of the broadband SED of this galaxy agrees tiglrésult (see Chapté).
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IRAS F12509+3122

A significant fraction ¢ 50%) of the observation time of this QSO ifexted by high background.
The pn and MOS spectra can be fitted by a power law model andrimmdaheomponent witkkT =
0.21+0.03 keV, at a lower energy than that expected for a standarth@EBonsistent with soft excess
originating in an AGN. The thermal-to-power law luminosigtio is~ 1.2, in the range of AGN soft
excess. All these evidences clearly suggest that this Xpagtrum is AGN-dominated. The study of
the full SED of this source also reveals that the SB contigiouio the total X-ray emission is negligible
(Chapters).

IRAS 12514+1027

This Seyfert 2 galaxy was also observed RQSAT(Wilman et al. 1998 but only XMM-Newton
has been able to detect its X-ray emissiaifilman et al.(2003 considered only the pn spectrum,
modelled with a reflection componentexrav, with fixedI' = 2) and a thermal componenigkal,
kT = 0.317222 keV) corrected by intrinsic absorptiohlj = 1.3*39 x 10%* cm?). The resultingy?/v

is 8.512.

In our analysis, the three EPIC spectra were co-added (se#e3S&1). We modelled the spectrum
with an absorbed power law with a photon index fixed to 2, arttbantal component.

The temperature of the thermal componerikTis= 0.35j8:é; keV, consistent with that usually observed
in SB galaxies. The soft component-to-power law luminosatjo is slightly lower than that associated
with an AGN. The 0.5-2.0 keV luminosity of this soft compoh&nl5x 10* erg s, which implies a
bolometric luminosity for the SB of 1.5 x 10% erg s1. The IR luminosity of the SB estimated from
the analysis of the IR SED of the source-i$ x 10*® erg s (RR00). This thermal component seems

to have an SB origin.

The optical, IR and X-ray data point to a CT AGN and an SB of caraple bolometric luminosities.
Our study of the MIR spectrum and broadband SED of this HLIR@Gansistent with this result (see
Chapters4 and5).

IRAS 14026+4341

The XMM-Newtonobservation of this QSO 1.5 is heavily contaminated by bemkad flares. All the
pn data areféected by a count rate background greater than 15 countsqmrdeThe MOS data have
a brief interval free of flares, but the source was not detedide estimated upper limits as described
in Sect.3.3.2
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TasLe 3.4: Infrared fluxes and luminosities of the sample.

Flux density (Jy) IR logL (erg s1)
Source R 12/4m 257.1m Gth 10th ModeF L|:|Rd L|Rd LIR,RR LﬁFSF'{\IR LIsRl?RR
IRAS 00182-7112  17.738 <0.06025 0.1320.010 1.2@0.08 1.190.12 StA 46.49 <46.72 <46.93 <46.48 46.74
IRAS F002351024 >21.5 <0.173 <0.193 0.430.06 <0.94 StA <46.76 <47.27 46.74 46.44 46.45
IRAS 07380-2342  16.869  0.4&0.03 0.8@0.08 1.140.09 3.5%0.3 A+S 46.56 47.08 46.97 46.79 46.48
IRAS 091044109 17.819  0.130.03  0.3340.013 0.530.04 <0.44 A <46.42 <46.99 <46.92 46.84 <46.15
PG 1206-459¢ 15.135 0.2%0.04 <0.113 0.260.05 0.3%0.07 A 47.20 <4794 <47.80 47.78 <46.57
PG 1247%267¢ 14.621 <0.126 <0.113 0.240.05 0.1%0.03 A 47.70 <48.39 <4794  47.91 <46.76
IRAS F12509-3122 16.590 <0.106 0.1@0.03 0.220.04 <0.675 A+S <46.86 <47.37 47.00 46.76 46.62
IRAS 125141027 17.654  <0.0632 0.1980.016 0.7%0.06 0.760.15 StA 46.18 <46.51 46.63  46.27 46.39
IRAS 14026:4341  15.651  0.120.03  0.2850.014 0.620.06 0.990.24 A+S 46.26 46.70 46.54 46.34 46.11
IRAS F142183845 >21.5 <0.0969 <0.075 0.5#0.06 2.160.17 StA 47.80 <48.06 46.86 46.15 46.76
IRAS F1530%43252 19.131 <0.065 0.07£0.019 0.230.04 <0.71 A+S  <47.07 <47.46 47.22 47.05 46.73
IRAS 16347%7037¢ 13.979 0.0520.010 0.1220.004 0.2#0.05 0.35%0.07 A+S 47.42 4786 47.81 47.73 47.04
IRAS 18216:6418  13.403 <0.238 0.4450.012 1.240.05 2.130.17 A+S 46.49 <46.89 46.78 46.54 46.37

@ Observed byRAS(from NED).

b UK-R magnitude (SuperCOSMOS Sky Survey).

¢ AGN (A) andor starburst (S) components needed to fit the IR SED (as ireBaBlcol. 5). First letter indicates the dominant component.
4 Infrared luminosities in the 40 500um (FIR) and 1- 1000um (IR) bands, computed usin®ASfluxes Ganders and Mirabel 1996

€60 and 10Qum fluxes ardSOdata fromHaas et al(2000.
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IRAS F14218+3845

The QSO IRAS F142183845 was observed by XMNilewtonin two occasions. The second observa-
tion was heavily fiected by high radiation background. We checked that nofggni variability was
present in the flux state of the source between the two olismmgeso we could co-add the six spectra
of the diferent observations to increase th@&l $atio. The spectrum was modeled with a power law.
No significant soft excess or intrinsic absorption was found

The IR data suggest that this HLIRG is an SB dominated soleama et al. 2002Farrah et al.
20023, but our analysis of its XMMNewtonX-ray spectrum did not reveal any SB features. Using
the upper limit estimated (see Tal3e3) for a thermal component, the total SB luminosity is lessitha
6x 10*" erg s, which is consistent with the SB luminosity estimatedRayrah et al(20024 through

IR and sub-mm data (610 erg s1). Although an SB component cannot be excluded, the data poin
to an AGN-dominated X-ray emission. The analysis of its 8#HD (see Chaptes) shows that an SB
component is needed to reproduce the IR emission of this BlL.tRit the SB contribution to the total
X-ray emission is negligible.

IRAS F1530A4+3252

Previous observations witROSATand ASCAdetected no X-ray emission from this QSOFabian
et al. 1996 Ogasaka et al. 199.7We detected a faint X-ray emission in the XMNewtonpublic data.
The observation of this source ifected by high background flares. The three EPIC extractexdrape
were coadded to increase thé\NSatio. We fitted this spectrum using a power law. We were bt a
to find any absorption feature or thermal emission.

XMM- Newtonhas observed IRAS F15383252 on two more occasions, but the data were still pri-
vate when we carried out this analysisvasawa et al(2005, using the complete data set, found a
prominent Fe K line at~ 6.5 keV, indicating the presence of a CT AGN. This is in agregmeéti
optical spectropolarimetry data indicating the preserieedust-enshrouded quasé#fifes et al. 199b
The estimate of the AGN bolometric luminosity using the otasd emission line luminosity is also
consistent with previous result$yn and Scoville 1998Aussel et al. 1998Verma et al. 2002Peeters

et al. 2004. The hard X-ray emission detected by us is probably refiecdiation, because of CT
obscuration.Panessa et a{2006 found that the ratio between the intrinsic and the obseXdy
luminosity in CT Seyfert galaxies is 60. We have corrected our estimate X-ray luminosity by this
factor. The resulting hard X-ray luminosity 3.2 x 10 erg s!) is consistent with the estimate given
by lwasawa et al(2005 (Lx > 1 x 10* erg s1), using the luminosity of the iron emission line.

Iwasawa et al(2005 also found extended soft emission, wkh = 2.1f8:§31 keV. They identify this
extended emission with hot gas associated with a relatpedy cluster around this object. Although
no galaxy cluster has been found associated with this sptt8@ observations show a moderate
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galaxy over-densityRarrah et al. 2002b Moreover, its bolometric luminosity to temperature figla
would be similar to that typical of poor clusteiSukazawa et al. 2004

In summary, the X-ray spectrum of this source is consistdtit the emission originating in a CT
AGN. The presence of an obscured AGN is also pointed out byis spectrum (see Chaptdj and
its broadband SED (see Chapr

IRAS 163447037

The spectrum of the QSO IRAS 16347037 was modelled with a power law and a thermal component.
No intrinsic absorption was detected.

The XMM-Newtonspectrum is consistent with a type 1 AGN spectrum, as theapgvans et al.
1998 and IR Haas et al. 1998-arrah et al. 2002kbobservations suggest. Previous X-ray data from
ASCAwere also consistent with the XMMewtondata, and there was no evidence of iram é&mission
feature or any absorption eddgdgndra et al. 1995

The soft excess hdf0.5—-2.0 keV) = 5.6x10% erg s*. This would imply an SB bolometric luminos-
ity three orders of magnitude greater than the SB luminasitgulated with the IR datd@rrah et al.
2002h see Table.4). Therefore this component is unlikely to be associateti afit SB. Moreover, its
thermal-to-power law luminosity ratio is consistent witkalt excess from the AGN.

Our analysis points towards a pure AGN origin for the X-rays=ion, which is also in agreement with
the broadband SED analysis of this galaxy, where no SB emnissifound (see Chapté&j.

IRAS 18216+6418

The pn data of this QSO 1.2 were heavilezted by pile-up, so we used only the MOS data. The
source spectra were extracted from & 28dius circular region in both MOS detectors. This QSO is
located in a rich cluster, afgOSATdetected the ICM thermal emissioBgxton et al. 199MHall et al.
1997. We subtracted the soft X-ray emission from the clustegxgdained in Seci3.3.3

The MOS cameras operated in small-window mode, so we caesidiee pn image to model the cluster
(the pile-up only &ects the central region of the source). We extracted a spednom an annular
region between 20and 80 (constrained to the CCD where the source is located). Thdtires
temperature of thebremss model waskT = 2.3j(1):g keV. We also used th€handraradial X-ray
brightness profile published dyang et al(2002, (core radius of 17.6 + 0”.17,8 = 0”.74ig::85 :

to renormalize the cluster model (see S&8.3. The cluster X-ray emission is 32% of the total
0.5-10 keV luminosity.
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The source spectrum best fit is a power ldn 1.57j8:}‘1’) with a soft thermal component. pexrav
model is formally the best fit?/v = 321/333) of this spectrum. As discussed for PG 12287, the
steeper photon indeX (~ 2.3) and the extremely large reflection scaling facted (R ~ 15) led us to

adopt the former model as our best fit.

The photon index of the power law is not consistent with prasi X-ray observations withASCA

(I' = .75+ 0.03, Yamashita et al. 1997andChandra(I" = 1.761)5¢7, Fang et al. 2002

In Fig.3.1(j) a systematic fect in theAy? spectrum can be seen above 5 keV. This may be due to
a bad extraction of the cluster emission or to the use of thakidfield background. Ignoring data
above 4.5 keV we obtain a steeper photon index(1.68 + 0.11), compatible with previous X-ray
observations.

A thermal component is also detected, with a temperature4®‘jg_)8§ keV, consistent with SB emis-
sion. However, if this emission were to be associated wighSB, the bolometric luminosity of the
SB would be three orders of magnitude higher than the luntincalculated using the IR dat&4r-
rah et al. 2002a The soft component-to-power law luminosity ratio is i ttange of that typically
observed in AGN.

Ginga (Kii et al. 1991, ASCA(Yamashita et al. 1997and Chandra(Fang et al. 2002Yaqoob and
Serlemitsos 2005etected iron emission features in this HLIRBnénez-Bailon et a(2007) detected

a Fe-K emission line with a complex structure in the XMW&wtonpn spectrum of this source. We also
detected an emission line in the 6-7 keV rest frame band heusignificance of the detectior Qo)
was below our adopted threshold, and therefore we have metdmred it further. We estimated a 3
flux upper limit to a broadd¢ = 0.1 keV) line component at 6.4 keV &f 3 x 10-° photons cm? s,
consistent with the value (3 + 1) x 10°® photons cm? s™! obtained withChandradata Fang et al.

2002.

The X-ray spectrum of this object is therefore consistetih &ipure AGN origin. The study of the full
SED of this source detect an SB component needed to repradid® emission, but the SB emission
in the X-ray range is negligible compared to the AGN (see @hdy).

3.4 Discussion

Franceschini et al(2003, studying the X-ray emission of ULIRG, define that the X-myission
of a ULIRG is AGN-dominated if it presents either: a) a highra¢ luminosity,L(2 — 10 keV) >
10*2 erg s1; b) a heavily obscured hard X-ray component with > 10?2 cm2 (very flat or inverted
hard X-ray spectra); or c) a Fe-K emission complex-a6.4 keV with equivalent width> 1 keV
(iron fluorescent emission from material illuminated by &@N). The ten detected HLIRG from our
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sample present at least one of the three characteristie® athmis showing an AGN-dominated X-ray
spectrum.

This result is in agreement with the trend noted\tilleux et al. (2002 for ULIRG: the fraction
of sources with Seyfert characteristics increase wigh (from ~ 25% among ULIRG withL g <
10'23 |, to ~ 50% among those with;g > 1022 L.). However, we must keep in mind that our
sample is not complete, and could be slightly biased towtrdspresence of an AGN. Taking into
account only those sources that belong to the RR0O sub-eatpplhich is not biased in favour of
AGN (see Chapte2, Sect.2.1), we found that five out of seven objects 70%) harbour an AGN. The
other two sources were not detected by XMéwton

Five objects from our full sample (four type 2 objects and Niheobject) are probably CT, as reported
in the literature. Our analysis of the XMMewtondata of two of them (IRAS 00182-7112, IRAS
12514+1027) is consistent with the CT hypothesis, as well as ourbioed analysis oBepp&AX
and XMM-Newtondata for IRAS 091044109. A heavily obscured environment could also explain
the non-detection of a fourth one (IRAS F0023®24). We have found no absorption features in the
last one (IRAS F1530#3252), but as explained in Se®&.3.5 ulterior XMM-Newtonobservations
suggest the presence of a CT obscured AGgawa et al. 2005

3.4.1 Comparison with IR emission

We calculated the FIR (40-500m) luminosities LrR) of these HLIRG using théRASfluxes (see
Table3.4) as inSanders and MirabélL996. In Fig. 3.2we plotted the 2-10 keV luminosities of their
power law component versus their FIR luminosities. We idetlithe ULIRG sample frorrances-
chini et al. (2003 and the higle QSO from Stevens et al(2005 for comparison. No significant
correlation between the 2-10 keV and the FIR luminosity isnfibin HLIRG, although it must be kept
in mind that this sample is not complete in any sense.

We estimated the expected X-ray luminosity for a standartlAgven its FIR luminosity. To this end,
we calculated the 2-10 keV-to-FIR luminosity ratio typicdinearby bright QSO, using their average
SED. Since the origindElvis et al. (1994 sample was biased towards bright sources in X-rays, we
employed theRisaliti and Elvis(2004 new data on QSO SED. Using this corrected SED, the ratio of
the 2-10 keV band to bolometric luminosity changes signifilyeby a factor 2, from~ 0.03 to~ 0.015.

The X-ray luminosity derived from the IR luminosity usingethatter ratio is plotted in Fig3.2with a
thick solid line. The top area between thin lines (“"AGN zonig"the dispersion of the SED, calculated
with the 90 percentile distributioriE{vis et al. 1994.
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Ficure 3.2: 2-10 keV X-ray luminosity of the power law componentsies FIR luminosity. Filled

symbols represent sources where we have detected X-ragpibedmodels D or F in Tabl8.3). The

top thick solid line and area between the thin solid linesgM-zone”) indicate the X-ray luminosity

expected for an AGN of a given FIR luminosity (90% dispersiBlvis et al. 1994 Risaliti and Elvis

2004. The bottom thick solid line (“SB-line”) indicates the Xy luminosity expected for an SB of a
given FIR luminosity Persic et al. 2004ennicutt 1998. See Sect3.4for details.

We can also calculate a relationship between FIR and X-naynosity for SB galaxies. The SFR of
an SB can be estimated by its FIR luminosi§etnicutt 1998 through

Mo yr 3, (3.2)

and by its 2-10 keV X-ray luminosityRersic et al. 2004by

L2-10 kev (€19 S7)

1075 Mo yr 2. (3.3)

SFR« ~

Assuming equal SFR, the 2-10 keV to FIR luminosity ratio is

L2-10 kev

~45x107°. (3.4)
Lrr

This relation is shown in Fig3.2 as the lower solid line (“SB line”).

Most HLIRG and all highz QSO are in the "“AGN-zone”, but all towards higher IR-to-Xsdlux ratios
(see Sect3.4.2, while only the AGN-dominated ULIRG and two HLIRG (IRAS 1P%+1027 and
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IRAS F14218-3845) seem to be composite sources: their X-ray luminositga high to be produced
only by an SB (above the “SB-line”), and their FIR luminosigytoo high to be produced only by an
AGN (to the right of the “AGN-zone”). The SB-dominated ULIR{Ee, as expected, concentrated near
the “SB-line”. The upper limits for the X-ray-undetected G (IRAS F002351024, IRAS 07380-
2342 and IRAS 140264341) seem to indicate that their hard X-ray emission shoaide only from
SB activity, but a heavy obscured environment could alsda@xphe low X-ray luminosities of these
sources. In fact, the analysis of their MIR spectra reveladdg all of them harbour an AGN (see
Chapter4), so its X-ray emission could be depressed by heavy absarptHowever, one of them
(IRAS 14026-4341) is an optical QSO, where little or no absorption is exge Nevertheless, optical
QSO from Stevens et al(2005 show significant absorption in X-rays (24 logNy < 22 cnt?).
XMM- Newtonobservations of these highHLIRG suggest highly ionized winds with Z2< log Ny <
235 cnr? (Page et al. 20Q7Page et al. 2010, submited) to explain this absorptionthEusensitive
data on isotropic indicators (such as FIR or MIR or high epengission beyond 10 keV) are needed
to investigate the seemingly contradictory nature of tHi$RG (see Chapterd and5).

Note that if theElvis et al.(19949 X-ray-to-FIR ratio is used instead of thrisaliti and Elvis(2004
ratio, only three HLIRG (IRAS 091044109, IRAS 1634%7037 and IRAS 182166418) would lie
on the “AGN-zone”, and the rest would be considered as coitgpdSN/SB sources. This confirms
the relevance of thRisaliti and Elvis(2004) correction.

3.4.2 Origin of the IR “excess”

Figure 3.2 shows that the HLIRG FIR emission is systematically aboeeRisaliti and Elvis(2004
estimate for a standard local QSO of the same X-ray lumindsi., the sources are located to the
right of the thick upper line in the plot). This FIR excess Icbbe associated with the SB activity in
HLIRG. Alternatively, this could also hint to a possiblegfdrence between the SEDs of standard QSO
and AGN in HLIRG. In this line, it has been shown that the shafithe QSO SED is probably related
to the luminosity Marconi et al. 2004Hopkins et al. 200y

We attempted to unravel the origin of this FIR excess. Waregtd the AGN contribution to the total
IR luminosity of the HLIRG in two independent ways, in orderkinow if the excess comes from SB
activity, or from an intrinsic dference in the AGN SED.

On one hand, RR0O0 modeled the IR SED of all sources in this lawith RTM and estimated the
contribution of the AGN dust torus{{}.) and of the SB to the total IR luminosity (1-10¢0n,
LirrRr) (Table3.4, columns 9 and 10 respectively). For the souneesS F00235 1024, IRAS 07380-
2342, IRAS F125093122, IRAS 125141027, IRAS 132793401, IRAS 140264341, IRAS F142183845,
IRAS F1530%-3252 and IRAS 163477037, instead of using the AGN relative contributions estimdigd
RRO0O, we included the results of FOZerma et al.(2002; Farrah et al(20028, where new IR and
sub-mm data were used (see Tabld.
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Ficure 3.3: AGN to total-IR luminosity ratio, calculated by RROG&rsus AGN (estimated through

our X-ray data) to total (computed with thR@ASfluxes) IR luminosity ratio. The dotted line means

equal values for the ratios. In the case of upper limits wegdaerror bars the dispersion of X-ray-to-

IR luminosity ratio fromElvis et al.(1994). IR estimates for IRAS F00233.024, IRAS 07380-2342,

IRAS F12509-3122, IRAS 125141027, IRAS 140264341 and IRAS F1421833845 were taken

from FO2; for IRAS F1530%3252, fromVerma et al(2002 results; for IRAS 1634¥7037 they were
from Farrah et al(20028. Symbols as in Fig3.2

On the other hand, assuming that the power law X-ray luminasiassociated with an AGN with a
standard SEDRisaliti and Elvis 200%we can apply the IR-t0-2-10 keV luminosity ratio, simijatb
that shown in Fig3.2 and obtain an independent estimate of the expected IR lgitynof the AGN
(Lﬁg‘&)). We can also obtain an independent estimate of the totalrinlosity, L g, for each source
through their IRAS fluxes as iBanders and Mirab¢1996).

Figure3.3compares the relative contribution of the AGN to the totaluRinosity calculated through
RTM, to our estimate obtained from X-ray data (we includety dhe X-ray detected sources). The
dotted line corresponds to the 1:1 relation, i.e. an agreeimetween the two estimates. Most of the
sources have lower limits on the abscissae because themdl25:m IRASfluxes are upper limits
(see Tables.4).

Our estimates of the AGN relative contribution for all se@sa@are formally consistent with those of
RRO0O0. However, there seems to be a systematic overestirhtite B AGN component from RR00



Chapter 3An XMM-Newton study of HLIRG 54

& L T T T TTTIT T T T TTTTT T T T TTTIT T T T TTTTT T T T TTTIT T T T TTTTT T T T TTTIT T \\\HH‘ T \\\:\I-\H41:

- E PG1247 o

L 18216 C

e L A

g ",,09'1'/4 E

o b JRRCN ]

- L F125%;19” PG@OG _

o E V’,/'ff:/ ﬁ E

— S 27 F14218 Fl%fﬂ ]
v A = E
= . &
L o f o 12314 ]
g = i 0%22 E
> - 5 X X ]
< i £ hl XL ]
o E X E
— = /ng B
| C . ]
e = L X =
T g R .
- F */>|< ]
< F ]

O = k P —
©r E

«)b I A"’\zi'\'\\\\‘ L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\\HH‘ ]
103 0.01 0.1 1 10 100 1000 10 10 10

L, (2-10 keV)/10° [erg sY]

Ficure 3.4: Lx (0.5-10 keV) of the soft excess component versug2-10 keV) of the power law

component. Asterisks represent SB galaxies fienanceschini et al(2003. The dotted line is a

correlation obtained bffranceschini et a(2003 for SB-dominated ULIRG. The dash-dotted line is

a correlation for the SB-dominated ULIRG and the SB galasesples calculated by us. The soft

excess in IRAS 091044109 is probably associated with cluster emission (see 3&cbfor details).
Symbols as in Fig.2

with respect to the X-ray measurements.

The values of_ﬁg(';'()/Lm plotted in Fig.3.3are independent of the SB luminosity, so this disagreement
is probably due to the IR-to-X-ray ratio used to estimateAlEN IR luminosities through the X-ray
luminosities. This favors the hypothesis of an intrinsifetience between the standard QSO SED and
the AGN component of the HLIRG SED. Thisfiirence could be explained by the high luminosity of
HLIRG compared to the local quasars used to estimatElihs et al.(1994) SED. It has been observed
that aox (i.e. the ratio between optical and X-ray luminosities) 3@ depends on the bolometric
luminosity (Strateva et al. 2005Steffen et al. 2005 and hence there is a dependence between the
luminosity and SED shape of AGNHppkins et al. 200) This topic is discussed in further detail in

Chapters.
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3.4.3 Soft X-ray excess

Fig. 3.4 is a luminosity-luminosity plot of the soft X-ray excess st@$ power law components. In
IRAS 09104-4109, IRAS F125093122, PG 124¥267, IRAS 1634#7037 and IRAS 182166418
the soft excess component is too luminous to come solely &or8B (see SecB.3.5for a detailed
description of each source). In the case of IRAS 0949 the soft excess is probably due to an
incomplete subtraction of the cluster emission, while @ tbmaining four sources is probably of the
same origin as in luminous QS®@i¢oncelli et al. 2006

An X-ray thermal component associated with SB emission legs lobserved in all ULIRG from
Franceschini et al2003. However, only in one out of thirteen HLIRG we have found & 3Gray
emission whose origin could be associated with SB activitpwever this cannot lead to reject the
existence of star formation processes in these sourceB. ah8 AGN contributions to the bolometric
output are roughly equal, and the AGN X-ray emission is nsbated, then the SB X-ray emission
is around two orders of magnitude lower than the AGN emisgidthe soft X-ray band. Hence the
XMM- Newtonsensitivity could be indticient to detect such a faint SB component. Only newer X-ray
observatories, like the International X-rat Observatd¥Q, White and Hornschemeier 200®ould
reach the sensitivity needed in such conditions.

The above HLIRG with AGN-like soft excess emission follove ttorrelation found for SB-dominated

ULIRG by Franceschini et al2003 (dotted line in Fig.3.4). To increase the statistics and to test if
this correlation holds at lower IR luminosities, we incldde sample of lower luminosity SB galaxies
(Franceschini et al. 2002nd references therein).

The thermal emission of SB galaxies and SB-dominated ULKR@iginated in dfuse thermal plasma
heated by supernova explosions and the power law is emistetifay binaries. In AGN-dominated
ULIRG the power law is a mixture of X-ray binaries and the AGNission, and the thermal emission
is associated with SB phenomena. Finally, for all but one wfsources both the thermal and the
power law is emitted by the AGN. In spite of theldirent physical origins, somehow the ratio of both
components manages to stay constant over eight orders ofitonge;

We calculated a non-parametric correlationficgnt (generalized Kendall’'s TAufor the SB galaxies
and the SB-dominated ULIRG, finding a significance [Bvafl 99.98% ¢ 307) for this correlation.
The correlation slope is consistent with that obtained-tgnceschini et a(2003 for SB-dominated
ULIRG only.

We also investigated the relationship between the X-ralyes@iess component luminosity and the FIR
luminosity (Fig.3.5), both presumably related to star formation, finding no rctEarelation. Using
the generalized Kendall's Tau test, the significance lef/ti@possible correlation is 96.66% (o).

"We employed the ASURV software for this telgdqbe et al. 19851986.
®Note that even excluding the isolated source in the bottdéncdener, this correlation remains almost unchanged.
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3.4.4 Cosmic evolution

We also tested a possible cosmological evolution in the Eanige estimated the SFR for each source
using its IR luminosity Kennicutt 1998. Their SFR and 2-10 keV-to-IR-luminosity ratio versus-red
shift are plotted in Fig3.6. Cosmic star formation shows a large decline betweer? and the present
day (Franceschini et al. 1999so we expect an increment of the SFR of HLIRG ugzte 2. Higher
SFR at higher redshift is observed in the upper panel of3-6.However the sources follow the lower
envelope, which is thtRASFSC sensitivity limit (solid line in Fig3.6), clearly indicating a selection
effect. Therefore, we cannot draw conclusions about the depeedf SFR with redshift.

As shown in the bottom panel of the FR)6, the ratio of hard X-ray-to-FIR luminosity remains roughly
constant witlez. This holds even if we subtract the FIR luminosity emittedhisyAGN, calculated using
the X-ray PL luminosity as in Fig3.3

We have seen that the IR emission is consistent with an AGHmtut if we assume that the IR excess
shown in Fig.3.2is associated with the SB activity, Fig.6 shows that its evolution must be similar
to that of the X-ray emission. This, in turn, suggests thatgiresence of an SB and the occurrence of
AGN activity through accretion onto a super-massive bladk lare physically related. This result is in
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Ficure 3.6: Symbols as in Fi§.2 Top: SFR derived from FIR luminosityKennicutt 1998, ver-

sus redshift. The dotted line represents the SFR limit spording to the HLIRG definition. The

solid line is the SFR for a source witRASfluxes equals to thlRASFSC sensitivity limits Koshir

et al. 1990. Bottom: 2-10 keV power law-X-ray-to-FIR luminosities ratio versesishift. The area

between the dotted lines represent the expected ratio faraaag (with 90% of dispersion) with a
standard SEDElvis et al. 1994Risaliti and Elvis 200

agreement with the coeval black hellar bulge formation hypothesi&fanato et al. 20045tevens
et al. 2005 Di Matteo et al. 200b

3.5 Conclusions

We performed a systematic X-ray study of a sample of thirtéeliRG using XMM-Newtondata from
the public archive and our own private data. We modelled thayXspectra of each source, finding
very heterogeneous spectral properties, with all X-ragatetl HLIRG of the sample (ten sources)
having AGN-dominated X-ray spectra.
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The hard X-ray luminosity of most X-ray detected HLIRG (dighit of ten) is consistent with emis-
sion originated in an AGN. Only two HLIRG (IRAS 125134027 and IRAS F142183845) seem to
show a composite AGI$B nature: their X-ray luminosity is too high to be producedydy an SB,
and their IR luminosity is too high to be produced by only anM@he remaining three HLIRG
(IRAS F002351024, IRAS 07380-2342 and IRAS 140246341) are undetected in X-rays.

There are five Compton-thick candidate sources in our saripguding all the type 2 AGN (four)
and one SB object still undetected in X-rays. We found ewdeor X-ray absorption in three of the
type 2 AGN and our analysis supports the Compton-thick eatfithese sources. Through the study
of their MIR spectra we were able to confirm the presence dilhigbscured AGN in these sources
(see Chapted).

We detected five HLIRG with soft excess emission. Four sauptesent luminosities consistent with
type 1 AGN soft excess. While all ULIRG froffranceschini et a[2003 present a soft X-ray thermal
component associated with an SB, only in one HLIRG we did fisdfaexcess probably associated
with SB emission. However we cannot reject the presence 8Batomponent which can be faint in X-
rays but significantly important for the bolometric outpe need data in other spectral windows (e.g.
MIR observations) and alternative techniques of analysifetect the SB emission (see Chapteasnd

5).

We have also seen that the hard X-ray luminosity associaitbdive AGN is systematically below that
expected for a local QSCE(vis et al. 1994 Risaliti and Elvis 200% of the same IR luminosity. This
could be explained by an intrinsicftirence between the SED of the AGN component in HLIRG and
the SED of local QSO. A diierent explanation could be that the IR luminosity of thegeaib have a
strong IR contribution from SB, larger than in “normal” QSQur analysis seem to favour the former
hypothesis, but more conclusive evidence is needed: int€hapve carry out a detailed study of the
broadband (from radio to X-rays) SED of these HLIRG to obtalretter understanding of this issue.

We have also found that the hard-X-ray-to-FIR luminositijoraemains constant with, suggesting
that the AGN and SB phenomena are physically connected iiRBLI



Chapter 4

Analysis of Spitzer-IRS spectra of HLIRG

4.1 Motivation

In Chapter3 we used X-ray spectroscopy to disentangle the AGN and SBsami®f HLIRG. We
found X-ray thermal emission associated with SB for just @mrce. If this component actually exists
in the remaining sources, the much brighter AGN emissiotaoty dilutes the X-rays originated in
star-forming processes.

We also found strong evidence that a significant fractiomes$é objects is heavily obscured, reaching
the Compton Thick level (hydrogen columnygM 1074 cm™2), as previous studies for some of them
suggestedWilman et al. 2003 Iwasawa et al. 2005 allowing, in the best case, only the detection of
reflected X-ray emission. To avoid these problems and tarolraindependent and complementary
view of these objects we need to move to another spectralomind

In this chapter we present a study of a sample of HLIRG in thé-Mfrared (MIR), within the wave-
length range 5-&m. This spectral range is veryheient in detecting AGN emission and ledseated
by absorption than the X-rays. The studied sample,SpigzerHLIRG sample (see Chapt®), is
composed of thirteen HLIRG observed with the IRS instruneiioardSpitzer nine of them also
observed by XMMNewton

Several diagnostic methods are available to unravel the A@NSB activity through the MIR spectra,
e.g. the study of high-ionization emission lines and thegggdlic aromatic hydrocarbon (PAH) fea-
tures (aurent et al. 2000Spoon et al. 2007 or the analysis of the continuum aroungid (Risaliti

et al. 2006. The MIR continuum of pure AGN and pure SB show small disppershortward of &m
(Netzer et al. 200;7/Brandl et al. 200§ allowing the use of universal templates to reproduce tG&A
and SB emission in sources where both physical processgsesment. Hence, we can decompose the
AGN and SB components of composite sources modelling théntamnm of their MIR spectra with
these templates.

59
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The SBAGN continuum spectral decomposition has been used sdattgsm ULIRGs (Nardini et al.
2008 Risaliti et al. 2010 Nardini et al. 20092010 to disentangle the emission of both components.
A significant number of HLIRG has been observed with the heflaSpectrograph (IR$jouck et al.
2009 on boardSpitzer allowing good quality spectra to apply this diagnostichtgque. The key
reason for using the continuum emissionat 5—8 um as a diagnostic is theftierence of the @m to
bolometric ratios between AGN and SB (approximately twaeosdf magnitude larger in the former).
This makes the detection of the AGN component possible evanwhe AGN is heavily obscured
andor bolometrically weak compared to the SB. However thisedénce of the bolometric ratios is
lower than that showed in the X-ray range, which can reacketlor four orders of magnitude (see
Chapterb, Fig.5.7), allowing the detection of the SB emission even in AGN daated sources.

This chapter is outlined as follow. Sectidin2 describes thé&pitzerIR telescope. The IRS data re-
duction is explained in Sect.3 In Sect.4.4we briefly explain the decomposition process and the
results obtained. Sectigh5 present results obtained through the MIR spectral anafywisSect4.6
summarizes our conclusions.

4.2 TheSpitzer Space Telescope

The Spitzer Space Telescopé/erner et al. 2004is the fourth and final element in NASA's family
of Great ObservatoriesSpitzerwas launched on the 25th of August of 2003 into an Earthitil
heliocentric orbit.

The Observatory carries an 85-centimetre cryogenic tefesand three cryogenically cooled science
instruments capable of performing IR imaging and spectqmgdn the 3.6 to 16Qum range. While
the Spitzer cryogenic lifetime requirement was 2.5 yearaamal operations, the actual cryogenic
lifetime was 5 years and a half. The cryogen was depleted on18a2009.

On the focal plane of the telescope there are three sciestanments. Wide field, broadband imaging
is the main purpose of the Infrared Array Camera (IRAC), wugkin the 3.6-8um range, and the
Multiband Imaging Photometer for Spitzer (MIPS), workingthe 24-160um. The spectroscopic
functions of the observatory are carried out mainly by tieahed Spectrograph (IRS) in the 5-4fh
range. In addition, MIPS has a low resolution spectroscopide between 55-9&m.

4.2.1 Infrared Array Camera

IRAC (Fazio et al. 2004is a four-channel camera able to perform IR imaging in faamds (3.6, 4.5,
5.8, and 8um) simultaneously over a®x 5.2 arcmin field of view (FOV). 3.6 and 5,8m channels
view the same telescope field, and 4.5 aparBchannels view a éfierent adjacent field simultaneously.
IRAC provides difraction-limited imaging internally; image quality is lited primarily by the Spitzer
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telescope. The angular resolution of the four detectors k5 arcsec. The mediarnrlsensitivity
for the four IRAC channels is 0.6@Jy, 1.2uJy, 8.0uJy and 9.8.Jy, respectively, for 100 seconds of
integration with low background.

4.2.2 Infrared Spectrograph

The IRS Houck et al. 200%tinstrument provide$pitzerwith low and moderate resolution spectro-
scopic capabilities from 5.2 to 38.0 microns. The IRS is cosaul of four separate modules, with
two modules providing R 60 — 120 spectral resolution over 5.2-38: and two modules providing
R~ 600 spectral resolution over 9.9-37ugh. The median & continuum sensitivity for the IRS low-
resolution modules is about 0.05 mJy and about 2mJy for tjte-t@solution modules, in 512 seconds
of integration with low background.

IRS can operate in severalfidirent observation modes. The “staring mode” is the basintmnd
shoot” operating mode of the IRS. In this configuration, scéetargets are placed on one or more of
the IRS slits (corresponding to the diverse wavelengthesaramnd spectral resolutions) for a specified
integration time. The total integration time is divided iafnps” and “cycles”. The ramp duration is
the time between the first and last non-destructive readseofiétector, and the number of cycles is
the number of times a given spectrum is repeated before marirto the next slit or the next target.
Standard staring mode successively places the target aifieoent slit locations for each requested
slit and cycle to provide redundancy against cosmic raysdetector artifacts.

4.2.3 Multiband Imaging Photometer for Spitzer

MIPS (Rieke et al. 2004 is an instrument with capabilities for imaging and phottmpén broad
spectral bands centred nominally at 24, 70, and/4f60Qand for low-resolution spectroscopy between
55 and 95um. The instrument contains 3 separate detector arrays witimgular resolution of 6, 18,
and 40 arcsec, at 24, 70 and 1@ respectively. The sensitivity of MIPS is highly dependehthe

IR sky background. For low background level the 4ensitivity is 16.1 MJgster, 5.15 MJyster, and
6.53 MJyster at 24, 70 and 16@m respectively (for extended sources). All three arrays/itee sky
simultaneously. The 24m camera provides roughly a 5 arcmin square FOV. The 70 micaomera
provides a FOV that is roughly 2.5 by 5 arcmin. The 160 array projects to the equivalent of a 0.5
by 5 arcmin FOV.

4.3 Data reduction

All sources from theSpitzerHLIRG sample has been observed by the IRS onb&pitizerin low
resolution mode (see Tablel). We have used public IRS spectra (data obtained in starsfarithg
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Tasce 4.1: Description of th&pitzerobservations.

Sources Program ID Exposure (S) Date
IRAS 00182-7112 666 94.4 2003-11-14
IRAS F00235-1024 3746 94.4 2005-08-11
IRAS 07380-2342 3746 12.6 2005-03-23
IRAS 09104-4109 1018 73.4 2003-11-29
IRAS F10026-4949 82 14.7 2004-04-17
IRAS F12509-3122 3746 62.9 2005-06-06
IRAS 125141027 105 94.4 2005-02-06
IRAS 14026-4341 61 102.8 2005-05-22
IRAS F1530%3252 105 243.8 2004-03-04
IRAS F16124-3241 105 243.8 2005-03-19
EJ164G-41 3640 243.8 2005-08-13
IRAS 18216-6418 82 31.5 2004-04-17
IRAS F23569-0341 3746 243.8 2004-12-13

mode using the two low-resolution modules) from 8wtzerArchive. For our purpose the co-added
images provided by th8pitzer Science Cent(8SC) are a good starting point. A co-added image is
obtained as the average over multiple telescope pointiigeh snapshot of these images has been
processed by the pipeline (version S15.3), that among btimc operations includes the linearisation
and the fitting of the signal ramp, the dark subtraction aedlti-fielding (see IRS Pipeline Handbook,
SSC 200%. Since each observation in staring mode consists of twosxes with dferent position of
the source along the slit (see SetR.2), the images have been background-subtractedfigreicing

the two observations in the nodding cycle.

The softwareSPICE was used for the extraction and the wavelength and flux eaidor of the spectra,
following the standard procedure for point-like sourcese($RS Data Handbool§SC 2008 The
spectra have been also de-redshifted to rest frame.

4.4 SBAGN spectral decomposition

The MIR spectra of pure AGN and pure SB show little disperdietow the 9.7um silicate feature.
This allow us the use of universal AGBB templates to parametrize the observed energy output of
HLIRG in the wavelength range of the IRS shortwardr8.

Following theNardini et al. 2008hereafter NO8, model for ULIRGS:

£90 = 3" [as YN €W + (1 - a6) U3P], (4.1)
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whereas is the AGN relative contribution to the intrinsic flux dernysdt 6 um (fé’“) while UX¢N and
uSB are the AGN and SB templates normalized atn6. This model has only three free parameters:
ae, the optical depth of the AGN at@m (r(6 um)) and the flux normalization.

Additional high-ionization emission lines and moleculasarption features (due to ices and aliphatic
hydrocarbons), whenever present, were fitted using Gaupsidiles.

The SB template used in our model was calculated by NO8. €hiplate is calculated from the mean
MIR spectra of the five brightest sources among pure SB im thelRG sample. The SB emission
present little spectral dispersion belowi® (see Fig4.1(a).

The AGN emission is well reproduced using a power law with adispectral indexf;, « 1°8. The
spectral index was calculated using the mean SED of thetesgRPG QSO in the 3-8m band from
Netzer et al(2007) (see Fig4.1(b).

The AGN component in this model was corrected with an exptislesttenuation to take into account
the reddening of the NIR radiation due to any compact absantibe line of sight. The optical depth
follows the conventional law(1) « A~17® (Draine 1989. The SB template does not need a similar
correction because the possibleets of obscuration were already accounted in the obsenaiti
template.

The modelling and fitting program Sherparéeman et al. 20Qlincluded in the software package
CIAO 3.4 (Fruscione et al. 2006was used to implement our model and analyse the spectra.
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(a) SB MIR template. (b) Mean AGN MIR spectra.

Ficure 4.1: (a) Mean SB MIR spectra estimated Bsandl et al.(2006 (dashed red line) and NO8

(solid blue line). The shaded grey area is tledispersion in the NO8 spectra. Figure from NO8. (b)

Average MIR spectra of PG-QSO. Figure frowetzer et al(2007). The vertical long-dashed green
lines enclose the fitting region.
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One of our HLIRG was barely detected 8pitzerand for three sources our model could not be properly
applied (see below for a further discussion on these ol)jdmis the rest of them (nine sources) were
well fitted by our model (see Fig.2and Table4.2).

The 6um emission of these HLIRG is largely dominated by the AGN congnt (g > 0.9), which
also dominates along the 5t8n spectral range (see Fig.2). IRAS F002351024 and particularly
IRAS F16124-3241 are the only two sources where SB and AGN componentsoanparable, but
even here the AGN emission is above that of the SB. Most sewptcally classified as type | AGN
show minor absorption, while all sources classified as Nlypetll objects shows high absorption or
broad absorption features (see Tabl®.

4.4.1 Notes on particular sources

IRAS 00182-7112

This CT QSO2 shows a heavily absorbed spectrum and the conticannot be well estimated, so
our model is not a good approximation in this case. The MIR&pes shows no signs of SB activity
within the 5-8um range, since the PAH features are totally suppressedt snebry similar to the MIR
spectra of deeply obscured AGN (e.g., NGC 4418, NGC 1068)s Esult, in addition to evidence
from other wavelength regions (e.g., strong irgndission line with equivalent width 1 keV in the
X-ray spectrum, see ChaptgrSect.3.3.5, suggests that the power source hiding behind the opticall
thick material could be a buried AGN. The broadband SED af $ource is also consistent with a CT
source (see Chaptsy.

Spoon et al(20043 present a detailed study of these data: their analysisedg$titong absorption and
weak emission features in the 4-2m spectrum suggest the existence of a dense warm gas cloud
close to the nucleus of the source. There is also evidenctaofamation activity away from the
absorbing region, being responsible for up to 30% of the IRimwsity of the system. As stated
above, the high obscuration of this source suggest thatethdts obtained from our model are not
reliable. Nevertheless, the SB contribution to the IR lumsity we obtained for this source (20%,

see Sect4.5.2below) is consistent with thBpoon et al(20043 estimate.

IRAS 09104+4109

This is a radio-loud QSO 2Norman et al. 2002and the MIR spectrum is probably dominated by
synchrotron emission, modifying the shape of the AGN eraissbince our AGN template just models
the reprocessed emission by dust, our model is inadequatieigambject.



TasLE 4.2: Parameters of the best fit model.

Sources x?/d.o.f. fintb as® 1(6um)P Additional features
Jy
IRAS 00182-7112* 8765 0104i0'006 0.992+ 0.003 Q73+ 0.06 two broad bumps and two absorptions lines
IRAS F002351024 64/ 69 oogojgfgg 0983008 264019 -
IRAS 07380-2342 1678 (.1217183891jg 0.9927000; 0.50+0.08 -
IRAS 09104-4109* 30/71 C1186i8:80Z 0.997+0.003 Q70+ 0.04 one emission line
IRAS F10026-4949  26/141 Q133 5s >0993 0507033 -
IRAS F12509-3122  17/82 0028+0002 09642912 010+008 -
IRAS 125141027 26/ 66 QOGZ_’gggé 0969i§§}§ OO5J_r88A51 one broad gaussian in absorption, one emission line, twarptisn lines
IRAS 140264341 1977 0075092 0976+ 0006 Q06+0.05 -
IRAS F1530%43252 72/86 0034+0.002  Q967°09%° 0.52+0.06 -
IRAS F16124-3241 9/ 79 0008295 o.gotgég 14702 -
EJ1640-41 51/124 Q0180003 ~0992 017083 .
IRAS 18216-6418* 31/75 0149f§‘§§(7) 0.991J_r8'888 < 0.04 one broad gaussian in absorption

& Sources where our model is not reliable are marked withiakter
b All errors are quoted at 90% confidence level for one paranuéteterest (i.e Ay? = 2.71) throughout this chapter.
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Ficure 4.2: Rest-frame MIR spectra of HLIRG obtained with the IRStinment onboar&pitzer
Solid red line is our best fit model, the blue dashed line isAB& component and the green dotted
line is the SB component.

IRAS 18216+6418

Our model did not fit well the spectrum of this QSO. The conimuseems to be flatter than the adopted
power law. We could obtain a better fit by adding a broad Gansabsorption feature, but nothing
seems to justify this additionr(6 um) ~ 0 and this object is a type | AGN). The flatter continuum
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Ficure 4.2: Continued.

could be caused by synchrotron contamindtioncould simply be the natural dispersion around the
template: a flatter AGN slope has been detected 19% of ULIRG (Nardini et al. 201D

1This source is a radio quiet AGN but with many properties afisdoud sources (F02), e.g. its radio emission is
significantly higher than that estimated by an standard AGR &ee Fig5.7(c).
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IRAS F23569-0341

This source was barely detected $yyitzerand the extracted spectrum had a very pgbt i&tio, so we
excluded it from the subsequent analysis. The submillinteameter SCUBA was not able to detect
this object eitherKarrah et al. 2003a

4.5 Results

The 5-8um spectra of most ULIRG show signatures of AGN activity, e telative contribution of
the AGN emission at @m spans over a broad range, from complete SB-dominated tpletemAGN-
dominated output (NO&8\ardini et al. 20092010. Our spectral decomposition, on the other hand,
clearly states that MIR spectra of HLIRG are dominated byniihdear AGN emission reprocessed by
the dusty torus. This is consistent with previous studiesvatg that the fraction of ULIRG harbouring
an AGN and the relative contribution of this component iaseewith IR luminosity Veilleux et al.
2002 Nardini et al. 201D

This result is also in agreement with our conclusions olethim other energy ranges (see Chapgrs
and5). Moreover, based on the completeness and non AGN bias ¢i0he sample (see Chapt2y,
our analysis is a strong direct evidence that all HLIRG harltam AGN.

45.1 Star formation rate from PAH emission

Many studies have shown the tight correlation between thegmce of Polycyclic Aromatic Hydro-
carbon (PAH) features in the MIR spectrum and the presenceBofctivity (Genzel et al. 1998
Rigopoulou et al. 2000Brandl et al. 2006 The PAH emission arises in the photo-dissociation re-
gion that lies between the HIl region of an SB and the surrmgndholecular cloud where the stars
are formed. The PAH spectral features are, in addition, weijorm, especially below &m (cf.
Fig. 4.1(a)or Fig. 2 fromSargsyan and Weedman 2009

The MIR spectra of our sources are strongly dominated by B&l &mission, so we cannot obtain
a reliable direct measure of the PAH emission. Instead, wmated this emission through the SB
component obtained with the spectral fitting. We estimatedpeak flux of the PAH emission at 7.7
um using our SB template normalized with the best-fit pararagte

f58(7.7 um) = " (1 - ag) USE(7.7 um). (4.2)

2uSB(7.7 um) was estimated interpolating the SB template of NO8 atin7
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Ficure 4.3: Comparison of the SFR estimated through PAH emissidrttamough IR SED modelling
using RTM (F02). Open circles mark those sources where odehig inaccurate.

After converting these fluxes into luminosities, we estiedathe star formation rate (SFR) of these
HLIRG using the relation obtained t§argsyan and Weedm#2009:

log SFRoan = log [ALSB(7.7 um)| - 4257+ 0.2, (4.3)

for SFR in solar masses per year atid,(7.7 um) in ergs per s. Our estimates of 7um fluxes
includes both the PAH emission and the underlying SB contimdue to dust emission, but E43is
calibrated respect to the total 7 flux, including both components too. In any case, the cantim
contribution is typically just- 10% of the total $argsyan and Weedman 2009

We compared our SFR estimates with those obtained by FOg uaifiative transfer models (RTM)
to reproduce the IR SED of these objects, and we found censisesults (see Figt.3). Despite
most being AGN dominated objects (see Sdch.2below), we still found SFR between 500 —
1000 Mg yrt.

Figure4.4 shows the SFR we calculated versus the total (a) and SB (h)nfhbsity. We estimated
the SB luminosity as:
LZ8 = (1 - ar) LR, (4.4)

whereL g is the total IR emission calculated through tRASfluxes Sanders and Mirabel 199énd
air is the fractional contribution of the AGN to the total IR lumasity (see Sect.5.2below).
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Ficure 4.4: SFR estimated using the 7uh PAH emission versus the (a) total and (b) starburst IR
luminosities.

We did a generalized Kendall's Tau té$b check any possible correlation between these quantities
There is a tight correlation between SFR and SB luminosktg (irobability that both quantities are
correlated is 99% > 307) as expected from several theoretical reslisnnicutt 1998 Draine and Li
2001, 2007, and references therein).

Total IR luminosity and SFR show a weaker, but slightly digaint, correlation (the probability is
98.1% > 20). This slight correlation and the high SFR suggest that SBsion could be a significant
contributor to the IR output (see Sedt5.9.

4.5.2 AGN contribution to the IR luminosity

We defined the @m to IR bolometric ratio as:

v fint
R= 6F|i , (4.5)

whereFr is the total IR flux estimated through IRAS fluxes asSianders and Mirab€lL996. The
hypothesis that the IR flux is almost coincident with the ltd@lometric one is typically a fair as-
sumption in ULIRG, but in principle we cannot adopt this hifpsis for our sources. The study of
the HLIRG’ broad band SED performed in Chapgereveals that an important number of sources
classified as HLIRG emits a significant fraction of their bo&iric luminosity outside the IR range.
Therefore we limited our analysis to the IR luminosity only.

We can derive a connection between R and our paramagter

RAGN RSB
R= ae RSB + (1 - ae) RAGN ’ (46)

3We used the ASURYV software for this tetgdqbe et al. 1986
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Ficure 4.5: 6um-to-bolometric flux ratio (R) versuss. Red-slashed line is our best fit for the relation
between R ands given by Eq.4.6. Blue-solid line is the best fit obtained by N08 for a sample of
ULIRG.

whereRACN and RSB are the equivalents d® for pure (unobscured) AGN and pure SB, as defined in
Eq.4.5. We fitted the relation betwedRandasg for our sample of HLIRG considering*®N andRSE

as free parameters, and we folRtPN = 0.34+ 0.04, RSB = (1.1 + 0.3) x 1072. In spite of our limited
sample and the range oa§, these results are in good agreement with those by NO8 fagarlaample

of ULIRG, who foundR®N = 0.32703% RSB = (1.17j8:8$) x 1072, Fig. 4.5 showsR versusag for our
sample of HLIRG, including our fit and the one obtained by NO8.

Usingag and the values d®*®N andRSB shown abové,we estimated the fractional AGN contribution
(air) to the IR output of each source:
IR a6

YRZER T a6 + (RAON/RSE)(1— ag) (4.7)

Figure4.6 compares ther estimates obtained through our MIR decomposition withehzculated
through the IR SED modelling using radiative transfer med&®TM) by Verma et al. 2002RR00,
FO2. Our estimates seem to be consistent with those obt#inedgh RTM for most sources. Apart
from the three sources where our model is not suitable, wedftliat the IR luminosity of seven out of
nine HLIRG is AGN dominated. Moreover, the SB contributigrsignificant for all sources, spanning

4Calculations were done with the NO8 values. Their samplégisificantly larger andyg spans over all the range of
possible values, so we considered their fit results moreratzu
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Ficure 4.6: Comparison of the AGN contribution to the IR luminosstimated through MIR spectral
decomposition and through RTM. Blue squares are type | AGiNrad triangles are type Il AGN and
SB. Open circles mark those sources where our model is inatecu

from ~ 15% — 60% (considering the error interval). Using only the soartem F02's sample, the
mean SB contribution is- 30%, close to 35% obtained by FO2. This significant SB couitidin is
consistent with the correlation found between SFR and IRrosity and the high SFR estimated (see
Sect.4.5.1). Our analysis confirms the idea that star formation andedicer into SMBH are both
crucial phenomena to understand the properties of thesenextobjects.

4.5.3 Covering Factor

An important physical parameter to unveil the distributmindust in the nuclear environment of an
AGN is the covering factor (CF), i.e. the fraction of sky coma@ by dust viewed from the central
engine of the AGN. The CF is also critical to understand tlaetfon of direct nuclear emission that
is absorbed by dust and re-emitted in the IR range and hersca bignificant role in the bolometric
luminosity corrections of AGN.

We estimated the CF of HLIRG and compared it to the averagef@&dl in the samples employed
to estimate average AGN SED and the standard bolometriec@ns Elvis et al. 1994 Risaliti and
Elvis 2004 Richards et al. 20Q6-Hopkins et al. 200§



Tasee 4.3: AGN luminosities used to calculate the CF and final estié® of this parameter.

Sources Ly 2 Lo P AL(6um)¢ Laoy @ CFe®
erg st erg st erg st erg st
IRAS 00182-7112 (®'29) x 10*  (4.2"25) x 10%° (18+01)x10% (587079 x 10" 14708
IRAS F00235-10241 <1.6x10% < 6 3x10%  (61+12)x10% (1L 9+8 %) x 107 > 30
IRAS 07380-2342t <20x10" <84x10%  (29+03)x10% (9. 3+8 g) x 10%6 > 11
IRAS 09104-4109 (207208 x 10%°  (1.9%37) x 10% (6.8+0.3)x10% (2. 1+8 §) x 107 <16
IRAS F12509-3122 (18 +0. 2) x 10 (7.3« o 9) x 10% (39+0.3)x10% (1. 2+8 D) x 107 168153
IRAS 12514-1027 (02733) x 10**  (0.04'553) x 10 (88+0.6)x 10 (2. 7+1°) x 106 <141
IRAS 14026-43411 (30 1. 8) x 10" (L 4+1 8) x10%  (1.27+0.07)x 10 (4. o+14) x 107 28720

IRAS F1530%3252 @Iy x10% @3 4+8 8) x107  (81+07)x10% (2 5+g %) x10* 0.7+0.3
IRAS 18216-6418 (37 0. 4) x 10" (43« o 5)x 10%7 (21+01)x 10 (6.673) x 10 0.1520

a Absorption corrected X-2-10 keV luminosity as estimatedimapter3. In sources marked with Ta factor of 6Bgnhessa et al. 20p&as been
applied to transform its observed X-ray luminosity to ingic X-ray luminosity.

b Primary, unabsorbed AGN luminosity.

¢ Absorption corrected AGN luminosity at/ém.

4 Reprocessed AGN luminosity.

€ Covering factor.
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Ficure 4.7: CF versus the AGN MIR luminosityi[;(12.3um)). Green dashed line is the CF estimated
for the average QSO SED frohopkins et al(2007).

The CF can therefore be obtained as the ratio between thedhegprocessed luminosity of the AGN
and the direct (above 1 um), unobscured AGN luminosityMaiolino et al. 2007 Rowan-Robinson
et al. 2009. The thermal luminosity can be estimated through the naotn MIR emission of the
sources. Assuming that the IR AGN luminosity is dominatedh®/reprocessed emission and using
the best-fit parameters obtained in our MIR spectral decaitipn, the thermal emission of the AGN

can be estimated as:

Since X-ray emission is a primary product of the central eagif AGN, X-ray luminosity is usually a
good proxy to estimate the direct AGN emissidtiajolino et al. 2007 Rowan-Robinson et al. 20D9
We have applied the X-ray-to-bolometric luminosity ratsgimated byMarconi et al.(2004):

DIR

L
log # = 154+ 0.24£ + 0.012£2 — 0.0015£3, (4.9)
X

whereL2¥® is the direct intrinsic bolometric AGN luminosity (opticalV and X-ray luminosities),

£ =log (LR&RN/LO) — 12 andLy is the intrinsic (i.e. absorption corrected) 2-10 keV lugsity.

Therefore we could estimate the CF of those HLIRG in our samjith both MIR and X-ray data (nine
out of thirteen objects). We used the intrinsic X-ray lungities estimated in Chapt8r The sources
IRAS F002351024 and IRAS 07380-2342 ar@fected by CT absorption (see Chapt8rand5) so
the upper limits on their X-ray luminosities have been iaserl by a factor of 60, the average ratio
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between intrinsic and observed X-ray luminosities in CTrees Panessa et al. 20p6The galaxy
IRAS 14026+-4341 was not detected in our X-ray analysis, but it has a eopatt in the 2XMMi
catalogue\\Vatson et al. 2009 We estimated its 2-10 keV luminosity through the fluxeshef2XMMi

catalogue and since this object seems to be an X-ray abs@B€u(see Chaptds, Sect.5.4.4 we

applied the same correction described above to calcutatetitnsic X-ray luminosity.

Table4.3shows the derived AGN luminosities calculated to estimaeGF and final estimates of this
parameter, and CF versus AGN luminosity atr6 is plotted in Fig4.7.

A significant fraction (five out of nine) of these sources steo@F consistent (within errors) with 1
(including two upper limits), greater than the CF found ia tiverage SED of local QSQCF~ 0.5).
This result and the presence of heavy X-ray absorption stidyenost of these sources (all but one
source, IRAS 140264341, show signatures of CT absorption in their X-ray erorgspoint towards
large amounts of gas and dust enshrouding their nuclearommeéent as it has been found in ULIRG
(Spoon et al. 2004b/erma et al. 2005Yan et al. 201D

We found one source with CF 0.2. This source, IRAS 18216418, is a QSO with no sign of X-ray
or MIR obscuration. The low CF is consistent with previousdgts finding a decrease in the CF of
QSO with increasing luminosityMaiolino et al. 2007 Treister et al. 2008 The decrease could be
explained by “torus receding” modelkgwrence 1991 Maiolino et al. 2007 Hasinger 2008 low-
luminosity AGN are surrounded by a dust torus of obscurindenie covering a large fraction of
the central source. High-luminosity AGN would be able tcadleut the environment ionizing the
surrounding medium or blowing it away through outflowing dén Hence the opening angle of the
torus would be larger and the covered solid angle would beld@gassuming that the height of the torus
is not luminosity dependent).

The remaining three sources show>CF1, values with no physical meaning. Two of them were not
detected in X-rays (see Chap®rand their broadband SED suggest that this low X-ray emisisio
due to high obscuration (see ChafgrHence their direct AGN emission is probably underestadat
Observational and theoretical results predict even lacgeiection factors between the observed and
intrinsic X-ray luminosity of CT AGN, depending on the amowf absorption and on the viewing
angle with respect to the obscuring tork$aérdt et al. 1994lwasawa et al. 1997 Applying the
largest correction factors, of the order-0fL000, we obtain CF consistent with unity.

The remaining source, IRAS F1250%122, is a QSO with no evidence of X-ray obscuration (see
Chapter3) but its X-ray emission is significantly below the predictadthe average QSO SED from
Hopkins et al.(2007) given its IR luminosity (see Chapté&; Fig. 5.7(c). Hence the direct AGN
emission of this source is also underestimated. As repabeve, the low X-ray luminosity of
IRAS F12509-3122 cannot be related to X-ray absorption. An increase kas lbbserved in the

5The average CF was estimated through a direct integratitre&ichards et al(2006 andHopkins et al(2007) average
AGN SED. The direct AGN emission was calculated integratirggSED at wavelengths shortward:ith, and the thermal
emission integrating the SED at wavelengths longwaudh2
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X-ray bolometric correction of AGN with Eddington ratidggg = LgoL/Ledq), fromxx ~ 15— 30 for
Agdd S 0.1 tokyx ~ 70— 120 for Agqq = 0.2 (Vasudevan and Fabian 2009Jsing the SDSS spectra
of IRAS F12509-3122 and thévicLure and Jarvig2002 relation between black hole mass and Mgl
emission line’s width we estimatetqq ~ 0.5 for this object. This high Eddington ratio suggests that
the X-ray bolometric correction for this source could behigigthan that obtained in E4.9. Further
studies are needed to check how the Eddington ratio infleatheeX-ray luminosity of HLIRG.

4.6 Conclusions

We have studied low resolution MIR spectra of thirteen HLIBt§3erved bySpitzer nine of them also
observed by XMMNewton Using the AGNSB spectral decomposition technique developed by NO8
we modelled their 5-&im spectrum and estimated the contribution of each compdoéhe total IR
luminosity.

We have also found that all HLIRG in the sample harbour an AG& tlearly dominates the MIR
spectrum. Given the completeness of the FO2 sample, thistigoag evidence suggesting that all
HLIRG harbour an AGN. In terms of IR contribution our resudtgygest that most sources are domi-
nated by the AGN output, but all of these AGN dominated HLIR§»&how a significant SB activity,
with a mean SB contribution of 30%. The SFR estimated through the PAH features in the spectr
are also very high for all sources, i.e. within200— 2000Myyr—. These results agree with previous
results obtained by modelling the IR SED of HLIRG with radiattransfer models (RR0O; FO%erma

et al. 2002, providing further support to the assumptions of thesailiet models. The large mean
AGN contribution we found+ 70%) is consistent with previous studies of ULIRG pointiog/ard an
increase of the AGN emission with increasing luminosigilleux et al. 2002 Nardini et al. 201Q
Our study confirms the crucial role of both AGN and SB to expléie properties of these extreme
sources.

Using X-ray and MIR data we were able to estimate the CF oftlidRG finding that a significant
fraction (five out of nine) have CF1. Most of these sources with large CF also show heavy aligorpt
in X-rays and high optical depth or absorption features @rtMIR spectrum. This strongly suggests
that the nuclear environment of these sources is heavilfrended by large amounts of gas and dust,
as has been observed in ULIRG.



Chapter 5

Spectral energy distributions of HLIRG

5.1 Motivation

In Chapter3 we presented a systematic X-ray study of the XN\WdwtonHLIRG Sample. We found
that the X-ray emission of most sources is consistent witA@N origin. However HLIRG showed a
systematic IR excess over the IR luminosity usually expkftiea local QSOElvis et al. 1994 Risaliti
and Elvis 2004 We mentioned several hypotheses to explain this exdkes{iray obscuration or SB
IR emission, but we concluded that the most plausible egpiam is an intrinsic dference between
the SED of AGN in HLIRG and the SED of local QSO.

On the other hand, X-ray thermal emission associated withisSBund for just one source, while
all ULIRG show a SB component in their X-ray spectragnceschini et al. 2003If this component
actually exists, the much brighter AGN emission probablytds the X-rays originated in star-forming
processes. Studying the MIR spectra of HLIRG (see Cha@ptee were able to detect the SB emission
of these sources and estimate the relative contributiomefGN and SB emission to the total IR
output.

To complement the above studies, a proper study of the SHizsétobjects is desirable. Several stud-
ies of HLIRG SED have been published in the literature (RF@R2; Verma et al. 2008 but they were
always limited to the IR energy range only. These studie$yappvo component model (AGNSB)

to model the IR emission, using radiative transfer model&\Rfor the AGN dust torus Efstathiou
and Rowan-Robinson 199Rowan-Robinson 199%nd the SB Efstathiou et al. 2000components.
RROO studied a sample of 45 HLIRG, finding a continuum distidn in the relative contribution of
the AGN and SB components, from pure SB to pure AGN, with mbgais showing a composite
nature. On the other hand, FO2 selected a complete sampl&|BGHin a manner independent of

77
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obscuration, inclination or AGN content and included sum-nhatal finding that all HLIRG in the
sample were composite objects.

We present here a study of HLIRG SED with two majors advanoespared with the earlier studies
commented above: (a) we have greatly enlarged the wavaleaigge, from radio to X-rays, and (b) we
have significantly increased the number of photometric.ddtavever, as a self consistent analytical
model able to reproduce the whole SED in so broad frequenayesawould be very complex to

compute (and beyond the scope of this thesis), we have ceshpar constructed SED with empirical

AGN and SB templates.

The chapter is organized as follows. Sect®@ explains how we built the SED and the data used
to this end, and Sechk.3 the methods we have employed to model the SED. Results aserpesl

in Sect.5.4 and compared with previous studies of HLIRG in Séck.  Section5.6 report these
results and summarizes our conclusions. The work presémtéds chapter has been published in an
international journal aRuiz et al.(20108.

5.2 Data compilation

Our goal is to construct a well-sampled SED for each objeet moad frequency range, from radio
to X-rays. For this purpose, we have carefully searchedeérliterature and in several astronomical
databases. See Appendixfor a complete description of the origin of the photometryad@ar each
HLIRG.

All the data included in the SED (presented in Tables A.13A dee Appendi) were converted
to monochromatic flux density units, corrected for the Gidaabsorption and blue-shifted to rest-
frame. We corrected each SED for the line-of-sight Galaattisorption, using in the IR, optical and
UV the Fitzpatrick (2004 extinction curves 4y extinction and color excess E(B-V) for each source
were obtained from NED), and in X-rays using the Galactictrainydrogen map fronbickey and
Lockman(1990.

5.2.1 Radio

Most of the HLIRG in the sample have at least one observatiche radio range. These data come
from different observations by the Very Large Array (VLA), the Aukirdelescope Compact Array
(ATCA), the 30 m telescope of the Institut de RadioastromoMillimétrique (IRAM - Institute of
Millimetric Radioastronomy) and other radio-telescopes.

1Starburst models predict larger sub-mm emission than AGNaisp hence the addition of sub-mm data in the SED
analysis introduce a tight constraint on the SB luminosi(f€02).
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5.2.2 Infrared

Our sources have been frequently observed in the IR bandre re photometric data frohRAS
(Point Source Catalogpint IRAS Science Working Group 198Baint Source Catalodvloshir et al.
1990 or ISOfor all the objects. Most of them were also observed with tbbr&illimetre Common-
User Bolometer Array (SCUBA) in the sub-mm band, and have 88 from the 2 Micron All Sky
Survey (2MASS, Cutri et al. 2003

In addition, there are publi€pitzerMIR data available for several sources: IRAC photometritada
and IRS spectra (see Chagt.Sect.4.2). We reduced and analysed the IRAC datarforming our
own photometric measurements for the SED construction. &\@imed the IRS spectra in broad
bands, avoiding known emission and absorption featuresrifael analysis of these MIR spectra was
presented in Chaptd).

5.2.3 Optical and UV

Most of the optical data were obtained from the Sloan Digiy Survey-Data Releasé §SDSS-
DR5, Adelman-McCarthy et al. 2007and SuperCOSMOS Sky Sun?(SSS). A few data in the V
and B bands were taken from the XMMewtonOptical Monitor (OM).

We have only a few data in the UV range, most from the OM. Theairing data come from IUE and
FUSE observations.

5.2.4 X-ray
In the X-ray band the XMMNewtonspectra studied in Chapt8rare available. We re-binned each

X-ray spectrum in just a few barfisin addition, the X-ray and the OM data come from simultarseou
observations, allowing us to check any variabilifjeet.

5.2.5 Overall description of the SED

Figure5.1 shows the SED we built for our sources. We divided the sounteswo classes according
to their optical spectral classification. On one hand we geduthe objects classified as type | AGN

2httpy/www.ipac.caltech.ed@masg

3The softwareSPICE was used for the reduction of IRAC data, following the staddzrocedure for point-like sources
(see IRAC Data Handbool§SC 200%.

“httpy/www.sdss.orgr5

Shttpy//www-wfau.roe.ac.ulssg

5Through our X-ray data reduction we did not detect the solR&&S 14026+-4341. Even so, this source has a counterpart
in the 2XMMi catalog Watson et al. 2009 We have considered the five energy band fluxes as in the 2X¢4kiog.
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Ficure 5.1: Rest-frame spectral energy distributions of the sanffllixes are shifted for clarity.
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Ficure 5.2: Distribution of (a) X-ray-to-IR and (b) Optical-to-IfRix ratios for class A (blue) and class
B (pink) HLIRG.

(named class A sources) and on the other hand the objecsifieldsas type Il AGN and SB (hamed
class B sources).

From a purely phenomenological point of view, class A and Brees seem to showftierent SED
shapes. Class A objects have an SED approximately flat frenfrtR to the optical range (the typ-
ical shape of quasars’ SED), while class B objects show a ipem broad IR bump dominating the
emission over the rest of the spectrum.
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To check if the above distinction holds quantitatively, voenpared the distribution of X-ray-to-IR and
optical-to-IR flux ratios for class A and class B sources. \8tneated the monochromatic fluxes at
three diferent rest-frame wavelengths, in the IR (88), optical (4400 A) and X-rays (2 keV) through
a linear interpolation of the SED (these points lie in welirgpled regions of the SED, so these are
reasonable estimates of the continua at those energiggireli.2 show the distribution of the X-ray-
to-IR (Fx/Fir) and optical-to-IR Eqpt/Fir) flux ratios for the class A (blue histogram) and class B
(pink histogram) sources. The distributions seem to fermint for both classes of HLIRG. By using
a Kolmogorov-Smirnov test, the probability that class A aaks B samples come fromfidirent
parent populations is 92.6%: (20-) for the Fx /F|r distribution and~ 99.7% (< 30) for the Fopt/Fir
distribution.

This rough analysis of the SED properties is clearly limiteat the results seem to support our classi-
fication of HLIRG in two classes. We suggest that since the 8E&8sification is directly related to the
optical spectra classification, the distinct SED shape ofR@_could be explained by fierent levels

of obscuration in the line of sight afat the relative contribution of the SB emission to the totatpoit.

5.3 SED fitting

Once all the SED were built, our aim was to check for AGN/an&B emission in these sources and
estimate the contribution of these components to the tot@ud. We fitted all SED by using the?
minimization technique with a simple model based on repriasee templates (see below, SeeB.1
for details). The fitting procedure and the SED templatesvireplemented with the modelling and
fitting tool Sherpa (Freeman et al. 20Qlincluded in the CIAO 3.4 software packad&iscione et al.
2006.

Our fiducial model comprises two additive components, osedated to the AGN emission and the
other associated to the SB emission. We can express thid emtt#lows:

FV = FBOL (a U'SGN + (1 - a) UgB) s (51)

whereFgo, is the total bolometric fluxg is the relative contribution of the AGN tBgg,, F, is the
total flux at the frequency, while UX°N andu>® are the normalized AGN and SB templates (i.e., the
value of the integral over the whole range of frequenciesiydor each SED template). This model
contains only two free parametefszo. (the normalization) and. The bolometric luminosity can be
therefore estimated as:

LeoL = 4rD¢FegoL, (5.2)

whereD, is the luminosity distance.
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The model we adopted to fit the SED is somehow rough and doegsrogitle a precise description
of the SED features, so we expect a poor fit in termgofalue. However, the entire SED shape,
from the radio to soft gamma rays, depends on a large numi@rysical parameters which produce
different SED shapes even among the same class of sources (AGKEtcSB Moreover, the impact
of the diferent individual physical quantities on the overall SED ,gmethaps most importantly, the
effect of their interplay and interaction on the overall SEDpgh#s far from being robustly settled
from a theoretical point of view. The development of an atiedy or semi-analytical model would
be of great importance, but given that such models dfecdlt to build and likely not unique, they
clearly are beyond the scope of this work. We propose ingteadimpler template-fitting approach to
distinguish, as a zeroth-order approximation, the retativmponent contribution (AGN afat SB) to
the overall bolometric luminosity of each source.

We chose the fit with the lowest reducgd as our “best fit” model. As stated above, the expected
value ofy?/d.o.f. >> 1 even for these best fits. Nevertheless, this quantity vgnjfcantly for most
sources between theffirent combination of templates we tested duringytheninimization process.

In those objects wherefiierent types of templates gave similgrvalues, we chose the template most
consistent with previous results in the literature.

Our templates were chosen to minimize the contribution efitbst galaxy’s non-SB stellar emission
(Sect5.3.7), but there could still be a remnant of this emission in tepkates. Therefore, by adding
two different templates we could have summed twice this stellarséonis We checked thisfiect
adding a stellar template to the motleThe normalization of this component was free and negative,
in order to subtract the “second” stellar contribution. Tddgition of the new component did not
change the final results of the SED fitting, so we can rejectptissibility of any important stellar
contamination in our templates.

5.3.1 Templates

The templates we employed to model the SED of our sourcesnapé&ieal SED both from average
samples and from individual “representative” SB and Séyfgy) galaxies in the local universe (see
Table5.1).

To reproduce the AGN contribution we used six AGN templates:

1. Two mean SED of radio-quiet local unobscured QSO®%:8(a) a luminosity-independent SED
(Elvis et al. 1994 Richards et al. 2006and a luminosity-dependent onddpkins et al. 200y
The latter template is similar to the standard SED of QSO films et al. (1994, but the
value ofapx depends on the bolometric luminositgtéten et al. 2008 and the X-ray emission
beyond 0.5 keV is modelled by a power lalv£ 1.8) with a cut-df at 500 keV and a reflection

"The SED of the elliptical galaxy M87 was employed to modeldtedlar emission.
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Ficure 5.3: AGN templates. (a) The top blue line is the standard S&Dddio quiet quasar (AGN1,

Richards et al. 2006 The group below is the luminosity dependent SED for qugsaiN1-L, Hopkins

et al. 2007, plotted for several bolometric luminosities (the top liee is for 10° L, and the bottom

black line is for 18° L). (b) Listed downwards: NGC 5506 (AGNBy = 3x 10?2 cm2), NGC 4507

(AGN4, Ny = 4 x 10?° cm™?), Mnk 3 (AGN5, Ny = 1.4 x 10?* cm2), NGC 3393 (AGN6,Ny >
1x 10?° cm™2). The SED fluxes are shifted for clarity. See S&c8.1for details.
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Ficure 5.4: SB and composite templates. (a) Pure SB templatesd lddwnwards: NGC 5253,

NGC 7714, M82, IRAS 121120305. (b) Composite templates (AGN SB), listed downwards:

NGC 1068, Mrk 231, IRAS 19254-7245, IRAS 22491-1808. The Skkes are shifted for clarity.
See Sect5.3.1for details.

component generated with tREXRAV model Magdziarz and Zdziarski 1995 Therefore this
template has two parameters: normalization (the bolom#étrk of the AGN) and redshift. For
a given flux and redshift, the bolometric luminosity is cddded and, hence, the value @fy.
The first parameter was left free to vary, while the second fixasl according to the redshifts
obtained in the literature.

. Four Seyfert 2 (obscured AGN) sources (Figg). These objects have column densities varying
from 1072 cm~2 (Compton thin objects) to greater tharfi@m=2 (Compton thick objects). They



Chapter 5Spectral energy distributions of HLIRG 84

Tasce 5.1: SED templates.

Name Source Description

AGN1 Luminosity independent average SED QSO
AGN1-L .. Luminosity-dependent average SE& QSO
AGN3 NGC 5506 Sy2Ny = 3 x 10P%cm 2

AGN4  NGC 4507 Sy2Ny = 4 x 10%3cm™2

AGN5  Mnk 3 Sy2,Ny = 1.4 x 10°%cm2

AGN6  NGC 3393 Sy2Ny > 1 x 10%°cm2

SB1 NGC 5253 Young and dusty SB

SB2 NGC 7714 Young and unobscured SB

SB3 m82 Old SB

SB4 IRAS 121120305 SB-dominated ULIRG

CP1 NGC1068 Composite template: AGN50%

CP2 Mnk 231 Composite template: AGN:70%

CP3 IRAS 19254-7245  Composite template: AGN45%

CP4 IRAS 22491-1808 Composite template: AGN70%

2 Richards et al. 2006
b Hopkins et al. 2007

were selected from a sample of Seyfert 2 galaxies with mihBBacontribution Bianchi et al.
2006. The AGN templates show two bumps, in the FIR and in the NpReal, except the
AGNS3 template, which only presents a broad IR bump. THlikedinces between them are the
relative height of these bumps, the position of their peaiksthe ratio between the optical and
X-ray fluxes.

To represent the SB emission we chose a set of four SB galariésbserved in the full spectral range

(Fig. 5.4(a). We tried to cover a broad range of burst ages, dust contentsSFR. These physical

properties are reflected in the SED showinffadient levels of obscuration, width and wavelength
peaks.

1. NGC 5253 is a low-metalicity star-forming dwarf galaxyts hucleus is the site of a highly

obscured and extremely young (LO Myr) burst of star formationBeck et al. 1995 with a
SFR~ 8 Moyr .

2. NGC 7714 is a young unobscured SB4nd| et al. 200%with SFR=6 Myyr~* and a burst age
between 3-5 MyrGonzalez-Delgado et al. 1995

3. M82 is an evolved SB galaxy with SFRLO Myyr~ (Strickland et al. 2004

4. IRAS 121120305 is a bright ULIRG powered by SB and with severe limits ty &AGN
contribution {manishi et al. 2007Nardini et al. 2008 The estimated SFR for this object is
~ 600 Mgyr~t (Franceschini et al. 2003
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All of them show two bumps, peaking in the FIR and in the NIRicad. The main diference between
the templates is the relative height between these bumpthairdvidths.

We included four “composite” SED templates built from s@savhich harbour both an AGN and a
SB (Fig.5.4(b):

1. NGC 1068 is a type 2 Seyfert galaxy which harbours a hedwitied AGN Ny > 10%° cm2,
Matt et al. 1997 and also an intense SHB¢lesco et al. 1984 The bolometric luminosity of
this object is roughly evenly divided between the two congrinthe SB emission dominates
longward of 3Qum and the AGN dominates shortward of 20411.

2. Mrk 231 is an ULIRG (g = 3.2 x 10'?) optically classified as a broad absorption line QSO
(Berta 200% with a massive young nuclear SB, which is responsible fé628% of the nuclear
bolometric luminosity Davies et al. 2004

3. IRAS 19254-7245, the “superantennae”, is a double-atettULIRG optically classified as a
Sy2 galaxy with intense star formation. The AGN contribatio the total output is- 40— 50%
(Berta et al. 2008

4. IRAS 22491-1808 is a Sy2 ULIR@érta 2003 where the AGN emission is 70% of the
bolometric luminosity Farrah et al. 2003

We fitted these composite templates to those HLIRG wherattial IAGN+SB model was indflicient
to reproduce the data (see Sécd.d.

We obtained the photometric data for the templates with tB&EDP and VOSpet software. These
utilities use Virtual ObservatoryQuinn et al. 200%tools to extract photometric and spectral data from
several astronomical archives and catalogues. The teesphare completed with data from the NED
database in wavelength ranges where VOSED and VOSpec ptbrimdata. These objects have been
repeatedly observed at all frequency ranges, particularthe NIR and optical bands. We rejected
some redundant data and tried to extract only the nucleasséoni to avoid as much contamination
from the host galaxy as possible. For this purpose we chdygettorse data with a roughly constant
aperture within the nucleus of the galaxy.

5.4 Results

Figures5.7 and 5.8 show the SEEP and the best-fit model selected for each object, and Tal@le
summarizes the results of our analysis. See Se¢t4for comments on some particular sources.

8httpy/sdc.ladt.inta.egvosed
%httpy/esavo.esa.ijntospec

10several photometric points are upper limits. The most amasige approach was chosen for the fit. We set the point to
zero and the upper error bar to the upper limit value.
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5.4.1 Class AHLIRG

We found that our simple two-component SED model is a fairagmation for six out of seven of
these HLIRG (see Fih.7). They are well fitted with type | AGN templates, consisteiithwvtheir op-
tical classification, and an additional SB component inglokjects. The AGN component dominates
the bolometric output in four out of these six sources, while objects present a powerful SB com-
ponent ((IRAS F125083122 and IRAS F142183845) responsible for 60%-70% of the bolometric
luminosity. The seventh object (IRAS 14028341), optically classified as a QSO, is the only source
not well-fitted with a type | AGN template, probably becausan X-ray absorbed QSO (see Sé&ct.4

for further details).

Our analysis reveals three sources with an SB-dominated(BES F12509-3122, IRAS 140264341
and IRAS F142183845), one AGN-dominated (IRAS 18246418) source with a significant SB con-
tribution and three sources which seem to be extremely lonsiguasars with no particularfi@irences
from the local ones, judging from their SED and X-ray spetee Sect3.3.5.

A noticeable result for the class A HLIRG is that the AGN1 téatg over-predicts the X-ray flux of
these sources, as found in our previous X-ray analysis. eltlissrepancies in the X-ray band cannot
be related to variability ffects, because the OM data, simultaneous to the X-ray oltisgrsamatch
well with other optical and UV data obtained affdrent epochs. When we modelled these objects
with the luminosity dependent AGN1-L SED template, we foansignificant improvement in the fit

in terms ofy? for most sources (four out of six, an SB-dominated and thuee AGN sources) and the
X-ray emission is better predicted. This result is conaistéth the knownyoy luminosity relationship
(Strateva et al. 20Q5tdfen et al. 2006Kelly et al. 2008.

We must also note that the IR-to-bolometric ratio of thesarsss is within~ 40 — 70%, which
means that an important fraction of their bolometric outiguhot emitted in the IR range. Hence,
strictly speaking, they should not be considered as HI¥R@articularly those with a completely
AGN-dominated SED, where less than 50% of their bolometnigihosity is emitted in the IR. This
“contamination” can be expected given the selection daitefithe RROO parent sample (see Chagjer
which simply selected those known sources with total olesiiryg > 1013 L,

5.4.2 Class BHLIRG

We found that these sources are fitted with a dominant SB coemi@nd, in most cases, a minor AGN
contribution & 10%). But our model presents some problems for class B HLIRBwWwe did not find
in class A objects (see Fi§.1(b):

1As members of the LIRG family, bona fide HLIRG should presdmlametric luminosity dominated by the IR emission.



Chapter 5Spectral energy distributions of HLIRG 87

1. The level of obscuration in the observed X-ray spectraighdr than that expected from the
AGN templates.

2. Most sources show an excess in the MIR-NIR band not matibjethese templates, i.e. the
width of the IR bump seems to be broader than the bumps in thei8pBlates.

3. The peak of the template does not match the IR peak of theisE&veral sources.

In order to improve the fit quality for the class B sources, #geated the SED fitting with a set of
templates from composite sources (see S&&.]), where both AGN and SB emission are signifi-
cant. By using these composite templates, we found thatt#tistacal quality of our fits was signif-
icantly improved for all but one case (IRAS F153@252). For most objects, the¢ obtained with
any of the composite templates is significantly lower thamth obtained with any combination of
pure AGN and pure SB templates. CP1 is the best-fit for thréefosix sources (IRAS 00182-7112,
IRAS F00235-1024 and IRAS 07380-2342), consistent with their specteasification (type Il AGN)
and X-ray obscuration level (Compton-Thick). Another tvonices are best-fitted with the CP2 tem-
plate (IRAS 091044109 and IRAS 125141027). We also selected the CP1 template as the best-fit
model for the last source (IRAS F15363252) despite, in a purely statistical sense, no significant
improvement was found (see Ses#.4for further explanations).

The galaxy IRAS F002351024 is the only source that still shows a significant IR exeeith respect
to its best-fit template, which suggest that the SB contidbutay be larger in this source than in the
CP1 template< 50%).

5.4.3 Fitting without X-ray data

In order to check to what extent X-ray data influenced the SEiDdiresults, we excluded X-ray data
from the SED fitting procedure. Class A sources were still vegiresented by the same models (see
Table5.2, columns labelled as “no X-rays”), while class B galaxiesavereferentially fitted with an
AGN3 template (Compton thin model) and an SB component. Mare the AGN contribution grows
significantly in most sources, specially in the class B sesircWhen X-rays are included, a severe
limit is imposed and the AGN contribution falls dramatigall his shows that X-rays are important to
obtain an accurate model with our technique and, henceterlestimation of the contribution of each
component to the total output.
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TasLE 5.2: Best fit models for the HLIRG’s SED.

Source z Type cT Best Fit modél logLgo® AGN/SB
all dat& no X-rays composite temg.
Model a« | Model a |

Class A HLIRG
PG 1206-459 1.158 QSO - AGN1-L - 1| AGN1 - 1 AGN1-L 48.4 1/0
PG 1244267 2.038 QSO - AGN1-L - 1| AGN1 - 1 AGNI1-L 49.2 1/0
IRAS F12509-3122 0.780 QSO - AGN1-L SBl1 0.3 AGN1 SsSB4 05| AGN1-L+SB1 47.7 0.3/ 0.7
IRAS 14026+:4341  0.323 QSO - - SB2 0| AGN1 SB2 0.3 SB2 46.7 0.30.7
IRAS F142183845 1.21 QSO - AGN1 SB1 04AGN1 SBl1 0.3 AGN1+SB1 47.2 0.4/0.6
IRAS 1634747037 1.334 QSO - AGN1-L - 1| AGN1 - 1 AGN1-L 48.9 1/0
IRAS 18216-6418 0.297 QSO - AGN1 SB3 0.8AGN1 SB3 0.8/ AGN1+SB3 47.4 0.8/0.2

Class B HLIRG
IRAS F002351024 0.575 NL-SB V - SB3 0 - SB3 0 CP1 46.7 ~0.5/~0.5
IRAS 07380-2342 0.292 SB - AGN4 SB1 0.06AGN3 SB1 0.3 CP1 47.0 ~0.5/~0.5
IRAS 00182-7112 0.327 QSO2 v/ AGN3 SB4 0.06) AGN3 SB3 0.3 CP1 46.6 ~0.5/~0.5
IRAS 091044109 0.442 QSO2 V/ AGN4 SB4 0.09| AGN3 SB1 0.8 CP2 47.3 ~0.7/~0.3
IRAS 12514-1027 0.32 Sy2 v AGN5 SB4 0.06) AGN3 SB2 0.9 CP2 46.7 ~0.7/~0.3
IRAS F1530%43252 0.926 QSO2 V/ AGN1 SB3 0.03] AGN3 SB1 0.8 CP1 47.9 ~0.5/~0.5

a Compton Thick candidates.

b The best fit adopted to estimate the bolometric luminositytae AGN and SB fraction is marked in bold fonts.
¢ Bolometric luminosity in CGS units.
4 Fraction of the bolometric luminosity originated in AGN a88. Calculated through the parameteof the best fit model.

€ Best fit using our original set of templates.

f Best fit not using X-ray data.

9 Best fit including the templates of composite sources.



Chapter 5Spectral energy distributions of HLIRG 89

5.4.4 Notes on particular sources
IRAS 14026+4341

This source is optically classified as a type | AGRovan-Robinson 20Q0in agreement with the
SDSS classification, and MIBpitzerdata also suggest an AGN in this object (see Ch@pbut our
best-fit is obtained with the SB2 template. The X-ray datadsgpa severe constraint, rejecting the
AGN templates which predict a higher emission in the X-rajalf we fit again this SED without
X-ray data (see Sed.4.3 we find that the best fit is obtained with the combination of¥Gand SB2
templates.

The X-ray emission of this source seems to fiecied by absorption (see Fly7(d): itis not detected

in the soft X-ray band (0.5-2 keV) and its 2XMMi hardnessodHR3 ~ —0.2)'? is consistent with an
X-ray absorbed AGNDRella Ceca et al. 2004 This indicates IRAS 140264341 as an X-ray absorbed
QSO. The X-ray absorption in these objects is caused byadngas, in which there is no dust, and
hence its opticdUV emission is not obscured (Page et al. 2010, in prepafatibhese objects are
often embedded in ultraluminous SB galaxi®age et al. 2007 and they have been pointed out as
a transitional phase in an evolutionary sequence relatisggtowth of massive black holes to the
formation of galaxies$tevens et al. 200%age et al. 2007

Under these circumstances, we selected as our best fit thel nesdlting from fitting the SED without
X-ray data. We must note, however, that both models (purer@&M-+SB) poorly fit the data between
~ 1-100um. The observed IR excess, which is maybe related to the X+ragséoon absorbed and
reprocessed in the IR, cannot be reproduced by AGN1 temf@atenabsorbed template).

IRAS F1530A43252

This object was optically classified as a QSR®{an-Robinson 200@nd there is strong evidence in
X-rays favouring a heavily obscured AGMNvasawa et al. 2005 However we found that its SED best-
fitin terms ofy? is obtained with an SB template with minor AGN1 contributidine CP1 template is
also a fair fit, but with a slightly worsg?.

Previous analyses of the IR emission of this HLIR@e&ne and Trentham 200%rma et al. 200R
suggest that the SB contribution is considerably lower tharfound with a pure SB template. Hence
we selected the CP1 as “best fit”, which is also consistert igtoptical classification, to estimate the
AGN and SB contribution to the bolometric luminosity.

HR3 = Gtz 0 ian, Where CR s the count rate in the given 2XMMi energy band.
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TaseLe 5.3: IR and X-ray luminosities (CGS units).

Source log 3@ logLpeMN @ logLiP® | logLidery ® 10gLighiy ®  logLitany | logLECsN © Ny 9
[cm™?]
Class A HLIRG
PG 1206-459 48.0 48.0 0 47.8 47.8 <467 45117002 -
PG 1247%267 48.8 48.8 0 47.9 47.9 < 468 45.93f838‘21 -
IRAS F12509-3122  47.6 46.8 475 47.0 46.8 46.6 4226ng§§ -
IRAS 14026-434F  46.5 45.8 46.5 46.5 46.3 46.1 4270 -
IRAS F14218-3845  47.1 46.5 46.9 46.9 46.1 46.8 44.6@%-%3 -
IRAS 163477037 48.5 48.5 0 47.7 47.7 <468 46.00j(8)f§z -
IRAS 18216-6418 47.1 46.9 46.6 46.8 46.6 46.4 456502 -
Class B HLIRG
IRAS F00235-1024  46.7 46.4 46.4 46.7 46.4 46.4 <422 > 107
IRAS 07380-2342 47.0 46.7 46.7 47.0 46.8 46.5 <417 -
IRAS 00182-7112 46.6 46.3 46.3 46.7 < 465 46.7 4482016 > 10%°
IRAS 09104-4109 47.3 47.1 46.8 46.8 46.8 <462 45.3ot§f%§ > 10%°
IRAS 125141027 46.7 46.5 46.2 46.5 46.2 46.2 43377 (430 x 107
IRAS F1530%43252  47.9 47.6 47.6 46.9 46.6 46.7 45.49%23 > 10%°

2 |R luminosities (1-100Q«m) estimated using our SED fitting.

b IR luminosities (1-100Q:m) estimated by the analysis of the IR SED using RTRbWan-Robinson 200Farrah et al. 2003a

¢ Absorption corrected 2-10 keV luminosities.

4 Intrinsic absorption estimated using X-ray spectra.

€ The X-ray luminosity of this source has been calculated f2xiIMi fluxes (Watson et al. 2009 and it is not corrected from absorption.
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5.5 Comparison with previous results

5.5.1 X-ray emission

We can estimate the expected X-ray luminosity of the AGN aBad@&@mnponents for each source in our
sample with the parameters obtained in our SED analysiscamgare them with the X-ray luminosi-
ties calculated through XMMNewtonobservations.

We have seen that the AGN SED of these sources is better raddeith a luminosity dependent
template. Hence we employed the relation obtained by Saal. e{private communicatiotj for
ULIRG to estimate the intrinsic 2-10 keV luminosity for a givAGN bolometric luminosity:

La-t0 _ 0.043( Leo (5.3)
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Ficure 5.5: Bolometric versus observed, absorption-correctd® eV AGN luminosities. Blue
squares are class A HLIRG, red triangles are class B HLIR@. AThe dotted line reflects the ratio
between these luminosities as in BS.

13This ratio is obtained from thSteffen et al (2006 relation between X-ray and 2500 A luminosities and thekitig the
2500 A luminosity with the bolometric one through tB#is et al.(1994 SED.
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Figure5.5 shows those sources detected in X-rays and with an AGN coempam their SED model.
We plotted the bolometric luminosity of the AGN componentsus the intrinsic (absorption corrected)
2-10 keV luminosity, as calculated in Chapger

Most sources are scattered along the &8.estimate. This scatter is probably related to the intrinsic
dispersion in X-ray luminosities of AGN, i.e. for a given boietric luminosity there is a broad range
of possible X-ray luminositiesStefen et al. 2006

There are, however, three sources with X-ray luminositieshmower than that estimated by Ef3
(PG 1206-459, IRAS F125093122 and IRAS 140264341). We calculated the X-ray luminosity
of IRAS 14026-4341 using the 2XMMi X-ray fluxes, so it is not corrected byrimsic absorption.
Hence this large discrepancy between the prediction andiberved luminosity is likely another sign
of X-ray absorption (see Se&.4.4.

For the other two sources we did not find any sign of X-ray gitsmm (see ChapteB). This dfect
could in principle be due to an overestimate of the AGN cbation to the bolometric luminosity. If
we assume that theftierence between the bolometric luminosity calculated with$ED fitting and
that estimated with Edh.3is completely caused by star formation, we find that the SBritmriion to
the total output should be larger than 90% in these two ssurSach a powerful SB must be clearly
reflected in the SED shape, but we did not find this kind of diwiain the SED analysis of these
sources. The X-ray weakness of these HLIRG therefore cammotlated to the underestimate of the
SB contribution to the bolometric output or to X-ray abs@pt They seem to be intrinsically weak
X-ray sourcesl(eighly et al. 20012007).

5.5.2 IR SED: comparison with previous works

The IR (1- 1000um) SED of our sources has been previously studiBdwan-Robinsor(2000),
Farrah et al(20023 andVerma et al.(2002 modelled it using radiative transfer models (RTM). We
estimated the IR luminosities of our models, integratirgy$ED between 4 1000um, and compared
their results with ours.

The IR luminosities estimated through our SED fitting andahes estimated using the radiative trans-
fer models match fairly well (see Fig.6(a) for many sources. For three objects (PG 12259,
IRAS F1530%43252 and IRAS 1634#7037), our luminosity estimation is almost an order of magni
tude greater than the RTM estimation, probably becauseesitflh models overestimate the F#ab-
mm emission (see Fig5.7(b) 5.7(b)and5.8(b). This spectral emission is probably better recovered
by using RTM. Nevertheless, in spite of this large disagmanm luminosities, our AGN contribution
estimates are consistent with those obtained through RThé&se objects, as Fi§.6(b)shows.
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Ficure 5.6: (@) Total IR luminosity estimated using our templatgg) and using radiative transfer

models (7). (b) AGN to total IR luminosity ratios estimated throughrenodel R*“N) and using

radiative transfer modelﬁﬁg\,ﬂ). Blue squares are class A HLIRG, red triangles are class BRBL
The red dotted lines mean equal values.

The latter plot shows that our AGN contribution estimatesrfeost sources are roughly consistent
with those obtained through RTM. We can conclude that oupEimmodel based on templates is a fair
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method to obtain an overall estimate of the AGN and SB radatintribution to the IR output.

5.6 Discussion and conclusions

In this chapter we built and analysed the multi-wavelendid $from radio to X-rays) of a sample of
13 HLIRG, previously studied in detail in X-rays. We asseedbihe SED using public data in several
astronomical databases and in the literature, and we neaglem through templates.

These broadband SED can be roughly well fitted by templatebtteeir best fits are consistent with
the optical classification of most sources (9 out of 13). Agolass A sources we found three objects
fitted with pure type 1 luminosity-dependent AGN templafBlsey seem to be very luminous quasars
and, since most of their bolometric output is not emittechia IR band, should not be considered as
“bona fide” HLIRG. The remaining four class A HLIRG requireaddition to a type 1 AGN template
(only one of these require a luminosity-dependent AGN tere] an SB component which is in three
cases dominant with respect to the AGN.

On the other hand we found that class B sources cannot beittedh simple combination of pure
AGN and pure SB templates: a composite (i.e. AGN and SB #gtare both significant) template
is needed. This suggests that there should be some feedbekem the accretion process and star
formation that changes the shape of the SED in a way that tdoenonitated just by combining a
pure SB and a pure AGN components. The main observationairihgs this feedback seems to be an
excess in the SED around 10 um with respect to the predicted emission of a pure AGN and a pur
SB combined model.

Our division between class A and class B sources is basedeooptical spectral classification, and
since all objects show a significant AGN emission, the SEPsluiterences between the two groups
could be an inclination féect as in the unified model of AGNAftonucci and Miller 1985 those
HLIRG where we have a direct view of the nucleus are lumino®Gnd show a class A SED,
while those HLIRG seen through the molecular torus/andther obscuring material show a class B
SED. The comparable mean SB contribution of class A (exotythie pure AGN sources) and class B
sources is consistent with this hypothesis. Within thisiade, all types of “bona fide” HLIRG belong
to the same class of sources, seen fiedént inclination angles.

Farrah et al(20023 proposed however that HLIRG population is comprised ofnfEygers between
gas rich galaxies, as found in the ULIRG population, and (2ing active galaxies going through their
maximal star formation periods whilst harbouring an AGN.

The Ny distribution we found in the X-ray study seems to favour te-population hypothesis. In a
pure inclination scenario we would expect a broad range ody<absorption, from not at all absorbed
to heavily absorbed sources. Yet we found only objects waittsignificant intrinsic absorption (all
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but one class A sources) or CT-absorbed objects (all classiigss). Since AGN observed in ULIRG
usually show heavy absorption in X-rayEénceschini et al. 2002tak et al. 2003Teng et al. 200§ in
principle class B sources could represent the high-lunitintal of the ULIRG population distribution.

The study of the host galaxy morphology and environment dR@.also supports the two-population
hypothesis.Farrah et al(2002h found in a sample of nine HLIRG observed by HST both strongly
interactive systems and objects with no clear signs of angimiteractions. Five sources of this sample
are also included in ours: IRAS F00288024 and IRAS F1530/3252 (class B objects) show signs
of strong interactions, while IRAS F12569122, IRAS F142183845 and IRAS 16347037 (class

A objects) are isolated systems. This result favour our esiign that class B HLIRG could be objects
at the extreme bright end of the ULIRG population distribati

Hence, while class B HLIRG share common properties with UEIRigh levels of X-ray obscuration,
strong star formation, signs of mergers and interactioziass A HLIRG seem to be aftrent class

of objects. Excluding the three pure AGN sources, class Aaibjcould be among the young active
galaxies proposed biyarrah et al(20023. The powerful SB we found in these sources and the large
amounts of gas available to fuel the star formation (as tatled byFarrah et al. 2009aalong with the
non-detection of mergers or interactions in these systeimscst this idea. Moreover, the SB emission
of the bona fide class A HLIRG is modelled with young SB tenggaSB1 and SB2) in all but one
object (IRAS 18216 6418), which is modelled with an old SB (SB3). This sourcelddae a more
evolved object.

Therefore, the “bona fide” HLIRG studied in this work likelglbng to two dfferent populations:

1. Young, isolated active galaxies undergoing their firs¢@gbe of major star formation with little
connection with a recent major merger.

2. Galaxies which have recently experienced a mgilggturbance that brought lots of gas and dust
into the inner regions. This event triggered both the stemé&tion and the AGN activity in a
heavily obscured environment. These objects are wekduas the high luminosity version of
the ULIRG population.

Nevertheless, our sample of HLIRG is not complete in any esem&l we cannot derive further con-
clusions about the global properties of the HLIRG popultatié-urther studies based on larger and
complete samples of HLIRG are needed to conclude if theidivisetween class A and class B ob-
jects is just due to an inclinatiorffect, or is based on intrinsicféierences of their physical properties.
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Ficure 5.7: Rest-frame SED of class A HLIRG and their best fit modedéid lines). Red dotted lines are the AGN components
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Chapter 6

Conclusions and future work

6.1 Conclusions

The largest and most comprehensive study as of the datesteatos Hyperluminous Infrared Galaxies
has been presented in this thesis. Through the study of anmiatliate redshiftz(< 2, with a mean
redshift of ~ 0.8) sample of HLIRG of moderate size (extracted from a largen@e of HLIRG
candidates assembled by RR00) we have characterized tperfies of these objects in X-rays and
MIR and we tried to unravel the origin of their extreme lunsitg through several techniques. We
have employed multi-wavelength data from state-of-tlieshservatories (XMMNewton Chandrg
Spitzej for this study.

Table 6.1 summarizes the most relevant properties of each sourcéedttitroughout this work. It
reflects the detection of AGN emission, SB emission and alisofobscuration signatures in their
X-ray spectra, MIR spectra and in their broadband SED thHidhg methods explained in Chapt&(s

4 and5. We also included the results of the study of the host galaggphology and environment of
HLIRG performed byFarrah et al(2002h, the AGN contribution to the total IR output, the CF and
the SFR estimated in Chaptér For those sources with no MIR data we used the AGN contohuti
estimated through the SED analysis.

The broadband SED and MIR analyses revealed that all théegtwsdurces harbour an AGN which
dominates the IR luminosity in all but two sources. Throulgése spectral windows we also found
SB emission in all but five sources. In Chapteme concluded that three out of these five ob-
jects PG 1206-459, PG 1247267 and IRAS 16347037) are pure QSO and should not be considered
“bona fide” HLIRG. This could be also the case of the remairting sources IRAS F10026-4949

and EJ164041) given their optical spectral classification and the lackdefection of SB emission

in the MIR. However the study of their IR SED carried out by F@®ygests that these sources
have an SB contribution around 2030% of the total IR output. So these sources, instead of pure
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TaBLE 6.1:
Source Typé Class® AGN ¢ SBd Obscuratiof  Merger’ ar9 CF" SFR Family!
X-ray SED MIR | X-ray SED MIR | X-ray SED MIR Mo yrt

IRAS 00182-7112 QS0 2 B v v v X v v v 08 ~1 ~ 200 ULIRG
IRAS F00235-1024 NL B X v v X v v X v v v 0.7 X ~ 1500 ULIRG
IRAS 07380-2342 NL B X v v X v X v 0.8 X < 200 ULIRG
IRAS 09104-4109 Qs02 B v v v X v v v v v 09 ~1 < 600 ULIRG
IRAS F10026-4949 Syl eV .. X .. v > 0.8 < 4000 -

PG 1206-459 QsOo A v v X X X X 1.0 X QSO

PG 1247267 Qso A v v X X X X 1.0 X QSO
IRAS F12509-3122 QsO A v v v X v v X X X X 0.5 X ~ 2000 | non-ULIRG
IRAS 12514-1027 Sy2 B v v v v v v v v v 05 ~1 ~ 400 ULIRG
IRAS 14026-4341 QsO A X v v X v v X 7?7 X 06 ~1 ~ 400 | non-ULIRG
IRAS F14218-3845 Qso A v v X v X X X 0.3 non-ULIRG
IRAS F1530%3252 QS0 2 B v v v X v o/ v v o/ v 0.6 0.7 ~ 3000 ULIRG
IRAS F16124-3241 NL IV eV eV 0.2 ~ 1200 ULIRG
IRAS 163477037 QsO A v v X X X X X 1.0 X QSO
ELAISP90 J16401041050 QSO eV .. X .. X > 0.8 < 700 | non-ULIRG
IRAS 18216-6418 Qso A v v v X v v X X X 0.6 0.2 ~ 300 | non-ULIRG

a Classification based on the optical spectrum.

b Classification based on the broadband SED shape (see CBapter

¢ AGN emission detected in the referred energy range.

4 SB emission detected in the referred energy range.

¢ Obscuratiofabsorption signatures detected in the referred energerang

fHST images show signs of interactions or ongoing merdgeasréh et al. 2009b

9 AGN contribution to the total IR luminosity, calculated dugh the spectral decomposition of their MIR emission (seap@erd). We included the AGN contribution estimated through
SED analysis for those sources with no MIR spectrum (dep@rs).

" CF estimated through the MIR and X-ray emission (see Chdjptdihose sources in which meaningless CF were found are chavitk x.
' SFR estimated through the PAH emission (see Chajter

I Final classification of each source based on its global ptigse



Chapter 6 Conclusions and future work 103

QSO could be similar to other class A HLIRG (see Chap)ewith significant SB contribution, like
IRAS 18216+6418 or IRAS F142183845.

The emission of the AGN dominates the X-ray spectrum of trsmseces observed and detected by
XMM- Newton We detected SB emission in the X-ray spectra of just oneceoulhe lack of X-
ray emission associated with an SB in the remaining soumes, in those where the MIR and
SED analyses suggested an important SB contribution toothé dutput is due to the fierence of
the X-ray-to-bolometric ratios between AGN and SB, e.g. 3D plots of IRAS F125093122,
IRAS F14218-3845 or IRAS 182166418 (Figs5.7(c) 5.7(a) 5.7(c) show that the SB emission in
the X-ray band is within two to four orders of magnitude lovlean the AGN emission. Such a faint
component is impossible to be disentangled given the cusemsitivity of XMM-Newton We could
expect in principle detecting the X-ray emission from theiBBat least, the obscured sources (as we
did in IRAS 12514-1027) where the observed AGN emission is fainter. Howevérase sources the
low signal-to-noise ratio of their X-ray spectra (see F§jd(a) 3.1(h) makes obtaining a significant
detection of the SB component very hard.

Three sources were not detected in our X-ray analysis. Téedband SED and MIR spectra of two of
them (RAS 00182-7112 and IRAS F0023%024) clearly suggest that they are strongly obscured by dust.
On the other hand, although IRAS 14028841 was not detected in our analysis, it has a counterpart
in the 2XMMi catalogue (see ChaptBy Sect.5.4.4. This object shows no signs of obscuration in
its optical emission, but it seem to be absorbed in the EUVsaidX-rays (see Figs.7(d). These
properties could be explained if this HLIRG is an absorbech)XQSO, as we proposed in Chapber
These objects are absorbed by ionized gas, in which the@dsist, and hence its optical emission is
not obscured. This also explain the non detection of obsoaran its MIR spectrum.

We can conclude that the mosfieient method to disentangle the AGN and SB emission of HLIRG i
the MIR spectral decomposition. MIR emission of the AGN cardbtected even in strongly obscured
environments where X-rays are completely absorbed. Meregwen the low dispersion of AGN and
SB emission within the 5-8m range, we can characterize the SB emission even in thossesouhere
the AGN component largely dominates the MIR spectrum.

Excluding from the subsequent discussion the three pure, QiCe they are a contamination due to
the selection criteria of the RR0OO parent sample (see Chaptere found that AGN and SB phenom-
ena are both needed to fully explain the multiwavelengtiperies of HLIRG. The AGN component
dominates the total IR output, or at least is as importarthi@$SB component, in most sourcesg§5%

of the sample). All of them show strong star formation, wiERBwithin 200— 2000 M, yr.

However these sources do not seem to be an homogeneoustmopulzn one hand there are sources
with large amounts of gas and dust enshrouding the nucleitdsasuggested by the strong absorp-
tion shown in X-raysIRAS 00182-7112, IRAS 091644109, IRAS 125141027, IRAS F1530¥3252 and
MIR (IRAS 00182-7112, IRAS F002358.024, IRAS 07380-2342, IRAS 09164109, IRAS 125141027,
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IRAS F1530%3252, IRAS F161243241) and by the shape of their SEIRAS 00182-7112, IRAS F00235.024,
IRAS 07380-2342, IRAS 091044109, IRAS 125141027, IRAS F153073252). Their large ¢ 1) dust
covering factors are also consistent with a nucleus alnwaptetely enshrouded by dusRAS 00182-
7112, IRAS 091044109, IRAS 125141027, IRAS F1530%3252). The gas and dust fuel powerful AGN
activity and strong star formation, that could be triggebgdgalaxy interactions arior mergers, as
some HST images sugge$RAS F002351024, IRAS F1530¥3252). The analysis of their SED also
hints toward a strong feedback between both phenomenae Bhesommon properties of ULIRG and
hence we can consider these HLIRG as the objects occupyéngigh luminosity tail of the ULIRG
population distribution. In Tablé.1 we labelled as “ULIRG” those sources which could possibly
belong to this population.

On the other hand we found HLIRG with minor MiépticajX-ray obscuration, suggesting lower
guantities of gas and dust than in the “ULIRG-like” popudati We were able to estimate the dust CF
of just one source of this kindRAS 18216+6418), but it is significantly lower than the CF of ULIRG
or standard AGN (see Chapté), consistent with low quantities of dust in the nuclear emwvment.
However the strong SB observed in these sources requirdangunts of gas to fuel the star formation.
They seem to be isolated galaxies, with no signs of intevastor ongoing mergers, as some HST
observations suggestRAS F12509-3122, IRAS F142183845. As we proposed in Chapté&; these
HLIRG could be young active galaxies undergoing their firsjon episode of star formation. We
labelled in Tables.1those sources which we believe belong to this populatiomas-ULIRG”.

Summarizing, we proposed that the sources studied in this @ame from three dierent populations:

1. Very luminous quasars with minor star formation activity

2. HLIRG showing clear signs of major mergers and interastiovith heavily obscured nuclei and
strong feedback between the star formation and AGN activityese sources could be the higher
luminosity version of ULIRG.

3. Isolated HLIRG with low X-ray absorption and powerful Siddarge amounts of gas available
to fuel the star formation. These sources could be youngeagtlaxies going through their
maximal star formation periods whilst harbouring an AGN.

he idea that bona fide HLIRG are composed of two populationsidibe verified by further obser-
vational studies based on larger and, most importantly,pbete samples of HLIRG. Moreover our
simple template-fitting approach should be complementead thieoretical models of AGN and SB
emission (e.g. radiative transfer models), since the twoaarhes are complementary in many ways
and their combination may shed further light onto the reé&a8B-AGN contribution and on the feed-
back processes which take place in HLIRG.



Chapter 6 Conclusions and future work 105

6.2 Future work

The results obtained in this work can be improved in the futhrough:

e increasing the size of the HLIRG sample This thesis is based on the study of a moderate
number of sources<(20). This number was a significant fraction of the total kndWiRG (~
50) when our work has started. However, the wide area supgyed out by new IR telescopes
like Spitzer (FIDEL or SWIRE surveys, seeonsdale et al. 20Q®ickinson and FIDEL team
2007 or AKARI (Murakami et al. 200);, or the forthcoming observations Bierschel(Pearson
and Khan 2008 are dramatically increasing the number of known HLIRG.tAése new data
allow the construction of HLIRG samples with a much largember of sources, selected in
an homogeneous way, and hence aim at stronger conclusionstak properties of the global
population of HLIRG.

e a comparison with other populations of astronomical source Our work is limited to mod-
erate redshift HLIRG, but now the new IR observatories haseodered a growing number of
high-z HLIRG (Lonsdale et al. 2006b Comparing the properties of low-z and high-z ULIRG
and HLIRG is crucial to understand the evolution of thesecisj trough cosmic time. More-
over, study the link between HLIRG and other composite lumaimsources like sub-mm galaxies
(Blain et al. 2002Alexander et al. 200%0r absorbed QSCstevens et al. 200®age et al. 2007
is mandatory to obtain a global view of the co-evolution ofM@nd galaxy formation.

e the next generation of X-ray observatories (long term) The joint mission of NASA, ESA and
JAXA to develop the International X-ray Observatory (IX@hite and Hornschemeier 2009
will provide an excellent tool for the study of HLIRG. The ersion of the energy range and
sensitivity beyond 10 keV will allow the direct observatioithe nuclear emission of the highest
absorbed sources. In addition, the increasing sensiiivigoft X-rays will probably allow the
detection of the star forming processes in X-rays even in AeMinated HLIRG.






Appendix A

Tables of SED data

Along this appendix a table is presented for each HLIRG withftuxes employed to build their SED
(see Chaptb) and the origin of each data. Frequencies and fluxes are inliberver's frame. The
re-binned spectra from XMMNewtoREPIC andSpitzerlIRS are not included in these tables. Those
fluxes without errors are upper limits.

TasLe A.1: IRAS 00182-7112. TasLe A.2: IRAS F00235-1024.
% F, Error Ref. % F, Error Ref.
Hz Jy Jy Hz Jy Jy

843x10° 423x101 128x102 SUMSS? 140x10° 270x10° 500x10% VLA?
140x10° 317x10' 300x10°% ATCAP 353x 10"t 6.38x10°° SCUBAS
250x10° 1.97x10' 300x10° ATCAP 6.66x 101t  9.67x 107! SCUBA®
480x10° 9.80x102 300x10°3 ATCAP 166x 102 805x10!' 393x10! 1SO?
860x10° 570x102 3.00x10°3 ATCAP 315x 10 478x10! 148x10! ISO?
300x 102 119x10° 119x10! |RAS? 500x 102 428x101 556x102 IRAS?
500x 10 1.20x10° 837x102 |IRAS? 200x 108  675x10° 214x10° 1SO?
120x 10" 133x10' 1.02x102 IRAS? 444% 10 920x10% 380x10* 1SO?
250% 10%  6.02x 1072 IRAS 2 139x 10" 1.01x10* 500x10% APMS
523x 102 223x102 478x10° SpitzerIRAC 3.33x 10" 800x10° 1.00x10° APME®
844x 108 253x10% 747x10% SpitzerIRAC 428x 10" 310x107° 7.00x10°% USNO-B1.0
1.39x 104 7.22x10% 7.83x10°° 2MASS 6.81x 10" 1.80x10° 4.00x10°% USNO-B1.0
1.80x 10 437x10% 7.34x10° 2MASS 3.02x 10  4.68x10°%° XMM-EPIC
243x 10" 268x10*% 434x10° 2MASS 1.45x 10 1.04x 10710 XMM-EPIC

333x 10" 202x10*% 557x10° SSS
428x 10 228x10* 630x10° SSS
6.81x 10" 297x10° 540x10°% XMM-OM
148x 10" 1.90x10° 1.30x10°° XMM-OM

a Data from NED.
¢ Farrah et al. 2002a

a Data from NED.
b Drake et al. 2004

107



Appendix A.Tables of SED data 108
TasLe A.3: IRAS 07380-2342. TasLe A.4: IRAS 09104-4109.
v F, Error Ref. v F, Error Ref.
Hz Jy Jy Hz Jy Jy
353x 101 268x102 420x10°% SCUBA® 140x10° 6.88x10°% 1.31x10* VLA ?2
6.66x 10t  9.67x 107! SCUBAS 149x10° 6.00x10°% 100x10° VLA ?2
300x 102 355x1(° 284x10! IRAS? 490x10° 1.80x10°% 300x10* VLA?
500x 102 1.17x10° 936x102 IRAS? 353x 101 954x10°3 SCUBAS
120x10% 800x10! 800x102 IRAS? 6.66x 101'  7.28x 1072 SCUBAS®
250x 108 484x 101 339x102 IRAS? 3.00x 10?2 438x107 IRAS 2
1.39x 10" 4.08x10°% 149x10* 2MASS 500x 10?2 525x10! 420x102 IRAS?
1.80x 10" 135x10°° 971x10° 2MASS 120x 102 334x101 130x102 |IRAS?
243x 10"  474x10% 479x10°° 2MASS 1.26x 10 333x10! 1.70x102 SpitzerlRAC
333x 10" 162x10% 223x10° DENIS 143x 108 270x101 7.00x102 IRTFY
545x 10 3.80x10°° 210x10°° XMM-OM 250x 10  1.30x10! 311x102 |IRAS?
3.02x 107  251x10° XMM-EPIC 297x10% 880x102 170x102 IRTFY
1.45x 10 1.87x10°° XMM-EPIC 523x 10 264x102 711x10°  SpitzerIRAC
844x 108 474x10% 121x10°  SpitzerIRAC
: E::;:ZTaT Ezg(‘) - 139x104  821x10* 861x10° 2MASS
1.80x 10" 459x 104 624x10° 2MASS
243x 10" 297x10% 464x10° 2MASS
333x10“ 242x10* 669x10° SSS
328x 10" 506x10*% 7.45x10°% SDSS-dr5
393x 10" 7.04x10*% 342x10% SDSS-dr5
428x10"* 212x10* 585x10° SSS
481x10"* 211x10* 169x10°% SDSS-dr5
6.28x 10" 151x10*% 126x10°% SDSS-dr5
6.81x 10" 1.08x10*% 397x10° SSS
847x 10" 101x10* 316x10°% SDSS-dr5
9.67x 10" 590x10° 6.00x10°6 XMM-OM
148x 10" 750x10° 1.80x10° XMM-OM
7.86x 10  1.06x107 591x108 BeppoSAX?

a Data from NED.
¢ Farrah et al. 2002a

d Kleinmann et al. 1988
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TasLe A.5: PG 1206-459. TasLe A.6: PG 1247%267.
% F, Error Ref. % F, Error Ref.
Hz Jy Jy Hz Jy Jy

490x10° 1.20x10* VLA 2 149%x10°  1.17x10°3 VLA 2
230x 10"  180x10°% 450x10* IRAM? 490x10° 7.20x10% 800x107° VLA?
1.72x 102 1.89x10! 378x102 ISO? 149%x 100 151x10° 220x10% VLA ?
293x 10 353x10! 7.06x102 1SO? 230x 10"  210x10°3 IRAM 2
493x 102 257x10! 514x102 ISO? 172x 10" 150x 107 ISO2
1.20x 108  1.13x10°1! e IRAS 2 293x 102 1.74x10! 348x102% 1SO?
143x 108 640x102 128x102 1SO2 493x 102 236x101 472x102 1SO?
234x 108 230x102 460x10°% |SO? 1.20x 10  1.13x 107! . IRAS 2
250x 108 207x101 360x102 IRAS? 234x101% 300x102 6.00x10°2% 1SO?
6.17x 10"  3.00x 1073 ISO? 391x 108 1.00x102 200x10°% 1SO?
139x 10" 264x10° 946x10° 2MASS 6.17x 10% 9.00x 1073 . ISO2
1.80x 10" 257x10°% 1.22x10% 2MASS 1.39x 10 355x10°% 1.36x10% 2MASS
243x 10" 243x10° 7.76x10°° 2MASS 1.80x 10" 299x 103 145x10* 2MASS
333x 10" 227x10°% 626x10* SSS 243x 10" 293x10°% 110x10% 2MASS
328x 10" 278x10° 126x10° SDSS-dr5 333x 10" 631x10°% 174x10°% SSS
393x 10" 294x10°% 976x10°% SDSS-dr5 328x 10" 301x10°% 137x10° SDSS-dr5
428x 10" 251x10°% 693x10* SSS 393x 10" 266x10° 969x10° SDSS-dr5
481x 10" 292x10°% 945x10°% SDSS-dr5 428x 10"  403x10°% 111x10°% SSS
545x 10% 262x10°% 3.00x10° XMM-OM 481x10"* 226x10°% 802x10°% SDSS-dr5
6.28x 10" 253x10°% 7.01x10°% SDSS-dr5 6.28x 10" 213x10°% 6.42x10° SDSS-dr5
6.81x 10* 225x10°% 1.30x10°° XMM-OM 6.81x 10" 354x10°% 130x10°% SSS
847x 10" 220x10°% 906x10°% SDSS-dr5 847x 10" 227x10°% 992x10°% SDSS-dr5
1.05x 10 1.00x10°% 9.21x10°° IUE 9.67x 10" 1.17x10°% 800x10°% XMM-OM
146x 10 525x10% 7.25x10°° IUE 125x 10" 670x10% 200x10°° XMM-OM
211x 10" 145x10% 832x10° IUE 1.48x 10" 370x10% 200x10°° XMM-OM

a Data from NED.

a Data from NED.
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TasLe A.7: IRAS F12509-3122. TasLe A.8: IRAS 12514-1027.
v F, Error Ref. v F, Error Ref.
Hz Jy Jy Hz Jy Jy

140x10° 176x10°% 125x10% VLA?2 140x10° 7.78x10°% 146x10* VLA?2
353x 101t 9.23x 1072 SCUBA°® 3.00x 102 755x10! 151x101 IRAS?
6.66x 10t  3.33x10° SCUBA® 500x 102 712x10! 570x102 IRAS?
3.00x 10 6.75x 10t IRAS 2 1.20x 10 1.90x10! 158x102 IRAS?
500x 102 218x10' 436x102 IRAS? 250x 10%  6.32x 1072 e IRAS 2
120x 10 1.03x10! 275x102 |IRAS? 523x 10 346x102 4.03x10°3 SpitzerIRAC
1.39x 10" 1.18x10°% 878x10°° 2MASS 844x 108 149x102 482x10°  SpitzerIRAC
1.80x 10% 7.75x10% 807x10° 2MASS 1.39x 10" 257x10°% 126x10% 2MASS
243x 10" 977x10% 6.01x10° 2MASS 180x 10% 845x10% 857x10° 2MASS
333x 10" 860x10* APM ¢ 243x 10" 407x10*% 540x10° 2MASS
328x 10" 873x10% 757x10°% SDSS-dr5 333x 10" 288x10* 7.96x10° SSS
393x 10" 839x10% 356x10° SDSS-dr5 328x 10" 566x10% 115x10° SDSS-dr5
428x 10" 7.20x10% 7.00x10° APM 393x 10" 339x10% 296x10°% SDSS-dr5
481x 10" 839x10% 312x10°% SDSS-dr5 428x 10" 246x10* 681x10° SSS
545x 10% 6.60x10% 1.60x10°° XMM-OM 481x 10" 282x10% 230x10% SDSS-dr5
6.28x 10 832x10* 289x10°® SDSS-dr5 6.28x 10% 1.16x10*% 150x10°® SDSS-dr5
847x 10" 7.22x10* 489x10°% SDSS-dr5 6.81x 10" 578x10°° 213x10°° SSS
9.67x 10% 494x10* 6.00x10°% XMM-OM 847x 10" 479x10° 353x10% SDSS-dr5
1.25x 10 4.68x10% 7.00x10°% XMM-OM
133x 1015  7.83x104 994x107 HST-FOS * Data from NED.
1.48x 10 469x10% 1.60x10° XMM-OM
175x10® 516x10*% 138x10° HST-FOS

@ Data from NED.
¢ Farrah et al. 2002a
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TasLe A.9: IRAS 14026-4341. TasLe A.10: IRAS F14218-3845.
v F, Error Ref. v F, Error Ref.
Hz Jy Jy Hz Jy Jy
140x10° 159x10°%  1.39x10% VLA ? 353x 101  855x 1073 SCUBAS
353x 101 7.53x10°° SCUBAS 6.66x 10t  253x 107! SCUBA®
6.66x 101" 9.40x 1072 SCUBAS 315x 102 164x10! 6.10x102 1SO?
3.00x 102 994x101 239x10! |RAS? 200x 108 323x10°% 1.04x10°% |SO?
500x 102 622x101 560x102 IRAS? 444% 108 790x10% 260x10* 1SO?
1.20x 10  285x101  141x102 |RAS? 333x 10" 5.00x10°® APM ¢
250x10%  118x101 271x102 IRAS? 328x 10" 7.97x10° 434x10% SDSS-dr5
391x10% 360x102 4.00x10° 1SO? 393x 10 9.09x10° 126x10°® SDSS-dr5
7.05x 101  1.60x 1072 ISO? 428x 10" 114x10% 105x10° APM
139x 10" 847x10°%  229x10*% 2MASS 481x 10" 1.01x10% 102x10% SDSS-dr5
1.80x 10 475x10°  157x10* 2MASS 6.28x 10 852x10°° 7.85x107 SDSS-dr5
243x 10" 333x10° 101x10* 2MASS 847x 10" 847x10° 226x10°% SDSS-dr5
333x10¥ 226x10° 625x10“% SSS - Data from NED
328x 10 383x10% 205x105  SDSS-di5 . F:rt-;r:oer:]al. 0024
393x 10" 270x10° 123x10° SDSS-dr5
481x 10" 282x10°% 117x10° SDSS-dr5
545x 10" 244x10°% 190x10° XMM-OM
6.28x 10" 209x10° 9.05x10°® SDSS-dr5
847x 10" 130x10° 7.19x10°% SDSS-dr5
967x 10" 7.70x10*  400x10°® XMM-OM
125x 10 265x10*  7.00x10°% XMM-OM
1.48x 10 159x10* 9.00x10°% XMM-OM
846x 106 142x10°10 839x1071° 2XMMi
1.81x 107 214x101°% 350x 10710 2XMMi
363x 107  7.82x10°10 376x1071° 2XMMi
7.86x 107 6.81x10°10 385x10710 2XMMi
1.99x 10 549x 10710 517x10°10 2XMMi

@ Data from NED.
¢ Farrah et al. 2002a
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TasLe A.11: IRAS F1530%3252. TasLe A.12: IRAS 16344 7037.
v F, Error Ref. v F, Error Ref.
Hz Jy Jy Hz Jy Jy
140x10° 571x10°% 1.09x10* VLA?2 145x10° 940x10*% 3.00x10* VLA?2
842x10° 920x10* 400x10° VLA?2 149%x10° 1.65x10°% 310x10* VLA?2
1.02x 10" 450x 1072 OVMA 2 490x10° 1.08x10° 110x10*% VLA?
239x 101"  510x10°3 OVMA 2 848x10° 9.70x10%* 150x10* VLA?2
353x 101 1.15x 1072 SCUBA°® 149x10° 117x10°% 320x10% VLA?2
6.66x 101!  1.06x 107! SCUBA® 225x 1010 960x10% 1.70x10% VLA?®
166x 102 414x101 176x101 1SO? 400x 100 278x 107t FCRAO?
3.00x 102 510x10! 6.20x102 IRAS? 9.00x 10°  450x 1072 NRAO-12m?
315x 10 368x10! 116x10! 1SO? 230x 10"  150x10°° IRAM 2
500x 102 280x10! 270x102 |RAS? 148x 102 158x101 316x102 1SO?
1.20x 103  800x102 240x102 |RAS? 1.72x10%2 206x10! 412x102% 1SO?
126x 10 570x102 3.00x10°% SpitzerlRAC 193x 102 230x101 460x102 1SO2
250x 10%  4.50x 1072 . IRAS 2 293x 102 349x10! 698x102% 1SO?
1.39x 10 320x10% 3.00x10° MMT? 500x 102 246x10' 320x102 |RAS?
1.80x 10 1.68x10% 140x10°° MMT? 120x 1082 1.22x10! 415x10°% |RAS?
243x 10" 148x10*% 120x10° MMT? 250x 108 593x102 101x102 |RAS?
333x 10" 6.70x10° 1.85x10°° SSS 252x 10  480x102 960x10°% 1SO?
328x 10" 128x10*% 391x10°% SDSS-dr5 297x 108 490x102 110x102 Hale-5m®
393x 10" 7.17x10° 1.06x10°® SDSS-dr5 810x 10 1.07x102 948x10* Hale-5m¢
428x 10  632x10° 175x10° SSS 139x 10" 699x10° 213x10% 2MASS
481x10"* 590x10° 870x107 SDSS-dr5 1.80x 10" 891x10°% 275x10*% 2MASS
6.28x 10" 4.40x10°° 6.89x107 SDSS-dr5 243x 10" 6.96x10°% 206x10* 2MASS
6.81x 10" 340x10° 4.00x10°% XMM-OM 333x 10" 7.07x10°% 195x10°% SSS
821x 10" 290x10°° 200x10°% XMM-OM 428x 10" 727x10°% 201x10° SSS
847x 10" 334x10° 169x10°® SDSS-dr5 545x 10"  476x10°% 400x10° XMM-OM
9.67x 10" 3.00x10°° 200x10°% XMM-OM 6.81x 10" 620x10°% 228x10°% SSS
148x 10" 190x10° 6.00x10°® XMM-OM 821x 10" 371x10°% 160x10° XMM-OM
1.05x 10 377x10°% 497x10°% IUE
* Data from NED. 146x 105  122x10°3 471x10° |UE
¢ Farrah et al. 2002a
1.48x 10 159x10°% 6.00x10°° XMM-OM
211x10® 460x10% 892x10°% IUE

a Data from NED.
€ Neugebauer et al. 1987
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TasLe A.13: IRAS 18216-6418.

% F, Error Ref.
Hz Jy Jy

325x 108 211x10! 965x10°% WENSS?
490%x10° 7.50x10°3 400x10% VLA ?2
842x10° 1.26x102 6.00x10% VLA 2
149x 100 233x102 1.10x10°3 VLA 2
239x 101 370x 103 APM ©
2.73x 101 470%x 102 APM ©
353x 10"  1.48x102 260x10° SCUBA®
6.66x 1011  3.08x 101 SCUBA®
172x 102  1.07x10°® 321x10! ISO@
3.00x 102 213x10°® 1.70x10! |IRAS?
500x 102  1.24x10° 496x102 |RAS®?
120x 10 445x10! 1.19x102 |IRAS?
250x 10t  238x 101 IRAS @
312x 108  143x10! 143x102 1SO?2
444% 108  109x10! 1.10x102 1SO?
1.39x 10 235x102 604x10% 2MASS
180x 10 147x102 425x10% 2MASS
243x 10 119x102 318x10* 2MASS
3.33x 10" 169x102 4.68x10°3 SSS
428x 10" 1.24x102 342x10°3 SSS
545x 104  7.55x 1073 APM ¢
6.81x 10 810x10°% 7.00x10% APM
8.21x 10" 904x10°3 APM ¢
148x 10"  494x103 6.00x10° XMM-OM

a Data from NED.
¢ Farrah et al. 2002a






References

Adelman-McCarthy, J. K., Aglieros, M. A, Allam, S. S., Amsien, K. S. J., Anderson, S. F., Annis, J., Bahcall,
N. A., Bailer-Jones, C. A. L., Baldry, I. K., Barentine, J, 8eers, T. C., Belokurov, V., Berlind, A., Bernardi,
M., Blanton, M. R., Bochanski, J. J., Boroski, W. N., Brami&h M., Brewington, H. J., Brinchmann, J.,
Brinkmann, J., Brunner, R. J., Budavari, T., Carey, L. Narlies, S., Carr, M. A., Castander, F. J., Connolly,
A.J.,, Cool, R. J., Cunha, C. E., Csabai, I., Dalcanton, Ddi, M., Eisenstein, D. J., Evans, M. L., Evans,
N. W., Fan, X., Finkbeiner, D. P., Friedman, S. D., Friemam.J Fukugita, M., Gillespie, B., Gilmore, G.,
Glazebrook, K., Gray, J., Grebel, E. K., Gunn, J. E., de Head{all, P. B., Harvanek, M., Hawley, S. L.,
Hayes, J., Heckman, T. M., Hendry, J. S., Hennessy, G. Sddtég, R. B., Hirata, C. M., Hogan, C. J., Hogg,
D. W,, Holtzman, J. A., Ichikawa, S., Ichikawa, T., Ivezit, Jester, S., Johnston, D. E., Jorgensen, A. M.,
Juri¢, M., Kadtmann, G., Kent, S. M., Kleinman, S. J., Knapp, G. R., KniaZeW., Kron, R. G., Krzesinski,
J., Kuropatkin, N., Lamb, D. Q., Lampeitl, H., Lee, B. C., leggR. F., Lima, M., Lin, H., Long, D. C.,
Loveday, J., Lupton, R. H., Mandelbaum, R., Margon, B., Mez-Delgado, D., Matsubara, T., McGehee,
P. M., McKay, T. A., Meiksin, A., Munn, J. A., Nakajima, R., Bla, T., Neilsen, Jr., E. H., Newberg, H. J.,
Nichol, R. C., Nieto-Santisteban, M., Nitta, A., Oyaizu, ®kamura, S., Ostriker, J. P., Padmanabhan, N.,
Park, C., Peoples, Jr., J., Pier, J. R., Pope, A. C., PoyrbaiQuinn, T. R., Raddick, M. J., Re Fiorentin, P.,
Richards, G. T., Richmond, M. W., Rix, H., Rockosi, C. M., &del, D. J., Schneider, D. P., Scranton, R.,
Seljak, U., Sheldon, E., Shimasaku, K., Silvestri, N. M.,itBmJ. A., Smolci¢, V., Snedden, S. A., Stebbins,
A., Stoughton, C., Strauss, M. A., SubbaRao, M., Suto, Yal&z A. S., Szapudi, |., Szkody, P., Tegmark,
M., Thakar, A. R., Tremonti, C. A., Tucker, D. L., Uomoto, Alanden Berk, D. E., Vandenberg, J., Vidrih,
S., Vogeley, M. S., Voges, W., Vogt, N. P., Weinberg, D. H. stYA. A., White, S. D. M., Wilhite, B., Yanny,
B., Yocum, D. R., York, D. G., Zehavi, |., Zibetti, S., and Zec, D. B.: 2007 ApJS172 634

Alexander, D. M., Bauer, F. E., Chapman, S. C., Smail, |.jBIA. W., Brandt, W. N., and Ivison, R. J.: 2005,
ApJ632 736

Allen, S. W. and Fabian, A. C.: 1998INRAS297, L57
Antonucci, R. R. J. and Miller, J. S.: 1988pJ297, 621

Armus, L., Heckman, T., and Miley, G.: 198494, 831

Armus, L., Heckman, T. M., and Miley, G. K.: 1988pJ347, 727

Asari, N. V., Cid Fernandes, R., Stasihska, G., TorresaBap J. P., Mateus, A., Sodrg, L., Schoenell, W., and
Gomes, J. M.: 200"MNRAS381, 263

Aussel, H., Gerin, M., Boulanger, F., Desert, F. X., CadaliCutri, R. M., and Signore, M.: 199&&A 334,
L73

115



References 116

Baan, W. A., Haschick, A. D., and Henkel, C.: 198%9J346, 680
Barnes, J. E.: 2002yINRAS333 481
Barnes, J. E. and Hernquist, L. E.: 19%nJ370, L65

Baumgartner, W., Horner, D., and Mushotzky, R.: 20@ylletin of the American Astronomical Soci&$,
1337

Beck, S. C., Turner, J. L., Ho, P. T. P., Lacy, J. H., and KéllyM.: 1996,ApJ457, 610

Berta, S.: 2005Ph.D. thesisDipartimento di Astronomia, Univ. di Padova, Vicolo d€kservatorio 2, [-35122,
Padova, Italy

Berta, S., Fritz, J., Franceschini, A., Bressan, A., anai@hele, C.: 20030&A 403 119
Bianchi, S., Guainazzi, M., and Chiaberge, M.: 2086;A 448, 499

Binggeli, B. and Cameron, L. M.: 199R&A 252, 27

Blain, A. W., Small, I., lvison, R. J., Kneib, J., and Frayer,T.: 2002,Phys. Rep369, 111
Boller, T., Bertoldi, F., Dennefeld, M., and Voges, W.: 1928-AS129, 87

Brandl, B. R., Bernard-Salas, J., Spoon, H. W. W., DevostShan, G. C., Guilles, S., Wu, Y., Houck, J. R,
Weedman, D. W., Armus, L., Appleton, P. N., Soifer, B. T., @handaris, V., Hao, L., Higdon, J. A. M. S. J.,
and Herter, T. L.: 2006ApJ653 1129

Brandl, B. R., Devost, D., Higdon, S. J. U., CharmandarisWéedman, D., Spoon, H. W. W., Herter, T. L.,
Hao, L., Bernard-Salas, J., Houck, J. R., Armus, L., SoBefT., Grillmair, C. J., and Appleton, P. N.: 2004,
ApJS154, 188

Bryant, P. M. and Scoville, N. Z.: 199%J117, 2632

Bushouse, H. A., Borne, K. D., Colina, L., Lucas, R. A., RovRwobinson, M., Baker, A. C., Clements, D. L.,
Lawrence, A., and Oliver, S.: 2002pJS138 1

Calzetti, D.: 1997AJ113 162

Canalizo, G. and Stockton, A.: 200ApJ555, 719

Capetti, A., Verdoes Kleijn, G., and Chiaberge, M.: 2085;A 439, 935

Chary, R. and Elbaz, D.: 200RpJ556, 562

Clements, D. L., Saunders, W. J., and McMahon, R. G.: 1889RAS302 391

Clements, D. L., Sutherland, W. J., McMahon, R. G., and SarmdV.: 1996 MNRAS279, 477
Condon, J. J., Huang, Z., Yin, Q. F., and Thuan, T. X.: 1994)378 65

Connolly, A. J., Szalay, A. S., Dickinson, M., Subbarao, M, &hd Brunner, R. J.: 199ApJ486, L11

Conti, P. S.: 1991ApJ377, 115



References 117

Crummy, J., Fabian, A. C., Gallo, L., and Ross, R. R.: 200B8lRAS365, 1067
Cutri, R. M., Huchra, J. P., Low, F. J., Brown, R. L., and vam@&®ut, P. A.: 1994ApJ424, L65

Cutri, R. M., Skrutskie, M. F., van Dyk, S., Beichman, C. Aar@enter, J. M., Chester, T., Cambresy, L.,
Evans, T., Fowler, J., Gizis, J., Howard, E., Huchra, JrelarT., Kopan, E. L., Kirkpatrick, J. D., Light,
R. M., Marsh, K. A., McCallon, H., Schneider, S., Stiening, Bykes, M., Weinberg, M., Wheaton, W. A.,
Wheelock, S., and Zacarias, N.: 20@VIASS All Sky Catalog of point sourceghe IRSA 2MASS All-Sky
Point Source Catalog, NASAAC Infrared Science Archive.

Daddi, E., Dannerbauer, H., Elbaz, D., Dickinson, M., Mson, G., Stern, D., and Ravindranath, S.: 2088)
673 L21

Daddi, E., Dickinson, M., Morrison, G., Chary, R., Cimat,, Elbaz, D., Frayer, D., Renzini, A., Pope, A.,
Alexander, D. M., Bauer, F. E., Giavalisco, M., Huynh, M.,iKuJ., and Mignoli, M.: 2007ApJ670, 156

Dahlem, M., Weaver, K. A., and Heckman, T. M.: 199§JS118 401
Dale, D. A. and Helou, G.: 2002pJ576, 159
Darling, J. and Giovanelli, R.: 20024J124, 100

Dasyra, K. M., Ho, L. C., Armus, L., Ogle, P., Helou, G., Pstar, B. M., Lutz, D., Netzer, H., and Sturm, E.:
2008,ApJ674 L9

Davies, R. I., Tacconi, L. J., and Genzel, R.: 2084,J613 781

Davis, M., Guhathakurta, P., Konidaris, N. P., Newman, JA&hby, M. L. N., Biggs, A. D., Barmby, P., Bundy,
K., Chapman, S. C., Coil, A. L., Conselice, C. J., Cooper, M.@oton, D. J., Eisenhardt, P. R. M., Ellis,
R. S., Faber, S. M., Fang, T., Fazio, G. G., Georgakakis, Ark& B. F., Goss, W. M., Gwyn, S., Harker,
J., Hopkins, A. M., Huang, J.-S., lvison, R. J., Kassin, S.Kitby, E. N., Koekemoer, A. M., Koo, D. C.,
Laird, E. S., Le Floc’h, E., Lin, L., Lotz, J. M., Marshall, ®., Martin, D. C., Metevier, A. J., Moustakas,
L. A., Nandra, K., Noeske, K. G., Papovich, C., Phillips, A, Rich, R. M., Rieke, G. H., Rigopoulou, D.,
Salim, S., Schiminovich, D., Simard, L., Small, I., Small, A, Weiner, B. J., Willmer, C. N. A., Willner,
S. P.,, Wilson, G., Wright, E. L., and Yan, R.: 2008pJ660, L1

Deane, J. R. and Trentham, N.: 200ANRAS326, 1467

Della Ceca, R., Maccacaro, T., Caccianiga, A., SevergRiniBraito, V., Barcons, X., Carrera, F. J., Watson,
M. G., Tedds, J. A, Brunner, H., Lehmann, |., Page, M. J., ea1®., and Schwope, A.: 200A&A 428 383

den Herder, J. W., Brinkman, A. C., Kahn, S. M., Branduardi#Ront, G., Thomsen, K., Aarts, H., Audard, M.,
Bixler, J. V., den Boggende, A. J., Cottam, J., Decker, Thieldam, L., Erd, C., Goulooze, H., Gudel, M.,
Guttridge, P., Hailey, C. J., Janabi, K. A., Kaastra, J. 8.Kdrte, P. A. J., van Leeuwen, B. J., Mauche, C.,
McCalden, A. J., Mewe, R., Naber, A., Paerels, F. B., PeterdoR., Rasmussen, A. P., Rees, K., Sakelliou,
I., Sako, M., Spodek, J., Stern, M., Tamura, T., Tandy, JVues, C. P., Welch, S., and Zehnder, A.: 2001,
A&A 365, L7

Devriendt, J. E. G., Guiderdoni, B., and Sadat, R.: 1999A 350, 381



References 118

Dey, A. and van Breugel, W.: 1995, in |I. Shlosman (NY:CUP).Y@dass-Transfer Induced Activity in Galaxjes
p. 263

Di Matteo, P., Bournaud, F., Martig, M., Combes, F., Melchis., and Semelin, B.: 2008A&A 492 31
Di Matteo, T., Springel, V., and Hernquist, L.: 2008ature433 604
Dickey, J. M. and Lockman, F. J.: 199BRA>A 28, 215

Dickinson, M. and FIDEL team: 2007, Bulletin of the American Astronomical Societl. 38 of Bulletin of
the American Astronomical Society. 822

Dickinson, M., Giavalisco, M., and The Goods Team: 2003&R.iBender and A. Renzini (edsThe Mass of
Galaxies at Low and High Redshifi. 324

Dickinson, M., Papovich, C., Ferguson, H. C., and Budaviari2003b,ApJ587, 25
Downes, D. and Solomon, P. M.: 1998pJ507, 615

Draine, B. T.: 1989, in E. Bohm-Vitense (edlyfrared Spectroscopy in Astronoyol. 290 of ESA Special
Publication pp 93-98

Draine, B. T. and Li, A.: 2001ApJ551, 807

Draine, B. T. and Li, A.: 2007ApJ657, 810

Drake, C. L., Bicknell, G. V., McGregor, P. J., and Dopita, M: 2004,AJ 128 969

Dudik, R. P., Weingartner, J. C., Satyapal, S., FischeQudley, C. C., and O’Halloran, B.: 200ApJ664, 71

Ebrero, J., Carrera, F. J., Page, M. J., Silverman, J. Dcda, X., Ceballos, M. T., Corral, A., Della Ceca, R.,
and Watson, M. G.: 200A&A 493 55

Efstathiou, A. and Rowan-Robinson, M.: 1998NRAS273, 649
Efstathiou, A., Rowan-Robinson, M., and Siebenmorgen2B00, MNRAS313 734

Ehle, M., Breitfellner, M., Gonzalez Riestra, R., Guaina®., Loiseau, N., P. Rodriguez, P., Santos-Lleb, M.,
Schartel, N., Tomas, L., Verdugo, E., and Dahlem, M.: 2008M-Newton Users’ HandbogkKMM-Newton
SOC Team, 2.3 edition

Elitzur, M., Nenkova, M., and Ivezit, Z.: 2004, in S. Aal®, Huttemeister, and A. Pedlar (ed3.he Neutral
ISM in Starburst Galaxies/ol. 320 of Astronomical Society of the Pacific Conference Sepe242

Elitzur, M. and Shlosman, I.: 200&pJ648, L101
Elmegreen, B. G.: 19944pJ433 39

Elmegreen, B. G.: 2004ArXiv Astrophysics e-prints
Elvis, M.: 2000,ApJ545, 63

Elvis, M., Wilkes, B. J., McDowell, J. C., Green, R. F., Beddt, J., Willner, S. P., Oey, M. S., Polomski, E.,
and Cutri, R.: 1994ApJS95, 1



References 119

Engelbracht, C. W., Rieke, G. H., Gordon, K. D., Smith, J.rvée, M. W., Moustakas, J., Willmer, C. N. A,,
and Vanzi, L.: 2008ApJ678 804

Engelbracht, C. W., Rieke, M. J., Rieke, G. H., Kelly, D. MndaAchtermann, J. M.: 1998pJ505, 639
Ettori, S. and Fabian, A. C.: 1998JNRAS305, 834

Evans, A. S., Sanders, D. B., Cutri, R. M., Radford, S. J. Hra&e, J. A., Solomon, P. M., Downes, D., and
Kramer, C.: 1998ApJ506, 205

Fabian, A. C. and Crawford, C. S.: 1999NRAS274, L63

Fabian, A. C., Cutri, R. M., Smith, H. E., Crawford, C. S., @mandt, W. N.: 1996 MNRAS283 L95
Fabian, A. C. and lwasawa, K.: 1999INRAS303 L34

Fabian, A. C., Iwasawa, K., Reynolds, C. S., and Young, A2000, PASP112 1145

Fang, T., Davis, D. S., Lee, J. C., Marshall, H. L., Bryan, G.dnd Canizares, C. R.: 2008pJ565, 86

Farrah, D., Afonso, J., Efstathiou, A., Rowan-Robinson, Fbx, M., and Clements, D.: 2003 INRAS343,
585

Farrah, D., Bernard-Salas, J., Spoon, H. W. W., Soifer, BAimus, L., Brandl, B., Charmandaris, V., Desai,
V., Higdon, S., Devost, D., and Houck, J.: 2008J667, 149

Farrah, D., Rowan-Robinson, M., Oliver, S., Serjeant, 8rnB, K., Lawrence, A., Lucas, R. A., Bushouse, H.,
and Colina, L.: 2001MNRAS326, 1333

Farrah, D., Serjeant, S., Efstathiou, A., Rowan-Robinsdbnand Verma, A.: 2002ayINRAS335, 1163
Farrah, D., Verma, A., Oliver, S., Rowan-Robinson, M., ancMahon, R.: 2002bMNRAS329, 605

Fazio, G. G., Hora, J. L., Allen, L. E., Ashby, M. L. N., Barmb®., Deutsch, L. K., Huang, J., Kleiner, S.,
Marengo, M., Megeath, S. T., Melnick, G. J., Pahre, M. A.ié&atB. M., Polizotti, J., Smith, H. A., Taylor,
R. S., Wang, Z., Willner, S. P., Himann, W. F., Pipher, J. L., Forrest, W. J., McMurty, C. W., Meight,

C. R., McKelvey, M. E., McMurray, R. E., Koch, D. G., Mosel&y, H., Arendt, R. G., Mentzell, J. E., Marx,
C. T., Losch, P., Mayman, P., Eichhorn, W., Krebs, D., Jhihvd., Gezari, D. Y., Fixsen, D. J., Flores,
J., Shakoorzadeh, K., Jungo, R., Hakun, C., Workman, L.p#&tarG., Kichak, R., Whitley, R., Mann, S.,
Tollestrup, E. V., Eisenhardt, P., Stern, D., Gorjian, \hgBacharya, B., Carey, S., Nelson, B. O., Glaccum,
W. J., Lacy, M., Lowrance, P. J., Laine, S., Reach, W. T., ®&auJ. A., Surace, J. A., Wilson, G., Wright,
E. L., Hoffman, A., Domingo, G., and Cohen, M.: 2004pJS154, 10

Ferrarese, L. and Ford, H.: 200Space Science Revielvs6 523

Fitzpatrick, E. L.: 2004, in A. N. Witt, G. C. Clayton, & B. T.faine (ed.) Astrophysics of Dusiol. 309 of
Astronomical Society of the Pacific Conference Sepe83

Fontanot, F., De Lucia, G., Monaco, P., Somerville, R. Sd, @antini, P.: 2009MNRAS397, 1776

Franceschini, A., Aussel, H., Cesarsky, C. J., Elbaz, Ol ,Fadda, D.: 2001A&A 378 1



References 120

Franceschini, A., Bassani, L., Cappi, M., Granato, G. L.Jadati, G., Palazzi, E., and Persic, M.: 2000-A
353 910

Franceschini, A., Braito, V., Persic, M., Della Ceca, R.s&mi, L., Cappi, M., Malaguti, P., Palumbo, G. G. C.,
Risaliti, G., Salvati, M., and Severgnini, P.: 2008NRAS343 1181

Franceschini, A., Hasinger, G., Miyaji, T., and Malquori; @999, MNRAS310, L5
Franceschini, A., Mazzei, P., de Zotti, G., and Danese, 9941 ApJ427, 140

Frayer, D. T., lvison, R. J., Scoville, N. Z., Evans, A. S.nYM. S., Smalil, ., Barger, A. J., Blain, A. W., and
Kneib, J.-P.: 1999ApJ514 L13

Frayer, D. T., lvison, R. J., Scoville, N. Z., Yun, M., EvaAs,S., Small, |., Blain, A. W., and Kneib, J.-P.: 1998,
ApJ506, L7

Freeman, P., Doe, S., and Siemiginowska, A.: 2001, in J.&rcBt& F. D. Murtagh (ed.)Society of Photo-
Optical Instrumentation Engineers (SPIE) Conferenceedeyol. 4477 ofPresented at the Society of Photo-
Optical Instrumentation Engineers (SPIE) Conferenme76—-87

Fruscione, A., McDowell, J. C., Allen, G. E., Brickhouse, 8|, Burke, D. J., Davis, J. E., Durham, N., Elvis,
M., Galle, E. C., Harris, D. E., Huenemoerder, D. P., Houck.J Ishibashi, B., Karovska, M., Nicastro, F.,
Noble, M. S., Nowak, M. A., Primini, F. A., Siemiginowska,,/smith, R. K., and Wise, M.: 2006, Bociety
of Photo-Optical Instrumentation Engineers (SPIE) Coaffiee Serigsvol. 6270 ofPresented at the Society
of Photo-Optical Instrumentation Engineers (SPIE) Coerfee

Fukazawa, Y., Makishima, K., and Ohashi, T.: 200ASJ56, 965
Gallimore, J. F., Baum, S. A., and O'Dea, C. P.: 198ature388 852
Gao, Y. and Solomon, P. M.: 200ApJS152, 63

Gebhardt, K., Bender, R., Bower, G., Dressler, A., Fabe¥] SFilippenko, A. V., Green, R., Grillmair, C., Ho,
L. C., Kormendy, J., Lauer, T. R., Magorrian, J., PinkneyRichstone, D., and Tremaine, S.: 208(@J539,
L13

Genzel, R. and Cesarsky, C. J.: 200(RA-A 38, 761

Genzel, R,, Lutz, D., Sturm, E., Egami, E., Kunze, D., MooodpA. F. M., Rigopoulou, D., Spoon, H. W. W.,
Sternberg, A., Tacconi-Garman, L. E., Tacconi, L., and Tehdd.: 1998,ApJ498 579

George, I. M. and Fabian, A. C.: 199INRAS249, 352
Ghisellini, G., Haardt, F., and Matt, G.: 199INRAS267, 743
Gierlinski, M. and Done, C.: 2008MINRAS349, L7

Gierlinski, M. and Done, C.: 2008yINRAS371, L16

Gilli, R.: 2004, Advances in Space ReseaBh 2470

Gilli, R., Comastri, A., and Hasinger, G.: 200&&A 463 79



References 121

Gonzalez-Delgado, R. M., Perez, E., Diaz, A. |., Garciagdat M. L., Terlevich, E., and Vilchez, J. M.: 1995,
ApJ439 604

Goodrich, R. W., Veilleux, S., and Hill, G. J.: 199ApJ422 521

Granato, G. L., Danese, L., and Franceschini, A.: 19986]460, L11

Granato, G. L., De Zotti, G., Silva, L., Bressan, A., and Damé... 2004 ApJ600, 580

Haardt, F., Maraschi, L., and Ghisellini, G.: 199%J432 L95

Haas, M., Chini, R., Meisenheimer, K., Stickel, M., Lemke, Klaas, U., and Kreysa, E.: 1998pJ503 L109

Haas, M., Miller, S. A. H., Chini, R., Meisenheimer, K., kg U., Lemke, D., Kreysa, E., and Camenzind, M.:
2000,A&A 354, 453

Hall, P. B., Ellingson, E., and Green, R. F.: 1994113 1179

Haring, N. and Rix, H.: 2004ApJ604, L89

Harwit, M. and Pacini, F.: 19750pJ200, L127

Hasinger, G.: 2008A&A 490, 905

Hasinger, G., Miyaji, T., and Schmidt, M.: 200B&A 441, 417

Heavens, A., Panter, B., Jimenez, R., and Dunlop, J.: 2Ré#yre428 625

Hines, D. C., Schmidt, G. D., Gordon, K. D., Wills, B. J., SmiP. S., Allen, R. G., and Sitko, M. L.: 2001,
Bulletin of the American Astronomical Soci&; 899

Hines, D. C., Schmidt, G. D., Smith, P. S., Cutri, R. M., ana\,.&. J.: 1995ApJ450, L1
Hines, D. C., Schmidt, G. D., Wills, B. J., Smith, P. S., anev®aki, L. G.: 1999,ApJ512 145
Ho, L. C.: 1999,ApJ516, 672

Hopkins, P. F., Hernquist, L., Cox, T. J., Di Matteo, T., MiirtP., Robertson, B., and Springel, V.: 2005pJ
630, 705

Hopkins, P. F., Richards, G. T., and Hernquist, L.: 208,654, 731

Houck, J. R., Roellig, T. L., van Cleve, J., Forrest, W. J.rtele T., Lawrence, C. R., Matthews, K., Reitsema,
H. J., Soifer, B. T., Watson, D. M., Weedman, D., Huisjen, Mgeltzsch, J., Barry, D. J., Bernard-Salas, J.,
Blacken, C. E., Brandl, B. R., Charmandaris, V., Devost,&ull, G. E., Hall, P., Henderson, C. P., Higdon,
S.J. U., Pirger, B. E., Schoenwald, J., Sloan, G. C., Uclidh, Appleton, P. N., Armus, L., Burgdorf, M. J.,
Fajardo-Acosta, S. B., Grillmair, C. J., Ingalls, J. G., MarP. W., and Teplitz, H. I.: 2004ApJS154, 18

Houck, J. R., Schneider, D. P., Danielson, G. E., Neugeb&igeEoifer, B. T., Beichman, C. A., and Lonsdale,
C.J.: 1985ApJ290 L5

Hughes, D. H., Dunlop, J. S., and Rawlings, S.: 199RNRAS289, 766

Hunter, D. A., Elmegreen, B. G., and Ludka, B. C.: 20A0,139, 447



References 122

Imanishi, M., Dudley, C. C., Maiolino, R., Maloney, P. R.,I@awa, T., and Risaliti, G.: 200ApJS171, 72
Immeli, A., Samland, M., Gerhard, O., and Westera, P.: 20@4A 413, 547

Irwin, M. J., Ibata, R. A., Lewis, G. F., and Totten, E. J.: 898pJ505 529

Isobe, T., Feigelson, E. D., and Nelson, P. |.: 19BBAS17, 573

Isobe, T., Feigelson, E. D., and Nelson, P. |.: 1986J306, 490

Iwasawa, K.: 1999MNRAS302 96

Iwasawa, K., Crawford, C. S., Fabian, A. C., and Wilman, R2005, MNRAS362 L20

Iwasawa, K., Fabian, A. C., and Ettori, S.: 200ANRAS321, L15

Iwasawa, K., Fabian, A. C., and Matt, G.: 19MNRAS289, 443

Jdafe, W., Meisenheimer, K., Rottgering, H. J. A., Leinert, Richichi, A., Chesneau, O., Fraix-Burnet, D.,
Glazenborg-Kluttig, A., Granato, G., Graser, U., HeijligieB., Kohler, R., Malbet, F., Miley, G. K., Paresce,
F., Pel, J., Perrin, G., Przygodda, F., Schoeller, M., Sqgl\Waters, L. B. F. M., Weigelt, G., Woillez, J., and
de Zeeuw, P. T.: 2004\ ature429, 47

Jiménez-Bailon, E., Santos-Lle6, M., Piconcelli, Eati G., Guainazzi, M., and Rodriguez-Pascual, P.: 2007,
A&GA 461,917

Joint IRAS Science Working Group: 1988, lIRAS Point Source Catalog (1988)

Joseph, R. D.: 199Ap&SS266, 321

Kaastra, J. S. and Mewe, R.: 1998;AS97, 443

Kellogg, E., Baldwin, J. R., and Koch, D.: 197ApJ199, 299

Kelly, B. C., Bechtold, J., Trump, J. R., Vestergaard, Md &emiginowska, A.: 2008ApJS176, 355

Kendziorra, E., Bihler, E., Grubmiller, W., Kretschmar, Buster, M., Pflueger, B., Staubert, R., Braeuninger,
H. W., Briel, U. G., Meidinger, N., Pféermann, E., Reppin, C., Stoetter, D., Strueder, L., HglK@mmer, J.,
Soltau, H., and von Zanthier, C.: 1997, in O. H. Siegmund andNcummin (eds.)Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Selek 3114 ofSociety of Photo-Optical Instrumentation
Engineers (SPIE) Conference Seripp 155-165

Kendziorra, E., Colli, M., Kuster, M., Staubert, R., Meidgr, N., and Pféermann, E.: 1999, in O. H. Siegmund
and K. A. Flanagan (eds$ociety of Photo-Optical Instrumentation Engineers (SR&ference Serie¥ol.
3765 ofSociety of Photo-Optical Instrumentation Engineers (§R&nference Seriepp 204-214

Kennicutt, R. C.: 1998ApJ498 541
Kewley, L. J., Dopita, M. A., Sutherland, R. S., Heisler, C, &nd Trevena, J.: 200ApJ556, 121

Kii, T., Williams, O. R., Ohashi, T., Awaki, H., Hayashida, ,Knoue, H., Kondo, H., Koyama, K., Makino, F.,
Makishima, K., Saxton, R. D., Stewart, G. C., Takano, S.akan Y., and Turner, M. J. L.: 1991ApJ 367,
455



References 123

Kim, C., Kim, W., and Ostriker, E. C.: 200&pJ681, 1148
Kim, D. and Sanders, D. B.: 1998pJS119, 41
Kleinmann, D. E. and Low, F. J.: 1978pJ159 L165

Kleinmann, S. G., Hamilton, D., Keel, W. C., Wynn-Williants, G., Eales, S. A., Becklin, E. E., and Kuntz,
K. D.: 1988,ApJ328 161

Komatsu, E., Dunkley, J., Nolta, M. R., Bennett, C. L., Gdd, Hinshaw, G., Jarosik, N., Larson, D., Limon,
M., Page, L., Spergel, D. N., Halpern, M., Hill, R. S., Kog#t, Meyer, S. S., Tucker, G. S., Weiland, J. L.,
Wollack, E., and Wright, E. L.: 200%pJS180, 330

Kormendy, J. and Gebhardt, K.: 2001, in J. C. Wheeler and HtéVgeds.),20th Texas Symposium on rela-
tivistic astrophysicsvol. 586 of American Institute of Physics Conference Senes863

Kormendy, J. and Sanders, D. B.: 199J390, L53
Krumholz, M. R., Matzner, C. D., and McKee, C. F.: 20@§J653 361

Kuster, M., Benlloch, S., Kendziorra, E., and Briel, U. G999, in O. H. Siegmund and K. A. Flanagan
(eds.),Society of Photo-Optical Instrumentation Engineers (§Rl&nference Serie¥ol. 3765 ofSociety of
Photo-Optical Instrumentation Engineers (SPIE) Confee=8eriespp 673—682

Lambas, D. G., Tissera, P. B., Alonso, M. S., and Coldwell,2B03, MNRAS346, 1189

Larson, R. B.: 1987, in S. M. Faber (edYearly Normal Galaxies. From the Planck Time to the Presppt
26-35

Laurent, O., Mirabel, I. F., Charmandaris, V., GallaisMadden, S. C., Sauvage, M., Vigroux, L., and Cesarsky,
C.: 2000,A&A 359, 887

Lawrence, A.: 1991MNRAS252, 586

Leech, K. J., Rowan-Robinson, M., Lawrence, A., and HugheB,: 1994 MNRAS267, 253

Leighly, K. M., Halpern, J. P, Helfand, D. J., Becker, R. &d Impey, C. D.: 2001AJ 121, 2889
Leighly, K. M., Halpern, J. P., Jenkins, E. B., Grupe, D., Clq and Prescott, K. B.: 200ApJ663 103

Lilly, S. J., Eales, S. A., Gear, W. K. P, Hammer, F., Le [EeW®., Crampton, D., Bond, J. R., and Dunne, L.:
1999,ApJ518 641

Lipari, S., Terlevich, R., Diaz, R. J., Taniguchi, Y., ZAge W., Tsvetanov, Z., Carranza, G., and Dottori, H.:
2003, MNRAS340, 289

Lonsdale, C. J., Farrah, D., and Smith, H. E.: 2008#aluminous Infrared Galaxieg. 285, Springer Verlag

Lonsdale, C. J., Omont, A., Polletta, M. d. C., Zylka, R., f&uD., Smith, Jr., H. E., Berta, S., Bavouzet, N.,
Lagache, G., Farrah, D., Bertoldi, F., Cox, P., de BreuckP®le, H., Lutz, D., Tacconi, L., Perez-Fournon,
I., Aussel, H., McCracken, H., Clements, D., Rowan-Rohmdd., Franceschini, A., Frayer, D., Surace, J.,
and Siana, B.: 2006b, iBulletin of the American Astronomical Socie¥pl. 38 of Bulletin of the American
Astronomical Sociefyp. 1171



References 124

Lonsdale, C. J., Smith, H. E., Rowan-Robinson, M., Surac&hlpe, D., Xu, C., Oliver, S., Padgett, D., Fang,
F., Conrow, T., Franceschini, A., Gautier, N., fri, M., Hacking, P., Masci, F., Morrison, G., O’Linger,
J., Owen, F., Pérez-Fournon, ., Pierre, M., Puetter, R¢ey, G., Castro, S., Polletta, M. d. C., Farrah, D.,
Jarrett, T., Frayer, D., Siana, B., Babbedge, T., Dye, &, Wb, Gonzalez-Solares, E., Salaman, M., Berta,
S., Condon, J. J., Dole, H., and Serjeant, S.: 260&P115 897

Loose, H. H., Kruegel, E., and Tutukov, A.: 198%¢A 105, 342

Lopez-SancheA. R. and Esteban, C.: 20084A 491, 131

Lépez-Sanchez, A. R. and Esteban, C.: 2089A 508 615

Low, F. J., Cutri, R. M., Kleinmann, S. G., and Huchra, J. B89, ApJ340, L1

Low, J. and Kleinmann, D. E.: 196&J 73, 868

Lutz, D., Maiolino, R., Spoon, H. W. W., and Moorwood, A. F.:.N2004,A&A 418 465
Magdziarz, P. and Zdziarski, A. A.: 199MNRAS273 837

Magorrian, J., Tremaine, S., Richstone, D., Bender, R., &8p@., Dressler, A., Faber, S. M., Gebhardt, K.,
Green, R., Grillmair, C., Kormendy, J., and Lauer, T.: 1988115, 2285

Maiolino, R., Shemmer, O., Imanishi, M., Netzer, H., Olifa, Lutz, D., and Sturm, E.: 200A&A 468, 979

Marconi, A., Comastri, A., Gilli, R., Hasinger, G., Hunt, K., Maiolino, R., Risaliti, G., and Salvati, M.: 2006,
Memorie della Societa Astronomica Italiaia, 742

Marconi, A., Risaliti, G., Gilli, R., Hunt, L. K., MaiolinoR., and Salvati, M.: 2004/ INRAS351, 169
Masegosa, J. and Marquez, |.: 20@%&SS284, 483

Mason, K. O., Breeveld, A., Much, R., Carter, M., CordovaAF.Cropper, M. S., Fordham, J., Huckle, H., Ho,
C., Kawakami, H., Kennea, J., Kennedy, T., Mittaz, J., Pgride Priedhorsky, W. C., Sasseen, T., Shirey,
R., Smith, P., and Vreux, J.-M.: 200A&A 365, L36

Mateos, S., Barcons, X., Carrera, F. J., Ceballos, M. T.claa@a, A., Lamer, G., Maccacaro, T., Page, M. J.,
Schwope, A., and Watson, M. G.: 2005s6-A 433 855

Mateos, S., Barcons, X., Carrera, F. J., Ceballos, M. T.indas, G., Lehmann, |., Fabian, A. C., and Streblyan-
ska, A.: 2005bA&A 444,79

Mateos, S., Carrera, F. J., Page, M. J., Watson, M. G., Gétraledds, J. A., Ebrero, J., Krumpe, M., Schwope,
A., and Ceballos, M. T.: 2010A&A 510, A35+

Matsuhara, H., Wada, T., Matsuura, S., Nakagawa, T., KawsldaOhyama, Y., Pearson, C. P., Oyabu, S.,
Takagi, T., Serjeant, S., White, G. J., Hanami, H., Watdtaj, Takeuchi, T. T., Kodama, T., Arimoto, N.,
Okamura, S., Lee, H. M., Pak, S., Im, M. S., Lee, M. G., Kim, épng, W., Imai, K., Fujishiro, N.,
Shirahata, M., Suzuki, T., Ihara, C., and Sakon, I.: 2008558, 673

Matt, G., Fabian, A. C., Guainazzi, M., Iwasawa, K., Basshniand Malaguti, G.: 2000MNRAS318 173



References 125

Matt, G., Guainazzi, M., Frontera, F., Bassani, L., BraWdtN., Fabian, A. C., Fiore, F., Haardt, F., Iwasawa,
K., Maiolino, R., Malaguti, G., Marconi, A., Matteuzzi, AMolendi, S., Perola, G. C., Piraino, S., and Piro,
L.: 1997,A&A 325 L13

Matt, G., Guainazzi, M., and Maiolino, R.: 200BINRAS342, 422

McKee, C. F. and Ostriker, E. C.: 200RRAA 45, 565

McLure, R. J. and Dunlop, J. S.: 200@INRAS331, 795

McLure, R. J. and Jarvis, M. J.: 200INRAS337, 109

McMahon, R. G., Priddey, R. S., Omont, A., Snellen, |., andhikigton, S.: 1999MNRAS309, L1
Mewe, R., Gronenschild, E. H. B. M., and van den Oord, G. H1985,A&AS62, 197

Mihos, J. C. and Hernquist, L.: 1998pJ464, 641

Miller, M. C.: 2006, MNRAS367, L32

Moorwood, A. F. M.: 1996 Space Science RevieWs 303

Morel, T., Efstathiou, A., Serjeant, S., Marquez, |., Mga®a, J., Héraudeau, P., Surace, C., Verma, A., Oliver,
S., Rowan-Robinson, M., Georgantopoulos, |., Farrah, ix&nder, D. M., Pérez-Fournon, ., Willott, C. J.,
Cabrera-Guerra, F., Gonzalez-Solares, E. A., Cabrerarsad., Gonzalez-Serrano, J. |., Ciliegi, P., Pozzi,
F., Matute, 1., and Flores, H.: 200MNRAS327, 1187

Moshir, M., Kopan, G., Conrow, T., McCallon, H., Hacking, Bregorich, D., Rohrback, G., Melnyk, M., Rice,
W., Fullmer, M., White, J., and Chester, T.: 1990JRAS Faint Source Catalogue, version 2.0 (1990)

Murakami, H., Baba, H., Barthel, P., Clements, D. L., Cohén,Doi, Y., Enya, K., Figueredo, E., Fujishiro,
N., Fujiwara, H., Fujiwara, M., Garcia-Lario, P., Goto, Hasegawa, S., Hibi, Y., Hirao, T., Hiromoto, N.,
Hong, S. S., Imai, K., Ishigaki, M., Ishiguro, M., Ishihafa,, Ita, Y., Jeong, W., Jeong, K. S., Kaneda, H.,
Kataza, H., Kawada, M., Kawai, T., Kawamura, A., Kessler,A\ Kester, D., Kii, T., Kim, D. C., Kim, W.,
Kobayashi, H., Koo, B. C., Kwon, S. M., Lee, H. M., Lorente, Rlakiuti, S., Matsuhara, H., Matsumoto,
T., Matsuo, H., Matsuura, S., Muller, T. G., Murakami, Nag#ta, H., Nakagawa, T., Naoi, T., Narita, M.,
Noda, M., Oh, S. H., Ohnishi, A., Ohyama, Y., Okada, Y., Okuda Oliver, S., Onaka, T., Ootsubo, T.,
Oyabu, S., Pak, S., Park, Y., Pearson, C. P., Rowan-RohiMosaito, T., Sakon, I., Salama, A., Sato, S.,
Savage, R. S., Serjeant, S., Shibai, H., Shirahata, M., Soh8uzuki, T., Takagi, T., Takahashi, H., Tanabé,
T., Takeuchi, T. T., Takita, S., Thomson, M., Uemizu, K., 0eNl., Usui, F., Verdugo, E., Wada, T., Wang,
L., Watabe, T., Watarai, H., White, G. J., Yamamura, |., Yaoka, C., and Yasuda, A.: 200PASJI59, 369

Murphy, Jr., T. W., Armus, L., Matthews, K., Soifer, B. T., Maarella, J. M., Shupe, D. L., Strauss, M. A., and
Neugebauer, G.: 199&J111, 1025

Mushotzky, R. F.: 2004, in J. S. Mulchaey, A. Dressler, an®DAmler (eds.)Clusters of Galaxies: Probes of
Cosmological Structure and Galaxy Evolutjgn 123

Mushotzky, R. F., Fabian, A. C., lwasawa, K., Kunieda, H.t8aka, M., Nandra, K., and Tanaka, Y.: 1995,
MNRAS272 L9



References 126

Nandra, K., Fabian, A. C., Brandt, W. N., Kunieda, H., MatsaidVl., Mihara, T., Ogasaka, Y., and Terashima,
Y.: 1995, MNRAS276, 1

Nandra, K. and Iwasawa, K.: 200MNRAS382, L1

Nandra, K., O'Neill, P. M., George, I. M., and Reeves, J. NNO2, MNRAS382, 194
Nandra, K. and Pounds, K. A.: 199¥|NRAS268, 405

Narayan, R., Tchekhovskoy, A., and McKinney, J. C.: 20AXiv e-prints

Nardini, E., Risaliti, G., Salvati, M., Sani, E., Imanish,, Marconi, A., and Maiolino, R.: 2008yINRAS385,
L130

Nardini, E., Risaliti, G., Salvati, M., Sani, E., Watabe, Marconi, A., and Maiolino, R.: 2009MNRAS399,
1373

Nardini, E., Risaliti, G., Watabe, Y., Salvati, M., and Saai: 2010,MNRASp. 584

Netzer, H., Lutz, D., Schweitzer, M., Contursi, A., Sturm, Eacconi, L. J., Veilleux, S., Kim, D.-C., Rupke,
D., Baker, A. J., Dasyra, K., Mazzarella, J., and Lord, SO2®pJ666 806

Neugebauer, G., Green, R. F., Matthews, K., Schmidt, Mfegd. T., and Bennett, J.: 198ApJS63, 615

Norman, C., Hasinger, G., Giacconi, R., Gilli, R., Kewley, Nonino, M., Rosati, P., Szokoly, G., Tozzi, P.,
Wang, J., Zheng, W., Zirm, A., Bergeron, J., Gilmozzi, R.o@n, N., Koekemoer, A., and Schreier, E.:
2002,ApJ571, 218

Ogasaka, Y., Inoue, H., Brandt, W. N., Fabian, A. C., Kii,Nakagawa, T., Fujimoto, R., and Otani, C.: 1997,
PASJ9, 179

Oliver, S., Rowan-Robinson, M., Alexander, D. M., Almai@i, Balcells, M., Baker, A. C., Barcons, X., Barden,
M., Bellas-Velidis, I., Cabrera-Guerra, F., Carballo, ®esarsky, C. J., Ciliegi, P., Clements, D. L., Crockett,
H., Danese, L., Dapergolas, A., Drolias, B., Eaton, N., &fgbu, A., Egami, E., Elbaz, D., Fadda, D., Fox,
M., Franceschini, A., Genzel, R., Goldschmidt, P., Grahiim,Gonzalez-Serrano, J. |., Gonzalez-Solares,
E. A., Granato, G. L., Gruppioni, C., Herbstmeier, U., H&taau, P., Joshi, M., Kontizas, E., Kontizas, M.,
Kotilainen, J. K., Kunze, D., La Franca, F., Lari, C., LawcenA., Lemke, D., Linden-Vgrnle, M. J. D.,
Mann, R. G., Marquez, |., Masegosa, J., Mattila, K., McMahR. G., Miley, G., Missoulis, V., Mobasher,
B., Morel, T., Ngrgaard-Nielsen, H., Omont, A., PapadopsuP., Perez-Fournon, I., Puget, J., Rigopoulou,
D., Rocca-Volmerange, B., Serjeant, S., Silva, L., SumnefSurace, C., Vaisanen, P., van der Werf, P. P.,
Verma, A., Vigroux, L., Villar-Martin, M., and Willott, C. .3 2000, MNRAS316, 749

Omont, A., McMahon, R. G., Bergeron, J., Cox, P., Guilloteay Kreysa, E., Pajot, F., Pécontal, E., Petitjean,
P., Solomon, P. M., and Storrie-Lombardi, L. J.: 1997, inekg&ron (ed.)The Early Universe with the VLT.
p. 357

Osterbrock, D. E.: 198Rstrophysics of gaseous nebulae and active galactic nudidiValley, CA, University
Science Books

Overzier, R. A., Heckman, T. M., Kdilmann, G., Seibert, M., Rich, R. M., Basu-Zych, A., Lotz, Jgiéi, A.,
Charlot, S., Hoopes, C., Martin, D. C., Schiminovich, D.da&tadore, B.: 2008ApJ677, 37



References 127

Page, M. J., Carrera, F. J., Ebrero, J., Stevens, J. A., @aahl\R. J.: 2007, in V. Charmandaris, D. Rigopoulou,
and N. Kylafis (eds.)Studying Galaxy Evolution with Spitzer and Herschel

Page, M. J., Davis, S. W., and Salvi, N. J.: 200BYRAS343 1241
Page, M. J., Mittaz, J. P. D., and Carrera, F. J.: 2000RAS325 575

Panessa, F., Barcons, X., Bassani, L., Cappi, M., Carrerd,, Padina, M., Ho, L. C., lwasawa, K., and
Pellegrini, S.: 2007, in T. di Salvo, G. L. Israel, L. Piersdan Burderi, G. Matt, A. Tornambe, & M. T. Menna
(ed.), The Multicolored Landscape of Compact Objects and TheildSkpe Origins Vol. 924 of American
Institute of Physics Conference Seripp 830-835

Panessa, F., Bassani, L., Cappi, M., Dadina, M., BarconCatrera, F. J., Ho, L. C., and lwasawa, K.: 2006,
A&A 455 173

Pearson, C. and Khan, S. A.: 2000NRAS399, L11
Peeters, E., Spoon, H. W. W., and Tielens, A. G. G. M.: 204211613, 986
Persic, M. and Rephaeli, Y.: 2002&A 382 843

Persic, M., Rephaeli, Y., Braito, V., Cappi, M., Della CeRa, Franceschini, A., and Gruber, D. E.: 20@%A
419, 849

Peterson, B. M.: 1997An Introduction to Active Galactic NucleCambridge University Press
Piconcelli, E., Fiore, F., Nicastro, F., Mathur, S., Brugl, Comastri, A., and Puccetti, S.: 200K&A 473 85

Piconcelli, E., Jimenez-Bailon, E., Guainazzi, M., S¢blaN., Rodriguez-Pascual, P. M., and Santos-Lle6, M.:
2005,A&A 432 15

Price, D. J. and Bate, M. R.: 200MMNRAS398, 33

Prieto, M. A., Reunanen, J., Tristram, K. R. W., Neumayer,férnandez-Ontiveros, J. A., Orienti, M., and
Meisenheimer, K.: 2010MINRASA02, 724

Ptak, A., Heckman, T., Levenson, N. A., Weaver, K., and Bfaicd, D.: 2003 ApJ592, 782

Quinn, P. J., Barnes, D. G., Csabai, I., Cui, C., Genova, &nisth, B., Kembhavi, A., Kim, S. C., Lawrence,
A., Malkov, O., Ohishi, M., Pasian, F., Schade, D., and Voi§és 2004, in P. J. Quinn & A. Bridger (ed.),
Society of Photo-Optical Instrumentation Engineers (3RI&nference Seried0l. 5493 of Presented at the
Society of Photo-Optical Instrumentation Engineers (JRI&nferencepp 137-145

Read, A. M. and Ponman, T. J.: 2008¢-A 409, 395
Reeves, J. N. and Turner, M. J. L.: 2000NRAS316, 234
Rephaeli, Y., Gruber, D., and Persic, M.: 199%;A 300 91

Richards, G. T., Lacy, M., Storrie-Lombardi, L. J., HallB?, Gallagher, S. C., Hines, D. C., Fan, X., Papovich,
C., Vanden Berk, D. E., Trammell, G. B., Schneider, D. P.t&emard, M., York, D. G., Jester, S., Anderson,
S. F., Budavéri, T., and Szalay, A. S.: 200§ JS166, 470



References 128

Rieke, G. H.: 1988ApJ331, L5

Rieke, G. H. and Lebofsky, M. J.: 197BRAGA 17, 477
Rieke, G. H. and Low, F. J.: 1972pJ176, L95

Rieke, G. H. and Low, F. J.: 1973pJ197, 17

Rieke, G. H., Young, E. T., Engelbracht, C. W., Kelly, D. Mgw, F. J., Haller, E. E., Beeman, J. W., Gordon,
K. D., Stansberry, J. A., Misselt, K. A., Cadien, J., Morrisd. E., Rivlis, G., Latter, W. B., Noriega-Crespo,
A., Padgett, D. L., Stapelfeldt, K. R., Hines, D. C., Egami, Muzerolle, J., Alonso-Herrero, A., Blaylock,
M., Dole, H., Hinz, J. L., Le Floc’h, E., Papovich, C., P&@nnzalez, P. G., Smith, P. S., Su, K. Y. L.,
Bennett, L., Frayer, D. T., Henderson, D., Lu, N., Masci,Hesenson, M., Rebull, L., Rho, J., Keene, J.,
Stolovy, S., Wachter, S., Wheaton, W., Werner, M. W., anchRids, P. L.: 2004ApJS154, 25

Rigopoulou, D., Franceschini, A., Aussel, H., Genzel, R der Werf, P., Cesarsky, C. J., Dennefeld, M.,
Oliver, S., Rowan-Robinson, M., Mann, R. G., Perez-Fourhpand Rocca-Volmerange, B.: 2008pJ537,
L85

Risaliti, G. and Elvis, M.: 2004 A Panchromatic View of AGNb. 187, ASSL Vol. 308: Supermassive Black
Holes in the Distant Universe

Risaliti, G., Imanishi, M., and Sani, E.: 201MNRA3401, 197

Risaliti, G., Maiolino, R., Marconi, A., Sani, E., Berta, Braito, V., Ceca, R. D., Franceschini, A., and Salvati,
M.: 2006, MNRAS365, 303

Rix, H., Rieke, G., Rieke, M., and Carleton, N. P.: 199(J363, 480

Ross, R. R. and Fabian, A. C.: 1998NRAS261, 74

Rowan-Robinson, M.: 1993\ INRAS272, 737

Rowan-Robinson, M.: 2000MNRAS316, 885

Rowan-Robinson, M., Saunders, W., Lawrence, A., and Le€ct,991, MNRAS253 485
Rowan-Robinson, M., Valtchanov, |., and Nandra, K.: 200JRAS397, 1326

Ruiz, A., Carrera, F. J., and Panessa, F.: 2006, in A. Wilsdn)(The X-ray Universe 2005/0l. 604 of ESA
Special Publicationp. 659

Ruiz, A., Carrera, F. J., and Panessa, F.: 20Q¥A 471, 775

Ruiz, A., Carrera, F. J., Panessa, F., and Miniutti, G.: 2010 J. M. Diego, L. J. Goicoechea, J. |. Gonzalez-
Serrano, & J. Gorgas (edhljghlights of Spanish Astrophysics . 347

Ruiz, A., Miniutti, G., Panessa, F., and Carrera, F. J.: BOB@ A, in press (astro-ptt003.0800)
Ruiz, A., Risaliti, G., Nardini, E., Panessa, F., and CarEr J.: 2010cin preparation

Ruiz, M., Rieke, G. H., and Sheilds, J. D.: 1994,Bulletin of the American Astronomical SocieWpl. 26 of
Bulletin of the American Astronomical Socigbty 1356



References 129

Sanders, D. B., Mazzarella, J. M., Kim, D., Surace, J. A., 8oifer, B. T.: 2003AJ 126, 1607
Sanders, D. B. and Mirabel, I. F.: 1998RA&A 34, 749
Sanders, D. B., Phinney, E. S., Neugebauer, G., Soifer,, Bn@. Matthews, K.: 1989%pJ347, 29

Sanders, D. B., Soifer, B. T., Elias, J. H., Madore, B. F., thiaws, K., Neugebauer, G., and Scoville, N. Z.:
1988,ApJ325 74

Sarazin, C. L.: 1986Reviews of Modern Physié&s, 1
Sargsyan, L. A. and Weedman, D. W.: 20@$J701, 1398

Saunders, W., Sutherland, W., Efstathiou, G., Tadros, lddbx, S., White, S., Oliver, S., Keeble, O., Rowan-
Robinson, M., and Frenk, C.: 1995, in S. J. Maddox and A. Ana§alamanca (eds.\Vide Field Spec-
troscopy and the Distant Universpe. 88

Saxton, R. D., Barstow, M. A., Turner, M. J. L., Williams, O., Btewart, G. C., and Kii, T.: 199 MNRAS289,
196

Schmitt, H. R., Kinney, A. L., Calzetti, D., and Storchi Bergnn, T.: 1997AJ 114, 592

Schweitzer, M., Lutz, D., Sturm, E., Contursi, A., TaccdniJ., Lehnert, M. D., Dasyra, K. M., Genzel, R.,
Veilleux, S., Rupke, D., Kim, D.-C., Baker, A. J., Netzer,, ISternberg, A., Mazzarella, J., and Lord, S.:
2006,ApJ649, 79

Scoville, N., Aussel, H., Brusa, M., Capak, P., Carollo, C, Klvis, M., Giavalisco, M., Guzzo, L., Hasinger,
G., Impey, C., Kneib, J.-P., LeFevre, O., Lilly, S. J., Mobas B., Renzini, A., Rich, R. M., Sanders, D. B.,
Schinnerer, E., Schminovich, D., Shopbell, P., Tanigu¢hiand Tyson, N. D.: 2007ApJS172 1

Serjeant, S., Mortier, A. M. J., lvison, R. J., Egami, E.,iRieG. H., Willner, S. P., Rigopoulou, D., Alonso-
Herrero, A., Barmby, P., Bei, L., Dole, H., Engelbracht, C, Wazio, G. G., Le Floc’h, E., Gordon, K. D.,
Greve, T. R., Hines, D. C., Huang, J., Misselt, K. A., Miyagak., Morrison, J. E., Papovich, C., Pérez-
Gonzalez, P. G., Rieke, M. J., Righy, J., and Wilson, G.:£20(pJS154, 118

Shakura, N. I. and Sunyaev, R. A.: 1978;A 24, 337
Shankar, F., Salucci, P., Granato, G. L., De Zotti, G., andd3a, L.: 2004MNRAS354, 1020

Shapiro, K. L., Genzel, R., Forster Schreiber, N. M., Tach. J., Bouché, N., Cresci, G., Davies, R., Eisen-
hauer, F., Johansson, P. H., Krajnovit, D., Lutz, D., N&abArimoto, N., Arribas, S., Cimatti, A., Colina,
L., Daddi, E., Daigle, O., Erb, D., Hernandez, O., Kong, Xighbli, M., Onodera, M., Renzini, A., Shapley,
A., and Steidel, C.: 2008A\pJ682 231

Shlosman, |., Begelman, M. C., and Frank, J.: 1998ture345, 679
Smail, I., Ivison, R. J., and Blain, A. W.: 199ApJ490, L5
Soifer, B. T. and Neugebauer, G.: 1994]101, 354

Soifer, B. T., Rowan-Robinson, M., Houck, J. R., de JongNéygebauer, G., Aumann, H. H., Beichman, C. A,,
Boggess, N., Clegg, P. E., Emerson, J. P., Gillett, F. C.ihtplH. J., Hauser, M. G., Low, F. J., Miley, G.,
and Young, E.: 1984ApJ278 L71



References 130

Soifer, B. T., Sanders, D. B., Madore, B. F., NeugebauerD@njelson, G. E., Elias, J. H., Lonsdale, C. J., and
Rice, W. L.: 1987, ApJ320, 238

Spergel, D. N., Verde, L., Peiris, H. V., Komatsu, E., Nok4,R., Bennett, C. L., Halpern, M., Hinshaw, G.,
Jarosik, N., Kogut, A., Limon, M., Meyer, S. S., Page, L., Rec G. S., Weiland, J. L., Wollack, E., and
Wright, E. L.: 2003,ApJS148 175

Spoon, H. W. W., Armus, L., Cami, J., Tielens, A. G. G. M., Ghih E., Peeters, E., Keane, J. V., Charmandaris,
V., Appleton, P. N., Teplitz, H. |., and Burgdorf, M. J.: 2004ApJS154, 184

Spoon, H. W. W., Marshall, J. A., Houck, J. R., Elitzur, M.,dJ&., Armus, L., Brandl, B. R., and Charmandaris,
V.: 2007,ApJ654, L49

Spoon, H. W. W., Moorwood, A. F. M., Lutz, D., Tielens, A. G. M., Siebenmorgen, R., and Keane, J. V.:
2004b,A&A 414,873

Springel, V. and Hernquist, L.: 2008pJ622, L9

Springel, V., White, S. D. M., Jenkins, A., Frenk, C. S., Yolsh N., Gao, L., Navarro, J., Thacker, R., Croton,
D., Helly, J., Peacock, J. A., Cole, S., Thomas, P., CouchmanEvrard, A., Colberg, J., and Pearce, F.:
2005, Nature435, 629

SSC: 2005]RS S11 Pipeline Handboppitzer Science Center, 1.0 edition
SSC: 2006]nfrared Array Camera Data HandboolSpitzer Science Center, 3.0 edition
SSC: 2008]nfrared Spectrograp Data HandbopBpitzer Science Center, 3.2 edition

Stdfen, A. T., Strateva, |., Brandt, W. N., Alexander, D. M., Keekoer, A. M., Lehmer, B. D., Schneider, D. P.,
and Vignali, C.: 2006AJ 131, 2826

Stevens, J. A., Jarvis, M. J., Coppin, K. E. K., Page, M. JeverT. R., Carrera, F. J., and lvison, R. J.: 2010,
MNRASp. 627

Stevens, J. A., Page, M. J., lvison, R. J., Carrera, F. Jtakjit). P. D., Small, |., and McHardy, I. M.: 2005,
MNRAS360, 610

Strateva, I. V., Brandt, W. N., Schneider, D. P., Vanden BBrkG., and Vignali, C.: 2005AJ 130, 387
Strickland, D. K., Heckman, T. M., Colbert, E. J. M., Hoop€sG., and Weaver, K. A.: 200ApJS151, 193

Struder, L., Briel, U., Dennerl, K., Hartmann, R., Kendz& E., Meidinger, N., Pféermann, E., Reppin, C.,
Aschenbach, B., Bornemann, W., Brauninger, H., BurkertBMnder, M., Freyberg, M., Haberl, F., Hartner,
G., Heuschmann, F., Hippmann, H., Kastelic, E., Kemmei&tenring, G., Kink, W., Krause, N., Miller,
S., Oppitz, A., Pietsch, W., Popp, M., Predehl, P., ReadSfephan, K. H., Stétter, D., Trimper, J., Holl, P.,
Kemmer, J., Soltau, H., Stotter, R., Weber, U., Weichert,ydn Zanthier, C., Carathanassis, D., Lutz, G.,
Richter, R. H., Solc, P., Bottcher, H., Kuster, M., StaapRr, Abbey, A., Holland, A., Turner, M., Balasini,
M., Bignami, G. F., La Palombara, N., Villa, G., Buttler, V&janini, F., Laing, R., Lumb, D., and Dhez, P.:
2001,A&A 365 L18



References 131

Sturm, E., Lutz, D., Verma, A., Netzer, H., Sternberg, A.,dlgood, A. F. M., Oliva, E., and Genzel, R.: 2002,
A&A 393 821

Surace, J. A, Sanders, D. B., Vacca, W. D., Veilleux, S.,Madzarella, J. M.: 1998ApJ492, 116
Telesco, C. M., Becklin, E. E., Wynn-Williams, C. G., and plar, D. A.: 1984 ApJ282 427

Teng, S. H., Veilleux, S., Anabuki, N., Dermer, C. D., Gallo,C., Nakagawa, T., Reynolds, C. S., Sanders,
D. B., Terashima, Y., and Wilson, A. S.: 2008pJ691, 261

Teng, S. H., Wilson, A. S., Veilleux, S., Young, A. J., Sarg}@®. B., and Nagar, N. M.: 200%pJ633 664
Tran, H. D.: 2001 ApJ554, L19

Tran, H. D., Brotherton, M. S., Stanford, S. A., van Breudl, Dey, A., Stern, D., and Antonucci, R.: 1999,
ApJ516, 85

Tran, H. D., Cohen, M. H., and Villar-Martin, M.: 2008,J 120, 562

Tran, Q. D., Lutz, D., Genzel, R., Rigopoulou, D., Spoon, H.\W, Sturm, E., Gerin, M., Hines, D. C.,
Moorwood, A. F. M., Sanders, D. B., Scoville, N., Taniguchi,and Ward, M.: 2001ApJ552 527

Treister, E., Krolik, J. H., and Dullemond, C.: 2008pJ679 140

Turner, M. J. L., Abbey, A., Arnaud, M., Balasini, M., BarlbemM., Belsole, E., Bennie, P. J., Bernard, J. P.,
Bignami, G. F., Boer, M., Briel, U., Butler, I., Cara, C., Glaad, C., Cole, R., Collura, A., Conte, M.,
Cros, A., Denby, M., Dhez, P., Di Coco, G., Dowson, J., FetmarP., Ghizzardi, S., Gianotti, F., Goodall,
C. V., Gretton, L., Gtifiths, R. G., Hainaut, O., Hochedez, J. F.,, Holland, A. D., daim, E., Kendziorra,
E., Lagostina, A., Laine, R., La Palombara, N., Lortholdvy, Lumb, D., Marty, P., Molendi, S., Pigot, C.,
Poindron, E., Pounds, K. A., Reeves, J. N., Reppin, C., Rdlilng, R., Salvetat, P., Sauvageot, J. L., Schmitt,
D., Sembay, S., Short, A. D. T., Spragg, J., Stephen, Lid8&tr'L., Tiengo, A., Trifoglio, M., Tramper, J.,
Vercellone, S., Vigroux, L., Villa, G., Ward, M. J., Whitehe, S., and Zonca, E.: 200A&A 365, L27

Turner, T. J. and Miller, L.: 2009A&A Rev.17, 47
Ueda, Y., Akiyama, M., Ohta, K., and Miyaji, T.: 2008pJ598 886

Ueda, Y., Eguchi, S., Terashima, Y., Mushotzky, R., TuellerMarkwardt, C., Gehrels, N., Hashimoto, Y., and
Potter, S.: 2007ApJ664, L79

Urry, C. M. and Padovani, P.: 199BASP107, 803

Vasudevan, R. V. and Fabian, A. C.: 2000NRAS392 1124

Veilleux, S., Kim, D.-C., and Sanders, D. B.: 1999J522, 113

Veilleux, S., Kim, D.-C., and Sanders, D. B.: 2002,JS143 315

Verma, A., Charmandatris, V., Klaas, U., Lutz, D., and Haas, 005, Space Science Reviedt9, 355
Verma, A., Rowan-Robinson, M., McMahon, R., and Andreasdfisou, A. E.: 2002MNRAS335, 574

Véron-Cetty, M.-P. and Véron, P.: 2008&A 455, 773



References 132

Vogel, S. N., Kulkarni, S. R., and Scoville, N. Z.: 1988ature334, 402
Wang, J., Wei, J. Y., and He, X. T.: 2008pJ638 106

Watson, M. G., Schroder, A. C., Fyfe, D., Page, C. G., LarGerMateos, S., Pye, J., Sakano, M., Rosen, S.,
Ballet, J., Barcons, X., Barret, D., Boller, T., Brunner, Brusa, M., Caccianiga, A., Carrera, F. J., Ceballos,
M., Della Ceca, R., Denby, M., Denkinson, G., Dupuy, S., 84r6., Fraschetti, F., Freyberg, M. J., Guillout,
P., Hambaryan, V., Maccacaro, T., Mathiesen, B., McMahoniMichel, L., Motch, C., Osborne, J. P., Page,
M., Pakull, M. W., Pietsch, W., Saxton, R., Schwope, A., $ga@i, P., Simpson, M., Sironi, G., Stewart, G.,
Stewart, I. M., Stobbart, A., Tedds, J., Warwick, R., Webh, West, R., Worrall, D., and Yuan, W.: 2009,
A&A 493 339

Werner, M. W., Roellig, T. L., Low, F. J., Rieke, G. H., Riekd,, Hoffmann, W. F., Young, E., Houck, J. R.,
Brandl, B., Fazio, G. G., Hora, J. L., Gehrz, R. D., Helou, &ifer, B. T., Staffer, J., Keene, J., Eisenhardt,
P., Gallagher, D., Gautier, T. N., Irace, W., Lawrence, CSimmons, L., Van Cleve, J. E., Jura, M., Wright,
E. L., and Cruikshank, D. P.: 200ApJS154, 1

White, N. E. and Hornschemeier, A. E.: 2009,American Astronomical Society Meeting Abstradtsl. 213
of American Astronomical Society Meeting Abstrapt217.02

White, N. E., Swank, J. H., and Holt, S. S.: 198$J270 711

Whitmore, B. C., Zhang, Q., Leitherer, C., Fall, S. M., Scizge, F., and Miller, B. W.: 1999AJ118 1551
Williams, J. P. and McKee, C. F.: 199ApJ476, 166

Wilman, R. J., Fabian, A. C., Crawford, C. S., and Cutri, R: B003, MNRAS338 L19

Wilman, R. J., Fabian, A. C., Cutri, R. M., Crawford, C. S.ddrandt, W. N.: 1998MNRAS300, L7
Woods, D. F,, Geller, M. J., and Barton, E. J.: 2083,132, 197

Yamashita, A., Matsumoto, C., Ishida, M., Inoue, H., Kii, Makishima, K., Takahashi, T., and Tashiro, M.:
1997,ApJ486, 763

Yan, L., Tacconi, L. J., Fiolet, N., Sajina, A., Omont, A.,tzuD., Zamojski, M., Neri, R., Cox, P., and Dasyra,
K. M.: 2010,ApJ 714,100

Yaqgoob, T. and Serlemitsos, P.: 200%J623 112
Yu, Q. and Tremaine, S.: 2008JNRAS335, 965
Yun, M. S. and Scoville, N. Z.: 1998pJ507, 774

Zwicky, F.: 1965,ApJ142 1293



	Declaración de Autoría
	Agradecimientos
	Resumen en castellano
	Summary
	List of Figures
	List of Tables
	1 Introduction
	1.1 Active galactic nuclei
	1.1.1 Emission mechanisms
	1.1.2 Spectral Energy Distribution
	1.1.3 The Unified Model

	1.2 Starburst galaxies
	1.2.1 Spectral Energy Distribution
	1.2.2 Starburst models

	1.3 Infrared Galaxies
	1.3.1 Ultraluminous Infrared Galaxies
	1.3.2 Hyperluminous Infrared Galaxies

	1.4 Co-evolution of galaxy formation and SMBH growth
	1.5 Aims of this thesis

	2 HLIRG samples
	2.1 Rowan-Robinson's HLIRG Sample
	2.2 Farrah's HLIRG Sample
	2.2.1 IRAS 13279+3401

	2.3 HLIRG samples assembled for this thesis
	2.3.1 XMM-Newton HLIRG Sample
	2.3.2 Spitzer HLIRG Sample

	2.4 Description of the sources

	3 An XMM-Newton Study of HLIRG
	3.1 Motivation
	3.2 The XMM-Newton X-ray observatory
	3.3 X-ray data reduction and analysis
	3.3.1 Data reduction
	3.3.2 Non-detected sources
	3.3.3 Cluster emission subtraction
	3.3.4 Spectral analysis
	3.3.5 Source by source analysis

	3.4 Discussion
	3.4.1 Comparison with IR emission
	3.4.2 Origin of the IR ``excess''
	3.4.3 Soft X-ray excess
	3.4.4 Cosmic evolution

	3.5 Conclusions

	4 Analysis of Spitzer-IRS spectra of HLIRG
	4.1 Motivation
	4.2 The Spitzer Space Telescope
	4.2.1 Infrared Array Camera
	4.2.2 Infrared Spectrograph
	4.2.3 Multiband Imaging Photometer for Spitzer

	4.3 Data reduction
	4.4 SB/AGN spectral decomposition
	4.4.1 Notes on particular sources

	4.5 Results
	4.5.1 Star formation rate from PAH emission
	4.5.2 AGN contribution to the IR luminosity
	4.5.3 Covering Factor

	4.6 Conclusions

	5 Spectral energy distributions of HLIRG
	5.1 Motivation
	5.2 Data compilation
	5.2.1 Radio
	5.2.2 Infrared
	5.2.3 Optical and UV
	5.2.4 X-ray
	5.2.5 Overall description of the SED

	5.3 SED fitting
	5.3.1 Templates

	5.4 Results
	5.4.1 Class A HLIRG
	5.4.2 Class B HLIRG
	5.4.3 Fitting without X-ray data
	5.4.4 Notes on particular sources

	5.5 Comparison with previous results
	5.5.1 X-ray emission
	5.5.2 IR SED: comparison with previous works

	5.6 Discussion and conclusions

	6 Conclusions and future work
	6.1 Conclusions
	6.2 Future work

	A Tables of SED data
	References

