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Introduccion

1.1 Comprendiendo la evolucion general de las galaxias

El desarrollo cientifico de la ultima década que mas ha irdleid los estudios de formacién y
evolucion de galaxias es el firme establecimiento del modesmol6gicoACDM de energia y
materia oscuras. En este modelo, el Universo se compone @@%ire energia oscura, un 25%
de materia oscura y tan sélo el 5% de materia ordinaria (iaap Desarrollado a comienzo de la
década de los 80 (Peebles 1982), el éxito del modl€IbM subyace en su capacidad para explicar
simultdneamente la naturaleza y estructura de la radideiéondo de microondas (CMB, Cosmic
Microwave Background, Smoot et al. 1992), la expansién dén@lerso, asi como la estructura a
gran escala observacional en la que las galaxias estarediggy(la telarafia cosmica; véase panel
izquierdo de la Figura 1.1).

El firme establecimiento de este paradigma ha supuesto ubi@a&n los objetivos prior-
itarios de los estudios de poblacion de galaxias, pasandmti de determinar con precision
los valores de los parametros cosmoldgicos a centrarsea&ttedzar los procesos que controlan
la formacién y evolucion de galaxias. Dado que ahora conosdos valores de la mayoria de
los parametros cosmoldgicos fundamentales con muchasjineciSpergel et al. 2003; Komatsu
et al. 2010), nos encontramos en una nueva era de cosmotgiagrecision donde el reto mas
importante es entender la formacion de galaxias.

Dentro del paradigma cosmologico acti@DM, nuestra idea de como funcionan los mecan-
ismos de formacion de galaxias se basa en la idea de que taumsdpequenia fraccion de la masa
total de una galaxia es materia luminosa. Por el contrasiopdyoria de su masa se encuentra
localizada en un halo de materia oscura no barionica quéc@it materia ordinaria y en ultima
instancia controla su evolucién (White & Rees 1978; Davialefl985; White & Frenk 1991).

El modelo ACMD ha proporcionado un contexto teérico que es muy eficiariteehora de car-
acterizar el comportamiento de estos halos de materiaaseloy en dia, la evolucion de estos
halos puede ser modelada con gran precision mediante lac&aade grandes, simulaciones de
N-cuerpos que describen su crecimiento a partir de fluatnasi primordiales que detectamos en
la radiacion de fondo de microondas. (Somerville & Prima8Rd; Cole et al. 2000; De Lucia
et al. 2004; Springel et al. 2005b; Bower et al. 2006; Crotosl.€2006). No obstante, a pesar de
sus importantes logros a la hora de explicar la formaciorstte@uras, todavia existen bastantes
desafios para explicar con precision el crecimiento jeiémde las galaxias. Por ejemplo, mien-
tras que los modela§CMD predicen con éxito los resultados observacionaleestibtribucion a
gran escala las galaxias, las simulaciones parecen predesxceso de pequefios halos de materia
oscura que no coinciden con el nimero de galaxias satétitagme observadas en el Grupo Local

1
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Figure 1.1: Izquierda: La telarafia cosmica tal y como aparece en los lmmdEDM. El cédigo de colores indica la
densidad de materia oscura a escalas de Gigaparsecs. bossdofillantes y oscuros muestran las zonas de mayor
y menor densidad, respectivamente. El grueso de la formastelar sucede en las areas mas brillantes. Derecha:
Vision esquematica de la evolucion del Universo desde latufeiones primordiales en el CMB, que aparecen poco
después del Big Bang, hasta la gran variedad de tipos deigmlgue se aprecian en el Universo local.

(Kauffmann et al. 1993; Mateo 1998; Moore et al. 1999). Adenas procesos fundamentales que
regulan la evolucion de las galaxias dentro de estos hassickecion de gas, la formacién estelar
y el “feedback” (el efecto de transmision de energia de unarmgeion de estrellas a la siguiente)

son extremadamente complejos, y por tanto aun no han sidotedzados con suficiente detalle

(Kauffmann & Haehnelt 2000; Granato et al. 2004; Springell €2005a).

Sin embargo, a pesar de estos problemas a la hora de moditacdade las interacciones

a escala galactica (la mayoria de las veces asociadas cibeclones en la resolucion maxima
de los modelos), las simulaciones numéricas son herraanieay potentes que nos proporcionan
mucha informacién sobre las primeras etapas de la formaddyalaxias. Dentro del paradigma
del ACDM, podriamos decir que la evolucion galactica (simpldejasigue un proceso de dos
fases (véase, por ejemplo el resumen detallado de Baugh:2B0rimer lugar, el mecanismo
de inestabilidad gravitacional da lugar a los halos de neatescura a través de un colapso no
disipativo. En esta fase comienzan a desarrollarse lasepaBrestructuras como consecuencia
del enfriamiento radiativo de bariones. En segundo lugacphdensacién de grandes masas de
gas pristino estabiliza las proto-galaxias frente a lagip&ones causadas por las fusiones de
los halos evitando que estas se difuminen. Es en este momamntdo comienzan los primeros
brotes de formacién estelar dentro de las semillas prirataslisuficientemente masivas, dando
comienzo al proceso global evolucién quimica (incluyeradimtmacion de metales y polvo). Mas
adelante, sera necesaria la intervencion de los mecandmf@sdbackpara hacer que las galaxias
mas pequefias sean mas difusas (menos compactas) y por &mbs eficientes manteniendo
su estabilidad estructural durante los procesos de fugdmtbs, evitando asi la produccién de
un numero mayor de galaxias mas débiles que el observadaafaagobal, estas estrellas y las
galaxias primordiales llevaran a cabo un reionizaciénggibdel gas neutro (opaco) que constituye
la mayor parte de la materia barionica del Universo instadespués del Big Bang (véase por
ejemplo Loeb & Barkana 2001). Este sencillo modelo se repetintinuamente a gran escala
y finalmente, un complicado equilibrio entre estos procegoacrecion de gas, enfriamiento de
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bariones y fusidon de galaxias dara lugar a la escenariodoeate observamos hoy en dia. El panel
de la derecha de la figura 1.1 muestra un esquema simplifiedgwateso evolutivo general.

Con todo, gran parte del éxito reciente explicando los pos@e formacién de galaxias
habria sido imposible sin una mejora sustancial en la @hlitalos resultados observacionales,
gue nos ha proporcionado evidencias directa de como se ctamgainiverso a alteedshift La
sinergia entre teoria y observaciones nos permite integgabservaciones de galaxias a diferentes
edades del universo en un marco coherente. Al mismo tienspeoceso de integracion plantea
nuevas preguntas y hace predicciones que pueden ser tadésson datos.

En ultima instancia, el propdsito de estudiar la evoluciérad galaxias es determinar los
procesos que llevaron a las fluctuaciones primordiales EM& a convertirse en la gran variedad
de galaxias de distintos tipos (galaxias de disco, galatipicas, etc.) que observamos hoy en
dia. Sin embargo, esta pregunta general puede resumirseias preguntas clave mas concretas:

¢,Cuando se formaron las primeras galaxias?

¢, Como y cuando comenzaron las galaxias a formar sus estrella

¢, Qué comienza los episodios formacién estelar a escaldatgigay qué los termina?

¢,Cual es el papel del entorno en el proceso de formacion deigs?

La evolucién de las galaxias a partir de semillas primoedidlasta convertirse en sistemas
masivos ya maduros depende de la respuesta a cada una dpregtagas. Por lo tantpara
realizar un andlisis detallado es necesario usar grandes restras de galaxias a diferentes
edades del UniversoSolo si comprendemos la evolucion temporal de los proaasesontrolan
la formacion de las galaxias podremos obtener una imagetaste la evolucion a escala global.

Aunque es igualmente importante estudiar galaxias en tadagpocas del Universo, desde
el punto de vista observacional, hay diferencias signifiaaten la manera de enfocar ksrveys
de galaxias cuando éstos se centran en el estudio de gdtadbes (dentro de unos pocos Mpc) o
en galaxias muy distantes a diferentes tiempos césmiggd (5-0.1). Mientras que los primeros
usan a menudo datos tomados en todo el cielo (0 una gran Zogsa)ltimos se centran en la
observaciones muy profundas de regiones relativamenteefiag. En las secciones siguientes nos
centraremos preferentemente en estaveys que estdn mas estrechamente relacionados con el
tema central de esta tesis. En particular, explicaremd®sua motivacion para llevar a cabo estos
surveysy cuales son sus principales caracteristicas dentro dentaxto histérico. Daremos por
tanto una descripcion de su evolucion desde los primeradiestde su desarrollo hasta su estado
actual. A continuacion, describiremos también alguno®d@tincipales resultados que podemos
obtener a partir de estasirveys

1.2 La busqueda de galaxias lejanas

1.2.1 Los primeros surveye galaxias

De manera similar a lo que sucedio con las formulacionegieg de los modelos cosmoldégicos,
las ideas fundamentales detras de los métodos de busgsestadica de las galaxias primiti-
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Figure 1.2: Espectro 6ptico de una galaxia radshift z=3.52 mostrando el UV en reposo (adaptada de

Pahre&Djorgovski 1995). El espectro muestra la linea dsiémiymane, a 1216 A en reposo, junto con el Lyman-
o forest, causado por la absorcién de fotones Lyman (aquasthitidos a\<1216 A en reposo) en galaxiasealshifts
mas bajos que el del objeto.

vas también fueron desarrollados relativamente prontdridkge & Peebles (1967a,b) fueron los
primeros en discultir las distribuciones espectrales deyenéSED del ingles Spectral Energy Dis-
tribution) en el ultravioleta lejano de galaxias con formaestelar y la metodologia general para
explotar la deteccidn de ciertas caracteristicas en eg® 1@ longitud de onda, por ejemplo la
linea de emision Lyman-(1216 A; Gunn & Peterson 1965) o el limite de Lyman a 912 A como
un indicador fiable para detectar galaxias lejanas (verr&i@2). Esencialmente, la idea detras
de esta técnica es detectar estas caracteristicas elgseetraliferentes bandas fotométricas ob-
servadas como resultado del desplazamiento al rojo cogmolgedshif). Por desgracia, los
primerossurveygotométricos basados en estos trabajos tedricos pionesakaron infructuosos,
debido principalmente a las limitaciones técnicas de |deatieres fotograficos y fotoeléctricos
(e incluso de los primeros CCDs; Koo & Kron 1980) disponild@saquel momento (Davis &
Wilkinson 1974).

De hecho, la primera muestra significativa de galaxiasmiista(z> 1.5) se detectaron por
medio de observaciones en longitudes de onda no éptica. | Beg@miento espectroscépico de
objetos detectados a longitudes de onda radio en el terdoga de Cambridge (3CR, Bennett
1962) el que permitié la confirmacion de unos pocos cientogatkexias a altgedshifta traves
de la deteccion de lineas de emision bien caracterizadasré8p& Djorgovski 1984a,b; Spinrad
et al. 1985). En los afos siguientes se encontraron algusje®s mas basados en la busqueda
sistematica de la linea espectral Lymaren galaxias cercanas a algunos quasares previamente
conocidos. (por ejemplo, Schneider et al. 1986, Hu & Cowi87)9 Debido al éxito de estas
busquedas, hasta hace poco, las galaxias aredighifteran sinbnimo de radio galaxias. Sin
embargo, otrosurveysllevados a cabo en esa época, y centrados en detectar emessadin
técnicas de filtros estrechos o espectroscopia de rendija faeron relativamente infructuosos.
(Lowenthal et al. 1990, de Propris et al. 1993, Thompson.et35) y los pocos que tuvieron
éxito, demostraron que estas observaciones so6lo son ksesibs objetos mas brillantes, que son
bastante escasos y por tanto bastante raros de encontsarssnmeys
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ST Scl OPO January 15, 1996 R. Williams and the HDF Team (ST Scl) and NASA

Figure 1.3: Iméagen original del Hubble Deep Field tomada con la Wided~a&id Planetary Camera 2 (WFPC2)
abordo del telescopio espacial Hubble (Williams et al. 2986 imagen se compone de 342 exposiciones diferentes
tomadas en 10 dias consecutivos durante diciembre de 19%&antpo fue observado un total de30h en 4 filtros
anchos diferentes a una longitud de onda de 300 nm, 450 nrmréG&hd 814 nm. La imagen de color se obtuvo
combinando los datos tomados en 3 de estos filtros anchos.

1.2.2 Surveydotometricos modernos

El comienzo de losurveydotométricos modernos, que encuentran habitualments oid@bjetos

a altoredshift tuvo que esperar hasta la década de 1990. El lanzamienieldstopio Espacial
Hubble (HST 1990), la puesta en marcha de los primeros tadestde clase 8-10 metros (Keck,
1993; SUBARU 1999) y las mejoras en la tecnologia de detest@CD, proporcionando alta
sensibilidad y gran &rea, abrié las puertas a la explotaighematica de las técnicas fotométricas
de busqueda de galaxias lejanas. De hecho, el primer avanpaetante en la caracterizacion
del universo lejano fue el producido a raiz de los resultadwenidos en el Hubble Deep Field
(Williams et al. 1996, ver Figura 1.3). La profundidad siegedentes alcanzada en la pequefia
imagen (2,5 'x2.5’) del telescopio espacial consiguio tdear miles de galaxias simultaneamente
(caracterizadas ademas con una resolucion espacial na)yyadixplotar de manera eficiente la
técnica (previamente poco exitosa) de detecciohylelan-brealpara aislar galaxias a altedshift
(z> 3; LBGs del ingles Lyman-break galaxies) (Steidel et al.6,9@r Figura 1.4).

Tras la identificacion espectroscopica de los primerosidatas a LBGs, el seguimiento
sistematico de estos objetos con el primer espectrograltbabjeto, funcionando en el telescopio
de 10 metros Keck, permitio la confirmacion de més de un mikegalaxias a:23 (Steidel et al.
1999). Al mismo tiemposurveysfotométricos complementarios basados en la combinacion de
observaciones desde telescopios terrestres y desde eldi@tipron llevar la busqueda de galax-
ias lejanas a redshifts mas altos, a la vez que aumentabigamé@mnte el numero de candidatos
a LBGs. Con este objetivo en mente, pronto nuesryeyscomenzaron a llevar a cabo obser-
vaciones multicolor (en multiples bandas fotométricagpaeprofundas en lugares clave del cielo,
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Figure 1.4: 1zquierda:Las lineas azul, verde y roja muestran el conjunto de filinatas (U,,G,R) usados en Steidel

et al. (1996) para identificar LBGs a-3. La linea negra muestra el espectro sintético de una gataxi formacion
estelar continua (Bruzual & Charlot 1993) en la que se pupdecir el Lyman break a 912 A en repoferecha:
Criterio color-color empleado para seleccionar candilatgalaxias LBG. Las curvas representan magnitudes sintéti
cas de galaxias (con formacion estelar continua) situadedshiftsprogresivamente crecientes comenzando@.5

con pasos de-z0.1. Los 4 recorridos corresponden con diferentes carggldd extincion por polvo variando entre
extincion nula (azul) y A(V)=2 mag (rojo). El grueso de lodares estelares tipicos se muestran como estrellas. Las
areas sombreadas corresponden con criterio de seleccifaladgas a 2 3.

marcando asi el comienzo de una nueva era de explotacidffdracde los denominadddank
surveys

La disponibilidad de grandes telescopios, instalacioee#cddas y observaciones del espa-
cio supuso un gran paso adelante para la busqueda de galestastes. Junto con las LBGs,
nuevas técnicas fotométricas comenzaron a prosperar adosdie 1990. Las mas relevantes de
estas estrategias se pueden resumir brevemente en daxizg@yincipales:

e Las técnicad BG o drop-out, que seleccionan galaxias en un intervalaetishiftdeter-
minado mediante la deteccion de una discontinuidad impt@tan la emision de continuo
de la galaxia usando fotometria en varios filtros fotomeési@ veces solo dos, pero por lo
general mas). La generalizacion de este método de detateiéaracteristicas prominentes
en la SED de una galaxia, se conoce a menudo como técnicaedeiéalpor colores.

e Busqueda ddéineas de emisiondirigida a emisores Lymaan-(LAESs; del ingles Lyman-
a emiters) o de otras galaxias que presentan fuertes lineasid&n, como K o [Oll].
Utilizando técnicas fotométricas hay basicamente dosdassimilares que pueden ser uti-
lizadas para identificar dichas lineas: 1) imagenes de &ktoecho: basada en el uso de
una combinacion de un filtro de banda ancha y uno de bandafesie\=10-50 A) para
detectar el exceso de flujo que presentarian las galaxiaieas de emision a uredshift
especifico (véase el panel derecho de la Figura 1.5); 2kfdirdonizables: basado esencial-
mente en la misma técnica, pero trabajando con un rango déudrde onda variable que
permite ampliar la busqueda de una linea de emision a urvattederedshiftmas amplio.

De acuerdo a un censo de Bouwens et al. (2006), en ese monzeté#onica dedrop-out
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Figure 1.5: Izquierda: Imagenes de 3 galaxias candidatas a encordnadehiftsz~8.5-9 identificadas con la técnica
LBG en las imagenes ultra-profundas HUDF tomadas en elriofacon WFC3 (Bouwens et al. 2010b). Ninguno de
los candidatos se detecta en las imagenes profundas de AGS {Bal menos dos de ellos satiop-outsen banda

Y indicando que el break de Lyman se ha desplazado a bandagdjds como resultado del (alto@dshiftde estas
galaxias. Derecha: Diagrama color magnitud para los catwolch galaxias con lineas de emision-884 (negro)
detectados con la técnica del filtro estrecho en Villar ef28108). Un exceso en el color de filtro estrecho frente a
filtro ancho en las galaxias para ciertas galaxias indiceefjfitro estrecho esta detectando una sefial adicional que
no procede del continuo de la galaxia si no de una linea dé@mEn este ejemplo, la linea de emisiéa Bl 6563A

en reposo se detecta en el filtro estreche@=1.20um en galaxias a-z0.84.

habia identificado en torno a: 4000 galaxias~aZB-drop), 1000 galaxias a~5% (V-drop), y
500 galaxias a6 (i-drop). Hoy en dia, la disponibilidad de observacionsaprofundas en

el infrarrojo cercano (NIR) permite la confirmacion fiablegidaxias a 27 (z-drop) y extiende

la técnica debrop-outhasta 210 (J-drop), hasta tan sélo 500 millones de afios despuésglel B
Bang (Bouwens et al. 2010a,b, ver panel izquierdo de la EifjLy).

1.2.3 Sesgos observacionales y observaciones multi-longitud de onda

Aunque todas las técnicas descritas anteriormente son finignées para seleccionar muestras
de galaxias a alteedshift es fundamental tener en cuenta que cada uno de estos mptoeos
porciona siempre una vision parcial del Universo lejanogdesr, ninguno de ellos esta exento
Su propio sesgo observacional. Por ejemplo, la técnica LE&destinada a seleccionar galaxias
jovenes con formacion estelar activa y que estan relatingaridres de polvo. Esto implica que
estd muy sesgado en contra de galaxias polvorientas y galeom poblaciones estelares rojas que
presentan SEDs mas rojas, lo que probablemente causargienades a la hora de estimar su
redshift(por ejemplo, Reddy et al. 2005). Del mismo modo, los LAEsnygeneral los objetos
seleccionados por lineas de emision, tienen un sesgo algamal claro pero dificil de caracteri-
zar. Esto se debe a que ademas del requisito de que formelassaictivamente , estasirveys
presentan dos umbrales de sensibilidad, uno al nivel deyflojoo a la anchura equivalente de la
linea (s6lo galaxias con una anchura equivalente lo sufanesnte grande pueden ser detectadas
independientemente del brillo en el continuo), ademastetialo deredshiftque seleccionan es
relativamente estrecho, lo que hace que habitualmentesseaysnenos completos que aquellos
basados en la deteccion del continuo.

Con el fin de superar estos problemas de sesgos observasiosalhan desarrollado otros
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Figure 1.6: Izquierda: ColorJ— K, empleado para identificar DRGs en funcion slshift para varios espectros
sintéticos de galaxias (Franx et al. 2003). Las lineasawlitdican poblaciones estelares simples (una sola péh)aci
con edades de 0.25, 0.5, y 1 Gyr. El color excede un valof-d&’;>2.3 solo para galaxias a2 como resultado
del desplazamiento del Balmer break/4000A a la bahdaservada. Derecha: Color-& frente a z K empleado

en el criterio BzK (Daddi et al. 2004) para una serigelaplatesde galaxias locales de varios tipos Coleman et al.
(1980). Los modelos se muestran para el intervaloedshift0<z<1.4 y se puede apreciar que ninguna de estas
galaxias alcanzan las regiones donde se situan las gataiafrmacion estelar y quiescentes en el intervalo de
redshiftl.4<z<2.5.

métodos seleccion que detectan caracteristicas en la fdemeontinuo en longitudes de onda
Opticas (en reposo) de galaxiasrmalesen lugar de en el ultravioleta (UV) de galaxias con for-
macion estelar. Muchas de estas técnicas se basan en kei@etkela discontinuad de Balmery el
breakde 4000 usando colores en el infrarrojo cercano (NIR) pamatificar los sistemas masivos
y tipicamente mas evolucionados que aquellos de las maesieccionadas en el UV; ejemplos
representativos de estos métodos son: EROS, IEROS, DRGs BAfse, por ejemplo, Elston
et al. 1988; Yan et al. 2004; Franx et al. 2003; Daddi et al4206r Figura 1.6). Sin embargo, de
manera similar a lo que sucede con las técnitap-outen el dptico, estos métodos no han podido
ofrecer resultados significativos hasta la reciente mejoria calidad de los detectores en el NIR
(a principios de los 2000),que los llevé a niveles de efic@egaobertura en area similares a los
de los CCDs 6pticos. Mas recientemente, la disponibilidedldlescopio Espaci@pitzer que
observa las longitudes de onda infrarrojas entre 3.6+#8,0a permitido la deteccion de estos sis-
temas masivos hasta-2 (Pérez-Gonzalez et al. 2008). Evidentemente, las técdieaolor NIR
también presentan sus propios sesgos. De todos ellossgaizaas notable es la degeneracion a
la hora de distinguir objetos que presentan colores mugsgjque podrian ser o bien objetos muy
oscurecidos por el polvo o bien objetos con poblacionesagetemuy viejas (véase, por ejemplo,
Papovich et al. 2006).

Estudios complementarios que permitan romper esta degy@oerequieren observaciones
de galaxias a longitudes de onda mayores (en el infrarrogba¥lejano, sub-milimetro o en radio)
gue muestreen la radiacion infrarroja re-emitida por el@pohbliente en galaxias con formacion es-
telar fuertemente oscurecidas. Este tipsdeeyscomo aquellos realizados con JCMT / SCUBA
(sub-mm), VLA (radio), Spitzer / MIPS (FIR) y ahora Herscgladtecen los datos necesarios para
complementar la visién sesgada de las galaxias a alto z quproporcionan losurveyscentra-
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dos solo en longitud de onda UV y Optica. Desafortunadamenite las muestras mas recientes
seleccionadas en estas longitudes de onda son capacepdefmaar un niumero suficientemente
grande (estadisticamente representativo) de galaxias.

Impulsados por el rapido desarrollo de la instrumentacgiroadémica, nuevosurveydle-
vados a cabo en multiples longitudes de onda nos ofrecerreomeincia nuevos y sorprendentes
resultados. Esto es posible gracias al uso de instrumernissadaciones astronémicas punteras
gue permiten mejoras significativas sobre los trabajogianés. Sin embargo, muchos de estos
estudios a menudo afirman haber encontrado una nueva pobticgalaxias, bautizada con unas
nuevas siglas, y no siempre esta claro en qué medida estasipols son realmente nuevas o sien
realidad son complementarios a otras anteriores. Comalgmirecientemente en el libro blanco
de objetivos para la préxima décadata es una situacion sintomatica de que el tema esta todavia
en su infancia. Durante la préxima década, las busquedasatiEx@s a alto redshift deben tratar
de unificar todas estas clases de galaxias diferente, com elefiformular una visiébn coherente
de la evolucion de galaxias desde el Universo a alto redslai$ta las galaxias que observamos
hoy (Bell et al. 2009). En la préactica, la forma més eficaz partaelds sesgos observacionales
introducidos por el uso de una técnica fotométricas coa@eta combinacion de varias de estos
técnicas, o por lo menos contar con volumen de datos sufcientte largo y preciso que per-
mita analizar con suficiente precision las SEDs de las gadaxilo largo de un amplio rango de
longitudes de onda.

Evidentemente, este tipo de esfuerzo no es factible para whbservador individual. Por
lo tanto, lossurveysextra-galacticos mas relevantes suelen ser aquellogiieva cabo por una
colaboracién a nivel mundial en la que varios grupos unermesfugrzos para observar un mismo
campo cielo (los llamados campos cosmoldgicos), lo que artglgarantiza que esas regiones
cuentan con una caracterizacion multi-longitud de ondaextgnsa. Este tipo de grandes colabo-
raciones también asegura la disponibilidad de proyecttishipo garantizado capaces de cumplir
los exigentes requisitos observaciones necesarios ptaaakios campos con observaciones en
diferentes longitudes de onda. La colaboracién mas andaiae este tipo hasta la fecha es la de
Great Observatories Origins Deep Survey (GOODS; Giavaksal. 2004), que cuenta con dos
campos clave, uno en el hemisferio norte, centrado en léizacedn del HDF-N original , y otro
en el hemisferio sur. No obstante, muchos otras colabaresiban seguido a GOODS, como el
surveyde gran area (COSMOS; Scoville et al. 2007), o el ExtendedhGtrip (EGS; Davis et
al. 2007), que cuenta con uno de los mayores coberturastesmpicas disponibles. Reunir
grandes conjuntos de datos que incluyan no sélo fotomsiria,también espectroscopia 6ptica
e infrarroja o imagenes de alta resolucion, convierte asesimpos en activos clave para poder
realizar una amplia gama de objetivos astronOmicos.

1.2.4 Surveysespectroscopicos de galaxias

Una visién general de Iasurveysde galaxias estaria claramente incompleta si no menciowéra
los seguimientos espectroscopicos. Aunque estos no semaldrincipal de esta tesis, se mencio-
nan aqui brevemente debido a su papel fundamental en laliasstle evolucion de las galaxias.
De hecho, losurveysespectroscépicosradshiftsbajo e intermedio son el puente entre los estu-
dios a altoredshift(fundamentalmente fotométricos) y los estudios localeta Eonexion es de
critica importancia, ya que, asi como los model@DM nos ofrecen un marco tedérico para poner
en contexto las observaciones, este cuadro estaria inetmmg@mpleto sin la conexién entre los
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entre los resultados de estudios del Universo primitivolyJaeverso local.

Ejemplos representativos darveysspectroscopicos a bajedshiftincluyen el Sloan Digi-
tal Survey Sky (SDSS; York et al. 2000) o el Two-Degree Fiedda®y Redshift Survey (2dfGRS;
Cole etal. 2001). Ambasurveydienen como objetivo caracterizar las propiedades de l@apidin
de galaxias y su relacion con el entorno hastaaatishiftde 0.2, basandose en observaciones
espectroscopicas de casi un millon de galaxiasedshiftsintermedios (z1.5), existen tresur-
veysprincipales llevandose a cabo. Estasveyshacen uso de espectrografos multi-objeto muy
eficientes funcionando en grandes telescopios: El Deepwoary Extragalactic Probe (DEEP;
Davis et al. 2003), utilizando LRIS y Deimos en Keck {20 noches; Faber et al 2003.), y zCOS-
MOS (80 noches; Lilly et al 2007) y VIMOS VLT Deep Survey (VVDS 70 noches; Le Féevre
et al, 2005.), utilizando VIMOS (Le Fevre et al. 2003) en elTVEnN los ultimos 5 afios, estos
surveyshan acumulado unas cuantas decenas de miles de especitos dptgalaxias hastaA.

La cantidad y la calidad de la informacion proporcionada Iperdatos espectroscopicos
es muy superior a lo que puede lograrse inclusos con varrafabdotométricas. Sin embargo,
la debilidad extrema en el brillo de las fuentes mas lejapas,una parte, y la falta de lineas
espectrales detectables, por otra, evita quslmgeysespectroscopicos continlien su seguimiento
exhaustivo en el intervalo dedshiftentre 2-1.4 y 3 (el llamadaedshiftdesierto). Aredshifts
mas altos, galaxias con fuerte emision en Lymapdeden ser detectadas, pero éstas constituyen
s6lo una pequefia fraccion de la poblacion total de galarias@edshift Por lo tanto, losurveys
espectroscépicos sistematicogedshiftsmas altos tendran que esperar a la proxima generacion
de instrumentos (espectrografos multi-objeto en el NIR)s/telescopios (30m, el JWST), que
podran observar galaxias distantes muy débiles obteniesykrtros en el NIR que muestreen las
longitudes de onda oOpticas en reposo donde se pueden icriiifieas de emision intensas.

1.3 Resultados principales de los  surveygle galaxias

En una época en que las observaciones van un paso por dedalie ohodelos teoricos, y su
aportacion es indispensable para el avance de los esfuedicos, los estudios de evolucion
de las galaxias proporcionar informacion no so6lo acercaodecbmponentes principales de la
Universo, sino también acerca de las propiedades del LT su conjunto.

Ya hemos mencionado algunas de las areas clave de intec&sastudios de evolucion de las
galaxias (8 1.1). A continuacion hacemos un breve resumeloside los temas de investigacion
mas relevantes en este ambito, que son comunes a la grad@érssurveyde galaxias actuales.

Crecimiento global en masa

Como mencionamos anteriormente, los modelos actualesiadan de estructura predi-
cen que los halos de materia oscura, ensamblados de mandegaiea, controlan el proceso gen-
eral de formacion de galaxias. Como consecuencia, la fobmate las galaxias deben haber
seguido un desarrollo jerarquico similar, dejando huallasu patron de crecimiento a traves del
tiempo cosmico. Por lo tanto, a fin de poner a prueba los msdetwicos, los estudios del crec-
imiento en masa se centran en el analisis de muestras déagadadiferentes redshifts agrupados
por su masa estelar. Esto nos permite realizar el seguionilnta épocas de formaciéon de las
galaxias en funcién de su masa. Uno de los ingredientes dtaeste analisis, es el estudio de la
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Figure 1.7: Comparacion entre las SMF estimadas a partir de datos @usenales y aquellas calculadas con mod-
elos semi-analiticos a diferentesdshiftsextraidas del trabajo de Marchesini et al. (2009). Las S\ifidas se
representan en color negro: linea solida para Somervide ¢2008), punteada para Monaco et al. (2007), y discon-
tinua para Wang et al. (2008). Los circulos rellenos en ngode y azul representan las SMFs estimadas con datos
observacionales; las barras de error gruesas incluyeresriRmisonianos, varianza césmica y las incertidumbres en
los redshifts fotométricos; las barras delgadas muesisimtertidumbres sistematicas.

densidad de galaxias en funcién de su masa estelar a désredshifts(es decir, las funciones
de masa estelar). La integracién de cada una de estas faaadermasa en diferentes intervalos
deredshiftnos permite estimar una densidad de masa estelar (SMD,gles iBtellar Mass Den-
sity) en funcion del tiempo césmico, lo que nos proporcigriarmacion sobre el ritmo al que se
produce en crecimiento en masas de las galaxias.

Estudios recientes que exploran el crecimiento de la mastaegn el intervalo deed-
shift desde z3-4 (cuando la primeras galaxias completamente formadageean a detectarse)
a z=0.5 (cuando la mayoria de las galaxias mas masivag, 10! M, ya se han formado) de-
muestran que aproximadamente la mitad de la masa estelas ectlales galaxias se formo en
intervalo de tiempo entre<dz<4 (por ejemplo, Fontana et al. 2006; Pérez-Gonzalez et 88;20
Elsner et al. 2008; Marchesini et al. 2009), mientras quesglimiento en masa restante se llevo a
cabo a z1 (Bell et al. 2004; Faber et al. 2007) impulsado por una ubtesa de formacion este-
lar intensa, aunque también afectados de forma signifecptiv una gran tasa fusion de galaxias,
especialmente en los sistemas masivos (Conselice et &, 2008, 2009; Feldmann et al. 2008).

De hecho, la evolucion global de las galaxias parece halgeidseun escenario ddown-
sizing(Cowie et al. 1996), consistente en un crecimiento difée¢nie la densidad masa estelar,
de modo que las galaxias mas masivas se formaron antes y pidamn&nte que aquellas de baja
masa. Sin embargo, el escenaricdd@nsizingsigue siendo un punto de friccibn importante entre
los modelos y las observaciones. A pesar del acuerdo geswyed el proceso general de crec-
imiento en masa, los modelos siguen sin poder reproducefeatos delownsizinglo al menos
el downsizingen masa; Drory & Alvarez 2008; Fontanot et al. 2009) y mas @amente resulta-
dos observacionales como la densidad de galaxias masivea. &ara los modelos, estos objetos
evolucionados aparecen en etapas demasiado tempranafodadaion de galaxias (Kriek et al.
2006; Cimatti et al. 2008; Salimbeni et al. 2008; Fontanal.e2@09) y parecen haber conclu-
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ido su crecimiento muy pronto (Pozzetti et al. 2003; Arnaeital. 2007; Ferreras et al. 2009),
manifestando un crecimiento en masa mas similar a un colapselitico que a un crecimiento
jerarquico.

En busca de una mayor convergencia, las ultimas versionkes aeodelos de\CDM han
mejorado su habilidad para el reproducir el extremo masvodsi las funciones de masa mediante
la introduccién de una serie de recetas empiricas que seiptiianformacion estelar en galaxias
primitivas, por ejemplo, las supernovas de#dbaclde los ndcleos galacticos activos (AGN, del
ingles Active Galactic Nuclei) (ver por ejemplo, Croton et2006; Bower et al. 2006; De Lucia
etal. 2006; Somerville et al. 2008). Ademas, las simulagsdnidrodinamicas muestran que la gran
cantidad de gas presente a akdshiftpuede conducir a la formacion de galaxias esferoidales a
edades relativamente tempranas (Naab et al. 2007; DekeP€(®). Existen también importantes
incertidumbres sistematicas en las estimaciones de laasneatelares para galaxias individuales
gue, en su conjunto, pueden hacer que la forma de la funcignadas, especialmente a alto
redshift presente grandes incertidumbres (ver por ejemplo, Manehet al. 2009). Un re-andlisis
de las predicciones tedricas teniendo en cuenta estatidurebres, muestra que los modelos son
capaces de reproducir la evolucién de la densidad espazialsdgyalaxias mas masivas cuando
sus predicciones tienen en cuenta estimaciones masasalisios errores observacionales en las
masas estelares (Fontanot et al. 2009).

Aunque el acuerdo cualitativo entre entre los datos y losatesdes prometedor, algunas
discrepancias siguen estando presentes. Por lo tantalegramuestras de galaxias caracterizadas
con propiedades fisicas precisas son fundamentales adalbateterminar de forma robusta los
mecanismos de formacion de galaxias.

La densidad de tasa de formacioén estelar del Universo

El andlisis de la evolucion con el tiempo césmico de densittathsa de formacion estelar
(SFRD del ingles Star Formation Rate Density) proporciama isibn complementaria a los es-
tudios de la SMD, trazando la época en que las galaxias famattivamente la mayor parte de
su contenido estelar, que es responsable en ultima inatda@u crecimiento en masa (o por lo
menos del crecimiento de la componente baridnica).

Al igual que las funciones de masa, el calculo de funciondsménosidad (LF del ingles
Luminosity Functions; la densidad de galaxias en funciésueiminosidad a diferentesdshifts
y longitudes de onda) ha madurado rapidamente en los ult@fios (Faber et al. 2007; March-
esini et al. 2007; Arnouts et al. 2007). Una ventaja de lasdd-que, bajo ciertos supuestos, la
luminosidad de las galaxias esta relacionada con la cahtidgormacion estelar en curso, por
ejemplo, en el UV una fraccion significativa de la luminosidatal es emitida por las estrellas
recién formadas, las cuales son tambien responsables al@iZzadion del gas neutro y por tanto
de las lineas de emision. Asi pues, el estudio de las LFseofreg medida directa de como evolu-
ciona la densidad espacial de la tasa de formacion estdi&; (&l ingles Star Formation Rate)
en las galaxias, lo que nos permite caracterizar la histieri@rmacion estelar global (Lilly et al.
1996; Madau et al. 1996).

La ultima década ha sido testigo de importantes avancesestraicomprension de la his-
toria de la formacién estelar. Hoy en dia, es posible enaprarios cientos de estimaciones de
la densidad de tasa de formacion de estelar calculada a gartibservaciones de galaxias en
diferentes longitudes de onda y abarcando un amplio intedetiempo césmico (por ejemplo,
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Figure 1.8: Estimaciones de la densidad de luminosidad en el UV y la dadsile SFR a diferentesdshifts
mostrando los resultados de diferentes autores, extrait®aliwens et al. 2010). Los circulos rojos grandes muestran
las estimaciones a8 obtenidas a partir de objetos seleccionados con la tédropaouten las imagenes en banda Y
obtenidas cotlSTTWFC3. El conjunto de puntos més bajo (y la region en azul)stmae la densidad de SFR inferida
directamente a partir de datos en el UV, mientras que loopuperiores (y region naranja) muestran el valor que se
obtendria corrigiendo las medidas anteriores de los efelg@xtincion del polvo estimados a partir de la pendiente
del continuo UV.

Hopkins & Beacom 2006). En conjunto, estas observacionger&n un rapido aumento en la
SFRD desde la época de la reionizacion hasta-2 (Bouwens et al. 2010a). A partir de ese
momento, la SFRD ha disminuido gradualmente durante loaagt10 millones de afios (Schimi-
novich et al. 2005; Arnouts et al. 2005) hasta su valor a¢tGallego et al. 1995), que es al menos
un factor de 10 bajo que en la época de maxima actividad. Ester@ma global es frecuente-
mente explicado en el contexto de un crecimiento jerargdécpequeiios bloques constituyentes
con grandes reservas de gas en épocas tempranas del Uninersgyotan o pierden este material
(a través de Supernovas o AGNSs) en épocas mas tardias.

Sin embargo, aunque esta caracterizacion de la histori@ardea€ion estelar es correcta
groso modo, hay varios detalles importantes que aun no bsgtandeterminados, lo que causa
ciertas controversias a la hora de interpretar los resagtaélgunos de estos problemas surgen
de la discrepancia sustancial en las medidas de la SFRDadaswa partir de observaciones a
diferentes longitudes de onda, sobre todo entre la estiméeisada en el UV (Schiminovich et al.
2005; Salim et al. 2007; Reddy et al. 2008), lineas de emi@idlar et al. 2008; Sobral et al.
2009), y aquellas obtenidas a partir de medidas en el infoayrsub-mm (Le Floc’h et al. 2005;
Pérez-Gonzélez et al. 2005; Caputi et al. 2007). Asi puegsarme los esfuerzos por reunir
grandes cantidades de datos, las incertidumbres en lasdaate conversion entre luminosidad y
SFR (véase, por ejemplo, Kennicutt 1998 o Moustakas et 86)20a cantidad de oscurecimiento
debida al polvo, o el sesgo introducido por los diferentésrins de seleccion de cadarveyson
todavia una fuente potencial de discrepancias. Una fornsdiaide de estimar la SFRD consistiria
en la comparacion de dos o mas indicadores de la tasa de fomesstelar para un mismo grupo de
objetos. No obstante, mientras que los nuestgseyde galaxias proporcionan grandes muestras
de objetos con las que uno puede llevar a cabo diversos estlak muestras de las galaxias para
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las cuales contamos con mas de un indicador de la tasa deciom&stelar no es necesariamente
tan grande.

Otro problema potencial para el andlisis de la formacionalexigs es el desacuerdo entre
la SFRD y SMD a altaedshift(z>2). Varios estudios revelan que la integracion con respecto
al tiempo de las estimaciones de la SFRD tienden a sobreasta SMD a bajaedshift (Eke
et al. 2005; Hopkins & Beacom 2006; Pérez-Gonzalez et aBR@xstas diferencias sugieren que
o0 bien las estimaciones de la masa estelar son incorrectes ¢tabhistoria de formacién estelar
esta sobre estimada, o quizds ambos (Wilkins et al. 2008luciBoes alternativas podrian ser
gue las tasas de formacion estelar a edttshiftpudieran ser el resultado de una evolucion de la
funcion inicial de masa (IMF; van Dokkum et al. 2008; Meureak 2009), lo que sin embargo
tendria repercusiones significativas en otros observdiézspor ejemplo, Fardal et al. 2007),
otra posibilidad es que hubiera una cantidad considerabla thasa total a alto-z que estuviera
encerrada dentro de una poblacion de galaxias poco befigmioco masivas, que podrian perderse
en una muestra seleccionada en masa. Estas tendrian qoesgécientemente numerosas para
variar sensiblemente con total de la masa estelar (Reddgile32009).

Una vez mas, estas discrepancias entre parametros essimiaskrvacionalmente, pone de
relieve la necesidad de que el analisis de la historia derfadoion estelar y la evolucion de la
SMD se lleven a cabo a partir de estudios que combinen ditsséndicadores basados en datos
multi-longitud de onda reduciendo los sesgos observal@st@s maximo posible.

1.4 Apuntes sobre surveysle galaxias

De las discusiones llevadas a cabo en las secciones aeses@rdeduce que, para resolver las

controversias actuales sobre evolucion de galaxias, scesagas grandes muestras de galaxias
gue cuenten con una cobertura multi-banda exhaustiva.edddmces seremos capaces de carac-
terizar con precision las propiedades fisicas de las gealeé manera que estas nos garanticen la
obtencion de resultados significativos sobre su evolucion.

En ese sentido, lasurveysmodernos ofrecen capacidades extraordinarias para exalas
propiedades de miles de galaxias de forma simultdnea y eoteeISin embargo, sin una adecuada
combinacion y modelizacién de la gran cantidad de datoscaspmtométricos un analisis de-
tallado de sus propiedades globales no puede llevarse a Paido tanto, un paso fundamental
para aprovechar plenamente las posibilidades de grandgstms de datos es conectar de manera
eficiente los heterogéneos recursos observacionales (@tatios) y las propiedades intrinsecas de
las galaxias.

La mayoria de los estudios actuales basados en grandesrasugstgalaxias tienen que
lidiar con esta situacion de alguna manera. Paradéjicamargesar del continuo crecimiento de
recursos observacionales, un proyecto a veces puede astdoesin exceso de datos. En ese
caso, es la gran cantidad de informacion la que causa uraleshotella que nos impiden extraer
informacion valiosa sobre las galaxias individuales olesdas en las imagenes.

La tarea de combinar todos los datos disponibles de maneiengdi para obtener cantidades
significativas de una galaxia en particular implica variasgs, por lo que no es un procedimiento
sencillo. En primer lugar debemos realizar identificacidttirbanda de cada objeto y calcular una
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fotometria consistente para cada fuente en cada una déastiass. Después, se ha de modelar la
fotometria combinada de forma que podamos estimar lasqatages intrinsecas de cada objeto.
Todo ello debe realizarse ademas, teniendo en cuenta lidgsosesgos observacionales no desea-
dos o los errores sistematicos que se puedan introducir dedas limitaciones del método usado.
Por ejemplo, los errores derivados de la falta de suficietatss fotométricos a ciertas longitudes
de onda, o de las asunciones realizadas durante la estimeatithacion de las propiedades fisicas.

1.5 Objetivos de la tesis

El objetivo principal de esta tesis es utilizar datos fottiioés multi-longitud de onda para obtener
las estimaciones mas fiables de importantes parametroedisara galaxiasradshiftantermedios-
altos. Esto nos proporcionara informacién sobre los pascds formacion y evolucion de galaxias
a lo largo de la mayor parte del tiempo de Hubble. Mas contrettée, en este trabajo de tesis se
ha creado una gran muestra de galaxias que abarca un amefh@lo deredshifty hace uso de:
fotometria Optica e infrarroja para caracterizar sus gaguiles fisicas mas relevantes; fotometria
en el infrarrojo medio-y-lejano para caracterizar la tasdaimacion estelar de estas galaxias a
través del andlisis de la emisiéon del polvo; datos espexipisos para determinar con precision
suredshift consiguiendo asi una mejor caracterizacion de sus pragésden reposo (luminosi-
dades, colores, etc.). El andlisis simultaneo de todas pstpiedades nos permitira caracterizar
su crecimiento y evolucion con el tiempo cosmico.

Para lograr estos objetivos, en primer lugar nos centramda ebtencion de una amplia
muestra de galaxias seleccionadas en una imag&pitieefIRAC (que abarca el rango espectral
de 3.6 a 8.0 micras) del campo cosmolégico Extended Grotp @6GS), el cual es uno de los
campos profundos mas importantes. Este campo se ha obsersatdo observatorios terrestres
y espaciales, por lo que presenta una gran cantidad de daieste-fotométricos de muy alta
calidad y en multiples longitudes de onda. EnGalpitulo 2 nos centraremos en los detalles
técnicos dda creacion de la muestra de galaxias y la obtencion de un cdtdo fotométrico
multi-longitud de onda consistente basado en todos estos datos. Este cataloga dervase para
la posterior modelizacidon de las SED de las galaxias dedd¥ élasta el infrarrojo lejano, lo que
nos permitira estimar sus propiedades fisicas. Ademad,@pgulo 2 se presentan también los
resultados mas relevantes sobre las propiedades fotoasn el UV, éptico e infrarrojo lejano de
la muestra seleccionada en el NIR (IRAC). En particularjseutira el método de de-convolucion
empleado para reducir los efectos de confusion de fuentles érandas IRAC, que son de critica
importancia para obtener densidades de fuentes realigstsidiar la distribucién espacial de las
galaxias. A continuacion se presenta un resumen detalladosdobjetivos principales de los
capitulos 2:

e Capitulo 2: reunir un conjunto de datos espectro-fotométricos exhagsen el campo
EGS; combinar los datos de diferensesveysreduciendo y catalogando los datos cuando
sea necesario; crear una muestra seleccionada en IRAGera@cdo su nivel de com-
pletitud, identificar las contrapartidas multi-banda defleentes IRAC, dotar al catalogo de
fotometria multi-longitud de onda consistente teniendowsnta las diferencias en profun-
didad y resolucion espacial, analizar la propiedades rhahida del catalogo (es decir, el
numero de bandas en las que se detectan las fuentes IRACh@adrfude la magnitud y
redshift; identificar la naturaleza estelar o galacticaegddlientes.
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Entre las multiples posibilidades cientificas del catalogdti-longitud de onda, el objetivo
inmediato y a largo plazo de esta tesis se centra en estuglfarma global el proceso de crec-
imiento en masa en galaxias a diferentes edades del UnivEx@o este objetivo, la muestra de
galaxias esta seleccionada en el infrarrojo cercano (@ una seleccién en masa) y una frac-
cion significativa del trabajo se dedicara a calculasas estelareprecisas y a analizar en detalle
las incertidumbres asociadas. Igualmente importanteqaaeaterizar el crecimiento de las galax-
ias es determinar el ritmo al que cada galaxia incrementaasa if@s decir, la cantidad de estrellas
gue contiene). Por lo tanto, los métodos y los posibles sesgda estimacion d8FRsprecisas
seran también ampliamente discutidos en esta tesis. Jontosredshifts fotométricos, sin los
cuales no podriamos estudiar la evolucion con el tiempo ibsria estimacion y andlisis de las
masas estelares y las SFRs seran la pieza centr@lagétulo 3. A continuacion se presenta un
resumen detallado de los principales objetivos de estéutapi

e Capitulo 3:caracterizar la SED desde el optico al infrarrojo cercama fdas las galaxias
de la muestra mediante el ajuste de la fotometria observeefa@atessintéticos calcula-
dos con modelos de sintesis de poblaciones estelaresaesdshiftsfotométricos y masas
estelares a partir de este ajuste; cuantificar la calidadrgkede losredshiftsfotométricos
mediante la comparacion frentaedshiftsespectroscopicos y otrasdshiftsfotométricos
publicados previamente; evaluar la precision de las magakpees mediante la exploracion
de posibles efectos sisteméticos derivados de la utibmade diferentes supuestos en el
modelado de las poblaciones estelares; estudiar la boredag thasas estelares comparan-
dolas con las estimaciones de otros autores, caractesi&#D de las galaxias en el rango
espectral del infrarrojo medio a lejano mediante el ajustiadotometria a diferentes tem-
plates de emisién del polvo; estimar SFRs con trazadores BR\basadas en el ajuste com-
pleto de la SED para todas las galaxias; estimar las incentides aleatorias y sistematicas
tipicas de las SFR en el infrarrojo comparando los valoresnidios con diferentes conjuntos
de modelos y estudiando el efecto de trabajar con una cdredaicida de datos IR.

Explotar todos los datos espectro-fotométrico disposiblelos campos cosmoldégicos es el
punto de partida habitual en los estudios actuales basaddsralisis de fuentes extra-galacticas.
Por tanto, es importante subrayar que el objetivo fundaaheletesta tesis no solo es la creacion
de un catadlogo como medio para resolver un problema ciengfipecifico, si no el desarrollo de
la herramienta lo mas general posible, obteniendo pardeetitds amplia gama de propiedades
fundamentales de las galaxias que nos serviran para negligpbpdsitos. Por esta razén, en esta
tesis nos centraremos no sélo emmkAencion de multiples propiedades fisicasino también de
asegurar su calidad y precisiéon Esto incluye la comprobacion de los posibles sesgos odserv
cionales y limitaciones del método en si, de manera que fstaglos obtenidos con estos datos
proporcionen conclusiones cientificas solidas.

La calidad y cantidad de parametros estimados para milesldsigs en el campo cos-
molégico EGS permitira llevar a cabo multiples proyectantficos diferentes. Por ello, un
objetivo fundamental de esta tesis es hacer que todos los pgedcesados y los parametros esti-
mados en este catalogo estén a disposicion de toda la coaduasttondmica. Para ello, nuestro
objetivo sera desarrollar unterfaz web multi-funcional que permita a los usuarios el @&ceso
a todos los datos para las galaxias en EG&a herramienta resultante aumentara significativa-
mente el legado de losurveysobservacionales que han empleado una cantidad significadgiv
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recursos para ser llevados a cabo. Una descripcion de otiegiajo en este sentido se detalla en
el Capitulo 2 y también en eApéndice 1

A largo plazo, este catalogo sera la semilla para multipdéisdéos de la evolucion de las
galaxias. Sin embargo, para presentar algunas de las nsssgrosibilidades de este y otros catal-
0gos similares, en esta tesis se discuten varios estuditina#os responder preguntas cientificas
mas concretas. La mayor parte de los esfuerzos en estecssatitbtallan en élapitulo 4, que
constituye el objetivo principal de esta tesis después decion del catalogo en si. En este capi-
tulo nos centramos en investigar la relacion existentedatmagnitud observada y la distribucion
enredshiftpara una muestra seleccionada en el infrarrojo cercanddldén En particular, estudi-
aremos slas caracteristicas observadas en la forma del nimero de cotas de galaxias (NCs
del ingles Number Counts; la densidad observada de galaxian funciéon de la magnitud)
estan relacionadas con una evolucién temporal en la distririon intrinseca en luminosidad
(funciones de luminosidad) de estas galaxiasA continuacion presentamos un resumen de los
principales objetivos de este capitulo:

e Capitulo 4: investigar las causas que hacen que la forma de las cuentgdadéas de la
bandak sea diferente de las cuentas de galaxias en bandas Optieanohar la naturaleza
de las galaxias que constituyen el grueso del nimero deasibastasl = 19, explorando
la contribucidn relativa de las galaxias a diferemeatshifts realizar un analisis de la forma
funcional del nUmero de cuentas en términos de las funcibaé&sminosidad (LF) a distin-
tosredshifts calcular LFs a diferentegdshiftspara la muestra seleccionada en bahda
estimar el nimero de cuentas de galaxias en la baAndaartir de LFs en diferentes bandas
en reposo; explicar la caracteristicas mas relevantes fennfea del nUmero de cuentas en
bandaK en términos de la evolucion conreldshiftde los parametros clave de las LFs.

Numerosodrabajos liderados por otros autores se han beneficiado dictamente del
procesado de datos y el calculo de parametros realizado entagesis A continuacién pre-
sentamos una lista de estos trabajos que se han publicadwistas arbitradas y de los que soy
co-autor. En eCapitulo 5 se presenta un resumen detallado de una seleccide estos trabajos
(los marcados en negrita a continuacion), poniendo devediis resultados mas relevantes de cada
uno.

e Colaboraciones:

e Exploring the Evolutionary Paths of the Most Massive galaxés Pérez-Gonzélez, Pablo
G., Trujillo, Ignacio, Barro, Guillermo, Gallego, Jesusardorano, Jaime, & Conselice,
Christopher J. 2008, The Astrophysical Journal.

e Spitzer View on the Evolution of Star-forming Galaxies fma0 to z-3. Pérez-Gonzalez,
Pablo G., Rieke, George H., Egami, Eiichi, Alonso-Herrékbmudena, Dole, Hervé, Pa-
povich, Casey, Blaylock, Myra, Jones, Jessica, Rieke, iarigby, Jane, Barmby, Pauline,
Fazio, Giovanni G., Huang, Jiasheng, & Matrtin, Christod@05, The Astrophysical Jour-
nal.

e The Stellar Mass Assembly of Galaxies from z = 0 to z = 4: Analys of a Sample
Selected in the Rest-Frame Near-Infrared with Spitzer Pérez-Gonzalez, Pablo G., Rieke,
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George H., Villar, Victor, Barro, Guillermo, Blaylock, Mg Egami, Eiichi, Gallego, Jesus,
Gil de Paz, Armando, Pascual, Sergio, Zamorano, Jaime, &dypdennifer L. 2008, The
Astrophysical Journal.

e The Spitzer's Contribution to the AGN Population. Donley, J. L., Rieke, G. H., Pérez-
Gonzélez, P. G., & Barro, G. 2008, The Astrophysical Journal

e The Minor Role of Gas-Rich Major Mergers in the Rise of Intedmte-Mass Early Types at
z<1. Lopez-Sanjuan, Carlos, Balcells, Marc, Pérez-Gonz#&leablo G., Barro, Guillermo,
Garcia-Dabo, César Enrique, Gallego, Jesus, & Zamorame 2010, The Astrophysical
Journal.

e The galaxy major merger fraction te=A L6épez-Sanjuan, C., Balcells, M., Pérez-Gonzalez,
P. G., Barro, G., Garcia-Dabo, C. E., Gallego, J., & Zamoran@009, Astronomy and
Astrophysics.

e Characterization of Active Galactic Nuclei and Their Hosisghe Extended Groth Strip:
A Multiwavelength AnalysisRamos Almeida, C., Rodriguez Espinosa, J. M., Barro, G.,
Gallego, J., & Pérez-Gonzalez, P. G. 2009, The Astrononimainal.

¢ Infrared Excess sources: Compton thick QSOs, low-luminosy Seyferts or starbursts?
Georgakakis, A., Rowan-Robinson, M., Nandra, K., Digby#NpJ., Pérez-Gonzélez, P. G.,
& Barro, G. 2010, Monthly Notices of the Royal Astronomicalcgety.

e The Hh-based Star Formation Rate Density of the Universe-a0284 Villar, Victor, Gal-
lego, Jesus, Pérez-Gonzalez, Pablo G., Pascual, Sergisk&lKai, Koo, David C., Barro,
Guillermo, & Zamorano, Jaime 2008, The Astrophysical Jalrn

Esta tesis se presenta como una recopilacion de articulogaticular, el material que
abarca los Capitulos 2, 3 ha sido publicado en Astrophydmainal Supplement (2011ab), y el
Capitulo 4 ha sido publicado en Astronomy and Astrophys6€9). Ademas, en el Capitulo 5
se resumen los resultados de varios articulos publicaddi$ezantes revistas con arbitro (ver mas
arriba). Para facilitar la comprension y de poner los cépsten el contexto general de la tesis,
cada uno de ellos incluye una breve introduccion que praguacanformacion basica sobre los
temas abordados més adelante en los articulos. Por Ulartesis es precedida y concluida por un
traduccion completa de la Introduccion y conclusiones gees.

Nétese que los resultados de los Capitulos 2 a 5 no se presergatricto orden cronolégico,
si no siguiendo una estructura mas logica. Esto se debe dapdisis presentado en los Capitulos
2-3 se centra en la caracterizacion de las propiedades dauggira de galaxias, mientras que los
Capitulos 4 y 5 se centran en como utilizar las cantidadégadis de tales caracterizaciones para
abordar las cuestiones mas concretas. Ademas, como seom&eiteriormente, los Capitulos
2 y 3 constituyen el grueso de trabajo desarrollado paraesity y se les da asi mas relevancia.
Como consecuencia de ello, el Capitulo 4 no sigue estrictaames resultados de la capitulos
anteriores, sino mas bien al contrario. De hecho, el olgjgtiincipal del estudio presentado en el
Capitulo 4 fue realizado con éxito utilizando una versi@uéda (en tamafio y profundidad) de la
muestra de galaxias presentada en los capitulos 2 y 3. Nanbbstas conclusiones de este trabajo
nos indicaron la necesidad de obtener una muestra de galaéa ambicioso. En particular,
una basada en unos datos que cuenten con una area obseperitar sjuuna mayor profundidad
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(como por ejemplo la que nos proporciddpitzer IRAC), que aumente la sinergias con todos los
otros datos disponibles y nos permita llevar cabo un asaisntifico mas ambicioso, como los
presentados en el Capitulo 5.
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Introduction

1.1 Understanding the global galaxy evolution

The scientific development of the last decade which most atggithe study of galaxy formation
was the establishment of theCold Dark Matter A\CDM) concordance cosmological model. In
this model the Universe consists 6f70% dark energy;~25% dark matter and only5% of
ordinary matter. Early developed in the 1980s (Peebles)] #&2success of thedeCDM lies in its
capability to simultaneously explain the nature and stmgcof the cosmic microwave background
(CMB; the remnant of the Bing Bang; Smoot et al. 1992), thea@spon of the Universe, as well
as the observed large scale structure in which galaxiesaeged (the cosmic web; see left panel
of Figure 1.1).

The firm establishment of this paradigm has shifted the fafugalaxy population studies
from constraining cosmological parameters to characdteyithe processes which drive the for-
mation and evolution of galaxies. Knowing the values of naighe fundamental cosmological
parameters with very high accuracy (Spergel et al. 2003; &emet al. 2010), we find ourselves
in a new era of precision cosmology, where the most importhatlenge is understanding the
formation of the galaxies themselves.

Within the ACDM cosmological framework our present knowledge of hovagigs formed
is based upon the idea that only a small subset of the toted ofes galaxy is traceable by their
light. On the contrary, most of the mass is contained by asmding halo of dark, non-baryonic,
matter that ultimately drives the evolution of the baryonsatained within (White & Rees 1978;
Davis et al. 1985; White & Frenk 1991)\.CMD has provided a successful theoretical background
for characterizing the behavior of these dark matter hdllesvadays, their evolution can be mod-
eled to high accuracy by running large N-body simulatiohat tescribe their growth from the
initial fluctuations detected in the cosmic microwave baokgd (Somerville & Primack 1999;
Cole et al. 2000; De Lucia et al. 2004; Springel et al. 20050v& et al. 2006; Croton et al.
2006). However, in spite of some significant achievemenpdagxing the formation of cosmic
structures, there are still many challenges in explainimggtierarchical growth of real galaxies.
For example, while the models are quite successful in madciie observed large-scale distribu-
tion of galaxies, simulations appear to predict an excedsid matter sub-halos that do not match
the number of dwarf satellites observed within the Local fpr¢Kauffmann et al. 1993; Mateo
1998; Moore et al. 1999) . In addition, and more fundameyttde crucial processes that regulate
galaxy evolution within the haloes: gas accretion, stamfation and “feedback” (the effect of the
energy input from one generation of sources to the next) @reraely complex, and thus still
poorly understood (Kauffmann & Haehnelt 2000; Granato .€2@0D4; Springel et al. 2005a).

21
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Figure 1.1: Left: The Cosmic Web as pictured ByCDM models. The color code depicts the dark matter density
field on a Gpc scale. The bright and dark colors indicate thbdst and lowest density regions, respectively. The
bulk of the galaxy formation takes place in the brightesaardight: Schematic view of the evolution of the Universe
from the primordial fluctuations of the CMB formed shortlyeafthe Big Bang, to the wide variety of galaxy types
observed in the local Universe.

Nevertheless, despite these issues modeling the phydiws miteractions (most of the times
associated with the limited resolution of the models), nuca¢simulations are powerful tools that
provide a great insight into the early stages of galaxy faiona Within the ACDM paradigm, the
(simplified) picture of galaxy evolution follows a two stageocess (see e.g., Baugh 2006 for a
detailed review) : First, driven by a mechanism of gravitadl instability, dark haloes form in a
dissipation-less, gravitational collapse. In this ph&ssefirst structures start to develop following
the radiative cooling of baryons. Second, the condensatidhe large masses of pristine gas
stabilizes the proto-galaxies against the disruption eds/ the merging of the haloes. Then,
within these primordial seeds, star formation triggers uffisiently massive halos starting the
sequence of global chemical evolution (including metat$ dust formation). Later on, additional
feedback process are required to make small galaxies nituseland less successful at surviving
the merging process, thus avoiding the production of mare ¢mlaxies than are observed. On a
global scale, these primeval stars and galaxies would gidheionize the (opaque) neutral gas
that populates the universe from shortly after the Big Baseg (e.g., Loeb & Barkana 2001 and
references therein). After that, this oversimplified patteill essentially replicate itself at large
scales and eventually the complicated balance betweencgeetian, cooling, and merging will
lead to the local scenario that we observe today. The rigintlpaf Figure 1.1 shows a simplified
scheme of the whole evolutive process.

All in all, much of the recent success in understanding gafaxmation would not have
been possible without a corresponding similar improveniernhe quality of the observational
astrophysics, that has provided direct evidence of the t@dhhift universe. The synergy between
theory and observations allows to integrate the obsematid galaxies at different ages of the
Universe in a consistent framework. At the same time, thie@ss also raises several questions
and make predictions that can be put to test with the data.

Ultimately, the purpose of studying the evolution of gaésxis determining how galaxies
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evolved from the primordial fluctuations in the CMB to theelise population of disk and elliptical
galaxies that we observe today?. However, this generaktigneshich can be summarized into
several other key questions:

When did the first galaxies form?

How and when did galaxies assemble their stars?

What triggers episodes of galaxy-scale star formation?t\atmats them off?

What is the role of environment in driving galaxy formatianits present scenario?

The evolution of galaxies from primordial seeds to maturessie systems depends on the
answer to such questions. Therefareprder to perform a detailed analysis we need to as-
semble large samples of galaxies at different ages of the Werse Only by understanding the
evolution with cosmic time of the process that drives thenfation of galaxies could we derive a
robust picture of the whole process.

Although the study of galaxies at different epochs of theverse are equally important,
from the observer point of view, there are significant défeses in the approach to galaxy surveys
when these are focus on the study of local galaxies (withieva Mpc) or distant galaxies at
different cosmic times (z0.05-0.1). Whereas the first frequently involve whole skydovery
large area) surveys, the latter focus on deep observatiom$atively small regions. In the next
sections we will focus on these surveys which are more glastdted with the topic of this thesis.
In particular, we will explain their motivation and main chateristics from a historical context,
describing them from their early developments to their alcstate. Then, we will describe some
of the main results that we can obtain from them.

1.2 The search of distant galaxies

1.2.1 The first galaxy surveys

Similarly to what happened with the initial formulationstbe cosmological models, the funda-
mental ideas behind the systematic search of primeval igalaere also soon developed. Partridge
& Peebles (1967a,b) were the first to discuss the expected\Mfaspectral energy distribution
(SED) of star-forming galaxies and the general methodotddnyow to exploit the features present
in this wavelength range, such as the 1216 A, Lymaemission line (and Ly forest; Gunn &
Peterson 1965) or the 912 A Lyman limit, as observationalilalgs to identify distant galaxies
(see Figure 1.2). The idea behind this technique is the tieteaf these strong features in differ-
ent observed bands as a result of the cosmological redshiftortunately, the first photometric
surveys following these pioneering theoretical works pobto be unsuccessful, mainly due to the
limitations of the available photographic and photoeleatietectors (Davis & Wilkinson 1974)
and even the first modern CCDs (Koo & Kron 1980).

In fact, the first handful of galaxies at significant redsh{ft>1.5) were detected using obser-
vations at non-optical wavelengths. The systematic spgeodipic follow-up of the hosts of radio
sources from the revised 3rd Cambridge catalog (3CR; BedféR), led to the confirmation of
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Figure 1.2: Optical spectra of a galaxy at redshift3.52 depicting the rest-frame UV. The spectra shows the oyma

o line, emitted at 1216 A rest-frame, jointly with the Lymanforest, caused by the absorption of Lyman photons
(those emitted ak <1216 A rest-frame) in galaxies at lower redshifts. AdaptedtfPahre & Djorgovski (1995).

a few hundreds high redshift galaxies showing well-char@med emission lines (Spinrad & Djor-
govski 1984a,b; Spinrad et al. 1985). In the following yemfew more detections were reported
based on Lymanr detections targeted around some of these known QSOs, akiddoor com-
panions at the same redshift as the quasars (e.g., Scheeiaer1986, Hu & Cowie 1987). Due
to the success of these searches, up until recently, higihifedalaxies was synonym for radio
galaxies. Nevertheless, other early surveys using botlowarand and long-slit techniques to de-
tect this emission line find essentially no detections (Latal et al. 1990, de Propris et al. 1993,
Thompson et al. 1995) and the few that succeeded, dematkthett these observations were only
sensitive to the few brightest, and thus rarest objectsariiéhds.

1.2.2 Modern photometric surveys

The dawn ofmodernphotometric surveys, routinely returning thousands ohhigdshift galax-
ies, had to wait until the 1990's. The launch of the Hubblecgpaelescope (HST 1990), the
commissioning of the first 8 to 10 meter-class telescopesKK893; SUBARU 1999) and the im-
provements in detector technologies, providing high $etgiand large area CCDs, opened the
door to a full systematic exploitation of the galaxy seassthhiques. Indeed, the first major break-
through in the characterization of the high redshift urseewas perhaps the observations of the
Hubble Deep Field (Williams et al. 1996, Figure 1.3). Thenggedented faintimaging (2.5'x2.5")
containing literally thousands of galaxies (depicted weittremely high spatial resolution) held the
key for the success of the previously under-performing Lyfheeak dropout technique to isolate
high redshift (z-3; LBGs) galaxies (Steidel et al. 1996, see Figure 1.4).

Following the spectroscopic identification of the initiaBGs candidates, the first multi-
object spectrograph, mounted in the Keck telescope, atldive systematic confirmation of more
than a thousand galaxies gt 2 (Steidel et al. 1999). At the same time, complementaryeysv
making use of combined ground-based and HST observatitmveesl to push the search to higher
redshifts, while rapidly expanding the number of photometandidates. With this aim, new sur-
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ST Scl OPO January 15, 1996 R. Williams and the HDF Team (ST Scl) and NASA

Figure 1.3: The original Hubble Deep Field taken with the Wide Field atahetary Camera 2 (WFPC2) on board

the Hubble Space Telescope (Williams et al. 1996). The inlmgemposed of 342 different exposures taken in 10
consecutive days in December of 1995. The field was obseored30h in 4 different broad band filters at 300 nm,

450 nm, 606 nm and 814 nm. The color image was obtained by congbihe data taken in 3 different broad band

filters.

veys started ultra-deep multicolor observations at kegtioas of the sky, signaling the beginning
of the fruitful exploitation ofblanksurveys.

The availability of large telescopes, dedicated facsit@nd space-based observations sup-
posed a great leap forward in the search for distant galaiemng with the LBGs, some other
photometric techniques began to prosper during the mid’4990@e most relevant of these blind
search techniques, can be briefly classified in essentvadiycategories.

e TheLBG or drop-out techniques, which selects galaxies over a certain redskgftval by
measuring a strong discontinuity in the continuum basecherdetection of the galaxy in
several (sometimes only 2, but generally more) broadbateddil The generalization of this
method by measuring prominent features in the galaxy SEHigrahan the Lyman break, is
often referred as eolor selection technique.

e Emission linesearches, targeting Lymanemitters (LAES) or other galaxies showing strong
emission lines, such asdHor [Oll]. Basically, two similar photometric techniques ynbe
used to identify the lines: 1) Narrow Band imaging, basednhenuse of a combination of a
broad band filter and a narrow bantiX=10-50 A) to detect the excess flux of a specific at
a certain redshift (see right panel of Figure 1.5); 2) Tueditter imaging, based essentially
on the same technique but working on customizable wavédtenagige that allows to expand
the line search on a wider redshift interval.

According to a census by Bouwens et al. (2006), by that titmedtop-out technique had
already identified around: 4000-Z galaxies (B-dropout), 1000~5 galaxies (V-dropout), and
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Figure 1.4: Left: The blue, green and red lines depict the set of broadi li¢ters (U,,G,R) used by Steidel et al.
(1996) to identify LBGs atz3. The black line shows a synthetic galaxy spectra of contisstar formation (Bruzual

& Charlot 1993) featuring the Lyman break at 912 A rest-frafeght: Color-Color criteria used to select the LBG
candidates. The curves represent synthetic galaxies ¢woittinuous star formation) placed at progressively higher
redshifts, starting at=20.5 with step z0.1. The four tracks correspond to different amounts of dbscuration
ranging from zero extinction (blue) to A(V)=2 mag (red). Tloeus of stellar colors is shown as stars. The shaded
areas correspond to the selection criteria~ad zBoth figures are extracted from Giavalisco et al. (2002)
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Figure 1.5: Left: Image cutouts of three~88.5-9 galaxy candidates identified in the ultra-deep HUDFGO&IR
observations with the LBG technique (adapted from Bouwe¢ias 2010b). None of the candidates is detected in the
deep ACS BV iz observations, and at least two of them are \@loop-outs indicating, i.e., the lyman break shifted
to the NIR bands due to the (high) redshift of the galaxieghRiColor-magnitude diagram for candidates to emission
line galaxies at z0.84 (black) detected with a narrow-band filter techniqu¥illar et al. (2008). An excess in the
narrow band vs. broad band color indicates that the narrowl Bher is picking up an additional contribution to the
flux due to an emission line. In this case, the emission at 6563A rest-frame is detected in the narrow-fiiledat
Aer=1.20um for galaxies at z0.84.



1.2 The search of distant galaxies 27

L Star—forming galaxies
at z>1.4

Old galaxies |
at z>1.4

IS

CWW templates in 0<z<1.4

ol v v Uy Ty ey sy ] R R S

0 2 4 6

z (B_Z)AE

Figure 1.6: Left: J— K, color used to identify DRGs as a function of redshift for savsynthetic galaxy spectra
(adapted from Franx et al. 2003). The solid curves indicaigles-age stellar populations with ages of 0.25, 0.5, and
1 Gyr. The colors exceed—K,>2.3 only for z-2 as a result of the Balmer break/4000A break moving intathe
band. Right: B-z versus z K color used in the BzK criteria (Figure as shown in Daddi e2804) for the local
templates of various galaxy types from Coleman et al. (19808 models are plotted for the range£<1.4 and do
not reach the regions where star-forming and quiescentigslat 1.4z<2.5 are located.

500 z~6 galaxies (i-dropout). Nowadays, the availability of altteep NIR observations allows
a robust confirmation of27 (z-dropouts) and extends the drop-out technique all the wgato
z~10 (J-dropout), merely 500 Myr after the Big Bang (Bouwens et alL@a,b, see left panel of
Figure 1.5).

1.2.3 Observational biases and multi-band observations

Although all the techniques described above are extremfélyiemt at providing high redshift
galaxy samples, it is critical to bear in mind that each osthmethod provides a shaded view of
the extragalactic Universe, i.e., none of them are exenopt their own observational bias. For
example, the LBG technique is intended to select youngfstaring, relatively dust free galaxies,
which implies that it is severely biased against dust ensted galaxies and older populations that
would redden the observed spectral energy distributiondsliaely lead to redshift ambiguities
(e.g. Reddy et al. 2005). Similarly, LAEs, and in general ssiain line searches, have a clear
but uncertain observational bias. This is because, in iaddid the star-forming requirement,
these surveys present two sensitivity thresholds, of fluglland equivalent width (only galaxies
with relatively large equivalent can be detected no mattev hright the continuum), and a very
narrow redshift range that causes them to be generallydesplete than those based on continuum
emission.

In order to overcome the issues regarding the observataseés on these techniques, other
methods has been developed targeting at continuum featurest-frame optical wavelengths of
normalgalaxies (observed in the NIR) instead of the UV of star-fimgrgalaxies. Many of these
techniques are based on the detection of the Balmer and 8@ Areak using NIR colors to
identify massive systems, more evolved than the UV selesdetples, e.g., EROS, IEROS, DRG,
BzKs (see e.g., Elston et al. 1988; Yan et al. 2004; Franx.e2G03; Daddi et al. 2004; see



28 1. Introduction

Figure 1.6). Nevertheless, similarly to what happens with aptical-dropout techniques, these
methods could not start to provide significant results thélrecent improvement in NIR detectors
(in the early 2000's), that brought them to the efficiencyelevand area coverage of the optical
CCDs. More recently, the availability of th®pitzerSpace Telescope, probing the 3.6¢810
range, has allowed the detection of these massive systetoszug (Pérez-Gonzalez et al. 2008).
Evidently, NIR color techniques also present their own ésasPerhaps, the most remarkable is
the degeneracy in red optical colors that do not allow to stigudistinguish between old stellar
populations and dusty starbursts (see e.g., Papovich22@6).

Complementary studies that allow to break this degeneragyire observations at longer
wavelengths (in the mid-to-far IR, sub-mm or radio) thatqg®R radiation re-emitted by the dust
in heavily obscured star-forming systems. These kind ofets, such us those performed with
JCMT/SCUBA(sub-mm), VLA(radio), Spitzer/MIPS(FIR) andw Herschel, offer the necessary
data to complement the biased vision of high-z galaxy pdmra that we obtain from surveys
focused only on UV/optical wavelength ranges. Unfortulyateis only recently that the samples
selected at longer wavelengths are able to provide a statlgtrepresentative number of galaxies.

Guided by the rapid development of astronomical instruatesm, new surveys at multiple
wavelengths are frequently presenting new and and somegnoeind-breaking results. This is
possible thanks to state-of-the-art instruments anditi@silthat allow significant improvements
over the previous works. Nevertheless, many of these ssrgéign claim to have find a new
galaxy population, named with its own acronym, and it is neigs clear to what degree these
groups are orthogonal or complementary to the previous.ofsst is stated in the recent 2010
decadal white papeThis situation is symptomatic of a subject that is still mirifancy. Over the
next decade, high redshift observers will attempt to utigse different galaxy classes, in order
to formulate a coherent evolutionary picture connectingagees in the high redshift Universe to
galaxies todayBell et al. 2009). In practice, the most efficient way to a@vthie selection biases
introduced by the single photometric techniques is to combeveral of these methods, or at least
count with a body of data large and accurate enough to antigz8EDs of the galaxies in a broad
wavelength range.

Evidently, this kind of endeavor is not feasible for singleservers. Therefore, the most
relevant galaxy surveys are always conducted by world-wadborations that join their efforts
by targeting the same well-characterized fields in the sig $b-called cosmological fields). Large
collaborations also ensure the availability of guarantie projects capable of fulfilling the
very demanding observations required to survey these figltisseveral instruments at different
wavelengths. The most ambitious collaboration of this kiodlate is the Great Observatories
Origins Deep Survey (GOODS; Giavalisco et al. 2004), whichnt with two key fields in the
northern, centered at the location of the original HDF-Ng aouthern hemispheres. However,
many others have followed, such as the large area (COSM@Sil®et al. 2007) or the Extended
Groth Strip (EGS; Dauvis et al. 2007), which count with oneld targest spectroscopic follow-up
observations. The gathering of exhaustive data-setsdimgunot only photometry, but also optical
and NIR spectroscopy, and high resolution imaging, turseHeslds into key assets to achieve a
broad range of astronomical goals.
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1.2.4 Spectroscopic galaxy surveys

An overview of the most relevant galaxy surveys would bertyaacomplete without mentioning
the exhaustive spectroscopic surveys. Although these @tréha main topic of this thesis, we
briefly mention them because of the their fundamental rolthenstudies of galaxy evolution.
Indeed, spectroscopic surveys at the low and intermedeatehift regimes bridges the (mostly
photometric) studies at higher redshifts to the local gsidT his is of critical importance because,
as much as th&CDM models offer a framework to put observations into cotytiée whole picture
of galaxy evolution could not be sustained without a propeihg between the surveys of early
universe and the local ones.

Representative examples of spectroscopic surveys at shifes are the Sloan Digital Sky
Survey (SDSS; York et al. 2000) or the Two-Degree Field GaRedshift Survey (2dfGRS; Cole
et al. 2001). Both of these surveys aim at characterizingtbperties of the general galaxy pop-
ulation and their relationship with the galaxy environmené distance of aboutx0.2, based on
spectroscopic observations of nearly a million galaxiesinfermediate redshifts ¢z1.5), there
are three main surveys currently being conducted, thatadkantage of very efficient multi-object
spectrographs in large telescope facilities: the Deep Wnarlary Extragalactic Probe (DEEP;
Davis et al. 2003), using LRIS and DEIMOS at Keckl20 nights; Faber et al. 2003), and zCOS-
MOS (~80 nights; Lilly et al. 2007) and VIMOS VLT Deep Survey (VVDS70 nights; Le Fevre
et al. 2005), using VIMOS(Le Févre et al. 2003) at the VLT. O past 5 years, these surveys
have amassed a few tens of thousands of optical spectrasdfigsiup to 1.

The amount of information and the quality of the data proglithy a spectra is far supe-
rior to what can be achieved from multi-band photometry. éftheless, the extreme faintness
of distant sources on the one hand, and the lack of measwspbtdral lines on the other, pre-
vent spectroscopic redshift surveys to continue their estinze task in the redshift range between
z~1.4 and z3 (the so-called redshift-desert). At higher redshiftdagi@s with strong Lymara
emission can be picked up, but these constitute only a snaalién of the galaxy population at
that redshifts. Therefore, systematic spectroscopiceysrat the highest redshifts would have to
wait for the next generation of instruments (NIR multi-atijspectrographs) and telescopes (30m,
JWST) that will be able to observe very faint distant galaxibtaining NIR spectra that probe the
rest-frame optical emission lines.

1.3 Insights from galaxy surveys

In an epoch where observations have a leading edge overtiwbmodels, and their input is

indispensable to the advance of theoretical efforts, stuoli galaxy evolution provide information

not only about the main constituents of the Universe but alsmut the properties of the Universe
as a whole.

We have already mentioned some of the key areas of interesidiies of galaxy evolution
(8 1.1). Here we will briefly outline two of the most relevaesearch topics in this area, that are
common to all current galaxy surveys.

The global Mass Assembly
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Figure 1.7: Comparison between the observed SMFs and the semianalytielrpredicted SMFs at different redshifts
from the work of Marchesini et al. (2009). The predicted SMifs represented by black curves: solid for the
Somerville et al. (2008) model, dotted for the Monaco et aD0{7) model, and dashed for the Wang et al. (2008)
model. Red, green, and blue filled circles represent the Skifesthick error bars include Poisson errors, cosmic
variance, and the uncertainties from photometric redsaiftom errors; the thin error bars include the systematic
uncertainties.

As it has already been introduced, current models of stradturmation predict that dark
matter halos, built up in a hierarchidabttom-upfashion, drive the process of galaxy formation.
Consequently, the formation of galaxies must have followesimilar hierarchical development,
leaving traces of their growth pattern across cosmic tinteusT in order to put theoretical models
to the test, studies of mass assembly focus on the analygalafy samples at different redshift
intervals and grouped by stellar mass. This allows us tdttlae assembly of mass with cosmic
time and to trace the formation epochs of galaxies as a fumcif their mass. One of the key
ingredients in these analysis, is the study of the densityatdixies as a function of the stellar
mass at different redshifts (i.e., the stellar mass funshioThe integration of each of these mass
functions in different redshift intervals allows us to eslite a stellar mass density (SMD) as a
function of loop-back time, which provides information dretrate of global mass assembly.

Recent studies exploring the build up of the stellar madsarkey interval from 23-4 (when
the first fully assembled galaxies are detected)t0.5 (when the majority of the most massive
galaxies M > 10 M, are already in place) have shown that about half the stalss in present
day galaxies was assembled in thezk 4 interval (e.g., Fontana et al. 2006; Pérez-Gonzalez et al.
2008; Elsner et al. 2008; Marchesini et al. 2009), whereasdmaining mass growth takes place
at z<1 (Bell et al. 2004; Faber et al. 2007) driven by a widespreaenise star formation rate,
but also significantly affected by a large fraction of galamxgrgers, specially in massive systems
(Conselice et al. 2003, 2008, 2009; Feldmann et al. 2008admn the evolution of galaxies seems
to have followed alownsizingscenario (Cowie et al. 1996), consisting of a differentravgh of
the stellar mass density, such that massive galaxies ambted earlier and more rapidly than low
mass galaxies. Nevertheless, the downsizing scenaridl & fsictional point between models and
observations. Despite the overall agreement in the glabtlne of mass assembly, models still fail
to reproduce the downsizing trend (or at least mass dowrgsiBirory & Alvarez 2008; Fontanot
et al. 2009), and more precisely, the density of massivexgedat 222. In theory, these objects
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Figure 1.8: Determinations of the UV luminosity density and SFR denattgifferent redshifts showing results from
several authors (adapted from Bouwens et al. 2010). The lag circle shows the constraints at& from the
dropout search conducted at the WFC3 Y-band observatidresloiver set of points (and blue region) show the SFR
density determination inferred directly from the UV lightd the upper set of points (and orange region) show what
one would infer using dust corrections inferred from the tbAtinuum slope measurements.

are first spotted at too early stages of galaxy formationglKet al. 2006; Cimatti et al. 2008;
Salimbeni et al. 2008; Fontana et al. 2009) and seems to fineshbuild up too soon (Pozzetti
etal. 2003; Arnouts et al. 2007; Ferreras et al. 2009), wisiaiore similar to a monolithic collapse
than to a hierarchical growth.

In the seek of convergence, the latest versions ofAG®M models have improved their
ability to reproduce the massive end of the mass functiomtvgducing empirical recipes that sup-
press star formation in primeval galaxies, e.g., the supeam or Active Galactic Nuclei (AGN)
feedback (Croton et al. 2006; Bower et al. 2006; De Lucia e2@D6; Somerville et al. 2008).
Also, hydrodynamic simulations show that the large amotidiense gas present at high redshift
can lead to the formation of spheroid-dominated galaxiaglatively early epoch (Naab et al.
2007; Dekel et al. 2009). In addition, there are substasyisiematic uncertainties in the stellar
mass determinations for individual galaxies that causeshiape of the mass function, specially at
high redshift, to be poorly constrained, adding anotheeipitdl source for disagreement (see e.g.,
Marchesini et al. 2009). A re-analysis of the theoretic&dgctions taking these issues into ac-
count, shows that models roughly reproduce the evolutidhe§pace density of massive galaxies
when their predictions are convolved with a realistic eatigrfor the observational error on stellar
masses (Fontanot et al. 2009).

While the overall qualitative agreement between the datiela® models is promising, some
discrepancies are still present. Thus, large samples axigalcharacterized with accurate physical
properties and redshifts are necessary in order to robdstlgrmine the mechanisms of galaxy
assembly.

The star formation rate density of the Universe

The analysis of the evolution with cosmic time of the stanfation rate density (SFRD)
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provides a complementary view to the studies of the SMDjnaback the epoch when galaxies
where actively forming the bulk of their stellar contentattit is ultimately responsible for the
build up of their mass (or at least the baryonic component).

Similarly to the stellar mass functions, measurement ofvgaluminosity functions (LF;

i.e., the density of galaxies as a function of their lumikyat different redshifts and wavelengths)
has rapidly matured in the past few years (Faber et al. 200atcvsini et al. 2007; Arnouts
et al. 2007). An advantage of LFs it that, under certain aggioms, the luminosity of galaxies
can be related to the amount of ongoing star formation, ie.the UV a large fraction of the total
luminosity is emitted by the newly formed stars, which asoaksponsible for ionizing the neutral
gas and causing the emission lines. Therefore, the stud¥efbifers a direct probe on how the
space density of the galaxy star formation rate (SFR) egplowing us to constraint the global
star formation history (Lilly et al. 1996; Madau et al. 1996)

The last decade has seen significant advances in our un#irgjeof the history of star
formation. Nowadays, one can find several hundred detetmirgof the star formation rate
density estimated from observations at many wavelengtttsa@ large range of lookback time
(e.g., Hopkins & Beacom 2006). Taken together, these obh8ens suggest a rapid increase in
the SFRD from the epoch of reionization te-2—3 (Bouwens et al. 2010a). After that time,
the SFRD steadily decreased over the last 10 billion yeashig8novich et al. 2005; Arnouts
et al. 2005) down to its actual value (Gallego et al. 1995)ctviis at least a factor of 10 lower
than at the epoch of maximum activity. The global pictureasgrally understood in the context
of a hierarchical growth of small building blocks with largas reservoirs at early times, and
gas exhaustion or heating through self regulated procesh @s supernovas or AGNs) at late
times. However, while this characterization of the Stamfation History is broadly accepted,
there are several key details that still are poorly deteeahithus leading to controversies in this
interpretation. Some of these issues arise from the suftmtdisagreement in the measurements
of the SFRD derived at different wavelengths, most notaklyvieen the UV (Schiminovich et al.
2005; Salim et al. 2007; Reddy et al. 2008), emission lingcatdrs (Villar et al. 2008; Sobral
et al. 2009) and those in the FIR and sub-mm (Le Floc’h et @52@¢érez-Gonzélez et al. 2005;
Caputi et al. 2007) domain. Thus, despite our increasedbdéfes to gather large amounts of
data, the uncertainties in the conversion factors from hasity to SFR (see e.g., Kennicutt 1998
or Moustakas et al. 2006), the amount of dust obscuratiohebtas introduced by the different
selection criteria of each survey are still a potential seusf discrepancies. A more reliable
evaluation of the SFRD can be achieved by comparing two oerstar formation indicators for
the same set of objects. While new galaxy surveys provide |éstatistically significant) samples
with which one can attempt such studies, the samples of igaléor which more than a single star
formation indicator can be applied are not necessarilyldnge.

Another potential problem for the analysis of galaxy asdgnstthe disagreement between
SFRD and SMD at high redshiftg2. A number of studies reveal that, upon integration withetim
the current estimates of the SFRD tend to over-predict #lastnass density at low redshift (Eke
et al. 2005; Hopkins & Beacom 2006; Pérez-Gonzalez et aBR0lhese discrepancies suggests
that either stellar mass estimates are incorrect or theFstanation History is overestimated, or
perhaps both (Wilkins et al. 2008). Alternative solutioms that the larger star formation rates
at high redshift could be explained by an evolution of théaténitial mass function (IMF; van
Dokkum 2008; Meurer et al. 2009), which nonetheless woulesgnificant implications in
other observables (e.g., Fardal et al. 2007), or that tilseaesizable amount of total mass at high-z
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that it is locked up inside a population of UV-faint (low magmlaxies that may escape stellar
mass selected samples but, even with their low stellar reaase sufficiently numerous to add
appreciably to the total budget of stellar mass (Reddy &deie2009).

Again, this discrepancies between observationally ddnaeasurements, highlights the ne-
cessity that the analysis of Star Formation History and tliduéion of the SMD are carried out
from studies that combine different indicators based ortinedvelength data reducing the obser-
vational biases as much as possible.

1.4 Remarks on galaxy surveys

It follows from the discussion in previous sections thaider to the tackle the actual controver-
sies on galaxy evolution, we require large (statisticaigyngicant) samples of galaxies counting
with a exhaustive multi-band coverage. Only then we wouldlile to accurately characterize the
physical properties of the galaxies to obtain meaningfiiits on galaxy evolution.

In this regard modern galaxy surveys offer extraordinapyatélities to examine the prop-
erties of thousands of galaxies simultaneously and camlgt Nonetheless, without a proper
merging and modeling of the vast amount of spectro-photocn@ata, a detailed analysis of the
global galaxy properties is not possible. Thus, a crititepgo fully exploit the possibilities of
large datasets is filling the gap between the large set ofdgaeous resources and the intrinsic
properties of galaxies. The majority of the current studh@sed on large galaxy samples have to
deal with this situation somehow. Paradoxically, in spit®ar continuous requirements of new
data, a project can sometimes face an excess of resourcist ltases, the large amount of data
causes a bottleneck that prevent us from extracting vatuafdrmation on the individual galaxies
observed in the images.

The task of efficiently merging the data to derive meaningfu&ntities on a galaxy-by-
galaxy basis involves a combination of several steps, amsliths not straightforward procedure.
First we must perform the multi-band identification and comepconsistent photometry for each
source, then we model the merged photometry for each gateastimate their intrisic properties.
In addition, one must be aware of unintended selection tsfeat deal with possible systematic bi-
ases introduced by limitations of the method. For examplese arising from the lack of sufficient
data at certain wavelengths, or from the assumptions maefgitoate of the physical properties.

1.5 Aims of this thesis

The main purpose of this thesis is to use multi-wavelengttqrhetric data to obtain the most reli-
able estimates of important physical parameters of intdrate- and high-redshift galaxies, which
will give us an insight into the formation and evolution oflgédes throughout (most of) the Hub-
ble time. More precisely, this thesis work has gatheredgelaample of galaxies spanning a wide
redshift interval and make use of: optical to NIR photométrgharacterize their most relevant
physical properties, mid-to-far IR photometry to charaeztethe ongoing star formation on these
galaxies through the analysis of their dust emission, spgobpic data to robustly determine their
redshift and thus obtaining a better characterization eir trest-frame properties (luminosities,



34 1. Introduction

colors, etc). The simultaneous analysis of all these ptmgsewill allow us to characterize their
growth and evolution with cosmic time.

To accomplish these goals, we first focus on the assemblyasfia sample oBpitzefIRAC
(covering the 3.6-t0-8.@m spectral range) selected galaxies in the cosmologicdl Egtended
Groth Strip (EGS), which is one of the most important cosrgmal deep fields. It has been
observed by ground and space based observatories alikenpireg a vast amount of high quality
spectro-photometric data in multiple wavelengthsChrapter 2 we focus on the technical details
of the assembly of the galaxy sample dhe develop of a consistent merged multi-band catalog
based on these data. This catalog will be the basis for theesuient modeling of the UV-to-FIR
SEDs of the galaxies, that will allow us to estimate theirgbgl properties. In addition, Chapter
2 also present relevant results on the UV, optical and FIpentees of the NIR (IRAC) selected
sample. In particular, we discuss the de-blending methed ts alleviate the source confusion
issues in the IRAC bands, which are of critical importancelttain reliable source densities or
studying the spatial distribution of galaxies. A detailadsnary of the main objectives of Chapters
2:

e Chapter 2:gathering a comprehensive spectro-photometric datagbeiEGS; combining
the data products of multiple surveys reducing and mosajcklata when necessary; cre-
ating an IRAC selected sample characterizing its compéstefevel; identifying the multi-
band counterparts of the IRAC sources; computing a comsisterged photometric catalog
overcoming differences in depth and spectral resolutiojyeing the overall multi-band
coverage of the sources (i.e., the number of bands in whieshdhe detected) as a function
of the magnitude and redshift; identifying stellar or géilanature the sources.

Among the multiple scientific possibilities of the multi-wedength galaxy catalog, the in-
mediate and long term goal this thesis is aimed at studyiegytbbal process of mass assembly
in galaxies at different epochs of the Universe. For thatenathe sample of galaxies is selected
in the NIR (closer to selection in mass) and a significanttioacof the work is devoted to com-
pute accuratatellar massesanalyzing in detail the associated uncertainties. Equalfyortant
to characterize the growth of galaxies is determining the & which each galaxy increases its
mass content (the number of existing stars). Thereforeméhods and possible biases in the
estimate of robusSFRsare also extensively discussed in this thesis. Along wigptiotometric
redshifts, without which the evolution with cosmic time can not be added, the estimate and
analysis of stellar masses and SFRs are the central pi€tieapiter 3. A detailed summary of the
main objectives of this Chapter follows:

e Chapter 3: characterizing the optical-to-NIR SEDs of the galaxies kynfj the observed
photometry to synthetic templates modeled with stellarybepon synthesis models; esti-
mating photometric redshifts and stellar masses out thisdiprocedure; quantifying the
overall quality of the photometric redshifts from the compan to spectroscopic redshifts
and other previously published photo-z estimates; evialgittie accuracy of the stellar mass
estimates by exploring possible systematic effects ayisom the use of different assump-
tions in the modeling of the stellar populations; studyihg goodness of the stellar mass
estimates comparing them against the estimates of othkomsutcharacterizing the mid-
to-fir SEDs of the galaxies by fitting the observed photomardifferent models of dust
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emission; estimating UV- and IR-based SFRs for all galak@sed on the full fitting of
the SED; estimating the typical random and systematic taicties of the IR-based SFRs
comparing the values obtained using different sets of nsogiedl the studying the effects of
working with limited IR data.

Exploiting all the available spectro-photometric data asmological fields is the common
starting point in current studies based on the analysis whayalactic sources. Consequently, it
is important to stress that the fundamental aim of this thisshot creating a catalog as a means
to address just one specific problem, but developing the gerstral tool possible, obtaining a
wide range of fundamental properties that will serve to ipldtpurposes. For this reason, we
will focus not only onobtaining several physical properties but also on ensuringheir quality
and accuracy. This includes checking for possible biases or limitatiohghe method so that the
results based on this compilation of data led to robust séienonclusions.

The breadth and quality of the estimated parameters olost&néhousands of galaxies in the
EGS allows to pursue multiple scientific projects. For thatter, a fundamental goal of this thesis
is to make all the processed data-set and estimated pararoétee catalog publicly available. To
that end, we aim to develop multi-functionakb-interface that allows the whole scientific the
access to all the data products for the EGS galaxieJ he resulting tool will significantly increase
the legacy of all the surveys that observed the field speralsignificant amount of resources. A
description of our work in this context is presented in CeagtandAppendix 1.

In the long term this catalog will be the seed for multipleds&s of galaxy evolution. How-
ever, to reveal the numerous possibilities of this and singhtalogs, this thesis discuss several
studies aimed at addressing specific scientific questiomst bf the efforts in this regard are de-
tailed inChapter 4 which constitute the main goal of this thesis after the ¢oeadf the catalog.

In this Chapter we focus on investigating relation betwdendbserved magnitude and redshift
distribution for a NIR ({-band) selected galaxy sample. In particular, we studyafdhserved
features irnthe shape of galaxy number counts (the observed density as aniction of magni-
tude) are related with an evolution with cosmic time of the iririnsic distribution in luminosity
(luminosity functions) of the galaxies A detailed summary of the main objectives of this Chapter
follows:

e Chapter 4: investigating the causes for the different shape of the Kdb@umber counts
compared to optical number counts; determining the nattitheogalaxies that constitute
the bulk of the number counts up 16 =19, exploring the relative contribution of galaxies
at different redshifts; performing an analysis of the fumrcal form of the number counts in
terms of the luminosity functions (LFs) and the redshiftingauting LFs at different redshift
intervals from ak-band selected sample; estimating number counts inkthend using
LFs at different rest-frame bands; explaining the mostveiefeatures in the shape of the
K-band number counts in terms of the evolution with redsHithe key parameters of the
LFs.

Many otherworks led by other authors have directly benefited from the daa processing
performed in this thesis Here we present a list of these works, where | am a co-authatrhas
been published in refereed journalShapter 5 presents a detailed summary of a selection of
these works(those marked in boldface), highlightning the most rel¢vasults of each work.
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Colaborations:

Exploring the Evolutionary Paths of the Most Massive galaxés Pérez-Gonzéalez, Pablo
G., Trujillo, Ignacio, Barro, Guillermo, Gallego, Jesusardorano, Jaime, & Conselice,
Christopher J. 2008, The Astrophysical Journal.

Spitzer View on the Evolution of Star-forming Galaxies fma0 to z~3. Pérez-Gonzalez,
Pablo G., Rieke, George H., Egami, Eiichi, Alonso-Herrékbmnudena, Dole, Hervé, Pa-
povich, Casey, Blaylock, Myra, Jones, Jessica, Rieke, iarigby, Jane, Barmby, Pauline,
Fazio, Giovanni G., Huang, Jiasheng, & Martin, Christod@05, The Astrophysical Jour-
nal.

The Stellar Mass Assembly of Galaxies from z = 0 to z = 4: Analys of a Sample
Selected in the Rest-Frame Near-Infrared with Spitzer Pérez-Gonzalez, Pablo G., Rieke,
George H., Villar, Victor, Barro, Guillermo, Blaylock, Mg Egami, Eiichi, Gallego, Jesus,
Gil de Paz, Armando, Pascual, Sergio, Zamorano, Jaime, &dypdennifer L. 2008, The
Astrophysical Journal.

The Spitzer's Contribution to the AGN Population. Donley, J. L., Rieke, G. H., Pérez-
Gonzalez, P. G., & Barro, G. 2008, The Astrophysical Journal

The Minor Role of Gas-Rich Major Mergers in the Rise of Intedmte-Mass Early Types at
z<1. Lopez-Sanjuan, Carlos, Balcells, Marc, Pérez-Gonz#&lablo G., Barro, Guillermo,
Garcia-Dabo, César Enrique, Gallego, Jesus, & Zamorame 2010, The Astrophysical
Journal.

The galaxy major merger fraction te=A Lopez-Sanjuan, C., Balcells, M., Pérez-Gonzélez,
P. G., Barro, G., Garcia-Dabo, C. E., Gallego, J., & Zamoran@009, Astronomy and
Astrophysics.

Characterization of Active Galactic Nuclei and Their Hosishe Extended Groth Strip:
A Multiwavelength AnalysisRamos Almeida, C., Rodriguez Espinosa, J. M., Barro, G.,
Gallego, J., & Pérez-Gonzalez, P. G. 2009, The Astrononimainal.

Infrared Excess sources: Compton thick QSOs, low-luminosy Seyferts or starbursts?
Georgakakis, A., Rowan-Robinson, M., Nandra, K., DigbytNpJ., Pérez-Gonzélez, P. G.,
& Barro, G. 2010, Monthly Notices of the Royal Astronomicalcgety.

The Hy-based Star Formation Rate Density of the Universe=a084. Villar, Victor, Gal-
lego, Jesus, Pérez-Gonzalez, Pablo G., Pascual, Sergisk&lKai, Koo, David C., Barro,
Guillermo, & Zamorano, Jaime 2008, The Astrophysical Jalrn

This thesis is presented as a compilation of papers. Inqodati the material comprising

Chapters 2, 3 has been published in the Astrophysical JoBupplement (2011ab), and Chapter 4
has been published in Astronomy and Astrophysics (2009dthtion, Chapter 5 summarizes the
results of several papers published in different journigsed above. In order to facilitate the
comprehension and to put the Chapters into the generalhxdaftéhe thesis, each one includes
a brief introduction that provides some basic informationtiee subjects addressed later in the
papers. Finally, the thesis is preceded and concluded byrgplete translation of the general
Introduction and Conclusions.
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Note that the results in Chapters 2 to 5 are not presentealfioly a strict chronological
order but following a more logic structure. The reason fig thithat the analysis in Chapter 2-3 is
focused on characterizing the general properties of a galaxple, while Chapters 4 and 5 shows
how to use the quantities derived from such characterizatioaddress more concise questions. In
addition, as mentioned above, Chapters 2 and 3 constitete#jority of the work developed for
this thesis and thus we give them more relevance. As a r&hudipter 4 does not strictly follows
the results of the previous chapters, but rather the contiadeed, the main purpose of the study
presented in Chapter 4 was successfully accomplished asiaduced version (both in size and
depth) of the larger galaxy sample presented in Chapterdl 3aNonetheless, the conclusions of
that work highlighted the necessity for a more ambitiousugglsample. In particular, one based
on a survey with a higher area/depth product (such as th8pufzefIRAC), that increases the
synergies with all other photometric resources availahtd @lowed us to carry more insightful
scientific analysis such us those introduced in Chapter 5.
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Multi-wavelength SEDs of SpitzefIRAC
galaxies in EGS

2.1 Introduction

As we have explained in Chapter 1, recent years have seematicgrogress in our understanding
of galaxy evolution thanks to the observational study ohhigdshift galaxies. Nowadays, surveys
of distant galaxies frequently rely on carefully-desigredbr selection techniques that requires
only a few bands to identify the candidate galaxies. Howeaénough such selection techniques
are able to isolate large samples of galaxies in a well-defieéshift range, diagnostic information
about individual galaxies or about the range of propertgssed by the whole sample requires
further analysis of their SEDs over a large wavelength rai@gjearacterizing the full SED of the
galaxies provides a deeper insight into the propertieseftiaxies. Thus allowing us to perform
sample selections directly based on the intrinsic propemif the galaxies, such as the redshift
or the stellar mass, instead of using only few colors thatpaome to larger uncertainties and
systematic effects.

In this contextwe will present in this Chapter a multi-wavelength characteization of
the SEDs of aSpitzefIRAC selected sources in the EGSTo perform this task we will: (1) gather
a large amount of spectro-photometric resources in the @ibtdined by multiple surveys, (2)
analyze the overall properties of these data, such as daei or image quality, focusing mainly
on the characteristics of the IRAC data, (3) extract all th&rses detected in the IRAC mosaic, (4)
perform a cross-identification of these sources to each ddtaset based on their sky-coordinates,
(5) perform a multi-band photometric measurement ustaghbow(Pérez-Gonzalez et al. 2005,
2008), a custom method that takes into account the strofegeliices in image resolution, and the
non-detection of a source in some bands.

After producing a catalog containing the multi-wavelen§tDs for each galaxy, we will
analyze in some detail overall properties such us the dverdti-band identification or the pho-
tometric quality in different areas. We will conclude cangy a classification of all the sources in
the catalog as galaxies or stars aided by the large amounfosmation on the sources contained
in their SEDs. Note that the choice of a NIR selection as ezfee sample is done with the aim of
creating a catalog that is particularly suitable for stadie the stellar mass content of the galaxies,
but it is also appropiate for the detection of the most distgtaxies, which progressivetyrop-
out of the optical bands as the Lyman break shifts into the NIRe (Skapter 1). In this and the
following Chapters we will elaborate more on the importaotie NIR wavelength range for the
study of distant galaxies.

39
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A significant fraction of the efforts to obtain robust SEDBag on the use oRainbow For
that matter, an important goal of this thesis consisted qurawing the already existing version
of Rainbowdeveloping new features that allow us to overcome speciigeis intrinsic to the
procedures of SEDs characterization. Some examples tbduby described in this Chapter
include:

e A re-calibration of the local astrometric solution to impeothe accuracy of the cross-
matching procedure. This is critical to ensure that the @inetric aperture used to measure
the flux not only match the same size in all bands but also igrately positioned.

e The addition of a secondary reference band in the procesatii-pand identification to
alleviate miss-match issues. This feature is most usefthencase of high-z NIR bright
sources that can be wrongly cross-identifed to other dptibaight objects nearby (being
the real counterpart un-detected in the optical).

e Characterizing the accuracy of the de-convolution propedequired to match un-resolved
IRAC sources to other optical/NIR detections. In spite @f\kry depth limiting magnitudes
of the IRAC catalogs, the slightly worse resolution of thege could cause that introducing
a bias in our measurement of the density of galaxies if thesseat appropriately de-blended.

e Developing additional photometric measurements for weated sources, e.g., forced mea-
surements (for galaxies missed in the source extractioskpmeasurements (to be used
as limiting magnitudes). The multi-wavalength identifioatof the sources in the IRAC
catalog is based on a cross-match to the source catalogen loimds. This implies that
very faint sources missing in those catalogs would not becat®d to the corresponding
IRAC sources. To solve that problem include the forced/digtpmetry that attempt a flux
meassurement even when the IRAC sources does not have aigarhin the other catalog.

In addition to the technical procedures and the discussiooatalog properties outlined
above, in this Chapter we will also present tRainbowdatabase (DB) and the associated query
web-interfaceRainbow Navigatgrwhich also discussed in Appendix |. TRainbowDB is meant
to be a permanent repository that keeps record of all thepdathucts resulting from the processing
of the imaging data in a cosmological field (in this particudase the EGS), as well as the final
photometric catalog. In addition to the data-productsiokthin this Chapter, thRainbowDB
stores the values of the physical properties for each gaketyve will be estimated using different
SED modeling techniques (this will be described in ChapjerAs it happened with the part of
Rainbowdevoted to compute the SEDs, an important fraction of theettigsis has been devoted to
technical tasks related with the DB, i.e., creating newcstnes within theRainbowDB pipeline.
This includes developing new programs and scripts that ¢pmiph the existing data structure.
For example, in order foRainbowto compute the SEDs all the datasets must be processed in the
DB following a standard data flow that requires several st@gsarticularly relevant development
is Rainbow Navigatqgra user-friendly web-interface to the DB featuring additibdata-handling
possibilities. This application was entirely created freanatch for this thesis. This effort was
aimed at making all the results obtained for the source in B@8able for the whole astrophysical
community so that they could benefit of these resources fwriméependent analysis.

In summary, this Chapter is thus focused on the use of inegraulti-band SEDs as pri-
mary source of information on the properties of distantxgjak Indeed, all the different physical



2.2 Key contributors to the global UV-to-FIR SED of a galaxy 41

T T T T T [ T T T T [ T T T T [ T T T T
Ay: 0006 1.2 1.8 7|

43.0[70-100 Myr

42.0[7 ]

log AF, [Lo/Mp]

logvF, (ergs-l)

LA N L B N L s~ ) L B L |

4.0

-1 0 1 2 3 0.1 1.0 10.0 100.0
log A [pm] A (um)

Figure 2.1: Left: UV-to-FIR SEDs of galaxies modeled with the code CIGALE (Natlal. 2009), featuring different
degrees of dust attenuation, A(V)=0-1.8, affecting maghisicantly to the UV wavelength range. It can also be seen
how the different amounts of dust attenuation affects thisgwity in the IR wavelengths. Intense emission lines i th
optical and NIR are also featureRight: Synthetic model of the SED of a starburst galaxy in two déferevolutive
stages: in the peak of star-formation event and after tieagity of the burst has significantly diminish (Grooves et al
2008)

processes occurring in galaxies leave their imprint on tfa@s of the spectrum, each dominating
at different wavelengths. Consequently, a detailed arsabfshe SED of a galaxy should in princi-
ple allow us to consistently link multiple physical propestof the galaxy, in contrast to searching
a single feature, that could constrain a single parameigr, (be use of the Hl line to derive the
star formation rate, SFR). Along this introduction we witldfly describe the most relevant ele-
ments that gives place to the galaxy SED and we will discusgtbperties of the galaxy that can
be estimated from different spectral features. Finallywileconclude with a description of some
relevant databases widely used in extragalactic astron®tng would help us to put into context
the relevance of thRainbowDB. In particular, the public version developed for thisdise

2.2 Key contributors to the global UV-to-FIR SED of a galaxy

Galaxies emit radiation across all the electromagnetictsypm (Figure 2.1), and for the majority
of them, the ultraviolet to infrared spectra arises mostiyT stellar light, either directly or repro-
cessed by the gas and dust of the surrounding interstelldiumeISM). An exception to this rule
are galaxies where the emission is dominated by an actie& biale in their nucleus (AGNs; e.g.,
Polletta et al. 2007).

In a simplified scenario, the SED of a galaxy is essentiakyrésult of combining the con-
tribution of just a few components, namely stars, gas andl dilse relative importance of each
contribution depends on the spectral range and on the $irendghe interactions between them.
The basic and most relevant ingredient arestaes (e.g., Tinsley 1972; Searle et al. 1973), which
basically ranges from numerous, low-luminosity, low-msa&ss, to bright, short-lived, massive
OB stars. On a closer examination, these stars are digdbatoth metallicity and age (Girardi
et al. 2000; Lejeune & Schaerer 2001), therefore produdstingt global SEDs for galaxies. Sec-
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ond in importance is the interstellgasfrom which stars are formed. The gas is predominantly
in its atomic form and it is one of the critical opacity sows¢aext to dust) for the UV emission,
reprocessing this light into strong emission lines in the Optical and IR (e.g., Hummer et al.
1995; Leitherer et al. 1999). Molecular gas is only a notideaource of attenuation in specific
spectral features or in galaxies dominated by nuclear (avilyeobscured) sources (AGNs, Ultra
Luminous Infrared Galaxies; ULIRGS), and emits predomilyaat longer wavelengths (MIR and
longer; see e.g., Young & Scoville 1991). Finally, tthest component, whose relevance varies
strongly between galaxy types, is essentially composedciudifonaceous and silicate-like grains,
attenuates the galaxy radiation differentially as a fuorctof wavelength, being more severe in
the UV-optical range, and almost negligible in the IR (sap,eCalzetti 1997; Pei et al. 1999).
Nonetheless, there can be significant exceptions such asdrtimeg silicate absorption at J0n
(Smith et al. 2007). By absorbing the radiation emitted leydtars, the dust increases its temper-
ature and re-emits the light in the MIR-FIR wavelengthdoiwing essentially a black body curve
determined by the average dust temperature (see e.g. g%ad8).

In Chapter 3 we will provide a more detailed description oa thnigin and the effects of
the energy emitted by each of the different components prilfscribed above. In the following
we focus on describing some of the key spectral featuresedxdén galactic SEDs (at different
wavelength ranges) that can be linked to some of these coenp®and the physical properties
of the galaxy. The description will mainly focus on the UMER wavelength range, which is
the central part this thesis. Following a qualitative, farp, definition, these SED encompasses:
ultraviolet (UV) for A <3500 A, optical for 350& A\ <10,000 A, near infrared (NIR) 1:0
A <3.0pum, mid infrared (MIR) 3.6 A <25 um, far-infrared (FIR) and sub-mm 25\ < 1mm,
and radio\ >1 mm.

As mentioned in the previous Chapter, an intrinsic problétnaeking particular features of
a galaxy SED emitted at a certain wavelength is that theselmerved at a different wavelengths
due to the redshift. For example, at2 the rest-frame optical shifts into the observed NIR (sge e.
Figure 1.6). In the following, we describe some relevantuess at their rest-frame wavelengths.

2.3 Inferences of galaxy properties from multi-wavelength data.

e Ultraviolet (UV)

In Chapter | we described the Lyman Break as a strong featuheiUV spectra of galaxies
originated by the concentration of neutral hydrogen in 8| The presence of neutral gas
even in relatively low density columns causes the radiaidrigher energies than 912 A to
be almost completely absorbed. As a result, the gas becamzed and creates a break
in the continuum beyond the Lyman limit (the termination loé _yman series in the Hy-
drogen). The position of the break moves into longer obsewavelengths with redshift,
(1+2)912 A, providing a highly efficient technique to track higlyalaxies.

In young star-forming galaxies, which count with strongimation fields (E>13.6 eV) a
significant fraction of the energy radiated in the extreme(M\k912 A), is re-emitted
through Hydrogen recombination lines (see e.g., Leitheraf. 1999). One of the strongest
lines observed in the UV is Lyman{Ly«; a transition from n=2 to the fundamental level,
A\=1216 A). The intensity and equivalent width of the line degieeon the metallicity, and it
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can become the dominant cooling line of the gas when few satal present, i.e., emitting
a large fraction of the bolometric luminosity.

The strong UV emission in these young galaxies is in genernalidated by the most mas-
sive and short-lived stars (MLOM,, ¢t ~ 10%yr) in the star-formation region, which in turn
represent only a small fraction of the total number of staos.these galaxies, the UV lumi-
nosity offers a relatively direct tracer of the star formatrate (SFR). Several calibrations
have been published in order to estimate the SFR from thenhsity in the wavelength
range between 1250-2500 A (Buat et al. 1989; Leitherer & ek 1995; Madau et al.
1998), which is longward of the Ly forest but short enough to minimize contamination
from absorption lines that originate in the atmospheres|dérostellar populations (e.qg;
Mgll at A=2800 A).

These calibrations are often based on a certain number biggis, such us the distribution
in mass of newly formed stars (or initial mass function; IMfFYhe assumption that the SFR
remained constant during the firstLOO Myr of activity, while the number of massive stars
(and the UV emission) was still increasing (Kennicutt 199B)e latter assumption makes
this estimates more sensitive to the star-formation hys(8FH) of the galaxy, whereas

the values derived from recombination lines, such as,ljyrovide a nearly instantaneous
measure of the SFR.

The UV is also the wavelength range most severely affectedusy attenuation (see Fig-
ure 2.1). This implies that all of the above SFR indicatoesdd on observed UV fluxes,
render useless without a proper estimate of the dust atienudhe most reliable extinction
estimators are based on the measurement of the total-IR titudYVatio (Meurer et al. 1999;
Gordon et al. 2000), because it tackles the energy balarteeée the two key ingredients:
The IR emission of dust, and the unobscured UV radiation wharries the imprint of the
extinction. Calibrating this ratio to a UV observable ingargalaxy samples allows to derive
empirical recipes that can used when IR data is not avajlelde, the well known TIR/UV
— [ - A(V) relation (Meurer et al. 1999; Buat et al. 2005), wherés the slope of the UV
continuum in the range 13@0\<2600A) and A(V) is the attenuation in the V-band.

e Optical

While the UV luminosity is the most commonly used SFR indicathe luminosity at the U-
band @ ~3600A) is similarly dominated by young stellar populatiémstarburst galaxies,
and it present the advantage that this band can be obseore@found-based observatories.
Therefore, in the absence of UV measurements, the lumjniosibis band may be used as
SFR indicator (Glazebrook et al. 1999; Sullivan et al. 2008)other advantage of the U-
band over the other UV measurements is that it suffers fresdeist attenuation. However,
the U-band luminosity also depends on the recent SFH of tlexgaand its sensitivity as
SFR indicator may be compromised by the flux contributionvaived (~100 Myr) stellar
populations in this range (e.g., Hopkins et al. 2003).

Some of the strongest and most relevant emission linestilatfeom the re-combination (or
collisionally excited states) of Hydrogen and other heagiements (He, O, N, C, etc.) that
are present in the interstellar gas, are visible in the ap(gee Figure 2.1). Re-combination
lines are linked to the extreme UV radiation from massivesstand therefore, similarly to
the Lya line, provides a measure of the ongoing SFR. Furthermorgcadpines are less
affected by dust extinction. Among these lines, those inBhabner series (H,Hj3) are
more easily detected due to the comparatively higher dewos$itydrogen (with respect
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to other metals). Furthermore, these lines present avehlatminimal dependence on the
physical conditions of the ionized gas and radiation fielér{Kicutt 1998; Schaerer et al.
2000). Galaxy surveys based on the khe have been successfully used to study the SFR
at different redshifts (Gallego et al. 1995, Pascual et @012 Villar et al. 2008). Other
nebular lines such as [Oll], [Olll] has also been used asratere SFR tracers (Martin et
al. 2000; Drozdovsky et al. 2005). However, these linesiregua more careful calibration
of the chemical abundance and excitation state of the idnyaes, being less reliable. The
main reason for attempting the use of [OIN &3727A) is that it can be observed in the
optical up to higher redshifts thannHand H3, approximately to z 1.4, the beginning of the
so-called spectroscopic redshift desert. In addition ¢éostiadies of SFR, emission lines are
also powerful tools to analyze other properties of the ges €sg., StaBska et al. 2004), and
hence the galaxy, such as the extinction (from the Balmeaedeent Hv/H3), the metallicity
(from [ON]+[OIl])/H 3; Ry3) or even diagnostic analysis of the primary source of iciora
either if it is star forming regions or AGNs (e.g., the BPTgti@m, Baldwin et al. 1981).

Another remarkable feature in the optical SEDs is the Ba#®®0 A break. These are
often treated as one feature, due to their similar locatet the fact that they partially
overlap (see left panel of Figure 2.2, top and bottom SEDsg)wéver, the breaks originate
from different physical processes and present a differeoliudon with age of the stellar
population. The 4000 A arises because of an accumulatiobsiration lines of mainly
ionized metals. As the opacity increases with decreasigtpstemperature, the 4000 A
break gets larger with older ages, being largest for old aethhrich stellar populations
(Bruzual & Charlot 2003). There are several definitions targify the strength of this break
(e.g., Bruzual A. 1983). Balogh et al. (1999) defined a nevexndn(4000) that is based
on small continuum regions at both sides of the break (38880-& and 4000-4100 A) to
minimize the effect of dust reddening. The Balmer breakpd63A marks the termination of
the hydrogen Balmer series and it is strongest in A-typessiEnerefore, the break strength
does not monotonically increase with age, but reaches armemiin stellar populations of
intermediate ages (0.3—1 Gyr). The strength of the Balmguesgce can be best measured
from the individual Balmer lines, such asyHe.qg., Kauffmann et al. 2003). The 4000 A
break is used in several color-color criteria to identifgl stellar populations at high-z (e.g.,
ERO, DRGs).

Near IR (NIR)

The NIR spectral region is especially interesting for stgdif the galaxy stellar population.
While the UV-optical range is dominated by younger popolati, making it an excellent
indicator of the recent star formation, the contributioryofing stars frequently outshines
that of the underlying older stellar population, which dasges the bulk of the stellar mass
of the system. On the contrary, in the NIR, the flux contribatirom young OB stars
and emission lines emission from ionized gas is minimizdwe A (1.6um) andK (2.2:m)
bands are in the Rayleigh-Jeans part of the spectrum fortbearoldest stellar photospheres
(e.g., M type stars peak in this range). Therefore, theivelaontribution of hot-to-cold
stars is significantly reduced, making the longer-livedyleo stars better represented and
providing a meaningful indicator of mass and age. NIR lightlso less attenuated by
interstellar dust than optical light, which reduces theiagstions and uncertainties required
in the estimate of the intrinsic luminosities.

Assuming that these old stars dominate the NIR, this rantieeflect the underlying stellar
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Figure 2.2: Left: Evolution of galaxy in a mass-to-light against color plot/(\t vs. U-V) as a function of time
(adapted from Wuyts et al. 2007). The age track starts as ponextially declining star formation model (from
Bruzual&Charlot 2003). Filled circles mark age steps of M¥r. Open circles represent 10 Myr age steps for
secondary burst in 2.5 GymRight: Model SEDs (Bruzual&Charlot 2003) at different ages noipeal at 1.6;m
(adapted from sawicki et al. 2002). The 6 bump is particularly prominent in all but the very youngststlar
populations.

mass distribution. Then, making simple yet physically wettd assumptions, the stellar
mass of a galaxy can be estimated by multiplying the lumigasia given band by a mass-
to-light (M/L) ratio, that can be estimated from one (or mocelor (see e.g., Bell et al.
2001; also Figure 2.2). The color is in fact a probe into thegsptal properties of the stellar
population. Therefore, it is a good idea to search for a egfeg band that minimizes the
effects of M/L variations due to stellar populations (agetatlicity, chemical abundances)
and dust absorption. Several optical and NIR M/L calibragibas been proposed over the
last decade, but the general agreement is that those badé¢lRasre more robust against
the effects of the assumed SFH of the galaxies (Brinchmaniii& Z2000; Bell & de Jong
2001; Rudnick et al. 2003; Wuyts et al. 2007). Nonetheldss NIR is not exempt from
some uncertainties, in particular from those arising fr@sues in the modeling of some
particularly unstable and short lived phases of stellafugian (e.g., the thermally pulsing
asymptotic giant branch stars, TP-AGB; see Maraston 2005).

Similarly to the other wavelength ranges, the NIR rangeatesents a characteristic spectral
feature that can be easily identified with an appropriatellmmverage of the SED. A peak
(or bump) in the emission of the stellar component at/n®imprints itself in the SEDs
of cool stars due to a minimum in the opacity of the kn present in their photospheres.
Consequently, the SEDs of composite stellar populaticaisciintain significant numbers of
such stars can be expected to possess the same spectratirpiilustrated in Figure 2.2,
the 1.6xm bump is easily discernible in all but the extremely youad Myr) stellar popu-
lations, where it is swamped by the power-law spectra of lasive young stars. Given the
strength of this feature it can also be efficiently exploitethe search for distant galaxies
(Simpson & Eisenhardt 1999; Egami et al. 2004).

Finally, it has been pointed out that the balance betweeica@nd NIR emission could
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Figure 2.3: Left: U-to-8 um SEDs of galaxies at 0<7z<3 (adapted from Wuyts et al. 2007). Each column shows (top-
to-bottom) the SEDs of: a) a young star-forming galaxy witthel dust attenuation, A(V)=0.6; b) an old-quiescent
galaxy with no attenuation; c) a young star-forming galaxgsgnting high dust obscuration, A(V2. Right: IR
emission of cold and warm dust components (green and oreggpectively) plus contribution from the PAH emission
(adapted from da Cunha et al. 2008).

be and efficient probe to estimate the amount of dust attemyaomplementary to UV+IR
analysis. Wutys et al. (2007) and showed that the \-dould be able to measure the effect
of dust on the strength of the 4000 A break, efficiently disimating between the dusty and
old systems when accurate photometry is available in thefn@®e NIR (see e.g., Brammer
et al. 2009; also left panel of Figure 2.3).

Mid-to-Far IR

Beyond the NIR wavelengths, the stellar radiation arisesoat exclusively from the the
Rayleigh-Jeans part of their spectrum, which is rapidlyrél@sing. The majority of the light
in this range originates from the dust component (if presethie galaxy) which is essentially
re-radiating the ionizing photons of young stars that teettie grains. Dust emission in the
FIR and sub-mm is most commonly represented by a single tiladl or a simple sum
over a limited (2—3) number of these (see right panel of FdliB). This forms assumes
that one or several dust components are in thermal equilrbat different temperatures. In
general, two modified black-bodies are sufficient to modetéwavelengths, encompassing
the idea of warm and cold components of the ISM (see e.g.,9eapat al. 2002; Hippelein
et al. 2003; Sauvage et al. 2005). However, simple blackdsoatight not be sufficient to
accurately represent the SEDs in the 3+#20range. This is due to the presence of broad
emission features originated in Polycyclic Aromatic Hychidbons (PAHS; see e.g., Smith
et al. 2007) and strong silicate absorptions. PAHs can bsidered either the largest
molecular species or the smallest dust. Thus, the shape @flission features is usually
modeled combining the stretching modes of the large arematiecules and the stochastic
heating processes that become important for smaller dastgr

One of the most commonly extracted galaxy properties froagrfhis the SFR. As recently
formed stellar populations tend to be more obscured (frair twn parental cloud) a large
fraction of their luminosity is absorbed in the UV, and thustdemission is in principle a
good tracer of recent star formation (Kennicutt 1998). Nbalkess, the assumptions upon
which SFR empirical calibrations are derived are also &y some uncertainties char-
acteristic of this spectral range. For example, a range e$ &got only young stars) can
contribute to dust heating (Cortese et al. 2008; Kennidudl.e2009). In addition, the star
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forming regions can suffer from a different range of dustrestions, from totally obscured
(ULIRGS) to unobscured (blue dwarfs), meaning that cautiaist be exercised when using
these IR-SFR calibrations. Finally, as mentioned beftre RIR emission provides a robust
estimate of the dust extinction when combined to UV measargs) and if sufficiently de-
tailed data are available (frequently only for local gadesji it can also be used to estimate
the total dust mass (e.g.,Dale & Helou 2002; Draine et al7200to discriminate the dom-
inant energy source in IR bright galaxies (starburts vs. A@Npecially ultra luminous IR
galaxies (ULIRGs; see e.g., Rowan-Robinson 2003).

e Other wavelengths

At wavelengths outside the regime considered here, sutleastay and radio wavelengths,
non-stellar processes (or at least those not directly agsdcwith stellar light) such as
shocks, accretion into black holes, etc. dominate the SEBs& processes require a higher
order of complexity and their study can be associated wighSFRH of a galaxy (e.g. super-
nova rate and recent star formation). Some examples of thgepies that can be inferred
from the data observed at the these wavelengths includeati® IR correlation for star-
forming galaxies (e.g., Condon 1992; Garrett 2002; Bell300r the use of Hard and Soft
X-ray detections as probes for presence of an active blalkdroongoing star-formation
(e.g., White et al. 1983;Fabbiano 1989; Persic & Repha&l220

2.4 Examples of multi-band surveys and the importance of gal axy
survey databases.

Due to the key role of multi-wavelength data in our capaksito analyze in detail the physical
properties of the galaxies, many world-wide astronomicahmunities have joined their efforts
in order to obtain complementary multi-band observatidigese groups count with people from
many different areas of expertise, which allows the groufge&a multiple proposals to different
astronomical facilities gathering large dataset in a coateéd manner. For evident reasons, these
efforts are often located in just a few selected areas ofkix€tbe so-called cosmological fields)
which count with the most exhaustive coverage availablemeésof the most relevant of these
world-wide collaborations are GOODS (Giavalisco et al. 20COSMOS (Scoville et al. 2007),
or AEGIS (Davis et al. 2007).

As a result of these efforts, the number of public datasetsially useful for SED analysis
in large samples of galaxies is truly impressive. In factnynscience projects can be carried out
without ever writing an observing proposal, just by expi@tthe already existing data. A clear
sign that the capabilities of galaxy databases extent vegibbd a sum of catalogs. A paradig-
matic example of the scientific possibilities of these dasals is the Sloan Digitalized Sky Survey
(SDSS; York et al. 2000). To date, countless works with hadsliof citations have been produced
(are still being written) out of SDSS data only.

Nonetheless, in an era of large telescope facilities anantdogical development, where
individual surveys detecting millions of sources produatadsets measured in disk space of the
order of Terabytes, we are not yet exploiting the full potErdf these resources due ti processing
issues. For example, a lot of these resources, althoughcpualailable, are hard to find and
access in the practice. While a multitude of archives and dapositories do exist, the resources
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are frequently scattered in the web, and must be accessedlinglly one at a time, downloading
only modest amounts of data from each of them. In additiangtiowth in data volume, inevitably
leads to an increase in data complexity, and generally alsquality and homogeneity. Thus,
even downloading all the existing data sets the analysististnaightforward. The user must first
face the difficulties associated with the construction diust SEDs from the observed multi-band
photometry, e.g., noting that the observed flux dependsesghctral response of the instruments
(+filter), or that the real shape of the source is spatialiiysteibuted over the point spread function
(PSF) of the instrument. In addition, in order to robustlgntfy the multi-band counterparts of
each source, it is necessary to join data from differentumsénts overcoming the differences in
spatial resolution and accounting for non-detections mesbands.

Altogether, the difficulties mentioned above highlights tmportance of assembling unified
multi-band catalogs which process the data in a consistanter, and offering a clearly organized
access to final data products. Nowadays, stellar and (lexttBgalactic studies are benefiting from
recent improvements in the world-wide community of the Mt Observatory (www.ivoa.net),
or already developed resources like the NASA Extragaldatitabase (NED), the Multimission
Archive at STScl (MAST), or the smaller GoldMINE (Gavazziadt 2003) or HyperLEDA (Pa-
turel et al. 2003). However, the resources at high redstefioften more heterogeneous and the
efforts are only focused in characterizing individual iddields, providing multi-band catalogs or
photometric redshifts (COMBO-17, Wolf et al. 2003; GOOD®BIC Grazian et al. 2006, etc.).
Modest efforts have been developed so that all the avaitaeBleurces in different selected fields
can be unified. This kind of works would largely improve thgdey of the data, enabling further
scientific exploitation to be done in a reasonable and pralciimounts of time.
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ABSTRACT

We present an IRAC 3.6+4.5 um selected catalog in the Extended Groth Strip (EGS) containing photometry from
the ultraviolet to the far-infrared and stellar parameters derived from the analysis of the multi-wavelength data. In
this paper, we describe the method used to build coherent spectral energy distributions (SEDs) for all the sources.
In a forthcoming companion paper, we analyze those SEDs to obtain robust estimations of stellar parameters such
as photometric redshifts, stellar masses, and star formation rates. The catalog comprises 76,936 sources with [3.6]
< 23.75 mag (85% completeness level of the IRAC survey in the EGS) over 0.48 deg?. For approximately 16% of
this sample, we are able to deconvolve the IRAC data to obtain robust fluxes for the multiple counterparts found
in ground-based optical images. Typically, the SEDs of the IRAC sources in our catalog count with more than 15
photometric data points, spanning from the ultraviolet wavelengths probed by GALEX to the far-infrared observed
by Spitzer, and going through ground- and space-based optical and near-infrared data taken with 2-8 m class
telescopes. Approximately 95% and 90% of all IRAC sources are detected in the deepest optical and near-infrared
bands. These fractions are reduced to 85% and 70% for S/N > 5 detections in each band. Only 10% of the sources
in the catalog have optical spectroscopy and redshift estimations. Almost 20% and 2% of the sources are detected
by MIPS at 24 and 70 um, respectively. We also cross-correlate our catalog with public X-ray and radio catalogs.
Finally, we present the Rainbow Navigator public Web interface utility, designed to browse all the data products

resulting from this work, including images, spectra, photometry, and stellar parameters.

Key words: galaxies: high-redshift — galaxies: photometry — galaxies: starburst — infrared: galaxies

Online-only material: machine-readable tables

1. INTRODUCTION

Multi-wavelength observations of blank fields provide a
fertile ground for studies of the evolution of galaxies from the
early universe. Indeed, in the past decade we have advanced
amazingly in our knowledge about the formation of galaxies
thanks to deep field imaging and spectroscopic surveys. The
extraordinary success of these surveys is sustained by the
coordinated effort of several telescope facilities, institutions,
and research groups that gather large collections of multi-
wavelength photometry and spectroscopy, providing the entire
scientific community with a vast pool of data to analyze.
Remarkable examples of this kind of projects are the Hubble
Deep Field (HDF) observations (Williams et al. 1996), the
Classifying Objects by Medium-Band Observations project
(COMBO17; Wolf et al. 2001), Great Observatories Optical
Deep Survey (GOODS; Giavalisco et al. 2004), VIMOS-VLT
Deep Survey (VVDS; Le Fevre et al. 2005), All-wavelength
Extended Groth strip International Survey (AEGIS; Davis et al.
2007), or Cosmic Evolution Survey (COSMOS; Scoville et al.
2007).

Nevertheless, the full scientific exploitation of these surveys
unavoidably needs a consistent merging of the data coming from
heterogeneous sources (with different depths and resolutions) to
build catalogs of galaxies characterized with panchromatic pho-
tometry and spectroscopy. Although substantial effort has been
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devoted to create homogeneously processed multi-wavelength
catalogs for the most important fields (e.g., Chandra Deep Field
South, Wolf et al. 2001; Hubble Deep Field North, Steidel et al.
2003, Capak et al. 2004; Extended Groth Strip (EGS), Coil et al.
2004, Ilbert et al. 2006), many of these catalogs are selected in
the optical bands (i.e., rest-frame ultraviolet (UV) at high red-
shift) and lack near-infrared (NIR) imaging (an important data
set for the studies of galaxy populations at high redshift) reach-
ing depths that match the optical observations. Fortunately, the
proliferation of deep and wide NIR surveys has supported the
publication of an increasing number of multi-band samples se-
lected in the K band (Grazian et al. 2006; Quadri et al. 2007,
Wauyts et al. 2008) or Infrared Array Camera (IRAC) bands
(Rowan-Robinson et al. 2008; Pérez-Gonzdlez et al. 2005, 2008,
hereafter PGO5 and PGO08). A detailed UV-to-NIR coverage of
the spectral energy distribution (SED) improves the estimates
of important stellar parameters, such as the mass, age, extinc-
tion, or star formation rate (SFR; see, e.g., Walcher et al. 2008;
Salim et al. 2007). Moreover, in order to obtain the most reliable
stellar mass estimates for z ~ 2-3 galaxies, and to distinguish
young dusty starburst from quiescent galaxies at these redshifts,
we need to obtain data probing the rest-frame NIR for these
populations (Bundy et al. 2006; Pozzetti et al. 2007; Wuyts
et al. 2007; Williams et al. 2009; Muzzin et al. 2009). This
became possible with the launch of Spitzer and the use of one
of its instruments, IRAC (Fazio et al. 2004), which covers the
3.6-t0-8.0 um spectral range.
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The power of multi-band catalogs is significantly enhanced
when optical and NIR data are complemented with mid-IR
(>5 um) to radio fluxes, such as those from Spirzer/MIPS,
SCUBA, VLA, or Herschel surveys. These data directly probe
the emission of the dust component of galaxies (Santini et al.
2009; Wuyts et al. 2008). Actively star-forming galaxies harbor
large amounts of dust, which cause that a fraction of the
UV emission, directly related to the ongoing star formation,
is extincted and re-emitted in the IR. Thus, modeling the IR
emission offers not only a complementary approach to estimate
the SFR of a galaxy but also an improved measurement of the
intrinsic UV extinction (Reddy et al. 2006; Daddi et al. 2007,
Salim et al. 2007; Iglesias-Paramo et al. 2007). The IR approach
to studies of the star formation becomes particularly relevant at
higher redshifts, where the number of luminous infrared galaxies
(whose integrated IR luminosity is L(IR) > 10! L) and their
contribution to the cosmic SFR density increase significantly
(Chary & Elbaz 2001; PGOS5; Caputi et al. 2007).

The downside to having an exceptional data pool available
in many regions of the sky is that the data quality is largely
heterogeneous. Unfortunately, the high-redshift community still
lacks the existence of a unified database that facilitates the
access to the multiple data sets and resources, similar to
local extragalactic databases such as the NASA Extragalactic
Database (NED) or the Sloan Digitalized Sky Survey (SDSS;
York et al. 2000) database.

The purpose of this work is to present an NIR-selected
sample of galaxies with well-sampled SEDs and analyze their
properties maximally benefiting from the panchromatic data. To
do this, we have built an IRAC 3.6+4.5 um selected photometric
and spectroscopic catalog including data from X-ray to radio
wavelengths for 76,936 galaxies at 0 < z < 4 in the EGS.

The EGS has been intensively observed as a part of the
AEGIS (Davis et al. 2007) collaboration in order to assemble an
exceptional multi-wavelength data set, including deep optical
imaging from the Canada—France-Hawaii Telescope (CFHT)
Legacy Survey (CFHTLS), HST coverage in two bands, UV
data from Galaxy Evolution Explorer (GALEX), and mid-IR
and far-IR photometry from Spitzer. In addition, the EGS is the
key field for the DEEP2 survey, one of the largest and deepest
spectroscopic surveys to date (Davis et al. 2003), with more
than 10,000 optical spectra down to R ~ 24. This vast data set
converts the EGS in one of the main fields for the study of galaxy
evolution at different epochs of the lifetime of the universe. Our
goal is get advantage of this impressive multi-wavelength data
collection and use it to build UV-to-FIR SEDs, whose analysis
will allow us to obtain estimations of interesting parameters,
such as the photometric redshifts, stellar masses, and SFRs.

The photometric catalog along with the photometric redshifts
and the inferred stellar parameters are intended to become
a multi-purpose resource useful for many different scientific
goals. Some of them will be presented in forthcoming papers.
We make all the catalogs publicly available through our Web
site and through a dedicated Web interface, dubbed Rainbow
Navigator, conceived to facilitate the access to the data, but
also to serve as a permanent repository for updates in these
catalogs, or similar catalogs in other cosmological fields (e.g.,
those presented in PGOS8 for the GOODS fields).

In this paper, we concentrate on the description of the
data set and the methods developed to measure the merged
photometry for the IRAC sample in the EGS. We also an-
alyze the multi-band properties of the sample to under-
stand the main properties of the Spitzer surveys. All the
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multi-wavelength photometry is released in a public database,
conceived to allow the astronomical community to access
all the results from our work and use them for their
own purposes. In a forthcoming companion paper (hereafter
Paper II), we will present our methodology to fit the SEDs pre-
sented in this paper and to estimate photometric redshifts, stellar
masses, and SFRs out of them. We will also assess the quality
of the inferred parameters, analyzing in detail their intrinsic
systematic and random uncertainties.

The outline of this paper follows. In Section 2, we present
the available data sets that we have compiled for this paper.
In Section 3, we present the techniques developed to extract
the IRAC 3.6+4.5 um selected sample and we discuss the
properties of the IRAC photometry of the sample. In Section 4,
we present the methods developed to build the merged multi-
band photometric catalog. In Section 5, we describe in detail
the photometric properties and reliability of the catalog. In
Section 6, we describe the format of the published catalogs,
the database built to allow an easy access and handling of
those, baptized as the Rainbow Cosmological Surveys Database,
and the publicly available Web interface to surf the database,
Rainbow Navigator.

Throughout this paper we use AB magnitudes. We adopt
the cosmology Hy = 70km~'s~!'Mpc~!, Q, = 0.3, and
Q, =0.7.

2. DATA DESCRIPTION

The EGS (¢ = 14"17™, § = +52°30') is one of the most
targeted cosmological deep fields. Noticeably, a comprehensive
panchromatic data set has been compiled in this field within the
AEGIS collaboration (Davis et al. 2007).

The sample of galaxies studied in this paper is based on
an IRAC 3.6+4.5 um selection. This choice obeys to several
reasons. First, the IRAC bands are specially tailored to probe
the rest-frame near-infrared (NIR) fluxes of distant galaxies, thus
being the perfect tool for studies of massive galaxies at high-z
(e.g., Rodighiero et al. 2007; Mancini et al. 2009). Second, the
quality, depth, and ubiquity of the IRAC observations in the so-
called cosmological fields favor the assembly of coherent flux
limited catalogs over large cosmological volumes (e.g., PG08),
which is the cornerstone of the observational cosmology. The
IRAC bands offer an alternative to the less efficient NIR ground-
based surveys and provide a starting point to consistently
anchor surveys at longer wavelengths (Spitzer/MIPS, Herschel,
ALMA). Despite its lower spatial resolution (FWHM ~ 2”;
Fazio et al. 2004) compared to optical/NIR ground-based
surveys, the image quality of IRAC is very stable and several
authors have been able to perform deblending techniques
successfully merging IRAC catalogs into their panchromatic
data sets (PGO5; PG08; Grazian et al. 20006; Ilbert et al. 2009).

In the rest of this section, we describe the multi-wavelength
data sets in EGS compiled for this paper to characterize the
IRAC-selected sample. Table 1 summarizes the main charac-
teristics of these data sets, including the depth, the area, and
the image quality. Figure 1 shows the footprints of the various
surveys, highlighting the area with higher band coverage.

2.1. X-ray Data

The EGS region has been observed in the X-ray (0.5-10keV)
using Chandra/ACIS during two observation cycles in 2002
and 2005. The AEGIS-X survey covers an area of 0.67 deg’
in eight pointings (~17" x 17’ each), completely overlapping
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Table 1
Properties of the Data Set in the EGS

Band Aeff miim[AB] FWHM Area Surf. Dens. (x10%) Source

[€)] (2) (3) 4) (5) (6) (@]

Hard X-Ray?  0.31nm (2-10keV) 3.8 x 10 ®ergem?s™!  0.5"-6"  0.67 1.102 Chandra/ACIS; Laird et al. (2009)
Soft X-Ray*  1.24nm (0.5-2keV) 5.3 x 10~ 7ergem?s™! 054" 0.67 1.540 Chandra/ACIS; Laird et al. (2009)
FUV 153.9 nm 25.6 55 1.13 10.5 GALEX GTO

NUV 231.6 nm 25.6 5’5 1.13 24.7 GALEX GTO

u 362.5 nm 26.1 170 0.77 148.2 MMT/Megacam

u* 381.1 nm 25.7 0/9 1 152.5 CFHTLS /MegaCam

B 439.0 nm 25.7 172 1.31 101.7 CFHT-12k

g 481.4 nm 26.7 173 0.77 203.8 MMT/MegaCam

g 486.3 nm 26.5 0/9 1 163.4 CFHTLS/MegaCam

Veoe 591.3 nm 26.9 0/2 0.197 440.7 HST/ACS

r’ 625.8 nm 26.3 0’8 1 363.9 CFHTLS /MegaCam

R 651.8 nm 26.1 07 1 220.0 Subaru/SuprimeCam

R 660.1 nm 253 170 1.31 144.3 CFHT-12k

i’ 769.0 nm 25.9 0’8 1 341.1 CFHTLS/MegaCam

i 781.5 nm 253 170 0.77 275.8 MMT/MegaCam

1 813.2 nm 249 171 1.31 117.0 CFHT-12k

i314 807.3 nm 26.1 0/2 0.197 452.1 HST/ACS

7 887.1 nm 24.7 0’8 1 179.0 CFHTLS /Megacam

z 907.0 nm 25.3 172 0.77 214.0 MMT/Megacam

J110 1.10 um 23.5 07 0.0128 252.0 HST/NICMOS

J 1.21 pm 229 170 0.195 67.0 CAHA-Q2k

Hieo 1.59 pm 242 0’8 0.0128 252.0 HST/NICMOS

J? 1.24 pm 21.9 1” 0.30 30.0 Palomar-WIRC; Bundy et al. (2006)
K 2.11 pm 20.7 1’5 0.20 18.6 CAHA-Q'

Ky 2.15 um 23.7 06 0.09 124.0 Subaru MOIRCS

K* 2.16 um 229 1” 0.70 34.0 Palomar-WIRC; Bundy et al. (2006)
IRAC 3.6 3.6 um 239 271 0.48 315.0 Spitzer GTO

IRAC4.5 4.5 pm 23.9 2’1 0.48 274.4 Spitzer GTO

IRAC 5.8 5.8 um 223 202 0.48 129.7 Spitzer GTO

IRAC 8.0 8.0 um 22.3 202 0.48 115.2 Spitzer GTO

MIPS 24 23.7 pm 19.5 (60 uJy) 5" 0.79 30.0 Spitzer GTO

MIPS 70 71.4 um 15 (3.5 mJy) 19” 0.69 6.0 Spitzer GTO

Radio 20 cm® 20 cm 100 ply beam™! 472 0.73 1.538 VLA; Ivison et al. (2007)

R, redshift? 640-910 nm 24.1 e 1.31 10.343 DEEP2

Notes. Column 1: name of the observing band. Column 2: effective wavelength of the filter calculated by convolving the Vega spectrum (Colina & Bohlin
1994) with the transmission curve of the filter+detector. Column 3: limiting AB magnitude (except for the X-ray catalogs) of the image estimated as the
magnitude of an S/N = 5 detection (see Section 4 for details on the measurement of the photometric errors). Column 4: median FWHM of the PSF in
arcseconds measured in a large number of stars (see Section 5.4). Column 5: area covered by the observations in deg?. Column 6: source density per square
degree up to the limiting magnitude given in Column 3. Column 7: source from where the data were obtained.

2 Data drawn from a catalog.

with the region covered by IRAC. The nominal exposure time
of the frames is 200 ks per pixel, reaching limiting fluxes of
5.3 x 1077 and 3.8 x 10~'%ergcm? s~ in the soft (0.5-2 keV)
and hard (2-10keV) bands, respectively. In this work, we use
the data reduction and point source catalogs published in Laird
et al. (2009; see also Nandra et al. 2005 for a first version
of the catalogs). The two-band (soft and hard) merged catalog
comprises 1325 sources with <1.5% spurious detections. The
authors identified optical and NIR counterparts for 1013 and
830 sources, respectively, from the CFHTLS optical catalog
(see Section 2.3.1), and the Spirzer/IRAC catalog of Barmby
et al. (2008). The cross-match is based on maximum likelihood
method with a search radius of 2” (more than a factor of 1.5 the
rms of their astrometric accuracy).

2.2. Ultraviolet Data

The GALEX (Martin et al. 2005) observed the EGS over three
consecutive years providing deep UV data in two channels (FUV
at 153 nm, and NUV at 231 nm) on a 1.13 deg? circular area
around o = 14"20™, § = +52°47'. The total exposure times

for the composite stacks are 58 ks and 120 ks in the FUV and
NUV filters, respectively. The approximate limiting magnitude
in both bands is ~25.1 mag.

2.3. Optical Data
2.3.1. CFHTLS/CFHTI2K

A 1° x 1° square region centered on the coordinates ¢ =
14"19m275, § = +52°40/'56" was observed within the CFHTLS
(sector D3). Using the MEGACAM camera on the CFHT,
imaging data were obtained in five broadband filters over the
wavelength range 350 nm < A < 940 nm: u*, g’, v/, i’, 7. The
overall exposure times range from 4 hr to 40 hr (for the u* and
7' bands, respectively), reaching limiting magnitudes between
26 and 27 mag. The reduced images have gone through several
releases. The data used in this paper are part of the CFHTLS
“T0004” release produced at the TERAPIX data center (Gwyn
et al. 2011°). Although the total mosaicked area covers 1 deg?,
the overlap with the IRAC observations is just 0.35 deg”.

6 http://www.astro.uvic.ca/~gwyn/cthtls/
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Figure 1. Layout of all the imaging surveys covering the EGS. The background gray-scale image shows the IRAC 3.6 um mosaic. The black square depicts the
CFHTLS pointing. The intersection of both footprints defines the region of higher photometric coverage (magnified on the right panel), which is referred as “main
region” throughout the text (see Section 5) and contains the highest resolution HST data. The cyan and red rectangles show the CFHT12k-BRI and SUBARU R-band
coverage, respectively. The gray and purple squares show the MMT-u’giz and Chandra/ACIS pointings, respectively. The magenta circle shows the GALEX survey
footprint. The green rectangles show the Spitzer/MIPS coverage. The orange rectangle shows VLA 20 cm coverage. In the main region, magnified on the right side of
the figure, the red tiles depict the HST/ACS footprints (the NICMOS images overlap with this area). Black rectangles show the MOIRCS Kj-band imaging, and the

green and purple lines delimit the CAHA J- and K;-band surveys.

In addition to the CFHTLS data, shallower images were
acquired in the B, R, and / bands over a larger area, using the
wide-field 12K mosaic camera on CFHT. These observations
were intended to provide optical coverage for the DEEP2
spectroscopic survey, extending through the whole EGS in four
different pointings. The observing times were 36 hr, to achieve
a limiting magnitude of ~25mag. The photometric catalogs
were published within the DEEP2 DR1 (Coil et al. 2004), and
the raw (non-reduced) images can be retrieved from the CADC
archive.” We downloaded the raw and calibrations files from
the archive to perform our own data reduction and cataloging.
This reduction was carried out with the IRAF® task mscred. The
photometric calibration was performed using the BRI public
catalogs. The average dispersion of the photometry comparison
is smaller than 0.03 mag.

2.3.2. MMT/Megacam

The EGS was observed with the Megacam camera (McLeod
et al. 2006) on the MMT in the u'giz bands during several
campaigns from 2006 to 2009. Four pointings of the 24’ x 24’
Megacam field of view were arranged to cover the full extension
of the 2 deg long IRAC mosaic.

The MMT/Megacam imaging data were reduced with a com-
bination of standard IRAF/mscred routines and custom soft-
ware. Final mosaics were calibrated against the coextensive
SDSS photometry with appropriate color corrections. The So
limiting magnitudes within a 2” diameter aperture for point
sources vary among the four different pointings but are approxi-
mately 26.5,27.2,26.0, and 26.0 mag in the u’, g, i, and z bands,

7 http://www4.cadc-ceda.hia-iha.nre-cnre.gc.ca/cadebin/ctht/wdbi.cgi/
cfht/wdbi.cgi/ctht/quick/form
8 http://iraf.noao.edu/

respectively. The effective seeing in the final mosaics is roughly
1” FWHM or slightly better in some bands.

2.3.3. HST/ACS

As a part of a GO program (PI: Davis), the HST Advanced
Camera for Surveys (ACS) acquired deep imaging of EGS in
two optical bands: F606W and F814W (hereafter the Vg0 and
ig14 images). The ACS survey covers an area of ~710.9 arcmin®
(101 x 70!5) on 63 contiguous tiles following the direction of
the IRAC mosaic, covering approximately 50% of the total area
surveyed by IRAC, and ~80% of the area overlapping with the
CFHTLS observations. The fully reduced, drizzled frames and
calibration products were released by the AEGIS Team (Lotz
et al. 2008). Each science image has an approximate exposure
time of ~0.6 hr per pixel and a limiting magnitude of ~28 mag.

2.3.4. Subaru Suprime-Cam

Ground based R-band imaging of the EGS was carried out
with the Subaru Telescope as a part of the Subaru Suprime-Cam
Weak-Lensing Survey (Miyazaki et al. 2007). The Suprime-
Cam field of view is 0.25 deg? in size, covering the whole IRAC
map in four pointings. The total exposure time was 30 minutes
for each pointing, taken in four 7.5 minute exposures, in a
dithering pattern with ~1" spacing. The approximate limiting
magnitude is R = 26 mag. These data were downloaded from
the SMOKA database and reduced with the Suprime-Cam
pipeline (SDFRED, v1.0).

2.4. Near-infrared Data
2.4.1. HST/NICMOS

Simultaneously to the ACS observations, the Near-Infrared
Camera and Multi-Object Spectrometer (NICMOS) covered
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parallel fields in the F110W and F160W bands (hereafter J;9
and Hep bands, respectively), with a similar exposure time
and a limiting magnitude of 23.5 and 24.2, respectively. The
observations were designed to maximize the overlap between
both HST surveys. Virtually all (58 out of the 63) NICMOS
frames lie within the area covered by the ACS primary imaging.
However, the smaller field of view of NICMOS (~1’ x 1’) leads
to a total NIR coverage of only 0.0128 deg?, with a 90% overlap
with the area covered by ACS but less than a 4% with that
covered by IRAC.

2.4.2. Subaru MOIRCS

In addition to the optical imaging, NIR observations of
the EGS were also obtained with the Multi-Object InfraRed
Camera and Spectrograph (MOIRCS) on five nights during
2006 April-May (PIs: Fukugita, Yamada) and a complementary
run on 2007 June 25. The data set comprises 11 pointings
covering a total of 0.09 deg? oriented along the original strip
within 5225 < § < 53°0 and completely overlapping with the
HST-ACS and CFHTLS imaging. The median exposure time
per frame is ~1 hr for an approximate limiting magnitude
of K, ~ 23-24mag. The data were reduced using dedicated
scripts developed by the MOIRCS team involving the IRAF
task MSCRED, plus an additional de-fringing process (see, €.g.,
Kajisawa et al. 2009).

2.4.3. Palomar and Calar Alto Imaging

Given the importance of having a continuous band coverage
for any kind of study regarding galaxy populations (Wuyts et al.
2007), we have incorporated in our data compilation the POWIR
NIR catalog (Bundy et al. 2006). These data were acquired
between 2002 September and 2005 October using the WIRC
camera in the Palomar 5 m telescope. The total surveyed area in
the EGS field is 2165 arcmin? (0.6 deg?) in the K band and ~1/3
of that area in the J band. The approximate limiting magnitudes
are K ~ 22.9 and J ~ 21.9. Note that no images were publicly
available for this data set, so we only use the catalogs.

In addition, we also make use of the NIR imaging obtained
by the Galaxy evolution and Young Assembly (GOYA?) project.
Two photometric campaigns were carried out to obtain NIR
data of the original Groth Strip o = 14717438, § = 52°28'41”
(Cristobal-Hornillos et al. 2003) and flanking fields (Barro et al.
2009). Here we make use of the K-band images of the flanking
fields, observed with the Q' instrument in the 3.5 m telescope at
Calar Alto Spanish-German Astronomical Center (CAHA). The
frames cover a total area of ~0.24 deg to a limiting magnitude
of K; ~20.7.

Finally, we have also included data in the J band from the
narrowband survey of Ho emitters described in Villar et al.
(2008). Three 15’ x 15’ pointings centered at & = 14"17™31%,
§ = 52°28'117, @ = 14"17™31%, § = 52°28'11” and @ =
14h18™m148, § = 52°42'15” were observed in CAHA using the
Q2k instrument in the 3.5 m telescope. The combined pointings
cover an area of 0.19 deg? to a limiting magnitude of J = 22.9.

2.5. Mid-to-far IR Data
2.5.1. Spitzer/IRAC

Our sample is drawn from Spizzer near/mid-IR data obtained
as part of the Guaranteed Time Observations (GTO; PI: Fazio)
and presented in Barmby et al. (2008). We also included

9 http://www.astro.ufl.edu/GOYA/home.html
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additional data from the GO program with ID 41023 (PL: K.
Nandra). The GTO IRAC imaging data at 3.6, 4.5, 5.8, and
8.0 um were obtained over two epochs (2003 December and
2004 June/July). The data set comprises 52 different pointings
that cover a 2° x 10’ strip with approximately the same depth.
To achieve this homogeneous coverage and due to scheduling
issues, the width of the mosaic is slightly variable along the strip,
ranging from 10" to 17’. The average exposure time per pixel is
2.5hr (9100 s) in the four channels. An area of 1440 arcmin? was
observed for 1900's, 930 arcmin? for 9100s, and ~100 arcmin?
for >11,500 s (Barmby et al. 2008). The additional GO data are
located in two strips of width ~3!5 flanking the original strip
and covering the declination range 52?35 < § < 53°25. All
the data were reduced with the general Spitzer pipeline, which
provides Basic Calibrated Data, and then mosaicked with Mopex
using a pixel scale half of the original (~0.61 arcsec pixel ~').
The details of the image quality are discussed in Section 3.2.

2.5.2. Spitzer/MIPS 24 pum and 70 um

Complementary to the IRAC observations, MIR and FIR
observations were also obtained with the Multiband Imaging
Photometer for Spitzer (MIPS; Rieke et al. 2004) as part of
the GTO and the Far-Infrared Deep Extragalactic Legacy Sur-
vey (FIDEL). For this paper, we use the whole GTO+FIDEL
data set, reduced and mosaicked with the Spitzer pipeline and
MOPEX+GeRT software. The surveyed area covers approxi-
mately the entire 2° x 10’ strip, being slightly wider on the
upper and lower edges. The MIPS mosaic overlaps with the
deepest part of the IRAC observations. The mean exposure time
at 24 um is ~7200 s per pixel, while for the 70 um channel it
is approximately 3800 s. The approximate limiting fluxes are
60 nly and 3.5 mly, respectively.

2.6. Radio Data

A radio survey at 1.4 GHz (20 cm) of the northern half of
the EGS (~50% of the IRAC mosaic) was conducted with
the Very Large Array (VLA) in its B configuration during
2003-2005. The AEGIS20 survey covers 0.73 deg® down to
130 uJy beam ™! including a smaller region of 0.04 deg? with a
50 uly detection limit (50). The data reduction and the source
catalog, comprising 1123 sources, were presented in Ivison et al.
(2007).

2.7. Keck Optical Spectra

EGS has also been the target of an exhaustive and unique
spectroscopic follow-up. As one of the DEEP?2 fields, optical
multi-object spectroscopy has been carried out from 2003
to 2005 with the Deep Imaging Multi-Object Spectrograph
(DEIMOS; Faber et al. 2003) on the Keck II telescope. The
observations cover the spectral range 640nm < A < 910 nm
with a resolution of 0.14 nm. The DEEP2 DR3!® contains
spectroscopic redshifts for 13,867 sources at 0 < z < 1.4
with a median redshift z = 0.75. The targets were selected from
the CFHT12k-BRI images (within 1.31 deg?) in the magnitude
range 18.5 < R < 24.1. The spectroscopic redshifts for around
70% of the sources are labeled with a high-quality flag (values
of 3 and 4, meaning >95% success rate). Lower quality flags
are considered unreliable and will be excluded from our analysis
here and in Paper II.

10" http://deep.berkeley.edu/DR3/dr3.primer.html
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We complemented the DEEP2 spectroscopy of z < 1.4 galax-
ies with redshifts for z ~ 3 sources from the Lyman Break
Galaxy (LBG) survey of Steidel et al. (2003). This survey
covers a total area of 0.38 deg2 divided in several fields, one
of them centered in the EGS. The observations in EGS con-
sist of a single 15’ x 15’ mask centered at o = 14"17M43,
§ = 52°28'48” observed with the Low Resolution Imaging
Spectrometer (LRIS; Oke et al. 1995) on Keck. The spec-
tra cover the 400-700 nm range with a median resolution of
0.75 nm. The targets were pre-selected based on the LBG
color—color criteria (Steidel et al. 1996) including only candi-
dates brighter than R = 25.5. The EGS catalog contains a total
of 334 LBG candidates in the surveyed area. Out of them, 193 are
spectroscopically confirmed to be at z ~ 3. Unfortunately, the
overlap with the IRAC frame is not complete (and some of
the galaxies are extremely faint in the IRAC bands), and we
were only able to identify 243 (72% of the spectroscopic sam-
ple) LBGs in our 3.6 + 4.5 um selected catalog (we give more
details on these sources in Paper II).

3. DESCRIPTION OF THE SAMPLE SELECTION

The data set described in the previous section was used
to obtain UV-to-FIR SEDs for all the sources detected in
the EGS IRAC survey. This merged photometric catalog was
built following the procedure described in PGOS5 and PGOS.
Here we review all the basic steps of the method, empha-
sizing the improvements introduced for this paper concern-
ing the extraction of the IRAC catalog and the band merging
procedure.

3.1. The IRAC 3.6 um+4.5 um Selection

The source detection in the IRAC data was carried out
separately in the 3.6 um and 4.5 um images using SExtractor
(Bertin & Arnouts 1996). The complementary detection in the
slightly shallower 4.5 um band helps to alleviate the source
confusion problems arising from the point-spread function
(PSF) size and the remarkable depth of the IRAC data. Both
catalogs were cross-matched using a 1” search radius to remove
repeated sources. This produces a master IRAC-selected catalog
containing the sources detected in any of the two channels.
Eventually, most sources are simultaneously detected in both
channels.

The average survey depth is remarkably homogeneous across
the strip, fexp ~ 10 ks, with the exception of two small areas
with lower exposure at the top (§ > 53°525) and bottom
(8§ < 52°025) of the mosaic. We took into account the lower
exposure times near the edges of the images by defining two
different areas: a shallower region with exposure time shorter
than 3800 s (N(frames) < 20), and a deeper region covering the
majority of the strip. The detection was carried out with different
SExtractor parameters in each region, using a more conservative
configuration for the shallower region. Then, we used this (more
restrictive) catalog to purge some low significance detections
in the other catalog within an overlapping area between them
(N(frames) = 18-25). The purged catalog restricted to the area
with N(frames) > 20 constitutes our master photometric catalog,
and it covers an area of 0.50 deg?.

After the detection of sources, we removed spurious sources
in the wings of bright stars (where the PSF shows bright knots).
For that purpose, first we made a preliminary detection of
star-like sources based on the IRAC color—color criteria of
Eisenhardt et al. (2004; see Section 5.4). Then, we eliminated
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detections within the typical distance where the contamination
from the star is significant (typically ~9” for the typical star
magnitudes and depth of the EGS observations). After masking
the regions around stars, the total area covered by the catalog is
0.48 deg?.

Aperture photometry for all 3.6 um +4.5 um detected sources
was measured with our own dedicated software (which takes
into account pixel fractions appropriately; see PGOS8) in all
four IRAC images, previously registered to the same World
Coordinate System (WCS). The flux is measured in the four
IRAC bands simultaneously. If a source is undetected in the
shallower bands (i.e., [5.8] and [8.0]) we still measure an upper
limit flux as three times the rms of the sky. The majority
of the IRAC sources are unresolved in the 3.6 um image
(FWHM ~ 2”). However, most of them are not point-like,
but slightly extended. Consequently, PSF fitting is not effective
and photometry is best measured with small circular apertures
(PGO8; Barmby et al. 2008; Wuyts et al. 2008; Ilbert et al.
2009). The flux measurement in all bands was carried out at
the positions specified in the IRAC master catalog. We used
a 2” radius aperture and applied aperture corrections for
each band derived from the PSF growth curves. The values
of the correction are [0.32 £ 0.03,0.36 £+ 0.02,0.53 £ 0.02,
0.65 + 0.02] mag at [3.6,4.5,5.8,8.0] wm. The errors account for
the typical WCS alignment uncertainties. For a small number of
extended sources (~2% of the total catalog, and 75% of them
presenting [3.6] < 22.3), the 2” aperture tend to underestimate
the total magnitudes (by more than a 10%). These sources
are typically bright nearby galaxies whose Kron (1980) radius
is larger than ~4”5. The flux measurement for these sources
was performed in larger apertures enclosing the full object and
applying the extended source aperture corrections given in the
Spitzer/IRAC cookbook.

The uncertainties in the IRAC photometry were computed
taking into account the contributions from the sky emission, the
readout noise, the photon counting statistics, the uncertainties
in the aperture corrections, and a 2% uncertainty from the zero-
point absolute calibration (Reach et al. 2005). We did not assume
the uncertainties resulting from SExtractor flux measurement.
Instead, we used a more realistic method to determine the
background noise that takes into account the effects of pixel-to-
pixel signal correlation. This procedure has also been applied
to measure the photometric uncertainties in all the bands and
is outlined in Section 4.3. Nevertheless, a straightforward
comparison to the SExtractor errors indicates that the noise
correlation does not introduce a significant contribution to the
flux uncertainties at bright magnitudes, leading to a median
increment <0.02 mag up to [3.6,4.5] ~ 23.75.

A detailed comparison of our IRAC catalog of the EGS survey
to the one published by Barmby et al. (2008) is presented in
Section 3.3, including a discussion on the source confusion
levels.

3.2. Completeness and Limiting Magnitude
of the IRAC Catalog

We estimated the completeness of the IRAC catalog by
analyzing the recovery of simulated sources added in the
mosaicked images. The simulations were carried out in the
central regions of the mosaic where the coverage is uniform
(texp = 10 ks). Artificial sources spanning a wide range of
sizes (from 1”7 to 6”) and brightnesses ([3.6] = 16-25 mag)
were created on the IRAC images at random locations. The
number of simulated sources was chosen to be representative
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Figure 2. Upper panel of each quadrant shows the histogram of IRAC magnitudes for the sources in our sample selected in the IRAC 3.6 um+4.5 um data. The
histograms are shown up to the 2o limiting magnitude in each band. The blacks continuous curve depicts the detection efficiency as estimated from recovery rate
of simulated punctual sources. The vertical dashed lines represent five times the median sky rms (50') measured in a large number of 2” radius apertures. The lower
panels in each quadrant show the distribution of photometric uncertainties as a function of the magnitude in each IRAC band. The red and green lines indicate the
median and 90% of the error distribution as a function of magnitude, respectively. The horizontal dashed line shows the S/N ~ 5 limit; the intersection with the red
line indicates the values quoted in Table 1 for the IRAC bands. Note that these values are slightly lower than the 5o sky rms.

of the Poisson uncertainty in the observed number densities.
The source detection and photometry was performed again in
the simulated images keeping the same SExtractor parameters
as in the original frames. The success rate recovering the
simulated sources allows us to estimate the completeness level as
a function of magnitude. Figure 2 summarizes the completeness
analysis in the four channels. For simplicity, we show results
only for point-like sources. The completeness for extended
sources is typically ~10% lower at faint magnitudes, however,
these sources represent a very small fraction of the catalog at
these magnitudes. Figure 2 also shows the source density as
function of the magnitude in each band. We find that the catalog
is 85% complete for point sources with [3.6,4.5] = 23.75 mag
and 75% complete at [3.6,4.5] = 24.75 mag. In the two other
channels, the detection efficiency is significantly lower, with
85% completeness at [5.8,8.0] = 22.25, and the completeness
dropping rapidly beyond that magnitude. Note that the forced
photometric measurement in these bands provides a significant

number of <50 (vertical dashed lines in Figure 2) detections
that would be missed otherwise.

The lower panels of Figure 2 show the photometric uncer-
tainties as a function of magnitude in the four IRAC bands.
The red and green lines indicate the median and the level en-
closing 90% of the distribution, respectively. For the region
with the deepest coverage, we estimated a 30 limiting magni-
tude of [3.6,4.5] ~ 24.75 and [5.8,8.0] ~ 22.90 from the me-
dian value of the sky rms in our default photometric apertures
(2" radius).

The 3.6+4.5 um catalog contains 70,048 and 99,618 sources
with [3.6] < 23.75 and [3.6] < 24.75, respectively. The
median magnitude of the sample up to [3.6] < 24.75 is
[3.6] = 23.14, and 75% of the sources present [3.6] < 23.96.
Note that these numbers correspond to the IRAC 3.6+4.5 um
catalog before applying the deblending technique discussed in
Section 5. Consequently, the number of sources quoted above is
lower than in the final catalog (see Table 2).
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Table 2
Number of Sources in the IRAC 3.6+4.5 um Catalog

Sample [3.6] < 23.75% [3.6] <24.75°
Prior to deblending 70,048 99,618
After deblending 76,936¢ 113,0234
Main®/Flanking regions 53,030/23,906 77,607/35,416

Notes.

2 85% completeness level.

b 35 limiting magnitude.

¢ Only these sources have been included in the final catalog presented in
Section 6.

4 A larger, although less complete, sample including all the sources down to
[3.6] < 24.75 can be accessed through the Web interface Rainbow Navigator
(Section 6.3).

¢ The main region is defined as: 52216 < § < 53°20and 214°04 < o < 215°74.
The flanking regions consist of the remaining area.

3.3. Comparison to Barmby et al. IRAC-selected Catalog

Here we compare our IRAC photometric catalog to that
published by Barmby et al. (2008, hereafter BAR0O8). BAROS
used the same data set (except for the GO flanking regions)
and obtained final mosaics in all four IRAC bands with a
very similar reduction to ours. Concerning the source detection,
our method is slightly different from BAROS since we detect
galaxies in both the 3.6 and 4.5 um channel instead of only
using the bluer band. Our dual detection technique helps to
alleviate the source confusion problems arising from the PSF
size and the remarkable depth of the IRAC data. In addition, we
measure fluxes in the four channels simultaneously, obtaining
upper limit values for undetected sources in the shallower
bands ([5.8] and [8.0]). Note also that we have increased the
resolution of our catalog by deconvolving blended sources using
higher resolution information from ground-based observations
(Section 4.1). However, for the sake of clarity, we compare here
the BAROS catalog with ours before carrying out the deblending
procedure.

BARO8 measured aperture photometry with SExtractor.
The publicly available catalog!! includes MAG_AUTO and
MAG_ISO measurements, jointly with aperture magnitudes for
several radii corrected to total magnitudes with empirical PSF
corrections. We compare our photometry to the magnitudes mea-
sured in the 3.5 pixel aperture (2”1) by BAROS. Their aperture
corrections agree with our measurements for the 4” diameter
aperture within the errors (due to alignment uncertainties).

BAROS and our catalog are cross-correlated in the region of
highest exposure (fex, > 4 ks) using a 1” radius. The comparison
of the WCS between the two mosaics is in very good agreement,
with an rms of <0705. We find 41,514 and 52,130 sources in
common up to [3.6] < 23.75 and [3.6] < 24.75, respectively.

Attending to the density of sources per unit area, we find that
our catalog includes 11% =+ 5% and 18% =+ 7% more sources
than the catalog published by BAROS at [3.6] < 23.75 mag
and [3.6] < 24.75 mag, respectively. The uncertainties in these
measurements were estimated by comparing number counts
in 0.5mag bins, including Monte Carlo simulations on the
photometric errors.

The different source densities are a consequence of their more
conservative SExtractor detection threshold. We have carefully
chosen the SExtractor parameters differentiating between the re-
gions with high/low coverage (Section 3.1), trying to push down

" http://www.cfa.harvard.edu/irac/egs/
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the detection limits as much as possible without degrading the
reliability of the entire catalog. As a consequence, our catalog
recovers a larger number of sources at fainter magnitudes, and
the completeness of our catalog is larger than BAROS for the
same magnitude. For example, they quoted a <50% complete-
ness for point-like sources at [3.6] = 23.75 mag, compared to our
estimated 85%. Unfortunately, lowering the detection threshold
inevitably increases the number of spurious detections. How-
ever, in the context of a merged multi-band photometric catalog,
spurious detections can be efficiently identified as sources only
detected by IRAC (cf. N(band) < 5), and we will show that
the reliability is > 97%, with false detections located almost
uniquely around very bright sources (see Section 5.3).

Figure 3 shows the comparison of the photometric magnitudes
in the four bands for both catalogs. In both cases, the flux was
measured on circular apertures and corrected to total magnitudes
using aperture corrections. We have corrected the comparison
by a constant value of —0.05 mag in [3.6] and [4.5] and by
—0.04 mag and —0.03 mag in [5.8] and [8.0], respectively. Such
small offsets are attributed to slight differences in the data
reduction (final absolute calibration, frame stacking, registering,
and mosaicking) and in the aperture corrections. Despite the
small offsets, the overall results in the four IRAC bands are in
good agreement. Note that the average photometric error in our
catalog for each magnitude bin (green bars) encloses 1o of the
values around the median difference (red and cyan lines).

The lower panel of each plot in Figure 3 shows the comparison
of the photometric errors in BARO8 and in our catalog. Our
quoted photometric uncertainties tend to differ from BAROS,
specially at faint magnitudes. In contrast with that paper, we
have considered zero-point and WCS uncertainties, resulting
in slightly larger uncertainties (~0.05 mag) in our catalog for
bright sources up to [3.6][ 4.5] ~ 21 mag and [5.8][ 8.0] ~
19 mag. At fainter magnitudes, the photometric uncertainties
increase with magnitude at a faster rate in the catalog of
BAROS. The cause for this difference is the procedure to measure
the background noise. Similarly to BAROS, we estimated this
value from the sky variance measured in circular apertures at
different locations of the images that are empty of sources
(Section 4.3). However, the definition of an empty region
depends on the limits of source detection. Therefore, given
our higher detection fraction, our sky regions would contain, in
principle, lower signal pixels effectively decreasing the rms. In
addition, our photometric procedure estimates uncertainties on
a source-by-source basis studying the background around each
object in a independent way, while BAROS relied on SExtractor
photometric errors and applied a correction to them based on the
average properties of the mosaic. Nevertheless, our estimates of
the photometric errors are consistent with the observed scatter
of the comparison between our photometry and that measured
by BAROS.

4. MULTI-WAVELENGTH PHOTOMETRY:
THE RAINBOW CATALOG

Using the whole data set available in the EGS field, we created
a multi-wavelength photometric catalog for the IRAC-selected
sample described in the previous section. For that purpose, we
used the Rainbow software package, described in detail in PGO5
and PGOS8. This software was created to: (1) cross-correlate
multi-band catalogs and obtain consistent (aperture matched)
photometry on the different bands to build a UV-to-FIR SED and
(2) estimate stellar parameters, such as photometric redshifts,
stellar masses, and SFRs from those SEDs. In the rest of this
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Figure 3. Comparison of the observed magnitudes (upper panels) and the photometric errors (lower panels) in the four IRAC bands for the sources in common between
our IRAC 3.6+4.5 um catalog and BAROS catalog. The cyan line shows the median value of the magnitude difference as a function of magnitude. We have corrected
the comparisons by a constant value of —0.05 mag in [3.6] and [4.5] and by —0.04 mag and —0.03 mag in [5.8] and [8.0], respectively. Such small offsets can be
attributed to slight differences in the data reduction and aperture corrections. The green bars indicate the average photometric errors per magnitude bin in our catalog.
The red lines enclose 1o of the distribution centered in the median value (cyan line). The vertical dashed line indicate the 5o limiting magnitude in our catalog. The
photometry in the four bands is consistent up to the ~85% completeness limit. The uncertainties in BARO8 are 5% to 10% larger at faint magnitudes, probably as a

result of the slightly different procedure applied to measure the sky background.

section we will describe the photometry procedure, and in
Paper II we will present the methods to estimate photometric
redshifts, stellar masses, and SFRs out the SEDs.

4.1. Cross-correlation and Source Deblending

The Rainbow code starts from a primary selection catalog (in
our case, IRAC selected) and obtains merged photometry and
spectroscopy in other bands. The first step is to identify the coun-
terparts of the IRAC sources in the other bands, where SExtrac-
tor catalogs have been built following typical procedures. These
catalogs are cross-correlated to the 3.6+4.5 um positions using
a2 search radius. An exception to this rule are the MIPS, radio,
and X-ray catalogs. For the MIPS and radio bands, we used a
2’5 and 3" radius, respectively, recognizing possible alignment
and center estimation problems of the order of one pixel. For

the latter, instead of using the WCS of the X-ray sources, we
cross-matched to the positions of the IRAC counterparts (given
in Laird et al. 2009) using a 1” radius. These authors used as
reference the IRAC catalog of BAROS8, which covers a slightly
lower area than ours. Thus, for sources outside of the BAR0O8
mosaic we cross-matched to the X-ray coordinates using a 2"
radius (see Section 5.2 for more details).

The IRAC sources are identified in this way with objects in
all the other catalogs. One of the optical catalogs (typically
the deepest; in the EGS, the Subaru R-band data) is used
as a reference to narrow the following cross-correlations and
alleviate confusion problems present in the IRAC images. As
the cross-correlation to the catalog of spectroscopic redshifts
is done to the coordinates of the counterpart in the reference
(optical) band, it is possible to choose a more reliable 0775
search radius for this catalog.
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Before the cross-matching procedure is carried out between a
pair of images, these are re-aligned locally withina4’ x 4’ square
region using the positions of several sources (typically more than
20) as reference. The mean rms between the central coordinates
of matched sources in optical /NIR images is typically <01 and
<072 between the IRAC and the ground-based images. This
procedure allows to overcome small misalignment problems
between the frames and assures a reliable identification of
counterparts and an accurate positioning of the photometric
aperture in all bands. It also allows to obtain reliable photometry
(in the appropriate aperture) even if the source is very faint
and/or undetected in an individual image.

The combination of the remarkable depth and the ~2”
FHWM of the IRAC observations inevitably leads to issues
of source confusion, specially around crowded environments.
However, based on the (ground-based) reference image, it is
possible to deblend IRAC sources which have not been sep-
arated by SExtractor in the original IRAC images and lie at
least 1”7 away (half the FWHM, chosen as our resolution cri-
terion). HST images reveal that the multiplicity is larger, but
the deconvolution of sources separated by less than 1”7 is
very uncertain. When multiple counterparts are found in the
optical /NIR images during the cross-matching, the IRAC pho-
tometry is recomputed following a deconvolution method sim-
ilar to that used in Grazian et al. (2006), Wuyts et al. (2008),
Williams et al. (2009), or Wang et al. (2010).

In our case, first, the coordinates of the photometric aperture
are re-positioned to that of the optical/NIR counterparts. Then,
the PSF of the higher resolution image is convolved to the
IRAC PSF, and the flux of each source is scaled to match that
of the real IRAC sources measured in 0”9 apertures (after re-
centering to the positions of the optical counterparts). Finally,
total magnitudes are computed applying an aperture correction
of [1.30 £ 0.07,1.02 £ 0.08,1.2 & 0.10,1.44 & 0.14] mag in
the [3.6,4.5,5.8,8.0] wm bands, respectively. Figure 4 illustrates
the deconvolution procedure using an HST/ACS image as
reference. The red and green apertures depict the standard 2"
aperture (for isolated sources) and the 079 aperture, respectively.
Pixel-by-pixel variations in the residual from subtracting the
model PSF do not exceed a 5% within the 079 and 2" apertures.
We also checked that the average rms (~3%) is well within the
photometric error of the sources. The analysis of an average
PSEF, derived from observed sources across the image, indicates
that for the typical separation between blended sources, ~2/2
(>1"8 for 75% of them), the flux contamination from the
nearby neighbor does not exceed a 10% for sources with a flux
ratio around 1:2-3. Approximately 75% of the blended sources
present flux ratios lower than 1:3.5.

After applying the deblending method, our IRAC-selected
catalog contains 76,936 (113,023) sources to [3.6] < 23.75
(24.75). This means that we were able to deblend 8% of the
sources in the original IRAC catalog built with SExtractor
(presented in Section 3.1), and 16% of the final catalog of 76,936
sources were deblended (typically, each blended sources was a
combination of two sources). We find no significant difference
in the brightness distribution of the blended sources compared
to the resolved sources.

In the following sections, and in Paper II, we will analyze
the SEDs and physical properties of the IRAC sources, con-
centrating in the sample with [3.6] < 23.75 mag, which count
with more accurate IRAC photometry (S/N = 8). Therefore,
this will be the working sample for the rest of the paper un-
less explicitly stated otherwise. Nonetheless, all the procedures

BARRO ET AL.

IRAC—3.6

N

ACS=i

ACS—CONVOLVED

4|| * 4||

Figure 4. Example of the deconvolution procedure for unresolved sources in
IRAC images. After the deblending, the unique IRAC source (irac164074)
becomes two separate sources (irac164074 _1 and _2). Top left (a): IRAC 3.6 um
image (0761 pixel~') showing a blended source. The red circle depicts a 2"
radius aperture (our default aperture for isolated sources). The green circles
show 079 apertures centered at the positions of sources in the reference image.
Top right (b): HST/ACS reference image (0”02 pixel ~!) after applying a 4’ x 4/
local WCS re-alignment, showing the individual sources. Bottom left (c): model
of the blended source obtained by convolving the PSF of HST/ACS to the PSF
of IRAC 3.6 um in (b), registering it to image (a) and scaling each source to
the flux in the 079 apertures (green) in (a). Bottom right (d): residual from the
subtraction of the model and science images (c—a).

discussed in the following are also applied to the sources down
to [3.6] < 24.75 mag. Although these objects are not included
in the accompanying catalog (presented in Section 6, restricted
to the most reliable detections), it is possible to retrieve their
data through our online database (see Section 6.3).

4.2. Merged Photometry

The photometry is carried out in the same (Kron) ellipti-
cal aperture in all bands. The parameters of that aperture are
obtained from a reference image (the same as for the cross-
matching procedure) whose resolution is representative of the
entire data set. Normally, this reference image is a ground-based
optical /NIR frame with a PSF of approximately 1”1”5, which
is easy to translate to other ground-based images avoiding aper-
ture issues.

The bands are sorted according to depth to facilitate the cross-
match to the optical bands. The typical aperture band for the
majority of the sources (83% of the sample) is the Subaru R
band, followed by the CFHTLS i’ band (4%), MMT —i,—z
(3% each) and MOIRC-K (2%). For the remaining 5% of the
sources, the aperture is computed from other bands (CFHTLS-r,
ig14, Vs05) that account for less than 1% of the total. The Subaru
imaging was preferred to the CFHTLS as primary aperture band
due to the uniform coverage of the whole IRAC mosaic (the
CFHTLS frames cover only ~60% of the IRAC survey). In
order to ensure that the aperture radius is always large enough
to enclose the full PSF profile in all ground-based images,
we established a minimum aperture radius equal to the worst
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Figure 5. Multi-band images of an IRAC-selected source (irac096525) in the
[3.6], R, I, and ig14 bands (from left to right and top to bottom). The size
of the frames is 15” x15”. In the three optical bands, the flux is measured
in elliptical apertures (red) whose parameters are determined in the R-band
image. Note that, despite the different image resolutions (and multiple HST
counterparts), the accurate WCS re-centering (rms < 0”15) allows to place the
aperture correctly, recovering the flux of all sources. For the IRAC bands, we
use fixed circular apertures of 2" radius (blue) and we apply a correction to the
total magnitude.

value of the seeing (175). Once the best photometric aperture is
defined, if no counterpart is found in one band but data exist at
that position, the flux is measured within the same aperture. Note
that the local WCS re-centering of the images allows an accurate
positioning of that aperture. In this way, we recover fluxes for
very faint sources whose detection was missed by SExtractor.
When the counter-part source is too faint to be detected, the
sky-rms value is stored to be used as an upper limit in the SED
analysis.

Some bands are deliberately excluded from the merged
photometric measurement described above due to a significant
difference of the resolution compared with the reference band
or because images are not available. For all these bands, the
photometry is obtained differently and later incorporated in
the merged catalog during the cross-correlation procedure.
For the four IRAC channels, the optical/NIR Kron apertures
are typically not large enough to enclose the entire PSF.
Therefore, we keep the values measured in Section 3.1 with
aperture photometry. Given the comparatively large PSFs of
the MIPS (24 um, 70 um) and GALEX (FUV, NUV) images,
the flux measurement in these bands was carried with IRAF-
DAOPHOT and SExtractor, respectively (see PGO5; PGOS).
Figure 5 illustrates the different resolutions and aperture sizes
involved in the photometric measurement (see also the captions
in Figures 9-12).

The HST -ACS bands were included in the general photomet-
ric procedure. Although the much higher resolution may lead
to multiple cross identifications even when compared with the
optical ground based images, the high spatial resolution (after
the local re-alignment described above) allows a reliable cross-
matching within 0715 (rms of the local WCS solution for HST
images). As shown in Figure 5, apertures were placed correctly
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even when multiple counterparts are identified, and the photom-
etry includes the fluxes from all of them. We have conducted
an additional test to check the accuracy of the ACS photometry
measured with this method. We compared the observed photom-
etry to synthetic magnitudes derived from SED templates fitted
to the multi-band photometry (except ACS) of spectroscopically
confirmed galaxies. We find a very small offset (<0.02 mag)
and a scatter consistent with the typical photometric errors in
the bands (see Section 3.1.3 of Paper II for more details).

The NIR source catalog of the Palomar/WIRC survey (Bundy
et al. 2006) is also included in the merged photometric catalog,
although no images are available to match apertures. In this
case, we use the SExtractor MAG_AUTO value of the closest
neighbor in the J and K bands.

4.3. Photometric Uncertainties

The uncertainties in the photometry are derived simultane-
ously to the process of flux measurement in each individual
band. As mentioned in Section 3.1, the photometric errors ob-
tained using SExtractor often underestimate the true background
noise due to signal correlation on adjacent pixels (Labbé et al.
2003; Gawiser et al. 2006). In order to properly account for
this effect, we estimated the flux uncertainties in three different
ways, as described in PGO8 (Appendix A). First, we measured
the background noise in a circular corona of 5” width around
each source. This procedure is similar to that used by SExtractor

and provides uncertainties oap X Npli/xzels. In addition, we mea-
sured the average sky signal on non-connected artificial aper-
tures built with random pixels around each source, with the
same size as the photometric aperture, and containing only pure
sky pixels (rejecting pixels >5¢ the rms obtained with the first
method). Finally, we also estimated the background noise fol-
lowing the method by Labbé et al. (2003). The flux measured on
several photometric apertures around the source, identical to the
one employed for the photometry, is fitted to a Gaussian function
to yield the rms background fluctuation. The sky background
is set to the resulting average value of the three methods, and
the final photometric uncertainty is set to the largest estimate,
typically, the one measured with the second method.

5. PROPERTIES OF THE MERGED
PHOTOMETRIC CATALOG

The exposure time of the IRAC mosaics in the four channels
is remarkably homogeneous across the mosaic. However, the
coverage of the strip at other wavelengths is patchy and
discontinuous (see Figure 1). For the remaining of this section
and in Paper II, we will differentiate between the region of
the IRAC image covered by the CFHTLS, and the rest. The
CFHTLS/IRAC common region (52216 < § < 53°20 and
214204 < o < 215%74) has been also surveyed with Subaru,
the CFHT12k instrument, MMT/Megacam, HST/ACS, HST/
NICMOS, and GALEX, so it constitutes the zone with the
highest data quality (hereafter main region), where the SEDs
are sampled with the highest band coverage. The area of this
region is 0.35 deg? (~68% of the total) and contains 53,030
(76,936) sources down to [3.6] < 23.75 (24.75). The 0.13 deg2
outside the main region (hereafter flanking regions) also present
a solid SED coverage, relying mostly in the MMT and SUBARU
bands. Nevertheless, it lacks some of the best-quality data (taken
with ACS and MOIRCS), and the fraction of surveyed area
by the WIRC-JK bands is ~15% lower. There are 23,906
(35,416) sources in the flanking regions with [3.6] < 23.75
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Table 3
The IRAC 3.6+4.5 um Sample: Detection Efficiency in Each Band and Region

Band Aeff Main Region (0.35 deg?) Flanking Regions (0.13 degz)

Area  [3.6] < 23.75[53,030] [3.6] <24.75[77,607]  Area  [3.6] < 23.75 [23,906] [3.6] < 24.75 [35,416]

Stats  All/S/N>5(%) Stats  All/S/N > 5(%) Stats  All/S/N>5(%)  Stats  All/S/N > 5(%)
(€3] @ €] Q) (©) ©) @) ®) ©® (10) (1 12
X-ray'  031,1.24nm 097 717 (1.3%) 718 (1.3%) 093 307 (1.2%) 307 (1.2%)
FUV 0.154 0.99 27.903243 58.8/7.9 28.033933 57.4/6.1 0.15 27.71323] 59.6/1.7 27.83%03 58.3/6.8
NUV 0.232 0.99 262815  742/258  26.603%33  70.8/20.2 0.15 2626381 752/267 2657383 72.5/23.7
u 0.363 1.00 25533795 88.4/528 258533  86.1/44.1 100 25393578 89.6/643 2569379  88.0/57.8
u* 0.381 1.00 25.303$%%  88.2/539  25.603%37  85.2/44.2
CFH-B 0.440 100 25.033%3  89.6/552  2533%3%  87.1/456  1.00 24.943%2%  87.3/53.1 25273588  83.7/43.0
g 0.481 100 25.08%%3L  96.1/85.1  25.443%8%  95.0/80.3 1.00 25123849 96.6/84.9  2549%7)  955/80.5
g 0.486 100 24863592  954/83.6 2520331  94.0/782
Vo6 0.592 0.56 24.583371 94.7/83.5  24.922%%  93.9/78.7
r 0.626 1.00 24503338  97.1/89.3 248535  96.0/84.2
R 0.652 1.00 2444335  97.0/885  24.8033%  95.8/825 100 243633  974/87.7 2474380 96.5/81.9
CFH-R 0.660 100 244933%  953/71.5 2485398 93.1/60.2 100 2436333  91.6/73.7 247633  88.4/63.0
i’ 0.769 1.00 2400343  953/854 2441335  94.2/783
i 0.782 1.00 24.0938  97.4/903 2451338 96.1/838 100 24.13330  96.4/81.1 24.54587  94.6/702
ig14 0.807 056 24.123%  96.7/80.7 24523388 94.7/693
CFH-I 0.813 1.00 2403337  94.1/68.6 2445570 90.1/545 1.00 239732 89.2/61.1 2443570 84.1/475
7 0.887 100 237939 933/662 242338 89.1/51.2
z 0.907 100 2396318 96.0/77.7 24443388 927/64.9 100 2395373  97.5/855 2444373 953/754
Jito 1.10 0.04 23.8733%% 84.6/654  24.25348 88.9/55.6
Q2k-J 1.21 040 2329330 93.7/385  23.74%9) 88.4/27.1
WIRC-J 1.24 042 2243340 628/166 2249330  46.1/117 032 223134 57.9/204 2235348 41.1/14.1
Hieo 1.59 0.04 247138 923/808 25182537  91.7/69.4
Q — K, 2.11 046 22433313 75.8/6.7 22743338 67.0/4.6 0.26 22.17333% 67.3/73 22395378 59.6/5.0
Ks 2.15 0.26 24.643377  955/738  25.143%% 89.8/52.9
WIRC-K 2.17 097 21763374 62.6/27.1 21822281 42.6/163 080 21.423230  453/184 214573  424/144
IRAC 36 3.56 1.00 22.5434)  100.0/992  23.181%  100.0/845  1.00 22.52349  100.0/97.8  23.173433  100.0/80.6
IRAC 45 451 1.00 22623333 99.8/953 2326514 98.9/75.3 1.00 2263360 99.3/91.1 2327344 97.1/705
IRAC 58 5.69 1.00 22.503373 89.7/41.1 22.89%43%  78.4/28.0 1.00 2245371 87.1/38.6  22.8031%)  755/264
IRAC 80 7.96 100 22.6233%]  85.8/344 2297343 73.8/235 100 2251383 82.6/329 2283313 71.1/226
MIPS 24 23.84 091 1958303  31.5/202 197137 29.7/18.1 093 19363932 29.9/19.1 19.49303  252/15.1
MIPS 70 72.49 0.80 15.79}3] 13.1/15 15.81{833 7.5/5.7 0.86 155753 13.6/1.2 15.57}53 6.7/4.7
VLA® 2E06 0.74 380 (<1%) 380(<1%) 042 210 (<1%) 210(<1%)
[3.6] < 23.75 [53,030] [3.6] < 24.75 [77,607] [3.6] < 23.75 [23,906] [3.6] < 24.75 [35,416]

Redshifts®  0.64-091 094 6191 12.0% 6420 8.4% 0.84 1445 6.0% 1481 4.2%

Notes. Detection efficiency for the sources IRAC 3.6+4.5 um sample in the different bands compiled for this work. The analysis is divided in two zones: the main
region, defined as the overlapping area between the IRAC and the CFHTLS mosaics (52716 < § < 53?20 and « > 214°04), and the flanking region. (1) Band name. (2)
Effective wavelength of the bands in microns. (3) Fraction of the main region covered by the observations in each band. (4, 6) Median and quartiles of the magnitude
distribution in each band for main region sources with [3.6] < 23.75 and [3.6] < 24.75, respectively. (5, 7) Percentage of IRAC sources in the main region detected in
each band at any magnitude (All) and with S/N > 5. These values are computed in areas fully covered by both the IRAC mosaic and the observations in each band.
(8) Same as (3) in the flanking regions. (9, 11) Same as (4,6) in the flanking regions. (10, 12) Same as (5,7) in the flanking regions.

2 For these catalogs, we quote only the number of sources detected in IRAC, and the percentage of total IRAC sample that they represent.

(24.75). Table 2 summarizes the number of sources in the catalog
according to different limiting magnitudes and area constraints.

Note that the bulk of the optical SED coverage is based on
CFHTLS and MMT data (the CFHT12k-BRI data are ~2 mag
shallower). On average numbers, their respective filter sets cover
a similar wavelength range with comparable data quality (see
Tables 1 and 3). Also, the subtle differences in the shape of
the u- and z-band filters of each survey improve the quality of
the SED coverage for the sources in the main region. The most

remarkable difference between the two surveys is found in the
homogeneity of data; whereas the CFHTLS presents a nearly
uniform data quality across the mosaic, the MMT data show
larger variations between the four pointings (e.g., Ag(50) =
26-25 mag, AFWHM = 170-1"6; see Zhao et al. 2009 for more
details). Unfortunately, the lowest quality pointings (shallower
data and highest seeing) are precisely those covering the flanking
regions (mainly the north region, § > 53°20). Furthermore, a
small area in the north and south regions of the MMT mosaic
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(<10% of the total) is not observed in the g and u bands,
respectively. Thus, comparatively, the average data quality in
the flanking regions is slightly lower than in the main region.

5.1. Multi-band Detection and Color Properties

Table 3 shows the fraction of the entire IRAC catalog
detected in the different bands compiled for this work. We
give specific values for different sub-samples divided as a
function of brightness in the selection band, detection level
(S/N), and location in the IRAC mosaic. The majority of sources
are detected in the four IRAC channels. However, while most
sources (>90%) have reliable detections at 3.6 and 4.5 yum, only
half of the sample is detected with S/N > 5 at the two longer
wavelengths. Note that the photometry at 5.8 and 8.0 um was
not performed independently (see Section 3.1).

The fraction of IRAC sources detected in the optical bands is
also elevated (~95%) for the majority of the bands. However,
cutting the measurements at S/N > 5, the efficiency decreases
to ~85% for the deepest CFHTLS, MMT, Subaru and ACS
bands, and to 50%-60% for the u and z bands (in both CFHTLS
and MMT data) and the shallower CFHT BRI bands. For the
GALEX data, the detection is typically lower than 10% and 25%
in the FUV and NUV bands, respectively. Around 12% and
6% of the sources are matched to high-quality spectroscopic
redshift estimates in the main and flanking regions, respectively.
The lower efficiency in the flanking regions is caused by the
inhomogeneous DEEP2 coverage of the IRAC mosaic.

The NIR coverage of the strip surveyed by IRAC is also
discontinuous. The WIRC catalog provides the most uni-
form coverage, including 40% and ~100% of the area in the
main region in the J and K bands, respectively. The frac-
tion of IRAC sources detected in each band is very similar,
~50%—-60% (~20% with S/N > 5). The deepest NIR obser-
vations are those taken in CAHA-J and Subaru-MOIRCS-K;
bands. The latter covers ~1/4 of the main region up to 1 mag
deeper than the WIRC-K data, presenting a much higher de-
tection fraction, ~90% (70% with S/N > 5). The CAHA-
J data cover 40% of the main region recovering ~30% (S/
N > 5) of the IRAC detections, a slightly larger fraction
than WIRC-J.

‘We note that for most bands, the fraction of sources detected
with S/N < 5 can be significantly higher than the overall value.
In the shallowest bands, this is caused by the higher photometric
uncertainties (e.g., the WIRC J and K bands). However, for most
bands this is the result of the enhanced detection achieved with
the forced photometric measurement. For each IRAC source
undetected in a given image, but having a counterpart in any
other band, we still measure the flux in the same aperture at the
position of the counterpart. With this method, we increase the
detection efficiency at fainter magnitudes recovering sources
that would be missed otherwise. However, given the extreme
faintness of these sources, some of the measurements produce
low significance detections (S/N < 2). As a precaution, to
preserve the overall quality of the SED, we do not include these
values (photometric uncertainties >0.4 mag) in the SED fitting
procedure, nor in the estimate of the physical parameters in
Paper II. Nevertheless, we keep these values as they can be useful
as upper limits. Another estimate of the limiting magnitude in
each band is obtained from the value of the sky rms in failed
forced measurements (i.e., those for which the measured flux in
the aperture is negative).

Figure 6 illustrates the characteristics of the different flux
measurements in four bands probing representative wavelengths
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in the UV-to-NIR range. The central panel of each plot shows
a color-magnitude diagram in [3.6] versus u*Ri’ and K, re-
spectively. The gray-scale density map depicts the distribution
of standard (non-forced) photometric measurements, typically
detected with S/N > 5 (magenta line). Forced detections for
which we obtain a valid flux or a sky-rms value are shown
as green and blue dots, respectively. The cyan markers are
sources detected in IRAC only (for which we assign arbi-
trary magnitudes in each band). For the deep R and i’ bands,
which present the highest detection efficiency, forced measure-
ments account for less than 5% of the flux measurements and
present a median S/N < 2 (black line). In the u* band, the
source density for a similar limiting magnitude is much lower,
and consequently the fraction of forced detections is higher,
around 20%.

The upper panels in each quadrant of Figure 6 show the
fraction of undetected sources in each band. In the R and i’ bands,
these sources make up for <4% of the total sample. Most of them
are IRAC-only sources (plotted in cyan), whereas the rest are
at least marginally detected in one other (typically red) band,
but the forced measurement fails for the particular band shown
in the plot (blue). The fraction of undetected sources in the u*
band (and other shallower optical bands, e.g., CHFT12K BRI)
increases to 10%, being in this case dominated by failed forced
measurements at the positions of R or i’ detections. These kinds
of measurement are also predominant for undetected sources in
the K band.

Note that some of the IRAC-only sources are relatively bright,
21 < [3.6] < 22. Most of them are detected in deep K-band
observations. However, there are a few galaxies detected only
in the IRAC bands (typically the faintest ones). The nature of
these interesting sources, potential candidates to massive high-
redshift galaxies, will be explored in a future paper.

Figure 6 also shows the color distribution of IRAC sources
in bins of [3.6] mag (right panels in each quadrant) and spec-
troscopically confirmed galaxies in several redshift bins (red
ellipses and dots in the central panels). The general trend with
color in the R and i’ bands is that faint IRAC sources are on
average bluer than brighter ones. The median colors for the
faintest [3.6] bin, 22.50 < [3.6] < 23.75, are R — [3.6] = 1.6
and i’ —[3.6] = 1.4. These colors are similar to those of galaxies
at 1 < z < 1.5. This is consistent with the fact that the median
redshift for the IRAC 3.6+4.5 um magnitude limited sample
([3.6] < 23.75) is z ~ 1 (see Paper II and PG08). Note also that
most of the forced detections in the R band would qualify as
IRAC extremely red objects (by the criteria of Yan et al. 2004,
R—[3.6] > 4.0) that target dusty starbursts or passively evolving
galaxies at z > 1.5.

In general, all galaxies tend to become redder in
optical -IRAC colors with increasing redshifts. Indeed, for a
typical galaxy SED, the observed optical bands shift into the
(fainter) UV whereas the [3.6] mag becomes brighter as it ap-
proaches the stellar bump at 1.6 um rest frame (for z < 1.2).
Therefore, it is not surprising that the u* — [3.6] median color
is redder (u* — [3.6] = 2.1, typical of a z ~ 1 galaxy) than
the median color involving the Ri’K bands. Note also that the
observed UV progressively shifts into the Lyman break, pro-
ducing the large fraction of z > 2.5 (red dots in the top left
quadrant of Figure 6) galaxies that are u-dropouts. Finally, we
find that the K —[3.6] color presents an almost constant value as
afunction of [3.6] mag for a given redshift range, becoming pro-
gressively redder as we move to higher redshifts: K —[3.6] < 0
at z < 0.5 and K —[3.6] > 0 at z > 1. Again, this is
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Figure 6. Central panel in each plot shows the color magnitude diagrams in the u*, R, i’, and K bands with respect to [3.6] (top to bottom, left to right). The density
map in gray scale shows the distribution of IRAC sources detected in each band. For sources missing (not detected by SExtractor) in a given band but detected in any
other, we force a flux measurement at the position of the existing source using the same Kron aperture. The green dots depict sources for which we are able to recover
a positive flux in this forced measurement. The blue dots depict the value of the sky rms in the apertures where the forced measurement failed (i.e., the integrated
flux was negative). The cyan triangles are sources undetected in any other band but IRAC. For these sources, we set an upper limiting magnitude ~0.5-1 mag fainter
than the typical magnitude for a source with S/N = 2 (black line). The magenta solid line indicates the median magnitude of the sources with S/N ~ 5. The red dots
depict galaxies with spectroscopic redshift z > 2.5. The red ellipses show the median and quartiles of the color-magnitude distribution for galaxies in different bins
of redshift within 0 < z < 1.5. The upper panel of each quadrant shows the [3.6] brightness distribution of undetected sources (blue and cyan markers in the central
panel) in each band. The right panel of each quadrant shows the color distribution of detected sources (histogram, median, and quartiles) in three bins of the [3.6]

magnitude.

consistent with the fact that both K and [3.6] transit through the
peak of the stellar bump for z < 1, changing their relative posi-
tions (see, e.g., Huang et al. 2004). An interesting consequence
of the red K — [3.6] colors of high-z galaxies is that IRAC
3.6 um observations are equivalent, in terms of source densi-
ties, to a K-selected sample down to slightly deeper limiting
magnitudes.

Figure 7 shows the density map (central panel) and histograms
(right panel) of the number of photometric bands with measured
fluxes, N(band), in the main (left) and flanking regions (right).
Typically, the SED of a galaxy in the main region has a median
of 19 photometric data points. The average spectral coverage
is ~8 bands larger than in the flanking regions, mainly due to
the lack of data from the CFHTLS and NIR surveys. Galaxies
with an available spectroscopic redshift (R < 24 mag; green
dots) typically present the highest band coverage (~22 and ~14
bands in the main and flanking regions, respectively), since they
are relatively bright in the optical. Interestingly, the faintest
IRAC sources, [3.6] > 23.75mag (red histogram), present a
relatively high band coverage, N(band) = 17 in the main region.

In most of the cases, these are low significance detections in
the deepest optical/NIR bands where the forced photometric
measurement (see Section 4.2) is able to recover a flux (see,
e.g., Figure 9). On the opposite side, there is a non-negligible
number of IRAC-faint but optically bright sources with more
than 19 photometric data points. These constitute a population
of blue dwarf galaxies at intermediate redshift easily detected
in the optical but with faint IRAC counterparts (i.e., not very
massive).

The upper panel of Figure 7 shows the [3.6] magnitude
distribution for the full sample (black) and for sources with
poor spectral coverage (N(band) < 5; blue histogram). The
latter defines a clearly isolated group in the density contours
(central panel) and in the histograms (right panel) of Figure 7.
These sources represent less than 3%(4%) of the sample up
to [3.6] < 23.75 (24.75). Most of them are clear IRAC-only
detections (as the ones discussed in Figure 6) relatively bright in
[3.6,4.5]. However, some of the faintest sources can be affected
by contamination of spurious sources (we give more details on
these sources in Section 5.3).
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Figure 7. Central panel in each plot depicts the source density as function of the number of bands in which the source was detected (a positive flux was measured),
N(band), and the magnitude in the [3.6] channel, for the main region (left) and the flanking regions (right). The color contours contain (from the inside out)
approximately 25%, 50%, 75%, and 90% of the sources. The green dots mark galaxies with a spectroscopic redshift. The black lines indicate the 85% completeness
limit of the catalog ([3.6] < 23.75, vertical) and the band coverage limit N(band) = 5 (horizontal), respectively. The histograms on top show the brightness distribution
for the full sample (black) and for sources with N(band) < 5 (blue). The histograms to the right show the N(band) distribution of the full sample (black line), IRAC
faint sources ([3.6] > 23.75; red area) and galaxies with spectroscopic redshifts (green area).

5.2. FIR, X-Ray, and Radio Counterparts

Table 3 shows the fraction of IRAC sources in our sample
([3.6] < 23.75) detected in the X-ray, FIR, and radio surveys
within the overlapping area. About 30% (20% with S/N >
5 detections) of the IRAC sources are detected at 24 um
(S/N = 5 reached at ~60 uJy), 10% (2% with S/N > 5) at
70 um (S/N = 5 reached at ~3.5 mly), 1% in the X-rays, and
<1% at 20 cm. For the radio and X-ray surveys, we cross-
matched our sample to the catalogs of Ivison et al. (2007) and
Laird et al. (2009), respectively. As explained in Section 4,
the cross-match to the radio catalog was performed using a
3” radius, whereas for the X-ray catalog we followed a two-
step identification. First, we divided the X-ray sample attending
to the availability of pre-identified IRAC counterparts (Laird
et al. used the IRAC catalog of BAROS as reference). For the
galaxies identified in IRAC, we used a 1” cross-matching radius,
whereas for the other we used a more conservative 2" radius.
With this procedure, we found 848 out of the 882 galaxies with
IRAC counterparts in their catalog (815 among the 830 with
high reliability flag; see Laird et al. 2009 for more details). The
remaining galaxies were either outside of the N(frame) > 20
region or too close to a bright star. In addition, we were able to
identify 175 additional X-ray sources in the area of our mosaic
not covered by the data of BAROS, i.e., we recover a total of 1023
out of 1325 X-ray sources from the catalog of Laird et al. For the
MIPS 24 pum and 70 um and radio surveys, we identify 10758,
868, and 590 (out of 1122) sources, respectively. Noticeably,
about 20% and 54% of the sources detected in MIPS 24 um and
70 pwm present a multiple IRAC counterparts (typically 2-3) and
~6% in X-ray and Radio.

All of these surveys cover an area larger than the IRAC
observations, but none of them fully cover the IRAC strip
(although the X-ray and MIPS 24 um data cover >90% of
the area). Table 4 shows the total area covered by the X-ray,
MIPS, and radio surveys, the fraction that area in common
with the IRAC mosaic, and the number of sources with an
IRAC counterpart in our catalog. All the sources in the different
surveys located within the area covered by IRAC are detected

Table 4
Detection Efficiency of X-ray, FIR, and Radio Sources

Source Area Fraction Total
1) (2 3) @
Chandra/ACIS? 0.67 deg® 0.70 1023 (77%)
MIPS 24 um (f > 60 uJy)P 0.53 deg? 0.59 10771
MIPS 70 um (f > 3500 uJy)® 0.50 deg® 0.61 868
VLA 20 cm® 0.73 deg? 0.46 590 (52%)

Notes. (1) Name of the band. (2) Total area of the survey. (3) Fraction of the
survey area overlapping with the IRAC mosaic. (4) Number of sources with
IRAC counterparts ([3.6] < 23.75) and fraction of recovered sources from the
whole catalog.

2 Sources drawn from Laird et al. (2009). These include 815 high reliability
identifications (based on a previous match to the IRAC catalog of BAR08) and
175 previously unidentified sources.

b The area of the survey refers to the GTO+FIDEL observations reduced for
this paper.

¢ Sources drawn from Ivison et al. (2007).

in our catalog (with the exception of a few objects too close to
bright stars).

Note that despite the larger area of the VLA observations,
this survey covers only ~40% of the region surveyed by IRAC.
In fact the data are limited only to the upper region of the IRAC
mosaic (§ > 53°10; see Figure 1).

5.3. Catalog Reliability

In this section, we analyze in more detail the sources with
a poor spectral coverage to asses the reliability of the IRAC
catalog as a function of the magnitude in the [3.6] band.

First, we test the reliability with the widely used method
of comparing the number of detections at faint levels in the
original and a negative image. This test reveals that only ~1%
of the sources up to [3.6] < 23.75 mag are spurious.

However, this procedure is conceived to detect faint spurious
sources based on the assumption of a symmetric noise, whereas
most of the spurious detections are concentrated around bright
regions as a consequence of PSF and saturation artifacts and an
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excessive deblending. Therefore, we chose to follow a different
approach to analyze the reliability of the catalog based on
the fact that faint [3.6, 4.5] detections lacking a measurable
counterpart in other bands are potential candidates for spurious
detections.

As discussed in Section 5, we find a nearly isolated group
of sources detected in N(band) < 4. Most of these sources are
IRAC-only detections (cyan histogram of Figure 6) that, in the
absence of low significance optical detections to validate them,
could be artifacts of the source extraction procedure.

The visual inspection of galaxies with N(band) < 4 reveals a
clear dichotomy. We find that these sources are either strongly
clustered around bright stars and extended sources (typically
low-z galaxies), or uniformly distributed across the image. Most
of the sources in the first group are easily identified as spurious,
whereas for the isolated sources, their high S/N (~5-10) and
the visual inspection seem to favor that they are real. We dealt
with the reliability of sources with N(band) < 4 by considering
spurious all detections in a 20”-30" radius region around the
brightest objects ([3.6] = 16-15mag). Up to [3.6] < 23.75,
approximately half of the N(band) < 4 sources are spurious by
this criteria, accounting for less than 2% of the total sample.
Nevertheless, even for the more conservative scenario, the sum
of all N(band) < 4 detections constitutes less than ~4% of
the sample in the main region. Finally, we also check the
reliability of these sources by studying how many of them are
simultaneously detected at both 3.6 and 4.5 um. Unfortunately,
we find that some real detections are missed at 4.5 um due
to the slightly worse image quality, while some of the spurious
sources are detected in both images in regions where the density
of artifacts is larger (i.e., around bright stars).

Summarizing, we conclude that the overall reliability of the
catalog is very high (>97%) and that the contamination by
spurious sources is strictly restricted to the surrounding areas
of very bright sources. For the sake of completeness, we do not
remove the sources with N(band) < 4 from the sample. Instead,
we include in the data catalog (Table 6) both the number of
bands in which the source was detected (N(band)) and a flag
indicating if the source is located in the vicinity of a bright
object (see Section 6.2).

5.4. Star—Galaxy Separation

Following PG08, we used eight different photometric and
morphological criteria to identify stars in the merged photomet-
ric catalog: (1) the average of SExtractor star/galaxy separation
parameter (stellarity) for all bands where the source is detected;
(2) when available, the stellarity parameter and FWHM of the
source in the HST images are also considered as an independent,
more reliable, criterion; (3, 4) the IRAC-based color-magnitude
criteria of Eisenhardt et al. (2004) and Barmby et al. (2004); (5)
the concentration parameter (i.e., the difference of the [3.6] mag
measured in a 3” radius aperture and the SExtractor MagAuto);
(6) the color—color and (7) color-magnitude criteria of
Eisenhardt et al. (2004; this time based on optical and NIR
bands); and (8) the BzK criteria of Daddi et al. (2004). In spite
of using multiple stellarity criteria, the heterogeneous band cov-
erage makes difficult the simultaneous application of the eight
criteria (e.g., the HST data cover only ~40% of the full area).
For this reason, we chose the bulk of the criteria to be based
on IRAC or optical colors, which are available for the majority
of the sources independently of the region in which they are
located. We verify that at least five criteria can be estimated for
86% of the sources with [3.6] < 23.75.

BARRO ET AL.

A source was identified as a star if three or more of the
stellarity criteria are satisfied. Based on this method, we found
2913 stars. Among them, we are able to identify 69% of the
spectroscopically confirmed stars. The rest of them satisfy at
least one or two of the stellarity criteria. Figure 8 illustrates
the efficiency of the IRAC morphological criteria by Eisenhardt
et al. (2004) and the BzK criteria of Daddi et al. (2004). Red dots
indicate sources with N(criteria) > 3. Clearly, the BzK criterion
is more efficient identifying stars over a wider magnitude range.
Note that, as discussed in PG08, an IRAC-selected catalog down
to [3.6] < 23.75 only includes a minor fraction of stars (less than
5% at all magnitudes), the majority of them at bright magnitudes
(~40% at [3.6] < 18). At the faintest magnitudes, the overall
dimming of the objects could lead us to identify some stars as
galaxies due to the lack of applicable criteria. However, we find
that both the galactic and stellar number counts in the IRAC
bands are in good agreement with those presented in Fazio
et al. (2004) down to our limiting magnitude. From the relative
distribution of galaxies and stars, we also find that the fraction of
stars makes up for only 3% of all sources at magnitudes fainter
than the median of the sample ([3.6] = 22.4).

6. DATA CATALOGS AND DATABASE ACCESS

The catalog with the multi-band photometry for all the
IRAC 3.6+4.5 um selected sample in the EGS is presented
in Table 5. Additional information regarding the photometry
of the sources and other properties described in the paper are
given in Table 6. Furthermore, we also present here a Web-
based interface to access our database containing all the results
presented in this and the companion paper. The Web tool is
publicly available for the entire astronomical community.

As explained in Section 3.2, the catalogs presented in this
paper are restricted to the 76,936 sources with [3.6] < 23.75,
the ~85% completeness level, which count with accurate IRAC
photometry (S/N > 8). As explained in Section 3, our sample
is extracted from the area of the IRAC mosaic counting with a
frame coverage larger than 20 (fexp, ~ 4 ks in the IRAC 3.6 um
band). Nevertheless, a deeper, although less complete, catalog
without any magnitude restriction can be accessed through the
online database (Section 6.3). In the following subsections, we
describe the contents of Tables 5 and 6 and present Rainbow
Navigator.

6.1. Table 5: Photometric Catalog
These are the fields included in Table 5.

1. Object. Unique object identifier starting with irac000001.
Objects labeled with an underscore plus a number (e.g.,
irac000356_1) are those identified as a single source in the
IRAC catalog built with SExtractor, but deblended during
the photometric measurement carried out with the Rainbow
software (see Section 4.1). Note that, although the catalog
contains 76,936 elements, the identifiers do not follow the
sequence irac000001 to irac076185. This is because the
catalog is extracted from a larger reference set by imposing
coordinate and magnitude constraints. The table is sorted
according to this unique identifier.

2. «, 8.J2000.0 right ascension and declination in degrees.

3. zspec. Spectroscopic redshift determination drawn from the
DEEP2 spectroscopic survey or the catalog of LBGs of
Steidel et al. (2003).
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Figure 8. Example of two of the stellarity criteria used in this paper to separate galaxies from stars. Left: B-z vs. z-K for all sources in the catalog. The dashed
line depicts the BzK criteria of Daddi et al. (2004) to isolate stars. The solid lines delimit the regions where high-redshift galaxies are located. The red dots indicate
sources satisfying three or more stellarity criteria. Right: comparison of the magnitude in a 3” radius aperture ([3.6]3u) and SExtractor MagAuto ([3.6]au10), i.€., the
concentration parameter, vs. [3.6]auo for all sources in the catalog. The criterion of Eisenhardt et al. (2004) identifies stars with —0.25 < [3.6]3u — [3.6]aut0 < 0.2 and

[3.6]auto < 17.80.

4. gflag. Spectroscopic redshift quality flag from 1 to 4.
Sources with gflag > 3 have a redshift reliability larger
than 80%.

5. FUV, NUV,u',.... Effective wavelengths (in nanometers),
magnitudes, and uncertainties (in the AB system) for each
of the 30 photometric bands compiled for this paper. The
bandpasses are GALEXFUV and NUV, CFHTLS u*g'r'i’7/,
MMT u/giz, CFHT12k BR[, ACS V606 and i314, Subaru R,
NICMOS J110, Hi0, MOIRCS K, WIRC JK, CAHA-JK;
IRAC 3.6-8.0, and MIPS 24 um and 70 um. The bands
are sorted according to the effective wavelength of the
filter. We refer to Section 3 for details on the photometric
measurement and error calculation. The magnitudes do not
include zero-point corrections (see Paper II, Section 3.1.3).
A value of the magnitude equal to —99.0 with error equal
to 0.0 indicates a not valid photometric measurement. A
negative error indicates that the source was undetected by
SExtractor but a positive flux was obtained when forcing
the measurement at that position using the appropriate
aperture (see Section 4.2). An error equal to 0.0 indicates
that the source was undetected and the forced measurement
returned a negative flux. In this case, the value of the
magnitude is an upper limit equal to the sky rms (1o) in the
photometric aperture (see Section 4.2).

6.2. Table 6: Photometric Properties Catalog
These are the fields included in Table 6.

1. Object. Unique object identifier (the same as in the photo-
metric catalog in Table 5).

2. a, 6.J2000.0 right ascension and declination in degrees.

3. N(bands,detect). Number of UV-to-NIR in which the source
is detected.

4. N(bands,forced). Number of UV-to-NIR in which the
source is a priori undetected, but the forced photometry
is able to recover a valid flux.

5. Flag. Quality flag indicating that the source is located in
the vicinity of a bright object. Sources detected only in the

IRAC bands (N(band) < 5) and close to a bright ([3.6] > 16)
source are likely to be spurious (see Section 5.3). The values
of the flag indicate: (5) source within 70”—-100" of the bright-
ness saturated stars in the field, (4) source within 30” of a
[3.6] < 15 source, (3) source within 20” of a 15 < [3.6]
< 16 source, (2) source within 15” of a 16 < [3.6] < 17
source, (1) source within 10” of a 17 < [3.6] < 18 source,
and (0) source unflagged.

6. Stellarity. Total number of stellarity criteria satisfied (see
Section 5.4). A source is classified as a star if it satisfies
three or more criteria. (Section 5.4).

7. Region. Region of the field in which the source is located
(Section 5): A value of 1 or O indicates that the source
is in the main or flanking region, respectively. The main
region is defined as the area of the IRAC mosaic within
52.16 < 6 < 53.20 and @ > 214.04, the flanking regions
are those containing the remaining area.

6.3. Rainbow Database and Navigator

The photometric catalog presented here and the inferred
stellar parameters discussed in Paper II are obtained using the
Rainbow software (see PG05; PGO08). The program includes
different sub-routines for each task, and the output of each step
serves as the input for the next. After the data processing, both
the input (images, spectra, templates) and the resulting catalogs
are stored in a database with individual sources as building
blocks. On doing so, we achieve several goals: (1) each object
is fully characterized with all the available information; (2) the
data can be easily sorted and retrieved according to several
criteria; (3) the data are homogeneously stored, which allows
a straightforward combination with data from other Rainbow
fields and projects (such as those in PGO5 or PGOS).

In order to provide worldwide access to the data stored in our
database, we have developed a publicly available Web interface,
dubbed Rainbow Navigator.'> Here we briefly describe the main

12 http://rainbowx.fis.ucm.es



Table 5
The IRAC 3.6+4.5 um Sample: Multi-band Photometry

Object o 8 zspec  gflag  FUV NUV u' u* B g g Veos r’ R CFH-R i’ i ig1a 1
Aeft Aeft Aeff Aeft Aeff eff Aef Aeff Aeft Aeft Aeft Aeft eff Aefr Aef
(mag)  (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)  (mag) (mag) (mag) (mag)  (mag) (mag)
(err) (err) (err) (err) (err) (err) (err) (err) (err) (err) (err) (err) (err) (err) (err)
7 z Jio Hig0 Q2k-J  WIRC-J  Q-K; WIRC-K Ks [3.6] [4.5] [5.8] [8.0] [24] [70]
Aeft Aeff Aeff Aeft Aeff Aeft Aeff Deff Aeft Aeft Aeft Aeft eff Aeft Aeff
(mag)  (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)  (mag) (mag) (mag) (mag) (mag)
(err) (err) (err) (err) (err) (err) (err) (err) (err) (err) (err) (err) (err) (err) (err)
(1) (@) (3) “ (5) (6) (@) (®) ) (10) an (12) (13) (14) (15) (16) an (18) 19) (20)
21) (22) (23) (24) (25) (26) 27) (28) 29) 30) (€8] (32) (33) (34) (35)
(36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50)
irac003270_1 215.43892696 53.08455063  0.00000 2 153.9 231.6 362.6 381.1 439.0 481.4 486.3 592.4 6258 651.8  660.0 769.0 7815 807.3 813.3
26370  25.785 24.068 24.028 23.629 23.959 23.712  —99.000 23423 23404 23401 22905 22.862 —99.000 22.824
0.000 —-0.127 0.079 0.033 0.051 0.039 0.018 0.000 0.017 0.036 0.040 0.018 0.040 0.000 0.034
887.1 907.0 1103.3 1593.2 1209.4 1235.5 2114.6 21453 2161.3 35612 4509.6 5689.4 7957.6 23844.0 72493.7
22467 22718 —99.000 —99.000 —99.000 —99.000 —99.000 —99.000 22.197 21.593 21.853 22.810 22.378 19.545  —99.000
0.028 0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.380  0.051 0.044 0263  0.189 0.238 0.000
irac003278 215.42614011 53.09447161 0.00000 0 153.9 231.6 362.6 381.1 439.0 481.4 486.3 592.4 6258 651.8  660.0 769.0 7815 807.3 813.3
27.016  25.598 23.354 22.688 21.342 20.683 20.461  —99.000 19.216 19.434 18969 18.041 17.870 —99.000 17.928
—0.633  —0.295 0.071 0.015 0.041 0.029 0.010 0.000 0.011  0.019 0.030 0.010 0.029 0.000 0.029
887.1 907.0 1103.3 1593.2 1209.4 1235.5 2114.6 2145.3 2161.3 35612 4509.6 5689.4 7957.6 23844.0 72493.7
17.583  17.661 —99.000 —99.000 —99.000 —99.000 —99.000 —99.000 17.303 18.011 18417 18.841 19.341 —99.000 —99.000
0.010 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.038 0.036 0.033 0.046 0.000 0.000
irac003291_1  215.44043562 53.08128671 0.85700 4 153.9 231.6 362.6 381.1 439.0 481.4 486.3 592.4 6258 651.8  660.0 769.0 7815 807.3 813.3
29.948  27.232 25.312 25.157 24.623 24.680 24423 —99.000 23.579 23.457 23350 22.529 22463 —99.000 22.390
—4.101 —0.624 0.196 0.092 0.114 0.055 0.031 0.000 0.021  0.034 0036 0.014 0.036 0.000 0.032
887.1 907.0 1103.3 1593.2 1209.4 1235.5 2114.6 21453 2161.3 35612 4509.6 5689.4 7957.6 23844.0 72493.7
22,130 22295 —99.000 —99.000 —99.000 —99.000 —99.000 —99.000 20.449 20.391 20.721 21.007 21.247 18.860  —99.000
0.021 0.041 0.000 0.000 0.000 0.000 0.000 0.000 0.106 0.050 0.054 0.054 0.067 0.118 0.000
irac003310 215.42129738  53.09430607  0.00000 0 153.9 231.6 362.6 381.1 439.0 481.4 486.3 592.4 6258 651.8  660.0 769.0 7815 807.3 813.3
22.626  22.577 21.787 21.681 21.104 20.817 20.706  —99.000 20.323  20.344 20.301 20.033 19.985 —99.000 19.978
0.026 —0.017 0.053 0.012 0.041 0.029 0.010 0.000 0.014 0.020 0.030 0.013 0.029 0.000 0.030
887.1 907.0 1103.3 1593.2 1209.4 1235.5 2114.6 21453 2161.3 35612 4509.6 5689.4 7957.6 23844.0 72493.7
19.983  20.085 —99.000 —99.000 —99.000 —99.000 —99.000 —99.000 19.779  20.339  20.757 21.294 19.695 19.436  —99.000
0.013 0.030 0.000 0.000 0.000 0.000 0.000 0.000 0.063  0.039 0.039 0.102 0.045 0.165 0.000
irac003313 215.43553774  53.08200958  0.00000 0 153.9 231.6 362.6 381.1 439.0 481.4 486.3 592.4 6258 651.8  660.0 769.0 7815 807.3 813.3
25415 25293 24.750 24.473 24.155 24.501 24269 —99.000 24.029 23.998 24.069 23.517 23433 —99.000 23.539
0.000 —0.147 0.131 0.067 0.082 0.044 0.024 0.000 0.035 0056 0.072 0.023 0.048 0.000 0.067
887.1 907.0 1103.3 1593.2 1209.4 1235.5 2114.6 21453 2161.3 35612 4509.6 5689.4 7957.6 238440 72493.7
23.198 23437 —99.000 —99.000 —99.000 —99.000 —99.000 —99.000 —99.000 21.783 21.891 22.385 22.479 —99.000 16.266
0.043 0.054 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.048 0.057 0403 0.383 0.000 1.282

Notes. (1) Object unique identifier in the catalog. The catalog is sorted by this field. (2, 3) Right ascension and declination (J2000) in degrees. (4) Spectroscopic redshift determination drawn from (Davis et al. 2007; ~8000 galaxies)
and (Steidel et al. 2003; LBGs at z 2 3). (5) Quality flag of the spectroscopic redshift (4 => 99.5%, 3 => 90%, 2 = uncertain, 1 = bad quality). Only redshifts with gflag > 2 have been used in the analysis. (6-50) Effective

wavelength of the FUV NUV u

K ol il o)

g'r'i'z

u'gRiz BRI Vipe is1a JioHigo J K [3.6]-[8.0] [24] [70] bands in nanometer. Observed magnitude with the associated uncertainty as measured in the apertured matched procedure (see Section

4). All magnitudes refer to the AB photometric system. Negative values of the photometric uncertainty are for forced photometric detections. Magnitudes >0 with uncertainty equal to 0.00 are non-detections; for these bands the

photometry indicates the magnitude of oy (see Section 4.2).

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
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Table 6
The IRAC 3.6+4.5 um Sample: Photometric Properties
Object o 8 N(bands,detect)  N(bands,forced) Flag Stellarity Region
)] @) 3 ) (5) 6) @) (®
irac003270_1  215.43910540  53.08468920 18 1 0 0 1
irac003278 215.42614011  53.09447161 18 2 0 7 1
irac003291_1  215.44058360  53.08123980 18 2 0 0 1
irac003310 215.42129738  53.09430607 19 1 1 0 1
irac003313 21543553774 53.08200958 17 1 0 1 1

Notes. (1) Object unique identifier in the catalog. The catalog is sorted by this field. (2, 3) Right ascension and
declination (J2000) in degrees. (4) Number of optical-to-NIR bands (with effective wavelengths below 8.0 um) in
which the object is detected. (5) Number of optical-to-NIR bands (with effective wavelengths below 8.0 «m) in which
the object is a priori undetected, but the forced photometry (see Section 4.2) recovers a valid flux. (6) Quality flag
indicating the proximity of a very bright source in the vicinity of the source. Sources detected in very few bands
(N(band) < 5) and located nearby a bright source are likely to be spurious detections (see Section 3.2). (7) Sum of all
the stellarity criteria satisfied (see Section 5.4). A source is classified as star for Stellarity > 2. (8) Region of the field
in which the source is located: 1 for the main region, O for the flanking region.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for

guidance regarding its form and content.)

features of the utility. A detailed description of its capabilities
can be found at the Web site.

Rainbow Navigator is essentially a user-friendly Web inter-
face to a database containing all the data products resulting from
the process of creating and analyzing the IRAC-selected catalog
presented in these two papers, from the initial source detection
to the estimate of the stellar parameters.

As many other astronomical query interfaces (e.g., NED,
SIMBAD), Rainbow Navigator allows to retrieve the informa-
tion for single sources searching for the source name or by coor-
dinates. It also allows to create subsets of the complete catalog
based on multiple constraints over the multi-band photometry,
the redshifts or the stellar parameters. In addition, we have incor-
porated a cross-matching tool that allows to compare catalogs
uploaded by the user to the IRAC-selected sample stored in the
database, returning the sources in common. Rainbow Navigator
also has an on-the-fly utility to create sky maps of a selected
area, including point-and-click access to the individual sources.

Furthermore, an interesting feature that we do not include in
the public catalog for the sake of simplicity is the possibility of
retrieving observed and rest-frame synthetic magnitudes over a
predefined grid of 52 different filters covering the whole spectral
range from the UV to the radio wavelengths. These values are
computed by convolving the best-fitting template (see Paper II)
for each source with the appropriate filter transmission curve.

Each source of the catalog has its own data sheets that
provide all the available information including not only the
photometry, the redshifts, or the stellar parameters but also
detailed information of the stellarity, synthetic magnitudes,
and the multiplicity in other bands, jointly with the unique
identification and coordinates of the counterparts in each given
band. The tool also provides postage stamps of the source in
each of the available bands that can be modified on-the-fly or
combined to create simple false color images. Furthermore, each
page includes a figure depicting the full SED showing the fit of
the optical and IR data jointly with the best-fitting templates.

Figures 9-12 show examples of the multi-band postage
stamps, the UV-to-FIR SED and fitting templates, and the
clickable map utility for a few galaxies at different redshifts.
The postage stamps also illustrate the different photometric
measurements in each band (aperture matched and circular
apertures) and the forced detections for very faint sources (see,
e.g., the source in Figure 11).

Rainbow Navigator has been conceived to serve as a perma-
nent repository for future versions of the catalogs containing
improvements over the previous results (the present version is
data release 1), and also to similar data products in other cosmo-
logical fields (such as GOODS-N and GOODS-S, presented in
PGO8). Currently, it provides public access to the IRAC-selected
catalog in the EGS presented in this paper, and also a similar
release of the data described in PGOS8 for a small piece of the
central region of the GOODS-S region.

7. SUMMARY

We presented an IRAC 3.6+4.5 um selected catalog in the
EGS characterized with multi-wavelength photometry. The
sample contains 76,936 sources with [3.6] < 23.75 (85%
completeness of the sample) covering an area of 0.48 deg?.
The IRAC sources are characterized with FUV NUV u*g'r’i’z’
M’gRiZ BRI Vs is1a Ji10Hie0 JK [3.6]-[8.0] photometry. In
addition, we have cross-correlated the sample with X-ray data
(Laird et al. 2009, AEGIS-X), Spitzer/MIPS 24 pum and 70 um
FIR photometry, and VLA 20 cm radio data (AEGIS20; Ivison
et al. 2007). Secure spectroscopic redshifts are also included in
the catalog for 7636 sources with [3.6] < 23.75 obtained from
the DEEP2 Survey and Steidel et al. (2003; LBGs at z 2 3). The
data described in this paper are publicly available, and will be
part of future extended analysis and projects. The main results
of this work are summarized below.

1. The extraction of the IRAC sample presented in this paper
was limited to a region with exposure times >4 ks. The
average survey depth is fe, ~ 10 ks. Aperture photome-
try was performed in the four IRAC bands simultaneously
allowing us to obtain upper limit fluxes for undetected
sources in the [5.8] and [8.0] bands. We removed spuri-
ous detections masking areas around bright stars. The esti-
mated 85% completeness level for point sources is [3.6,4.5]
~ 23.75 and [4.5,5.8] ~ 22.25. The 30 limiting magni-
tude estimated from the sky rms is [3.6,4.5] ~ 24.75 and
[4.5,5.8] ~ 22.90. We also validated the quality of the
photometry by comparing our results with the catalog
of Barmby et al. (2008), finding good agreement in
both magnitudes (< 0.05 mag) and uncertainties (Section
3.3). Some small systematics were found in this com-
parison, which can be attributed to the slightly different
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Figure 9. Example of the results available for each IRAC source in the Rainbow database, accessible through the Rainbow Navigator interface. This source is
irac089089, a galaxy at z = 0.2170. Top left: map (2’ x 2’) of the sky area around the source. The green dots in the map depict sources in our IRAC catalog with
[3.6] < 23.75. By clicking on any of the sources, the interface presents an individual Web site with all the available information for that source. Top right: full
UV-to-FIR SED of the central galaxy in the sky map, a source at z = 0.21. The UV-to-NIR data are fitted to a stellar population model, while the IR-part of the SED
is fitted to the models of CEO1, DHO2. A summary of the estimated stellar parameters, such us the stellar mass or the global SFR, is shown in the upper-left corner of
the figure. Middle panels: gray-scale postage stamps (with size 40" x 40", except for the MIPS 70 image, whose size is 2’ x 2/, same as the map in the top left figure)
of the galaxy in some of the available bands, covering different wavelength ranges. The Kron aperture used to measure consistent photometry in optical/NIR bands
and the circular aperture used in bands with significantly lower resolution are shown in all panels (red and blue, respectively). Bottom left: RGB color stamp obtained
by combining images in the ACS-Vge, ig14 bands. The Rainbow Navigator Web interface allows to produce on-the-fly monochromatic and RGB images changing
the cuts interactively. Bottom right: DEEP2 1-D spectra of the galaxy depicting some of the identified lines. The wavelength range and the redshift can be modified

interactively.



2.5Barro etal. (2011a) 69

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 193:13 (24pp), 2011 March BARRO ET AL.
Arest [um]
1 10 100 1000
o r T T T <
b zm=1‘m00 o)
=0.9977
pratits
o | SFROR+WV)=31.7 Mg/yr o
St LTR)=10""" 1 -
© o
g T g
3L
o m
<
o
o~
o L
o
o~
irac160152
= | 1 1 1

1 10 100 1000

BT . AR R

MOIRCS—K

Figure 10. Same as Figure 9 for the galaxy irac160152 at z = 0.99. The band label shown in red in the GALEX-NUV postage stamps indicates a non-detection. For
each of these bands, oy is depicted in the UV-to-FIR SED as red arrow. Green name labels indicate forced detections (see Section 4.2). These bands are shown as
green stars in the SED plot.

of the local (5’ x 5) astrometric solution for each pair of
images, improving the accuracy of the cross-identification
of sources to a limit below 071 (072) between optical-
NIR (IRAC-ground based) images. (b) Deconvolution

reduction versions and the limiting depth of the source
extractions.

2. We described in detail our custom photometric proce-

dure Rainbow, developed to measure photometry in multi-
wavelength data in a consistent way. The main steps fol-
lowed by our photometry software are: (a) re-calibration

of blended IRAC sources (~16% of the entire catalog)
separated by more than 1”7, using the positions of the
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Figure 11. Same as Figure 9 for irac129479, an IR-bright galaxy at z = 1.8. This galaxy corresponds to source EGS11 in the paper of Huang et al. (2009). Band labels
in red in the gray-scale postage stamps indicate non-detections. For each of these bands, oy is depicted in the UV-to-FIR SED as red arrow. Band labels in green
indicate forced photometric measurements (see Section 4.2). These bands are shown as green stars in the SED plot.

optical/NIR counterparts as reference. The IRAC photom-
etry of deblended sources is accurate to 0.03-0.10 mag, de-
pending on the flux ratio between neighbors
(Section 4.1). (c) Measurement of consistent aperture
matched photometry for a wide range of ground- and space-
based observations, with different depths and resolutions
(Section 4.2). (d) Obtaining (forced) flux measurements

and upper limits for faint, undetected (in a direct analysis
of each image) sources (Section 4.2). (¢) Computing robust
photometric errors that take into account variations in the
sky rms and signal correlation (Section 4.3).

. The inhomogeneous multi-wavelength coverage of the

region covered by IRAC and the differences in depth of
the various data sets justify the split of the complete sample
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Figure 12. Same as Figure 11 for irac164462, an LBG at z = 2.8. Band labels in red in the gray-scale postage stamps indicate non-detections. For each of these
bands, oy is depicted in the UV-to-FIR SED as red arrow. Band labels in green indicate forced photometric measurements (see Section 4.2). These bands are shown

as green stars in the SED plot.

in two complementary regions. The main region (covering
0.35 deg?), delimited by the footprint of the CFHTLS
image, constitutes the region with the highest data quality.
Here the SEDs present a median coverage of 19 bands,
including high-resolution imaging from HST (for ~50% of
the region) and deep NIR data from Subaru-MOIRCS (for

~25% of the region). Nearly ~70% of the complete sample
presented in this paper is located in the main region. In the
flanking regions (0.13 deg?), the optical-to-NIR coverage is
still robust, but the median-band coverage is reduced to 11
bands, lacking the high-resolution HST data and the deepest
NIR observations.



72 2. Multi-wavelength SEDs dbpitzefIRAC galaxies in EGS

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 193:13 (24pp), 2011 March

4. The overall detection efficiency of counterparts for the
IRAC sources ([3.6] < 23.75) in other bands is high: more
than 85% of the sources are detected (with S/N > 5) in the
deepest optical data (R or i’ bands) and 70% in the deep-
est (MOIRCS) K;-band images. Our method to perform
(forced) photometric measurements for a priori undetected
sources allows us to recover 10%—20% additional sources
in the shallowest images. Despite the large fraction of IRAC
sources detected in all other bands, we find that ~2% of the
sample is detected in IRAC only, some of them at relatively
bright magnitudes 21 < [3.6] < 22 and with high S/N.

5. Around 10% of the sample counts with reliable spectro-
scopic redshifts. Nearly 20% and 2% of the sources are
detected in the MIPS 24 ym and MIPS 70 um data, re-
spectively. This allows a detailed analysis of their IR-based
SFRs. In addition, we recover 1023 of the X-ray sources
in the catalog published by Laird et al. (2009; 77% of their
complete catalog) and 590 radio sources from the catalog
published by Ivison etal. (2007; 52% of their entire sample).

6. We presented the publicly available Web interface, Rain-
bow Navigator, for the database containing all the data
products from this and the forthcoming companion paper
(Paper II). The interface allows the access to the data us-
ing customizable queries on the photometry and derived
parameters. Furthermore, it provides additional capabili-
ties to inspect the data, such as the creation of on-the-fly
clickable sky maps or the cross-match of the IRAC sample
presented here to a user-provided catalog. We have made a
significant effort to develop a useful and accessible tool that
maximizes the legacy value of our catalogs in the EGS, and
the future Rainbow based projects in other relevant fields
(e.g., PGO8). The online version of the catalog (IRAC-DR1)
contains a deeper, although less complete, sample limited
to [3.6] < 25.

7. In Paper II, we make use of the very detailed UV-to-FIR
SEDs presented here to estimate photometric redshifts,
stellar masses, and SFRs.
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Estimate of the physical properties of
SpitzefIRAC galaxies in EGS

3.1 Introduction

In the previous chapter we have discussed the importanceulti-wavelength data to study in
detail the physical properties of galaxies. The combinelyais of these resources offer a priv-
ileged view on the relative contribution of the differentiagey components to the overall SED.
Nonetheless, in order to go from the observed SEDs of theigal#o reliable estimates of their
physical properties we need additional tools that allowedouextract the informationmprinted

in the SED. This can be achieved using SED modeling techrithet establish a link between
observational quantities and intrinsic properties usymglsetic (or semi-empiric) models. These
models are characterized with specific properties becheyeatre created making assumptions on
the physical processes that takes place inside the galai2 rBodeling techniques are a very
versatile tool that are nowadays used in multiple studiegatdxy evolution to get the maximum
information out of the rapidly increasing volume of avallatlata. Some of the relevant properties
that can be estimated from this technique include an esbmaft the stellar masses or the UV-
and IR-SFRs. Nonetheless, SED modeling can be used for nthaysiudies galaxy evolution.

In this context,this chapter presents a multi-wavelength analysis of the SBs of the
galaxies computed in the previous chapter with the aim of eghating their physical proper-
ties. In particular, we will characterize the optical-to-NIRdamid-to-far IR SEDs by fitting them
to stellar population synthesis and dust emission mode$fectively. The combination of both
fits will allow us to reproduce with great detail the full SED each galaxy anabtain robust
estimates of their redshifts, stellar masses and SFR#& addition we will perform an exhaustive
analysis of the quality of each of these estimates to explw® overall accuracy and possible
limitations. Some of the test carried out include: 1) a congoa of our estimates against values
obtained with more accurate methods (e.g, photo-z versszpor computed by other authors
with different techniques. 2) obtaining multiple estinsaté the physical properties using different
procedures or modeling assumptions. As we describe in kapter, the procedures followed to
carry out the different steps of the SED modeling and themedé of the physical properties are
essentially based on subroutines of the cBaénbow(Pérez-Gonzalez et al. 2005, 2008). Nev-
ertheless, there are significant improvements of the codeathe technique itself that has been
specifically developed in this thesis work, and are disaligs¢his chapter. Some relevant exam-
ples are:
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e A zero-point correction of the photometric bands based erctimparison to synthetic tem-
plates. This procedure reduce small systematic diffesehedveen the photometry of simi-
lar pass-bands improving the accuracy of the fitting of theeobed photometry to the tem-
plates.

e The use of a template error function to improve the qualitghef SED fitting procedure.
This function essentially reduces the weight of certainel@ngth ranges during the fitting
procedure avoiding possible biases introduced by potgntiacertain regions that are not
accurately represented by the models.

e The creation of new galaxy templates based on differenlastpbpulation modeling as-
sumptions. Using this new templates we will be able to meathe impact of the modeling
assumptions on the resulting estimated quantities, cangpéor example the differences in
the stellar masses obtained with each template set.

e The estimate of synthetic magnitudes based on the model&d Bfis values provide a
reliable estimate of the magnitude of the galaxies in barfdsiwhas not been observed, and
also allow us to estimate rest-frame magnitudes or lumii@ssi

This chapter is essentially devoted to describe SED moglédohniques and to compute
physical properties of the galaxies based on the analysisesie results. Along the following
introduction we will show that if the full SED is to be fully derstood, care must be taken in
modeling each of the components that originate the emisgialifferent wavelengths, and com-
bining them consistently. Given that most relevant compts e the SED of the typical galaxy
the stars, gas and dust, these are also the key contribtitiding synthetic spectra of the models.
Here we will briefly introduce the state-of-the-art techreég used to model both the stellar, gas
and dust component. In addition, we will discuss the phytsiaslie beneath each of them and the
current limitations of the method. In particular, we willesjifically describe: 1) how photometric
redshifts, stellar masses and SFRs can be obtained out béghditting models, 2) what are the
different possible approaches to obtain them and 3) whaharassumptions made in the process.

3.2 SED modeling

3.2.1 Stellar population modeling

Stellar emission is generally the dominant component ofSE® in UV-to-NIR wavelengths.
The usual simplification adopted for the modeling of gata8EDs is that their emission can
be represented through a sum of spectra of simple stellarlgibpns (SSPs) with different ages
and element abundances. Each of these SSPs are then apeiddeatigle age, single-abundance
combination of stars whose distribution in mass depend$ierassumed initial distribution and
the chosen age. The technique that combines these ingrediesrder to predict the spectrum of
a galaxy is known as stellar population synthesis (SPS)vwaspioneered in works by Tinsley
(1972), Searle et al. (1973) and Larson & Tinsley (1978).

In a nutshell SPS models compute the emissivity (energwatediper unit frequency per unit
mass, L,), of an SSP of mass M, age t, and metallicity Z by adding thérdmrtion from individual
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Figure 3.1: Left: Example of three initial mass functions that produce a dbffiié number of stars for a given mass
(adapted from van Dokkum 2008). The colored regions inditia¢ different observational evidences that support
these IMFs at different mass intervalRight: Differences in the evolutionary paths of stars of a givensriaghe
theoretical isochrones developed by different authoragftet! from Walcher et al. 2008): MPA08 (Weiss and Schlattl
2008), BaSTI04 (with/without overshoot; Pietrinferni &t 2009), and Padova08 (Marigo and Girardi 2007; Marigo
et al. 2008)

stars:
L,,(t,Z):/ d(M),zL,(M,t,2)
M

This formula essentially combines the stellar mass functig)/), and the spectrd,,, of each
star with a given mass, age, and metallicity (M,t,2).

Thestellar mass functiondescribes when stars of a given mass stop contributing tpte
tra of the SSP because they end their lives, and it is comgrgadan IMF (y(M)) and stellar
evolution. The IMF describes the distribution in mass (galhewithin given limits, M,,;,,=0.05-
1.0Ms; M,,...=100-150M,) of a zero-age main sequence stellar population (see leél @d Fig-
ure 3.1). The IMF combined with stellar evolution allows tade the evolutionary tracks, i.e., the
paths of the stars that constitute the SSP. The IMF is oneeokely ingredients of the synthesis,
and its shape is critical to determine the SED (e.g., the murabmassive stars essentially deter-
mine the UV emission of the SPS). Some of the most common presations include: a simple
power-law model (Salpeter 1955; Massey & Hunter 1998), &dmgower-law (Kroupa 2001), or
a lognormal form (Chabrier 2003).

Evidently, the parametrization of the stellar evolutiomliso of paramount importance. The
most commonly used method to compute the SPS is knowsoakrone synthes{ghe other com-
mon method beinfuel consumptiopsee e.g. Buzzoni 1989; Maraston 1998, 2005 for a detailed
description), which essentially means that the SED is cdetpftom a combination of stars with
the same age, i.e., an isochrone (Charlot & Bruzual 1991 cFlation of stellar isochrones re-
quires a large grid of evolutionary tracks for stars of a gifé,Z). Much work has been devoted
into providing detailed sets of stellar tracks from differgroups (right panel of Figure 3.1), e.g.
Padova (Marigo & Girardi 2007; Marigo et al. 2008), Genevaj@une & Schaerer 2001). Thanks
to these efforts, current tracks now exist for a wide rangaitial masses (Girardi et al. 2000;
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Meynet & Maeder 2005) and metallicities (0.01 t54).

Nonetheless, the key component (and also the main issu&Rx 8 knowingEDSs of single
starscharacterized with precise stellar parametérg)M, t, 7). This ingredient is computed using
libraries of stellar spectra, which similarly to the evadwmiary tracks, has improved considerably in
recent years. Both theoretical (e.g., Kurucz 1992; Coetlad. 2005) and empirical (STELIB, Le
Borgne et al. 2003; MILES, Sanchez-Blazquez et al. 2006a@eret al. 2007; ELODIE, Prugniel
& Soubiran 2001) libraries exist today covering a wide ranf¢he parameter space (tempera-
ture, gravity, metallicity) with different spectral andrpaeter resolutions. A good coverage of
the parameter space ensures the full mapping of the Heggruissel diagram, which allows to
reconstruct the isochrone minimizing the use of interpate&nd reducing the uncertainties.

Even though significant improvements in the evolutionaaghs and stellar libraries have
been made in the last decade, significant challenges remain]y because some parts of stellar
evolution are only weakly understood, and hence poorlyédearhe most important of these tend
to be short lived very luminous phases such those of: mastive, thermally pulsing asymptotic
giant branch (TP-AGB) stars, extreme horizontal branctsgi2HB) and blue stragglers. But also,
the effect of binaries in massive star evolution, evolwigrmetallicity variations in a SSP (such us
the a-enhancement), or the existence of a single, universal IM&uger et al. 2009; van Dokkum
2008). Altogether, these uncertainties can in many casasatically impact our ability to convert
observables into physical properties and vice—versa €sge, recent studies by Maraston et al.
2006; Lee et al. 2007; Conroy et al. 2009, 2010; Conroy & GUO2 Muzzin et al. 2009).

However, despite the unresolved issues, SSP modeling as@tl significantly in recent
years, and a wide variety of SPS models predicting full speate available to the community:
Fioc and Rocca- Volmerange (1997, PEGASE), Bressan et@8(lused in GRASIL) and Lei-
therer et al. (1999) and Vazquez et al. (2007) (both Stat®®@ysBruzual and Charlot (2003,
GALAXEYV, also commonly referred to as BC03, and now CB10)zdgkis (1999), Maraston
(2005, MO05, based on fuel consumption theorem), Molla g28I09).

3.2.2 Dust attenuation and gas emission

The modeling of the UV-to-NIR SEDs would not be represemgatf the observed spectra of
galaxies unless it includes the effect of dust attenuatiothé stellar emission and, to a lesser
extent (at least in modeling broad-band photometry) thérdmriion to the flux of emission lines
and nebular continuum. A notably exception to this rule es¢bntribution of the nebular contin-
uum in the NIR wavelengths (Fioc & Rocca-Volmerange 1997pné&theless, this is already an
intrinsically difficult region of the SED to model, indepesrtly of the gas contribution.

The effects of dust attenuation are applied separatelyeacstéllar emission, being often
described by two parameters: reddening, and the total oitson. The reddening parametrizes
the wavelength dependence of the dust effects and takeadntunt the fact that shorter wave-
length photons are more prone to be scattered and absorlikgsbyT his is often parametrized by
the color excess, E(B-V). The total obscuration is a meastithe total light absorbed by dust,
generally in a reference band, and can be considered theahpation of the reddening. This is
generally parametrized as A(V). For relative flux measur@sieorrecting only for reddening is
sufficient, however absolute quantities must be corredetbtal obscuration.
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When considering the integrated effects of dust over thelevbba galaxy the situation
becomes more complex, depending on several factors sutte ggbmetry of the stars and dust,
the varying amounts of extinction due to the spatial distidn of stars and dust, or the scattering
stellar lightinto our line of sight. All these effects teraflatten the effects of dust on the spectrum,
creating an average attenuation law, where the amount dieredg with extinction is less (or
greyel) than we observe locally (see e.g., Cardelli et al. 1989t &Yial. 1992).

In its simplest form, the effects of dust can be averagedansingle attenuation law (the
functional dependence with wavelength e.g., Calzetti 198¢€ left panel of Figure 3.2), and the
total attenuation (in a particular band) can be expressiu) @sscreenapproximation, as if the
dust was a layer between the galaxy and the observer, charact only by the thickness of the
screen. More sophisticated, (physically motivated) meaeinsider a two phase attenuation in
which young (age 10 Myr) stars suffer for stronger obscuration, being in thexpnity of their
birth cloud, whereas all stars suffer the effects of a défdsist component equally (Charlot &
Fall 2000). Yet, these models do not account for the impati@farge structures such us bulges,
bars or disk, or more importantly, the anisotropic scattgof light. A more realistic approach
require complex radiative transfer calculations (see Baes & Dejonghe 2001) that make use of
intensive calculations and thus are difficult to implemanarge samples of galaxies. Nonetheless,
averaged attenuation laws such us those from Calzetti €@00) or Charlot & Fall (2000) have
been shown to be accurate reproducing the effect of dusiuation for whole galaxies (e.g., Noll
et al. 2007; Noterdaeme et al. 2009)

As mentioned in the chapter 1, emission lines are especmajhprtant for young, actively
star-forming galaxies, which emit a significant amount afizing photons. A fraction of these
are absorbed locally by the neutral hydrogen in the ISM amxuh tle-emitted in the hydrogen
recombination lines. A similar process occur for other gggc In first approximation the line
strenght of the species can be modeled based on the amownizihg photons (from the stellar
population modeling), the values of the recombination feciehts (depending on the temperature
of the star forming region and on the element abundance) lzewfdtical-line ratios. A much
detailed work would require a full consistent treatmenthaf €nergy balance using a ionizing code
such as CLOUDY (Ferland et al. 1998).

3.2.3 Dust emission modeling

The same process responsible for the attenuation of the @&E8es the dust grains to be heated
and re-emit most of the energy in the mid-to-far IR wavelésgiThis wavelength range overlaps
with the region where the contribution of the stellar comgairis rapidly fading (Raighleigh-Jeans
tail). Thus, stellar and dust components are mostly orthaband frequently one only requires
subtracting a small stellar contribution at 3+8 to attach the dust emission to the SED obtaining
a consistent UV-to-FIR model.

As explained in chapter 1, excluding the mid-IR range at gr@@vhich is characterized
by strong PAH £ very small dust) emission and absorption lines/bands (setitl. 2007), the
shape of the IR SED at longer wavelengths is almost featsd€bd least at the resolution that we
are able to probe), and can be described with a black bodyecarvemissivity-modified black
body (also called grey body), or the sum of 2-3 of these kindusfes. This assumes implicitly
that there are an equivalent number of dust componentsatbared by different grain sizes and
temperatures. Indeed, the ISM of galaxies is known to eklsibwide range of temperatures,
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Figure 3.2: Left: Examples of interstellar extinction curves for the Milky yW&mall Magellanic Cloud (SMC), and
Large Magellanic Cloud (LMC). Also plotted is the Maiolirigpe extinction curve for AGNs (see Maiolino et al.
2000). Adapted from Li et al. 200Right: Example of the IR dust emission templates of Chary & ElbaD{30The
Optical/NIR region is the same for all galaxies. The temgddtave been normalized by their total IR luminosity (i.e.,
the integrated luminosity from 8 to 10Q0n.

from the hot dust around young stars (e.g., Hll regions, @laidsociation regions) and galaxy

outflows, to the coldest dust inside molecular cores. Thieiaof dust temperatures is the result

of the different response to the strength of ionization fasdd function of size (see e.g. the pioneer
work of Desert et al. 1990). While, the largest dust graiesgmerally considered to have a single
temperature, being in thermal equilibrium, the smalleairgy are closer to an stochastic heating
and respond to a increased radiation field by radiating ast@rfaate instead of increasing their

temperature (see e.g., Draine 2003).

Taking this into account, the modeled IR spectra is usualiymosed of a superposition
of large-grains (warm), small grains (cold), and PAH enaissturves, whose relative contribu-
tions are weighted over the radiation field. In the simplggiraximation, the dependence of
the mass distribution on the intensity of the radiation fi@lj is assumed to be a power law
(dM, = U~~dU). For example, the combination of a diffuse radiation figtdadwing a inverse
square root decay with the distance, and a uniformly distieith dust mass, whose contribution in-
creases with the square of the distance, gives the paraatairid),; o« U~2°dU (see e.g., Dale
et al. 2001, Dale and Helou 2002 or Draine et al. 2007 for ttalescription). Again, a more ac-
curate modelization of dust emission would require dedasieidies of the interplay between dust
and photons using complex radiative transfer codes, buotaisaccurate representation of dust
regions and their distribution in the galaxy. As a resulthef targe number of assumptions and
variables implied in the characterization, there are rpldtmodels in the literature which handle
different layers of complexity. From a self-consistentsitaneous treatment of UV and FIR emis-
sion/absorption (da Cunha et al. 2008, Noll et al. 2009)stuming different phase components,
such as the cloud-disk-bulge components in the GRASIL m(®ibla et al. 1998; Granato et al.
2000), or different implementations of radiative transfalculations: e.g., Monte-Carlo methods
such as SUNRISE ( Jonsson 2006; Jonsson et al. 2010) or DIBBydon et al. 2001), or ray-
tracing algorithms, such us Efstathiou et al. (2000), amtb& morgen & Krigel (2007).
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In practice, due to the difficulty of accurately determinisg many degrees of freedom,
empirically-based templates are often used for represgntie IR SED of galaxies, especially
when IR data are limited due to sensitivity or confusion, ahhis frequently the case at high-z.
These templates are obtained by taking dust models as lbed@bove and matching them to the
observed IR colors of real galaxies. As a result, these tat@plthen tend to have full galaxy
properties such as the total IR luminosity (right panel agjufe 3.2). Well known examples of
templates include: Chary and Elbaz (2001), Dale and Hel060Z®, Lagache et al. (2004), and
Rieke et al. (2009). Though these templates tend to be linbyethe samples that define them,
they provide a good alternative to models when no or ver littformation is available about the
actual IR emission of a galaxy. In addition, due to the metiset to derive the templates these are
reasonably accurate reproducing the average IR emissithe @falaxies. At least that of nearby
galaxies that were used to compute them.

3.2.4 RainbowSED modeling

In the context of the methods described in this section, treacterization of the UV-to-FIR
SEDs of the galaxies in the IRAC catalog was carried out bylining the modeling of both the
stellar populations and the dust emission. In particule,dodeRainbowestimates the SED of
the stellar component by comparing (using’ditting) the observed UV-to-NIR photometry with
a set of templates characterized with a SPS modeling andtaexitirsction law . This templates,
presented in Pérez-Gonzalez et al. (2008), are computed tl# PEGASE models (Fioc and
Rocca-Volmerange 1997) jointly with a Salpeter (1955) IMid a Calzetti et al. (2000) extinction
law. Nonetheless, as a part of this thesis we explore thetsffef these modeling assumptions
in the resulting SED by comparing the results obtained utttkedefaultmodeling configuration
with those obtained using different SPS models (e.g., BOWS), IMFs (e.g., Kroupa et al. 2001
or Chabrier et al. 2001) and extinction laws (e.g., Calzstil. 2001 or Charlot&Fall 2000).
Similarly, Rainbowcharacterizes the dust emission of the galaxies (usuafigisting on 1 or 2
flux measurements in the far IR fro8pitzefMIPS) fitting the observed fluxes At.; >5 pm with
different sets of templates (e.g., Chary and Elbaz 2001e Bxadl Helou 2002 or Rieke et al. 2009).
In this case, we investigate the effect of using differentgkates to model the IR emission, but
we also asses the impact of characterizing such a large evaytél range~5-1000:m) based on
relatively scarce data.

In the following section we present a brief summary of thealisechniques that allow us
to estimate the physical properties of the galaxies fromatiadysis of their SED. In particular we
focus on describing the parameters that we have computédddRAC galaxies in EGS as a part
of this thesis.

3.3 What can we learn from SED fitting

Sophisticated SPS models have allowed an enormous bodyrkfaivoed at constraining physical
parameters of galaxies. Physical parameters that areraorest by SPS include, but are not limited
to: photometric redshifts (see e.g., Koo 1999 for a reviestgllar masses (e.g. Bell et al. 2003;
Kauffmann et al. 2003), star formation histories and rageg. (Kauffmann et al. 2003b; Pérez-
Gonzalez et al. 2003; Panter et al. 2007), and metallid¢ies Gallazzi et al. 2005). SPSs are also
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Figure 3.3: Photometric redshift versus spectroscopic redshift foarmpe ofi’-selected galaxies in llbert et al.
(2006). Each panel corresponds to an additional step indlileration method followed in the paper including: a)
Purey? fitting; b) adding template optimization and a correctiosteynatic offsets; c) adding Bayesian inference on
the expected observed magnitude as a function of redshift.

routinely used to analyze the observed broad-band colatspectra of galaxies (e.g., Shapley
et al. 2005; Daddi et al. 2007b Kriek et al. 2006).

3.3.1 Photometric redshifts

An inherent problem in the SED analysis of distant extragaaources is the necessity to obtain
a redshift estimation based on the observed photometry. p& that is usually referred to as
photometric redshifts. Indeed, the photo-z was one of thigesaforms of SED fitting, having
been suggested as a manner to go beyond the limits of eadyrepeopy (Baum 1957; see Koo
et al. 1999 for a review). This particular problem is distifrom other estimates of the physical
properties because contrary to stellar masses or SFRs ifusdamental quantity that do not
depend on empirical relations. In addition, large photoimeiurveys often count with a subset
of spectroscopic galaxies and therefore the photo-z ettgreaan be tested extensively and even
calibrated empirically.

Photometric redshift determinations are often divided itwto major strategies: The first
approach is based on puradynpirical methods i.e., on the observed properties of the galaxies.
These methods assume that, with a sufficiently large spadpictraining set, an empirical re-
lation between redshift, observed magnitudes and colotiseofalaxies can be determined (e.g.,
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Connolly et al. 1995; Brunner et al. 1997; Wang et al. 1998)e ®ther approach involvéiting
SED templatesto the observed photometry of galaxies. These galaxy téegptaay be empiri-
cal, synthetic, or hybrid, and may be completed with theusidn of dust absorption and emission
lines (e.g., Koo 1985; Lanzetta et al. 1996; Mobasher et361 Sawicki et al. 1997; Benitez
et al. 1999; Fernandez-Soto et al. 1999).The underlyingetrbehind the success of any of these
methods is the identification of prominent spectral featunethe SED of galaxies, such us the
Lyman break or the 4000,A break, that provides an accuréiteae of the redshift.

Current works based ampirical methodsare frequently associated with the use of several
machine learning algorithms (e.g. artificial neural net®@oANNS) in the redshift estimating rou-
tines. These algorithms relies on the empirical trainintgs®uild up a full relationship between
magnitudes and colors and the redshift. As each individaedpeter (e.g., one color) will have
some spread with redshift, it is possible to use this infemggprobability value for the redshift,
constraining the distribution with the addition of each ngarameter (Collister & Lahav 2004;
Ball et al. 2008). Recently, these algorithms are incredggibeing used based on inputs that are
not limited only to photometry. Other properties such assingace brightness (e.g. Kurtz et al.
2007), petrosian radii (e.g., Firth et al. 2003), or the emiation index (e.g., Collister & Lahav
2004) have all been used in association with the magnitudé<alors to constrain the redshift.
One of the main drawbacks of this method is that the redsstiitration is only accurate when the
objects in the training set have the same observables asuhees in question, being much more
uncertain when used with objects fainter than the limit & training sample. Furthermore, the
training sample should be large enough so that magnitud&ss¢ galaxy types and redshifts are
well covered.

Unlike the empirical methodemplate fitting is essentially a form of SED fitting in the
sense of SPS models. Basically, this technique use galaxylages, that can be shifted to any
redshift and convolved with the transmission curves of theré used in the photometric survey,
to match the observed fluxes. This creates a redshift fitttitgfgpm which we can compare to
the observed photometry and determine the most probabédifedsing a maximum likelihood
method, usually a? (as in HyperZ,Bolzonella et al. 2000; Le Phare, llbert e28i06; EAZY,
Brammer et al. 2008). The primary advantage of this methdkasit provides a full SED char-
acterization of the source allowing straightforward esti@s of their physical properties, but also
a extrapolation/interpolation of the observed magnituddsands not included in the photomet-
ric survey. For obvious reasons, a critical step of this @ssds to make sure that the template
set represent all, or at least the majority, of the galaxetsated in the survey. These often im-
plies complementing the templates obtained with SPS witpiecal templates of high-z galaxies
(which can be different from their local analogous), or AGW&ich exhibit significantly different
SEDs; see e.g. Polletta et al. 2007). A large template sétasmportant to gauge problems with
degeneracies, i.e., where the template library estiméegeint redshifts for the same input colors.
In order to avoid degeneracies, template fitting is often glemented with Bayesian inference
techniques based on the inclusion of our prior knowledgéefjalaxy distribution (e.g., Benitez
2000), such as the expected shape of the redshift distifmiis a function of magnitude, or the
evolution of the upper age limit with redshift (see Figurg)3.

In the end, the accuracy of photo-z estimated from broadtksanveys appear to be limited
to a redshift resolution of a few percent@.01:(1+z)) independently of the method used. This
limit is inherited from the spectral resolution of broad Qdiiters and the intrinsic variety of
spectral properties in observed galaxies. Nonethelesspdssible to trace spectral features with
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higher accuracy using multiple (not redundant) deep barsgmiations and/or higher resolution
photometry, i.e., medium or narrow band photometry (eligert et al. 2009 or NEWFIRM; van
Dokkum et al. 2009).

3.3.2 Stellar Masses

A rough estimate of the stellar masses can be obtained bypiyuig a mass-to-light ratio (M/L),
usually determined from single or multiple colors, by a feaine luminosity L (see e.g, Bell &
de Jong 2001). However, when the galaxy SED is modeled udR®s $nodels (or in photo-z
estimates based in SPSs derived templates), the stellarimastimated as a built-in part of the
fitting process, just scaling of the observed photometrhéotémplate luminosity (see left panel
of Figure 3.4). This is possible because the output of SPS¥elmas frequently calibrated in
luminosities per unit of stellar mass (see e.g., Bruzal&@h&003).

The uncertainties on the stellar mass estimated with ththededepend mainly on proper-
ties of the stellar population (age, metallicity, IMF) are tstar-formation history (SFH; usually
modeled with an exponentially declining burst) assumedHertemplate (or the SPS modeling;
Maraston et al. 2006, Muzzin et al. 2009) but also on the dvguality of the photometric data-
set. Frequent issues arising in the modeling of SEDs frormabatation of several datasets are:
a) are the observations deep enough to provide a continuwsil®(it wavelength gaps) SED cov-
erage?, b) do the observations probe the bands that betistraiot the stellar mass (usually the
NIR; Wuyts et al. 2007)?.

As described in the previous section, significant discresncan arise in the SEDs (and
hence in the stellar masses) modeled with different IMFsftarént parametrizations of the stellar
evolutionary phases (see Conroy et al. 2009,2010ab foralekbtanalysis). In principle, the
IMF affects primarily to the normalization of the mass-ighlt ratio, which would only imply a
constant offset between stellar masses estimated withreliff IMFs. However, mass dependent
effects can arise when significantly different IMFs (e.gp-teeavy, bottom-light) are considered
(van Dokkum 2008; Marchesini et al. 2009). In turn, the impafcuncertain phases of stellar
evolution is quite significant, as was highlighted recebtjthe different treatments of TP-AGBs
in the models of Maraston (2005) and Bruzual&Charlot (2003)e use of one or the other in the
modeling high-redshift galaxies, where light is dominabgd0.2 - 2 Gyr old populations, result
in systematic factors of2 differences in mass and age (Maraston et al. 2006; BruZd@f;2
Kannappan & Gawiser 2007). Other aspects of the modelizatich as the metallicity range of
the models or the extinction law have a relatively modestaonpn the estimated stellar masses
(Muzzin et al. 2009) although they play a more relevant roléhie properties of the galaxies at
shorter wavelengths (e.g., the un-obscured UV emission).

3.3.3 IR-based SFRs

The SFR of galaxies has been exhaustively studied usingealpialibrations for the UV and IR
luminosities. As indicated in the previous section (andatéial), IR and UV wavelengths are ideal
tracers for SFR in dust-obscured and unobscured galaeigsectively. Although the full picture
of the total (bolometric) SFR should incorporate the cdmittions from both (e.g., Bell et al. 2005;
Papovich et al. 2006), with UV- and IR-bright galaxies doating the two extremes. Nevertheless,
considering the fact that the star-formation activity psghlat z=1-3, and that observations suggest
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Figure 3.4: Left: Example of stellar population modeling for the SED of a gglakz=0.14490 in Pérez-Gonzalez
et al. (2008). The stellar mass (log(M/NE10.63) was obtained as a part of the fitting process scalimgetmplate

to the observed rest-frame luminositi®ght: Example of the UV-to-FIR SED fitting of-z3.24 galaxy using stellar
population modeling and dust templates (Pérez-Gonzakdz2010). The fitting of the IR-SED benefits from the use
of FIR and (sub-)mm data froitersche] LABOCA and AzTEC instead using on§pitzefMIPS data.

that the amount of dust obscuration is in general substdatithe galaxies with the largest SFRs
(Schmitt et al. 2006; Buat et al. 2007), one can concludettieatR offers a relatively complete
view (or a least a significant fraction) of SFR at intermeel@td high redshifts.

As we have already mentioned, the majority of the IR-basedyars of the SFR are based
on the assumption that all the absorbed UV photons are mepsed into the IR, which is often
summarized in the widely-used Kennicutt (1998) relatiotwieen total IR luminosity (8—10Q0n)
and SFR. In reality, the situation is a slightly more comguiéxd, and there can be deviations from
this hypothesis if for example there are additional souoteiist heating such as obscured AGNs
(Daddi et al. 2007ab), or older stellar populations (i.et, mecessarily young OB stars; Cortese
et al. 2006, 2008). Nevertheless, this assumption seemddddr the majority of the source (or
at least excluding the most luminous) when sufficiently idiedadata is available to fit the IR SED
(Symeonidis et al. 2008; Huang et al. 2009; Kartaltepe éCdl0).

In general, most of the studies at high-z working with miefdoIR data make use of dust
emission templates to perform the SED fitting (e.g, Chary#12001; Dale&Helou et al. 2002;
Siebenmorgen & Krigel 2007; Rieke et al. 2009). These modadtisough based on similar
prescriptions, present slight differences in the treatroésome components (cold and warm dust
and PAHSs) and thus, similarly to what happen with SPS modi¢is,g the SED with one or the
other results in systematic differences in the inferred §fpically of a factor~2; see e.g., Santini
et al. 2009), specially when the fit is performed from veryiled data-sets.

Under these circumstances, the advent of Sp&zerSpace Telescope and other sub-mm
and radio surveys (SCUBA, BLAST, VLA, etc; see e.g, Franhascet al. 2009 for a review)
has provided a substantial improvement in the quantity araity of the IR data, specially for
high redshift galaxies. Nevertheless, despite this olagiemval development, the primary source of
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uncertainties in the IR measurements is still the lack adidatd more precisely, the limited sensi-
tivity and spatial resolution at longer wavelengths. Whsr8pitzer-MIPS 24m observations has
been extremely successful on characterizing the emissivigloredshift sources (Pérez-Gonzélez
et al. 2005, 2008; Huang et al. 2005; Papovich et al. 2006pfiglou et al. 2006), the data at
70um and 16@m data are frequently limited to the very few most luminousrses, similarly to
what happens with sub-mm and radio surveys. In the neardutdnenHerscheldata becomes
widely available we will be able to fill the gap betwe8pitzerand (sub-)mm/Radio observations
with a significantimprovement in both depth and resolutgee( e.g., the right panel of Figure 3.4).

As aresult, and despite the relatively featureless shagedflR emission, it is very difficult
to reliably fit the dust emission templates in the full IR rarfgom such few data, which in many
cases consist on just one flux measurement. These issueggrevated by the fact that some
measurements are frequently probing the rest-frame MIRmBiplagued with prominent features
(strong emissions/absorptions PAH at 3:9. This is the case for the MIPS-2/h data at 2 1.

In an effort to overcome this problem many time has been @evta obtain empirical re-
lations between total IR luminosity and monochromatic liosities at a given wavelength (e.g.,
Bavouzet et al. 2008; Rieke et al. 2009) or even between niwaowtic luminosities and other
SFR tracers, such ascHCalzetti et al. 2007; Zhu et al. 2008) andoP@lonso-Herrero et al.
2006).
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ABSTRACT

Based on the ultraviolet to far-infrared photometry already compiled and presented in a companion paper (Paper
1), we present a detailed spectral energy distribution (SED) analysis of nearly 80,000 IRAC 3.6 + 4.5 um selected
galaxies in the Extended Groth Strip. We estimate photometric redshifts, stellar masses, and star formation rates
(SFRs) separately for each galaxy in this large sample. The catalog includes 76,936 sources with [3.6] < 23.75 (85%
completeness level of the IRAC survey) over 0.48 deg?. The typical photometric redshift accuracy is Az /(1 +z) =
0.034, with a catastrophic outlier fraction of just 2%. We quantify the systematics introduced by the use of different
stellar population synthesis libraries and initial mass functions in the calculation of stellar masses. We find systematic
offsets ranging from 0.1 to 0.4 dex, with a typical scatter of 0.3 dex. We also provide UV- and IR-based SFRs for all
sample galaxies, based on several sets of dust emission templates and SFR indicators. We evaluate the systematic
differences and goodness of the different SFR estimations using the deep FIDEL 70 um data available in the
Extended Groth Strip. Typical random uncertainties of the IR-bases SFRs are a factor of two, with non-negligible
systematic effects at z > 1.5 observed when only MIPS 24 ;um data are available. All data products (SEDs, postage
stamps from imaging data, and different estimations of the photometric redshifts, stellar masses, and SFRs of each
galaxy) described in this and the companion paper are publicly available, and they can be accessed through our the

Web interface utility Rainbow-navigator.

Key words: galaxies: high-redshift — galaxies: photometry — galaxies: starburst — infrared: galaxies

Online-only material: color figures, machine-readable tables

1. INTRODUCTION

Multi-band catalogs are the fuel for studies aimed at exploring
the global evolution of galaxies over cosmic history. They have
been used to study the redshift evolution of the star formation
rate (SFR) density (e.g., Hopkins & Beacom 2006; Reddy et al.
2008; Bouwens et al. 2009), and the stellar mass assembly
process (e.g., Bundy et al. 2006; Fontana et al. 2006; Pérez-
Gonzalez et al. 2008; Marchesini et al. 2009).

The unprecedented sensitivity of modern surveys detect
millions of distant galaxies to faint flux levels that for all
practical purposes lie well beyond the capabilities of even the
most recent multi-object spectrographs at the largest telescopes.
As a consequence, their intrinsic properties must be estimated
through multi-band photometric data using fitting techniques to
stellar population templates, and/or empirical relations. Among
the basic parameters needed to characterize a galaxy, arguably
the most important is the redshift, which must be inferred
from an analysis of its spectral energy distribution (SED).
Photometric redshift techniques are now sufficiently accurate to
derive statistically reliable conclusions for high-redshift galaxy
populations (e.g., Silva et al. 1998; Wolf et al. 2003; Ilbert et al.
2009).

Many different codes have been developed to calculate photo-
metric redshifts based in the same principle: finding the galaxy
spectral template best fitting the observed photometry in sev-
eral band-passes. Some examples include HYPERZ (Bolzonella

3 Associate Astronomer at Steward Observatory, The University of Arizona,
USA.

et al. 2000), BPZ (Benitez 2000), or LePHARE (e.g., Arnouts
& Ilbert; Ilbert et al. 2009). The implementation is very sen-
sitive to the quality of the photometry and the capability of
the observed bands to probe key continuum features of the
spectra (e.g., the Lyman and Balmer breaks). It also depends
strongly on the availability of templates that are statistically
representative and successful in characterizing the emission
of galaxies. The impact of these factors in the uncertainty of
the estimations is not straightforward, and it can lead to catas-
trophic errors beyond the simple propagation of the statisti-
cal errors (Oyaizu et al. 2008; Hildebrandt et al. 2008). In
recent years, several techniques have been developed to im-
prove the reliability of the photometric redshifts (e.g., Bayesian
priors (Benitez 2000), template-optimization procedures (Ilbert
etal. 2006a), and machine-learning neural networks (Collister &
Lahav 2004)). Recent work including some of these advances
have achieved remarkable precision [e.g., Az/(1 +z) < 0.012
in Ilbert et al. 2009, and Az/(1 +z) = 0.06 at z > 1.5 in van
Dokkum et al. 2009].

Once a galaxy’s redshift has been estimated, the most signif-
icant physical properties that can then be derived from multi-
wavelength photometry are the stellar mass and the SFR. How-
ever, estimates derived from modeling of the observed SEDs
involve significant random and systematic uncertainties. The
estimate of the stellar mass by fitting stellar population syn-
thesis (SPS) models is a widespread technique (e.g., Bell et al.
2003; Panter et al. 2007; Walcher et al. 2008) that requires mak-
ing some assumptions regarding the initial stellar mass function,
the star formation history, or the extinction law. Moreover, there
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exist significant differences among stellar population libraries.
These differences can lead to discrepancies in the stellar mass
estimation of a factor of a few (Maraston et al. 2006; Bruzual
2007).

SFR estimates based on UV and/or IR luminosities are
considered reasonably robust for large galaxy samples with
multi-wavelength photometry, where other tracers, such as
spectroscopy, are unavailable (Reddy et al. 2006; Salim et al.
2007; Daddi et al. 2007). A major problem with SFRs estimated
from UV data is the need for a extinction correction, which can
be highly uncertain and redshift dependent (Iglesias-Pdramo
et al. 2007; Burgarella et al. 2007; Salim et al. 2009). On the
other hand, IR-based SFRs estimated by fitting the MIR-to-
mm fluxes with dust emission templates are model dependent
(Papovich & Bell 2002; Dale et al. 2005; Caputi et al. 2006).
Furthermore, these tracers are based on the assumption that the
bulk of the IR emission traces warm dust heated by young star-
forming regions. Thus, if a fraction of the energy heating the
dust originates from an alternative source, such as deeply dust
enshrouded active galactic nuclei (AGNs) or diffuse radiation
fields (Daddi et al. 2007; Salim et al. 2009) the SFR will be
overestimated. Nevertheless, despite these second-order effects,
the uncertainties in the SFR are frequently driven by the absence
of sufficient IR photometry to constrain the models robustly. In
the last few years, the studies of SFRs at high redshift have
often been based on the observed flux at MIPS 24 um only and,
although IR monochromatic luminosities are known to correlate
well to total IR luminosity, recent works based on more detailed
IR coverage have demonstrated that SFRs from MIPS 24 um
data may present significant systematics (Papovich et al. 2007;
Daddi et al. 2007; Rigby et al. 2008).

In this context, Barro et al. (2011, hereafter Paper I) presented
a multi-band photometric and spectroscopic catalog (including
data from X-ray to radio wavelengths) in the Extended Groth
Strip (EGS) that can be used as a starting point for detailed
analysis of the galaxy population. That paper describes the
method used to measure coherent multi-band photometry and
presents the general properties of the merged catalog, including
an analysis of the quality and reliability of the photometry.
Paper I also presents Rainbow Navigator, a publicly available
Web interface that provides access to all the multi-band data
products.

In this paper, we focus on fitting the optical-to-NIR SEDs and
IR emission of all the sources presented in Paper I using SPS
models and dust emission templates. We then use the SEDs and
fits to estimated photometric redshifts, stellar masses, and SFRs.
We also quantify the uncertainties attending these estimations.
In particular, we assess the quality of the photometric redshifts
by comparing our results with spectroscopic redshifts and with
other photometric redshift compilations found in the literature.
We explore the systematic uncertainties in the stellar masses
associated with the modeling assumptions, such as the choice of
SPS models or the initial mass function (IMF). Finally, we study
the systematic uncertainties in the IR-based SFRs estimated
with different IR templates and indicators (e.g., different total
IR luminosity-to-SFR calibrations).

The outline of this paper is as follows. Section 2 briefly
reviews the available data and then summarizes the most
relevant steps of the photometric measurement and band-
merging procedure (presented in Paper I), as well as the overall
photometric properties of the IRAC 3.6 + 4.5 um selected
catalog. Section 3 describes the techniques developed to perform
the UV-to-IR SED fitting, and the methods used to estimate
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Figure 1. Filter transmission for the photometric bands included in the
data set. The curves include the atmospheric transmission (for ground-based
observations), quantum efficiency, and the transmission of the optical elements.
The curves are normalized at the maximum value of the transmission and scaled
arbitrarily for visualization. The color code for each filter corresponds to the
labels shown above. The optical bands depicted from top to bottom are those of
CFHTLS, MMT, and CFHT 12k, respectively. The NIR bands, also shown from
top-to-bottom are those of WIRC, CAHA, and HST/NICMOS. The GALEX
(FUV,NUV) and IRAC ([3.6], [4.5], [5.8], [8.0]) filters are also listed in the top
row.

(A color version of this figure is available in the online journal.)

redshifts. Section 4 describes the stellar masses estimation
technique, and quantifies the uncertainties introduced by the
modeling assumptions. Section 5 describes the methods used
to fit the FIR emission to dust emission templates and the
estimation of IR luminosities and SFRs. Section 6 presents
tables containing all the data products presented in this paper,
as well as the public database created to facilitate the access to
these resources.

Throughout this paper we use AB magnitudes. We adopt
the cosmology Hy = 70 km™! s™! Mpc~!, Q,, = 0.3, and
Q; = 0.7. Our default choice of SED modeling parameters
are the PEGASE (Fioc & Rocca-Volmerange 1997) library, a
Salpeter (1955) IMF (M € [0.1-100] M), and a Calzetti et al.
(2000) extinction law.

2. MULTI-WAVELENGTH CATALOG

The present work is based on the multi-wavelength catalog
of IRAC 3.6 + 4.5 um selected galaxies in the EGS (¢ =
14h14™, § = +53°30') presented in Paper I. The catalog
contains all the publicly available data provided by the All-
Wavelength Extended Groth Strip International Survey (AEGIS)
collaboration and some proprietary data including the following
bands: GALEX, FUV, and NUV, CFHTLS u*g'r'i’z’, MMT-
w'giz, CFHT12k BRI, ACS Vggsisia, Subaru R, NICMOS
Jii0Hi60, MOIRCS K;, CAHA-JK,, WIRC JK, the four IRAC
bands at 3.6, 4.5, 5.8, and 8.0 um, and lastly MIPS 24 and
70 um. We cross-correlated our IRAC-selected catalog with
the X-ray (Chandra) and radio (VLA/20 cm) catalogs of
Laird et al. (2009) and Ivison et al. (2007), and with all the
spectroscopic redshifts from DEEP2 DR3 and a small sample of
238 spectroscopically confirmed Lyman break galaxies (LBGs)
from Steidel et al. (2003). The reader is referred to Paper 1
and Davis et al. 2007, and references therein, for a detailed
description of all these data sets. Figure 1 illustrates the different
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Table 1
Photometric Properties of the Data set

Filter Aeff mim[AB] FWHM  Gal. Ext Offset
) 2 3) 4 (5) (©)

GALEX-FUV 153.9 nm 25.6 5’5 0.195 0.04
GALEX-NUV 231.6 nm 25.6 5’5 0.101 0.08
MMT-u 362.5 nm 26.1 170 0.049 —0.09
CFHTLS-u* 381.1 nm 25.7 0’9 0.045 —0.04
CFHT-B 439.0 nm 25.7 172 0.036 0.04
MMT-g 481.4 nm 26.7 173 0.031 —0.09
CFHTLS-g’ 486.3 nm 26.5 09 0.031 0.03
ACS-Veos 5913nm  26.1 0’2 0022  0.02
CFHTLS-r’ 625.8 nm 26.3 0’8 0.020 0.03
Subaru-R 651.8 nm 26.1 07 0.019 0.00
CFHT-R 660.1 nm 253 170 0.019 —0.03
CFHTLS-i’ 769.0 nm 25.9 0’8 0.015 0.03
MMT-i 781.5 nm 253 170 0.015 0.00
ACS-igy4 813.2 nm 26.1 072 0.014 0.00
CFHT-1 833.0 nm 24.9 171 0.013 0.02
CFHTLS-7/ 887.1 nm 24.7 0’8 0.012 —0.02
MMT-z 907.0 nm 253 172 0.011 —0.11
NICMOS-Ji10 1.10 um 235 07 0.008 0.00
Wk —J 1.21 pm 22.9 170 0.007 —0.16
WIRC-J? 1.24 um 21.9 170 0.007 0.01
NICMOS-Hi60 1.59 um 242 0’8 0.005 0.00
Q- K 2.11 um 20.7 1’5 0.003 —0.10
Subaru-MOIRCS-K s 2.15 um 23.7 06 0.003 —0.04
WIRC-K*? 2.16 um 229 170 0.003 0.00
IRAC-36 3.6 um 23.7 2’1 0.001 0.00
IRAC-45 4.5 pm 23.7 271 0.001 0.00
IRAC-58 5.8 um 22.1 2/2 0.001 0.12
IRAC-80 8.0 um 22.1 202 0.000 0.12

Notes.

2 The photometry was not measured, but taken from a published catalog.
Column I: name of the observing band and instrument.

Column 2: effective wavelength of the filter calculated by convolving the
Vega spectrum (Colina & Bohlin 1994) with the transmission curve of the
filter+detector.

Column 3: limiting AB magnitude of the image estimated as the magnitude of
a SNR = 5 detection (see Section 2.1 for details on the flux measurement).
Column 4: median FWHM of the PSF in arcseconds measured in a large number
of stars (see Section 5.4 of Paper I for details on the stellarity criteria).
Column 5: galactic extinction estimated from the Schlegel et al. (1998) maps
and assuming and average value of E(B — V) = 0.004.

Column 6: zero-point corrections applied to the photometric bands, computed
by comparing observed and synthetic magnitudes for spectroscopic galaxies
(see Section 3.3).

filter transmission profiles for each band, and Table 1 presents
the effective filter wavelengths, the survey depths, and image
quality achieved in each band, and the (small) zero-point re-
calibrations (Section 3.3).

The photometric coverage of the EGS is largely inhomo-
geneous, with each band covering a different portion of the
IRAC mosaic (Davis et al. 2007). Fortunately, there is a nat-
ural way to divide the field into two smaller sub-regions. The
main region, defined by the overlapping area of the CFHTLS
and IRAC frames (0.35 deg?), presents the densest coverage
(~19 bands, including GALEX, Hubble Space Telescope (HST),
and MOIRCS). This region is essentially a field with the side
edges following the contours of the IRAC image, i.e., inclined
by 50° east of north, and upper and lower boundaries limited by
52216 < & < 53220. The bottom-right side is also restricted to
o >214°04 due to the intersection with the CFHTLS mosaic (a
square field oriented north up, east left).

BARRO ET AL.

The 0.13 deg? outside of the main region (hereafter referred
to as flanking regions) also have solid optical-to-NIR coverage.
However, the overall data quality is slightly lower than in the
main region. The median coverage includes only 11 bands, and
for the most part lacks the deepest, highest-resolution imaging.
As a result, the quality of the SED coverage in the flanking
regions is significantly lower than in the main region. For these
reasons we focus in this contribution on the main region.

2.1. Multi-band Identification and Photometry

The procedure followed to build consistent UV-to-FIR SEDs
from the multiple data sets is described in detail in Paper I (see
also Pérez-Gonzidlez et al. 2005 and Pérez-Gonzalez et al. 2008,
hereafter PGO5 and PGO8). This section summarizes the most
relevant elements of the method, so that the impact of the
photometric uncertainties on the parameters estimated from the
SED modeling can be assessed (Sections 4 and 5).

First, multi-band identification is carried out by cross-
correlating the 3.6 + 4.5 um selection with all other optical/
NIR catalogs (pre-computed with SExtractor; Bertin & Arnouts
1996) using a 2" search radius. The MIPS, Radio, and X-ray
catalogs required a different approach. For the MIPS and radio
catalogs we used a 2”5 and 3” matching radius, respectively. For
the X-ray catalog we used a 1”or 2” radius depending on whether
the X-ray sources were pre-identified in any other band (Laird
et al. 2009). When two or more optical/NIR counterparts sepa-
rated by >1" (approximately half the FWHM in IRAC-3.6) are
identified within the search radius, we apply a de-blending pro-
cedure to incorporate the multiple sources in the catalog (e.g.,
irac070100 would become irac070100_1 and irac070100_2).
Roughly 10% of the IRAC sources present two or more coun-
terparts in the ground-based images.

Once the sources are identified, the photometry was computed
separately in all bands, to properly account for the significant
differences in spatial resolution. The fluxes were then combined
to derive the merged SED. The procedure is carried out using our
custom software Rainbow based on the photometric apertures
obtained from a previous SExtractor run.

For the optical and NIR bands, total fluxes were estimated
using Kron (1980) elliptical apertures. The properties of the
aperture are the same in all bands (although different between
objects) and are defined from a reference image, which is chosen
by sorting the bands according to depth and picking the first
band with a counterpart positive detection. Thus, this image is
usually among the deepest, and presents a spatial resolution
representative of the entire data set (typically SUBARU-R
or CFHTL-i"). Nevertheless, as a precaution, we established
a minimum aperture size equal to the coarsest seeing in all
bands (1”5). Although the choice of reference band depends
on the cross-identification, the flux is measured in all bands
independently of the counterpart detection. If a source is
detected by IRAC only (i.e., there is no optical/NIR reference
image), we use a fixed circular aperture of minimum size. If
the source is detected in just a few optical/NIR bands (e.g., it is
detected in r but not in z) we still use the reference aperture in the
un-detected bands. In this way, we recover fluxes for very faint
sources not detected by SExtractor. If the forced measurements
do not return a positive flux, the background flux from the sky
rms within the aperture instead. These non-detections were not
used for the subsequent SED fitting procedure.

The IRAC photometry was computed using circular apertures
of 2" radius and applying an aperture corrections estimated
from empirical point-spread function (PSF) growth curves. The
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measurement is carried our simultaneously in the four IRAC
channels, using the 3.6 + 4.5 um positions as priors for the
5.8 and 8.0 um bands, which are much less sensitive. In the
case of blended IRAC sources (i.e., those with multiple optical/
NIR counterparts), we recomputed the photometry applying a
deconvolution method similar to that used in Grazian et al.
(2006a) or Wuyts et al. (2008), which essentially relies in using
smaller 079 radius apertures with larger aperture corrections.
Paper I describes the accuracy of the deblending technique.
For the GALEX (FUV, NUV) bands we drawn the photometry
from the source catalog of the public data release GR3. This
is computed with aperture photometry based on SExtractor
(Morrissey et al. 2007). For the IRAC sources missed in this
catalog (only ~8% and 25% of the IRAC catalog is detected
in the FUV and NUV bands, respectively; see Table 4 of
Paper I) we used the forced measurement method described
above. The photometry in the MIPS (24 um, 70 um) bands
was carried out using PSF fitting with IRAF-DAOPHOT and
aperture corrections (see PG05 and PG08 for more details).

The photometric uncertainties were computed simultaneously
with the flux measurement. Although the Rainbow measure-
ments are SExtractor-based, the SExtractor photometric errors
were not used, because these are often underestimated due to
correlated signal in adjacent pixels (Labbé et al. 2003; Gawiser
etal. 2006). Instead, we used three different approach that range
from a SExtractor-like method to a procedure similar to that de-
scribed in Labbé et al. (2003, i.e., measuring the sky rms in
empty photometric apertures at multiple positions). The photo-
metric uncertainty was set to the largest value thereby derived.

The final multi-wavelength catalog contains 76,493 and
112,428 sources with [3.6] < 23.75 mag and [3.6] < 24.75 mag,
respectively (these magnitude cuts correspond to the 85% and
75% completeness levels of the IRAC mosaics). Approximately
68% of the sources are located in the main region (52,453;
[3.6] < 23.75). Spectroscopic redshifts have been assigned to
10% of the sample (only 120 are at z > 1.5). A total of 2913 stars
have been identified based on several optical /NIR color criteria
(see Section 5.4 of Paper I). A source was identified as a star
only if three or more criteria were satisfied. The stellarity value
(as the total number of criteria satisfied) is given in Table 7 (see
Section 6). The fractions of IRAC sources detected at 24 um
and 70 um are 20% and 2%, respectively. Finally, a total of 990
and 590 sources are detected in the X-ray and radio catalogs of
Laird et al. (2009) and Ivison et al. (2007), respectively.

In the following, we analyze the SEDs and physical prop-
erties of the IRAC sources with [3.6] < 23.75 mag (typically
SNR > 10). Nevertheless, the catalog contains sources up to
[3.6] < 24.75 (30 limiting magnitude). The complete catalog is
available in the online version of the journal or through our Web
interface Rainbow navigator (see Paper I for more details).

2.2. Galactic Extinction

The EGS field lies at high galactic latitude benefiting from
low extinction and low galactic/zodiacal infrared emission. We
derive an average E(B — V) = 0.004 based on the maps of
Schlegel et al. (1998) based on several positions evenly spaced
along the strip, centered at o« = 241280, § = 52280. In our
analysis, a differential galactic extinction for each band is
computed assuming a Cardelli et al. (1989) curve with R =
3.1. These corrections, summarized in Table 1, are not included
in the photometric catalog (presented in Paper I) but these are
applied before applying the SED fitting procedure.
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3. SED ANALYSIS: PHOTOMETRIC REDSHIFTS
3.1. Rainbow Code

We computed photometric redshifts for all IRAC sources
from the multi-color catalog presented in Paper I using our own
dedicated template fitting code (Rainbow software hereafter;
see PGO5 and PGO0S8). The program creates a grid of redshifted
galaxy templates in steps of §z = 0.01 and then applies a x>
minimization algorithm to find the template best fitting the
multi-band photometry. Upper limit detections and fluxes with
uncertainties larger than 0.5 mag are not included in the fit. The
x? definition takes into account the flux uncertainties of each
band, being defined as

N(band)

X2: Z [Fobs.i _A'Ftemp.i]zy (1)

o
i=0 !

where Fopsi is the observed flux in the i filter and o; is its
uncertainty, Fiemp,; is the flux of the redshifted template in
the i filter (obtained by convolving the template with the fil-
ter transmission curve). A scaling factor is applied to the in-
put template to fit the observed photometry. This normaliza-
tion parameter A is used to compute quantities such as the
stellar masses, absolute magnitudes, or SFRs (see Sections 4.1
and 5.2).

Prior to the x? minimization procedure, the Rainbow code
gets rid of deviant and redundant photometric data points. The
fluxes presenting a very steep gradient with respect to the
surrounding bands are flagged and removed before attempting
the final fit.

By analyzing the x2(z) distribution of the best fit in the
model grid, we built the redshift probability distribution function
(zPDF), from which we computed the most probable redshift
and lo errors, Zpest and o,. The single value that minimizes
x2(2) is Zpeak- We found that zp.q provided the most accurate
results presenting less outliers and a smaller scatter when
compared with spectroscopic redshifts. The uncertainties in the
photometric redshifts are used to compute the uncertainties in
the stellar parameters derived from the best-fitting template.

The Rainbow code also analyzes the dust emission on sources
with at least one flux measurement beyond rest-frame 8 um, i.e.,
the MIPS 24 and 70 pm bands (see Section 5.2). Figure 2 shows
the combined optical and IR SED along with the estimated
physical parameters for a galaxy at z ~ 1 as an example
of the optical and IR fitting techniques described here and
in Section 5.2. The best-fit optical template to the data was
used to estimate the photometric redshift, stellar mass (see
Sections 3 and 4), and also the rest-frame UV flux. Moreover,
IR luminosities and SFRs were obtained from the best-fit IR
template to the data at rest-frame A > 5 um (see Section 5.1).

3.2. Stellar Population Templates

The stellar templates used by the minimization code are
extracted from a library of synthetic templates built by fitting
SPS and dust emission models to a representative sample of
galaxies at different redshifts. This reference sample is drawn
from the GOODS-N and GOODS-S IRAC surveys and have
highly reliable spectroscopically confirmed redshifts (0 < z <
3) and at least 10 measurements of the SEDs from the UV
to the MIR. A detailed description on the modeling of these
templates is given in PGOS8. Here, we briefly summarized their
most relevant characteristics.
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Figure 2. Example of the full Spectral Energy Distribution (SED) of a galaxy
in our sample (black dots), and fit (blue lines) of the observed UV-to-MIR
photometry to a set of empirical templates computed from PEGASE 2.0 models
(Fioc & Rocca-Volmerange 1997) assuming a Salpeter IMF (M € [0.1-100]M,,),
and Calzetti et al. (2000) extinction law (see Section 3), and the FIR photometry
(MIPS 24 and 70 ;«m) to dust emission models of Chary & Elbaz (2001), Dale
& Helou (2002), and Rieke et al. (2009; see Section 5.1). The multiple lines
in the FIR region correspond to best-fitting template from each of the dust
emission models, and the average value of the three. In the upper left corner, we
indicate the photometric redshift, and the stellar mass, IR-based SFR, and total
IR luminosity estimated from fitting procedure.

(A color version of this figure is available in the online journal.)

The stellar emission of the reference template set was char-
acterized using the PEGASE 2.0 models (Fioc & Rocca-
Volmerange 1997) assuming a Salpeter IMF (M € [0.1-100]M,,)
and Calzetti et al. (2000) extinction law. We also considered the
contribution from emission lines and the nebular continuum
emitted by ionized gas. The models were obtained assuming a
single population (1-POP models), characterized by an exponen-
tial star formation law. As a result, each template is characterized
by four parameters in the 1-POP case, namely, the time scale t,
age t, metallicity z, and dust attenuation A(V). The MIR/FIR
region of some templates includes a contribution from a hot dust
component that was computed from dust emission models using
a similar procedure to that described in Section 5.1 of this paper.

Defining a representative spectral library is a critical issue
for photometric redshift codes, specially when NIR-selected
samples are studied (Kriek et al. 2008). The reference sample
should span a wide range of redshifts and galaxy colors that
probe the parameter space of the magnitude limited sample in
sufficient detail. This is why we included in the template set a
few z > 1.5 galaxies which could not be fitted accurately with
low-z templates. Furthermore, we complemented our synthetic
templates with QSO and AGN empirical templates drawn from
Polletta et al. (2007) that account for the galaxy population
whose UV-to-NIR emission is not dominated by stars but by an
AGN (see, e.g., Assef et al. 2010).

The template library contains a total of 1876 semi-empirical
templates (see PGO8 for more details and examples of the
SEDs) spanning a wide range of colors and physical parameters.
Figure 3 shows that the loci of the observed and template
colors present an overall good agreement for the majority of
the spectroscopic galaxies in a wide range of optical and NIR
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colors. The combination of colors based on the CFHTLS filters
(Panels 1-4) is consistent with Figure 2 of Ilbert et al. (2006a)
that presents the same colors for a sub-sample of i-band selected
galaxies in the CFHTLS-D1 field.

On the other hand, we find small discrepancies between
templates and observations in the [3.6]-[4.5] IRAC color at low
redshift (Figure 3, Panel 6). This is not surprising considering
that these bands are probing the rest-frame NIR (see, e.g.,
Huang et al. 2004; Brodwin et al. 2006 for similar examples),
a wavelength region where the predictions from SPS models
tend to be more uncertain (Maraston 2005). Furthermore, these
differences tend to increase at A 2 3 um rest-frame, where
galaxies can exhibit a significant contribution from hot dust
or polycyclic aromatic hydrocarbon (PAH) emission features
that are not contemplated in the optical templates and therefore
require more complicated modeling procedures (Magnelli et al.
2008; Mentuch et al. 2009).

3.3. Zero-point Corrections and Template Error Function

An improvement introduced in the current work on EGS
over the previous Rainbow photometric redshifts in GOODS-
N, GOODS-S, and Lockman Hole (PGO0S5, PGO08) is the fine-
tuning of the photometric zero points and the use of a template
error function. Both procedures are based on the comparison
of the observed fluxes to synthetic photometry derived from the
convolution of the filter transmission curves with the best-fitting
templates for the galaxies with reliable spectroscopic redshifts.
As demonstrated by Brodwin et al. (2006), Ilbert et al. (2006a),
and Ilbert et al. (2009), the comparison between the observed
apparent magnitudes and synthetic fluxes often shows small
offsets that can lead to systematic errors in the calculation of the
photometric redshifts. These offsets can be the result of small
systematic errors in the absolute calibration, uncertainties in the
filter transmission curves, or they can be the result of intrinsic
limitations of the templates in reproducing the observed SEDs
(Brammer et al. 2008).

To tackle these issues and improve the photometric redshift
estimation, we fit the SEDs of the galaxies with secure spec-
troscopic redshift to our template set fixing the photometric
redshift to the spectroscopic value. Then, we compute the dif-
ference between the observed fluxes and the template fluxes for
each band, and we consider this residual value as a function of
the rest-frame wavelength. The left panel of Figure 4 shows the
result of applying this process to the sub-sample of galaxies with
spectroscopic redshift and photometric fluxes with SNR > 5 in
the main region. The median of the residuals (thick green line)
shows an overall good agreement between templates and obser-
vations, with an rms (thin green lines) of ~2 times the median
value of the photometric uncertainty across all the wavelength
range (red lines). However, significant deviations appear in the
rest-frame wavelengths around 200 nm, the 500-1000 nm re-
gion, and the mid-IR (A > 3 um).

To diminish the effect of these discrepancies, we considered
two corrections: (1) we applied small calibration offsets in each
band based on the residuals of the comparison with synthetic
magnitudes (note that these corrections refer to observed wave-
lengths) and (2) we used a template error function such as that
introduced in Brammer et al. (2008).

Figure 5 shows the comparison between observed and syn-
thetic magnitudes for three different i-bands (ACS, CFHTLS,
and MMT; left panel) and the ux, 7', J, and K bands (from MMT,
WIRC, and MOIRCS; right panel) as a function of redshift. The
values in the parenthesis quote the median correction applied to
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Figure 3. Comparison of different optical and NIR observed colors as a function of the spectroscopic redshift (gray dots) vs. the predicted colors for our 1876 galaxy
templates (density map). Each density contour contains (from inside out) 25%, 50%, 75%, and 90% of the values.

each band to minimize the differences with respect to the syn-
thetic fluxes. Note that the three i-bands present a similar trend
at z > 1, where the observations are slightly brighter than the
predictions from the templates. This suggest that the feature is
related to the templates and not to the absolute calibration of the
bands. At z 2 1 the i-band (A ~ 800 nm) probes rest-frame
wavelengths around ~300-400 nm, where the overall quality of
the fit to templates is reduced.

The overall shape of the residual distribution, shown in the
left panel of Figure 4, is very effective for identifying systematic

deviations in the templates. This is because small zero-point
errors in any of the individual bands are smoothed over the rest-
frame wavelength range due to the mixed contribution from
multiple bands. Therefore, based on the overall scatter in the
residual with respect to the median photometric errors, we can
compute a template error function that parameterizes the overall
uncertainties in the templates as a function of wavelength. As
demonstrated by Brammer et al. (2008), this function can be
efficiently used as a weight term in the x? function of the
SED fitting procedure to minimize the impact of the template
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Figure 4. Top: residuals of the comparison between observed and synthetic magnitudes for a sub-sample of galaxies with spectroscopic redshift and SNR > 5
photometry in the main region. The residuals are shifted into rest-frame wavelengths based on the effective wavelength of the filters and the redshift. The figure on
the left shows the raw residuals before applying the zero-point corrections nor the template error function to the fitting procedure. The figure on the right shows the
final result of the iterative process to compute the zero-point corrections and the template error function. The thick green line depicts the median value of the residuals
per redshift bin. The upper and lower red lines indicate the median value of the photometric error at each redshift. The upper and lower thin green lines encompasses
68% (10) of the residual distribution around the median value. Bottom: the blue line depicts the median absolute value of the residuals in the top panel divided by the
photometric error and by 0.67 to scale the median (50%) to a 16(68%) confidence interval. The black line shows the template error function of Brammer et al. (2008)

divided by the median photometric error (adapted from Figure 3 of their paper).

075 1
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Figure 5. Left:differences between observed and synthetic magnitudes as a function of redshift in the ACS-igj4, CFHTLS-i’, and MMT-i bands. The values quoted
in the parenthesis indicate the zero-point correction applied to these bands. The dashed blue line depicts the median difference between observed and synthetic
photometry after the zero-point correction has been applied. The green lines show the median photometric uncertainty in each band as a function of redshift multiplied
by a factor two. At z ~ 1 the residuals are dominated by a systematic offset in the templates instead of deviations in the photometric calibration. Right: Same as the

left panel for the MMT-u*, MMT-z', WIRC-J, and MOIRCS-K; bands.

uncertainties in some wavelength ranges. The bottom of the
right panel of Figure 4 shows the median value of the absolute
difference between observed and template fluxes divided by
the photometric error and multiplied by 0.67 to scale the
median (50%) to a 10(68%) confidence interval, as done in
Brammer et al. (2008). Compared to the results of this work
our combination of templates and filters present a slightly better
agreement in the rest-frame UV and NIR (between 1 and 2 yum),
probably as a result of our larger template set, which present
more diversity in their spectral shapes.

In principle, the zero-point corrections and the effects of
the template error function produce similar effects. Moreover,

the re-calibration of adjacent (sometimes very similar) bands
tend to modify the residual of both fits. Therefore, in order to
obtain consistent results, both the template error function and
the zero-point corrections are computed iteratively repeating the
fitting process until we obtain variations smaller than 1%-2%
(typically after a couple of iterations). The zero-point offsets
are summarized in Table 1. Virtually all of the corrections are
smaller than 0.1 mag, and some of them are exactly zero. The
final results of the procedure are shown in the right panel of
Figure 4. The application of the zero-point offsets results in
the flattening of the median difference between observed and
template magnitudes for the whole wavelength range in our
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Figure 6. Top panels: photometric redshifts vs. spectroscopic redshifts for [3.6] < 23.75 mag sources in the main region (left) and flanking regions (right). Blue stars
indicate sources detected in the X-ray catalog of Laird et al. (2009). Red dots correspond to galaxies with a power-law spectrum in the IRAC bands. This feature is
frequently used to identify obscured AGNs (Alonso-Herrero et al. 2004; Donley et al. 2007) that usually underperform in the photometric redshift procedure. Bottom
plots: density plots of the scatter in Az/(1 + z) as a function of redshift for the main region (left) and flanking regions (right). Each contour contains (from the inside

out) 25%, 50%, 75%, and 90% of the spectroscopic sample, respectively.

SEDs except in two regions, one around 200 nm and the other
at ~3 um.

The poor agreement at 3 um is most probably associated
with limitations in the NIR-MIR range of stellar population
templates and the contribution from PAH emission, which is
also not properly taken into account in the SPS models nor the
dust emission templates. In addition, there is a small peak /bump
at ~350-450 nm, which is very similar to the feature reported by
Wild et al. (2007) and Walcher et al. (2008). In these papers, they
explain this effect with an excess in the strength of the Balmer
break in the models by Bruzual & Charlot (2003), relative to the
observed values. The peak at 200 nm can be partly related with
the use of a Calzetti et al. (2000) extinction curve in the modeling
of the galaxy templates. This parameterization lacks the silicate
absorption at 2175 A, which appears in other extinction curves,
such as that of Cardelli et al. (1989), which has been claimed
to be produced by PAHs. The presence of this absorption bump
has been reported on some studies of high-z galaxies (Noll et al.
2007; Noterdaeme et al. 2009).

As an additional check of the accuracy of the method we
compare our photometry against the fluxes of a control sample
of ~300 bright unsaturated stars in common with the SDSS. In
particular, we restrict the comparison to relatively blue sources
(u' — g = 1.2, in the MMT bands) in order to avoid large color
corrections in the filter transformations. These color terms were
computed by convolving the filter transmissions with the spectra
of F, G, and K class stars (Kurucz 1992), which makes up for
most of our sample of stars. The transformation with respect to
the MMT bands, which present a filter system similar to that of

SDSS, are
UMMT = USDSS — 0.095 - [ — g]SDSS +0.070

gmmr = gspss — 0.063 - [g — i]spss

iMMT = iSDSS —0.203 - [i — Z]SDSS —0.002

Zmmr = Zspss — 0.087 - [i — z]spss — 0.002.

After applying these corrections, we find zero-point offsets
of Au' = —0.05, Ag = —0.10, Ai = —0.01, and Az =
—0.09 with respect to the SDSS. The values are roughly
consistent with our previous results based on galaxy templates.
Only the u’ and z bands present slightly lower values of the
correction. These could be an additional effect of the template
uncertainties (at 250 and 450 nm rest-frame), specially for the v’
band. Also, it is worth noting that the zero-point offsets are
estimated simultaneously and iteratively for all bands whereas
the comparison to SDSS is done separately for each band.

3.4. Photometric Redshift Accuracy

In this section, we analyze the overall accuracy of the photo-
metric redshifts (z,no) by comparing them against spectroscopic
redshifts (zspec). In particular, we study the quality of our results
as a function of the spectroscopic redshift and the observed
magnitude in optical and NIR bands, and we provide specific
results for different groups of galaxies such as X-ray, MIPS, or
Radio sources. For the 76,936 galaxies ([3.6] < 23.75) in the
sample we identify 7,636 (~10%) spectroscopically confirmed
sources from the DEEP2 catalog (mostly at z < 1) and from a
small sample of LBGs (z ~ 3) presented in Steidel et al. (2003).

3.4.1. Zphot versus Zspec: DEEP2 Sample

Figure 6 shows the comparison between Zpno and Zgpec for
6,191 and 1,445 sources with reliable spectroscopic redshift in
the main and flanking regions, respectively.

Following Ilbert et al. (2006b), we quantified the redshift ac-
curacy using the normalized median absolute deviation (oxmaD)
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Table 2
Photometric Redshift Accuracy in the Main Region [3.6] < 23.75
Rainbow EAZY
Redshift No. Az/(1+2)  oncMAD n Azphot  Az/(1+z)  ONCMAD n Azphot 0z
@ 2) (3) ) (5 (6) @) (®) ) (10) an
All 6191 0.010 0.034 2% 0.068 0.019 0.029 2% 0.059 94%
0.<z<05 1637 0.015 0.040 2% 0.070 0.019 0.031 1% 0.049 97%
05<z<1.0 3171 0.007 0.028 2% 0.061 0.018 0.025 2% 0.055 95%
1.0<z<25 1292 0.017 0.035 5% 0.083 0.021 0.032 4% 0.078 89%
z > 2.5 (LBGs) 91 —0.023 0.063 10% 0.110 —0.014 0.043 15% 0.107 42%
z > 2.5 (LBGs [3.6] < 24.75) 147 —0.027 0.069 12% 0.105 0.012 0.060 23% 0.119 33%
X-ray 142 0.003 0.038 10% 0.070 0.008 0.034 10% 0.057 82%
PLGs 8 0.031 0.142 50% 0.092 0.018 0.094 25% 0.108 50%
MIPS-24 pm 1955 0.010 0.033 3% 0.068 0.023 0.026 3% 0.055 94%
MIPS-70 pm 262 0.015 0.045 1% 0.071 0.031 0.028 2% 0.050 95%
Radio 85 —0.001 0.052 5% 0.066 0.017 0.032 2% 0.048 92%
Notes. Photometric redshift quality with the estimates with Rainbow and EAZY (see Section 3.5.2).
(1) Spectroscopic redshift range.
(2) Number of sources in the redshift bin.
(3, 7) Median systematic deviation in Az/(1 + z); Az = Zphot — Zspec-
(4, 8) Normalized median absolute deviation.
(5, 9) Percentage of catastrophic outliers (JAz|/(1 +z) > 0.20).
(6, 10) 68% confidence interval in the zPDF around the most probable zypo.
(11) Percentage of the sources with Qz < 1 in EAZY (high quality flag according to Brammer et al. 2008).
Table 3
Photometric Redshift Quality in the Flanking Regions [3.6] < 23.75
Rainbow EAZY
Redshift No. AZ/(I +2) ONCMAD n Athol AZ/(I +2) ONCMAD n Athm 0z
€)) @) 3 €] () © (@) ®) (&) 10 ar
All 1445 0.013 0.046 3% 0.065 0.027 0.050 4% 0.073 87%
0.<z<0.5 373 0.021 0.058 2% 0.065 0.037 0.058 5% 0.052 83%
05<z<10 785 0.015 0.040 3% 0.059 0.014 0.069 8% 0.077 75%
1.0<z<25 274 —0.001 0.058 8% 0.082 0.009 0.043 8% 0.079 70%
X-ray 33 —0.019 0.031 9% 0.057 0.000 0.035 9% 0.061 88%
PLGs 0
MIPS-24 pm 416 0.011 0.046 4% 0.061 0.028 0.048 5% 0.068 88%
MIPS-70 pm 66 0.008 0.050 2% 0.063 0.026 0.052 3% 0.055 89%
Radio 13 0.000 0.055 8% 0.071 0.035 0.015 0% 0.060 85%

Note. Same as Table 2.

of AZ = Zphot — Zspec

Az — median(Az)

I+z spec

). 2)

This quantity is equal to the rms for a Gaussian distribution
and it is less sensitive to the outliers than the usual rms divided
by (1 + z) (Ilbert et al. 2006b). We define n as the fraction of
catastrophic outliers (those sources having |Az|/(1 +z) > 0.20).

Tables 2 and 3 summarize the quality of zphe as a function
of redshift in the main and flanking regions. The overall scatter
and median systematic deviation are oxyap = 0.034 and 0.046,
and Az/(1+z) = 0.010 and 0.013 for each region, respectively.
As expected, the rms in the flanking regions, where the overall
photometric quality is slightly lower, is higher (~20%) than in
the main region. Nonetheless, the outlier fraction is only 1%
worse.

The bottom panels of Figure 6 show the density plot of
Az/(1 + z) as a function of redshift. The subset of LBGs at

ONMAD = 1.48 x median (

Zspec > 2.5 are shown as dots. These sources are explic-
itly discussed in the following section. The scatter distri-
bution indicates that the accuracy of zyn, does not de-
pend strongly on the redshift up to the limit of the
DEEP2 sample. The systematics in both regions are fairly
similar presenting a minimum scatter at 0.5 < z < 1,
around the peak of the zpno distribution (see Section 3.7), and
increasing by a factor of ~1.3 at lower and higher redshifts
(zspec S 1.5). We find that the slightly worse performance at
z < 0.5 is associated with the use of four IRAC bands in the
fitting of the SEDs. Although the template error out-weights the
contribution of these bands (mostly at A > 3 um rest-frame;
see Section 3.3) their contribution cause a broadening of the
zPDF that tends to increase the scatter. Nonetheless, this ef-
fect does not increase the outlier fraction at z < 0.5, which is
comparatively lower than at 1 < z < 1.5, for similar values
of oNMAD-

We also analyze the quality of zppe as a function of the optical
and NIR magnitudes. As the efficiency of zph,: mostly relies
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Figure 7. Density plot of the scatter in Az/(1 + z) as a function of magnitude in the R (left) and [3.6] (right) bands. The magenta bars depict the median value of
Az/(1 + z) and onemap (With respect zero) for each magnitude bin. The lower panel of each plot shows the fraction of photometric redshift outliers (1) as a function

of magnitude.
(A color version of this figure is available in the online journal.)

on the detection of strong continuum features, the estimates
are highly sensitive to overall consistency of the multi-band
coverage. Figure 7 shows the scatter in Az/(1+z) as a function
of the observed magnitudes in the R and [3.6] bands for
sources in the main region. The results in the flanking fields
are similar, but with a larger scatter. We choose these bands
to be representative of the brightness of the sources in the
optical and NIR, and ultimately of the overall band coverage.
Note that, although this is NIR-selected sample, most of the
photometric coverage consist of optical bands. Thus, galaxies
with faint optical magnitudes tend to present worse photometric
redshifts. The magenta bars depict the median deviation and
oncMaD per magnitude bin. We have corrected both plots by
a median offset of Az/(1 + z) = 0.01. In the R-band, the
scatter increases monotonically with the optical magnitude from
onemap = 0.03-0.06 for R = 22-25 and >50% of the outliers
are located at R > 23.5. The scatter is also wider at R < 22.
However, since most of these bright galaxies lie at low-z, this
trend is essentially the same as one mentioned above for sources
at z < 0.5. Interestingly, there is weaker dependence in the
scatter (and the outlier fraction) with the [3.6] mag than with the
R-band magnitude. This is because the overall quality of the
optical photometry is more relevant for constraining the shape
of the SED and there is typically a wide range of optical
brightnesses for any given [3.6] mag (see, e.g., Figure 6 of
Paper I).

3.4.2. Zphot Versus Zspec: LBGs Sample

Given that the DEEP2 spectroscopic catalog consist mostly
of low-redshift galaxies (68% is located at z < 0.9), we have
included in our sample spectroscopic redshifts drawn from the
LBG catalog of Steidel et al. (2003) to specifically study the
accuracy of zpnot beyond the classic spectroscopic limit. This
catalog contains 334 LBGs galaxies, 193 of them with confirmed
spectroscopic redshift. To check the quality of our zpho at z >
2.5, we first compare our results to their zgpec, and then we check

that the our photometric redshift distribution for the whole LBG
sample is consistent with the average redshift of this population.

We identify IRAC counterparts for 91(147) of the spectro-
scopic LBGs with [3.6] < 23.75 mag (24.75). The rest were
missed mainly because they lie out of the observed area in the
IRAC survey; only 10 galaxies were lost due to their faintness
in the IRAC bands. Note that, although these LBGs are rela-
tively bright in the optical (R < 25.5 mag), most of them are
intrinsically faint in the IRAC bands, ~50% and 20% are fainter
than [3.6] = 23.75 mag and 24.75 mag, respectively. In general,
LBGs are known to span a wide range of IRAC magnitudes
(Huang et al. 2005; Rigopoulou et al. 2006), and they exhibit a
clear dichotomy in the R—[3.6] color, with red (R—[3.6] > 1.5)
sources showing brighter IRAC magnitudes than blue sources
(Magdis et al. 2008). We find that the median magnitudes and
colors for the LBGs in our sample are [3.6] = 22.74, R—[3.6] =
2.06 and [3.6] = 23.80, R—[3.6] = 0.88 for red and blue galax-
ies, respectively, in good agreement with the values of Magdis
et al. (2008) for a large sample of LBGs also drawn from the
LBG catalog of Steidel et al. (2003).

The quality of zype for the spectroscopic LBGs is summarized
in Table 2. For the galaxies with [3.6] < 23.75, both the
scatter and the outlier fraction (oncmap = 0.063, n = 10%)
are slightly worse than the median of the sample, as expected
by their intrinsic faintness in several optical and NIR bands.
Nonetheless, the statistics are similar to the results of other
authors at high redshift (e.g., Wuyts et al. 2008) indicating that
our Zphe still provide reasonably consistent values beyond z >
1.5. If we also consider the faintest sources ([3.6] < 24.75),
the statistics do not degrade much (oncmap = 0.069), even
though we are including 60% more sources. We have visually
inspected the outliers and at least four of them present flux
contamination from close-by sources and another three are
strong AGNs detected in the X-rays. The rest of them present
a high-z solution in the zPDF, but the flux at [5.8] and [8.0]
is too faint to reliably identify the rapid decline of the stellar
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Figure 8. Photometric redshift distribution of the photometric (155, red dashed
line) and spectroscopically confirmed (91, black line) LBGs (pLBG, zLBG)
with [3.6] < 23.75 in common with the sample of Steidel et al. (2003). The
spectroscopic redshift distribution for the zLBG is shown as a filled gray
histogram for comparison.

(A color version of this figure is available in the online journal.)

component at A >1.6 um, which results on favoring the low-
redshift solution.

We also compared the photometric redshift distribution of
the 155 galaxies with [3.6] < 23.75 identified in the whole
LBG catalog. Figure 8 shows the redshift distribution of the
photometric and spectroscopic LBGs in our sample. The median
value and quartiles for the photometric LBGs with [3.6] < 23.75
iS Zphot = 2,8i8j2 consistent with the median redshift of the
spectroscopic sample (Z = 2.95) and with the typical width of
the redshift distribution for the LBG criteria (z = 3.0 £ 0.3;
Steidel et al. 2004; Reddy et al. 2005). About 14% of these
sources lie at redshift z < 1.5, similarly to the outlier fraction
of the spectroscopic sample.

3.4.3. Zphot Versus Zspec: X-ray, Power Law, MIPS, and Radio Galaxies

We analyze in detail the quality of the zyp, for samples of
galaxies that are known to present particularly different SEDs
from the majority of the templates (e.g., X-ray or AGNs), which
could cause a degradation of the redshift estimate. These sources
are shown with different makers and colors in Figure 6 and their
Zphot Statistics are summarized in Tables 2 and 3.

The blue stars show galaxies identified in the X-Ray
Chandra/ACIS catalog in EGS (Laird et al. 2009), probably
indicating the presence of an AGN. The SED of these sources is
likely affected by the AGN emission, which in principle should
decrease the efficiency of the template fitting procedure. In spite
of showing a larger outlier fraction (particularly at z > 1.5), the
Zphot for X-ray sources are quite accurate, with a scatter similar
to that of the full sample.

The red dots in Figure 6 depict galaxies satisfying the power-
law criteria (PLG) commonly used to identify obscured AGNs
(Alonso-Herrero et al. 2004; Donley et al. 2007), a good frac-
tion of them being undetected in the X-rays. We find a sur-
face density of 0.26 arcmin~2 for PLGs, in good agreement
with the 0.22 arcmin~2 given in Donley et al. (2007, we ap-
ply a similar criteria restricted to P, > 0.1 and a slope o <
—0.5). However, less than 2% of these sources present a spectro-
scopic redshift. Comparatively, PLGs present a lower accuracy
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and higher outlier fraction than the X-ray sources as a conse-
quence of having their SED more contaminated by the AGN
emission.

Similarly to the PLG, we find that sources with red colors in
the IRAC bands (fj3.6) < fia.5] < fi5.8) < fs.01), but not strictly
satisfying the PLG criteria, make up for up to 15% of the total
outliers. This is not surprising given that, for the typical galaxy
at 7 < 2, the presence of the stellar bump (at 1.6 um) causes the
flux in the last two IRAC bands to be lower than in the previous
two. Thus, for these sources, the code will try to assign incorrect
high-redshift values of zppot.

Tables 2 and 3 also quote numbers and Zpno Statistics for
the spectroscopic sub-samples of galaxies detected in MIPS
24 pm (f(24) > 60 ulJy), MIPS 70 um (f(70) > 3.5 mJy), and in
the catalog of Radio sources of Ivison et al. (2007). The latter
present a slightly worse accuracy than the median of the sample,
whereas the MIPS detected galaxies present essentially the same
quality as the rest of the spectroscopic galaxies. This indicates
that for most of them the IR emission does not contribute
significantly to the NIR-MIR region fitted with the optical
templates.

3.4.4. Error Analysis

The 1o uncertainty of the photometric redshifts, Azppo, is
computed from the zPDF as the semi-width of the redshift
range corresponding to a 68% confidence interval around the
probability peak. This value allows to provide an estimate of the
accuracy for sources without a spectroscopic redshift, which are
>90% of the sample.

Tables 2 and 3 quote the values of Azyn, as a function of
redshift in the main and flanking regions. Based on these results,
we find that 62% (approximately 1o) of the galaxies present
values of Azphee < |Az|. The median value and quartiles of
AZphot/(1+2) = 0.0368:82? in the main region are consistent with
the statistics for onemap and also with [Az]/(1+z) = 0.0273:039.
A similar agreement is found for the sources in the flanking
regions. Note that as the Azyp, is computed from the zPDF its
minimum value is limited by the step size of the redshift grid
(Az = 0.01), and thus it tends to present larger values than |Az|,
specially for very accurate zpno. Therefore, it is not surprising
that Azpnot/(1 + z) is on average larger than all the other scatter
estimates. In fact, this indicates that A zp,o provides a robust
estimate of the uncertainty in zpho, Which can be underestimated
if it assumed to be equal to onemap (see, e.g., Cardamone et al.
2010).

In order to obtain a better characterization of the catastrophic
outliers caused by a poor fit to the data, we analyze the
distribution of sources as a function of the reduced x? of
the SED fitting. Figure 9 shows the distribution of —log(x?)
for the full photometric sample, the spectroscopic sample, and
the catastrophic outliers. Approximately 83% and 94% of the
galaxies in the photometric and spectroscopic sample present
values of x2 lower than the median of the outlier distribution
(— log()(z) < —0.6), i.e., half of the outliers are located within
the ~20% and 5% of the sources in the photometric and
spectroscopic samples with the worse values of 2.

Finally, we also find that 58% of the sources with significantly
different values of Zpest and Zpeak (|Zbest-Zpeak|/(1 +2) > 0.2) are
outliers. These sources account for only 1% of the spectroscopic
sample, but they represent ~12% of the outliers. Therefore, the
difference between both values is another useful indicator of
possible outliers.
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Figure 9. Distribution of the normalized x2 resulting from the fit of the data to
the templates during the calculation of zphot. The black line is for the full sample
([3.6] < 23.75), and the magenta line and gray area are for the spectroscopic
sample (x5) and photometric redshift outliers (n x 50), respectively. The
corresponding lines depict the median value and quartiles of each distribution.

3.5. Comparison of Photometric Redshift Catalogs

Here, we compare the zpho, computed with Rainbow to other
previously published zpo; catalogs and to the estimates obtained
with a different code. The alternative z,p,; are also included in
the our data release (see Section 6) in Table 7.

3.5.1. Rainbow versus Ilbert et al. (2006a)

We compare the zpho presented in this paper with those
derived by Ilbert et al. (2006a, hereafter 106) based on optical
data from the CFHTLS. These authors used an i’-band selected
sample with i’ < 24 and obtained photometric redshifts for
the four CFHTLS deep fields. The z,p, Were computed using
the template fitting code Le phare (Arnouts & Ilbert; e.g.,
Ilbert et al. 2009) for ~500,000 sources observed in five bands
uk, g',r',i’, 7. Their template library is based on an upgrade
of the empirical templates of Coleman et al. (1980) and Kinney
et al. (1996) computed by applying zero-point corrections and
interpolating between spectral types. Their zpho also include
a Bayesian prior on the redshift distribution. The accuracy of
their results for the D3 field (the EGS) is oncmap = 0.035 with
n = 4% for sources with i’ < 24 and z < 1.5. More recently,
Coupon et al. (2009) repeated essentially the same exercise using
the latest data release of the CFHTLS T004, obtaining zppe; of
almost identical quality.

The source density in the i’-band selected sample of 106 is
25, 42, and 96 sources arcmin~2 up to limiting magnitudes of
i’ =24,25, and 26.5 (the estimated SNR ~ 5 level). The source
density of the IRAC selected catalog is ~44 sources arcmin>
at [3.6] < 23.75. This means that their source density ati’ < 25,
which is essentially the spectroscopic limit (R = 25), is similar
to ours. However, ati’ < 24, the limiting magnitude for their best
performing zpne, the source density in i’ is approximately 50%
that in IRAC. At the faintest optical magnitudes, the source
density in the i’-band selected catalog is larger, although the
quality of these zpno is worse than for the i’ < 24 sample,
given that many of the galaxies will also be undetected in the
shallowest optical bands (u*, z').

Even presenting similar source densities, the nature of the
galaxies in an i’ band and an IRAC-selected samples is different,
and some of the sources in one selection will be missed by the
other. We find that the optically bright galaxies missed by the
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Table 4
Rainbow zppo vs. 106 at i’ < 25 and [3.6] < 23.75

Rainbow 106
Redshift No. oncmap 1 R()  oncmaD n R(n)
1 2) 3) @ O (6) (@) 3
All 5454 0.034 2%  82% 0.036 5% 55%
0.<z<05 1444 0.040 2%  83% 0.032 5%  43%

05<z<10 2787 0.028 2%  80% 0.031 3%  53%
1.0<z<25 1143 0.035 4%  80% 0.054 8%  63%
7> 2.5 (LBGs) 80 0.063 9%  91% 0.345 46%  42%

Notes.

Photometric redshift quality in the estimates with Rainbow and in 106.

(1) Spectroscopic redshift range. (2) Number of sources in the redshift bin.

(3, 6) Normalized median absolute deviation.

(4, 7) Percentage of catastrophic outliers (|Az|/(1 + z) > 0.20).

(5, 8) Fraction of catastrophic outliers in the other code presenting an accurate
Zphot-

IRAC catalog ([3.6] > 23.75) present a median and quartile
redshifts zppoe = 1.0(1):?), while the infrared bright galaxies
undetected in the optical (i’ > 26.5) present Zphot = 1.8%:%. The
high-z sources missed in the IR selection are typically low-mass
galaxies (similar to LBGs), i.e., our catalog favors the detection
of high-z massive galaxies, as expected.

We cross-correlated the catalog of 106 to the IRAC selected
sample using a search radius of 1”5. Due to small differences
in the extraction of the catalogs, the comparison is restricted
to a slightly smaller portion of the main region (214209 <
a < 215272 and 52°20 < § < 53%16). Out of the 49605 IRAC
sources, 40% and 88% are detected in 106 to i’ < 24 and
26.5, respectively. The cross-match to the DEEP2 spectroscopic
redshifts contains 5454 galaxies simultaneously identified in
all three catalogs ([3.6] < 23.75, i’ < 26.5). Approximately
6% of our spectroscopic subsample is missed due to a more
conservative source removal around bright stars in 106.

The top panels of Figure 10 show the comparison of Zppe
VErsus Zgpee for the galaxies in common between the Rainbow,
106, and DEEP2 catalogs with [3.6] < 23.75 and i’ < 25, without
any other requirement of band coverage. Table 4 summarizes
accuracy of the zppot in Rainbow and 106 for these sources as
a function of redshift. We also list the fraction of catastrophic
outliers in each catalog that is recovered in the other (shown as
green dots in Figure 10).

The overall scatter in 106 for the sources in common with
the IRAC sample is consistent with their results for the whole
D3 sample. The comparison as a function of redshift indicates
that 106 estimates at lower redshift are slightly more precise,
probably as a result of the template-optimization algorithm and
the Bayesian prior (see Figure 6 of 106), but also because of
our slightly lower performance at z < 0.5. On the contrary, the
fraction of catastrophic outliers in 106 is larger than in Rainbow
for all redshifts, and particularly at z > 2.5. Moreover, the Zppo
Rainbow is able to recover ~80% of these outliers. At z > 1,
our larger band coverage, mostly in NIR bands, provides more
accurate estimates. Note that the IRAC fluxes for the LBGs play
a critical role in providing more accurate redshifts (and stellar
parameters) for these sources.

3.5.2. Rainbow versus EAZY

Here, we check again the quality and overall consistency of
our SEDs and zpp,o by computing an independent estimation of
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Figure 10. Top: comparison of zphot VS. Zspec for the estimations presented in this paper (left) and the ones in 106 (right). The sample is drawn from the overlap region
between the CFHTLS-D3 area and the IRAC mosaic (main region). Both figures contain the same 5454 sources simultaneously detected in both catalogs and in the
DEEP2 sample at [3.6] < 23.75 and i’ < 24.5. Green points depict Zphot in Rainbow for the outliers in 106 (left) and viceversa (right). Bottom: comparison of zphot
computed with EAZY vs. zgpec for sources in the main region. This figure is equivalent to the left panel of Figure 6 for estimates based in EAZY. Green dots depict

catastrophic outliers in the zpnor estimated with Rainbow.
(A color version of this figure is available in the online journal.)

the zphoe With a different code. A successful result using a dif-
ferent fitting code based on different template sets would certify
that the catalog reproduces accurately the observed SEDs and
is therefore suitable for galaxy population studies.

We computed alternative zppo using the photometric redshift
code EAZY (Brammer et al. 2008). The advantage of EAZY is
that it was conceived to provide accurate photometric redshift
estimates for NIR-selected samples in absence of a represen-
tative calibration sample of spectroscopic redshifts. The code
makes use of a new set of templates computed from a K-limited
subsample of the Millennium Simulation (Springel et al. 2005;
De Lucia & Blaizot 2007) and modeled by fitting the synthetic
SEDs with PEGASE models and applying an optimization al-
gorithm. The final result is set of six templates that essentially
reproduces the principal components of the catalog. Further-
more, a template error function was introduced to account for
systematic differences between the observed photometry and
the template photometry at different wavelengths. After trying
different configurations for the input parameters, we find that
the best results in the Zpnot—Zspec COMparison are obtained using
the template error function and incorporating a Bayesian prior
on the redshift distribution similar to that of Benitez (2000; see
Brammer et al. 2008 for more details). The use of the template
error function is decisive to weight the contribution of the IRAC

bands at lower redshifts as we have also verified in our own Zppe
(see Section 3.3).

In addition, we find that a critical issue to avoid a severe
contamination from catastrophic zph is the use of the purged
photometric catalog produced by Rainbow. Prior to the fitting
procedure, Rainbow carries out a first pass on the catalog
where potential photometric outliers are removed. If we use the
resulting catalog as input for EAZY the outlier fraction is reduced
by a factor ~5, illustrating the relevance on the photometric
errors not only in the overall quality of the zpho but also in the
catastrophic errors.

The bottom panel of Figure 10 depicts the comparison of the
Zphot With EAZY versus spectroscopic redshifts for the galaxies in
the main region (i.e., the same galaxies depicted in the left panel
of Figure 6). As in the previous section green markers indicate
outliers in zpnot Rainbow. Tables 2 and 3 summarize the quality
of Zpno for Rainbow and EAZY in different redshift bins for the
main and flanking regions, respectively. The overall scatter and
outlier fractions of both estimates are roughly similar, with the
estimates of EAZY presenting a slightly higher accuracy in the
main region, but lower in the flanking fields. We also note that
Zphot With EAZY perform better at z < 0.5, being less sensitive
to the mild broadening of the zPDF present in Rainbow. The
tables also quote the 68% confidence intervals of zpho, Which
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are similar for both codes and are in good agreement with other
results based on EAZY (e.g., Cardamone et al. 2010). We show
that the fraction of sources with a quality parameter Qz < 1
in EAZY (good photometric redshifts; Brammer et al. 2008)
is typically >90% except for the highest redshift bin, where
the photometry is more uncertain, due to the intrinsic faintness
of these sources, and thus there is larger fraction of outliers.
In addition, we find that roughly 40%-50% of the outliers in
EAZY present a poor Zpho €stimate in Rainbow and vice versa.
Therefore, similarly to the galaxies with different values of zpeax
and Zzpp, galaxies with significantly different estimates both
catalogs are frequently (~50%) outliers.

From the good agreement between the different zpho €stimates
we conclude that the photometric catalog provides accurate
SEDs suitable for studies of galaxy populations irrespective
of the code used for the analysis.

3.6. Number Densities and Redshift Distribution of
NIR-selected Galaxies

As an additional test of the accuracy of zpp, We compare
the number densities and redshift distributions of NIR color-
selected populations with the results from other authors. In order
to facilitate the comparison to the references, the magnitudes in
this section are given in Vega system.

Given the highly non-uniform band coverage of the field,
we have chosen to compute galaxy colors based on synthetic
magnitudes. An advantage of this method is that synthetic
photometry behaves better than directly observed values when
deep data are not available in some of the required bands,
allowing us to assign robust fluxes for undetected sources in
the shallower bands. This is the same procedure that we used in
PGOS, and is similar to that presented in Grazian et al. (2007)
and Quadri et al. (2007). We restrict the analysis in this section
to the 0.35 deg’? of the main region which count with better
photometry.

For obvious reasons, the success of this method depends
critically on the quality of the synthetic fluxes. In Section 3.3,
we showed that these fluxes provide an accurate representation
of the observed values in the magnitude range covered by the
observations. The median offsets are very small and the scatter
is consistent within a factor ~2 with the photometric errors at
different magnitudes (see Figure 5).

In order to avoid possible selection effects, we restrict
the analysis to NIR-selected galaxies which would be fully
represented in the IRAC-selected sample. We selected distant
red galaxies (DRGs; Franx et al. 2003) as galaxies with [/ — K] >
2.3, and BzK galaxies, both star forming (s-BzK) and passively
evolving (p-BzK), following the equations in Daddi et al. (2004).
Both criteria were proposed to target massive galaxies at z ~
2, although DRG and p-BzK are best at selecting galaxies with
a significant fraction of evolved stars, whereas s-BzK select
star-forming galaxies similar to those found by the low-redshift
equivalent of the LBG criteria (LBG/BX; Steidel et al. 2004).
For the DRG we convolved the templates with the VLT/ISAAC
J and K filters, whereas for the BzZK we used VLT/FORS B,
HST/ACS z, and VLT/ISAAC K which are the same filters
used in Daddi et al. (2004).

The top left panel of Figure 11 shows the K-band® number
counts for the IRAC-selected catalog compared to other results
from the bibliography. Our counts are in very good agreement

% We used the following transformations when required
AKvgGa—aB(UKIRT,CFHT,SOFI) = 1.90,1.85,1.87.
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Table 5
Surface Density of DRG and BzKs

Criteria Kveca <21 KvEica < 20

pa Zb pa Zb
DRG 1.4 2.47 0.5 224
s-BzK 5.0 1.89 1.5 1.70
p-BzK 0.5 1.85 0.3 1.73
Notes.

2 Surface density of DRG and BzK in arcmin 2.

b Median photometric redshift of each sub-sample.

with the values of Quadri et al. (2007) for the MUSYC survey,
and with our previous results in Barro et al. (2009) for the south
region of EGS (~30% overlap with the IRAC sample). The
overall agreement with the counts of the Palomar—WIRC catalog
(Conselice et al. 2008) is slightly worse. However, the complete
Palomar—WIRC catalog covers a total area of 1.47 deg® out of
which EGS is only a small fraction (0.20 degz). At Kygga ~
20 our results are also consistent with those in Hartley et al.
(2008), McCracken et al. (2010), and Forster Schreiber et al.
(20006), following the same trend as the latter up to Kygga =
21. From this comparison, we conclude that the IRAC catalog
limited to [3.6] = 23.75 is a good proxy of a K-limited sample
with at least Kypga < 21 mag.

The top right and the bottom panels of Figure 11 shows
the comparison of the number counts for DRG and BzK
(restricted to z > 1.4) galaxies with other values from the
literature. There is good agreement within the typical scatter
(0.1-0.2 dex), generally associated with cosmic variance. Our
counts reproduce the most representative features of the overall
distribution, namely, the plateau in DRG and p-BzK around
Kveca ~ 20.5 and the steep slope in the counts of s-BzK. We
note that our s-BzK counts are slightly above those from Blanc
et al. (2008) and McCracken et al. (2010) which count with very
large surveyed areas (0.71 deg” and 2 deg?, respectively). On
the contrary, our results are in excellent agreement with Hartley
et al. (2008, 0.63 degz). In McCracken et al. (2010) the authors
argue that their disagreement with the counts of Hartley et al.
(2008) is the result of an incorrect color correction in the filter
system. However, for this work we used the exact same filters as
in Daddi et al. (2004) obtaining similar results to Hartley et al.
Thus, the most plausible explanation is that there is an excess
of galaxies at z ~ 1.5 in our region.

For p-BzK, our results lie between those of Hartley et al.
(2008) and McCracken et al. (2010). However, the counts of
p-BzK exhibit the largest scatter of the three populations. This
is not surprising given that p-BzK target a more constrained
population, prone to stronger clustering (Grazian et al. 2006b;
Kajisawa et al. 2006; Hartley et al. 2008; McCracken et al. 2010)
and hence significantly affected by the large-scale structure
(LSS). Table 5 summarizes the accumulated surface densities
of DRG and BzK galaxies up to Kyvgga = 20 and Kygga =
21. The values are roughly consistent with the results of the
studies shown in Figure 11, and with other values from the
literature (0.89 DRG arcmin—2 in Quadri et al. 2007; 3.1 s-BzK
arcmin~? and 0.24 p-BzK arcmin~? in Reddy et al. 2005; 3.2
s-BzK arcmin2 and 0.65 p-BzK arcmin~2 in Grazian et al.
2007). As mentioned above, the excess of s-BzK by a factor of
~1.5 could be caused by a source overdensity in the area. Note
that this excess does not necessarily affect s-BzK and p-BzK
in the same manner due to the different clustering properties of
each population (Hartley et al. 2008; McCracken et al. 2010;
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Figure 11. Galaxy number counts of our sample in the K-band, derived from synthetic observed magnitudes, compared to results from the literature. The black dots
connected with a solid line depict the values derived in the present work. The other symbols show the results from other authors. Top left: number counts for the
complete galaxy sample ([3.6] < 23.75) in the main region. Top right: number counts for DRG. Bottom left: number counts for s-BzK galaxies. Bottom right: number

counts for p-BzK galaxies.

Hartley et al. 2010). In fact, our density of p-BzK is not among
the lowest values.

Figure 12 shows the zpp distribution of DRG, s-BzK, and p-
BzK galaxies with Kygga < 20 and Kvgga < 21, compared to
some results from the literature. The distributions are convolved
with a 6z = 0.1 kernel in order to account for the Zppe
uncertainties. The redshift range spanned by the different galaxy
populations is in good agreement with the usual distributions
observed in other studies, i.e.,z > 2for DRGand 1.4 <z < 2.5
for BzKs (Daddi et al. 2004). DRG present a secondary redshift
peak around z ~ 1, that accounts for a significant fraction of the
total population at bright (Kvgga < 20) magnitudes (as already
pointed out by other authors, e.g., Quadri et al. 2007; Conselice
et al. 2007). Nevertheless, our surveyed area (0.35 degz) is
not large enough to make (bright) low-z DRG the dominant
fraction, as in the 0.70 deg? of the K-band Palomar survey where
~70% of these galaxies are found at z < 1.4 Conselice et al.
(2007). As expected, s-BzK and p-BzK present almost identical
redshift distributions, although the latter seems to have a more
extended high-redshift tail, being also less prone to low redshift

interlopers (probably as a consequence of the more restrictive
color criteria). In summary, our results about the number density
and redshift distribution of color-selected z > 1 galaxy samples
are consistent with previous studies (Reddy et al. 2005; Grazian
et al. 2007; PGOS), indicating that the photometric redshift
estimates are generally robust at high redshift.

3.7. Photometric Redshift Distribution

Figure 13 shows the zppo; distribution for the IRAC selected
sample in the main region, limited to [3.6] < 23.75. In addition,
we also plot the redshift distributions of the galaxies detected at
24 pum, 70 pm, and the sub-sample with spectroscopic redshifts.
In order to derive a realistic distribution, accounting for the
uncertainties in zZppe, the distribution was convolved with the
typical width of the zPDFs. We used a conservative upper
limit of Az/(1 + z) = 0.07. The shape of the distribution is
consistent with that expected for a magnitude limited sample.
At low redshift the number density increases as we probe larger
volumes, and then an exponential decay is observed as the
sources get fainter and the detection probability decreases.
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Figure 12. Photometric redshift distributions of s-BzK, p-BzK, and DRG
galaxies (from top to bottom) drawn from the IRAC-selected sample with [3.6] <
23.75. The black line and gray line show the distributions at Kygga < 21 and
Kvega < 20, respectively. Our results are compared with the median (and
quartile) of the redshift distributions in Grazian et al. (2007, red), Quadri et al.
(2007, green), and McCracken et al. (2010, blue; also top to bottom). The two
(green) intervals in the redshift distribution of DRG indicate the median values
of the distribution at redshifts lower and higher than z = 1.5 in the work Quadri
et al. (2007).

The positions of the minor prominences in the zpno distri-
bution are roughly consistent with the most remarkable peaks
observed in the spectroscopic redshift distribution at z ~ 0.3,
z~ 0.7, z ~ 1. The median redshift of the photometric redshift
distribution is z = 1.2, 75% of the sources are below z = 2.1,
and 90% below z = 2.7. The median of the distribution is con-
sistent with the results of Ilbert et al. (2009) in the COSMOS
field forani’ + 3.6 um selected sample (i’ < 25,£(3.6) > 1 uly).
Although the IRAC S-COSMOS catalog is shallower than ours,
with a ~50% completeness level at f(3.6) = 1 uJy, the median
redshift limited to their faintest magnitude bin (24.5 < i’ < 25),
z = 1.06, is similar to ours. Note that the small differences could
arise from the presence of underlying LSS in EGS, whereas this
effect is largely reduced in the COSMOS sample due the larger
area of field (~1.73 deg?). Finally, the distribution is also in
good agreement with our results in PGOS8 for the averaged red-
shift distribution of a combination of IRAC-selected catalogs
in the HDFN, CDFS, and Lockman Hole fields. The total com-
bined area in PGO8 is approximately that of the main region
of EGS, and the limiting magnitude of the catalog was slightly
lower (f (3.6) < 1.6 uJy). However, the redshift distribution also
peaks around z = 0.8—1, consistently with ours.

4. SED ANALYSIS: STELLAR MASSES

In this section, we describe the method used to estimate stel-
lar masses based on the SED fitting. In addition, we analyze the
goodness of our stellar mass estimations quantifying the sys-
tematic and random errors linked to assumptions in the input
parameters for the stellar population modeling. For the discus-
sion in Section 4.2.1, we use only the spectroscopic sample in
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Figure 13. Photometric redshift distribution for the IRAC ([3.6] < 23.75; black),
MIPS 24 um (x3, red), MIPS 70 um (x6, orange), and spectroscopic (gray
area) samples in the main region of the EGS. The distribution of zpho in 106
(i’ < 24.5) for the overlapping area with the IRAC mosaic is shown in blue for
comparison.

the main region (which count with better photometry) and we
force the zphot to the spectroscopic value.

4.1. Stellar Mass Estimates

The stellar mass of each galaxy is estimated from the
wavelength-averaged scale factor required to match the template
monochromatic luminosities to the observed fluxes. This is
possible because our templates are obtained from SPS models
which are expressed in energy density per stellar mass unit.
Note that the stellar mass estimate is not obtained from a
single rest-frame luminosity and its corresponding mass-to-
light ratio, which has been a typical procedure seen in the
literature, but from the whole SED. In our method, the fit to the
multi-band data implicitly constraints the mass-to-light ratio by
determining the most suitable template. Then, we estimate the
mass from the averaged template normalization, weighted with
the photometric errors. This approach is less sensitive to the
effects of the star formation history (SFH) or the photometric
and template uncertainties in a single band. Objects fitted with
pure AGN templates have no stellar mass estimate, as their SED
is dominated by non-stellar emission. The random uncertainty
of the stellar mass is estimated with a bootstrap method by
randomly varying the photometric redshift and observed fluxes
based on their quoted errors.

4.2. Accuracy of the Stellar Masses

In addition to the uncertainties inherited from the probabilistic
nature of zpho and the intrinsic photometric errors, there is
another source of systematic uncertainty associated with the
assumptions in the SED modeling. Although significant effort
has gone into providing accurate SPS models, key ingredients
of the theoretical predictions are still poorly understood. As
a result, there can be substantial differences in the physical
properties estimated with many of the well-tested SPS models
available in the literature. Most of these differences arise from
the different parameterizations of potentially uncertain phases
of the stellar evolution, such us the asymptotic giant branch
(AGB) or the thermally pulsating AGB (Maraston 2005; Bruzual
2007; Kannappan & Gawiser 2007). Another critical aspect is
the choice of an IMF. Although this is essentially assumed to
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Figure 14. Left: comparison of the stellar masses estimated with [PO1, SALP, CALO1] using spectroscopic and photometric redshifts in the main (black) and flanking
(red) regions, respectively. The blue line indicates the best Gaussian fit to the central values of the main region distribution. Right: stellar masses of the galaxies in
the sample as a function of redshift. The black dots depict galaxies with [3.6] < 23.75 (85% completeness level of the sample). The red dots depict galaxies 23.75 <
[3.6] < 24.75 (30 limiting magnitude). The green dots show galaxies with spectroscopic redshifts. The blue lines indicate the 90% and 10% percentiles of the mass
distribution as a function of redshift for the galaxies with [3.6] < 23.75 (solid) and 23.75 < [3.6] < 24.75 (dashed), respectively.

introduce a change in the overall normalization of the stellar
mass, there are additional effects attached, e.g., a change in
the balance between low-mass and high-mass stars varies the
relative fraction of stars in different points of the isochrones.
Thus, modifying the colors and M/L of the modeled galaxies
at different evolutionary stages (Maraston 1998; van Dokkum
et al. 2008).

Apart from the choice of SPS models and IMF, additional ef-
fects might arise from the assumed SFH, usually parameterized
with T-models, or the choice of a dust extinction law and metal-
licity. As recently shown in Muzzin et al. (2009) (also Kriek
et al. 2008 or Marchesini et al. 2009), due to all these effects,
the physical properties of galaxies estimated from broadband
photometry often presents large uncertainties (typically within
a scatter of 0.2 dex for stellar masses), in addition to systematic
offsets. Moreover, these uncertainties can be even larger (up to
0.6 dex) for particularly sensitive galaxy populations at high-z,
such as bright red galaxies. See for example the series of paper
by Conroy et al. (2009, 2010) and Conroy & Gunn (2010) for a
detailed discussion of all these issues.

Taking these considerations into account, in the following
sections, we analyze the accuracy of our stellar mass estimates
quantifying the uncertainty budgets associated with different
effects. First, we study the effect of photometric redshift
uncertainties. Then, we evaluate the impact from the choice
of SPS models, IMF, and dust extinction law restricting the
analysis to the spectroscopic sample. For the sake of clarity,
we refer all comparisons to a default choice of SED modeling
parameters (as described in 3) characterized by SPS models,
IMF, and extinction law [PO1, SALP, CALO1]. Finally, we verify
that our stellar masses provide realistic values by comparing
them to other stellar mass catalogs available in the literature.

Note that although the a priori assumptions on the SFH can
also introduce systematic effects in the estimated stellar masses,
an in depth analysis of these issues is clearly beyond the scope
of this paper (see, e.g., Maraston et al. 2010 for a detailed
discussion). Nonetheless, a comparison of the results obtained
with a single exponentially declining stellar population (1-POP)

and with a single population plus a second burst (2-POP) is
presented in PGO8 (Appendix B) along with similar tests to the
ones presented in the next section.

The catalog of stellar masses presented in this paper (see
Section 6) contains the different values obtained with all the
modeling configurations discussed in the next sections.

4.2.1. Effects of the Photometric Redshifts, SPS Models,
IMF, and Extinction Law

The left panel of Figure 14 shows the scatter in the stel-
lar masses estimated using Zpnhor and zgpee for the 7636 spec-
troscopic galaxies in the main (black) and flanking regions
(red). Approximately 68% and 90% of the sources are con-
fined within an rms of 0.16, 0.34 dex and 0.20, 0.39 dex in each
region, respectively. Nonetheless, the distribution shows a pro-
nounced central peak that it is well reproduced by a Gaussian
distribution (blue line) with extended wings, indicating that for
the most accurate redshifts, the scatter is substantially reduced
(~0.065 dex). This is in good agreement with the results of Ilbert
et al. (2010, see Figure 3) scaled to the overall accuracy of our
photometric redshifts, which is slightly lower. The right panel
of Figure 14 shows the range of stellar masses as a function
of redshift for the whole sample (black). In order to illustrate
the approximate limiting stellar mass inherited from the mag-
nitude limit ([3.6] < 23.75; 85% completeness), we also depict
the galaxies up to the 3¢ limiting magnitude (23.75 < [3.6]
< 24.75, red dots). Approximately 90% of the galaxies with
[3.6] < 23.75 present log(M) > 10 Mg at z 2 2.5 (blue line)
in agreement with our results in PGO8 for a similar limiting
magnitude. Similarly, ~10% of the faintest galaxies (23.75 <
[3.6] < 24.75), absent in our main sample, present stellar masses
larger than log(M) > 10 My (blue dashed line). Note how-
ever that the completeness in stellar mass cannot be directly
extraploted from these limits because for any given redshift,
galaxies with different ages present different mass-to-light ra-
tios. Hence, the completeness is an age (or color) dependent
value. In particular, magnitude limited samples are known to be
incomplete against the oldest (red) galaxies (see, e.g., Fontana
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Table 6
Comparison of Stellar Masses Computed with Different
Modeling Assumptions

IMFs SPS model Dust Alog(M) Alog(M)
@ @) 3) “) )

SALP—KROU CB09 CALO1 0.19£3%7  0.19£012
SALP—KROU P01 CALO1 0.03£329  0.13£037
KROU—-CHAB CB09 CALO1 0.04£04 0.07£9%
SPS model IMF Dust Alog(M) Alog(M)
BC03—CB09 CHAB CALO1 0.04+53%  0.07£939
PO1—-CB09 KROU CALO1 0.15£923  0.08+£)%8
P0O1-MO5 KROU CALO1 0.39£93¢  0.30£033
CB09—MO05 KROU CALO1 0.16+02¢  0.20493]
Dust IMF SPS model Alog(M) Alog(M)
CALO1—-CF00 SALP POl —0.03£939  0.00£)30

Notes. Comparison of the stellar masses obtained under different combinations
of the modeling assumptions.

(1), (2), and (3) SPS model, IMF, and dust extinction law, alternatively. The first
column indicate the parameters being compared.

(4) Log of median value and quartiles of the difference for galaxies with
log(M) < 10 Mg

(5) Same as (4) for galaxies with log(M) > 10 M.

et al. 2006). A detailed analysis of the completeness limit as a
function of the galaxy type will be included in a forthcoming
paper.

The first test on the effect of the SED modeling assumptions
consist of a comparison of the stellar masses computed with
three different choices of the IMF: SALP, Kroupa (2001),
and Chabrier (2003, hereafter KROU and CHAB, respectively)
IMFs. The naive expectation is that the stellar masses obtained
with a SALP IMF are on average larger than those obtained with
the other two, as it predicts a larger number of low-mass stars. On
the contrary, the IMFs of KROU and CHAB are quantitatively
very similar and therefore the differences are expected to be
small and mass independent. Table 6 summarizes the median
value and quartiles of the comparison of stellar masses obtained
with each IMF in combination with the PO1 and S. Charlot &
G. Bruzual (2011, in preparation, referred as CB09) models and
a CALO1 extinction law against the reference values. The top
panels in Figure 15 show this comparison for SALP or KROU
IMFs (left) and a KROU or CHAB IMFs (right) and the CB09
models. In both cases the difference is essentially a constant
value of factor ~1.6 and 1.2, respectively, consistently with the
results of the literature (e.g., Salimbeni et al. 2009; Muzzin et al.
2009; Marchesini et al. 2009). On the contrary, the difference
in the values obtained with a SALP or KROU IMFs for the PO1
models is significantly smaller than that for the CB09 models,
showing also a larger scatter and a dependence on the stellar
mass. This effect seems to be related with a difference in the
age dependency of the mass-to-light ratio for each IMF in these
particular models (see, e.g., Maraston 1998; van Dokkum et al.
2008 for a description of these effects).

The second test on the modeling parameters is the comparison
of stellar masses obtained with the models of PO1, Bruzual &
Charlot (2003, BC03), Maraston (2005, M05), and CB09 for the
same IMFs. The models of MO5 were the first to account for the
contribution of the TP-AGB phase in the SPSs, a consideration
that is expected to lead to lower stellar masses compared to those
obtained with PO1 and BCO3. However, this difference should
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be reduced in the CB09 models, the updated version of BC03,
which include an improved treatment of this particular phase.
The overall results of the comparison between models are also
summarized in Table 6 and in the panels of Figure 16.

Interestingly, we find that the difference between [BCO3,
CHAB] and [CB09, CHAB] is relatively small, ~0.04 dex, and
mostly independent of the stellar mass. This suggests that, at
least for the present sample, taking into account the TP-AGB
phase does not introduce significant differences. A possible
explanation could be that, since the spectroscopic sample consist
mostly on z < 1 galaxies, the available photometric coverage
is not probing the rest-frame NIR with sufficient detail. Only
at higher redshifts (z 2 1) the IRAC bands would start probing
the region of the SED that is heavily affected by the TP-AGB
phases. Note also that the spectroscopic sample analyzed here
might not be a critical population to constraint the effect of the
TP-AGB, as, for example, the post-starburst galaxies studied in
Conroy et al. (2010).

In addition, we find that the estimates with [PO1, KROU]
are larger than those obtained with [CB09, KROU] and [MO05,
KROU] with an average offset of 0.15 dex and 0.39 dex,
respectively. The difference with respect to M05 is consistent
with previous results (e.g., Maraston et al. 2006; van der Wel
et al. 2006; Bruzual 2007) in spite of the slight dependence on
the mass. However, the 0.16 dex offset between [CB09, KROU]
and [M05, KROU] (illustrated for completeness in bottom-right
panel of Figure 16) is larger than expected revealing a more
complex relative difference between the two libraries beyond
the treatment of the TP-AGB phase.

Finally, the bottom-right panel of Figure 15 shows the
comparison of the stellar masses estimates obtained with a
CALO1 and a Charlot & Fall (2000, CF00) dust extinction
laws for the PO1 models and a KROU IMF. The most relevant
differences between CALO1 and CFO0O extinction laws are that
the latter presents a larger attenuation of the stellar component,
which effectively leads to lower fluxes (mostly in the UV) for
similar values of the extinction. Furthermore, the wavelength
dependence of the attenuation in CF0O is grayer (i.e., shallower)
than in CALO1. The overall result of the comparison is a small
offset of —0.03 dex with a ~0.2 dex rms, similar to what we
found in PGOS. This is also in good agreement with the results
of Muzzin et al. (2009), indicating that the treatment of the
extinction law does not play a major role in the estimate of the
stellar mass (although it is more relevant for other estimated
parameters).

In summary, we find that after accounting for the different
systematic offsets, all models seem to be roughly consistent
within a factor two (~0.3 dex). However, there are mass
dependent systematics that should be taken into account in
the analysis of overall properties of galaxy samples (e.g.,
Marchesini et al. 2009; Taylor et al. 2009; Ilbert et al. 2010).

4.2.2. Comparison to other Stellar Mass Catalogs

In this section, we compare our stellar masses with the es-
timates from Bundy et al. (2006) and Trujillo et al. (2007). In
the former, the authors derived stellar masses for a large sam-
ple of galaxies with spectroscopic redshifts from the DEEP2
survey in the EGS. In the latter, the authors combined spectro-
scopic and photometric redshifts to study the properties of a
mass limited sample (log M > 11 Mg). Both works used the
same photometric data set consisting of five bands: BRI from
the CFHT survey, and JK from the Palomar NIR survey. The
stellar masses in both cases were essentially computed based
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Figure 17. Difference between our best-fit stellar mass using [PO1, SALP] and the stellar masses of Bundy et al. (2006) (left), and the mass limited sample (log M >
11 Mg) of Trujillo et al. (2007). The histograms in the right side are the same as in Figure 15. Note that the comparison to Trujillo et al. is limited to log M > 11 M.

on the fitting of the SEDs to a grid of templates derived from
BC03 models with a Chabrier (2003) IMF and exponentially
decreasing SFHs. In particular, Bundy et al. used the rest-frame
K-band luminosity and mass-to-light ratio to scale the templates
and compute the probability distribution of the stellar mass and
the most likely value. On the contrary, Trujillo et al. (based on
the results of Conselice et al. 2007) did not renormalize the
templates in a single band but used the whole SED to scale
the fluxes, similarly to our approach but restricted to only five
bands.

We cross-correlate the catalogs using a 2” radius, and we
double check the validity of the match ensuring that the
spectroscopic redshifts (independently matched) are the same.
The final sample contains 4706 and 791 galaxies detected in
the catalogs of Bundy et al. and Trujillo et al., respectively.
For the comparison to Bundy et al. the photometric redshifts
were forced to the spectroscopic value and for the comparison
to Trujillo et al. the photometric redshifts were forced to the
values quoted in their paper.

The left panel of Figure 17 shows the comparison of the
stellar masses with Bundy at al. for our default modeling
assumptions. Our estimates are slightly lower with a median
difference of Alog(M) = —0.07 £ 0.21 dex. Also, we find
that the stellar masses computed with [PO1,SALP] are in better
agreement with Bundy et al. than those obtained using the same
modeling configuration as in their work, [BC03, CHAB], which
would increase the difference in smaller masses to Alog(M) =
—0.12 dex. We further investigate if this offset is caused
by a difference in the photometry by comparing our K-band
magnitudes to those of Bundy et al. that were computed using
2" radius apertures (for the SED fitting). The sources in Bundy
et al. are on average A K = (.12 mag fainter than in our
catalog, which would imply a larger difference in the stellar
masses if we simply scale their magnitudes to our photometry.
Thus, the most plausible explanation for this small offset is the
use of different techniques for estimating the stellar masses,
and specifically the use of IRAC data in our study. The right
panel of Figure 17 shows the comparison of the stellar masses
with Trujillo at al. The overall comparison presents a good
agreement with a median difference of Alog(M) = 0.10 £
0.25 dex, slightly larger than the offset to masses of Bundy et al.
However, the scatter of the distribution is quite similar to that
of the comparison to Bundy et al. for the highest stellar masses
log(M) >11 Mg.

5. SED ANALYSIS: STAR FORMATION RATES

In this section, we present the estimations of the SFRs of the
galaxies in our IRAC sample based on their UV-to-FIR SEDs.
We also discuss the quality of these estimates as well as their
associated systematic uncertainties.

The SFR of a galaxy is frequently computed from the UV and
IR luminosities through theoretical or empirical calibrations.
As young stellar populations emit predominantly in the UV,
this wavelength range is highly sensitive to recent events of
star formation. However, this UV emission is usually attenuated
by dust, which re-emits the absorbed energy in the thermal
IR. Consequently, the ongoing SFR can be estimated either by
correcting the UV luminosity for extinction or combining the
IR emission and the unobscured UV flux.

Here, we focus on the latter approach making use of the
high quality FIR fluxes observed with MIPS at 24 and 70 um.
Thus, assuming that the total SFR of a galaxy can be estimated
by summing up two components (see, e.g., Bell et al. 2005;
Iglesias-Paramo et al. 2007): the part of the star formation that
is probed by a tracer affected by dust attenuation, so we only
are able to observe directly a fraction of it (i.e., the unobscured
component), and the part of the star formation that is hidden
by dust (obscured component). The unobscured star formation
can be measured with the rest-frame UV emission, which can
be estimated from the optical/NIR SEDs for the galaxies in our
sample. The obscured component can be estimated from the
total IR thermal emission (thus, we will refer to it as IR-SFR
or IR-based SFR). However, its calculation is usually affected
by the choice of template libraries fitting the IR part of the
SED and, more significantly, by the photometric coverage in
the MIR-to-mm spectral range. In this section, we will focus on
the analysis of the IR-based SFR and the random and systematic
uncertainties associated with the different procedures used to
estimate it.

The structure of this section is as follows. First, we describe
how we fit the IR part of the SEDs to dust emission models and
present the different methods used to estimate an IR-based SFR
from monochromatic and integrated luminosities in the MIR-
to-mm range. Then, we compare these different methods and
discuss the systematic and random uncertainties inherent to the
calculation of IR-based SFRs.

In this section, the reader must have in mind that the most
useful information to estimate IR-based SFRs comes from the
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MIPS 24 um fluxes. The reason is simple: these observations
are the deepest in the MIR-to-mm range, so we only have this
SFR tracer for the vast majority of sources in our sample.
Ideally, it would be desirable to have other fluxes in the IR
to constrain the fits to dust emission models, but this is only
possible for a very small fraction of galaxies which have
MIPS 70 um data, or other photometric points in the (sub)-
mm. Even with Herschel data, there will be a significant
population of galaxies that will only count with the MIPS
24 pum flux. Therefore, an important part of our discussion will
be assessing the reliability of IR-based SFRs based only on
MIPS 24 um data. For that purpose, we will take advantage
of the very deep observations carried out at 70 um within the
Spitzer FIDEL Legacy Project, studying the variations in the
estimated IR-based SFRs fitting MIPS 24 um and MIPS 70 pum
simultaneously.

5.1. IR SED Fitting

Typically, IR-based SFR are computed either from the total
IR luminosity, i.e., the integrated emission from 8§ to 1000 xm
[L(TIR)] or from monochromatic luminosities at different wave-
lengths. Both methods require a detailed characterization of the
IR SED, which is usually obtained by fitting the observed fluxes
to dust emission templates. However, as mentioned above, these
estimates are largely dependent on the choice of templates. An
issue that is usually aggravated by the fact that typically the
only measurement of the MIR emission comes from the 24 um
data, and occasionally 70 um, whereas the total IR luminosity
is commonly dominated by the emission at longer wavelengths
A~ 100 pm.

Thus, in order to study in detail the intrinsic uncertainties
in the IR-based SFRs arising from these issues, we follow two
different approaches to fit the IR data to the dust templates:
(1) we study the galaxies detected at MIPS 24 pum fitting only
this flux to models of Chary & Elbaz (2001, CEO1 hereafter),
Dale & Helou (2002, DHO2 hereafter), which is a usual scenario
in studies of the IR-emission at high-z (see e.g., Santini et al.
2009; Wuyts et al. 2008). In this case, we asses the differences
between IR-based SFR (hereafter SFR;(24)) estimated with
several methods, and the impact of using different models; (2)
we restrict the analysis to galaxies simultaneously detected in
IRAC and MIPS 24 and 70 pm, fitting all fluxes at rest-frame
wavelengths A > 5 um (where the luminosity of a galaxy must
present a significant non-stellar contribution; see, e.g., Pérez-
Gonzalez et al. 2006; Smith et al. 2007) to the models of CEO1,
DHO2, and also Rieke et al. (2009, R09 hereafter). We refer
to these galaxies as the best-effort sample and their SFRs (8,
24, 70). The notation indicates that the fit essentially includes
8, 24, and 70 um data up to z ~ 0.6, 24, and 70 um data at
higher redshift. Based on this sample we can study the impact
of having a better constrained IR SED against the MIPS 24 yum
only scenario (e.g., as in Kartaltepe et al. 2010). In both cases,
the fitting is carried out by fixing the redshift to zphot O Zspec
(if available). Then, the excess resulting from subtracting the
predicted contribution from the stellar flux (given by the best-
fitting optical template) to the MIR bands is fitted to each
set of models. In the case when only MIPS 24 yum data are
used, the templates are not fitted but rather scaled, i.e., we
obtain the rest-frame monochromatic luminosity for that flux
and redshift and we select the most likely template based in
their absolute normalization in the total IR luminosity (as in,
e.g., Papovich et al. 2006; Santini et al. 2009). Moreover, for
sources undetected in the 24 um data, we set an upper limit of
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f(24) = 60 puly, the approximate SNR = 5 level of the MIPS

data in EGS (see Paper I for more details), which allows us to
provide an upper limit of the IR-based SFR. Figure 2 shows an
example of the IR SED fitting jointly with the optical template.

Based on the best-fitting templates, we computed several
IR monochromatic and the integrated luminosities [L(A) and
L(TIR), respectively] as the median value of all the fitted
template sets. In the following, we describe various possibilities
for IR-based SFRs based on L(A) at different wavelengths.
These relations are calibrated from galaxy samples counting
with extensive IR coverage (at least more than 3—4 bands),
and provides an alternative estimate of the SFR based on
milder template extrapolation than L(TIR), which in principle
makes them more robust when only few bands are available
for the fitting. Note however that the rest-frame wavelengths
around 10-30 um are wildly variable and thus extrapolating
luminosities in this region involve significant uncertainties, e.g.,
L(8) based on 24 um data at z ~ 2 (see Section 5.3.2 for more
details).

5.2. Total SFR and IR-based SFRs Estimates

Our method to estimate the total SFRs is based on a combina-
tion of the IR emission and the unobscured UV flux (similarly
to Pérez-Gonzélez et al. 2006; Kennicutt et al. 2009; Santini
et al. 2009). In particular, we use the prescription of Bell et al.
(2005, see also Papovich et al. 2007), which is based on the
calibration for the total IR luminosity of Kennicutt (1998) and
parameterizes the contribution of radiation that escapes directly
in the UV:

SFR = SFRt|R + SFRUVA,obs 3)

SFR(Mp yr™') = 1.8 x 107'°[L(TIR) + 3.3 x L(0.28)]/Lo,
4)
where L(TIR) is the integrated total IR luminosity and £(0.28)
is the rest-frame monochromatic luminosity at 0.28 pm (uncor-
rected for extinction). The well-sampled SEDs of our galaxies
at optical wavelengths allow a robust estimation of L(0.28) by
interpolating in the best-fitting optical template. However, as de-
scribed in the previous section, the value of L(TIR) is strongly
model dependent, as it is based on an extrapolation from one
or a few MIR fluxes to the total emission from 8 to 1000 pm.
An alternate possibility is to obtain other IR-based SFRs based
on L(}), thus reducing the template dependence. In the follow-
ing, we will refer to the IR-based SFR derived from L(TIR) as
SFRtr. In addition, we compute four other IR-based estimates.
The first estimate is based on rest-frame monochromatic
luminosity at 8 um (hereafter SFRpog). These estimate make use
of the empirical relation between L(8 um) and L(TIR) described
in Bavouzet et al. (2008) and the Kennicutt factor to transform
to SFR:

SFRpos(Mo yr™ 1) = 1.8 x 10719 % (377.9 x L(8)*%)/Lo. (5)

The second method in based on Equation (14) of Rieke et al.
(2009) that relates the SFR (hereafter SFRgq9) to the observed
flux in the MIPS 24 um band and the redshift. The redshift
dependent coefficients of the relation were computed using
averaged templates derived from a set of empirical IR-SEDs
fitting local galaxies. This estimation of the SFR is independent
of the rest, as it is based on different templates. The conversion
from IR luminosities to SFRs is also computed through the
Kennicutt factor. However, the authors scaled the factor to a
Kroupa-like (2001) IMF (the original factor is for a SALP IMF)
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multiplying it by 0.66 (a similar conversion is obtained in Salim
et al. 2007). Here, we undo that change for consistency with the
other methods that are computed using the factor for a SALP
IMF.

The last method is not strictly an IR-based SFRs but an
estimate the global SFR. It is based on the empirical relation
given in Alonso-Herrero et al. (2006) between the rest-frame
monochromatic luminosity at 24 um and the SFR (hereafter,
SFRA-Ho6)

SFRA-Hos(Mo yr ™) = 1.51 x 1078 x L4 /Lo, (6)

This formula is based on the calibration of L(Pax) ver-
sus L(24 um) obtained for a set of local ULIRGS using the
Kennicutt (1998) relation between L(Pax) and SFR. A simi-
lar result was obtained by Calzetti et al. (2007) for resolved
star-forming regions in local starburst (see also Kennicutt et al.
2009). This estimation refers to the global SFR, not the IR-
based SFR, because the empirical relation in Alonso-Herrero
et al. (2006) already takes into account the unobscured star for-
mation (measured through the observed Pac emission) and the
extinction correction (applied to calculate L(Paw) in that paper).

5.3. Accuracy of the IR-based SFRs

In the following sections, we analyze the systematic uncer-
tainties in the IR-based SFRs associated with the use of differ-
ent models and indicators, and also the number of photometric
bands available for IR SED fitting.

First, we compare the values obtained with each of the
methods presented in the previous section for a sub-sample of
MIPS 24 um detected galaxies. In this case, the SED is fitted
to 24 um data only (Section 5.3.1). Note that we have chosen
several methods for estimating the IR-based SFR that present
intrinsically different approaches, using either integrated and
monochromatic luminosities or observed fluxes. Here, we also
test the differences introduced by the use of the CEO1, DHO2,
or R09 models. For simplicity, in this case, the comparison to
the R0O9 models is done through the SFRs obtained with their
empirical relation (SFRgq) instead of fitting the data to the three
models.

Second, we study the differences in the SFRs obtained for
MIPS 24 um sample and the best-effort sample, which count
with a better IR coverage based on IRAC-8.0 plus MIPS 24
and 70 um data (Section 5.3.2). With this test we quantify
the systematic effects associated with use of limited IR data.
Finally, we repeat the comparison of values obtained with each
method for the best-effort sample including also highly accurate
SFRs drawn from other authors based on a more detailed IR
coverage (Section 5.3.3). Based on this comparison we asses
the goodness of our best-effort SFRs and the reliability of the
different methods studied here.

For the sake of clarity, we will refer all the comparisons
between the SFRs estimated with each method to SFRg which,
as explained in Section 5.1, is computed from the average total
infrared luminosity of all the fitted template sets. In addition,
we will refer to them just as SFRs (dropping the IR prefix). In
the case of SFR-gos, the proper IR-based SFRs are obtained by
subtracting the contribution of the SFRyy obs. Nevertheless, as
our working samples are composed by strong IR-emitters, we
are biased toward dust obscured galaxies where this contribution
is presumably small. For example, Figure 18, which shows
the ratio SFRyv obs/SFRTIR, indicates that SFRyy obs 1S lower
than SFRrr (in most cases), with a clear trend for galaxies
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Figure 18. Ratio of the two components of the total SFR (SFR = SFRyy obs +
SFRir; Equation (4)) as a function of the SFRtr for a sub-sample galaxies
detected in MIPS 24 um (f(24) > 60 uJy). Each contour contains (from the
inside out) 25%, 50%, 75%, and 90% of the sample, respectively. The underlying
black dots depict the individual values of the ratio of SFRs. The gray stars with
error bars depict the median and 1o of the ratio of SFRs in bins of SFRtIr.

with intense star formation to present more and more extincted
starbursts.

5.3.1. Analysis of IR-based SFRs: MIPS 24 um Sample

Figure 19 shows the comparison of the IR-based SFRs
obtained with the different methods presented in Section 5.2
with respect to SFRrr as a function of SFR and redshift. All
the estimates discussed in this section are based on 24 um data
only, i.e., SFR;(24). We omit the parentheses for simplicity. The
SFRtr estimated separately with the models of CEO1 (green
dots) and DHO2 (blue dots) are shown jointly with the median
and rms of both values in several SFR and luminosity bins.
The typical scatter of the SFRs estimated with both libraries
is smaller than ~0.3 dex, consistent with the results by other
authors (Marcillac et al. 2006; Papovich et al. 2007). When we
compare the CEO1 and DHO2 libraries as a function of redshift,
the maximum differences are observed for galaxies at z = 1-2.
For these sources, the estimates with the DHO2 models are larger
than those with CEO1 models, as found by Santini et al. (2009).
In this redshift range, the 24 um band is probing the spectral
region where the 9.6 um silicate absorption is found, jointly with
the prominent PAHs around 7-9 um. The shape of the models
in CEO1 and DHO2 template sets is very different in this region,
with the former presenting less prominent PAH features than the
latter. In fact, all the DHO2 models are identical below ~9 pum,
while CEO1 models present a wide variety of spectral shapes,
with a rising warm-dust continuum hiding the PAH features
between 6 and 20 um as we move to models with higher IR
luminosities.

The values of SFRa-pos are systematically smaller than
SFRrR. For SFRr >100 Mg yr~!, we find ASFR = —0.18 £
0.05 dex. For smaller values of the SFR, where the unobscured
and obscured star formation are comparable, SFR A-pog is down
to a factor of 0.6 dex smaller than SFRr, with a larger scatter.

The comparison of SFRyr and SFRpg clearly indicates that
the empirical relations L[8]-to-Lrg in Bavouzet et al. (2008)
(Equation (5)) and in the models of CEOl and DHO2 (see,
e.g., Figure 8 of Daddi et al. 2007) are substantially different.
The ratio of the two SFRs as a function of SFRtr is tilted
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Figure 19. Comparison of different IR-based SFR indicators with respect to SFRr as a function of SFRrir (left) and redshift (right) for galaxies detected in MIPS
24 pm (f(24 pm) > 60 uJy). SFRTR is computed from the average value of Lr in the templates of CEO1 and DHO2 fitted to the flux at 24 «m. The magenta points
show SFRa-Hoe estimated from the L(24) using the relation of Alonso-Herrero et al. (2006); the magenta stars and error bars indicate the median value and 1o per
SER bin. The gray points show SFRpog estimated from L(8) using the relation of Bavouzet et al. (2008). The red points show SFRrog estimated from MIPS 24 um
using the calibration of Rieke et al. (2009). The green and blue points depict SFRtr estimated from the templates of CEO1 and DHO2, respectively. The gray error

bars depict the 1o uncertainty in SFR1ir per SFR bin.

with respect to the unity line, and consequently, both estimates
are only consistent within a narrow interval around SFR ~
20 Mg yr~! (or z ~ 1). For SFRyr > 100 and 1000 M yr~!
(the latter being the typical value for the z ~ 2 galaxies detected
by MIPS) the SFRpgg values are 0.3 and 0.8 dex lower than
the SFRrr estimates, respectively. In contrast, for SFRrr <
10 Mg, yr~!, SFRpg is larger than SFRyg by >0.2 dex.

The equation to calculate SFRgq9 (Rieke et al. 2009) varies
with redshift. Consequently, the SFRg9/SFRTr ratio presents
different trends as a function of both luminosity and redshift.
In terms of redshift, we distinguish three regions: 0 < z <
14,14 < z S 1.75, and z 2 1.75. At z = 0-1.4, the ratio
increases with redshift from an average value of —0.5 dex at
z =01to 0.5 dex at z ~ 1.4, being close to unity at z ~ 0.75.
In the interval from 1.4 < z < 1.75, the ratio decreases from
0.5 dex to nearly ~0. Finally, at z > 1.75, SFRgq9 values become
roughly consistent with SFRrg with little scatter up to z = 3,
ASFR = 0.020%¢ dex. These large differences are related to
the distinct shapes of the R09 and CEO1/DHO02 templates. At
72 5 0.5, the 24 um band probes a spectral range dominated by
warm dust and emission features found by Spitzer at A ~ 17 um
and identified with PAH or nanoparticles (Werner et al. 2004).
At these redshifts, our sample is dominated by galaxies with
L(TIR) ~ 10" L, and the CEO1 models for these luminosities
differ from the corresponding R09 templates by up to 0.5 dex in
the A = 1620 um. This explains the differences at low redshift
in the right panel of Figure 19. At z = 0.5-1.0, our sample is
dominated by LIRGs, and CEO1 and R09 models for L(TIR) ~
1097 Lo and L(TIR) ~ 10''% L, are very similar (up to
A = 1.5 mm), resulting on very similar estimates of the SFR.
At z ~ 1.4, the 24 um band probes the spectral region around
10 um, and the galaxies detected by MIPS in this range have
L(TIR) 2 10" L. For this luminosity, the CEOl and R09
models differ considerably due to the relative strength of the
silicate absorption. For example, for an L(TIR) 2> 10'>% L,
the R09 template predicts a luminosity at 10 um which is a

factor of ~0.7 dex smaller than the CEO1 model corresponding
to the same L(TIR). Below 8 pum, rest-frame, the CEO1 and RO9
models are almost identical for LIRGs and ULIRGs, explaining
the good match between SFRrr and SFRggo at z 2 2.

In summary, we conclude that whereas SFR o6 and SFRyr
are roughly consistent within ~0.3 dex (modulo a constant
offset), regardless of the models used to fit the IR-SED, the
values of SFRpog and SFRggy present systematic deviations
with respect to those that are not consistent within the typical
rms. Moreover, these differences are not constant, but present
a dependence of both redshift and SFR. As a result, large
systematic offsets (of £0.5 dex) with respect to SFRyg are
expected at certain redshifts, e.g., ASFR ~ +0.5 and —0.5 dex
for SFRRrg9 and SFRps at z ~ 1.4, respectively.

5.3.2. Analysis of IR-based SFRs: Best-effort versus MIPS 24 pum

Here, we study the impact on the IR-based SFRs of modeling
the IR-SED with limited photometric data. For that matter, we
quantify the differences in the SFRs estimated with each of
methods compared in the previous section using the sample
characterized with MIPS 24 um data and with 8, 24, and
70 um data, i.e., the best-effort sample (note that <2% of the
sample in detected in MIPS 70 um for ~20% in MIPS 24 pm).
In principle, the inclusion of additional mid-IR fluxes must
improve the quality of the estimates given that there is a better
sampling of the IR SED from which better k-corrections to the
monochromatic luminosities can be obtained. On the downside,
the spectral range probed by the MIPS bands gets narrower with
redshift, and the 24 um channel shifts progressively into PAH
region, where models are more uncertain and different libraries
differ significantly. Also, as the observed 70 um moves further
away from the tip of the IR-emission (~100 pm), the uncertainty
in the extrapolated L(TIR) increases.

Figure 20 shows the ratio SFR(24)/SFR(S8, 24, 70) as a
function of redshift for each of the different methods to estimate
the SFR, except for SFRgy, that only depends on the observed
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Figure 20. Ratio of SFR1ir, SFRpog (left and right), and SFRa-Hos (bottom) estimated with 24 ;um data only and with 8, 24, and 70 pm data as a function of redshift.
The color code indicate increasing bins of IR luminosity from normal galaxies to ULIRGS. The colored stars with error bars depict the median value and 1o of the

ratio of SFRs and the redshift per luminosity bin.

flux at 24 um and the redshift. The color code indicates four
different bins of infrared luminosity. The colored stars with
error bars depict the median value and 1o of the redshift and
the ratio of SFRs (24/8, 24, 70) for different luminosity bins.
The upper-left panel of Figure 20 shows that SFRtr(24) and
SFR1r(8, 24, 70) are ~1o consistent within ~0.20 dex up to
ULIRG luminosities, showing a small offset (mostly at z >
0.5) in SFR1r(24) toward underestimating the SFR by ASFR =
—0.05 £ 0.20 dex. On the other hand, ULIRGs (typically at z =
1.5) present values of SFRyr(24) larger than SFRyr (8, 24, 70)
with an average difference of ASFR = 0.15 &+ 0.40 dex. This
is consistent with the results found for ULIRGs at this redshift
by several authors, who report excesses of a factor of 2-10 in
the SFRs estimated from MIPS 24 um only (Daddi et al. 2007;
Papovich et al. 2007; Rigby et al. 2008). Note that estimating
the IR-luminosities for these galaxies based on MIPS 24 um
data alone is intrinsically difficult as this band is probing the
most variable region of the IR-SED, featuring emission from
PAHs and silicate absorptions. In fact, further motive for these
discrepancies could associated with a change in the relative
strength of these components in high-z galaxies with respect to
the local templates, particularly for the ULIRG templates.
Figure 21 presents further evidence of this issue. The left and
right panels of the Figure show the rest-frame SED normalized
to the flux at 24 um for galaxies at 7 = 0.7 and Z = 1.5 in
different L(TIR) ranges. The red and black lines are the dust-

emission templates of Rieke et al. (2009). The black templates
are those corresponding to the IR-luminosity range shown in
the legend. Note that we have selected the redshift ranges and
template normalization with the specific aim of stressing the
differences in warm-to-cold dust colors between the RO9 models
and the actual observations. The same differences apply to other
template sets. The vertical line to the right of the MIPS 70 um
data depicts the median and lo of the distribution of MIPS
70 pum fluxes (normalized to 24 pm, i.e., the S79/Sy4 color). At
z ~ 0.7, the models for an I(TIR) = 10'%3-10"'? L nicely
predict the actual colors observed for galaxies (the templates
plotted in black match the median and 1o range of observed
colors). However, at z ~ 1.5, galaxies present smaller colors than
what the models for the appropriate luminosity range predict.
This suggests that the excess in SFRrr(24) could be related
to a difference in spectral shapes for ULIRGs at high redshift
in comparison with local ULIRGs either due to the strength
of the PAH and the silicate features (Elbaz et al. 2010; Pérez-
Gonzalez et al. 2010) or due to additional continuum emission
by an obscured AGN (Daddi et al. 2007).

The lower panel of Figure 20 shows SFR(24)/SFR(8, 24, 70)
for the BO8 recipe. The ratio of SFRs presents just the opposite
trend of what we find for SFRtr, i.e., the offset and rms of
the comparison are larger at lower redshifts and almost non-
existent (< 0.1 dex) at high-z. This is not surprising considering
that MIPS 24 um shifts toward 8 um with increasing redshifts,
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Figure 21. Rest-frame SEDs of galaxies detected in MIPS 24 and 70 um at 0.6 < z < 0.8 with 10! < L(TIR) < 10" (left panel) and 1.3 < z < 1.6 with 10'!° <
L(TIR) < 10'2 (LIRGS) (right panel). The fluxes are normalized to the flux in MIPS 24 um. The solid lines depict the templates of Rieke et al. (2009): black lines
are for templates with L(TIR) within the corresponding IR-luminosity range, red lines are for the rest of the templates. The vertical line and marks on the right of the
MIPS 70 pum fluxes show the median, quartiles, and 1o of the distribution of observed fluxes.
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Figure 22. Comparison of different IR-based SFR(8, 24, 70) indicators with respect to SFR1ir (8, 24, 70) as a function of SFRtr (left) and redshift (right) for galaxies
detected in MIPS 24 pum (f(24 um) > 60 uJy) and MIPS 70 um (f{70 wm) > 3500 pJy). The color code is the same as in Figure 19. Here we also show the median
values and 1o of the comparison to SFRpog (gray stars with error bars). The blue line joins the median values of SFRtr(24)/SFRTr(8, 24, 70) per luminosity bin
(similarly to the colored stars in the top-left panel of Figure 19). The black stars depict the ratio of SFRs for galaxies in common with the sample of Symeonidis et al.
(2008, filled stars at z < 1.2) and Huang et al. (2009, open stars at z ~ 2). The IR-based SFR for these sources is one of the most accurate available at the moment,

and it is in overall good agreement with our estimates with SFRr.

reducing the impact of the k-corrections. As a result, SFRpg is
nearly insensitive to the inclusion of 70 um data at z ~ 2. Note
however that this does not mean that it is a better estimation of
the SFR. At z < 0.5, SFRpog(24) is larger than SFRps(8, 24,
70) by ASFR = 0.18 £ 0.23 dex.

Finally, the right panel of Figure 20 shows the comparison
of SFR(24)/SFR(8, 24, 70) for the A-HO6 recipe. The overall
trends are analogous to those observed for SFRrr but with a
larger scatter (~0.30 dex), i.e., the offset and rms increases with
redshift up from ASFR = —0.10 £ 0.26 dex at z < 1 to ASFR =
0.19 4+ 0.47 dex at z = 2-4.

5.3.3. Analysis of IR-based SFRs: Best-effort Sample

In this Section, we compare again the IR-based SFRs obtained
with different methods, but this time for the best-effort sample,
i.e., with estimates based on 8, 24, and 70 um data. We also
present a comparison of IR-based SFRs to galaxies in common
with other authors counting with better IR SED coverage (e.g.,
MIPS-160 or IR-spectroscopy) and therefore more reliable
SFRs.

Figure 22 shows a comparison of the SFRs(8, 24, 70) obtained
with each method with respect to SFRyrr(8, 24, 70) (our
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reference value), as a function of SFR (left panel) and redshift
(right panel). The color code is the same as in Figure 19. To
simplify the comparison to the results of the previous section,
the Figure also shows the ratio of SFRtr(24) to SFR1r(8, 24,
70), i.e., basically the values shown in the upper-left panel of
Figure 20. The blue line joins the median values of the ratio of
SFRs per bin of luminosity (and redshift).

The relative differences with respect to SFRyr(8, 24, 70)
remain mostly unchanged with respect to what is shown in
Figure 19 for estimates based on 24 m data. For SFR -6 the
most noticeable differences are that the overall rms increases by
~50% for the highest SFRs and the median ratio for SFRrr(8,
24,70) > 100 M, yr—! decreases to ASFR = —0.12 & 0.12 dex.
For SFRpos, the median ratio SFRpog /SFRTr presents a smaller
tilt and a significant increment of the rms with respect to the
values in the MIPS 24 pum sample. Finally, SFRgg9, which only
depends on the observed flux in MIPS 24 pum, presents the same
trend at low-z as in Figure 19. However, at z ~ 2 it tends
to overestimate SFRrr(8, 24, 70) because the former present
similar values to SFRrr(24) that, as shown in the previous
section, overpredicts SFRyr(8, 24, 70) at z ~ 2.

As the relative trends between the estimates of the
SFR(8, 24, 70) have barely changed, our conclusions from
Section 5.3.1 still apply, i.e., the values of SFR -6 are roughly
consistent with those of SFRtr, but the SFR based on the cal-
ibrations of BO8 and R09 presents systematic deviations with
respect to these that can be significant (up to 0.75 dex) in certain
SFR and redshift intervals. In addition, we find that the typical
rms of the comparison of SFR(8, 24, 70) estimates is 20% larger
with respect to the previous comparison based on 24 um data.
This is not surprising considering that Figure 19 shows only
functional relation of each method but none of the uncertainties
attached to the fit of data.

Note that the comparisons shown in Figures 19 and 22 only
illustrate the expected uncertainty budget associated to the use of
different SFR estimates, but they do not demonstrate that any of
them provides intrinsically more accurate results. Nonetheless,
having MIPS 70 pum data to constrain the shape of the IR SED,
it is reasonable to assume that the values of SFRtr(8, 24, 70)
would provide more reliable values than the other three methods.
In order to verify this statement and to asses the accuracy of
SFR1r(8, 24, 70), we compare the SFRs to the results from other
authors based on better photometric data sets. In particular, we
compare our SFRs against the values of Symeonidis et al. (2008,
S08) and Huang et al. (2009). The latter studied the SFRs of a
spectroscopic sample of high-z (z ~ 1.9) galaxies with strong
IR-emission (f(24) > 0.5 mly). For these galaxies, the authors
provide accurate SFRs estimated from a very detailed coverage
of the IR SED including Spitzer/IRS spectroscopy and data at
24, 70, and 160 um, 1 mm, and 1.4 GHz. In SO8 the authors
describe the IR properties of a 70 um selected sample restricted
to galaxies detected at 160 xm and having reliable spectroscopic
redshifts ranging from 0.1 < z < 1.2 (z = 0.5).

The sources in common with SO8 and Huang et al. (2009)
are shown in the right panel of Figure 22 as black stars (open
and closed, respectively). In addition, we show as red stars
those sources which were poorly fitted to the models of CEO1
and DHO2 in the work of SO8. We find that our values of
SFR1r(8, 24, 70) for the majority of the z < 1.2 galaxies tend to
underestimate the SFRs of SO8 with a median (considering only
black stars) difference and scatter of ASFR = 0.09£32 dex.
However, there is small group of sources for which the SFRs are
systematically underestimated by ~0.5 dex or more (red stars).

BARRO ET AL.

In SO8, the authors showed that, for these galaxies, the IR SED
fitting to the models of CEO1 and DHO2 severely underfitted the
data at 160 pm, whereas the models of Siebenmorgen & Kriigel
(2007, SKO07) allowed a better fit to the data (see also Symeonidis
et al. 2010). As a result, the values of L(TIR) obtained from
the fit to models of CEO1 and DH02 would be systematically
lower than the estimates for SKO7. These strong discrepancies
in the fitting of CEO1 and DHO2 models do not seem to be
the usual scenario (e.g., Kartaltepe et al. 2010), although some
issues fitting the MIPS 160 pm fluxes of local galaxies with the
models of CEO1 has been reported (Noll et al. 2009).

A possible explanation for this issue could be related to the
fact that SO8 makes use of the four IRAC bands in the SED
fitting. As a result, these bands contribute significantly to the
%2 (more than the MIPS bands), whereas they only represent a
minimum fraction of the total IR luminosity. Nonetheless, some
intrinsic differences in the IR-SED of MIPS 160 um selected
samples are expected, given that these are usually biased toward
cold galaxies, i.e., galaxies with a relatively large (and probably
not very frequent) cold dust content in comparison with the
amount and emission of the warm dust featured in the models
of CEO1 and DHO2. In summary, the differences in the SFR(S,
24, 70) with respect to the values of SO8 for these sources are
most likely the result of combined SED modeling issues and
selection effects.

For the rest of the sources, the ~0.10 dex offset in SFR(8,
24, 70) toward underestimating the values of SO8 is in good
agreement with the results of Kartaltepe et al. (2010, K10) for a
sample of galaxies selected at 70 um (and counting with 160 um
data for ~20% them). The authors indicate that the estimates of
L(TIR) for 160 um detected sources computed without fitting
that flux can be underestimated by up to 0.20 dex at z < 1
and ~0.3 dex at higher redshifts. The authors also point out
that these effect could be related to a bias in 160 um selected
samples toward selecting intrinsically cooler objects (as opposed
to 70 um selections). A similar statement is made in SO8 based
on the 160/70 flux ratios of their sample.

The comparison to the SFRs of Huang et al. (2009) for
galaxies at z ~ 2 presents too few sources to provide a
significant result. However, the overall results are in relatively
good agreement within 0.3 dex. We find again that SFRyr(8,
24, 70) slightly underpredicts the SFRs of some galaxies,
consistently with the conclusions of K10 for 160 um detected
galaxies. Moreover, we find that the values of SFRyr(24) for
the galaxies of Huang et al. (2009) overestimates SFR(8, 24,
70) by a factor of ~4, following the trend shown by the blue
line.

Finally, we further check the accuracy of our estimates at
high-z, comparing them to the values of SFRyr(24) corrected
with the empirical relation of Papovich et al. (2006). This
correction was conceived to mitigate the excess in the IR-
SFRs of high-redshift galaxies estimated from 24 yum data. The
correction was computed by matching the SFR(24) to the SFRs
estimated from the average stacked fluxes in MIPS 24, 70, and
160 pwm of a sample of z ~ 2 galaxies. The green line in Figure 22
joins the median ratios of SFRyr corr(24)/SFRTr(8, 24, 70)
as a function of redshift. The overall results are that the values
of SFRr corr(24) are a factor of ~3—4 lower than SFRr (24)
at z ~ 2. As aresult these estimates are also slightly lower than
our predictions for SFRyr(8, 24, 70). Nonetheless, the values
of SFRtir, corr(24) also agree within 0.3 dex with the SFRs of
the galaxies in common with Huang et al. (2009).
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Table 7
The IRAC-3.6 + 4.5 xm Sample: Photometric Redshifts

Object o 8 zphot-best  zphot-EAZY  zphot-106  zspec  qflag zphot-err Qz  N(band) Stellarity
€)) 2) 3 “ (5) 6) ) (® (&) (10) an (12)
irac003270_1 215.43910540 53.08468920 1.09 1.06 1.04 0.00000 2 0.07 0.31 16 0
irac003278 215.42614011  53.09447161 0.49 0.39 0.58 0.00000 0 0.20 2.58 16 7
irac003291_1 215.44058360 53.08123980 0.83 0.80 0.84 0.85700 4 0.02 0.11 16 0
irac003310 215.42129738  53.09430607 0.08 0.14 0.15 0.00000 0 0.07 0.13 18 0
irac003313 215.43553774  53.08200958 1.06 1.01 1.09 0.00000 0 0.08 0.37 16 1

Notes. (1) Object unique identifier in the catalog.
(2, 3) Right Ascension and Declination (J2000) in degrees.

(4) Probability weighted photometric redshift. This is our default value of photometric redshift for SED fitting based estimates.

(5) Photometric redshift estimated with the code EAZY (Brammer et al. 2008) using the default template configuration and the K-band luminosity prior
applied to the [3.6] band. The input photometric catalog is the same as for the other redshifts.

(6) Photometric redshifts as estimated in Ilbert et al. (2006a) from the (five band) i" selected catalog of the CFHTLS. This catalog overlaps with the
IRAC sample in the central portion of the mosaic (52716< § <5320 & 214°04< o <215°74).

(7) Spectroscopic redshift determination drawn from DEEP2 (Davis et al. 2007; ~8000 galaxies) and (Steidel et al. 2003; LBGs at z z 3).

(8) Quality flag of the spectroscopic redshift (4 = > 99.5%, 3 = > 90%, 2 = uncertain, | = bad quality). Only redshifts with qflag > 2 have been used

in the analysis.

(9) Uncertainty in zphot-best(4) estimated from the 1 o width of the probability distribution function.
(10) Reliability parameter of the photometric redshift estimated with EAZY (see Brammer et al. 2008 for more details); Good quality redshifts are in

general O, <1.

(11) Number of different photometric bands used in to estimate the photometric redshift with Rainbow, Column (4).
(12) Sum of all the stellarity criteria satisfied (see Section 5.4 of Paper I). A source is classified as star for Stellarity > 2.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and

content.)
5.4. Summary of the SFRs

The accuracy of the SFRs estimated from IR tracers up
to intermediate redshifts has been demonstrated by the good
agreement with the estimates based on other tracers such us dust
corrected UV /optical indicator (Iglesias-Paramo et al. 2007;
Salim et al. 2007, 2009). On the other hand, the systematic
effects in the IR-based SFRs of the most luminous galaxies
(ULIRGS) at high redshift are quite significant. Some of these
issues arise from the assumptions made in the estimation of
IR-based SFRs, such as the validity of the local templates at
high redshift or the contribution of obscured AGNs to the IR
luminosity. However, the most relevant issues arise from the
lack of enough data to constrain the full IR SED, particularly
for studies based on 24 um data alone. Nonetheless, the breadth
and quality of the MIPS 24 um data ensure that it will continue
leading multiple studies of IR-based SFR for the foreseeable
future. Thus, quantifying the systematic effects between the
SFRs(24) computed with different methods, and the differences
in the SFRs(24) with respect to the SFRs computed from more
IR data, provides a useful information.

Our analysis shows that although the values of SFRyr(24)
are consistent with those of SFR-yps(24) within 0.3 dex (the
usual uncertainty quoted for IR-based SFRs) the values of
SFRpog(24) and SFRgpo(24) can be significantly deviated (up
to 0.5 dex) with respect to SFRr(24) for certain redshift and
luminosity ranges. The differences in the SFRs obtained with
these methods remain mostly unchanged for SFR(8, 24, 70), and
we find that the discrepancies in SFRpgs or SFRRg9 with respect
to SFRr(24) do not provide a better agreement to the SFRs
of other authors computed from very detailed IR photometric
data. Therefore, out of the four methods to estimate the IR-SFR
discussed here, SFRr present (after accounting for intrinsic
systematics) the more accurate results.

From the analysis of sample of MIPS 70 um detected galax-
ies, we find that SFRrr(24) is reasonably consistent with the

values of SFRrr (8, 24, 70) up to ULIRG luminosities (typically
at z < 1.4) showing only a small deviation toward underesti-
mating SFR(8, 24, 70) by 0.05 dex with an rms of 0.2 dex.
However, at z > 1.5 the agreement is significantly worse. The
values of SFRtr(24) tend to overestimate SFR(8, 24, 70) by
a median value of 0.15 % 0.40 dex. As already pointed out by
other authors, the best approach to solve this issue is to apply
a correction factor that reduces the estimated values at high-z
(Papovich et al. 2006 or Santini et al. 2009).

The comparison of SFRyr(8, 24, 70) (our best-effort SFRs)
to the SFRs computed by other authors based on a better IR
photometric coverage (including MIPS 160 pm) also shows an
excellent agreement, proving that these estimates are robust.
The overall results are consistent within 0.3 dex presenting
only a small systematic deviation in SFRtr(8, 24, 70) toward
underestimating the values including MIPS 160 um data by
—0.09 dex (mostly z < 1.2 galaxies). Note that since this
comparison is restricted to MIPS 160 um detected sources there
could be some selection effects, and thus this offset might not
apply for all galaxies (see, e.g., the results of K10 based on
stacked fluxes in MIPS 160 um for a 70 um selected sample).

6. DATA ACCESS

All the data products for the 76,936 IRAC 3.6 + 4.5 um-
selected ([3.6] < 23.75) sources in the EGS are presented here.
These include (1) the photometric redshift catalog containing
the estimates with Rainbow, EAZY, and from 106, when avail-
able (Table 7); (2) the stellar mass catalog containing the values
estimated with each of the different modeling configurations
described in Section 4 (Table 8); and (3) the SFR catalog con-
taining the UV- and IR-based SFRs obtained with the different
methods and calibrations discussed in Section 5 (Table 9). A
table containing the UV-to-FIR SEDs for all these sources is
presented in Paper I. The number of objects and unique identi-
fier of this table and the tables presented in the following is the
same.
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A larger version of these catalogs containing all galaxies down
[3.6] < 24.75 (30 limiting magnitude) is available through the
web utility Rainbow Navigator’ (see Paper I for a more detailed
description) that provides a query interface to the database
containing all the data products of the multiple Rainbow tasks
that we have used in the papers. Rainbow Navigator has been
conceived to serve as a permanent repository for future versions
of the data products in EGS, and also to similar results in
other cosmological fields (such as GOODS-N and GOODS-S,
presented in PGO0S).

6.1. Table 7: Photometric Redshift Catalog
These are the fields included in Table 7.

1. Object. Unique object identifier starting with irac000001.
Objects labeled with an underscore plus a number (e.g.,
irac000356_1) are those identified as a single source in the
IRAC catalog built with SExtractor, but deblended during
the photometric measurement carried out with the Rainbow
software (see Section 2.1). Note that, although the catalog
contains 76,936 elements, the identifiers do not follow the
sequence irac000001 to irac076185. This is because the
catalog is extracted from a larger reference set by imposing
coordinate and magnitude constraints. The table is sorted
according to this unique identifier.

. a, 6. J2000.0 right ascension and declination in degrees.

. zphot-peak. Maximum likelihood photometric redshift.

. zphot-best. Probability weighted mean photometric red-
shift. This is the value of z,n, used along the paper.

5. zphot-err. 1o uncertainty in the photometric redshift as
estimated from the zPDF.

6. zphot-EAZY. Photometric redshift estimated using the
EAZY code (Brammer et al. 2008) on our SEDs with the de-
fault templates and including the K-band luminosity prior.

7. Qz. Estimate of the quality of the photometric red-
shifts computed with FAZY. Reliable photometric redshifts
present values of Oz < 1 (Brammer et al. 2008).

8. zphot-106. Photometric redshift from Ilbert et al. (2006a).
These are only available for galaxies in the main region.

9. zspec. Spectroscopic redshift (set to —1 if not available).

10. gflag. Spectroscopic redshift quality flag from 1 to 4.
Sources with gflag > 3 have a redshift reliability larger
than 80%.

11. N(bands). Number of photometric bands used to derive the
photometric redshift.

12. Stellarity. Total number of stellarity criteria satisfied. A
source is classified as a star if it satisfies three or more
criteria. A description of all the stellarity criteria and the
accuracy of the method is given in Section 5.4 of Paper I.

[ENIONN )

6.2. Table 8: Stellar Mass Catalog

The stellar masses are estimated from the same templates
used to compute the photometric redshifts. These templates
were computed using several combination of SPS library, IMFs,
and extinction laws. Our reference stellar masses are those
obtained with [PO1, SALP, CALO1] (see Section 3). We provide
two different stellar mass estimates based on these templates
depending on the redshift used during the fitting procedure,
namely, zphot-best and zspec. In addition, we obtained estimates
with (1) the stellar population models of Bruzual & Charlot
(2003, BCO03), Maraston (2005, M05), and S. Charlot & G.

7 http://rainbowx.fis.ucm.es
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Bruzual (2011, in preparation, CB09); (2) the IMFs of Kroupa
(2001, KROU) and Chabrier (2003, CHAB); and (3) the dust
extinction law of Charlot & Fall (2000, CF00). In Table 8,
we give six additional stellar mass estimates obtained under
different stellar population modeling assumptions, namely,
[PO1, KROU], [BCO3, CHAB], [M05, KROU], [CB09, CHAB],
[CB09, SALP], and [PO1, SALP, CF00]. The extinction law in
all cases except for the last is CALO1. For these stellar mass
estimates we use z-fit, which is equal to zphot-best unless zspec
is available.
These are the fields included in Table 8.

1. Object. Unique object identifier as in the photometric
catalog.

2. «, 6.J2000.0 right ascension and declination in degrees.

3. Mass (best). Stellar mass [log Mg] with the associated
uncertainty estimated with zphot-best using our default
modeling parameters [PO1, SALP, CALO1].

4. Mass (zspec). Stellar mass [log M ] with the associated un-
certainty, estimated with zspec using our default modeling
parameters [PO1, SALP, CALO1].

5. z-fit. Value of the photometric redshift used during the
SED fitting with the [PO1, KROU], [BC03, CHAB], [M05,
KROU], [CB09, CHAB], [CB09, SALP], [PO1, SALP,
CF00] models. It is equal to zphot-best unless zspec is
available.

6. Mass (P01, KROU). Stellar mass [log M] with the asso-
ciated uncertainty, estimated with the modeling parameters
[PO1, KROU, CALO1] and zphot-fit.

7. Mass (BCO3, CHAB). Stellar mass [log Mg] with the asso-
ciated uncertainty, estimated with the modeling parameters
[BCO3, CHAB, CALO1] and zphot-fit.

8. Mass (M05, KROU). Stellar mass [log Mg] with the asso-
ciated uncertainty, estimated with the modeling parameters
[MO05, KROU, CALO1] and zphot-fit.

9. Mass (CB09, CHAB). Stellar mass [log M ] with the asso-
ciated uncertainty, estimated with the modeling parameters
[CB09, CHAB, CALO1] and zphot-fit.

10. Mass (CB09, SALP). Stellar mass [log Mg] with the asso-
ciated uncertainty, estimated with the modeling parameters
[CB09, SALP, CALO1] and zphot-fit.

11. Mass (P01, CF00). Stellar mass [log M] with the associ-
ated uncertainty, estimated with the modeling parameters
[PO1, SALP, CF00] and zphot-fit.

6.3. Table 9: SFR Catalog

The SFR catalog is presented in Table 9. The unobscured UV-
SER is obtained from the best-fitting optical template modeled
with [PO1, SALP, CALO1]. The rest-frame IR luminosities and
IR-based SFRs are computed either from the average value of the
best-fitting templates from the dust emission models of Chary &
Elbaz (2001, CEO1) and Dale & Helou (2002, DH02) to MIPS
24 pm data only, or the average value of the best-fitting dust
emission models of CEO1, DHO2 and Rieke et al. (2009, R09)
to IRAC-8.0, MIPS 24 and 70 ;#m data. Only fluxes at rest-frame
X > 5 um are considered in this method. In both cases we use
zphot-fit, which is equal to zphot-best unless zspec is available.
For sources un-detected in MIPS 70 pm at z 2> 0.6 both methods
provide similar results modulo the effect of the R09 templates.

Note that the SFRs has been computed for all the MIPS 24 um
and 70 um detections, but only sources with f (24) > 60 uly
and f(70) > 3.5 mJy (the 50 detection limit) are discussed in
Section 5. In addition, sources un-detected in MIPS 24 pum are



Table 8
The IRAC-3.6 + 4.5 um Sample: Stellar Mass Estimates
Object o 8 M(best) M(zspec) z-fit M(P01,KROU) M(BCO03,CHAB) M(MO05,KROU) M(CB09,CHAB) M(CB09,SALP) M(P01,CF00)
M-err M-err M-err M-err Me-err M-err M-err M-err
@) (@) 3) ) (5) ©) () ®) ) 10 an 12)
(13) (14) (15) (16) (17) (18) (19) (20)
irac003270_1 215.43892696 53.08455063 9.79 9.79 1.09 9.67 9.64 9.61 9.61 9.84 9.98
0.05 0.05 0.04 0.08 0.07 0.08 0.08 0.07
irac003278 215.42614011 53.09447161 11.69 11.69 0.49 11.55 11.66 11.35 11.48 11.74 11.75
0.15 0.15 0.14 0.17 0.16 0.18 0.15 0.17
irac003291_1 215.44043562 53.08128671 10.84 10.84 0.86 10.97 10.64 10.30 10.57 10.63 10.48
0.03 0.04 0.04 0.04 0.03 0.03 0.04 0.04
irac003310 215.42129738 53.09430607 8.80 8.80 0.08 8.61 8.92 8.64 8.79 9.04 8.75
0.06 0.06 0.06 0.08 0.08 0.05 0.05 0.06
irac003313 215.43553774 53.08200958 9.94 9.94 1.06 9.83 9.64 9.19 9.40 9.63 9.59
0.04 0.04 0.05 0.04 0.05 0.07 0.07 0.04

Notes. (1) Object unique identifier in the catalog.

(2, 3) Right ascension and declination (J2000) in degrees.

(4-13) Stellar mass [log(M)] with the associated uncertainty, estimated with our default modeling parameters, [PO1, SALP, CALO1], and zphot-best.

(5-14) Stellar mass [log(M)] with the associated uncertainty, estimated with our default modeling parameters, [PO1, SALP, CALO1], forcing the photometric redshift to the spectroscopic value, when available.
(6) Redshift used in the fitting procedure of (8, 9, 10, 11 and 12). This redshift refer to zphot-best unless the spectroscopic redshift is available; in that case the redshift is forced to the spectroscopic value.
(7-15) Stellar mass [log(M)] with the associated uncertainty, estimated with the modeling parameters, [PO1, KROU, CALO1], and z-fit.

(8-16) Stellar mass [log(M¢ )] with the associated uncertainty, estimated with the modeling parameters, [BC03, CHAB, CALO1], and z-fit.

(9—17) Stellar mass [log(Mg)] with the associated uncertainty, estimated with the modeling parameters, [M05, KROU, CALO1], and z-fit.

(10-18) Stellar mass [log(Mg )] with the associated uncertainty, estimated with the modeling parameters, [CB09, CHAB, CALO1], and z-fit.

(11-19) Stellar mass [log(M)] with the associated uncertainty, estimated with the modeling parameters, [CB09, SALP, CALO1], and z-fit.

(12-20) Stellar mass [log(M)] with the associated uncertainty, estimated with the modeling parameters, [PO1, SALP, CF00], and z-fit.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
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Table 9
The IRAC-3.6 + 4.5 um Sample: IR-Luminosities and Star Formation Rate Estimates
Object a 8 fQR4pum)  f(70pum)  z-fit  SFR(0.28) SFR(R09)  L(TIR,24) SFR(TIR,24) SFR(TIR,24,CE01) SFR(B08,24) SFR(AH06,24)
err-f err-f L(TIR,best)  SFR(TIR,best) SFR(TIR,CEO1) SFR(BO8,best)  SFR(AHO06,best)
(€] 2 (3) @ %) (6) (7 ®) ©) (10) an 12) 13)
(14) (15) (16) (17) (18) (19) (20)
irac003270_1  215.43892696  53.08455063 55 . 1.09 6.0 21.8 10.93 14.6 15.1 17.5 9.4
13 10.93 14.8 15.1 18.4 11.0
irac003278 21542614011  53.09447161 o . 0.49 2.0 1.7 —10.34 —3.8 —4.7 —8.1 22
irac003291_1  215.44043562  53.08128671 104 . 0.86 2.5 17.4 10.92 14.4 14.6 17.5 9.3
12 10.94 14.9 14.6 18.5 10.7
irac003310 21542129738 53.09430607 61 . 0.08 0.1 0.0 8.61 0.1 0.1 0.3 0.1
10 8.51 0.1 0.0 0.2 0.1
irac003313 21543553774  53.08200958 1.06 3.6 19.9 —10.90 —13.8 —14.5 —17.3 -8.6

Notes. (1) Object unique identifier in the catalog.

(2, 3) Right Ascension and Declination (J2000) in degrees.

(4, 14) Observed flux and uncertainty in MIPS 24 pm [uJy].

(5, 15) Observed flux and uncertainty in MIPS 70 pm [uJy].

(6) Redshift used in the fitting procedure. This redshift refer to zphot-best unless the spectroscopic redshift is available; in that case the redshift is forced to the spectroscopic value.

(7) UV based SFR [M yr‘l] estimated from the monochromatic luminosity at 2800 A rest-frame using the calibration of Kennicutt (1998).We also refer to this value as SFRyy obs

(8) IR based SFRs [M¢, yr~!] estimated from the observed flux in MIPS 24 yum and the redshift using the formula of Rieke et al. (2009).

(9, 16) Total IR luminosity [log(L)] obtained integrating (from 8-1000 wm) the average of the best-fitting templates.

(9) is computed from the fit of MIPS 24 um data to the models of Chary & Elbaz (2001, CEO1), Dale & Helou (2002, DH02);

(10) is computed from the fit of IRAC-8.0 and MIPS 24 and 70 um (best effort) data to the models of CEO1, DHO2 and Rieke et al. (2009, R09).

(10, 17) IR based SFRs [M, yr~!] estimated from L(TIR) using the calibration of Kennicutt (1998). (10) and (17) are computed using the same combination of data and models as (9) and (16), respectively.

(11, 18) Same as 10, but in this case the IR SED is fitted only with the models of CEO1. (11) and (18) are computed from the fit of these models to MIPS-24 um data only and IRAC-8.0 and MIPS 24 and
70 um respectively.

(12, 19) IR based SFRs [Mg yr~ 1] estimated from the monochromatic luminosity at 8 um rest-frame using the relation of Bavouzet et al. (2008). (12) and (19) are computed using the same combination of data
and models as (9) and (16), respectively.

(13, 20) IR based SFRs [M, yr~'] estimated from the monochromatic luminosity at 24 jum rest-frame using the relation of Alonso-Herrero et al. (2006). (13) and (20) are computed using the same combination
of data and models as (9) and (16), respectively.

The uncertainties in the values of L(TIR) and the SFRs can be as high as a factor of two. The accuracy in (9, 16) is limited to two decimal places and one decimal place in (10-13, 17-20). Negative values in the
columns (9-13) indicate that the sources are non-detected in MIPS 24 pm. In these cases, the corresponding IR luminosity is estimated from a upper limit of f{24) = 60 uJy, and the estimates in (16-20) are not
computed.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
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fitted using an upper limit value of f(24) = 60 uJy. In this cases
the quoted L(TIR) and SFRs are negative values.

1. Object. Unique object identifier as in the photometric
catalog.

2. a, 6.J2000.0 right ascension and declination in degrees.

3. f(24), f(70). Observed flux [Jy] and uncertainties in MIPS
24 and 70 pum.

4. z-fit. Value of the redshift used during the IR SED fitting. It
is equal to zphot-best unless zspec is available.

5. L(TIR, 24). Total IR luminosity [log M, yr~!], calculated
by integrating the (average) dust emission model from 8 um
to 1000 wm. This value is computed by fitting the observed
flux in MIPS 24 um to the models of CEO1 and DHO2.

6. SFRy 3. Unobscured UV-based SFR [M, yr~!] estimated
from the rest-frame luminosity at 0.28 um interpolated in
the best-fit optical template, vL,(0.28), using the Kennicutt
(1998) calibration.

7. SFR1r(24). IR-based SFR [Mg yr"], estimated from
L(TIR) using the calibration of Kennicutt (1998). This value
is computed by fitting the observed flux in MIPS 24 um to
the models of CEO1 and DHO2.

8. SFRcEo1(24). Same as SFRrr(24) but fitting the MIPS
24 pum data to the models of CEO1 only.

9. SFRpos(24). IR SFR [Mg yr‘l] estimated from the rest-
frame monochromatic luminosity at 8 um using the cali-
bration of Bavouzet et al. (2008). This value is computed
by fitting the flux in MIPS 24 um to the models of CEO1
and DHO2.

10. SFRa-pos(24). Total SFR [Mg yr’l] estimated from the
rest-frame monochromatic luminosity at 24 um using the
calibration of Alonso-Herrero et al. (2006). This value is
computed by fitting the observed flux in MIPS 24 um to
the models of CEO1 and DHO2. Note that to obtain the IR-
SFR part of this value, the unobscured UV-SFR must be
subtracted according to Equation (4).

11. SFRRgo(24). IR SFR [ M, yr~'] estimated from the observed
flux in MIPS 24 um and the redshift using the formula of
Rieke et al. (2009, Equation (14)).

12. L(TIR), SFRtr, SFRcgo1, SFRpog, SFRa-nos(8, 24, 70).
Same as the previous values but fitting the IR SED with
IRAC-8.0, MIPS 24 and 70 pm data to the models of CEO1,
DHO2, and R09. Note that SFRg(9 has been omitted because
its value is independent of the flux in IRAC-8.0 nor MIPS
70 pm.

7. SUMMARY

In this paper, and in Paper I (Barro et al. 2011), we have pre-
sented an IRAC-3.6 + 4.5 um selected sample in the Extended
Groth Strip characterized with UV-to-FIR SEDs. The photomet-
ric catalog includes the following bands: far-UV and near-UV
from GALEX, u*g'r'i’7 from the CFHTLS, u'g Riz from MMT
and Subaru observations, BRI from CFHT12k, Vs, i314, J110
and Hj¢p from HST, JK from Palomar Observatory, CAHA and
Subaru data, and [3.6]-to-[8.0], 24 um, and 70 um data from
Spitzer IRAC and MIPS surveys. Our catalog contains 76,936
sources down to a 85% completeness level ([3.6] < 23.75) over
an area of 0.48 deg”. In addition, we have cross-correlated our
sample with the redshift catalog from DEEP2, and with X-ray
and VLA 20 cm radio data.

Paper I presented the data, the procedure to measure consis-
tent UV-to-FIR photometry using our own dedicated software
(Rainbow), and the analysis of the multi-band properties of the
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sample. We showed that the SEDs present the level of consis-
tency required to characterize the intrinsic stellar populations
of the galaxy. In this paper, we have presented a galaxy-by-
galaxy fitting of the UV-to-FIR SEDs to stellar population and
dust emission models. From the best-fitting optical and IR tem-
plates, we have estimated: (1) photometric redshifts, (2) stellar
masses, and (3) SFRs. Then, we have analyzed in detail their
accuracy and reliability with respect to different parameters. In
the following, we present the summary of the most important
results of this analysis, organized by parameter.

Photometric redshifts (zphot) Were estimated from the com-
parison of the UV-to-NIR SEDs to stellar population and AGN
templates. This comparison was carried out with our own ded-
icated software (within the Rainbow package) using x> mini-
mization algorithm (see Pérez-Gonzalez et al. 2008 for more
details), and with the EAZY code (Brammer et al. 2008). These
are our main results about photometric redshifts.

1. Two new features have been included in the Rainbow
photometric redshift code over the previous implementation
in Pérez-Gonzdlez et al. (2008) to improve the quality of
the estimates: (a) a zero-point re-calibration of the observed
photometry and (b) the use of template error function as a
weight term in the SED fitting procedure. Both features
are computed simultaneously and iteratively based on the
comparison of observed and synthetic photometry in a
spectroscopic control sample. The results show an overall
good agreement between observations and templates. The
zero-point corrections are typically <0.1 mag and converge
after a few iterations. The overall rms in the residual is a
factor of ~2 the median photometric uncertainty. The most
noticeable discrepancies present at A > 3 umand (to alesser
extent) around 250 nm. These are the result of limitations
in the stellar templates in the NIR range, and a possible
excess in the strength of the dust attenuation with respect
to a Calzetti et al. (2000) extinction law, respectively.

2. The comparison of our photometric redshifts to 7636 secure
spectroscopic redshifts from DEEP2 and Steidel et al.
(2003; LBGs at z > 3) shows an overall accuracy of

oneMap = 1.48 x median(|%$m|) = 0.034 (where

AZ = Zphot—Zspec) and onemap = 0.046, with n =2% and 3%
catastrophic outliers (1 defined as the fraction of galaxies
presenting oncmap > 0.2) in the EGS main region (covered
by the CFHTLS) and flanking regions (covered with fewer
and shallower bands), respectively. The overall scatter in
Zphot does not depend strongly on the redshift, presenting
a minimum value around z = 0.5-1 (oncmap = 0.028 and
0.040 in the main and flanking regions, respectively), and
increasing by a factor of ~1.3 at lower and higher redshifts
(up to z < 1.5). At z ~ 3, the Zpho accuracy for 91 LBGs
with secure spectroscopy is reduced to oncmap = 0.063
and n = 10%.

3. The accuracy of the zppe is mostly independent of the
[3.6] mag. However, it decreases with the optical magnitude
from oncmap = 0.030 at R = 22 to onemap = 0.060 at
R = 25. Approximately 50% of the catastrophic outliers
have R > 23.5 and log(x?) > 0.6. Approximately 60% of
the sources with significantly different values of zpesr and
Zpeak (|Zbest-Zpeak]/(1+2) > 0.2) are catastrophic outliers.

4. The zpno statistics for the 1995 and 262 spectroscopic
galaxies detected in MIPS 24 um (f(24) > 60 nuJy) and
70 um (f(70) > 3.5 mJy) in the main region are similar to
the rest of the sample with onemap = 0.033, n = 3%, and
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onemap = 0.045, n = 1%, respectively. The accuracy for
the 142 X-ray sources is similar (oxcmap = 0.038) although
with larger fraction of outliers (n = 10%), probably as a
result of some degree of contamination by the AGN, for
which reliable z,n,; are difficult to estimate based on stellar
templates. The worst results are found for a very few (12)
power-law galaxies (PLGs, identified as obscured AGNs):
onemap = 0.052 (n = 17%). We also note that sources
with increasing fluxes in the IRAC bands (fi3.6) < flas) <
fi5.81 < fis.01) make up for up to 15% of the total number
of outliers.

5. The zppot Rainbow are in good agreement with those from
the i’-band-selected catalog of Ilbert et al. (2006a, 106),
which overlaps with our sample in the main region. For the
5454 galaxies in common between the two catalogs with
[3.6] < 23.75 and i’ < 24.5, the accuracy of the zppo at
z < 1 is roughly the same, oncmap = 0.035. At higher
redshifts, our larger band coverage (mostly in the NIR)
provides more accurate results and less severe systematic
errors and uncertainties. In particular, for galaxies at z ~
3 (the LBG sub-sample), the outlier fraction in 106 is 46%
for only 9% in Rainbow. Our zpny catalog and the one
presented in 106 are complementary: whereas the NIR-
selected sample detected more galaxies at high-z, which
are too faint in the optical to be included in the 106 catalog,
the IRAC catalog misses a population of low-mass galaxies
at z < 1 which are recovered by the i’-band selection in 106.

6. We showed that the photometric catalog provides robust
SEDs by obtaining a different realization of the zph catalog
with similar quality using the code EAZY (Brammer et al.
2008). In particular, these alternative photometric redshifts
are slightly more accurate for the sources in the main region,
particularly at z < 0.5, whereas they present a larger scatter
in the flanking regions. Moreover, these Zzph: exhibit a
slightly larger systematic deviation (Az/(1+z) = 0.019 and
0.027 in the main and flanking regions, respectively) than
the zpnot computed with Rainbow.

7. We further tested the accuracy of our z,po by checking the
number densities and zpho distributions of a sub-sample of
(NIR-selected) s-BzK (p = 5.0 arcmin?; Z = 1.89), p-BzK
(p = 0.5 arcmin?; 7 = 1.85), and DRG (p = 1.4 arcmin?;
7 = 2.47). These are in relatively good agreement with the
results from the literature down to Kygga < 21. The most
significant difference is an excess of ~1.5 in the density s-
BzKs, which could be caused by an overdensity of galaxies
atz ~ 1.5.

8. The median redshift of the ([3.6] < 23.75) sample, z = 1.2,
is consistent with that of the flux limited samples of Pérez-
Gonzalez et al. (2008) and Ilbert et al. (2009) in different
fields.

Stellar masses for the whole sample were obtained in a
galaxy-by-galaxy basis by fitting the optical-to-NIR SEDs to
SPS models. In addition, we analyzed the effects of the choice
of different SPS libraries, IMFs, and dust extinction laws on
our estimations. For that we considered a reference set of
assumptions to which several combinations of input parameters
were compared. This reference stellar masses were obtained
with the PEGASE 2.0 (Fioc & Rocca-Volmerange 1997) SPS
models (PO1), a Salpeter (1955) IMF (SALP), and the Calzetti
et al. (2000, CALZO01) extinction law. We compared these
estimations with those obtained with: (1) the stellar population
models of Bruzual & Charlot (2003, BC03), Maraston (2005,
MO5), and S. Charlot & G. Bruzual (2011, in preparation,
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CBO09); (2) the IMFs of Kroupa (2001, KROU) and Chabrier
(2003, CHAB); (3) the dust extinction law of Charlot & Fall
(2000, CF00). These are our main results about stellar masses.

1. From the comparison of the stellar masses estimated with
photometric and spectroscopic redshifts we find a lo
uncertainty of ~0.2 dex. The distribution of stellar masses
as a function of redshift for our default modeling assump-
tions shows that 90% of the galaxies present log(M) >
10 Mg at z > 2, at the limiting magnitude of our sample
([3.6] < 23.75).

2. We quantified the impact of the choice of different IMFs
in the estimated stellar masses. For the CB09 models, we
found that the use of a SALP, KROU, or CHAB IMF
introduces constant offsets (with a very small scatter) in
the estimated stellar masses: Alog(M)[SALP—KROU] =
0.19 dex and Alog(M)[CHAB—-KROU] = —0.04 dex. For
the models of P01, the difference for a SALP and KROU
IMFs depends on the mass, ranging from Alog(M) =
0.03 dex for masses lower than log(M) = 10 M to 0.13 dex
above that threshold.

3. We quantified the impact of using different SPS codes in
the estimated stellar masses. We found that the new CB09
models predict slightly lower masses than the older version,
BCO03, by Alog(M) = 0.04 £33 dex. Our stellar masses
estimated with the PO1 models are on average larger than
those obtained with the CB09 models (for a KROU IMF)
by Alog(M) = 0.15 £ 0.26 dex. The estimates with the
PO1 library are also larger than those with the M05 SPS
by Alog(M) = 0.39 £ 0.34 dex. We found slightly lower
values of this offset for galaxies with log(M) > 10 Mg
(~0.30 dex). Our default modeling assumptions, [PO1,
SALP, CALO1], predict comparatively the largest stellar
masses. Accounting for all systematic offsets, all models
are roughly consistent within a factor of 2-3.

4. We quantified the effect of using different treatments of the
dust extinction by comparing the stellar masses estimated
with a CALO1 and CFO0O extinction laws. The median result
is a small systematic deviation of 0.03 dex toward smaller
values when using CALO1, and an rms of ~0.20 dex. This
suggest that the different treatments of the dust attenuation
do not play a major role in the estimate of the stellar masses.

5. The comparison of our results with several stellar mass cat-
alogs already published in EGS revealed a good agreement
despite the differences in the modeling technique and in the
photometric data set. We found a median offset and scatter
of Alog(M) = —0.07 + 0.21 dex and Alog(M) = 0.10 +
0.25 dex with respect to the catalogs of stellar masses pub-
lished by Bundy et al. (2006) and Trujillo et al. (2007),
respectively.

SFRs were estimated for all galaxies in our sample following
a variety of procedures. First, we calculated the unobscured
SFR (the star formation which is directly observable in the UV /
optical) from the observed luminosity at 280 nm (SFRyy obs)-
To get the total SFR of a galaxy, the former value must be added
to the SFR which is not directly measurable in the UV /optical
because of the extinction by dust. We calculated this SFR from
the IR data taken by Spitzer/IRAC and MIPS at 24 um and
70 um (if available). The general procedure consists on fitting
the IR photometry at rest-frame wavelengths A > 5 yum (usually
involving 8, 24, and 70 pm data) to the dust emission templates
of Chary & Elbaz (2001, CEO1) and Dale & Helou (2002, DH02)
and Rieke et al. (2009), but we also performed some test by
fitting only MIPS 24 pum data to the models of CEO1 and DHO2.
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From the best fit to the models, the IR-based SFR for each
object was estimated with four different methods: (1) the total
infrared luminosity, L(TIR), integrated from 8 to 1000 um trans-
formed to an SFR with the factor published by Kennicutt (1998).
(2) The rest-frame monochromatic luminosity at 8 um (SFRpog)
transformed to L(TIR) and SFR using the empirical relation de-
scribed in Bavouzet et al. (2008) and the Kennicutt factor. (3)
The empirical relation given in Alonso-Herrero et al. (2006) be-
tween the rest-frame monochromatic luminosity at 24 um and
the SFR (SFRa-pos). (4) Using Equation (14) of Rieke et al.
(2009) that relates the SFR (SFRg9) to the observed flux in the
MIPS 24 yum band and the redshift. The monochromatic and
integrated luminosities were computed from the average value
of the best-fit templates. These are our main results about SFRs.

1. We quantified the differences in the IR-based SFRs obtained
with the four methods based on the fit to MIPS 24 um data
only. The SFR estimates with the models of CEOl and
DHO2 are compatible within a factor of two, presenting
a maximum difference around z ~ 1.5. The estimates of
SFRtr and SFRa-pos are roughly consistent (ASFR ~
—0.18 £ 0.05 dex) when the contribution of SFRyv obs
is small. SFRppg gives systematically lower values than
SFRrr for SFR > 20 My yr~! and z > 1, and higher
values for lower redshifts and SFRs. The difference exceeds
a factor of five for SFR > 1000 My yr~!. The overall
agreement between SFRrr and SFRggg is rather poor,
except at z > 1.8 where the differences are lower than
0.05 dex. The reasons for these discrepancies can be found
in the differences in the relative emission of the cold and
warm dust, and in the strength of the PAH and silicate
absorption. These characteristics can vary by up to a factor
of ~5 from one set of templates to the other.

2. For each of the methods to estimate the SFR, we studied the
effect having a better constrained IR SED comparing the
SFRs computed from IRAC+MIPS, SFR(8, 24, 70), and
just MIPS 24 um, SFR(24). At low-z, the median values
of SFRTr(24) and SFRA-pos(24) tend to underestimate
SFR(8, 24, 70) by 0.05 and 0.10 dex, respectively, with
an rms of ~0.2-0.3 dex. At z ~ 2, the estimates from these
two methods based on 24 um data are only on average
~0.20 dex larger than those obtained with SFR(8, 24, 70).
SFRpgs(24) presents the opposite trend, giving larger values
than SFRpes(8, 24, 70) at z < 1 (up to 0.18 dex), but
remaining mostly unchanged at higher redshifts.

3. The relative differences between each of the methods to
estimate the IR-based SFRs with respect SFRr (described
in the first item) remain mostly unchanged when using
SFRs(8, 24, 70). The values of SFRrr(8, 24, 70) (best-
effort estimate) for a sample of galaxies in common with
Symeonidis et al. (2008) and Huang et al. (2009), who
counted with more photometric fluxes in the FIR and
(sub-)mm range, presented a relatively good agreement
within ~0.3 dex. At z < 1.2 we find a small deviation of
0.09 dex in SFRrr(8, 24, 70) toward underestimating the
SFR of MIPS-160 detected galaxies. Larger discrepancies,
up to 0.5 dex, might arise for individual galaxies due to the
use of different template sets.

In the context of studies of galaxy evolution, our catalog
provides a self-consistent sample with a very detailed charac-
terization of the systematic uncertainties suitable for multiple
scientific purposes. It is also an alternative to other catalogs pro-
viding only photometry, redshifts, or stellar parameters alone.
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Furthermore, our photometric catalog itself provides a reference
point for independent analysis of the stellar populations.

The multi-band photometric catalog presented in Paper I,
jointly with the photometric redshifts and estimated stellar
parameters presented here are publicly available. We have de-
veloped a Web interface, named Rainbow Navigator®, that pro-
vides full access to the imaging data and estimated parameters
and allows several other data handling functionalities.
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Scientific explotation of multi-wavelength
catalogs I: The nature of extragalactic
number counts in the K-band

4.1 Introduction

In the previous two Chapters we have presented a detailedatbazation of the SEDs and the
physical properties of a large sample of galaxies in the cbagical field EGS. In this Chapter, we
aim to present a work focused on addressing a more concrephgsical question, thus illustrat-
ing the vast possibilities of characterizing the galaxiéh accurate physical properties. Although
the previous Chapters presented relevant conclusionsegortiperties of the galaxies in the EGS,
our main goal was to develop and characterize a galaxy cat@lterefore, in this Chapter we will
focus on the particular problem of analyzing the nature efghlaxy number counts (NCs) in the
K-band.

Chronologically, the analysis presented in this Chaptes pexformed prior to the studies
of previous Chapters and therefore it is does not make usee@pitzefIRAC selected sample.
However, the analysis carried out is fundamentally susthin the same principles introduced in
the previous chapters, i.e, exploiting the multi-wavetergharacterization of SEDs and physical
properties of galaxy sample. The main difference is thatia €Chapter the description of the
technical details on the creation of a merged catalog andstmnate of the relevant properties of
the galaxies is briefly summarized in favor of a more detailstussion on the implications of
these results and how these can be used to solve a particeistian.

In particular, this studies presented in this Chapter aseda@n the analysis of A-band
selected sample in the EGS. The characterization of thexgalample followed essentially the
same steps described in the previous Chapters consistirig gathering all the available spectro-
photometric data in the area. In particular, tReband data in which the study is based was
obtained by our group in 2002 and it was reduced and procdeséis thesis; 2) performing a
multi-band identification of thé{-band sources; 3) obtaining consistent multi-band photgme
4) model the resulting UV and IR SEDs fitting them with SPS ni®dad dust emission templates;
5) Derive photometric redshifts and rest-frame luminesitn several wavelengths out of the best-
fitting templates. An specific sub-routine to obtain rearrfe magnitudes and luminosities from
the synthetic spectra in any given band was developed aheed in the suite of programs that
conform the wholdRainbowpackage as a part of this work. Now it is available for any seghbgnt
study that makes use &ainbow
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As a result to the techniques applied to develop this catalbgalaxies were also character-
ized with stellar masses and SFRs. However, as these werequted to address the questions
raised in this Chapter, we do not discussed them here. Nelest) it is worth mentioning that
realizing the vast amount of resources that can be obtaiwed Rainbowwas a fundamental
motivation to perform the exhaustive analysis describe@hapters 2 and 3. This is because,
by describing the basis of tHeainbowmethodology and discussing the accuracy and limitations
of the estimated properties we allow a more straightforwesel of all these resources in future
studies.

Based on the estimated properties for Hxand selected sample we will explore the nature
of the K-band NCs. In particular, we will disentangle the relatiwiibution of galaxies at
different redshifts to identify what is the cause for themhaf the NCs. To achieve this goal we
will assume that NCs can be explained in terms of a set of LBdfatent rest-frame magnitudes
and redshift intervals. Based on that characterization Wedantify three different regimes in the
galaxy NCs as a function of magnitude which are related togeegmeters of the LFs, and thus to
intrinsic properties of the galaxies. To conclude our asialyve will compute multiple LFs that,
combined with other results from the literature, will allow to interpret the overall shape of the
NCs (and particular features) in terms of LFs. Thus, linkimg NCs to the intrinsic properties of
the galaxies at different redshifts.

Along the following introduction we give a brief overview time studies of galactic number
counts describing the kind of insight that they can providetlte properties of the underlying
galaxy populations. Then, we will conclude presenting sparéicular issues posed by the results
of these studies that still remains un-solved.

4.1.1 The Number Counts view on galaxy evolution

As we described in the introduction to this work, the firstdsts of distant galaxies were fo-

cused on constraining the values of the cosmological paemeather than to analyze galaxies
themselves (see e.g., Sandage 1960; Tinsley 1977). In tine ofaobservational cosmology, be-

fore multi-band catalogs and redshift surveys appeartttd Was known about the values of the
cosmological parameters, but even less about galaxy émoluf\s a result, simple test such us
counting the surface density of galaxies on the sky as aifumof apparent magnitude became
one of the classic cosmological tests. The idea is fairlyp##mand it only requires taking a very

deep wide-field image at any place on the sky, counting aétehthe number of galaxies per unit
of area and magnitude bin.

Then, making reasonable, but simple, assumptions on theegres of galaxies and their
evolution with cosmic time the shape of these number countddvbe exclusively dependent on
the underlying geometry of the universe which is determimgthe cosmological parameters. The
initial assumptions on galaxy evolution were based on thegeoperties of local galaxies that
were already known, such as the different Hubble types:; dhairacteristic SEDs and distribution
on luminosity (cf. luminosity functions). Upon that, themglest parametrizations, so-callad
evolutionmodels, frequently assumed that the luminosity and chewiatit density of galaxies
remained constant with time i.e., no they do not age nor suffergers. The first papers on NC,
soon revealed that these models were too simplistic to dejpe the counts (Brown & Tinsley
1974; Bruzual A. & Kron 1980; Koo 1986; Babul & Rees 1992) tiwaarly at faint magnitudes,
were there seemed to be an excess of galaxies. The disciepaace aggravated with the advent
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of deeper surveys which showed even larger differences amedgo the models, being the largest
in the blue bands (cf. the excess of faint blue galaxies; B&kiterguson 1996). In contrast, the

first works on NIR NCs showed a comparatively flatness reddativoptical counts, and a distinctive

change of slope that made the interpretation even more ipgz@ee, e.g., Cowie et al. 1990;

Gardner et al. 1993; Gronwall & Koo 1995; Djorgovski et al9%9Bershady et al. 1998).

More detailed models appeared introducing luminosity @woh, detailed SED modeling
(based on SPS), mergers, and assumptions on the formatiefidifferent populations (see e.g.,
Kauffmann et al. 1994; Gardner et al. 1996; Pozzetti et @618lakata et al. 1999; McCracken
et al. 2000). The use of more sophisticated models improkeditting to the observed NCs
allowing a more challenging simultaneous fitting of NCs iffatent bands. The development of
more detailed galaxy evolution models set the basis of tblenigues that are currentlyCDM
simulations and semi-analytical models.

The change of paradigm for NC modeling started with the figgtrous proofs of an ac-
celerating, closed, dark energy dominated universe¥M), presented in the results of WMAP
(Spergel et al. 2003). Nowadays, our knowledge of the cosgicdl parameters has improved to a
precision inconceivable in the 1970s. In addition, we akeelproof of a substantial and complex,
galaxy evolution with cosmic time, that must affect sigrahdy to the shape of NCs. However,
NCs are still widely used in combination with other key paeaens (such as luminosity functions
and mass functions) to test galaxy evolution models (botherical and semi-analytical). The
availability of NCs down to very faint magnitude limits oviarge sky areas is used to test the
predictions of different theoretical models without bestgpngly affected by the cosmic variance
(see e.qg., Kitzbichler & White 2007; Monaco et al. 2007). didiéion, as NCs are an almost unbi-
ased measurement that do not require further assumptiolisge.g., luminosity/mass functions),
these are commonly used as a validation test for deep maiditsurveys, being only subject to
the effects of cosmic variance (i.e, clustering effectsnadlsscales that affects the expected ho-
mogeneity of the galaxy distribution).

It is also worth mentioning that, despite our improved kremge in both cosmology and
galaxy evolution, it is still challenging reproducing theape of NCs from its first principles, i.e.,
associating particular features to the properties of gedaxThus, even a widely used assump-
tion such us that the faintest NCs are dominated by distagit-higalaxies can be potentially
wrong (Bershady 2003). The main cause of uncertaintieseiglifficulty of interpreting galaxy
counts (see, e.g., Koo 1990, and references therein), whmtesent sums of luminosity func-
tions modulated by shifts in apparent magnitude (due to otsgical luminosity-distance effects,
K-corrections and evolutionary corrections) and in appareimber (due to changes in the vol-
ume element with redshift). Thus, despite the conceptuaplstity of NCs, the large number of
contributing parameters makes difficult the interpretabbgalaxy counts only in terms of evolu-
tionary effects in galaxy populations. However, our cutferowledge of luminosity functions and
galaxy redshift distributions allows us to do the opposite, reverse engineerer the NCs analyzing
the relative effect of its components and revealing the tiyithg causes to their shape.
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ABSTRACT

Context. The galaxy number counts has been traditionally used to test models of galaxy evolution. However, the origin
of significant differences in the shape of number counts at different wavelengths is still unclear. By relating the most
remarkable features in the number counts with the underlying galaxy population it is possible to introduce further
constraints on galaxy evolution.

Aims. We aim to investigate the causes of the different shape of the K-band number counts when compared to other
bands, analyzing in detail the presence of a change in the slope around K ~ 17.5.

Methods. We present a near-infrared imaging survey, conducted at the 3.5m telescope of the Calar Alto Spanish-German
Astronomical Center (CAHA), covering two separated fields centered on the HFDN and the Groth field, with a total
combined area of ~ 0.27deg? to a depth of K ~ 19 (30,Vega). By combining our data with public deep K-band images in
the CDFS (GOODS/ISAAC) and high quality imaging in multiple bands, we extract K-selected catalogs characterized
with highly reliable photometric redshift estimates. We derive redshift binned number counts, comparing the results in
our three fields to sample the effects of cosmic variance. We derive luminosity functions from the observed K-band in
the redshift range [0.25-1.25], that are combined with data from the references in multiple bands and redshifts, to build
up the K-band number count distribution.

Results. The overall shape of the number counts can be grouped into three regimes: the classic Euclidean slope regime
(dlog N/dm ~ 0.6) at bright magnitudes; a transition regime at intermediate magnitudes, dominated by M™* galaxies
at the redshift that maximizes the product ¢* ‘%C; and an a dominated regime at faint magnitudes, where the slope
asymptotically approaches -0.4(a+1) controlled by post-M™* galaxies. The slope of the K-band number counts presents
an averaged decrement of ~ 50% in the range 15.5 < K < 18.5 (dlog N/dm ~ 0.6 — 0.30). The rate of change in the
slope is highly sensitive to cosmic variance effects. The decreasing trend is the consequence of a prominent decrease of
the characteristic density ¢3 .5 (~ 60% from z = 0.5 to z = 1.5) and an almost flat evolution of M ,;, (1o compatible
with My s = —22.89 £ 0.25 in the same redshift range).

Key words. galaxies: evolution — galaxies: high redshift — infrared: galaxies

1. Introduction counts still exhibit a considerable scatter, making it dif-
ficult to narrow down the evolution in a small mag-
nitude interval. Additionally, the apparent simplicity of
the NCs hides a mixture of evolving galaxy properties
that complicates the interpretation of the observed fea-
tures in terms of a single physical origin. Thus, it is
not surprising that the explanation for the flatness of
the K-band counts (relative to the optical NCs) or the
presence of a sharp break in the slope around 16 <
K < 18 are still a matter of debate (Gardner et al.
1993; Cristébal-Hornillos et al. 2003; Quadri et al. 2007;
Tovino et al. 2005; Temporin et al. 2008).

With the advent of the large photometric surveys (such as
COSMOS - Scoville et al. 2006; UKIDDS - Lawrence et al.
2007, etc), the coverage of the extragalactic number
counts (hereafter, NCs) on multiple bandpasses has greatly
improved. Benefiting from the new generation of wide
area cameras and dedicated telescope facilities, these sur-
veys have provided large galaxy samples with a sig-
nificant improvement in efficiency (Gabasch et al. 2008;
McCracken et al. 2003). Even the traditionally more prob-
lematic NIR surveys have made considerable progress in
covering areas close to a square degree, up to limiting mag-

nitudes hardly reachable a few years ago (Simpson et al.
2006; Conselice et al. 2008).

The NIR galaxy counts usually have been consid-
ered a particularly useful method to constrain galaxy
evolution and cosmology, providing a simpler, less bi-
ased, test of galaxy evolution models. However, although
the overall shape of the NCs is well defined, published

The change in the slope of the NCs is a direct con-
sequence of galactic evolution. Indeed, any feature in the
shape of the NCs is closely related to the luminosity distri-
bution of galaxies at a given epoch. By disentangling the
relative contribution from the luminosity functions (here-
after, LFs) at different redshift ranges, we will be able to
identify the driving force behind the shape of the NCs.
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Therefore, we aim to refine our understanding of the K-
band NCs in the light of galaxy evolution by reconstructing
the NCs in the K-band from rest-frame LFs in the mul-
tiple bandpasses probed by the observed K-band at dif-
ferent epochs. We benefit from the substantial amount of
work done on deriving accurate LFs at different redshifts
in the optical bands (Wolf et al. 2003;Blanton et al. 2003;
Chen et al. 2003; Ilbert et al. 2005; Gabasch et al. 2006;
Marchesini et al. 2007) and NIR bands (Kochanek et al.
2001; Cole et al. 2001; Pozzetti et al. 2003; Feulner et al.
2003; Cirasuolo et al. 2007; Arnouts et al. 2007) to disen-
tangle the multiple galactic populations at different redshift
that assemble together to create the observed NCs, and to
discern the true nature of the reported features on that
distribution.

The purpose of this paper is two-fold. First we present a
NIR survey conceived to serve as reference for future spec-
troscopic follow up. Second, we use these datasets and high
quality photometric redshifts to derive NCs and LF's in the
observed K-band, allowing us to analyze the underlying
galaxy population responsible for the observed shape of the
K-band NCs. The paper is organized as follows: In §2 we
describe the observations, data reduction and the compila-
tion of complementary data sets. Sections 3 and 4 show the
multi-wavelength characterization of the K-selected sam-
ples and the procedure to derive photometric redshifts. In
§5 we investigate the reliability of these photometric red-
shift estimates. Then, we use these K-selected samples in
86 and §7, presenting K-band NCs in three different fields
and making use of the photometric redshifts to explore the
redshift distribution and to probe the impact of cosmic vari-
ance in the NCs. In §8 we discuss the connection between
NCs and LFs, and present our LF estimates along with pre-
viously published results in multiple bands and redshifts. In
§9 we derive the expected NCs distribution from the cor-
responding LFs. Section §10 summarizes the conclusions of
the paper.

Throughout this paper we use Vega magnitudes unless
noted otherwise and adopt the current standard cosmology
Hy =70 km~'s™'Mpc™!, Qp = 0.3 and Qp = 0.7.

2. NIR observations

K-band observations were carried out on two sepa-
rate fields: one covering the flanking fields of the orig-
inal Groth strip (Groth et al. 1994) at «(J2000.0) =
14"17m43%, §(J2000.0) = 52°28'41” (hereafter, Groth-
FF), and the second centered at the Great Observatories
Origins Deep Survey north field (HFDN; Giavalisco et al.
2004), «(.J2000.0) = 12"36™49°%, §(.J2000.0) = 62°12/58".
Additionally, we made use of complementary infrared imag-
ing which includes a full mapping of the Groth strip in the
J and K s bands (Cristébal-Hornillos et al. 2003; hereafter,
CHO03), and J-band observations in the Groth and HDFN
fields (Villar et al. 2008; hereafter V08), consisting of three
pointings covering at least ~ 60% of the K surveyed area
in Groth, and a single pointing in HDFN completely over-
lapping with the K exposure. Details of the observations
are shown in Table 1. Fig. 1 shows the layout of the two
areas covered.

The Groth-FF infrared observations in the K’-band
were obtained using OMEGA-PRIME (hereafter, ),
mounted on the prime focus of the 3.5m telescope at Calar
Alto Spanish-German Astronomical Center (CAHA) dur-
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Fig.1. Sky coverage maps of the NIR datasets in the
Groth and HDFN fields. The outlines represent. Top.-
The CAHA-Q K’-band flanking fields at both sides of
the WHT-INGRID K-band coverage of the original Groth
strip (Cristébal-Hornillos et al. 2003), and the Q2k J-band
pointings of Villar et al. (2008). The J-band central im-
age is shown for comparison with the HDFN K-band im-
age covering the same area (~ 225arcmin?). Bottom.- The
CAHA-QO2k K-band coverage of the HDFN. The GOODS-
HST footprints are also shown for comparison.

ing three runs in 2000 May 15-17, 2002 March 28-31 and
2002 August 19-23. The K’ filter was preferred to Ks for
a better removal of thermal background. No significant dif-
ference in (K’ — Ks) galaxy photometry was found (see
Section 2.2).

The Q' camera was equipped a 1k x 1k HgCdTe Rockwell
array that provides a field of view of 7/ x 7" with 0.396” /pixel
scale. In the first runs, a small misalignment on the sec-
ondary mirror caused the PSF to be slightly asymmetric.
This problem was enhanced in the 2002 run, causing the
FWHM to be noticeably higher, and reducing the depth
of the observations. The seeing conditions were generally
average, with the FWHM ranging from 1.10” to 1.50” ex-
cept for a few pointings with a higher seeing (~1.9"). The
background emission in the NIR is bright, non-uniform and
highly variable. Therefore, in order to perform an accurate
sky subtraction, sky dithered exposures are required. We
used a hexagonal dithering pattern of 20" side, repeated 12
times, shifting the center 3” each time to create the final
exposure. After excluding the edges (having a lower cov-
erage), each pointing in the Groth-FF covers 47 arcmin®.
The integration times were chosen to keep the count levels
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within the linear regime of the detector. Typical exposure
times were 31 X 2 s per dithered position (co-adds x indi-
vidual exposure time), rejecting the first frame each time to
avoid charge persistency problems. Total integration times
were around 84 minutes per pixel. Note that the integra-
tion time for the last run was increased to alleviate the
alignment problem.

The whole Groth-FF mosaic comprises 22 pointings of
about 7/ x 7', for a total of 822 arcmin®. ~ 80% of the
total area is above the average exposure time per frame
(~ 80 min), with relatively shallow limiting magnitudes of
K ~19.1 —19.8 (30). The CH03 Groth strip observations
covered ~180 arcmin? in eleven 4’ x 4’ pointings, carried
out with the INGRID instrument and K-band filter in the
William Herschel Telescope, to a deeper limiting magnitude
of K ~ 20.5 (30). The V08 central Groth strip observations
covered 702 arcmin? in three 15'x15 pointings taken us-
ing the OMEGA 2000 (22k) instrument at 3.5m CAHA to
a limiting depth of J ~ 22.5 (3¢). The combination of the
Groth NIR observations leads to a total area of 955 arcmin?
in the K-band and at least 462 arcmin? simultaneously ob-
served in both the J and K bands.

The HDFN infrared observations in the Ks-band were
performed with the CAHA 3.5m telescope using 2k, which
is an improvement over the previous €2’ instrument. The
detector is a 2kx2k HgCdTe HAWAII-2 Array, with a
0.450" /pixel and a 15.4’ x 15.4’ field of view. Observations
were performed over the course of one observing run in 2006
May 15-17. The seeing conditions were slightly better than
in Groth-FF, ranging from 0.9” to 1.1”. The typical expo-
sure times at each dithered position were 50 x 3 s. The total
exposure time is 1.7 h. After excluding the noisy edges, we
obtained a final image of 232 arcmin? to a K ~ 19.5 depth
(30). The same area is covered in V08 J-band observations
of HDFN to a limiting magnitude J ~ 21.9 (30).

2.1. Data reduction

The data were reduced in a standard way using a combi-
nation of the UCM NIR reduction software (Cardiel et al.)
and the IRAF! software package XDIMSUM. The basic
methods are outlined below.

First, an average dark image with the same exposure
time and number of co-adds is subtracted from the science
images. Second, each science frame is flat-field corrected
and the background emission is removed. Finally, all the
frames are combined using an iterative method.

The skyflat image employed in the second step is built
from the science frames by combining all the images with a
median filter to remove sources. The background emission
image is created for each science image using the median
combination of the same pixel in the 3 previous images
and the 3 next images. The positions of several stars are
used to determine the relative shifts between background-
subtracted images. The images are aligned to a common
reference using integer pixel shifts, to preserve the Poisson
nature of the noise. Since the PSF is well sampled, we do
not expect an increase in the average seeing. Object masks
in the combined image are constructed using SExtractor
(Bertin & Arnouts 1996). In a second step (and following
iterations), the construction of the skyflat and the back-

! http://iraf.noao.edu/

ground estimation is repeated (and improved), this time
masking out the sources detected in the previous step.
Several additional reduction procedures are carried out
to improve the quality of the final images. We create a
mask of bad pixels in each image. An initial cosmetic defect
mask is created using the dark images. We then inspect each
background subtracted image individually; images with se-
vere artifacts, significantly higher seeing or very poor trans-
parency are discarded, while others with localized artifacts
(e.g. satellite trails) are masked using a custom procedure.
Additional bad pixels in each image are identified using
a cosmic ray detection procedure or are removed with a
sigma-clipping algorithm during image combination.

2.2. Photometric calibration

Photometric calibration was performed comparing aperture
photometry from Two Micron All Sky Survey (2MASS)
(Skrutskie et al. 2006) bright stars in the final mosaic af-
ter rejecting those with poor quality flags in the 2MASS
catalog. Despite the different K-band filters, the integrated
K fluxes are essentially preserved, as the color transfor-
mations (Eq.1) are typically smaller than a few 0.01 mag,
due to the smooth behavior of NIR SEDs. The '-K’ and
2MASS- K magnitudes are related by the following equa-
tions (Wainscoat & Cowie 1992);

K, = K +0.005(J — K)
K = K'—(0.22+0.03)(H — K).

(1)

We find that the same equations apply for 22k with no
significant dispersion.

The number of stars employed for each field calibration
ranges from 7 to 15, leading to a zero-point rms between
0.04 and 0.08 in Groth-FF, and ~ 0.05 in HDFN, which
should only be considered as a lower bound to cumulative
uncertainties introduced by the color transformations. To
check the quality of the Groth-FF photometric calibrations
we compared them to CHO3 INGRID K-band observations
inside an ~80 arcmin? overlapping region. Using standard
stars (Persson et al. 1998), they found their photometric
uncertainty to be less than 0.03-0.05 mag. The median off-
set of the comparison is less than 0.07 mag for bright ob-
jects, so we do not attempt to readjust the zero-points to
their calibration.

Note that the shift in effective wavelength between the
K’ and K, filters is small, and much less than the filter
widths. In the discussion that follows we do not distinguish
between the different K filter sets.

2.3. Catalog completeness

We estimated the completeness of our catalogs by simulat-
ing the detection and photometry of fake sources. The fake
sources were created by extracting a bright source from the
image, scaling it to the desired flux level, and injecting it at
random locations in the central well-exposed regions of the
images. We then attempt to detect these objects by run-
ning SExtractor under the same parameters as in the origi-
nal frame. Figure 2 shows the resulting completeness curves
for point sources as a function of magnitude for some of the
pointings. Because the simulated sources are not required
to fall on empty regions, the confusion to real sources may
slightly lower our detection efficiency. Nonetheless, given
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R.A. Decl Exposure FWHM  m(80%eff)  myim(50) Area

Pointing (J2000.0) (J2000.0) (s) (arcsec) (mag) (mag) (arcmin?)

(1) @) 3) 4 ) () 1) ®)

grothll 14:14:43.515 +52:03:14.76 4800 1.15 19.1 19.3 47.2
gT‘Otthlr 14:15:28.298 +51:57:35.62 5820 1.53 18.7 19.3 48.7
groth21 14:15:11.712 +52:08:13.31 4680 1.20 18.8 19.2 47.1
gr'ot}L22T 14:15:56.989 +52:02:48.05 7500 1.50 18.8 19.3 45.4
groth31 14:15:39.456 +52:13:11.31 3720 1.50 18.7 19.2 47.4
groth32 14:16:21.756 +52:07:41.58 2520 1.30 18.7 19.1 46.6
groth41 14:16:06.669 +52:18:38.36 3240 1.16 18.3 18.5 47.2
groth42 14:16:49.262 +52:12:49.23 5040 1.31 19.1 19.4 48.6
groth51 14:16:35.898 +52:23:32.60 5040 1.00 19.1 19.5 49.6
groth52 14:17:17.680 +52:18:02.82 5040 1.14 19.2 19.5 48.5
groth61 14:17:07.477  +452:28:30.29 4680 1.30 19.2 19.7 48.9
gT‘Oth62T 14:17:50.812 +52:22:59.62 6180 1.50 18.7 19.3 47.0
groth63 14:17:04.981 +52:23:23.18 5040 1.14 18.8 19.1 49.1
groth64 14:17:17.456 +52:30:05.59 5040 1.07 19.2 19.5 46.8
groth71 14:17:35.943 +52:33:22.61 5040 1.42 18.9 19.6 50.9
groth72 14:18:21.179 +52:28:19.52 4920 1.80 19.0 19.8 47.4
groth81 14:18:03.943 +52:38:41.66 5040 1.30 19.2 19.8 47.4
groth82 14:18:49.704  +452:33:22.23 2940 1.90 18.4 19.3 48.2
groth91 14:18:33.323 +52:43:46.63 4560 1.50 19.2 19.7 48.7
groth92 14:19:17.913 +52:38:09.21 4920 1.60 18.9 19.5 50.7
groth101 14:19:02.220 +52:48:38.00 4800 1.90 18.5 19.7 49.4
gT‘OtthZ)r 14:19:45.792 +52:43:11.56 6300 1.50 18.9 19.5 49.6
gooodsn 12:36:49 +62:12:58 6300 1.1 19.2 19.5 232.2

Table 1. Units of right ascension are hours, minutes and seconds, and units of declination are degrees, arcminutes and
arcseconds.(f) Pointing observed during secondary mirror misalignment problem. Col. (7) is the 50 limiting magnitude

measured inside a 1”7 radius circular aperture.

the uncrowded nature of our K-band images, we expect
the confusion to affect our completeness values by less than
5% at the ~ 80% level.

For a more realistic depth estimation, we have simulated
extended sources as well as point like sources. Extended
sources are considered when the effective radius is 20%
greater than the typical radius of the stars on that frame.
As expected, the efficiency for extended sources lowers the
estimation from point-like sources by 0.2 to 0.3 magni-
tudes. A precise determination of the completeness correc-
tion would require measuring the detection efficiency over
a wider range of effective radius. Nevertheless, for the pur-
pose of our investigation, we can establish a conservative
magnitude threshold of K=18.5 in the HDFN and Groth-
FF without affecting our conclusions. Hence, excluding the
shallowest fields (groth32, groth41, groth82, groth101) from
the final catalog, we obtain a galaxy sample of reasonably
homogeneous depth in both fields, avoiding the use of com-
pleteness corrections. The estimated 80% completeness and
limiting magnitudes for each pointing are given in Table 1.
For the Groth strip data, CHO3 carried out simulations find-
ing insignificant completeness corrections below K = 19.
We will adopt that value as the limiting magnitude.

2.4. Complementary data

In addition to our NIR survey, high-quality imaging and
photometry are publicly available for both fields. For the
Groth field, we made use of some of the panchromatic data
sets that have been acquired as a part of the All-wavelength
Extended Groth Strip International Survey (AEGIS, see
Davis et al. 2007 for a detailed data description), including
ground based ugriz deep imaging from the Canada-France
Hawaii Telescope Large Survey (CFHTLS-D03-, Gwyn et
al. in preparation), observed with MegaCam at the 4 m
CFTH; BRI wide field (0.70°%x0.47°) observations using
the CFHT12K mosaic camera; Spitzer mid-IR data cov-
ering the wavelength range 3.6um to 8.0um (GTO pro-

Band Aefr(um)  Mmim Source
@ © (4)

3.561 21.6 Spitzer GTO
4.510 21.8 Spitzer GTO
5.689 21.8 Spitzer GTO
7.958 21.7 Spitzer GTO
0.358 25.2  Subaru deep imaging®
0.442 25.2  Subaru deep imaging®
0.546 24.9  Subaru deep imaging®
0.652 24.4  Subaru deep imaging®
0.795 23.9  Subaru deep imaging®
0.909 23.6  Subaru deep imaging®
0.430 25.7 GOODS®
0.592 24.9 GOODS*
0.770 24.3 GOODS®
0.906 23.9 GOODS®
2.127 21.3  QUIRC deep tmaging®

b,spectra.. 0.430 24.4 TKRS*

Table 2. Main characteristics of the datasets in HDFN.
Col. (1): Observing band. Col.(2): Effective wavelength
of the filter calculated by convolving the Vega spectrum
(Colina & Bohlin 1994) with the transmission curve of the
filter+detector. Col. (3): Limiting AB magnitude. Col. (4):
Source from where the data were obtained. ¢ Publicly
available ultra-deep optical and NIR data from Capak et
al.(2004). ® The Great Observatories Origins Deep Survey
(GOODS; Giavalisco et al. 2004a). ¢ Team Keck Treasury
Redshift Survey (TKRS; Wirth et al. 2004) and Cowie et
al. (2004).

gram) and a deep R-band image from Subaru-SuprimeCam
(Miyazaki et al. 2007).

In the HDFN, we used ultra-deep optical and NIR data
spanning from the U to the HK-band (UBVRIzHKs,
Capak et al. 2004), together with HST-ACS bviz imaging
published by the GOODS Team (Giavalisco et al. 2004).
The main characteristics of each data set are given in
Table 2 and Table 3.
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Aerr(pm)  mim Source
2 (3) (4)
2.114 20.3 CAHA-Oprime
0.652 - Subaru deep imaging
0.381 27 CFHTLS
0.486 28.3 CFHTLS
0.626 27.5 CFHTLS
0.769 27 CFHTLS
0.887 26.4 CFHTLS
0.437 24.5 CFHT-12k
0.660 24.2 CFHT-12k
0.813 23.5 CFHT-12k
1.255 22 WHT-INGRID
2.170 21.8 WHT-INGRID
IRAC-3.6....... 3.561 21.6 Spitzer GTO
IRAC-4.5....... 4.510 21.8 Spitzer GTO
IRAC-5.8....... 5.690 21.8 Spitzer GTO
IRAC-8.0....... 7.957 21.7 Spitzer GTO
0.232 24.5 GALEX GTO
0.154 24.5 GALEX GTO
0.361 24.8 INT-WFC
0.436 25.5 INT-WFC
R,redshift.... 0.660 24.2 DEEP2

Table 3. Main characteristics of the datasets in Groth.
Col. (1): Observing band. Col.(2): Effective wavelength
of the filter calculated by convolving the Vega spectrum
(Colina & Bohlin 1994) with the transmission curve of the
filter+detector. Col. (3): Limiting AB magnitude. Col. (4):
Source from where the data were obtained.

At the time of writing, the CFHT12k fully reduced im-
ages were not publicly available. Instead, raw images and
calibration files were downloaded from the CFHT-CADC
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Fig.2. The K-band best fit to the point source com-

pleteness curves. Point-like sources were inserted at ran-
dom locations in the images. The completeness is defined
as the fraction of recovered sources in each image. The
short dashed line shows the completeness curve for the
Groth32 pointing, the shallowest frame employed comput-
ing the number counts. The vertical long dashed line at
K = 18.5 depicts the magnitude threshold to which our
catalog is ~ 100% complete.

archive and the Elixir website?, and were reduced using
the IRAF MSCRED package. Precise astrometry and pho-
tometry calibrations were carried out by comparison to the
CFHT12k public catalogs, and the CFHTLS and Subaru
imaging in overlapping regions.

To complement the imaging data we have compiled a
set of spectroscopic redshifts obtained by several surveys
on these fields. For the HDFN we have 1699 spectroscopic
redshifts from Wirth et al. (2004), Cowie et al. (2004), and
Reddy et al. (2006). Most of these sources are below z ~ 1
and have a high reliability flag (~ 80%). In the Groth
field we have ~15000 redshifts from the DEEP2 collabora-
tion (Davis 2006). Only a small fraction of those are found
within our surveyed area.

3. Source characterization
3.1. Multi-wavelength photometry

Multicolor photometry in all available bands was ob-
tained employing a similar method to the one described in
Pérez-Gonzélez et al. (2008, Appendix A). Briefly, the K-
band source catalog, obtained with SExtractor, was cross-
correlated in a 2” radius to each one of the UV, optical and
NIR catalogs. Sources detected in fewer than 3 bands were
rejected. Given the relatively shallow limiting magnitude of
the K-band images, fully covered by deep optical and IRAC
images, this is a safe method to reject spurious sources.
Then, aperture matched photometry was performed using
elliptical Kron-like apertures. The aperture size and orien-
tation is determined by the K-band image and translated
to all the other optical and NIR images except for the IRAC
bands.

For our typical seeing values the aperture is large
enough to enclose the PSF in all these bands. For the
IRAC bands, where the resolution is slightly worse (~2";
Fazio et al. 2004), the flux was measured in small cir-
cular apertures (typically 3”) and corrected using stel-
lar PSF growth curves (similarly to Huang et al. 2004;
Barmby et al. 2008). In addition, we have also applied a
deblending algorithm for the sources with multiple K-band
counterparts associated with a single IRAC source and sep-
arated by more than 1” (the approximate limit of the as-
trometric resolution). The K-band positions of the sources
were used to re-align the position of the aperture in the
IRAC band. Then, the IRAC PSF is convolved with the K-
band PSF and the flux is measured again inside a 0.9” aper-
ture, applying the corresponding aperture correction. For
source separations larger than 1”, the flux contamination
with this method is lower than 10% (Pérez-Gonzélez et al.
2008).

For GALEX and HST data, we took the SExtractor
MAG_BEST magnitude of the closest source. Consequently,
we do not use these data in the photometric redshift deter-
mination. For the rest of the bands, the procedure allows
us to obtain accurate colors, since we measure a similar
fraction of the flux from an object in each filter.

Uncertainties in the measured flux were derived taking
into account the background noise, photon statistics, read-
out noise and scatter in the WCS. The standard method
of determining the background noise from pixel-to-pixel
variations of adjacent sky pixels often underestimates the

2 http://www.cfht.hawaii.edu/Instruments/Elixir/
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real value due to correlated signal effects introduced dur-
ing the data reduction (Labbé et al. 2003;Gawiser et al.
2006). To obtain a more accurate determination of the
background noise we followed the method described in
Pérez-Gonzélez et al. (2008), which is similar to that of
Labbé et al. (2003). For each source, the sky flux was mea-
sured in randomly distributed apertures with the same size
as the photometric aperture. Then, we estimated the back-
ground noise from the width of the flux histogram, approx-
imated by a Gaussian distribution. The comparison to the
sky background measured with SExtractor shows that the
latter tends to underestimate (10%-15%) the noise even in
the K-band images, where integer pixel shifts were used
during the frame combination.

3.2. Photometric redshift

We calculate photometric redshifts using the methods de-
scribed in detail in Peréz Gonzédlez et al. (2005,2008).
Briefly, a reference set of galaxy templates is fitted to the
observed spectral energy distributions (SEDs), taking into
account the flux uncertainties. The galaxy templates are
composed of a sample of galaxy spectra from HDFN and
CDFS with highly reliable redshift determinations, includ-
ing some z > 1.5 galaxies, and well-covered SEDs (with
more than 10 different photometric data points). The set is
fitted with models of single, and composed stellar popula-
tions (1-POP and 2-POP) and models of dust emission. The
comparison between data and models is done using a maxi-
mum likehood estimator that takes into account the uncer-
tainties in each data point. The resulting 1-POP templates
are characterized by four parameters: The star formation
time scale 7, age ¢ (assuming exponentially declining star
formation history), metallicity Z, and extinction A(V). For
the 2-POP we have twice the same family of parameters
to characterize both the young (instantaneous burst) and
the old populations. The final set comprises 3624 models
(1666 1-POP+dust, 1958 2-POP+dust). The photometric
redshift estimation and uncertainty is derived from the min-
imization of the x? probability distribution obtained from
the fitting of the observed data to a grid of redshifted mod-
els (using §z = 0.01). In addition, we include AGN tem-
plates from Polletta et al. (2007) to provide a better fit of
the very few AGN dominated SEDs.

Furthermore, it is possible to use the best fitting SED to
estimate rest-frame fluxes, luminosities and also observed
fluxes in bands that might be missing due to shallow imag-
ing or differences in the covered area. The use of these syn-
thetic magnitudes allows a consistent calculation of colors
for all sources in the sample.

3.3. Star-galaxy separation

Stars are separated from galaxies using a combination of
morphological and color criteria. Following Pérez-Gonzélez
et al. (2008), all secured objects (with detection in more
than 3 photometric bands) are classified as stars if they
satisfy at least 3 of 9 morphological and color criteria. The
first one is the all-band weighted SExtractor STELLARITY
parameter. When available, the STELLARITY estimations
from HST images are given a higher weight in the com-
parison. The other criteria are based on nIR and IRAC
color-color criteria and comparisons between magnitudes

derived from isophotal and circular apertures extracted
from Eisenhardt et al. (2004) and Rowan-Robinson et al.
(2005) (see Pérez-Gonzélez et al. 2005, 2008 for a de-
tailed description). We also consider the BzK criteria by
Daddi et al. (2004), to isolate the stellar locus: (z—K)ap <
0.3 x (B — 2)ap — 0.5. In Fig. 3 we compare the efficiency
of the latter to the other color-morphology criteria. Sources
classified as galaxies are required to satisfy fewer than three
different criteria. We find that almost all the stars satisfy
the BzK criteria with only a few objects below our star
threshold, probably being galaxies scattered into the stel-
lar boundary due to photometric errors as already reported
by other authors (Kong et al. 2006).

We also classify as stars a very small fraction of objects
whose best fit to a spectral template is the Vega SED, and
that does not have a reliable spectroscopic redshift. These
objects typically satisfy at least 2 of the other criteria, and
after visual inspection, it is most likely that they are stars.

0 05 1 15 2 - 25 3 35 4 45 5
B2

Fig. 3. Efficiency of the BzK color-color diagram to iden-
tify stars, compared to the combination of the other 9 cri-
teria applied to isolate stars. The dashed lines depict the
regions defined by the BzK criteria. The bottom line iso-
lates the stellar locus, while the other two select sources at
z>1.4. Black stars show the sources that satisfy three or
more stellarity criteria.

4. Composite sample

Our final K-selected sample is comprised of 1313 sources in
the 223 arcmin? of HFDN, 4660 sources in the 648 arcmin?
of the Groth-FF, and 1957 sources in the 161 arcmin? of
Groth strip. Out of these, less than 15% are identified as
stars in each field. We merged both Groth samples into a
single catalog with 5948 sources. To avoid repeated sources,
the two samples were cross-correlated in a 1” radius remov-
ing duplicate sources with lower S/N.

Additionally, to complement the low depth sam-
ples, we have created a K-band selected sample in
the Chandra Deep Field South (CDFS, «(J2000.0) =
03"32m28%, 5(.J2000.0) = —27°48'30"). The reference im-
age was drawn from the latest data release of the
GOODS/ISAAC observations (Retzlaff et al. in prepara-
tion). This final release adds two new frames in the K-band,



4. Scientific explotation of multi-wavelength catalogs heTnature of extragalactic number

128 counts in thex -band
: : 8 : :
ﬂ - Groth-FF
- -~ Groth-Sti
— Groth 7k HIrJOFN "
i 7 P - — - CDFS
7 \‘ Average
0.8 N FI'
N |
w
£ N
§ 06 4 £ 1
8 5
a
X
z

0
-0.25 -0.2 -0.15 -0.1 -0. 0.1 0.15 0.2 0.25

.05 0 0.05
Azl(1+z)

Fig.4. Comparison of the scattering in the photometric
redshift estimates (Zspec — Zphot)/(1 + Zphot) for the three
fields.

increasing the total surveyed area to 172 arcmin®. The com-
bined mosaic covers the region with a variety of exposure
times, with an average depth of K ~ 22.7 and a maxi-
mum of K ~ 24.2. Consequently, we can safely consider
the whole sample to be complete below K = 20 (see also
the area-depth estimations from Grazian et al. 2006 for the
v1.5 data). The CDFS has also been the target of extensive
multi-wavelength observations. We make use of all the pub-
lic and proprietary data compiled in Pérez-Gonzdlez et al.
(2005) to create the multicolor sample, following the proce-
dures described in section §3. After excluding a small por-
tion of the mosaic with very low S/N regions, the sample

contains 6810 galaxies in an area of 168 arcmin?.

5. Photometric redshift distribution

We have checked the quality of our photometric redshifts
with all the available spectroscopic data compiled for the
three fields (Fig. 4). For HDFN there are 287 sources (36%
of the sample) with highly reliable spectroscopy. The av-
erage redshift difference (62 = Zspec — Zphoto) is 0.001,
70% of the sample present values of o,/(1 + z) < 0.05
(where o, is the absolute value of d§z), and 91% have
0,/(1+ 2) < 0.1. In the CDFS 232 sources (53% of the
sample) have spectroscopic redshift with a high quality flag.
The mean value of §z is 0.014. 72% of the sample present
values of 0, /(14 z) < 0.05 and 91% have ¢, /(14 2) < 0.1.
In the Groth-FF we find 846 sources with high quality flag
(35%). The average dz = 0.036. 59% of the sample present
values of 0, /(1+ z) < 0.05 and 85% have 0, /(14 z) < 0.1.
Finally, there are 334 spectroscopically measured sources
in the Groth strip with an average dz = 0.010. The 68%
and 89% have values of o./(1 + 2z) below 0.05 and 0.10
respectively.

Figure 5 shows the photometric redshift distribution for
the samples in Groth, HDFN and CDFS to a limiting mag-
nitude of K = 18.5. The distributions have been derived
taking into account the typical photometric redshift error.
Although the shape of the distributions are typical for a flux
limited sample, field-to-field differences reveal the effects of
large scale structure. The peak of the redshift distribution
depends on the luminosity function of the galaxies at dif-

Fig. 5. Photometric redshift distributions of the K-band
selected galaxies in the HDFN, CDFS and Groth fields.

ferent redshifts. At K < 18.5 the majority of the sources
are found at z < 0.7 (see next section), leading to an expo-
nentially decreasing tail at higher redshifts. The prominent
density peak in HDFN at z ~ 0.5 is in good agreement
with the redshift distribution found by the Team Keck spec-
troscopic survey (Wirth et al. 2004). The less pronounced
feature in CDFS at approximately the same redshift also
coincides with a spectroscopically confirmed overdensity at
z = 0.7 (Vanzella et al. 2006), if we take into account the
broadening caused by the photometric redshift uncertain-
ties and the decreasing selection function at high redshift.
Finally, there appears to be a slight underdensity at z ~ 0.4
and a small peak at z ~ 0.2 in the Groth field. This alterna-
tion of peaks and voids between fields highlights the impact
of field-to-field variance in the small area surveys, especially
at z < 1.

6. K-band number counts

Figure 6 shows the K-band NCs for the three fields, as
well as the NCs from CHO3, for comparison. The NCs in
0.5 magnitude bins, up to K=18.5 for Groth and HDFN,
and up to K=20.0 for CDFS are summarized in Table 4.
Within these limits, detection efficiencies for point sources
are well above 90% (see Fig. 2, and completeness estimates
in §2.3 and §4). Hence, we do not apply completeness cor-
rections to the NCs. Our counts do not need corrections for
spurious sources either; spurious sources typically appear
at brightness levels where the efficiency drops significantly
below 100% (CHO3;Eliche-Moral et al. 2006), and the frac-
tion of spurious sources in our catalogs must be negligible
given that each source is required to be detected in at least
three bands (§3.1). NCs are tabulated in Table 4. The er-
ror calculation assumes Poisson statistics for low numbers
(Gehrels 1986) added in quadrature to the standard de-
viation derived from bootstrapping the source magnitudes
convolved with a Gaussian error kernel.

In the Groth field, our counts are in good agreement
with those of CHO3. Differences are 1o compatible in the
range 16.0< K < 18.5. The overall agreement provides an ex-
ternal check on the quality of both sets of K-band number
counts in the Groth field. As we move to brighter magni-
tudes, our counts are systematically above those of CH03
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Fig. 6. The raw number counts in our three fields (HDFN,
CDFS, Groth) and counts from CH03 obtained in an small
portion of our total area in the Groth field. Error bars are
derived from a combination of Poisson errors and boot-
strapping. No completeness corrections have been made.

and HDFN. Such an offset is likely due to the smaller area
mapped in these two surveys (~5 times smaller in the case
of CHO3). Nevertheless, NCs below K < 16 probe very low
redshift populations (see next section) that would require
larger areas to be studied accurately.

The NCs in the Groth and HDFN fields at K > 18.5 are
shown in Fig. 6 for comparison to the deeper CDFS counts
and the completeness corrected counts of CHO3. The fact
that the shallower NCs do not fall abruptly until K ~19
supports our efficiency estimates for the Groth and HDFN
images. In addition, it is noteworthy that the scatter in the
brighter counts (K < 17) is on average greater than the
typical uncertainties for the NCs in any of the fields. The
most plausible cause of this discrepancy is cosmic variance.
As we showed in the previous section (Fig. 5), there might

Groth HDFN  CDFS
K Bin Center log(N)  log(N)  log(N)
16.00 3.070:95  2.903:10  2.900:11
16.50 3.345:01  3.183:97  3.135:89
17.00 3.560:93  3.443:38  3.308:58
17.50 3.759:92  3.783:3%4  3.625:92
18.00 3.915:83  3.893:93  3.815:5%
18.50 4.0099%  4.033%% 3.970:0%
19.00 - - 413353
19.50 - - 4.183:92
20.00 - - 4.383:5%

Table 4. Differential number counts in 0.5 magnitude bins
for the K-selected samples in HDFN, CDF'S and the Groth
field, uncorrected for completeness. Only the NCs up to the
completeness limit of each field are shown.

be significant overdensities at some redshifts that lead to
these differences. Additionally, the effect is accentuated by
the fact that bright counts come mainly from low redshift
sources, which are poorly sampled in small area surveys,
like HDFN and CDFS. We will further discuss field-to-field
variance effects in the next section.

The left panel of Fig. 7 shows the averaged NCs
of the 3 fields along with counts from the literature.
We have compiled measurements from large area sur-
veys to mitigate the effects of cosmic variance on the
shape of the NCs. That is the case of the 1.47 deg? of
the DEEP2/Palomar survey (Conselice et al. 2008), the
0.70 deg? of the UKIDDS-UDS (Simpson et al. 2006), the
0.17 deg? of the Daddi-F (Kong et al. 2006) and the com-
bined ~0.11 deg? of the MUSYC survey (Quadri et al.
2007). Additionally, we compared our results with the
deeper NCs of Forster Schreiber et al. (2006) in the
MS1054-03 galaxy cluster to illustrate the asymptotic be-
havior of faint counts and also the impact on the NCs of a
very prominent overdensity such as a cluster at z=0.83. It
can be seen in Fig. 7 that the density peak dominates the
bright counts. This is comparable, to a lesser extent, to the
effect at K < 17 of the low redshift peak in CDFS.
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The logarithmic derivative of the differential NCs (i.e.,
the slope of the NCs) is shown in the right panel of Fig. 7.
The horizontal lines at 0.25 and 0.6 indicate the value of
the slope on both sides of K = 17.5 reported in CHO3.
The thick black line shows the evolution of the slope for
the combined NCs of our three fields. We confirm that
the logarithmic slope decreases rather sharply from 0.6 at
K = 16.25 to ~0.3 at K =18.0, a similar result to CHO3.
However, it appears that the evolution of the slope is best
described by a continous decreasing trend, rather than by
fixed values on both sides of K ~ 17.5; i.e., the slope of K-
band NCs decreases monotonically over the 16.0< K <19.0
range. The logarithmic slopes derived from counts by other
authors are bound by the same upper and lower limits as
in our data, except at K < 16.0. However, they show a
more gentle variation with magnitude, as well as a greater
dispersion. Such variations among different surveys may
be driven by two processes. First, completeness and re-
liability of the photometry are treated with varying de-
grees of rigor by different authors, which contributes to
the scatter in the NCs (see CHO3). Second is cosmic vari-
ance. Substructure in the redshift distribution can cause
significant fluctuations in the characteristic density, and
hence slope variations, that might lead either to a sharp
break or to a smoother evolution in the slope of NCs.
These density peaks are clearly recognizable in the right
panel of Fig. 7 at K = 16.5 and K ~ 18 when compar-
ing the NCs of HDFN and CDFS. To strengthen this idea
we have created 100 Millennium simulation mock catalogs
from Kitzbichler & White (2007) selected over a 0.25 deg?
area, similar to that of our Groth field, to sample the extent
of field-to-field variance effects. Although the K-band NCs
from Kitzbichler & White (2007) do not accurately repro-
duce the observed distribution at K > 17 (mainly because
the z > 1 galaxy population is overestimated compared to
the observations), their results on clustering analysis are
consistent with observations. Thus, the simulation is suit-
able to mimic the effects of cosmic variance. As can be seen
in Fig. 8, the broadening effect in the slope of the bright
counts is similar to ours, whereas the confidence interval for
the faint counts is significantly narrower, probably because
at that point our NCs are dominated by photometric errors
and depth effects, and not by large scale structure (LSS).

7. Redshift distribution of K-band number counts

The change in the slope of NCs is an indirect effect of galac-
tic evolution. Indeed, any feature in the shape of NCs is
closely related to the luminosity distribution of galaxies at
a given epoch. By disentangling the relative contribution
to the NCs of the LFs at different redshift ranges, we will
be able to identify the main effect responsible for shape of
the NCs.

Fig. 9 depicts the K-band NCs in the CDF'S, the deepest
sample. We have used the photometric redshift estimation
to split the total number counts into redshifts bins. The
binned NCs tend to resemble the shape of a (Schechter)
LF. The evolution of the comoving distance with redshift
causes an effective shift in the successive redshift bins to-
wards fainter magnitudes, and the posterior accumulation
of the higher redshift NCs. In addition, despite the likely
greater effects of cosmic variance on a single field, it seems
clear that for K > 18 the total number counts tend to
become a mixture of very different redshifts ranges, with

dlogN/dm (dex mag™?)
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Fig. 8. Slope for the differential number counts in the 100
samples of the Millennium simulation drawn from the mock
catalogs of Kitzbichler & White (2007). The thick dashed
line shows the averaged NCs combining all the samples.
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Fig. 9. NCs in the K-band for the CDFS field alone (thick
black line) and NCs in several photo-redshift ranges. At
bright magnitudes (K~17) the contribution to the NCs is
limited to only a few low redshift bins, whereas at K~18
the total number counts becomes a mixture of several low
and high redshift bins (z > 1.5)

a growing contribution of high redshift galaxies (2 >1.5)
absent at brighter magnitudes, where 2-3 low redshift bins
account for 90% of the total NCs (Conselice et al. 2008).
Furthermore, it can be seen that for K < 16 the counts
sample the bright part of the LFs at z <1, causing values
to be highly sensitive to both volume effects and LSS.
The four panels of Fig. 10 show the relative contribu-
tion to NCs in HDFN, CDFS and the Groth field divided
in four redshift bins: [0.25-0.50],[0.50-0.75],[0.75-1] and [1-
1.25]. Below z < 0.25 the averaged contribution is small
enough (< 10%) to be neglected. The next three bins are
responsible for most of the total counts up to K ~ 18.
However, the exact proportion might differ by up to a factor
of 2 due to LSS. The alternate peaks and valleys between
HDFN/CDFS and the Groth fields between z = 0.4 — 0.9
(see Fig. 5) cause the most prominent differences around
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K = 17.0 — 17.5 in the first panel of Fig. 10, similarly to
the underdensity in CDFS at z ~0.8 which leads to the
significantly lower NCs around K ~ 17.5 — 18 in the third
panel.

8. Number counts & luminosity functions

In the previous section, we showed evidence for a mild de-
creasing trend in the slope of the NCs. In this section,
we will try to find the origin of such a decreasing trend
by studying the LF at several redshift intervals (benefit-
ing from the estimation of photometric redshifts for the
entire sample). The calculation of LFs must take into ac-
count that the observed K-band probes progressively bluer
rest-frame bands with increasing redshift. By z ~ 0.75, the
K-band central wavelength shifts to 1.25um(J-band), and
for z > 1.5 it begins to probe the optical bands. Therefore,
in order to derive NCs from LF's it is necessary to select
different rest-frame bands at each redshift bin.

In §8.1, we present the functional relation between the
NCs and LFs, parametrized using a Schechter (1976) func-
tion, that we will use to derive the K-band NCs. In §8.2, we
derive LF's from the observed K-band, in the redshift range
[0.25-1.25], using our three galaxies samples. In §8.3 we
combine our LFs with LFs from the literature to explore the
general picture of luminosity evolution in the optical and
NIR. Finally, in §8.4, we summarize the multi-wavelength
LF's probed by the observed K-band at different redshifts,
that gives rise to the K-band NCs distribution.

8.1. Number counts from Schechter functions

The distribution of observed galaxy counts is a consequence
of the LFs and the cosmological framework. Hence, any
feature in the NC distribution could be explained in terms
of the evolution of the LF's assuming a cosmological context.
Here we will adopt a ACDM framework, and assume that
the galaxy LF can be described by means of a Schechter
function,

G(M) = 0.41n(10)¢* 1004 =D (aFD) oy (100-4M7 =2 (2)
where M* is the characteristic absolute magnitude, « the
faint-end slope, and ¢* the normalization of the luminos-
ity function. Although a Schechter function might not be
appropriate to fully describe the faint end population of
the LF (Blanton et al. 2005), this is not the case for the
bright NCs, which will be mostly dominated by M* galax-
ies (see next section). The NCs represent the distribution of
galaxies per apparent magnitude and sky area. Assuming a
parametrization for the LF, the functional form of the NCs
becomes

N(rn)\m[]\/[ ¢7 }

where z; and zy are the lower and upper limit of the red-

shift bin, dV./dS? is the differential comoving volume, and

m[M, ¢, ] _xo_ represents the Schechter parametcrs of a
T+z)

LF in a band with effective wavelength +Z) This indi-
cates the explicit dependence of the NCs in the K-band on
bluer LFs with increasing redshifts. Note that even if we
assume that the Schechter parameters are constant in the

redshift bin (z;, zf], the expression 3 still depends on LFs
at different wavelengths. When Az is small, we can approx-
imate the NCs from single LFs in a photometric band at
(11705)7 where Z is the mean value of the redshift bin (z;, z¢].

Additionally, Eq. 3 can be interpreted as a sum of LFs
at different redshift bins, weighted by the corresponding
comoving volumes. Hence, the shape of the NCs would be
the result of the LF parameters at a given epoch and their
evolution with redshifts modulated by the volume element.
Furthermore, the slope of the total NCs is the sum of the
slope from each redshift bin weighted by the normalized
NCs.

dN)_ldN

In (dmdQ ~ Ndm )

i ( 1 dNi>
— N; dm
where Nj; are the NCs in the redshift bin ¢, and NV is the sum
of all the redshift bins. The slope of the NCs presents some
interesting properties. First, it is independent of the abso-
lute value of ¢*, but it does depend on the relative change
of this parameter (i.e., it depends only on the evolution of
¢*), which can be normalized arbitrarily. Second, in addi-
tion to the low redshift Euclidean limit (dlog N/dm =0.6),
it can be shown that, at very faint magnitudes, the slope
approximates asymptotically to —0.4(a + 1).

(2, ~os(fto)

I(a, M(m))

where I(a, M(m)) accounts for all other terms except
107%4m including the integral over redshift and the ex-
ponential term in the Schechter equation, and M(m) in-
dicates the relation between absolute and apparent mag-
nitudes through the luminosity distance. The I(a, M(m))
in the numerator differs from the denominator only in the
derivative of the exponential term, which also outputs the
10794 term, indicated explicitly. At faint magnitudes the
first term of the Eq. 5 tends to zero, dominated by the
faster decrement of 10724 yielding the asymptotic limit
—0.4(a + 1). More intuitively, it can be understood as a
regime where the NCs are mostly dominated by the faint
end of a single LF. Hence, the slope of the NCs necessarily
becomes the slope of this LF. For any given variation with
redshift of the Schechter parameters, there will always be a
maximum value of the product ¢* %. The LF at that red-
shift will be favored among the others (suppressed smaller
values of the product) and, at sufficiently faint magnitudes,
it will be the main contributor to the NCs.

A very interesting result that emerges from the analysis
of the NCs in the full magnitude range is that the evolu-
tion of the slope can be summarized in three main regimes,
namely:

10704 — (a+1) ) (5)
m>

av.
/ ¢(m, z,[M, ¢, 0‘} o )dQ d2(3) _ (1) The Euclidean regime. The classical low red-

shift approximation, that ylelds the well-known result
dlog N/dm = 0.6. The NCs in this regime are mostly
populated by M< M* at very low redshift (z< 0.2).

— (2) The transition regime. The slope departs from the
Euclidean limit into a weighted sum of the slopes of LF's
at low-mid redshifts. The dominant contribution would
come from the LF at the redshift that maximizes the
product ¢* d‘({ (the factors controlling the normaliza-
tion of Eq. 3%. In this regime, the slope decreases rapidly
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Fig.10. Relative contribution to the K-band number counts in redshift bins for the samples in the HFDN, CDFS and
Groth field. Field-to-field differences can reach the 40% for the most prominent LSS features.

around the apparent magnitude of M* at the dominant
LF (i.e. at the knee of the LF). In the absence of a sig-
nificant evolution in ¢*, the maximum would take place
at the peak of the volume element at z~2 (Bershady
2003).

— (3) The “a regime”. In this regime, the majority of the
LFs dominating the NCs contribute with galaxies at the
faint end. Therefore, the slope will be a combination of
individual slopes approaching the minimum value (~-
0.4(a+1)). As a consequence of the previous regime,
this phase should be controlled by the same LF as in
the previous phase. However, other LFs, not strongly

suppressed by the ¢* ‘fi‘é" factor, and having a signifi-

cantly larger o, might dominate this phase.

We will further discuss the evolution of the slope in terms
of this schema in §9.1.

8.2. LFs from the observed K-band

In order to derive NCs in the K-band using Eq. 3 we need
to feed the equation with LF's in different bands at differ-
ent redshifts. More precisely, we are interested in the LF's
from the observed K-band. Thus, we have obtained LF's in
several redshift bins at decreasing rest-frame wavelengths
centered at 2.16um/(1 + Z), where z is the mean redshift
of the bin (z;, zy).

8.2.1. Methodology

To estimate the observed LF we have applied the 1/Viax
method (Schmidt 1968). We associate the Poisson errors to
each magnitude bin (Gehrels 1986) added in quadrature to
photometric errors. Since we have not applied k-corrections,
Am translates directly into AM. Additionally, in order to
quantify the uncertainties due to the photometric redshift
errors, we have performed Monte Carlo simulations at each
redshift bin, assuming an uncertainty characterized by the
width of a Gaussian distribution derived fitting the his-
togram of 0. /(1 + z) for each redshift bin.

Additionally, we measured the LF from the STY
(Sandage et al. 1979) estimator, which is a parametric max-
imum likelihood method. The STY is not as sensitive to
large-scale fluctuations as the 1/V},.x method, but requires
a priori fixing the functional form of the LF. Nevertheless,
the assumption that ¢(M) is well described by a Schechter
function suits our purpose of explaining the NCs in terms
of LF's, as we have described in the previous section.

To check the effect of photometric redshift errors in the
STY method, we perform the same Monte Carlo simula-
tions as for the 1/Vijax. Since the probability of galax-
ies existing at redshift z grows rapidly until z ~ 2.5, a
larger fraction of intrinsically faint sources are shifted to
the bright end than viceversa. This can potentially bias the
determination of the LF introducing large systematic effects
when Az is large and the distance modulus grows rapidly
(Chen et al. 2003; Marchesini et al. 2007). Nevertheless,
the combination of the typical values of o, ~ 0.05 — 0.07
with the relatively shallow limiting magnitude of our LFs
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Fig.11. LFs derived from the observed K-band in different redshift slices. The LF with the Vi ,x method are shown
as open squares with error bars (including Poisson, photometric and photometric redshift uncertainties).The continuous
line depicts the best fit from the STY method. The inset shows the best fitting (M,a) values (star) with 1,2 and 3o
confidence contours, and also the mean value (cross) with error bars derived from the photometric redshift simulations.
The vertical line shows the photometric threshold for the shallowest fields, Kvega = 18.5. The additional vertical line in
the first panel shows the lower threshold at bright magnitudes.

(less than ~ 1 mag deeper than M*) cause only a moderate
offset in the Schechter parameters (AM < 0.2,Aa < 0.1).
It can be seen from the inset of Fig. 11 that the mean and
standard deviation resulting from the simulations (star) lie
always within the 10-20 confidence level derived from the
best fitting result of the STY method.

8.2.2. Observed luminosity functions

The LFs, ¢(M)dM, of the combined samples were com-
puted in four redshift bins of width Az = 0.5 using the
methods described above.

mates from the Vj,a.x method (open squares) with 1o error
bars (from Poisson statistics and photometric redshift sim-
ulations), and the LF from the maximum likelihood method
at different redshifts. The inset shows the 1, 2 and 30 con-
fidence levels for the v and M* parameters (open star), to-
gether with the mean value derived from the photometric
redshift simulations (cross). The vertical line indicates the
photometric threshold of the shallowest sample (K'=18.5).
For fainter luminosities, the values of the LFs are derived
exclusively from the CDFS sample. Note that the com-
pleteness limit of our samples translates into luminosities
very close to or even fainter than M™ for the higher red-
shift bins. This means that galaxies fainter than M™* will

not contribute significantly to the NCs up to K < 18.5.

redshift bin My .. (AB) ko Pleopa(10 °Mpc ©)
0.25-0.50 —22.95(fixed) —1.1593) 3.4710
0.50 - 0.75 -23.01073  —1.00035 3.4932
0.75 - 1.00 —23.08)-14 —1.025:12 3.29:37
1.00 - 1.25 —22.969:38 —0.935:33 2.35:38

Nevertheless, the deeper coverage of the CDFS allow us to
properly fit the LFs that will be employed to derive the NC
function (see section §8.4).

In order to properly account for cosmic variance, the

Table 5. Best fitting Schechter parameters for the STY
LF's from our combined samples. The 1o errors were derived
from Monte Carlo simulations

Table 5 summarizes the best fitting values of the
Schechter function for each redshift. Fig. 11 shows the esti-

values of ¢; for the Viyax method derived exclusively from
the CDFS data (those above the photometric threshold;
vertical line of Fig. 11) have been corrected by a scale factor.
This scale factor has been derived from the median value
of all fields in the magnitude bins in common, weighted by
the area covered by each field. Also, only the magnitude
bins with more than 100 galaxies in the CDFS sample have
been considered in the calculation.
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Finally, for the 0.25 < z < 0.50 bin, the bright extremity
of the LF is poorly constrained even in the total combined
area of the three fields. Nevertheless, since the faint end
is properly sampled, we decided to fit the LF fixing the
value of M* and setting a threshold on the bright (K < 16)
magnitudes. The value of M* was taken from the literature.
At z ~ 0.38 the rest-frame wavelength probed by the K-
band is close to the H-band. However, no references for
H-band LFs at that redshift were available then, and we
decided to use M* from the rest-frame K-band LF at z ~
0.4 published by Arnouts et al. (2007).Then, we corrected
that value by applying an H-K color term. The mean value
of that color at z ~ 0.4 derived from our data is (H —
K)(AB) = —0.21 £ 0.11, very similar to the local value
(~-0.20; Jarrett et al. 2003).

8.3. LFs evolution in rest-frame bands

Analyzing the evolution of the LFs directly derived from
the observed K-band requires exploring LFs in shorter rest-
frame wavelengths at different redshifts. For this purpose
we compiled LF estimates from the literature in optical and
NIR bands. We have compiled the local LFs in the J and K-
bands from Cole et al. (2001) and Kochanek et al. (2001)
respectively, whereas for the H-band we estimated a value
of M* by applying a color correction to the K-band value,
following the same procedure as in the previous section.
The local optical LFs in the i,z and R bands were drawn
from Blanton et al. (2003).

At higher redshift, the K-band LFs were drawn from
Arnouts et al. (2007). Their LFs for the SWIRE-VVDS-
CFHTLS survey predicts an evolution in the Schechter pa-
rameters which is consistent with previous results from
Cirasuolo et al. (2007) in the UKIDDS-UDS. For the J-band
we considered the LF estimates from Pozzetti et al. (2003)
(K20 survey, 52 arcmin?), Feulner et al. (2003) (MUNICS
survey, 0.17 deg?), and Dahlen et al. (2005) (GOODS-
CDFS, 130 arcmin?). Their results are compared in Figure
15 of the latter, showing that, despite the apparent inconsis-
tency in the Schechter parameters, there is good agreement
in the data points. The different observational constraints
of each survey lead to different best fitting values for a dis-
tribution with a very similar shape. We have taken the LF
in the J-band at z ~ 0.48 from Feulner et al. (2003) and
from Dahlen et al. (2005) at z ~ 0.9. The larger area of
the first is better to constraint the bright end at low red-
shift, while the depth of the latter is more suitable at higher
redshifts.

We find the same apparent inconsistencies due to the
a— M* degeneracy in the LF's of optical bands. Ilbert et al.
(2005) (VVDS, 0.6 deg?) and Gabasch et al. (2006) (FORS
Deep Field Survey, FDF, 35 armin?) derived very differ-
ent values of the Schechter parameters that nevertheless
produce 1 — 20 compatible LFs when comparing both es-
timates under a common limiting magnitude and using
Monte Carlo simulations (Gabasch et al. 2006). For our
purposes we are more interested in the high-redshift op-
tical LFs (2 > 1.5). Thus, we preferred the estimates from
Gabasch et al. (2006) that, despite the smaller area, are
able to probe the LF 3-4 magnitudes deeper. In addition
to the LFs at z = 1.60 and z = 2.26, we derived some
values for M* and ¢* at other redshifts using the evolu-
tionary parametrization also given in Gabasch et al. (2006;
as (1 + 2)7). Finally, the LF in the R-band at z ~ 2.3 was

drawn from Marchesini et al. (2007). The authors derive
high redshift LFs in optical bands from a combination of
very deep nIR infrared observations (including 5larcmin?
to K ~ 23). Table 6 summarizes the Schechter parameters
of the LFs in the different bands and redshifts.

The two panels of Fig. 12 show the evolution with
redshift of M* and ¢* in several NIR and optical bands.
Vertical dotted lines indicate the effective rest-frame wave-
length of each band. The open circles show the values of
M* and ¢* in each band at different redshifts increasing
from top to bottom. For clarity, the local values have been
plotted with small black dots. The dashed lines connect
the values of the Schechter parameters for the different
bands at the same redshift (continuous grey line at z=0).
Finally, the large black dots show our estimates of the LFs
at z ~ 0.4,0.6,0.9,1.1. These estimates do not match ex-
actly any standard photometric band. However, the value
at z ~ 0.4 is almost centered in the H-band, and the LF's
at z ~ 0.6 and z ~ 0.9 should be consistent with the esti-
mates in the J-band. Comparing our values with the results
for these bands of Dahlen et al. and Feulner et al., we find
a very a good agreement in the characteristic luminosity,
whereas the values of ¢* are poorly consistent. A possible
explanation for this discrepancy is that the values of Dahlen
et al. at z ~ 0.9 might be affected by an underdensity peak
between z = 0.7 — 1.1, while our results present a slight
overdensity around that redshift (see Fig. 5). Nevertheless,
the comparison to the values of Feulner et al. is 20 compat-
ible, and is also consistent with the results of Pozzetti et al.
(2003). Wider areas are necessary to reduce the field-to-field
variations and obtain more reliable estimates.

It can be seen from the left panel of Fig. 12 that the
multi-band values of M* at z = 0 resemble the shape of a
galactic SED, with the absolute magnitude peaking around
the H band, close to the 1.6um stellar bump. At higher
redshifts, the shape is not preserved due to the different
luminosity evolution in each band; i.e., in the K-band, a
substantial brightening of ~ 1 mag between the local uni-
verse and z ~ 2 has been reported by several authors
(Caputi et al. 2006; Cirasuolo et al. 2007; Saracco et al.
2006). In the J-band, Saracco et al. find AM* ~ —0.7 to
z ~ 3, and the results from Marchesini et al. (2007) indicate
a similar or slightly higher brightening (AM* ~ 1.7) in the
optical LFs up to the same epoch. However, it is not surpris-
ing that the brightening is faster in the optical bands than
in the NIR since they are more affected by the light com-
ing from younger stellar populations (Dahlen et al. 2005;
Ilbert et al. 2005; Wolf et al. 2003).

In the right panel of Fig. 12 we can see that the charac-
teristic density, ¢*, follows a decreasing trend in every band.
The average estimates for optical LF's indicate a decrease of
~ 50% in the number density from the local value to z ~ 1
(Gabasch et al. 2006, Ilbert et al. 2005), whereas the evo-
lution in the NIR LFs seems to be slightly weaker (~ 30%).
Also, the results in the K-band from Arnouts et al. (2007)
and Cirasuolo et al. (2007) suggest a mild decreasing trend
from z = 0.4 — 1.25. Finally, the LFs of Marchesini et al.
(2007) in optical bands confirm the decreasing trend at high
redshift finding a decrement of the ~ 70 — 80% in ¢* from
the local value to z~ 3.
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8.4. LF evolution from the observed K -band they illustrate the process of construction of NCs from LF's,
allowing us to estimate the NCs to fainter magnitudes.

The two panels of Fig. 13 shows the multi-wavelength evo-

lution of the Schechter parameters as probed by the ob-

served K-band (thick black line); i.e, LFs at progressively Note that in the optical bands, we have no references
shorter rest-frame wavelengths for growing redshifts. This for the LF's at the precise redshift. Therefore, together with
is essentially the same plot as in Fig. 12 except that now the estimated value of the z-band LF at z = 1.42 (open
the x-axis indicates the redshift where the K-band probes circle), derived from the Gabash et al. parametrization (see
the different rest-frame bands. The vertical grey line cen- previous section), we show the measured value at z = 1.7
tered at z = 1.25 indicates the approximate redshift limit (black star), which presents an M* significantly fainter than
where the contribution to the K-band NCs (K < 19) be- their estimates at lower redshift. The same applies for the
comes smaller than 10%. Althought this means that the LF in the i-band at zZ = 2.26 (instead of Z = 1.89) and the
impact of the optical LFs on the bright counts is negligible, R-band at z = 2.25 (instead of z = 2.36).
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Source Limit Area Band z M* — 5log h7o b~ o
[mag] (deg?] [AB] (102 h2y Mpe~?]

Kochanek et al. (2001) K< 11.25 < 7000 K 0.02 —22.36 £ 0.05 3.97 £ 0.34 —1.09 £0.06
Arnouts et al. (2007) F(3.6um) > 9uJy 0.85 K 0.50 —22.83 +0.30 3.47+ 1.4 —1.1+£0.2
Arnouts et al. (2007) F(3.6um) > 9uJy 0.85 K 0.90 —23.12 +0.08 4.00 £0.3 —1.11 £0.06
Arnouts et al. (2007)  F(3.6um) > 9uJy  0.85 K 1.35 —23.13 +0.17 2.60 £ 0.5 —1.1£0.2
Arnouts et al. (2007) F(3.6pum) > 9uJy 0.85 K 1.75 —23.28 £0.14 1.62 £ 0.3 —1.1+£0.2
Feulner et al. (2003) K< 17.50 0.18 J 0.30..0.60 —22.93+£0.24 2.60 £ 0.80 -1.00 fixed
Dahlen et al. (2005) 0.036 J 0.75..1.00  —23.094)323 1.9749:59 —1.31+5 59
Gabasch at al. (2006) I(AB)< 26.8 0.01 z 0.4 —22.78 £ 0.41 27412 —1.33(fixed)
Gabasch at al. (2006) I(AB)< 26.8 0.01 z 0.9 —22.93 +0.44 2.240.7 —1.33(fixed)
Gabasch at al. (2006) I(AB)< 26.8 0.01 z 1.32 —23.05 + 0.48 1.94+0.5 —1.33(fixed)
Gabasch at al. (2006) I(AB)< 26.8 0.01 z 1.31.1.91  —22.714+0.18 2.0+0.3 —1.33(fixed)
Gabasch at al. (2006) I(AB)< 26.8 0.01 z 1.89 —23.14 £ 0.51 1.70 £ 0.4 —1.33(fixed)
Gabasch at al. (2006) I(AB)< 26.8 0.01 i 0.4 —22.58 +0.31 2.7+1.3 —1.33(fixed)
Gabasch at al. (2006) I(AB)< 26.8 0.01 i 0.9 —22.69 +0.34 2.240.8 —1.33(fixed)
Gabasch at al. (2006) I(AB)< 26.8 0.01 i 1.32 —23.78 +0.37 1.9+ 0.5 —1.33(fixed)
Gabasch at al. (2006) I(AB)< 26.8 0.01 i 1.89 —22.85 £+ 0.40 1.7+£0.4 —1.33(fixed)
Gabasch at al. (2006) I(AB)< 26.8 0.01 i 1.91..2.61 —22.93+0.14 1.9+0.2 —1.33(fixed)

Marchesini et al. (2007) K < 23(max) 0.65 R 2.0..2.5 —22.674029 1.074937 —1.01£538

Table 6. Summary of the derived parameters of the LF parameters obtained by various authors by fitting them with
Schechter functions, in several rest-frame bands, in different redshift bins, and from different samples of field galaxies.
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Fig. 14. Left: K-band NCs derived from the LFs (thick black line) compared to data from other authors (the legend as
in the left panel of Fig. 7). The shaded region indicates the 1o confidence interval derived from the simulations on the
uncertainties of the Schechter parameters. The continuous lines with different symbols show the redshift binned number
counts at z = 0.32,0.62,0.88,1.12 derived from the LF's in the present work. The dashed lines with different symbols
show the redshift binned number counts at higher redshifts from Gabasch et al. (2006) (in the ¢ and z rest-frame bands)
and Marchesini et al. (2007) (in the R rest-frame band). These NCs have a negligible effect on the on the total NCs at
K <18. The arrows depict the best-fit value of My . for the LFs at z = 0.32,0.62,0.88,1.12. Note that to derive the
total NCs we have also used LFs at higher redshift from the literature. Right: Slope of the NCs derived from the LFs
(thick black line). The dark grey shaded region represents the 1o confidence interval derived from the simulations on
the uncertainties of the Schechter parameters. The light grey shaded region shows the region encompassing the slopes
derived from the references. The dashed line shows the predicted slope derived from a single LF constant through all
redshifts. The circled line shows the predicted slope fixing o = —1.50 for the LFs at z > 0.5, The crossed line shows the
predicted slope fixing ¢% ;. = 3.4 x 1073h3 M pc=3 for the LFs at z = 0.5.

8.5. Summary As it can be seen from the left panel of that figure, the
characteristic luminosity M . shows an almost flat evo-

lution beyond z = 0.4. In fact, it is 1o compatible with a

In this section we presented the tools and measurements
required to recover the NCs in terms of LFs at different
bands and redshifts. As outlined at the beginning of this
section, our motivation here is to determine the family of
LFs at different redshifts that constitutes the NCs in the
K-band, a result which is easily summarized in the thick
black lines of Fig. 13.

constant evolution: My , = —22.89 & 0.25. On the other
hand, ¢j ,,, shows a progressive decline of the ~ 60%
from the local value in the rest-frame K-band to the high
redshift value in the R-band, with a significant decrease
around z 2 1. A number of recent results seem to confirm
the existence of this decline, suggesting that it is mostly
driven by a steeper decrement in the number density of
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quiescent galaxies (Zucca et al. 2006; Arnouts et al. 2007;
Faber et al. 2007). This trend is usually interpreted as an
indicator of the beginning of an epoch of major build-up for
these populations. Nevertheless, a deeper analysis of the
evolution with redshift of the color bimodality is beyond
the scope of this paper.

The evolution described by the (K, o0bs) quantities has
no direct physical meaning regarding galaxy evolution.
However, it is crucial to describing how galaxy evolution
is encrypted in the K-band NCs, and provides an inter-
pretation for the shape of the NCs in terms of meaningful
quantities, as we will show in the next section.

9. K-band NCs from evolving LFs

Using the multi-wavelength evolution of M .., ¢% ops Pre-
sented in the previous section (thick black line of Fig. 13)
and their corresponding values for the a parameter (see
Table 5), we have derived the NCs in the K-band and
its slope up to K < 19 (these results are summarized in
Table 7). Additionally, we have calculated the 68% confi-
dence interval for both using Monte Carlo simulations on
the Schechter function parameters. The random values of
M* and « for each LF were taken from the error ellipses
calculated with the STY method. When the ellipse param-
eters were not available, such as for the optical bands, we
used a Gaussian distribution with a median equal to the
given value and o equal to the 1o deviation.

In the left panel of Fig. 14 we compare the K-band
NCs derived from the LFs (solid black line) with the obser-
vational results shown in the left panel of Fig. 7 (the leg-
end is the same). The remarkably good agreement proves
the validity of the method applied to relate both quanti-
ties, and allows us to interpret the variation of the slope
in terms of LFs. Therefore, we can consistently argue that
the main causes of the shape of the K-band NCs are: the
almost flat evolution with redshif of My, , = and the signif-
icant decline of ¢7 , with redshift. The former causes the
redshift binned NCs to become progressively concentrated
at fainter magnitudes due to the variation with redshift of
the distance modulus (higher at low redshift but decreasing
rapidly at higher redshifts). However, the dominant effect is
the decrease of the characteristic density, which opposes the
growing comoving volume. The relative growth in the co-
moving volume per redshift bin (Az = 0.25) progressively
decreases from a factor of 2 at z=0.32 to 1.3 at z=1.12
(as we approach the peak at z~2). Simultaneously, Ok obs
presents a decreasing trend that matchs the growth of the
volume element at z=1.12, freezing the contribution of the
LFs at higher redshifts, that otherwise would continue to
increase to the peak of the volume element.

In terms of luminosity, it can be seen in the left panel of
Fig. 14 that the decline of ¢}, ., leads to a smooth transi-
tion between the intrinsically faint galaxies at z < 0.5 and
the ~ M . galaxies at 0.5 < z < 1 around K ~ 17.5
(the second and third arrows of the panel represent My ;..
at those redshifts). Hence, since the slope of the LFs (and
therefore of the NCs) decreases rapidly after the knee, the
transition leads to more flattening compared to the slope
at K = 16, where the ~ M™* galaxies at z < 0.5 clearly
dominate the NCs.

To help us clarify the relevance of Mg ;. and ¢%
for the modeling of the slope, in the right panel Fig. 14 we

K Bin Center log(N) dlog(N)/dm
15.0000 2.3005 0.6013
15.5000 2.5959 0.5877
16.0000 2.8835 0.5666
16.5000 3.1584 0.5301
17.0000 3.4114 0.4730
17.5000 3.6327 0.4030
18.0000 3.8193 0.3388
18.5000 3.9783 0.2962
19.0000 4.1209 0.2720
19.5000 4.2530 0.2504

Table 7. Theoretical K-band NCs and NCs slope in 0.5
magnitude bins derived from the LF of section 8.

show the slope of the K-band NCs resulting from assuming
the local K-band LF through all redshift bins (constant LF;
dashed line). Despite the poor resemblance to the slope de-
rived from the observed LFs (i.e., the slope of NCs in the left
panel; solid black line), the decreasing trend is indicative
that a gradual change in the slope is a natural consequence
of the shape of the LFs modeled by the volume element.
However, a precise evolution in the LFs is required to re-
produce the change in the slope in the appropriate place.

To strengthen this idea we have also explored the sce-
nario of no density evolution, fixing the value of ¢ . at
z > 0.5 (crossed line). In the absence of a decreasing char-
acteristic density, the weigth of the M> M™* galaxies up to
z~2 would lead to a slope systematically larger than our
1o prediction at K > 17.5, and clearly out of the envelope
of the observed NCs at K > 18.5.

Finally, we have tested the role of a in the shape of the
NCs. As can be seen from both panels of Fig. 14, the rather
flat values of « in the low redshift LFs accentuates the de-
creasing trend of the slope. However, these values might be
slightly underestimated due to the relatively shallow depth
of the samples. The line with open circles in the right panel
of Fig. 14 shows the predicted slope with v = —1.50 fixed
in the LFs at z > 0.5. As expected, the steeper faint end
does not significantly affect the NCs around K ~ 17.5,
which are dominated by M* galaxies. However, it does pre-
dict a higher slope at fainter magnitudes that falls outside
the region defined by the observations. This test poses a re-
striction against high values of & > —1.5 in the low redshift
(z=0.5-1) NIR LFs.

9.1. Summary and predictions for fainter magnitudes

Within the three regime schema for the evolution of the
slope proposed in section §8.1, it can be seen that the
slope of the K-band NCs leaves the Euclidean limit around
K ~ 15.5. It reachs the (M* dominated) transition regime
faster (K~17.5) than in a no evolution scenario (K>19)
due to a significant decrease in @3 ,; that freezes the con-
tribution from bright z >1 galaxies. The migration into
the a regime is harder to determine. The relatively low
(v = —0.9, —1) faint end slope at z~1 might cause LF's with
larger values of a to dominate the faint counts. These LFs
would not be severely suppressed if the decreasing trend
in ¢j .5 stabilizes at z > 1.5, given that the volume ele-
ment evolves smoothly between z=1.5-4. Therefore, for any
a <-1 the high-z LFs could eventually dominate the NCs
at sufficiently faint magnitudes.
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counts in the<-band

For the set of LFs that we have compiled, Gabash et
al. propose a fixed @ =-1.33 for the LFs at z=1.3-2.6 in
the i,z bands, whereas Marchesini et al. give « = —1.07
in the R-band at z=2.35. Interestingly, several authors re-
port significantly larger values of a for the optical LF's
at high-z (Marchesini et al. 2007, o =-1.40 in the B-band
at z=3; Reddy et al. 2008, o =-1.80 at 17004 at 7=3).
Based on these numbers, we predict a slowly decreasing
slope from dlog N/dm ~ 0.3 — 0.2 in the magnitude range
K =19.5-22, due to the dominant contribution from the
z~2 bin (a=-1.33). However, the slope in this range is
not purely in the asymptotic « regime (that would lead
to dlog N/dm ~ 0.13). The resulting value is a weighted
sum of slopes which includes a contribution from z > 2
(around K ~ 20) M* galaxies. This contribution from
larger slopes lowers the rate of approach to the asymptotic
limit. Furthermore, if the slope of the high-z LFs grows
rapidly to large values (o ~ —1.8) we could measure an
increase in the slope around K >23.

9.2. NCs in other NIR bands

The procedure to derive NCs from LF's described in section
8 can be used to reproduce the NCs in any other band using
the appropriate LFs and redshifts. Nevertheless, based on
the multiwavelength LFs probed by the observed K-band
(summarized in Fig.13 for the K-band) it is possible to
predict the approximate shape of the NCs in the closest
NIR bands; e.g., IRAC-3.6 or H (1.65um).

Firstly, if the NCs in different bands are referred to
AB magnitudes, the results can be compared in a more
meaningful context, avoiding the offset introduced by the
AB-Vega transformation. In the AB-system, the magni-
tude range where the NCs fall in the Euclidean regime
(dlog N/dm ~0.6) is determined by the local value of M*
and ¢* in that band. Therefore, similar values of the local
LFs will result in similar NCs at bright magnitudes.

Furthermore, if the multiwavelength evolution of M*
and ¢* probed by the different bands exhibits a similar evo-
lution, the slope of the NCs should change around the same
magnitude range. That is the case of the H and K bands.
At z=0, we have derived the H-band LF directly from the
K-band applying a color term. At higher redshifts, the mul-
tiwavelength LFs probed by the observed H-band (J-band
at z=0.32 and z-band at z=0.83) presents similar values
to the LFs probed by the K-band at the same redshifts
(see Fig. 13). As a consequence, the NCs in the H-band
also present a flattening in the slope around m[AB]~19-
19.5 (see Metcalfe et al. 2006 and references therein). In
addition, Magdis et al. (2008) have shown that the NCs
in the IRAC-3.6 band exhibit a significant flattening at
slightly fainter magnitudes (m[3.6]~20). This suggests that
IRAC-3.6 and K probe a similar evolution in the LFs. If we
estimate the [3.6] local LF following the same approxima-
tion as for the H-band, the shift in the slope flattening is
consistent with applying the typical color K-[3.6]~-0.6 mag
(Dale et al. 2007) to the K-band local LF.

A detailed study of the change in the slope would de-
pend on the multi-band LFs probed by the given band.
Nevertheless, this simple calculation provides a rough esti-
mate of the magnitude where the change in the slope begins
to be appreciable.

10. Summary and conclusions

In this paper we present the data of a NIR photometric
survey in the HDFN and Groth fields. Combining this data
with the panchromatic sets available we have extracted a
K-band selected sample up to K = 18.5 in a combined
area of ~ 0.27 deg?®. Additionally, we made use of the
deep NIR public survey conducted by ESO in the CDFS
(172 arcmin?) to complement our relatively shallow sur-
vey and increase the surveyed area. We have derived high
quality photometric redshifts for the whole sample, taking
advantage of the excellent coverage of the SED. K-band
galaxy NCs have been derived in the three fields covering
the range 16 < K < 18.5. The comparison to a compilation
of shallow wide-area and deep pencil-beam surveys shows a
general good agreement in spite of the considerable scatter,
a consequence of the cosmic variance. We have studied the
redshift distribution of the NCs finding that the 90% of the
galaxy counts up to K ~ 18.5 come from the low-redshift
population (z < 1). Additionally, we have measured the ef-
fects of cosmic variance by comparing the redshift binned
NCs in our three fields, finding that field-to-field differences
reach 40% at a certain magnitude, with consequent impact
on the NC distribution.

We have provided evidence of an average decreasing
trend in the slope of the K-band NCs, ~ 50% in the 15.5 <
K < 18.5 range, evolving from dlog N/dm = 0.6 —0.3. The
comparison to 100 synthetic catalogs from the Millennium
simulation reveals that cosmic variance in areas ~ 0.25deg?
leads to significant scatter in the observed flattening rate
of the slope.

We have studied the composition of the NCs in terms
of LF building blocks, concluding that the change in the
slope with observed magnitude can be summarized in three
main regimes. Firstly, at bright magnitudes, the classical
Euclidean regime (dlog N/dm = 0.6) is dominated by low
redshift M* galaxies. Then, at intermediate magnitudes,
the transition regime is dominated by the LF at the redshift
that maximizes ¢* ((ii‘s/f Here the slope decreases rapidly
around the apparent magnitude of M* at that redshift.
Finally, at faint magnitudes, the “« regime” is populated
by galaxies at the faint end of a combination of LFs. Here
the slope asymptotically approaches a minimum value at
~-0.4(14«). The value of a will typically be given by the
LF at the maximum of ¢* C(%C or a close LF with a much
larger faint end slope.

We have explored the evolution of the K-band NCs by
deriving LFs in the observed K-band as a function of red-
shift (at a mean rest-frame wavelength 2.16um/(1 + 2)),
and complementing our data with optical and NIR LFs
from the literature. In terms of the multi-wavelength LFs,
we find that the flattening of the slope is the consequence of
a prominent decrease of the characteristic density ¢% (~
60% from z = 0.5 to z = 1.5) and the almost flat evolution
of My, (1o compatible with M , = —22.89 £ 0.25).
The combination of both effects forces a transition to the o
regime at K ~ 17.5 that otherwise would have taken place
1 — 2 magnitudes later.

Our predictions for K 2 20, based on LFs from the lit-
erature, suggest that the slope will continue to decrease
steadily to dlog N/dm <0.2 dominated by intrinsically
faint galaxies from a mixture of LFs at z=1.5-2 and a mi-
nor contribution from bright galaxies at z>2. However, if
optical LFs at z > 3 present an even larger faint end, as
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suggested by some authors, there might be a slope increase
to a higher asymptotic limit around K 2 22.5.
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Scientific explotation of multi-wavelength
catalogs Il: Further examples

Following the motivation of Chapter 4, this Chapter is faath®n presenting specific results on
the properties of the galaxies at different epochs of thevéfse. In particular, we will present
an overview of the main purpose and relevant conclusion®wéral works of different nature
in which | have collaborated. The common denominator of aithese projects, and my major
contribution to them, is that they all based their conclosion the analysis of fundamental galaxy
properties derived from a detailed modeling of their muléivelength SEDs, featuring to higher
or lesser degree resources contained withinRhabowdatabase. The studies described in this
Chapter include: an analysis of the evolution of the SMD aRR[S from 0<z<4; exploring the
accuracy of different methods to select AGNs in galaxy sasymjuantifying the evolutive pattern
of the most massive galaxies at2; determining the nature of X-ray sources detected in tRe FI
All these studies are published in refereed journals, aaghesented following an affinity order.

We will finish this Chapter with the description of a projestdtudy properties of red, pas-
sively evolving galaxies at~=2. This project constitutes our current work to exploit theaurces
presented in Chapters 2 and 3 to address a more concisefscogrdstion. Nevertheless, the study
is still on its early stages and thus we will only outline thermrelevant lines of work.

5.1 The stellar mass assembly in the last 12 Gyr (Pérez-Gonza lez et
al. 2008, ApJ 432; 30-47)

This work follows the efforts started with (Pérez-Gonzad¢zl. 2005) to exploiSpitzerlRAC
and MIPS data to characterize the SFRs and stellar massedasies at different redshifts, and
thus analyze the evolution of the SMD and SFRD over the laGyaf the Universe. Aside from
the fundamental conclusions, the technical work develdpethis paper constitutes the seed for
many of the methods and procedures that are now the body &aimbowpackage, as explicitly
mentioned in Chapters 2 and 3. Consequently, the charzatien of the properties of the galaxies
that are analyzed in this work follows essentially the sanoegdures described in detail in these
Chapters.

This study is based on the analysis of a combined sample @08@®alaxies in three of the
most relevant cosmological fields, namely the HDFN, CDFS lamckman Hole, counting with
high quality multi-wavelength photometric and data andcsescopy. To study in detail the evo-
lution of the mass tracking the most massive objects, tmgpsaof galaxies is selected rest-frame
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Figure 5.1: Left: Fraction of the local stellar mass density already assedrdil@ given redshift for several mass
intervals (wider lines referring to more massive syster@s)ly results for masses above the 75% completeness level
at each redshift are showRight: Evolution of the comoving SFR density of the universe (L-iladau plot; Lilly

et al. 1996; Madau et al. 1996). Filled stars and thin erros show the SFR density estimations based on the time
derivative of the stellar mass density evolution. Openlegshow the derivative for the observed values of the stella
mass density. The colored points (shown with error barsgat®cted from different sources in the literature (using
different SFR tracers), compiled and normalized to the samsenology by Hopkins (2004) and Hopkins & Beacom
(2006). Thick black error bars show weighted averages amtlard deviations of the literature data points for the 12
redshift intervals considered for the stellar mass fumstio Pérez-Gonzalez et al. (2008). The black line shows the
evolution of the cosmic SFR density as parametrized in Ciodd €2001).

NIR using IRAC as reference sample, as done for the EGS sgongdented in Chapters 2 and
3. The sample is 75% complete down to L&y ([3.6]=23.4), which translates to an approxi-
mate stellar mass completeness level of at lead10up to z=0.5, 1G°M, up to z=1.0, and
10"'M, to z=4.0. However, to avoid incompleteness at lower masses (dlosver depth of the
IRAC survey compared to optical ones), the primary IRAC @@ is complemented with an op-
tically (1<25.5) selected sample of a similar size. For the purposeectialysis, photo-z's were
computed comparing to same templates as in Chapter 2. 8inthe total SFR is also obtained
fundamentally from IR data traced with Spitzer MIPS compated with the unobscured SFR in
the UV traced from the optical/NIR best fitting model.

Figure 5.1 summarizes some of the most relevant resultsesietipaper. The left panel
depicts the fraction of the local stellar mass density thed already in place at different redshifts
for several intervals of stellar mass, i.e., the number &ges of a given mass that were already
formed at a certain redshift with respect to the number ofe¢hgalaxies observed in the local
Universe. It follows from the different evolution with red#t of each mass interval that the bulk
of the massive systems formed first whereas less massivensystontinued their build up until
recent epochs. More precisely, the most massive systems (M*? M) assembled most of
their stellar mass very fast at early epockgl0% of their mass was assembled in 1 Gyr between
z=4 and z=3), closer to the monolithic collapse than to tleednchical growth. Intermediate mass
systems with 18- < M < 10'2° M, formed more slowly, assembling half of their stellar mass in
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the time interval between~2.5 and z-1 (about 4 Gyr), and most of their mass (80%) not before
z~0.5. The more dilated time span for these galaxies allowscanasio where merging could
have play a more relevant role. Finally the less massivesys{(with 160 < M < 1010 M)
followed an even slower evolution reaching the local degretitvery recent epochs, the 20%—40%
was assembled in the last 4 Gyk(@.4) probably by dry accretion of small satellite galaxi#s.
we consider the whole stellar mass density of the Universefasction of redshift (instead of the
mass binned intervals), we find that approximately half efttital local stellar mass density was
already formed atz1 (8 Gyr ago).

The differential evolution as a function of stellar mass amgistent with thedownsizing
scenario for galaxy formation, where the galaxies hostiegnost intense events of star formation
present smaller characteristic masses with decreasimsfpifedin this picture, the most massive
galaxies formed the bulk of their mass at B in very intense and rapid episodes of star formation,
presenting high specific SFRs, whereas less massive syassasibled more slowly, presenting
specific SFRs which would double their mass in timescalespapable to the look-back time of
the universe at each redshift. Another consecuence adhasizingscenario is that the typical
mass limit above which galaxies have their star formaticenéy significantly supressed (the so-
called quenching stellar mass) decreases with redshifte fonsider quenched those galaxies that
have already assembled’0% of their local mass density at a given redshift (e.g~ M'°° M,
reached that level at0.2, whereas systems with-M10!1" M, did it around z=0.7) we find an
evolution of the quenching mass consistent with that eséichim Bundy et al. (2006x(1+2)*°).

The right panel of Figure 5.1 illustrates the strong disagrent (a factor of~1.7 up to
z~2) between the the SFRD obtained by differentiating thewgian of the SMD (open circles)
and a compilation of values from the literature (differergrikers; drawn from Hopkins&Beacom
2006). This issue, that was already outlined in the intrtidndo this thesis, could be explained
by changing the IMF to a Chabrier (2003) IMF (instead of a 8&p1955 IMF, the default used in
this paper). However, the discrepancy atzis larger (a factor of 4-5), and it can only be solved
if the IMF is completely different (e.g., top-heavy; Van Dakn et al. 2008) and/or if the SFRs
of the most massive galaxies at3—4 calculated with different star formation tracers wdie a
overestimated due, for example, to the presence of strosguodd AGN in most of these sources
(see e.g., Daddi et al. 2007ab). The topic of the next two fsagiscussed in this Chapter are
intimately related with fraction of obscured AGNs hiddemiid-IR selected samples.

5.2 Reliable identification of the AGN population from mid-t o-far IR
data (Donley et al. 2008, ApJ 687; 111-132)

Identifying complete and reliable samples of AGNs has bexaruoritical necessity for extragalac-
tic surveys. As outlined in Chapter 1, the role of the AGN asradimental mechanism to regulate
the formation and evolution of galaxies is a critical testtfee majority of the current evolutionary

theories (see e.g., Croton et al. 2006 or Bower et al. 2008hulg&neously, accurately deter-

mining the contribution of the AGN obscured accretion (thts the dust) to the IR emission is
essential for obtaining reliable measurements of the SFERiiffarent redshifts, thus solving the

existing discrepancies with the values derived from SMDgks & Beacom 2006).

The aim of this study is to determine the potential of IR-lobselection criteria to comple-
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Figure 5.2: Left:Tracks in color-space of the purely star-forming SED&JLIRGS ( purple triangles), LIRGS (blue
squares), spirals and starbursts (green stars), andcaallipalaxies (red circles), from redshifts of z=0 (largenbpls)

to z=4. Small symbols mark redshift intervals of 1. The poVaer locus withaw =-0.5 toaw =-3.0 is shown as a line
inside the shaded AGN selection regions. Right: Fractiadiéf-dominated AGNs, and all AGNs (regardless of their
contribution to the MIR light), as a function of 24m flux density. Error bars represent the Errors on the source
number counts, and the width of the bins.

ment traditional AGN selection methods and to yield a monaglete census of AGN activity.
While traditionally X-ray surveys are capable of detectimpbscured AGNs, they miss many of
the obscured AGNs and nearly all of the Compton-thick AGNg.(&Gilli et al. 2007; Daddi et
al. 2007ab). On the other hand, IR selection criteria faeerigk of suffering from significant
contamination by star-forming galaxies in the AGN candidat

This work test the reliability and completeness of threeardd AGN selection methods: (1)
IRAC color-color selection, (2) IRAC power-law selecti@md (3) IR-excess selection (IRX). The
first selection method employs color cuts in two representatof IRAC four-band mid-infrared
(MIR) color-color space (Lacy et al. 2004; Stern et al. 20@B5¢ second identifies AGNs whose
IRAC spectral energy distributions (SEDs) are well fit by avpolaw (PLGs, Alonso- Herrero et
al. 2006; Donley et al. 2007) of slope<-0.5, and the third selects red galaxies with large infrared
to UV/optical flux ratios (Daddi et al. 2007a; Dey et al. 20B&)re et al. 2008; Polletta 2008).

The analysis of these criteria is based on the study of thé+walelength properties of a
MIPS 24 um selected f54,,, >80.01.Jy) sample in the CDFS. In particular, this work exploits
the X-ray, mid-IR and radio photometry for these sourcesjtlalso makes use of the full SEDs
of the galaxies in th&Rainbowdatabase for the GOODS-S field (Pérez-Gonzélez et al. 2008) t
estimate optical/NIR colors and photometric redshiftse Tater are particularly critical for this
study since the majority of the contaminants in the diffeisgiection methods satisfy the color
criteria only for specific redshifts. In addition, obscu@Ns tend to be very faint in the optical,
thus only an accurate multi-wavelength characterizatioth® IRAC selected galaxies (in which
| have worked) can ensure reliable photometric redshiftd (@ extension colors and rest-frame
luminosities) for these sources.
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Figure 5.2 illustrates some of the most relevant resulthisfstudy. The left panel depict
the color-color criteria of Stern et al. (2005) to identiffsNs. The shaded region represent the
AGN selection region, and the diagonal line within are the & perfect power laws withx =-0.5
to o =-3.0, i.e., the region where PLGs are located. Tracks inrespace show the purely star-
forming SEDs of ULIRGS (purple triangles), LIRGS (blue stps, spirals and starbursts (green
stars), and elliptical galaxies (red circles), from reftshof z=0 (large symbols) to z=4. While the
star-forming templates generally avoid the powerlaw ldtaedf, they enter the selection region of
Stern et al. at both low and high redshifts, tracing out theesaegions in color space occupied
by many of the color-selected AGNs (same applies for theraitof Lacy et al.). The templates
therefore suggest potential star-forming galaxy contatom of the color-selected AGNSs, as pre-
viously predicted by Barmby et al. (2006), Donley et al. (2ZD@nd Cardamone et al. (2008). The
contamination depends strongly on the IR-flux being morelyilat lower 24,m observed fluxes
(Treister & Urry 2006; Brandt et al. 2006). For the Sternemid we consider as contaminants those
candidates within I of the probability contours defined by star-forming temgéatOn the other
hand, PLG selection criterion identifies the majority oflgecAGN candidates in IRAC color-
space presenting an increasing detection fraction in th@yXwith decreasing: 30%, 45%, 67%,
88%, and 80% at=0.0, -0.5, -1.0, -1.5, and -2.0. The PLG criteria is howewere sensitive to
contamination by high-z star-forming galaxies. AtZ5 ULIRGs start to verify the PLG selection
criteria. With regard to IRX sources, a re-examination efstacked X-ray properties, including a
careful characterization of faint detections, suggestatliaough this technique successfully iden-
tifies a number of severely obscured (Compton-thick) AGMstigularly for the most IR luminous
(e.g., Alexander et al. 2008), there may be a contaminatyostdr-forming galaxies. Daddi et al.
(2007b,a) argues that 50% of their IRX galaxies are Comtak AGNs. However, attending to
the X-ray luminosities and photon index derived from thelsitag of weakly detected IRX galax-
ies there are other plausible explanations, particuldrdyfew marginal detections in the X-ray
dominate the contribution of the stacked flux. More pregisEl the Compton-thin possibility can
not by ruled out if the soft X-ray emission is not entirelyginated by star formation, and 2) the
star-formation scenario is also possible if the X-ray emisss dominated by low- and high-mass
X-ray binaries (LMXBs, HMXBs), which could be responsiblar the hard [ =1.0-1.5) X-ray
spectrum. We expand more on this topic in the study describtge next section of this Chapter.

The sum of all candidates detected with the different dgateconsidering only the most
reliable cases (i.e., requiring at least marginal 2-ray detections in the 0.2-5 KeV band), would
increase the sample of extrictly X-ray detected AGNs~H4%-77%. The analysis of the IR
emission of this (more complete) sample, shown in the rigingbof Figure 5.2, indicates that the
fraction of MIR sources dominated by an AGN decreases witlradesing flux density, but only
down to a 24um flux density of~300 1 Jy. Below this limit, the AGN fraction levels out at 10%.
This indicates that a non negligible fraction of faint 2 sources are primarily powered not by
star formation, but by the central engine.

5.3 On the nature of IRX sources (Georgakakis et al. 2010, MNR  AS
406; 420-433)

The purpose of this work is to shed some light into the trueneadf IRX sources. These galax-
ies has attracted much attention recently as they are pedpasa very efficient method to select
highly obscured (Compton-thick) AGNs. Although there ig maounique criteria for selecting
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Figure 5.3: Left: Examples of template fits to the SEDs of the IRX selected gedar the EGS field. The UV-to-FIR
photometry (black dots) was extracted from the analysisritesd in Chapters 2 and 3. The continuous lines are the
best-fitting models. Different sources are offset by anteahyj constant for clarity. The dashed curves correspond to
the hot dust torus component, which is needed to fit the IR-8E8Il X-ray detected sources. The dotted lines at
infrared wavelengths are the starburst componéittht X-ray (2—10 keV) luminosity versus the 5.8n luminosity.

The black circles and dashed lines are local AGN from the $awip_utz et al. (2004) and the scatter of the corre-
lation. The blue lines show the correlation for star-forgngalaxies adapted from (Ranalli et al. 2003; see Fiore et
al. 2009). The IRX sources of this work are shown as red csoddpper limits in the X-ray data are depicted with
arrows and sources which require a torus component to fitithfeared SEDs a marked with a square.

IRX galaxies, the idea behind the method is essentially #meesin all cases (e.g., Daddi et al.
2007ab; Dey et al. 2008): selecting sources that are faioptatal and bright at mid-IR wave-
lengths. In its simplest version this method applies a cuhén24,m over R-band flux density
ratio, fa4,m/ fr > 1000 to identify dust obscured galaxies (DOGs; Dey et al82@0a mean red-
shift z~2. Additional restrictions such us red optical colors{R >4.5; Fiore et al. 2008,2009)
are sometimes required to ensure higher degree of dustmaltiecu In general, the properties of
the galaxies selected in these studies are roughly sinhigh redshift (z-2), massive galaxies
(M~10'°-10"'M_; Treister et al. 2009; Bussmann et al. 2009) with relativetiform X-ray prop-
erties and mid-IR luminosities ¢=10"ergs—!; Daddi et al. 2007b). In addition, they all feature
two key properties that are frequently interpreted as emaddéor Compton-thick AGNs: their hard
mean X-ray spectrum, and their faintness at X-ray wavelengtlative to the mid-IR (k(2-10
keV)/lvL,(5.8:m)) by 2-3 dex relative to local AGN samples (e.g., Lutz e&l04). Nevertheless,
given the faint X-ray properties of these sources (beingeterted mostly undetected even in the
deepest surveys), and the relatively limited data in the-toifir IR that we have for them, the
evidence regarding their Compton-thick nature is far frandatusive. In fact, the two key prop-
erties of IRX sources may also be consistent with ComptanABNs of lower luminosity. Only
under the strong assumption that the bulk of the mid-IR lwsity is associated with reprocessed
radiation from accretion on the central SBH, can one infat these sources are Compton thick.

Unveiling the true nature of IRX sources has relevant ingtians for characterizing galaxy
evolutionary models, or for studying the relative blackdighlaxy growth. Furthermore, a pre-
cise identification of Compton-thick sources is also reh¢va test the relative contribution of
X-ray sources to the diffuse X-ray background at the higleestrgies (e.g., Gilly et al. 2007,
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Draper&Ballantine 2009).

This work explores the nature of IRX galaxies by analyzingphoperties of lower redshift
analogues at-z1. Thus, taking advantage of the far better (brighter) spgahotometric data
available for lower redshift sources to analyze in deptheit®iracy of different hypothesis on the
nature of these sources. To achieve this goal, this studpice® all the available resources in the
Rainbowdatabase for the EGS (see Chapters 2 and 3) and GOODS-N{Bénzalez et al. 2008)
fields. In particular, it makes use of the merged UV-to-FIRDSENd spectroscopic redshifts of
IRAC-3.6 um selected sources to isolate a sample of galaxies whickatlzat would haveb-
servedSEDs that satisfy the IRX criterigf,,,.,,/ fr >900, R-[3.6}>3.7). This is possible because
the best-fitting templates (fitted to the spec-z) can be @stily redshifted to z2 to compute their
observedcolors. In particular, the specific task to compute synthetagnitudes developed for
this thesis was critical for the estimate of reliableservedcolors at different redshifts. In addi-
tion, similarly to the preceeding paper, this work targetavily obscured optically faint galaxies
that are much brighter in the NIR (and particularly in the FIRherefore, it greatly benefits from
the work presented in this thesis that characterizes IRA€Ct galaxies with multi-wavelength
photometry.

A total of 19 sources (14 in EGS and 5 in the GOODS-N) are ssteat a median redshift
z=1. The left panel of Figure 5.3 present and example of the awedboptical/NIR and mid-
to-far IR SED fitting procedures. To obtain information oe tiominant emission mechanism in
the infrared (AGN versus star formation) the fitting of the 3D is performed with a mixture
of four different templates: cirrus (Efstathiou & Rowan#®ason 2003), AGN dust tori (Rowan-
Robinson 1995; Efstathiou & Rowan-Robinson 1995), M82 amga 220 starbursts (Efstathiou,
Rowan-Robinson & Siebenmorgen 2000). The analysis of tiseatission shows that the far-IR
SEDs of IRX sources are better described by warm-dust teeg(a.g., similar to M82 or Mrk
231) being inconsistent with cold dust templates (e.g. AP)20nly 3 (of 8) sources required an
additional QSO torus component to fit the mid-IR (first, setand fifth SEDs in Figure 5.3, from
bottom to top). Interestingly, this component is needed ém those sources which are detected
at X-ray wavelengths and which have large intrinsic X-rayilnosities, Ly >10" ergs—*.

When the observed SED is combined with X-ray spectroscopservations we find that
that about 35% per cent of the sources in the AEGIS (5/14) &3d B the CDF-North (4/5)
fields are associated with hard (2—7 keV) X-ray detectioresEhfractions increase to 43% (6/14)
and 100% (5/5) per cent in the AEGIS and CDF-N, respectivelpwer significance sources
are included. This suggests a high AGN identification rateamples selected using the infrared
excess criteria. However, the fit of the spectra to a model@NAdower-law emissionl{ =1.9;
Nandra & Pounds 1994) plus a reflection component (emissianintersects a optically thick
material) suggest that the hard X-ray spectral propertesansistent with Compton thin column
densities, N;~10?2-5x10**cm~2. Only 4 of them shows tentative evidence for Compton thick
obscuration. In addition, the IRX sources un-detected enXkrays shows no indication for a
hot dust component associated with a powerful AGN. The nigimel of Figure 5.3 demonstrates
that a QSO torus component is required to fit the mid-IR pathefSED of only X-ray detected
sources. Thus, if some of the X-ray undetected sources wgsoei@mted with heavily obscured and
powerful AGNs with X-ray emission suppressed by the inteivg dust and gas clouds, we would
have identified them in the mid-IR as sources with a QSO toougponent.

This result has implications on the nature of thezZ2 IRX population detected in deep
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Figure 5.4: Left: RightSpecific SFRs as a function of redshift and morphology fdaxjas not identified as AGN.
Galaxies detected at 24m are plotted with open (disks) and filled (spheroids) blaickles, while gray symbols
show upper limits for sources not detected by MIPS. Red ane @losses represent the median and quartiles for the
distribution of specific SFRs in different redshift rang€ke red widest lines refer to spheroids and the blue nartowes
lines to disky galaxies. Green curves show the expected@osiof galaxies which would multiply their stellar mass
by 5/4, 2, and 4 between their redshift and z=0 if they mam&dia constant SFR. Horizontal dashed lines show
constant SFR values for the median stellar mass of our safhysie10''M ).

surveys. There is no doubt that some of these sources aret@othick QSOs. Georgantopoulos
et al. (2009), for example, identified Compton thick QSOs ag-ray sources in the CDF-North
through X-ray spectroscopy and showed that some of thersfgdlie infrared excess selection
criteria. This analysis, however, shows that a potentialfge fraction of the IRX population at
z~2 are not luminous Compton thick QSOs but lower luminosityieajents (Ly <10*3ergs—!),
possibly Compton thin AGNs and/or starbursts.

5.4 Evolutionary paths of the most massive systems (Pérez-G onzalez

et al. 2008, ApJ 687; 50)

Following the lines of the study discussed in the first sectbthis Chapter, this work focus on
the analysis of the stellar mass assembly of massivel0#' M) galaxies at z2. As shown in
Figure 5.1 a significant fraction of the most massive gakwere already in place at early epochs
of the Universe (z2). In addition, some of these galaxies seen to have assémiust of their
mass content by that time, thus evolving passively (Krie&le2006, 2008, Cimatti et al. 2008).
The sole presence of this massive objects at the highestifisds in apparent contradiction with a
hierarchical growth of structures which predicts that éhgalaxies should form latter via merging
of smaller galaxies (e.g., De Lucia et al. 2006). Interggyinrecent observational evidence indi-
cates that some of these galaxies, which are supposedliativey late evolutionary stages, are
extremely compact a factor ef4 smaller than local analogs of the same mass (Daddi et ab,; 200
Trujillo et al. 2006). This puzzling scenario raises thegjiga of what possible evolutive paths
could lead these objects to their present shape.
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The main goal of this work is exploring the evolution of theshmassive galaxies and their
dependence on the morphology. To do this, we quantify the/iron stellar mass via star forma-
tion events of massive (M10''M) galaxies as a function of size and brightness profile shape u
to z~2. The analysis presented in this work is fundamentally ¢hasethe characterization of the
UV- and IR-SFRs of the IRAC sample in EGS described in Chafeand 3 of this thesis. This
estimates allowed us to provide robust SFRs for a sample bi8®and selected galaxies pre-
sented in Trujillo et al. (2007) which count with accuratefmetric redshifts and stellar masses
estimates computed from a multi-wavelength SED fitting Einto that described in the Chapter
3 of this thesis. In addition, Trujillo et al. (2007) estiradt(circularized) half-light radius:() and
Sérsic (1968) indices:f for all galaxies. They used i-badiSTACS images to fit surface bright-
ness profiles and divided the sample in disk-like <2.5) and spheroid-liken( >2.5) galaxies
according to the value of the Sérsic (1963) index.

The left panel of Figure 5.4 shows the composite de-reaghi8EDs (normalized in the
rest-frameli’-band) of all galaxies in the sample grouped into morphaalgiSérsic index) and IR
activity (detection at F(24:m)>15 pJy). Interestingly, not only most (more than 90%) disk-like
(n <2.5) massive galaxies are detected by MIPS (revealing MIBsaon consistent with a PAH
features i.e, dust-enshrouded star formation), but alsorat 50% of spheroids:(>2.5) have
MIPS counterparts, even when rest-frame optical colorsakthat they are dead and evolving
passively (more similar to a elliptical spectral templatfpnetheless, the IR detection does not
play an important role in the position occupied by these)gefain the stellar mass-size plane.
Except perhaps for spheroid-like objects which at a giveltestmass, tend to be brighter in the IR
for larger sizesi(. >5 kpc).

The right panel of Figure 5.4 shows the specific SFRs of magglaxies as a function of
redshift and morphology. Red and blue crosses representedean and quartiles for the distribu-
tion of specific SFRs in different redshift ranges for diskd &pheroid-like galaxies, respectively.
The specific SFRs of spheroid galaxies evolve as (12#2¥ from z=0 to z=2, while the evolu-
tion for disk-like galaxies goes as (14£¥°3. Below z=1 spheroid-like galaxies present very low
specific SFRs. On average, they would increase their staldas by less than 25% at@<1 if
they maintained a constant SFR. At¥, the specific SFRs of massive galaxies are higher than
0.1 Gyr!. Both the active spheroid-like (note that there are 40% bespids which are not de-
tected by MIPS) and disky systems are forming stars at appeigly the same rate, and the num-
ber of quiescent galaxies (those not detected by MIPS) ssthem 50% for both types. For typical
burst durations, and even for star-forming events with astaont SFR and lasting up to 1 Gyr, the
maximum increase in stellar mass wouldb&5% at 1.k » <1.4,~ 25% at 1.4 » <1.7, and
~50% at 1.% z <2.0, for both spheroids and disks. This means that a signtffcaction (more
than 50%) of the stellar mass of z > 1 massive galaxies wasnése at z-2 (Pérez-Gonzalez
et al. 2008; Marchesini et al. 2009).

Summarizing the full redshift interval, spheroid-like gales have doubled (at the most,
depending on the burst durations) their stellar mass duewdyrborn stars alone from=2 to
z=0.2. Most of this mass increase (60%) occurs>at zwhere specific SFRs are as high as 0.4
Gyr—!. Disk-like galaxies have tripled (at the most) their stetieass by newly-formed stars at
z<2, with a more steady growth rate as a function of redshift.

The moderate mass growth for these galaxies (especialbpfueroids) contrast with the size
increments measured by Truijillo et al. (2007) for the sanmepde: massive spheroid-like galaxies
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have increased their size up to a factor~d@.5 from z=2 to z=0 (10 Gyr), while massive disks
have increased their size by~2.5 factor in the same period. If star formation works in tame
way in making both spheroid and disk-like galaxies grow mesiclearly there should be another
mechanism (mergers?, adiabatic expansion?) helping (nobiceably) the spheroids (which form
less new stars than disks betweef2zand the present, but grow more) to increase their size.

The next section describes our current project to furthplogg the nature of these galaxies
and unveil their evolutionary paths. In this study we do mwitlthe analysis to a smalk800)
sample in the EGS, but we exploit the full possibilities oé tbatalog described in Chapters 2
and 3 and similar catalogs in other fields described in P&mzzalez et al. (2008). The main
advantage of the IRAC sample is that it is much deeper andnepasses a larger area than that of
the sample described in this section. The enhanced cajpebdi the IRAC catalog would allow
us to carry out a similar study as the one present in this@e(te., analyze the masses and SFRs
of the galaxies), but focused on obtaining an accurate sawifpbassively evolving galaxies at
1.5>z2>2.5.

5.5 Red and Dead galaxies at high-redshift (Barro et al. 2011 in
preparation)

Understanding the red, passively evolving, galaxies a&rmédiate redshifts £22) is one of the
outstanding challenges of galaxy evolution studies. Réakgss with typically very low UV fluxes
make up for 80% of the mass contained in the most massiveigal@xan Dokkum et al. 2006)
and 25-75% of the total mass in galaxies az2 3 (Papovich et al. 2006; Marchesini et al. 2006),
and thus provide critical constraints for studies of galotynation and mass assembly.

The general consensus is that the process of mass assembl§ & much faster than at
lower redshifts (e.g. Bell et al. 2006; Faber et al. 2007)cd®R¢ measurements at4 show a
strong evolution with redshift of the stellar mass functadrgalaxies, as well as a dependency on
the stellar mass, with the low-mass end evolving more rgpidin the high-mass end (e.g., Pérez-
Gonzélez et al. 2008; Marchesini et al. 2009). In partictie number density of the most massive
galaxies (M>10'' M) seems to evolve very little from z=4 to z=1.5 (Pérez Gorzzéteal. 2008),
suggesting that the most massive galaxies in the universe mvestly in place already at2.5,
and implying potentially severe disagreements with theipt®ns from the latest generations of
semi-analytic models of galaxy formation.

Deep spectroscopic studies of massive red galaxies-at5z(e.g., McCarthy et al. 2004;
Cimatti et al. 2004, 2008 estimated stellar ages consigtigmearly formation redshifts (z,,, ~4),
which is potentially inconsistent with the rapid evolutiorstellar mass density at these epochs. It
is however clear that the red sequence was in place at farly epochs (Bell et al. 2004; Taylor
et al. 2009; Brammer et al. 2009), and that density of redxigdeevolved strongly in the<1z<3
era (e.g., Arnouts et al. 2007, Van Dokkum et al. 2009; Dematcl. 2010), while the stellar
mass in blue galaxies remains roughly constant over the saaistift range. This indicates a fast
rate of blue objects entering the red sequence controlldddback processes that regulate star
formation (e.g., Schawinski et al. 2007).

Since the growth of a central black hole and the growth of gdwlr spheroid dominated
galaxy are intimately connected (Novak et al. 2006a), n®based on AGN feedback for quench-
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ing the star formation in the host galaxy are frequently ad#ed as the main mechanism to stop
the galaxy growth (Bower et al. 2006; Croton et al. 2006). &tbeless, an emerging picture in
which massive galaxies are assembled via mergers folloywad#pid quenching of star formation
could address many of the observed properties of the redrequalaxies (Faber et al. 2007).

In addition to being compatible with the observed evolutibthe stellar mass function, the
guenching mechanisms must be able to deal with the closklieceissue of the striking com-
pactness of massive red galaxies at these redshifts. Haglabgesolution studies showed that the
passive red galaxies at intermediate redshifts are sysitaity smaller than their likely present-
day counterparts (e.g. Daddi et al. 2005; Trujillo et al. 00enarro & Trujillo 2009). In order to
match their equivalents at z=0, these galaxies would re@uiactor oi~3 growth in size during an
epoch in which the stellar masses, population ages, andlbresrphologies show little or no evo-
lution. This puzzling scenario has fueled several comgetiwodels, currently under discussion:
Dry merging (e.g, Hopkins et al. 2009c; Lopez-SanJuan 2@l0), AGN puffing-up (Fan et al.
2008, 2010; Damjanov et al. 2009) or late satelite accrétit@ab et al. 2007,2009; Bezanson et
al. 2009);

In order to observationally verify either scenario, confipglevidence must be found that
supports any of them. Recent observational efforts has téeee in order to obtain: robust esti-
mates of the velocity dispersion;(a direct probe of stellar mass and kinematics) from aceurat
spectroscopy (van Dokum et al. 2009; van Dokkum&BrammeO2@nodera et al. 2010; New-
man et al. 2010); ultra deep NIR imaging (Szomoru et al. 2GRyn et al. 2010) to study their
morphology and verify their compactness or to compute ateyshysical properties such us their
masses (Marchesini et al. 2010). However, in order to obteaaningful results on the properties
and evolution of these sources at high redshift it is of@itimportance to accurately identify the
most massive red galaxies at.5.

5.5.1 A census of Red and Dead galaxies at z>1.5

As mentioned above, there is some evidence that the red egjiealready in place at2.5
(Labbé et al. 2007; Cenarro & Trujillo 2009), although thenttast separating the red and blue
sequences is low. This is either because spectroscopidesthat span a broad range of colors
are small (Cassata et al. 2008; Kriek et al. 2008) or becaurgerl photometric samples suffer
from uncertain photometric redshifts at 2.5, which leads to uncertain rest-frame colors (Taylor
et al. 2009a).

A wide variety of criteria has been proposed to effectiveljlate quiescent galaxies at high
redshift based on their intrinsically red colors. Howeuggddition to the issues mentioned above,
there is a strong intrinsic degeneracy in the optical cotdrquiescent and heavily enshrouded
galaxies. As a result, the samples of galaxies selectedmatty of the classic color-criteria, such
as EROs (Elston et al. 1988; McCarthy et al. 1992) or DRGsnfFed al. 2003; Rudnick et al.
2003), present an undetermined mixture of dusty and pagalegy populations. Other techniques
based on more restrictive color-color criteria, such asBrk (Daddi et al. 2004), Optical/NIR
rest-frame colors (Wuyts et al. 2007, Williams et al. 20@®)SED fitting methods, seem to have
been more successful breaking the degeneracy up to z=2 tigggatbetter grip on the subtle
differences between SEDs of dusty and passive galaxies.

Nevertheless, the most reliable approach to disentangfiese two population is through
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Figure 5.5: Left Ratio of the total IR-luminosity to the UV-luminosity as anfttion of the UV-slope. The colored
triangles depict the candidates to quiescent galaxiesR8SF0.5yr~!) in different redshift bins. The grey and
black dots depict sources detected in MIP&®@AF(24)>60uJy) withlogM>10.5M, and having Lz <10'%L, and
Lrr>10"2Ls (ULIRGS), respectively. The solid and dashed lines showRbe j3 relation for local starburst galaxies
Meurer et al. (1999) and locabrmalstar-forming galaxies Mufioz-mateos et al. (2009). Theasla the rightmost
axis are based on the IRX-A(FUV) relation of Buat et al. (20&4&d the extinction law of Calzetti et al. (200®ight
Attenuation in the V-band derived from best fitting optieplate (A(V)) versus the UV-slope. The colored markers
are the same as in the left panel. The candidates to quiggakaxies with SSFR,, =>-10.5yr~ !, after correcting the
SFRyy for extinction using the model A(V) are depicted as coloreatkars above grey circles.

the analysis of their IR-SEDs in which the red-dusty galsppeesent a very strong emission in
comparison with the almost non-existent emission of q@esgalaxies. Unfortunately this has
proven to be a difficult task, as the results are often limitgdhe depth of the FIR surveys which
are frequently restricted to the most luminous IR-galakigs Hy- LIRGS).

5.5.2 Sample selection and methodology

We combine the IRAC 3.6+4.5m selected samples in EGS, HDFN and CDFS. The sample in
EGS is the shallowest of the three with a 85% completeness&k{23.75, whereas the average
exposure times in the GOODS fields is more than a factevdfarger than in EGS.

All three fields count with extensive multi-wavelength phvoietry that has been processed
using theRainbowmethodology. The merged catalogs and estimated paranfetdise sources
in the GOODS and EGS fields are presented in Pérez-Gonzatdz (@005, 2008) and Barro et
al. (2011ab). The three fields count with very deep, highigudata in MIPS 24,m, which are
the cornerstone of our study. For this work we combine alkedlable MIPS data in these fields
from the GTO and FIDEL surveys in order to create the deepestin available from public data.

The relevant properties of the sources under study aremaatdollowing a modeling proce-
dure of both the SEDs and the physical properties, simil#rabdescribed in Chapters 2 and 3 of
this thesis. In particular, our analysis focuses on themedgd stellar masses and SFRs (UV- and
IR- based). Based on these, we select a sample of quiesdaxiegaat 1.5cz<2.5 using a specific
star-formation rate (SSFR) criterion. An SSFR criterionniggeneral more robust than a single
color-color criteria as it computed from a combination ofgraeters that requires an analysis of
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the whole SED. Moreover, the sSFR is closely related to the Etory of the galaxy. In fact, the
inverse of the sSSFR provide a natural time-scale for the tifibe last major star-formation event
in the galaxy.

Although the choice of a sSFR limit for discriminating aeti@nd quiescent galaxies can be
somewhat arbitrary, the completeness limit in the stellassr{ogM =>10.5 [M;]) and the average
limiting magnitude of the optical bands and FIR bands: 2728, i.e., a SFR, ~ 1M, yr—! at
z~2 for zero UV extinction; F(24)60uJy (50), i.e. , SFRr =>70[M,yr—'] at z~2, provides
a natural threshold for the sSFR of the typical quiescerdxyaf~ optical drop-outs). Thus, we
establish a primary criteria for selecting candidates tiespent galaxies which requires sSER
10.5yr~! and MIPS 24;m undetection ¥5 o). This implies that the prototypical candidate
would be a galaxy characterized with a fai§5 o) detection in the B-bandy(FUV rest-frame),
un-detected in MIPS 24m and presenting stellar mass equal to the our completemaissn
stellar mass. Similar criteria has been proposed to discat® quiescent based on the sSFRs or
equivalent quantities (see e.g., Brichmann et al. 2004zi@neet al. 2006, Fontana et al. 2009). In
this work we will also show that the sample obtained with thigshold is consistent with other
color-color and SED-fitting based criteria.

Nonetheless, the sSFR criterion face at least two main sssi¢ how many of these red
harbor an ongoing burst of with SFR(IR10-70[M,yr~!] (i.e, MIPS 24m <5 ¢)?. Does an
un-detection in MIPS 24:m (at any significance level) suffice to ensure that thesexgesare
not star-forming?; (2) how accurate are the estimated etstetions for these optically faint
galaxies?. These issues tend to induce opposite biasesredghihe former lead us to include
mildly enshrouded starburst in the sample, particularlytfee highest redshift candidates, the
latter could cause us to remove real passive galaxies itxirecion obtained from the best fitting
template is the result of a wrong match to a highly extingedsiioung stellar population instead
of a old population. The best approach to tackle both issnagiteneously is to treat the UV and
IR emission in a self-consistent manner. As the amount aériigssion and the dust-obscuration
present a tight correlation, the comparison of observedeapdcted UV and IR luminosities can
be use to efficiently narrow down the confidence intervalfiefdelection.

As an example of the kind of analysis that we are performinghensample, the left panel
of Figure 5.5 shows the ratio of the total IR-luminosity te tdV-luminosity as a function of the
UV-slope, 3, usually referred as IRX*diagram. The value of, is computed from the rest-frame
FUV—NUV color of the best fitting template. The IR-luminosity bt quiescent candidates (un-
detected in MIPS 24/m) is obtained by fitting the dust emission models to an uppet flux of
F(24 um)=60QuJy. The solid and dashed lines show the IRXelation for local starburst galaxies
Meurer et al. (1999) and localbrmal star-forming galaxies Mufioz-Mateos et al. (2009), respec-
tively. The triangles depict the candidates to quiescelasxigs. These are color coded according
to their redshift. The gray and black dots depict sourcesatetl in MIPS 24m (F(24)>60uJy)
with logM >10.5M/, and having Lz <10'%2L and L;z>10"2L, (ULIRGS), respectively. The val-
ues in the rightmost axis are based on the IRX-A(FUV) refatibBuat et al. (2005) for starburst
galaxies. The values of A(FUV) are converted to A(V) using #xtinction curve of Calzetti et
al.(2001). The right panel of Figure 5.5 shows the atteouaiti the V-band obtained from best
fitting optical template (i.e., the extinction applied iretinodeling of the template) versus the
UV slope. The colored markers are the same as in the left gdrtee Figure. The candidates
to quiescent galaxies with sSSER >-10.5yr~!, after correcting the SRR for extinction using
the model A(V) are depicted as colored markers above grelesir The solid and dashed black



154 5. Scientific explotation of multi-wavelength catalogsHurther examples

Fv(norm@3.6)

Ol < G -
o 4
ofbs--"2

304 06081 2 3 5
Afum]

Figure 5.6: Rest-frame SEDs of the candidates to quiescent galaxieS<ar&2.5 normalized at 1.6m. The black
and red markers depict the observed flux and forced detetid3y) in multiple bands for galaxies with >1.5. The
grey and magenta markers depict the same kind of photomesidsurements but for galaxies with<1.5. The solid
lines show the best fitting templates to some of these galdeéaturing different properties but similar colors in some
regions of the spectra: an old galaxy@Gyr) with super-solar metallicity (x2.52 and A(V)=0.7 mag (black line);
an old galaxy (+9Gyr), sub-solar metallicity (x0.0054 and A(V)=2 mag (red line); an old galaxy-£9Gyr), solar
metallicity and A(V)=0.5 mag (blue line). The green lines depict the central vemgth of the FUV, NUV bands and
2800 Arest-frame (the flux at this wavelength is used to campB&ER; )

lines depict the relations by Meurer et al.(1999) and Saliral.e (2007). Note that in the latter
the attenuatiosaturatedor 5>0, i.e., in their local sample galaxies redder than thisesidg not
present higher extinctions.

Both panels show that MIPS 24m detected sources (black and grey markers) follows (or
slightly exceed in the case of ULIRGS) the IRXrelation of Meurer et al. (1999) quite nicely.
Approximately 1o (68.1%) of these galaxies are confined within=-0.6-1.02, i.e, we find no
evidence of highly enshrouded, UV opaque galaxies witheexély high values off >>, i.e,
whose SED are fitted to very red galaxy templates. Thus, weatxpat, as it happens with local
galaxies, past some red color, the UV-slope is no longemigdarge amounts of dust, but older
stellar populations (see e.g. Cortese et al. 2008).

If the UV color of the candidates with >>1 is entirely caused by dust these would ex-
tremely IR-luminous galaxies. Hence the most likely paéisjtis that these are quiescent galax-
ies. On the contrary, we can not rule out the moderate stirboenario for candidates @t-0.5
given the uncertainty in estimatgtior the detection limit in MIPS 24m. Nonetheless, the fact
that we are not picking up these sources in MIPS even atskggest that could be redder.
Attending to the left panel of Figure 5.5 it seems that gasxwith3 =1 present a transition in
the extinction trend, with the attenuation dropping absuppom the highest values (A(\92.5)
to the lowest (A(VX0.5) ones. A change in the extinction properties of the retidelaxies is
consistent with a migration from the blue-cloud to red-same. At5 ~0-1 dusty galaxies and
passive galaxies (in terms of A(V)) coexist in the greeneyalkith a similar density, whereas for
0 21, the galaxies transit completely into the red-sequenderiag a domain where the fraction
of dusty-to-passive galaxies decreases significantly, &gea similar argument by Brammer et
al.(2009) based on very accurate A(V) estimates derived frarrow-band photometry.
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Note that, following a similar reasoning as for the quies@amdidates witt >>1, there
are some galaxies for which the model extinction A(V) is dieaverestimated (those above the
red line in the right panel of Figure 5.5). A detailed anadysi the SEDs and the estimated SFH
and A(V) of the candidates to quiescent is galaxies is betrglacted. This study would allow
us to reduce the error in the estimated extinction valuegé&baxies with potentially uncertain
values (e.g, ati~1). Figure 5.6 shows an example of the observed and besyfitDs for the
candidates to quiescent galaxies normalized atrh.fest-frame. The black and red markers depict
the reliable detections and limiting detectiors3¢) in multiple observed bands for galaxies with
£ >1.5. The grey and magenta markers depict the same kind obipledtic detections but for
galaxies withG <1.5. As it can be seen there are intrinsic differences irr thigserved fluxes of
the two groups.

Once we obtain a reliable sample of quiescent galaxies weaapute the fraction of these
galaxies relative to the total number of massive galaxi¢serl.5<z<2.5 range, effectively quan-
tifying the evolution of the stellar mass assembly for thagagies, which are known to dominate
the population of massive galaxies at low redshiftS1x It would also be particularly interesting
to check whether theoretical models agree with the obdenadtevidences, comparing our results
of purely semi-analytic models (e.g., Fontanot et al. 208&Mni-analytical dark-matter simulations
(e.g., Millenium: Kitzbichler&White 2007) and hydrodynasal simulations (e.g., Nagamine et al.
2006). Although all models predict the decrease with cogimie of the fraction of massive qui-
escent galaxies, this value is a particularly sensitivestramt (particularly at 22) and thusitis a
robust method to emphasize the differences between thehtomsequently the differences in the
intrinsic mechanisms that regulate the star-formatioraicheof them.
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Resumen, conclusiones y trabajo futuro

En esta tesis se ha presentado un catalogo fotométrico-bamtla para fuentes seleccionadas en
IRAC-3.6-4.5:m en el campo cosmoldgico EGS4pitulo 2). Este catalogo contiene una gran
cantidad de datos fotométricos cubriendo el rango espéetsde el UV hasta el infrarrojo lejano,

lo que nos permite caracterizar la SED de las galaxias coivell ae la consistencia necesario
para para analizar en detalle sus propiedades fisicagsetids. Basandonos en este extepcional
conjunto de datos hemos podido realizar un ajuste indilithdo de la fotometria multi-longitud
de onda a modelos de poblaciones estelares y de emisionwg pbteniendo de ellogdshifts
precisos, masas estelares y SFRs junto con otras propgedadizs galaxiagJapitulo 3). Hemos
explicado en detalle los métodos utilizados para ajustadéios fotométricos a los modelos de
sintesis de poblaciones estelares y ddéosplatesie emisidon de polvo, y se ha discutido en detalle
las incertidumbres asociadas a la estimacion de los pai@sféticos a partir del ajuste de SEDs.
Ademas, el catalogo fotométrico, junto con leslshiftfotométricos y los parametros estelares
presentados en esta tesis han sido puestos a disposicidapiara ello, hemos desarrollado un
interfaz web llamad®&ainbow Navigatqgrque proporciona acceso completo a los datos de imagen
y a parametros estimados, permitiendo ademas otras flaliciades para el manejo de datos.

En el contexto de los estudios de evolucién de las galaxiasstro catalogo ofrece una
muestra auto-consistente con una caracterizacion mufedistale las incertidumbres sistematicas,
lo que lo convierte en una herramienta apta para multiples firentificos. Como se ha discutido
ampliamente en esta tesis, contar con un gigantesco voldmeiatos para miles de galaxias a
diferentes épocas del Universo proporciona una base gudi@deallevar a cabo estudios cientificos
centrados en diferentes objetivos. En particular, ébagitulo 4 se han aprovechado estos datos
para llevar a cabo un andlisis detallado de las funcionasdi@bsidad de galaxias a4 midiendo
la contribucion relativa de cada una de estas poblacionemldeias a distintosedshiftsa las
cuentas de galaxias en bana En elCapitulo 5 se presenta un resumen de los resultados mas
importantes obtenidos en varios trabajos cientificos elifiexs en los cuales he colaborado. Todos
ellos hacen un uso exhaustivo de los recursos multi-lodgieuonda presentados enCapitulo
2y 3. Entre estos trabajos se incluyen, estudios sobre la égalde la SMD, las propiedades de
galaxias AGNs e IRX seleccionados con diferentes métodasaaaracterizacion de la evolucion
de las galaxias mas masivas-aX

A continuacion se resumen los resultados mas importani&s goinclusiones obtenidas en
cada capitulo de esta tesis.

En el Capitulo 2 presentamos una muestra de galaxias caracterizada cometot@ multi-
longitud de onda seleccionada en IRAC-3.6gtben el campo EGS. Dicha muestra contiene
76,936 galaxias con [3.6123.75 85% de completitud) cubriendo una superficie de 0.48 degs
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fuentes estan caracterizadas con fotometria en las babdaNBV v*¢'r'i' 2" v’ g Riz BRI Viogigia
Ji10He0 JK [3.6]-[8.0]. Ademas, estos datos se han cruzado los dasp®uiibles en rayos X,
infrarrojo lejano deSpitzeftMIPS 24 my 70 pum, y radio en VLA-20 cm. Ademasedshifts
espectroscopicos muy fiables para 7636 fuentes, han sidaidbs a través de los catalogos de
lossurveysie DEEP2 y de Steidel et al. (2003; LBGS).

Se realiz6 una extraccion cuidadosa de las fuentes IRA®ulisies en el mosaico del campo
EGS limitandonos exclusivamente a las regiones con tieme@xposicion mas altosXtt ks) y
eliminando aquellas detecciones espurias mediante naasalaededor de estrellas brillantes. Val-
idamos la calidad del catédlogo IRAC mediante la comparad#inuestros resultados fotométricos
con el catalogo publicado en Barmby et al. (2008), encodtram buen acuerdo de ambas mag-
nitudes £ 0.05 mag) y en sus incertidumbres.

Utilizando nuestro procedimiento fotométrico persoradiz Rainbow se realizo un cor-
relacion cruzada de la muestra IRAC con todos los otros datomeétricos. A partir de estos
resultados se obtuvo una fotometria consistente basadeaeditiomes en aperturas fijas, para
un amplio rango de bandas fotométricas tomadas desdedpiesderrestres y espaciales con
diferentes profundidades y resoluciones. Algunas de lesctaisticas méas relevantes de nue-
stro método son: la re-calibracién de la solucion astrapgétocal para mejorar el correlacion
cruzada, la de-convolucion de fuentes de IRAC no resuddasnediciones de flujo forzadas y
los limites superiores para fuentes muy débiles. Debidocald@rtura inhomogena del mosaico
IRAC, el catélogo final se compone de dos areas complemasitdai principal (0.35 déyy la
adyacente (0.13 déyy que cuentan con una cobertura promedio de 19 y 11 bandesvatas,
respectivamente.

En este capitulo también se presenta el interfazRahbow Navigatogue permite acceder
a la base de datos con todos los datos presentados en estaBesiterfaz permite ademas el
acceso a los datos mediante consultas personalizadagaobetos fotométricos y los parametros
derivados, y esta disponible online para toda la comunidaditica.

Las principales conclusiones de este capitulo son lasesitps:

e Aproximadamente un-16% de los objetos seleccionados en IRAC-36 hasta [3,6]<
23.75 presentan confusion de fuentes con al menos dos quartes en las imagenes oOpti-
cas/NIR. No obstante, fotometria de precision (0.03-0.4)rpuede obtenerse mediante el
uso de fotometria de apertura.

e Cercade un 2B y 2 % de las fuentes IRAC-3.6m seleccionadas hasta [3<6P3.75 son
detectadas en MIPS 24 y 7pm (f(24)>60 nJy, f(70)>35001Jy), respectivamente. Inde-
pendientemente, cerca del%2Q el 54% de las fuentes detectadas en MIPS 24 yuid
presentan varias contrapartidas en la imagen IRAC (noreakr2-3).

e La probabilidad de deteccion de las fuentes de IRAC ([823).75) en otras bandas es alta:
mas del 85% de las fuentes se detectan (con SNB en los datos Opticos mas profun-
dos (bandas R 07— )y el 70% en las imagenes en bandamas profundas (MOIRCS).
Las detecciones fotométricas forzadas, especialmeraerdéadas para este trabajo, son ca-
paces de recuperar un 10-20% de fuentes adicionales asdeskgnificancia bajos@ o)
en el imagenes menos profundas.
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e Las fuentes débiles en IRAC son en promedio mas azules quedsdrillantes para los
colores optice-IRAC. La mediana del color optico/IRAC para las galaxias mhéisiles de
la muestra (22.5&: [3.6] < 23.75) es de R- [3.6] = 1.6 yi'—[3.6]=1.4. Estos colores son
similares a los de galaxias observadas estereoscopicamgmt<1.5, lo cual es consistente
con el hecho de que la mediana dadshiftpara la muestra seleccionada en IRAC €4z

e Las galaxias presentan un color 6Optid®AC mas rojo paraedshiftsmayores debido a que
las bandas Opticas tienden a desplazarse hacia el UV eror@pases mas débil) mientras
que la magnitud [3.6] se vuelve mas brillante al acercasécalge la SED (a 1.6sm en
reposo) hastazl.2. Como consecuencia, la mediana del color en banfia —[3.6]=2.1)
€s mas roja que en otras bandas opticas. Por el contrarmpel/€—[3.6] presenta un valor
casi constante en funcién de la magnitud [3.6], pero tierttecarse mas rojo con dshift
K—[3.6]<0 a 0.5y K—[3.6]>0 a z-1. Esto es consistente con el hecho de que tanto la
bandaKk como [3.6] transitan por el pico de la SED a (a 1 en reposo) pareedshifts
menores que<z1.

e Existe un nimero no despreciable de fuentes débiles en IRAE gpticamente brillantes
con detecciones en mas de 19 bandas fotométric8g% de las fuentes con [3.6]23.75).
Estos objetos constituyen una poblacién de galaxias ersmdss urredshiftintermedio
gue son faciles de detectar en el 6ptico, pero con contridpardébiles en IRAC (es decir,
no muy masivas). Ademas un3% de las galaxias de la muestra con [3.B3.75, son
detectadas exclusivamente en las bandas de IRAC. Estasggalan probablemente objetos
a altoredshiftu objetos muy oscurecidagedshiftsmas bajos.

En elCapitulo 3 presentamos un ajuste galaxia por galaxia de las SED olbserdasde el
UV hasta el infrarrojo lejano presentadas erCabitulo 2. A partir de los resultados del mejor
ajuste se han estimado: (Bdshiftsfotométricos, (2) masas estelares, y (3) SFRs. redshifts
fotométricos £poT) Se estimaron a partir de la comparacion de las SEDs con n®delpobla-
ciones estelares templatesde AGN. Esta comparacion se llevé a cabo usando nuestrogpropi
software dedicado (dentro del paquete de prograResbow consistente en un algoritmo de
minimizacion dey?. Se obtuvieron también masas estelares para todas lasagat@xla mues-
tra mediante el ajuste de la SED desde el dptico al NIR con losdke sintesis de poblaciones
estelares. Ademas, se analizaron los efectos en nuestiaa@snes de la eleccién de difer-
entes bibliotecas de sintesis de poblaciones estelar8d@hgles Stellar Population Synthesis),
IMFs y leyes de extincion del polvo. Se estimaron SFRs palasttas galaxias de nuestra muestra
siguiendo una serie de procedimientos centrados en ekandé las SFR infrarrojas (IR-SFRs)
obtenidas mediante el ajuste de la fotometria de infrawbgervada cospitzefIRAC y MIPS
a24umy 70 pm a diferentesemplatesde emision de polvo. Se estudio la precision de estas
IR-SFRs mediante la comparacion de los resultados obtenalodiferentes métodos y varias con-
figuraciones de datos observados. Ademas, se utilizaronitndgs sintéticas (consistentes con
las magnitudes observadas dentro de un fag®el error fotométrico) para seleccionar s-BzK, p
BzK y DRG en la muestra IRAC hasféyrga<21.

Las principales conclusiones de este capitulo son lasesitps:

e Encontramos limitaciones especificas en los modelos SPSodeS&HRocca-Volmerange
(1997) para reproducir la fotometria observada de galaasparticular, la comparacion
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entre las SED observadas y sintéticas (basados en el mggrsle a losgemplate¥revelan
pequefias desviaciones sistematicas del orden t@do en ciertas longitudes de onda. Las
discrepancias mas relevantes se aprecian=e8 ym, y en menor medida en torno a 250 nm.
Estas diferencias estan probablemente asociadas con esoes la atenuacion de polvo
observada con respecto a ley de extincion de Calzetti 2@00) aplicada en los modelos.

Los redshiftsfotométricos para las fuentes de IRAC estimados a partir €l Sonsis-
tentes en 11-19 flujos fotométricas diferentes presentarpretision derycvap= 1.48 X

median (‘%‘WD:0.0M (dondeA z=2pher — Zspee) Y Oneman=0.046 en la region
central y en la anexa, respectivamente. Ademagddshiftspresentan um=2% y 3%
de resultados catastroficos (definidos como la fraccion xiga presentaxcyiap> 0.2)

en cada uno de estos campos. La precision dedgsgr es practicamente independiente
de magnitud en [3.6]. Sin embargo, esta disminuye con la mafdptica pasando de

O'NCMADIO.OBO aR=22, aO'NCMADIO.OGO a R 25.

La probabilidad de deteccién de la muestra seleccionaddA@ ([3.6]< 23.75) es maxima
entorno a z0.8-1.0. Paraz 0.6 la deteccidén de las fuentes estd dominado por el volumen
de observado, y mas alla de-%.0, la probabilidad de deteccién disminuye exponencial-
mente hasta-z4. Alrededor de la mitad de la muestra se encuentra@%, 40% a z 1,y

20% a z> 1.5. La mayor parte de las galaxias en este estudio (90%)cse inan en z2.

La densidad de objetos en la muestra seleccionada en Waaheldlbert et al. (2006) (que
solapa con el catalogo IRAC en la region principal) es de 25; 96 fuentes/arcminhasta
magnitudes limite d& = 24, 25y 26.5 (siendo esta ultima la magnitud de las deteesion
a SNR.5). La densidad de fuentes en la seleccion en IRAC es4# fuentes/arcmi

a [3.6<23.75. Aunque ambos catalogos presentan densidadesresmid3.6k23.75 y

i =25, la naturaleza de las galaxias seleccionadas en cadaraesgsliferente. Encon-
tramos que para la muestra de galaxias brillante en el 6p&om no detectadas en IRAC
([3,6]>23.75) la mediana y cuartiles deddshiftes z,,.. =1.0}:3, mientras que para las
galaxias brillantes en el infrarrojo no detectadas en etogt’> 26,5) los valores son de
Zonot =1.8)'1. Las fuentes a alto z no detectadas en el infrarrojo soratipéoite galaxias de
baja masa (similares a LBGS), es decir, nuestro catalogodag la deteccion de galaxias
masivas a altoedshift

Las 91 (147) LBGs con espectroscopia (Steidel et al. 200p6&]23.75 mag (24,75) iden-
tificadas en el catalogo IRAC son intrinsecamente débiléssdrandas de IRAC, el50% y
20% de ellas son mas débiles [3:623.75 y 24.75 mag, respectivamente. Las LBGs mues-
tran ademas una clara dicotomia en el color [3R®) siendo las fuentes rojas {f3.6]>
1.5) mas brillantes en IRAC que las azules. La mediana de ¢aitua IRAC y de los col-
ores para las 155 LBGs fotométricas en la muestra IRAC e$42874, R-[3.6:2.06

y [3.6]=23.80, R-[3.6}-0.88 para las galaxias rojas y azules, respectivamenteuem b
acuerdo con los valores de Magdis et al. (2008). La mediarsudedshift fotométrico
Zonot=2.8+0¢4 es consistente con la mediana dedshiftpara la muestra espectroscépica
(2=2.95) y con la anchura tipica para distribuciénredshiftde las galaxias seleccionadas
con el criterio LBG €=3.0+0.3; Steidel et al. 2004, Reddy et al. 2005).

El nimero de cuentas de galaxias s-BZK presenta una peedisgtiente hasta la magni-
tud limite de las observaciones, mientras que las p-BZK y iR€3entan una meseta en
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sus cuentas de galaxias alrededoridg:cx ~19 y 20, respectivamente. Las densidades
numeéricas y la mediana deldshiftfotométrico para estas poblaciones $0a5.0 arcmi;

Z7 =1.89 (s-BzK),p =0.5 arcmiil; 7 =1.85 (p-BzK) yp =1.4 arcmii; 2 =2.47 (DRG),

en buen acuerdo con los resultados de la literatura. Laedié&a mas significativa en estos
resultados es un exceso de un factdr.5 en la densidad de s-BzKs, lo que podria estar
relacionado con una sobre densidad de las galaxiasla%

La distribucion de las masas estelares en funciomatighiftpara la muestra seleccionada
en IRAC ([3.6k 23.75) muestra que uR90% de las galaxias presentan logMpP M, a
z>2.5. Esta estimacion esta basada en los resultado obtewidesiestros valores de mod-
elado por defecto, que son: los modelos SPS de PEGASE 2.0 &Rocca-Volmerange
1997, P01), una IMF de Salpeter (1955; SALP) y una ley de extmde Calzetti et al.
(2000, CALZ01).

El uso de las IMF de Kroupa (2001, KROU) y Chabrier (2003, CHiA@h lugar de SALP)
para la estimacion de las masas estelares introduce unasdi@ses constantes en los
valores resultantes. Para los modelos de Charlot & BruZa@09; CB09) encontramos:
Alog(M)[SALP-KROU]=0.19+097 dex yA log(M)[KROU-CHAB]=0.044)-}} dex. Para los
modelos de P01, la diferencia entre las masas obtenidagas®iF de SALP o KROU de-
pende de la masa, variando enfxéog(M) = 0.03+%% dex y A log(M)=0.13) 3] dex para
masas menores y mayores de log(M)=310, , respectivamente.

El uso de diferentes cddigos SPS para la estimacion de laasneatelares causa desvia-
ciones aproximadamente constantes los resultados essmé&tcontramos que las masas
estimadas con los nuevos modelos de CB09 son ligeramente@saque aquellas obtenidas
con la versiéon anterior de los modelos Bruzual & Charlot @IBC03); para la IMF de
CHAB esta diferencia es da log(M)[CHAB] =0.04+52¢ dex. Las masas estelares esti-
madas con los modelos PO1 son en promedio mayores que aqiakamidas con los mode-
los de CB09; para una IMF de KROU la diferencia®ekbg(M)[KROU] =0.15+9-23 dex. Las
estimaciones obtenidas con P01 son también mayores quiéaaduesadas en los modelos
SPS de M05; para una IMF de KROU la diferencia\geg(M)[KROU] =0.39+9-35 dex. En-
contramos también que esta diferencia es ligeramente mean@galaxiasog(M)>10M,
(~0.30 dex). En resumen, las masas estelares calculadas @n3gRLP, CALO1], son
comparativamente las mas altas. No obstante, teniendoesmnactodas la diferencias sis-
tematicas, la dispersion entre los resultados obtenidososodiferentes modelos es dentro
de un factor de 2-3.

El uso de diferentes parametrizaciones para la ley de éutirtzl polvo tiene un impacto
reducido en la estimacion de las masas estelares paraaglepnas (20.2). Los valores
obtenidos con las leyes de extincion de CALO1 y Charlot & 000, CF00) presentan tan
solo una pequefia desviacion sistematidag(M)[CALO1 —CF00}=-0.03+)2] dex.

Las SFRs estimadas a partir de la luminosidad infrarro {&FRrr) calculada medi-
ante el ajuste de los datos MIPS 2m a los modelos de Chary & Elbaz (2001, CEO1) y
Dale & Helou (2002, DHO02) son consistentes dentro de un fatpresentando una difer-
encia maxima alrededor de-2.5. Las estimaciones obtenidas con $jzRy la relacion
empirica de Alonso-Herrero et al. (2006, SERqs) para la luminosidad monocromaética en
24 um en reposo, son relativamente consisterteSKR~—0.18+0.05 dex) cuando la con-
tribucion de la tasa de formacion estelar en el UV no oscdoe(SFRv.,5) €S pequenia.
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Los valores estimados con la calibracion de Bavouzet 2@08, SFRs) para la luminosi-

dad monocromatica en @m en reposo, son sistematicamente menores que los resultado
obtenidos con SFRy para SFR-20 M,yr~! y z>1; por otro lado, los valores de SER

son mayores para valores mas bajos de la SFRedshift La diferencia excede un factor

5 para SFR-1000 M,yr~!. El acuerdo entre SRR y la SFR estimada a través del flujo
observado en 24m usando la relacion de Rieke et al. (2009, SkRes bastante pobre
excepto a partir deedshiftz>1.8 donde las discrepancias se reducen a un factor constante
de 0.05dex. Las razones de estas discrepancias se puedetranen las diferentes emi-
siones relativas del polvo caliente y frio, y diferenteeirtidades de la absorcién de los
silicatos y los PAH en los modelos de R09 frente a CEO1 y DHO®adcaracteristicas
pueden presentar diferencias de hasta un factor 5 entrd@sode

e Las SFRs infrarrojas estimadas con datos IRAC y MIPS a 8, 2@ yni, SFR(8,24,70)
presentan diferencias sistematicas con respecto de lmesastimados usando solo MIPS
24 um, SFR(24). A bajaedshift la mediana del valor de SHR (y también SFR_p6))
tiende a subestimar SHR(8,24,70) por 0.05y 0.10 dex, respectivamente, comuside
~0.2-0.3 dex. Aredshiftz~2, la diferencia aumenta hasta un valor medio~de20 dex.
SFR305(24) presenta la tendencia opuesta obteniendo valoresresagoe SFRx(8,24,70)

a z<1, pero siendo muy similar paradshiftsmayores.

e El analisis de una muestra de galaxias en comun con Symsatidil. (2008) y Huang
et al. (2009), que cuentan con mas y mejores flujos fotonoétén el infrarrojo lejano y
(sub)-mm, indica que para las galaxias<a .2, SFRr(8,24,70) tiende a subestimar la
SFR de las galaxias detectadas en MIPS /A®0con una diferencia promedio de 0,09 dex.
Discrepancias aun mayores, hasta 0.5 dex, pueden apaegaegglaxias concretas debido
al uso de distintotemplatesie emisién del polvo para ajustar la SED infrarroja.

Los resultados presentados en estos dos Capitulos cygasti#ligrueso de esta tesis, cuyo
principal objetivo es la creacion de catalogo multi-londitle onda exhaustivo que nos permita a
la vez obtener SEDs muy detalladas y propiedades fisicasspsepara miles de galaxias en un
amplio rango deedshift Como se ha mencionado en esta tesis, los catalogos depessoti la
piedra angular de la mayoria de los estudios de evoluciéald&igs basados en grandes muestras
de fuentes extragalacticas, y el catalogo presentado @tesst es uno de los pocos ejemplos que
pone a disposicion de la comunidad astrofisica una con@il@onsistente de fotometria (SEDS) y
propiedades fisicasdqdshifts masas, SFRs y mas). Por ultimo, pero no por ello menos ime:t
se ha realizado un esfuerzo considerable para mejorar $lsilftades de explotacién de todos
estos recursos incluyendo todos los resultados de es@drab una base de datdRainbow
y creando un interfaz web que permite multiples posibiletade acceso a los datd®ajnbow
Navigatoy).

Ejemplos especificos de la explotacion de catélogos nugitud se han descrito en los
Capitulos 4 y 5. En particular, €lapitulo 4 describe en detalle un estudio basado en estos datos
gue se ha llevado a cabo como parte de esta tesis; por otrcelaapitulo 5 presenta los resul-
tados mas relevantes de una recopilacion de varios trabajlos que he colaborado y que hacen
un uso extensivo del catalogo presentado en los Capitulo3. ZBgte capitulo contiene también
una breve introduccion al trabajo en curso que se llevandta actualmente para aprovechar las
posibilidades del catalogo multi-longitud de onda.
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El Capitulo 4 se centra en una cuestion cientifica mas concreta mediaagtuglio de la
naturaleza de las cuentas de galaxias (NCs) en la bAndste trabajo se basa en la explotacion de
un catalogo multi-longitud de onda seleccionado en la b&nhea los campos cosmoldgicos EGS
y HDFN caracterizado coredshiftsy luminosidades en reposo muy precisas calculadas siguiend
los procedimientos descritos en los capitulos 2 y 3. En basstas propiedades se realizo un
estudié de la contribucién relativa de las galaxias a difte®redshifts a las cuentas de galaxias en
la bandak’. Ademas, se obtuvieron funciones de luminosidad (LFs) @seoermitieron explicar
las caracteristicas observadas en la forma de las NCs eraasearacteristicas fundamentales
de las poblaciones de galaxias a diferemegishifts

Las principales conclusiones de este capitulo son lasesitps:

e Para magnitude&’ > 18.5 las NCs tienden a ser una mezcla de galaxiaslshiftsmuy
diferentes. En particular, encontramos una contribuciéniente de galaxias a altedshift
(z>1.5) que no se observan a magnitudes mas brillantes, dosidaliaxias a bajeedshift
(z<1) constituyen la mayor parte (90%) de las NCs. Fsrac16, las NCs muestrean la
parte brillante de la LF a<z1 lo que hace que los valores observados sean muy sensibles
a efectos de volumen y de estructura a gran escala. Por déda00.25 la contribucion
de las galaxias a las NCs es practicamente despreciat@?). Las NCs estimadas en
areas relativamente pequenad 00 arcmid) pueden presentar diferencias campo-a-campo
de hasta un 4B dependiendo de la magnitud, lo que puede afectar sensibleméa forma
de las NCs.

e La pendiente de las NCs en la banBadisminuye un~ 50% en el intervalo de mag-
nitudes15.5 < K < 18.5, produciéndose una variacion en el valor de la pendiente de
dlog N/dm = 0.6 — 0.3. La comparacion de 100 catélogos sintéticos a partir denia-si
lacionMillenium muestra que la varianza césmica en areas@e&5 ded puede causar una
dispersion significativa en la variacion observada en laigere de las NCs.

e La composicion de las NCs en términos de LFs (como bloquestibayentes) indica que
el cambio en la pendiente de las NCs con la magnitud obsesggdaede describir en tres
regimenes principales: 1) a magnitudes brillantes, emrégiEuclideo clasicail(log N/dm =
0.6) dominado por galaxias a bajedshiftcon luminosidade8/*; 2) a magnitudes interme-
dias, el régimen de transicién, dominado por la Liealshiftque maximiza la funcién pro-
ductoo* % Aqui la pendiente disminuye rapidamente alrededor de lgnihal aparente
correspondiente al/* en eseedshift 3) a magnitudes débiles, el régimenpoblado prin-
cipalmente por galaxias en el extremo débil las LFs a vaddshifts En este intervalo la
pendiente varia asintoticamente hacia un valord@.4(1+). Donde el valor dex sera
tipicamente el de la LF al redshift que maximiyz*ai’d% 0 una LF a un redshift proximo con
un valor dex sensiblemente mayor.

e Se obtuvieron LFs en la bandaobservada para diferentesishifts(a una longitud de onda
en reposo de.16um/(1 + z)) con las siguientes caracteristicas:
(z=0.25-0.50))% , =3.447 70 x107*Mpc™? M, = —22.95(fixed) ak ops = —1.1540:3)
(z=0.50-0.75)p7 ,p, =3.4+022 x 1073Mpc> Mj; , = —23.01E013 v ops = —1.00£013
(z=0.75-1.00)p5 ., =3.24057 x 107°Mpc™® M . = —23.08%015 ak,ops = —1.024017
(z=1.00-1.25)p% ,, =2.3£03L x 10-*Mpc? M. —22.964028 (g ops = —0.9340:23

obs —
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e En términos de estas LFs y otros valores de la literaturayreramos que el aplanamiento
de la pendiente es consecuencia de una disminucion imp@dana densidad caracteris-
tica ¢y o, (~ 60% dez = 0.5 az = 1.5) y una evolucion practicamente nula d€;
(compatible a & con My, . = —22.89 + 0.25). La combinacion de ambos efectos causa
la transicion al régimen de la pendiente & ~17.5, un evento que de otro modo habria
tenido lugar ak = 20 — 21 mag.

e Las predicciones para las NCdia >20 basadas en la LFS de la literatura, sugieren que la
pendiente sigue disminuyendo asintoticamente hélsta/N/dm <0.2 dominada por galax-
ias intrinsecamente débiles en un intervaloatkshiftz=1.5-2 y con una contribucién menor
de galaxias brillantes a>z2. No obstante, si las LFs Opticag a> 3 presentan un valor de
la pendiente débil de la LF mayor de lo estimado, como sugialgunos autores, podria
producirse un incremento en el valor de pendiente hastalanagint6tico mayor alrededor
de K > 22.5.

Como se menciono anteriormente, el capitulo 5 contieneexrelyesumen de las principales
conclusiones de varios trabajos en los que he colaboradmo@stos no se han discutido en
detalle como parte de esta tesis no se incluye aqui una pieécridetallada de los principales
resultados. Sin embargo, queremos subrayar que el objetivcipal de dicho capitulo es poner
de relieve las amplias posibilidades cientificas de catétmya descripcion constituye la mayor
parte de esta tesis, y sin el cual estos trabajos no se pduen llevado a cabo.

6.1 Trabajo futuro

En esta seccion se describen algunos de los temas masanteeque nos permitirdn continuar y
ampliar los resultados presentados en esta tesis. Algunekod son ya proyectos en curso.

Como se describe en la seccion final del capitulo 5, ya exmspeayecto en desarrollo cuyo
objetivo es ampliar los resultados obtenidos en Pérez-&enet al. (2008) mediante la obtencion
de una muestra muy precisa de galaxias masivas quiescargemtervalo deedshiftl.5<z<2.5
con la que caracterizar la densidad de fuentes tanto abswuto relativa a otras galaxias masivas
activas. Este proyecto sera mi objetivo prioritario duedos préximos meses.

Relacionado con este tema, nuestro interés en el estudistake galaxias quiescentes nos
llevo a proponer el proyecto SHARDS (Survey For High Red$®éfd And Dead Sources). Dicho
surveyes un proyecto ESO/GTC cuyo proposito es llevar a cabo umliestotométrico de las
galaxias quiescentes en el intervalorddshift1.0<z<2.5 mediante la medicion directa de una
intensa linea de absorcion presente en el espectro UV esaelgolas galaxias de este tipo. Los
resultados obtenidos con eserveyseran directamente complementarios con los obtenidos en
nuestro actual trabajo en desarrollo sobre galaxias qenéss. Este estudio hace uso de 25 filtros
de anchura intermedia (FWHM17 nm) en GTC/OSIRIS que cubren el rango en longitud de onda
entre 5000 y 9500A |o que nos permite explorar en detallengjad@JV de las galaxias en el rango
deredshiftde interés. SHARDS ya esta observando el campo HDFN y haidbtaliededor del
~20% del total de los datos. Junto al proyecto descrito awtagnte, esteurveysera mi prioridad
a medio plazo.
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Existen propiedades fundamentales de estas galaxias quoelamos estudiar a partir de los
datos disponibles en la actualidad y que serian de gran tarpma para mejorar significativamente
su caracterizacion. De estos datos, los mas relevantes sericinematica (velocidad de disper-
sion) y su morfologia. La combinacién de estos dos datosipdaarverificar con exactitud las
masas estelares estimadas con datos fotométricos y confarearprendente compacidad estas
galaxias. Para medir estas propiedades se requiere espegtia muy profunda e imagen de alta
resoluciéon en una banda fotométrica que muestree el Opticep®so de estos objetos (es decir,
el NIR observado). Estudios recientes han demostrado gasplectroscopia Optica es posible
(aunque muy costosa en tiempo de observacion) para looshjets brillantes a~z1.5 (Newman
et al. 2010). Del mismo modo, la espectroscopia IR ofredansibilidad de ampliar este estu-
dio aredshiftsmas altos z 1.5 (Onodera et al. 2010; Van Dokkum et al. 2009). En estedsent
podemos aprovechar las posibilidades de GTC/OSIRIS, Gé&itamingos 11 o GTC/EMIR (en el
futuro) para la obtencidn de espectroscopia multi-objetestas galaxias tanto en el éptico como
en el NIR. Los datos espectroscopicos se pueden complententéas imagenes dslrveymas
profundo y de mejor resolucion que esta siendo llevado a cahdiSTWFC3 en los campos
cosmolégicos mas importantes, incluyendo EGS.

La excelente calidad de los datos NIR de WFC3 también nosifi¢anseguir un proyecto
muy interesante basado en los resultados obtenidos cotakiga|RAC presentado en esta tesis.
Este proyecto consistiria en la caracterizacion~d&do de las fuentes que solo se detectan en las
bandas de IRAC, pero que probablemente se detectarianasnimtigenes NIR muy profundas.
Aunque es dificil de precisar debido a los pocos datos dibjem) estas fuentes son candidatos
interesantes a galaxias masivas>e&8zver por ejemplo, Mancini et al. 2009; Marchesini et al.
2010) o inclusaedshiftsmas altos (aunque estos serian también muy débiles en IR&Gor
ejemplo Labbe et al. 2010).

Otro tema interesante que puede aumentar significativemnemistro conocimiento sobre el
proceso de formacién y evolucién de galaxias es la prec&idruestras estimaciones de las SFRs
para galaxias a alteedshift sobre todo aquellas basadas en datos IR. Como hemos digseuti
esta tesis, el principal problema en nuestra comprensitialade las SFR basadas en datos IR
para galaxias az2 es en realidad la falta de datos suficientes para acotarreorsipn la forma
de la SED en el infrarrojo, y particularmente en longitude®dda (sub)mm y radio donde estos
datos nos permitirian determinar con mas precision la gositel méximo de la emision infrarroja
(alrededor de-100m en reposo). Aunque las observaciones actuales en eggésittes de onda
existen, los catalogos de fuentes se limitan tan solo a unasspobjetos (en comparacion con los
datos MIPS 24:m) y suelen estar afectados por un alto nivel de confusioneetés debido a la
baja resolucién. En este sentido, los datos que empiezagaios desde el observatorio espacial
Herschel(Pilbratt et al. 2010) nos ayudaran a llenar el vacio extstentre los datos MIPS y los
datos (sub)mm/radio mejorando ademas tanto la sensitiidmo la resoluciéon. En el futuro,
revisaremos las estimaciones de SFRs obtenidas en estatesise basan fundamentalmente en
datosSpitzefMIPS, incluyendo en el nuevo analisis los flujos disporsigleHerschelgue incluyen
hasta 5 bandas fotométricas diferentes en el infrarrogméej PACS 100y 16@m, y SPIRE 250,
350, y 500um. (ver por ejemplo en Pérez-Gonzéalez et al. 2010 o Elbaz @04D el tipo de
mejora que se puede alcanzar).
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Summary, conclusions and future work

In this thesis we have presented a multi-band photomettatagafor IRAC-3.6+4.5:m selected
sources in the EGS (Chapter 2). This catalog contains exteb®/-to-FIR data that allow us to
characterize the SEDs of the galaxies with the level of iescy required to analyze in detail
their intrinsic physical properties. Thus, based on thiseptional dataset we have been able
to perform a galaxy-by-galaxy fitting of the multi-waveléhglata to stellar population and dust
emission models, obtaining accurate photometric redshstellar masses and SFRs along with
other properties of the galaxies (Chapter 3). We have exgdbin detail the methods used to fit the
photometric data to stellar population synthesis models daust emission templates, and we have
discussed at length the systematic uncertainties assddatthe physical parameters estimated
from the SED fitting. In addition, the multi-band photometratalog jointly with the photometric
redshifts and estimated stellar parameters presentedhaeieeen made publicly available. To that
end, we have developed a web-interface, naRathbow Navigatarthat provides full access to
the imaging data and estimated parameters and allows setteeadata handling functionalities.

In the context of studies of galaxy evolution, our catalogvtes a self consistent sample
with a very detailed characterization of the systematicuiainties, suitable for multiple scientific
purposes. As extensively discussed in this thesis haviraiassal body of data for thousands of
galaxies at different epochs of the Universe provide a spialind for further scientific studies
aimed at different goals. In particular, in Chapter 4 we hexgoited these data products to carry
out an analysis of the luminosity functions of Z galaxies measuring the relative contribution of
these galaxy populations at different redshift to the oless# -band number counts. Chapter 5
presents a summary of the most important results obtaineeveral different papers in which |
have collaborated, that makes extensive use of the multeleagth resources presented in Chapter
2 and 3. These include, studies of the evolution of the SMB,toperties of AGNs and IRX
galaxies selected with different methods, or a charactgoiz of the evolution of massive galaxies
at z~2.

In the following we summarize the most important results eodclusion obtained in each
Chapter of this thesis.

In Chapter 2 we presented an IRAC-3.6+4b selected catalog in the EGS characterized
with multi-wavelength photometry. The sample contain®©36,galaxies with [3.6523.75 (8%%
completeness of the sample) covering an area of 0.48 dBge sources are characterized with
FUV NUV u*¢'r"i'z W' gRiz BRI Viogisia J110H160 JK [3.6]-[8.0] photometry. In addition, we
have cross-correlated the sample with X-ray dgfatzefMIPS 24,m and 7Qum FIR photometry,
and VLA-20cm radio data. Secure spectroscopic redshtalao included in the catalog for 7,636
sources, obtained from the DEEP2 Survey and Steidel et@D3(2.BGS).
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We performed a careful extraction of the IRAC sources lingitthe sample only to the
regions with high exposure times-4 ks), and removing spurious detections by masking areas
around bright stars. The quality of the IRAC catalog wasdatkd by comparing our results with
the catalog of Barmby et al. (2008), finding good agreemehoth magnitudesg 0.05 mag) and
uncertainties.

Using our custom photometric proceduRainbowwe cross-correlated the IRAC sample
with all other photometric data measuring consistent apertmatched photometry for a wide
range of ground and space based observations, with different depths and resoluti@mne
of the most relevant characteristics of our method includes-calibration of the local astromet-
ric solution to improve the cross-match, a de-convolutibiRAC blended sources or obtaining
(forced) flux measurements and upper limits for faint sosir€ie to the inhomogeneous coverage
of the IRAC mosaic, the final catalog comprises two complemrgrareas, the main (0.35 d@g
and flanking (0.13 déy regions which count with an average coverage of 19 and 1érobd
bands, respectively.

In this Chapter we also presented a publicly available viméxiace Rainbow Navigatarto
the database containing all the data presented in thissthEse interface allows the access to the
data using customizable queries on the photometry andetkparameters.

The main conclusions of this chapter are as follows:

A ~16% of the IRAC-3.6.m selected sources up to [36]3.75 are blended, presenting at
least 2 counterparts in optical/NIR ground based image&CIphotometry with an accuracy
of 0.03-0.10 mag can be obtained using aperture photometry.

e Nearly 204 and 2% of the IRAC-3.6m selected sources up to [3«23.75 are detected
in MIPS 24 and 7Qum data (f(24)-60 nJy, f(70)>3500..Jy), respectively. Independently,
about 20% and 54% of the sources detected in MIPS 24 apa/resent a multiple IRAC
counterparts (typically 2-3).

e The detection probability of IRAC sources ([3<633.75) in other bands is high: more than
85% of the sources are detected (with SMNF} in the deepest optical dat&{ or i'-bands)
and 70% in the deepest (MOIRCE),-band images. Thircedphotometric measurement
developed in this work is able to recover a 10-20% additizoalrces in the shallowest
images at the lowest significance levet(o).

e Faint IRAC sources are on average bluer in optdBRIAC colors than brighter ones. The
median colors for the faintest galaxies in the sample (22[3®]<23.75) are R-[3.6]=1.6
andi'—[3.6]=1.4. These colors are similar to those of spectroscopixgeat kz<1.5,
which is consistent with the fact that the median redshithefIRAC sample isz1.

e Galaxies present redder optiecdRAC colors with increasing redshifts due to the optical
bands shifting into the (fainter) rest-frame UV whereas[86] mag becomes brighter as
it approaches the stellar bump (at L6 rest-frame) for £1.2). As a consequence the
median color in the,* band (*—[3.6]=2.1) is redder than in other optical bands. On the
contrary, the/ —[3.6] color presents an almost constant value as a funcfif® @] mag but
becomes redder for increasing redshifts:-[3.6]<0 at z<0.5 andK —[3.6]>0 at z>1. This
is consistent with the fact that bofki and [3.6] transit through the peak of the stellar bump
for z<1.
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e There exist a non-negligible number of IRAC-faint but optig-bright sources with more
than 19 photometric data points ( 37% at [3:@B.75). These constitute a population of blue
dwarf galaxies at intermediate redshift easily detecteth@éoptical but with faint IRAC
counterparts (i.e., not very massive). In additieB% of the galaxies in the sample with
[3.6]<23.75 are exclusively but accurately detected in the IRAGdBaonly. These are
probably very high redshift sources or highly obscuredxjataslightly lower redshifts.

In Chapter 3 we presented a galaxy-by-galaxy fitting of thett"¥*IR SEDs of Chapter 2.
From the best fitting results, we have estimated: (1) photeeneedshifts, (2) stellar masses,
and (3) SFRs. Photometric redshifts,(,) were estimated from the comparison of the UV-to-
NIR SEDs to stellar population and AGN templates. This camnspa was carried out with our
own dedicated software (within tHiRainbowpackage) using & minimization algorithm. Stellar
masses for all galaxies in our sample were obtained by fithegoptical-to-NIR SEDs to stellar
population synthesis models. In addition, we analyzed tleets of the choice of different stellar
population synthesis (SPS) libraries, IMFs and dust etitndaws on our estimations. SFRs
were estimated for all galaxies in our sample following aetgrof procedures focusing on the
analysis of the IR-SFRs obtained fitting the IR photometketaby SpitzefIRAC and MIPS at
24 ym and 70um to different dust emission templates. We studied the acguof these IR-SFRs
by comparing the results obtained with different methods data configurations. In addition,
we used synthetic magnitudes (consistent with observeditags withinx2 the photometric
errors) to select s-BzK, p-BzK and DRGs in the IRAC sample mltoviypga<21.

The main conclusions of this chapter are as follows:

e There are specific limitations in the SPS models of Fioc & Redolmerange (1997) to
reproduce the observed photometry of galaxies. The cosyatietween observed and
synthetic (from the best-fitting templates) SEDs reveallksyatematic deviations of a few
percent level £10%) at certain wavelengths. The most relevant discreparmiesent at
A>3 pm and (to a lesser extent) around 250nm. These are probaddgiated with an
excess in the strength of the dust attenuation with respecCalzetti et al. (2000) extinction
law, respectively.

e Photometric redshifts for IRAC sources estimated from SED$0 19 different photomet-
ric fluxes present an overall accuracyogfoniap= 1.48 x median <‘ Az—mediariAz) D =0.034

14+2spec
(WhereAz=z,n0t — Zspec) @aNdoncnap=0.046, withn=2% and 3% catastrophic outliersg (
defined as the fraction of galaxies presenting\iap>0.2) in the main region and flanking
regions, respectively. The accuracy of the.. is mostly independent of the [3.6] magni-
tude. However, it decreases with the optical magnitude fsaiap=0.030 at R=22 to

UNCMAD:O-O6O at R=25.

e The detection probability of the IRAC sample ([363.75) peaks at around z=0.8-1.0. For
z< 0.6, the detection of sources is dominated by the surveykone and after 21.0, the
detection probability decreases exponentially up+@z About half of our sample lies at
z<0.9, 40% at z1, and 20% at 21.5. The bulk of the galaxies in this study (90%) lie at
z<2.

e The source density in théband selected sample of llbert et al. (2006) (overlappiitly the
IRAC catalog in the Main region) present source densitie2p#2 and 96 sources/arcriin
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up to limiting magnitudes of =24, 25 and 26.5 (the estimated SNRIevel). The source
density of the IRAC selected catalogigl4 sources/arcmirat [3.61<23.75. Even both cat-
alogs presents similar source densities at [3Z3.75 and’ =25, the nature of the galaxies
selected in each sample is different. We find that the opyitaight galaxies missed by the
IRAC catalog ([3.6}-23.75) present a median and quartile redshifts, =1.0}:3, while the
infrared bright galaxies undetected in the opti¢at26.5) present,,.. =1.8}3. The high-z
sources missed in the IR selection are typically low-masaxges (similar to LBGS), i.e.,
our catalog favors the detection of high-z massive galaxies

The 91(147) spectroscopic LBGs (Steidel et al. 2003) with]323.75 mag (24.75) identi-
fied in the IRAC catalog are intrinsically faint in the IRACrmds,~50% and 20% are fainter
than [3.6=23.75 mag and 24.75 mag, respectively. LBGs exhibit a cledwotomy in the
R-[3.6] color, with red (R-[3.6]>1.5) sources showing brighter IRAC magnitudes than blue
sources. The median magnitudes and colors for the 155 pletticrhBGs in the IRAC sam-
ple are [3.6+22.74, R-[3.6}-2.06 and [3.6}-23.80, R-[3.63-0.88 for red and blue galaxies,
respectively, in good agreement with the values of Magda.€2008). Their median pho-
tometric redshiftz,,,.=2.8+)4 is consistent with the median redshift of the spectroscopic
sample £=2.95) and with the typical width of the redshift distributitor the LBG criteria
(2=3.0+0.3; Steidel et al. 2004, Reddy et al. 2005).

The differential number counts of s-BzK present a steepesigpto the limiting magnitude,
whereas p-BzK and DRGs show a plateau arodRgica~19 and 20, respectively. The
number densities and mediap,# of these populations argi =5.0 arcmid; Z =1.89 (s-
BzK), p =0.5 arcmid; z =1.85 (p-BzK) andp =1.4 arcmid; z =2.47 (DRG), in good
agreement with the results from the literature. The mostiaant difference is an excess
of ~1.5 in the density s-BzKs, which could be caused by an oveitjeof galaxies atz1.5.

The distribution of stellar masses in the IRAC sample [3283.75 as a function of redshift,
for our default modeling assumption, PEGASE 2.0 (Fioc & Revolmerange 1997, P0O1)
stellar population synthesis models, a Salpeter (1955; F§AMF and the Calzetti et al.
(2000, CALZ01) extinction law, shows that90% of the galaxies with [3.6]23.75 present
log(M)>10M,, at z>2.5.

The use of the IMFs of Kroupa (2001, KROU) and Chabrier (200BAB) (instead of
SALP) for the estimate of stellar masses introduces cohsfsets in the estimated stel-
lar masses. For the models of Charlot & Bruzual (2009; CB0®¥ind: A log(M)[SALP-
KROU]=0.19+597 dex andA log(M)[KROU-CHAB]=0.04+: dex. For the models of P01,
the difference for a SALP and KROU IMFs depends on the masgjimg from A log(M)

= 0.03+52% dex for masses lower thdng(M)=10 M, to A log(M)=0.13)-3} dex above that
threshold.

The use of different SPS codes for the estimate stellar masseduces constant offsets in
the estimated stellar masses. We find that the new CB09 mupidelet slightly lower masses
than the older version, Bruzual & Charlot (2003, BC03) Mipg(M)[CHAB] =0.04+)-2¢ dex.
The stellar masses estimated with the PO1 models are ongavéaeyer than those ob-
tained with the CB09 models hf log(M)[KROU]=0.15+)-2% dex. The stellar masses es-
timated with the PO1 models are also larger than those adatanith the MO5 models by
Alog(M)[KROU]=0.39+9-3% dex. We found slightly lower values of this offset for galax-
ies withlog(M)>10M,, (~0.30 dex). In summary, the stellar masses computed with,[PO1
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SALP, CALO1], predicts comparatively the largest stellaasses. Accounting for all sys-
tematic offsets, all models are roughly consistent withiackor of 2-3.

e The use of different parametrization of the dust extincteom has little impact in the esti-
mate of the stellar masses for distant galaxied)(2). The values estimated with a CALO1
and a Charlot & Fall (2000, CF00) extinction laws present alsisystematic deviation
Alog(M)[CALO1—CF00E-0.03+)2 dex.

e The IR-based SFRs estimated from the total IR-luminosiyRSr) and the fit of MIPS
24 ym data to the models of Chary & Elbaz (2001, CEO1) and Dale &H€2002, DHO02)
are compatible within a factor of 2, presenting a maximunfed#ince around=1.5. The
estimates of based on SIFR and the empirical relation of Alonso-Herrero et al. (2006,
SFRy _nos) for the monochromatic luminosity at 24m rest-frame are roughly consistent
(ASFR~—0.18+0.05 dex) when the contribution of the unobscured UV-SFRR(SE,;)
is small. The values estimated with the calibration of Baetlet al. (2008, SFRs) for
the monochromatic luminosity at @m rest-frame gives systematically lower values than
SFRpy for SFR>20 M. yr—! and z-1, and higher values for lower redshifts and SFRs. The
difference exceeds a factor of 5 for SFR000 M.yr—*. The overall agreement between
SFRrr and the estimate based on the empirical relation for therebéddlux at 24um of
Rieke et al. (2009, SRRy) is rather poor, except at-Z.8 where the differences are lower
than 0.05dex. The reasons for these discrepancies can beé fiouhe differences in the
relative emission of the cold and warm dust, and in the stfenfthe PAH and silicate
absorption. These characteristics can vary by up to a fatteb from one set of templates
to the other.

e The IR-based SFR, estimated from IRAC+MIPS data at 8, 24 &dn7, SFR(8,24,70),
and just MIPS 24um, SFR(24), data present systematic differences. At lothezmedian
values of SFRr(24) (also SFR_po6(24)) tend to underestimate SIR(8,24,70) by 0.05
and 0.10 dex, respectively, with amsof ~0.2-0.3 dex. At 22, the difference increases up
to an average value 6f0.20 dex. SFRs(24) presents the opposite trend, estimating larger
values than SFRg(8,24,70) at £1 (up to 0.18 dex), but remaining mostly unchanged at
higher redshifts.

e The analysis of a sample of galaxies in common with Symesm@tal. (2008) and Huang
et al. (2009), who counted with more photometric fluxes inFe and (sub-)mm range,
indicates that, for galaxies ak4.2, SFRx(8,24,70) tend to underestimate the SFR of
MIPS-160 detected galaxies by 0.09 dex. Larger discrepanap to 0.5 dex, might arise for
individual galaxies due to the use of different templats.set

The results presented in these two Chapters constituteitketthis thesis whose main goal
was the creation of a exhaustive multi-wavelength catalogéaneously containing very detailed
SEDs and accurate physical properties for thousands ofigala a wide range of redshifts. As
mentioned in this thesis, catalogs like this are the cotaresof most studies of galaxy evolution
based on large samples of extragalactic sources, and thleggtresented in thesis is one of the
very few examples making publicly available an integral pdation of both photometry (SEDS)
and physical properties (photo-z's, masses, SFRs and rfarré)e whole scientific community.
Last but not least, a significant effort has been made to ex@thie most useful exploitation of these
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resources including all these data into a datab@aepow and creating a web-based interface that
allows multiple data handling possibilitieR&inbow Navigator.

Specific examples of the exploitation of multi-wavelengitadogs are described in Chapter
4 and 5. In particular: Chapter 4 described in detail a stindy t have led as a part of this
thesis; Chapter 5 presented the most relevant results frmomailation of several works in which
| have collaborated and that makes extensive use of theogapaesented in Chapters 2 and 3.
This chapter also contains a brief introduction to the aurveork that I'm carrying out to further
exploit the possibilities of the catalog.

In Chapter 4 we focused in a more specific scientific questjostiodying the nature of the
extragalactic NCs in th&'-band. This work is based on the exploitation of a multi-wemgth /-
band selected catalog in the EGS and the HDFN characterite@ecurate photometric redshifts
and rest-frame luminosities computed following the praced described in Chapters 2 and 3.
Based on these properties we studied the relative contrsibof galaxies at different redshifts to
the K-band NCs and we obtained LFs that allowed us to explain gbddeatures in the shape of
the NCs in terms of fundamental characteristics of the ggtexpulations at different redshifts.

The main conclusions of this chapter are as follows:

e For K >18.5 the total number counts tend to become a mixture of viéigrent redshifts
ranges, with a growing contribution of high redshift gatsx(z>1.5) absent at brighter mag-
nitudes, where low redshift galaxiesq{Z) account for 90% of the total NCs. Far <16 the
counts sample the bright part of the LFs atlz causing values to be highly sensitive to both
volume effects and large scale structure. BeleWd25 the averaged contribution of galaxies
to the NCs is small enough<(L0%) to be neglected. NCs estimated from relatively small
areas 100 arcmii) can present field-to-field differences rea¢i; at a certain magnitude,
with consequent impact on the NC distribution.

e The slope of the-band NCs decreases 50% in the 15.5 < K < 18.5 range, evolving
from a slope ofllog N/dm = 0.6 — 0.3. The comparison to 100 synthetic catalogs from the
Millennium simulation reveals that cosmic variance in ared).25 ded leads to significant
scatter in the observed flattening rate of the slope.

e The composition of the NCs in terms of LF building blocks rates that the change in the
slope of NCs with observed magnitude can be summarizedee thain regimes: 1) at bright
magnitudes, the classical Euclidean regimhg N/dm = 0.6) is dominated by low redshift
M* galaxies; 2) at intermediate magnitudes, the transitigmre is dominated by the LF
at the redshift that maximizezﬁ*%. Here the slope decreases rapidly around the apparent
magnitude ofM/* at that redshift; 3) at faint magnitudes, the fegime” is populated by
galaxies at the faint end of a combination of LFs. Here thpeslsymptotically approaches
a minimum value at-0.4(1+x). The value ofa will typically be given by the LF at the

maximum ofgb*% or a close LF with a much larger faint end slope.

e LFs in the observedy{-band as a function of redshift (at a mean rest-frame wagéhen
2.16pm /(1 + 2)) has been obtained with the following characteristics:
(z=0.25-0.50)p} s =3.4£310x 1073 Mpc = M, ,, = —22.95(fixed) axc ops = —1.154035
(z=0.50-0.75)p% ,, =3.44032 x 107*Mpc2 My, ,, = —23.014013 g ops = —1.004035
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(2=0.75-1.00)p7 s =3.240:47 x 107Mpc™® Mj; . = —23.08+018 v g = —1.024012
(z=1.00-1.25)% , =2.3£035 x 1073Mpe3 Mj; = —22.964038 cvic s = —0.9340.%

¢ In terms of these LFs and other values from the literaturefineethat the flattening of the
slope is the consequence of a prominent decrease of thectérigtic densityy, ., (~ 60%
from z = 0.5 to = = 1.5) and the almost flat evolution a7}, = (1o compatible with
M s = —22.89 £ 0.25). The combination of both effects forces a transition to ¢he
regime atk’ ~ 17.5 that otherwise would have taken place- 2 magnitudes later.

e The predictions for NCs ail’ > 20, based on LFs from the literature, suggest that the
slope will continue to decrease steadilyitog N/dm <0.2 dominated by intrinsically faint
galaxies from a mixture of LFs atZl.5-2 and a minor contribution from bright galaxies at
z>2. However, if optical LFs at > 3 present an even larger faint end, as suggested by some
authors, there might be a slope increase to a higher asyimfoit around KX 2 22.5.

As mentioned above, Chapter 5 contains a brief summary oh#ie conclusions of several
works in which | have collaborated. As these has not beemssst in detail as a part of this thesis
we do not include here a description of that results. Howeavemwant to stress that the main goal
of Chapter 5 is to highlight the science capabilities of taglog which constitute the bulk of this
thesis and without which these works could not have beeecaout.

6.1 Future work

In this section we describe the most relevant topics thatavallow us to continue and expand the
results presented in this thesis. Some of the them are gleagbing projects.

As described in the final section of Chapter 5 we are currewmbiiking on a project to expand
the results obtained in Pérez-Gonzalez et al. (2008) byrobtpa very accurate sample of massive
quiescent galaxies at k&<2.5 to characterize their absolute and relative densitids nespect
to other massive galaxies. This project will be my immedgadal for the next months.

On a closely related topic, our interest on the study of thgedaxies led us to propose
SHARDS (Survey For High Redshift Red And Dead Sources). Ean ambitious ESO/GTC
project whose purpose is to carry out a photometric surveyuadscent galaxies at k@<2.5
through the direct measurement of a strong absorptionreatihe rest-frame UV. The results ob-
tained with this survey will be directly complementary tatlobtained in our current of quiescent
galaxies. The survey makes use of 25 medium-band (FWHRInm) filters with GTC/OSIRIS,
covering the wavelength range between 5000 and 9500A whakisus to explore the rest-frame
UV of the galaxies at the redshift of interest. SHARDS is euntly observing the GOODS-N field
and has obtained 20% of the data. Next to the project described above thisbeiliny long term
priority.

There are fundamental properties of these galaxies thaaweat study from currently avail-
able datasets and that would greatly strengthen the signdée of their characterization. These
are the kinematic (velocity dispersions) and morpholdgicaperties (mass radial distributions).
Combining these data we could verify the accuracy of théestelasses estimated with photomet-
ric data and striking compactness of these galaxies. Toumedisese properties we will require
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very deep spectroscopy and high resolution imaging in a bla@grobes the rest-frame optical
(i.e., the observed NIR). Recent studies has demonstratgdoptical spectroscopy is feasible
(although time consuming) for the brightest of these galsvdt 2-1.5 (Newman et al. 2010).
Similarly, the NIR offers the possibility to extend this dyuat higher redshifts=z1.5 (Onodera et
al. 2010; Van Dokkum et al. 2009). In this respect, we canakipie capabilities of GTC/OSIRIS,
Gemini/Flamingos Il or the GTC/EMIR (in the future) to obtanulti-object spectroscopy of these
galaxies in the optical and NIR. The spectroscopic data @ndmplemented using the imag-
ing data by the deepest and highest resolution survey in tReti\t is being conducted by the
HSTWFC3 in the most important cosmological fields, including EGS.

The excellent quality of the WFC3 NIR data would also allowapursue a very interesting
project which arise from the results of the IRAC catalog presd in this thesis. The character-
ization of the~3% of the sources which are only detected in the IRAC bandgHaitwill be
likely detected in very deep NIR images. Although it is havddetermine from the absence of
sufficient data, these sources are candidates to very ragsiaxies at 23 (e.g., Mancini et al.
2009; Marchesini et al. 2010) or even higher redshifts @lwdy marginally detected in the IRAC
bands; e.g., Labbe et al. 2010).

Another interesting topic that can significantly increase knowledge of the process of
galaxy formation and evolution is the accuracy of the edath&FRs for high redshift galaxies,
particularly in the IR-SFRs. As we have discussed in thisid)ghe major drawback in our cur-
rent understanding of the IR-based SFR properties for gedaat 222 is the lack of enough data
to accurately constraint the IR-SEDs, particularly at (smon and radio wavelengths that would
allow us to better constraint the peak of the IR emissioaE0:m). Although current observa-
tions at these wavelengths exist, source catalogs aréctedtto only a few sources (compared to
MIPS 24um data) and severely affected by confusion. In this reg&eljricoming data from the
HerschelSpace Observatory (Pilbratt et al. 2010) will help to us i gap between MIPS and
(sub-)mm/radio observations improving both in sensigi@hd resolution. In the future, we will
revisit the estimates obtained in this thesis base&piteefMIPS data and we will complement
the analysis with the addition ¢ferscheldata in five bands: PACS 100 and 166, and SPIRE
250, 350, and 50Qm. (see e.g., Pérez-Gonzalez et al. 2010,Elbaz et al. 2010).



The Rainbow Database

Most of the results of this thesis are based on the succesghloitation of a vast amount of data

gathered from multiple sources. All the data has been honmemesly merged and processed to
extract the maximum information for a large number of gaaxdbserved in different areas of
the sky. As detailed in Chapters 2 and 3, multiple tasks mestaoried out before obtaining the

most relevant parameters of the galaxies that will the bafsise scientific analysis. During the

processing, special care was taken in order to keep a pentnane clear register of the different

procedures applied to process to data from individual ¢eles images to the final properties of
the objects. To fully achieve these transparency and azgtianal goals all the data processing
has been carried out within the context of fRainbow DatabaseThe purpose of this database
is twofold. From a functional point of view, it serves as agarepository that allow us not only

to store all the data products but also to keep a detaileddenfothe multiple steps of the data

processing. From a scientific point of view, tRainbowdatabase is the perfect tool to exploit and
distribute the final data products. Note that the collectierts to gather and properly process the
data were not intended only for the benefit a small scientdramunity, but to become the basis
of a data mining program specifically designed for the bemdéfthe extragalactic astrophysics

community.

In the following we briefly describe the scheme and structdréne astronomical data that
constitute the bulk of th&Rainbowdatabase. All the data processing described in the differen
chapters of this thesis has been carried ustaghbowcompliant tools, and the final results has
been included in the database. This has allowed us a moreeffanalysis of the results and has
created a lasting legacy for future scientific exploitation

A.1 Database structure

Although we refer to the whole data structureRenbowdatabase, this is actually the name of the
server that contains multiple databases. The constitlemist of each of these databases is what
we usually called a cosmological field, thus referring tadalla, usually images, spectra, catalogs,
on a certain region of the sky (e.g., EGS or GOODS) regardiethe source or category of them.

Although data for a certain cosmological field can encompaasy different types, thRain-
bow database is based essentially on photometric data. Theref® tables that constitute the
database will contain information regarding images of taklé taken with different instruments.
A common way to extract photometric information about treorgces contained in an image is, as
indicated in Chapter 2, using SExtractor. This program peces an output table listing all sources
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detected in the image jointly with a set of parameters thatbsacustomized in the configuration
file. Although our ultimate goal is to use a custom progranhimnithe Rainbowsoftware package
to extract the photometry of an object in different bandsd@scribed in Chapter 2), we will use
SExtractor tables as a first level of processing to geneedtdays of sources that provide the po-
sition of the sources in each image. From these catalogs fiveedee smallest unit of information
that can be found in a table of the database, in this case,raes@eig, a galaxy or star). Using
these sources as constituent elements, each table of #igdatwill contain different information
for these objects in a given cosmological field.

A.1.1 Database tables

The tables are the natural way to group different infornmai@dout the objects. We describe
here their organization within each database. In prin¢ii@bles are grouped into two different
families: the Single Band Data tables (SBD) and Rainbow &seed Data tables (RPD). The main
difference between them is whether the data in the table é&s processed using a program from
theRainbowsoftware package or not. More precisely:

¢ Single Band Data (SBD) Tables

SBD tables contain information about objects derived frosmgle image in a given photo-
metric band (e.g., B, \i{.. etc). Generally, these data are the result of groupingdhieus
parameters of the output of the SExtractor table. Thus, eaabe of the field in a given
band will have its associated catalog. This will be the tesifunning SExtractor under a
given configuration file. The resulting catalog is usuallpdivided into individual tables
according to type of information. Table A.1 lists some ofsa¢ables and their content.

Name Description
SEXTRACTOR_band Full SExtractor catalog
sources_band Source IDs and details of the image
spectros_band Spectroscopic information on the sources
opticalphotom_band Optical photometry of the sources
nir_photom_band NIR photometry of the sources
mir_photom_band MIR photometry of the sources
fir_photom_band FIR photometry of the sources
faruv_photom_band far UV photometry of the sources
radiophotom_band Radio photometry of the sources
xrayphotom_band X-ray photometry of the sources
mips_key_band Description of the columns in the SEXTRACTOR table
crosscor_band ID of the source in other bands
coord_band Sky/Images coordinates of the sources in the image

Table A.1: Brief description of the SBD tables in tlainbowdatabase.

It is worth mentioning that, although the usual procedurtdas the information in SBDs is
associated with the output of SExtractor running on a giveage, it is possible to include
in the SBD data from tables whose images are not available notlexist (e.g., a table with
spectrosocopic data).

It is important to note at this point that since the tablesganeerated by running SExtractor
on images at different wavelengths and with different deptite number of objects in each
table will be different (for example, the B-band image milgave 100 objects, while another
may have R-band 200). Therefore, although all the inforomeith the SBD tables focuses
on the same field, it is not sufficient to characterize the rwdtvelength properties of a
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particular object in the region. That is the purpose of th®Rahd primarily of theRainbow
software package.

e RainbowProcessed Data (RPD) tables

RPD tables contain the final data results resulting fromingpthe programs in thRainbow
software package (described in Chapters 2 and 3; also ezalez et al. 2008) on a set
of tables/images containing multi-wavelength data. The Btep of the procedure is to
choose &electionband, which consist essentially on a single image and tloe@téed SBD
tables. Then, thRainbowphotometric code measures the photometry in that band, theds
counterparts of these sources in all other images and alasures the photometry on them.
The output of this program is therefore a compilation of irativelength data on all sources
in the selection band source catalog. The output file coimigithe photometry is ready to
serve as input for the rest of programs in the package, sthibatuccessive execution of the
programs proceeds efficiently. Since a detailed descrigtfdiow each of the programs in
the Rainbowpackage works has been given along the thesis, we just gravidble A.2 a
summary of the name and the purpose of these programs.

Name Description
Rainbow Cross-correlation of the sources and measurement of maltelength photometry|
Pzeta Estimate of photometric redshifts and physical propediahe galaxies
IR fitting Modeling of the dust emission of the galaxies in the midaoiR
Detect stars Star/Galaxy classification
Synthcolor Estimate of synthetic magnitudes

Table A.2: Brief description of the programs contained in Rainbowsoftware package.

As explained above, the RPD tables will be the result of sgpeeparately the output of
running all the programs in thRainbowsoftware package. As a result, each RPD table
contains information of a different kind regarding the sa®eof sources that was chosen as
theselectionband.

The RPD tables that exist in each database are identified tisérfollowing nomenclature:
(1) the root namenergedindicating that the information is the result of combinseyeral
images, (2) the table type RPD, and (3) the photometric biastditas chosen as a reference
(e.g. i,K, IRAC-3.6 um. In the following we briefly describe the content of each REldle.

e mergedKEY-bandThis table contains a description of the content in all ofReD columns.
It provides the name of the table, the name of the columns amdeé description, e.g.,
the physical units (if it is a measurement) or relevant cominé needed (for example,
ALPHA_GR and DELTA_GR, degrees J2000, Right Ascension aadiBation).

e mergedD-band This table contains all the information regarding the cro@selation be-
tween the reference catalog and all the other catalogs iuliffezent photometric bands.
Based on a given cross-match radius (typically a few arcrs#sjo the table indicates the
nearest neighbor for each source in the selection band imesteof the bands (in other
words, its counterpart). Since the same source in the skyp&as named differently in
each band, this table is the reference index that will allewauidentify each object in all
wavelengths (for example, irac360014 will also be K0O031@ B001124). Additionally,
the tables reports the version of the source catalog usitigeircross-match. This is done
to avoid cross-correlation problems that might arise if @memany) of the SBD tables is
updated.
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Figure A.1: Schematic diagram of the data flow within tRainbowdatabase

e mergedMAGE-bandThis table shows the name of the source images in differemdstor

the objects in the reference catalog. This information ddpeon the result of the cross-
correlation which is stored imergedD-band Once each object in the reference catalog has
been identified with a source in other band, the name of trexeee image in that band
is stored in the table. Additionally, this table also staifes name of the folder where the
images are located on the server.

mergedHOT-bandThis table contains all the multi-wavelength photometatadas fluxes
in uJy) for the sources in the reference catalog. This tableacasmiis many columns as pho-
tometric bands has been measured by the Rainbow programphidiemetric uncertainty
and the effective wavelength of the photometric filter infelband are also given.

mergedREDSHIFTSband This table stores the information about the spectroscopit a
photometric redshift for each source in the reference agtalo include spectroscopic data
a SBD table with the spectroscopic data must exist so thatntaross-matched with the
reference catalog. On the other hand, the photometric iiésisine the result of running
the program Pzeta on the output of the photometric measutepnegram and should be
available for the majority of the sources, if these are olebin a sufficiently large num-
ber of bands. As described in Chapter 2 the quality of thegohetric redshift depends on
the quality and quantity of the photometric data. The talterides two estimates of the
photometric redshift (the most likely and the probabilitgighted estimate), the associated
uncertainty, several parameters with the probabilityriistion, the number of photometric
bands used in the SED fitting, the name of the templates tisaffilethe observed SED at
the two possible photometric redshift solutions, and treestactor required to match the
observed photometry to the template.

o mergedbFRbandThis table contains different estimates of the UV- and IRsdshSFR as
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well as rest-frame luminosities for the sources in the efee catalog. These values depends
on the estimated photometric redshift and the correspgriolst fitting template. The UV
luminosities and SFRs are computed from the best fittingcaptemplate. However, as
explained in Chapter 3, the IR-based SFRs (and luminosdiresbased on the fitting of the
IR emission of the galaxy with dust emission templates. Tbua$y if the galaxy has been
observed at a rest-frame wavelength>5 um (typically in theSpitzefMIPS bands), the
program IR-fitting will estimate IR-based SFRs using défg@rmethods.

e mergedTELLARITY-bandThis table provides information on stellar or galactic matof
the sources detected in the reference catalog. Thesesreselthe output of the program
detect-stars, which computes a total of 8 different stéjlariteria (see Chapter 2) for each
source. The columns of this table shows whether an objeisfiseata certain criterion, the
total number of criteria satisfied and the final star/galdagsification.

e mergedSTELLARPARAMSbandThis table stores the values of the stellar parameters for
the sources in the reference catalog. These parameterstoediferent properties of a
galaxy, as the stellar mass, age, metallicity or dust etitinc As described in Chapter 3,
this values are estimated as a by-product of the SED fittingguture (performed with Pzeta)
used to estimate the photometric redshift. The physicgbgntees thus are inherited from
the parameters that characterize the best fitting galaxplegeused in the SED fitting (prior
to that, the templates has been modeled using of a certaihination of SPS models, IMF
and a dust extinction law).

A.2 Web Connectivity, Rainbow Navigator

The inclusion of detailed information on a given sample dégies in a database is a powerful tool
that can potentially improve the analysis of the data. H@xewearly as important as improving
the data access is to simplify the user interface to handldaka. In this regard, the SQL language
(which is the standard language to work with databasespisihilexible, but expensive in terms
of writing the code. One option is to sacrifice some of thisiligity to simplify the queries for
the typical user. In general, the database user interast@drking with extragalactic sources will
typically prioritize the searches over a certain paramg@ey., redshifts, luminosities, etc). This
implies that by creating a template search form we can greatiplify the access to the data. In
the case oRainbow we decided to implement the search form in a web interfatemly improve
the searches but also to make the database accessibleittaoydrowser. This was the idea
behind the development &ainbow Navigatara highly interactive query web-interface designed
to browse the data products in tRainbowdatabase. In the following we present several captions
showing the multiple capabilities ¢tainbow Navigatar

Figure A.2 shows the main interface Bainbow Navigatar The left column present the
principal options to browse the data: first, the user haslecsthe Database (i.e., the cosmologi-
cal field) and the selection band (the reference catalog fiociwthe multi-wavelength photometry
a physical properties were computed); then, it is possenter the name of the source or alter-
natively perform a proximity search by coordinates (R.A,M&nd a search radius). Below this
search menus, the interface presents some configuratimmspiat modify the display in the out-
put page (Figure A.5). For example, it allows to change the and color of the object captions or
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Figure A.2: Main access page ®ainbow NavigatarThe user can chose any of the cosmological fields available i
the server and any selection band for which Renbowsoftware has been executed. Once the scheme has been se-
lected the central column displays an image of the field @yetogether with some other relevant information. From
this interface the user can perform a search based on thel&tial coordinates (left menu) or physical properties of
the source (right menu). A clickable map around displayilhgaurces around a given position can also be generated

(bottom-right menu).
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Figure A.3: Display of the Advanced Queries menuRainbow NavigatarSimilarly to the menu in the right column
of the main interface, this menu allows to perform searcteset on multiple different parameters. However, this
interface allows queries in mostly all the available parearsin the database. To facilitate the access, these pta@me
are grouped in tables that summarize different pieces ofindtion, e.g., observed photometry, synthetic photometr
redshifts, stellar parameters, etc. This menu also allbsuser to perform an on-the-fly cross-match of his own

catalog to the reference catalog.
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Figure A.4: Left: Image of a 1x1’ clickable map generated from the main interfaceRafinbow Navigatar The
background image correspond to the selection band (IR&G:#3) and the detected sources are depicted as green
dots. Right: Output table associated to the clickable map indicatinqitmae of all the sources present in the image.
By clicking the name of a source a new page depicting all tfarination about the source will open.

simply hide them. Once the main options have been chosenettieal column displays an image
of the cosmological field depicting the footprints of all Wiéferent observational data available in
the database. In addition, some practical information athafield (e.g., celestial coordinates, to-
tal number of sources in the catalog) is shown below the figline top right menu present a menu
that allows the user to create on-the-fly clickable maps eitierged photometric catalog around
a given position. An example of the resulting map is shownigufe A.4 . Detected sources
(green dots) on the region are displayed over the selectind mmage (in this case IRAC-3.6n).
Clicking on the object a new page with the source informatdhappear (Figure A.5). Below
the clickable map option, there is a menu that allows the wsdesign queries selecting samples
based on multiple parameters, e.g., coordinates, obsemagditudes, photo-z, spec-z, ..etc. The
menu also allows to use some of the most popular color @iteriselecting high redshift galaxies
or AGN. In addition, it is possible to upload user creatediloays to obtain a list of the closest
neighbors (on-the-fly cross-match) in the reference sasgléxted by the user.

As a result of any of the searches performed in the main aterRainbow Navigatowill
display a dedicated webpage with detailed information &lvo&l selected source. Figure A.5
presents an example of these pages for a particular sounedalbles on the left present a summary
of several different parameters: the first table containsth&ce coordinates, the band where the
photometric aperture is defined, the kron radius, the fiettsmtection band, the (total) number of
photometric bands in the field, and the number of bands usteiSED fitting; the second table
shows the observed magnitudes (AB) in a few representatimedand the source classification
attending to some color criteria used to select high retisbifirces (LBG, ERO, etc..); the third
table shows the spectroscopic redshift and quality flagr(fie4) and summarizes the main stellar
parameters derived from the SED fitting analysis. Namebypihotometric redshift, stellar mass,
(UV- and IR- based) SFRs, age, metallicity, etc...; the osable quotes the closest neighbors
of the source in a Y0 radius, clicking on the ID of these sources will open the gpmepage for
each source. In addition, clicking on the name of the sefestairce in any of the four tables
described above will open a new table containing all thermfdion available in the database for
that source. This is basically a one line result of all the RBidles for that source. The Figure
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Figure A.5: Individual webpage for a given source in tRainbowdatabase. The top-left tables present a summary
of the most relevant photometric and physical propertieg (ebserved magnitudes, redshifts, stellar mass or SFRs)
of the source jointly with the names of the closest neighbbing figure on the right shows the observed SED and the
best fitting UV-to-FIR template resulting from the mergediué stellar population and dust templates. Finally, the
figures at the bottom depict the image of the source in all tfierdnt observed bands. The size and appearance of
this figures can be modified interactively from the webpage.

on the right displays the observed SED (colored stars)ljoimth the best fitting model resulting
from the combination of the stellar population and dust smistemplates. The options below the
figure present similar figures (available in different foyrdepicting either the best fitting stellar
population or dust emission template. The former also shbe/photometric redshift probability
distribution. The postage stamps below the tables depécsthurce in all the photometric bands
where it was detected (white background) or undetectedrbirhage existed at the given position
and: a flux was measured (yellow background) the sky rms wasuned (cyan background) or the
measurement failed (grey background). The aperture usetté&sure the integrated photometry
is shown in all the stamps. Clicking in the image open a nevepealgere it is possible to create
on-the-fly postages customizing with the image cuts andats § HST data are available RGB
color stamps can be generated combining data from différamds. When spectroscopic data are
available for the source, a 1D spectra is also displayedeanes$t postage. The 1D spectra can be
checked interactively with the possibility of setting tlegshift. In addition, this postage shows a
set of reference spectral features.
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2MASS Two Micron All Sky Survey. Survey of the whole sky in thle H and K's bands (1.2:m,
1.6pm and 2.2um, respectively).

AEGIS the All-Wavelength Extended Groth Strip International\&yr A multi-wavelength as-
tronomical survey focused on observing the Extended Grutp &rea.

AGB Asymptotic Giant Branch. A late stage in stellar evolutiowlartaken by low- to intermediate-
mass stars.

AGN Active Galactic Nucleus. Very luminous and compact sourcéhe center of a galaxy,
possibly hosting a supermassive black hole.

ALMA Atacama Large Millimeter/Submillimeter Array. Interfeneter being built in the Ata-
cama desert (Chile), that will observe in the spectral rdregeveen 0.3 mm to 9.6 mm.

BzK A type of galaxy selected using a combination of optical ah& Bolors, B-z and z K,
hence its name.

CCD A charge-coupled device employed in astronomy to take image

CDFS Chandra Deep Field South. Also refered as GOODS-S; One ohtis¢ important cosmo-
logical fields, observed in multi-wavelength photometryg apectroscopy.

COSMOS The Cosmological Evolution Survey. A multi-wavelenghtay centered in 2 square
degree equatorial field.

CMB Cosmic Microwave Background. Relic radiation of the Big Bavbserved today at mi-
crowave wavelengths.

DEEP The Deep Evolutionary Extragalactic Probe, a highly arobgispectroscopic survey.

DEIMOS The DEep Imaging Multi-Object Spectrograph , a multi-sjitioal spectrograph at
Keck.

DRG Distant Red Galaxy. A type of galaxy selected using a NIRKJ color criteria.
ESO European Southern Observatory (also ESO/Uppsala Surteg &SO(B) Atlas).
EGS Extended Groth Strip. A cosmological field observed in thehen hemisphere.

ERO Extremely Red Object. A type of galaxy selected using a NIR [R color criteria.
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EW Equivalent Width. In a spectral feature, width of a rectenghose height is equal to the
continuum level, and whose area is the same as that encosddasthe spectral feature.

EHB The hottest variety of stars on the horizontal branch of teez$prung-Russell diagram.
FITS Flexible Image Transport System. Standard image format insastronomy.

FIR Far-Infrared (from 25-4@m to 200-35Qum).

FUV Far-Ultraviolet (1350-1750A).

FWHM Full Width at Half Maximum. Measurement of the width of a ftioa (such as a spectral
line or a PSF), defined as the difference between the two svaluthex variable when the
one is equal to half of its maximum value.

GALEX Galaxy Evolution Explorer. Space telescope that obsernvdsei FUV and NUV bands.

GOODS The Great Observatories Origins Deep Survey a multi-waxgghephotometric and spec-
troscopic survey centered around two areas of the sky iareéift hemispheres.

HB Horizontal Branch. A stage in stellar evolution that follthhe asymptotic giant branch in the
Hertzsprung-Russell diagram.

HST Hubble Space Telescope.

HDF/HDF-N,-S Hubble Ultra Deep Field. Deepest image of the distant us&éaken by the
Hubble Space Telescope. Also used to refer to the field itséiie northern hemisphere and
its counterpart in the south.

IPAC Infrared Processing and Analysis Center.

IMF Initial Mass Function. Mass distribution of a populationstdirs in terms of their theoretical
initial mass.

IRAC Infrared Array Camera. Mid-infrared instrument onbo&ylitzer providing images at
3.6um, 4.5um, 5.8um and 8.Qum.

IRAF Image Reduction and Analysis Facility. Software to redute @nalyze astronomical data.

IRS Infrared Spectrograph. Instrument onbo&pitzerthat provides low- and high-resolution
mid-infrared spectra from 5,2m to 38um.

IRX Infrared Excess Galaxies. Galaxies featuring a strongRagrhission with respect to their
optical fluxes.

IRX- 3 Relation between the total-infrared to UV ratio (or infrduexcess, IRX) and the slope of
the UV spectrumf).

ISM Interstellar medium. The gas and dust pervading space batstars.

ACDM Lambda Cold Dark Matter. Cosmological model that includasenergy (in the form of
a cosmological constart) and non-baryonic dark matter moving at non-relativispieexs.

JCMT James Clerk Maxwell Telescope radio telescope in Hawaii.
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JWST James Webb Space Telescope, a large infrared-optimizee spl@scope, scheduled for
launch in 2014.

KPNO Kitt Peak National Observatory.
LAE Lyman-« Emitters.

LIRG Luminous Infrared Galaxy. Galaxy whose total infrared Inasity is larger than0!! solar
luminosities.

LBG Lyman Break Galaxies.
LF Luminosity Funtion. Volume density of galaxies as a functud their luminosity.

LRIS Low Resolution Imaging Spectrometer, an optical specaplgimounted at the Keck tele-
scopes.

ULIRG Ultra-Luminous Infrared Galaxy. Galaxy whose total infdduminosity is larger than
10'2 solar luminosities.

MIPS Multiband Imaging Photometer. Camera onbo&pitzerobserving in the far-infrared, at
24,m, 70pm and 16Qum.

MIR Mid-Infrared (from 5um to 25-4Qum).
NASA National Aeronautics and Space Administration.

NC Number Counts, short name for Galaxy Number Counts; the sumibgalaxies per unit of
sky area and observed magnitude.

NED NASA/IPAC Extragalactic Database. Database that compibs&tions, basic data and bib-
liographic references for millions of extragalactic oligec

NIR Near-infrared (from 0.7-m to 5um).
NUV Near-Ultraviolet (1750-2750 A).

PAH Polycyclic Aromatic Hydrocarbon. Very large and flat molesuconsisting of an hexagonal
grid of carbon atoms surrounded by hydrogen ones.

PLG Power Law Galaxies. Galaxies featuring a strong mid-tdRaemission that can character-
ized with a power law functional form.

PSF Point Spread Function. Image of a point source yielded bypdical system.

SCUBA Submillimeter Common-User Bolometer Array. Submillinteeray detector at 450m
and 85Qum, operating at the James Clerk Maxwell Telescope.

SDSS Sloan Digital Sky Survey. Photometric and spectroscopigeguof more than a quarter of
the sky in the optical range.

SED Spectral Energy Distribution. Variation with wavelengttan object’s luminosity.

SFH Star Formation History. Temporal evolution of the star fation rate.
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SFR Star Formation Rate. Mass of gas transformed into starsrpeofutime.

SFRD Star Formation Rate Density. The density of SFR per unit she@ogical volume.
SNR Signal-to-noise ratio.

SMD Stellar Mass Density. Volume density of galaxies as a fomatf their stellar mass.

SPS Stellar Population Synthesis. A modeling technique aimedharacterizing the spectral
energy distribution of the stellar population of the gadesxi

SSP Single Stellar Population. A galaxy composed of a singleegatiion of stars formed at the
same time with the same properties.

TIR Total Infrared (8-110@m).
UV Ultraviolet wavelength rangey2000-3000 A).

VIMOS Visible Multi-Object Spectrograph. Imager, multi-objegtectrograph and integral field
unit in the optical range, mounted on one of the telescopes )i of the Very Large Tele-
scope facility.

VLA Very Large Array. Radio interferometer in New Mexico.

VLT Very Large Telescope. Array of four fixed 8.2 m telescopesfandmovable 1.8 m ones at
Cerro Paranal (Chile).
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