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To my brain,
which never let me down.

What is the use of climbing Everest?
Because it’s there.

(G.L. Mallory)





Riassunto
(Italian Abstract)

Lo sviluppo di nuovi ed efficienti rivelatori infrarossi, sui piani focali di osserva-
torii spaziali e grandi telescopi a terra, ha aperto una nuova finestra all’esplorazione
dell’Universo lontano. L’estensione della ricerca cosmologica a lunghezze d’onda mag-
giori, rispetto al tradizionale dominio spettrale ottico, ha fatto s̀ı che nuove frontiere
fossero abbattute, nello studio della formazione ed evoluzione delle galassie.

Osservare nell’infrarosso non solo permette di minimizzare gli effetti dell’estizione
causata dalle polveri, ma altres̀ı si avvantaggia dell’emissione delle polveri stesse,
per poter rivelare le galassie nel dominio medio-, lontano-IR, fino al sub-millimetro
(λ ∼ 10 − 1000 µm).

Questa Tesi segue un filo cronologico, rispecchiante lo sviluppo dei telescopi spaziali
infrarossi nell’ultimo ventennio. La sequenza costituita dai satelliti IRAS (lanciato
nel 1984), ISO (1995), Spitzer (Agosto del 2003) e, in futuro, ASTRO-F, Herschel,
JWST fornisce un ottimo filo di Arianna nello studio delle proprietà delle galassie
infrarosse. Risalire la scala spazio-temporale ne è la lociga conseguenza, in quanto gli
strumenti più moderni possono rivelare sorgenti più distanti.

Nel corso di questa Tesi, verranno studiati diversi aspetti dell’emissione infrarossa
delle galassie, prendendo in considerazione sia i fenomeni fisici che la caratterizzano,
sia l’importanza cosmologica dell’intera popolazione di galassie infrarosse.

Scoperte dall’esplorazione di IRAS sull’intera volta celeste (per un riepilogo si veda
il lavoro di Sanders & Mirabel, 1996), le galassie infrarosse “luminose” ed “ultra-
luminose” (ULIRGs) rappresentano probabilmente l’analogo locale delle sorgenti ad
alto redshift scoperte più recentemente da ISO. Le ULIRGs vicine sono perciò un
laboratorio ideale per sondare l’attuale conoscenza della fisica che domina le galassie
nell’universo lontano.

La prima parte della tesi presenta lo studio di alcuni campioni di ULIRGs locali,
su un ampio spettro di lunghezze d’onda (Berta et al., 2003; Pernechele et al., 2003;
Risaliti et al., 2003; Valdés et al., 2005, Fritz et al., 2004, in prep.). Questo studio
comprende spettroscopia ottica, nel vicino infrarosso ed in banda L (λc ' 3.4 µm),
spettropolarimetria ottica, nonché lo studio delle distribuzioni spettrali di energia
(SEDs) a banda larga nell’intero intervallo di frequenza tra l’ultravioletto-ottico e
il sub-millimetro. Lo scopo principale di questa analisi consiste nel distinguere le
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differenti componenti dell’emissione delle ULIRGs, comprendendo stelle, eventi di
attiva formazione stellare (starburst) ed eventuali nuclei galattici attivi (AGN).

Le righe spettrali in emissione (sia nell’ottico che nel vicino infrarosso), vengono
usate per misurare l’attuale tasso di formazione stellare (SFR) e l’assorbimento in-
trinseco in queste galassie. Un metodo diagnostico alternativo per stimare l’attività
stellare in atto è fornito dalla luce infrarossa emessa dalle polveri. In questo modo, si
possono confrontare diverse stime di SFR: i valori ottenuti dalle righe spettrali sembre-
rebbero essere sistematicamente inferiori alla stima IR. Numerose possibilità vengono
indagate, per spiegare tale discrepanza, dall’eventuale esistenza di una componente
AGN, a forti estinzioni intrinseche, a complesse geometrie per la distribuzione delle
polveri.

La spettropolarimetria ottica, la spettroscopia in banda L e lo studio delle SEDs
a banda larga vengono sfruttati per calcolare il contributo AGN all’emissione delle
ULIRGs. Il caso della galassia IRAS 19254-7245, che contiene un nucleo di tipo
Seyfert-2, è portato come esempio per mostrare le potenzialità di questi tipi di analisi
nel rivelare gli AGN estinti.

Negli anni ’90, altre due importanti scoperte focalizzarono ulteriormente l’attenzione
della comunità astronomica sull’esplorazione infrarossa dell’universo lontano. Prima
di tutto, grazie al satellite COBE, Puget et al. (1996) scoprirono il fondo cosmico
infrarosso (CIRB), che è la radiazione diffusa più energetica, dopo il CMB (fondo co-
smico nelle microonde). Successivamente, l’array di bolometri SCUBA, sulla grande
antenna del JCMT a Mauna Kea, permise la scoperta di una popolazione di galassie
IR luminose ed ultra-luminose a redshift tra 1 e 4. Uno dei più importanti temi della
cosmologia osservativa è tuttora la caratterizzazione delle sorgenti che contribuiscono
al CIRB. L’utilizzo di osservazioni profonde del satellite ISO nel medio-IR, combinate
con dati del Very Large Telescope (VLT), si è rivelato particolarmente efficace nella
caratterizzazione fisica di tali sorgenti.

La seconda parte di questa tesi tratta lo studio effettuato sulle sorgenti a 15 µm
rivelate da ISO nell’Hubble Deep Field South (HDFS, Franceschini et al., 2003a; Berta
et al., 2004; Rigopoulou et al., 2005). Oltre ai dati ISO, l’intera analisi comprende
spettroscopia ottica ottenuta con gli strumenti FORS1, FORS2 sul VLT, con EMMI
sul NTT, spettroscopia nel vicino-IR con ISAAC/VLT e immagini d’archivio sia dal
telescopio spaziale HST sia dalla survey EIS dell’ESO.

L’analisi spettroscopica suggerisce che queste galassie siano starbursts a z ∼ 0.5 −
1.5; solo una piccola frazione (∼ 10 − 20%) del campione ospita una componente
AGN. Le SEDs degli oggetti sono state riprodotte utilizzando un sofisticato nuovo
codice di sintesi spettro-fotometrica, sviluppato a partire da quello di Poggianti et al.
(2001). Le masse stellari ottenute sono state confrontate con quelle di un campione di
galassie ellittiche a redshift intermedio (z ∼ 0.5 − 1.5) e di galassie Ly-break distanti
(z ∼ 2 − 3).

Si è portata particolare attenzione nello stimare le incertezze sulla massa stellare
(Berta et al., 2004), dovute (1) alla presenza di popolazioni stellari giovani comple-
tamente oscurate e (2) allo scarso campionamento della luce emessa nel vicino-IR,
nel sistema di riferimento delle galassie stesse (restframe). L’analisi termina con una
accurata simulazione, atta a mostrare i vantaggi che deriverebbero dall’osservare nel
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dominio spettrale tra 3 ed 8 µm. Campionando la luce emessa nel vicino-IR restframe,
si potranno raggiungere incertezze inferiori ad un fattore ∼ 2 in massa stellare; tale
accuratezza è d’obbligo, per poter misurare la funzione di massa delle galassie e la sua
evoluzione.

L’osservatorio spaziale Spitzer è stato lanciato nell’Agosto 2003. Lo strumento
IRAC (Infra-Red Array Camera) è stato appositamente disegnato per poter misurare
la massa stellare delle galassie a redshift z > 2, attraverso la finestra spettrale tra
3 ed 8 µm. Contemporaneamente, le osservazioni ottenute con il Multiband Imaging
Photometer (MIPS) a 24, 70 e 160 µm sono sensibili all’emissione della polvere in
galassie starburst lontane. La densità di formazione stellare cosmica sta per essere
misurata con grande accuratezza, indipendentemente dalle stime ultraviolette.

Spitzer è stato accolto dalla comunità scientifica astronomica con grande entusia-
smo; i 6 programmi scientifici Legacy ne sono la testimonianza. Tra questi, le surveys
cosmologiche SWIRE (Lonsdale et al., 2003, 2004) e GOODS (Dickinson et al., 2003)
mirano a dare una risposta alle numerose questioni ancora aperte sulla formazione ed
evoluzione delle galassie.

I primi dati di SWIRE vengono utilizzati qui per studiare l’emissione di galassie
fino a z ∼ 3, dall’ottico al medio-IR, sfruttando sia IRAC che MIPS. L’usuale sintesi
spettro-fotometrica è applicata a tre sotto-campioni di sorgenti SWIRE, includendo
nell’analisi dati complementari ottenuti con i telescopi KPNO, Gemini, Keck, ecc.. Per
ciascuna galassia vengono calcolate massa in stelle, SFR, e tempo-scala di formazione
stellare; la variazione del rapporto massa-luminosità in banda K (restframe) è studiata
in funzione del reshift e della luminosità IR delle sorgenti.

I conteggi differenziali, dal medio-IR al sub-millimetro, sono un ottimo strumento
per studiare l’evoluzione nel tempo cosmico delle galassie ad attiva formazione stellare
e degli AGN. Estendendo il lavoro di Franceschini et al. (2001), è stato sviluppato un
nuovo modello di evoluzione, in grado di riprodurre i conteggi osservati. Nello scenario
che emerge, ciascuna galassia trascorre la maggior parte della sua esistenza in una fase
quiescente, ma è occasionalmente attivata ad uno stato di starburst. La causa di tale
trasformazione è data probabilmente da incontri e/o fusioni con altre galassie. La
luminosità e la densità di volume della fase attiva aumentano con il redshift, verosi-
milmente perché le interazioni erano più probabili in passato e perché le riserve di gas
da trasformare in stelle erano più cospicue. Tale scenario sarebbe qualitativamente in
accordo con i modelli di evoluzione delle galassie per merging gerarchico (Kauffmann
& Charlot, 1998).

Si prevede che l’evoluzione galattica dipenda significativamente dal contesto su
larga scala nel quale la data galassia si trova. Purtroppo, però, al giorno d’oggi,
le differenze evolutive tra galassie di campo e d’ammasso non sono ancora chiare.
I modelli di assemblaggio gerarchico predicono importanti differenze nella storia di
formazione stellare delle galassie early-type d’ammasso e di campo (Diaferio et al.,
2001). D’altro canto, invece, i risultati sperimentali portano a conclusioni discrepanti
tra loro. Vincoli più convincenti verranno probabilmente dal confronto tra questi due
ambienti a redshift superiore ad ∼ 1.

L’ultima parte della tesi presenta lo studio dei membri dell’ammasso ad alto redshift
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(z = 1.237) RDCS 1252.9-2927 (Rosati et al., 1998, 2004). Le proprietà fisiche di
queste galassie (ottenute dalla sintesi delle loro SEDs) vengono confrontate con quelle
ottenute per un campione di sorgenti di campo della survey GOODS. Questo studio
si avvale di quelli che sono probabilmente i migliori dati disponibili a tutt’oggi, sia
per il campo che per gli ammassi: fotometria e spettroscopia ottenute con ACS/HST,
VLT e Spitzer. Le masse ed età delle galassie early-type di campo e d’ammasso ad
alto redshift sembrerebbero simili e suggerirebbero che tali strutture si siano formate
a z ≥ 2. Questo risultato è in accordo con uno scenario di formazione ed evoluzione
galattica per collasso monolitico (Eggen et al., 1962), che prevede un assemblaggio
delle galassie più massicce veloce e ad alto redshift.

Studiare grandi campioni di sorgenti, su grandi aree, su un ampio spettro di
lunghezze d’onda, spingendosi fino a grandi distanze e tenendo conto della strut-
tura su larga scala dell’universo, rappresenta il futuro dell’esplorazione cosmologica
nel ventunesimo secolo.



Abstract

The development of new efficient infrared detectors, operating at the focal plane of
Space Observatories and large ground-based Telescopes, has opened a new window to
the exploration of the distant Universe. The extension of cosmological observations
to longer wavelengths, with respect to the traditional optical spectral domain, opened
new frontiers to the study of galaxy formation and evolution.

By these means, not only are the effects of dust extinction minimized, but also
dust re-radiation in the mid- and far-infrared and the sub-millimeter (between λ ∼ 10
and 1000 µm) can be detected.

This Thesis follows a chronological outline, covering the development of infrared
space facilities in the last decades. The IRAS (launched in 1984), ISO (1995), Spitzer
(August 2003) and, later, ASTRO-F, Herschel, JWST satellites constitute a logical se-
quence in the study of galaxy infrared properties, with a well modulated improvement
of observing capabilities. Climbing space-time is the logical consequence, modern in-
struments detecting more distant sources.

Various important aspects of galaxy’s infrared emission are addressed, including
both the physical phenomena intervening and the cosmological significance of the in-
frared galaxy population as a whole.

Discovered by IRAS All Sky Survey (see Sanders & Mirabel, 1996, for a review),
local luminous and ultra-luminous infrared galaxies are believed to be the analogues
of the high redshift sources discovered more recently by ISO. Low-redshift ULIRGs
are the ideal “laboratory” where to test present knowledge of the physical phenomena
ruling IR galaxies in the high-z universe.

Multiwavelength analysis of different samples of local ULIRGs is presented in the
first part of this Thesis (Berta et al., 2003; Pernechele et al., 2003; Risaliti et al.,
2003; Valdés et al., 2005, Fritz et al., 2004, in prep.). Optical, near-IR and L-band
(λc ' 3.4 µm) spectroscopy, optical spectropolarimetry and broad-band UV-submm
spectral energy distributions (SEDs) are included in this study. The main purposes
are to disentangle between different physical components in the emission of ULIRGs,
accounting for stellar light, ongoing starbursts and possible active galactic nuclei.

Spectral emission lines (both at optical and NIR wavelengths) are exploited to es-
timate the ongoing rates of star formation (SFR) in these galaxies and the amount of
extinction absorbing their spectra. Alternative SFRs are computed from bolometric
far-IR luminosities and compared to the lines estimate, after aperture and extinction
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correction. Spectral lines seem to systematically underestimate the ongoing activ-
ity. Several different explanations are explored, including AGN components, strong
extinctions, complex dust geometries, etc.

Spectro-polarimetry, L-band spectroscopy and broad-band SEDs are used for de-
riving the contribution of a possible AGN to the emission of these ULIRGs. The case
of IRAS 19254-7245, hosting a Seyfert-2 nucleus, exemplifies the potentiality of such
studies in detecting buried AGNs.

During the ’90s, two other important discoveries stressed the relevance of IR ob-
servations to investigate the high-redshift universe. The first was the detection by
the COBE satellite, of the cosmic infrared background (the CIRB, Puget et al.,
1996; Hauser et al., 1998), which turned out to be the most relevant diffuse radi-
ation after the CMB. The second consisted in luminous and ultraluminous galaxies at
high-redshifts (z = 1 to 4), detected by SCUBA sub-millimeter surveys. One of the
important themes in modern cosmology is the detection and characterization of the
sources contributing to CIRB energy budget. The combination of deep mid-IR ISO
observations and VLT high-resolution optical studies turned out to be particularly
powerful to physically characterize them.

The second part of this Thesis deals with the characterization of the 15 µm sources
detected by ISO in the Hubble Deep Field South (Franceschini et al., 2003a; Berta
et al., 2004; Rigopoulou et al., 2005). Extensive spectroscopic follow-up of the area
has been carried out, as well as archive data mining. The study makes use of optical
spectroscopy obtained with FORS1, FORS2 at VLT and with EMMI on NTT, near-
IR spectroscopy by ISAAC/VLT, WFPC2/HST imaging, ESO archival EIS imaging,
and mid-IR ISO data.

On the basis of spectroscopy, mid-IR ISO galaxies turn out to be dust-enshrouded
starbursts at redshifts between 0.5 and 1.5. AGN activity was detected only for a small
fraction (10−20%) of the sample. Modeling of broad-band SEDs was performed with
a newly-developed synthesis code (based on Poggianti et al., 2001) and led to IR-based
SFRs and stellar mass estimates. Comparison to intermediate-redshift ellipticals and
z = 2 − 3 Ly-break galaxies is carried out.

Particular care is taken in estimating the uncertainties in the stellar mass due to
the presence of completely extinguished young stellar populations and to the poor
sampling of the restframe near-IR light (Berta et al., 2004). Accurate simulations
explore the advantages of observing in the λ = 3 − 8 µm spectral range. Sampling
restframe near-IR emission of galaxies at any redshift is needed, in order to achieve
as small uncertainties as a factor of ≤ 2 in stellar mass, which is mandatory for sta-
tistically reliable determinations of galaxy evolutionary mass function.

The NASA Great Observatory Spitzer was launched in August 2003. Its Infrared
Array Camera was specifically designed for probing the assembly of stellar mass in
galaxies at redshift > 2, by observing at 3 − 8 µm wavelengths. At the same time
deep sky imaging with the Multiband Imaging Photometer (MIPS) at 24, 70 and 160
µm is detecting dust re-radiation from distant actively star-forming galaxies. The
cosmic rate of stellar formation is going to be measured with high accuracy, in a way
completely independent of UV-optical estimates.
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The advent of Spitzer was warmly welcome by the astronomical community. The
cosmological Legacy surveys SWIRE (Lonsdale et al., 2003, 2004) and GOODS (Dick-
inson et al., 2003) aim at answering the many, still open questions on the formation
and evolution of galaxies in the Universe.

Early SWIRE data are used here to study the optical to near-IR restframe SEDs
of galaxies up to redshift ∼3, exploiting both near- and mid-IR observations by IRAC
and MIPS. Spectro-photometric synthesis is applied to three sub-samples of SWIRE
sources, including ancillary data from KPNO, Gemini, Keck and other telescopes.
Star formation rates, stellar masses and timescales for stellar formation are derived,
and the variation of restframe Ks-band mass-to-light ratios is explored as a function
of redshift and far-infrared luminosity.

The evolution of actively star-forming galaxies is analyzed through modeling of dif-
ferential source counts, from mid-IR to sub-millimeter wavelengths. As an extension
of the work presented by Franceschini et al. (2001), a new cosmic evolutionary model
is developed. In the emerging scenario, each single galaxy spends most of its lifetime
in a quiescent (non-evolving) phase, being occasionally triggered into a short-lived
starbursting state, possibly by interactions or mergers with other galaxies. The lu-
minosity and volume density of the “active” phase increase between redshift 0 and 1,
likely because of a higher probability of interactions and of greater fuel availability in
the past, and then level off at higher redshifts, in qualitative agreement with hierar-
chical models (e.g. Kauffmann & Charlot, 1998) of galaxy evolution.

The large scale structure context inhabited by galaxies is expected to influence
their evolution; at the moment, however, the differences between galaxies in clusters
and in the general field are not clear yet. The hierarchical merging models predict
significant differences in star formation history of early-type galaxies in the field and
in clusters (Diaferio et al., 2001). The results derived from observational studies are
instead discrepant. More constraints on the “real” evolutionary scenario come from
observations of field and cluster galaxies beyond z = 1.

An extensive SED and spectral analysis of the members of the z = 1.237 RDCS
1252.9-2927 galaxy cluster (Rosati et al., 1998, 2004) is described at the end of the
Thesis. The physical properties inferred for the member galaxies are compared to field
sources in the GOODS CDFS area. This study takes advantage of what is arguably
the best multiwavelength dataset for both field and clusters, including ACS/HST,
VLT and Spitzer imaging and spectroscopy. Masses and ages of cluster and field
early-type galaxies at high-z seem to be comparable and lead to formation redshifts
z ≥ 2 for this kind of sources. This result supports the monolithic-collapse picture
(Eggen et al., 1962) of galaxy formation and evolution, predicting that the assembly
of massive galaxies took place on rapid timescales at high redshifts.

Studying very large samples of galaxies, over wide areas on sky, covering as wide a
wavelength range as possible, pushing observations to high redshifts and taking into
account the effects of environment, represents the future of cosmological exploration
in the 21st century.



viii ABSTRACT



Contents

Riassunto (Italian Abstract) i

Abstract v

List of Acronyms xix

1 Introduction 1
1.1 Infrared exploration of the sky . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Resolving the sources of the CIRB . . . . . . . . . . . . . . . . . . . . . 4
1.3 The stellar assembly of high-redshift galaxies . . . . . . . . . . . . . . . 6
1.4 The influence of environment . . . . . . . . . . . . . . . . . . . . . . . 8
1.5 Structure of this Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Spectro-photometric synthesis of galaxies’ optical SEDs 11
2.1 Principles of stellar populations synthesis . . . . . . . . . . . . . . . . . 11

2.1.1 Composite stellar populations . . . . . . . . . . . . . . . . . . . 12
2.1.2 Isochrone synthesis . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.3 Initial Mass Function . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1.4 Evolved stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.1.5 The adopted Simple Stellar Populations . . . . . . . . . . . . . 17
2.1.6 Continuum emission of composite stellar populations . . . . . . 19

2.2 Generating the synthetic spectra and comparing them to observed data 20
2.3 History of Stellar Formation . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.1 Implementation of the Schmidt law . . . . . . . . . . . . . . . . 23
2.3.2 Fully free-form SFH . . . . . . . . . . . . . . . . . . . . . . . . 24
2.3.3 Extinction as a function of age . . . . . . . . . . . . . . . . . . . 25

2.4 The far-IR emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.5 Parameter space exploration with the Adaptive Simulated Annealing . 27

3 The IRAS view of the local Universe: multi-wavelength study of
nearby ULIRGs 31
3.1 Infrared Galaxies, before IRAS . . . . . . . . . . . . . . . . . . . . . . 32
3.2 The galaxies uncovered by the IRAS mission . . . . . . . . . . . . . . . 33
3.3 Ultra-Luminous Infra-Red Galaxies: near and far . . . . . . . . . . . . 34

ix



x CONTENTS

3.4 Optical spectroscopy of nearby ULIRGs . . . . . . . . . . . . . . . . . . 36
3.4.1 The sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.4.2 Observations and data reduction . . . . . . . . . . . . . . . . . 38
3.4.3 Slit loss correction . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4.4 The case of IRAS 19254-7245 . . . . . . . . . . . . . . . . . . . 41
3.4.5 The other sources in the sample . . . . . . . . . . . . . . . . . . 46

3.5 Optical spectro-polarimetry of nearby ULIRGs . . . . . . . . . . . . . . 49
3.5.1 Basics of polarimetry . . . . . . . . . . . . . . . . . . . . . . . . 50
3.5.2 Spectropolarimetric observing technique . . . . . . . . . . . . . 51
3.5.3 Data reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.5.4 Notes on individual sources . . . . . . . . . . . . . . . . . . . . 54
3.5.5 Comparison to other wavelengths . . . . . . . . . . . . . . . . . 56

3.6 Near Infra-Red spectroscopy of nearby ULIRGs . . . . . . . . . . . . . 59
3.6.1 Observations and data reduction . . . . . . . . . . . . . . . . . 59
3.6.2 The case of IRAS 20100-4156 . . . . . . . . . . . . . . . . . . . 64
3.6.3 Notes on other sources . . . . . . . . . . . . . . . . . . . . . . . 66
3.6.4 Check for the presence of possible AGN spectral signatures . . . 68
3.6.5 Estimate of intrinsic extinction . . . . . . . . . . . . . . . . . . 70
3.6.6 Star formation rates . . . . . . . . . . . . . . . . . . . . . . . . 72
3.6.7 Possible causes for the observed discrepancies . . . . . . . . . . 74

3.7 Mid Infra-Red spectroscopy of nearby ULIRGs . . . . . . . . . . . . . . 79
3.7.1 Observations and data reduction . . . . . . . . . . . . . . . . . 79
3.7.2 Notes on IRAS 19254-7245 . . . . . . . . . . . . . . . . . . . . . 80
3.7.3 Analysis of IRAS 19254-7245 L-band spectrum . . . . . . . . . . 81

3.8 Spectral Energy Distributions . . . . . . . . . . . . . . . . . . . . . . . 85
3.8.1 The data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.8.2 Spectral synthesis optical model . . . . . . . . . . . . . . . . . . 88
3.8.3 Mid- and Far-IR emission . . . . . . . . . . . . . . . . . . . . . 89
3.8.4 IRAS 19254-7245 spectral energy distribution . . . . . . . . . . 90
3.8.5 Other sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4 The ISO cosmological exploration 101
4.1 Deep ISO survey in the HDFS . . . . . . . . . . . . . . . . . . . . . . . 102
4.2 Optical-NIR spectroscopy of ISO sources . . . . . . . . . . . . . . . . . 105

4.2.1 Near-IR spectroscopic observations and data reduction . . . . . 106
4.2.2 Complementary optical spectroscopy . . . . . . . . . . . . . . . 108
4.2.3 Aperture corrections . . . . . . . . . . . . . . . . . . . . . . . . 114
4.2.4 Evidence for AGN contribution to line emission . . . . . . . . . 114
4.2.5 Extinctions and Star Formation Rates . . . . . . . . . . . . . . 115

4.3 Observed SEDs of the HDFS/ISO sources . . . . . . . . . . . . . . . . 117
4.3.1 AGN contribution to SEDs . . . . . . . . . . . . . . . . . . . . . 117
4.3.2 Estimate of ongoing Star Formation . . . . . . . . . . . . . . . . 119

4.4 Comparison of independent SFR estimators . . . . . . . . . . . . . . . 121
4.5 Photometric estimate of stellar masses . . . . . . . . . . . . . . . . . . 127

4.5.1 Results of mid-IR starbursts SED fitting . . . . . . . . . . . . . 129
4.6 Degeneracies in the mass estimates for mid-IR selected dusty starbursts 131



CONTENTS xi

4.6.1 Modeling of old stellar populations . . . . . . . . . . . . . . . . 131
4.6.2 Changes in the metallicity of SSPs . . . . . . . . . . . . . . . . 132

4.7 Comparison to ellipticals and Ly-break galaxies . . . . . . . . . . . . . 133
4.7.1 The samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
4.7.2 Fitting the elliptical SEDs . . . . . . . . . . . . . . . . . . . . . 138
4.7.3 Fitting the Ly-break galaxy SEDs . . . . . . . . . . . . . . . . . 139
4.7.4 Comparison between the three samples . . . . . . . . . . . . . . 140

4.8 Notes on individual sources . . . . . . . . . . . . . . . . . . . . . . . . 140
4.9 Timescales for star formation . . . . . . . . . . . . . . . . . . . . . . . 144
4.10 Nature of the IR-selected galaxy population . . . . . . . . . . . . . . . 146
4.11 Perspectives for the Spitzer mission . . . . . . . . . . . . . . . . . . . . 147

4.11.1 Constraining the mass of active starbursts at z = 0.5 − 1.5 . . . 148
4.11.2 Detecting NIR restframe emission of z = 2 − 3 Lyman-break

galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

5 The advent of Spitzer 159
5.1 The Spitzer Infrared Telescope Facility mission . . . . . . . . . . . . . . 159
5.2 Spitzer Legacy Programs . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.2.1 The Great Observatories Origins Deep Survey . . . . . . . . . . 164
5.2.2 Galactic Legacy Infrared Mid-Plane Survey Extraordinaire . . . 165
5.2.3 From Molecular Cores to Planet-Forming Disks . . . . . . . . . 166
5.2.4 The Spitzer Nearby Galaxies Survey . . . . . . . . . . . . . . . 166
5.2.5 The Formation and Evolution of Planetary Systems: Placing

Our Solar System in Context . . . . . . . . . . . . . . . . . . . 166
5.2.6 Data delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

5.3 The Spitzer Wide-area Infra-Red Extragalactic Survey . . . . . . . . . 167
5.3.1 Science case of SWIRE . . . . . . . . . . . . . . . . . . . . . . . 169
5.3.2 Spitzer/SWIRE observations . . . . . . . . . . . . . . . . . . . . 171
5.3.3 Spitzer/SWIRE Data Reduction . . . . . . . . . . . . . . . . . . 171

5.4 Multi-wavelength SWIRE ancillary data . . . . . . . . . . . . . . . . . 172
5.5 Modeling source counts . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

5.5.1 SWIRE 24 µm MIPS counts . . . . . . . . . . . . . . . . . . . . 176
5.5.2 Comparison to other mid- and far-IR data . . . . . . . . . . . . 180
5.5.3 The evolutionary scenario . . . . . . . . . . . . . . . . . . . . . 183

5.6 SED analysis of SWIRE sources . . . . . . . . . . . . . . . . . . . . . . 185
5.6.1 SWIRE ELAIS-N1 IB-BDU photometric sample . . . . . . . . . 186
5.6.2 SWIRE Lockman Hole Gemini/Keck spectroscopic sample . . . 187
5.6.3 SWIRE Lockman Hole Wiyn spectroscopic sample . . . . . . . . 188
5.6.4 Characterizing the stellar mass of faint SWIRE populations . . 189
5.6.5 Calibration of stellar masses . . . . . . . . . . . . . . . . . . . . 195
5.6.6 Star formation rates . . . . . . . . . . . . . . . . . . . . . . . . 198

5.7 Comparison between Field and Cluster Galaxies . . . . . . . . . . . . . 199
5.7.1 The high-redshift Cluster of galaxies RDCS 1252.9-2927 . . . . 199
5.7.2 The sample of field galaxies in GOODS . . . . . . . . . . . . . . 201
5.7.3 Fitting broad-band SEDs and optical spectra . . . . . . . . . . . 203
5.7.4 Comparison of masses and ages of galaxies . . . . . . . . . . . . 205



xii CONTENTS

5.7.5 Search for systematics . . . . . . . . . . . . . . . . . . . . . . . 207
5.7.6 What influence has environment on galaxy evolution? . . . . . . 211

Summary and Conclusions 215
Local Ultraluminous IR Galaxies . . . . . . . . . . . . . . . . . . . . . . . . 215
Intermediate-redshift galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . 217
Spitzer sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218
Comparison between high-z Cluster and Field . . . . . . . . . . . . . . . . . 221
Future development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

A The ESO-SIRTF wide-area Imaging Survey 225
A.1 ESIS observing strategy . . . . . . . . . . . . . . . . . . . . . . . . . . 228
A.2 Data reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

A.2.1 VIMOS fringing effects . . . . . . . . . . . . . . . . . . . . . . . 229
A.3 Early WFI results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

A.3.1 Astrometric accuracy . . . . . . . . . . . . . . . . . . . . . . . . 232
A.3.2 Photometric accuracy . . . . . . . . . . . . . . . . . . . . . . . . 233

A.4 Current status of observations . . . . . . . . . . . . . . . . . . . . . . . 233

B Principles of astrometry 235
B.1 Common projections . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
B.2 The TNX algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
B.3 Solutions for the ESIS Large Programme . . . . . . . . . . . . . . . . . 239

C Catalogs 245

References 265

Acknowledgements 287

Curriculum Vitae et Studiorum 291

List of Publications 297



List of Figures

1.1 IRAS, ISO and Spitzer mid-IR resolution . . . . . . . . . . . . . . . . . 2
1.2 ISO mid- and far-IR view of distant Universe . . . . . . . . . . . . . . . 3
1.3 ESIS nearby galaxy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Cosmic Infrared Background . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Total stellar mass density of the Universe . . . . . . . . . . . . . . . . . 7

2.1 Isochrones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Differences between diverse IMFs . . . . . . . . . . . . . . . . . . . . . 14
2.3 Mass locked in stars vs. age . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4 Evolution of SSPs spectra as a function of age . . . . . . . . . . . . . . 17
2.5 SSP time-evolution power index (αλ) vs. wavelength . . . . . . . . . . 20
2.6 Varying the parameters of the Schmidt law . . . . . . . . . . . . . . . . 25
2.7 Starbursts correlation between MIR flux and bolometric FIR lum. . . . 27

3.1 Optical spectropolarimetric EFOSC data reduction . . . . . . . . . . . 39
3.2 3D spectrum of IRAS 19254-7245 . . . . . . . . . . . . . . . . . . . . . 40
3.3 Optical spectrum and image of IRAS 19254-7245 . . . . . . . . . . . . 43
3.4 Spatially resolved spectra of IRAS 19254-7245 . . . . . . . . . . . . . . 44
3.5 Dependence of extinction on Hα . . . . . . . . . . . . . . . . . . . . . . 45
3.6 Emission lines spatial profile of IRAS 19254-7245 . . . . . . . . . . . . 46
3.7 Optical spectra of other ULIRGs . . . . . . . . . . . . . . . . . . . . . 47
3.8 Wollastone prism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.9 Spectro-polarimetry of IRAS 19254-7245 . . . . . . . . . . . . . . . . . 55
3.10 Search for scattered polarization . . . . . . . . . . . . . . . . . . . . . . 56
3.11 Fit of Hα polarized component of IRAS 19254-7245 . . . . . . . . . . . 57
3.12 Spectro-polarimetry of IRAS 20551-4250 . . . . . . . . . . . . . . . . . 58
3.13 Spectro-polarimetry of IRAS 20100-4156 and 22491-1808 . . . . . . . . 58
3.14 Near-IR atmospheric transmission . . . . . . . . . . . . . . . . . . . . . 62
3.15 Near-IR spectroscopic SOFI data reduction . . . . . . . . . . . . . . . . 63
3.16 Slits and K-band contours on IRAS 20100-4156 R-band image . . . . . 64
3.17 NIR 2D spectra of IRAS 20100-4156 . . . . . . . . . . . . . . . . . . . 65
3.18 Zoom on Paα on IRAS 20100 2D spectra . . . . . . . . . . . . . . . . . 65
3.19 Spectra of the two nuclei of IRAS 20100-4156 . . . . . . . . . . . . . . 66
3.20 Spectra of ULIRGs with a single Paα nucleus . . . . . . . . . . . . . . 67

xiii



xiv LIST OF FIGURES

3.21 Spectra of ULIRGs with double Paα nuclei . . . . . . . . . . . . . . . . 67
3.22 Spectra of ULIRGs observed in the Brγ domain . . . . . . . . . . . . . 68
3.23 Broad emission lines in the mid-IR ULIRGs sample . . . . . . . . . . . 69
3.24 IRAS c-l diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.25 Test for a complex extinction geometry . . . . . . . . . . . . . . . . . . 77
3.26 Theoretical Paα and Brγ EW vs. starburst age . . . . . . . . . . . . . 78
3.27 L-band spectrum of UGC 5101 . . . . . . . . . . . . . . . . . . . . . . 80
3.28 Mid-IR spectrum of IRAS 19254-7245 . . . . . . . . . . . . . . . . . . . 82
3.29 Comparison between IRAS 19254-7245 and IRS7 . . . . . . . . . . . . . 83
3.30 Best fit to the optical spectrum of IRAS 19254-7245 South . . . . . . . 93
3.31 Broad-band SED of IRAS 19254-7245 Southern nucleus . . . . . . . . . 94
3.32 Best fit to IRAS 19254-7245 Northern nucleus data . . . . . . . . . . . 95
3.33 SEDs of the remaining ULIRGs in the optical spectroscopic sample . . 97
3.34 The M82 IR template fails for cool ULIRGs . . . . . . . . . . . . . . . 98

4.1 Redshift distribution of HDFS 15 µm sources. . . . . . . . . . . . . . . 106
4.2 Near-IR spectra of 15 µm sources in the HDFS . . . . . . . . . . . . . . 108
4.3 Raw EMMI and FORS2 spectroscopic data. . . . . . . . . . . . . . . . 110
4.4 Optical EMMI spectra of HDFS 15 µm sources . . . . . . . . . . . . . 111
4.5 SFR(IR) as a function of redshift . . . . . . . . . . . . . . . . . . . . . 120
4.6 Comparison between SFR(IR) and SFR(Hα) . . . . . . . . . . . . . . . 122
4.7 Comparison between SFR(IR) and SFR(Radio) for HDF’s sources . . . 124
4.8 Spectro-photometric synthesis of HDFS/ISO source S40’s SED . . . . . 128
4.9 χ2 contours for HDFS/ISO source S40 . . . . . . . . . . . . . . . . . . 130
4.10 Ks band Mass/Luminosity ratio for old stellar populations . . . . . . . 132
4.11 Test on old stellar populations . . . . . . . . . . . . . . . . . . . . . . . 133
4.12 Spectral synthesis of the elliptical galaxy E5 . . . . . . . . . . . . . . . 135
4.13 Spectral synthesis of Ly-break galaxies . . . . . . . . . . . . . . . . . . 139
4.14 Stellar mass as a function of redshift . . . . . . . . . . . . . . . . . . . 141
4.15 SED of HDF-S38 including AGN contribution . . . . . . . . . . . . . . 142
4.16 Timescales for stellar formation . . . . . . . . . . . . . . . . . . . . . . 145
4.17 Simulations of Spitzer/IRAC observations . . . . . . . . . . . . . . . . 147
4.18 Images and SEDs of HDFS/ISO spectroscopic sample . . . . . . . . . . 152
4.19 SEDs of remaining HDFS/ISO sources . . . . . . . . . . . . . . . . . . 156
4.20 Best fits for elliptical galaxies . . . . . . . . . . . . . . . . . . . . . . . 158

5.1 Spitzer flight hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
5.2 Spitzer focal plane layout . . . . . . . . . . . . . . . . . . . . . . . . . . 161
5.3 Sensitivity of Spitzer’s instrumentation . . . . . . . . . . . . . . . . . . 162
5.4 Position of SWIRE fields on sky . . . . . . . . . . . . . . . . . . . . . . 169
5.5 IRAS 12 µm local luminosity function . . . . . . . . . . . . . . . . . . . 176
5.6 Normalized differential 24 µm counts . . . . . . . . . . . . . . . . . . . 177
5.7 Redshift distribution at 15 µm . . . . . . . . . . . . . . . . . . . . . . . 179
5.8 Consequences of varying ztop . . . . . . . . . . . . . . . . . . . . . . . . 180
5.9 Normalized differential 15 µm counts . . . . . . . . . . . . . . . . . . . 181
5.10 Far-IR ISO differential counts . . . . . . . . . . . . . . . . . . . . . . . 182
5.11 Far-IR SWIRE differential counts . . . . . . . . . . . . . . . . . . . . . 183



LIST OF FIGURES xv

5.12 Sub-mm integral counts . . . . . . . . . . . . . . . . . . . . . . . . . . 183
5.13 Analytic luminosity evolution . . . . . . . . . . . . . . . . . . . . . . . 185
5.14 Examples of fit of SWIRE sources SEDs . . . . . . . . . . . . . . . . . 189
5.15 Mass vs. redshift for SWIRE sources . . . . . . . . . . . . . . . . . . . 190
5.16 Restframe L(Ks) vs. redshift for SWIRE sources . . . . . . . . . . . . 191
5.17 Optical and Spitzer images of two SWIRE sources . . . . . . . . . . . . 193
5.18 K band Mass-to-Light ratio for SWIRE sources . . . . . . . . . . . . . 196
5.19 SFR for SWIRE sources . . . . . . . . . . . . . . . . . . . . . . . . . . 198
5.20 Color-magnitude relation for RDCS 1252.9-2927 . . . . . . . . . . . . . 201
5.21 Observed spectra of RDCS 1252.9-2927 members . . . . . . . . . . . . 202
5.22 Fit to RDCS 1252.9-2927 cD galaxy . . . . . . . . . . . . . . . . . . . . 203
5.23 Fit to GOODS em-line galaxy . . . . . . . . . . . . . . . . . . . . . . . 204
5.24 Results of fits to GOODS and RDCS 1252.9-2927 sources . . . . . . . . 206
5.25 Masses and ages vs. (I-z) color . . . . . . . . . . . . . . . . . . . . . . . 207
5.26 Search for biases in restframe Luminosity . . . . . . . . . . . . . . . . . 208
5.27 Clustering in GOODS CDFS . . . . . . . . . . . . . . . . . . . . . . . . 209
5.28 Comparison between isophotal and Re colors . . . . . . . . . . . . . . . 210
5.29 Evolutionary effects of colors . . . . . . . . . . . . . . . . . . . . . . . . 210
5.30 Comparison between simphot and Bruzual & Charlot codes . . . . . . 212

A.1 WFI ESIS coverage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
A.2 VIMOS ESIS observing strategy . . . . . . . . . . . . . . . . . . . . . . 227
A.3 Structure of WFI and VIMOS arrays . . . . . . . . . . . . . . . . . . . 228
A.4 VIMOS I band imaging Fringe Pattern . . . . . . . . . . . . . . . . . . 230
A.5 Absolute astrometric accuracy for ESIS V band WFI observations . . . 231
A.6 Relative astrometric accuracy for ESIS R band WFI observations . . . 232
A.7 Photometric accuracy of ESIS WFI BVR data . . . . . . . . . . . . . . 233
A.8 Current status of ESIS WFI observations . . . . . . . . . . . . . . . . . 234
A.9 Current status of ESIS VIMOS observations . . . . . . . . . . . . . . . 234

B.1 Different WCS projections . . . . . . . . . . . . . . . . . . . . . . . . . 236
B.2 Tangent plane projection . . . . . . . . . . . . . . . . . . . . . . . . . . 237



xvi LIST OF FIGURES



List of Tables

3.1 Logs of spectropolarimetric EFOSC optical observations of ULIRGs . . 38
3.2 Flux intensities of IRAS 19254-7245 optical emission lines . . . . . . . . 42
3.3 Flux intensities of IRAS 20100-4156 emission lines . . . . . . . . . . . . 48
3.4 Flux intensities of IRAS 20551-4250 emission lines . . . . . . . . . . . . 49
3.5 Flux intensities of IRAS 22491-1808 emission lines . . . . . . . . . . . . 49
3.6 Angles involved in spectro-polarimetric observations . . . . . . . . . . . 52
3.7 Hα polarized fluxes of ULIRGs . . . . . . . . . . . . . . . . . . . . . . 54
3.8 Observational Parameters for NIR SOFI Ks band spectroscopic run . . 60
3.9 IR and radio properties of ULIRGs NIR sample . . . . . . . . . . . . . 61
3.10 Observed properties of NIR main emission lines in ULIRGs spectra . . 69
3.11 NIR dust extinctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.12 ULIRGs SFRs from optical and mid-IR spectroscopy . . . . . . . . . . 73
3.13 ULIRGs photometric data for SEDs study . . . . . . . . . . . . . . . . 86
3.14 Best spectro-photometric fit to IRAS 19254-7245 . . . . . . . . . . . . . 91
3.15 Results of ULIRGs SEDs analysis . . . . . . . . . . . . . . . . . . . . . 99

4.1 HDFS 15 µm sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.2 HDFS ISAAC/VLT observing logs . . . . . . . . . . . . . . . . . . . . 107
4.3 Results of spectroscopic observations in the HDFS . . . . . . . . . . . . 112
4.4 Search for AGN signatures in extracted spectra . . . . . . . . . . . . . 115
4.5 SFR and Extinction from emission lines . . . . . . . . . . . . . . . . . . 116
4.6 Radio estimate of SFR for HDF’s sources . . . . . . . . . . . . . . . . . 123
4.7 HDFN 15 µm sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
4.8 Elliptical galaxies K band sample . . . . . . . . . . . . . . . . . . . . . 136
4.9 Ly-break galaxies sample . . . . . . . . . . . . . . . . . . . . . . . . . . 137
4.10 Results of HDFS/ISO sample analysis . . . . . . . . . . . . . . . . . . . 149
4.11 Spectral synthesis results for elliptical galaxies . . . . . . . . . . . . . . 150
4.12 Spectral synthesis results for Ly-break galaxies . . . . . . . . . . . . . . 151

5.1 Spitzer instruments performance . . . . . . . . . . . . . . . . . . . . . . 163
5.2 The SWIRE Fields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

C.1 Photometric IB-BDU sample in SWIRE Elais-N1 field . . . . . . . . . . 246
C.2 Spectroscopic Gemini/Keck sample in SWIRE Lockman Hole field . . . 249

xvii



xviii LIST OF TABLES

C.3 Spectroscopic WIYN sample in the SWIRE Lockman Hole field . . . . 251
C.4 Spectroscopic sample in GOODS CDFS field . . . . . . . . . . . . . . . 260
C.5 Spectroscopic sample in the RDCS 1252.9-2927 cluster of galaxies . . . 263



List of Acronyms

AOR Astronomical Observing Request (Spitzer)
ACS Advanced Camera for Surveys
AGN Active Galactic Nucleus
ASA Adaptive Simulated Annealing
ATCA Australia Telescope Compact Array
BCD Basic Calibrated Data product (from SSC)
BGS (IRAS) Bright Galaxy Survey
BH Black Hole
BOOMERanG Baloon Observations Of Millimetric Extragalactic Radiation

and Geophysics
BTC Big Throughput Camera
C2D From Cores to Disks
CCD Charge Coupled Device
CDM Cold Dark Matter
CIRB Cosmic Infra-Red Background
CMB Cosmic Microwave Background
CTA Cryogenic Telescope Assembly (Spitzer)
CTIO Cerro Tololo Inter-American Observatory
DASI Degree Angular Scale Interferometer
Eclipse ESO C Library for an Image Processing Software Environment
EFOSC ESO Faint Object Spectrograph and Camera
EIS ESO Imaging Survey
ELAIS European Large-Area ISO Survey
EMMI ESO Multi Mode Instrument
ESIS an ESO-SIRTF wide-area Imaging Survey
ESO European Southern Observatory
EW Equivalent Width
FEPS Formation and Evolution of Planetary Systems
FIR Far Infra-Red
FLS First Look Survey
FORS1,2 Focal Reducer Spectrograph 1,2
FWHM Full Width at Half Maximum
GALADRIEL Galaxies and Single Stellar Population Models (PD group)

xix



xx LIST OF ACRONYMS

GALEX Galaxy Evolution Explorer
GDDS Gemini Deep Deep Survey
GLIMPSE Galactic Legacy Infrared Mid-Plane Survey Extraordinaire
GMOS Gemini Multiobject Spectrograph
GOODS Great Observatories Origins Deep Survey
GTO Guaranteed Time Observations
HDF(N,S) Hubble Deep Field (North,South)
HST Hubble Space Telescope
HUDF Hubble Ultra Deep Field
KPNO Kitt Peak National Observatory
IDL Interactive Data Language
IGTES ISOCAM Guaranteed Time
IPAC Infrared Processing and Analysis Center (Caltech)
IR Infra-Red
IRAC Infra-Red Array Camera (Spitzer)
IRAF Image Reduction and Analysis Facility
IRAS Infra-Red Astronomical Satellite
IRS Infrared Spectrograph (Spitzer)
ISAAC Infrared Spectrometer and Array Camera
ISM Inter-Stellar Medium
ISO Infrared Space Observatory
JCMT James Clerk Maxwell Telescope
LIRG Luminous Infra-Red Galaxy
LLF Local Luminosity Function
LF Luminosity Function
LRIS Low Resolution and Imaging Spectrograph
LSS Large Scale Structure
MDO Massive Dark Object
MIDAS (ESO) Munich Image Data Analysis System
MIPS Multiband Imaging Photometer for Spitzer
MIR Mid Infra-Red
MOS Multi Object Spectroscopy
MS Main Sequence
NGC New General Catalog
NEPR North Ecliptic Pole Region
NIR Near Infra-Red
NOAO National Optical Astronomy Observatory
OB Observing Block
PAH Polycyclic Aromatic Hydrocarbon
PLE Passive Luminosity Evolution
PMS Post Main Sequence
PSC (IRAS) Point Source Catalog
QSO Quasi Stellar Object
RDCS ROSAT Deep Cluster Survey
SCUBA Sub-millimeter Common User Bolometer Array



LIST OF ACRONYMS xxi

SED Spectral Energy Distribution
SINGS Spitzer Nearby Galaxies Survey
SIRTF Spitzer/Space Infra-Red Telescope Facility
SF Star Formation
SFR Star Formation Rate
SSC Spitzer Science Center
SSP Simple Stellar Population
SWIRE Spitzer Wide-area Infra-Red Extragalactic survey
UIB Unidentified Infrared Bands
UKIDSS UKIRT Infrared Deep Sky Survey
UKIRT United Kingdom Infra-Red Telescope
ULIRG Ultra-Luminous Infra-Red Galaxy
UV Ultra-Violet
VLA Very Large Array
VLT Very Large Telescope
WCS World Coordinate System
WFI Wide Field Imager
WFPC2 Wide Field Planetary Camera 2
WIYN Wisconsin Indiana Yale NOAO observatory
WMAP Wilkinson Microwave Anisotropy Probe



xxii LIST OF ACRONYMS



Chapter 1
Introduction
The assembly and evolution of galaxies, galaxy clusters and cosmic large-scale struc-
ture (LSS) are currently major issues in both theoretical and observational cosmology.
Tracing the history of cosmic star formation and the growth of the cosmic stellar mass
density means understanding the fundamental processes transforming the primordial
diffuse plasma into the highly structured present-day universe.

Characterizing the populations of galaxies at any redshift, from the local Universe
to very distant scales, and wavelength, from the X-ray to the radio domain, is neces-
sary to correctly interpret the phases of their evolution.

The multi-wavelength study of galaxies’ spectral energy distributions is the most
powerful tool in disentangling between different components contributing to their
emission. Young stellar populations power the UV-optical light, old stars emit pre-
dominantly in the near-IR, dust — heated by either starburst or AGN activity —
dominates the mid- and far-IR luminosity. X-ray and radio luminosities are produced
by AGNs or starbursts as well. Extending the analysis of galaxy properties to as wide
a redshift range as possible is compulsory, in order to understand the interplay of the
various components and to trace their role in cosmic galaxy evolution.

The environmental effects in this game cannot be neglected, since different predic-
tions are peculiar of different evolutionary scenarios. Empirically mapping the galaxy
populations in their large scale context, as a function of redshift, will provide essential
guidelines for the production of next-generation theoretical models.

1.1 Infrared exploration of the sky

Until a couple of decades ago, deep-space investigations were usually performed through
observations in the UV/optical/near-IR with large ground-based optical telescopes.
In the last twenty years, however, it has become more and more evident that a lot
of further independent information may be obtained from selecting faint galaxies at
longer infrared wavelengths. By these means not only are the effects of dust extinction
minimized (dust absorption is a strongly decreasing function of wavelength), but also
dust re-radiation in the mid- and far-infrared and the sub-millimeter (between λ ∼ 10
and 1000 µm) can be detected.

Unfortunately, the IR and sub-millimeter domain is very difficult to access by

1
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Figure 1.1: Comparison of IRAS, ISO and Spitzer’s imaging resolution and sensitivity
in the mid- and far-IR (from Dole et al., 2003). Spitzer images are the result of
simulated observations.

astronomical observations. From ground, only a few narrow spectral windows are
opened, between 2.5 and 30 µm and at λ > 300 µm (accessible by large millimeter
telescopes). Thus observations from space platforms are mostly required.

The development of new efficient infrared detectors, operating at the focal planes
of Space Telescopes and large ground-based Antennas, has opened a new window to
the exploration of the distant Universe. The extension of cosmological observations
to wavelengths longer than the traditional optical spectral domain allowed access to
new frontiers in the study of galaxy formation and evolution.

The IRAS (launch 1984), ISO (1995) and Spitzer (August 2003) infrared space
observatories constitute a logical sequence, appropriately spaced in time, with a well
modulated improvement of observing capabilities.

The Infrared Astronomical Satellite (IRAS) mission enjoyed huge success, including
the sensational discoveries of ultra- and hyper-luminous galaxies and of a substantial
population of evolving starbursts. However, the survey had several drawbacks. For
example, the bright limiting flux densities restricted the samples to low redshifts
(z < 0.3) for all but a few ultraluminous objects. Only ∼1000 galaxies were detected
at 12 µm over the whole sky. These deficiencies restricted the study of IR-luminous
galaxies at all redshifts.

The Infrared Space Observatory (ISO) offered a ∼1000 time improvement in sensi-
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Figure 1.2: Left: ISOPHOT 90 µm map in the Lockman Hole region (Rodighiero
et al., 2003). This is likely the deepest far-IR image ever obtained with ISO and
contains sources with fluxes down to ∼ 20 mJy. The area within the green box is
expanded in the right panel, as seen by ISOCAM at 15 µm (Fadda et al., 2004).

tivity in the mid-IR over IRAS. The large allocation of guaranteed and discretionary
time for deep surveys on ISO greatly improved on the IRAS observations in the mid-
IR. Ambitious deep mid-IR observations and shallow wide-area surveys, aimed to
trace the extinguished star formation history of the Universe to z ∼ 1 − 2, to select
dust-shrouded quasars independently of orientation and to discovery hyper-luminous
galaxies out to redshifts z ≤ 5. Illustrative examples of deep images at 15 and 90 µm
are reported in Figure 1.2.

Relevant improvements are expected by the NASA Great Observatory Spitzer,
with a primary mirror larger than ISO and superior detector arrays. As part of its
policy for the exploitation of the mission, NASA has promoted a set of six observing
campaigns: the so-called Spitzer Legacy Programs. Two of these are dedicated to
deep cosmological surveys: the Great Observatory Origins Deep Survey (GOODS, a
survey of 300 arcmin2 in the HDF-North and Chandra Deep Field South) and the
Spitzer Wide-Area Infrared Extragalactic (SWIRE) survey. The latter is observing a
total of ∼50 deg2, split into 6 different sky areas, in all the seven Spitzer mid- and
far-IR bands (at 3.6, 4.5, 5.6, 8.0, 24, 70, 160 µm). Figure 1.1 shows the comparison
between IRAS, ISO and Spitzer views of the same sky area (7.5′×7.5′ wide); the images
highlight the dramatic improvement in the mid- and far-IR detectors, achieved in the
last two decades.

Systematic optical/near-IR observing campaigns to complement the SWIRE/Spitzer
observations have already started, exploiting the largest telescopes in the world. The
Large Programme ESO/Spitzer Imaging Survey (ESIS, P. I. A. Franceschini) com-
bines BVRIz imaging with WFI@2.2m and VIMOS@VLT observations in the ELAIS-
S1 area. Figure 1.3 shows a nearby spiral galaxy, detected in ELAIS-S1, as seen by
the ESIS BVR WFI survey (Berta et al., 2005, in prep.). Superimposed red contours
represent ISO 15 µm flux (Oliver et al., 2000).
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Figure 1.3: Nearby spiral galaxy in the SWIRE ELAIS-S1 area, from the optical
ground-based follow-up survey ESIS. The color image is built on BVR WFI data
(Berta et al., 2005, in prep.). Red contours trace ISO 15 µm detected flux, at 3, 5,
10, 25 and 50σ (Oliver et al., 2000). The image size is ∼ 5.5′ × 3.3′; North is up, East
is left.

1.2 Resolving the sources of the mid-and far-IR

background

Roughly at the same time, there have been two other discoveries stressing the relevance
of IR observations to investigate the high-redshift universe. One was the detection,
based on all-sky data from the COBE mission, of an isotropic and highly energetic
background in the far-IR (the CIRB, Puget et al., 1996; Hauser et al., 1998), which
turned out to be the most relevant diffuse radiation after the CMB. Various analyses
have indicated that this background may be explained as due to forming galaxies and
quasars (e.g Franceschini et al., 2001, 2003a; Elbaz et al., 2002). The second discovery
— obtained by deep millimeter surveys — was that of luminous and ultraluminous
galaxies at high-redshifts (z = 1 to 4) with extremely red or undetectable emission in
the optical, the SCUBA (Sub-millimeter Common User Bolometer Array) galaxies.

Since these recent discoveries, one of the important themes in cosmology has been
the detection and characterization of the sources contributing to CIRB energy budget.
The combined use of deep observations from space by the ESA Infrared Space Ob-
servatory (ISO), for selecting high-z active galaxies (both starbursts and AGNs), and
the VLT, for high-resolution optical studies, turned out to be particularly powerful
(Franceschini et al., 2003a) to physically characterize them. This study resulted in
the identification of a population of luminous and ultra-luminous massive star-forming
galaxies, powering at least 50% of the CIRB emission and strongly evolving in cosmic
time. Figure 1.4 reports the observed CIRB mid- and far-IR data (filled squares),
compared to model prediction (solid thick line) and optical measurements. The filled
star and the open squares represent the fraction of CIRB resolved by ISO, as com-
puted by Elbaz et al. (2002) and Franceschini et al. (2001). The dotted line marks
upper and lower limits to the optical-IR background, as set by cosmic opacity to TeV
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Figure 1.4: The Cosmic Infrared Background spectrum (filled squares), compared
with estimates of the integrated optical light of faint galaxies in the HDF. The star
marks the expected contribution of faint ISO sources by Elbaz et al. (2002). The two
mid-IR open squares are the resolved fraction of the CIRB by the deep ISO surveys
IGTES (see text and Franceschini et al., 2001, for more details).

gamma-ray light. The short-dashed line represents the the predicted background, as
obtained by assuming that galaxies emissivity does not change with cosmic time. The
dotted line at millimeter wavelengths is the cosmic microwave background (CMB),
known to be the relic of the hot Big-Bang, at redshift z ∼ 1500.

While only ∼30% of the light from normal galaxies is absorbed by dust, this fraction
becomes much higher, when the most active star-forming regions in galaxies are taken
into account. These active phases in galactic evolution were quite more frequent in
the past, not strange considering the much larger reservoir of diffuse gas and dust,
hence the more abundant fuel, available to form stars in galaxies during their early
evolution. All this put together revealed that the universe has experienced a phase
of enhanced activity of star-formation and gravitational accretion in the past, mostly
visible in the infrared.

As suggested by several authors (e.g. Lilly et al., 1999; Franceschini et al., 1994),
the similar properties (bolometric luminosities, SEDs) between the SCUBA high-z
population and local ultra-luminous IR galaxies argue in favor of the idea that the
former represent the long-sought primeval galaxies, those in particular leading to local
massive elliptical and S0 galaxies. The less extreme starbursts discovered by ISO at
lower z may instead be related to the assembly of lower mass spheroids and spheroidal
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components in spirals. The currently available data suggest an evolutionary scheme
where star formation in galaxies proceeded in two phases: a quiescent one taking
place during most of the Hubble time, slowly building stars from the regular flow
of gas in rotationally supported disks, and a transient actively starbursting phase,
recurrently triggered by galaxy mergers and interactions. During the merger, violent
relaxation likely redistributes old stars, producing de Vaucouleur profiles typical of
galaxy spheroids.

1.3 The stellar assembly of high-redshift galaxies

Galaxies in the early universe are built up by two major processes: dissipational
collapse and merging of lower mass protogalactic and galactic components. Their
intrinsic evolution is driven by the conversion of primordial and interstellar gas into
stars, with galactic interactions and mergers being the primary trigger for star for-
mation and starbursts. As the rate of merging drops dramatically with decreasing
redshift, slow accretion of gas allows the build up of galactic disks, producing almost
quiescent star formation rates. The net result of these processes is the assembly of
the massive galaxies seen at present, which contain less interstellar gas and have lower
rates of star formation and a generally older stellar population, as galaxies mature.
While there is general agreement over this qualitative picture, the precise timing of
these events, as well as their relation to local environment, remain to be throughly
explored by observations.

Despite the detection of objects up to z ∼ 6.6 (e.g. Hu et al., 2002) and the
impressive success of the Cold Dark Matter (CDM) scenario to account for the CMB
power spectrum (Spergel et al., 2003), one of the main and still controversial questions
is when galaxies assembled their baryonic mass across cosmic time. The hierarchical
ΛCDM scenario (e.g. Kauffmann & Charlot, 1998) predicts that the most massive
systems (e.g. Mstars > 1011 M�) formed relatively late through a slow process of
merging of smaller galaxies. In monolithic-collapse models (Eggen et al., 1962), the
bulk of stars formed in early-type galaxies at very high redshift, while subsequent
merging and star formation are limited.

Several observations attempted to investigate the formation and evolution of mas-
sive systems and test model predictions: surveys for the putative high-z progenitors,
searches for high-z passive ellipticals, fundamental plane studies, detailed morphologi-
cal and spectroscopic studies, comparison of observed number densities and luminosity
functions with the different model predictions (see e.g. Cimatti, 2003; Treu, 2004, for
recent reviews), as well as direct estimates of the galaxy stellar masses and mass
function evolution (e.g. Brinchmann & Ellis, 2000; Dickinson et al., 2003; Fontana
et al., 2004). Despite such efforts, a clear and coherent picture has not yet emerged
and there is a growing evidence that the current hierarchical merging semi-analytical
models are unable to reproduce all the observational results.

Some recent works (e.g. Cimatti et al., 2002; Pozzetti et al., 2003; Fontana et al.,
2004) suggest that the assembly of massive galaxies took place at a substantially earlier
epoch (z > 2), compared to the predictions of semi-analytical models developed so
far (e.g. Kauffmann & Charlot, 1998). Overall, the main results of the most recent
near-IR surveys show that K-selected galaxies are characterized by little evolution up
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Figure 1.5: Drory et al. (2004) estimate (filled circles and squares) of the total stellar
mass density of the universe, up to redshift z ∼ 5 (see text for details).

to z ∼ 1−1.5, so that the observed properties can be described by a passive luminosity
evolution (PLE) scenario (Cimatti, 2003), in marked contrast with the current ΛCDM
hierarchical merging models.

Elliptical galaxies and bulges include the bulk of stellar mass in the local universe
(e.g. Fukugita et al., 1998) and appear to have formed at very early times, while
models have favored a much later formation. Their progenitors at z ∼ 3 might now
have been detected as highly clustered, extremely red objects (e.g. Daddi et al., 2003,
2004). Concerning spiral galaxies, there is still very little evidence for galactic disks
being already in place at these high redshifts, and their epoch of formation may be
at z = 1 − 2.

Very little is known about galaxy stellar mass assembly at redshift z > 1.5. This
is a crucial redshift range because evidences exist that most massive galaxy assembly
occurred at that cosmological epoch (Cimatti, 2003). This results, for example, in
the existence of a substantial population of old, massive and passive E/S0 galaxies at
z > 1, implying a minimum formation redshift of z ∼ 2 (Daddi et al., 2004). Also,
several authors (e.g. Drory et al., 2004; Thomas et al., 2004; Fontana et al., 2004;
Dickinson et al., 2003; Lilly et al., 1995) claim 50-100% of the stellar mass in L > L∗

galaxies was in place by z ∼ 1. Drory et al. (2004) find that ∼25% of present-day
mass at z = 2 and at least 15% and 5% at z = 3 and 5 had already been assembled
respectively. Figure 1.5 (taken from Drory et al., 2004) shows the total stellar mass
density of the universe as a function of redshift. Other data are from Brinchmann
& Ellis (2000), Cohen (2002), Dickinson et al. (2003), Fontana et al. (2003, 2004).
The integral of the SFR density by Steidel et al. (1999) and Gabasch et al. (2004) are
traced as dotted and dashed lines.

The Infrared Array Camera onboard Spitzer is observing in the near- and mid-IR
spectral domains, covering the 3.6 − 8.0 µm wavelength range. The instrument was
specifically designed for detecting galaxies’ restframe near-IR emission, up to redshift
z ≥ 3, hence directly probing their stellar mass assembly. Thanks to IRAC observa-
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tions, the uncertainties in the photometric estimate of stellar masses will significantly
improve. Covering large sky areas to deep fluxes, like in the SWIRE Spitzer survey,
is mandatory, in order to obtain statistically reliable determinations of the galaxy
evolutionary mass function.

1.4 The influence of environment

The pace of galaxy evolution and their morphological mix are both function of the
LSS context inhabited by galaxies, but this is now fairly well known only for the local
universe (especially after the 2dF and Sloan surveys). At the moment, however, the
evolutionary differences between galaxies in clusters and in the general field are not
clear yet.

The hierarchical merging scenario predicts a significant difference in the star for-
mation histories of early-type galaxies in the field and in clusters (Diaferio et al.,
2001). The formation redshift of galaxies with a given mass depends on environment,
leading to substantial differences in age and mass between field and cluster galaxies:
field galaxies are predicted to be less massive and younger than cluster sources, at
any redshift (van Dokkum et al., 2001).

Interestingly, observational data lead to discrepant conclusions, on this subject.
Some analyses suggest that field early-type galaxies underwent secondary bursts of
star formation at z < 1, hence evolving faster than cluster members (e.g. Treu et al.,
2002), while others find that field and cluster galaxies evolve at comparable rates
(e.g. van Dokkum et al., 2001). On one hand, Willis et al. (2002), van Dokkum &
Ellis (2003) and others suggest that galaxies in low- and high-density environments
have very similar ages and evolutionary histories; on the other, Thomas et al. (2004)
show evidence of large differences between field and cluster members in the local
universe. The latter show galaxy formation to be delayed of ∼ 2 Gyr in low density
environments.

More stringent tests of hierarchical models come from observations of field and
cluster galaxies beyond z = 1.

Substantial LSS occurs on scales up to 100 Mpc (comoving), including voids, fila-
ments, sheets, groups and clusters. Large area surveys, such as the SWIRE Spitzer
Legacy Program (Lonsdale et al., 2003, 2004) and the COSMOS HST treasury pro-
ject, are needed to explore comoving volumes comparable to those covered by these
local surveys, yet at a redshift up to ∼ 3 and beyond.

1.5 Structure of this Thesis

The Thesis follows a chronological outline, covering the development of IR space
facilities in the last decades. An escalation in space-time is the logical consequence,
modern instruments detecting more distant sources.

Chapter 2 introduces the basic principles of spectro-photometric synthesis: a very
powerful tool, which is used throughout the thesis for computing stellar masses, star
formation rates, ages, intrinsic extinctions, etc.., in local and high-redshift galaxies.
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Chapter 3 presents the multi-wavelength study of nearby Ultra-Luminous Infra-
Red Galaxies, originally detected by IRAS. Ground-based optical low-resolution spectro-
polarimetry and spectroscopy are exploited to search for hidden AGN and starburst
components. Near- and mid-IR spectroscopic data aim to provide an extinction-free
view of these galaxies. Broad-band spectral energy distributions (SEDs), built on
literature data, over the whole UV to sub-mm spectral range, offer a panchromatic
description of ULIRGs.

Chapter 4 deals with the spectroscopic follow-up and the SED analysis of faint
mid-IR sources detected by ISO deep surveys. Optical and near-IR spectroscopy, car-
ried out at the Very Large Telescope, are used to detect spectral emission lines and
compute ongoing star formation rates and intrinsic extinctions. A sophisticated spec-
tral synthesis analysis is adopted for inferring the stellar masses in the host galaxies of
ISO sources. Particular care is taken in the estimation of uncertainties, due to model
degeneracies, to the poor sampling of near-IR restframe emission of high-z galaxies,
and to the presence of completely obscured stellar populations.

Chapter 5 exploits the first Spitzer data from the SWIRE survey, in order to
study the properties of IR galaxies up to z ' 3. Source number counts from the mid-
IR to the sub-millimeter domain are modeled within an evolutionary cosmic scenario,
constraining the star formation and merging history of IR starbursts. The SEDs of
SWIRE galaxies are fitted by means of spectro-photometric synthesis. A preliminary
comparison between field GOODS galaxies and the members of the z = 1.237 cluster
RDCS 1252.9-2927 is performed. The analysis takes advantage of what is arguably
the best multiwavelength dataset for both field and clusters, including ACS/HST,
VLT and Spitzer imaging and spectroscopy.

Finally, in Chapter 6, summary, conclusions and future plans are drawn.
A standard Ωm = 0.27, ΩΛ = 0.73, H0 = 70 [km s−1 Mpc−1] is adopted throughout

the thesis, as derived by recent Wilkinson Microwave Anisotropy Probe (WMAP,
Spergel et al., 2003), BOOMERanG (de Bernardis et al., 2000) and Antarctic Plateau
(DASI at South Pole, Halverson et al., 2002) data.
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Chapter 2
Spectro-photometric synthesis
of galaxies’ optical SEDs

Spectra and broad band spectral energy distributions of galaxies carry a wealth of
information on their physical properties and their past history.

Emission lines are powered by young stars, ionizing the interstellar medium where
they are embedded. Dust heavily extinguishes these young populations, reprocessing
their emission to the IR spectral domain. Starburst galaxies are then characterized
by huge mid- and far-IR luminosities, being on the other hand modest emitters at
optical wavelengths.

The presence of absorption lines traces the contribution of intermediate-age stars
to the emitted galaxy light. The near-IR continuum is mainly due to old stars of low
luminosity, which nevertheless dominate galaxies mass assembly.

Spectrophotometric synthesis of galaxy emission, and comparison to observed data,
provides a powerful tool to study the history of stellar formation and evolution of the
Universe, through the analysis of its basic components. The next Chapters deal with
the analysis of spectra and multiwavelength spectral energy distributions of local and
distant galaxies, on the whole spectral range from the UV-optical to the far infrared.
Here the principles of spectral synthesis are presented, in order to set up the bases
for the discussions presented in the following body of this thesis.

2.1 Principles of stellar populations synthesis

The first ideas on how simple stellar populations (SSPs) should work belong to Tinsley
(1980); the presentation of simple stellar populations and spectral synthesis theory
is due to Renzini (1981), Renzini (1983) and Renzini & Buzzoni (1986); while the
first models for spectral evolution of galaxies, developed using population synthesis
techniques, were introduced in Bruzual-Alfonzo (1981) PhD thesis work.

The method generally used to study the evolution of galaxies’ spectral energy
distributions as a function of cosmic age, is presented, following the work of Bressan
et al. (1994).

11
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2.1.1 Composite stellar populations

In general, the monochromatic luminosity emitted by the stellar content of a galaxy
of age t, can be described as a composite stellar population:

Ltot(λ, t) =

∫ t

0

∫ MU

ML

S(M, τ, Z)lstar(λ,M, t− τ, Z) dτ dM , (2.1)

where S(M, τ, Z) is the so-called stellar birthrate and lstar(λ,M, t−τ, Z) is the monochro-
matic luminosity of a star of mass M , age t− τ and metallicity Z(t).

It is convenient to separate S into the product of a pure function of mass φ(M),
the initial mass function (IMF) and the star formation rate (SFR) Ψ(t, Z), depending
on time. Equation 2.1 then becomes:

Ltot(λ, t) =

∫ t

0

Ψ(τ, Z)`SSP (λ, t− τ, Z) dτ , (2.2)

which represents a composite stellar population in terms of the sum of simple stellar
populations (SSPs), as seen at the different epochs and weighted by star formation
rate.

The function

`SSP (λ, t− τ, Z) =

∫ MU

ML

φ(M)lstar(λ,M, t− τ, Z) dM (2.3)

is the monochromatic luminosity of a simple stellar population at the epoch (t − τ).
A SSP is defined as an ensemble of coeval, initially chemically homogeneous single
stars, which is described by its age (t− τ), its metallicity Z and initial mass function
φ.

The observational analogues of simple stellar populations are star clusters, which
satisfy the coeval and chemical homogeneity requirements. On the other hand, galax-
ies are not SSPs, but can nevertheless be described as a convolution of many different
populations, characterized by different ages, metallicities, and even IMFs.

2.1.2 Isochrone synthesis

The theory of stellar evolution provides the bases to build the functions `SSP (λ, t −
τ, Z) and Ltot(λ, t): tracking the physical properties of stars through age, it is possible
to compute the relations connecting luminosity, effective temperature and age for any
star of given mass M and metallicity Z.

Evolutionary tracks describe (e.g. on the Herzsprung-Russel diagram) these prop-
erties as functions of the age of a single star of given (M,Z), while isochrones represent
a picture of stellar properties “frozen” at a given age t and metallicity Z, for any mass
M . An example of isochrones set by Bertelli et al. (1994) is shown in Figure 2.1.

Probably, the most complete and widely used library of theoretical isochrones pub-
licly available was computed by Bertelli et al. (1994). Others nowadays in usage are
that of Green et al. (1987), which was specifically built to study globular clusters, and
the one by Vandenberg et al. (1998).
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Figure 2.1: Isochrones in the color-magnitude diagram from Bertelli et al. (1994),
for a solar initial chemical composition. (a): turn-off mass larger than He-flash mass
MHeF ; (b) turn-off mass smaller than MHeF (no Helium flash occurs). Logarithmic
ages are labelled in each panel.

Throughout this thesis stellar models and simple stellar populations produced by
adopting the Padova (Bertelli et al., 1994) isochrones are used, since they have proved
to behave reasonably well in different circumstances (see for example Bruzual & Char-
lot, 1993, 2003), they are characterized by fine age spacing and finally they are easily
at our disposal. The Bertelli et al. (1994) isochrones were computed on stellar models
by Chiosi et al. (1988); Bressan et al. (1993); Fagotto et al. (1994a,b,c), accurately
dealing with all post main stellar sequence phases (AGB included), and taking into
account mass loss by stellar wind and convective overshoot from the core, on the
whole range from the zero age main sequence to the formation of white dwarfs or to
the carbon core ignition (accordingly to the initial mass of the star).

The luminosity emitted by a simple stellar population of age (t − τ) is computed
by summing the spectra of the stars populating the corresponding isochrone. While
the precise shape of an isochrone is defined by the physics assumed to compute the
theoretical evolutionary tracks, the proportions of stars in the different evolutionary
stages along the isochrone are set by the adopted IMF φ(M) and by the lifetimes of
stars in the various evolutionary phases.

In practice the SED of an isochrone is computed by dividing it in very small por-
tions (∆ logL/L� , ∆ log Teff ), called pseudo-stars, corresponding to (∆ logM/M� ,
∆ logG, ∆N), in the space of stellar physical parameters; the number of stars per
elemental interval of initial mass is defined as ∆N = φ(M)∆M . Integrating the
contribution of each pseudo-star along the whole isochrone, `SSP is derived, for any
metallicity and age.

Throughout this thesis, the individual spectra to be associated to the stars in each
isochrone element are extracted from Pickles (1998) spectral library, extended with
Kurucz (1993) atmosphere models (see later sections and Poggianti et al., 2001; Berta
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et al., 2003, for more details).

2.1.3 Initial Mass Function

The SSPs used in this thesis were obtained assuming the Salpeter (1955) IMF for
stars in the solar neighbourhood:

dN

dM
= φ(M) ∝M−x, (2.4)

where x = 2.35, integrated between 0.15 and 120 M�.

The spectral evolution of a SSP directly depends on the assumed IMF, among other
parameters; for comparison, Figure 2.2 shows Bruzual & Charlot (2003) study on the
differences in the resulting SSPs (B−V ), (V −K) and M/L between Salpeter (1955);
Scalo (1998); Kroupa (2001); Chabrier (2003) IMFs.

Figure 2.2: Differences in the time evolution of M/L and colors for simple stellar
populations, produced adopting various IMFs (from Bruzual & Charlot, 2003). Short-
dashed line is Salpeter (1955) IMF; solid line represents Chabrier (2003) IMF; long-
dashed Scalo (1998); dotted Kroupa (2001).

The Chabrier (2003) parametrization of the single-star IMF in the Milky Way disk
is given by:

φ(logm) ∝
{

exp
[

− (log m−log mc)
2

2σ2

]

for m ≤ 1 M�

m−1.3 for m > 1 M�

(2.5)

withmc = 0.08M� and σ = 0.69. For comparison Salpeter’s corresponds to φ(logm) ∝
m−1.35.
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Scalo (1998) and Kroupa (2001) laws are instead represented as:

φ(logm) ∝







m−0.2±0.3 for 0.1 ≤ m < 1 M�

m−1.7±0.5 for 1 ≤ m < 10 M�

m−1.3±0.5 for 10 ≤ m < 100 M�

(2.6)

and

φ(logm) ∝















m+0.7±0.7 for 0.01 ≤ m < 0.08 M�

m−0.8±0.5 for 0.08 ≤ m < 0.5 M�

m−1.7±0.3 for 0.5 ≤ m < 1 M�

m−1.3±0.7 for m ≥ 1 M�

(2.7)

respectively.

The assumption of Salpeter initial mass function systematically leads to higher
mass-to-light ratios, with respect to the other choices shown in the Figure, at any
SSP age. Consequently, for a given luminosity, the mass in stars provided by an SSP
of any age, shall systematically be higher for the Salpeter assumption; for example in
the Chabrier case, log(MSalp) ' log(MChab) + 0.2 holds.

In addition, consider that, however, here the Salpeter IMF was integrated between
0.15 M� and 120 M�, while Bruzual & Charlot (2003) example was built by integrating
between 0.1 M� and 100 M� IMF. It is straightforward to estimate the effect on
luminosity produced by this difference in the φ(M) integration limits; our SSPs are
intrinsically more luminous, with respect to those computed with Bruzual & Charlot
(2003) mass range, by a factor of:

`TW
SSP

`BC
SSP

=

∫ 100

0.1
m−1.35dm

∫ 120

0.15
m−1.35dm

= 1.162, (2.8)

where `TW
SSP and `BC

SSP are the SSP luminosities derived with the assumptions adopted
here and by Bruzual & Charlot (2003) respectively.

2.1.4 Evolved stars

The properties of a simple stellar population are governed by the fuel consumption
theorem (e.g. Chiosi, 2000): the contribution to the luminosity of a SSP, by stars
in any post main-sequence evolutionary stage, is proportional to the amount of fuel
burnt during that phase.

The lifetime of a star depends on its mass and chemical composition and is mostly
spent in the main sequence phase, when hydrogen “burns” in the stellar core. The
turn-off mass MTO for a simple stellar population of given age t, is defined as the mass
of the stars at the core hydrogen exhaustion stage; all stars with mass M < MTO are
still lying on the SSP main sequence, while stars with M > MTO have started their
post main sequence evolutionary phases. The turn-off mass is a function of age and
composition, as well.

The rate of stars leaving the main sequence is given by:

b(t) = φ(MTO)ṀTO, (2.9)
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Figure 2.3: Ratio between the mass locked in stars and the initial stellar mass, for a
SSP with solar composition and Salpeter IMF, as a function of age.

where φ is the IMF and ṀTO is the rate at which the turn-off mass changes, as a
function of SSP age (provided by stellar-evolution models).

The function b(t) represents the evolutionary flux of the population and is indepen-
dent on the considered evolutionary stage: it assumes almost the same value for stars
entering or leaving any post main sequence stage as well as leaving the main sequence
itself, and depends on age only, given the small mass range covered by post-MS phases.

The number of stars in any j-th evolutionary stage, is hence given by:

Nj = b(t) × tj (2.10)

The total luminosity of a SSP can be split in two different contributions, belonging
to the main-sequence and post-MS, thus obtaining the formal description of the fuel
consumption theorem:

`SSP = `MS + `PMS =

∫ MTO

ML

lstar(M)φ(M) dM +
∑

j

njlj (2.11)

with meaning of symbols similar to Eq. 2.3.

The evolutionary flux of the SSP at the given epoch can be used also to estimate the
fraction of stars in “dead” stages, such as white dwarfs, neutron stars, black holes,
which do not significantly contribute to the integrated spectrum of the population
anymore. Equation 2.10 can be used to compute the number of such objects and
correct the mass-to-light ratio for the SSP at any given age. Figure 2.3 shows the
fractional mass locked into stars, with respect to the initial mass, for a SSP of solar
metallicity and Salpeter IMF (data courtesy of A. Bressan; cf. also Portinari et al.,
2004).
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Figure 2.4: Evolution of SSPs spectra as a function of age, in the case of solar chemical
composition. Ages are labelled in Gyr. See text for details.

2.1.5 The adopted Simple Stellar Populations

As mentioned before, the simple stellar populations adopted in this thesis have been
computed by assuming a Salpeter initial mass function (IMF) between 0.15 and 120
M�. Each zero-age SSP then evolves in time, using Padova 1994 isochrones of different
ages. In this thesis we shall indifferently refer to “SSPs” as to the zero-age populations,
the evolved phases of SSPs frozen at any age, or their spectra.

The spectral energy distributions of the SSPs, used here, have been computed by
Dr. A. Bressan at Padova Astronomical Observatory and generously provided for the
studies developed in this work.

As for the stellar spectra, the Pickles (1998) spectral library was adopted, after
extending its atmospheres with Kurucz (1993) models outside its original range of
wavelengths, which was from 1150 Å to 25000 Å. Young evolutionary phases have
been described by means of CoStar spectra (Schaerer & de Koter, 1997), taking into
account stellar winds for massive stars, while Wolf Rayet spectra by Schmutz (1991)
were used.

Afterwards stellar SSPs spectra have been treated with the ionization code CLOUDY
(Ferland, 1996), in order to include the absorption and emission from gaseous nebulas
surrounding the stellar populations. This affects basically only young stars, which are
still embedded into the molecular clouds where they were born. All stellar populations
older than ∼ 5 107 yr have already escaped this thick medium nebulas.

The composite spectra, including both photospheric stellar and nebular (line and
continuum) emission, have been obtained with CLOUDY, assuming ionizing star clus-
ters of masses 104 − 105 M�, surrounded by gaseous nebulas of radius 15 pc, density
ρ = 10 − 100 [cm−3] and same chemical composition as the SSPs.

This procedure provides a reliable description of simple stellar generations from 90
Å, up to a wavelength of ∼ 5 µm (restframe), with a medium spectral resolution of 3
Å. Beyond this wavelength, dust emission becomes typically no longer negligible.



18 CHAPTER 2. SPECTRO-PHOTOMETRIC SYNTHESIS OF GALAXIES

Figure 2.4 shows the spectral energy distribution of a solar metallicity SSP at var-
ious ages. The spectral evolution of a SSP can be described in terms of the evolution
of its stellar content. For an age of 106 [yr], the spectrum is completely dominated by
young massive stars with short lifetimes. The strong ultraviolet emission, which char-
acterizes the stars of early spectral types, heavily ionizes the thick gaseous medium
surrounding them; hence emission is suppressed at short wavelength (λ < 1000Å)
and bright emission lines are emitted in the optical and near-IR domain. For ages of
approximately 107 yr, the most massive stars leave the main sequence and evolve into
red supergiants, causing the decrease of ultraviolet light and nebular emission lines,
while the near-IR emission increases. At ∼ 5 107 years, the molecular clouds where
stars were born have almost completely disappeared. Between ages of few 108 and
∼ 109 yr, Asymptotic Giant Branch (AGB) stars rule the near-IR emission of SSPs,
while UV light continues to decline, as the turn off mass of the isocrone decreases.
After a few 108 yr, red giants dominate the near-IR emission; post-AGB and AGB-
manquè stars produce strong UV photons, not absorbed by any galaxy component,
and the far-UV emission of the SSP increases up to the end of evolution (∼ 13 Gyr1).
It is interesting to note that the optical and near-IR spectral shape remains almost
constant for all ages older than 4 Gyr; this property is mainly due to the fact that
low-mass stars evolve within a narrow temperature range from the main sequence up
to the tip of the AGB.

Concerning spectral features, it is worth mentioning the evolution of some absorp-
tion lines, as a function of SSP age. Between 108 and 109 yr, a clear strengthening
of all Balmer absorption lines is shown; this is the signature of late-B, A and early-F
stars, and is usually interpreted as the tracer of recent bursts of star formation in
galaxies. Within the same age range, a large number of metallic absorption lines
become prominent in cool stars, blueward of 4000 Å, transforming the Balmer-break
(3646 Å) into the so-called D-4000 break. Other well-known absorption lines, such as
the Mgii doublet at λ ' 2798 Å and the Caii H and K lines at λ ' 3933, 3968 Å,
tend to become more and more prominent with increasing age, since they are typical
of late-type stars. Anyway, their strengths depend on the chemical abundances of the
elements they belong to.

Finally we recall that emission lines, which are brightest for very young phases and
progressively decrease their intensity up to few 107 yr, when they fade completely, are
a good tracer of ongoing stellar formation and are normally used as diagnostics for
estimating both the rate of such activity and the amount of gas and dust depressing
the blue end of galaxy spectra.

The strengths of many absorption lines vary significantly in the age range between 4
and 13 Gyr, while the continuum shape does not; since these absorption features evolve
differently as a function of age or metallicity, they are, in principle, powerful tools to
break the age-metallicity degeneracies in the interpretation of galaxies spectra. The
bulk of studies carried out during this thesis work deals mainly with observed broad
band spectral energy distributions of galaxies, which do not provide any information
on those spectral features needed to break this degeneracy. As it will be subsequently
discussed (see Chapter 4), one of the main topics of this work, the estimate of the

1with the adopted cosmography (see Chapter 1), the age of the Universe corresponds to ∼ 13.6
Gyr
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stellar mass content of a high-redshift galaxy and its uncertainty, barely depends on
the detailed assumption for metallicity.

2.1.6 Continuum emission of composite stellar populations

When convolving many SSPs evolutionary phases, in order to build the synthetic SED
of a galaxy, the mean age of the resulting spectrum can be defined as the representative
age of the stars that provide the light of the composite stellar population:

t =

∫ t

0
τ `SSP (τ)SFR(t− τ) dτ

Ltot(t)
(2.12)

It is well established (e.g. Tinsley & Gunn, 1976; Buzzoni, 1995) that the evolution
of SSP luminosity with age can be described by a simple power law:

LSSP (λ, t) ∝ t−αλ (2.13)

where the power index α depends on wavelength. The general trend of models is
clearly of increasing luminosity in the past; this is quite trivially understood, since in
a single burst stellar population (i.e. a SSP) the number of luminous stars decreases
with age, as bright massive ones die and are no longer replaced.

The value of the α index depends on wavelength, on the assumed IMF and on the
age of simple stellar population considered. Regarding the latter, actually α assumes
different values when main sequence (MS) or post-MS stars are concerned, according
to the “fuel consumption theorem”: for example typical values for Salpeter IMF and a
13 Gyr old SSP range between 0.86 and 0.46 for MS and PMS respectively (concerning
bolometric luminosity; see Buzzoni, 1995).

An example of the dependence of the power index α on wavelength, as obtained
by simply differentiating equation 2.13, is shown in Figure 2.5, for a simple stellar
population of our set, evolving between 0.1 and a 12 Gyr.

At wavelengths where αλ ≥ 1, the luminosity of a SSP fades rapidly with time;
this happens shortward of 4000 Å, in the blue part of the electromagnetic spectrum.
Consequently, in this spectral domain it is possible to sample the light emitted by
young populations. Being characterized by small M/L ratios (see Fig. 2.2, lower
panel), the latter provide a negligible contribution to the stellar mass of the galaxy,
even if dominate over old stars from a luminosity point of view. This property of αλ

testifies that the UV and blue light emitted by galaxies promises to be a good tracer
of the ongoing stellar formation; nevertheless it is affected by strong dust-extinction,
which causes UV emission to be a very problematic SFR indicator.

On the other hand, where αλ < 1, LSSP survives over longer cosmic times and
it is then possible to study the properties of older stellar populations; this holds in
particular in the near-IR. Since the lives of very massive hot stars are very short,
this spectral domain samples the light emitted by low-mass stars, which dominate the
mass assembly of typical galaxies.
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Figure 2.5: Dependence of the SSP time-evolution power index αλ on wavelength for
a 0.1 and 12 Gyr old SSP, assuming a Salpeter IMF.

2.2 Generating the synthetic spectra and compar-

ing them to observed data

In order to investigate the natures and star formation histories of different classes of
galaxies, their observed SEDs are compared to synthetic spectra. In this way, it is
also possible to put some constraints on their stellar content and estimate the amount
of dust extinguishing their emission, etc.,

The synthetic emission of galaxies has been modeled by developing a new automatic
analysis tool, in collaboration with J. Fritz (Padova Astronomy Department) as an
upgrade of the spectral synthesis code by Poggianti et al. (2001). It had been modified
on the computational side, in versatility and improved user-interface. The study of
multi-wavelength low-resolution SEDs has been extended on the whole range from the
UV to the sub-mm and including the possibility to combine the study of photometric
and spectroscopic data together.

Each observed SED is modeled as a combination of a set of simple stellar popula-
tions (SSPs) of different age (see Section 2.1.1); each i-th SSP is meant to represent a
formation episode of average constant star formation rate (SFR) over a suitable time
period ∆τi; then the relation

Ltot(λ, t) =

NSSG
∑

i=1

`SSP (λ, t− τi, Z)i±1/2Ψi±1/2(τi, Z) ∆τi (2.14)

translates Eq. 2.2 into a discrete form. The notation i± 1/2 stands to highlight that
the given term is averaged on the period ∆τi, centered at time τi (Bressan et al.,
1994). The number NSSG of spectra to be summed depends on the age of the galaxy
(composite stellar population) and on the time spacing adopted when tracing the
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evolution of the SSP with age; each i-th stage in the evolution of the composite
stellar population is characterized by an age τi and a duration ∆τi.

The SSPs library at our disposal consists of one set of spectra, obtained following
the evolution of populations with low age-resolution, including 14 isochrones in the
age interval 0.001 − 13 Gyr, and one high resolution set of 55 SSP phases in the
same range. Recently a new set with very fine time monitoring has been produced,
consisting of 110 age steps.

Each simple population is assumed to be extinguished by dust in a uniform screen,
adopting the standard extinction law of the diffuse medium in our Galaxy (RV =
AV /E(B − V ) = 3.1 Cardelli et al., 1989). While a more complex picture of the ex-
tinction cannot be excluded, many authors have however shown that the foreground
homogeneous screen model best agrees with emission lines ratios observed in star form-
ing and normal galaxies (e.g. Calzetti et al., 1996), when compared to other geometries
(e.g. clumpy screen or homogeneous mix of dust and stars). Recently, Poggianti et al.
(2001) have shown that, in the case of obscured starbursts, the characteristics of the
observed spectra require a significant amount of foreground dust (screen model) to
be taken into account. In fact for a simple uniform mixture of dust and stars, an
increase of the obscuration does not yield a corresponding increase in the reddening
of the spectrum: E(B−V ) saturates to a value of ∼ 0.18, which is too low to account
for the observed ratios of hydrogen emission lines.

The color excess E(B − V ), provided by extinction, is allowed to vary from one
stellar population to another, and the total spectrum is built up by summing the ex-
tinguished spectral energy distributions of all generations. However, in consideration
of the fact that high extinction values are found only for the young stellar popula-
tions embedded in thick molecular clouds and that disk populations are on average
affected by a moderate AV (≤ 1, e.g. Kennicutt, 1992), the E(B − V ) values for the
populations with ages ≥ 109 yr have been typically limited to be smaller than 0.20.

Including extinction, we can re-write Eq. 2.14 in the form:

Lunext
λ,i = `SSP

λ,i · SFRi · ∆τi (2.15a)

Ltot(λ) = Lsynth,unext
λ =

NSSP
∑

i=1

Lunext
λ,i (2.15b)

Lsynth,ext
λ =

NSSG
∑

i=1

(

Lunext
λ,i · 10−0.4

Aλ
AV

AV,i

)

(2.15c)

where the dependence on the ages t and τ of the simple and composite stellar popula-
tions has been omitted. The sums are intended over theNSSG single stellar generations
of stars (taking into account the omitted t and τ , see Eq. 2.14); Lunext

λ,i and AV,i are
respectively the unextinguished spectrum weighted by SFRi and the extinction value
for the i–th SSP, `SSP

λ,i is the unextincted luminosity of the i–th SSP normalized to

1 M�, ∆τi is the duration of the i–th SSP and finally Aλ

AV
is the given extinction

law. Finally Lsynth,unext
λ and Lsynth,ext

λ represent the composite synthetic spectrum,
not extincted and extincted respectively.
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The total mass of the synthetic galaxy is simply given by:

Mtot =

NSSG
∑

i=1

SFRi · ∆τi, (2.16)

but is not corrected for the fraction of dead stars which do not contribute to the
emitted spectrum anymore. The appropriate correction to the stellar mass of each i-
th phase in the evolution of the galaxy, is obtained from the function M∗(τ)/M∗(ini),
as defined in figure 2.3.

The resulting spectrum is corrected for cosmological dimming and shifted to the
redshift of the observed galaxies, by applying the k-correction:

Sν =
Lν

4πd2
L

K(ν, z) (2.17a)

K(ν, z) = (1 + z)

∫ ν2

ν1
L[ν(1 + z)]T (ν)dν
∫ ν2

ν1
L(ν)T (ν)dν

(2.17b)

where K(ν, z) is the k-correction factor; T (ν) is the filter transmission function and
dL is the luminosity distance at the given redshift, provided by the relation(2) (Carroll
et al., 1992):

dL[Mpc] =
c [km s−1]

H0 [km s−1Mpc−1]
(1 + z)

∫ z

0

dz′
√

Ωm (1 + z)3 + ΩΛ

(2.18)

In order to properly compare model and data, the synthetic spectrum is normalized
to one of the observed photometric fluxes, which works like a pivot. For example,
supporting the aim of estimating the stellar mass content in galaxies through the
spectro-photometric synthesis, it is widely accepted that the near-IR restframe emis-
sion of galaxies is dominated by low-mass stars (see Section 2.1.6), which provide the
bulk of its stellar mass assembly.

Normalizing and shifting the synthetic spectrum to the correct cosmological dis-
tance, it is then straightforward to compare it to the N observed data and build the
Merit Function:

χ2 =
N

∑

i=1

(

Sobs
i − Smod

i

σobs
i

)2

, (2.19)

which tests the accuracy of the given fit and will be minimized by the Adaptive
Simulated Annealing (ASA) algorithm. The quantities Sobs

i and Smod
i are the observed

and the synthetic fluxes, as respectively measured and computed through the i-th
photometric filter; σi is the uncertainty associated to the i-th observed flux. The free
parameters varying during the minimization procedure are given by the star formation
and extinction histories of the model.

2Note that this equation is valid if and only if (Ωm + ΩΛ) = 1, otherwise one should introduce
the variable Ωk, so that (Ωm + ΩΛ + Ωk) = 1. In this case the square root in the integral becomes:

E (z) =

√

Ωm (1 + z)
3

+ ΩΛ + Ωk (1 + z)
2

(see Peebles, 1993).
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2.3 History of Stellar Formation

In order to build a composite stellar population the stellar birthrate must be defined.
Different choices for the initial mass function φ(M) have already been discussed, while
the behavior of SFR Ψ as a function of time has not been described yet.

The SFR directly depends on the amount of gas converted in stars in the galaxy; on
the bases of galaxy formation infall theory and chemical enrichment recipes, Schmidt
(1959) argued that it varies as a power law of the density of interstellar gas (see also
Tinsley, 1980):

Ψ(t) =
dρ∗
dt

= −dρgas

dt
= Ψ0ρ

n
gas (2.20)

where ρ∗ and ρgas are the mass densities of stars and gas in the galaxy, and 1 ≤ n ≤ 2.

Although Schmidt originally focused on different regions within our own Galaxy,
this relation has been used to interpret observations of the global star formation rates
in different galaxies. Kennicutt (1998a,b) presents a review on star formation histories
in galaxies, showing that a power index n = 1.4 provides the best fit to a wide set
of observed data, spanning 5−6 orders of magnitude in gas and SFR densities, over
physical conditions ranging from the outskirts of normal disks to the central engines of
infrared-luminous starburst galaxies. Kennicutt in fact showed that a simple Schmidt
(1959) power law provides an excellent parametrization of the SFR, suggesting that
the gas density is really the primary determinant of the SFR on these scales.

The value n = 1.4 is in agreement with theoretical expectations, for self-gravitating
disks (e.g. Larson, 1992): if the star formation rate can be written in the form Ψ(t) ∝
ρgas

tc
, with tc being the characteristic time for star formation, and if tc is proportional

to the dynamical free-fall time in the gas, tc ∝ τdyn ∝ ρ
−1/2
gas , then n = 1.5.

In the instantaneous recycling approximation, and closed-box model (constant total
mass), taking n = 1, the Schmidt’s SFR can be solved analytically, leading to the so-
called µ-model: Ψ(t) ∝ exp(−t/τ), with timescale τ = 1/Ψ0. If these assumptions
do not apply (e.g. in case of n 6= 1), a more general parameterization of SFR as a
function of time is used:

Ψ(t) ∝ tγ × e−t/τ1 , (2.21)

which includes a power-law ignition of star formation rate and a subsequent exponen-
tial decline, as prescribed by the simple Schmidt n = 1 case.

The description of Ψ(t) over the whole lifetime of the given galaxy is usually ad-
dressed to as its History of Star Formation (SFH).

2.3.1 Implementation of the Schmidt law

A continuous star formation history through the age of galaxies is simulated by adopt-
ing the fine age-spacing SSPs library.

In order to describe as many different types of sources and physical environments as
possible, the SFH of galaxies is represented with the general superposition of Eq.2.21
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and an exponential burst:

SFR(t) = SFR1(t) + A · SFR2(t) (2.22a)

SFR1(t) =

(

tg − t

tg

)γ1

· e−
tg−t

τ1tg (2.22b)

SFR2(t) =

(

t0 − t

t0

)γ0

· e−
t0−t

τ0t0 (2.22c)

A = β0 ·
M(SFR1)

M(SFR2)
. (2.22d)

The epoch of formation of the galaxy (i.e. when the first stars shone) is given by the
parameter tg; t0 sets the ignition time of the burst; τ1 × tg is the e-folding time for
the exponential decay of the quiescent SFR; τ0 × t0 is the e-folding time for the burst;
γ1 and γ0 are the slopes of the power-law SFR climb for the quiescent component
and the burst; β0 is the ratio between the stellar mass produced by the burst and
that already formed in the galaxy (e.g. in an old disk) at the time of the burst; M
represents the total stellar mass assembled by the quiescent component (SFR1) or
the burst (SFR2). Figure 2.6 shows the effect of varying γ1 and τ1, having fixed all
other quantities.

This form for the SFH allows one to deal with most types of sources, ranging from
quiescent ellipticals to dust-embedded starbursts.

If A = 0, then a simple Schmidt law with no additional bursts is assumed: this
case applies to quiescent disky and elliptical galaxies. It is common wisdom that the
properties of local ellipticals/S0s may be reproduced by one suitable Simple Stellar
Population with old age, but on the other hand in several cases there are hints for the
presence of a blueing of colors, often caused by the presence of a younger population,
representative of a partial rejuvenation episode occurred in the recent past. The
Schmidt law ensures the possibility to include intermediate-age and young phases in
the SFH, by simply setting τ0 to the appropriate value. On the other hand pure red
ellipticals can be modeled with very short e-folding times of the exponential decay and
old tg. Disk galaxies typically require young populations or moderate tg to account
for their bluer colors.

Conversely, ongoing star formation in active starbursts is modeled by introducing
a secondary young burst in the SFH (A 6= 0). Young stars provide both the main
contribution to the blue colors observed in starbursts galaxies and the ionizing photons
required to produce strong nebular emission lines, in the gaseous medium surrounding
them. Dust, which is associated to the molecular clouds embedding early type stars,
significantly absorbs the light emitted by the young SSP at short wavelengths, and
reprocesses it to lower energy light, emitted in the mid- (5 − 20 µm) and far-IR
(λ = 20 − 500 µm).

2.3.2 Fully free-form SFH

As an alternative, the SFRs weighting the different phases in the SSP evolution, in
galaxy build-up, can be set up independently of each other, instead of following a well
defined analytic law. This approach allows to deal with the most general physical
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Figure 2.6: Effect of varying the γ1 and τ1 parameters of the simple Schmidt SFH
law, without any secondary burst. All other parameters have been fixed: tg = 109 yr,
A = 0.

situations as possible, including multiple bursts of star formation in the history of
galaxy’s life.

The fully free-form approach is therefore characterized by a completely discrete
SFH: the age range 0 − 13 Gyr is split into 14 phases, by assuming the low time-
resolution SSP set; each phase represents a burst of stellar formation extended over
the time ∆ti, centered at its age ti. Every burst is completely independent from all
the others: each SSP phase is weighted by a SFR completely independent on any
other and absorbed by a different amount of dust (see next section).

This approach is ideal in the case of extreme starbursts galaxies: this class of sources
is characterized by the ignition of different bursts of stellar formation during their lives,
for example triggered by interaction with other neighboring objects. Their geometries
are often very complex or distorted, showing evidences of completely different locations
for young populations embedded in thick dusty environments, and old stars (e.g. the
amazing Antennae galaxy).

2.3.3 Extinction as a function of age

Extinction, as well as SFR, varies from one population to another and its history can
assume different forms:

1. in the case of discrete SFH, each SSP phase in the life of the galaxy is ex-
tinguished by a different amount of dust; E(B − V ) is assumed completely
independent of age, apart for monotonicity, increasing towards young ages;

2. in case a Schmidt-like SFH is adopted, the color excess of each population is
given by:

E(B − V )(t) = E(B − V )|0 + E(B − V )|1 ·
(

t0 − t

t0

)α

· e−
t0−t

βt0 (2.23)
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where E(B − V )|0 is the color excess of the old disk, E(B − V )|1 that of the
dominating stellar population at the time of the burst, and α < 0. If E(B −
V )|1 = 0, then E(B − V ) is constant through the whole history of the galaxy.

2.4 The far-IR emission

If a Luminous Infra Red starburst galaxy is concerned, it is possible to include a
new constraint in the Merit Function, by describing the mid- and far-IR bolometric
emission of the ongoing star forming burst.

In fact the young generation of stars, which are currently produced in the burst of
star formation, is still embedded within the thick molecular clouds and dusty envi-
ronments where it was born. Dust extinguishes the bulk of the ultraviolet (UV) and
optical light emitted by the young stars, hiding the starburst at these wavelengths,
but re-processes the absorbed energy to lower frequencies and re-emits it in the mid-
and far-infrared.

Assuming that all of the light absorbed in the UV-optical emerges in the IR, the
amount of extinction affecting the young SSPs can be constrained, by including MIR
and FIR data in the minimization. Since the solution of the transfer equation goes
beyond this simple spectral synthesis approach, we are not attempting to model the
IR emission directly computing dust-heating from absorption. Conversely the code
assumes that the starburst IR light is emitted in the spectral shape of a typical
template.

Elbaz et al. (2002) have shown that tight nearly linear correlations between the
observed mid-IR emission and the bolometric FIR luminosity of local IR galaxies
hold over ∼ 4 orders of magnitude in LIR (between 109 and 1013 L�), involving IRAS
12 µm and ISO LW2, LW3 (6.7 and 15 µm) observed fluxes. Figure 2.7 has been
taken from their work and shows these correlations.

From the Figure, one can also observe that the nearby starburst M82, with LIR '
3.3 1010 L� is lying in the middle of Elbaz et al. (2002) correlations; this property
makes M82 a potential prototypical galaxy, representative of dusty starbursts. Objects
not following Elbaz’s relations, e.g. the ULIRG Arp 220, are characterized by a much
more strong and peaked FIR emission and dust self-absorption (Rigopoulou et al.,
1999; Haas et al., 2001). Adopting an extreme galaxy IR template would produce
higher bolometric infrared luminosities for a given mid-IR flux, and therefore would
require very high extinction values for those SSPs contributing to the FIR emission.
While such an extreme scenario might be consistent with the observed properties
of obscured sub-mm sources at high redshift, lacking optical counterparts (e.g. the
galaxies discovered by SCUBA a z ∼ 3), we prefer to adopt the fairly conservative
choice of an M82-like template to model the IR SED of “normal” starburst galaxies.

The synthetic bolometric IR emission is computed as the difference between the
total un-extinguished Lsynth,unext

λ and extinguished Lsynth,ext
λ spectra, as defined by

equations 2.15b and 2.15c:

Lsynth
FIR [erg s−1] =

∫ 5µm

90Å

(

Lsynth,unext
λ − Lsynth,ext

λ

)

dλ (2.24)
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Figure 2.7: Correlation between mid-IR fluxes and bolometric far-IR luminosities for
starbursts (from Elbaz et al., 2002).

As mentioned above, this assumption is based on the hypothesis that all the UV-
optical radiation absorbed by the extinguishing medium is reprocessed by dust and
re-emitted in the far-IR, specifically between 8 and 1000 µm.

The “observed” bolometric FIR luminosity is, on the other hand, computed by
reproducing the observed flux in one IR band (be it mid- or far-, called FIR reference
filter, λref,FIR) with the adopted IR template spectrum and then by estimating its
bolometric IR emission.

Lobs
FIR [erg s−1] =

∫ 1000µm

8µm

Ltempl
λ ·

Fλref,FIR

Stempl
λref,FIR

dλ (2.25)

where Ltempl
λ is the template SED; Fλref,FIR

and Stempl
λref,FIR

are the observed and template
fluxes within the FIR reference filter; The latter is computed by integrating equation
2.17b over ν within the FIR reference filter.

Technically, the best fit, concerning the far-IR bolometric luminosity only, is found
when “observed” and synthetic IR bolometric luminosities are matched.

2.5 Parameter space exploration with the Adap-

tive Simulated Annealing (ASA)

The technique generally adopted, in order to fit observed SEDs and spectra of galaxies
by means of spectral synthesis models, is to generate a large grid of galaxy models,
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characterized by different ages and star formation histories, and compare all of them
to observed data. This method suffers for the large dimensions of the grid required in
order to widely explore the parameter space, in particular when introducing secondary
bursts into the star formation history, or when using a fully free-form approach. Con-
sequently, very long computational time is required, both for building the grid of
synthetic models and for comparing the grid to observed data.

As an alternative, Fritz (2001) implemented the Adaptive Simulated Annealing
algorithm (ASA Ingber, 1989, 2001) for exploring theN–dimensional parameter space,
in order to significantly improve computational efficiency.

The pre-defined grid of models is abandoned: for each galaxy the code enters a loop
where randomly generates a wide set of models and compares them to the observed
fluxes. At each cycle, one single model is produced and the differences between model
and data are computed. The best fit is sought by minimizing the Merit Function (Eq.
2.19).

The free parameters, which define the synthetic spectrum (i.e. the form of the
Schmidt law, or the SFR and E[B − V ] for each stellar population, in case of a
free-form approach) vary from one step to the following. The new values are not
completely random, but they are constrained by the ASA algorithm principles (see
below), which account for the variation of the Merit Function.

In the most general case there will not exist a unique minimum of the Merit Func-
tion, but rather a large number of relative minima. The Adaptive Simulated Annealing
algorithm is very well suited to search for a solution as close as possible to the absolute
minimum, avoiding local minima.

The heart of the Simulated Annealing method is the thermodynamic analogy with
cooling metals: at high temperatures each molecule moves with respect to the others,
but when T slowly decreases its mobility is gradually lost and matter eventually
enters a pure crystalline configuration. If the cooling process is slow enough, metals
can spontaneously reach this minimum energy state.

The function to be optimized can be considered similar to the total energy of the
system. The Boltzmann probability distribution

PE ∼ e−
E

KT (2.26)

shows that even at thermal equilibrium – with temperature T – a non-zero probability
to find the system in an energy state higher than KT does exist. Consequently it is
possible for the system to move from the energy local minimum to an excited state
and subsequently evolve to a lower energy level than at the beginning.

Following this analogy, the optimization process starts from a given state in the
N -dimensional parameter space and then evolves from E1 to E2; the probability of

this transition is P12 = e−
E2−E1

KT . If E1 > E2, then P > 1: the system always moves
towards lower energy states, even if a non-zero probability to increase its energy does
exist. On the other hand, low values of temperature and large energy increments
mean low probabilities for the system to evolve uphill.

Another qualitative way to visualize how the ASA algorithm works is the explo-
ration of a highlands terrain in search of the lowest point between all of its hills and
valleys. The search is comparable to a ball jumping over the hills and down to the
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valleys: the higher the temperature is, the higher the ball will jump, passing over the
highest mountains and checking for other, possibly lower, minima (valleys).

When searching for global optimum of the N–dimensional function under study
through Simulated Annealing, the system evolves both up- and down-hill, trying to
focus in the most promising area (i.e. where the absolute minimum is likely to be
found), avoiding local minima.

In order to converge, at each i-th iteration, the temperature of the system is adapted
according to the relation T (i + 1) = RT · T (i). The adopted value for RT is 0.85, as
suggested by Corana (1987).

As T declines, moves to excited energy states are suppressed and the algorithm
focuses on the most promising area for optimization. On the other hand, when a deep
minimum is found, these ranges are increased, in order to avoid the system to lag on
it: hence the algorithm becomes Adaptive.

Minimization ends when the χ2 value decreases by less than the Tolerance set by the
user. Degeneracies in the star formation history and extinction parameter space are
discussed in Chapter 4, concerning the analysis of broad-band SEDs of high redshift
galaxies.

Further information on the ASA algorithm can be found at the URL
http://www.ingber.com/.
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Chapter 3
The IRAS view of the local
Universe: multi-wavelength
study of nearby ULIRGs

One of the most relevant successes from extragalactic observations at mid- and far-
infrared wavelengths was the discovery of the class sources known as infrared galaxies:
objects emitting the bulk of their bolometric luminosity in the infrared (∼ 5−500 µm)
spectral domain. The first all-sky survey at far-infrared wavelengths, carried out in
1983 by the Infrared Astronomical Satellite (IRAS), resulted in the identification
of tens of thousands of galaxies, which previously never appeared into any optical
catalog, being too faint to be detected at short wavelengths. It is now clear that the
main reason of such a high rate of blank-field detections in the IRAS all-sky survey,
was that the majority of the most luminous galaxies in the Universe emit more energy
in the far-infrared than at all the other wavelengths combined.

Understanding the nature of the energy source in this population has major cos-
mological implications. Indeed these sources could be the local analogues of the
high redshift objects discovered with SCUBA on the James Clerk Maxwell Telescope
(JCMT) and the Infrared Space Observatory (ISO), which dominate the far-IR and
sub-mm background. The brightest, low-redshift, luminous and ultra-luminous in-
frared galaxies can be considered a good “laboratory” where to test our knowledge of
the physical phenomena ruling galaxies in the high-z universe.

Many of the questions raised about local bright IR galaxies can be asked about
the high redshift far-IR/submm sources: what amount of dust absorbs the starburst
emission? which are the effects of selective extinction? what is the role of AGN?
how do the systems evolve after the (ultra)luminous IR phase? what is the role of
the neighboring environment? what are the details of the mergers-starburst-AGN
connection? Observations of local Ultra Luminous Infra Red Galaxies (ULIRGs) not
only answer questions about the local sources, but can also illuminate larger issues
concerning high-redshift objects, responsible for 50% or more of the star formation in
the universe.

In this Chapter we present a set of data featuring local luminous and ultra-luminous
infrared galaxies, at different wavelengths, covering the optical, near-IR, mid-IR and
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far-IR spectral domains. We examine various troublesome topics in the analyses of
spectra and broad band spectral energy distributions of infrared galaxies, such as
the presence of dust layers strongly extinguishing optical starlight, difficult to be
described in terms of simple geometries; AGN and starburst co-existing components,
contributing to infrared emission; etc. IRAS local ULIRGs are an excellent laboratory
for studying the problems involved in the analysis of those distant galaxies discovered
by ISO deep surveys, and powering the bulk of the Cosmic Infrared Background.

3.1 Infrared Galaxies, before IRAS

The first infrared galaxies, emitting as much energy in the infrared as in the optical
spectral domain, were identified by the first mid-infrared observations of extragalac-
tic sources (e.g. Low & Kleinmann, 1968; Kleinmann & Low, 1970). Ground-based
mid-IR observations of optically and radio selected sources identified several objects,
which appeared to emit most of their luminosity in the infrared, including luminous
starbursts, Seyferts, and QSOs. Several more accurate studies of larger samples of
Seyfert and spiral galaxies (e.g. Rieke & Low, 1972) revealed their infrared emission
to be the dominating energy source for their nuclei; these studies also identified sev-
eral “ultrahigh” infrared luminous galaxies, whose extrapolated far-IR luminosities
rivaled the bolometric luminosity of QSOs. A tight correlation between the 21-cm
radio continuum and 10 µm infrared fluxes had already been established for “Seyfert
and related galaxies”, but its relevance for determining the nature of the dominant
energy source was not yet understood.

The first quantitative evidence that the infrared emission from Seyferts was not
direct synchrotron radiation was derived from systematic monitoring of the archetypal
Seyfert 2 galaxy NGC 1068, at 10 µm flux. The galaxy revealed no signs of variability
at this wavelength and its IR could be easily explained by models of thermal re-
radiation from dust (Stein et al., 1974; Rees et al., 1969). More extensive mid- and far-
infrared photometry of larger samples of Seyferts, starbursts, bright spirals followed,
showing that the infrared excess was a common property of extragalactic objects, and
that the shape of the infrared continuum in most of these sources, with the possible
exception of Seyfert 1 galaxies and QSOs, could be best understood in terms of thermal
emission from dust. If star formation seemed to be the obvious explanation for the
dominant energy source in normal spirals and starbursts, a dust-enshrouded active
galactic nucleus (AGN) was the accepted model for Seyferts and QSOs.

A class of objects that has proven to be significantly related to Luminous Infrared
Galaxies (LIRGs) consisted of interacting and peculiar galaxies (e.g. Arp, 1966; Zwicky
& Zwicky, 1971, catalogs). The famous papers by Toomre & Toomre (1972) and Lar-
son & Tinsley (1978) focused the community attention to the role of interactions in
triggering extreme nuclear activity and starbursts. Fosbury & Wall (1979) suggested
that systems identified as ongoing mergers by Toomre (1977) would have been ex-
ceptionally radio-loud, and Heckman (1983) effectively found that these and similar
systems were ∼ 8 times more likely to be radio-loud than single isolated spirals with
comparable total optical luminosity. In any case the source of this enhanced radio
activity was not identified, being not clear if powered by an AGN or a starburst.
Moreover, surveys of interacting galaxies in the mid-infrared (e.g. Lonsdale et al.,
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1984) revealed an enhancement of infrared emission in interacting systems (typically
by factors of ∼ 2 − 3), when compared to isolated galaxies; Joseph & Wright (1985)
selected a sample of advanced mergers from the Arp atlas with extremely strong mid-
infrared emission, which they described for the first time as ultraluminous infrared
galaxies; they argued that super starbursts may represent a standard phase in the
evolution of the majority of galaxy mergers.

3.2 The galaxies uncovered by the IRAS mission

The Infrared Astronomical Satellite (Neugebauer et al., 1984) was the first instrument
with enough sensitivity to detect large numbers of extragalactic sources in the infrared
spectral domain. IRAS surveyed ∼96% of the sky, producing the IRAS Point Source
Catalog (PSC, first release in 1988), down to the completeness limit of ∼ 0.5 Jy at 12
µm, 25 µm, and 60 µm, and ∼1.5 Jy at 100 µm. It contained ∼20,000 galaxies; the
majority had never been included in any catalog before.

A detailed review on luminous infrared galaxies, including IRAS discovery and
consequently associated studies is provided by Sanders & Mirabel (1996), who report
the definition of infrared luminosities as LIR, integrated between 8 and 1000 µm and
LFIR in the 40 − 500 µm range.

de Jong et al. (1984) reported on the study of a sample of 165 galaxies selected
from the Shapley-Ames optical catalog: even if some objects had extreme infrared
properties, the vast majority were modest infrared emitters. IRAS detected all late-
type spirals (Sb, Sd) and irregular galaxies, approximately half of the S0 and Sa
galaxies, but none of the ellipticals. The detected sources displayed a ratio between
infrared and optical luminosities within the range LIR/LB = 0.1 − 5, with a mean
value of ∼ 0.4. The few objects with LIR/LB > 2 were typically barred spirals
or irregulars. Objects with higher LIR/LB ratios had warmer f60/f100 colors. The
prototypical starburst galaxies M82 and NGC 253 had LIR/LB = 3, 5 respectively,
and LIR = 1010.3, 1010.8 L�. No objects were found with LIR > 1011 L�.

Objects selected in the IR were studied in the minisurvey by Rowan-Robinson et al.
(1984); within the complete flux-limited sample of 86 galaxies from the minisurvey,
all had LIR > 1010 L� and ratios LIR/LB = 1 − 50, 25% resulting to be interact-
ing galaxies (Soifer et al., 1984b). Even more interesting were the 9 sources with
LIR/LB > 50, and without any obvious optical counterpart in optical galaxy cata-
logs. Subsequent cross-correlation of large IRAS and optical galaxy catalogs resulted
in only a couple of objects with such extreme ratios: the Ultra-Luminous Infra-Red
Galaxy Arp 220 (Soifer et al., 1984a) and NGC 6240 (Wright et al., 1984). Further
optical observations of the unidentified sources, revealed faint galaxies, typically at
redshifts 0.1 − 0.2, hence powered by ultra-high infrared luminosities, of the order of
LIR ≥ 1012 L�, and LIR/LB = 30 − 400. It is remarkable to note that none had
obvious evidence for an active nucleus. When observed with IRAS, optically selected
active galaxies, as Seyferts (Miley et al., 1985) and QSOs (Neugebauer et al., 1986),
turned out to be strong far-infrared emitters with LIR/LB = 0.2− 1.0 (with only few
sources having a higher ratio).

For luminosities lower than 1011 L�, the majority of optically selected galaxies
are relatively weak far-infrared emitters (e.g. Devereux & Young, 1991); Markarian
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starbursts and Seyferts were confirmed to have properties similar to infrared selected
samples, as well as optically selected interacting galaxies (e.g. Mazzarella & Balzano,
1986; Sulentic, 1989); but, in any case, only few optically-selected galaxies turn out
to emit infrared luminosities as bright as LIR > 1011.5 L�.

Above 1011 L�, infrared galaxies become the dominant population of luminous ex-
tragalactic objects, at least in the local Universe (z ≤ 0.3), being more numerous than
optically selected starbursts, Seyfert galaxies and quasi-stellar objects of comparable
bolometric luminosity. The source of the intense infrared emission appears to be dust
heating from an intense starburst within giant molecular clouds, likely triggered by
strong interactions or mergers of gas-rich spirals. Although these Luminous Infra-Red
Galaxies (LIRGs) are relatively rare locally, reasonable assumptions about the lifetime
of the infrared phase suggest that a substantial fraction of all galaxies with LB > 1010

L� pass through such a stage of intense infrared emission (Soifer et al., 1987).

At the highest luminosities (LIR > 1012 L�), almost all IR galaxies are advanced
mergers, powered by a mixture of circumnuclear starburst and active galactic nucleus
energy sources, both fueled by an enormous amount of molecular gas that has been
compressed within the nuclear region by the merger dynamics. These Ultra-Luminous
Infra-Red Galaxies (ULIRGs) may represent an important stage in the formation of
quasars and radio-loud galaxies. They may also represent a primary phase in the
formation processes of elliptical galaxy cores, of globular clusters, and play a key role
in the metal enrichment of the intergalactic medium.

The high luminosity end of the infrared galaxy local luminosity function (LLF)
appears to be in excess of what predicted by a Schechter function (see Sanders &
Mirabel, 1996, Figure 1). A better description (e.g. Soifer et al., 1987; Rush et al.,
1993) is a double power law with slope ≤ 1 at low luminosity, and ∼ 2.35 at Lbol ≥
1010.3 L�. In the Lbol = 1011 − 1012 L� luminosity range, LIRGs are as numerous as
Markarian Seyferts and ∼ 3 times more than Mrk starbursts. At the very bright end,
LIR > 1012 L�, ULIRGs beat by a factor of ∼ 2 in number optically selected QSOs,
i.e. the only other previously known population of objects of comparable bolometric
luminosities.

Although LIRGs are the most populated class of extragalactic sources with bolo-
metric luminosities above 1011 L�, they are still relatively rare. For example, the
shape of the observed LLF predicts that only one object brighter than LIR > 1012 L�

should exist within a redshift of z ∼ 0.033 around the Milky Way, and indeed, Arp
220 (z = 0.018) is the only one. Furthermore, the infrared luminosity integrated on
all the LIRGs in the IRAS Bright Galaxy Survey (BGS, S60 > 5.24 Jy, Soifer et al.,
1989) is only ∼ 6% of the infrared emission in the local Universe.

3.3 Ultra-Luminous Infra-Red Galaxies: near and

far

Ultra-Luminous IR Galaxies (L8−1000 µm ≥ 1012 L�, e.g. Soifer et al., 1984b) have
been the subject of a wide set of different analyses since their discovery (Sanders &
Mirabel, 1996, for a complete review). These studies led to the general idea that
ULIRGs are mainly hosted by gas-rich galaxies, which in the majority of cases have
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undergone a recent strong interaction with another galaxy, eventually leading to a
complete merger.

A commonly accepted description figures strong, large-scale torques and loss of
angular momentum of the interstellar medium, during galaxy collisions. As a conse-
quence, the interstellar gas flows toward the circumnuclear environment where it is
compressed, thus triggering very powerful star formation, on scales of less than a few
kpc (e.g. Norman, 1991; Barnes & Hernquist, 1996). During the following phases, gas
with very low angular momentum might fall within the nuclear region and accrete
onto the central massive black hole.

Despite the fairly plausible scenario sketched above, the key questions of what
powers ULIRGs and how they evolve are by no means answered. The IR, millime-
ter, and radio characteristics of Ultraluminous IR galaxies are very similar to those
of starburst galaxies (e.g Rowan-Robinson & Crawford, 1989; Condon et al., 1991;
Rigopoulou et al., 1996).

On the other side, a significant fraction of ULIRGs exhibit nuclear optical emission
lines characteristic of Seyfert galaxies (e.g. Sanders et al., 1988; Veilleux et al., 1995);
some have compact central radio sources (Lonsdale et al., 1995) or highly absorbed,
X-ray sources (Brandt et al., 1997), all typical signatures of the presence of an active
galactic nucleus (AGN).

ULIRGs are the most luminous population in the local universe; their far-IR/submm
is such that they can indeed be potentially detected at very high redshift by modern
far-IR/submm surveys. The advent of the Infrared Space Observatory (ISO), com-
bined with the availability of new ground based facilities as SCUBA on the JCMT,
have resulted in the discovery of numerous distant galaxies with enhanced IR emis-
sion (e.g. Elbaz et al., 1999a; Smail et al., 2000; Barger et al., 2000). The appearance
of large numbers of far-IR/submm luminous objects in blank field surveys at these
redshifts (e.g. Smail et al., 1997) suggests that ULIRG-like objects are much more
important at early stages of the universe than they are today (see Chapter 4).

The discovery of the Cosmic Infrared Background (CIRB, Puget et al., 1996),
whose total energy content is comparable to or greater than the integrated optical
background, suggests that obscured objects, such as ULIRGs, are the site of at least
50% of the star formation in the history of the universe. ULIRGs, or ULIRG-like
objects, thus appear to play a much more important role in the early universe than
locally.

Many of the features driving the physics of the high redshift objects are likely to
rule their local analogues as well. The main aspects include:

� large amounts of dust obscuration, absorbing much of the energy emitted by the
ULIRG in the optical, and re-radiating it in the IR.

� if the process that triggers ULIRG-like activity, either locally or at high red-
shift, appears to be a galaxy collision or merger, theoretical models of structure
formation (Baugh et al., 1996) suggest that galaxy mergers were much more
common at higher redshifts, possibly explaining the greater number of bright
IR galaxies detected in the far universe.

� theoretical dynamics predict that the end product of mergers between gas-rich
spirals, and hence a possible product of ULIRG phases in the evolution of galax-
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ies, is likely to be an elliptical-like structure (Barnes & Hernquist, 1996), which
was claimed from observations of local ULIRGs (e.g. Genzel et al., 2001) as well.

3.4 Optical spectroscopy of nearby ULIRGs

Starburst galaxies are characterized by a substantially enhanced ongoing star forma-
tion with respect to their past average. Though initially selected as having intense
optical emission lines, it has later become clear that the main phases of star formation
are highly attenuated in the optical and luminous in the infrared (the IRAS-discovered
Luminous and Ultra-Luminous Infrared Galaxies – LIRGs and ULIRGs).

Local infrared galaxies show evidence, from the optical emission lines, that their
high luminosities are due to dust reprocessing of the light emitted by young massive
stars. However, the small sizes of the nuclear star forming regions of compact ULIRGs
are also consistent with a significant fraction of their IR emission being provided by
an AGN (Soifer et al., 2000). The fact that in such objects the star formation rate
(SFR) deduced from the IR luminosity often exceeds that derived from the extinction-
corrected optical line intensities (Poggianti et al., 2001) has been taken as an indication
for an obscured AGN contribution. The co-existence of starburst- and AGN-activity
is sometimes clearly revealed by broad optical and high excitation lines. Whether
this double–nature phenomenon is occasional or starburst activity is systematically
accompanied by an AGN, is still a matter of debate.

With the purpose of further investigating the nature of luminous IR galaxies, Berta
et al. (2003) and Pernechele et al. (2003) performed a spatially-resolved spectro-
polarimetric study of a small sample of ULIRGs, aiming at identifying signatures
in the SEDs of these sources which can be used to estimate the AGN contribution;
the mechanisms quenching out the central AGN after the dynamical destabilization
of the gas; the relationship between the star formation process and the dynamical
interaction.

In this Section the full-light spectra are analyzed, while in the next we shall deal
with the polarimetric study.

3.4.1 The sample

Fifteen ULIRG IRAS galaxies have been studied with mid-IR spectroscopy by Genzel
et al. (1998); high quality optical spectroscopic data are also available for all the
sources in the sample (Lutz et al., 1999). This sample, although limited in number, is
characterized by a good statistical quality, being almost complete at S60µm = 5.4 Jy,
and includes sources more luminous than 1012 L� in the 12−100 µm spectral domain.
In addition, the far-IR selection avoids biases due to dust absorption, making it easier
to analyze the relationship between AGN and starburst activity.

Eight of the Genzel et al. (1998) ULIRGs had not been observed previously by
means of optical spectropolarimetry; four out of these are visible from the southern
hemisphere and have been therefore selected (Pernechele et al., 2003). A review of
the optical and IR properties of these sources can be found in Duc et al. (1997).
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IRAS 19254-7245

Also known as “The Superantennae”, this galaxy has been already studied by Mirabel
et al. (1991) and Colina et al. (1991). The redshift z = 0.061709 (Strauss et al., 1992)
and its total infrared luminosity of about 1.4×1012 L� make the Superantennae one
of the most powerful galaxy collisions in the nearby universe. Two giant tails extend
350 kpc away from two nuclei, separated by ∼10 kpc.

The southern galaxy is classified as a Seyfert 2 (Mirabel et al., 1991), while the
northern galaxy shows an optical spectrum typical of starbursts (Colina et al., 1991).
At 2 µm, the southern galaxy is about one magnitude brighter than the northern
galaxy (Duc et al., 1997). Mid-IR and X-ray properties are described in Section 3.7.2.

IRAS 20100-4156

Lying at z = 0.129583, this object is extremely bright (LIR[8÷1000µm] ' 5 ·1012L�).
It is a nice example of ongoing merger; the two nuclei are separated by about 3′′,

corresponding to ∼9.5 kpc at this distance (see Figure 3.16). The Southern nucleus
appears to be elongated in the N-E direction, from R band observations, while it is
much more concentrated in the K band. The R-band image of the Northern nucleus
is split in two components.

Because of its large distance, little of information is available on this source; Duc
et al. (1997) observed it in the near-IR (K band); Section 3.6 describes near-IR spec-
troscopy.

IRAS 20551-4250

At a redshift of z = 0.04283, this source is the result of the merging of two disk galaxies
(Johansson, 1991). Optical imaging shows one single bulge; with the exception of the
very central regions, the profile closely resembles a r1/4 de Vaucouleurs law. In the
central regions, the luminosity distribution is flatter. Extending in opposite directions
from the bulge, in the SE-NW direction, two tails exist. The southern one has a
projected size of about 60 kpc, while the northern one is much less prominent (about
15 kpc, maybe due to projection effects).

The emission line spectrum is dominated by Hα, but [Oi]λ6300 is also bright,
indicating the presence of shock-heated gas. Johansson (1991) models the observed
emission with a 70 [km s−1] shock wave, contributing also to roughly 25 % of the flux
in Hβ.

IRAS 22491-1808

Also known as the “South America Galaxy” (z = 0.07776), this object was firstly
described by Carico et al. (1990). who reported the presence of only one single nucleus
in the optical, but two distinct components in the near-IR, separated by ∼ 2.5 kpc.
Two tails extend to the E and to the NW from the main body, with a total length
of about 13 kpc and 17 kpc respectively. NICMOS images (Scoville et al., 2000) and
high resolution Optical/Near-Infrared ground based observations (Surace et al., 2000)
reveal several bright spots in the inner regions of this galaxy. At optical wavelengths
the knots of star formation are so much confused to preclude identification of the
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galaxy nuclei. Only in the near-infrared the two nuclei are clearly disentangled. The
bright optical knots reveal the presence of highly clustered ongoing star formation
(Surace et al., 2000).

3.4.2 Observations and data reduction

Spectro-polarimetric optical observations of these four Ultra Luminous IR Galaxies
have been collected with EFOSC2 (Melnick & Mendes de Oliveira, 1995) at the 3.6m
ESO telescope in La Silla, during ESO programme no. 66.B-0706. Observations have
been carried out during the nights of October 29th to November 1st, 2000. Observing
logs are summarized in Table 3.1.

Object Obs. Date (start) Exp. Time (s) Slit apert.(′′)
IRAS 19254–7245 Nov. 1, 2000 8×750 1.2×4.0
IRAS 20100–4156 Oct. 29, 2000 8×1200 1.2×3.2
IRAS 20551–4250 Oct. 30, 2000 8×1000 1.2×5.6
IRAS 22491–1808 Oct. 31, 2000 8×900 1.2×8.0

Table 3.1: Summary of spectropolarimetric EFOSC observations of a small sample
of ULIRGs. Eight independent spectral exposures have been taken for each object,
obtained with different retarder plate angles (see text for details on the observing
technique).

The 236 lines mm−1 grism was adopted, with an effective dispersion of 2.77 Å
pixel−1 at the central wavelength, operating between 3685 and 9315 Å, and a 1.2×20
arcsec slit. This slit width corresponds to a spectral resolution of 21.2 Å FWHM. Slit
position angles were chosen in order to include the most interesting morphological
features. In the case of double-nuclei sources (i.e. IRAS 19254-7245 and IRAS 20100-
4156), the slit was positioned along the line connecting the two components.

Particular care has been taken in observing the targets at their maximum elevation
and choosing the standard star close to the object, in order to perform absolute flux
calibration.

Data reduction has been carried out with the use of the Image Reduction and
Analysis Facility (IRAF1) standard tasks and Interactive Data Language (IDL) home-
made procedures. Wavelength calibration has been applied through He-Ar lamps.

Details on the technique used for spectro-polarimetric observations are described
in Section 3.5.2. Here it is useful to recall that the use of a half-wave plate and a
Wollastone prism generates a frame containing various couples of spectra. The two
spectra (hereafter “strips”, named A and B in Fig. 3.1) of each couple represent
the same sky area, but are polarized at two different and perpendicular polarization
position angles θ’s. Strip A corresponds to the so-called ordinary beam; strip B to
the extra-ordinary one (see Section 3.5.1 for more details).

The spectroscopic data reduction pipeline is summarized in Figure 3.1. The frames
were corrected for bias and flat-field by adopting the standard procedure for spectra

1The package IRAF is distributed by the National Optical Astronomy Observatory which is
operated by the Association of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation.
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Figure 3.1: Pipeline of reduction for optical spectropolarimetric EFOSC data on
ULIRGs: (a) example of raw frame; (b) subtraction of bias and flat field; (c) cropping
of science and sky strips A and B; (d) sky subtraction; (e) final 2D spectrum obtained
by combining all θ’s.

reduction. Then the two strips including the object’s traces and two sky–strips were
cropped. Each strip was flux calibrated by means of the spectrophotometric standard
star in the center of NGC 7293 (Oke, 1990); sky strips were then subtracted from
those including science targets.

Unfortunately, the interposition of the prism between the retarder plate and the
grism induces strong distortions of the frames. Therefore a distortion map was built:
a) firstly the spatial profiles of the spectra have been fit with gaussians along many
dispersion lines; b) then the dependence of the position on the CCD of the gaussian
peak as a function of dispersion was fit by means of a polynomial function.

Each spectrum was corrected for galactic reddening, assuming RV = 3.1 and E(B−
V ) = 0.086 (Schlegel et al., 1998) and finally the various spectra, relative to 4 different
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Figure 3.2: The three-dimensional structure of the IRAS 19254-7245 optical spectrum
(Berta et al., 2003). Different emission lines are already clearly visible, Hα standing
over all the others. The spatial axis corresponds to the one shown in the right panel
of Figure 3.3.

polarization angles, were combined together. Figure 3.2 shows the spatially resolved
total-light spectrum of IRAS 19254-7245, “The Superantennae” (Berta et al., 2003).

3.4.3 Slit loss correction

In order to consistently compare the spectroscopic data measured in this work with
those from different authors, or with photometric observations, it is important to
provide an estimate of any discrepancy caused by the different adopted apertures.

We (Berta et al., 2003, Fritz et al., 2004, in prep.) have developed a simple pro-
cedure to estimate the amount of light lost because of the limited slit width, when
lacking good imaging informations. If the source has a certain degree of symmetry,
it is possible to extrapolate the mono-dimensional spatial profile of the given emis-
sion line (or of the continuum) observed along the slit to a two-dimensional surface
brightness distribution, and estimate the lost flux.

Define as “slit loss” ASL the ratio between the estimated flux within a circular
aperture of radius r and the flux received within the slit, measured in a rectangle
2r×w. The value of r corresponds to the half-width of the extraction aperture, while
w is the slit-width. If s is the flux of the spectrum, as detected by the CCD, and
(x, y) are frame coordinates, then:

ASL =

∫

2πr
s (x, y) dx dy

∫

2r×w
s (x, y) dx dy

. (3.1)
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The spatial shape of emission lines, i.e. traced along the slit, can be typically fit by
means of a single or multiple gaussian profile (applying the latter case to multiple
components galaxies, e.g. I19254-7245):

Glx Profile = exp

[

−1

2

(x

σ

)2
]

= s(x) (3.2)

where σ is the gaussian dispersion, x is the spatial coordinate along the (almost
mono-dimensional) slit and s simply represents flux.

If the source has a certain degree of symmetry, it is possible to extrapolate the
monodimensional spatial profile observed along the slit to a two-dimensional surface
brightness distribution, and estimate the flux losses due to the limited slit height.
Therefore, if we assume that the whole object (or each nucleus, in case of multiple
components) is axially symmetric and that the emitted spectrum in each point of the
galaxy is similar to that extracted along the slit, the surface brightness profile of the
line/continuum is then approximated as an axially-symmetric bidimensional gaussian,
obtained by rotating the 1D fit around its axis.

The adopted assumptions are quite restrictive, but the method provides a fair, even
if naive, estimate of the amount of light fallen outside the slit; the slit-loss factor is
then given by:

ASL =
S(2πr)

S(2r × w)
(3.3a)

S(2πr) = 2π

∫ r

0

∫ exp
h

− 1

2
( x

σ )
2

i

0

x · dz · dx (3.3b)

S(2r × w) =

∫ r

−r

exp

[

−1

2

(x

σ

)2
]

∫ w
2

−w
2

exp

[

−1

2

(y

σ

)2
]

· dy · dx (3.3c)

The correction factor ASL, when multiplied by the flux measured through the slit,
provides an estimate of the total amount of flux that would have been measured
within a circular aperture of radius equal to the extraction window r assumed.

3.4.4 The case of IRAS 19254-7245

The high quality spectra obtained allow the main spectral features of the observed
ULIRGs to be analyzed along the whole slit. In order to take the effects of the
seeing into account, the spectra have been binned by 3 pixels along the spatial axis
(corresponding to 1.2 arcsec). The example of Superantennae is shown in Figure 3.3
(left panel); the seventeen independent spectra corresponding to different regions of
the galaxy are plotted in sequence on Figure 3.4, showing the trend of the continuum
and other spectral features, as a function of position along the slit.

Several optical emission lines typical of starburst galaxies are recognized: [Oii](3727
Å), Hβ(4861 Å), the sum of the two [Oiii](4959 and 5007 Å), [Oi](6300 Å), the blend
of Hα (6563 Å) and the two [Nii]’s (6548 and 6584 Å), and the blend of [Sii] (6717
and 6731 Å). The corresponding line fluxes, measured for the Superantennae along
each spatially-resolved slice, are reported in Table 3.2.
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Table 3.2:

Flux intensities of the main optical emission lines of IRAS 19254-7245, as measured on the extracted spectra
(no slit losses correction applied yet). The first column indicates the label of the spectrum as specified in
Figure 3.3. In the next eight columns the observed fluxes of [Oii] (3727 Å), Hβ (4861 Å), [Oiii] (4959 +
5007 Å), [Oi] (6300 Å), Hα+[Nii] (6563, 6548 and 6584 Å) and [Sii] (6717 Å) are reported. Flux units are
in 10−16 [erg cm−2 s−1]. The last two columns contain AV , as derived from the Balmer decrement, and
SFR(Hα) [M� yr−1], as computed after extinction correction. The last two rows reported line fluxes for
the two nuclei, as integrated along the slit. The nuclear fluxes are larger than the sum of fluxes in individual
spectra, because they were measured on total nuclei extractions and not computed as sums.

Spec. # S([Oii]) S(Hβ) S([Oiii]) S([Oi]) S(Hα+[Nii]) S([Sii]) AV SFR(Hα)

IRAS 19254-7245
1 6.68 – 2.01+2.84 – 15.3 4.28 – –
2 5.88 1.28 2.47+4.69 1.53 29.3 8.03 1.330 0.22
3 11.1 2.28 3.32+8.16 4.97 72.9 18.0 2.263 1.04
4 14.4 7.65 16.1+36.7 25.8 295. 57.9 3.140
5 19.3 20.5 42.3+99.3 74.5 826. 125. 3.379
6 16.8 16.5 28.4+72.7 46.8 570. 87.8 3.019
7 11.6 4.10 7.10+18.5 7.13 130. 22.4 2.564 2.28
8 77.0 1.69 2.70+5.60 3.20 36.7 7.37 1.395 0.29
9 6.46 – 0.814+2.91 1.31 17.3 4.48 – –
10 5.21 – 1.03+2.78 1.06 14.0 3.73 – –
11 5.04 – – – 13.3 3.53 – 0.11∗

12 4.91 – – 1.55 14.5 4.09 – 0.12∗

13 5.15 -1.50 3.70+4.51 1.75 26.3 7.54 –
14 5.52 -4.20 2.17+2.87 1.31 33.5 8.26 –
15 5.58 -2.80 0.885+1.36 – 16.9 6.12 – 0.14∗

16 5.75 – – – 9.44 3.13 – 0.08∗

17 5.51 – – – 9.52 2.84 – 0.08∗

S (4-6) 48.8 43.9 84.8+208 156. 1680. 240. 3.230.46 60.
N (13-14) 9.26 -6.60 3.73+5.03 4.03 57.0 13.2 – 0.48∗

∗: values obtained assuming E(B–V)=0.4; AV =1.24.

Berta et al. (2003) performed an extensive study of the Superantennae galaxy,
disentangling between the two nuclei. Figure 3.3 shows the extracted spectra and the
R band image of the object.

The Southern nucleus shows both permitted and forbidden narrow lines; the spectra
at our disposal are not detailed enough to allow separation of Hα (6563 Å) and the two
[Nii]’s (6548 and 6584 Å); anyway Mirabel et al. (1991) report that [Nii] is stronger
and sharper than Hα, hence revealing the Seyfert 2 nature of the Southern nucleus.

The spectral resolution of these spectra is not sufficient even to discriminate be-
tween [Oiii]λ4363 and Hγ or [Sii]λ6717 and [Sii]λ6731 and, consequently, it is not
possible to directly derive an estimate of the electron density. By adopting the value
Ne = 670 cm−3 provided by Colina et al. (1991), we use the fluxes of [Nii]λ5755 and
[Nii]λλ6548+6583 to estimate the electron density in the southern nucleus (spectra
#4, 5 and 6 in Figure 3.3). [Nii]λ5755 was deblended from [Fevii]λ5721, while the
ratio between Hα and [Nii]λλ6548+6583 has been inferred from Colina et al. (1991)
data as described below. The estimated electron temperature in the southern nucleus
is Te ∼ 14600 K, consistent with Colina’s range of 104 − 2.5 104 K.

The northern nucleus is characterized by a much lower activity, testified by the
lower intensity of the lines and the prevalence of photospheric absorption features as
for Hβ and Hγ. A detailed analysis reveals that the [Oiii]λ4363 + Hγ blend is detected
as emission in the three central spectra of the southern nucleus, possibly because of a
strong forbidden oxygen emission in the Seyfert component, while moving outwards
and to the northern nucleus it switches to absorption, dominated by photospheric
Hγ. The continuum becomes significantly redder towards the northern component,
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Figure 3.3: Left: Extracted optical spectra of the two IRAS 19254-7245 nuclei; right:
R-band image of the Superantennae. North is up, East is left. Spectropolarimetric
EFOSC2 observations have been carried out with a 1.2′′ slit, oriented as in the right
panel. The region inside the slit is divided in 1.2 × 1.2 arcsec2 slices; the northern
nucleus spectrum corresponds to the sum of apertures # 13 and 14; the Southern
one to # 4, 5 and 6. The two circular apertures centered on Superantennae’s nuclei
(diameter of 8′′) correspond to those adopted by Mirabel et al. (1991).

showing that this nucleus is dominated by an older stellar population, with respect
to the southern one.

The comparison of the observed Hα/Hβ ratio with the theoretical value of 2.85
predicted for a Case–B recombination (Osterbrock, 1989), allows in principle to derive
the average extinction, at least for the southern nucleus where Hβ is detected in
emission. To this end, we first need to quantify the contribution of the two [Nii]
lines at 6548 and 6584 Å to the Hα+[Nii] blend, because the Seyfert 2 nature of this
nucleus prevents from adopting standard starburst values for the line ratio. From
the high resolution spectrum of Colina et al. (1991), we know that in the southern
nucleus S(Hα) = 3

4
S([Nii](6584)); thus, assuming for the ratio between the two [Nii]

the standard value ( 1
3
), we get:

S(Hα) =
9

25
S(blend). (3.4)

Similarly, in the northern nucleus we obtain S(Hα) ' 1
2
S(blend).

Finally we need to further correct the observed Hβ flux for photospheric stellar
absorption. On this subject González Delgado et al. (1999) found that the contribu-
tion to the Hβ equivalent width from intermediate–age stars in starburst galaxies is
2 − 5 Å. Since they do not account for an old disk population, which would decrease
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Figure 3.4: The spectra of the seventeen different slices of The Superantennae (I19254-
7245), plotted as a function of position along the slit (Berta et al., 2003).

these values, we have adopted a conservative absorbing equivalent width of 2 Å. The
color excess E(B − V ), derived from the Hα/Hβ ratio is reported in the 8th column
of Table 3.2. The values of E(B − V ) ∼ 1.0 mag in the central regions obtained in
this way are smaller than the value of E(B − V ) ' 1.4 mag reported by Colina et al.
(1991), but are consistent with those obtained by our more detailed spectral analysis
discussed in Sect. 3.8, which considers the presence of an old population. Vanzi et al.
(2002) found AV = 3.15 mag, in agreement with our result. The Balmer-decrement
cannot be applied in the outer regions of the system and in the Northern nucleus,
where Hβ is either not detected or in absorption. In those regions, spectral synthesis
models (see Section 3.8) yield a mean value of E(B − V ) ∼ 0.4− 0.5 mag, consistent
with the typical average color excess ' 0.3 of spiral galaxies.

Hopkins et al. (2001) and Sullivan et al. (2001) report on the existence of a corre-
lation between extinction, as derived from the Balmer decrement, and Hα intensity,
in a sample of star forming galaxies. The same trend is clear in our spatially re-
solved analysis of Superantennae (Berta et al., 2003), when studying the dependence
of [Oii]/Hα and Hβ/Hα, on the Hα flux (Figure 3.5). The observed ratios decrease
as Hα intensity increases, indicating a strong correlation between extinction and star
formation activity. This effect is expected in case that the SFR is a function of the
local density of gas and dust, i.e. if the most active regions are the most extinguished.

The extinction-corrected Hα emission is usually adopted as a tracer of the ongoing
rate of star formation. Adopting Kennicutt (1998a) calibration (see later, Equation
3.13b), we derive a preliminary estimate of the ongoing SFR in each region of the Su-
perantennae included in the slit, after de-blending [Nii] and correcting for extinction
effects. Poggianti et al. (2001), however, warned that for particularly extinguished
objects this procedure may significantly underestimate the SFR, by values up to a
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Figure 3.5: [Oii](3727Å)/Hα and Hβ/Hα flux ratios vs. Hα, before extinction cor-
rection. See text and previous Figures for datapoints labelling (black symbols belong
to the Southern component, reds to the Northern). There is a clear dependence of
the ratios on the intensity of Hα, suggesting a tight relationship between extinction
and Hα luminosity: the most active (luminous) regions are more extinguished.

factor 3, when comparing the results with those derived from far-IR diagnostics. Fur-
thermore, remember that the Southern nucleus includes a Sy 2 component, which is
probably contributing to optical emission lines as well. A more accurate analysis is
reported in next Sections. The resulting SFR are reported in the last column of Table
3.2, ranging between 60 M�/yr in the Southern nucleus and ∼ 0.5 M�/yr in the
Northern.

The observed ratio between [Oiii]λ5007 and Hβ (> 4 for the Southern nucleus)
and those of [Oi]λ6300 and [Sii]λλ6717+6731 over Hα (∼ 0.25 ∼ 0.40 respectively)
put IRAS 19254-7245 in the Seyfert regions of the classical Veilleux & Osterbrock
(1987) diagnostic diagrams, in perfect agreement with previous literature results.

Figure 3.6 compares the spatial trend of the various lines detected (solid line) with
the intensity of the continuum between 5500 and 5600 Å (dotted line), as normalized
to the line intensity peak value. It turns out that, with the exception of [Oii]λ3727
Å, all other emission lines are much more peaked than the continuum, indicating that
the ongoing star formation (or the possible AGN activity) is strongly concentrated
within the nuclei.

On the other hand, the [Oii]λ3727 Å is spatially flatter and more extended than
all the other emission lines, in particular Hα, and even than the continuum. Since
Hii and Oii have the same ionization potential (' 13.6 eV), this effect cannot be
directly addressed to differences in the ionizing continuum. Supposing that the nearby
instrumental spectral blue limit does not affect the [Oii] measurements, Fritz et al.
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Figure 3.6: Spatial profile of the main emission lines in IRAS 19254-7245. The solid
histogram represents the fluxes of the main emission lines detected, as specified in
each panel. To study the spatial profile of the lines, we plot the mean values of the
continuum around 5550 Å, as normalized to the peak intensity of each line (dotted
histogram). Going from the brightest nucleus to the outer regions, all the lines but
[Oii] fade more rapidly than the continuum (Berta et al., 2003).

(2004, in prep.) are instead trying to test whether the spatial broadening of [Oii]
is due to a metallicity gradient along the slit, which would alter the ratio between
Hydrogen ad Oxygen abundances. On these bases, metallicity seems to decrease
towards the outer zones, producing an increase in the intensity of [Oii] relatively to
the permitted lines (Pagel et al., 1979). The effect would not be detected for higher
ionized states (e.g. [Oiii]) because of geometrical effects: in the outer regions not
enough energy would reach the Oxygen ions for further ionization.

The aperture losses analysis, as described above, highlights that about 58% of the
light coming from the 8′′ aperture centered on the Southern nucleus, and ∼75% of
that coming from a similar circular aperture around the Northern, were lost by our
optical spectroscopic observations.

3.4.5 The other sources in the sample

The spectra of the nuclei of the other three ULIRGs observed, as integrated along the
slit, are shown in Figure 3.7; several optical emission lines typical of starburst galaxies
can be recognized: [Oii](3727 Å), Hβ(4861 Å), the sum of the two [Oiii](4959 and
5007 Å), [Oi](6300 Å), the blend of Hα (6563 Å) and the two [Nii]’s (6548 and
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3.7(a): IRAS 20100-4156, sum of apertures
# 8 and 9

3.7(b): IRAS 20551-4250, sum of aper-
tures # 9, 10 and 11

3.7(c): IRAS 22491-1808, sum of apertures
# 10 and 11

Figure 3.7: Extracted optical spectra of the 3 other observed ULIRGs. Aperture
numbers refer to Tables 3.3, 3.4 and 3.5.

6584 Å), and the blend of [Sii] (6717 and 6731 Å). The measured fluxes of the main
emission lines, before aperture correction, are reported in Tables 3.3, 3.4 and 3.5.

Aperture losses, due to the finite slit width, have been computed following the
procedure described in Section 3.4.3: about 65%, in IRAS 20100-4156, and 80%, in
IRAS 20551-4250, of the total emitted Hα flux is lost; concerning IRAS 22491-1808,
the very complex geometry prevents from a secure derivation of aperture losses, as
based on this technique; a realistic estimate is that about 60% of the flux is lost for
the main nucleus.

Literature ratios between Hα and [Nii] fluxes are necessarily used, in order to
compute the amount of emission provided by the Hα line alone, since deblending
of the Hα+[Nii] feature is impossible. We adopt the standard 1/3 ratio between
[Nii]λ6584 and [Nii]λ6548.
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Table 3.3:

Same as Table 3.2, but for IRAS 20100-4156. Fluxes are in units of 10−16 [erg cm−2 s−1]. The nuclear
fluxes are larger than the sum of fluxes in individual spectra, because they were measured on total nuclei
extractions and not computed as sums.

Spec. # S([Oii]) S(Hβ) S([Oiii]) S([Oi]) S(Hα+[Nii]) S([Sii]) AV SFR(Hα)

IRAS 20100–4156
1 – – – – – – – –
2 – – – – – – – –
3 – – – – – – – –
4 0.910 – – – – – – –
5 1.030 – – – – – – –
6 1.770 – – – 6.660 – – –
7 3.370 1.700 0.890+2.640 1.240 21.400 4.680 1.896 2.00
8 6.590 6.050 5.050+9.860 3.500 76.500 17.300 1.996 7.67
9 6.680 9.330 5.860+13.800 4.820 107.000 21.400 1.855 9.74
10 5.760 4.230 2.500+6.240 2.380 39.400 9.140 1.334 2.51
11 5.320 4.000 1.200+4.110 1.830 44.600 7.690 1.638 3.50
12 6.300 4.620 2.450+4.820 1.350 39.200 7.010 0.989 1.97
13 3.940 2.140 1.500+2.800 0.940 13.000 2.500 0.130 0.36
14 1.800 – – – – – – –
15 1.060 – – – – – – –
16 – – – – – – – –
17 – – – – – – – –

Nuc. (8-9) 13.200 14.100 9.860+23.200 7.680 186.000 37.800 2.120 20.320

Duc et al. (1997) measure Hα and [Nii]λ6584 fluxes in IRAS 20100-4156 and 20551-
4250, leading to the result that Hα contributes to ∼63% and 65% of the blend, for the
two objects respectively. Similarly, from Veilleux et al. (1999), 64% of IRAS 22491-
1808 blend is powered by Hα photons. These values are consistent with the mean
value of ∼ 67% for star-forming galaxies computed by Kennicutt (1992).

The internal extinction affecting the observed spectra is computed from the Hα/Hβ
ratio, assuming a case B recombination theoretical standard value of 2.85 (Osterbrock,
1989). This is obviously done only for those spectra where Hβ has a significant
detection as an emission line. The Hα flux is corrected to account for the [Nii]
contribution to the mentioned blend. Hβ is corrected for a 2Å EW photospheric
absorption, as in the case of IRAS 19254-7245. The latter correction decreases the
value of AV by ∼10-40%, depending on the source concerned.

The derived AV values are reported in the 8th column of Tables 3.3, 3.4 and 3.5;
they have been later used for correcting the Hα emitted fluxes and compute the rates
of stellar formation, according to Kennicutt (1998a) calibration (see later Equation
3.13b). The values of SFR are listed in the last column of the three Tables.

The usual Veilleux & Osterbrock (1987) diagnostic diagrams do not provide a good
classification of these three sources, whilst they did in the case of IRAS 19254-7245:
the three galaxies lie in the transition region between LINERS and starburst galaxies.

On the basis of Dressler et al. (1999) classification, IRAS 20100-4156 and IRAS
22491-1808 belong to e(c) spectral-type, i.e. they are characterized by moderately
strong [Oii]λ3727 Å emission and moderate or no Hδ λ4101 Å absorption. On the
other hand, IRAS 20551-4250 shows very strong Hδ absorption (EW ∼ +4.4 Å),
hence it is classified as an e(a) object. For comparison, the Southern and Northern
Superantennae nuclei have e(b) and e(c) spectra respectively (Fritz et al. 2004, in
preparation).
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Table 3.4:

Same as Table 3.2, but for IRAS 20551-4250. Fluxes are in units of 10−16 [erg cm−2 s−1]. The nuclear
fluxes are larger than the sum of fluxes in individual spectra, because they were measured on total nuclei
extractions and not computed as sums.

Spec. # S([Oii]) S(Hβ) S([Oiii]) S([Oi]) S(Hα+[Nii]) S([Sii]) AV SFR(Hα)

IRAS 20551–4250
1 4.570 – – – 3.130 – – –
2 4.610 – – – 4.200 0.980 – –
3 5.380 – – 0.860 4.110 1.120 – –
4 5.910 0.640 – 1.160 6.330 1.900 1.142 0.04
5 9.780 1.300 –+1.800 1.290 11.300 3.730 0.990 0.06
6 14.700 2.230 1.290+3.020 2.900 18.800 7.260 0.956 0.09
7 23.300 4.180 3.160+5.470 3.180 36.100 12.900 0.944 0.17
8 31.200 7.670 4.100+8.260 6.720 79.000 21.200 1.176 0.45
9 44.200 22.800 7.480+17.500 7.230 210.000 45.700 1.131 1.17
10 56.100 39.800 18.400+33.400 16.600 366.000 88.100 1.208 2.13
11 59.500 31.100 14.200+31.200 15.200 295.000 80.800 1.258 1.78
12 44.500 17.800 7.940+20.300 10.010 118.000 42.100 0.454 0.41
13 30.600 7.640 4.410+9.440 5.940 44.200 18.300 0.064 0.12
14 18.700 2.250 2.420+4.120 3.560 23.100 9.550 0.896 0.11
15 12.900 – 1.610+1.860 2.520 13.900 5.320 – –
16 8.730 – 0.870+1.580 0.990 8.430 3.490 – –
17 4.830 – 0.510+0.950 0.700 3.310 2.140 – –

Nuc. (9-11) 149.000 81.400 38.600+81.300 35.600 865.000 209.000 1.438 5.893

Table 3.5:

Same as Table 3.2, but for IRAS 22491-1808. Fluxes are in units of 10−16 [erg cm−2 s−1]. The nuclear
fluxes are larger than the sum of fluxes in individual spectra, because they were measured on total nuclei
extractions and not computed as sums.

Spec. # S([Oii]) S(Hβ) S([Oiii]) S([Oi]) S(Hα+[Nii]) S([Sii]) AV SFR(Hα)

IRAS 22491–1808
1 – – – – – – – –
2 – – – – – – – –
3 – – – – – – – –
4 1.690 – – – – – – –
5 1.820 – – – 2.490 – – –
6 2.490 0.680 – – 4.300 2.100 0.293 0.04
7 7.470 1.410 0.960+2.240 1.440 14.800 4.160 1.139 0.28
8 15.300 4.230 3.270+4.990 2.630 47.300 13.300 1.304 1.01
9 22.200 6.950 5.430+8.200 3.680 87.800 19.700 1.546 2.20
10 28.500 10.200 6.020+11.800 2.500 108.000 22.800 1.261 2.23
11 30.400 13.300 6.120+14.100 3.160 120.000 23.100 1.056 2.15
12 27.600 13.900 5.590+13.800 2.540 92.400 18.900 0.578 1.19
13 19.500 11.400 4.600+11.900 2.680 72.600 14.800 0.597 0.95
14 11.300 5.860 3.070+7.490 1.150 36.000 8.290 0.534 0.45
15 6.080 2.050 1.260+3.280 0.910 11.300 2.960 0.141 0.11
16 3.420 – 0.850+1.470 – 6.220 2.000 – –
17 1.730 – – – 2.430 1.610 – –

Nuc. (10-11) 55.400 20.600 10.600+25.400 5.740 229.000 43.900 1.382 5.140

3.5 Optical spectro-polarimetry of nearby ULIRGs

Whether ULIRGs, the brightest sources in the local universe, are powered by a hidden
quasar, a circum-nuclear starburst, or a combination of both, has been the subject of
a lively debate since their discovery.

Mid–infrared ISO spectroscopy highlights clear cases of starburst–dominated ac-
tivity (Genzel et al., 1998), but hard X–ray observations suggest that the presence of
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an obscured AGN may be more frequent and significant than predicted on the basis
of the IR data alone (e.g. Franceschini et al., 2003b). Analyses of multi–wavelength
(X–ray, optical and IR) observations currently suggest that both AGN and starburst
activity happen concomitantly in ULIRGs (Genzel et al., 1998; Veilleux et al., 1999;
Franceschini et al., 2003b; Berta et al., 2003).

In the presence of a central engine enshrouded in a dusty torus, an appreciable
non–thermal polarized radiation may be detected, produced by either electron or dust
scattering. The use of polarimetry for studying hidden broad line regions in Seyfert-2
galaxies has been pioneered by Miller & Antonucci (1983). Polarization produced by
scattering or absorptive dichroism may be also detected in the continuum of starburst
galaxies spectra, and so the polarization itself is not a straight indicator of an obscured
AGN. The technique of searching for polarized light in IRAS galaxies has been well
exploited recently by a number of authors (see for example Tran et al., 1999; Young
et al., 1996). Up to date, the only galaxies which show polarized broad Hα were
previously classified as Seyferts or LINERs, on the basis of their optical spectra.

The polarimetric analysis of the ESO no. 66.B-0706 dataset is reported here, while
the full-light spectra were already presented in the previous Section.

3.5.1 Basics of polarimetry

Electromagnetic radiation, at all wavelengths, can be described by the four Stokes
parameters: I, the total intensity of light, Q and U , for linear polarization, and V ,
for circular polarization. All of these parameters depend on wavelength λ.

The Stokes parameters are defined as follows:

� I is simply the total intensity;

� Q = I0 − I90 is the intensity difference between the horizontal (or North-South)
and vertical (East-West) linearly polarized components;

� U = I+45 − I−45 is the intensity difference between the linearly polarized com-
ponents oriented at ±45◦ (from the North);

� V = Ircp − Ilcp is the difference between right and left circularly polarized com-
ponents.

Normalized Stokes parameters are Qn = Q/I, Un = Q/I and Vn = Q/I. For a more
rigorous and general definition of the Stokes parameters see di Serego Alighieri (1997).

It is usual to describe polarization in terms of its degree and its position angle; in
the most general case, the former is defined as:

P =

√

Q2 + U 2 + V 2

I
(3.5)

For linearly polarized radiation, which we are mainly interested in, V = 0 and the
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degree PL and the position angle θ of polarization are given by:

PL =

√

Q2 + U 2

I
(3.6a)

θ =
1

2
arctan

U

Q
(3.6b)

For unpolarized light Q, U, V = 0, while for partial linear polarization: 0 <
(Q2 + U 2) < I2.

3.5.2 Spectropolarimetric observing technique

Polarization observations make use of optical components which change the state of
polarization of the incident light.

The use of a linear polarizer, e.g. dichroic sheets or birifrangent prisms, extracts
from the incoming beam the component which is linearly polarized along an axis
defined by the polarizer itself.

We adopted a Wollastone Prism, which is a classical example of beamsplitting
polarizer, based on birifrangence. After refraction, a beam of unpolarized light is split
into two beams which are completely linearly polarized into perpendicular directions
and are deviated by different angles: the ordinary ray is polarized perpendicularly to
the crystal (prism) axis, while the extra-ordinary ray is polarized parallel to it (see
Figure 3.8). The advantage of the Wollastone prism, over other technical solutions, is
that the ordinary and extra-ordinary rays are transmitted separately by a small angle
and the two beams emerge deviated by the same amount, providing a good symmetry
between them.

To avoid overlapping of the two perpendicularly polarized beams produced by the

Figure 3.8: Basic principle of Wollastone Prism beam-splitter. The incident unpo-
larized beam is split into two the ordinary (O) ray, polarized perpendicularly to the
crystal axis, and the extra-ordinary (E) ray, polarized parallel to it.
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prism, the slit is transparent only in a series of slots, separated by opaque masks.
Two spectra are projected onto the CCD for each slot, previously (see Sect. 3.4.2)
named “strips” A, B and corresponding to the ordinary and extra-ordinary beams.
Therefore one obtains spectra only for sections of the sky corresponding to about half
of the length of the slit. One of the slots is typically interested by the scientific target,
while the others are devoted to sky.

In order to determine PL and θ, it is necessary to obtain observations of light com-
ponents linearly polarized in several (at least 4) directions, which can be obtained by
rotating the whole instrument on sky. In case of extended sources, e.g. our ULIRGs,
this technique is obviously not acceptable, because by rotating the slit different parts
of the source would be selected and could not be combined together to obtain a polar-
ization measurement. It is therefore preferable to introduce a retarder plate, allowing
observations at different polarization direction.

Retarders introduce a phase shift δ between the two components of the input
beam with linear polarization parallel and perpendicular to the axis of the retarder.
We chose a half-wave (λ/2) plate, which induces a retardation of π (±2nπ) [rad].

Each target was then observed with four different retarder angles (0◦, 22.5◦, 45◦ and
67.5◦), corresponding to different polarization angles θ of the transmitted radiation
(see Table 3.6) and allowing to derive the Stokes parameters Q, U , hence the degree
and position angle of polarization.

λ/2 θ1 θ2

[deg] ordinary extra-ord.
0◦ 0◦ 90◦

22.5◦ 45◦ 135◦

45◦ 90◦ 0◦

67.5◦ 135◦ 45◦

Table 3.6: Summary of angles (in degrees) involved in spectro-polarimetric observa-
tions. Column 1 reports the rotation angle of the λ/2 retarder plate; column 2 and 3
are the corresponding polarization angles of the light falling in strips #1 and #2 on
the chip (see text and Fig. 3.1 for a definition of “strip”).

3.5.3 Data reduction

The polarimetric reduction of the extracted spectra (see Fig. 3.9, 3.12 and 3.13) was
performed using the software written by Walsh (1992).

The determination of the Stokes parameters requires observations of each target
taken at two positions of the half-wave plate, separated by 45◦ (see Sect. 3.5.1). From
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the exposures obtained with λ/2 at 0◦ and 45◦, one gets:

Iord
0 (λ) =

1

2
(I +Q)GordT0 (3.7a)

Iextr
0 (λ) =

1

2
(I −Q)GextrT0 (3.7b)

Iord
45 (λ) =

1

2
(I +Q)GordT45 (3.7c)

Iextr
45 (λ) =

1

2
(I −Q)GextrT45 (3.7d)

R2 =
Iord
0 /Iextr

0

Iord
45 /I

extr
45

(3.7e)

Qn(λ) =
R− 1

R + 1
(3.7f)

where Gord, Gextr are the gains of the instrument after the prism and T represent the
transmission of the prism itself. Equations 3.7f and 3.7e show how the normalized Qn

Stokes parameter is completely independent of gains or transmission, when computed
in this way; Un is derived similarly from observations with half-wave plate at 22.5◦

and 67.5◦.

In order to check for and eventually remove instrumental polarization, spectra of
unpolarized standard stars (NGC 7293) and light transmitted through a pinhole with
a polaroid filter were used.

Particular care has been taken to avoid the problem concerning the biased thresh-
old always present in polarimetric measures: since the degree of polarization P is a
positively defined quantity (Eq. 3.5), in presence of noise it is systematically over-
estimated, producing a biased value. Debiasing has been done following the relation
P ∼ Pobs[1− (σP/Pobs)

2]1/2 where Pobs is the observed degree of polarization, P is the
bias corrected one and σP is the r.m.s. error on the polarization (di Serego Alighieri,
1997).

The spectra of the four observed galaxies, in total and polarized light, are shown
in Figures 3.9, 3.12 and 3.13. Each spectrum is obtained by extracting the trace
of the main nucleus. For each galaxy, on the left panels we show the unpolarized
and polarized spectrum, the polarization degree and direction angle as a function of
wavelength. On the right zoomed views at the Hα wavelength are shown.

The plots relative to polarization (flux, percentage and position angle) are spec-
trally binned in order to have a fixed error bar of ±0.5% on the polarization degree
P .

When detected (IRAS 19254-7245 and 20551-4250 cases), the polarized lines appear
to contain some structure, which however is only due to the poor signal to noise ratio
(we have checked in particular that these apparent blends do not correspond to the
redshifted Hα and [Nii]λ6584 lines, see next Section). Table 3.7 summarizes our
results on the polarization degree, Hα line fluxes and observed line widths; the next
Section describes the main details of the analyzed sources.
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IRAS Pol. Hα flux Hα FWHM
# degree [erg cm−2s−1Å−1] [km s−1]

19254-7250 1.8 2.5 10−16 2360÷3500 ± 240
20100-4156 – < 2 10−17 –
20551-4250 ∼ 1 4.1 10−16 <1000
22491-1808 – < 5 10−17 –

Table 3.7: Polarimetric analysis of ULIRGs spectra: Hα polarized fluxes and FWHM
estimates (see text for details).

3.5.4 Notes on individual sources

This section summarizes the results on polarization degree and position angles ob-
tained for each of the four studied ultra-luminous IR galaxies. Evidence of Hα polar-
ization is detected in the case of IRAS 19254-7245 only, but to a very low degree.

IRAS 19254–7245

The Superantennae has already been widely described in the previous sections; on the
basis of optical spectral properties, this galaxy is classified as a Seyfert 2 galaxy by
Berta et al. (2003), as described in Section 3.5, and Mirabel et al. (1991). In their
polarimetric analyses, Heisler et al. (1997) and Lumsden et al. (2001) fail in detecting
scattered light and attribute the lack of polarized components to geometric effects:
if the scattering particles lie close to the plane of the obscuring torus, an edge–on
observer could not observe any polarized flux.

The analysis of our EFOSC2 integration on the Southern Nucleus leads to detect a
significant polarized residual, especially in the spectral region around Hα (see Figure
3.9, top left panel). The polarization degree turns out to be ∼ 1.8 ± 0.4%.

The width of this spectral structure in polarized light, which might be interpreted
as the Hα+[Nii] blend (although we do not have enough spectral resolution to resolve
it) is ∼70 Å, or 3500±240 km/s. This line width is only marginally wider than that
of the Hα+[Nii] blend measured in the total-light spectrum by Berta et al. (2003,
2500 [km s−1]). Figure 3.10 shows the comparison of the polarized to the total–light
Hα, as normalized to their peaks, and the difference between the two. There is no
clear positive residual, indicating a broad polarized line, but the very low S/N ratio
does not allow to be conclusive about the presence of a scattered component. In this
Figure (and in the following Figure 3.11) the polarized flux spectra have not been
rebinned, in order to keep the full spectral resolution around the Hα line.

Fit of this polarized feature with multiple gaussian profiles was attempted, taking
into account some information on the complex kinematic structure of the source as
reported by previously published higher-resolution works. Following Colina et al.
(1991), Vanzi et al. (2002) infer that each emission line is in fact composed of three
different kinematic components. They reproduce the observed optical emission lines
with a synthetic profile with three different gaussians. Similarly, we have fit our
polarized emission structure with three different kinematic components for the triplet
[Nii]λ6548, Hα and [Nii]λ6584 (hereafter “model A”). The gaussian parameters of
Vanzi et al. (2002) were adopted, i.e. recession velocity z = 0.06141, 0.05831, 0.06153,
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Figure 3.9: Spectro-polarimetric study of IRAS 19254-7245 (Southern Nucleus): evi-
dence of polarization is found. (Left), from top to bottom, the total and polarized flux
in [count Å−1], the polarization degree and position angle [degrees]; (right) zoomed
view centered on Hα. The extraction aperture is 4′′.

σ = 10.4 Å and fraction of total flux 88.5%, 5%, 6.5%. When convolving the model
with our lower spectral resolution σ = 9.0 Å, the observed width of the polarized
structure is not reproduced in this way.

A better-fit is found by adding some intrinsic line-spread, following Vanzi et al.
(2002) alternative model. Each emission line composing the Hα+[Nii] triplet consists
of three components at z=0.06149, 0.05858, and 0.06414, characterized by σ=23.3,
5.8, 4.3 Å respectively (Figure 3.11, “model B”). Note that the σ values of the two
latter components are lower than the instrumental spectral resolution. In conclusion,
this analysis indicates a kinematic component with an intrinsic width of FWHM of
∼55 Å, or ∼2360 [km s−1] in the velocity space.

Given the complex kinematic structure of the source and our modest spectral res-
olution and low signal to noise ratio, we cannot be conclusive about the presence of
any broad-line AGN based on these data, particularly considering that the full-light
spectrum displays a similarly broad spectral complex. Dichroic transmission of the
Hα+[NII] complex through a dust screen may still be consistent with the present
data.
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Figure 3.10: Comparison between polarized and total light Hα for the Superantennae.
Top: Polarized (histogram) and total light (thick line) spectra, as normalized to their
peaks. Bottom: difference between polarized and full–light fluxes.

IRAS 20100–4156

The top left panel of Figure 3.13 shows the spectrum of the southern nucleus: only
an upper limit of 2 10−17 [erg cm−2 s−1] to the polarized Hα flux can be set. The
northern nucleus, of comparable luminosity, does not show any polarization either.

IRAS 20551–4250

We find very faint polarized flux in correspondence of the Hα line at ∼ 1% level, with
low significance and with a complex structure (Fig. 3.12). The polarized feature is
not spectrally resolved (see Table 3.7). Very similar results on this object have been
obtained by Lumsden et al. (2001).

IRAS 22491–1808

The South America galaxy (Carico et al., 1990) was observed in polarized light by
Young et al. (1996) in the R band, but no polarization was detected (Fig. 3.13). We
confirm the lack of polarization (< 1%) and set an upper limit of 5 10−17 [erg cm−2

s−1] to the Hα scattered flux.

3.5.5 Comparison to other wavelengths

Very faint but significant polarization signals have been found in two out of the four
ULIRGs observed in Pernechele et al. (2003) spectro-polarimetric campaign: IRAS
19254-7245 (the Superantennae) and IRAS 20551-4250. Concerning the former, the
polarized Hα line is possibly broadened to ∼ 2000 − 3000 [km s−1]. Present observa-
tions tend to confirm that ULIRGs display, except in few cases (see e.g. Young et al.,



3.5. OPTICAL SPECTRO-POLARIMETRY OF NEARBY ULIRGS 57

Figure 3.11: Models (thick lines) and spectra around Hα+[Nii] for IRAS 19254-
7245. Top panels refer to the total flux and bottom panels to the polarized flux
spectra. “Model A” (see text for details) and “model B” are shown on left and on
right panels, respectively. Apparently, “model A” provides a better fit of the total
flux profile (top-left panel), while the polarized curve is best reproduced with “model
B” (bottom-right), which has a kinematic component of ∼ 2360 [km s−1] FWHM.

1996; Tran et al., 1999; Hines et al., 1999) faint signals in optical polarized light.
These results are consistent with either very weak AGN components in the source nu-
clei (otherwise dominated by starburst emission), or a dust distribution covering the
nuclear source and producing dichroic transmission. The signal-to-noise ratio of the
dataset does not allow the possible polarization mechanism (i.e. electron scattering,
dust scattering or dichroism) to be distinguished. In the IRAS 19254-7245 case, po-
larization of the continuum is marginally detected, showing a slight decreasing trend
at increasing wavelength (see Figure 3.9). This effect would exclude the presence of
electron scattering, which is independent on wavelength.

It is interesting to compare these results to others based on independent data in
different spectral domains. The four sources analyzed here have been observed with
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Figure 3.12: Spectro-polarimetric study of IRAS 20551-4250: evidence of polarization
is found. See caption of Figure 3.9 for details. The extraction aperture is 5.6′′.

Figure 3.13: Spectro-polarimetric analysis of IRAS 20100-4156 and IRAS 22491-1808,
in which no evidence of polarized emission is detected. The spectrum for IRAS 20100
is centered on the southern nucleus. Extraction apertures are respectively 3.2′′ and
8′′.

XMM-Newton by Braito et al. (2002) and Franceschini et al. (2003b). These authors
detect clear evidence of AGN activity in the nuclei of IRAS 19254-7245 and 20551-
4250. Both sources are characterized by strong iron Kα lines and large hydrogen
column densities, indicative of a hidden AGN component. Concerning the other two
sources, the presence of non-thermal activity cannot be ruled out but is strongly
constrained by the XMM data.

The optical-IR-millimeter spectral energy distributions of these same sources have
also been analyzed by Berta et al. (2003) and Fritz et al. (2004, in prep.) and are
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discussed in Section 3.8. On the basis of this approach, the bolometric (8− 1000 µm)
infrared luminosities of IRAS 19254-7245 and IRAS 20551-4250 seem to be powered
by an AGN component for at least ∼40% and 18% respectively, while only for a few
% in the case of the other two ULIRGs.

3.6 Near Infra-Red spectroscopy of nearby ULIRGs

Recent optical spectroscopic surveys (e.g. Poggianti & Wu, 2000) reveal that the spec-
tra of (U)LIRGs display an interesting combination of emission and absorption lines:
strong Hδ absorption and moderate [Oii] emission. Until recently, such a combination
was thought to be associated to post-starburst galaxies, characterized by small ongo-
ing star formations. Such a claim was based on dust-free models. Poggianti & Wu
(2000), however, proposed an alternative explanation, claiming that these peculiar
spectral features are the signatures of highly obscured starburst galaxies.

Clearly, one still needs to investigate the exact origin of these spectra, namely
the nature of the star formation activity and the properties of dust. A possible
scenario is selective extinction (Poggianti & Wu, 2000): HII regions, where [Oii]
emission originates, are highly embedded in dust layers and thus are affected by more
extinction compared to the older stellar populations which are responsible for Balmer
absorptions. Poggianti et al. (2001) have recently investigated the optical spectra of
LIRGs and ULIRGs, by means of stellar population synthesis from the far-UV to far-
IR. They found that the UV-optical spectrum does not provide enough information
to identify univocal solutions.

In order to obtain a deeper physical insight on the nature of these objects, this
section discusses the analysis of near-IR spectroscopic observations, carried out by
Valdés et al. (2005). By comparing the near-IR data to optical and far-IR observations,
this study aims at properly evaluating the rates of stellar formation and the intrinsic
extinctions affecting these sources and examining the possible troubles involved, to
be taken into account when dealing with higher redshift galaxies.

3.6.1 Observations and data reduction

Sample selection has been drawn from the LIRGs and ULIRGs catalog by Genzel
et al. (1998) and Rigopoulou et al. (1999), in such a way that their redshifts were
optimal for Paα or Brγ detection in the spectral window covered by the Son OF
ISAAC (SOFI) in Ks band.

Table 3.9 summarizes the IR and radio properties of the targets: redshift, distance,
IRAS observed fluxes at 12, 25, 60 and 100 µm, 25/60 µm color, IR integrated flux2,
radio flux, FIR/Radio correlation parameter3 at 1.4 GHz, 7.7 µm PAH depth.

2SIR = 1.8 10−14 (13.48f12 + 5.16f25 + 2.58f60 + f100) [W m−2], as defined by Sanders & Mirabel
(1996), where f12, f25, f60, f100 are the IRAS observed fluxes.

3defined by the well known relation

q = log
FFIR [W m−2]/(3.75 × 1012 [Hz])

F1.49GHz [W m−2Hz−1]
(3.8)
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Medium-resolution Ks-band NIR spectroscopy of the galaxies was performed with
SOFI (Moorwood et al., 1998b) at the Nashmyth A focus of the ESO 3.5m New
Technology Telescope (NTT), during two different runs, 67.A-0593 and 71.A-0707,
performed in August 2001 and August 2003 respectively.

The instrumental set up consisted in the medium resolution grism (pixel scale of
0.292 arcsec), with a dispersion of 4.62 Å/pixel and a spectral coverage between 2.0
µm and 2.3 µm. The Ks filter was used as order sorting filter. The 1 arcsec slit was
adopted, providing a spectral resolution of R ≡ ∆λ/λ ' 2000 (∆v ' 150 [km s−1])
at 2.0 µm.

In the case of sources with peculiar geometries, such as multiple nuclei or hot
spots, care has been taken in positioning the slit on the galaxies by adopting different
position angles4 (see Table 3.8), in order to include all interesting structures in our
analysis. Details on observations are reported in Table 3.8.

Observing in the near-IR is more complex than observing in the optical. The
differences arise from the brighter and more variable background and from strong
atmospheric absorption throughout the 1 − 2.5 µm wavelength range.

IRAS name Integ. P.A. run
[s] [deg] (date)

00085-1223 3600 -38 2003
00188-0856 7200 0 2001
00582-0258 3600 -55 2003
01077-1707 480 -30 2001
02411+0354 6600 54 2003

6600 -90 2001
06206-6315 2400 35 2001
19335-3632 5400 -43 2003
20100-4156 7500 -24 2003

8400 56 2003
22206-2715 3600 32 2003

3600 -61 2001
22491-1808 7200 -74 2001
23128-5919 4800 -35 2003
23230-6926 4500 22 2001
23389-6139 480 -8 2001

Table 3.8: Observational parameters for NIR SOFI Ks band spectroscopic run.

where FFIR = 1.26 10−14 (2.58 S60µm + S100µm) [W m−2] and fluxes S are expressed in [Jy]. For star
forming galaxies and over a wide range of infrared luminosities, q has an average value of ' 2.35±0.15
(e.g. Sanders & Mirabel, 1996).

4The position angle is defined starting from North, towards East.
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Object z D S12µm S25µm S60µm S100µm S25/S60 SIR SRadio qd L/C
[Mpc] [Jy] [Jy] [Jy] [Jy] [W m2] [mJy] 7.7µm

IRAS00085-1223 0.0198 80.3 0.395 2.372 16.62 16.97 0.143 1.39×10−12 66.9b 2.48
IRAS00188-0856 0.1284 648.6 0.117 0.372 2.59 3.40 0.144 2.44×10−13 15.7b 2.36 1.53
IRAS00582-0258 0.0874 373.7 0.110 0.341 1.21 0.99 0.282 1.33×10−13 10.1b 2.14
IRAS01077-1707 0.0334 158.4 0.301 0.846 6.48 10.4 0.130 6.40×10−13 43.8b 2.32
IRAS02411+0354 0.1436 638.1 0.085 0.224 1.37 1.94 0.164 1.40×10−13 6.6b 2.44 3.17
IRAS06206-6315 0.0924 455.9 0.069 0.294 3.96 4.58 0.074 3.10×10−13 21.9a 2.53 3.69
IRAS19335-3632 0.0821 349.8 0.107 0.154 1.19 1.78 0.129 1.27×10−13 7.1b 2.36
IRAS20100-4156 0.1295 655.0 0.135 0.343 5.23 5.16 0.065 4.00×10−13 20.3c 2.49 1.92
IRAS22206-2715 0.1314 579.1 0.096 0.160 1.75 2.33 0.091 1.61×10−13 6.3b 2.56
IRAS22491-1808 0.0777 379.7 0.119 0.549 5.44 4.45 0.101 4.13×10−13 5.9b 3.02 2.85
IRAS23128-5919 0.0446 184.7 0.250 1.590 10.80 10.99 0.147 9.07×10−13 37.3a 2.72
IRAS23230-6926 0.1063 529.2 0.058 0.295 3.74 3.42 0.079 2.77×10−13 32.0a 2.31 1.50
IRAS23389-6139 0.0927 457.5 0.063 0.244 3.63 4.26 0.067 2.83×10−13 163.9a 1.62 1.33
a) 843MHz flux from Mauch et al. (2003);
b) 1.4GHz flux from NRAO VLA Sky Survey (Condon et al., 1998);
c) Condon et al. (1996)
d) FIR/Radio correlation parameter. 843MHz fluxes were converted

to 1.4GHz fluxes by assuming F(ν) ∝ ν−0.8.

Table 3.9: Infrared and radio properties of the ULIRGs observed by SOFI/NTT in spectroscopic mode (see text).
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Figure 3.14: Near-IR atmospheric transmission.

Shortward of 2.3 µm, the background is dominated by non-thermal emission, mainly
due to auroral, OH and O2 emission lines. The vibrationally excited OH lines are
highly variable on a timescale of few minutes; pronounced diurnal variations occur as
well. Longward of 2.3 µm, the background is dominated by thermal emission from
both telescope and sky, therefore it strongly depends on the environment temperature.
In the Ks band, the background might vary by a factor of two between winter and
summer.

The near-IR 1−2.5 µm window is populated by many absorption features, primarily
produced by water vapor and carbon dioxide in the earth atmosphere. Between the J
and H bands and between the H and K bands, the atmosphere is completely opaque.
Figure 3.14 shows the atmospheric transmittance, as seen, for example, by SOFI.

These difficulties have led to the development of specific observing techniques for
the near-IR spectral domain. In spectroscopy, as well as in imaging, accurate NIR
sky subtraction is fundamental. If the target is small enough it is usually observed
at two different positions along the slit (hereafter A,B), contiguously in time. Sky
subtraction is then achieved by simply subtracting frame B from frame A, and vice
versa. This technique, called nod on slit has the advantage to avoid sky variations
on short time-scales, thanks to the contiguousness of A,B observations. The dataset
analyzed here was acquired with a nod throw of 60 arcsec.

The standard reduction pipeline for long-slit NIR spectra was performed by using
IRAF routines. The spectra were flat-field corrected in the usual manner and sky was
subtracted through the nod on slit procedure. Figure 3.15 summarizes the reduction
pipeline.

Wavelength calibration and slit-curvature correction was obtained with the Xenon-
Neon internal lamp and checked on sky IR emission lines.

Corrections for telluric features and flux calibration have been performed by observ-
ing nearly featureless hot B and solar-like telluric and spectro-photometric standard
stars, from the Hipparcos catalog. Atmospheric transmission variations were com-
pensated for by observing the standard stars contiguously, at as close air masses as
possible to target galaxies. The intrinsic spectra of the standard stars have been ob-
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Figure 3.15: Pipeline of reduction for near-IR SOFI data of ULIRGs: (a): raw frame;
(b) subtraction of frames obtained centering the source into two different positions
along the slit, according to the nodding technique; (c) correction for flat-field and
wavelength calibration; (d) combination of all clean frames belonging to the same
Position Angle; (e) final bi-dimensional spectrum.

tained by normalizing Pickles (Pickles, 1998) stellar templates of the proper spectral
type to their V-to-K observed magnitudes.
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3.6.2 The case of IRAS 20100-4156

At a redshift z = 0.1295 and with a luminosity of 5.3 × 1012 L�, IRAS 20100-4156
is one of the most luminous IR galaxies. There is no clear evidence (from X-ray,
ISO mid-IR spectroscopy, FIR/Radio) of the presence of any AGN component. An
interpretation of its bolometric luminosity in terms of starburst activity requires a star
formation rate of about 800 [M�yr−1]. This huge SFR would picture IRAS 20100-4156
as a very likely local counterpart of the high-redshift obscured galaxies discovered by
ISO and SCUBA, which are believed to be the progenitors of present days ellipticals
(e.g. Stevens et al., 2003).

Duc et al. (1997) identified two different nuclei in the K band, called Northern
and Southern. Figure 3.16 shows the R-band image of IRAS 20100-4156, obtained by
Pernechele et al. (2003), during spectropolarimetric observations, and described by
Fritz, Berta, Pernechele et al. (2004, in preparation). The different P.A. adopted for
near-IR and optical spectroscopy are shown. Pernechele et al. included the Northern
nucleus and a bright hot spot southward in the slit, which had been confused with
the Southern nucleus. Ks band contours are drawn on the R band image, highlighting
how in the near-IR the Southern nucleus is much better defined (possibly thanks also
to a more favorable seeing).

Figure 3.16: Position of slits on IRAS 20100-4156: the Valdés et al. (2005) and
Pernechele et al. (2003) slits are shown. The underlying image is the R-band frame
by Fritz et al. (2004, in prep.); contours belong to K-band imaging by Valdés et al.
(2005). See text for further details.



3.6. NEAR INFRA-RED SPECTROSCOPY OF NEARBY ULIRGS 65

3.17(a): P.A.=-24

3.17(b): P.A.=56

Figure 3.17: Two-dimensional near-IR spectra of IRAS20100-4156, as obtained with
the two different position angles.

3.18(a): P.A.=-24 3.18(b): P.A.=56

Figure 3.18: Two-dimensional near-IR spectra of IRAS20100-4156: contours zoom in
the Paα spectral region. A slight shift is detected in the P.A.=56 line, possibly due
to different spatial components.

The SOFI slit was oriented with two different position angles: -24 degrees, covering
both nuclei (North and South), and 56 degrees, to cover the southern K-band nucleus
and its South-West extension, clearly visible in the R-band image and observed by
Pernechele et al. (2003) and Fritz et al. The total exposure time was 7200s for each
P.A.

The two-dimensional spectra of IRAS 20100-4156, as detected at the two different
slit position angles, are shown in Figure 3.17. Contours zooming on Paα is instead in
Fig. 3.18.

Concerning P.A.=-24 deg, the spectra of the two nuclei can be easily distinguished
so that both Northern and Southern components can be extracted separately.
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P.A.=56 had been chosen in the attempt to include within the slit also the R-band
South-West extension (almost invisible on K-band images) detected by Pernechele
et al. (2003), and check if it could provide a significant contribution to NIR lines
emission. The Paα spatial profile (see Fig. 3.18) reveals only a marginal evidence of
a slight ∼ 20 Å tilt in the emission of the Southern K band nucleus for P.A.=56, but
no significant detection of any component in correspondence to the R band knot.

Comparison with data taken at P.A.=-24 deg confirms that line fluxes measured at
P.A.=56 are due only to the K-band Southern nucleus, and that the R band South-
West extension does not emit a significant luminosity in this wavelength range.

The Ks band spectra of IRAS 20100-4156 are shown in Figure 3.19. Extraction
apertures were set to ∼ 6′′× 1′′ and ∼ 3′′× 1′′ for P.A.=56 and P.A.=-24 respectively,
taking care to collect the whole observed flux. The spectra are characterized by
strong Paα (λ = 1.876 µm) and weak Hei (λ = 1.868 µm), Brδ (λ = 1.945 µm) and
H2 1-0S(3) (λ = 1.957 µm), H2 1-0S(5) (λ = 1.835 µm) emissions.

Figure 3.19: Extracted NIR spectra of the two nuclei of IRAS 20100-4156. No slit-
loss, nor extinction correction have been applied yet. The identified emission features
are highlighted.

3.6.3 Notes on other sources

The spectra of the other ULIRGs in our sample are presented in Figures 3.20, 3.21
and 3.22. They are characterized by strong Paα or Brγ (λ = 2.1655 µm) emission,
depending on the redshift. In the Paα region we also detect weak H2 lines from
higher order vibrational transitions (H2 1-0S(5), H2 1-0S(3) and H2 1-0S(2) at 2.033
µm). Almost all these galaxies show a contamination of the Paα blue wing by the
Hei emission at 1.868 µm, and in several cases a weak Brδ emission at 1.945 µm is
detected. IRAS 02411+0354, the galaxy with the highest S/N ratio spectrum in our
sample, shows a series of Fei emission-lines.

Galaxies observed in the Brγ spectral domain, show H2 lines from lower order
vibrational transitions (H2 1-0S(3), H2 1-0S(2) at 2.033 µm, H2 1-0S(1) at 2.121 µm,
and H2 1-0S(0) at 2.223 µm). It is worth to note the presence of a relatively strong
Hei emission at 2.058 µm in IRAS 23128-5919 and of Fei series in the spectrum of
IRAS 00085-1223.

The spatial distribution of the Paα emission in IRAS 00582-0258, 23230-6926 and
23389-6139 is compact. The peak of the Gaussian profile of the line emission cor-
responds to the peak obtained from the continuum emission alone, coming from the
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Figure 3.20: Spectra of galaxies observed in the Paα spectral domain (Valdés et al.,
2005), displaying one single nucleus only. No slit-loss, nor extinction correction have
been applied. The identified emission features are highlighted.

Figure 3.21: Spectra of galaxies observed in the Paα spectral domain (Valdés et al.,
2005), displaying two distinct nuclei. No slit-loss, nor extinction correction have been
applied. The identified emission features are highlighted.
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Figure 3.22: Spectra of galaxies observed in the Brγ spectral domain (Valdés et al.,
2005). No slit- loss, nor extinction correction have been applied. The identified
emission features are highlighted.

nucleus of the galaxies. By converse, IRAS 22491-1808 shows a broader spatial dis-
tribution in Paα emission, with some minor peaks superposed to a broader single
Gaussian profile along the slit.

Six galaxies, IRAS 00188-0856, 02411+0354, 19335-3632, 22206-2715, 22491-1808
(and 20100-4156) show double profiles, corresponding to the two nuclei observed on
the Ks band images. Finally, IRAS 06206-6315 is best fitted with three Gaussian
profiles. This complexity is associated with the bright regions seen in the H and I
bands images (Bushouse et al., 2002).

In the case of galaxies observed in the Brγ region, IRAS00085-1223 and IRAS23128-
5919 show a single Gaussian profile, while IRAS 01077-1707 is best fitted with three
Gaussian profiles.

The observed properties of the main emission lines, namely Paα and Brγ, as mea-
sured by Valdés et al. (2005), are shown in Table 3.10: we report flux, equivalent
width (EW) and restframe full width at half maximum (FWHM).

3.6.4 Check for the presence of possible AGN spectral signa-
tures

ULIRGs are known to often be the sites of a combined starburst and AGN activity.
Typical signatures of central non thermal activity are the presence of broad emission
line components and/or high excitation lines.

None of the objects observed in the Brγ region displays any broad Brγ component.
In the case of the Paα observations, instead, we have attempted to detect a possible
broad line emission, by fitting the line’s profile by means of the combination of two
different gaussians. In this way, IRAS 00188-0856 and IRAS 00582-0258 show evidence
of a broad Paα component characterized by ∆v' 2339 and 2210 [km s−1], respectively.
Figure 3.23 shows the multi-gaussian fit. For IRAS 00188-0856, the contribution of
the HeI line at 1.8689 µm has been taken into account. The flux in the detected broad
components is about 42% and 80% of the narrow Paα line flux for IRAS 00188-0856
and IRAS 00582-0258 respectively. The Paα intensities reported in Table 3.10 include
only the narrow lines.

Another NIR AGN diagnostic is the presence of high excitation lines, such as [Sivi]
at λ = 1.9628 µm, which is particularly suited to recognize Sy2 galaxies, lacking
broad-lines. The [Sivi] line falls longward of H2 1-0S(3), producing an asymmetry
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IRAS name Line Flux EW FWHM FWHM
[erg s−1 cm−2] [Å] [rest Å] [km s−1]

00085-1223 Brγ 1.25×10−14 -2.68 35.51 475.85
00188-0856 Paα 5.97×10−15 -29.4 27.88 423.43
00582-0258 Paα 1.63×10−15 -31.56 36.19 561.35
01077-1707 Brγ 5.61×10−15 -9.38 33.43 514.02
02411+0354NE Paα 8.30×10−15 -151.5 22.67 339.52
02411+0354SW Paα 2.18×10−15 -92.3 24.37 369.74
06206-6315 Paα 5.05×10−15 -30.25 42.01 651.92
19335-3632 Paα 6.15×10−15 -124.0 24.64 368.26
20100-4156S Paα 6.09×10−15 -136.2 31.36 501.56
20100-4156N Paα 1.70×10−15 -76.95 25.46 407.21
22206-2715NE Paα 2.81×10−15 -37.78 26.67 408.40
22206-2715SW Paα 6.58×10−16 -13.18 28.79 439.67
22491-1808 Paα 4.94×10−15 -90.96 30.07 449.54
23128-5919N Brγ 1.37×10−14 -30.78 57.11 811.43
23230-6926 Paα 7.21×10−15 -111.8 35.53 501.97
23389-6139 Paα 7.34×10−15 -77.48 49.56 676.14

Table 3.10: Observed properties of NIR main emission lines in ULIRGs spectra (from
Valdés et al., 2005).

Figure 3.23: Possible detection of a broad emission component in the IRAS 00188-0856
(left panel) and IRAS 00582-0258 (right panel). The width of the broad component
is σ '165.1Å corresponding to ∆v'2339 km/s for IRAS 00188-0856, and σ '149.9Å
corresponding to ∆v'2210 km/s for IRAS 00582-0258.

in its profile, when detected on medium resolution spectra (e.g. Vanzi et al., 2002).
Effectively, [Sivi] is marginally detected on the spectra of IRAS 00188-0856 and IRAS
00582-0258; in all other cases there is no evidence of this coronal line. While the
resolution of our spectra in principle allows the two lines to be disentangled, the S/N
is too low to draw any firm measurement of this very faint line.



70 CHAPTER 3. THE IRAS VIEW OF THE LOCAL UNIVERSE

3.6.5 Estimate of intrinsic extinction

Correction for attenuation can be derived by comparing the observed hydrogen line
emission intensity ratios, Robs, with the intrinsic values predicted by models of nebular
emission, Rint, on the basis of the relation
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and adopting the Calzetti et al. (2000) extinction law for starburst galaxies.

There exists a wide literature concerning predicted intrinsic line ratios of hydrogen
recombination lines. Hummer & Storey (1987) provide the intrinsic ratios between
hydrogen lines luminosities for case B recombination:

Hα

Hβ
= 2.87 (3.10a)

Paα

Hβ
= 0.352 (3.10b)

Brγ

Hβ
= 0.0275 (3.10c)

which turn into

Paα

Hα
= 0.1227 (3.11a)

Brγ

Hα
= 0.0096 (3.11b)

However, since the only strong hydrogen line present in our spectra is either Paα or
Brγ, we cannot directly apply this method. We need to compare our data with other
existing data in literature, therefore first of all the differences in the adopted apertures
needs to be accounted for. Duc et al. (1997), Veilleux et al. (1995) and Veilleux et al.
(1999) provide optical spectroscopy within slit apertures of 1.25′′, 2 kpc and 4 kpc
respectively, for almost all galaxies in our sample. Their Hα and Hβ intensities are
reported in columns two and three of Table 3.11.

In order to estimate the extinction from the observed Paα or Brγ fluxes, our ob-
servations have been rescaled to the Hα aperture, by computing the conversion factor
in the same way as described for slit losses in Section 3.4.3. The aperture-correction
coefficients are listed in the 4th column of Table 3.11. The derived values of AV are
shown in the last three columns.

In general the intrinsic line ratios depend very slightly on the assumed density of
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IRAS name SHβ SHα corr. AV

[erg s−1cm−2] Hα Hα/Hβ Paα/Hα Brγ/Hβ
00085-1223 4.08 10−15 1.00 10−13 1.67 6.20 – 5.37
00188-0856 2.45 10−16 3.50 10−15 1.18 4.64 4.56 –
01077-1707 1.16 10−14 9.90 10−14 1.28 3.15 – 3.25
02411+0354NE 8.00 10−16 4.20 10−15 1.05 1.74 4.61 –
02411+0354SW 1.10 10−15 7.60 10−15 1.05 2.53 1.52 –
06206-6315 2.60 10−16 6.31 10−15 1.32 6.17 3.53 –
20100-4156S 1.86 10−15 1.61 10−14 1.21 3.18 2.19 –
22206-2715 8.96 10−16 6.40 10−15 0.41 2.63 1.03 –
22491-1808 3.15 10−15 2.30 10−14 0.83 2.69 0.68 –
23128-5919 8.86 10−15 8.29 10−14 1.24 3.41 – 4.38
23230-6926 1.08 10−15 1.35 10−14 1.16 4.25 2.67 –
23389-6139 3.40 10−16 2.26 10−14 1.22 9.08 1.96 –

Table 3.11: Values of intrinsic dust extinctions in the observed ULIRGs, as derived
from NIR spectroscopy. For each source, Hα and Hβ fluxes from literature, Hα
aperture correction coefficient and three different extinction values are reported. See
text for further details.

the emitting region (usually between 102 − 104 cm−3), but they do depend on the
electronic temperature. The latter may be assumed a priori, or may be the result of
detailed modeling of HII regions, accounting for the hardness of ionizing spectrum,
geometry and metallicity of the gas. Further complicacy comes from the fact that
a complete model for star forming galaxies should include an underlying low SFR
(almost continuous in time) component, which would diminish the hardness of the
ionizing spectrum. Recent models of normal star forming galaxies by Panuzzo et al.
(2003) involve galaxy’s chemical evolution and metal-dependent stellar population
synthesis (Bressan et al., 1994), including a continuous low-SFR stellar population.

The intrinsic line ratios computed by Panuzzo et al. (2003) for a star-forming galaxy
are:

Hα

Hβ
' 3.0 (3.12a)

Paα

Hα
' 0.139 (3.12b)

Brγ

Hα
' 0.011 (3.12c)

The latter two values, in particular, are higher than those reported by Hummer &
Storey (1987); adopting Panuzzo et al. (2003) values for Paα/Hα would decrease the
derived AV by about 0.28 magnitudes.
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3.6.6 Star formation rates

The star formation rates of the observed ULIRGs have been derived by adopting the
calibrations described by Kennicutt (1998a):

SFR(IR) [M�yr−1] = 4.5 10−44L(IR, [erg s−1]) (3.13a)

SFR(Hα) [M�yr−1] = 7.9 10−42L(Hα, [erg s−1]), (3.13b)

where L(IR) is the bolometric infrared luminosity emitted in the 8 − 1000 µm wave-
length range. When combined with Hummer & Storey (1987) relations, the second
equation leads to:

SFR(Paα) [M�yr−1] = 6.44 10−41L(Paα, [erg s−1]) (3.14a)

SFR(Brγ) [M�yr−1] = 8.25 10−40L(Brγ, [erg s−1]). (3.14b)

All the above calibrations refer to a Salpeter IMF between 0.1 and 100 M�. After
correction for extinction and aperture losses (Table 3.11 and column 8 in Table 3.12),
lines and IR luminosities have been computed assuming the distance values in Table
3.9.

The derived SFR values are summarized in Table 3.12. The last column of this
Table reports the ratio between the SFR derived from the NIR hydrogen line emission
(either Paα or Brγ) and that derived from the IR luminosity. Even in the near-IR
and even after extinction correction, the SFR obtained from H emission lines are
much lower than those derived from the IR luminosity. In several cases, the mismatch
reaches one order of magnitude. The discrepancy seems to be much larger for those
SFR derived from Paα, while Brγ looks like to provide a rate of stellar formation in
better agreement with the IR diagnostic.

A probably more sophisticated calibration has been recently computed by Panuzzo
et al. (2003), who do not simply assume that a pre-defined fraction of the emit-
ted bolometric luminosity is converted into infrared luminosity, but perform detailed
modeling of transport radiation within the starburst’s dusty medium. Panuzzo et al.
(2003) relations,

SFR(Hα) [M�yr−1] = 7.05 10−42L(Hα, [erg s−1]) (3.15a)

SFR(Paα) [M�yr−1] = 5.06 10−41L(Paα, [erg s−1]) (3.15b)

SFR(Brγ) [M�yr−1] = 6.60 10−40L(Brγ, [erg s−1]) (3.15c)

SFR(IR) [M�yr−1] = 4.63 10−44L(IR, [erg s−1]), (3.15d)

would, anyway, produce even larger discrepancies than the Kennicutt (1998a) cali-
bration. In all the observed galaxies, the measured Paα or Brγ flux is significantly
smaller than expected from their IR emission.
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IRAS name L(Hα) SFR(Hα) L(Paα) SFR(Paα) L(Brγ) SFR(Brγ) corr. L(IR) SFR(IR) Line/IR
[1041erg s−1] [M�yr−1] [1041erg s−1] [M�yr−1] [1041erg s−1] [M�yr−1] IR [1045erg s−1] [M�yr−1]

00085-1223 5.95 4.70 – – 4.05 33.6 2.08 1.08 47.47 0.71
00188-0856 7.18 5.67 9.10 61.2 – – 1.74 12.32 542.80 0.11
00582-0258 – – 0.47 3.1 – – 1.44 2.22 97.71 0.03
01077-1707 8.92 7.05 – – 8.22 67.7 3.44 1.92 84.77 0.79
02411+0354 – – 13.22 85.2 – – 1.90 6.83 300.80 0.28
02411+0354NE 2.78 2.20 10.17 65.6 – – – – – –
02411+0354SW 7.32 5.79 3.04 19.6 – – – – – –
06206-6315 9.52 7.52 8.78 56.5 – – 2.44 7.73 340.50 0.16
19335-3632 – – 3.20 20.6 – – 3.56 1.87 82.39 0.25
20100-4156 – – 12.00 77.3 – – 2.20 20.59 906.80 0.09
20100-4156S 23.68 18.71 9.08 58.4 – – – – – –
20100-4156N – – 2.92 18.8 – – – – – –
22206-2715 – – 6.54 42.1 – – 3.03 6.49 285.8 0.15
22491-1808 6.6 5.21 6.38 41.1 – – 4.79 7.13 314.0 0.13
23128-5919 10.65 8.42 – – 16.68 137.6 2.04 3.71 163.4 0.84
23230-6926 16.60 13.12 15.01 96.6 – – 3.02 9.29 409.1 0.24
23389-6139 46.68 36.88 15.42 99.3 – – 1.76 7.11 313.0 0.32

Table 3.12: Values of SFR, as derived from the observed Hα, Paα, Brγ and bolometric IR (8 − 1000 µm) fluxes. The luminosities
and computed SFR are reported; Hα fluxes have been corrected for aperture losses, by adopting the coefficients listed in Table 3.11;
the coefficients for aperture correction of the IR fluxes are in column 8. All spectral lines have been corrected for internal extinction,
apart for IRAS 00582-0258, 19335-3632 and 20100-4156N. In these latter cases, the deduced SFRs represent lower limits only. Last
column contains the ratio between the SFR obtained from Paα or Brγ luminosities and SFR(IR).
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3.6.7 Possible causes for the observed discrepancies

A deficit of recombination photons has been already noticed in the NIR by Goldader
et al. (1995), based on the analysis of the Brγ line in a sample of local ULIRGs.
Poggianti et al. (2001) found that the SFR derived from the extinction corrected Hα
flux in a sample of ULIRGs was a factor of three lower than computed from FIR
luminosity. They attributed the discrepancy to age-selective extinction effects, with a
significant contribution by young populations being hidden to optical detection. On
the contrary, in a recent analysis of less bright IR starburst galaxies (1010 ≤ LIR ≤
1011) Mayya et al. (2004) did not find strong evidence for a loss of optical ionizing
photons.

Several options are taken into account by Valdés et al. (2005), in order to explain
the inferred differences between the two derivations of SFRs and attenuations, as
obtained from emission lines and IR bolometric flux.

AGN contribution

If the IR luminosity of the observed ULIRGs included a significant contribution from
a hidden AGN component, then the discrepancies in the SFR diagnostics could be in
principle explained. Anyway, in order to explin the missing ionizing flux, the possible
AGN should emit more than the 80% of the observed IR luminosity.

We have tentatively detected broad emission line components and [SiVI] in the
spectra of IRAS 00188-0856 and IRAS 00582-0258. It is interesting to note that these
two sources lie in the QSO-Sy1 overlapping region of the IRAS color-luminosity di-
agram by (Neff & Hutchings, 1992, Fig. 3.24), having log(S25µm/S60µm) = −0.63,
log(L60µm/L�) = 12.05 and log(S25µm/S60µm) = −0.55, log(L60µm/L�) = 11.24 re-
spectively.

In star forming galaxies, FIR and Radio emissions are tightly correlated over a
wide range of IR luminosities, through the well-known relation reported in Eq. 3.8.
Radio properties of all our targets are summarized in Table 3.9; the q parameter has
been computed after converting the 843 MHz flux to 1.4 GHz, by assuming a radio
continuum Fν ∝ ν−0.8 (column 11 in Table 3.9). All the objects, including IRAS
00188-0856 and 00582-0258, but excluding IRAS 22491-1808 and 23389-6139, fall on
top of the FIR-radio relation of starburst galaxies. A significant contribution to the
IR from any obscured AGN would remarkably increase the value of q above 2.35.
Several authors report, anyway, that for galaxies not harboring any radio-loud source,
the contribution of the AGN to the radio emission is very low (e.g Smith et al., 1998;
Farrah et al., 2003; Prouton et al., 2004). This might be the case of IRAS 00188-
0856 and 00582-0258, which display hints for the presence of the AGN from our own
observations. In fact these galaxies show a q parameter typical of starbursts indicating
that the contribution of the AGN in the IR is not high.

Lutz et al. (1998) claim that the line to continuum ratio (L/C) of the 7.7 µm
Polycyclic Aromatic Hydrocarbons (PAHs) spectral feature is a powerful diagnostic
tool to disentangle between AGN- and starburst-dominated ULIRGs. These authors
find that the bulk of the IR light of those ULIRGs characterized by L/C < 1 is
powered by an Active Galactic Nucleus. Unfortunately, measurements of the 7.7 µm
PAH are not available for all of our sources; the last column of Table 3.9 reports the
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Figure 3.24: IRAS color-luminosity diagram from Neff & Hutchings (1992). Top:
location of Neff & Hutchings (1992) sources showing the preferred locations of different
optical types; bottom: same as top, but identifying single sources by their optical type.
See text for positioning of NIR ULIRGs AGN candidates.

observed L/C values. On these bases, three sources in our sample might harbor an
obscured AGN, namely IRAS 00188-0856, 23230-6926 and 23389-6139. However, only
the former shows clear evidence of AGN activity in its NIR spectrum. This may give
further support to criticism arisen by several authors on the use of this diagnostic
(e.g. Farrah et al., 2003).

IRAS 20100-4156 is marginally detected in the hard X-rays (XMM observations by
Franceschini et al., 2003b), with a flux of S(2 − 10 keV) ' 1.9 10−14 [erg s−1cm−2],
and S(2−10 keV)/S(8−1000 µm) ' 4.75 10−5. Unfortunately, its poor X-ray photon
statistics prevented any careful X-ray spectral analysis. Although the total source flux
is slightly above what expected from a starburst of similar FIR power (Franceschini
et al., 2003b), there is no definite evidence of AGN activity.

Dust within HII regions

In presence of dust internal to the starburst region, only a fraction f of Ly-continuum
photons effectively ionize the gas, while the remaining (1 − f) is absorbed. Hirashita
et al. (2003) have estimated an average value of (1 − f) ' 50% in a sample of star
forming galaxies, with some IUE-selected starbursts reaching (1 − f) ' 80%. If the
discrepancy between Paα line emission and IR flux in our sample is to be ascribed to
internal absorption by dust, then agreement would be recovered by depressing the flux
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of ionizing photons by about 80%. This figure is very extreme and would have deep
impact on our ability to determine the SFR from even the less extinguished emission
lines. Actually, if confirmed, it would render any emission line SFR indicator very
uncertain. On the other hand, it is important to recall that the Hirashita et al. (2003)
study is based on a single screen extinction model. The f coefficient had been invoked
in order to justify the deficit in the Hα-to-UV flux ratio in their data; the same effect
may instead be caused by age-selective extinction: young stellar populations are more
extinguished than old ones, the latter still contributing to the UV flux but not to
nebular emission (e.g. Panuzzo et al., 2003).

High NIR extinction

The photon recombination deficit would not be a problem, if the extinction were
effectively very high, even at NIR wavelengths, and thus optical observations revealed
only the external skin of the starburst.

In order to have an estimation of the range of “truly” high extinction involved,
Valdés et al. (2005) have compared the observed Paα/IR or Brγ/IR ratios to predic-
tions for models of normal star forming galaxies by Panuzzo et al. (2003). In this way,
the extinction in excess in these ULIRGs, with respect to normal star forming galaxies,
turns out to be in the range 10 − 100 in Paα. Assuming that this difference between
observed and synthetic values are entirely due to strong extinction, the consequent
visual attenuations AV would be of the order of ∼ 20 mag for Paα galaxies and ∼ 10
mag for Brγ detections. These values, much higher than those derived from optical
emission lines (Table 3.11), support the experience that extinction derived from NIR
lines is usually larger than that inferred from optical lines (e.g. Calzetti et al., 1996),
and are consistent with the high optical depths (≥20) at 1µm derived by Prouton et al.
(2004), when fitting IR-radio of compact ULIRGs. Recent observations of selected
ULIRGs, carried out with the Infrared Spectrograph (IRS) on board Spitzer, show
significant optical depths in the nuclei of these galaxies at 10µm, reaching AV =15-35
mag in the case of UGC 5101 (Armus et al., 2004).

It is worth to highlight that the Brγ line seems to lead to smaller extinction values
than Paα. Although we are comparing different galaxies and the statistics is low,
this implies that the photon deficit is wavelength dependent. This property strongly
favors the explanation of the discrepancies in AV and SFR, as derived from different
estimators, in terms of a complex extinction geometry, instead of “real”, very high
AV or internal absorption by dust. However, the decisive test to disentangle between
internal dust absorption and high nuclear obscuration would be to look at the Brα
(λ = 4.05 µm) line emission.

Complex extinction geometry

As mentioned above, a single screen extinction model could be not an adequate de-
scription of the observed Paα, Hα, Hβ and FIR intensities at once. Therefore, a
slightly more complex model has been tested on IRAS 20100-4156, considering a mix-
ture of two young stellar populations with constant (SFR) but different strengths and
extinctions. Adopting different SF forms does not change significantly our conclusions.
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Figure 3.25: Two-populations model for IRAS20100-4156. A visible population with
low extinction is mixed with a highly obscured population (AV on y-axis), in different
proportions (given on the x-axis). The solution, matching the three observational
constraints outlined in the label, is defined by the crossing of the corresponding curves
and by AV (Visible)= 1.5 mag and AV (Obscured)' 25 mag.

Three free parameters play in this toy-model: the extinction of the visible and
obscured populations, AV (Visible) and AV (Obscured), and the ratio of their SFR
strengths. The FIR emission has been computed as the difference between the non-
attenuated and the attenuated total model spectra.

The solution must match three independent observational constraints, given by
log[I(Paα)/I(Hα)] = −0.3, log[I(FIR)/I(Hα)] = 4.5, log[I(FIR)/I(Hα)] = 5.1 and
is shown in Figure 3.25. The abscissa indicates the logarithmic ratio between the stel-
lar masses formed in the obscured and visible populations, thus defining the relative
strength of the two; the ordinate represents the extinction of the obscured population.
The only possible solution is obtained for AV (Visible)= 1.5 mag, AV (Obscured)' 25
mag and SFR(Obscured)= 26×SFR(Visible).

The contributions to Paα flux are similar for the two populations, but the SFR
is almost entirely provided by the optically obscured one. The attenuation of the
dominant population at Paα is ∼ 3.5 magnitudes, still high, but not as dramatic as
in the optical.

Burst versus continuous SFR

Usual estimators of the SFR are derived assuming constant star formation (SF) during
a finite time interval, assuming that the galaxy reaches a stationary status, with
respect to typical lifetimes of the star formation indicators. This is essentially correct



78 CHAPTER 3. THE IRAS VIEW OF THE LOCAL UNIVERSE

Figure 3.26: Starburst ages derived from the equivalent width of Paα and Brγ emis-
sion. Starburst models have an exponentially decaying SFR with e-folding time of
τSFR = 25 Myr. Observed values are plotted as horizontal segments.

when dealing with normal galaxies, with very long evolutionary timescales.

By converse, starburst galaxies are, by definition, dominated by the ongoing episode
of star formation, whose duration is generally comparable to the typical lifetimes of
the SF indicators. In such circumstances the comparison of standard calibrators may
lead to significant discrepancies. For instance, this may be the case of SFR derived
from the Radio and IR fluxes, as discussed by Bressan et al. (2002).

Figure 3.26 compares the Paα and Brγ equivalent widths to starburst models. The
star formation e-folding time is τSFR=25 Myr.

The observed values of the equivalent width of our target sources place them in
an age interval between 30 Myr and 140 Myr. If we assume that the old population
contributes about half of the underlying continuum flux, typical of powerful starbursts
(Mayya et al., 2004), these limits shift to 20 Myr and 100 Myr, respectively.

These ages are typical of obscured starburst and consistent with the FIR/Radio
correlation as well. Anyway no source is younger than 20 Myr, while, for a random
time distribution, at least two or three galaxies out of thirteen should appear younger
than this limit. This effect can be explained if one assumes young stellar populations
to be selectively more extinguished than the old ones, as suggested by Silva et al.
(1998) models of obscured starbursts and Poggianti et al. (2001) optical study of
LIRGs.
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3.7 Mid Infra-Red spectroscopy of nearby ULIRGs

In order to unveil the energy source of ULIRGs - starburst or Active Galactic Nucleus
(AGN) - responsible for their huge infrared luminosity, several diagnostics have been
proposed. For example, optical high-ionization narrow emission lines are an indication
of the presence of a hidden AGN. Hard X-rays are in principle a powerful tool. The
ratio between X-ray and IR emission in starburst-dominated ULIRGs is expected to
be < 10−4, while it is 10−3 − 10−1 for AGN-dominated ULIRGs (Risaliti et al., 2000)
However, if the AGN is surrounded by a column density NH higher than 1025 cm−2,
the presence of the AGN and its total luminosity are very hard to determine.

Mid-infrared spectroscopy provides an interesting alternative to disentangle the
starburst and AGN contribution. Genzel et al. (1998) used PAHs emission bands as
an indicator of starburst activity in ISO spectra of the brightest ULIRGs. Since PAHs
are destroyed by the X-ray radiation emitted by AGNs, a high equivalent width (EW)
of PAH lines is an indicator of the absence of a strong AGN. The (Genzel et al., 1998)
diagnostic criterion is mainly based on the EW of the ∼ 7.7 µm PAH emission feature,
leading to the conclusion that most ULIRGs are starburst-dominated. More recently
Imanishi & Dudley (2000) showed that ground-based telescopes can provide similarly
good, or even better, spectroscopic data than ISO, in the mid-IR (see figure 3.27).

In particular, L-band spectroscopy of low redshift ULIRGs allows the direct mea-
surement of the 3.3 µm PAH feature (indicator of starburst activity, similarly to the
7.7 µm feature) and of the carbonaceous dust absorption dip at ∼ 3.4 µm (indication
of the presence of an absorbed point source like an AGN). Most importantly, the L-
band is wide enough for a correct estimate of the continuum level, needed to measure
both the equivalent width of the PAH feature and to detect the carbon dip. In this
way Imanishi et al. (2001) and Imanishi & Maloney (2003) discovered the signatures of
the AGN dominating the energy output of UGC 5101, which was previously classified
as starburst-dominated galaxy, on the basis of ISO spectroscopy only.

Here the L-band spectrum of IRAS 19254-7245 by Risaliti et al. (2003) is reported.
This is probably the best L-band spectrum of a ULIRG ever published, and shows
the potentialities of ground-based L-band spectroscopy in the study of active and star
forming galaxies. The spectra of the other sources in the sample are currently still
under analysis by Risaliti and collaborators.

3.7.1 Observations and data reduction

The L-band spectroscopic observations of IRAS 19254-7245 were performed with the
Infrared Spectrometer and Array Camera (ISAAC, Moorwood et al., 1998a) on VLT,
on June 2nd and 3rd, 2002, in the context of the ESO programme no. 69.A-0643. The
nights were photometric, and the seeing was around 1′′. The 2.55−4.20 µm operating
range and the 1′′ slit were adopted, resulting into a spectral resolution of R = 360,
i.e. ∼ 100 Å at the central wavelength. The total exposure time was 2 hours.

The sample has been chosen from the Genzel et al. (1998) ULIRGs catalog, in order
to match the XMM ongoing Risaliti program, looking for AGNs within ULIRGs. The
original purpose of the project was to provide an independent way to estimate the
AGN and starburst contributions to ULIRGs and to have a complete view of AGNs
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Figure 3.27: L-band spectrum of UGC 5101, from Imanishi et al. (2001). Data were
obtained with NASA’s Infrared Telescope Facility, located on Mauna Kea. The 3.3
µm PAH, the 3.4 µm carbonaceous absorption dip and the continuum slope are high-
lighted. Note that ISAAC L-band is larger.

in the near Universe.
The spectroscopic observations have been carried out in “chopping” mode, with

single exposures of 0.56 sec. This technique involves rapid sampling of the sky by
moving the secondary mirror in phase with the read out of the detector. In addition
to chopping, the telescope “nods”, as in the case of the NIR spectroscopy in the
short-wavelength channel (e.g. SOFI, see Sect. 3.6). In this way, sky subtraction is
optimized.

The data were merged, flat-fielded and sky-subtracted using standard procedures
in the IRAF environment. Spectra of the spectrophotometric standard star HIP 183
(B4III, L=5.5, Teff=15,800 k) were acquired and used to correct the science spectra
for instrumental response.

Since the calibration lamp lines were too faint to be useful, the wavelength calibra-
tion was performed using the nominal instrumental range and the wavelength of the
carbon absorption features.

The spectra were calibrated to the absolute flux scale after analyzing the profile
of the star along the slit and estimating the fraction of flux lost, assuming a perfect
centering. This procedure produces an uncertainty of the order of ∼ 10% in flux.

3.7.2 Notes on IRAS 19254-7245

As already mentioned several times, IRAS 19254-7245 (Mirabel et al., 1991) is op-
tically classified as a Seyfert 2 galaxy. ISO mid-infrared spectroscopy indicates the
presence of an AGN, but does not provide a clear indication on which is the domi-
nant energy source, the line/continuum ratio (with a value of 0.8) of the 7.7 µm PAH
feature being intermediate between typical pure AGN (∼ 0.04) and pure starburst
(∼ 3.6) values (Genzel et al., 1998). However, the determination of the continuum
level is highly uncertain in the ISOPHOT spectra, due to the presence of absorption
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features and to the poor signal-to-noise ratio. Recently Charmandaris et al. (2002)
classified the source as AGN-dominated, on the basis of the same ISO data.

In the optical and near-IR, the presence of an AGN is clearly revealed from the
high [OIII]/Hβ ratio and from the presence of strong coronal lines (Berta et al., 2003;
Vanzi et al., 2002).

XMM-Newton data in the 2-10 keV band suggest that IRAS 19254-7245 is AGN-
dominated (Braito et al., 2003). The source is Compton-thick (NH > 1024 cm−2).
The total luminosity of the AGN is estimated to be of the order or higher than
1044 [erg s−1]. Berta et al. (2003) fit the SED of IRAS 19254-7245 from the U to the
mm-band, with a starburst+AGN model, estimating a contribution of the AGN to
the bolometric luminosity of 40-50% (see Section 3.8).

Images at 10 µm show that the mid-IR emission is concentrated in the nuclei,
and the Southern one is more than ∼5 times brighter than the Northern one. From
ISOCAM observations, Charmandaris et al. (2002) infer that more than 90% of the
5 − 20 µm emission is due to the Southern source.

3.7.3 Analysis of IRAS 19254-7245 L-band spectrum

During the acquisition observing phase, the two nuclei were detected and the slit
positioned in order to include both. However, the Northern nucleus turned out to be
too faint to obtain a useful spectrum. Therefore, we will not discuss it further.

The extracted L-band spectrum of the Southern nucleus, rebinned by a factor of
5, is shown in Fig. 3.28 The error bars are estimated with Poissonian statistics in the
sky counts, which is by far the dominant source of noise.

The ISAAC spectrum presented by Risaliti et al. (2003) is arguably the highest
S/N L-band spectrum of a ULIRG so far. Thanks to the high signal and to the
moderately high spectral resolution, the starburst and AGN indicators can be studied
with unprecedented detail. It displays remarkable signatures of AGN activity:

� a deep absorption at ∼ 3.4 µm (rest frame) strongly suggesting the presence of
a point source behind a screen of dusty gas;

� a PAH feature at 3.3 µm having a much lower equivalent width than typical of
starburst-dominated sources;

� a rather steep continuum slope above ∼ 3 µm, suggesting the presence of warm,
AGN-heated dust.

These three properties are discussed below.

The 3.4 µm absorption

The broad absorption feature at ∼ 3.4 µm (rest frame) is present in the spectra of
many AGNs and ULIRGs (e.g. Imanishi & Dudley, 2000). The feature is detected
on the Superantennae spectrum with an optical depth τ3.4 ∼ 0.8. This absorption is
believed to be due to C-H stretching vibration in hydrocarbon dust grains (Sandford
et al., 1991, and references therein). Imanishi & Maloney (2003) showed that an
optical depth τ3.4 > 0.2 requires a centrally-concentrated source, which could be
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Figure 3.28: Flux-calibrated spectrum of IRAS 19254-7245. The shaded region is
characterized by very poor atmospheric transmission. The solid line represents the
adopted continuum fit.

interpreted as an AGN, unless dust absorption in the host galaxy is significant. This
is verified both on the theoretical and observational point of view: a deep continuum
absorption requires a dense dusty medium fully obscuring the energy source, a picture
similar to obscured AGNs; on the other hand, a starburst emitting ∼ 1045 [erg s−1]
or more would have a linear size of at least 1 kpc, which is unlikely too big to be
completely covered by any dusty absorber; finally 3.4 µm absorption features are
commonly observed in AGNs, while they have never been found in galaxies known to
be dominated by starburst.

Since the same dust grains are present in the Galactic interstellar medium, the most
detailed studies of the 3.4 µm absorption have been carried out on Galactic center
sources (Sandford et al., 1991; Pendleton et al., 1994). In these cases the substructures
of the absorption feature are resolved in at least two major components, due to -CH2

and -CH3 groups, respectively. Figure 3.29 shows the comparison between Pendleton
et al. (1994) spectrum of the Galactic center source IRS7 (top panel) and Risaliti et al.
(2003) spectrum of IRAS 19254-7245 (bottom). In the latter case, the ratio between
the observed spectrum and the continuum fit (red solid line in Fig. 3.28) is plotted.

The match between the two profiles is remarkable, and suggests a similar compo-
sition of the carbonaceous dust grains. A deblending of the single absorption compo-
nents is quite uncertain: at least three components seem to contribute, at rest frame
wavelengths of 3.38, 3.42 and 3.485 µm. Moreover, the absorbed continuum is blended
with the long wavelength tail of the PAH emission feature at 3.3 µm.

A qualitative analysis is possible comparing the two plots. Sandford et al. (1991)
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(b)

Figure 3.29: Top: Continuum-subtracted L-band spectrum of the Galactic center
source IRS7, from Pendleton et al. (1994). Bottom: The same for IRAS 19254-7245.
The similarity in the structure of the absorption feature indicates a common origin,
i.e. vibrational transitions of −CH3 and −CH2 groups in hydrocarbon grains.

report that the 3.38 and 3.42 µm absorption features are due to −CH3 and −CH2

groups, respectively, in saturated aliphatic hydrocarbons. The ratio between the two
absorption peaks is an indication of the average length of hydrocarbon chains5. Since
the relative strength of the two features in IRAS 19254-7245 is compatible within the
errors with those in IRS7, the average ratio between −CH2 and −CH3 groups should
be the same, i.e. ∼ 2 − 2.5. This corresponds to relatively complex molecules made
of 6-7 carbon atoms. The third absorption feature is due to the same C−H stretching
vibrations, caused by perturbations of the −CH2 and −CH3 groups induced by an
electronegative group, such as −C≡N, −OH, or aromatic chains. The higher depth

5The structure of a saturated hydrocarbon chain is CH3−(CH2)n−CH3, therefore the ratio be-
tween the strength of −CH3 and −CH2 absorption features is a direct measure of n.
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of this feature in IRAS 19254-7245 with respect to the Galactic source IRS7 indicates
that the absorbing medium in IRAS 19254-7245 is richer of organic molecules with
such electronegative groups than is IRS7.

The 3.3 µm emission feature

The broad emission feature at 3.3 µm is due to Polycyclic Aromatic Hydrocarbon
molecules. Roche et al. (1991) showed that this emission feature is weak or absent in
AGNs, while it is strong in starbursts galaxies, probably because of the destruction of
PAH molecules by the strong X-ray and EUV emission of AGNs, and of the dilution of
the continuum stellar component. As a consequence, a low equivalent width (EW) of
the 3.3µm emission feature indicates the presence of AGN emission. Typical EWs for
starburst galaxies are in the range 1000 − 1500 Å, while in AGN-dominated sources
EW ≤ 100 − 300 Å (Moorwood, 1986; Imanishi & Dudley, 2000; Imanishi, 2002).
The estimated value for IRAS 19254-7245 is EW=120±10 Å, thus suggesting that the
emission is dominated by the active nucleus.

It is important to emphasize that the broad spectral range is crucial to a correct
estimate of the EW. In particular, if the continuum at rest-frame wavelengths λ >
3.6 µm is not available, the line flux is easily over-estimated, while the continuum at
3.4 µm is under-estimated because of the broad 3.4 µm absorption feature. Another
possible source of uncertainty in the measurement of the 3.3 µm feature EW is the
overlap with the 3.4 µm absorption feature. However, the 3.3 µm emission line appears
to be symmetric with respect to its peak wavelength, and the absorption feature does
not extend below ∼ 3.34 µm. Therefore the 3.3 µm PAH feature is not significantly
affected by the carbonaceous absorption.

The ratio between the flux of the 3.3 µm feature, and the bolometric IRAS infrared
flux (8 − 1000 µm) can be used to estimate the AGN/starburst contribution to the
infrared emission. The typical value for starburst galaxies is R = F3.3

FIR
∼ 10−3, while for

AGN-dominated sources it turns out to be 1-2 orders of magnitude lower (Imanishi,
2002). In the IRAS 19254-7245 case, FIR = 5.3 10−10 [erg cm−2s−1] and F3.3 =
2.1 10−14 [erg cm−2s−1]. Therefore R = 3.9 10−5: on the basis of this diagnosis, the
detected starburst can account for only a small fraction of the infrared luminosity of
IRAS 19254-7245.

Continuum slope

The slope of the continuum at wavelengths λ > 3.7 µm is rather steep: the spectrum
can be fitted by a power law fλ ∝ λ2.7. This is an indication of the presence of warm
dust, typical of AGN spectra (Granato et al., 1997), emitting at these wavelengths.
Interestingly, literature 3 − 4 µm ULIRGs spectra (e.g. Imanishi & Dudley, 2000)
show a positive continuum slope in this spectral domain only for AGN-dominated
sources. The opposite is not absolutely true: for example NGC 6240 is known to host
a powerful hidden AGN, but its 3.5 − 4.0 µm slope is negative. At λ < 3.1 µm the
slope reverses. Section 3.8 deals with spectrophotometric and template fitting of the
multiwavelength SEDs of this and other ULIRGs on the whole UV-to-mm spectral
domain, including both starburst and AGN components.
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3.8 Spectral Energy Distributions

Further information on the physical processes powering sources’ emission is provided
by the analysis of their broad band spectral energy distributions (SEDs). The purpose
of this Section is to identify signatures in the SEDs of these sources to be used for
estimating any possible AGN contribution to the emitted luminosity.

The SEDs fitting of the ULIRGs previously observed in optical spectroscopy is
attempted here. These galaxies benefit of the detailed spectroscopic data described
in Section 3.4, as well as of a complete spectral coverage from the UV-optical to the
sub-millimeter spectral domain, in particular in the near- and mid-IR.

As far as the near-IR spectroscopic sample is concerned, the detected emission lines
(Paα or Brγ) may in principle provide some constraints on the spectro-photometric
synthesis of their optical SED. On the other hand, unfortunately, the lack of literature
data in the critical range between 2 and 10 µm prevents us from carrying on our study
on the relative contribution of AGN and starburst. In fact, as it will be discussed
in this section, this spectral domain turns out to be of particular relevance in the
attempt at disentangling the two components on the basis of broad-band SEDs. Only
the case of IRAS 20100-4156 is shown.

Moreover, the availability of high signal-to-noise spatially-resolved spectra for few
sources allows also the star formation histories of single small regions of the galaxies to
be studied. The prototype case of IRAS 19254-7245, as analyzed by Berta et al. (2003),
is presented in detail, trying to highlight the mechanisms responsible for quenching out
the central AGN after the dynamical destabilization of the gas, and the relationship
between the star formation process and the dynamical interaction.

3.8.1 The data

Multi-wavelength SEDs consists in the combination of optical spectra (Section 3.4)
and photometric data collected from literature, in order to cover the widest spectral
range in as high detail as possible.

Optical photometric data are taken from by Mirabel et al. (1991), Duc et al. (1997),
Johansson (1991), Sanders et al. (1988), Surace et al. (2000), with different spectral
coverages, for different sources. Near-IR photometry has been mainly collected from
the 2MASS extended sources catalog (Jarrett et al., 2003), but also from Duc et al.
(1997), Sanders et al. (1988), Mirabel et al. (1991), including JHK and LMN. IRAS
12, 25, 60, 100 µm data belong to version 2.0 of IRAS Faint Source Catalog (Moshir
et al., 1990), while ISOCAM and ISOPHOT mid- and far-IR observations were carried
out by Klaas et al. (2001), Laurent et al. (2000) and Charmandaris et al. (2002).

Some more observations longer wavelength (e.g. sub-mm data from SEST) have
been included as well, in order to build as complete SEDs as possible and sample
the cold dust emission tail. Table 3.13 summarizes the whole dataset included in the
SEDs fitting.
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Table 3.13:

Photometric data for the ULIRGs examined in the SEDs study, as retrieved from literature.

Flux [Jy]
Band λ IRAS 19254-7245 20100-4156 20551-4250 22491-1808 NGC 6240
name [µm] South 8′′ North 8′′ Global
U 0.36 – – – – – 0.239 10−3 4.07 10−3

B 0.44 0.365 10−3 0.324 10−3 1.401 10−3 – 3.423 10−3 0.427 10−3 12.9 10−3

g 0.52 – – – – – 0.539 10−3 –
V 0.55 0.880 10−3 0.687 10−3 2.997 10−3 – 5.208 10−3 – 24.7 10−3

r 0.67 – – – – – 0.832 10−3 –
R 0.70 1.397 10−3 0.949 10−3 4.220 10−3 0.713 10−3 5.825 10−3 – –
i 0.79 – – – – – 0.907 10−3 –
I 0.90 2.052 10−3 1.407 10−3 6.197 10−3 – 9.642 10−3 – –
J 1.25 3.544 10−3 2.664 10−3 – 1.650 10−3 1.252 10−3 2.116 10−3 45.4 10−3

H 1.65 5.720 10−3 3.353 10−3 – 2.039 10−3 1.411 10−3 2.663 10−3 72.1 10−3

K 2.20 7.586 10−3 3.467 10−3 – 2.229 10−3 1.355 10−3 2.559 10−3 70.0 10−3

L’ 3.40 20.79 10−3 2.117 10−3 – – 1.241 10−3 2.215 10−3 –
M 4.80 – – – – 3.653 10−3 – –
N 10.0 110.6 10−3 23.76 10−3 – – – 41.68 10−3 –
IRAS 12 0.210∗ 0.012∗ 0.222 <0.120 0.280 0.120 0.558
IRAS 25 1.217∗ 0.025∗ 1.242 0.340 1.910 <0.550 3.42
IRAS 60 5.370∗ – 5.484 5.230 12.78 5.440 22.7
IRAS 100 5.671∗ – 5.789 5.160 9.950 <4.450 27.8
ISOCAM 6 0.0900 0.0019 0.0919 – 0.062 – 0.107
ISOCAM 6.75 0.1069 0.0048 0.1117 – 0.123 – 0.229
ISOCAM 7.75 0.1501 0.0083 0.1584 – – – –
ISOCAM 9.62 0.0912 0.0051 0.0963 – – – –
ISOCAM 11.4 0.1075 0.0059 0.1134 – – – –
ISOCAM 15 0.2840 0.0059 0.2899 – 0.425 – 0.758
ISOPHOT 3.3 – – – – – – 0.058
ISOPHOT 3.6 – – – – – – 0.07
ISOPHOT 4.8 – – – – – – 0.067
ISOPHOT 10 0.116∗ 0.007∗ 0.123 <0.090 <0.204 <0.063 0.259

(continued on next page)
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Table 3.13: continued.

Flux [Jy]
Band λ IRAS 19254-7245 20100 20551 22491 NGC 6240
name [µm] South 8′′ North 8′′ Global
ISOPHOT 12 0.189∗ 0.011∗ 0.200 0.090 0.275 0.080 0.750
ISOPHOT 15 0.392∗ 0.008∗ 0.400 0.140 0.500 0.110 1.00
ISOPHOT 20 – – – – – – 1.98
ISOPHOT 25 1.293∗ 0.027∗ 1.320 0.340 2.110 0.500 3.31
ISOPHOT 60 5.456∗ – 5.570 6.530 13.900 6.800 23.6
ISOPHOT 65 – – – – – – 21.4
ISOPHOT 80 – – – – – – 28
ISOPHOT 90 5.153∗ – 5.260 5.110 9.260 5.450 26.7
ISOPHOT 100 – – – – – – 23.1
ISOPHOT 120 4.183∗ – 4.270 4.510 6.730 3.550 25.9
ISOPHOT 150 2.998∗ – 3.060 3.360 4.140 2.700 18.91
ISOPHOT 180 2.253∗ – 2.300 2.090 2.560 1.950 12.73
ISOPHOT 200 1.577∗ – 1.610 1.860 1.800 1.700 9.00
SCUBA 450 – – – – – <0.200 1.00
SCUBA 850 – – – – – 0.019 0.15
SEST 1300 0.011∗ – 0.012 <0.014 – – –
Literature refs. 1,8,9,10,11 5,8,9,11 4,8,9,11 6,7,8,9,11 2,3,8-12
∗: Infrared observations were split between the two nuclei, accounting for aperture losses.
References: 1 Mirabel et al. (1991) optical and near-IR photometry;

2 de Vaucouleurs et al. (1991) optical data;
3 Spinoglio et al. (1995) near-IR data;
4 Johansson (1991) optical photometry;
5 Duc et al. (1997) optical and NIR data;
6 Surace et al. (2000) UV data;
7 Sanders et al. (1988) optical data;
8 IRAS (Moshir et al., 1990) data;
9 ISOCAM LW fluxes by Laurent et al. (2000);
10 ISOCAM LW fluxes by Charmandaris et al. (2002);
11 Klaas et al. (2001) ISOPHOT fluxes;
12 Klaas et al. (1997) ISOPHOT fluxes.



88 CHAPTER 3. THE IRAS VIEW OF THE LOCAL UNIVERSE

To this small sample, NGC 6240 has been added, since its X-ray properties resemble
those of IRAS 19254-7245 (see discussion below). Photometric data have been taken
from de Vaucouleurs et al. (1991), Spinoglio et al. (1995), Moshir et al. (1990), Laurent
et al. (2000), Klaas et al. (1997, 2001).

Additional mid-IR spectra (not included in the minimization procedure) by Rieke
et al. (1985), Rigopoulou et al. (1999) and Charmandaris et al. (1999) have been
plotted on the diagrams, in order to compare them to the synthetic SEDs.

3.8.2 Spectral synthesis optical model

In the optical domain, we have reproduced the observed data (both photometry and
spectroscopy) by means of spectro-photometric synthesis, following the prescriptions
described in Chapter 2.

The optical spectrum carries a wealth of information on the recent star formation
history and dust extinction. As the best approach to describe the irregular star-
formation histories of starburst galaxies, the free-form spectral synthesis model has
been adopted in this case (Section 2.3.2). The available SSP library consists of the
evolution of a SSP obtained with Salpeter IMF and solar metallicity, “frozen” at 10
different ages, and processed with the code CLOUDY in order to include nebular
emission lines for the young epochs (see Section 2.1.5). Each phase is meant to
represent a star formation episode of average constant star formation rate over a
suitable period ∆t (see Table 3.14 for details).

In order to properly reproduce the shape of the continuum, (nebular) emission
lines and (photospheric) absorption lines, 3 classes of SSPs spectra are best suited:
young, intermediate and old phases in the SSP life. The youngest generations (106,
3 · 106, 8 · 106, 107 [yr]) power the ionizing photons producing the emission lines and
the UV continuum; intermediate populations (5 · 107, 108, 3 · 108, 5 · 108, 109 [yr])
are characterized by strong Balmer absorption lines. All older generations of stars
provide the major contribution to the near-IR continuum, and have been schematically
modeled with a constant SFR between 2 and 10 Gyr before the observation.

Each single population is assumed to be extinguished by dust in a uniform screen
according to the standard extinction law (Cardelli et al., 1989, see Section 2.3.3). The
color excess E(B−V ) varies from one stellar population to another, obeying the rule
that old generations of stars have nowadays left the thick medium where they were
born, while young stars are still embedded in dust.

The observed information included in the estimation of χ2 is represented by the UV-
optical-NIR photometry, as well as all spectroscopic information available (continuum
and EWs of absorption and emission lines). An additional constraint is given by the
bolometric IR emission (between 8 − 1000 µm): the amount of UV-optical energy
absorbed by dust is reprocessed to the IR and must be consistent with the observed
data (see Section 2.4).

The minimization procedure (Sect. 2.5) checks if any of the SSPs older than 107

years contributes less than 1% to the total flux at each wavelength: in that case
they are no more relevant for the fit and are not used. Obviously, the same does not
apply to younger SSPs because, though very extincted, their contribution to the FIR
emission can not be neglected.
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3.8.3 Mid- and Far-IR emission

In the IR spectral domain, the ULIRGs emission is modeled as a combination of two
different components: circum-starburst dust and AGN-heated dust, if necessary.

The radiation extinguished in the UV-optical domain is re-emitted at wavelengths
longer than 5 µm, by means of a starburst IR template (see Section 2.4). Depending
on the IR colors of the given ULIRG, we assume a M82 or Arp220 SED as template.
In particular, warm ULIRGs (defined by S25µm/S60µm ≥ 0.2, Genzel et al., 1998),
such as the Northern nucleus of Superantennae, are fairly well fitted with a proto-
typical starburst as M82. On the other hand, cool ULIRGs (e.g. IRAS 22491-1808),
are preferably reproduced by a more extreme template, such as Arp220. The latter
is characterized by dust self-absorption, causing the silicates 10 µm dip to be very
pronounced and the FIR continuum to peak at ∼ 100 µm.

The templates adopted here are built as a combination of GRASIL synthetic models
by Silva et al. (1998) and CAM-CVF observed spectra between 5 and 20 µm, pro-
vided by Charmandaris et al. (1999), for Arp220, and Förster Schreiber et al. (2001),
for M82. The implementation of observed MIR spectra is necessary for a detailed
description of the Polycyclic Aromatic Hydrocarbons spectral features at 6.2, 7.7, 8.6
and 11.3 µm, typical of starburst dusty environments.

When an excess of near-to-mid infrared (2 − 10 µm) emission is observed, with
regard to the stellar optical best fitting solution, then the second component in the
IR domain is introduced. In this case, the starburst template alone is not sufficient
to fit the mid-IR datapoints, which in the most extreme situation (e.g. the Southern
nucleus of IRAS 19254-7245) are characterized by a nearly power-law trend. It is
therefore necessary to include AGN emission to the IR fit.

We use two different libraries of Active Galactic Nuclei surrounded by a thick dust
distribution, following the unified scheme (Antonucci & Miller, 1985): (1) the Granato
& Danese (1994) and Andreani et al. (1999) model of dust emission from thick tori
around Active Galactic Nuclei, and (2) a newly generated obscured model obtained
with the code DUSTY (Ivezić et al., 1999) by Fritz et al. (2005, in prep.), assuming a
spherical geometry and a standard inter-stellar medium (ISM). The free parameters in
the AGN fit are the ratio R between the inner and outer radii of the toroidal/spherical
dust distribution and the optical depth τλ at 0.55 µm. For type-2 AGNs, as in this
our case, the two models lead to the same results.

We recall that a thin torus (small R) emits the bulk of its energy at shorter wave-
lengths, dust being heated to higher temperatures by the central engine, and is char-
acterized by a flatter slope in the mid-IR, with respect tori with to large values of
R. Conversely, increasing R essentially adds cold dust in the outer parts of the torus,
hence shifting the AGN IR emission to longer wavelengths (e.g. R ∼ 2000 implies a
peak around 60 − 100 µm).

The multiwavelength UV-submm best fit is found iteratively, including all the three
components (if needed) and accounting for the torus IR contribution, when setting
the amount of UV-optical radiation to be absorbed by dust.
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3.8.4 IRAS 19254-7245 spectral energy distribution

The broad band SEDs of the two nuclei of the Superantennae, together with the best-
fit synthetic models are shown in Figures 3.31 and 3.32, respectively (from Berta et al.,
2003). Thanks to the high signal-to-noise ratio of the optical spectra at our disposal,
it is possible not only to study the integrated light emitted by IRAS 19254-7245 as a
whole, but also to trace its star formation history over the different regions sampled
along the slit.

Charmandaris et al. (2002) report ISOCAM observations in various mid-IR bands
of the interacting system with a spatial resolution of few arcsec, hence resolving the
two nuclei. The IRAS and the ISOPHOT long wavelength fluxes have then been split
between the two nuclei (8′′ circular apertures) on the basis of Charmandaris et al.
photometry: for λ ≤ 12 µm we assumed a ratio between the IRAS and ISOPHOT
fluxes belonging to the individual two nuclei equal to the ratio between the Char-
mandaris et al. (2002) ISOCAM 11.4 µm fluxes; while longward 12 µm we adopted
the ratio between the fluxes from the two nuclei by Charmandaris et al. (2002) in the
ISOCAM 15 µm filter (see Table 3.13). Since the Northern component is very faint
compared to the Southern one, the uncertainties in the method strongly affect the
fluxes of the Northern nucleus. Therefore, concerning the latter, we consider fluxes
obtained in this way to be reliable only shortward of 25 µm.

Section 3.4.4 described the aperture corrections needed to match the Berta et al.
(2003) optical spectra to the broad band SED. It is necessary to estimate the amount
of light enclosed in the observed nuclear regions, in order to include the correct far-IR
constraints to the fit of the SEDs of the individual nuclei. We assume that the outer
regions of the galaxy do not significantly contribute to the bolometric IR emission.
Taking into account that the observed Hα emission is likely to appear broadened
because of the higher extinction in the innermost region of the nucleus, a fair estimate
is that about 50% of the flux observed in the circular aperture of 8′′ on the southern
object is emitted within the 1.2′′ × 3.6′′ aperture corresponding to spectra # 4, 5,
and 6. Assuming that the far-IR emission mimics the Hα spatial distribution, then6

SIR/S5550 ' 90. Similarly, we estimate a slit-loss of about 90% from the northern
nucleus (1.2′′ × 2.4′′ aperture for spectra 13 and 14) and, correspondingly, a ratio
SIR/S5550 '9.

The fit to the optical spectra has been obtained by reproducing the flux observed
in 10 continuum bands (3550−3670, 3890−4020, 4140−4300, 4400−4500, 4700−4820,
5080−5180, 5360−5660, 5950−6110, 6880−6980 and 7750−8500 Å), 5 spectral lines,
namely Hα, Hβ, Hδ, Hγ and [Oii]λ3727, and the far-IR bolometric emission.

Uncertainties in the continuum flux were computed according to the local signal to
noise ratio, while in the case of line fluxes the relative errors were assumed as defined
by Poisson statistics ∝ 1/

√
S (where S is the line flux).

6The flux at 5550 Å is computed by integrating the spectrum within a 100 Å window centered
at λ = 5550
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SSP Spectra
# Age ∆t 2 3 Nucleus S 7 8 9

SFR AV SFR AV SFR AV SFR AV SFR AV SFR AV

1 106 2 106 0.09 – 12.14 5.27 77.85 15.25 3.07 4.86 0.43 1.37 0.09 0.25
2 3 106 4 106 0.21 2.27 0.10 – 62.28 3.62 1.89 2.04 0.02 – 0.05 2.28
3 8 106 3 106 – – – – – – – – – – – –
4 107 4 106 – – – – – – – – – – – –
5 5 107 6.2 107 – – – – – – – – – – – –
6 108 1.25 108 – – – – – – 1.32 2.04 – – – –
7 3 108 2 108 0.17 1.50 0.25 1.35 – – – – – – – –
8 5 108 3.5 108 2.30 1.15 2.18 1.35 6.58 2.31 1.05 1.52 2.26 1.52 – –
9 109 1.25 109 – – – – 14.48 1.73 – – – – 1.45 1.46
10 1.2 1010 1010 0.49 1.03 0.97 1.18 3.89 0.79 1.72 1.52 1.15 1.43 0.33 0.75
Mtot 5.69e9 1.05e10 5.97e10 1.77e10 1.23e10 5.12e9
AV (young) 1.741 3.390 3.838 2.305 0.905 1.252
AV (tot) 1.169 1.530 2.278 1.668 1.437 1.216

10 11 12 Nucleus N 15 16
SFR AV SFR AV SFR AV SFR AV SFR AV SFR AV

1 106 2 106 0.12 1.11 0.13 0.73 0.25 1.25 0.50 0.47 0.42 1.48 0.06 –
2 3 106 4 106 0.03 1.11 – – – – 0.26 3.18 – – 0.08 3.45
3 8 106 3 106 – – – – – – – – – – – –
4 107 4 106 – – – – – – – – – – – –
5 5 107 6.2 107 – – – – – – – – – – – –
6 108 1.25 108 – – – – – – – – – – – –
7 3 108 2 108 – – – – – – – – – – – –
8 5 108 3.5 108 – – – – 0.17 1.25 23.5 2.10 9.07 1.78 0.62 0.40
9 109 1.25 109 0.50 1.11 0.36 0.73 1.94 1.25 – – – – 0.92 0.15
10 1.2 1010 1010 0.52 0.70 0.52 0.73 0.14 1.25 2.70 0.37 0.22 0.40 – –
Mtot 5.84e9 5.631e9 3.91e9 3.52e10 5.37e9 1.39e9
AV (young) 1.101 0.721 1.233 1.606 1.467 1.865
AV (tot) 0.826 0.721 1.233 1.633 1.572 0.639

Table 3.14: Spectrophotometric synthesis of the spatially-resolved spectrum of IRAS 19254-7245 (described in Section 3.4.4). The
spatial dependence of Star Formation and extinction histories are reported, as derived from the best fits. Each row refer to a
different age in SSP evolution; ages and durations, in years, are reported in columns two and three respectively. The following pairs
of columns refers to the numbered galaxy regions (see Figure 3.3) and provide SFR and AV for each stellar generation. Values are
not shown when the star formation rate is negligible. The bottom three rows in each panel give the total stellar mass assembled and
the extinction, as computed combining the three youngest populations (young) and all the 10 SSPs (tot).
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Table 3.14 summarizes the best fit parameters: for each spectrum along the slit,
SFR and AV of the populations which build the synthetic model are reported.

Effectively only few populations dominate the synthetic resulting spectrum: ba-
sically only 4 or 5 SSPs significantly contribute to the emitted spectra, therefore
decreasing to 8 or 10 the number of parameters used to fit the 16 observed features.

The Southern nucleus

The best fit to the optical spectrum of the Southern nucleus is shown in Figure 3.30
(left): the upper panel shows the observed and synthetic spectra and the difference
between the two, the lower panel reports the contribution of the dominant stellar
populations to the model. All the modeled features are within 1σ error from their
observed values, with the exceptions of the [Oii] line (3σ) and of the continuum
around 4760 Å.

The right plot in Fig. 3.30 illustrates the star-formation history and extinction
distribution of the best-fit model. The optical continuum is mainly contributed by
the oldest stellar population (10 Gyr), providing about 65% of the total luminous
mass, and by an intermediate one (∼ 109 years old) forming about 35% of the total
luminous mass. On top of these, a strong and heavily extinguished young burst
of star formation accounts for the intense observed emission lines and FIR fluxes,
giving, on the other hand, a negligible contribution to the total luminous stellar mass
assembled in the galaxy. The extinction age distribution shows the characteristic
selective pattern: young populations are more heavily obscured than old ones. In
this case the youngest population is completely obscured, being affected by a color
excess E(B − V ) ' 5, and cannot be seen in the optical spectrum; nevertheless it
significantly contributes to the far-IR emission of the nucleus.

The observed broad-band SED of the Southern nucleus is shown in Figure 3.31, as
compared to the best-fit model obtained from the combination of the three different
physical components.

In the optical domain, the model is the result of the spectral synthesis and is
obtained by combining the fit belonging to the central nucleus (regions # 4, 5, and 6
— thin solid line) with that of the outer regions (spectra # 2, 3, 7 and 8 — dotted
line, discussed below), as normalized in order to account for aperture losses. The
two different components are used to describe the nuclear and large-scale galactic
emissions. Indeed the sum of the two (short-long dashed line) reproduces properly
the optical photometric data well beyond 7000 Å and up to the H band.

A first inspection shows that from this fit there remains a strong residual excess
in the K and L bands with respect to the stellar component fitting the optical data.
Longward of the H band, the observed fluxes seem to follow a power-law slope, possibly
due to the Seyfert II emission, while stellar spectral component turns down. This
excess is even more evident in the L band, where the stellar emission is fainter and
dust reprocessing of young stellar light is not yet relevant. The observed J−L color is
about 3.9 mag, corresponding to SL/SJ = 5.87, while for the optical stellar synthesis
best fit model J − L '2.7 mag (SL/SJ ' 0.75) holds. The latter is similar to the
value observed for the Northern nucleus, which does not host any AGN component.

Therefore, the best fit requires to add an AGN template, emitting in the infrared
because of circumnuclear dust, to the starburst template which is heated by the
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1 2 3 4 5 6 7 8 9
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Figure 3.30: Best fit model for the Southern nucleus of IRAS 19254-7245. Left: the
top panel reports the observed (thick line) and the synthetic (thin line) spectra, the
dotted line shows the residuals of the fit; the bottom panel depicts the contribution
of each extinguished SSP (labeled from 1 to 10 with increasing age) to the synthetic
spectrum. The oldest populations dominate the continuum emission, while the 2-6
Myr stars power the emission lines. Right: Star formation and extinction histories
of the best fit. The top panel reports SFR (histogram and left scale) and color
excess (filled squares and right scale) for the different stellar populations. The middle
panel shows the ratio between the bolometric FIR emission due to each SSP and the
total V band flux. The sum over all populations is 57.6, which is the ratio between
the total FIR and V fluxes. This number is the conversion factor to obtain the
differential contribution of each SSPs to the integrated infrared light. The bottom
panel represents the cumulative mass assembled in the galaxy, as a function of age.
About 35% of the total stellar mass has been processed by the intermediate age
(∼ 109 [yr]) star formation episode, while 65% belongs to the oldest. The youngest
stars, significantly contributing to the FIR bolometric emission and dominating the
line fluxes, provide almost no contribution to the total luminous mass formed in the
galaxy.

young stellar populations. The best fit is then constrained to match the L band
flux, in addition to the IR bolometric luminosity. Since the spectropolarimetric study
(see Section 3.5) reveals a scattered optical polarized component at 2% level only, a
completely obscured AGN has been added (dot-dashed line).

At wavelengths longer than ∼ 30 µm, dust reprocessing of young star light becomes
dominant; the Arp220-like starburst template has been adopted (long-short dash,
λ > 5 µm), normalized in order to account for the extinguished optical star-light.

The best fits (Berta et al., 2003) were obtained including tori characterized by R
values between 800 and 1500, and absorption τ0.55µm = 30− 40 mag. Adopting higher
values of τ0.55µm would progressively underestimate the K band and the L band fluxes,
because of self absorption in the AGN dust emission. By converse, lower extinction
values would lead to an overestimation of the NIR fluxes. Finally values R < 800
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Figure 3.31: Spectral energy distribution of the southern nucleus. Data are described
in the text. The thick solid line is the fit to the global SED, obtained combining
an optical–NIR fit (dashed line shortward 5 µm) to our spectra (corrected to the 8′′

aperture) with an AGN model obtained with the code DUSTY (dot-dashed line) and
a semiempirical starburst Arp220-like template (long-short dashed line longward 5
µm). The thin solid and dotted lines show the fit of the central and outer regions
spectra. The N band width is slightly shifted upward with respect to the observed
datapoint, in order not to be confused with the LW2’s.

or R > 1500 would completely spoil the fit to the observed SED. In this way the
contribution of the AGN to the bolometric IR flux (8 − 1000 µm) ranges between
about 40% and 50%. The uncertainty in this estimate is mostly due to uncertainties
in the parameter R setting the scale size of the circum-nuclear dust distribution, which
affects the dust temperature distribution.

This result is in agreement with optical spectroscopy and spectropolarimetry, as
well as mid-IR L band spectroscopy (see Sections 3.4, 3.5 and 3.7). In X-rays, Pappa
et al. (2000) and Franceschini et al. (2003b) showed that IRAS 19254-7245 is char-
acterized by a very hard 2−10 keV spectrum with LX ' 2 × 1042 [erg s−1]; Braito
et al. (2003) found evidence for a high-equivalent width FeI Kα line, typical of heavily
obscured type-2 AGNs.
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The northern nucleus

The spectrum of the Northern nucleus (spectral regions # 13 and 14) was analyzed
with the same fitting procedure described above (Berta et al., 2003). The best fit
model is shown in Figure 3.32: the SFH closely resembles that of the Southern nucleus,
being characterized by two main star formation episodes and a recent, much weaker,
burst. Extinction turns out to be lower than in the southern component.

The old stellar population contributes up to 75% in mass and the intermediate age
population (0.5 Gyr) about 25%.

The best model does not provide a good fit in the 3400− 3800 and 6000− 7000 Å
spectral ranges; no successful solution to these troubles has been found, even adopting
different extinction laws, SSP metallicities, or different SFH.

No evidence for an AGN component is seen in the Northern nucleus. The fit to
the broad-band SED (Figure 3.32, third panel) is obtained by combining the stellar-
synthesis optical-NIR model and a starburst template based on the prototype M82,
at λ > 5µm. A small excess in the observed L band flux, with respect to the stellar
model, is likely due to the PAH 3.3 µm emission not included in the analysis.

According to the spectral synthesis, the two nuclei have very similar stellar masses
('6×1010M� and '3.4×1010M�). This result is consistent with the analysis by Colina
et al. (1991) who infer a ratio ∼1 between the masses of the two progenitor galaxies,
on the basis of dynamical considerations.

From the correlation between the central Massive Dark Object (MDO) mass in
galaxy nuclei and the bulge mass (Magorrian et al., 1998), we would expect that
the two nuclei host black holes of similar-mass. The fact that only in the Southern
nucleus an ongoing AGN activity is detected can be explained in terms of a past
activity episode (possibly involving both a starburst and an AGN), whose feedback
and/or gas exhaustion might have quenched out any further activity.

1 2 3 4 5 6 7 8

9 10

Figure 3.32: Best fit to the northern nucleus spectrum (see text and Figure 3.31 for
details). Left: comparison between observed and synthetic spectrum. Center: star
formation and extinction histories. Right: broad-band SED; the fit (thick solid line)
is obtained by combining the optical spectral synthesis fit shortward of 5 µm, and a
semiempirical starburst M82-like template (longward of 5 µm). The thin solid and
dotted lines show the fit of the central and outer regions spectra. No AGN component
is needed in this case.
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Outer regions

Best-fit models for the spectra of all the individual regions along the line connect-
ing the two nuclei have been obtained. In the regions outside the two nuclei, both
continuum and line intensities are much fainter and the star formation activity is
correspondingly lower. (see Table 3.14).

Nevertheless the main characteristics of the nuclei SFH, i.e. the evidence for a
very old stellar population and for two younger episodes of SF (one at ∼ 109 yr and
one ongoing) seems to be resembled also in the spectra of the extranuclear regions.
Analyzing a sample of interacting ULIRGs, Murphy et al. (2001) suggest that the
merging events between galaxies might evolve through various steps, corresponding to
different encounters. As a consequence, ULIRGs would show evidence for multimodal
stellar generations. By studying the extent and the velocity of the gas in the long tails
of Superantennae, Colina et al. (1991) estimate that the first encounter had happened
about 1 Gyr ago. The results described above are fully consistent with the picture of
a double-step merging process, and relate the two main episodes of stellar formation
to the first encounter and the next merging of the two galaxies. The analysis of SFH
suggests that, at the time of the second encounter, the gas in the northern nucleus
was almost exhausted already. During the first encounter about 30% of the total
stellar mass was formed, while the remaining 70% had already been assembled by a
pre-existing older generation of stars.

3.8.5 Other sources

The spectral energy distributions of the other sources have been fitted by including
all the available data in the minimization procedure: optical spectroscopy (continuum
and emission lines), optical-NIR photometry and bolometric far-IR luminosity. Both
starburst and AGN components have been included, when needed.

The three ULIRGs already discussed in Section 3.4 are analyzed here in slightly
deeper detail, thanks to the availability of spatially resolved optical spectroscopy.

Results of the spectral energy distributions analysis are summarized in table 3.15.

IRAS 20100-4156

The optical spectrum is reproduced by the combination of an intermediate-age and of
an old stellar population (3 · 108 and 1010 years) only, but younger extinguished stars
are needed in order to reproduce the huge IR luminosity of this galaxy. A mean star
formation rate of about 110 [M�yr−1] over ∼ 2 108 years accounts for the observed
optical properties, but a powerful ongoing burst of ∼ 800 [M�yr−1], provided by very
young stars (≤ 5 107 [yr]) is required to explain the bright IRAS observed fluxes. The
two nuclei show very similar star formation histories.
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3.33(a): IRAS 20100-4156. No AGN component
has been taken into account.

3.33(b): IRAS 20551-4250. The AGN contribu-
tion to the IR flux is 17.5%.

3.33(c): IRAS 22491-1808. About 6% of the 8−
1000 µm luminosity is due to the AGN.

3.33(d): NGC 6240. Its IR luminosity is pro-
duced by the starburst for the 89%.

Figure 3.33: Spectral energy distribution of the remaining ULIRGs in the optical spectroscopic sample. NGC 6240 has been added
to the sample because of its X-rays Sy-2 properties. See text for details.
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Figure 3.33(a) shows the observed optical-submm SED of IRAS 20100-4156, as
compared to our model. The optical photometric data are fitted by combining the
model for the two nuclei and outer regions, according to aperture losses. Poor mid-
IR data are available and the relative contributions of starburst and AGN to the
IR luminosity cannot be constrained. Thus only the Arp 220 template is included,
accounting for the whole IR observed flux and extinguished optical radiation. The
rate of star formation derived from this normalization is SFR = 812 [M�yr−1].

IRAS 20551-4250

The spectrum of this ULIRG is classified as an e(a)-type, Hδ having an equivalent
width of about 4.4 Å in absorption. Following Poggianti et al. (2001), the absorption
feature has been reproduced by means of ∼ 108 years old burst, while the emission
spectrum and the FIR light are provided by an ongoing burst of ∼ 150 [M�yr−1]. On
top of these, a ∼ 109 yr stellar population produces the observed near-IR continuum
emission, and assembled roughly 50% of the total stellar mass.

The starburst IR luminosity is modeled with Arp220 template, matching the ob-
served S25/S60 = 0.15 color better than M82. The optical stellar model added to the
starburst IR template does not provide a good fit to the L and M band data (Johans-
son, 1991), thus the AGN component has been included. Figure 3.33(b) shows the
resulting solution: the best fit is obtained with a torus model with R = 300 − 500
and τ0.55 = 50 − 60 mag, emitting ∼ 17.5% of the whole bolometric IR flux between
8 and 1000 µm. Figure 3.34 shows how an M82-like solution would not produce a
satisfactory fit to the IRAS long-wavelength data.

Figure 3.34: Attempt to reproduce the observed infrared SED of IRAS 20551-4250
with an M82-like template only. This prototypical starburst does not account for the
far-IR IRAS cool color.
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IRAS 22491-1808

This source emits an e(c) spectrum, with an Hδ equivalent width of ∼ 3 Å in ab-
sorption. The best-fit to this spectrum is powered by a SFR of ∼ 200 [M�yr−1] over
the last 107 years, reproducing both the emission lines and the observed FIR. On the
other hand, ∼ 108 years stars account for the continuum emission and the Balmer
absorption lines.

Figure 3.33(c) shows the multi-λ SED of IRAS 22491-1808; the L band upper limit
and the 15− 20 µm data marginally suggest the presence of a hidden AGN. The best
solution implies R = 300, τ0.55 = 50 and a contribution of about 6% to the bolometric
IR emission of this ULIRG.

NGC 6240

This galaxy is known to harbor a heavily-obscured, high-luminosity AGN. It has
been added to the sample under analysis, because it shows a similar X-ray spectrum
(Iwasawa et al., 2001) to the Superantennae: both sources show a strong Fe emission
line superimposed on a strongly absorbed continuum (Braito et al., 2003).

The optical/FIR SEDs of the two sources are nevertheless different, IRAS 19254-
7245 being more luminous and showing a flatter mid-IR slope than NGC 6240. This
basically tends to indicate that the AGN in IRAS 19254-7245 might be intrinsically
more powerful and/or more obscured in the X-ray energy band than in NGC 6240.
Alternatively, the SB activity may be stronger in IRAS 19254-7245 than in NGC 6240
(Braito et al., 2003).

The optical broad-band SED is reproduced by intermediate-age burst of stellar for-
mation (∼ 109 yr), superimposed to an ongoing star formation of about 130 [M�yr−1]
producing the observed IR flux. At IR wavelengths, the starburst is assumed to emit
an Arp220-like SED, while a torus emission matches the L-N band data. The con-
tribution of the AGN to the total IR luminosity is ∼ 10%; the torus parameters are
R = 300 − 500, τ0.55 = 60 − 70 mag.

Obj. LIR(mod.) AGN R τ0.55 µm SFR (mod.)
[L�] % [mag] [M�yr−1]

IRAS 19254–7245 S 8.89 1011 38-60% 800-1500 30-40 116
IRAS 19254–7245 N 2.48 1011 – 35
IRAS 20100–4156 4.05 1012 – – – 812
IRAS 20551–4250 9,41 1011 17.5% 300-500 50-60 157
IRAS 22491–1808 1.37 1011 <6% 300 50 261
NGC 6240 7.39 1011 10% 300-500 60-70 133

Table 3.15: Results of the analysis of ULIRGs spectral energy distributions. For each
source, column 2 reports the total bolometric infrared luminosity (8÷1000 µm) flux
provided by the best fit model; then information about the possible AGN component
is listed. The last column summarizes the values of SFR due to the IR template
obtained. Only for the IRAS 19254-7245 Northern nucleus the starburst emits in
shape of the M82 template; for all other sources, an Arp220-like IR SED has been
adopted.
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Chapter 4
The ISO cosmological
exploration

In the local Universe surveyed by IRAS, only 30% of the total energy output of galaxies
emerges in the mid- and far-IR (Soifer & Neugebauer, 1991).

On the other side, the cosmic infrared background (CIRB) discovered by COBE
(Puget et al., 1996) has an integrated intensity that is comparable to or larger than
that of the integrated UV/optical light of galaxies (Dwek et al., 1998; Hauser et al.,
1998). The CIRB appears to contain a large fraction (up to ∼ 70%) of the total
extragalactic background energy density from radio to X-rays, Cosmic Microwave
Background excluded. The implication is that there likely exists a very significant
contribution of dust-obscured star formation at high redshifts (e.g. Genzel & Cesarsky,
2000). The next major step is the direct detection of the high-redshift infrared sources
powering the CIRB. With the exception of a few hyperluminous and/or lensed objects,
IRAS was only able to detect infrared galaxies to moderate redshifts (z ∼ 0.3). In
the mid-infrared, ISOCAM is 103 times more sensitive and has 60 times higher spatial
resolution than IRAS. In the far-IR with ISOPHOT, the improvement in sensitivity
is modest, but the extension to longer wavelength (175 µm) is of substantial benefit.
Exploiting these improvements in deep surveys, ISO has been able to provide for the
first time a glimpse of the infrared emission of galaxies at z ≥ 0.5.

A review of the main surveys and results obtained by the Infrared Space Obser-
vatory is provided by Genzel & Cesarsky (2000). The published work reports 15 µm
detections of ∼ 1400 galaxies, with flux densities between 30 Jy and 0.3 Jy. Shallow,
deep, and ultra-deep surveys were performed in the Lockman Hole and the Marano
field (IGTES surveys Cesarsky & Elbaz, 1996; Elbaz et al., 1999b). They are com-
plemented on the faint end by the surveys made on deep IR fields centered on the
southern and northern Hubble Deep Fields (e.g. Aussel et al., 1999; Oliver et al.,
2000). The bright end of the luminosity function is explored by the largest area
survey, the 12-square-degree ELAIS program (Rowan-Robinson et al., 1999). This
ISO-IRAS faint galaxy survey efficiently picks up moderate redshift (z = 0.1 − 0.4)
(U)LIRGs.

The faint high-redshift sources discovered by deep mid- and far-IR ISO surveys
(Genzel & Cesarsky, 2000; Aussel et al., 1999; Altieri et al., 1999; Elbaz et al., 1999a;

101
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Rowan-Robinson et al., 1997, e.g.) display various distinct features, when compared
to optically selected galaxy populations. They are very luminous on average (Lbol ≥
1011 L� Elbaz et al., 2002), with the bulk of their emission coming out in the far-IR,
in a similar way as the IRAS-selected galaxies include the most luminous systems in
the local universe. They show extremely high rates of evolution with redshift, being
much more numerous in the past than at the present epoch. The evolutionary rates
exceed those measured for galaxies at other wavelengths and are comparable to or
larger than those observed for quasars (Zamorani et al., 1981; Hughes et al., 1998;
Barger et al., 1998; Elbaz et al., 1999a; Blain et al., 1999; Franceschini et al., 2001;
Elbaz et al., 2002).

This fast evolution of the IR sources implies that dust-obscuration, although mod-
erately important in local galaxies where less than 50% on average of the optical-UV
emission is absorbed, has strongly affected instead the past active phases of galaxy
evolution.

Franceschini et al. (2001) and Elbaz et al. (2002) matched the statistical and IR-
spectral properties of the faint ISO sources detected at λeff = 15 µm with the spectral
intensity of the CIRB and found that, due to their high luminosities and moderate
redshifts (z ' 0.5 to 1.3), the faint 15 µm sources include the main contributors
to the CIRB. This is a robust conclusion, based on the observed shape of the 15
µm counts (see Elbaz et al., 1999a), and only assuming for these sources a typical
IR galaxy SED (see Chapter 5). Despite rare locally (see also Sect. 3.3), infrared
galaxies revealed to be a major component of the high-redshift Universe. A large
fraction of stars in present-day galaxies, or alternatively the bulk of degenerate baryons
contained in nuclear supermassive BH’s, seem to have formed during IR-luminous
dust-extinguished evolutionary phases.

4.1 Deep ISO survey in the Hubble Deep Field

South and optical identification

The Hubble Deep Field South (HDFS Williams et al., 2000; Casertano et al., 2000)
was observed between October 17 and November 29, 1997, with the array camera
ISOCAM onboard the Infrared Space Observatory1, as part of the European Large-
Area ISO Survey (ELAIS) collaboration (Oliver et al., 2000). The observations were
carried out with two broad-band filters, LW2 (5-8.5 µm, λeff = 6.75 µm) and LW3
(12-18 µm, λeff = 15 µm). This followed a previous similar observing campaign on
the HDF-North (Oliver et al., 1997), but adopted an improved observing strategy,
particularly with LW2. The deep ISOCAM images with the two filters, obtained as
repeated raster scans to improve the flat-field accuracy and time-redundancy, covered
the same area centered on the HST WFPC-2 field. Oliver et al. (2002) report all the
needed details on these observations. We will consider in the following only the LW3
sample selected at 15 µm, and we shall make use of 6.75 µm fluxes or upper limits
from the LW2 observation.

1ISO is an ESA project with instruments funded by ESA member states (especially the PI coun-
tries: France, Germany, the Netherlands, and the United Kingdom) with the participation of ISAS
and NASA. ISO web page: http://www.iso.vilspa.esa.es/
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Oliver et al. (2002) and Aussel et al. (2005, in prep.) analyzed the ISOCAM
data with two independent methods, accounting in detail for the time-varying signals
under the effect of cosmic ray impacts. In particular, the method adopted by Aussel
et al. makes use of a wavelet analysis of the combined spatial-temporal observable
space (the PRETI method, see Starck et al., 1999; Aussel et al., 1999). The PRETI
reduction detected 63 LW3 sources brighter than S15µm = 90 µJy (59 above 100 µJy)
over an area of 25 square arcmin. Detailed simulations have shown that the PRETI
sample is complete and free of spurious sources at S15µm ≥ 100 µJy (Franceschini
et al., 2003a).

The deep diffraction-limited observations at 15 µm with ISO provide quite an effec-
tive way of studying the numerous sources detected, offering the important advantage
over longer wavelength observations to allow easy optical identification, thanks to the
relatively small error-box (4.6′′ PSF, Okumura, 2000) and the moderate redshifts and
faintness of the optical counterparts.

The HDFS has been the subject of extensive follow-up ground-based imaging ob-
servations in the optical by the ESO-Imaging Survey (EIS da Costa et al., 1998) and
the Big Throughput Camera (BTC) survey (Teplitz et al., 2001), in the near-IR (e.g.
da Costa et al., 1998; Vanzella et al., 2001; Rudnick et al., 2001), and the mentioned
NIR survey by ISO. The unprecedented spatial resolution of the Hubble Space Tele-
scope (HST) images allowed a reliable morphological classification of the objects in
the field (e.g. the SUNY collaboration).

We have compared the ISOCAM source lists with those from the EIS Deep sur-
vey, including optical imaging in UBVRI with ESO NTT/SUSI-2 down to limiting
magnitudes of UAB ∼ 27, BAB ∼ 26.5, VAB ∼ 26, RAB ∼ 26, IAB ∼ 25 and near-
infrared JHK observations down to JAB ∼ 25, HAB ∼ 24, KAB ∼ 24 performed with
NTT/SOFI (Da Costa et al. 1998). In addition we have used the optical catalogs in
uBVRI by Teplitz et al. (1998), which has 5σ limiting magnitudes of u∼24.5, B∼26.1,
V∼25.5, R∼25.4 and I∼24. Unfortunately, the EIS Deep images cover only a fraction
(∼70%) of the ISOCAM survey area.
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Table 4.1:

Available photometric data for the 15 µm sources in the HDF–S observed spectroscopically in the optical and near-infrared. Data are from the EIS Deep survey, excepted in highlighted
cases (diamond flags), for which the Teplitz et al. (1998) photometry is used. All magnitudes are in the AB system; ISOCAM LW2 and LW3 fluxes in [µJy] and uncertainties are
reported in the last four columns. In case only an upper limit is available, it is specified.

Obj. R.A. DEC. U σU B σB V σV R σR I σI J H K LW2 σLW2 LW3 σLW3

S14 22:32:41.52 -60:35:15.7 22.11 0.03 21.74 0.02 20.82 0.01 20.28 0.01 20.04 0.01 19.80 19.67 19.46 <0.143 – 0.239 0.044
S15 22:32:43.00 -60:32:41.8 23.72 0.09 22.89 0.03 21.60 0.01 20.75 0.01 20.17 0.01 19.44 19.07 18.72 0.139 0.024 0.313 0.053
S16 22:32:42.89 -60:32:10.9 22.57 0.04 22.38 0.02 22.00 0.01 21.35 0.01 21.07 0.01 20.81 20.73 20.42 <0.038 – 0.123 0.039
S18 22:32:43.39 -60:34:42.0 22.39 0.04 21.88 0.02 20.78 0.01 19.98 0.01 19.47 0.01 18.72 18.32 18.09 0.094 0.022 0.246 0.044
S19 22:32:43.51 -60:33:51.0 20.37 0.01 20.09 0.01 20.23 0.01 19.96 0.01 19.74 0.01 19.78 19.42 19.53 0.195 0.029 0.288 0.050
S20 22:32:44.11 -60:34:56.6 21.79 0.03 21.49 0.01 20.58 0.01 19.96 0.01 19.5 0.01 18.99 18.68 18.54 <0.053 – 0.164 0.041
S23 22:32:45.59 -60:34:18.4 24.90 0.11 24.11 0.04 22.17 0.01 21.42 0.01 20.78 0.01 19.84 19.26 18.94 0.118 0.023 0.749 0.097
S25 22:32:45.81 -60:32:25.7 24.14 0.08 23.43 0.03 22.73 0.02 21.88 0.01 21.37 0.01 20.27 19.80 19.58 <0.023 – 0.473 0.071
S27 22:32:47.70 -60:33:35.3 22.22 0.03 21.87 0.02 20.97 0.01 20.07 0.01 19.46 0.01 18.86 18.39 18.17 0.059 0.021 0.387 0.061
S28 22:32:47.61 -60:34:08.0 23.10 0.05 22.83 0.02 22.26 0.01 21.64 0.02 21.18 0.02 20.80 20.36 20.24 0.046 0.021 0.172 0.042
S30 22:32:47.98 -60:32:16.1 24.28 0.08 23.75 0.03 23.41 0.02 22.98 0.02 22.84 0.03 22.24 21.90 21.92 <0.021 – 0.122 0.039
S36 22:32:51.55 -60:33:37.0 25.03 0.12 24.41 0.05 23.71 0.03 22.97 0.02 22.43 0.02 21.61 20.96 20.78 <0.023 – 0.303 0.051
S38 22:32:53.13 -60:35:38.8 27.42 0.66 25.88 0.12 25.46 0.07 24.86 0.09 23.72 0.05 22.25 21.67 21.53 0.123 0.023 0.518 0.075
S39 22:32:53.06 -60:33:28.0 25.03 0.12 24.63 0.05 24.28 0.03 23.74 0.04 23.09 0.03 21.49 20.95 20.82 <0.015 – 0.226 0.043
S40 22:32:52.91 -60:33:16.6 25.98 0.21 25.20 0.08 24.78 0.05 24.15 0.05 23.49 0.04 21.99 21.34 21.09 <0.006 – 0.119 0.038
S41 22:32:53.67 -60:32:35.5 23.63 0.06 23.27 0.03 21.83 0.01 21.30 0.01 21.07 0.01 20.80 20.43 20.43 <0.007 – 0.148 0.041
S43 22:32:53.75 -60:32:05.6 26.02 0.23 25.92 0.13 25.21 0.06 24.63 0.08 23.61 0.05 22.48 21.92 21.62 <0.015 – 0.095 0.035
S45 22:32:54.86 -60:31:30.6 24.66 0.11 24.02 0.04 23.19 0.02 22.34 0.02 21.95 0.02 20.63 20.10 19.93 0.046 0.021 0.419 0.065
S48 22:32:54.79 -60:31:15.8 26.22 0.28 23.67 0.07 22.52 0.03 21.74 0.02 21.06 0.02 20.78 20.33 20.06 0.071 0.021 0.152 0.041
S52 22:32:57.77 -60:35:14.0 25.73 0.18 25.22 0.08 24.43 0.04 23.92 0.04 23.45 0.04 22.65 22.16 21.75 <0.037 – 0.174 0.042
S53 22:32:57.54 -60:33:05.5 22.03 0.03 21.84 0.01 21.32 0.01 20.66 0.01 20.27 0.01 19.87 19.47 19.29 0.038 0.021 0.338 0.056
S54 22:32:58.03 -60:32:04.2 24.89� 0.36 23.82� 0.08 22.54� 0.04 21.39� 0.02 20.18� 0.01 – – – <0.046 – 0.129 0.039
S55 22:32:58.01 -60:32:33.8 23.76 0.10 23.47 0.04 22.71 0.02 21.99 0.02 21.33 0.02 20.61 20.05 19.88 <0.004 – 0.203 0.043
S60 22:33:01.79 -60:34:12.9 24.04 0.12 24.07 0.06 23.60 0.04 23.10 0.05 22.36 0.04 21.07 20.63 20.14 <0.025 – 0.097 0.036
S62 22:33:02.35 -60:35:25.3 23.61 0.07 23.36 0.03 22.97 0.02 22.33 0.02 21.81 0.02 20.94 20.67 20.60 <0.080 – 0.186 0.042
S67 22:33:03.72 -60:31:16.2 25.24� 0.16 24.74� 0.07 24.85� 0.07 24.78� 0.09 23.57� 0.05 23.07 22.43 22.01 <0.039 – 0.204 0.043
S71 22:33:05.89 -60:31:48.2 25.33� 0.37 24.95� 0.12 24.37� 0.11 23.91� 0.11 23.77� 0.15 23.05 22.93 22.25 <0.033 – 0.089 0.034
S72 22:33:05.91 -60:34:36.3 24.81� 0.25 23.70� 0.05 22.49� 0.03 21.34� 0.01 20.61� 0.01 19.89 19.27 18.94 0.079 0.021 0.370 0.059
S73 22:33:06.17 -60:33:50.3 19.33� 0.00 18.57� 0.00 17.73� 0.00 17.29� 0.00 16.86� 0.00 16.68 16.45 16.36 0.994 0.120 2.300 0.173
S75 22:33:07.80 -60:32:50.2 22.68� 0.05 21.99� 0.01 21.13� 0.01 20.24� 0.01 19.75� 0.01 19.26 18.81 18.59 0.076 0.021 0.422 0.065
S79 22:33:08.89 -60:34:34.3 24.48� 0.20 24.38� 0.10 23.60� 0.08 22.99� 0.05 22.21� 0.07 21.63 21.11 20.78 <0.049 – 0.186 0.042
S82 22:33:12.42 -60:33:50.3 23.04� 0.08 22.80� 0.04 22.02� 0.03 21.17� 0.02 20.36� 0.02 20.11 19.98 20.01 0.179 0.027 0.475 0.071
S85 22:33:13.78 -60:34:06.3 21.84� 0.04 20.98� 0.01 19.77� 0.01 18.72� 0.00 18.14� 0.00 17.83 17.47 17.23 0.108 0.022 0.126 0.039
�: data from Teplitz et al. (1998).
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Within the ISOCAM errorbox (∼ 4.6′′), there is almost invariably a galaxy rel-
atively bright in the red wavebands (I,J,H,K), corresponding to each 15 µm source.
The procedures for optical identification are detailed in Mann et al. (2002) and Aussel
et al. (1999).

Of the 63 sources in the PRETI LW3 sample, 24 are outside the JHK EIS coverage
(10 of these are also outside the EIS optical imaging). Of the other 39 sources, four
are galactic stars, while for the remaining 35 objects the optical/near-IR coverage
of the galaxy SED is detailed enough to allow a precise estimate of their redshifts
through fits with spectro-photometric models.

The coordinates and the available optical, near-IR and mid-IR photometric data for
the selected sample are reported in Table 4.1. Stamp images from the F814 WFPC-2
maps for each source are reported in Figures 4.18 and 4.19, together with plots of the
optical-IR SEDs and notes on the individual sources.

For all the sources in the sample, a photometric redshift has been estimated, on the
basis of fits to the observed SEDs with synthetic galaxy spectra. In particular, the
PEGASE (Fioc & Rocca-Volmerange, 1997) and GRASIL (Silva et al., 1998) codes
have been used, to build grids of spectra as a function of galactic age. Two different
evolutionary sequences have been taken into account: one describing a spiral-like
system with exponentially decreasing star-formation as a function of age, with long
(5 Gyr) timescale, the other reproducing a more typical evolution for ellipticals with
short (1 Gyr) exponential timescale and star-formation truncated by galactic wind.
Since the main spectral feature of the SED suited for the redshift estimates is the
Balmer ∼4000 Å discontinuity, the effect of dust extinction on the redshift estimate is
modest. The fit is automatically found from χ2 interpolation on a 2D grid of redshift
versus galactic age. The fits based on the GRASIL and PEGASE codes provided
essentially the same results in terms of redshift.

After spectroscopic confirmation, our photometric redshift determinations turned
out to be as accurate as to ∆z' ±0.1. The adopted values are reported in Table
4.10, spectroscopic if available, photometric (within parentheses) otherwise. The dis-
tribution of redshift for the ISOCAM LW3 sample in the HDF South is shown in
Fig. 4.1. The values range between z = 0.2 and 1.6, an interval mostly imposed
by K-correction effects (e.g. Franceschini et al., 2001): at z ∼ 0.6 − 0.8 the 7.7 µm
PAH emission feature, usually very intense in starburst galaxies, falls within the LW3
filter. The z distribution shows a strong peak at z ' 0.6 probably due to a cluster or
a large galaxy concentration in the HDF South. This overdensity is also apparent in
the analysis of photometric redshifts by Rudnick et al. (2001). This z distribution is
remarkably different from what found for ISOCAM sources at similar depths in the
HDF North (Aussel et al., 1999), particularly in lacking the peak at z∼ 0.8 − 1. The
effect of cosmic variance is very prominent between the two fields.

4.2 Near-IR and optical spectroscopy of 15µm

sources in the HDFS

Near-IR spectroscopic follow-up of a sub-sample of 15 µm sources in the HDFS have
been carried out with ISAAC (Moorwood et al., 1998a) on the Very Large Telescope
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Figure 4.1: The redshift distribution of faint ISOCAM LW3 sources in HDF South
with optical identifications. The objects range between z=0.2 and 1.6, mostly due to
K-correction effects. Redshifts are spectroscopic when available, otherwise photomet-
ric.

unit UT1 (ANTU), on Paranal, Chile (Franceschini et al., 2003a).
The targets were selected from the HDFS LW3 source list on the basis of the

following criteria: a) Hα within the wavelength range covered by the ISAAC gratings,
b) a secure counterpart already detected in either the I or the K band images.

No selection on redshifts or colors was applied, except that Hα was covered by
the ISAAC spectral range. With these constraints, the reference sample is reduced
to 25 galaxies with 15 µm flux densities ranging between 95 and 800 µJy. It is thus
a representative sample of the strongly evolving ISOCAM population near the peak
of the differential source counts (Elbaz et al., 1999a). Among these 25 sources, we
randomly selected 18 for the ISAAC follow up.

The ISAAC grating (Z, SZ, J, H) for Hα detections in our target sources, have
been chosen taking advantage of redshifts derived from complementary optical spec-
troscopy, either taken from literature or newly processed, for some of the objects
(Rigopoulou et al., 2000, 2005). For the remaining sources we have relied on the
photometric estimates of redshifts.

The ISAAC near-IR spectroscopy has been targeted to detect the redshifted Hα
line, while optical observations with EMMI and FORS2 have allowed the study of the
rest-frame emission lines up to ∼ 5000Å.

4.2.1 Near-IR spectroscopic observations and data reduction

The near-IR ISAAC spectra had been collected during three different observing runs
(September 1999, August 2000 and 2001, Franceschini et al., 2003a), belonging to
different ESO programmes: no. 63.O-0022, 65.O-0612 and 67.A-0518. The observing
logs are summarized in Table 4.2.
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Source Run PA Grating
s16 1999 -49.99 SZ
s19 2000 75.42 H
s23 1999 63.45 Z
s25∗ 1999,2000 65.45 SZ
s27∗ 1999,2000 -43.85 SZ
s28 1999 -31.11 SZ
s38 1999 -77.41 H
s39 1999 29.45 H
s40 2000 -5.55 H
s43 2000 -56.05 J
s53 1999 67.22 SZ
s54 2000 10.25 J
s55∗ 1999,2001 -56.05 J
s60 1999,2000 -77.41 H
s62 2000 64.15 J
s72 2001 -67.35 SZ
s79 2000 11.57 J
s82 2000 110.30 J

∗: high-res data (Rs ∼ 5000) also exist.

Table 4.2: Summary of ISAAC/VLT observations. Slits have been rotated (anti–
clockwise with respect to the North direction by the angle in column PA) in order to
include the most interesting features of the sources.

Observations have been performed with the Low Resolution grating, providing a
spectral resolution Rs ∼600 for a slit width of 1′′ (the length is fixed to 2′). Four of the
sample objects (S55, S27, and an interacting pair associated with source S25) were
also observed during the 2000 and 2001 runs with the Medium-Resolution gratings
(Rs ∼5000, Rigopoulou et al., 2002).

To maximize the observing efficiency, whenever possible the slit position included
two target galaxies at the given orientation. Most of the targets were first acquired
directly from a 1-2 min exposure in the H-band. In the case of the very faint objects
(H ≥ 20.0 mag), we blind-offset from a brighter star in the HDFS field. Observations
were made by nodding the telescope ± 20′′ along the slit to facilitate sky subtraction
(always avoiding overlap of the two objects in the slit). Individual exposures range
from 120 (in H and J bands) to 300 (SZ band) seconds. During the 1999 and 2000
runs, sky conditions were excellent throughout the acquisition of the spectra, with
seeing values typically in the range 0.4′′ − 0.8′′ and dipping down to 0.25′′. For each
filter, observations of spectroscopic standard stars were made in order to flux calibrate
the galaxy spectra.

The data were reduced using applications in the ECLIPSE (Devillard, 2000) and
IRAF packages, following the pipeline described for SOFI spectra in Section 3.6.1.
Accurate sky subtraction is critical to the detection of faint lines. When, even after
the usual nodding technique, a residual signal (due to temporal sky changes) was left,
it was then removed by performing a polynomial interpolation along the slit. Sky OH
emission lines were also carefully removed from the spectra. Spectrum extraction for
each galaxy was carried out with the APEXTRACT package. Standard wavelength
calibration was applied.
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4.2(a): HDFS: s19. 4.2(b): HDFS: s40.

4.2(c): HDFS: s55. 4.2(d): HDFS: s82.

Figure 4.2: Spectra of some 15 µm sources in the HDFS, as observed with ISAAC at
the VLT.

Flux-calibration has been achieved by using standard infrared stars from Pickles
(1998) and van der Bliek et al. (1996). The near-infrared spectra from the 1999 run
had been published in Rigopoulou et al. (2000). Figure 4.2 reports the ISAAC spectra
obtained on the 2000 and 2001 runs (Franceschini et al., 2003a).

Table 4.3 summarizes the properties of reliable line detections with the three instru-
ments (Franceschini et al., 2003a). Columns report the source identification, the in-
strument, integration time, the measured flux of [Oii]λ3727, Hβ, [Oiii]λλ4949, 5007,
Hα+[Nii]. If an object was detected in different runs, both results are shown. Un-
certainties on the measured fluxes are of the order of 10% and are due to aperture
correction mainly.

4.2.2 Complementary optical spectroscopy

To add further constraints on the nature of the 15 µm source population, particularly
to estimate dust-extinction from Balmer line ratios, two different sets of ground-based
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4.2(e): HDFS: s43. 4.2(f): HDFS: s43.

4.2(g): HDFS: s72. 4.2(h): HDFS: s79.

Fig. 4.2: continues.

optical spectroscopic observations have been analyzed.

Tresse et al. (1999) observed the region around QSO J2233-606, which is in the STIS
HDF-South, with the ESO Multi Mode Instrument (EMMI D’Odorico, 1990) at NTT,
as part of ESO programme no. 61.A-0631, during the nights between September 23rd
and 25th and October 17th to 19th, 1998. The data were obtained in Multi Object
Spectroscopy (MOS) mode, with different pointings and masks, for a total of 6 sets
and roughly 200 slit positions. Tresse et al. (1999) chose slits with 1.02′′ or 1.34′′

width and spectral resolutions of 10.6 and 13.9 Å in the I band (centered at 7985Å).

Other observations have been carried with the Focal Reducer Spectrograph II
(FORS2 Appenzeller et al., 2000) at VLT/UT2 in MOS configuration, during the
FORS2 commissioning phase, between December 22nd, 1999, and January 5th, 2000.
The 300I grism with a dispersion of 2.5Å/pixel between 6000 and 11000 Å and a
1′′-wide slit were used. A few of the ISOCAM targets in our list have been included
by chance in this spectroscopic survey.

Finally, a third set of observations was carried out as part of ESO program no.
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Figure 4.3: Raw EMMI (left) and FORS2 (right, negative image) MOS spectroscopic
data in the HDFS

.

65.O-0418 (P.I. M. Dennefeld), during August 24th-28th, 2000, using FORS1 (Ap-
penzeller et al., 2000), in MOS configuration. A sample of 32 galaxies selected to be
brighter than F814WAB = 23.7 (a limit imposed by FORS1 sensitivity), in the central
HDFS WFPC2 field, was supplemented with other sources selected from ISO detec-
tions, the EIS survey and the BTC catalog. The resulting sample consisted of 100
targets. In MOS mode, 19 different slits per pointing were placed in an area covering
a field of view of 6.8× 6.8 arcmin2. A total of 6 different masks were used. Slits were
1.2 arcsec wide and 22.5 arcsec long; the grisms 300V, 150I were adopted, covering
the 4450 − 8650 Å and 6000 − 10000 Å spectral ranges respectively. This dataset is
currently under analysis by Rigopoulou et al. (2005).

Figure 4.3 shows an example of the raw EMMI and FORS2 data. All the three
EMMI, FORS1 and FORS2 datasets were reduced with the standard IRAF’s tasks.
Pre-reduction (bias subtraction and flat-fielding), extraction and wavelength calibra-
tion were performed with the usual procedure. Each slitlet was treated separately;
sky background emission was removed by means of a low-order polynomial fit along
the spatial axis. EMMI data were flux-calibrated using stars from Stone & Baldwin
(1983) and Baldwin & Stone (1984), observed within each mask. Unfortunately, for
FORS2 observations no data on standard stars were available. However, two stars
have been included in the MOS HDF-South frames: after identification in the EIS
catalog, the spectral data were calibrated by imposing the observed stellar spectra to
reproduce the I-band fluxes, after convolution with the instrument response function
reported in the ESO exposure-time calculator.

Examples of the optical spectra obtained with EMMI are reported in Figure 4.4.
The measured fluxes for the EMMI and FORS2 samples are included in Table 4.3
(Franceschini et al., 2003a).
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4.4(a): HDFS: s14. 4.4(b): HDFS: s20.

4.4(c): HDFS: s23. 4.4(d): HDFS: s19, FORS1 spectrum.

Figure 4.4: Observed optical spectra: panels (a) to (c) show 15 µm sources observed
at NTT/EMMI. Panel (d) represents the QSO s19 from FORS1/VLT: the two bright
broad lines are Mgii (λ = 2798) and Ciii] (λ = 1908), redshifted at z ' 1.56 (courtesy
of Rigopoulou et al., 2005).
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Table 4.3:

Summary of results of spectroscopic observations. Source identification, instrument, exposure time, spec-

troscopic redshift, measured fluxes [10−17 erg cm−2 s−1] and equivalent widths (EW, in [Å]) are reported.

The restframe wavelengths of the observed spectral lines are: [Oii]λ3727, Hβ (λ 4861), [Oiii]λλ4959, 5007,

Hα (λ 6563) and Niiλλ6548, 6583. Hα fluxes and EW of Hα+[Nii] are from Rigopoulou et al. (2000). No

aperture correction has been applied at this stage.

Object [Oii] Hβ [Oiii] Hα(+[Nii])
# Instr. texp z S |EW | S |EW | S |EW | S |EW |

S14 EMMI 5400s 0.41 19.4 26 9.55 10 6.64 7
S16† ISAAC 3720s 0.62 11.7 45
S19 ISAAC 5760s 1.57 157 816
S20 EMMI 5400s 0.39 17.2 37 7.30 7
S23 EMMI 8100s 0.46 13.7 28 3.23 9 6.04 16
S23† ISAAC 3720s 0.46 18.6 50
S25 EMMI 5400s 0.58 4.90 18
S25 FORS2 17380s 0.58 5.64 28
S25† ISAAC 3720s 0.58 31.2 110
S27 FORS2 15340s 0.58 6.03 4
S27 FORS2 18000s 0.58 7.39 6
S27† ISAAC 3720s 0.58 32.82 47
S28† ISAAC 3720s 0.58 7.8 47
S38† ISAAC 7400s 1.39 19.5 35
S39† ISAAC 7400s 1.27 71.3 67
S40 ISAAC 3860s 1.27 13.1 67
S40 ISAAC 5760s 1.27 13.6 95
S43 ISAAC 4320s 0.95 38.6 13
†: data from Rigopoulou et al. (2000)
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Table 4.3: continued.

Object [Oii] Hβ [Oiii] Hα(+[Nii])
# Instr. texp z S |EW | S |EW | S |EW | S |EW |

S53(I) EMMI 7200s 0.58 11.6 39 12.0 30
S53(I) FORS2 18000s 0.58 16.7 33
S53† ISAAC 3720s 0.58 60.8 70
S55 FORS2 18000s 0.76 3.94 28
S55 ISAAC 3840s 0.76 30.7 67
S55† ISAAC 3720s 0.76 24.1 40
S60† ISAAC 7400s 1.23 27.3 44
S62† ISAAC 3720s 0.73 25.4 62
S72 ISAAC 1800s 0.55 53.5 111
S73 FORS2 18000s 0.17 224 32
S79 ISAAC 3840s 0.74 13.2 65
S82 ISAAC 3840s 0.69 33.2 26
†: data from Rigopoulou et al. (2000)
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4.2.3 Aperture corrections

We have applied aperture correction factors to account for the light missing due to our
finite slit size. We have calculated different correction factors for unresolved (source
sizes ≤ 1′′) and resolved sources (size ≥ 1′′).

For the unresolved sources we applied an average correction factor of 1.15 which
was calculated as follows. We have smoothed the WFPC2 F814 image of the galaxies
to a resolution of 0.6′′ (to simulate the seeing during observations) and measured the
ratio between the total source counts and the counts through an artificial 1′′ slit.

For the resolved sources (S27, S28, S53 ands S55) aperture corrections have been
calculated with two different methods.

� The WFPC2 F814 image (smoothed as before to a resolution of 0.6′′ to account
for the seeing) was used to carry out aperture photometry for various aperture
sizes (which allowed us to probe the flux distribution and the source size in the
sky). We then calculated the flux through an artificial 1′′ slit oriented along the
same PA as for the observation. The average ratio between the total flux and
that within the 1′′ slit gave us an average correction factor of ∼1.7.

� As a check, we have compared the broad band magnitudes in the z and J bands
(corresponding to the Hα rest-wavelength for z∼0.8 and z∼0.6, respectively)
with the total observed Hα line flux emitted by the sources. Since we cannot
estimate the line-to-continuum ratio from our spectra due to the low continuum
signal, the ratio of the broad-band flux to the Hα flux provides a conservative
upper limit to the aperture correction. The correction factors that we obtained
in this way are ∼ 2 on average for the four sources, consistent with the previously
estimated average value.

In what follows we used correction factors of 1.15 for the unresolved and 1.7 for the
resolved sources.

4.2.4 Evidence for AGN contribution to line emission

One of the motivations of the spectroscopic follow up of the faint ISO sources was to
determine to what extent their bright IR luminosities are contributed by AGNs, and
how much by young stars. To this end, the observed optical and IR spectra have been
used to identify broad line components and anomalous line flux ratios.

The search for broad permitted lines was limited by the low spectral resolution of
the ISAAC spectra, and even more by the low signal-to-noise ratio preventing reliable
measurements of the underlying continuum. A spectral resolving power of Rs '600
corresponds to a rest-frame resolution of 12 Å at z=0.6 and a velocity threshold of
∼ 250 [km s−1] for the ISAAC Low-Resolution gratings. For the Medium-Resolution
grating the resolving power corresponds to ∼ 40 [km s−1]. Consequently, for 16 out
of 20 ISO sources in our sample observed at low-resolution, only very broad lines
(v > 1000 km/s) could be resolved, in principle. For S14, S20 and S23 we have good
quality optical NTT/EMMI spectra with resolving power Rs = 580 (∼ 500 [km s−1]).

Table 4.4 reports the full widths at half maximum of the relevant permitted lines,
as measured from both IR and optical spectra. Only for the source S19 velocity fields
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significantly in excess of 1000 [km s−1] are detected (indicative of the presence of an
AGN). For four more sources with Hα+[Nii] line widths also formally in excess of
1000 [km s−1], the poor S/N and the unresolved [Nii] contribution prevent a reliable
measure of the actual width. In the other cases the line widths are all consistent with
those typical of massive starburst galaxies.

Obj. line FWHM FWHM Threshold
id. [Å] [km s−1] velocity
S14 Hβ 11 481 300
S19 Hα 261 4642 400
S20 Hβ 10 443 300
S23 Hβ 14 591 400
S25 Hβ 10 390 200
S27 Hα 8 231 300
S38 Hα 32 612 250
S39 Hα 70 1200 450
S40 Hα+[Nii] 25 503 350
S43 Hα+[Nii] 50 <1172 -
S55 Hα+[Nii] 50 <1299 -
S60 Hα+[Nii] 18 368 300
S62 Hα+[Nii] 19 502 500
S72 Hα+[Nii] 84 <2477 -
S79 Hα+[Nii] 27 709 500
S82 Hα+[Nii] 26 703 500

Table 4.4: Widths of relevant emission lines from ISAAC Low-Res and optical spec-
troscopy. Source identification, measured line, FWHM in [Å] and [km/s], and the
threshold resolving power in km/s are reported.

The Hα to [Nii] flux ratio may be used in principle as an indicator of the ionization
field in the source. However, because of our limited resolving power, the line complex
was resolved for only 3 sources of the 1999 run (Rigopoulou et al., 2000). Interestingly,
S38 (at z = 1.39) reveals an inverted line ratio (Hα/[Nii]'0.8), together with a
moderately broadened Hα (∼ 600 [km s−1], see Table 4.4).

No evidence for broad components or peculiar Hα/[Nii] flux ratios was found in the
optical counterparts of S25, S27 and S55 observed in the ISAAC Medium-Resolution
mode, whose spectra are consistent with those of standard spiral and starburst galaxies
with no AGN signatures (Rigopoulou et al., 2002).

Altogether, two out of the 21 faint ISO sources in our spectroscopic survey reveal
evidence for either type-I (source S19) or type-II (source S38) AGN activity (Frances-
chini et al., 2003a). These indications from line measurements will be compared in
Sect.4.3.1 with those coming from the study of the optical-IR-radio broad-band SEDs.

4.2.5 Extinctions and Star Formation Rates

The intrinsic extinction, affecting the emission of ISO 15 µm sources, can be esti-
mated by analyzing the properties of the observed Balmer decrement (see Eq. 3.9).
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Obj. L SFR AV AV SFR
id. (Hα) (Hα) (spec.) (phota) (Hα), corr

[1042 erg s−1] [M�yr−1] [mag] [mag] [M�yr−1]
S16† 0.251 1.98 – 0.93 4.04
S23† >0.194 >1.53 1.84 3.22 >5.41
S25† 0.569 4.50 2.10 2.10 18.96
S27† 0.867 6.86 1.69 1.43 21.87
S28† 0.191 1.50 – 1.55 4.92
S38† 3.060 24.19 – – –
S39† 8.930 70.54 – 2.27 400.02
S40 1.678 14.48 – 3.35 187.47
S43 2.358 18.63 – 1.84 70.05
S53† 1.622 12.82 2.05 2.14 52.44
S55† 1.234 9.75 2.63 2.75 59.13
S60† 3.158 24.94 – 2.60 182.04
S62† 0.812 6.41 – 1.10 14.87
S72 0.858 6.78 – 2.07 33.01
S73 0.207× 1.64 – 1.05 3.64
S79 0.436 3.45 – 1.24 8.89
S82 0.984 7.77 – 2.12 39.30
†: Hα fluxes from Rigopoulou et al. (2000).
×: S73, no aperture correction performed.
a: computed as an average of the 3 youngest SSPs

in the spectral synthesis fit (Sect. 4.5, Tab. 4.10).

Table 4.5: Relevant spectroscopic data: aperture-corrected Hα luminosities, rates of
star formation based on Hα, and extinction estimates from the Balmer decrement. In
the last column we report the values of SFR corrected for slit-aperture and reddening.

Corrections of the Hα flux for dust extinction are of fundamental importance, when
using the line fluxes to estimate the rates of star formation.

By comparing the Case B recombination value for the Balmer decrement I(Hα)
I(Hβ)

=

2.85 (Hummer & Storey, 1987) to the observed line ratios, and adopting a standard
extinction law (Fitzpatrick, 1999), the AV values reported in Table 4.5 have been
computed. These values are in agreement with the averages obtained from SED fitting
(see Section 4.5), which are reported in column five. The latter have been obtained
by considering only the young stellar populations contributing to the Hα and FIR
fluxes, while values derived as an average over the whole SFH are generally smaller.
This effect testifies the presence of highly obscured young stars. The spectroscopic
AV , when available, and those based on spectral fitting, otherwise, are used to correct
SFR(Hα) and compare it to other SFR diagnostics in Section 4.4.

All AV values turn out to be greater than 1.5 magnitudes, implying substantial
amounts of dust extinction in these objects, for sure larger than the typical value for
normal quiescent spirals (AV ∼ 0.3). In the worst case, these estimates are likely to
be lower limits, since this indicator based on Balmer line ratios quickly saturates in a
mix of dust and radiative sources (e.g. Poggianti et al., 2001).
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Nebular emission lines, such as Hα, are generated in the interstellar medium, ion-
ized by the ultraviolet continuum of the young stars (ages ≤ 107 yr) recently formed
in the starburst. These lines then provide a direct indication of the rate of the ongoing
stellar formation.

In order to compute the SFRs, we adopt the usual Kennicutt (1998a) relations (Eq.
3.13b); after conversion from fluxes to luminosities and after applying slit-aperture and
extinction corrections, the values reported in Table 4.5 have been obtained (Frances-
chini et al., 2003a).

4.3 Observed spectral energy distributions of the

HDFS/ISO sources

The extensive spectral coverage of our source SEDs between the UV and the far-
infrared (including the radio flux for a few) allows very significant constraints to be
added on the physical processes taking place inside them.

For typical IR galaxies the bulk of stellar formation happens inside dust-rich and
optically thick molecular clouds, absorbing the UV-optical continuum emitted by
luminous young stars and re-emitting it in the infrared (as already shown in Chapter
3). Given the large extinction values, the optical to near-IR continuum spectrum is
moderately influenced by the starburst and includes important contributions by less-
extinguished older stellar populations (e.g. Poggianti et al., 2001). On the contrary,
the mid- and far-IR spectrum is dominated by thermal emission from dust mostly
illuminated by the young stars (the radio flux is also proportional to the number of
recently born massive stars).

As a consequence, the coverage of the whole SEDs from the optical up to the far-
IR provides a unique opportunity to sample all stellar generations and ages in these
galaxies, and in particular to compare the mass fraction of old stars (the “inactive”,
passively evolving component) and of newly formed stars (the “active” component),
hence to evaluate the “activity” level in these galaxies (see next Sections).

The observed SEDs and (when available) WFPC-2 images of our sample sources
are reported in Figs. 4.18 and 4.19, together with synthetic models based on spectro-
photometric fits (see Section 4.5).

Additional contributions to the source fluxes — further enhancing their activity —
may come from nuclear non-thermal emission of gravitational origin, such as an AGN
component.

4.3.1 Disentangling AGN from starburst signatures in the
UV-optical-IR-radio SEDs

The mid-IR spectra of galaxies are a complex mixture of various components. Typi-
cally the most important one is the emission by molecular complexes (probably Poly-
cyclic Aromatic Hydrocarbons, PAH, see Puget & Leger (1989), but their nature is
still uncertain) producing the so-called Unidentified Infrared Bands (UIBs, here called
instead PAHs) at 6.2, 7.7, 8.6 and 11.3 µm on top of a hot dust continuum. The PAH



118 CHAPTER 4. THE ISO COSMOLOGICAL EXPLORATION

emission is particularly prominent in star-forming galaxies. Both the continuum in-
tensity and the PAH’s equivalent widths are sensitive to the presence of an AGN:
while the AGN luminous point-like source enhances the hot-dust continuum emission,
the PAH molecules tend to be destroyed by the intense radiative field and the corre-
sponding emission bands become weaker (Lutz et al., 1998; Rigopoulou et al., 1999;
Tran et al., 2001). A discussion on possible criticism on the use of this diagnostic
method, as arisen by several authors, has already been presented in Sections 3.6.7
and 3.7.

In any case, starburst-dominated and AGN-dominated galaxies tend to display dif-
ferent mid-IR spectra. The former show a bumpy spectrum with prominent emission
features at λ > 6 µm and a steeply decreasing flux shortward of 6 µm, due to the
moderate intensity of the radiative field and to the lack of very hot dust. The proto-
typical M82 starburst spectrum was already used when fitting local ULIRGs spectral
energy distributions: the Northern nucleus of IRAS 19254-7245 (Figure 3.32) is a fair
example.

On the contrary, AGN-dominated sources show rather flat mid-IR spectra and
strong emission by very hot dust detectable down to few microns (see for example the
case of the Southern IRAS 19254-7245 nucleus, Figure 3.31).

Hence, the shape of the mid-IR spectrum can be used in principle to disentangle
between the two power mechanisms. In our case we can exploit the ratio of the LW3
to LW2 fluxes, in order to measure the slope of rest-frame SED at λ < 6 µm, for
sources at z > 0.4. The LW3/LW2 ratio is expected to be ≥ 4 for starbursts, since

the LW2 band is missing the redshifted PAH and dust emissions, while S(LW3)
S(LW2)

≤ 4
in case of an AGN-dominated sources. Two such cases are shown in Fig. 4.18: S19
and S38, which are characterized by S(LW3)

S(LW2)
' 1.5 and 2.3, respectively. Moreover, in

the case of S82, the flux ratio is moderately low, S(LW3)
S(LW2)

' 2.6, indicating a possible
type-II quasar nature. In all the other cases, either LW2 has no detection or the flux
ratio falls in the starburst regime.

Note that this starburst/AGN discriminant does not work for sources at z < 0.4:

an example is S73 (z = 0.17), showing a low S(LW3)
S(LW2)

' 2 value only because its low
redshift prevents the PAH bundle to be redshifted out of the LW2 filter.

As already seen in Chapter 3, radio data in principle add valuable information to
the SED analysis. Given the tight radio/far-IR correlation for star-forming galaxies
(Helou et al., 1985, see Eq. 3.8), the radio flux provides an independent estimate of the
bolometric luminosity and star formation rate. A substantial excess of radio emission
above the value pertaining to the radio/far-IR relation may be taken as evidence for
emission by an AGN.

Unfortunately, for only a handful of the HDF South sources, data at 1.4, 2.5, 4.9
and 8.6 GHz are reported by Mann et al. (2002), based on ATCA observations. Four
sources in or sample are detected: S19 was already identified as a bona-fide type-I
quasar on the basis of optical-NIR spectroscopy, while S39 was suspected to include an
AGN contribution based on the broadness of the Hα line and morphology (see Section
4.8). For S39 the 1.4 GHz radio emission is however consistent with the radio/far-IR
relation for starbursts.

For the two remaining radio detections, S23 and S73, the radio and mid-IR fluxes
are entirely consistent with a pure starburst emission (see again Tables 4.10 and 4.6).
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In summary, evidence for the presence of AGNs is found only in two of the sam-
ple sources (the type-I S19, and the type-II S38, Franceschini et al., 2003a). For a
third source, S39, the presence of an AGN contribution is suspected, because of mor-
phology and a marginally broadened Hα line profile. For a fourth source, S82, the
low LW3/LW2 flux ratio could indicate the contribution to the mid-IR spectrum of a
type-II AGN. In all other HDF South sources, any AGN contribution should be neg-
ligible. Although the statistics is poor, this 10−20% AGN fraction among the faint
ISO sources is the same as found by Fadda et al. (2002), studying XMM-Newton hard
X-ray counterparts of mid-IR sources in the Lockman Hole and HDF-North. This
result is also in agreement with Alexander et al. (2002), exploiting the 1 Ms Chandra
X-ray exposure on the HDFN, where 20 of the 41 ISOCAM sources were detected, 4
of which were classified as AGNs and 15 as emission line galaxies.

4.3.2 Estimate of ongoing Star Formation

Once the far-infrared activity of the source is reliably attributed to young stars, a
fundamental indicator of the source physical status is the rate of ongoing star forma-
tion (SFR). Although UV-optical line and continuum emissions are contributed by
newly born stars, as already shown in Section 3.8, starbursts with bolometric lumi-
nosities above 1010L� produce the bulk of their energy in the far-IR (see also Sanders
& Mirabel, 1996). The bolometric IR luminosity of a starburst galaxy turns out to
be the most direct and reliable estimator of its rate of star formation.

To this end, a measure of the source flux around 100 µm, where the emission of
dust heated by the young stellar populations is expected to peak, would be needed in
principle. Only recently, with the advent of the Spitzer Space Telescope (see Chapter
5), sensitive far-IR arrays have become available for cosmological exploration. At
the time of ISO HDFS observations, very deep observations in the FIR domain were
unfortunately not yet possible. The imaging capabilities of ISO were strongly limited
at such long wavelengths by the poor spatial resolution and high confusion noise (e.g.
Franceschini et al., 2001). An important result by Elbaz et al. (2002), however, shows
that the mid-IR flux for a large variety of galaxies (from normal galaxies to luminous
and ultra-luminous dusty starbursts) is extremely well correlated with the bolometric
IR emission (see Figure 2.7 and Section 2.4).

This almost linear correlation of the bolometric far-IR and mid-IR luminosities was
proved to hold in local galaxies by comparing the bolometric fluxes from IRAS data
with mid-IR fluxes in various channels, including the IRAS 12 µm and the ISO LW3
and LW2 bands: considering that for sources at z ∼ 1 the rest-frame emission in
LW2 shifts to the observed LW3 band, this analysis by Elbaz et al. proved that the
correlation is likely to hold for galaxies at least up to z ∼ 1. This is also confirmed by
the excellent match between the SFR estimates based on the mid-IR and radio fluxes
for dusty starbursts at z ≤ 1 (see next Sections and Garrett, 2002; Elbaz et al., 2002).

At a redshift of z > 0.8 the LW3 band corresponds to the LW2 rest-frame, while
for z < 0.8 the central wavelength of LW3 falls into the IRAS 12 µm filter. Therefore,
we assumed that the luminosities computed from the LW3 fluxes of the sources in our
sample originate from photons emitted close to the LW2 and IRAS 12 µm wavebands,
and following Elbaz et al. (2002) prescriptions:
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Figure 4.5: Rates of star formation in the 15 µm sources based on the bolometric
IR luminosity, as a function of redshift. Filled and open circles refer to objects with
spectroscopic or photometric redshifts respectively. The shaded area represents the
avoidance region, as given by the sensitivity limit of 100 µJy imposed by sample
selection. Sources below the completeness limit have S15µm ' 95 [µJy].

LIR = 4.78+2.37
−1.59 × (νLν [6.75 µm])0.998 (4.1a)

if νLν [6.75 µm] < 5 × 109L�

LIR = 4.37+2.35
−2.13 × 10−6 × (νLν [6.75 µm])1.62 (4.1b)

if νLν [6.75 µm] ≥ 5 × 109L�

νLν [15 µm] = 0.042 × (νLν [12 µm])1.12 (4.1c)

LIR ' 11.1 · νLν [15µm] (4.1d)

From LIR we then computed the SFRs adopting Kennicutt (1998a) calibration (see
Eq. 3.13a).

The results are reported in the third column of Table 4.10 (Franceschini et al.,
2003a). Figure 4.5 shows a plot of these estimated SFRs as a function of redshift.
The shaded area represents the completeness limit of 100 µJy imposed by the sam-
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ple selection. Sources below the completeness limit have fluxes S15µm ' 95 [µJy].
Error bars have been computed on the basis of the 1σ uncertainties on the LW3 mea-
surements only, while we did not take into account the scatters in the Elbaz’s and
Kennicutt’s relations. The plot shows the effect of Malmquist bias induced by the
15 µm flux limit of the sample, high redshift objects being detectable only if their
luminosity, and SFR, are large enough.

Figures 4.18 and 4.19 compare the observed spectral energy distributions of our
sample sources to synthetic spectra, obtained as described in Chapter 2. Our approach
includes a constraint on the amount of optical light extinguished by dust, including the
15 µm data in the spectro-photometric fit, as described below in detail. In summary,
the empirical SED of M82 (Section 3.8) is scaled to fit the measured LW3 flux (thick
continuous line). In the Elbaz’s et al. analysis this prototypical starburst falls close
to the barycenter of the LFIR to L15 correlation. The SFR values appearing in Figs.
4.18 and 4.19 refer to these fits. As discussed in Elbaz et al. (2002), values of the SFR
based on the M82 template tend to be lower by ∼ 30 − 40% than those based on the
more sophisticated analysis based on Eqs. 4.1a to 4.1d and 3.13a.

4.4 Comparison of independent SFR estimators

Given the nature of these sources, selected for their strong mid-IR dust emission, the
optical estimates of the SFRs based on Hα luminosities without extinction corrections
provide values very significantly smaller than those obtained from the mid-IR flux (Fig.
4.6(a)). Also the Hα-based and the IR-based SFR estimates are poorly correlated with
each other.

The last column of Table 4.5 contains the SFR(Hα) values computed after extinction-
correction. The spectroscopically-derived extinctions have been adopted, when avail-
able. Otherwise AV obtained from the spectrophotometric synthesis (Section 4.5),
and by averaging on the three youngest SSPs, was used. Figure 4.6(b) shows the new
results, on these bases (open symbols here refer to AV estimates based on fitting of
the optical SEDs, filled symbols to estimates based on the Balmer line ratios); a large
scatter remains even after extinction correction.

An independent test of the SFR can be inferred from the radio flux: the radio
emission is also unaffected by dust in the line-of-sight (though it might be sensitive
in principle to free-free absorption at low radio frequencies for large column densities
of ionized gas, and also sensitive to radio-loud AGN components). The relationship
between the SFR and radio synchrotron emission is established by the number of
type-II and type-Ib supernova explosions per unit time. Condon (1992) finds the
relation

SFR(M > 5M�)

M�yr−1
' Lν(1.4GHz)

4 · 1021W Hz−1
, (4.2)

which, for the IMF adopted here, becomes

SFR(M > 0.1M�)

M�yr−1
' Lν(1.4GHz)

1.2 · 1021W Hz−1
. (4.3)
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Figure 4.6: Comparison between estimates of SFR based on the Hα luminosity and
those based on the mid-IR flux (Franceschini et al., 2003a). In the left panel, the Hα
flux is without extinction correction; in the right one it is corrected for extinction.
The relation SFR(Hα) = SFR(IR) is reported. In the right panel open squares refer
to AV estimates based on fits to the SED, and filled squares to extinctions estimated
from the Balmer line ratios. Error bars are based on flux uncertainties (propagating
into the extinction estimate when Hα is corrected).

In order to improve the small statistics, a sample of sources selected from deep ISO
observations in the HDFN is added to that in the HDFS. The ISOCAM LW3 datasets
in both areas have been reduced in the same way. Concerning the HDFN, ISOCAM
data reduction by Aussel et al. (1999) detected 77 sources at 15 µm, 41 of which
have S15µm > 100µJy and constitute a complete sample over an area of 25 square
arcmin (as for HDFS). Photometric data by Barger et al. (1999) and Aussel et al.
(1999), as well as the derived values of SFR(IR) are summarized in Table 4.7. HDFN
sources with S15µm < 100 µJy do not form a complete sample, but they provide a
useful extension covering the faint end of the galaxy luminosity function. All but 13
of the HDFN sources have spectroscopic redshifts; for the remaining ones the usual
photometric estimate was adopted. Among these, 6 sources have radio detections.

Using published radio fluxes at 1.4, 2.5, 4.9 and 8.5 GHz for HDFS galaxies by
Mann et al. (2002) and for HDFN by Richards et al. (1998) and Richards (2000), the
source luminosities at 1.4 GHz have been computed, assuming for the radio emission
a power-law with spectral index αR ' 0.7 (the mean value for the HDFN sample of
Richards (2000)). Instead, for sources S23 and S73, radio data at different frequencies
allow the individual spectral indexes to be computed; αR turns out to be 0.5 and 1.0,
for the two HDFS galaxies respectively; S19 spectrum is consistent with αR = 0.7.

The SFR values found in this way are reported in Table 4.6. Figure 4.7 shows the
good agreement between these values and SFRs based on the IR flux. The rates of
SF indicated by our analysis for the faint ISO sources at z > 0.5 range from a few
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Obj. z ν Sν L1 SFR SFR
id. GHz µJy (1.4 GHz) (1.4 GHz) (IR)

N3 1.219 8.5 56.5 154.9 1093.00 1375.00
N7 0.078 8.5 17.5 0.104 0.74 0.215
N17 0.556 8.5 10.2 4.520 31.89 28.09
N20 0.961 8.5 190.0 299.4 2112.002 72.95
N28 0.410 8.5 26.0 5.711 40.29 15.33
N32 1.275 8.5 15.1 45.84 323.40 527.00
S19 1.57 4.9 163 542.0 3824.002 2592.00
S19 ′′ 8.5 111 547.2 3861.002 2592.00
S23 0.46 1.4 200 14.99 105.80 50.16
S23 ′′ 2.5 149 14.92 105.30 50.16
S23 ′′ 4.9 127 17.81 125.70 50.16
S39 1.27 1.4 109 92.70 654.002 748.9
S73 0.17 1.4 533 4.919 34.70 13.69
S73 ′′ 2.5 300 4.944 34.88 13.69
1 Luminosities at 1.4 GHz in units of 1022 W Hz−1.
2 AGN objects: SFR is not a reliable estimate.

Table 4.6: Radio estimate of the SFR of 15 µm sources in both HDF’s (including
their Flanking Fields). In the first column objects named N are from the HDF-N
sample, those with S in the HDF-S. The ISOCAM LW3 sources in HDF-N refer to
the catalogue by Aussel et al. (1999). The third column specifies the frequency at
which the fluxes in the fourth were measured. Data are from Richards (2000) and
Mann et al. (2002). The last column reports SFR(IR), as derived from Elbaz et al.
(2002) recipees.

tens to a few hundreds [M� yr−1]: a substantial factor larger than found for faint
optically-selected galaxies.

In both Table 4.6 and Figure 4.7 also the data for the sources S19 and N20 are
reported, showing evidence of the presence of an AGN. The latter, detected by the
Chandra satellite in X-rays, is a recognized type-I AGN (see Hornschemeier et al.,
2001; Brandt et al., 2001). The comparison of the radio-based SFR value with those
reported in Table 4.10 provides an interesting test for AGN contribution. The good
match of SFR values based on the radio and the IR confirms the reliability of the
latter as a SFR estimator (see also Elbaz et al., 2002; Garrett, 2002): mid-IR light is
a good tracer of the star-formation rate.

On the other hand, even after correcting for dust extinction, SFR estimates based
on the Hα line flux tend to underestimate the intrinsic SFR of luminous IR galaxies
by an median factor ∼ 2. The two estimates have a large scatter. However, large
and uncertain correction factors have been applied due to the poor spatial sampling
and dust extinction effects on the Hα measurement. Arguments in favor of a large
intrinsic scatter between optical line and IR bolometric fluxes were discussed by many
authors, e.g. Cram et al. (1998), Poggianti & Wu (2000); Poggianti et al. (2001) and
Rigopoulou et al. (2000), and have already been encountered while discussing local
ULIRGs spectra in Chapter 3.
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Figure 4.7: Comparison between the estimates of SFR based on the radio flux and
those inferred from the mid-IR flux. The two methods provide consistent values in all
cases where the radio flux is not contaminated by AGN emission (as is the case for the
two crossed sources). Error bars on the IR estimate are based on flux uncertainties
only.
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Table 4.7:

ISOCAM 15µm-selected sources in the Hubble Deep Field North. The second column reports the Williams et al. (1996) identification number,
reflecting equatorial coordinate (RA−12h, DEC −62◦). The next 4 columns report Johnson magnitudes from Barger et al. (1999). The ISOCAM
LW2 (upper limits only) and LW3 fluxes with uncertainties (Aussel et al., 1999) are then listed. Redshift, SFR(IR), stellar mass and 2σ range,
based on spectral synthesis models, are in the last 4 columns.

Obj. name B V I HK SLW2 SLW3 σLW3 z SFR(IR) M ∆M
id [mJy] [mJy] [mJy] [M�yr−1] [1011M�] [1011M�]

N1 36303 1208 22.40 22.21 20.66 18.67 – 0.145 0.048 0.457 7.86 0.16 0.08−0.32
N2 36335 1319 23.41 23.07 20.95 18.54 – 0.122 0.040 0.843 53.40 1.17 1.05−1.31
N3 36344 1213 21.77 21.13 19.10 16.38 – 0.448 0.060 0.456 27.56 1.50 1.19−1.89
N4 36345 1241 24.08 24.22 22.29 19.11 – 0.363 0.060 1.219 1375.00 1.41 1.05−1.89
N5 36349 1224 22.35 21.95 19.57 16.85 – 0.267 0.060 0.562 27.12 1.69 1.40−2.05
N6 36368 1213 23.37 23.02 20.64 17.78 (0.113) 0.202 0.050 0.844 121.80 2.06 1.75−2.42
N7 36368 1134 19.55 19.59 18.61 17.07 (0.135) 0.300 0.060 0.078 0.22 0.03 0.02−0.04
N8 36382 1150 24.92 24.27 21.96 19.01 (0.061) 0.212 0.055 0.841 129.50 0.59 0.42−0.84
N9 36388 1257 23.68 23.59 21.72 18.83 (0.090) 0.211 0.050 1.143 440.80 1.38 0.91−2.10
N10 36394 1211 25.62 25.72 23.26 20.66 (0.047) 0.031 0.030 0.901 7.58 0.14 0.09−0.21
N12 36416 1131 20.67 20.61 19.72 18.37 (0.066) 0.236 0.025 0.089 0.22 0.01 0.01−0.01
N13 36419 1205 22.55 22.29 20.66 18.52 (0.037) 0.052 0.020 0.432 2.15 0.24 0.20−0.27
N14 36429 1216 22.20 21.93 20.39 18.44 (0.037) 0.049 0.020 0.454 2.31 0.28 0.22−0.37
N15 36437 1356 22.23 21.72 20.53 19.13 – 0.05 0.025 0.201 0.29 0.03 0.02−0.04
N17 36439 1250 22.86 22.64 20.59 18.30 (0.050) 0.282 0.045 0.556 28.09 0.57 0.56−0.58
N18 36445 1304 23.63 23.11 20.77 18.23 – 0.033 0.020 0.485 1.76 0.53 0.45−0.63
N19 36461 1527 23.84 23.38 21.41 18.78 – 0.418 0.052 0.851 407.50 0.81 0.63−1.05
N20 36462 1141 23.00 22.81 20.97 18.25 0.088 0.170 0.041 1.011 189.20 1.84 1.30−2.63
N22 36468 1447 23.94 22.85 20.43 18.35 (0.179) 0.144 0.028 0.558 13.35 0.48 0.35−0.66
N24 36490 1221 23.44 23.55 21.94 20.19 – 0.031 0.020 0.953 9.52 0.24 0.13−0.47
N25 36492 1148 24.53 24.56 22.30 19.69 (0.057) 0.075 0.025 0.961 41.03 0.45 0.28−0.74
N27 36495 1406 23.50 23.18 21.20 19.02 (0.040) 0.150 0.035 0.752 31.55 0.42 0.25−0.74
N28 36502 1239 22.17 21.83 20.32 18.5 (0.034) 0.022 0.020 0.474 1.05 0.33 0.28−0.39
N29 36511 1030 – 21.87 19.89 17.37 – 0.341 0.042 0.410 15.33 0.63 0.63−0.63
N30 36517 1220 23.36 22.63 21.02 18.94 (0.036) 0.048 0.022 0.401 1.62 0.17 0.11−0.28
N31 36517 1353 23.10 22.59 20.59 18.25 (0.039) 0.151 0.036 0.557 13.99 0.33 0.28−0.39
N32 36519 1400 24.65 24.26 22.51 20.48 (0.039) 0.050 0.020 0.557 4.07 0.11 0.03−0.39
N34 36533 1139 23.05 23.27 21.90 19.44 – 0.180 0.036 1.275 527.00 0.89 0.46−1.73
N35 36538 1253 22.98 22.52 20.48 18.04 (0.036) 0.179 0.031 0.642 24.91 0.50 0.45−0.56
N36 36540 1354 24.02 23.58 21.83 19.95 (0.042) 0.047 0.019 0.849 11.71 0.27 0.13−0.59
N37 36543 1434 23.50 23.28 21.61 20.12 (0.136) 0.051 0.017 0.577 4.59 0.15 0.05−0.40
N38 36554 1311 25.11 24.46 21.62 18.62 (0.037) 0.023 0.010 1.050 8.65 1.13 0.74−1.75
N39 36573 1259 22.65 22.39 21.07 19.49 (0.038) 0.060 0.018 0.473 3.21 0.14 0.06−0.33
N40 36596 1153 23.48 23.56 21.90 19.62 – 0.048 0.020 1.020 25.29 0.48 0.28−0.84
N41 36599 1450 23.55 22.91 20.92 18.53 – 0.295 0.043 0.761 69.37 0.66 0.42−1.05
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Table 4.7: continued.

Obj. name B V I HK SLW2 SLW3 σLW3 z SFR(IR) M ∆M
id [mJy] [mJy] [mJy] [M�yr−1] [1011M�] [1011M�]

N42 37020 1322 22.66 22.04 20.45 18.71 (0.097) 0.083 0.016 0.409 3.14 0.14 0.08−0.26
N43 37020 1122 20.64 20.30 19.13 17.60 – 0.162 0.036 0.136 0.41 0.06 0.05−0.07
N44 37027 1401 24.26 23.84 21.91 18.94 – 0.144 0.020 1.243 331.60 1.55 0.98−2.47
N45 37038 1353 22.88 22.81 21.42 19.98 – 0.029 0.017 0.742 4.84 0.17 0.09−0.32
N46 37046 1429 23.36 22.67 20.42 18.03 – 0.072 0.023 0.561 6.23 0.63 0.47−0.84
N47 37058 1153 23.01 22.64 20.56 18.18 – 0.431 0.034 0.902 542.60 1.36 0.84−2.21
N48 37062 1332 23.62 23.43 21.40 19.40 – 0.086 0.021 0.751 16.85 0.32 0.19−0.53
N49 37081 1246 23.30 23.36 21.73 20.12 – 0.089 0.015 0.654 12.00 0.12 0.07−0.21
N50 37083 1252 23.62 23.45 21.61 19.70 – 0.115 0.011 0.838 47.55 0.31 0.15−0.61
N52 36314 1114 23.44 23.36 21.54 19.29 – 0.355 0.040 1.130 978.00 0.88 0.49−1.58
N54 36353 1449 24.51 24.42 22.83 21.48 – 0.122 0.060 (0.800) 43.52 0.07 0.04−0.13
N55 36355 1423 24.05 23.89 22.69 19.30 – 0.441 0.040 (1.500) 4323.00 2.50 1.75−3.57
N56 36372 1334 25.81 25.72 22.72 19.59 – 0.184 0.050 (1.000) 206.70 0.82 0.68−0.98
N57 36381 1116 23.32 23.49 21.82 19.97 – 0.212 0.055 1.018 278.20 0.36 0.19−0.68
N58 36385 1338 24.19 23.64 21.68 18.92 – 0.052 0.030 0.357 1.30 0.24 0.07−0.84
N60 36399 1249 23.47 23.17 20.95 18.51 (0.064) 0.302 0.060 0.848 238.00 0.98 0.70−1.37
N61 36405 1334 25.56 27.41 23.73 20.42 – 0.036 0.030 (0.950) 11.93 0.23 0.18−0.32
N62 36407 1049 26.79 26.44 23.54 20.37 – 0.044 0.020 (0.900) 13.34 0.21 0.18−0.24
N63 36411 1420 23.29 22.80 20.90 19.00 – 0.076 0.030 0.519 5.38 0.14 0.12−0.17
N64 36422 1545 24.15 23.30 20.86 18.07 – 0.459 0.060 0.857 487.50 1.45 1.12−1.89
N65 36443 1453 24.37 24.56 23.11 20.19 (0.329) 0.105 0.018 (1.200) 172.90 0.62 0.56−0.69
N66 36466 1049 26.14 24.88 22.47 19.36 – 0.327 0.039 (0.900) 343.70 0.49 0.35−0.68
N67 36532 1116 23.83 23.42 21.27 18.80 – 0.174 0.033 0.800 77.36 0.67 0.46−0.98
N68 36546 1126 22.93 22.17 20.55 18.12 – 0.042 0.021 0.253 0.42 0.34 0.28−0.42
N69 36552 1512 26.06 25.07 22.56 20.61 – 0.075 0.019 (0.600) 7.85 0.07 0.04−0.11
N71 36577 1454 24.97 23.92 21.44 18.83 – 0.225 0.023 0.849 148.00 0.74 0.53−1.05
N72 36589 1208 24.60 23.86 21.37 18.47 (0.066) 0.157 0.019 0.853 84.17 0.98 0.77−1.26
N73 37018 1143 23.15 22.95 21.87 20.30 – 0.015 0.015 (0.900) 2.88 0.19 0.10−0.37
N74 37026 1216 25.16 25.28 22.81 19.43 (0.296) 0.049 0.021 (1.200) 50.29 0.84 0.63−1.12
N75 37043 1446 24.33 24.37 23.56 20.71 – 0.080 0.014 (0.900) 35.13 0.14 0.10−0.21
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4.5 Photometric estimate of stellar masses

A parameter characterizing the properties of galaxies is their mass in stars. This
integral of the past stellar formation activity in galaxies provides a logical complement
to the determination of the instantaneous rate of star formation.

One of the still open critical questions of modern cosmology is to understand the
epoch at which galaxies assembled the bulk of their stellar content. In the so-called
monolithic scenario, the assembly of galaxies took place on rapid timescales at high
redshifts, then galaxies evolved passively to present days. On the contrary, in the
hierarchical scenario (Kauffmann & Charlot, 1998) galaxy formation is predicted to
be a more continuous process and elliptical galaxies to assemble through merging of
lower mass disk galaxies at moderate redshifts.

It is generally accepted that galaxies produced stars more actively in the past than
today, but — as discussed above and in Chapter 3 — the true rates of star formation
are affected by a variety of uncertainties and biases, especially related to the amount
of dust in galaxies and its effect on the SFR tracers.

A complementary approach consists in measuring the dynamical or stellar masses
of distant galaxies, instead of the instantaneous SFR. Dynamical masses are directly
connected to theoretical predictions, but very difficult to measure, requiring high
spatial and spectral resolution spectroscopy of selected samples of faint high-redshift
galaxies. Stellar masses, on the contrary, are less well determined by theory, but have
the advantage that can be derived using multiband optical and near-IR photome-
try, as a powerful alternative to time-expensive spectroscopic investigations. Indeed
galaxy near-IR SEDs show a moderate dependence on the age of the contributing stars
(Franceschini et al., 2003c) because in a typical galaxy the stellar mass is dominated
by low-mass stars, with evolutionary timescales of the order of the Hubble time. As
discussed by several authors (e.g. Lançon et al., 1999; Origlia & Oliva, 2000) and
here in Chapter 2, these moderate-mass stars emit predominantly in the near infrared
(NIR, J-to-K restframe bands) and are only slightly affected by dust extinction.

The rich variety of high photometric quality data in the Hubble Deep Field South
and its Flanking Fields allows accurate galaxy SEDs to be built. For the 30 galaxies
in the sample described in Section 4.1, UBVRIJHK photometry is available (da Costa
et al., 1998; Teplitz et al., 1998), as well as the LW3 15 µm ISO flux.

This wide range of rest-frame wavelengths (0.2−1.4 µm at the mean redshift of
the starburst sample, z = 0.6), is sensitive to stellar populations over a wide range of
ages and mass/luminosity ratios and to different aspects of galaxies’ star formation
histories.

These broad-band UV-optical-NIR data have been investigated by means of spec-
trophotometric synthesis, taking particular care to their dusty starbursting nature
(Franceschini et al., 2003a; Berta et al., 2004). The procedure followed to build the
synthetic SED and compare it to the observed data, as well as the adopted simple
stellar populations library and histories of stellar formation, are described in Chapter
2.

The completely free-form, non-parametric approach was followed, in order to ac-
count in the most general way for bursting and discontinuous star formation histories,
which are characteristic of starburst galaxies (Berta et al., 2004). It also provides easy
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implementation of age-selective extinction properties for the populations involved in
the fit. The same procedure has already been applied to the case of local Ultralumi-
nous IR Galaxies in Section 3.8.

Since high extinction values are found only for the young stellar populations em-
bedded in thick molecular clouds, while disk populations are on average affected by
a moderate AV (≤ 1, e.g. Kennicutt, 1992), the E(B − V ) for the populations with
ages ≥ 109 yr has been limited to less than 0.30.

For starbursts, the observed UV-optical SED is strongly affected by dust extinction.
Dust re-radiation is expected in the mid- to far-IR. The relative contributions of young
reddened stars and older stellar populations to the emitted SEDs and to the galaxy’s
M/L ratio can then be constrained with ISO mid-IR observations. Therefore, the
ISOCAM 15 µm LW3 flux has been included in the fit (Berta et al., 2004). In order to
match the observed mid-IR flux, we have followed the procedure described in Section
2.4, by simply adopting λref,FIR = 15 µm and LW3 as reference FIR filter. As for the
IR template, in this case the conservative choice of an M82-like SED (built on Silva
et al., 1998; Förster Schreiber et al., 2001) has been taken.

The bulk of this analysis assumes SSPs of solar metallicity. However the conse-
quences of adopting different vales of Z (e.g. one third and one tenth solar, Z=0.008

Figure 4.8: HDFS/LW3 source S40 at z = 1.27: best fit mass is M = 1.13× 1011 M�.
Left Panel: comparison of the observed SEDs to the best fits. The solid line is the
sum of all the used SSPs; the dashed line is the sum of all the young SSPs (age < 109

yr); the dotted line represents the old populations (age ≥ 109 yr); the dashed thick line
longward 5 µm (restframe) is the k-corrected rescaled M82 template; the triangular
open dot at λ ∼ 15 µm is the synthetic LW3 flux (overlapping the observed LW3
when the FIR constraint is satisfied). Right Panel top: values of SFR (histogram,
left y-scale) and E(B − V ) (dots, right y-scale) for each simple stellar population.
Middle: ratio between the FIR and V-band fluxes for the different SSPs. Bottom:
cumulative stellar mass formed in the galaxy (Berta et al., 2004). See text for more
details.
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and Z=0.002) are discussed in later Sections. As it will be subsequently discussed,
the estimate of the stellar mass content of a high-redshift galaxy barely depends on
the detailed assumption for metallicity.

After the minimization process and for each solution with acceptable χ2, SSPs
providing less than 1% of the observed spectrum at each wavelength (after extinction
has been applied) are identified and excluded from further consideration. The effective
number of SSPs involved in the best-fit solution of each examined object is reported in
Table 4.10, describing our results. Typically 3−4 stellar populations then contribute
to the fit of the observed SEDs, which in turn means a total of 6−8 parameters (SFR
and E[B − V ] for each population).

4.5.1 Results of mid-IR starbursts SED fitting

For each of the galaxies in the sample, our simulations generate a very large number
of models, each one based on different star formation and extinction histories. For a
typical number of computed solutions (of the order of ∼ 100 000), the exploration of
the parameter space takes between ∼20 and 45 minutes on a Intel

�
Xeon � 1.7GHz

CPU — depending on the total number of SSPs, the adopted SFH (see Section 2.3)
and convergence criterion. Acceptable solutions (with reduced χ2

0 ∼ 1) are found for
most of the sample galaxies.

In principle the expected value of χ2
0 — per degree of freedom — would be unity.

In practice, the minima χ2
0, those for the best fit models, may happen to be larger

than 1. This may imply that our models are not sufficiently accurate to reproduce
the observed broad band SEDs, that the uncertainties on the measured fluxes – used
in the χ2 estimate – were underestimated, or that the distribution of the errors on
parameters is not gaussian (Papovich et al., 2001). It is not unlikely that the models
are incomplete, because we have fixed the values of metallicity, IMF and the extinction
law; moreover the SSPs might have intrinsic model uncertainties. The uncertainties
on the observational data have been taken from the EIS catalog, but some could
be underestimated, especially at shorter wavelengths. Finally, when no estimate of
photometric errors was available, we simply assumed a 10% uncertainty on fluxes.

Figure 4.8 illustrates the comparison of the synthetic SEDs to the observed dat-
apoints and shiws the resulting best fit of the main physical parameters, for the
representative galaxy S40 (Berta et al., 2004; Franceschini et al., 2003a). The fits
to the SEDs of all the other galaxies in the sample are deferred to the end of this
Chapter. The left panel in the Figure shows the best-fits to the SEDs. The solid line
is the sum of contributions from all SSPs; the dashed (blue) line is the sum of all the
young SSPs (age < 109 yr), while the dotted (red) line represents the contribution of
older populations (age ≥ 109 yr); the dashed thick (blue) line longward of 5 µm is
the k-corrected M82 template, normalized in order to re-emit the extinguished optical
light in the IR; the square filled dots are the observed photometric datapoints, the
open (red) triangle at λ ∼ 15 µm is the fit to the ISO LW3 datapoint, as obtained
through the M82 template. The identification number of the model (for the given
source) and the χ2 value based on the optical/NIR fit only (LW3 datapoint excluded)
are also reported in the plots.

The right panels of Fig. 4.8 report information on the star formation history. SSP
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Figure 4.9: Left: χ2 contours on the M vs. LFIR diagram, for source S40. Contours
are drawn at 1,2,3σ levels, corresponding to 68.3%, 95.5% and 99.7% confidence (de-
creasing as shade darkness increases). The solid and dashed horizontal lines represent
the far–IR luminosity and uncertainty as derived from the observed LW3 flux, based
on fitting with the M82 template. Right: χ2 values as a function of the stellar mass
of the models, for those solutions reproducing the LW3 flux within 1%. The 3σ mass
uncertainty range is [0.66, 3.80] 1011M�.

ages are indicated in the x-axis. The top graph reports the trends of the SFR (top
histograms, y-scale on the left end) and E(B − V ) (top panel, filled squares, y-scale
on the right end), as a function of galaxy age. The middle plot represents the ratio
of the FIR flux provided by the SSP to the total flux in the V band (reported as
FFIR,SSP/FV,TOT ). This quantity is used to assess both the contribution of various
stellar populations to the FIR luminosity and the effect of extinction on each pop-
ulation (depressing the optical light and boosting the IR). Finally, the cumulative
distribution of the stellar mass as a function of SSP’s age is shown in the bottom
panel. The youngest stars, significantly contributing to the FIR bolometric emission,
provide almost no fraction of the total luminous mass assembled in the galaxy.

The estimated values of the baryonic masses M and their uncertainties (see next
Section) are reported in Table 4.10 and plotted versus redshift in Fig. 4.14. The
correlation between mass and redshift is not as strong as that found for SFR vs. z
(Fig. 4.5). This reflects the fact that our primary selection is not on mass but on the
SFR value, through the LW3 flux limit.

Table 4.10 reports also the average extinction values AV for the best solution,
computed as the difference between the best fit SED and the spectrum obtained with
the same SFH but without extinction for any SSP phase. Two different values are
given: the average over the whole SFH of the galaxy and the average computed on
the three youngest populations only (which are likely to provide the FIR emission).
Note that the latter values are generally in agreement with those obtained from the
observed Balmer decrements (Section 4.4), while they are larger than the former. This
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effect testifies the presence of highly obscured young stars. “Young” AV are used to
correct the Hα flux and SFR(Hα) in Section 4.4 and to compare it with other SFR
indicators.

Results on HDFN sources are presented in the last two columns of Table 4.7.

4.6 Degeneracies in the mass estimates for mid-IR

selected dusty starbursts

We pay particular attention to the uncertainties in the mass estimates, due to de-
generacies in extinction, age and star formation history. The left panel of Figure 4.9
shows plots of χ2 contours as a function of stellar mass M and FIR luminosity LFIR,
based on fits to the optical/NIR data only (UBVRIJHK photometry). The χ2 con-
tours correspond to 1, 2, 3σ uncertainties, as set by ∆χ2 = 1, 4, 9, and corresponding
to 68.3%, 95.5% and 99.7% confidence levels.

In order to break degeneracies, or at least limit the stellar mass range estimated
by fitting, we introduced the FIR constraint. Only in a fraction of the high-z galaxies
the FIR constraint is effective in reducing stellar mass uncertainties: this happens in
particular for the least active galaxies (those with the lowest mid-IR excess and SFR
compared with the optical SED). Source S27 (z = 0.58) is one such case: imposing
the LW3 flux constraint, the stellar mass range is reduced by more than a factor of
two.

On the other hand S40, an ultraluminous galaxy at z=1.27, is a typical case for
which the FIR information is barely useful to constrain the mass. This fact is due to
the presence of highly obscured young stellar populations in the most active starbursts,
which give a significant contribution to the NIR and FIR luminosity, but are not visible
in the optical/NIR, because of their low M/L ratio, so that their contribution to the
stellar mass budget is hard to constrain. For such complex situations, further mid-IR
data from SIRTF will be critical, as it will be discussed in Section 4.11.

The stellar mass estimates are reported in Table 4.10. We plot in the right panel
of Fig. 4.9 the χ2 values as a function of mass for acceptable models, each dot
representing a different solution. Columns 8 and 9 of Table 4.10 report the estimated
uncertainties ∆M at 1 and 2σ levels. The uncertainty in the mass values for these IR
starbursts turns out to be in some cases as high as a factor of 5. Tighter constraints
shall be soon obtained by exploiting Spitzer/IRAC data between 3 and 10 µm (see
Section 4.11 and Chapter 5), particularly from the Spitzer Legacy Programs GOODS
and SWIRE (Dickinson et al., 2003; Lonsdale et al., 2004).

4.6.1 Modeling of old stellar populations

Like in the case of local ULIRGs, we have reproduced the contribution by old stellar
populations with spectra obtained assuming constant SF between 2 and 12 Gyr, since
the single SSP spectra in this age range are all very similar and their M/L ratio varies
relatively smoothly. This allows us to reduce the number of free parameters, when
compared to a more detailed SFH. Indeed this assumption ignores the uncertainties
in the mass estimate due to the age distribution of the old stellar populations.
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Figure 4.10: Ks band Mass/Luminosity ratio for old stellar populations. The red
horizontal line sets the average M/L for stars in the 109 − 1010 yr age range.

Figure 4.10 shows the value of the mass to light ratio in the Ks band for a Salpeter
SSP, as a function of age, and compares it to the average value in the 109 − 1010 yr
range. It is clear that extreme cases may happen; for example, if the whole old mass
were assembled by a 1010 yr stellar population, then the corresponding mass of the
model would be significantly higher than if an average old SSP had been considered.

To test this bias, we have run different simulations on several sources. The SFH
between 2 and 10 Gyr has been detailed into 5 different SSPs (1, 2, 4, 6, 8 and 10
Gyr old). Other simulations obtained by simply substituting the long-SF model with
single 2 and 10 Gyr SSPs have been run as well, in order to test the more extreme
cases of masses completely assembled with the lowest and the highest M/L values
available in the considered range of ages. The most massive and the lightest models
obtained in this way may differ by a factor of ∼ 2 − 3 in mass.

However, as Figure 4.11 shows, the uncertainty ∆M in stellar mass — due to
different adopted models of the old population, an read for the observed LIR — is
in fact within the bounds of the global model fit. The ∆M due to the presence
of obscured young stellar populations dominates the global mass uncertainty (Berta
et al., 2004).

4.6.2 Changes in the metallicity of SSPs

Although the analysis presented here is based on solar-metallicity SSPs, similarly
to the previous case, we have performed a systematic analysis of how variations in
metallicity may affect our results, by running different spectral syntheses including
SSPs of Z 6= Z�. In particular we have taken into account that e.g. changing Z from
solar to one third solar would be equivalent to change the SSP age from 109 to 2×109

yr (the age-metallicity degeneracy), on the spectral shape point of view.
In principle one would expect a corresponding significant difference in the M/L

ratio, hence on the estimated stellar mass. In fact a kind of compensation seems to
hold: changing the stellar metallicity requires a substantial modification of the SF



4.7. COMPARISON TO ELLIPTICALS AND LY-BREAK GALAXIES 133

Figure 4.11: Contour plots for two different spectral synthesis runs for source
HDFS/ISO S40. The left plot has been obtained including in the analysis only one
average (in the 2 109 − 1010 yr) old SSP. Concerning the solution in the right panel,
the same age range has been divided in 5 different phases. The uncertainties on the
stellar mass estimate are comparable.

history, in order to keep an acceptable spectral fit. The result is that the mass esti-
mate does not significantly depend on the assumed metal content, nor does the mass
uncertainty range. For star-forming galaxies the overwhelming uncertainty factor is
instead the incidence of the young obscured stellar populations.

4.7 Comparison to ellipticals and Ly-break galax-

ies

The spectral energy distributions and derived stellar masses of the 15 µm selected
population are here compared to galaxy samples selected in the optical or near-IR.

The second class of sources analyzed is that of spheroidal galaxies, representing
somewhat the opposite physical situation to luminous starburst galaxies. In the latter
case, the presence of dust-reddened young stars complicates the analysis and widens
the uncertainty range. On the other hand, for passively evolving spheroids the un-
certainties are expected to be much lower, being their star formation histories much
simpler.

Finally, a third population explored consists of higher redshift (z ∼ 2− 3) Lyman-
break galaxies, which lack observations of the rest-frame near-IR spectral energy dis-
tribution, and are thus affected by higher uncertainties in the fitting parameters.

4.7.1 The samples

As representative of K-band selected ellipticals and S0s, we chose a morphologically
selected E/S0 sample by Rodighiero et al. (2001) in the HDFS. Based on a SExtractor
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analysis (Bertin & Arnouts, 1996) of the EIS-Deep K band SOFI image (da Costa
et al., 1998), they computed a completeness limit of K'20.2 (Vega magnitude).
Among this list, the subpopulation of spheroidal galaxies was identified from both
visual morphological inspection and using the automatic analysis tool GASPHOT
(Pignatelli & Fasano, 1999). From this, a sample of 29 E/S0 brighter than K=20.1,
in the WFPC2 HDFS field was selected.

Among these sources, data in the whole UV-to-NIR spectral range are available only
for 23 galaxies: UBVI from HST (filters F300W, F450W, F606W, F814W Williams
et al., 1996) and JHK from EIS Deep (SOFI/NTT da Costa et al., 1998) photometry.
For 10 of these sources spectroscopic redshifts are available from Vanzella et al. (2002)
and Sawicki & Mallén-Ornelas (2003). For the remaining ones, the photometric esti-
mate is reliable to within 5%. Photometry is reported in Table 4.8; redshifts in Table
4.11.

Papovich et al. (2001) report the analysis of stellar populations of a sample of
Lyman-break galaxies in the Hubble Deep Field North, selected through the U dropout
technique, up to redshift 3.4.

The publicly available photometric data consist of the original optical WFPC2
F303W, F450W, F606W, F814W HDFN observations by Williams et al. (1996), the
NICMOS F160W and ground based (IRIM) Ks data by Papovich et al. (2001) and
the J band magnitudes reported by Sawicki & Yee (1998), obtained with IRIM on the
KPNO 4m Mayall telescope. Redshifts have been spectroscopically derived by various
authors (e.g. Steidel et al., 1996; Lowenthal et al., 1997).

A sub-sample of 8 sources with full SED coverage between z ∼ 2 − 3 have been
selected: this redshift range is the one where future Spitzer/IRAC observations will
be more effective in constraining the stellar masses of such objects. Photometry and
redshifts are reported in Table 4.9.
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Figure 4.12: Comparison of three different fits of the SED of source E5 in the elliptical
HDFS sample by Rodighiero et al. (2001), obtained with the three different adopted
methods. Left: Analytic star formation history, given by a Schmidt law; center: two
simple stellar populations (109 and 1.2 1010 yr old) with solar metallicity; right: two
old populations (1.2 1010 yr) with different metallicities (Z=0.02, 0.008). TOP: the
best fit SEDs (solid line) have been split into two components: on the left into the
contributions of SSPs younger than 109 yr (dashed line) and older (dotted line); at
center into the contribution of the 109 yr old SSP (dashed) and of the 1.2 1010 yr old
one (dotted): on the right into the contribution of the Z=0.008 SSP (dashed) and
of the Z=0.02 one (dotted). BOTTOM: star formation history and contribution of
each population to the total stellar mass assembled in the galaxy. In the bottom-right
panel the two old SSPs with different metallicities have been distinguished both in
the SFH plot (shaded histogram is the Z=0.02 SSP) and cumulative-mass diagram.
The main contributions to the χ2 for the central and right solutions come from the J
and V data respectively. No extinction is plotted, since it was assumed constant for
all populations (see Table 4.11).
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Table 4.8:

Available photometric data for morphologically selected K band elliptical galaxies sample (Rodighiero et al., 2001). Data
are from the EIS Deep survey (da Costa et al., 1998) and HST WFPC2 observations (Williams et al., 1996). All magnitudes
are in the AB system; no ISOCAM fluxes are available.

Obj. R.A. DEC. U σU B σB V σV I σI J H K
E1 22:32:54.08 -60:31:42.75 24.47 0.21 24.35 0.09 23.87 0.06 22.66 0.06 22.06 22.05 21.57
E2 22:32:52.23 -60:31:52.80 24.54 0.18 24.29 0.09 24.01 0.06 23.65 0.11 22.23 21.75 21.69
E3 22:32:53.37 -60:32:01.27 25.73 0.32 25.50 0.18 25.01 0.14 23.85 0.21 21.82 21.70 21.43
E4 22:32:50.28 -60:32:03.30 23.21 0.11 23.47 0.06 22.75 0.03 21.94 0.05 21.49 21.64 21.28
E5 22:32:55.72 -60:32:11.46 26.46 0.62 24.88 0.18 23.32 0.05 21.29 0.03 20.51 20.21 20.00
E6 22:32:54.78 -60:32:15.46 26.12 0.48 25.24 0.15 23.44 0.05 21.56 0.03 20.76 20.32 20.11
E7 22:32:57.75 -60:32:33.01 23.91 0.11 23.51 0.06 22.75 0.03 21.88 0.03 21.37 21.11 21.07
E8 22:32:50.90 -60:32:43.02 24.44 0.17 23.81 0.06 22.46 0.03 20.74 0.02 20.01 19.74 19.53
E9 22:32:54.05 -60:32:51.67 23.58 0.09 23.40 0.05 22.88 0.03 21.91 0.05 21.86 21.71 21.70
E11 22:32:53.92 -60:33:13.40 24.93 0.21 23.70 0.06 22.20 0.02 20.99 0.02 20.43 20.30 20.12
E14 22:32:57.04 -60:33:23.01 23.81 0.11 23.69 0.06 23.49 0.05 22.80 0.06 22.08 21.63 21.46
E16 22:32:53.02 -60:33:28.49 24.80 0.18 24.45 0.09 23.92 0.06 22.61 0.06 20.90 20.62 20.28
E17 22:32:54.99 -60:33:29.03 26.32 0.38 26.16 0.26 25.74 0.18 24.24 0.15 21.87 21.42 21.06
E18 22:32:57.09 -60:33:28.91 99.99 99.99 26.85 0.39 26.11 0.33 23.86 0.18 22.47 21.95 21.77
E19 22:32:45.32 -60:33:32.51 25.30 0.32 24.07 0.08 22.67 0.03 21.46 0.03 20.69 20.52 20.28
E20 22:32:52.35 -60:33:33.05 99.99 99.99 24.08 0.08 23.74 0.05 22.74 0.06 22.38 22.34 22.35
E21 22:32:51.50 -60:33:37.59 24.45 0.20 24.04 0.08 23.31 0.05 22.03 0.05 21.19 20.66 20.30
E24 22:32:46.89 -60:33:54.83 26.27 0.44 25.02 0.12 23.18 0.03 21.22 0.02 20.37 20.05 19.89
E25 22:32:52.24 -60:34:02.76 24.23 0.14 23.73 0.08 23.36 0.05 22.01 0.03 21.27 21.12 20.87
E26 23:32:50.95 -60:34:05.00 23.80 0.11 23.86 0.08 23.77 0.06 23.15 0.09 21.13 20.72 21.05
E27 22:32:48.90 -60:34:04.79 24.63 0.15 24.49 0.09 24.11 0.06 22.45 0.08 21.29 21.04 20.98
E28 22:32:56.08 -60:34:14.20 23.49 0.09 23.33 0.05 22.95 0.03 22.24 0.05 21.74 21.79 21.43
E29 22:33:00.48 -60:34:17.67 99.99 99.99 99.99 99.99 25.47 0.17 23.13 0.09 22.05 21.62 21.63
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Table 4.9:

Available photometric data for the Ly-break galaxies subsample from Papovich et al. (2001). All magnitudes are
in the AB system; no ISOCAM fluxes are available.

Obj. ID Pap. ID Will. z R.A. DEC. U B V I J H K
# (1) (2) (3)
Ly1 110 2-449.0 2.005 12:36:48.30 62:14:16.6 26.04 24.24 24.00 23.71 23.19 22.52 22.24
Ly2 503 2-903.0 2.233 12:36:55.06 62:13:47.1 26.77 24.84 24.67 24.62 24.40 23.94 23.60
Ly3 67 2-82.1 2.267 12:36:44.07 62:14:10.1 26.59 24.74 24.70 24.72 24.46 23.86 23.98
Ly4 804 4-639.0 2.591 12:36:41.72 62:12:38.8 27.74 25.23 24.94 24.55 24.48 24.53 24.01
Ly5 1352 4-497.0 2.800 12:36:45.74 62:11:57.3 28.25 26.19 25.91 25.83 25.70 25.11 24.79
Ly6 1541 4-363.0 2.980 12:36:48.31 62:11:45.8 27.79 26.08 25.38 25.22 24.97 24.51 23.95
Ly7 661 2-643.0 2.991 12:36:53.52 62:13:29.4 28.02 25.98 25.16 24.89 24.64 24.15 24.13
Ly8 273 2-76.11 3.160 12:36:45.34 62:13:47.0 28.19 26.28 25.60 25.48 25.32 25.14 24.01
(1): ID number in Papovich et al. (2001);
(2): ID number in Williams et al. (1996);
(3): Spectroscopic redshifts by Steidel et al. (1996) and Lowenthal et al. (1997).
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4.7.2 Fitting the elliptical SEDs

It is common wisdom that the properties of local ellipticals/S0s may be reproduced
by one suitable Simple Stellar Population with old age. However in some cases there
are hints for the presence of a) a younger population, representative of a partial
rejuvenation episode occurred in the recent past; b) or a significant contribution from
sub-solar metallicity stars. Both effects result in a blueing of colors.

The spheroidal galaxy population has been studied with various methods (Berta
et al., 2004). The first approach consists in adopting a simple analytical form of
the star formation history (SFH) in E-type galaxies, following Section 2.3.1 or the
implementation of the Schmidt law of galaxy formation. A constant small amount of
extinction was assumed for all populations.

The second method, meant to reproduce case (a), consisted in the same free-form
approach already described for IR starbursts, but so constrained as to avoid high
extinction values and high FIR emission. This constraint assumes that imaging data
of enough quality are available, to ensure that the object under scrutiny is a bona-
fide spheroidal galaxy not affected by extinction features as revealed by dust lanes,
absorption bands, etc. For the typical E/S0s in our sample, best-fits are obtained
with the combination of just two SSPs, one of ∼ 1010 yr and the other of 109 yr, plus
a younger SSP required to account for the blue ellipticals.

In order to fit the case (b) sub-population, as a third choice a combination of two
old simple stellar populations, both of them 1.2 1010 yr old, having different values of
metallicity (solar Z=0.02 and sub-solar Z=0.008), have been explored.

As a final check, we have also considered the most general case of a completely free-
form approach, without constraints on E(B− V ), like that used to fit the dusty star-
forming class. Nevertheless, an upper limit on the mid-IR flux (as might be provided
by forthcoming Spitzer multiband surveys) was imposed, in order to constrain dust
re-radiation and optical extinction.

Franceschini et al. (1998) and Rodighiero et al. (2001) found that populations
of morphologically-selected spheroidal galaxies in the HDFs are characterized by a
wide variety of integrated colors, including typical ellipticals with very red SEDs
(B − I > 2.5 for objects at z ≤ 1 and V − J > 2.5 for z ≥ 1), but also many bluer
objects. The b/r flag in the third column of Table 4.11 identifies blue and red objects
in our sample.

The SEDs of the red subsample are equally well-fitted by all the three approaches
described above, and the corresponding estimated values of the stellar masses agree
very well within relatively small uncertainties. For these sources, the mass range
reported in Table 4.11 includes the results of the three fits, while the best fit value
refers to the analytic SFH technique.

Figure 4.12 shows best fits for the three methods for source E5: all of them yield
equally good fits, although the analytic SFH gives the lowest χ2; the lower panels of
Fig. 4.12 report the star formation histories and the cumulative mass distribution.
Table 4.11 summarizes our results; Figure 4.20 shows the results for some other sample
ellipticals; the estimated stellar masses are in fair agreement with those by Rodighiero
et al. (2001).

For the blue E/S0 galaxy population, the simple combination of two old populations
cannot reproduce the observed U, B (and sometimes V) observed fluxes, while good
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solutions can be found by assuming some young star formation (either within the
analytic model, see Fig. 4.20, or by adding a third young SSP in the discrete SFH).

Concerning the final attempt, consisting of the most general free-form approach
and including stronger extinction effects, the only assumption is an upper limit of 70
µJy at 24 µm at 15 µm, an easily achievable value with Spitzer observations. For red
ellipticals this increased freedom in the spectral analysis has no effect in modifying
the stellar mass estimate, while for blue ellipticals the uncertainty range typically
increases by 20%, with respect to cases where extinction can be excluded a-priory e.g.
based on imaging data.

Figure 4.13: SEDs fits of some Lyman-break galaxies. Left: best fit solutions for
sources Ly2, Ly3 and Ly5, as obtained involving only young SSPs. Right: conse-
quences of introducing the ≥ 109 yr old populations on the fit of source Ly1. The
relative contribution of old stars to the total assembly of stellar mass increases from
top to bottom: the fit accuracy does not change, but in the restframe 1−2 µm domain
the model becomes significantly steeper (see also right panel of figure 4.17 and text
for details).

4.7.3 Fitting the Ly-break galaxy SEDs

The spectral energy distributions of the Ly-break galaxies have been fitted assuming
a discrete number of stellar populations like for the IR starbursts, but since at redshift
z ∼ 2.5 the age of the universe for the assumed cosmology is roughly 2.5 Gyr, only
SSPs up to 1 or 2 109 years — depending of z — have been considered.

In the starburst case, only stellar populations contributing to the visible and IR
light by more than 1% were involved in the fit. The typical number of SSPs used is
2−3 for Lyman-break galaxies (see Table 4.12).
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Figure 4.13 (Berta et al., 2004) reports the best fit solutions for four of the Lyman-
break sample galaxies, based on models including only populations younger than
109 yr. The right-hand panels, top to bottom, of the figure illustrate the effect of
introducing an increasing fraction of 1-2 Gyr-old SSP in the spectrum of source Ly1.
The overall fit to the observed optical-NIR data (i.e. the χ2 value) does not change, but
the synthetic SED longward of the K-band is significantly modified. As a consequence,
without constraints on the rest-frame near-IR spectrum where the bulk of the emission
by low-mass stars is expected, the uncertainties in the photometric mass estimates
are very large, typically 1 order of magnitude (see numerical details in Table 4.12).

4.7.4 Comparison of stellar masses for moderate-z starbursts,
E/S0 and high-z Ly-break galaxies

Figure 4.14 plots the estimated baryonic masses for the three samples of galaxies,
as a function of redshift. On one side, this provides evidence that the IR-selected
starbursts and the K-band selected ellipticals and S0 galaxies seem to be comparably
massive systems. Note however that the small sampled volume may imply important
cosmic variance effects (e.g. some structures are evident in the HDF South samples
around z = 0.5 − 0.6, including galaxies of huge stellar masses).

Fig. 4.14 shows also that, in spite of the large mass uncertainty, the small illus-
trative sample of Lyman-break galaxies seems to correspond to a galaxy population
significantly less massive (M < a few 1010M�) than those observed at lower redshifts
(for which typically M > several 1010M�, except for z<0.7 where low-mass galaxies
become detectable) over comparable sky areas. Similar results were found by Papovich
et al. (2001) on the sample of HDFN faint Lyman-break galaxies, with a median stel-
lar mass of M ∼ 6 109 M� and by Shapley et al. (2001) on brighter Ly-break galaxies
(with a slightly higher median mass). Although not conclusive, due to lack of statis-
tics and completeness, these results indicate substantial stellar build-up to happen at
z ∼ 1 to 2 in the field population. This seems consistent with the steady increase of
galaxy’s M/L from z = 3 to z = 0 and the comoving stellar mass density increasing
by a factor of ∼ 10 between z = 2 and z = 1 claimed by Dickinson et al. (2003).

4.8 Notes on individual sources in the spectroscopic

sample

Some properties of individual sources are hereby summarized. Figure 4.18 illustrate
images and SEDs; postage stamps are extracted from the HDF South WFPC-2 V-606
band frames.

S14. Outside the area covered by WFPC-2, the [Oii], Hβ and [Oiii] lines have
been detected with EMMI at z=0.41. The optical spectrum is quite blue and is fitted
by the SED of a massive, moderately star-forming spiral with SFR=16.5M�yr

−1.
S16. Also outside the HST fields, it shares very similar properties to S14, with an

Hα detection at z=0.62.
S19 is an WFPC-2 point-like source, detected also at 4.9 and 8.5 GHz Mann et al.

(2002). Its SED (Fig. 4.18) is virtually a flat power-law from 0.3 to 20 µm. The
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Figure 4.14: Comparison of stellar masses between mid-IR selected starburst (filled
squares), K-band selected E/S0 (open circles) and Ly-break galaxies (triangles), as a
function of redshift. With the exception of very massive MIR sources belonging to
the HDFS well-known group at z '0.6, the stellar masses we find for starbursts and
E/S0 are comparable; the small sample of Ly-break galaxies seems to consist of less
massive objects than those observed at lower redshift.

ISAAC spectrum reveals a strongly broadened (FWHM ∼ 260 Å) Hα at z=1.57. The
corresponding velocity field (∆v > 4600 [km s−1]) indicates this source to be a type-I
quasar. Two broad emission features are also detected in the FORS spectrum of Fig.
4.4(d), corresponding to Mgii (λ = 2798) and Ciii] (λ = 1908) at redshift z ' 1.56.
The observed SED is reproduced by a combination of a starburst template in the
optical and a type I AGN model. The latter is taken from Granato et al. (1997), with
best-fit parameters R = 300 (ratio between inner and outer tori radii) and equatorial
optical depth τν = 50 mag at 0.3 µm.

S20. Very similar to S14 and S16 in all respects, two lines detected by EMMI are
[Oii] and Hβ at z=0.39. The source looks like a massive but relatively normal and
quiescent (SFR = 11 [M� yr−1]) spiral galaxy.

S23 has been observed with NTT/EMMI, FORS2 and ISAAC on VLT (ISAAC
observations are from Rigopoulou et al., 2000). It appears as a triple system in the
HST image, but unfortunately only one of the three nuclei (the middle one) has
been included in the spectrograph slits because of the limited orientation capabilities.
Four emission lines are detected at redshift z=0.46. The central source in the triplet,
identified to be mostly responsible for the IR emission, is extremely red (B−K = 5.2).
The LW3 flux shows a strong excess and indicates SFR = 67 [M� yr−1]. The source
is also detected in the radio spectral domain at 1.4, 2.5 and 4.9 GHz (Mann et al.,
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Figure 4.15: Spectral Energy Distribution of the object s38. The optical–NIR dat-
apoints are fitted by normal spiral synthetic spectrum obtained with GRASIL (thin
solid line, see Sect.4.5), while the ISOCAM mid-IR data are fitted by a type–II AGN
spectral template (dot–dashed line). The latter assumes obscuration by an edge–on
torus whose ratio between inner and outer radii is 300, and with an optical depth at
0.3 µm of τν=30 (Franceschini et al., 2003a).

2002).

S25, outside the WFPC-2 frame, is associated with a likely interacting pair of
galaxies on the EIS images. We assumed the optical counterpart to correspond to the
brighter galaxy. Both optical counterparts have been observed in the high-res ISAAC
mode by Rigopoulou et al. (2002), and were found to counter-rotate. Hα is resolved
from [Nii]. Optical and near-IR spectra consistently indicate a redshift of 0.58. Our
photometrically-estimated baryonic mass is ∼ 1011 M�, to be compared with the total
dynamical mass of 4 1011M�.

S27 was observed by Rigopoulou et al. (2000) and here with FORS2. Hα and Hβ
detections indicate z = 0.58. Rigopoulou et al. (2002) report results of high resolution
ISAAC spectroscopy, providing a huge dynamical mass of 1012 M�. The optical SED
yields to a mass of 4.5·1011 M�. The WFPC-2 images show a prominent bulge and well
evident regions of star-formation along the spiral arms. However, the moderately high
LW3 flux suggests that, although this is one of the most massive spirals known with
evidence of ongoing star-formation, it looks as a relatively quiescent galaxy overall
(see Sect. 4.3.2).

S28 is a substantial, relatively blue, spiral at z = 0.56 (Hα from Rigopoulou et al.,
2000), with a clearly defined and asymmetric spiral arm, possibly indicative of an
interaction.

S38 has been observed by Rigopoulou et al. (2000), who detected the resolved Hα
and [Nii] lines. The line ratio is inverted ([Nii]λ6583 >Hα), indicating a kind of
type-II AGN activity. The object is detected at both 15 µm and in LW2 at 6.7 µm:
the comparatively large value for the latter clearly indicates an AGN contribution
too. If we assume the IR spectrum of a type-II quasar (Franceschini et al. 2002)
fitting the LW3/LW2 ratio (see Fig. 4.15), the 8 to 1000 µm luminosity becomes
LIR = 2.72 ·1045 [erg s−1]. The very red optical source shows an almost point-like core
with a very faint diffuse extension (Fig. 4.18). The moderate broadness of the Hα
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and the red optical colors suggest a type-II AGN nature.

S39 at z=1.27 is the most luminous ULIRG (LIR = 4.4 1012L�) among the sources
in our sample. It is a radio source detected at 1.4 GHz. The WFPC-2 morphology
becomes more and more point–like at increasing wavelengths, from U to K (Mann
et al., 2002). The WFPC-2 image shows a spiral structure with a bright nuclear
extended emission, a kind of compact bulge. Rigopoulou et al. (2000) detect Hα at
z = 1.27, with marginal evidence for broadening (1200 ±450 [km s−1]). The LW3
flux, assumed it is due to a starburst (but an AGN contribution is also possible, see
Sect. 4.1), leads to a very high value of SFR ' 750 [M� yr−1].

S40 is a strongly disturbed spiral showing three hot spots, likely starbursting
regions, in the HST image. Hα is detected in the ISAAC low-resolution spectrum at
z = 1.27. The optical SED analysis provides a large baryonic mass of ' 2.2 ·1011 M�.
The LW3 flux shows a very large excess, indicative of an actively starforming galaxy
with SFR ' 265 [M� yr−1].

S43 is outside the HST field. Hα is detected in the ISAAC 2000 run at z = 0.95
(the line was not detected by Rigopoulou et al., 2000, because of a poor estimate of
the photometric redshift).

S53 is a beautiful double system with clear signs of interaction. Rigopoulou et al.
(2000) published the near-IR spectrum of the brighter component. In the optical
spectra we can deblend two components of Hβ, at ∆λ ' 30 Å with EMMI and
∆λ ' 25 Å with FORS2. These values yield to a difference in radial velocity between
the two galaxies of about 500 km/s. The brighter galaxy shows a well-defined circum-
nuclear ring caused by a previous high-velocity encounter with the smaller galaxy.
This latter shows in turn a faint off-center spot on top of a low-surface brightness
emission. The redshift measured by Rigopoulou et al. (2000) and confirmed here is
z = 0.58.

S55 is identified with another double interacting optical source, including a large
spiral and a seemingly spheroid. Hα has been detected by Rigopoulou et al. (2000) in
ISAAC low-res and medium-res at z = 0.76, and Hβ with FORS2 observations. The
high resolution spectrum reveals an “S”–shaped Hα emission, and allows a dynamical
mass estimate consistent with our photometric estimate (see Table 4.10).

S60 is the IR counterpart of a high-redshift spiral galaxy with a possibly interacting
companion, showing some evidence of a tail. It has been observed by Rigopoulou
et al. (2000) who detected Hα at z = 1.23. The galaxy then appears to be moderately
active in forming stars. However, its photometrically-determined mass appears to
be enormous (∼ 5 · 1011M�), and similar to source S27, apart from the much larger
redshift. Its luminosity and SFR ' 265M�yr

−1 are in the ULIRG regime.

S62 was observed with ISAAC by Rigopoulou et al. (2000), who detected Hα at
z = 0.73. The source appears moderately blue in the optical and quite active in the
mid-IR.

S72 was observed during the ISAAC 2001 run with Hα detected at redshift z =
0.55. The galaxy is an edge-on spiral in an apparently rather crowded field, but not
much spatial detail is available in the WFPC-2 image. The optical SED is quite red,
possibly due to inclination. The overall SED is very well fitted by the M82 template.

S73 is a very large nearby spiral galaxy with satellites. The Hα line emission is
detected in the FORS2 spectrum at z = 0.17. The SED has been fitted by us with
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the GRASIL library, the mid-IR spectrum showing excess activity compared with an
inactive spiral. The WFPC-2 image shows a spiral with very well developed arms and
a bar. Radio emission at 1.4 and 2.5 GHz is reported by Mann et al. (2002).

S79 Hα line emission at z = 0.74 was detected in this source during the ISAAC
2000 run. The optical SED matches that of a normal spiral, but shows a large excess
in the mid-IR.

S82 consists of two rather symmetric optical sources, one of which almost point-
like and the other slightly more extended, but without a clear evidence of disk-like or
otherwise diffuse emission. Observed with ISAAC in 2000, its spectrum yields Hα at
z = 0.69. The optical SED is peculiar, with a sharp change in slope in the I band.
The small LW3/LW2 ratio may indicate the presence of an AGN in one or the other
of the optical counterparts.

4.9 Timescales for star formation

A proper characterization of the evolutionary status of the faint ISO source population
and their relevance for the general process of galaxy formation comes from matching
the rate of ongoing star-formation SFR with the mass of already formed stars. Such
comparison is essentially independent of the stellar IMF (the same scaling factor would
apply to both SFR and M by changing the IMF).

We report in Figure 4.16(a) the ratio of baryonic mass to SFR against redshift,
for ISO sources in HDFS and HDFN. This activity parameter, tSF [yr] = M

SFR
, is a

measure of the timescale for the formation of stars. The figure shows that, on top of a
very large scatter, there is an apparent trend for the SF timescale tSF to decrease with
z (the Spearman rank coefficient2 is ρ = −0.44 for the whole sample of 109 sources,
with a very significant correlation probability [> 99%]).

On one side, this result indicates that galaxies at z ' 1 and larger are more actively
forming stars than those in the local universe: a lower tSF suggests that the ongoing
SF is more significantly contributing to the observed stellar mass, and a larger fraction
of stars are being formed during the current SF event. Of course, a selection effect
is expected to play, considering that at the higher redshifts only the IR brightest
galaxies can be detected in the flux-limited samples, while the selection is less directly
influenced by the stellar mass. In other words, we expect that the main selection bias

2A nonparametric (distribution-free) rank statistic proposed by Spearman in 1904 as a measure
of the strength of the associations between two variables. The Spearman rank correlation coefficient
is a measure of monotone association and is defined by

ρ ≡ 1 − 6

∑

xy
√

∑

x2
∑

y2
. (4.4)

A perfect positive correlation produces ρ = +1, a perfect anti-correlation ρ = −1. In order to test
whether an observed value of ρ is significantly different from zero, the observed value is compared
with published tables for various levels of significance. For example, the variable

t =
ρ

(1 − ρ2) /(Npoints − 2)
(4.5)

has a Student’s t-distribution (two-tailed) in the null case (zero correlation).
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4.16(a): 4.16(b):

4.16(c):

Figure 4.16: The timescale of star formation tSF = M/SFR [109 yr] of faint ISO
sources as a function of redshift (panel a), mass in stars (panel b) and SFR (panel c).

should prevent the detection of sources in the upper right corner of Fig. 4.16(a): less
active galaxies, those with the highest tSF at the higher redshifts, are not detected at
15 µm due to our sensitivity limits.

On the contrary, we do not expect that sources are missed in the other corner at
lower tSF (lower left side in the figure). One effect to consider here is the low redshift
of the sources and the small sampled volume: although detecting a luminous massive
galaxy becomes less likely, luminosities and masses suffer for a similar bias, so the net
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effect on tSF should be negligible. Local ULIRGs from the all-sky IRAS survey would
populate this region of the plot.

Figures 4.16(b) and 4.16(c) plot the star-formation timescale against the stellar
mass and the SFR. The former shows that there is essentially no dependence of tSF

on M. Some clear segregation is evident in both Figs. 4.16(b) and 4.16(c) between
sources brighter and fainter than S15 = 100 µJy: the latter are systematically shifted
towards lower values of mass and SFR, and to higher values of tSF (if we exclude
a few low-redshift and low-mass galaxies). Apparently, the fainter 15 µm sources
correspond to a less ”active” class, closer to the quiescent spiral galaxy population.

Altogether, our analysis indicates a trend for a decreased activity of star-formation
(per unit stellar mass) in galaxies at lower redshifts (Franceschini et al., 2003a).

4.10 Nature of the IR-selected galaxy population

It is evident from the previous discussion that the ISO surveys above 100 µJy select a
population of massive galaxies which are associated with active sites of star formation.

Fairly intense Hα+[NII] emission is detected in virtually all the observed sources.
The comparison with the Hβ and [OII], as well as the SED’s analysis, indicate typically
high extinction values AV ∼ 1.5 − 2 to affect the line ratios, quite larger than found
for local normal spirals. While obviously consistent with the IR-selection emphasizing
excess dust emission, this shows that the intrinsic (de-reddened) Hα flux is strong in
these objects. Enhanced activity is also proven by the fact that the mid-IR flux is
typically larger by factors > 2 − 3 than expected for normal galaxies.

Despite the poor statistics, only ' 10 − 20% of the faint IR sources show clear
AGN signatures, while the remaining are powered by starburst activity.

The HDF WFPC2 images show clear evidence for interactions and mergers in ∼50%
of these galaxies (see Fig. 4.18). The redshift survey in the HDFN by Cohen et al.
(2000) has also revealed that the LW3 sources are almost invariably associated with
peaks in the sample redshift distribution, which may be interpreted as either “walls”
in the galaxy large scale structure, or galaxy groups. In such environments galaxy
interactions are maximally efficient.

How much of these large stellar masses are formed during the ongoing event of
star formation identified by the excess mid-IR emission? Are the currently observed
episodes of star formation responsible for the bulk of the stellar content? Hints can
be inferred from the star-formation timescales reported in Fig. 4.16. Values of the
activity parameter tSF here show a large scatter and a rather uniform distribution
from those characteristic of inactive galaxies (tSF ∼ 1010yr) to those of very active
starbursts with tSF < 109yr. A continuity of intermediate stages exists between the
levels of maximal and minimal activity. (Franceschini et al., 2003a).The observed
median value tSF ∼ 1 Gyr, compared with typical starburst timescales of ∼0.1 Gyr,
implies that the ongoing starburst event may explain only a fraction of the whole
stellar content. A few to several such episodes are then required to build up the
observed large galactic masses, as part of a protracted SF history made up of a
sequence of starbursting episodes on top of a lower-level secular SF.

In conclusion, the mid-IR flux efficiently discriminates distant IR galaxies as for
not only their “activity level” (t−1

SF ), but also for the absolute values of the stellar
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mass and SFR: the brighter (S15 > 100 µJy) IR-selected sources appear to be more
extreme in any sense, typically more massive, more luminous, and with higher SFR.
This star formation is likely triggered by strong dynamical interactions and mergers
among the brightest members of galaxy groups. High SFRs and already large M values
imply that these are presumably the formation sites of the most massive current-day
galaxies (Franceschini et al., 2003a).

Figure 4.17: Simulations of SIRTF/IRAC observations to constrain the estimate of
stellar masses in starbursts and Lyman-break galaxies. Left panel: three different
solutions for ISO/LW3 source S40: all three fits reproduce comparatively well both the
optical data and the LW3 observed flux (not displayed for plotting reasons). SIRTF
synthetic data (open squares) have been obtained simulating an IRAC observation of
the best fit model. Right panel: the three different fits to optical-NIR data of source
Ly1 already discussed in Fig. 4.13. IRAC synthetic fluxes have been computed
for the best fit solution, which is the youngest and least massive among the three
considered. In both panels the three models differ in their star formation history: the
reddest are dominated by old populations more than the others. Small boxes show
the transmissivity curves of the four IRAC filters; model numbers correspond to those
in Figs. 4.8 and 4.13.

4.11 Perspectives for the Spitzer mission

The newly operative NASA’s Spitzer InfraRed Telescope Facility (SIRTF) includes a
sensitive camera (IRAC) to observe high-z galaxies in complementary long-wavelength
channels between 3 and 10 µm, hence providing us with a unique opportunity for the
analysis of stellar masses at intermediate and high (0.5−3) redshifts, by sampling the
critical restframe near-IR domain.

Spitzer/IRAC observations of some randomly selected sources in the examined star-
burst and Ly-break galaxy samples have been simulated, in the attempt to quantify
how much these observations will improve the mass estimates. Previous best fit mod-
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els have been adopted as “intrinsic” sources’ emission and have then been convolved
with the response curves of IRAC filters.

4.11.1 Constraining the mass of active starbursts at z = 0.5−
1.5

In the case of the IR-selected starbursts, we have found uncertainties in the stel-
lar mass estimate based on the optical/NIR+LW3 SED typically of factors of 3−4.
SIRTF/IRAC, observing at 3.6, 4.5, 5.8 and 8.0 µm, will significantly improve upon
this, as illustrates in Figure 4.17 with an example. The open squares are the expected
fluxes for galaxy S40 in the SIRTF/IRAC bands, assuming our best-fit spectral so-
lution. Some other solutions, characterized by different SFHs, are also plotted. The
case of S40 is representative of the high redshift population, while for intermediate z
objects (e.g. S53 or S55, z ∼ 0.5 − 0.7) the improvement may be less significant.

We have simulated a SIRTF/IRAC observation of twelve randomly-selected sources
in the LW3 dusty starburst sample. We have convolved the best-fit optical/NIR SED
with the 4 IRAC band transmission curves. Then we have run our code of spectral
synthesis on the 12 objects, assuming IRAC simulated fluxes with a 10% photometric
error. As a result, the estimated stellar–mass range is expected to be reduced to a
typical factor of ∼ 2, as reported in the last column of Table 4.10.

4.11.2 Detecting NIR restframe emission of z = 2− 3 Lyman-
break galaxies

Lying at redshifts z > 2, the Lyman-break galaxies in our sample will benefit by IRAC
observations much more than intermediate and low-z galaxies. In this redshift range,
IRAC 3 − 8 µm data will sample the restframe near-IR emission of galaxies, hence
observing the light emitted by low-mass stars dominating the galaxy stellar content.

We simulated IRAC observations based on our best fit solutions. Then we have
applied our spectral synthesis code using 11 datapoints, namely the already available
UBVIJHK photometric data and the synthetic IRAC 3.6, 4.5, 5.8 and 8.0 µm fluxes.
Figure 4.17 (right-hand panel) shows how IRAC observations will constrain the three
solutions shown in the right panel of figure 4.13.

The results of these simulations are summarized in the last column of Table 4.12:
the mass uncertainty very significantly decreases to a factor of ∼ 2 − 3.

In synthesis, the uncertainties on the photometric estimate of stellar masses in
intermediate and high redshift systems will significantly improve, thanks to IRAC
observations. These simulations show that the extension of the wavelengths dynamic
range to 3 − 8 µm will reduce the mass uncertainties to factors good enough for
statistically reliable determinations of the galaxy evolutionary mass function.
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Table 4.10:

Results of the analysis of the 15 µm HDFS sample. For each source, redshift (photometric if within parenthesis, spectroscopic
otherwise), IR luminosity and derived SFR (see Sect. 4.3.2), and results of SEDs fitting are reported. The latter consist in
total number of models produced by the spectrophotometric synthesis code (without the Spitzer constraints), effective number
of SSPs contributing to best fit, optical χ2 and mass of the best fit solution. The last three columns report three different
estimates of the mass uncertainties due to degeneracies: ∆M at 68.3% and 95.5% confidence levels, and 2σ mass range obtained
simulating Spitzer/IRAC observations (only for some randomly selected sources).

Obj z LIR SFR(IR) Ntot NSSP Mass(bf) AV AV χ2
opt ∆M1σ ∆M2σ ∆MSIRTF

# [L�] [M�yr−1] mdls. b.f. [1011M�] tot young b.f. [1011M�] [1011M�] [1011M�]
S14 0.41 5.8 1010 10.0 420014 3 0.17 0.79 1.09 4.15 0.16−0.26 0.16−0.29
S15 (0.55) 1.8 1011 30.6 451212 2 1.97 0.45 1.19 13.55 1.90−2.10 1.66−2.23
S16 0.62 8.7 1010 14.9 430819 4 0.22 0.76 0.93 4.73 0.17−0.21 0.16−0.23
S18 (0.55) 1.4 1011 23.4 202806 4 3.38 0.53 0.71 14.37 3.31−3.53 2.98−3.66
S19 1.57 1.4 1012∗ – – – – – – – –
S20 0.39 3.5 1010 6.0 416408 4 0.46 0.63 0.78 3.65 0.40−0.85 0.40−0.89
S23 0.46 2.9 1011 50.2 409213 4 0.72 2.53 3.22 8.16 0.33−0.86 0.30−1.22 0.44−0.89
S25 0.58 3.3 1011 56.0 430807 2 0.78 1.56 2.10 2.70 0.35−0.82 0.28−0.96 0.26−0.87
S27 0.58 2.6 1011 44.8 507625 4 3.10 0.49 1.43 4.56 2.88−3.64 2.40−3.68 2.70−3.59
S28 0.58 9.6 1010 16.5 476432 4 0.31 0.88 1.55 4.45 0.19−0.37 0.18−0.46
S30 (0.40) 2.7 1010 4.6 206401 3 0.004 1.67 1.92 3.88 0.004−0.006 0.004−0.020
S36 (0.65) 2.7 1011 46.3 198044 4 0.20 2.33 2.63 0.93 0.17−0.46 0.16−0.49
S38 1.39 1.3 1012∗ – – – – – – – – –
S39 1.27 4.4 1012 748.9 175634 4 2.02 1.59 2.27 6.54 0.78−1.22 0.59−1.64
S40 1.27 1.5 1012 264.9 385289 4 1.12 1.38 3.35 8.71 1.42−2.01 0.85−3.04 0.55−1.38
S41 (0.30) 1.6 1010 2.7 208838 3 0.04 0.64 2.37 6.43 0.032−0.043 0.033−0.051
S43 0.95 3.3 1011 57.5 409212 4 0.52 1.40 1.84 0.77 0.16−0.56 0.14−0.60 0.13−0.49
S45 (0.65) 3.9 1011 66.6 526817 4 0.95 1.55 2.04 5.67 0.34−1.09 0.15−1.10 0.19−0.80
S48 (0.30) 1.6 1010 2.8 210015 3 0.07 1.69 2.11 4.08 0.10−0.15 0.04−0.15
S52 (0.60) 1.2 1011 20.1 278402 4 0.09 1.71 2.56 3.81 0.09−0.12 0.08−0.12
S53 0.58 2.2 1011 38.5 506477 3 0.83 0.56 2.14 3.34 0.65−0.90 0.65−1.00 0.79−0.90
S55 0.76 2.6 1011 45.4 477664 5 0.89 1.03 2.75 1.16 0.58−1.14 0.37−1.14 0.77−1.28
S60 1.23 9.7 1011 167.2 492090 4 1.46 1.63 2.60 14.38 1.47−2.22 1.34−4.80 1.54−2.46
S62 0.73 2.2 1011 36.9 462014 4 0.48 0.63 1.10 3.04 0.44−0.56 0.42−0.60
S67 (1.00) 1.4 1012 244.3 424812 4 0.26 2.89 4.04 12.12 0.16−0.68 0.16−0.71
S71 (0.45) 2.6 1010 4.4 230406 4 0.03 2.79 4.26 5.02 0.01−0.03 0.01−0.05
S72 0.55 2.2 1011 36.9 421227 3 0.83 1.53 2.07 12.39 0.82−0.94 0.81−1.46
S73 0.17 8.0 1010 13.7 441608 4 1.35 0.50 1.05 10.00 0.65−0.69 0.57−1.32 0.65−1.24
S75 (0.45) 1.5 1011 25.0 222010 4 0.70 1.68 1.32 4.19 0.88−1.04 0.63−1.07
S77 (0.40) 6.9 1010 11.8 210033 4 0.65 0.72 2.24 4.73 0.59−0.71 0.30−0.75 0.29−0.74
S79 0.74 2.2 1011 38.4 499221 3 0.07 1.83 1.24 1.60 0.53−0.97 0.24−1.00
S82 0.69 5.2 1011 90.2 438044 4 0.35 0.68 2.12 9.61 0.35−0.44 0.26−0.59 0.36−0.49
S85 (0.40) 2.8 1010 4.7 414053 3 3.71 0.12 0.61 25.77 3.55−3.73 3.08−3.99
∗ Based on the AGN model described in Section 4.8.
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Table 4.11:

Results of the stellar-mass estimate for the ellipticals sample, based of SEDs fitting with solar metallicity
SSPs. For each elliptical source in the HDFS (Rodighiero et al., 2001), spectroscopic (Vanzella et al., 2002;
Sawicki & Mallén-Ornelas, 2003) or photometric (if within parenthesis, Rodighiero) redshifts, total number
of models produced by the spectrophotometric synthesis code, best fit parameters and χ2 for the analytic
SFH method (see text for details), mass of the best fit solution and 2σ (95.5% confidence) mass range due to
degeneracies are reported. Third column reports a flag designating red and blue sources. The SEDs of the
red sources have been fitted with three different methods: a) analytic SFH, b) two simple stellar populations
(109 and 1.2 1010 yr old) with solar metallicity, c) two old populations (1.2 1010 yr) with different metal-
licities (Z=0.02, 0.008) — see also text and figure 4.12. The mass ranges reported for these objects include
the results of all three fitting techniques; concerning blue sources, only the analytic SFH leads to good results.

Obj z Color Ntot tF E(B–V) n1 τ1 χ2 Mass(bf) ∆M
# Flag mdls. b.f. [Gyr] b.f. b.f. b.f. b.f [1011M�] [1011M�]
E1 0.512 b 18001 11.91 0.05 2.69 0.16 8.67 0.12 0.05−0.12
E2 (1.3) b 16848 11.66 0.02 3.01 0.16 11.95 0.56 0.31−0.72
E3 (1.3) b 23427 3.44 0.05 4.12 0.08 7.95 0.57 0.47−1.23
E4 0.414 b 11521 2.68 0.00 0.002 0.52 4.29 0.10 0.06−0.15
E5 0.673 r 129606 3.19 0.05 0.001 0.15 1.89 0.49 0.44−0.76
E6 (0.5) r 111765 9.20 0.06 0.002 0.15 6.31 0.61 0.35−0.78
E7 0.517 b 11287 4.63 0.10 5.17 0.11 6.71 0.06 0.05−0.09
E8 0.579 r 131529 6.68 0.05 2.85 0.09 5.31 0.35 0.28−0.56
E9 0.515 b 15841 2.00 0.00 5.25 0.10 6.68 0.03 0.030−0.040
E11 0.364 r 121526 7.17 0.04 2.35 0.06 9.92 0.06 0.04−0.10
E14 (1.15) b 11053 11.44 0.00 1.97 0.25 5.52 0.51 0.29−0.55
E16 (1.0) b 11283 11.46 0.05 0.04 0.26 8.36 2.32 1.55−2.71
E17 (1.25) r 136281 11.71 0.04 0.03 0.19 7.31 2.64 1.91−2.77
E18 (0.9) r 112240 11.46 0.04 0.02 0.19 4.58 0.49 0.25−0.60
E19 (0.15) r 121521 11.96 0.05 3.98 0.01 9.81 0.05 0.04−0.06
E20 (0.8) b 16087 2.00 0.00 0.001 0.34 9.76 0.08 0.05−0.12
E21 0.577 r 127454 11.28 0.05 0.04 0.29 10.00 0.66 0.41−0.78
E24 (0.4) r 134001 11.28 0.05 3.35 0.08 13.54 0.37 0.22−0.48
E25 0.511 b 13272 11.97 0.04 1.49 0.21 7.02 0.48 0.29−0.63
E26 (1.5) b 11729 5.52 0.00 3.69 0.09 22.34 1.90 1.28−2.80
E27 (0.85) b 11258 11.72 0.02 3.42 0.11 16.02 0.62 0.35−0.74
E28 0.564 b 11281 11.91 0.02 0.64 1.70 18.45 0.08 0.058−0.09
E29 (0.5) r 112123 14.35 0.05 2.76 0.01 4.79 0.12 0.053−0.21
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Table 4.12:

Results of the spectral synthesis analysis of the Lyman-break galaxies. Objects are identified by
numbers adopted in this thesis, by Papovich and by Williams (first three columns). For each source
the table reports redshift, total number of models analyzed, effective number of SSPs involved in
the best fit, stellar mass and χ2 of best fit and 2σ mass range due to degeneracies. The rightmost
column summarizes the results of our simulated SIRTF/IRAC observations of ly-break sources:
IRAC will sample the restframe near-IR light at z ∼ 2 − 3, therefore significantly reducing the
uncertainty on the stellar mass estimate (see text for details).

Obj z Ntot NSSP χ2
opt Mass(bf) ∆M ∆MSIRTF

# (1) mdls. b.f. b.f. [1011M�] [1011M�] [1011M�]
Ly1 2.005 230403 3 5.13 0.17 0.13−1.98 0.22−0.44
Ly2 2.233 195602 3 4.24 0.10 0.03−0.19 0.07−0.15
Ly3 2.267 195587 3 1.47 0.03 0.02−0.67 0.03−0.07
Ly4 2.591 212778 2 10.99 0.07 0.02−0.22 0.02−0.07
Ly5 2.800 199203 3 5.87 0.02 0.02−0.23 0.02−0.05
Ly6 2.980 217529 3 9.02 0.14 0.04−0.28 0.05−0.16
Ly7 2.991 264435 2 7.54 0.03 0.02−0.10 0.02−0.05
Ly8 3.160 278399 2 2.29 0.45 0.22−1.08 0.30−0.65
(1): Spectroscopic redshifts by Steidel et al. (1996) and Lowenthal et al. (1997).



152
C

H
A

P
T

E
R

4.
T

H
E

IS
O

C
O

S
M

O
L
O

G
IC

A
L

E
X

P
L
O

R
A
T

IO
N

Figure 4.18: Images from the WFPC-2 F814 maps and spectral energy distributions of the 15 µm sources observed spectroscopically
(North is up, East left, the scale is reported on each figure). For each object the observed optical-NIR (up to 5µm restframe) SED
is compared with a model obtained as described in Section 4.5 with spectrophotometric synthesis. The dashed line longward of 5µm
(restframe) is the semi-empirical M82 template adopted to constrain the IR emission of the fits. See text for further details.
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Figure 4.19: Spectral energy distributions of the objects lying outside the Hubble Space Telescope field coverage or objects not
observed in any spectroscopic run. See also caption to Fig. 4.18.
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4.20(a): E1: z = 0.512, best fit M =
1.22 1010 M�.

4.20(b): E9: z = 0.515, best fit M =
3.24 109 M�.

4.20(c): E17: z = 1.25, best fit M =
2.65 1011 M�.

4.20(d): E28: z = 0.564, best fit M =
8.76 109 M�.

Figure 4.20: Best-fit spectral solutions for representative elliptical galaxies, based on
the Schimdt star formation history model (see Sect. 4.7.2). See also Figs. 4.8 and
4.12.



Chapter 5
The advent of Spitzer

The NASA Great Observatory SIRTF, with a primary mirror larger than ISO (85 vs.
60 cm) and superior detector assemblies promises to be the instrument for shedding
new light on the debate between a hierarchic or monolithic evolutionary scenario.

The Infrared Array Camera onboard Spitzer was specifically designed for probing
the assembly of stellar mass in galaxies at redshift > 2, by observing in the 3− 8 µm
spectral domain.

At the same time deep sky imaging with the Multiband Imaging Photometer
(MIPS) at 24, 70 and 160 µm is detecting dust re-radiation from distant actively
star-forming galaxies, allowing the rate of stellar formation to be measured with high
accuracy.

This Chapter presents early results on the evolution of IR sources and on the
stellar mass estimate of intermediate- and high-redshift galaxies, based on the first
Legacy data by the Spitzer Space Telescope. In particular, mid- and far-IR data from
the Spitzer Wide-area Infrared Extragalactic survey are exploited to constrain the
properties of field IR galaxies.

Afterwards, a comparison between field sources and galaxies in the high-redshift
RDCS 1252.9-2927 cluster (z = 1.237) is carried out, taking advantage of what is
arguably the best multiwavelength dataset for both field and clusters, with additional
spectroscopic information.

5.1 The Spitzer Infrared Telescope Facility mission

The Spitzer Space Telescope (Werner et al., 2004), NASA’s Great Observatory for in-
frared astronomy, was launched on August 25th, 2003. Current details on the Spitzer
status and performance can be found on the Spitzer Science Center (SSC) web site.1

The results of Spitzer’s first months inflight operations, and a description of the in-
strumentation, have been published in a dedicated Astrophysical Journal Supplement
Series volume, namely no. 154, in September 2004. The list of publications can be
retrieved again at SSC web site2.

1http://ssc.spitzer.caltech.edu
2http://ssc.spitzer.caltech.edu/pubs/journal2004.html

159
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Spitzer incorporates an 85 cm diameter telescope primary mirror, cooled to as
low as 5.5 K, and three scientific instruments providing imaging and spectroscopy at
wavelengths from 3.6 to 160 µm. The observatory systems are largely performing as
expected and the projected cryogenic lifetime is in excess of 5 years.

The Spitzer flight hardware consists of a spacecraft that operates at roughly ambi-
ent temperature and a Cryogenic Telescope Assembly (CTA), cooled to a much lower
temperature by a combination of superfluid liquid helium, helium boil-off gas, and
radiative cooling. The overall layout of the flight configuration is shown in Figure 5.1
(from Werner et al., 2004).

Figure 5.1: Spitzer Space Telescope flight hardware. The observatory is approximately
4.5m high and 2.1m in diameter.

Spitzer spacecraft handles the observatory’s power generation, pointing and mo-
mentum control, data processing and storage, and telecommunications functions. It
also contains the warm electronics portions of the three scientific instruments. A set
of thermal blankets and radiation shields dramatically reduces the radiative thermal
load from the warm spacecraft onto the CTA. A similar system of shields attenuates
the thermal radiation from the solar array.

The Cryogenic Telescope Assembly consists of the telescope assembly, the cryogenic
portions of the three science instruments, a superfluid helium Dewar, and various
thermal shields. Spitzer employs a novel thermal design (hereafter referred to as the
“warm launch” design) in which most of the mass of the CTA, including the telescope
and its baffles, is external to the cryostat vacuum shell and is launched at ambient
temperature; therefore it begins cooling only when on-orbit.
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A very low-temperature CTA outer shell is critical to the achievement of a long
mission lifetime with a small cryostat, but requires excellent thermal insulation be-
tween warm and cold components as well as tight restrictions on the orientation of
the flight hardware with respect to the Sun. The CTA outer shell is painted with
high-emissivity black paint on the side that faces away from the Sun and is polished
aluminum on the sides that face the thermal shields, solar array, and warm spacecraft
components.

The telescope temperature necessary to keep thermal emission from the optics neg-
ligible compared to the natural zodiacal background decreases with wavelength, reach-
ing 5.6 K for the 160µm channel in the Multiband Infrared Photometer for Spitzer
(MIPS) instrument.

Three infrared instruments, the Infrared Array Camera (IRAC, Fazio et al., 2004),
the Infrared Spectrograph (IRS, Houck et al., 2004), and the MIPS (Rieke et al.,
2004), share a common focal plane (see Figure 5.2, defining the fields of view). The
detectors include state-of-the-art infrared arrays, in formats as large as 256 × 256
pixels. For broadband imaging and low spectral resolution spectroscopy, Spitzer has
achieved sensitivities close to or at the levels established by the natural astrophysical
backgrounds encountered in Earth orbit (principally the zodiacal light).

Figure 5.2: Spitzer focal plane layout, as seen looking through the telescope aperture
(taken from Werner et al., 2004).

Spitzer utilizes a unique Earth-trailing solar orbit (e.g. on March 26th, 2004 Spitzer
was trailing 0.083 AU behind the Earth, Werner et al., 2004). As seen from Earth,
Spitzer recedes at about 0.12 AU yr−1 and will reach a distance of 0.62 AU in five years
(the scheduled lifetime of Spitzer mission).

This Earth-trailing orbit has several major advantages over a low-Earth orbit for
Spitzer. The principal advantage is being away from the heat of the Earth; this
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enables the warm launch architecture and the extensive use of radiative cooling which
makes Spitzer’s cryo-thermal design extremely efficient. More precisely, the solar orbit
allows the spacecraft always to be oriented with the solar array pointed at the Sun
while the black side of the outer shell has a complete hemispherical view of deep
space with no interfering heat sources, enabling the radiative cooling of the outer
shell. Operationally, the orbit permits excellent sky viewing and observing efficiency.
Finally, while in a solar orbit the observatory is not affected by the charged particles
in the Van Allen radiation belts. These thermal and charged particle advantages are
shared by the L2 orbit contemplated for the James Webb Space Telescope (JWST),
but the latter will require a larger and more expensive launch vehicle.

Only one instrument operates at a time; there are no parallel observations or in-
ternal calibrations, greatly simplifying onboard architecture and software.

Figure 5.3 reports the point-source sensitivity and wavelength coverage of the
Spitzer science instruments for a 500 s exposure time (Werner et al., 2004). Gen-
erally the effective sensitivity depends strongly on the zodiacal emission level, on
background confusion and, concerning for the MIPS 70µm channel, on which half
of the array is being used. Red symbols show the IRAC sensitivity and wavelength
coverage. The blue lines denote the IRS and the green indicate the MIPS sensitivity
and wavelength coverage. The green line without endpoints represents the predicted
MIPS Spectra Energy Distribution Photometer performance.

Table 5.1 reports the performance characteristics of the instruments.

Figure 5.3: Point-source sensitivity and wavelength coverage of the Spitzer science
instruments (see text for details, taken from Werner et al., 2004).
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IRAC

Channel Wavelength [µm] Field of View [arcmin] Detector
1 3.19−3.94 5.2 × 5.2 256 × 256 InSb
2 4.00−5.02 5.2 × 5.2 256 × 256 InSb
3 4.98−6.41 5.2 × 5.2 256 × 256 Si:As
4 6.45−9.34 5.2 × 5.2 256 × 256 Si:As

MIPS

Channel Wavelength [µm] Field of View [arcmin] Detector
24 µm 21.5−26.2 5.4 × 5.4 128 × 128 Si:As
70 µm 62.5−81.5 5.2 × 5.2a 32 × 32 Ge:Ga
160 µm 139.5−174.5 5.3 × 0.5 2 × 20 Stressed Ge:Ga
SED(λ/∆λ = 15 − 25) 51−106 2.7 × 0.34 32 × 24 Ge:Ga

IRS

Module Wavelength [µm] Slit [arcsec] Spectral Resolution
Short-Low 5.2−7.7 second-order 3.6×57 80−128

7.4−14.5 first-order 3.7×57 64−128
Long-Low 14.0−21.3 second-order 10.5×168 80−128

19.5−38.0 first-order 10.7×168 64−128
Short-High 9.9−19.6 4.7×11.3 ∼600
Long-High 18.7−37.2 11.1×22.3 ∼600
Peakup Array (Blue) 13.3−18.7 56×80 3
Peakup Array (Red) 18.5−26.0 54×82 3
a: The MIPS 70 µm array consists of two 5.2 × 2.6 [arcmin] halves.

Due to a defect in the cold cabling, one of the halves has significantly worse sensitivity than the other.

Table 5.1: Spitzer instruments performance (Werner et al., 2004). IRAC, MIPS and IRS are described.
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5.2 Spitzer Legacy Programs

The Spitzer Legacy Science Program3 was motivated by the purpose of enabling ma-
jor science observing projects early in the Spitzer mission, with the goal of creating
a substantial and coherent database of archived observations to be used by subse-
quent Spitzer researchers, including “general” observers. Legacy Science projects are
distinguished from “general” investigations by three fundamental principles:

� they are large and coherent science projects, not reproducible by any reasonable
number or combination of smaller General Observer investigations;

� they are projects of general and lasting importance to the broad astronomi-
cal community, with the Spitzer observational data yielding a substantial and
coherent database;

� they are projects whose raw and pipeline-processed data enter the public domain
immediately upon SSC processing and validation, thereby enabling timely and
effective opportunities for follow-on observations and for archival research, with
both Spitzer and other observatories.

In November 2000, after a dedicated call for proposals, six projects were selected
by the SSC for the definition of the Legacy Program. The six approved projects use a
total of 3160 hours of Spitzer observing time, primarily in the first year of the mission,
and integrate substantial ancillary data from ground-based observatories and other
space-borne telescopes. Many of the Legacy Science observations were interleaved
with general and Guaranteed Time (GTO) observations.

Though this thesis is interested in the cosmological surveys only, the main char-
acteristics of all the six Legacy Programs are summarized hereafter, in view of their
great scientific impact on the whole astronomical community. The Spitzer Wide-area
Infra-Red Extragalactic survey is described in Section 5.3.

5.2.1 The Great Observatories Origins Deep Survey

The Great Observatories Origins Deep Survey (GOODS4 Dickinson et al., 2003) is
designed to study galaxy formation and evolution over a wide range of redshift and
cosmic lookback time. The main purpose is to trace the mass assembly history of
galaxies, the evolution of their stellar populations, and the energy output from star
formation and active nuclei. GOODS takes advantage of the deepest observations
from NASA’s other Great Observatories, Hubble and Chandra, and ground-based
follow-up with Gemini and ESO telescopes. These very deep observations are needed,
in order to detect normal galaxies in the 1 < z < 6 redshift range, where Spitzer shall
measure the rest-frame near- and mid-infrared light, thanks to its λ > 3 µm channels.

GOODS has been allocated 647 hours of Spitzer observing time, to survey ap-
proximately 300 [arcmin2], split in two fields: the Hubble Deep Field North (Williams
et al., 1996) and the Chandra Deep Field South (Giacconi et al., 2001). These fields are

3http://ssc.spitzer.caltech.edu/legacy/
4GOODS web page: http://www.stsci.edu/science/goods/
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among the most data-rich areas of the sky, being the sites of the deepest observations
from Hubble, Chandra, ESA’s XMM-Newton, and many ground-based telescopes.
Performing the survey in two different areas reduces the effects of cosmic variance,
due to galaxy clustering, and guarantees the possibility to have related ground-based
observations from both hemispheres.

IRAC 3.6 − 8 µm coverage has a mean exposure time of ∼56 hours per band per
pointing, while ten hour exposures with MIPS at 24 microns are planned.

The GOODS IRAC observations are designed to detect rest-frame near-infrared
light from the progenitors of galaxies like the Milky Way out to z = 4, and will
allow the stellar mass distribution of galaxies through most of cosmic history to be
measured. MIPS observations will detect emission from dust-obscured star formation
in ordinary galaxies out to z = 2.5, and in concert with the Chandra data, will enable
a census of supermassive central black holes in obscured and unobscured AGN.

5.2.2 Galactic Legacy Infrared Mid-Plane Survey Extraordi-
naire

The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE5 Benjamin
et al., 2003) uses 400 hours of Spitzer observing time to image the inner Galaxy in
all IRAC bands from 10 to 70 degrees on either side of the Galactic Center, and one
degree above and below the plane (a total of 240 square degrees). The survey reaches
the confusion limit in the IRAC bands.

The main goals of GLIMPSE are:

� to produce a complete census of star formation in the inner Galaxy;

� to measure the stellar disk scale length;

� to delineate the stellar structure of the molecular ring, inner spiral arms and
bar as traced by the distribution of stars and star formation regions;

� to determine the luminosity and initial mass functions of all nearby star forma-
tion regions and clusters down to the stellar limit;

� to detect all young O and B stars still embedded in their natal clouds;

� to detect and identify young stellar objects (surrounded by circumstellar disks)
in nearby star forming regions;

� to determine the interstellar extinction law in dense regions;

� to investigate the nature of Photo Dissociation Regions and the density structure
within the interstellar medium;

� to detect a host of other types of stars and nebulae (such as supernovae, plan-
etary nebulae, hidden galaxies, OH/IR stars) that will be of interest to a large
fraction of the broader astronomical community.

5GLIMPSE web page: http://www.astro.wisc.edu/sirtf/
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5.2.3 From Molecular Cores to Planet-Forming Disks

The From Cores to Disks (C2D6, Evans et al., 2003) project uses 400 hours of observing
time and all three Spitzer instruments (IRAC, MIPS, and IRS) to observe sources
spanning the evolutionary sequence from molecular cores to proto-planetary disks,
covering a wide range of cloud masses, stellar masses, and star-forming environments.
In addition to targeting 120 known compact cores, the survey includes the entire
areas of four of the nearest large molecular clouds for new candidate protostars and
substellar objects as faint as 0.001 L�. About 130 other systems likely to be in the
early stages of planetary system formation are scheduled, in the attempt of probing
the evolution of the circumstellar dust and gas, the raw materials for planetary cores
and atmospheres. Candidate planet-forming disks as small as 0.1 lunar masses are
in principle detectable. Spectroscopy of new objects found in the surveys and of a
selected group of known sources will add vital complementary information on the
changing chemical and physical conditions in the disks.

5.2.4 The Spitzer Nearby Galaxies Survey

The Spitzer Nearby Galaxies Survey (SINGS7, Kennicutt et al., 2003) has been
awarded 512 hours of Spitzer observing time to conduct a comprehensive survey with
the aim of characterizing the infrared emission across the entire range of galaxy prop-
erties and star formation environments, including regions that until now have been
inaccessible at infrared wavelengths. The main SINGS goals are to provide:

� new insights into the physical processes connecting star formation to the ISM
properties of galaxies;

� data, diagnostic tools, and astrophysical inputs for understanding Spitzer ob-
servations of the distant universe and ultraluminous and active galaxies;

� a multiwavelength archive including visible/UV and IR/submillimeter studies
of star formation and the ISM.

SINGS will characterize the large-scale infrared properties of galaxies and their prin-
cipal infrared-emitting components through Spitzer imaging and low-resolution spec-
troscopy of 75 nearby galaxies (d < 30 Mpc). High-resolution spectroscopy of galaxies’
centers and main extranuclear IR-emitting regions is scheduled as well.

5.2.5 The Formation and Evolution of Planetary Systems:
Placing Our Solar System in Context

The Formation and Evolution of Planetary Systems (FEPS8) consists of 350 hours
Spitzer observing time. Its main purpose is to trace the evolution of planetary systems
at all ages: (1) 3-10 Myr when stellar accretion from the disk terminates; (2) 10-100
Myr when planets achieve their final masses via coalescence of solids and accretion of

6C2D web page: http://peggysue.as.utexas.edu/SIRTF/
7SINGS web page: http://sings.stsci.edu/
8FEPS web site: http://feps.as.arizona.edu/
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remnant molecular gas; (3) 100-1000 Myr when the final architecture of solar systems
takes form and frequent collisions between remnant planetesimals produce copious
quantities of dust; and finally (4) mature systems of age comparable to the Sun in
which planet-driven activity of planetesimals continues to generate detectable dust.

Carefully calibrated spectral energy distributions and high-resolution spectra are
used to infer the radial distribution of dust and the molecular hydrogen content of
disks surrounding a sample of ∼300 solar-like stars distributed uniformly in age over
3 Myr to 3 Gyr.

5.2.6 Data delivery

The Spitzer Legacy Programs were approved, provided their results would have been
publicly released immediately after data processing.

The first deliveries of Enhanced Products from the Legacy Science Teams are avail-
able since Fall 2004 on the legacy web page. They include catalogs, image mosaics,
spectra, and documentation for both Spitzer and ancillary observations.

In particular, concerning cosmological surveys (i.e. SWIRE and GOODS), the first
Spitzer data release includes:

SWIRE Version 1.0 image atlas and source catalogs for the first of the 6 SWIRE
fields observed by Spitzer: the ELAIS-N1 field. The release includes both Spitzer
IRAC and MIPS mid/far-infrared data products and also Ug′r′i′Z optical data
covering the same sky-area, as obtained with the Isaac Newton Telescope (INT)
Wide-Field Survey (WFS McMahon et al., 2001). The total area covered by
IRAC images and catalogs is ∼ 9 square degrees, while it is ∼ 8.5 sq. deg.
concerning MIPS.

GOODS data taken with IRAC on-board Spitzer, in both GOODS fields. As a
consequence of the adopted observing strategy, half of the fields is covered in
channels 1+3 and half in ch. 2+4. The data products consist of mosaiced,
co-aligned images in all four IRAC channels on both fields, plus associated
exposure, weight and flag maps.

Future deliveries of Enhanced Legacy Products created by the Legacy Teams will
continue over the next two years.

5.3 The Spitzer Wide-area Infra-Red Extragalac-

tic Survey

The Spitzer Wide-area InfraRed Extragalactic survey (SWIRE9 Lonsdale et al., 2003,
2004) is the largest SIRTF Legacy program. It consists in a wide-area, imaging survey
to trace the evolution of dusty, star-forming galaxies, evolved stellar populations, and
AGN as a function of environment, from redshifts z∼3, down to the current epoch.
SWIRE includes 7 high-latitude fields, totaling ∼ 50 [deg2] in all the 7 Spitzer bands:
IRAC 3.6, 4.5, 5.6, 8µm and MIPS 24, 70, 160µm.

9SWIRE web page: http://swire.ipac.caltech.edu/swire/swire.html
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Field Center Area Background
(J2000) [deg2] I(100)µm

RA DEC [MJy/sr]
[h m s] [d m s]

ELAIS-S1 00:38:30 −44:00:00 7.0 0.42
XMM-LSS 02:21:00 −05:00:00 9.1 1.3
CDF-S 03:32:00 −28:16:00 8.0 0.46
Lockman 10:45:00 +58:00:00 11.0 0.38
ELAIS-N1 16:11:00 +55:00:00 9.2 0.44
ELAIS-N2 12:36:48 +41:01:45 4.8 0.42

Table 5.2: The SWIRE Fields: positions, scheduled areas and 100 µm cirrus emissivity
of Milky way (Schlegel et al., 1998).

Extensive modeling suggests that the Legacy Extragalactic Catalog will likely con-
tain more than 2 million IR-selected galaxies, dominated by ∼150,000 luminous in-
frared galaxies (LIRGs: LFIR > 1011 L�) detected by MIPS (and even more detected
by IRAC). Of these, ∼7,000 possibly have z>2. IRAC shall detect ∼ 1 million early-
type galaxies (∼ 2×105 with z > 1 and ∼10,000 with z > 2); and MIPS will see ∼
20,000 classical AGN, plus significantly more dust-obscured QSO/AGN among the
LIRGs. SWIRE provides an unprecedented view of the evolution of galaxies, struc-
ture, and AGN.

The key scientific goals of SWIRE are:

� to determine the evolution of actively star-forming and passively evolving galax-
ies and understand the history of galaxy formation in the context of cosmic
structure formation;

� to determine the evolution of the spatial distribution and clustering of evolved
galaxies, starbursts and AGN in the key redshift range 0.5<z<3, over which
much of cosmic evolution has likely occurred;

� to determine the evolutionary relationship between “normal galaxies” and AGNs;

� to determine the contribution to the cosmic backgrounds provided by AGN
accretion energy vs. stellar activity.

The large area of SWIRE is important to establish statistically significant popu-
lation samples over enough volume cells to resolve the star formation history as a
function of epoch and environment, in the context of structure formation.

The depth, area-coverage and number of fields of the SWIRE survey were the result
of a trade-off analysis between redshift depth, maximum volume cell size, number of
volume cells, number of lines-of-sight required to minimize cosmic variance, acceptable
foreground cirrus noise levels and total integration time. The total area coverage was
selected such that the survey would probe several hundred volume cells of scale ∼100
Mpc; enough to sample many different environments within the cosmic web. The
number of lines-of-sight was a trade-off between cosmic variance considerations (more
fields) and maximization of the physical size-scale probed in each field (fewer, larger
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Figure 5.4: Position of SWIRE fields on sky (Map by S. Oliver, U. Sussex, from the
COBE/DIRBE & IRAS/ISSA maps by Schlegel et al., 1998).

fields), moderated by the availability of large sky areas with acceptable cirrus noise
levels. The resulting 6 fields project between ∼130 and 250 co-moving 100h−1 Mpc
cells at z = 2, with about 50 co-moving 100Mpc-scale radial distance cells along each
line of sight to that epoch (Lonsdale et al., 2003).

The SWIRE fields and Spitzer observation windows are detailed in Table 5.2 and
shown in Figure 5.4. The Table reports also sub-areas and Galactic cirrus emission
(from Schlegel et al., 1998, IRAS 100 µm maps).

5.3.1 Science case of SWIRE

SWIRE allows the light of both dusty galaxies and evolved stellar populations at z < 3
(Universe age >2 Gyr) to be directly measured, with enough galaxy and volume cell
statistics to fully sample the range of density environments from dense clusters to
voids.

The survey was designed to provide unique and essential information about star
formation rates and modes between about 0.5<z<3 (Lonsdale et al., 2003). The mul-
tiple bands spanning the thermal infrared from 4 to 160µm provide unprecedented
coverage of the SED, which will allow an accurate estimate of the luminosity of the
warmer dust components out to redshifts ∼2, and cooler components to lower red-
shifts. Color-dependent luminosity functions will elucidate starburst vs. quiescent
star formation rates, and starburst timescales vs. AGN processes. SWIRE will ad-
dress how star formation in IR-luminous systems differed at early times from today.
The majority of SWIRE dusty populations will be LIRGS at z∼1, when bulges and
disks were building up, so that star formation rates associated with these processes
can be studied directly.

While dust emission in galaxies tracks the most recently formed stellar populations,
the SEDs of passively evolving older stellar populations peak in the near-infrared, and
the wavelength bands of SIRTF’s IRAC camera were selected (in part) to optimize
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their study at high redshifts. A fundamental goal of SIRTF/IRAC is to establish the
evolution of the mass and luminosity functions of evolved stellar populations, and
relate them to the morphological and color evolution of galaxies and the set-up of
the Hubble sequence (Simpson & Eisenhardt, 1999). Is there a significant population
of high redshift evolved systems which formed at very high redshift in a “monolithic
collapse” scenario, as perhaps indicated by the SCUBA sources, or can hierarchical
models fully explain the formation of massive galaxies and spheroids at moderate
redshifts from merging of pre-existing galaxian units? Are the stellar populations of
distant spheroids being formed in substantial amounts at 1<z<2, or are older stellar
populations being dynamically assembled into massive systems at these moderate
epochs?

Regarding active galactic nuclei, the fundamental cosmogonic questions include the
true distribution of physical processes underlying the zoo of observational classes of
AGN; the connections between galaxy formation and black hole growth and activity;
the importance of AGN contributions to re-ionizing the Universe; and the contribu-
tion of gravitational energy from AGN to the overall luminous energy density of the
Universe as a function of redshift. The most challenging aspect of AGN research
over the years has been in assembling complete samples, because AGNs suffer very
strong observational selection effects of many kinds, which are very difficult to sep-
arate from intrinsic physical differences. SWIRE is one of the best ever surveys for
AGN because many AGN classes emit strongly in the mid-IR where extinction is low
and where SWIRE has excellent volume sensitivity (Lonsdale et al., 2003). In partic-
ular, many AGN have warm mid-to-far-infrared colors compared to star formation-
dominated galaxies, and thus are preferentially selected by the highly sensitive 8 and
24µm SIRTF bands. SWIRE is expected to make direct and unique contributions to
the AGN unification debate, due to the size and completeness of its AGN samples,
and to constrain the IR properties of AGN of all types over large volumes and all
environments.

Another important SWIRE goal is to understand the “starburst-AGN connection”.
The locally observed correlation between the masses of black holes and their surround-
ing stellar bulges (Magorrian et al., 1998) implies that the formations of the two are
linked, yet how is not understood. Clues must come from the relationship between
star formation and black hole accretion in active galaxies, since it is widely believed
that merger-driven starbursts are effective bulge-builders.

The SWIRE survey is able to make two key contributions to the understanding of
galaxies bias in tracing the matter distribution in the Large Scale Structure of the
Universe and to constrain structure and galaxy formation models: the survey samples
very different populations of galaxies within the same volume of the Universe and it
provides a good sampling of large volumes at high redshift.

Besides the extragalactic topics described above, which drove the design of the
SWIRE survey, there are many other studies possible with SWIRE data. These
include nearby resolved galaxies, brown dwarfs, evolved stars, circumstellar disks,
cirrus emission, and asteroids.

For a complete description of the SWIRE survey, the reader is deferred to Lonsdale
et al. (2003).
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5.3.2 Spitzer/SWIRE observations

The SIRTF observations of the SWIRE fields are designed to return data with high
sensitivity and a reasonable number of samples, while still covering large areas with
both IRAC and MIPS. Since the longest Spitzer Astronomical Observing Requests
(AORs) are limited to a few hours in duration, the observing strategy requires the
combination of dozens of AORs to map each field (Lonsdale et al., 2003, 2004).

IRAC mapping strategy results in four 30 s exposures nominally covering each
point. The 30 s frame time is the best trade off between sensitivity at the shortest
wavelengths and obtaining enough overlapping images for reliable data. Moreover
shorter IRAC exposures in the SWIRE regions would be limited by read noise. The
four exposures per point are divided between two coverages separated in time to allow
discrimination against moving or transient objects.

Each coverage is made from several overlapping AORs. Each IRAC AOR covers
almost a square degree. Within each AOR, the map grid spacing is 280 arcsec, and
two images are taken at each grid point. These exposures are offset slightly using
the small-scale cycling dither in the Astronomical Observing Template. The AORs in
each coverage overlap nominally by 120 arcsec when rotation is neglected.

The two coverages are spatially offset by 150 arcsec along both map grid axes, to
place the center of the grids of one coverage near the interstices of the other coverage
grid.

Using the MIPS Scan Map Template with the medium scanning rate, each scan
leg of each AOR at 70µm and 24µm will yield ten overlapping 4 s exposures at each
point. The scan legs are spaced by 276 arcsec for an overlap of about 40 arcsec (four
70µm pixels) between scan legs.

Each sky position is covered by two AORs, separated by hours as for IRAC to allow
detection of moving or transient sources. The second coverage is offset in the cross-
scan direction by 150 arcsec, to provide additional 160µm Ge:Ga array redundancy
and counteract the memory effects present in the 70µm Ge:Ga array.

Several AORs are required in each of the two coverages. The adjacent AORs in
each coverage overlap by 70 arcsec.

5.3.3 Spitzer/SWIRE Data Reduction

The data were processed (Surace et al., 2004, in prep.) starting from the Spitzer
Science Center Basic Calibrated Data products (BCD),which have been subsequently
dark-subtracted, flat-fielded, linearized and flux-calibrated. Additional image-level
processing was performed. Column-pulldown (an electronic offset in the detector
readout columns, resulting from bright sources in the given column) was identified of
column-wise outliers detection, and corrected by forcing the affected columns to have
the same median as the adjacent ones. Residual bleeding trails were identified and
masked. The data were mosaiced using the MOPEX software and reprojecting the
frames onto a tangent plane (see Appendix B), correcting for image distortions and
reconstructing a 0.6′′ pixel scale. A simple outlier rejection was performed to identify
cosmic rays.

Sources were detected and extracted by using the SExtractor (Bertin & Arnouts,
1996) tool, adopting a local background mesh of size 32 pixels subtraction. All calcu-
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lations were weighted by the inverse square of the coverage map.
Concerning IRAC, multi-aperture fluxes and Kron magnitudes were extracted.

Aperture corrections to the nominal 2.9′′ radius (corresponding to 2.5 − 3 times the
FWHM of IRAC beam) were computed by using growth curves and a composite PSF
(Surace et al., 2004, in prep.). As far as MIPS is concerned, only 24µm data are
described here. Source extraction was performed within 12′′ apertures, which corre-
sponds to roughly twice the beam FWHM. Aperture corrections to an infinite radius
were computed again by means of growth curves (Shupe et al., 2004, in prep.).

5.4 Multi-wavelength SWIRE ancillary data

The satellite data of the SWIRE survey are complemented by an extensive program
of ground-based optical, near-infrared and radio observations.

Ground-based optical/near-infrared imaging is essential, in order to obtain optical
identifications for the roughly 2 million IR sources predicted to be detected by SWIRE;
to provide photometric redshifts for SWIRE sources; to provide colors and rough
morphologies for source classification; to optimize the discovery of rare sources.

The present statistics on faint ISO sources in the HDFs indicates that on the order
of 90% of the SWIRE MIPS sources could be detected to V and R ∼25; at the same
limits, and on the basis of K-selected samples in the HDF-N, 80% of the IRAC sources
may be detected (Lonsdale et al., 2003).

Three-color optical photometry will be essential to supplement IRAC photometry
for high-quality photometric redshift estimation (e.g. Polletta et al, 2004, in prep.).
IRAC colors alone are powerful for stellar populations owing to the H− opacity feature
at 1.6 µm (Simpson & Eisenhardt, 1999); however, at z < 1.5 they suffer the degen-
eracy of the stellar population with age and confusion by the 2 µm CO bandheads
(Sawicki, 2002). For star-forming galaxies, MIPS colors are limited for photomet-
ric redshifts because there is great variation in the SEDs of galaxies at λ > 10 µm,
where dust emission dominates. However, three-color optical photometry, coupled
with IRAC (restframe λ < 5 µm) data, yields good photometric redshift discrimina-
tion (Lonsdale et al., 2003).

Moderate-depth R ∼ 24 − 25 data is becoming available for most of SWIRE’s 50
deg2, with a variety of additional imaging at other wavelengths, also to greater depths.

Observing time has been allocated for Kitt Peak National Observatory (KPNO)
and Cerro Tololo Inter-American Observatory (CTIO) wide-field imaging in the CDFS
and Lockman Hole fields. Further imaging in the Lockman Hole is scheduled at
Palomar Observatory using the 5 m Hale telescope and its Large Format Camera
(LFC). FLAMINGOS imaging of the SWIRE Lockman field in K, using the KPNO
2.1 m telescope was obtained in 2001 December and 2002 February, to a limit of 19.5
mag in K. Deeper near-infrared observations in the Lockman field were carried out in
2003 February using the Cornell Wide-Field Infrared Camera on the 5 m telescope at
Palomar.

The 2MASS10 survey covers the entire SWIRE survey area. In the Lockman Hole
field, a unique 2MASS deep survey exists (Beichman et al., 2003).

102MASS web page: www.ipac.caltech.edu/2mass/
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A strong motivation for selecting fields from the ELAIS survey regions was the
availability of ground-based imaging data as well as the original ISO survey obser-
vations. In particular, the ELAIS N1 and N2 fields have been imaged through the
Isaac Newton Telescope’s Wide Field Survey (INT WFS)11, covering nearly the entire
SWIRE EN1 and EN2 fields. Further INT Wide Field Camera observations down to
r ∼ 24 band have been obtained by S. Oliver et al. (ISLES program).

In the ELAIS S1 field, the ESIS program is being carried out by Franceschini et al.
at Padova Astronomy Department. It exploits ESO WFI/2.2m and VIMOS/VLT for
deep BVRIz imaging of ∼ 5 sq. deg. See Appendix A for details on this ESO Large
Programme. A survey is being conducted by A. Cimatti in ELAIS S1 to J = 22 and
K = 20 over 1 deg2 using the ESO 3.5 m NTT/SOFI. See the Appendix for further
details.

The full XMM-LSS area12 is being imaged by the Canada France-Hawaii Telescope
(CFHT)’s MegaCam as part of the Canada-France-Hawaii Legacy Survey. Addi-
tionally, a large consortium of observatories and instruments are supporting further
ground-based observations, including NOAO, Subaru, and ESO. The VIRMOS Deep
Imaging Survey has imaged 4 deg2 in BVRI to IAB = 24.8 and 1.4 deg2 to IAB = 25.3.
Spectroscopic investigations down to IAB = 22.5 and IAB = 24 are planned for the
two areas respectively (Le Fèvre et al., 2004). The SWIRE/XMM-LSS field is also
covered by the NOAO Deep-Wide Survey in BRIJHK, reaching R∼ 26 and K∼ 21.4
(Jannuzi et al., 2004).

A United Kingdom consortium, the UKIRT Infrared Deep Sky Survey (UKIDSS13)
is planning to observe 8.75 deg2 in each of three SWIRE fields as part of their Deep
Extragalactic Survey: the Lockman Hole, XMM-LSS, and ELAIS-N1, to J = 22.5
H = 22 and K = 21.

Roughly 4 deg2 in each of the ELAIS N1, N2, and S1 fields had been observed
with ISO at 15 and 90 µm (Oliver et al., 2000). Lari et al. (2001) and Vaccari et al.
(2003) report 2000 cataloged 15 µm sources in these areas. These samples appear to
be complete for fluxes brighter than S15 ∼ 1.5 mJy and include sources down to 0.8
mJy. Although much shallower than the planned SWIRE observations, these data
may prove useful to complement the SWIRE photometry between 8 and 24 µm.

An ultradeep VLA imaging survey at 20 cm in the Lockman Hole, down to µ3 Jy
rms was conducted (F. Owen). The goals are to determine if and how the radio-FIR
relation evolves with redshift, to determine whether AGNs and star formation are
more closely connected at higher z, and to identify populations of heavily obscured
AGNs.

The FIRST (Faint Images of the Radio Sky at Twenty-cm) radio survey overlaps
25 deg2 of the SWIRE area (Lockman, ELAIS-N1 and N2) and might be expected
to detect 850 SWIRE sources. Ivezić et al. (2002) estimate about 1350 SDSS-FIRST
sources within the boundaries of the SWIRE fields, about 200 of which are radio-loud
quasars. Gruppioni et al. (1999) observed 4 deg2 of the ELAIS S1 field with the
Australia Telescope Compact Array (ATCA) at 1.4 GHz, to a sensitivity of 80 µJy
and with a resolution of 8′′ × 15′′, detecting about 600 sources. Cohen et al. (2003)

11INT WFS web page: http://www.ast.cam.ac.uk/wfcsur/index.php
12XMM-LSS web page: http://vela.astro.ulg.ac.be/themes/spatial/xmm/LSS/opt fu e.html
13UKIDSS web page: http://www.ukidss.org
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present results of a VLA 74 MHz survey of the entire XMM-LSS field.
In the X-rays, the XMM-LSS survey will reach a sensitivity of 3 10−13 [erg s−1 cm−2]

for point sources in the 0.52 keV band. A mosaic of four deep (100 ks) integrations
with XMM-Newton has been approved to cover 1 deg2 in ELAIS-S1 (P.I. Fabrizio
Fiore). With this survey, flux limits of 2 10−15, 3 10−15, and 3 10−16 [erg s−1 cm−2]
will be achieved in the 2−10, 5−10, and 0.5−2 keV bands, respectively.

The ultra-violet GALEX14 (Galaxy Evolution Explorer) satellite is now in opera-
tion. Its sensitivity to the rest-frame UV will provide a new window on star formation
at intermediate redshifts. Several SWIRE fields (e.g. ELAIS-S1) are being imaged
by GALEX in the 1300 − 2800 Å wavelength range (e.g. Burgarella et al., 2004, in
the ELAIS-S1 case). These data will support the direct measure of the evolving rest-
frame UV luminosity density over most of the Hubble time, the estimate of the typical
extinction in integrated spectra of galaxies, the study of the UV excess in elliptical
galaxies at various redshifts, etc.

5.5 Modeling mid-, far-IR and sub-mm source

counts

Source counts (the number of sources per area at a given flux) represent the most
immediate observable in any survey. In many cases it is impractical to derive spectro-
scopic redshifts for a significant fraction of the survey, both due to the prohibitively
large number of targets and because many of the sources might be too faint for spec-
troscopic observations. IR-selected galaxies have typically red colors, partly because
of extinction by dust, which is responsible for the excess IR flux (see e.g. Chapter
4). When found at substantial redshifts, these sources are also quite faint in the op-
tical. For this reason the redshift information is presently available only for limited
subsamples. However, in absence of redshift availability, different evolutionary mod-
els translate into different predicted distributions of number counts as a function of
flux. They are therefore a fundamental observable, and the simplest representation
of extragalactic sources distribution and evolutionary properties.

The differential number counts at a given flux (Sν) and wavelength are written as:

dN

dSν

=

∫ zmax

0

dV

dz

d logL(Sν , z)

dSν

ρ[L(Sν , z), z] dz, (5.1)

where ρ[L(Sν , z), z] is the epoch-dependent luminosity function and dV
dz

= 4π
3

d2

L

1+z
d(dL)

dz
is

the differential volume element15. The moments of the distribution dN/dS represent
the integral counts N(> Sν) =

∫

dN
dSν

dSν , the contribution to the background intensity

I(ν) =
∫

dN
dSν

Sν dSν , and to the background fluctuations < [δI(ν)]2 >=
∫

dN
dSν

S2
ν dSν .

The conversion between observed fluxes and emitted restframe luminosity must be
computed by taking into account the effects of cosmological dimming and k-correction
(see Equations 2.17a and 2.17b). The latter is particularly critical in the mid-IR
spectral domain, where the very complex spectrum of galaxies, including strong PAH

14GALEX web page: http://www.galex.caltech.edu/
15The luminosity distance dL was defined in equation 2.18
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emission and silicate absorption features, play a very important role (see for example
the SEDs of IRAS 19254-7245 in Figures 3.31 and 3.32). The effects on the source
flux and on the counts (see equation 5.1) may be particularly important in the wide
MIPS 24 µm and ISOCAM LW3 (15 µm) filters. The prominent mid-IR features
imply a complication when interpreting the counts, but at the same time they imply
an enhanced sensitivity of the source selection to the details of the sources’ evolution.
With the LW3 and MIPS 24 µm bands, PAHs spectral features are detected in the
redshift range 0.5 < z < 2.0, which is known to be critical for the formation of
structures in the universe (Kauffmann & Charlot, 1998).

The second ingredient in the interpretation of source counts is the galaxy luminosity
function (LF) at the given epoch. As far as the local universe in concerned, in the
mid-IR, local luminosity functions (LLFs) have been published by Rush et al. (1993),
Xu et al. (1998) and Fang et al. (1998), on the basis of the 12 µm all-sky IRAS survey.

Figure 5.5 shows the observed 12 µm LLF. Open squares represent the data as
determined by Fang et al. (1998) for L12 > 1010 L� and Xu et al. (1998) for lower
luminosities (Franceschini et al., 2001).

Following Franceschini et al. (2001), these data have been fitted (dotted line in Fig.
5.5) with the analytic form

ρ (L12) = ρ∗ × L
(1−a)
12 ×

(

1 +
L12

L∗
12b

)−b

, (5.2)

similar to that suggested by Rush et al. (1993), but assuming different slopes (a = 1.15,
b = 3.1 instead of 1.7, 3.6 respectively).

Local luminosity functions at 15 µm have been computed by Xu et al. (1998) and
Xu (2000), based on the ISOCAM LW3 survey (Aussel et al., 2000) of the very deep
IRAS 60 µm sample in the north ecliptic pole region (NEPR Hacking & Houck, 1987).
Using the bivariate method (Xu et al., 1998), the 60 µm LLF of IRAS galaxies (well
studied in literature, e.g. Soifer et al., 1987; Saunders et al., 1990) has been translated
into a 15 µm LLF.

Pozzi et al. (2004) compute the 15 µm local luminosity function by directly ana-
lyzing the properties of ISOCAM detections belonging to the ELAIS Survey South-
ern Fields. These authors estimate the luminosity function and its evolution using
the parametric, unbinned, maximum likelihood method described in Marshall et al.
(1983), taking into account the selection effects affecting data, due to 15 µm, optical
R-band and spectroscopic limits. As previously found by other authors, three popu-
lations of sources contribute to the 15 µm emission: normal galaxies, starburst, and
AGNs, characterized by different cosmic evolution. Pozzi et al. (2004) total 15 µm
LLF is in agreement with previous determinations derived from the IRAS data. On
the contrary, their LLFs for single different populations do not have the same level of
consistency with those derived by other authors. For example, the quiescent popula-
tion is expected to dominate locally over the whole 108 − 1011 L� luminosity range,
while in other works (e.g. Xu et al., 2003) the starburst population dominates locally
at high luminosities.
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Figure 5.5: The 12 µm IRAS local luminosity function. Data are from Fang et al.
(1998) and Xu et al. (1998). The four lines represent the contribution of the various
populations building up the evolutionary model to the LLF. The dotted line is a non-
evolving galaxy population; the short-dashed line is the evolving one; the long-dashed
represents AGNs, the solid is the total.

5.5.1 SWIRE 24 µm MIPS counts

Particularly relevant information on the evolutionary properties of IR galaxies come
from surveys in the mid-IR, because they include the faintest, most distant and most
numerous IR sources with reliable identification. Actually these surveys take advan-
tage of strong PAHs emission and relatively small instrumental beam, with respect to
longer wavelength explorations (in the far-IR).

Galaxy counts from IRAS first hinted at strong evolution of luminous infrared
galaxies (e.g. Hacking & Houck, 1987; Lonsdale & Chokshi, 1993). Mid-infrared sur-
veys in the ISOCAM LW3 band (15 µm) revealed an excess population at z ∼ 0.8
(e.g. Franceschini et al., 2001; Xu et al., 1998; Roche & Eales, 1999). This population
was detected in part by the redshifting of the strong 7.7 micron PAH feature into the
15 µm band.

The high sensitivity at 24 µm of MIPS (Rieke et al., 2004) onboard Spitzer allows
infrared-luminous galaxies to be traced to even higher redshifts. Sensitivity to galaxies
at z ∼ 2 is enhanced due to redshifting of the 7.7 micron feature into the 24 µm band.
First source counts have been presented by Chary & GOODS Team (2004) for the
deep GOODS test field, by Marleau et al. (2004) for the First-Look Survey (FLS) and
the GOODS test field, and by Papovich et al. (2004) for a range of GTO fields plus
the GOODS test field.
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Figure 5.6: Normalized differential 24 µm counts and model predictions. Data are
from Papovich et al. (2004), Lonsdale et al. (2004) and Shupe et al. (2004, in pre.).
The four lines represent the contribution to the counts from the populations building
up the model. See text for details.

SWIRE 24 µm source counts are being presented by Shupe et al. (2004, in prep.),
for the ELAIS-N1 field. This dataset is of particular interest because the SWIRE
observing strategy yields twice the integration time per point as the main FLS and
shallow GTO surveys, and because the SWIRE dataset will eventually cover 49 square
degrees (Shupe et al. 2004, in prep.).

Raw source counts were derived from binning SWIRE’s 24 µm list (Shupe et al.,
2004, in prep.). Although the contribution of stars to the 24 µm number counts is
small at faint fluxes (Marleau et al., 2004; Papovich et al., 2004), it must be taken into
account at the brightest ones. Since optical data are not available for our entire high-
coverage area, the contribution from stars has been corrected through a statistical
approach. The distribution of stellar sources as a function of 24 micron flux was
computed on the basis of Jarrett et al. (1994) work. The contribution of stars at
fluxes above 400 µJy turned out to be only 3%, but above 10 mJy the fraction of
stars is 20%. This stellar distribution has been subtracted from SWIRE raw 24 µm
counts (Shupe et al., 2004, in prep.). Completeness has been computed by adding
130000 simulated sources to MIPS frames. This number of sources corresponds to
about 200 beams per source. The 90% completeness limit computed in this way lies
at about 250 µJy. Below this level, the correction is not believed to be reliable, mainly
because of confusion effects (especially below 100 µJy).
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The final corrected counts (Shupe et al., 2004, in prep.), normalized to the Eu-
clidean slope (S−2.5), are plotted in Figure 5.6, together with data from Papovich
et al. (2004) and similar SWIRE counts in the Lockman Hole validation field (Lons-
dale et al., 2004). Error bars come from Poisson statistic.

The 24 µm differential counts display various remarkable features: a roughly eu-
clidean slope from the brightest observed fluxes down to S24 ∼ 5 − 10 mJy, a sudden
upturn at S24 < 3 mJy, with the counts increasing as dN ∝ S−2.9dS to S24 ∼ 0.3 mJy,
and evidence for a flattening below S24 ∼ 0.3 mJy (where the slope quickly becomes
sub-Euclidean, N ∝ S−1.5).

Following the work of Franceschini et al. (2001), a zero-th order approach to inter-
pret the deep count observations is to compare them with the expectations of models
assuming no-evolution for cosmic sources. Such a model assumes that the luminosity
and the comoving density of the sources contributing to the counts do not change with
cosmic time, but resemble the properties observed for local populations. The dotted
line in Figure 5.6 corresponds to the counts prediction produced by a non-evolving
population of galaxies, as obtained adopting the 12 µm LLF derived by Fang et al.
(1998) and Xu et al. (1998) as reference. The correction to the 24 µm MIPS band is
made assuming a S12/S24 flux ratio which is a function of the IR luminosity: for the
less luminous objects the ratio is derived from the observed SEDs of quiescent spirals
(e.g. M51), for 109 < LIR < 1012 L� it is close to a typical starburst spectrum (i.e.
M82), while for the highest luminosity galaxies (L > 1012 L�) the ratio is the one
expected for ultraluminous IR galaxies (e.g. Arp220).

It is clear that the no-evolution prediction, even taking into account the effects of
the PAH features on the k-corrections, does not provide a good estimate for the 24
µm observed source counts. Similar results were found by Franceschini et al. (2001)
and Elbaz et al. (1999a) concerning the 15 µm ISOCAM differential counts.

The shape of the differential counts contains relevant indications about the proper-
ties of the contributing source populations. In particular the almost flat (Euclidean)
normalized counts extending from the bright fluxes down to a few mJy and the sudden
upturn below, suggest that likely the population of IR galaxies does not evolve as a
whole: in such case — and for the observed IR galaxy LLF — the super-Euclidean
increase in the counts would appear at brighter fluxes and would not be as abrupt as
observed (Franceschini et al., 2001). This behaviour is better consistent with only a
small fraction (locally) of IR galaxies to evolve.

A new evolutionary model is being developed, as the extension of the original
Franceschini et al. (2001) work, to reproduce the observed 24 µm Spitzer counts, as
well as data at many other IR wavelengths. Modifications of the original Franceschini
et al. (2001) model have been necessary, in order to fit the new data from Spitzer.

Figure 5.6 overplots the predictions for the best fit model to the observed data.
The model includes a strong luminosity and density evolution of dusty star forma-
tion in bright normal spirals and starburst galaxies, and takes into consideration the
contribution to the counts from AGNs.

The IR counts are reproduced with the contribution of two galaxies populations,
one evolving, the other with properties independent of time. The local fraction of the
evolving starburst population is only several percent of the total, consistent with the
observed local fraction of interacting galaxies (∼ 5%). The quick upturn in the counts
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Figure 5.7: Comparison between the observed redshift distribution for 15 µm ISO
sources and predictions of the adopted evolutionary model.

then requires a strong evolution to match the peak in the normalized counts around
S24 ' 0.3 mJy.

In a H0 = 70 km/s/Mpc, Ωm = 0.3, ΩΛ = 0.7 universe, the best fit solution needs
a redshift increase of the comoving density of the starburst sub-population and an
increase of the luminosities provided by:

n(L[z], z) = n0(L0) × (1 + z)3.4 (5.3a)

L(z) = L0 × (1 + z)3.6 (5.3b)

To be consistent with data on the z−distributions from the ISO source samples in the
HDF (e.g. Aussel et al., 1999, see figure 5.7) and with the observed CIRB intensity
(Franceschini et al., 2001; Elbaz et al., 1999a), this fast evolution should turn over
at z ' 1.1. The IR emissivity should then keep roughly constant at higher z, but in
order to match the counts in the low fluxes domain (e.g. S24 < 0.2 mJy), a “negative”
L-evolution is included at high redshift, for the starburst population. If one calls
ztop = 1.1 the redshift when the starburst luminosity reaches its maximum (top),
when considering galaxies to be born at a formation redshift zform and evolving to
z = 0, then this “negative” L-evolution can be interpreted as the gradual ignition of
star formation and IR luminosity, as described by a Schmidt SFH law (see Eq. 2.22b).

The consequence of varying ztop can be seen by comparing the 24 µm predictions
for two different models, obtained with ztop = 1.5 and 1.8: decreasing ztop, lowers
the peak value and the predicted low-flux counts (Figure 5.8). The best compromise
between fitting the ∼ 30 mJy peak and not overestimeting the faint-flux counts is
obtained with ztop ∼ 1.5.
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Figure 5.8: Consequences of varying ztop in the evolutionary model (see text for de-
tails): decreasing ztop, makes the peak value and the predicted faint-flux counts lower.

The shape of the SED of sources in the evolving population varies as a function
of luminosity like in the non-evolutionary case (see above). The contribution of this
population to the differential 24 µm counts, is the short-dashed line in Figure 5.6.

The luminosity of the AGN population, contributing to the counts, evolves as
L(z) = L0 × (1 + z)3.5 in the redshift range 0 < z < 1.5, while no density evolution is
needed (long-dashed line in Figure 5.6).

5.5.2 Comparison to other mid- and far-IR data

The model prediction for the differential counts at 24 µm are in good agreement
also with the observed redshift distributions at 15 µm (see Figure 5.7) and the refer-
ence 12 µm LLF (see Figure 5.5). Moreover a comparison with literature and recent
Spitzer/SWIRE data at various mid-and far-IR wavelengths is provided in this Sec-
tion, showing fair consistency both between data and model and between the various
available datasets.

ISOCAM 15 µm differential counts

Five extragalactic surveys with the LW2 and LW3 filters have been performed in the
ISOCAM Guaranteed Time (IGTES), including large-area shallow surveys (S15µm ≥
0.5 − 0.7 mJy) and small-area deep integrations (S15µm ≥ 0.1 mJy). A total area of
1.5 sq. deg. had been surveyed in the Lockman Hole and the Marano southern fields,
where more than one thousand sources have been detected (Elbaz et al., 1999a).
The ELAIS survey was the largest program in the ISO Open Time (Oliver et al.,
2000). A total of 12 sq. deg. have been surveyed at 15 µm with ISOCAM and at
90 µm with ISOPHOT. (6 and 1 sq. degrees have been covered at 6.7 and 170 µm
respectively). Including ELAIS, HDF and the IRAS data, the range in fluxes covered
by source counts statistics spans four orders of magnitude (Franceschini et al., 2001;
Elbaz et al., 1999a). A brand new estimate of the 15 µm ELAIS source counts was
computed by Gruppioni et al. (2002).



5.5. MODELING SOURCE COUNTS 181

Figure 5.9: Normalized differential 15 µm counts and model predictions. Data are
from Elbaz et al. (1999a), Gruppioni et al. (2002), Franceschini et al. (2001). The
four lines represent the contribution to the counts from the various populations (see
Figure 5.6 for details).

The differential counts based on these data, normalized to the Euclidean slope, are
shown in Figure 5.9. The areal density of ISOCAM 15 µm sources at the limit of
∼ 50 − 80 µJy is ∼5 arcmin−2. This is nominally the ISO confusion limit at 15 µm,
if we consider that the diffraction-limited size of a point-source is ∼ 50 arcsec2.

Figure 5.9 shows also a significant convergence of the 15 µm counts below S15 ∼ 0.2
mJy, proven by at least three independent surveys. The asymptotic slope flatter than
−1 in integral count units implies a modest contribution to the integrated CIRB flux
by sources fainter than this limit. Elbaz et al. (2002) and Franceschini et al. (2001),
through direct integration of the observed counts, found that the ISOCAM surveys
appear to have resolved a significant (50-70%) fraction of the CIRB in the mid-IR.

The agreement between model predictions and observed data is reasonably good.
In the flux range 0.8 < S15 < 3 mJy, Gruppioni et al. (2002) data show a significant
decrease in the observed counts, with a steep slope of dN/dS ∝ S−3.7. No model
reproducing all the other datasets is able to fit this trend, neither the Gruppioni et al.
(2002) very-low counts between ∼ 2 and ∼ 10 mJy.
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ISO far-IR differential counts

Data for 90 and 175 µm ISO observations have been collected from Héraudeau et al.
(2004), Rodighiero & Franceschini (2004), Kawara et al. (2004) and Dole et al. (2001).
Additional IRAS data at the bright end of the 90 µm source counts distribution,
corrected to the ISO passband, have been taken from Franceschini et al. (1988, 2001).

Figures 5.10(a) and 5.10(b) show the good agreement between observations and
model, despite the big uncertainties on the data.

Figure 5.10: Normalized differential 90 (left) and 175 µm (right) counts and model
predictions. See text for details on the datasets and Figure 5.6 for model labels.

SWIRE MIPS far-IR differential counts

Spitzer early 70 and 160 µm MIPS data in the Lockman Hole and ELAIS-N1 fields
are currently being analyzed by the SWIRE team. Figures 5.11(a) and 5.11(b) show
a preliminary analysis of the number counts at these wavelengths, in the two fields,
and a comparison with both models and Dole et al. (2004) data in the Chandra Deep
Field South (CDFS), the Bootes and the Marano fields.

Incompleteness, in the SWIRE samples, seems to play its game at fluxes fainter
than S70 = 30 − 40 mJy and S160 = 100 − 200 mJy.

Sub-mm integral counts

Sub-millimeter data from several SCUBA sources have been collected, for source
counts at 850 µm, from measurements by Borys et al. (2003), Scott et al. (2002),
Smail et al. (2002), Eales et al. (2000), Chapman et al. (2003) and Greve et al.
(2004).

Figures 5.12 reports the comparison between the evolutionary model presented
above and the mentioned datasets in the sub-mm spectral domain. Even if the model
was set up in order to fit mid-IR data, the agreement with the sub-mm data is still
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Figure 5.11: Normalized differential 70 (left) and 160 µm (right) counts and model
predictions. See text for details on the datasets and Figure 5.6 for model labels.

Figure 5.12: Sub-millimeter integral counts: observed data (see text) and model
predictions (see Figure 5.6).

remarkable. At the fainter end of 850 µm the model tends to predict a small excess
of sources; on the other hand, setting ztop = 1.5 solves this trouble.

5.5.3 The evolutionary scenario

In the scenario which is depicted by the best fit evolutionary model (see also Frances-
chini et al., 2001), any single galaxy spends most of its lifetime in a quiescent (non-
evolving) phase. Occasionally it is triggered into a short-lived (a few 107 yr) star-
bursting state, possibly by interactions or mergers with other galaxies. The evolution
for the “active” phase might simply be due to an increased probability in the past to
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find a galaxy in such an excited mode. In such a case, the density evolution in eq.
5.3a scales with redshift as the rate of interactions due to a simple geometric effect
following the increased source volume density. The luminosity evolution might, on
the other hand, be interpreted as an effect of the larger gas mass available in the past,
to be transformed into stars by the starburst.

During the merger, violent relaxation redistributes old stars, producing de Vau-
couleur profiles typical of galaxy spheroids, while young stars are generated following
a top-heavy IMF.

Because of the geometric (thin disk) configuration of the diffuse ISM and the mod-
est incidence of dusty molecular clouds, the quiescent phase is only moderately af-
fected by dust extinction, and naturally produces most of the optical/NIR background
(including NIR emission by early-type galaxies completely deprived of ISM).

The merger-triggered active starburst phase is instead characterized by a large-
scale redistribution of the dusty ISM, with bar-modes and shocks, compressing a
large fraction of the gas into the inner galactic regions and triggering formation of
molecular clouds. As a consequence, this phase is expected to be heavily extinguished
and the bulk of the emission to take place at long wavelengths, naturally originating
the cosmic IR background. Toomre (1977) was the first to suggest, on the bases of
dynamical considerations and numerical simulations, that ellipticals may be formed by
the interaction and merging of spirals. This suggestion is supported by various kinds
of morphological features (e.g. tidal tails, rings, etc.) observed in the real objects
and predicted by his pioneering numerical simulations. In this scenario (Franceschini
et al., 2001), during this violent SB phase the elliptical and S0 galaxies are formed in
the most luminous IR SBs (corresponding to the SCUBA source population), whereas
galactic bulges in later-type galaxies likely originate in lower IR luminosity starbursts
(the ISO mid-IR population).

Future development

The model described above is by no means the only one able to fit the data; other so-
lutions may be devised (e.g. the one by Xu, 2000, allowing the whole local population
to evolve with cosmic time).

On a technical point of view, it still presents a number of limitations, which are
currently being studied and corrected. Among these:

� the assumption of the 12 µm luminosity function (Fang et al., 1998; Xu et al.,
1998) can be updated and compared to others. In particular a new set of 15 µm
and 24 µ (when available) LF’s shall be implemented.

� the evolution of galaxies is now modeled using simply 2−3 different slopes in
different redshift ranges. An analytic dependence of luminosity and/or density
on redshift is now being tested. Figure 5.13 shows a simple model based on
the Schmidt law for galaxy formation and evolution (see Section 2.3), which
resembles the schematic scenario depicted above. In this case, the early increase
in the IR luminosity of the sources contributing to the observed counts would
be simply due to the gradual ignition of stellar formation in the starburst. The
fit to the observed counts is comparably consistent with the observed data, as
for the ztop model.
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� the evolution of galaxies’ SEDs with age, including effects on PAHs, should be
implemented and would provide an even more accurate view of galaxy evolution.
Detailed models of dust in galaxies are currently under development by the
Padova Galaxies and Single Stellar Population Models (GALADRIEL) group
(Piovan et al. 2005, in prep.) and would add valuable information to the source
counts predictions. It is very likely that the luminosity evolution introduced
in the model, will be mostly reproduced by means of the changes in the SEDs
shape with ages, in a completely natural way.

� all galaxy populations, comprising also passive systems, shall be included in the
model. In this way the observed counts on the whole spectrum ranging from
the ultra-violet to the sub-mm — exploiting Galex, HST, ground-based near-
IR, Spitzer and SCUBA data — shall be reproduced in a self-consistent unique
scenario.

Figure 5.13: Experimental analytic luminosity evolution (solid curve), resembling the
Schmidt law for galaxy formation/evolution. For comparison the model presented in
Section 5.5.1 with ztop = 1.8 is plotted (solid broken line) and the mentioned ztop = 1.5
case superimposed (dotted line).

5.6 Spectral synthesis analysis of SWIRE sources’

SEDs

The first data available from the SWIRE survey belong to the ELAIS-N1 field (in-
cluded in the first delivery) and to the Lockman Hole. Both IRAC fluxes in all the 4
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channels and MIPS 24 µm measurements are here exploited in the usual spectropho-
tometric synthesis analysis, with the purpose of constraining the stellar masses of
SWIRE sources.

The best fit solutions were sought by assuming the completely free-form approach
for galaxy star formation histories (see Section 2.3) and the usual Salpeter SSP library
of solar metallicity (see Section 4.5 and Chapter 2 for a more detailed description of
this approach).

Since the samples include objects up to a redshift of ∼ 3, the age coverage consists
now of up to 14 SSP phases, in the range 106 − 1.2 1010 [yr]. Five different stages
are considered for populations older than 1 [Gyr]: 1 − 2, 2 − 4, 4 − 7, 7 − 10 and
10− 12 [Gyr], in order to have the necessary age-resolution for taking redshift effects
into account. Actually, only those populations consistent with an age of Universe of
13.816 [Gyr] are considered.

The 24 µm flux, when available, provides an additional constraint to the extinction
affecting the UV-optical emission, when assuming that all the extinguished radiation
is re-processed to the IR by dust (see Sections 2.4 and 4.5). As usual, the bolometric
(λ = 8 − 1000 µm) IR luminosity is computed by assuming a typical M82 template
for the FIR intrinsic emission of the sources.

Three different sub-samples of SWIRE sources have been selected, comprising ob-
jects of particular relevance.

5.6.1 SWIRE ELAIS-N1 IB-BDU photometric sample

The first SWIRE field for which Spitzer observations have been completed is the
ELAIS-N1, with a sky coverage of ∼ 10 [deg2]. IRAC observations were performed
in February 2004, while MIPS’s in January. Data reduction was described in Section
5.3.3. Optical U, g′, r′, i′ and Z from the INT WFS survey is available for 9 sq.
deg. Optical data were reduced following the recipes described in Babbedge et al.
(2004, in prep.). The 5σ depths for the Spitzer sample are 22.48, 22.09, 19.70, 19.96,
18.46 AB magnitudes (corresponding to 3.7, 5.4, 48, 37.8 and 130 µJy) in the four
IRAC channels and MIPS 24 µm band (Surace et al., Shupe et al., 2004, in prep.);
while the optical AB limiting magnitudes are 24.14, 24.87, 24.21, 23.60, 22.45 in
the 5 mentioned bands. See the SWIRE 1st data delivery documentation17 for more
information Surace et al. (2004).

In the WFS and Spitzer common sky area of ∼ 6.5 deg2 293 123 infrared sources
have been detected, with an unquestionable optical counterpart. Polletta et al. (2004,
in prep.) selected only those IR sources with at least four detections shortward of
λ = 5 µm, resulting into 159 072 objects. Sources with one or more “suspicious data”
were removed. A “suspicious” measurement is such defined as the given νFν is five
times brighter or fainter than the average of the two closest (in wavelength) available
data. A total of 1533 sources were rejected. Saturated objects and stars were removed,
on the basis of both color-color and color-mag selection (Surace et al., 2004, in prep.);
the final catalog by Polletta et al. (2004, in prep.) consisted of 123 785 galaxies.

16The age of Universe at z = 0 for a H0 = 70, Ωm = 0.27, ΩΛ = 0.73 turns out to be ∼ 13.8 [Gyr]
(Carroll et al., 1992)

17retrievable at http://data.spitzer.caltech.edu/popular/swire/20041027 enhanced v1 EN1/
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Polletta et al. classify the remaining sources by means of their colors and multi-
wavelength SEDs. In particular, they define three optical and four infrared classes
of sources, based on the slope of a power-law (Fν ∝ να) fit to the optical and IR
(λ > 5 µm) SEDs.

In this way, the spectral shapes distinctive of various physical classes of galaxies
can be identified. For example blue optical spectra of starbursts and AGNs, or red
optical SEDs of evolved stellar populations or highly extinguished galaxies, or PAHs
signatures, or warm dust IR emission from AGNs, or cool cirrus emission by starbursts
are easily distinguished.

A source is classified as optically blue (B) if αopt < 1.2, red (R) if 1.2 < αopt < 3.2,
very red (VR) if αopt > 3.2. Concerning the infrared classification, a detection in at
least 3 IRAC bands was required, in order to disentangle between: non-dusty galaxies
(ND, negative slope on the whole IRAC spectral domain), dusty class (DU, negative
slope for channels 1 and 2, positive for ch. 3 and 4), near-IR bump sources (IB, convex
IRAC SED, αIR > 0 for ch. 1,2 and αIR < 0 for ch. 3,4), and finally power-law objects
(PL, single power law, with αIR > 0 on all 4 IRAC bands).

It is fairly clear how this empirical classification corresponds to different physical
classes of galaxies: for example B-DU objects are likely to be dusty starbursts at
z ≤ 0.5; R-ND ellipticals at z ≤ 1.8, VR-IB ellipticals or obscured starbursts at
z ≥ 1.8; etc. (see Polletta et al., 2004, in prep.).

Here IB and B-DU galaxies are included in the SEDs analysis, resulting in a total
of 410 sources in the original catalog by Polletta et al. (2004, in prep.). Hyper-z
(Bolzonella et al., 2000) fits provided the photometric estimate of redshifts and a
rough classification of spectra types (on the basis of the best-fit Hyper-z template,
Polletta at al.). Only sources with a χ2 < 5 solution and spectral type different from
QSO or Sy1 are considered here, i.e. the 97 galaxies listed in Table C.1 (Appendix C)

5.6.2 SWIRE Lockman Hole Gemini/Keck spectroscopic sam-
ple

Optical MOS spectroscopy of sources in 0.08 deg2 centered on the SWIRE Lockman
Hole validation field (RA 10:45:45, DEC +59:03:17), has been carried out by G. Smith,
B. Siana and collaborators with the Low Resolution and Imaging Spectrograph (LRIS,
Oke et al., 1995) at Keck II 10m telescope and the Gemini Multiobject Spectrograph
(GMOS, Allington-Smith et al., 1997; Davies et al., 1997) on Gemini North 8m tele-
scope. A total of 223 sources brighter than r = 25 (Vega) were observed, but only 71
spectra were successfully extracted. Among these, 59 objects have reliable SWIRE
IRAC detections and spectroscopic redshifts.

The primary selection (∼ 80% of slits), for the Gemini GMOS observing run, was
made on radio detections in the Lockman Hole, with r′ < 24.5. The remaining slits
were positioned on galaxies with photometric redshift larger than 1. Eight masks
were observed, with about 2 hours of exposure time each; each mask comprised ∼ 21
sources. A couple of slits were put on radio positions with no optical counterpart,
looking for Lyα emission, with no success. Slits were 1.5′′ wide and 4′′ long. The
R400 G5305 grism (400 lines/mm, R ∼ 1918, central wavelength 7500 Å) was used,
in combination with the blocking filter OG515 G0306, for cut-off radiation below 5150
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Å. The “nod and shuffle” observing technique (similar to SOFI’s nodding on slit) was
adopted, in order to achieve a better sky subtraction. The nos throw was set to 2′′.

Concerning LRIS observations, only one mask was observed for one hour at high
airmass. A total of ∼ 40 slits constituted the mask. The primary target consisted of
about 20 radio sources, while the remaining slits were filled with IR galaxies having
photometric redshift z > 1. All the selected sources are brighter than r = 25.0.
The 1.5′′ slits were chosen; their length varied but was in any case set to > 5′′, in
order to allow proper sky subtraction. LRIS configuration consists of a red and blue
spectrograph; the D680 dichroic plate was used, in order to split the light at 6800
Å. On the blue side, a 300 lines/mm grism was adopted, providing coverage in the
3200−6600 Å range., with a dispersion of 1.43 Å/pixel at 5000Å. On the red side, a 400
lines/mm grating was used, for covering wavelengths greater than 7000 Å, to ∼ 10000
Å. The corresponding dispersion is 1.86 Å/pixels at 8500Å. Most of spectroscopic
redshifts are measured from [Oii], on the blue side, in objects with r′ < 23.5 (z < 1).

Optical photometry for this sample is provided by the KPNO/Mosaic follow-up
of the Spitzer survey, under analysis by Siana et al. (2004, in prep.). Spitzer flux
limits are the same as for the ELAIS-N1 sample; while optical limiting magnitudes
(AB system) are: 24.29, 25.28, 24.68 and 23.81 in U, g′, r′ and i′ respectively.

The SEDs of the 59 galaxies in the sample are reported in Table C.2 (Appendix
C).

5.6.3 SWIRE Lockman Hole Wiyn spectroscopic sample

G. Morrison (IPAC/Caltech) et al. exploited 5 nights at the Wisconsin Indiana Yale
NOAO (WIYN) observatory to perform MOS spectroscopy of optical bright galaxies
(r′ ≤ 21) within 1 sq. deg. centered on the Lockman-SWIRE deep field, using Hydra
(Barden & Armandroff, 1995). The WIYN telescope is a 3.5m instrument, and is the
newest and second largest telescope on Kitt Peak. Hydra is a fiber positioner on the
WIYN 3.5 meter telescope for multi-object spectroscopy of up to 93 objects over a 1
degree field. An optimized, bench mounted spectrograph provides low, moderate, or
high dispersion spectra.

The 316@7.0 grating (316 lines/mm, blaze angle of 7.0 deg) was used at first order
with the red cables, associated to the GG420 blocking filter, obtaining a spectral
resolution of 5.7Å over the 4800−9600Å wavelength range, with good spectral purity
in the blue and enough in the red to detect Hα and other emission lines in the redshift
range of z ≤ 0.4. Each exposure (fibers configuration) was 5 × 2800 seconds.

The original purpose of the survey was to measure spectroscopic redshift of the
target galaxies, in order to derive multi-λ local luminosity functions (LLF) from the
SWIRE SIRTF legacy survey database, thus building the benchmark against which
to assess the evolution of fainter SIRTF samples.

Sparse covering (1 in 3) of the field was granted. The highest priority was given
to radio sources and then to 24 µm detections. A total of 396 galaxies over 0.35 deg2

centered at RA 10h:45m:15s and DEC 59d:00′:56′′ was selected, 368 of which turn
out to have IRAC counterparts. The SEDs of these 368 galaxies in the sample are
reported in Table C.3 (Appendix C). Optical data belong to the same survey as for
the Gemini/Keck sample (see above).
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Figure 5.14: Examples of fit of SWIRE sources SEDs. Sources belong to: left the
ELAIS-N1 IB-BDU sample, center the Lockman Hole Gemini/Keck sample, right the
Wiyn sample.

5.6.4 Characterizing the stellar mass of faint SWIRE popu-
lations

Figure 5.14 shows three examples of fit on SWIRE sources, each belonging to a dif-
ferent sample. As usual, the green solid line shortward of 5 µm restframe represents
the best fit solution, split into the young (< 109 yr, blue dotted line) component and
the old one (red dashed line, ≥ 109 yr). The cyan dashed line longward of 5 µm
restframe is the M82 template fitting the 24 µm observed flux and producing the FIR
bolometric luminosity. In all the three cases, the model provides a very good fit (the
χ2 reported on plots is not reduced).

Gavazzi et al. (1996) report on a phenomenological study of galaxies, including
the H band (restframe) M/L ratio. Despite the H band revealed to be a good tracer
of the mass assembly in galaxies, here the restframe K band luminosity is preferred.
In fact the still significant uncertainties in the modeling of AGB star contribution
to the near-IR spectra of SSPs (see e.g. Bruzual & Charlot, 2003), would affect the
brightness of the 1.6 µm spectral bump, therefore the stellar mass estimate.

During minimization, the synthetic spectra were normalized to the observed flux
as nearly as possible to the restframe K band (λeff ' 2.2 µm). The K band enters
IRAC 3.6 µm filter at redshift z ' 0.36 and exits at z ' 0.8. Then in the redshift
ranges z ' 0.8 − 1.3, z ' 1.3 − 1.9 and z ' 1.9 − 3.3 it is covered by the 4.5, 5.8 an
8.0 µm IRAC filters respectively. Concerning the H band (λeff ∼ 1.6 µm), the same
happens in the redshift ranges 0.9 − 1.5, 1.5 − 2.1, 2.1 − 3.0 and 3.0 − 4.0.

As far as the Lockman Hole Gemini sample is concerned, the spectroscopic infor-
mation on the equivalent widths of emission and/or absorption lines has been included
in the fit, in support to broad-band photometry. Emission lines constrain the con-
tribution of young stellar populations to the optical spectra, since they are basically
produced in the ISM heated by hot stars. On the other side, absorption lines con-
strain the ages of the old stars involved in the fit, belonging to their photospheres.
The spectroscopic information available for the Wiyn sample consists, instead, of an
accurate redshift estimate and of indication about the presence of either emission or
absorption lines.

The minimization procedure (see Section 2.5) leads to acceptable best fit solutions
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Figure 5.15: Results of the spectrophotometric synthesis on the three samples of
SWIRE sources: distribution of stellar masses as a function of redshift. Open symbols
refer to emission line galaxies or to sources without any information on spectral lines.
Solid symbols represent absorption-line galaxies.

— i.e. characterized by χ2
0 ≤ 1 — in the majority of cases and for all the three

samples. The derived stellar masses are reported in Tables C.1, C.2 and C.3. Typical
uncertainties in the stellar mass estimate (computed as in Section 4.6), are within a
factor of 1.5− 2. Several odd fits are still present, especially for those sources lacking
many fluxes. Some examples are Lockman Hole Gemini sources without IRAC ch3,
4 and MIPS 24 µm data and ELAIS-N1 galaxies showing some flux excess in the
longer-λ IRAC bands. For these sources, χ2

0 assumes values up to ∼ 5 (see Section
4.5.1 for some considerations on the causes of such a behaviour).

The 24 µm flux, when available, turns now to be much more effective in constraining
the uncertainties on the stellar mass than was the 15 µm ISO LW3 information for
HDF galaxies (see Section 4.5.1). Now, indeed, IRAC data break the degeneracies on
the near-IR SED — by properly defining the spectral slopes in the J-to-K rest frame
— but do not provide any information on the contribution to the spectrum by young,
very extinguished stellar populations. The latter do not significantly contribute to
the NIR emission, but indeed power the bulk of the warm dust mid- and far-IR light.
When no 24 µm flux measure was available, at least an upper limit has been set,
based on the characteristics of the SWIRE survey, leading to uncertainties within a
factor of < 3.

Figure 5.15 reports the distribution of the inferred stellar masses, as a function
of redshift. Different symbols disentangle between the various samples: blue squares
belong to the Wiyn galaxies, red circles to EN1 IB-BDU sources and green triangles to
the Gemini/Keck targets. Open symbols belong to emission line galaxies or to sources
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for which no spectroscopic information on lines is available; solid symbols represent
absorption-line galaxies.

As expected, the latter are characterized by higher stellar masses, with regards to
emission line sources, being dominated by older stars. The lack of points in the high-z
and low-M corner reflects the Malmquist bias affecting the samples, due to the flux
limit in the detection of IRAC sources. Low Redshift Wiyn galaxies, instead, show a
wide spread in mass, since the selection criterion includes in the sample also galaxies
of low K-band luminosity.

Figure 5.16 shows the distribution of restframe ISAAC-Ks band luminosity for
the analyzed galaxies. K-corrections have been computed on the best-fit synthetic
SED. Thanks to the wide near-IR coverage of IRAC filters, it is actually possible to
compute L(Ks) up to a redshift ∼ 3. The solid line sets the detection limit; it has
been obtained by simply converting the AB IRAC magnitudes into fluxes per unit
frequency, correcting for cosmological dimming (including the [1+ z] factor belonging
to k-correction) and then multiplying the results by the area subtended by the Ks
filter transmission curve,

∫

T (λ) dλ. This is a fairly sufficient approximation, for the
explanatory purpose of the line drawn the plot. The 8 Wiyn sources with redshift
larger than 1.5 turn out to be Active Galactic Nuclei, showing a bright excess with
respect to stellar emission in the longer-wavelength IRAC bands (5.8 and 8.0 µm) and
in some cases even at 4.5 µm. All of them have a power-law SED in the 4−24 µm
range; six sources have 5 σ radio detections; the lowest (z = 1.58) and highest redshift
(z = 2.89) are not detected in the radio domain. These eight objects are included in
Figure 5.16, but are not considered in the analysis of stellar masses.

The huge luminosities and red colors (restframe V −K ≥ 4) of IB sources in ELAIS-
N1 cause old stellar populations (ages consistent with the limit imposed by redshift) to
be still included in the fits. Extremely absorbed young populations would explain the
observed SEDs as well, but would also need huge amounts of dust and produce very

Figure 5.16: Distribution of the restframe ISAAC-Ks band luminosity as a function
of redshift, for the sources plotted in Figure 5.15. The solid line represents the ap-
proximate SWIRE detection limit, as the Ks band enters the different IRAC filters,
as a function of z. Symbols are the same as in Fig. 5.15.
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bright bolometric IR luminosities, violating the 24 µm observed constraint. A third
alternative is the presence of a significant post-starburst component, still producing
FIR emission, but being lighter than older populations. In this case the continuum red-
ward of the Balmer (or D4000) break is much bluer than in the old case. Photometry
in the JHK bands will sample the slope of the spectra in this restframe wavelength
range, and the break itself for the higher redshift sources, hence providing further
constraints on the relative amount of young and old stars contributing to the SEDs.

The resulting stellar masses obtained including old populations (1 − 2 Gyr, de-
pending on redshift) in the fit are very large at high redshift. For comparison, the
Ly-break galaxies analyzed in Section 4.7 are much bluer, therefore much lighter.

A complementary test has been run, by excluding from the χ2 minimization the
two oldest stellar populations allowed to exist on the basis of the redshift of each
galaxy. As a result, masses decrease by a factor of 2−4 (depending on the original
contribution of old SSPs), but the χ2 worsen by 20−30% in the less critical cases,
up to 400%. Moreover this choice tends to overestimate the 24 µm flux at redshift
z > 1.5. Very massive high-z solutions still remain, assembled by intermediate-age
(few 108 yr) SSPs, and the slope of tSF vs. z flattens more dramatically (∼ 0), even
if at smaller tSF values.

The availability of JHK data will help in disentangling between red or blue slope
in the B-to-I restframe spectral domain. Moreover these data would define the depth
of the D4000 break, hence the age of the dominant stellar populations. Also the
estimate of photometric redshifts suffers for the lack of data in the restframe optical
domain. Even if Rowan-Robinson (2003) claims that UBVI data are enough to derive
photometric redshifts within an uncertainty of 0.1 in log(1 + z) (i.e. ∼ 0.2 in z), on
the whole range z = 0 − 5, and even if the IB selection criterion further constrains
redshift, it is clear that sampling the restframe D4000 break through JHK photometry
would be the final insurance. Photometric redshift estimate exploiting the whole
UBVRIzJHK+IRAC observed SEDs shall be possible, for example, in the ELAIS-S1
field (see Appendix A).

Finally, recent (end of November 2004) tests on Spitzer SWIRE data have high-
lighted a possible underestimation of IRAC fluxes, caused by outlier rejection prob-
lems. This data reduction trouble may have affected the estimate of photometric
redshifts as well. Visual inspection of optical and Spitzer frames confirms that the
high-redshift sources (z > 1.8) are not spurious; e.g. Figure 5.17 shows postage stamps
for two objects.

These are among the rarest objects in the SWIRE survey (∼ 100 cases over 10
deg2). In case they will be confirmed by future analyses, SWIRE was among the first
chances to see such objects, having the greatest volume yet available for this kind of
study.

Adopting a more extreme template for the IR emission of these galaxies, e.g. the
ULIRG Arp220, would decrease the estimate of stellar masses by roughly ∼ 30%, since
the emission of cool dust contributing to this template peaks at a longer wavelength,
than the warm dust in M82, and produces a brighter IR luminosity. Therefore, in
an Arp220-like solution, the contribution of young stellar populations to the SED is
larger. SWIRE data in the 70 and 160 µm MIPS channels will help in defining the
correct IR shape of the sources emission.
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5.17(a): ELAIS-N1 SWIRE source no. 166849 (g, r i, z, IRAC and 24 µm images).

5.17(b): ELAIS-N1 SWIRE source no. 280892 (g, r, i, z and IRAC images).

Figure 5.17: Visual inspection of optical and Spitzer frames, for two ELAIS-N1 IB
sources. The images are oriented as SWIRE/Spitzer IRAC scans on sky, i.e. North
position angle is 315 deg CCW. East is 45 deg CCW. The size of each box is ∼
35′′ × 35′′.

Comparison to recent literature

Assuming that the identification, fluxes and photometric redshifts of IB sources are
correct, the above results are partially in agreement with those by Daddi et al. (2004),
who report on the properties of nine K-band luminous galaxies at 1.7 < z < 2.3,
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selected with Ks < 20 in the K20 survey region of GOODS/CDFS. These authors
derive SFRs of 100 − 500 [M yr−1], taking into account dust extinction, and stellar
masses of M ' 1011 − 5 1011 [M�].

A substantial population of luminous red galaxies at redshifts z > 2 was found
by van Dokkum et al. (2003) and Franx et al. (2003). The most straightforward
interpretation of this population is that they are evolved (ages between 1.4 and 2.6
Gyr) descendants of galaxies which started forming at redshift z > 4.

Red Ly-α emitters at redshift z ∼ 2.4 were studied by Stiavelli et al. (2001), who
interpreted their emission either with strong reddening or by introducing old stellar
populations to their spectral fits. The latter solution was preferred, in order not
to exceed the cosmic star formation rate at this redshift. Consequently, the derived
stellar masses were larger than 1011 M�. Already Stiavelli et al. (1999) found evidence
of the existence of a z ∼ 2 elliptical galaxy, exploiting observations in the HDFS.

Yan et al. (2004) studied the SEDs of 17 high-redshift extremely red objects in
the GOODS/HST Ultra Deep Field (HUDF, P.I. S. Beckwith), based on ACS and
Spitzer data from 0.4 to 8.0 µm. They found that the SEDs of the majority of these
objects cannot be satisfactorily fitted without including an evolved stellar population.
Their estimated photometric redshifts range from 1.6 to 2.9, the corresponding stellar
masses are in the 0.1 − 1.6 × 1011 M� range.

Drory et al. (2004) derived the stellar mass function of galaxies in the FORS Deep
(Heidt et al., 2003) and GOODS/CDFS (Giavalisco et al., 2004) fields. They find
that the most massive galaxies harbor the oldest stellar populations at all redshifts.
Massive galaxies with M > 1011 M� are present even at the highest probed redshift.
The stellar mass density at z = 1 is 50% of the local value; at z = 2, 3, 5 at least 25%,
15% and 5% of the local mass in stars is already in place (Drory et al., 2004). Very
massive galaxies (M > 1011 M�), represent, in any case a small fraction of this mass,
their number density being < 2 × 10−4 h−3

70 Mpc−3, between z = 2 − 3. This number
represents less than one tenth of the number density of galaxies more massive than
1010 M�.

Saracco et al. (2004a) and Saracco et al. (2004b) studied high-redshift massive
galaxies in the HDFS and in the MUNICS survey respectively. The former show
that three galaxies at z = 2.9 − 3.0 have already assembled a stellar mass of about
1011 M�, placing the possible merging event of their formation at z ≥ 3.5. The
inferred mass weighted age of their stellar populations implies that the bulk of the
stars formed at z > 3.5. The resulting co-moving density of seems to be about a factor
two higher than the predictions of hierarchical models. The latter identified 7 massive
(M = 3.0 − 6.5 1011 M�) evolved galaxies at z = 1.3 − 1.7, based on spectroscopic
analysis. Their comoving density appears to be similar to that of early-types with
comparable masses at z = 0. The authors suggest massive evolved galaxies do not play
an important role in the evolution of the mass density outlined by recent surveys in
this redshift range. They infer also that the presence of such massive evolved galaxies
at these redshifts indicates that the assembly of massive spheroids has taken place
at z > 2, supporting a high efficiency in the accretion of the stellar mass in massive
halos in the early Universe, thus favoring a monolithic-like (Eggen et al., 1962) cosmic
scenario.

Juneau et al. (2004) studied the cosmic star formation history and its dependence
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on galaxy stellar mass, in the redshift range z = 0.8 − 2, by using data from the
Gemini Deep Deep Survey (GDDS, Abraham et al., 2004). The main result of this
work is that the SFR density strongly depends on the galaxy stellar mass. For the
most massive galaxies (M > 1010.8 M�) it was six times higher at z = 2 than today;
then it steeply decreased to reach the present day value at z ∼ 1. For intermediate-
mass galaxies (M = 1010.2−1010.8 M�), the SFR density seems to decline more slowly,
with a peak or plateau at z ∼ 1.5. Intermediate mass systems transit from burst to
quiescent mode at z ∼ 1, while the lowest mass objects undergo bursts throughout
the z = 0.5− 2 redshift range (covered by the survey). This view of galaxy formation
supports a “downsizing” in the SFR: the most massive galaxies formed first, while
galaxy formation proceeds from larger to smaller mass scales.

The recent work by Thomas et al. (2004) compares local field and cluster galaxies.
These authors infer that the more massive a galaxy is, the faster and earlier form its
stellar populations. Most star formation activity in early-type galaxies is expected
to have happened between redshifts z ∼ 3 − 5 in high density environments and
z ∼ 1−2 in low density environments. Current models of hierarchical galaxy formation
are consistent with global properties like the stellar mass function , but seem to be
challenged by the ages of local massive galaxies. The “anti-hierarchical” baryonic
collapse by Granato et al. (2004) leads to higher formation redshifts and shorter
formation timescales of the stellar populations in massive halos.

It is worth noticing, however, that no information is currently available on the na-
ture of the environment surrounding the high-redshift, very massive, evolved galaxies,
which are being discovered by modern surveys. It is not yet assessed whether these
objects belong to low-density volume cells, or they are included into high-density re-
gions of the Universe, such as forming groups or proto-clusters. For example, a first
look to the IRAC postage stamps in Figure 5.17 suggest that at least some IB red
galaxies would not be isolated. Optical counterparts of possible companions or other
group members are likely to be very faint, thus resulting very difficult to be detected
(see e.g. the g,r,i,Z postage stamps in Figure 5.17). Further investigations of this
kind of objects, will need also to explore the neighboring environments, in order to
correctly interpret their nature and their contribution to the stellar mass function and
its evolution. Such analysis will be of fundamental importance also for understanding
to what extent they are the progenitors of local field ellipticals.

5.6.5 Calibration of stellar masses

The IRAC coverage of the restframe near-IR spectral energy distribution allows one to
seek for a relation between luminosities and stellar masses. This, obviously, depends
on the Mass-to-Light ratio of the SSPs involved in the fits and is expected to be
a mean between young and old stellar populations. Brinchmann & Ellis (2000) and
Gavazzi et al. (1996) report on the study of galaxies M/L in the H and K bands. Here
the K band is preferred for the abovementioned reasons. In particular the ISAAC-Ks
filter is adopted, because of its broad use for ground-based near-IR observations.

Figure 5.18(a) shows the comparison between restframe ISAAC-Ks band luminosi-
ties18 and stellar masses for the sources in the three SWIRE samples. Figure 5.18(b)

18The Ks band luminosities reported on the plots are given in units of Ks band solar luminosity.
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5.18(a): Stellar mass vs. Ks band rest-
frame luminosity

5.18(b): M/L(Ks) as a function of redshift

5.18(c): M/L(Ks) as a function of IR bolo-
metric Luminosity

Figure 5.18: Study of theM/L ratio for SWIRE sources in the three analyzed samples.
Symbols are as in Figure 5.15.

reports the dependence of M/L(Ks) on redshift.

The points in the Figure 5.18(a) present a double distribution, Wiyn sources (blue
squares) being systematically more massive then the others. This seems to be basically
due to dependence of the assembled stellar mass on redshift: Wyin galaxies, which
lie at lower z than the other samples, appear to be older and more evolved. The

The latter has been computed on a Kurucz (1993) G0V stellar model, taking into account Cox (2000)
and Allen (1976) solar magnitudes, obtaining L�(Ks) = 1.159 1031 [erg s−1].
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spectroscopic information on emission lines provides a good constraint on the amount
of young light in the spectra of Lockman Gemini/Keck sources (green triangles). The
big spread in mass reflects that in restframe luminosity (Fig. 5.15). Weighted linear
least square fitting to the points belonging to the three different samples is represented
by the three solid lines. The three equations defining the solutions are:

log (M [M�]) = 1.11 × log (L(Ks) [L�]) − 2.28 (5.4a)

log (M [M�]) = 2.89 × log (L(Ks) [L�]) − 22.85 (5.4b)

log (M [M�]) = 1.08 × log (L(Ks) [L�]) − 1.51 (5.4c)

for ELAIS-N1 IB-BDU, Lockman Gemini/Keck and Wiyn samples respectively. The
Spearman ranking correlation coefficients in the three cases are ρ = 0.82, 0.77, 0.94,
with a significance level of 99.99% and beyond (in other words, the probability that
the correlation happened by chance is < 0.01%). This indication of the dependence
of mass on the restframe Ks band luminosity is a direct consequence of the fitting
assumptions. In the case of the spectroscopic Gemini/Keck sample, many blue low-
mass sources produce the steep slope in the correlation. The dashed line represents
the relation M [M�] = L(K) [L�], which seems to provide a reasonable fit to the
data overall, when normalized by ∼ 0.3. These values are in agreement with common
wisdom and with previous works (e.g. Gavazzi et al., 1996; Brinchmann & Ellis, 2000),
that find M/L close to unity for old systems and ≤ 0.1 at young stellar ages. In our
case, the very red colors and the 24 µm detections force the IRAC galaxies to be fitted
by a mixture of young and old SSPs.

As far as the dependence of M/L on redshift is concerned, the weighted (solid line
in Fig. 5.15) and non-weighted (dashed line) least square fits to all the data with
M/L> 0.1 lead to the relations:

M [M�]

L(Ks) [L�]
= 0.27 × z−0.17 (5.5a)

M [M�]

L(Ks) [L�]
= 0.39 × z−0.27 (5.5b)

with ρ = −0.69 at 99.9% confidence level. The dot-dashed line represents the equation
log(M/L[K]) = −0.2 × z − 0.23, which seems to set an upper boundary to the data.

Much more interestingly, Figure 5.18(c) shows the behaviour of M/L(Ks), as a
function of the IR bolometric (8− 1000 µm) luminosity19 of the selected sources. The
values of L(IR) have been computed on the basis of the M82 fit to the 24 µm data, by
simply integrating the IR template. Upper limits to S24µm translate in upper limits
in L(IR) and are represented by left arrows in the plot. Practically speaking, the IR
luminosity defines the activity level of the galaxies (see next Section), hence the anti-
correlation between M/L and L(IR): brighter IR emitters are powered by stronger

19The infrared bolometric luminosity is given in units of the bolometric solar luminosity, L� =
3.846 1033 [erg s−1].
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Figure 5.19: Left: dependence of the SFR on redshift, for SWIRE sources in the three
analyzed samples. The SFRs have been computed by assuming an M82 IR starburst
template to estimate the IR luminosities of the sources. The shaded region represents
the avoided L(IR), due to the MIPS 24 µm SWIRE flux limit (AB mag of 18.46).
Right: timescale for star formation.

young stellar populations. The fit to all data with M/L> 0.1 leads to the relation

M [M�]

L(Ks) [L�]
= 7.07 × L(IR [L�])−0.14; (5.6)

where the Spearman coefficient is ρ = −0.65, at a confidence level of 99.9%, t-
distributed over 452 degrees of freedom. Note that the slopes in z and L(IR) are
similar, possibly reflecting the Malmquist bias on the 24 µm flux.

5.6.6 Star formation rates

On the basis of the observed 24 µm fluxes, the rate of stellar formation for the galaxies
in the samples can be derived, by assuming a given shape of their far-IR emission. As
mentioned above, a prototypical M82 template for starburst warm dust emission was
adopted. By normalizing this template to the 24 µm observed flux, after k-correction,
the bolometric IR luminosity of the sources can be derived by a simple integration.
The values obtained in this way are reported in Tables C.1, C.2 and C.3.

Consequently, SFRs are computed following the Kennicutt (1998a) calibration, as
reported in Equation 3.13a. The values are given in the last column of the men-
tioned tables. Figure 5.19(a) shows the observed trend of SFR(IR) with redshift. The
avoidance region, due to MIPS limiting flux, is shown.

On the basis of their ISO 15 µm analysis of local galaxies, Elbaz et al. (2002) find
that the estimate of IR luminosity by assuming an M82 template tends to underesti-
mate the real emission by 30−40% (see also Le Floc’h et al., 2004, and Section 4.3.2).
Nevertheless, at the moment this is the best assumption that can be adopted; further
constraints shall come from 70 and 160 µm SWIRE observations.
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Specific SFRs are shown in Figure 5.19(b), represented by their reciprocal tSF =
M/SFR [yr], similarly to the case of ISO 15 µm starbursts. The values of tSF span
over a range between several times the age of universe — for the most old Wiyn
ellipticals, to a few ∼ 108 yr, for the most distant galaxies. On the basis of these fits,
tSF seems to decrease with redshift, up to z ∼ 1, with a slope of ∼ −9 in (1 + z).
Beyond z ∼ 1 the slope of tSF (z) flattens (∼ −0.6). Notice however that the slopes
might be model-dependent, especially at z > 1, and could change by varying the %
of old (≥ 1 Gyr) mass included in the fit. The flattening, instead, would be in any
case confirmed.

5.7 Comparison between Field and Cluster Galax-

ies

It is well knows that locally clusters of galaxies consist of evolved galaxies, passively
evolving, while the bulk of star formation takes place into low-density environments.
There should have been an epoch, in the past, when the situation was reversed and
the masses of cluster’s ellipticals seen today had been assembled.

Present-day cluster elliptical galaxies are a “remarkably well-behaved” class of ob-
jects, with structural and chemical properties obeying simple power-law scaling rela-
tions. But this could not always have been the case in a hierarchical universe. While
most galaxy formation models can be tuned to reproduce these relations at z = 0,
a more stringent test consists in reproducing their evolution with redshift. To this
end, it is important to study clusters out to the highest redshifts, when fractional age
differences among the galaxies were proportionately greater (Blakeslee et al., 2003).

There are two quite distinct pictures for the formation of early-type galaxies. In
hierarchical merger models (Kauffmann & Charlot, 1998), the bulk of the stars form
in disk-like galaxies that later merge to become early-type galaxies. In monolithic
collapse models (Eggen et al., 1962), the bulk of the stars form in early-type galaxies
and subsequent merging and star formation are limited.

Although hierarchical models have become the standard for describing the forma-
tion of early-type galaxies in both cluster and field environments, they are unable to
describe all the observational data. Whereas the hierarchical merging model predicts
a dramatic difference in the star formation histories of early-type galaxies in the field
and in clusters (Diaferio et al., 2001), observational data lead to discrepant conclu-
sions. Willis et al. (2002), van Dokkum & Ellis (2003) and others infer similar ages
for galaxies in low- and high-density environments; on the other side, Thomas et al.
(2004) show evidence of large differences. More stringent tests of hierarchical models
come from observations of field and cluster galaxies beyond z = 1.

5.7.1 The high-redshift Cluster of galaxies RDCS 1252.9-
2927

X-ray studies of galaxy clusters over the last decade have driven considerable obser-
vational progress in tracing the evolution of their global physical properties. The
discovery and the study of systems beyond redshift unity provides the strongest lever-
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age for testing cluster formation scenarios. This, however, has been a challenging task
with current X-ray searches as a result of the limited survey areas covered at faint
fluxes.

Four cluster at z > 1 had been discovered in the ROSAT Deep Cluster Survey
(RDCS Rosati et al., 1998) at the very limit of the ROSAT sensitivity. In this Sec-
tion, multiwavelength data on the cluster RDCS 1252.9-2927 (Rosati et al., 2004)
are exploited, to study the ages and masses of its galaxy members. The available
dataset comprises deep ACS/HST I and z photometry, BVR FORS2 and Js, Ks
ISAAC ground-based data and FORS2 optical spectroscopy.

The cluster, confirmed to lie at z = 1.237 by an extensive spectroscopic campaign
carried out with the Very Large Telescope (VLT), is among the highest redshift galaxy
clusters with spectroscopic confirmation. Its X-ray flux within a 59′′ aperture (as
measured from recent Chandra observations Rosati et al., 2004) is S(0.5 − 2 keV) =
2.9 10−14 [erg cm−2s−1], corresponding to a luminosity of 1.9 1044 [erg s−1h−2

70 ] in the
rest-frame 0.5 − 2 keV band. The X-ray temperature of the inter-cluster medium is
kT = 5.2 keV, and the metallicity is Z = 0.64+0.20

−0.18 Z� (Rosati et al., 2004).
RDCS 1252.9-2927 was observed with the Advanced Camera for Surveys (ACS,

Ford et al., 2003), Wide Field Camera (WFC), onboard HST by Blakeslee et al.
(2003), as part of a survey of rich galaxy clusters in the redshift range 0.8 < z < 1.3.
The aim of the survey was to set new constraints on the cluster formation epoch
and the evolution of early-type galaxies. Data in the F775W and F850LP passbands
(hereafter I and z, respectively) are part of the with the ACS as part of the guaranteed
time observation program. The core of the cluster was imaged for a total of 12 orbits
in I and 20 orbits in z.

Blakeslee et al. (2003) built the color-magnitude relation, by measuring I and z
fluxes after an accurate PSF matching procedure, in order to take into account dif-
ferences in the ACS beam in the two filters. Colors have been then measured within
galaxy effective radii Re (obtained with the code GALFIT, Peng et al., 2002), to avoid
biasing due to color gradients. Typical uncertainties in the estimated (I − z) color
were ∼ 0.025 mag at z = 23 and ∼ 0.05 at z = 24.5. Blakeslee et al. (2003) fit to the
full sample of early-type galaxies with z < 24.5 is:

(I − z) = 0.958±0.006 − 0.025±0.006 × (z − 23) , (5.7)

with an intrinsic scatter σint = 0.023 ± 0.007 mag for the 15 confirmed elliptical
members. These numbers are similar to those obtained by previous studies on z ∼ 1
clusters (e.g. Stanford et al., 1998) and the Coma cluster (Blakeslee et al., 2003),
suggesting that the scatter remains constant at varying redshift and there is only
a marginal evidence of slope evolution. Figure 5.20 shows the c-m diagram and
Blakeslee et al. (2003) fit. Filled circles represent spectroscopic early-type galaxies,
further circled if included in the fit to the red sequence; open symbols are emission-line
galaxies.

As part of a program to follow up faint RDCS clusters in the near-IR, Js and Ks
band imaging was obtained with ISAAC/VLT by Lidman et al. (2004), for a total
integration time of ∼24 hours on the cluster, in both bands, down to Ks∼ 24 and
complete to Ks= 22.5. Additional optical imaging with FORS2 in the BVR bands is
under analysis by Rosati et al. (2004, in prep.). An extensive spectroscopic follow-
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Figure 5.20: Color-magnitude diagram for the cluster of galaxies RDCS 1252.9-2927,
as built on ACS F775W and F850LP observations. The dashed line represent Blakeslee
et al. (2003) fit to the red sequence of early-type galaxies. Filled symbols represent
spectroscopic early-types, further circled if included in the fit; open symbols belong
to emission-line galaxies.

up with FORS2 has been carried out by the same authors; about 180 galaxies in
the RDCS 1252.9-2927 field were observed, with 32 being cluster members. The
spectroscopic members sample turns out to be complete down to F850LP= 23, half a
magnitude fainter than L∗

z (Blakeslee et al., 2003). Figure 5.21 shows two examples of
spectra: one of the two central cD galaxies, and one emission-line member. Within this
sample, 10 galaxies have emission-line spectra, while the remaining ones are early-type
absorption-line sources. The main features detected on the spectra are [Oii]λ3727 in
emission, or Caii H,K (λ = 3968, 3934 Å), Hε (λ = 3970 Å), Hδ (λ = 4102 Å) and
Hγ (λ = 4340 Å) in absorption.

Spitzer observations, as part of the GTO program, have already been carried out
with the Infra-Red Array Camera, and are currently under analysis by the A. Stanford
group at University of California, Davis. At the moment, unfortunately, IRAC data
are not available yet.

Here the spectra and the BVRIz, Js, Ks photometric data are exploited to study
in detail the spectral energy distributions of these 32 cluster members and to infer
their stellar masses and ages, based on spectro-photometric synthesis. Table C.5 (in
Appendix C) summarizes the available photometric data.

5.7.2 The sample of field galaxies in GOODS

In order to compare the properties of the cluster galaxies to a similar sample in the
field, sources in GOODS CDFS field have been chosen. The GOODS survey includes
ACS BVIz photometry of comparable depth to RDCS 1252.9-2927 or deeper, ISAAC J
and K imaging, Spitzer IRAC 3.6 and 5.8 µm data, and FORS2/VLT optical spectra.

Spitzer observations of part of the GOODS survey have been released in the first
SIRTF data delivery; because of the survey’s observing strategy, the CDFS field is
split in two different sub-areas, one observed with the first set of IRAC detectors
(covering channels no. 1 and 3) and the other with the second one (including 4.5 and
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Figure 5.21: Two examples of RDCS1252.9-2927 member galaxies’ observed spectra:
an early type galaxy (left) and an emission-line source (right).

8.0 µm passbands). Therefore, the area imaged by ISAAC from ground was observed
through the 3.6 and 5.8 µm filters only.

As part of the follow-up of the GOODS survey (see Section 5.2.1), Giavalisco et al.
(2004) obtained deep ACS observations of both HDFN and CDFS in the F435W,
F606W, F775W, and F850LP passbands (here referred to as B, V, I, and z, respec-
tively). The same authors report also on very deep J,Ks imaging with ISAAC on the
VLT in the CDFS, as part of the ESO Large Programme no. 168.A-0485(A) 20, on
50 arcmin2. The near-IR data were reduced with the EIS pipeline; the sensitivities
turn out to be J< 25.3, Ks< 24.4 mag. Magnitudes extracted through the different
passbands have been merged in the final catalog, after accurate aperture corrections,
based on growth curves analysis.

The Large Programme 170.A-0788(B) (PI: Cesarsky) has been approved in period
70 to carry out a FORS2/VLT spectroscopic MOS survey in the CDFS. The first
ESO data release consists in the products of the first nine FORS2 masks (25 June
2004, Vanzella et al., 2004). It contains 399 spectra of 302 unique targets (the first 9
masks, 348 slits), providing 234 redshift determinations. The median of the redshift
distribution is at 1.04. The typical redshift uncertainty is estimated to be ±0.001.
Further 17 masks have been observed later, whose reduction process has started and
will be presented in a future release. Throughout the FORS2 survey 1′′ wide slits
have been used, yielding a wavelength range of approximately 6000 to 10000 Å (with
slight variations, depending on slit positioning) sampled at roughly 3.2 Å/pixel.

In order to minimize evolution corrections in the comparison between RDCS 1252.9-
2927 and field galaxies, a sub-sample of sources from the spectroscopic FORS2 targets
in the GOODS ACS+ISAAC+IRAC field has been selected, restricting to the redshift
range 1.0 − 1.5 only. In this way, a total of 82 sources are left. Among these, 16 are
characterized by absorption-line spectra, while the remaining 66 show emission lines
(typically [Oii], λ = 3727Å). Table C.4 (in Appendix C) reports the photometry and
redshifts of the selected sources.

20ESO GOODS data, both photometry and spectroscopy, can be retrieved at the the web site
http://www.eso.org/science/goods/products.html
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Figure 5.22: Fit to one of the RDCS 1252.9-2927 cD central galaxies. Top left:
comparison between photometric observed data and synthetic SED. Top right: history
of stellar formation and mass assembly in the galaxy. Bottom: fit to the observed
spectrum. See text for details.

5.7.3 Fitting broad-band SEDs and optical spectra

The broad-band spectral energy distributions and spectroscopic data for both the
RDCS 1252.9-2927 members and field galaxies have been analyzed by means of spectro-
photometric synthesis, following the recipes of Chapter 2.

Provided the extremely good quality of photometric data, and the availability of
spectroscopic observations, it is possible to model the star formation histories of the
targets by adopting the analytic approach (Equation 2.21). In this way the high
resolution in SSP ages allows the ages of galaxies to be finely constrained, in addition
to their stellar masses.

Moreover, the information on absorption or emission lines permits one to choose be-
tween a simple Schmidt SFH, in the case of early-type galaxies, or to add a secondary
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Figure 5.23: Fit to one of the GOODS emission-lines sources. Top left: comparison
between photometric observed data and synthetic SED. Top right: history of stellar
formation and mass assembly in the galaxy. Bottom: fit to the observed spectrum.
See text for details.

young burst of stellar formation in case emission lines are detected. Finally the lines’
equivalent widths and the spectroscopic continuum are included in the minimization
procedure, following Fritz (2001) prescriptions. This allows the contribution of young
and old stars to the synthetic spectra to be further constrained. For example, the
presence on the Caii H,K features is determinant in the age estimation. A standard
K/H equivalent widths ratio for old (> 109 yr) stars is given by a deeper K than H;
while for intermediate-age populations the Hε absorption is convolved with the Caii
H band, hence inverting K/H.

A total of 4 free parameters are involved in the fit of early-type galaxies: the age
tg, the slope γ1 of the “ignition” power law, the e-folding time τ1 of the exponential
decay and the color excess E(B − V )|0 (see Section 2.3). In the case of emission-
lines galaxies, a total of nine parameters play in the fit. On the other hand, eight
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photometric constraints, plus the spectroscopic continuum bands and emission lines
(which number depends on the covered spectral range and lines detected) are available.

Tables C.4 and C.5 (in Appendix C) summarize the results on mass and age esti-
mate. Uncertainties on the two derived quantities are plotted in Figures 5.30, where
these results are compared to others obtained with the Bruzual & Charlot (2003)
code.

Figures 5.22 and 5.23 show the results of spectro-photometric synthesis of one of
the two cD galaxies in RDCS 1252.9-2927 and on one GOODS emission line galaxy,
respectively. For each source, the usual comparison between observed data ad syn-
thetic SED is shown. The second graph reports the SFH and the cumulative mass
assembly of the galaxies. See Figure 4.8 for further details on the meaning of the
two plots. The third panel provides a view of the fit to the observed spectrum, as
normalized to a reference wavelength (depending on data). The red solid line repre-
sents the observed spectrum, the green thin solid one is the best fit model, the dotted
line at the bottom represents the residuals between observed and synthetic spectra.
In correspondence of the residual, the continuum bands used in the fit are marked,
as well as the corresponding uncertainties derived from the observed S/N ratio. The
solid squares represent observed photometric data; on the top, the photometric filters
response curves are drawn (reversed) as blue thin lines.

5.7.4 Comparison of masses and ages of galaxies

The results of the spectrophotometric synthesis on the SEDs of GOODS and RDCS
1252.9-2927 galaxies are summarized by Figure 5.24. The first plot shows the compar-
ison of stellar masses in the two samples, as a function of redshift, while the second
one deals with formation age tg vs. z. Panel (c) directly compares masses and ages.
Open circles represent emission line galaxies ([Oii]λ3727Å detected); filled circles are
early type galaxies. Red symbols belong to cluster galaxies, black ones to GOODS
sources. The red avoidance zone in the tg vs. z plot corresponds to the limit imposed
by the age of the universe. Whereas the shaded region sets the epoch from ∼ 5 108

yr after Big Bang.

Emission line galaxies (especially in the GOODS field) show a wide spread in
masses and ages, as expected. In the field, this class of galaxies includes sources with
luminosities ranging over more than one order of magnitude, from bright starbursts
to faint blue galaxies. In the cluster, only few spectroscopically confirmed members
present emission features in their spectra; unfortunately the overlap in luminosity for
this type of objects is poor. Finally, very blue spectral energy distributions and bright
[Oii] emissions induce a more uncertain coverage of the age space, since the presence
of a secondary young burst of stellar formation must be taken into account.

On the other hand, as far as early-type galaxies are concerned, the Caii HK bands
constrain the spectra to be reproduced by fairly old stellar population (≥ 19 yr,
typically). The spread in masses is much more narrow. Quite surprisingly, but inter-
estingly, the most massive field galaxies and cluster ellipticals seem to be characterized
by similar stellar masses and ages.

Further plots are shown in Figure 5.25, describing the comparison between field
and RDCS 1252.9-2927 early types in the M , tg, (I − z) space. The (I − z) color
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5.24(a): Stellar mass as a function of red-
shift

5.24(b): Formation age as a function of
redshift

5.24(c): Formation age vs. stellar mass
(zoom on cluster’s early types domain)

Figure 5.24: Results of the spectral synthesis fit to GOODS (black) and RDCS 1252.9-
2927 (red) sources. Open circles represent emission line galaxies ([Oii]λ3727Å de-
tected); filled circles are early type galaxies.

has been computed at the redshift of the cluster (z = 1.237), by k-correcting field
GOODS galaxies. The derived values are addressed as (I − z)@z=1.24. On the age-
color plot, different theoretical tracks, representing the color evolution of single SSPs
with different metallicities, are reported. In this case, the most massive galaxies in the
GOODS CDFS spectroscopic sample turn out to be even slightly redder than those
in RDCS 1252.9-2927



5.7. COMPARISON BETWEEN FIELD AND CLUSTER GALAXIES 207

Figure 5.25: Comparison between Cluster and Field (zoom on early type galaxies
domain): stellar Mass vs. (F775W−F850LP)@z=1.24. For RDCS 1252.9-2927 galaxies,
the observed isophotal ACS (I−z) color is reported (Blakeslee et al., 2003); concerning
GOODS field galaxies, (I − z)@z=1.24 has been computed by k-correcting the best-fit
synthetic spectra to redshift z = 1.237 (i.e. RDCS 1252 redshift). Same symbols as
in Figure 5.24. The different lines correspond to the evolution of single SSPs with
different metallicities: Z = 0.0004 (dash-dot line), Z = 0.004 (long dash), Z = 0.008
(short-dash), Z = 0.05 (dotted line), Z = Z� (solid line).

5.7.5 Search for systematics

The results obtained above, need to be confirmed after checking that all possible
sources of bias do not play any significant role in the estimation of masses, ages and
z = 1.237 colors.

First of all, care must be taken in the selection of the comparison sample, in
order to cover not only a similar redshift range, but also the same range of restframe
luminosities as in the Cluster. This is necessary, in order to avoid biases in the stellar
mass estimate. Figure 5.26 shows the comparison of Ks-band and optical bolometric
(0.1 − 4 µm) restframe luminosities, between field and RDCS 1252.0-2927 galaxies.
Actually, there does not seem to exist any selection bias, the two samples spanning
the same luminosity ranges. This holds in particular for early type galaxies.

Moreover, looking at the plot, one notices that the GOODS sources appear to
occupy well-defined redshift bins, instead of showing a random distribution in space-
time. It is well known (Gilli et al., 2003) that large scale structure features are visible
in the redshift distribution of GOODS CDFS sources. Three different cosmic sheets
are known to exist, at redshifts z = 0.68, z = 0.73 and z = 1.1. Anyway it is not
unreasonable that galaxies groups or clusters formed within these sheets. Figure 5.27
shows the redshift and sky distributions of the selected GOODS sources; indeed, 2
different groups seem to exist.

The first one (DEC∼ −27.85 [deg]), includes 5 early type and 2 emission line
galaxies; six of these sources lie at roughly the same redshift (z ∼ 1.1), while one



208 CHAPTER 5. THE ADVENT OF SPITZER

Figure 5.26: Search for biases in restframe Luminosity. Comparison of K-band and
bolometric luminosities for GOODS and RDCS 1252.9-2927. The two samples cover
the same Luminosity range, even if the sources are at different redshifts. An evo-
lutionary correction might be necessary. A redshift segregation in GOODS/FORS2
sources is seen: are there any groups/clusters?

early type is at z ∼ 1. The maximum velocity difference between these objects
turns out to be ∆maxv ∼ 1750 [km s−1], which is by far too large for these galaxies
to be bound to each other. The second peak in galaxy sky-density (DEC∼ −27.7
[deg])includes 4 early types and one emission line galaxy, at a redshift of ∼ 1.04. The
maximum velocity dispersion is ∆maxv ∼ 540 [km s−1], but the large volume covered
(>> 1 Mpc3 at the z = 1.04) prevents it to be a high-redshift group or cluster. The
lack of any X-ray detection, in correspondence of both, on the 1 Ms image of the
CDFS area (Giacconi et al., 2002; Rosati et al., 2002), supports these conclusions.

A color bias might be introduced if different extraction techniques were used to
measure magnitudes in the two samples. Blakeslee et al. (2003) measured the effective
radii Re of galaxies, from surface brightness profiles, in order to build a self-consistent
color-magnitude diagram for RDCS 1252.9-2927 members (see Figure 5.20). On the
other hand, GOODS catalogs provide isophotal magnitudes, as measured by SExtrac-
tor (Bertin & Arnouts, 1996). Figure 5.28 shows the comparison of Re and isophotal
ACS (I− z) colors, for the RDCS 1252.9-2927 spectroscopic members. The difference
between the two choices is not negligible, the isophotal measurements leading to sys-
tematically bluer colors. Therefore all the previous plots (Fig. 5.25) have been built
by using isophotal magnitudes for both samples.

When computing the (F775W−F850LP) at redshift z = 1.237 for the field galaxies,
only k-correction has been taken into account above, while any evolutionary effect has
been neglected. Indeed e-correction might play a role in the comparison and should be
taken into account: while shifting the filled galaxies to the cluster’s redshift, the age
of the stellar populations contributing to the spectrum changes, becoming younger if
the galaxy is shifted to higher z.

Figure 5.29 reports the effects of evolution on the F775W−F850LP color and on
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Figure 5.27: Left: redshift distribution for GOODS/FORS2 sources. Right: distribu-
tion of GOODS/FORS2 sources on sky. (a) Sources nos. 11, 12, 15, 17, 28 and 33 lie
at z ∼ 1.1 with a spread in velocities of ∼ 1750 [km s−1]; (b) sources nos. 7, 27, 43,
44, 57 lie at z ∼ 1.04 with ∆v ' 540 [km s−1]. Many cosmic walls are known to exist
in GOODS/CDFS field.

the assembled stellar mass, for an early type galaxy of a given star formation history
(SFH). Only e-correction is considered here, k-correction being already included in
the graphs comparing field and cluster galaxies. The left plot is divided into three
different panels, showing color, stellar mass and star formation history, in the rest
reference frame. The four different horizontal axes are matched each other and rep-
resent look-back time (starting from z = 0), galaxy age (starting at the time when
SFH ignited), redshift (starting from z = 0 and representing only the epoch when
e-corr was computed, i.e. no k-corr is applied) and finally the age of the universe at
the given epoch. The central panel shows the SFH of the galaxy. As the observer
co-moves backward in the galaxy’s history, the SFH is cut at a given galaxy age. An
ideal vertical line defines the remaining past SFH and the new ages of SSPs, when
the observer is at a given look-back time. The corresponding restframe color, which
would be emitted by the galaxy, shifted at the given redshift (corresponding to the
given look-back time), is plotted in the upper panel, as computed for many different
z’s. The bottom panel shows the percentage of stellar mass already assembled at each
epoch considered. The plot on the right represents, instead, the evolutionary effects
on the color of the early-type galaxy, as observed at z = 1.0 and 1.1, and shifted to the
redshifts describing the x-axis. Roughly, a correction of 0.05 mag should be applied to
the ACS F775W−F850LPI color of GOODS early-type sources, when shifting them
to RDCS 1252.9-2927 redshift.

Such a correction is not negligible: by applying it, field galaxies become bluer,
partially solving the above result on colors. The entity of the shift is comparable to the
uncertainties in the magnitude isophotal measurements and in the aperture corrections
applied to match the different bands; furthermore the difference in (I − z)@z=1.24

between cluster and field is of the same order. Therefore one could simply infer
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Figure 5.28: Search for biases in (I−z) ACS color. Blakeslee colors have been derived
from magnitudes extracted within the effective radius Re; GOODS colors are based on
ISOPHOTAL magnitudes. Does this difference lead to biases in those plots comparing
GOODS and RDCS1252 and involving (I−z)@z=1.24? This plot shows the comparison
between Re (Blakeslee) and ISOPHOTAL colors for RDCS1252.

Figure 5.29: Study of evolutionary effects on ACS F775W−F850LPI color. See text
for details.

that, concerning these two samples of galaxies, early types in RDCS 1252.9-2927 and
GOODS display similar restframe (U −B) colors, stellar masses and formation ages.

Comparison to Bruzual & Charlot models

It is necessary to compare the results obtained with the spectral synthesis code
adopted throughout this thesis to other approaches, in order to check whether they
are really reliable, and to test their self-consistency. Hereafter the code adopted in
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this thesis will be called simphot.
The most broadly used synthesis approach is provided by the evolutionary code

by Bruzual & Charlot (1993, 2003), who model galaxy spectra at different ages, by
assuming a given SFH and following galaxy evolution through cosmic time. The
Bruzual & Charlot’s SFH which better resembles the analytic approach described in
Section 2.3 is the delayed exponential, described by:

ψ(t) = t · e
−t
τ

τ 2
. (5.8)

In collaboration with V. Strazzullo at ESO headquarters (Garching bei Muenchen),
a grid of delayed-exponential models have been built, exploring the parameter space
0.1 < age < 7 Gyr and 0.005 < τ < 1.4 Gyr. No extinction is assumed. In this
way the SEDs of early-type galaxies are easily fitted, while for emission line galaxies
this approach often fails, both because of the lack of a secondary young burst and of
extinction. However, the purpose is here focused on comparing ellipticals in different
environments. Error bars are computed by means of χ2 analysis in the space of free
parameters.

Figure 5.30 presents the comparison between simphot and Bruzual & Charlot
(2003) estimates of stellar masses and ages, for both RDCS 1252.9-2927 members
(top) and GOODS galaxies (bottom). The large scatter and error bars in the age
plot reflect the uncertainties due to the the presence/absence of secondary burst and
strongly extinguished young populations. As far as early-type objects are concerned,
the consistency between the two estimates is stronger. On the other hand, stellar
masses seem to much better determined than ages, the two approaches providing a
good agreement in their estimate.

5.7.6 What influence has environment on galaxy evolution?

The similarity of ages and stellar masses of galaxies in the field and in the cluster,
at redshift z ' 1.25 has strong implications for the evolutionary scenario describing
galaxies in the universe.

At the moment, in fact, it is not yet clear if galaxies in clusters and in the general
field evolve in the same way. In the hierarchical picture, the formation redshift of
galaxies with a given mass depends on environment (Diaferio et al., 2001), leading
to substantial differences in age and mass between field and cluster galaxies at any
redshift (van Dokkum et al., 2001). Some authors claim that field early-type galaxies
underwent secondary bursts of star formation at z < 1, hence evolving faster than
cluster members (e.g. Treu et al., 2002), (e.g. Treu et al., 2002), while others find that
field and cluster galaxies evolve at comparable rates (e.g. van Dokkum et al., 2001).
In hierarchical formation models field galaxies are predicted to be less massive than
cluster sources. The results described above might indicate that the most massive
field and cluster early-type galaxies were generally formed at much higher redshift
than predicted by these models (z ≥ 2), independently of environment. This is in
agreement with recent fundamental plane studies of field and cluster galaxies by van
der Wel (2004, in prep.).

Toft et al. (2004) derive the Ks band (corresponding to restframe z-band) lumi-
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Figure 5.30: Comparison of masses derived with simphot and the Bruzual & Charlot
codes. Top: RDCS 1252.9-2927; bottom: GOODS galaxies. Open symbols belong to
emission line galaxies, solid circles to early type sources.

nosity function (LF) of RDCS 1252.9-2927 and compare it to those for local galaxy
clusters (e.g. Coma de Propris et al., 1999), local 2MASS field galaxies (Jarrett et al.,
2003; Kochanek et al., 2001) and K20 z = 0.5, 1.0 and 1.5 galaxies (Pozzetti et al.,
2003).

Pozzetti et al. (2003) found no evidence of evolution in the slope (α) of the Schechter
(1976) function, up to z = 1, and a slight brightening in the K∗ magnitude. At z = 1,
the bright end of the LF is still dominated by ellipticals, and only a small decrease in
their space density is observed, indicating that the field ellipticals are largely in place
at z = 1.

Concerning RDCS 1252.9-2927, Toft et al. (2004) find evidence of brightening in
the restframe z-band characteristic magnitude, consistent with a passively evolving
population formed at z ≥ 2. These authors also find a shallower faint-end slope in the
z = 1.237 cluster (α ' −0.64) than in local clusters (α ' −1.14, Popesso et al., 2004),
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in disagreement with semi analytical hierarchical models which predict the faint end
slope to steepen with redshift, as the massive cluster galaxies break up into their
progenitors. Similar results were obtained by Blakeslee et al. (2003) on the analysis
of the color-magnitude diagram.

On the other hand Thomas et al. (2004), find a substantial difference between
the ages of local cluster and low-density environments galaxies. Most star formation
activity in local early-type galaxies is expected to have happened between redshifts
z ∼ 3 − 5 in high density environments and z ∼ 1 − 2 in the field. Galaxy formation
appears delayed of ∼ 2 Gyr in low density environments.

The similarity of masses, ages and colors of the most massive ellipticals in RDCS
1252.9-2927 and GOODS CDFS field, as well as the similarity of restframe z-band
luminosity evolution in high-z clusters and the K20 survey (Toft et al., 2004; Pozzetti
et al., 2003), suggest that evolution would not be a strong function of environment
and prepare a new challenge for hierarchical models.
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Summary and Conclusions

This Thesis dealt with the multiwavelength analysis of infrared-selected galaxies, in
the local universe and at high redshift. Some of the best datasets available up to date
were exploited, including — among others — spectroscopic and imaging optical data
from ESO Very Large Telescope, high resolution optical images by the Hubble Space
Telescope’s Advanced Camera for Surveys and mid-to-far infrared data obtained with
the newly launched Spitzer facility.

Optical, near- and mid-IR spectroscopy, optical spectropolarimetry and broad-band
UV to sub-mm analysis of nearby Ultra Luminous Infrared Galaxies has been used as
“local laboratory” for studying distant IR, active, dusty galaxies.

The detection of a substantial population of distant (z ∼ 0.5−1.5) infrared galaxies,
by ESA’s Infrared Space Observatory, has allowed the study of dusty starbursts to
be extended over a cosmological framework. Optical and near-IR spectroscopy of 15
µm ISO-detected sources was described in Chapter 4. A comparison of the broad-
band spectral energy distributions of such objects to those of intermediate-redshift
early-type galaxies and distant Lyman-break sources followed.

The advent of Spitzer was warmly welcome by the astronomical community. The
Spitzer Legacy cosmological surveys SWIRE and GOODS aim at answering the many,
still open questions on the formation and evolution of galaxies in the Universe. Early
SWIRE data have been used here to study the optical to near-IR restframe SEDs of
galaxies up to redshift ∼3, exploiting both near- and mid-IR observations by IRAC
and MIPS. The evolution of actively star-forming sources was analyzed through mod-
eling of differential mid-IR source counts. A subsample of field galaxies from the
GOODS survey was compared to the members of the RDCS 1252.9-2927 cluster,
lying at a redshift z=1.237.

Local Ultraluminous IR Galaxies

Discovered by IRAS in the ’80s, local luminous and ultra-luminous infrared galax-
ies are believed to be the analogues of the high redshift objects discovered in the
sub-millimeter with SCUBA on JCMT and in the mid-IR by ISO. Understanding
the nature of the energy source in this population has major cosmological implica-
tions: low-redshift ULIRGs can be considered the ideal “laboratory” where to test
our knowledge of the physical phenomena ruling galaxies in the high-z universe.

215
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The first part of this Thesis dealt with the multiwavelength analysis of different
samples of local ULIRGs, exploiting optical, near-IR and L-band spectroscopy. Op-
tical spectropolarimetry has been included in the study. The broad-band spectral
energy distributions of ULIRGs have been finally modeled by combining different
physical components, from the UV to the sub-mm spectral domain.

Hydrogen and forbidden emission lines (both at optical and NIR wavelengths) have
been used for estimating the ongoing rates of stellar formation in the sample members
and the values of extinction affecting their spectra. After correction for extinction and
aperture, the derived SFRs have been compared to those obtained from bolometric IR
luminosities. Spectral lines were found to systematically underestimate the ongoing
starburst activity, with respect to the far-IR diagnostics (Berta et al., 2003; Valdés
et al., 2005).

Several explanations for this discrepancy are discussed. The possible presence of a
buried AGN has been ruled out for the majority of sources, on the bases of X-ray and
Radio data, spectropolarimetry and broad-band SEDs. The most likely interpretation
explains the apparent lack of ionizing photons in terms of the presence of differential
extinction. The star formation activity in test case IRAS 20100-4156 is modeled by
mixing two different young stellar populations: one characterized by strong SFR, but
heavily absorbed, the other representing a weaker, less-extinguished burst. The former
emits strong far-IR luminosity, but its contribution to optical-NIR emission lines is
negligible. The contrary happens for the latter. In other words, the estimation of
extinction based on optical-NIR spectral lines systematically under-predicts the color
excess in these galaxies, because of the existence of young stars completely embedded
in thick dusty medium and invisible at short wavelengths. However, the decisive test
to understand the reason for the missing ionizing photons will be to look at the Brα
(λ = 4.05 µm) line emission.

Spectro-polarimetry, L-band spectroscopy and SEDs analyses have been used to
constrain the contribution of a possible AGN to the emission of a sub-sample of
ULIRGs (Pernechele et al., 2003; Risaliti et al., 2003; Berta et al., 2003). The case
of IRAS 19254-7245, hosting a Seyfert-2 nucleus, exemplified the potentiality of such
studies in detecting buried AGNs.

Very faint but significant polarization signals have been found in two out of the
four ULIRGs observed in our spectro-polarimetric campaign: IRAS 19254-7245 (the
Superantennae) and IRAS 20551-4250. Concerning the former, the polarized Hα

line is possibly broadened to ∼ 2000 − 3000 [km s−1]. Present observations tend
to confirm that ULIRGs display faint signals in optical polarized light (e.g. Young
et al., 1996; Tran et al., 1999; Hines et al., 1999). These results are consistent with
either very weak AGN components in the source nuclei (otherwise dominated by
starburst emission), or a dust distribution covering the nuclear source and producing
dichroic transmission. The signal-to-noise ratio of the data does not allow the possible
polarization mechanism (i.e. electron scattering, dust scattering or dichroism) to be
identified. In the IRAS 19254-7245 case, polarization of the continuum is detected,
showing a slight decreasing trend at increasing wavelength. This effect would exclude
the presence of electron scattering, which is independent of wavelength.

Through L-band spectroscopy of IRAS 19254-7245 (Risaliti et al., 2003), the 3.3 µm
PAH feature and the carbonaceous dust absorption dip at ∼ 3.4 µm were directly
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measured. The former spectral feature has a much lower equivalent width than typical
starburst-dominated sources; and the depth of the latter suggests the presence of an
absorbed point source like an AGN. The rather steep continuum slope above ∼ 3 µm,
further supports the presence of warm, AGN-heated dust.

The broad-band spectral energy distributions of a sub-set of ULIRGs were repro-
duced with a stellar synthesis model in the optical-NIR and the sum of starburst
and AGN templates in the mid-to-far infrared spectral domain. The energy absorbed
by gas and dust at UV-optical wavelengths is reprocessed by the dust enshrouding
the ongoing starburst and re-emitted longward of 5 µm (Fritz et al., 2004, in prep;
Berta et al., 2003). The J − L color, or the NIR/MIR flux ratio turns out to poten-
tially be a powerful tracer for the presence of a hidden AGN, contributing to the IR
emission of ULIRGs. The significant L-band excess detected in the Superantennae,
with respect to NIR stellar continuum, is explained in terms of the emission by a
dusty torus surrounding the Sy-2 nucleus. This property will be fully exploited by
Spitzer/MIPS observation of luminous IR galaxies at any redshift, in order to identify
Active Galactic Nuclei. The relative strengths contributions of starburst and AGN
in local ULIRGs were quantified: in the case of IRAS 19254-7245, the AGN emits
∼ 40% of the bolometric IR emission.

XMM-Newton observations of the same ULIRGs (Braito et al., 2002; Frances-
chini et al., 2003b) confirm the results obtained by spectro-polarimetry, L-band spec-
troscopy and SED fitting.

Intermediate-redshift galaxies

In the local Universe surveyed by IRAS, only 30% of the total energy output of galaxies
emerges in the mid- and far-IR. On the other side, the cosmic infrared background
(Puget et al., 1996; Hauser et al., 1998) appears to contain a large fraction (up to
∼ 70%) of the total extragalactic background energy from radio to X-rays, Cosmic
Microwave Background excluded. The implication is that there likely exists a very
significant contribution of dust-obscured star formation at high redshifts (e.g. Genzel
& Cesarsky, 2000). Deep surveys carried out by the Infrared Space Observatory in
the ’90s represent the first pioneering exploration of the distant universe at mid- and
far-IR wavelengths. The published work reports 15 µm detections of ∼ 1400 sources,
with flux densities between 30 Jy and 0.3 Jy.

In the second part of this Thesis, an accurate analysis of the physical properties
characterizing the 15 µm ISO sources in the Hubble Deep Field South was performed
(Franceschini et al., 2003a; Rigopoulou et al., 2005).

Extensive follow-up of the area has been carried out, as well as archive data min-
ing. The study discussed in Chapter 4 made use of optical spectroscopy obtained
with FORS1, FORS2 at VLT and with EMMI on NTT; near-IR spectroscopy by
ISAAC/VLT; WFPC2/HST imaging, ESO archival EIS imaging, and mid-IR ISO
data.

The available spectroscopy allowed star formation rates and intrinsic extinctions of
the analyzed galaxies to be computed. The mid-IR ISO galaxies turn out to be located
at redshifts between 0.5 and 1.5. Modeling of broad-band SEDs was performed with a
newly-developed synthesis code (based on Poggianti et al., 2001) and led to IR-based
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SFRs and stellar mass estimates. As in the case of local ULIRGs, the presence of
hidden young stellar populations seems to play an important role in the extinction
and SFR estimates. The starburst activity inferred from optical emission lines — even
after extinction correction — seems to be systematically lower than what found at the
mid-IR wavelengths. AGN activity was detected only in a small fraction (10−20%)
of the sample. On the other hand, IR-derived SFRs are in good agreement with the
radio estimate, as predicted by the well-known radio-FIR correlation.

Concerning SED synthesis, a completely free-form, non-parametric approach was
followed, in order to account in the most general way for bursting and discontinuous
star formation histories, which are characteristic of starburst galaxies. It also provides
easy implementation of age-selective extinction properties for the populations involved
in the fit. For starbursts, dust re-radiation is expected in the mid- to far-IR. The
relative contributions of young and old stars to the emitted SEDs were partially
constrained exploiting mid-IR data from ISO.

As a result of SEDs synthesis, 15 µm ISO sources are found to be hosted by very
massive (M > 1011 M�) galaxies. Normalizing masses by SFR, a timescale for stellar
formation was defined. The data show a trend of tSF to decrease with redshift: galaxies
at z ' 1 and larger seem to be more actively forming stars than those in the local
universe. The median value tSF ∼ 1 Gyr, compared with typical starburst timescales
of ∼0.1 Gyr, implies that the ongoing starburst event may explain only a fraction of
the whole stellar content. A few to several such episodes are then required to build
up the observed large galactic masses, as part of a protracted SF history made up of
a sequence of starbursting episodes on top of a lower-level secular SF.

The 15 µm population was compared to a K-band selected sample of early-type
galaxies (z = 0.5−1.2) and to a test case of eight Ly-break U-drop galaxies (z = 2−3).
For intermediate-redshift ellipticals, the inferred masses are comparable to those found
for ISO starbursts, while Ly-break galaxies seem to be characterized by significantly
lower values of the mass (M ∼ 1010 [M�]).

Particular care was taken in estimating the uncertainties ∆M in the stellar mass
due to degeneracies in the star formation history and extinction (Berta et al., 2004).
Due to the presence of completely extinguished young stellar populations and to the
poor sampling of the restframe near-IR light, ∆M turn out to be as high as a factor
of 3−5 for starbursts. In the case of elliptical galaxies, ∆M ∼ 2, thanks to simpler
star formation histories. The largest uncertainties occur for Ly-break sources, whose
masses are uncertain up to an order of magnitude.

Accurate simulations highlighted the need of sampling the near-IR (restframe)
emission of galaxies at any redshift, in order to achieve as small uncertainties as a
factor of ≤ 2 in stellar mass. This will be finally possible thanks to Spitzer/IRAC
capabilities and promises to be good enough for statistically reliable determinations
of galaxy evolutionary mass function.

Spitzer sources

The NASA Great Observatory Spitzer was launched in August 2003. Its Infrared
Array Camera was specifically designed for probing the assembly of stellar mass in
galaxies at redshift > 2, by observing in the 3 − 8 µm spectral domain. At the same
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time deep sky imaging with the Multiband Imaging Photometer at 24, 70 and 160
µm is detecting dust re-radiation from distant actively star-forming galaxies. The
cosmic rate of stellar formation is going to be measured with high accuracy, in a way
completely independent from UV-optical estimates, subject to extinction estimates.

The first year of Spitzer in-flight operations has been mostly devoted to six different
Legacy science Programs, representing projects of general and lasting importance
to the broad astronomical community. Among these, the Spitzer Wide-area Infra-
Red Extragalactic survey (SWIRE, Lonsdale et al., 2003, 2004) is the largest SIRTF
Legacy Program. It consists in a wide-area, imaging survey to trace the evolution of
dusty, star-forming galaxies, evolved stellar populations, and AGN as a function of
environment, from redshifts z ∼ 3, down to the current epoch. SWIRE includes 7
high-latitude fields, totaling ∼ 50 [deg2] in all the seven Spitzer bands.

A deep optical follow-up of SWIRE ELAIS-S1 field is being carried out in Padova,
as an ESO Large Programme covering more than 5 [deg2] in five photometric bands.
The ESO-SIRTF wide-area Imaging Survey (ESIS) includes B,V,R WFI@2.2m and I,z
VIMOS@VLT imaging down to B=26 and V,R=25.5. This project will provide optical
identifications, colors and rough morphologies, photometric redshifts, for the roughly
200,000 IR sources detected by SWIRE in the 5 [deg2] of the S1 area. Complemented
by other ancillary datasets in the X-ray, ultra-violet, near-IR, and radio spectral
domains, ESIS data will be the basis for building complete SEDs of Spitzer sources
and derive the physical properties of distant galaxies in the ELAIS-S1 area, up to
z ∼ 3. The current status, the sophisticated data reduction and the preliminary
results of the ESIS survey, carried out in parallel to the data-interpretation presented
in the Thesis, are described in Appendix A.

In collaboration with the SWIRE team, an extensive analysis of the first available
Spitzer data is in progress. The last part of this Thesis has presented the first results
on mid-IR Spitzer counts and SED modeling of three SWIRE sub-samples.

As an extension of the work presented by Franceschini et al. (2001), a new cosmic
evolutionary model was developed in this Thesis, in the attempt to reproduce the
observed number counts from mid-IR to sub-mm wavelengths. The adopted picture
assumes that two main populations of IR galaxies contribute to the observed data: a
family of galaxies whose properties do not vary with cosmic time, and a class of IR
starbursts and AGNs, strongly evolving. Evolution of both luminosity and volume
density of the latter population are required, in order to explain the sudden upturn in
differential normalized counts, at S24 < 3 mJy, and the evidence for flattening below
S24 ∼ 0.3 mJy. Source luminosity and density increase as a power law in redshift, with
exponent ∼ 3.5, up to z ∼ 1. The evolution then levels off, in order to be consistent
with the observed redshift distribution of faint ISO galaxies. At the highest redshifts,
a decrease of luminosity seems to be necessary, not to over-predict counts in the faint-
flux tail. The predictions of the new model are consistent with SWIRE and GOODS
number counts, as well as with old ISO and SCUBA data, on the whole wavelength
range from 15 µm to 850 µm.

The depicted scenario supports the hierarchical evolutionary scheme. Any single
galaxy spends most of its lifetime in a quiescent (non-evolving) phase; occasionally
it is triggered into a short-lived (few 107 yr) starbursting state, possibly because of
interactions or mergers with other galaxies. The evolution of the “active” phase —
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detected in the mid- and far-IR — might simply reflect an increased probability to find
a galaxy in such an excited mode in the past. Volume density scales with redshift as
the rate of interactions, which was larger in the past due to a simple geometric effect.
The luminosity evolution might, on the other hand, be interpreted with a larger gas
reservoir to be transformed into stars in the past.

During the merger, violent relaxation likely redistributes old stars, producing the
typical de Vaucouleur profiles of galaxy spheroids. During the violent starbursting
phase, elliptical and S0 galaxies are formed in the most luminous IR sources (cor-
responding to the SCUBA high-z population). Bulges in later-type galaxies likely
originate in lower IR luminosity starbursts (e.g. the ISO mid-IR population).

The usual spectro-photometric synthesis was applied to three sub-samples of SWIRE
sources, including broad-band data from KPNO and INT telescopes, as well as Spitzer,
and Gemini, Keck and Wiyn optical spectroscopy. The interesting case of rare sources
characterized by the detection of the 1.6 µm stellar bump in the IRAC wavelength
range was studied (IB galaxies). The 24 µm flux, when available, turns out to be
an effective constraint to the extinction affecting young stellar populations, when
combined to IRAC detection of the restframe near-IR light.

Star formation rates, stellar masses and timescales for stellar formation have been
derived for all the analyzed galaxies. The variation of the restframe Ks-band mass-
to-light ratio was explored, as a function of redshift and far-infrared luminosity. In
both cases, the M/L ratio turns out to decrease when considering more distant or
intrinsically brighter galaxies. These trends are somehow expected, if brighter IR
emitters are powered by stronger ongoing starbursts, and young stellar populations
provide a more significant contribution to the light detected at higher z.

Very red (restframe V −K ≥ 4) and distant IB galaxies in ELAIS-N1 were fitted by
old stellar populations (age ≥ 1 Gyr). Extremely absorbed young populations would
explain the observed SEDs as well, but would also require huge amounts of dust and
produce very bright bolometric IR luminosities, hence violating the 24 µm observed
constraint. Photometry in the JHK bands will sample the D4000 break, thus providing
further constraints on the relative amount of young and old stars contributing to the
SEDs. The resulting stellar masses for this class of high-redshift red IB sources exceed
several 1011 M�, at redshift z > 2. In correspondence with these sources, the trend of
tSF in decreasing with redshift seems to significantly flatten. This is an indication that
the bulk of stars in these galaxies were already formed and evolved at these redshifts.

If confirmed by future further investigations — first of all inclusive of a spec-
troscopic redshift estimate — these results would imply that very massive, evolved
galaxies were already in place at redshifts between 2 and 3. Daddi et al. (2004)
report the properties of nine K-band luminous galaxies at 1.7 < z < 2.3, selected
in the K20 survey, deriving SFRs of 100 − 500 [M� yr−1] and stellar masses of
M ' 1011 − 5× 1011 [M�]. Yan et al. (2004) studied the SEDs of 17 high-redshift ex-
tremely red objects in the GOODS/HST Ultra Deep Field, lying at redshifts between
1.6 and 2.9: they found stellar masses in the 0.1 − 1.6 × 1011 M� range. Studying
the stellar mass function of galaxies in the FORS Deep and GOODS/CDFS fields,
Drory et al. (2004) find that massive galaxies with M > 1011 M� exist even at very
high redshifts (z = 2 − 5). At these redshifts, these galaxies provide, however, only a
small contribution to the stellar mass function, their number density being less than
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one tenth of that obtained for M > 1010 M� galaxies. Saracco et al. (2004a) and
Saracco et al. (2004b) studied high-redshift massive galaxies in the HDFS and in the
MUNICS survey respectively, suggesting that massive evolved galaxies do not play
an important role in the evolution of the mass density outlined by recent surveys
between z = 1.3 and ∼ 2, in support to the monolithic cosmic scenario. Juneau
et al. (2004) studied the cosmic star formation history and its dependence on galaxy
stellar mass, in the redshift range z = 0.8 − 2, by using data from the Gemini Deep
Deep Survey (GDDS). The main result of this work is that the SFR density strongly
depends on the galaxy stellar mass. The most massive galaxies formed most of their
stars in the first ∼ 3 Gyr of cosmic history, moderate-mass objects continued to form
their dominant stellar mass for an additional ∼ 2 Gyr, while the lowest mass systems
have been forming over the whole z = 0.5 − 2 range. Current models of hierarchical
galaxy formation are consistent with global properties like the stellar mass function,
but seem to be challenged by the ages of local massive galaxies (Thomas et al., 2004).
A more detailed comparison to other works was discussed in Chapter 5.

However, it is worth noticing that no information is currently available on the na-
ture of the environment surrounding the high-redshift, very massive, evolved galaxies,
which are being discovered by modern surveys. Further investigations into this kind of
objects, will need also to explore the neighbouring environments, in order to correctly
interpret their nature and their contribution to the stellar mass function and its evo-
lution. Such an analysis will be of fundamental importance also for ruling out any
possible “progenitor bias” between local ellipticals and the newly discovered high-z
massive galaxies.

Comparison between high-redshift cluster and field

galaxy populations

It is well known that local clusters consist of evolved galaxies, while the bulk of star
formation happens into low-density environments. There should have been an epoch,
in the past, when the situation was reversed and the masses of cluster ellipticals
seen today had been assembled. To this end, it is crucial to study clusters out to
as high redshifts as possible, when fractional age differences among the galaxies were
proportionately larger.

Whereas the hierarchical merging model predicts a substantial difference in the star
formation histories of early-type galaxies in the field and in clusters, observational data
lead to discrepant conclusions: some authors report that only small differences are
inferred from observational data (e.g. Willis et al., 2002; van Dokkum & Ellis, 2003),
others show evidence of large differences (Thomas et al., 2004).

More stringent tests of hierarchical models come from observations of field and
cluster galaxies beyond z = 1. The last part of this Thesis presented the prelim-
inary results of the spectral synthesis investigation carried out on the members of
RDCS1252.9-2927 (Rosati et al., 1998). Lying at z = 1.237, this is one of the most
distant clusters known.

The physical properties (mainly stellar masses and ages) inferred for the member
galaxies were compared to field objects in the GOODS CDFS area, taking advantage
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of what is arguably the best multiwavelength dataset for both field and cluster sam-
ples. This comparison suggests that the reddest galaxies in field and cluster, between
redshift 1 and 1.5, have similar masses and ages.

Such similarity has strong implications on the evolutionary scenario describing
galaxies in the universe. In the hierarchical picture, the formation redshift of galaxies
with a given mass depends on environment (Diaferio et al., 2001), leading to sub-
stantial differences in age and mass between field and cluster galaxies at any redshift.
Some authors claim that field early-type galaxies underwent secondary bursts of star
formation at z < 1, hence evolving faster than cluster members (e.g. Treu et al., 2002),
while others find that field and cluster galaxies evolve at comparable rates (e.g. van
Dokkum et al., 2001). In hierarchical formation models field galaxies are predicted
to be less massive than cluster sources, at any redshift (Diaferio et al., 2001). The
results described above might indicate that the most massive early-type galaxies in
both field and clusters were generally formed at z ≥ 2, a much higher redshift than
predicted by semi-analytic models, independently of environment.

The analysis of the Ks band (corresponding to restframe z-band) luminosity func-
tion (LF) of RDCS 1252.9-2927 and the comparison to low density environments were
presented by Toft et al. (2004). Their results are consistent with a passively evolv-
ing population formed at z ≥ 2, and show negligible differences in the LF of high-z
clusters and field environments. On the other hand Thomas et al. (2004), find a
substantial difference between the ages of local cluster and low-density environment
galaxies. According to them, galaxy formation appears delayed of ∼ 2 Gyr in the
latter, with respect to high density environments.

The results on RDCS1252.9-2927 seem to disagree with semi-analytic hierarchical
models, which predict cluster early-types to be redder, older and more massive than
their field analogues; the faint end slope of the LF is expected to get steeper with
redshift, as the massive cluster galaxies break up into their progenitors. The current
findings prepare a new challenge for the hierarchical scenario.

Future development

Whether the evolution of the Universe and its basic components, galaxies, is ruled by a
hierarchical (e.g. Kauffmann & Charlot, 1998), a monolithic collapse (e.g. Eggen et al.,
1962) scenario, or a compromise between the two, is matter of the longest-lasting and
most lively debate of modern observational cosmology.

In the latter case, the assembly of massive galaxies took place on rapid timescales
at high redshifts, then galaxies evolved passively to present days. On the contrary,
in the hierarchical picture, galaxy formation is predicted to be a more continuous
process and massive elliptical galaxies to assemble through merging of lower mass
disk galaxies at moderate redshifts.

Current and past data analyses have led to different and discordant conclusions, on
the bases of galaxy properties in both local and distant Universe, and in both low- or
high-density environments. For example, the statistical properties of mid- and far-IR
galaxies (e.g. differential number counts, studied here) support a hierarchical galaxy
merging-tree. The study of the stellar mass function of evolved galaxies (e.g. Drory
et al., 2004) and the comparison between field galaxies and cluster members at high-z
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are, instead, consistent with the predictions of a monolithic-collapse scenario.
The Spitzer Space Telescope, recently become operative, promises to be the in-

strument for shedding new light on such a debate. The superb capabilities of the on
board cameras, IRAC and MIPS, are allowing the detection of restframe near- and
mid-IR emission of galaxies up to redshifts z ' 3 − 5. The Spitzer Legacy Program
is providing a unique database of observations, covering all main branches of astro-
physics. The SWIRE survey is exploring the distant universe in all Spitzer bands,
over an area of ∼ 50 square degrees and large enough volumes to determine the evo-
lution of actively star-forming and passively evolving galaxies, as well as AGNs, in
the context of cosmic structure galaxy formation histories. The GOODS project is
trying to constrain galaxy history up to as high redshifts as possible, through very
deep, pencil-beam multiwavelength observations.

The evolution of the global star formation rate provides a sensitive probe of galaxy
formation and evolution. The earliest determinations of the evolving star formation
rate density (Madau et al., 1996; Lilly et al., 1996) showed a steep decline from z ∼ 1
to the present day. It is now generally accepted that galaxies produced stars more
actively in the past than today, but the true rates of star formation are affected by a
variety of uncertainties and biases, especially related to the amount of dust in galaxies
and its effect on the SFR tracers. Complementary insights in the star formation
history can be gained from other physical properties of galaxies. Stellar mass is the
key parameter. The integral of the past stellar formation activity in galaxies provides
the logical completion to the current view of galaxy evolution.

Spitzer/IRAC wide-area and deep observations allow the cosmic stellar mass func-
tion and its evolution to be measured, at least to redshift z = 3, avoiding cosmic
variance biases. The work presented in this Thesis shall be extended over large sam-
ples and large cosmic volumes. It is mandatory to accurately study the environment
hosting distant sources and its effects on their transformation to present-day galax-
ies, in order to build a self-consistent model of galaxy evolution, and converge to a
universally-accepted cosmic scenario.
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Appendix A
The ESO-SIRTF wide-area
Imaging Survey

The ESO-SIRTF wide-area Imaging Survey (ESIS1) is an ESO Large Programme2

(P.I. Alberto Franceschini), securing optical ground-based imaging follow-up to the
SWIRE Spitzer survey (see Section 5.3) in the ELAIS-S1 field.

ESIS covers ∼ 5 square degrees in 5 bands and is based on Wide Field Imager
(WFI, at the focal plane of the 2.2m La Silla ESO-MPI telescope, Baade et al., 1999)
and the VIsible Multi Object Spectrograph (VIMOS, on VLT, Le Fèvre et al., 2002;
D’Odorico et al., 2003) to ∼ 25 − 26 mag.

The ELAIS-S1 field includes the absolute minimum of the Galactic 100 µm emission
in the Southern sky. The total amount of scheduled observing time is 27 nights with
the WFI and 8 nights with VIMOS. Prime motivations for ESIS/SWIRE are to provide
a concerted study of evolved stellar populations in early-type galaxies, together with
dust-rich extinguished starbursts and AGNs, in the same volume of the universe. The
main goals for ESIS are to:

� obtain optical identification for the roughly 200,000 IR sources detected by
SWIRE in the 5 [deg2] of the S1 area ; the present (limited) statistics on faint
ISO sources in the HDFs indicate that ∼ 90% of the SWIRE MIPS sources could
be detected to B=26 and V=25.5; at the same limits, and based on K-selected
samples in the HDFN, 80% of the IRAC sources may be detected (unless they
are at very high-z) (Franceschini et al., 2001);

� provide colors and rough morphologies for source classification;

� provide photometric redshifts for all IR sources, and optimize the spectroscopic
IR and optical follow-up;

� address the problem of what triggers the phenomenon of galaxy activity (star-
burst and AGN) and the relevance of environmental effects;

1ESIS web page: http://dipastro.pd.astro.it/esis/
2ESIS Large Programme is ESO no. 168.A-0322
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Figure A.1: ESIS WFI (BVR) pointings scheduled in the ELAIS S1 region: a total of
25 fields (red squares) of 30’x30’ are being observed during ESO periods P69-P71 (and
carried over in subsequent periods). The blue box is the region observed by ISO, while
the Spitzer field is highlighted in red. The four circles are XMM observations and
finally the cyan dots represent the centers of the CTIO MOSAIC2 30′ × 30′ pointings
in the u’ and z’ bands. Regions 3 and 4 have been observed with SOFI/NTT with J
and Ks filters, during period P70 (Summer 2002).

� study the evolution of active and passive galaxies to determine the history of
star-formation;

� analyze the galaxy spatial distribution as a function of time.

The finely spaced waveband coverage is required by the nature of the sources we
are targeting, which are typically reddened, with old evolved stellar populations, and
at high redshifts. These properties imply dramatic difficulties when trying to acquire
spectroscopic follow-up in the optical. The currently well-understood technique of
photometric redshift estimation provides a very powerful alternative, and it is clearly
the only viable approach when dealing with large datasets over wide areas. A number
of simulations have shown, however, that the photo-z technique based only on the
usual UBVR photometry provides inaccurate and degenerate solutions: in the absence
of the NIR photometry (which cannot be acquired on such a large field by present
ESO, or other, facilities), data in the I and Z bands, combined with the SWIRE IRAC
photometry, will be essential for the purpose of an accurate estimate of z.

The ELAIS S1 region, together with Lockman Hole, is the highest priority region
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Figure A.2: ESIS VIMOS (I, z) observing strategy. The ESIS area is divided into
many pointings. Upper left: each OB consists in 4 dithered exposures, in order to get
rid of bad pixels and gap signatures. Upper right: each pointing is effectively made of
3 different Observing Blocks, in order to avoid gaps in the final coverage. The offsets
between the three different OBs correspond to the dimensions of the gaps between
VIMOS CCDs. Bottom: coverage of ELAIS-S1. The black boxes represent I band
observations during P71 (∼ 3.5 [deg2]); the red ones are the P71 I+z pointings; the
blue ones are P73 (Fall 2003) additional I band coverage. See Figure A.1 for additional
information.

for SWIRE, thanks to the extremely low 100 µm cirrus emission. Four sq.deg. in the
area have already been surveyed with ISO at 15 and 90 µm (Oliver et al., 2000). Five
sq.deg. have been surveyed in radio with ATCA at 1.4 GHz by Gruppioni et al. (1999),
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with a catalog of 600 radio sources already public. Part of the area has been surveyed
with BeppoSAX, and other observations with XMM are being analyzed. Finally,
as part of ESO Large Programme 170.A-0143 (P.I. Cimatti), one square degree in
ELAIS-S1 has been the target of J and Ks imaging with SOFI on NTT.

The ESIS area will be the reference for cosmological surveys at long-wavelengths in
the future: informal decisions have already been taken to refer to these same areas for
the future sub-millimeter surveys with FIRST, and it is quite likely that they will be
high-priority targets for future campaigns with NGST, ALMA and mm and sub-mm
survey telescopes on the ground.

Reduction and analysis of ESIS data is currently in progress.

A.1 ESIS observing strategy

The ESIS area has been divided into many different fields, each corresponding to one
single WFI or VIMOS pointing. Provided the different configurations of the two in-
volved instruments, very different observing strategies were needed, in order to assure
complete coverage of the planned 5 sq. deg. In particular, the main factor influencing
the chosen strategies is given by the size of gaps between the CCDs constituting WFI
and VIMOS arrays.

Figure A.3 shows the configuration of the two instruments. In the case of WFI,
the 8 single detectors in the array are separated by small gaps, easy to be filled by
adopting a simple dithering observing template. On the other hand, VIMOS CCDs
are separated by large gaps, but their size is neither an integer fraction or a multiple
of the CCDs dimensions.

As far as WFI observations are concerned, a simple dithering strategy has been
adopted: each 30′ × 30′ field is covered by 5 dithered exposures, in order to fill the
gaps. Each single exposure consists of 300s. Since the maximum duration of a single

Figure A.3: The focal plane configuration of the Wide Field Imager (2.2m ESO-MPI
telescope, left) and the VIsible Multi Object Spectrograph (on VLT, right).
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Observing Block (OB) is 40 min, each image is repeated 5 times, in order to reach a
total of 2.5 hours of observation per pointing and per band (B, V, R).

Concerning VIMOS I and z band imaging, instead, the observing strategy is much
more complicated, because of the larger gaps and smaller area covered. In order to
cover a contiguous area, avoiding any “hole” in the images, and to minimize overheads,
the observing strategy is set as follows:

1. the total area is divided into 24 I and 12 I+z pointings.

2. each pointing is effectively made of 3 different OBs; between the 1st and the
2nd one-gap-wide x- y-offset exists; the same holds between the 2nd and the 3rd
(see figure below).

3. each of these 3 OBs is made of 4 dithered exposures, in order to get rid of bad
pixels and gap signatures.

4. the total exposure time per OB is 600s in I and 1200s in z, causing saturation
at I∼ 16.

5. as a result of offsetting (3 OBs per pointing), the final coverage will not be
homogeneous, but there will be regions with 600s coverage, others with 1200s
(the majority) and finally some with 1800s coverage. These are the values for
I band observations; concerning z band, the effective exposure times will be
1200s, 2400s, 3600s. A weight map is necessary, when extracting sources and
estimating photometric errors.

Figure A.1 shows the coverage of the ELAIS-S1 ESIS field with the WFI BVR
imaging, as well as SWIRE, ISO, XMM observations. SWIRE and ESIS fields are
shifted one to each other because originally the Spitzer coverage consisted in ∼ 15
[deg2] centered on ESIS field no. 1. Figure A.2 exemplifies the VIMOS adopted
observing strategy.

A.2 Data reduction

Data reduction of both WFI and VIMOS imaging is being carried on by using the
Wide Field Padova Reduction package for IRAF, written by L. Rizzi & E.V. Held at
Padova Astronomical Observatory. De-biasing and flat-fielding have been obtained in
the standard manner. Astrometric mapping and distortion corrections have been com-
puted by the use of a TNX algorithm (see Appendix B), adopting a 2-D polynomial
fit of the 3rd order and 7th order for WFI and VIMOS respectively.

A.2.1 VIMOS fringing effects

Concerning VIMOS I and z band data, one has to deal with the troublesome fringing
effect. The cause of fringing is pretty straightforward: it is simply a consequence of
thin film interference — the same iridescent effect as seen for a thin oil layer or a
soap film on water. When the light moves from one medium to another, as defined by
differences in index of refraction, some of the light is reflected at the interface. This
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Figure A.4: VIMOS I band imaging Fringe Pattern (see text for details).

light heading backward then attempts to leave at the rear surface of the film and is
again reflected. With light going back and forth, the waves either reinforce or cancel
in amplitude, depending on their wavelength relative to the film thickness. Where it
reinforces, bright features are seen; where it does not darker features are detected.
Where there is complete cancellation, very dark features come up.

In a nutshell, the width of the interference features is proportional to the wavelength
distribution of the light source and the thickness of the film. If the film thickness
varies with position, then squiggly bands appear, following paths of constant thickness
relative to the wavelength of the light. These “fringes” are then seen, rather than a
uniform glow of multiply reflected light. For example, a spherically curved film gives
rings (e.g., Newton’s Rings in optics).

With a broadband source such as white light, the spectral features are relatively
broad, diffusing into a rainbow of colors. Narrowing the wavelength range of the
source tightens up the interference bands.

With a CCD, light passes through the silicon, which acts as a thin film against
the higher index of refraction of the substrate. Monochromatic source implies strong
fringing. Thin film implies strong fringing. Therefore the night sky emission lines
coupled with a thinned CCD are a very unfavorable combination unless one is trying
to observe and measure fringing.
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For ESIS scientific goals, it is necessary to improve the flat-field correction provided
by standard flats, in order to correct the fringes affecting the frames. The correction
has been computed by combining multiple scientific frames, masking all the real objects
in the frame, thus obtaining a high SNR image of “blank” sky. In this way a fringe
pattern is produced and the additive fringing components are removed from all the
scientific images.

Fringing strongly depends on sky conditions in the observing direction: if sky trans-
parency or seeing change significantly, or if airmass varies throughout the observing
run, then the fringe pattern on the CCD is slightly different on different frames. For
example the fringe pattern on images taken at the beginning of the night, at relatively
low altitude above the horizon, shall typically be different than the pattern on images
obtained near zenith. It has therefore been necessary to produce super-sky-flat and
fringe pattern frames using images obtained along quite a short period of time during
the observing night. The definition of “quite short” depends on sky conditions and
airmass of the targets. For example, at low airmass and during photometric nights,
a good fringe pattern is obtained by combining all frames taken within a period of
∼ 3 − 4 hours.

Figure A.4 shows a fringe pattern example for VIMOS I band imaging.

A.3 Early WFI results

Data reduction of the first three quarters of a square degree has been completed.

SExtractor (Bertin & Arnouts, 1996) analysis led to the detection of roughly 20000
sources per 30′ × 30′ pointing, down to a limit of B< 26, V< 25.5, R< 25.

Figure A.5: Absolute astrometric accuracy for ESIS V band WFI observations. See
text for details on plots.
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Figure A.6: Relative astrometric accuracy for ESIS R band WFI observations. See
text for details on plots.

A.3.1 Astrometric accuracy

The absolute precision of the astrometric calibration has been tested by comparing
the coordinates of USNO stars, as derived from the ESIS WCS calibration and from
the USNO catalog itself. Figure A.5 reports the results. The upper left panel shows
the distribution of the residuals between the world position of USNO catalog stars
and the position computed from the astrometric calibration of the final BVR image
(used as ASSOC frame while running SExtractor). The lower left panel represents the
cumulative distribution of the residuals. Vertical lines indicate the 70, 80 and 90%
levels. The precision can be deduced from this cumulative distribution: the 70, 80 and
90 % levels are reached at ∼ 0.35 arcsec, ∼ 0.45 arcsec and ∼ 0.55 arcsec, respectively.
Note that this result is reached on the final three-chromatic images obtained combining
90 different frames! These numbers refer to the V filter, but similar or better results are
obtained for the others. In the right panel the distribution of residual on the RA,DEC
plane is shown. The slight shift of the centroid of the distribution of ∆’s, which is
visible in the graph, is due to the combination of 90 different frames, characterized
by different astrometric zeropoints.

The relative precision of the astrometric calibration has been checked by comparing
the coordinates of sources the extracted from each single band to those measured on
the combined B+V+R frame. Figure A.6 shows the results for the R band: in the left
plots, the residuals distribution (top) and the corresponding cumulative distribution
(bottom) are shown; on the right the ∆RA, ∆DEC space is plotted. Again the
precision can be deduced from the cumulative distribution of the errors. The 90%
level is reached at ∼ 0.05 arcsec. Similar results are obtained for B and V, testifying
the very precise consistency of the three astrometric solutions in the three photometric
bands.
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Figure A.7: Comparison between two different calibrations, as obtained form the B-V
and V-R colors.

A.3.2 Photometric accuracy

Landolt (1992) standard fields were observed during photometric nights together with
the first Observing Block of each WFI pointing. The STD stars have been placed on
each of the 8 WFI CCDs separately, in order to allow normalization of all of them
to the same photometric scale and zeropoint. Calibration was performed through the
standard ”color curves” technique. For example, in the case of WFI pointing no. 1,
we obtain:

V = v − 0.085 × (B − V ) + 24.176 (A.1a)

V = v − 0.165 × (V −R) + 24.182 (A.1b)

B = b+ 0.247 × (B − V ) + 24.691 (A.1c)

R = r − 0.016 × (V −R) + 24.499 (A.1d)

which are in good agreement with the values reported in the ESO/WFI web page.
Three filters allow to build two different calibrators (based on [B-V] and [V-R]

respectively). Figure A.7 shows the consistency between the two different solutions
and the linearity of the whole calibration itself.

A.4 Current status of observations

Not completed during the assigned periods, service mode WFI and VIMOS obser-
vations have been carried over for all observing periods subsequent to the nominally
scheduled ones (which were P69-71).
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At the time of writing, only one square degree has been completely observed to
the full depth of 2.5 hours per pointing per band with WFI. Another 30′ × 30′ field
is complete to 5/6 of the nominal depth, while the remaining have been observed
sparsely and to much shallower exposure times. Concerning VIMOS observations,
VLT service mode operations have turned out to be much more efficient than at WFI,
and the scheduled I-band-only area has been completely covered.

The current status of observations and data reduction can be found on the ESIS
web page and is summarized in Figures A.8 and A.9.

Figure A.8: Current status of ESIS WFI observations.

Figure A.9: Current status of ESIS VIMOS observations.



Appendix B
Principles of astrometry
When reducing wide field imaging data, one has to pay attention to correctly apply
detailed astrometric correction, in order to take into account the intrinsic distortions
of the instrumentation, as well as those induce by the projection of large sky areas
onto a plane tangent to the celestial sphere.

In the case of ESIS data, this applies to both WFI and VIMOS optical imaging,
since the fields of view are 30×30 and ∼20×20 arcmin2, in the two cases respectively.

This appendix deals with some theoretical recipes, usually used in astrometric
corrections of wide field images, and adopted in the case of ESIS data reduction (see
Appendix A).

B.1 Common projections

The area covered by the WFI and VIMOS arrays is quite large on sky: each VIMOS
CCD covers a ∼ 7′ × 8′ region, while the area is ∼ 7.5′ × 15′ for each WFI single
detector. Since the sky is basically a sphere, while the focal plane of the telescope
and the CCD are planar, a large area on sky is not easily mapped on the array.

The equations needed to transform CCD pixel coordinates into (α,δ) become more
and more complicated, as the area covered by the instrument beam gets larger. More-
over when the instrument optics are very sophisticated (i.e. include a lots of lenses,
mirrors, etc.. as in the VIMOS case), strong distortions do affect off-axes sources.

The problem here consists in finding an appropriate set of equations to describe
the transformations from pixel coordinates on the CCD into the World Coordinate
System (WCS), and into standard (RA, DEC) equatorial coordinates.

The tangent plane or gnomonic projection is the most commonly used in optical
astronomy. Other common projections are “sin” (the orthographic projection, used
in radio aperture synthesis), “arc” (the zenithal equidistant projection, widely used
as an approximation for Schmidt telescopes). Many other options are supported by
IRAF; for example, it is worth to recall the “mer” (Mercatore) projection, which is
widely used for Earth geographic maps. Figure B.1 shows how different projections
look like.

Anyway, when dealing with large, but not huge, area frames, as in the ESIS case,
the easiest way to obtain a representation of RA,DEC as a function of pixel position,
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Figure B.1: Different WCS (mainly geographical) projections: zenithal perspective
(AZP), distorted tangential (TAN), stereographic (STG), slant orthographic (SIN),
global sinusoidal (GLS), parabolic (PAR), Malloweide (MOL), Hammer-Aitoff (AIT),
cylindrical perspective (CYP), cylindrical equal area (CEA), plate carrée (CAR),
Mercatore (MER). (taken from SWARP user manual, E. Bertin, 2003)

is provided by the so-called TNX transformations.

B.2 The TNX algorithms

TNX is a map projection recognized by IRAF and DS9, which comprises a simple
Tangent sky projection (TAN, linear term) plus a non linear Distortion term. The
distortion term depends on the instrument and accounts for non-linearity in plate
scale, skew, asymmetries from all optical elements.

Note however from figure B.1 that, even if it is well suited for large-area frames,
the TAN/TNX transformation is not enough accurate for huge sky areas, such as
significant portions of the entire sky, and in any case regions larger than 3-4 square
degrees.

To pass from pixel coordinates (x, y) to sky coordinates in degrees (ξ, η), using a
simple TAN linear transformation, the relation to use is:

(

ξ
η

)

=

(

CD11 CD12

CD21 CD22

) (

x− xc

y − yc

)

(B.1)
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while a TNX technique is described by:

(

ξ′

η′

)

=

(

ξ
η

)

+

(

lngcor[ξ, η]
latcor[ξ, η]

)

(B.2)

where lngcor and latcor are the polynomial equations mapping distortions along lon-
gitude and latitude.

The numbers (xc, yc) are the central (x, y) values, which are used as reference
pixel coordinates and are included in image headers with the names of CRPIX1 and
CRPIX2. The WCS (ξc, ηc) coordinates of the reference point are set to (0, 0) by
definition, while the keywords CRVAL1 and CRVAL2 set the RA,DEC coordinates of
the same central point, which is used as the tangent point for projection. Figure B.2
explains it graphically.

Figure B.2: Graphical, schematic view of TAN projection.

The astrometric solution has the following general form, where (x, y) are the pixel
coordinates of points in the input image and (ξ, η) are the corresponding standard
coordinates:

ξ = f(x, y) (B.3)

η = g(x, y) (B.4)

The standard coordinates (ξ, η) are computed using the sky projection geometry and
the celestial coordinates of the projection reference point (ξc, ηc).

Concerning the linear term (e.g. the simple TAN projection), the transformation
describes a combination of shift, scale, rotation and skew. Examples including only
some terms, or all of them are listed below.

If only a shift is concerned, then:

ξ = a+ x (B.5)

η = d+ y (B.6)

including also a scale transformation:

ξ = a+ b x (B.7)

η = d+ f y (B.8)
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if a rotation is needed, then:

ξ = a+ b x+ c y (B.9)

η = d+ e x+ f y (B.10)

where
bf − ce = ±1

b = f, c = −e or b = −f, c = e
(B.11)

When all terms (general fit) are considered, the linear transformation mapping pixels
into WCS, can be written as:

ξ = a+ b x+ c y (B.12)

η = d+ e x+ f y (B.13)

The coefficients can be interpreted as follows: xc, yc, ξc, ηc are the origins in the
reference and input frames respectively. By definition (ξc, ηc) = (0, 0); the ρ and
β angles represent the rotation of the x and y axes and their deviation (known as
“skew”) from perpendicularity respectively; xmag and ymag are the scaling factors in x
and y in [′′/pixel] and are assumed positive by definition. Then, in the case of general
polynomial:

xρ = ρ− β

2
(B.14)

yρ = ρ+
β

2
(B.15)

b = xmag cos(xρ) (B.16)

c = ymag sin(yρ) (B.17)

e = −xmag sin(xρ) (B.18)

f = ymag cos(yρ) (B.19)

a = ξc − b xc − c yc (B.20)

d = ηc − e xc − f yc (B.21)

In case of a simple shift, ρ = 0, β = 0 and xmag = ymag = 1.0; in case of rescaling,
ρ = 0, β = 0 and b = ±xmag; and so on.

The function TNX, which combines the TAN projection with a polynomial fit to
the residuals, can be used to represent more complicated distortion functions.

An example of a quadratic polynomial used for mapping distortions, including all
cross-terms is given by:

ξ′ = a11 + a21ξ + a31ξ
2 + a12η + a22ξη + a32ξ

2η + a13η
2 + (B.22)

+ a23ξη
2 + a33ξ

2η2

η′ = a′11 + a′21ξ + a′31ξ
2 + a′12η + a′22ξη + a′32ξ

2η + a′13η
2 + (B.23)

+ a′23ξη
2 + a′33ξ

2η2

In order to properly map all distortions produced by the complicated VIMOS optics,
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it is necessary to increase the order of the non linear polynomial TNX component up
to the 7th or higher!

To finally compute physical world coordinates (RA, DEC) of any point in the
image:

RA = CRVAL1 + ξ′ (B.24)

DEC = CRVAL2 + η′ (B.25)

since (ξ′c, η
′
c) = (0, 0).

B.3 Solutions for the ESIS Large Programme

The astrometric TNX solutions for WFI B,V,R and VIMOS I,z bands imaging have
been computed by using the WFPDRED pipeline written by Rizzi & Held for the
IRAF data reduction environment. For both instruments, the solutions are well de-
termined, presenting r.m.s. deviations1 of ≤ 0.1 arcsec in both RA, DEC, as computed
on > 100 stars.

The solutions depend only on the instrumental set-up. In fact the advantage of
the TNX choice is that WCS and distortions are mapped independently from the
position of the telescope pointing on sky. The only changes which typically need to
be applied are small “rigid” shifts, which are necessary to adapt the WCS default
mapping to the observing conditions (i.e. position on sky, airmass, etc..) The overall
form of the astrometric solution would be modified if and only if some changes occurr
on the instrumental setup, including maintenance. Therefore, when WFI or VIMOS
were physically opened, re-aligned, or underwent some other technical check-up, brand
new astrometric solution were needed.

Two examples are reported below, as stored on frames’ headers: the solution for
WFI CCD no. 1, in the B band, obtained with a 3rd order two-dimensional poly-
nomial; and that for VIMOS CCD no. 1 in the I band, including a 7th order 2-D
fit.

begin im1 (WFI)

xrefmean 1009.665067264575

yrefmean 1942.761322869955

lngmean 108.7043609961076

latmean 0.1402277657556054

pixsystem logical

coosystem j2000

projection tnx

lngref 108.506655

latref 1.900000000000000E-4

lngunits degrees

latunits degrees

1The r.m.s. of the astrometric solution is defined by the residuals between the cataloged coordinate
of the star sample used to compute the solution, and the coordinate inferred from the polynomials
defining the TNX projection.
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xpixref 3993.565375527878

ypixref -186.5834132905539

geometry general

function polynomial

xishift 950.2366296209057

etashift 41.395638875192

xmag 0.2379013477845904

ymag 0.2378155814537644

xrotation 180.1795023750761

yrotation 0.2152602179868114

wcsxirms 0.1276835417103927

wcsetarms 0.114874342154337

xirms 0.1276835417103924

etarms 0.1148743421543376

surface1 11

3. 3.

2. 2.

2. 2.

0. 0.

7.049999999999999 7.049999999999999

2042.58 2042.58

11.07 11.07

4093.970000000001 4093.970000000001

950.2366296209057 41.395638875192

-0.2379001802716971 7.453216880356148E-4

8.934709311821876E-4 0.2378139030668459

surface2 24

3. 3.

4. 4.

4. 4.

1. 1.

7.049999999999999 7.049999999999999

2042.58 2042.58

11.07 11.07

4093.970000000001 4093.970000000001

0.2156431114409378 -0.0658248025073902

-6.619000183108216E-4 3.560293231214318E-4

4.791655977197089E-7 -4.667278554522836E-7

-8.878713126091936E-11 1.758258293607654E-10

-1.862128055337160E-4 -1.457401188619019E-5

2.268144649879750E-7 -3.063282950983543E-7

4.886439410504487E-11 4.044592841632149E-10

-9.329025265110091E-14 -1.493886246261976E-13

1.141596453145473E-7 9.969031931652374E-8

-3.792039325901175E-11 -1.570027674542755E-11

-9.478856317356493E-14 -2.274317957039541E-14
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5.728947121139916E-17 1.597841157340692E-18

-2.556383216852576E-11 -2.918401007704980E-11

1.209912158660055E-14 3.014120186765268E-14

1.283018946819491E-17 -2.043038478682650E-17

-7.778128775084081E-21 8.318798178924415E-21

begin im1 (VIMOS)

xrefmean 1004.607367636093

yrefmean 1292.356815809098

lngmean 9.723661417687035

latmean -43.28572104150883

pixsystem logical

coosystem j2000

projection tnx

lngref 9.6019035

latref -43.21666999999999

lngunits degrees

latunits degrees

xpixref -206.4089968405125

ypixref -257.2597059424086

geometry general

function polynomial

xishift 52.94086533070315

etashift -42.4098900900092

xmag 0.2062226167207997

ymag 0.2061433676436206

xrotation 90.12287666794097

yrotation 89.8312268102607

wcsxirms 0.03002735050569032

wcsetarms 0.03658906147342236

xirms 0.03002735050569096

etarms 0.03658906147342221

surface1 11

3. 3.

2. 2.

2. 2.

0. 0.

4.83 4.83

2042.07 2042.07

39.2 39.2

2435.68 2435.68

52.94086533070315 -42.4098900900092
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-4.422613994380691E-4 -0.2062221424872422

0.2061424732965157 6.072286622245938E-4

surface2 57

3. 3.

7. 7.

7. 7.

1. 1.

4.83 4.83

2042.07 2042.07

39.2 39.2

2435.68 2435.68

0.2304209148760771 0.09446943161445567

-0.01252954675879043 -0.008648883675861503

4.529225800808289E-5 3.949431646813089E-5

-6.768781172864876E-8 -7.090301051028329E-8

5.337853170318336E-11 6.145914305553782E-11

-2.225311023872041E-14 -2.569510325915795E-14

3.832647483268669E-18 4.157563178293501E-18

-0.001059967056035498 -2.150632747637746E-5

6.688281431489375E-5 4.314600014443273E-5

-2.251882887743130E-7 -1.970840299100429E-7

3.101128352032818E-10 3.501809980440873E-10

-2.315876881588228E-13 -3.013661951416928E-13

9.604391099856560E-17 1.256584209388950E-16

-1.709513096881012E-20 -2.035899450089032E-20

1.719933751563807E-6 -1.159882729192889E-6

-1.353444645015936E-7 -7.796410210605535E-8

4.227293812371974E-10 3.494258797069276E-10

-5.265082971294987E-13 -5.987195345302903E-13

3.652167917685506E-16 5.008560936244029E-16

-1.513832066177955E-19 -2.054885339909489E-19

2.847243498315857E-23 3.313728939496747E-23

-1.221863292608736E-9 2.437781584539661E-9

1.353879172921492E-10 6.804016432204619E-11

-3.913111364004591E-13 -2.901884518977768E-13

4.306157039751489E-16 4.582609508710021E-16

-2.689676124331750E-19 -3.566382889691419E-19

1.126910474745477E-22 1.394130584561246E-22

-2.325109437857497E-26 -2.202001154475353E-26

3.686645964499197E-13 -1.950291367252090E-12

-7.191810896599215E-14 -3.105255966045514E-14

1.925624726915544E-16 1.198799217777692E-16

-1.824755509496719E-19 -1.581535026069083E-19

9.751022866194949E-23 9.983663645902096E-23

-4.235041104123463E-26 -3.239626027669409E-26

1.015557260410354E-29 4.607352237474968E-30
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-2.704114581352979E-17 6.900979655501787E-16

1.952399894357980E-17 7.158034633419484E-18

-4.867064536556512E-20 -2.298105474601209E-20

3.871237906180733E-23 1.828891769516700E-23

-1.612709667603194E-26 -8.031285644767148E-28

7.696866256999943E-30 -3.550297768300049E-30

-2.327223236563096E-33 8.663631289565142E-34

-4.056180783476006E-21 -9.049849458102389E-20

-2.138494945693784E-21 -6.611727223000880E-22

5.003251421248952E-24 1.494093689046471E-24

-3.261625415031176E-27 7.037306453778042E-28

8.559722764091933E-31 -2.832346129915451E-30

-5.269975215308803E-34 1.769135758490951E-33

2.238443922084250E-37 -3.329713537873590E-37
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Appendix C
Catalogs of SWIRE, GOODS,
RDCS.9-2927 sources
This appendix includes all the photometric catalogs used in the spectrophotometric
synthesis carried out in Chapter 5.

Table C.1 describes the spectral energy distributions of the IB-BDU sample, se-
lected in SWIRE field ELAIS-N1. The sources were extracted from the IRAC catalog,
choosing only those having at least 4 detections shortward of λ = 5 µm, obeying the
IB (convex IRAC SED) or B-DU (optically blue, and IR excess at 5.8 and 8.0 µm),
and having a good Hyper-z (Bolzonella et al., 2000) template-fit (χ2 < 5).

Table C.2 lists the Gemini and Keck spectroscopic sample in the Lockman Hole
field, and Table C.3 the Wiyn spectroscopic sample in the same field.

Table C.4 describes the GOODS sample of sources in CDFS, including only sources
selected in the redshift range z = 1.0 − 1.5, to be compared to the members of the
RDCS 1252.9-2927 cluster of galaxies. The latter are included in Table C.5.

Details on the dataset, data reduction and extraction, and references are provided
in the tables-captions in Chapter 5, including optical, near-infrared and Spitzer IRAC-
MIPS magnitudes. For each source in the tables, ordinal number, SWIRE/GOODS/RDCS1252
identification number and AB magnitudes are reported. The last columns of each ta-
ble list the results of the spectrophotometric synthesis studies: stellar masses, as
derived by restframe K band fitting, ages (only for GOODS and RDCS 1252.9-2927,
modeled with analytic SFH), IR luminosities and star formation rates, as obtained by
M82 template fitting to the 24 µm flux, when available.
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Table C.1:

Photometric IB-BDU (see Chapter 5 for definition) sample in SWIRE Elais-N1 field. IRAC 3.6, 4.5, 5.8, 8.0 µm
and MIPS 24 µm data belong to the first Spitzer Legacy data delivery. Optical magnitudes are from the INT WFS
survey (McMahon et al., 2001); photometric redshifts have been derived with the code Hyper-z (Bolzonella et al.,
2000) by Polletta et al. (2004, in prep.). All magnitudes are given in the AB system.

SWIRE RA DEC z U g′ r′ i′ Z 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. [deg] [deg] phot. µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
12315 243.118866 53.099171 1.286 – 23.91 23.32 22.74 – 19.58 19.53 – 19.83 18.31 1.90 5.81 100.54
13405 242.803574 53.320221 2.745 – 24.06 23.48 – – 19.59 19.30 19.08 19.34 – 5.02 <24.12 <417.51
39851 243.357635 53.768791 1.520 – 24.17 – 23.18 – 19.26 19.25 19.32 19.56 – 4.12 <7.52 <130.15
45385 243.280014 53.991520 1.880 – 24.07 23.58 23.06 – 18.85 18.79 18.67 19.42 – 6.99 <6.00 <103.85
47068 243.468002 53.930119 1.268 23.36 23.00 22.54 22.34 21.65 19.40 19.39 – 19.72 17.55 1.07 10.88 188.28
48413 243.710312 53.824329 1.239 – 24.41 23.98 22.82 – 19.18 19.17 – 19.38 17.75 2.04 8.06 139.47
50327 243.439423 54.045181 2.268 – 23.63 – 23.23 – 19.28 19.17 19.16 19.30 – 7.38 <9.38 <162.30
53055 243.855133 53.876099 1.874 – – – 23.46 22.26 19.31 19.29 19.32 – – 4.39 <5.96 <103.21
73410 244.190109 54.286591 0.819 – 23.35 22.41 21.52 20.98 – 19.46 19.42 19.59 17.64 0.00 2.14 36.98
75322 244.536346 54.135609 1.360 – 23.95 23.71 22.80 22.15 19.46 19.43 19.61 19.64 17.75 1.14 12.55 217.17
85851 244.321487 54.623440 1.237 22.65 22.42 22.21 22.04 21.23 19.12 19.41 19.26 – 17.21 2.87 13.11 226.84
153254 241.838699 53.726280 1.866 – 23.46 23.19 22.98 – 19.22 19.16 19.29 – 17.44 3.87 15.04 260.26
155816 241.652451 53.896542 1.641 – 23.68 23.13 22.89 – 19.53 19.44 19.48 19.84 18.20 2.16 8.76 151.56
162538 241.680313 54.041691 2.112 – 23.89 – 23.12 – 19.57 19.52 19.26 19.84 – 3.43 <7.66 <132.49
166849 242.397812 53.733891 2.357 – 23.58 23.22 22.92 – 19.46 19.27 19.19 19.45 17.10 4.82 36.98 640.01
155538 242.110870 53.625721 1.823 – 23.48 23.29 22.96 – 19.59 19.41 19.56 19.51 17.16 2.01 19.23 332.81
174218 241.829437 54.235710 1.318 22.00 22.15 21.92 21.74 21.25 19.43 19.73 – 19.58 18.43 2.68 5.88 101.84
178676 241.811340 54.332371 1.120 23.82 24.03 23.40 22.96 – 19.82 19.70 – 19.82 17.33 1.27 7.54 130.57
180211 241.849945 54.347549 1.503 – 23.64 23.40 22.57 22.01 19.03 18.91 19.18 19.44 17.85 4.80 13.09 226.61
180372 241.818771 54.368858 1.302 – – – 22.95 21.70 19.39 19.28 19.47 – – 1.48 <5.44 <94.23
186789 242.040604 54.389931 2.441 – 23.83 23.34 – – 19.50 19.43 19.35 19.48 17.26 5.08 36.79 636.69
193813 242.061646 54.544762 0.528 – 23.54 22.27 21.18 20.80 – 19.81 19.68 19.94 17.96 0.41 0.54 9.28
197227 242.773438 54.218029 2.490 23.70 22.75 22.47 22.47 – – 19.93 19.30 19.68 17.82 2.60 24.14 417.83
198142 242.646011 54.314362 1.255 23.94 23.88 23.15 22.64 21.72 19.51 19.47 19.51 – 17.59 2.28 9.90 171.33
199134 242.719543 54.295021 1.279 – 23.57 23.24 22.61 – 19.10 19.05 19.07 19.66 17.11 1.29 17.01 294.48
200656 242.874115 54.240879 1.874 23.70 23.28 23.12 22.86 – 19.65 19.56 19.62 – – 2.79 <5.96 <103.21
212121 243.104706 54.389530 2.560 – 23.09 22.80 22.82 – 19.26 19.18 19.23 19.29 – 7.05 <15.88 <274.92
218014 242.984055 54.607128 1.505 – – 23.79 – 21.67 19.31 19.25 19.51 – – 2.89 <7.54 <130.42
176584 242.182541 54.069931 1.594 – 23.17 23.01 22.71 – 19.29 19.47 19.35 – 17.42 4.04 18.88 326.83
183310 242.021179 54.321079 1.250 22.23 22.24 21.94 21.91 – 19.92 20.05 – 19.75 – 1.63 <4.40 <76.07
201254 242.219788 54.634060 1.325 22.81 22.62 22.32 22.24 21.37 19.53 19.48 19.59 19.58 18.26 2.25 7.11 123.11
230560 243.411530 54.650269 1.381 – – – 23.17 22.44 19.21 19.20 19.39 – – 2.88 <6.91 <119.64
230719 243.611084 54.535950 1.396 22.56 22.44 22.14 21.77 21.55 19.71 19.67 19.53 19.88 – 0.62 <7.08 <122.50
237496 243.822250 54.567532 1.277 – 23.34 22.96 22.49 21.76 19.70 19.67 – 19.78 – 2.19 <4.93 <85.25
247314 243.757355 54.861210 1.429 – – 23.88 22.83 22.22 19.50 19.46 19.39 19.78 – 1.31 <7.36 <127.36
247892 243.424286 55.071381 1.434 22.53 22.72 22.41 22.26 21.77 19.86 19.80 19.56 19.88 – 1.28 <7.38 <127.67
255858 244.405838 54.699299 1.246 – – – 23.63 22.27 19.13 19.09 – 19.29 18.10 2.69 6.01 103.94
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Table C.1: continued.

SWIRE RA DEC z U g′ r′ i′ Z 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. [deg] [deg] phot. µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
256512 244.082947 54.911030 0.266 23.09 21.56 20.35 19.76 19.27 18.82 18.75 18.81 18.87 – 0.80 0.05 0.79
258355 243.713806 55.177422 1.353 – – – 23.31 22.12 19.78 19.65 – 19.88 – 1.19 6.48 112.08
266693 243.708298 55.394390 1.569 – 23.97 23.32 23.04 – 19.21 19.04 19.13 19.62 16.88 1.60 31.57 546.46
235043 243.607422 54.637932 1.367 21.88 21.84 21.38 21.36 20.89 18.90 19.11 19.07 19.04 – 4.27 <6.70 <115.95
243460 243.599197 54.849468 1.239 22.92 22.91 22.50 22.12 21.49 19.23 19.21 19.65 19.31 17.19 2.70 13.44 232.56
249472 243.412720 55.121078 1.237 22.29 22.07 21.77 21.62 20.98 19.35 19.45 19.66 19.48 17.51 1.26 <9.91 <171.45
251739 243.406616 55.182770 1.116 22.80 22.92 22.63 22.27 22.12 20.21 20.60 – 19.80 – 1.20 <2.64 <45.71
256566 244.227020 54.826111 0.705 21.45 21.27 20.94 20.68 20.47 19.57 20.15 – 19.94 – 0.99 <0.71 <12.29
258785 244.328201 54.823151 1.396 23.38 22.96 22.74 22.30 21.75 19.11 19.10 19.43 19.38 – 3.18 <7.08 <122.50
261972 243.894730 55.165070 1.316 22.42 22.28 22.09 21.78 21.53 19.74 19.80 – 19.72 17.77 1.68 10.80 186.90
280892 244.417572 55.319660 1.829 – 23.89 23.32 22.90 22.35 19.04 19.02 18.78 19.45 – 5.42 <5.84 <101.10
295483 244.484039 55.659199 1.417 22.36 22.25 22.02 21.93 21.94 19.86 19.96 – 19.85 – 1.36 <7.27 <125.87
339483 241.134277 54.062149 1.405 – – – 23.51 22.42 19.05 19.04 19.20 19.69 – 3.91 <7.17 <124.08
339806 240.862030 54.221642 1.415 23.38 23.35 22.85 22.35 22.00 19.40 19.33 – 19.54 – 2.62 <7.25 <125.55
342186 240.782104 54.319599 1.880 – 23.21 – 22.85 – 19.20 19.12 19.31 19.64 17.44 5.50 15.23 263.59
344081 240.827942 54.337860 1.275 – – 23.92 23.62 22.20 19.51 19.48 – 19.78 18.14 1.05 6.51 112.71
347275 240.866821 54.399559 1.422 – 24.02 23.90 23.13 22.11 19.59 19.42 19.24 19.37 17.89 1.15 12.25 212.06
350549 240.283112 54.801411 1.563 – – 23.46 22.90 – 19.24 19.14 19.40 19.51 18.10 3.44 10.30 178.18
355183 241.256485 54.386162 1.891 – – 23.20 22.96 – 19.53 19.51 19.69 – 17.88 3.38 10.25 177.47
359541 240.597748 54.853489 1.429 – 24.15 – 23.09 22.45 19.81 19.72 19.63 19.82 18.18 0.98 9.48 164.02
364053 240.924286 54.781490 2.483 – 23.58 23.14 23.18 – 19.32 19.18 19.22 – 17.16 6.54 43.80 758.13
347523 240.210938 54.763210 1.379 22.99 22.80 22.45 22.43 21.73 19.64 19.75 – 19.48 – 2.43 <6.88 <119.08
352133 241.195786 54.342979 1.518 23.18 23.02 22.62 22.70 22.26 19.54 19.44 19.65 19.64 17.98 2.57 11.61 201.01
369310 241.121948 54.785000 1.636 23.40 – – 23.12 – 19.59 19.50 19.49 19.71 17.66 2.56 14.51 251.12
373638 241.845001 54.487202 1.724 – 23.99 23.67 – – 19.08 18.96 18.99 19.40 17.52 4.19 14.66 253.70
375662 240.817535 55.107269 1.909 22.61 22.27 22.32 22.08 22.30 19.99 19.76 19.68 19.93 17.30 1.73 17.71 306.57
383020 242.024948 54.616001 1.257 – 24.02 23.44 23.06 – 19.30 19.23 – 19.27 17.22 0.84 14.11 244.24
386952 241.686890 54.900070 1.217 – – – 23.60 21.74 19.48 19.46 19.64 – – 1.37 <3.85 <66.59
387339 241.655197 54.927830 1.396 – 23.62 23.33 22.82 – 19.33 19.26 19.44 19.94 17.67 1.70 14.52 251.31
391722 241.899567 54.898750 1.897 – 23.34 23.46 22.87 22.91 19.56 19.44 – 19.72 17.10 3.41 21.16 366.28
401263 241.717499 55.239239 1.325 – 23.67 23.17 22.49 21.63 19.12 19.02 18.89 19.58 17.96 2.74 9.31 161.15
401506 241.732407 55.236481 1.818 – – – 23.37 21.91 19.21 19.21 19.33 – – 4.90 <5.83 <100.82
403818 242.186630 55.040192 1.697 – 23.57 23.26 22.66 – 18.88 18.81 18.81 19.13 17.37 4.82 17.34 300.07
404628 241.697403 55.332371 1.300 – 23.71 23.10 22.85 21.26 18.98 18.91 19.16 19.49 17.75 2.38 10.30 178.33
408626 242.591049 54.930031 2.560 – 24.09 23.81 – – 19.40 19.33 – 19.33 17.97 1.38 24.82 429.50
419176 241.730225 55.645538 1.367 – 23.76 23.55 22.99 – 19.57 19.48 – 19.78 17.82 1.78 11.96 206.97
419208 242.803406 55.044380 1.510 – 24.09 23.77 22.89 – 19.12 19.04 19.30 19.56 – 4.30 <7.52 <130.15
424510 242.868835 55.142139 1.316 – 23.32 22.97 22.59 22.00 19.55 19.52 – 19.71 17.78 0.71 10.68 184.83
426739 242.613571 55.342449 1.286 23.78 23.39 22.99 22.51 21.57 19.57 19.54 – 19.90 18.19 1.34 6.54 113.13
429022 242.871094 55.251270 1.528 – 24.84 – 23.37 – 19.64 19.52 19.59 19.87 17.53 0.89 17.66 305.69
429998 242.571381 55.446449 1.654 – 24.01 – 23.19 – 19.65 19.62 19.68 – 16.83 1.99 30.36 525.41
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Table C.1: continued.

SWIRE RA DEC z U g′ r′ i′ Z 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. [deg] [deg] phot. µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
431157 242.608795 55.452061 1.754 – 23.93 23.51 23.38 – 19.59 19.42 19.68 – 18.03 2.46 8.88 153.62
434411 242.364914 55.668812 1.900 – 23.95 23.35 23.00 – 18.83 18.68 18.74 19.32 16.92 5.64 24.97 432.17
436160 243.015961 55.345772 0.434 – 22.45 21.26 20.72 20.32 19.58 19.20 – 19.20 – 0.84 <0.19 <3.25
443163 242.872391 55.603210 2.094 – 23.87 23.21 22.91 – 19.30 19.10 18.95 19.51 17.46 5.07 18.65 322.76
447642 242.724411 55.800598 1.124 – 24.04 – 22.68 21.37 19.29 19.14 19.24 19.47 16.79 0.80 12.61 218.20
448449 242.985443 55.671902 1.520 21.95 21.86 21.65 21.49 21.40 18.98 18.89 19.00 19.03 17.46 3.65 18.76 324.66
454927 243.530853 55.516521 1.826 – 24.00 23.59 23.21 – 19.67 19.65 19.65 19.90 17.92 2.93 9.56 165.39
459757 243.629318 55.573151 1.325 – – – 23.30 21.78 19.23 19.14 19.27 19.91 18.19 1.99 7.53 130.24
424518 242.246262 55.494720 1.533 23.08 22.96 22.64 22.23 – 19.25 19.09 19.20 19.16 17.35 2.34 20.67 357.77
442562 243.005249 55.513180 0.236 22.13 21.65 21.21 21.22 20.99 20.92 20.89 – 19.24 – 0.05 <0.03 <0.58
464930 243.484863 55.774090 1.353 22.96 22.75 22.59 22.22 21.55 19.43 19.62 – 19.58 18.04 3.04 9.50 164.34
524837 240.180618 54.739040 1.518 22.79 22.59 22.28 22.01 22.01 19.62 19.60 19.35 19.56 – 1.43 <7.53 <130.40
528153 240.142578 54.883080 1.356 – 23.52 23.27 22.72 – 19.53 19.34 19.69 19.88 17.72 0.80 12.84 222.25
525921 240.210892 54.763161 1.341 22.99 22.80 22.45 22.43 21.73 19.65 19.74 19.68 19.52 – 2.32 <6.25 <108.17
539616 240.136810 55.278271 1.556 – 24.40 23.68 23.16 – 19.40 19.26 19.30 19.63 – 3.08 <7.48 <129.52
550632 240.419861 55.482990 1.316 22.31 22.32 21.95 21.88 21.51 19.86 19.98 – 19.64 – 1.76 <5.75 <99.47
561272 240.464996 55.810200 0.562 – – 21.18 20.82 20.69 19.82 20.12 – 19.69 – 0.39 <0.41 <7.16
564045 240.975403 55.633030 1.318 22.17 22.10 21.83 21.55 20.99 18.80 19.02 19.20 19.09 17.26 4.93 17.28 299.04
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Table C.2:

Sepctroscopic Gemini/Keck sample in SWIRE Lockman Hole field. The first two columns report the identificative number in the
SWIRE and spectroscopic source-lists. The RA, DEC of the optical counterpart are in the next two columns. Optical magnitudes
are from the KPNO/Mosaic follow-up of SWIRE. All data are in the AB system.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
115 1 0.95 161.206680 59.154457 24.21 23.53 23.49 23.32 21.60 21.84 – – – 0.24 <1.39 <24.10
23 3 0.88 161.264420 59.143719 24.23 23.06 22.71 22.27 20.70 20.96 – – – 0.44 <1.14 <19.70
52 9 0.69 161.279251 59.123795 – 25.12 23.41 23.90 20.01 20.46 – – – 0.03 <0.67 <11.66
29 12 1.50 161.301651 59.113991 24.86 23.86 23.72 23.40 20.57 20.62 – – 18.22 1.46 9.36 162.06
155 14 0.84 161.242905 59.104999 25.66 23.92 23.83 23.49 21.69 21.45 – – – 0.02 <1.05 <18.24
49 16 0.80 161.335709 59.096931 – 25.32 25.26 24.93 21.45 21.12 – – – 0.06 <0.97 <16.73
290 20 0.96 161.187820 59.082775 – 25.24 24.15 23.25 19.61 19.84 – – – 0.43 <1.45 <25.01
121 21 0.77 161.297745 59.080517 24.52 23.49 23.42 23.29 20.95 21.41 – – – 0.01 <0.88 <15.29
2 22 1.05 161.226868 59.076489 23.71 22.81 22.44 21.75 18.51 18.28 18.35 17.62 16.72 1.22 10.15 175.64
581 29 0.94 161.580780 59.113476 – 23.43 23.34 23.91 20.56 20.63 – – 17.98 0.02 2.09 36.23
1012 42 0.59 161.700073 59.120808 – 25.40 24.97 24.57 20.35 20.29 – – 17.80 0.02 0.87 15.05
1030 45 1.22 161.670975 59.134220 – – 24.28 23.47 20.78 21.08 – – – 0.86 <3.89 <67.38
1019 46 0.82 161.583313 59.136570 24.22 23.21 22.92 22.48 19.95 20.21 – – 18.18 0.98 1.29 22.40
1023 48 0.82 161.588562 59.144295 – 24.31 23.84 23.74 20.08 20.37 – – – 0.03 <1.01 <17.50
1039 50 0.60 161.659058 59.149189 – 25.16 23.81 22.58 19.78 20.27 – – 18.38 0.29 0.53 9.25
1005 53 0.81 161.602020 59.165523 24.63 23.31 22.51 21.73 19.18 19.66 – – 17.50 1.90 2.37 41.01
1015 57 1.22 161.622452 59.180904 24.07 23.52 23.47 23.61 21.34 21.35 – – – 0.52 <3.89 <67.38
1521 71 0.67 161.659576 59.068161 – 23.72 22.93 22.39 20.16 20.52 – – – 0.24 <0.63 <10.96
1513 73 0.89 161.628525 59.074413 – 24.86 23.75 22.95 20.68 21.32 – – 18.43 0.24 1.19 20.53
2042 84 1.21 161.276154 59.056988 – 24.84 24.07 23.50 19.66 20.02 – – – 2.49 <3.73 <64.63
2020 86 0.86 161.250641 59.050056 – 24.85 23.69 22.75 19.26 19.61 – 19.35 17.63 1.09 2.32 40.14
2019 87 0.92 161.107437 59.046104 – 24.57 24.21 24.14 20.07 20.36 – – 17.74 0.18 2.42 41.95
2133 88 0.81 161.255753 59.042641 – 25.21 24.77 24.25 21.28 21.47 – – – 0.01 <0.99 <17.12
2054 89 0.51 161.230057 59.039898 – – 24.28 – 20.11 20.56 20.58 – – 0.02 <0.31 <5.31
2012 90 0.79 161.231949 59.035126 24.05 23.41 22.94 22.32 19.80 20.26 – – 17.50 0.69 2.25 38.99
2039 92 0.97 161.224472 59.020790 – 24.52 23.98 23.74 20.00 20.57 – – – 0.16 <1.50 <25.91
2035 93 0.97 161.108612 59.014793 25.14 23.62 22.99 21.94 19.57 20.08 – – – 1.34 <1.50 <25.91
2014 95 0.75 161.183701 59.005333 24.76 23.72 23.21 22.65 20.57 20.86 – – 17.73 0.37 1.61 27.88
2046 97 0.83 161.209061 58.999329 – 24.56 22.64 21.52 18.31 18.80 19.19 19.75 – 3.06 <1.03 <17.91
3008 106 0.96 161.650803 58.967453 24.76 22.79 21.67 21.27 19.28 19.20 19.10 18.16 17.33 1.57 4.08 70.53
3033 107 0.82 161.616379 58.990185 24.29 23.55 23.29 22.83 21.00 21.00 – – – 0.32 <1.01 <17.50
3044 117 0.85 161.522385 59.003590 – 24.30 24.33 24.01 20.04 20.41 – – – 0.04 <1.07 <18.56
3501 126 0.79 161.776657 58.955685 23.62 22.73 22.25 21.88 19.36 19.68 19.46 20.12 17.48 1.52 2.30 39.86
3555 130 0.98 161.787201 58.967339 – 25.37 22.77 22.06 19.33 19.83 – – – 2.00 <1.56 <26.95
3532 135 1.06 161.643738 58.995285 – 23.45 22.41 21.94 19.80 20.44 19.71 – – 1.40 <2.14 <37.03
3537 136 0.80 161.731827 59.004643 – 24.08 23.34 22.68 20.11 20.61 – – 18.40 0.51 1.01 17.48
4502 144 0.75 161.341492 58.950977 24.05 22.57 21.75 21.04 18.86 19.25 19.65 19.14 16.72 1.68 4.08 70.53
4509 146 0.75 161.431839 58.942921 – 23.72 22.81 22.22 19.94 20.77 20.19 – – 0.49 <0.83 <14.34
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Table C.2: continued.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
4563 148 1.06 161.390945 58.935684 23.81 23.00 22.97 22.79 20.95 20.87 – – – 0.52 <2.14 <37.03
4530 151 0.67 161.464493 58.925377 25.61 24.08 23.90 23.84 20.05 20.05 – – – 0.03 <0.63 <10.96
4501 153 0.92 161.477173 58.920361 23.48 22.38 21.87 21.28 18.87 19.25 19.85 – 17.27 1.83 3.74 64.79
4602 158 0.75 161.343643 58.897804 24.41 23.57 23.29 22.96 20.54 20.94 – – – 0.08 <0.83 <14.34
4650 159 0.67 161.428375 58.894836 – 23.67 23.28 22.86 19.56 19.55 19.81 – – 0.04 <0.63 <10.96
5178 169 0.74 161.565933 58.855358 25.49 24.43 23.32 22.40 20.50 20.65 – – – 0.27 <0.80 <13.85
5031 170 0.43 161.574310 58.858444 – 24.02 23.19 22.39 19.77 20.47 – – – 0.06 <0.18 <3.16
5139 175 0.75 161.528259 58.880409 24.55 23.71 23.85 24.03 20.71 20.68 – – – 0.02 <0.83 <14.34
36821 187 0.77 161.144546 59.150196 24.03 22.49 21.73 21.19 18.49 18.93 18.52 18.78 16.49 2.37 5.36 92.79
36352 188 0.17 161.179352 59.182941 23.19 20.48 19.72 19.51 18.73 18.89 18.92 17.86 17.32 0.39 0.04 0.71
35359 189 0.67 161.215897 59.181381 – 22.83 21.99 21.48 19.29 19.66 – – 17.74 1.69 1.22 21.19
34971 190 0.78 161.216461 59.155594 23.13 21.99 21.43 21.00 19.27 19.75 19.38 – 17.40 1.42 2.40 41.52
35722 192 0.72 161.208466 59.192440 – 22.58 21.68 20.98 18.66 19.16 19.15 – 17.58 2.31 1.67 28.85
35316 194 0.68 161.203857 59.155998 – 23.60 22.64 22.12 19.71 20.43 – – 18.19 0.85 0.83 14.40
37523 198 0.50 161.100433 59.118050 24.21 22.76 21.93 21.68 20.09 20.52 – – – 0.25 <0.29 <4.98
38275 200 0.68 161.105225 59.177631 23.39 22.19 21.49 21.09 19.42 19.89 – – 17.62 1.53 1.40 24.23
36790 201 0.51 161.159638 59.176567 24.39 23.05 21.98 21.49 19.44 20.00 – – 18.36 0.86 0.33 5.76
38749 203 0.95 161.082519 59.169983 – 24.45 23.99 23.18 20.44 20.67 – – 17.93 0.19 2.25 38.86
40161 204 0.68 161.031677 59.170540 – 23.96 22.82 22.20 19.55 20.13 – – 17.29 0.22 1.91 33.03
35457 206 0.68 161.231430 59.216251 24.85 23.07 21.86 21.29 19.50 19.83 19.37 19.01 16.74 0.18 3.15 54.57
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Table C.3:

Sepctroscopic WIYN sample in SWIRE Lockman Hole field. The first two columns report the identificative number in the SWIRE
and spectroscopic source-lists. The RA, DEC of the optical counterpart are in the next two columns. Optical magnitudes are from
the KPNO/Mosaic follow-up of SWIRE. All data are in the AB system.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
13319 6002 0.0449 10:45:55.50 59:09:15.61 17.63 16.66 15.96 15.56 15.55 16.01 15.67 14.38 14.64 0.56 0.02 0.40
8521 9001 0.1177 10:46:53.57 59:03:00.09 19.17 17.10 16.34 15.84 15.31 15.95 16.44 15.94 16.39 4.73 0.04 0.69
11025 9002 0.1156 10:46:36.43 59:11:26.30 19.72 17.78 17.01 16.51 16.21 16.67 17.26 17.68 – 1.90 <0.01 <0.10
7751 9003 0.1183 10:47:08.79 59:04:50.79 19.95 18.09 17.24 16.78 16.48 17.02 17.59 18.15 – 1.57 <0.01 <0.10
16079 9004 0.1192 10:44:36.69 58:51:49.80 20.18 18.54 17.80 17.28 17.03 17.44 17.91 17.97 18.30 0.96 0.01 0.12
4591 9007 0.1179 10:47:20.59 58:49:30.50 19.33 18.16 17.85 17.36 17.08 17.50 17.54 15.32 15.15 0.85 0.12 2.16
17589 9008 0.1170 10:44:28.51 58:57:35.20 19.67 18.37 17.89 17.38 17.16 17.52 17.75 16.23 15.31 0.80 0.11 1.83
6990 9009 0.3049 10:46:56.64 58:54:20.21 21.00 19.43 18.43 17.86 17.68 17.75 18.68 18.44 – 1.23 <0.07 <1.15
3834 9010 0.3043 10:47:31.65 58:49:36.40 21.41 19.08 17.63 16.98 16.13 16.51 17.14 17.86 – 11.04 <0.07 <1.15
8405 9011 0.3916 10:47:05.08 59:07:28.30 18.79 18.86 18.78 18.53 16.43 16.21 15.81 15.51 14.33 2.07 6.12 105.99
8380 9012 0.1591 10:46:35.71 58:53:41.21 20.45 19.26 18.72 18.22 17.61 17.90 17.91 15.77 – 0.37 <0.01 <0.21
11207 9013 0.1526 10:45:58.17 58:55:09.21 20.36 19.12 18.73 18.28 18.29 18.68 18.16 16.90 16.06 0.39 0.10 1.73
9074 9014 0.1417 10:47:02.23 59:10:21.70 19.68 18.81 18.63 18.31 18.44 18.86 18.90 16.99 16.68 0.25 0.05 0.82
6720 9015 0.1158 10:47:16.29 59:01:24.90 20.09 18.99 18.67 18.24 18.23 18.70 18.47 16.58 – 0.24 <0.01 <0.10
12979 9016 0.2307 10:45:21.87 58:50:50.40 21.29 19.77 18.79 18.27 17.95 18.18 18.52 18.55 16.50 1.23 0.19 3.29
7195 9017 0.1991 10:47:03.52 58:58:56.10 20.95 19.43 18.54 17.94 17.53 17.81 18.28 17.20 – 1.72 <0.02 <0.37
15999 9018 0.1154 10:44:39.97 58:52:51.51 20.22 19.13 18.86 18.53 18.62 19.04 19.13 17.26 17.98 0.16 0.01 0.15
7216 9019 0.1988 10:47:03.79 58:59:09.20 19.66 18.68 18.24 17.78 17.25 17.52 17.75 15.67 14.66 1.72 0.70 12.16
6113 9020 0.1164 10:47:07.71 58:53:39.80 20.38 19.08 18.61 18.13 17.73 18.17 18.29 16.53 16.98 0.46 0.02 0.39
9623 9022 0.1182 10:46:18.14 58:53:13.60 20.01 19.06 18.91 18.44 18.51 18.90 19.14 16.93 17.20 0.19 0.02 0.33
5914 9023 0.1343 10:47:22.44 58:59:18.99 – 18.72 17.89 17.25 15.85 17.67 18.05 16.40 15.91 3.08 0.09 1.47
16528 9024 0.3226 10:44:50.88 59:01:28.80 21.13 19.89 18.88 18.30 17.64 17.82 18.55 17.94 17.02 3.38 0.29 5.06
8372 9025 0.1589 10:46:35.70 58:53:37.40 20.74 19.70 19.07 18.57 18.19 18.60 18.95 16.95 15.29 0.48 0.23 3.90
8376 9026 0.5765 10:46:25.03 58:48:39.20 19.97 19.10 19.27 18.99 16.84 16.53 16.32 15.87 14.97 4.59 11.06 191.47
4850 9027 0.2932 10:47:29.01 58:54:55.99 21.11 19.48 18.58 18.01 17.32 17.40 17.78 16.82 15.22 3.72 1.17 20.31
11441 9028 0.2342 10:46:05.21 59:00:25.10 21.33 19.96 19.15 18.59 18.04 18.21 – 17.27 16.26 1.34 0.25 4.24
9850 9030 0.2474 10:46:21.98 58:56:29.80 21.17 19.80 18.90 18.29 17.91 18.03 18.46 17.98 17.09 1.80 0.13 2.28
5278 9031 0.1008 10:47:28.71 58:57:37.91 20.50 19.17 18.71 18.22 17.93 18.24 18.49 16.21 16.14 0.28 0.03 0.60
8128 9032 0.0857 10:46:58.14 59:02:21.60 20.42 19.50 19.37 18.86 18.47 18.89 18.54 16.35 16.00 0.05 0.03 0.48
12644 9033 2.4990 10:45:59.70 59:06:31.00 20.03 19.32 19.44 19.34 18.80 18.56 – 17.43 16.68 2.42 70.73 1224.13
7043 9035 0.1161 10:47:15.25 59:03:16.30 20.24 19.35 19.30 18.94 19.21 19.58 19.73 17.92 17.04 0.07 0.02 0.37
11988 9036 0.2310 10:45:46.07 58:55:01.50 20.71 19.65 19.10 18.64 18.22 18.63 19.15 17.18 17.70 1.08 0.06 1.08
5948 9037 0.2900 10:47:01.54 58:49:51.91 22.60 20.53 19.16 18.40 17.79 18.19 18.71 19.40 – 2.88 <0.06 <1.00
13206 9038 0.2511 10:45:48.25 59:05:02.30 21.38 20.04 19.27 18.72 18.18 18.21 – 17.09 16.20 1.42 0.31 5.42
16833 9040 0.2490 10:45:00.72 59:08:01.81 21.31 20.06 19.36 18.82 18.40 18.50 18.83 17.25 17.10 1.15 0.13 2.31
17822 9041 0.3902 10:44:44.22 59:06:40.79 20.85 19.94 18.96 18.44 17.63 17.78 18.10 17.52 16.69 3.89 0.69 11.95
17892 9042 0.3231 10:44:27.68 58:59:11.40 21.17 20.21 19.45 18.97 18.47 18.58 19.30 17.72 16.64 0.88 0.42 7.22
6585 9044 0.1163 10:47:01.86 58:53:58.00 20.77 19.48 19.01 18.48 17.54 17.92 17.91 15.72 16.05 0.35 0.05 0.92
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Table C.3: continued.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
15471 9045 0.1407 10:45:06.39 59:01:33.91 21.44 20.07 19.47 18.96 18.72 19.03 19.37 17.54 18.29 0.27 0.01 0.18
15695 9046 0.3767 10:44:57.11 58:58:47.20 21.05 20.22 19.43 19.03 18.43 18.48 18.29 17.63 16.80 1.47 0.56 9.67
6045 9047 0.4052 10:47:04.26 58:51:43.80 23.52 20.83 19.38 18.50 17.54 17.86 18.43 19.19 – 5.15 <0.15 <2.64
13866 9048 0.1574 10:45:06.58 58:50:13.70 21.35 20.26 19.74 19.28 18.76 19.18 19.91 17.20 17.53 0.21 0.03 0.49
13454 9049 0.2478 10:45:12.85 58:50:12.30 21.46 20.25 19.63 19.07 18.43 18.56 18.97 17.29 17.13 1.05 0.13 2.23
12702 9050 0.3898 10:45:39.78 58:57:29.30 23.70 21.34 19.72 18.97 18.13 18.32 19.06 19.19 – 1.88 <0.14 <2.34
6503 9051 0.2887 10:47:18.74 59:01:16.60 22.37 20.68 19.59 18.90 17.33 17.35 17.73 16.40 15.90 1.93 0.60 10.38
6468 9052 0.4160 10:47:12.43 58:58:05.60 21.07 20.45 19.74 19.36 18.88 18.94 19.41 18.17 16.86 1.25 0.71 12.36
5402 9053 0.3564 10:47:21.38 58:55:05.59 21.40 20.59 19.94 19.48 18.79 18.63 18.97 17.48 16.91 1.45 0.43 7.42
6078 9054 0.4191 10:47:18.44 58:58:27.89 23.75 21.33 19.67 18.84 17.73 18.03 18.50 19.05 – 4.64 <0.17 <2.92
15352 9055 0.3794 10:45:01.06 58:58:08.30 21.21 20.49 19.91 19.61 19.38 19.32 19.41 18.43 18.06 0.45 0.18 3.10
12375 9056 0.5048 10:46:04.54 59:06:47.00 21.24 20.49 19.62 18.96 17.85 18.21 – 17.64 15.54 5.21 4.37 75.58
15144 9058 0.2888 10:45:26.92 59:08:57.00 21.36 20.55 20.03 19.62 19.32 19.32 19.24 18.04 16.95 0.62 0.23 3.95
5539 9060 0.2915 10:47:06.66 58:49:15.90 21.85 20.81 19.87 19.29 18.47 18.65 19.31 18.29 17.35 1.40 0.16 2.80
9887 9061 0.4991 10:46:40.56 59:05:24.00 20.53 20.39 20.01 19.56 18.15 18.12 18.08 17.98 17.06 2.68 1.04 17.98
5000 9062 0.1374 10:47:25.04 58:54:03.21 22.15 20.71 20.06 19.49 19.05 19.52 – 17.96 18.05 0.17 0.01 0.21
6068 9063 0.2928 10:47:15.72 58:57:09.60 21.99 20.86 20.07 19.49 18.86 19.00 19.46 17.82 17.33 1.10 0.17 2.90
9739 9064 0.2894 10:46:49.26 59:08:29.60 23.23 21.28 20.10 19.53 18.61 18.79 19.22 17.70 16.50 0.90 0.35 5.99
5978 9066 0.1165 10:47:29.55 59:02:57.00 21.13 20.29 20.21 19.99 20.61 21.21 – 20.40 – 0.01 <0.01 <0.10
16889 9067 0.4009 10:44:47.83 59:02:14.99 21.41 20.66 19.89 19.49 18.77 18.74 19.30 17.74 16.69 1.43 0.75 13.00
17515 9069 0.3906 10:44:48.71 59:06:48.50 23.66 21.28 19.77 19.06 18.16 18.49 18.40 19.27 – 1.81 <0.14 <2.36
6672 9070 0.4061 10:47:00.91 58:53:59.59 21.66 20.91 20.03 19.59 18.88 19.03 19.20 18.19 – 1.24 <0.15 <2.65
12921 9071 0.3552 10:45:22.75 58:50:56.40 21.62 20.71 19.94 19.48 18.77 18.77 19.90 18.25 17.23 1.43 0.32 5.50
6769 9072 0.4123 10:47:15.57 59:01:23.00 22.72 21.28 20.29 19.69 18.71 18.71 18.66 17.23 15.74 1.70 1.96 33.88
7726 9073 0.4793 10:47:04.19 59:02:36.01 22.74 21.51 20.23 19.53 18.01 18.32 18.52 17.95 – 3.50 <0.25 <4.38
13104 9074 0.3871 10:45:38.00 58:59:24.60 21.72 20.89 20.13 19.68 19.13 19.23 19.72 18.47 17.69 0.64 0.27 4.63
10892 9075 0.4550 10:46:31.00 59:07:52.30 21.87 20.93 20.39 19.95 19.75 19.72 – 18.77 18.36 0.36 0.24 4.08
16629 9076 0.4517 10:44:59.55 59:06:08.61 23.93 21.75 20.12 19.26 18.12 18.52 18.87 – – 3.95 <0.21 <3.66
6332 9078 0.3203 10:46:55.12 58:49:11.70 21.85 21.02 20.27 19.81 19.09 19.17 19.81 17.97 17.73 0.77 0.15 2.58
12255 9079 0.4753 10:45:54.18 59:01:05.70 21.56 20.95 20.24 19.83 19.23 19.33 19.34 18.95 17.31 0.95 0.70 12.18
8902 9080 0.5004 10:46:43.48 59:00:30.40 24.31 21.73 20.15 19.22 18.00 18.39 18.57 19.56 – 5.01 <0.29 <5.01
7592 9081 0.1865 10:46:42.78 58:51:49.69 22.23 21.03 20.41 19.86 19.21 19.49 19.46 17.56 17.65 0.17 0.04 0.66
7462 9082 0.3054 10:46:49.93 58:54:20.89 22.80 21.06 19.88 19.15 17.68 17.80 18.32 17.20 16.70 1.45 0.33 5.78
9277 9084 2.0680 10:46:16.38 58:50:16.60 20.34 20.44 20.62 20.46 19.37 19.11 18.45 18.41 17.43 3.00 18.64 322.61
18566 9087 2.3120 10:44:31.37 59:05:37.50 21.07 20.69 20.59 20.28 19.16 18.75 18.12 17.42 15.96 3.05 98.83 1710.42
11227 9088 0.3747 10:46:04.96 58:58:32.30 22.42 21.45 20.49 19.89 19.00 19.04 19.70 18.56 17.26 0.96 0.36 6.23
10252 9089 0.2304 10:46:20.75 58:58:23.31 21.97 21.00 20.54 20.11 19.75 19.75 – 18.56 – 0.11 <0.03 <0.54
9288 9090 0.4172 10:46:54.98 59:08:18.60 23.09 21.50 20.53 19.85 18.80 19.01 19.22 18.13 17.24 1.47 0.51 8.78
9122 9091 0.3894 10:46:48.57 59:04:23.30 24.02 21.56 19.96 19.22 18.31 18.69 19.87 19.93 – 2.16 <0.14 <2.34
10794 9092 0.3917 10:46:04.78 58:54:51.81 22.75 21.45 20.36 19.74 18.82 19.09 19.51 19.23 – 0.88 <0.14 <2.38
14826 9093 0.3545 10:45:02.32 58:55:09.60 21.71 20.92 20.18 19.65 18.53 18.68 19.48 17.76 17.49 1.44 0.25 4.31
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Table C.3: continued.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
5529 9094 0.3556 10:47:19.05 58:54:55.71 22.31 21.41 20.72 20.18 19.41 19.24 19.35 18.23 17.12 0.53 0.35 6.07
12694 9095 0.4284 10:45:51.89 59:03:10.90 23.39 21.56 20.22 19.50 21.19 – – 18.07 17.67 0.05 0.37 6.43
13925 9096 0.2895 10:45:42.25 59:07:35.20 21.55 20.95 20.64 20.48 21.05 21.15 – – – 0.03 <0.06 <1.00
17860 9098 0.2510 10:44:46.85 59:08:07.50 22.80 21.20 20.27 19.56 18.44 18.46 18.78 17.31 17.11 0.75 0.13 2.33
8248 9099 0.3537 10:46:36.71 58:53:15.90 22.60 21.55 20.67 20.07 19.05 19.04 19.48 18.31 17.71 0.78 0.20 3.48
10289 9101 0.4819 10:46:41.95 59:08:31.40 22.87 21.80 20.56 19.48 17.91 18.44 18.67 19.06 – 2.99 <0.26 <4.45
12883 9102 0.3896 10:45:59.40 59:08:00.20 21.93 21.14 20.41 19.94 18.51 18.56 – 18.28 18.16 1.54 0.18 3.06
6314 9103 0.4072 10:47:10.70 58:56:18.50 23.60 22.04 20.63 19.88 18.65 18.75 19.18 19.29 – 1.35 <0.15 <2.67
8740 9104 0.5053 10:47:06.69 59:10:14.60 21.96 21.33 20.60 20.12 19.03 19.15 19.19 18.22 – 0.92 <0.30 <5.16
6236 9105 0.2898 10:46:55.48 58:48:45.70 22.98 21.88 20.67 19.99 19.19 19.28 19.60 18.90 19.08 0.75 0.03 0.56
7959 9107 0.1890 10:46:54.05 58:59:25.20 22.39 21.40 20.89 20.33 19.99 20.12 – 18.91 18.52 0.15 0.02 0.31
14064 9108 0.4162 10:45:15.68 58:55:59.19 22.70 21.69 20.77 20.22 18.96 19.02 19.05 18.03 16.86 0.86 0.72 12.39
17228 9109 0.4206 10:44:40.34 59:00:57.50 22.48 21.49 20.43 19.79 18.64 18.85 19.19 18.81 18.00 2.01 0.26 4.48
16379 9110 0.4321 10:44:51.07 59:00:39.80 22.85 21.93 20.87 20.21 19.42 19.43 19.50 19.24 18.41 0.88 0.19 3.33
11414 9111 0.3959 10:45:58.86 58:57:10.10 22.85 21.75 20.80 20.27 19.26 19.37 20.06 18.40 17.51 0.84 0.34 5.84
6620 9112 0.5590 10:47:26.54 59:05:31.70 23.15 21.87 20.85 20.36 18.94 19.19 19.79 18.56 16.94 1.24 1.64 28.33
15229 9114 0.5634 10:45:16.74 59:04:50.90 22.26 21.52 20.77 20.16 19.24 19.73 19.58 19.93 18.00 1.01 0.63 10.92
13836 9117 0.4699 10:45:32.83 59:02:25.71 21.95 21.60 20.92 20.49 20.58 20.34 – – – 0.15 <0.24 <4.13
6044 9118 0.4406 10:47:00.92 58:50:10.60 22.39 21.90 21.12 20.62 20.30 20.89 – 19.59 17.57 0.22 0.44 7.69
9082 9119 0.6046 10:46:19.97 58:50:46.30 24.60 22.42 20.72 19.56 17.93 18.44 18.68 19.37 – 6.68 <0.51 <8.80
17168 9120 0.4209 10:44:39.25 59:00:05.20 24.13 22.31 20.79 19.98 18.43 18.67 18.40 18.71 – 1.16 <0.17 <2.96
8348 9124 0.3815 10:46:48.23 58:59:18.00 22.37 21.77 21.13 20.77 20.43 20.53 – 19.86 – 0.13 <0.13 <2.20
15340 9125 0.3658 10:45:02.68 58:58:49.21 22.72 21.89 21.05 20.57 19.52 19.45 20.21 18.65 17.23 0.42 0.35 6.01
17127 8001 0.0311 10:44:27.55 58:54:11.40 – 15.79 15.35 14.96 15.02 15.58 14.91 13.78 14.27 0.46 0.01 0.26
7392 8002 0.1183 10:47:03.61 59:00:05.91 19.68 17.81 17.02 16.47 16.07 16.63 17.04 16.95 17.39 2.37 0.02 0.28
5834 8004 0.1374 10:47:31.80 59:02:60.00 20.18 18.78 18.32 17.87 17.81 18.28 18.83 17.00 17.33 0.54 0.02 0.42
16877 8005 0.0992 10:44:42.99 58:59:51.29 19.86 18.63 18.30 17.86 17.90 18.40 18.50 16.48 16.79 0.27 0.02 0.32
10953 8006 0.1153 10:46:37.95 59:11:37.40 20.87 19.14 18.46 17.95 17.72 18.15 18.87 17.32 17.81 0.47 0.01 0.18
6915 8007 0.1181 10:47:23.46 59:06:08.10 20.92 19.46 18.80 18.39 18.30 18.57 18.87 17.64 – 0.27 <0.01 <0.10
9673 8008 0.1176 10:46:49.02 59:07:56.00 21.09 19.68 19.07 18.63 18.56 19.11 18.93 17.78 17.84 0.22 0.01 0.18
7331 8009 0.0856 10:46:54.91 58:55:40.90 20.75 19.68 19.49 19.06 18.85 18.91 19.39 18.70 17.60 0.09 0.01 0.11
16822 8010 0.2507 10:44:50.98 59:03:20.10 21.13 20.20 19.72 19.32 19.16 19.27 19.66 18.08 18.31 0.54 0.04 0.77
8085 8011 0.3534 10:47:21.70 59:12:56.71 21.17 20.41 19.78 19.58 19.03 19.03 19.90 18.16 16.88 0.86 0.43 7.50
17470 8012 0.1200 10:44:34.73 58:59:54.70 21.28 20.30 19.94 19.46 19.61 19.98 20.12 17.97 – 0.07 <0.01 <0.11
10670 8014 1.9840 10:46:31.09 59:06:09.10 19.88 20.20 20.27 19.96 19.02 18.77 18.31 17.56 17.19 2.98 21.29 368.48
8286 8015 0.3279 10:47:08.42 59:08:15.59 21.43 20.20 19.45 19.00 18.38 18.32 19.05 18.18 17.59 1.65 0.18 3.11
15710 8016 0.2899 10:45:24.75 59:11:59.60 22.07 20.93 20.13 19.60 18.84 18.97 19.74 18.23 17.47 1.10 0.14 2.47
6726 8017 0.3556 10:47:02.36 58:55:02.30 22.59 21.28 20.18 19.57 18.65 18.71 19.26 18.21 18.15 1.56 0.14 2.37
8112 8020 0.2930 10:47:13.10 59:09:09.70 22.01 21.12 20.66 20.31 19.98 20.17 – 19.38 – 0.14 <0.06 <1.03
9857 8021 0.3865 10:46:49.73 59:09:25.70 22.38 21.44 20.82 20.39 20.10 20.24 – 19.67 – 0.19 <0.13 <2.29
8427 7001 0.1180 10:47:06.64 59:08:23.00 18.79 16.91 16.05 15.54 15.22 15.74 16.43 16.67 18.81 5.14 0.00 0.07
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Table C.3: continued.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
1850 7002 0.0855 10:48:04.03 58:51:35.91 18.35 16.97 16.46 15.93 15.66 16.12 16.20 14.74 15.28 1.87 0.05 0.92
6875 7003 0.1405 10:46:43.25 58:47:15.20 19.39 17.96 17.27 16.81 16.25 16.56 16.66 14.99 14.75 2.54 0.27 4.75
9109 7005 0.1171 10:46:59.26 59:09:15.10 20.34 18.47 17.73 17.19 16.88 17.32 17.92 18.57 – 1.08 <0.01 <0.10
7357 7006 0.1398 10:46:40.00 58:48:57.80 20.56 18.69 17.87 17.32 16.99 17.46 17.99 18.56 – 1.38 <0.01 <0.16
8363 7007 0.1161 10:46:17.58 58:45:03.50 19.97 18.56 17.89 17.33 16.96 17.40 17.62 16.18 16.02 0.98 0.05 0.93
19599 7008 0.1171 10:44:14.06 59:04:01.40 19.89 18.38 17.73 17.21 16.80 17.14 17.16 15.76 15.52 1.08 0.09 1.52
18698 7009 0.0000 10:44:19.02 59:00:24.90 19.38 18.48 18.24 17.99 19.43 19.93 – – – 0.76 <0.01 <0.07
7697 7010 0.1179 10:47:21.67 59:10:25.90 20.33 18.50 17.71 17.19 16.87 17.37 17.86 17.63 – 1.10 <0.01 <0.10
1327 7011 0.1170 10:48:06.32 58:48:51.50 20.56 18.81 18.00 17.40 17.01 17.56 17.69 18.10 – 0.87 <0.01 <0.10
5486 7012 0.1619 10:47:59.42 59:13:02.60 19.71 18.65 18.27 17.78 17.29 17.61 17.73 15.69 15.48 1.27 0.20 3.42
16108 7013 0.1005 10:44:49.34 58:58:03.81 20.20 18.65 17.97 17.47 17.45 17.95 18.47 17.13 – 0.48 <0.01 <0.07
13643 7014 0.2345 10:45:53.39 59:10:41.79 21.07 19.08 17.93 17.34 16.76 17.15 17.78 17.98 – 4.84 <0.03 <0.57
3195 7015 0.1358 10:48:15.33 59:05:30.80 21.00 19.13 18.14 17.51 17.42 17.88 18.35 19.16 – 0.88 <0.01 <0.14
21555 7017 0.0000 10:43:52.95 59:07:08.80 20.54 18.83 18.45 17.91 18.92 19.50 – – – 2.41 <0.01 <0.09
15915 7019 0.1410 10:45:03.11 59:03:15.10 20.67 18.88 18.03 17.52 17.36 17.74 18.51 18.85 – 0.98 <0.01 <0.16
9466 7020 0.1197 10:46:53.82 59:08:51.00 20.86 19.13 18.35 17.84 17.64 18.07 18.75 19.34 – 0.55 <0.01 <0.11
3653 7021 0.1178 10:47:48.61 58:56:20.91 20.49 18.76 17.95 17.33 16.57 17.00 – 17.07 18.07 1.26 0.01 0.15
20032 7022 0.2299 10:44:05.58 59:02:54.81 21.50 19.51 18.31 17.74 17.24 17.60 18.02 18.82 – 2.24 <0.03 <0.54
9323 7023 0.1185 10:46:57.62 59:09:41.60 19.78 18.22 17.58 17.07 16.84 17.30 17.81 16.86 17.92 1.12 0.01 0.17
7088 7024 0.1157 10:46:53.75 58:53:40.60 20.81 19.03 18.26 17.74 17.61 18.21 19.00 19.75 – 0.52 <0.01 <0.10
3140 7025 0.0852 10:47:45.09 58:51:19.50 21.07 19.49 18.63 18.09 18.12 18.66 18.83 19.70 – 0.19 <0.01 <0.05
9560 7026 0.1188 10:46:53.32 59:09:12.50 21.13 19.37 18.64 18.11 17.98 18.36 19.02 19.66 – 0.39 <0.01 <0.11
7018 7027 0.1174 10:47:19.63 59:05:04.71 20.62 19.14 18.52 17.96 17.62 18.11 18.42 17.24 18.13 0.56 0.01 0.14
8560 7028 0.1168 10:47:10.95 59:11:15.30 20.96 19.20 18.41 17.94 17.78 18.33 19.03 19.26 – 0.46 <0.01 <0.10
2819 7029 0.1176 10:47:59.61 58:55:48.30 21.08 19.35 18.69 18.15 17.84 18.28 – 17.30 14.91 0.31 0.15 2.67
3357 7030 0.1946 10:47:43.45 58:52:07.09 21.39 19.56 18.55 18.02 17.66 18.13 18.87 18.94 – 1.17 <0.02 <0.35
17443 7031 0.1583 10:44:22.32 58:53:47.91 21.12 19.33 18.52 17.93 17.73 18.36 18.98 19.39 – 0.81 <0.01 <0.21
13639 7032 0.2994 10:45:32.42 59:00:51.59 20.06 19.08 18.91 18.63 19.64 20.21 – – 18.47 0.15 0.06 1.08
10896 7033 0.2295 10:45:57.88 58:52:20.90 19.96 18.78 17.98 17.43 17.02 17.34 17.81 16.79 16.56 3.59 0.18 3.06
7525 7035 0.0000 10:46:46.61 58:53:11.71 22.33 20.02 19.04 18.44 18.60 19.05 19.83 – – 11.34 <0.01 <0.25
7853 7036 0.1173 10:47:11.80 59:06:53.70 20.81 19.39 18.69 18.19 17.91 18.39 18.48 17.45 18.73 0.41 0.00 0.08
9707 7038 0.1864 10:46:06.41 58:48:15.80 19.73 18.85 18.54 18.12 17.99 18.28 18.49 16.21 15.98 0.79 0.18 3.07
18876 7039 0.1590 10:44:01.16 58:52:49.20 21.55 19.68 18.82 18.19 17.97 18.33 18.81 19.15 – 0.71 <0.01 <0.21
14449 7040 0.2005 10:45:42.97 59:11:31.09 21.69 19.79 18.76 18.15 17.67 17.90 18.34 18.27 – 1.55 <0.02 <0.38
1445 7042 0.1142 10:48:11.72 58:52:05.99 20.20 19.35 19.05 18.59 18.50 18.88 18.72 16.78 16.43 0.19 0.04 0.62
11736 7044 0.1864 10:45:27.97 58:44:59.30 20.74 19.40 18.78 18.18 17.75 18.12 18.56 16.56 16.40 1.18 0.12 2.09
935 7047 0.1179 10:48:00.80 58:43:48.00 – 19.47 18.84 18.23 17.97 18.36 18.66 17.39 17.90 0.40 0.01 0.17
708 7048 0.1177 10:48:04.79 58:44:12.80 22.75 19.65 19.04 18.47 18.29 18.76 19.19 17.56 17.52 0.28 0.01 0.24
9757 7049 0.3536 10:46:17.57 58:53:52.49 22.22 19.77 18.22 17.54 16.70 17.07 17.61 18.09 – 9.89 <0.10 <1.76
18978 7050 0.1579 10:43:59.45 58:52:36.50 21.02 19.25 18.37 17.85 17.69 18.10 18.71 19.81 – 0.88 <0.01 <0.21
15821 7051 0.2879 10:45:40.39 59:20:04.20 22.11 19.97 18.61 17.97 17.31 17.66 18.27 18.89 – 3.81 <0.06 <0.98
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Table C.3: continued.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
10475 7054 0.2537 10:46:50.93 59:14:01.20 20.71 19.58 18.96 18.44 18.23 18.33 18.13 17.48 17.76 1.37 0.08 1.33
11232 7055 0.0886 10:45:40.38 58:46:59.50 20.34 19.19 18.99 18.53 18.59 19.05 19.16 17.24 17.25 0.11 0.01 0.16
17509 7057 0.1180 10:44:10.49 58:48:22.90 21.15 19.79 18.99 18.40 17.94 18.12 18.84 17.07 16.90 0.37 0.02 0.43
4207 7058 0.1619 10:48:13.00 59:10:59.30 20.37 19.35 19.06 18.71 18.49 18.79 19.05 17.15 16.86 0.34 0.06 0.96
4232 7059 0.1163 10:48:11.41 59:10:26.89 19.66 18.64 18.32 17.92 17.94 18.31 18.28 16.65 16.88 0.34 0.02 0.43
5455 7060 0.1167 10:47:36.44 59:02:18.10 21.15 19.69 19.25 18.59 17.72 18.06 17.91 15.88 15.53 0.24 0.09 1.50
14506 7062 0.2483 10:45:11.16 58:56:58.40 21.96 20.14 19.14 18.60 18.40 18.66 18.81 19.86 – 0.70 <0.04 <0.66
14645 7063 0.0000 10:44:55.68 58:50:33.60 23.26 20.56 19.32 18.29 18.26 18.92 19.43 – – 6.67 <0.02 <0.29
4177 7065 0.1178 10:47:23.34 58:47:58.01 21.36 19.87 19.10 18.56 18.45 18.82 18.82 18.43 17.37 0.26 0.02 0.28
2460 7066 0.3054 10:47:46.13 58:47:27.79 22.76 20.34 19.36 18.75 19.26 19.75 21.24 – – 0.25 <0.07 <1.15
4327 7067 0.0886 10:47:40.91 58:57:09.00 20.44 19.31 19.00 – 18.83 19.25 19.12 17.69 – 0.04 <0.00 <0.05
14808 7068 0.2009 10:45:33.14 59:09:35.40 22.08 20.21 19.17 18.61 18.25 18.69 19.61 19.66 – 0.74 <0.02 <0.38
5298 7069 0.1160 10:47:03.66 58:46:11.00 20.56 19.32 18.89 18.36 18.06 18.45 18.81 16.61 16.57 0.34 0.03 0.56
20564 7070 0.2511 10:43:56.46 59:01:54.20 22.02 20.20 18.97 18.34 17.78 18.10 18.96 19.12 – 2.11 <0.04 <0.68
19916 7071 0.1414 10:44:40.00 59:18:31.01 20.74 19.50 18.99 18.59 18.40 18.52 18.59 17.59 – 0.33 <0.01 <0.16
18012 7072 0.1160 10:44:20.45 58:56:27.00 20.43 19.42 19.21 18.97 18.97 19.29 19.43 17.92 17.63 0.10 0.01 0.21
20777 7074 0.1985 10:44:09.92 59:09:44.99 22.02 20.08 18.95 18.27 17.31 17.64 18.15 18.27 18.81 1.89 0.02 0.27
1802 7075 0.1947 10:48:09.16 58:53:35.60 20.65 19.74 19.32 18.76 18.35 18.69 – 16.64 16.25 0.64 0.15 2.67
21796 7076 0.1417 10:43:47.82 59:06:20.90 20.61 19.74 19.35 19.04 18.87 19.29 19.15 17.12 17.62 0.19 0.02 0.34
23131 7077 0.1994 10:43:40.37 59:12:41.20 20.74 19.54 19.05 18.53 18.22 18.38 18.87 16.87 16.55 0.82 0.12 2.14
2746 7078 0.1264 10:47:52.15 58:51:54.60 20.75 19.74 19.30 18.82 18.24 18.54 18.63 16.68 16.63 0.20 0.04 0.65
6302 7081 0.4318 10:47:30.40 59:05:16.50 22.30 20.41 19.04 18.41 17.72 17.98 18.32 18.82 – 2.87 <0.18 <3.20
9913 7082 0.2980 10:46:46.82 59:08:30.21 22.83 20.62 19.26 18.62 17.95 18.16 18.17 18.48 – 1.88 <0.06 <1.08
3538 7083 0.1118 10:47:50.51 58:56:21.40 19.75 18.70 18.39 18.00 18.19 18.57 – 17.23 17.60 0.25 0.01 0.20
15720 7084 0.1344 10:45:31.46 59:15:13.71 20.24 19.16 18.91 18.53 18.60 19.02 19.01 17.64 – 0.22 <0.01 <0.14
18680 7086 0.1992 10:43:53.55 58:47:58.80 21.82 20.03 19.06 18.49 18.32 18.93 19.88 19.29 – 0.43 <0.02 <0.37
22889 7087 0.1994 10:43:42.24 59:11:58.30 22.25 20.41 19.42 18.91 18.47 18.80 19.47 19.57 – 0.63 <0.02 <0.37
4234 7088 0.3532 10:48:05.47 59:07:45.60 22.90 20.64 19.03 18.35 17.52 17.79 17.95 18.90 – 4.48 <0.10 <1.76
16272 7089 0.2302 10:45:04.88 59:06:26.40 21.99 20.27 19.26 18.65 18.19 18.51 19.30 19.12 – 1.23 <0.03 <0.54
17119 7090 0.0000 10:44:48.02 59:03:57.00 20.30 19.34 19.57 19.46 21.79 22.26 – – – 0.03 <0.01 <0.25
15137 7094 0.2306 10:45:00.70 58:56:28.50 21.19 19.84 19.06 18.49 18.19 18.52 19.07 18.34 – 1.19 <0.03 <0.54
3160 7096 0.1165 10:47:31.09 58:45:00.21 20.17 19.21 19.03 18.64 18.68 19.11 – 18.05 17.19 0.15 0.02 0.32
16503 7099 0.3227 10:44:52.89 59:02:16.40 22.01 20.48 19.30 18.64 17.86 18.13 18.87 18.48 18.63 2.85 0.07 1.15
16799 7100 0.1571 10:44:19.12 58:47:53.69 20.81 19.53 19.00 18.59 18.54 19.03 19.71 18.43 – 0.34 <0.01 <0.21
21245 7101 0.3223 10:43:47.62 59:02:17.30 22.75 20.48 19.07 18.39 17.65 17.91 18.30 18.74 – 3.38 <0.08 <1.35
10972 7104 0.3665 10:46:50.28 59:17:25.10 20.90 19.68 18.55 18.00 17.19 17.40 17.60 17.21 15.77 6.76 1.34 23.14
9782 7105 0.3908 10:46:34.84 59:02:04.69 23.11 20.67 19.21 18.52 17.58 17.96 18.24 18.93 – 2.97 <0.14 <2.36
19807 7109 0.3221 10:43:56.61 58:56:57.39 22.28 20.36 19.03 18.38 17.79 18.00 18.45 19.02 – 1.56 <0.08 <1.34
5888 7110 0.3042 10:47:39.31 59:06:50.81 21.27 20.02 19.07 18.52 17.70 18.05 18.41 17.50 – 2.16 <0.07 <1.15
14726 7111 0.3532 10:45:03.11 58:54:50.69 22.87 20.36 18.80 18.10 17.27 17.69 18.42 18.86 – 5.47 <0.10 <1.76
12573 7113 0.3942 10:45:33.95 58:53:55.01 21.74 20.35 19.10 18.45 17.46 17.80 18.11 18.14 18.21 5.97 0.18 3.03
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Table C.3: continued.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
2291 7114 0.1943 10:48:00.45 58:52:50.39 20.94 19.95 19.42 18.90 18.70 18.96 18.83 17.26 16.83 0.50 0.09 1.56
10074 7117 0.4040 10:46:11.59 58:53:03.70 23.06 20.79 19.19 18.47 17.44 17.75 18.30 19.10 – 5.89 <0.15 <2.62
5166 7118 0.1624 10:48:02.17 59:12:02.69 21.40 20.03 19.46 19.13 19.00 19.36 – 19.03 – 0.23 <0.01 <0.22
5181 7119 0.1187 10:47:37.31 59:00:50.40 20.95 19.67 19.17 18.66 18.13 18.58 18.81 16.55 17.34 0.32 0.02 0.29
4354 7120 0.3046 10:47:17.37 58:46:27.70 22.84 20.75 19.44 18.86 18.32 18.47 18.93 20.49 – 0.78 <0.07 <1.15
3746 7121 0.3043 10:47:35.55 58:50:51.70 22.70 20.75 19.39 18.64 17.89 18.26 18.68 19.03 – 2.19 <0.07 <1.15
14487 7122 0.0000 10:45:13.48 58:57:57.10 23.62 20.97 19.76 18.59 18.40 18.86 19.27 19.67 – 4.18 <0.02 <0.42
5993 7126 0.1163 10:47:18.66 58:58:05.10 21.09 19.95 19.42 18.90 18.56 18.82 18.97 17.54 – 0.09 <0.01 <0.10
16497 7129 0.3566 10:44:46.36 58:59:08.20 22.17 20.66 19.37 18.76 17.87 18.18 18.42 18.52 18.72 3.45 0.08 1.41
21455 7131 0.3527 10:44:16.93 59:18:00.30 23.07 21.10 19.44 18.75 17.84 18.08 18.48 18.81 – 3.10 <0.10 <1.75
12130 7135 0.2918 10:46:31.94 59:17:31.90 22.46 20.85 19.70 19.06 18.57 18.90 19.40 – – 0.91 <0.06 <1.02
4717 7136 0.3046 10:47:43.36 59:00:44.49 21.57 20.18 19.19 18.67 18.26 18.42 19.17 18.35 – 0.82 <0.07 <1.15
21511 7138 0.3853 10:43:48.89 59:04:55.30 21.72 20.28 19.43 18.90 18.60 18.93 19.59 19.10 – 0.90 <0.13 <2.26
6780 7140 0.3197 10:47:26.08 59:06:18.60 23.00 20.92 19.52 18.88 18.17 18.49 19.02 – – 1.73 <0.08 <1.32
16719 7142 0.1625 10:45:15.05 59:14:00.70 20.72 19.63 19.28 18.96 18.86 19.25 – 18.24 – 0.25 <0.01 <0.22
4992 7145 0.1347 10:47:20.28 58:51:45.90 21.35 20.05 19.58 18.96 18.70 19.10 19.37 17.55 – 0.21 <0.01 <0.14
13213 7149 0.0000 10:45:23.33 58:53:18.30 23.83 21.10 19.90 18.70 18.49 18.96 20.34 20.18 – 3.27 <0.01 <0.09
1903 7150 0.1945 10:48:04.73 58:52:13.70 21.15 20.10 19.56 19.03 18.81 19.12 19.72 17.90 – 0.46 <0.02 <0.35
19291 7152 0.4633 10:44:51.39 59:19:46.30 21.41 20.54 19.81 19.22 17.66 17.55 17.09 16.64 15.33 3.45 4.04 69.96
19370 7154 0.3047 10:44:34.36 59:12:08.50 23.35 21.11 19.63 19.02 18.23 18.60 18.93 20.23 – 1.31 <0.07 <1.15
6979 7155 0.2487 10:47:22.25 59:06:04.70 21.92 20.54 19.74 19.22 18.65 18.80 19.28 18.37 17.62 0.92 0.08 1.42
9426 7156 0.1863 10:46:09.41 58:47:53.41 20.13 19.24 19.03 18.74 18.97 19.35 – 17.82 17.24 0.25 0.06 0.96
11588 7158 0.3901 10:45:39.24 58:49:29.49 22.25 20.74 19.47 18.76 17.95 18.21 18.95 18.91 – 2.39 <0.14 <2.36
8644 7162 0.0899 10:47:09.30 59:10:55.99 20.26 19.14 18.96 18.70 18.98 19.67 19.77 18.79 – 0.06 <0.01 <0.06
16792 7164 0.4503 10:44:55.00 59:05:08.10 23.25 20.94 19.57 18.81 17.66 17.84 17.95 17.89 18.77 5.64 0.16 2.70
3578 7166 0.2311 10:47:28.22 58:46:24.70 21.53 20.48 19.95 19.39 18.93 18.98 19.58 17.42 17.43 0.60 0.08 1.40
4475 7167 0.2546 10:48:08.55 59:10:42.70 21.23 20.46 19.81 19.42 19.14 19.29 19.33 17.84 18.22 0.57 0.05 0.87
3324 7168 0.1263 10:47:38.76 58:49:46.30 20.94 19.95 19.67 19.27 19.32 19.47 – 18.57 17.95 0.10 0.01 0.19
6977 7171 0.3029 10:46:43.86 58:48:17.20 21.67 20.55 19.73 19.20 18.42 18.59 19.13 17.66 17.04 1.59 0.24 4.17
14785 7172 0.4637 10:45:46.24 59:15:32.70 22.32 21.27 19.75 19.42 19.05 19.29 18.58 – – 0.98 <0.23 <3.97
7315 7174 0.2354 10:47:11.15 59:03:07.80 21.38 20.35 19.83 19.38 19.00 19.14 19.44 18.06 17.85 0.54 0.06 0.99
6489 7176 0.3242 10:47:12.52 58:58:17.00 21.42 20.28 19.47 18.88 18.17 18.37 19.01 18.69 17.13 1.98 0.27 4.64
11127 7182 0.2476 10:45:46.99 58:49:16.30 20.83 19.88 19.51 19.08 19.18 19.25 19.45 18.09 17.50 0.45 0.09 1.57
20580 7183 0.4714 10:43:43.24 58:55:35.81 21.31 20.49 19.93 19.22 17.54 17.31 17.17 16.86 15.62 2.90 3.28 56.75
6295 7191 0.1991 10:47:10.45 58:56:00.20 20.62 19.67 19.27 18.83 18.71 19.06 18.98 17.96 17.86 0.50 0.04 0.64
4099 7195 0.1861 10:47:34.37 58:52:28.90 21.45 20.45 19.95 19.44 18.97 19.39 19.81 17.84 17.59 0.34 0.04 0.69
6773 7197 0.4473 10:47:32.49 59:09:10.80 21.28 20.11 19.67 19.21 18.85 19.35 19.60 17.63 17.55 0.96 0.47 8.17
20504 7198 0.4144 10:43:55.44 59:01:01.00 21.10 20.45 19.45 18.85 18.03 18.21 18.38 18.10 17.13 3.20 0.55 9.58
11653 7199 0.1858 10:45:28.25 58:44:39.61 21.44 20.44 19.98 19.52 19.58 20.23 20.27 18.83 17.36 0.17 0.05 0.85
2182 7202 0.3960 10:47:58.97 58:51:30.50 21.29 20.70 20.06 19.65 19.43 19.35 19.80 18.51 17.54 0.39 0.33 5.69
8582 7210 0.1414 10:47:22.22 59:16:30.40 20.66 19.66 19.41 19.08 19.15 19.70 – 18.66 – 0.13 <0.01 <0.16
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Table C.3: continued.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
3982 7212 0.3253 10:47:46.31 58:57:15.21 22.31 20.98 20.09 19.67 19.15 19.51 20.12 19.89 17.18 0.40 0.26 4.47
6540 7213 0.1163 10:47:01.10 58:53:23.60 21.81 20.50 20.11 19.55 19.23 20.05 – 19.16 17.29 0.06 0.02 0.29
19164 7216 0.3579 10:44:03.56 58:56:05.50 22.31 20.90 19.83 19.23 18.43 18.38 18.94 17.49 16.42 1.82 0.68 11.83
5998 7217 0.2573 10:47:24.81 59:00:56.90 21.91 20.74 19.92 19.35 18.72 18.90 19.86 18.58 17.25 0.77 0.13 2.18
7087 7218 0.0723 10:47:34.98 59:12:40.60 20.72 19.71 19.71 19.42 19.82 20.00 – 19.98 17.99 0.01 0.00 0.05
8368 7219 0.3526 10:47:19.86 59:14:00.00 21.69 20.87 20.05 19.58 18.87 18.97 19.03 18.18 17.16 1.33 0.33 5.76
1528 7221 0.3032 10:48:03.52 58:48:55.09 23.59 21.35 19.98 19.24 18.56 18.84 19.22 – – 1.25 <0.07 <1.13
2692 7224 0.3706 10:48:17.54 59:03:13.80 22.39 21.01 20.07 19.48 18.62 18.78 19.26 17.78 17.27 1.61 0.35 6.00
6452 7231 0.3256 10:47:41.02 59:11:03.79 21.29 20.61 20.02 19.63 19.09 19.39 – 18.59 17.35 0.71 0.22 3.84
5936 7238 0.3041 10:47:38.75 59:06:57.00 21.68 20.73 20.06 19.62 19.19 19.02 18.86 18.01 16.82 0.53 0.30 5.17
6235 7245 0.2448 10:46:50.13 58:46:15.11 21.65 20.78 20.13 19.67 19.22 19.28 19.94 17.99 17.43 0.48 0.09 1.62
18306 7247 0.2107 10:44:10.44 58:53:36.49 21.47 20.42 20.01 19.68 19.47 19.65 19.90 18.73 18.65 0.25 0.02 0.36
16499 7256 0.3115 10:44:31.55 58:52:01.11 21.43 20.51 19.89 19.41 19.37 19.30 20.97 18.64 – 0.22 <0.07 <1.22
18784 7259 0.3586 10:44:55.74 59:18:26.90 22.81 21.17 19.94 19.30 18.22 18.33 18.68 17.76 16.12 1.26 0.90 15.64
20846 7270 0.3510 10:43:43.63 58:57:30.60 22.19 21.03 20.08 19.44 18.71 19.01 19.17 18.48 18.05 1.54 0.14 2.50
2768 7272 0.4204 10:47:48.53 58:50:27.20 21.72 21.00 20.10 19.62 18.65 18.87 19.45 18.32 – 1.77 <0.17 <2.95
8138 7308 0.1889 10:46:51.00 58:59:07.00 21.22 20.26 19.78 19.27 19.25 19.46 20.39 18.35 17.86 0.28 0.03 0.56
2877 7309 0.2117 10:47:46.76 58:50:19.40 22.02 20.92 20.33 19.80 19.26 19.56 20.01 18.09 17.45 0.27 0.06 1.10
19040 7313 1.5820 10:44:15.84 59:01:01.00 20.92 20.51 20.41 20.09 19.14 19.02 18.43 17.95 17.49 2.07 17.97 311.01
13967 7317 0.2296 10:45:24.75 58:59:39.19 21.64 20.59 20.10 19.64 19.48 19.69 – 18.31 18.46 0.33 0.03 0.53
20347 7323 0.3539 10:44:11.12 59:07:40.30 22.14 21.08 20.23 19.70 19.20 19.26 20.19 18.90 18.91 0.69 0.07 1.15
3974 7329 0.4399 10:47:51.00 58:59:22.80 22.10 21.25 20.36 19.75 18.67 18.89 19.25 18.59 18.05 2.28 0.28 4.90
16871 7331 0.4159 10:45:15.48 59:15:16.09 22.19 21.22 20.31 19.74 18.56 18.57 18.77 18.24 17.54 1.87 0.38 6.58
8280 7332 0.4210 10:46:18.33 58:44:53.30 21.67 20.83 19.80 19.25 18.37 18.62 19.11 18.16 16.85 2.01 0.75 12.93
4370 7338 0.2920 10:47:36.46 58:55:20.21 22.04 21.07 20.59 19.96 19.41 19.54 – 18.52 18.15 0.66 0.08 1.35
6690 7341 0.2899 10:47:03.64 58:55:22.60 21.77 20.68 19.96 19.48 18.85 19.09 – 18.47 19.03 1.02 0.03 0.59
6840 7348 0.3492 10:47:20.73 59:04:21.20 21.63 20.90 20.33 20.03 19.74 19.80 20.18 18.70 18.69 0.29 0.08 1.37
3061 7352 0.4993 10:48:08.50 59:01:26.60 22.13 21.21 20.31 19.64 18.48 18.66 19.00 18.36 16.90 3.14 1.20 20.71
20866 7353 0.5321 10:44:05.15 59:08:05.90 22.76 21.50 20.41 19.69 18.70 18.87 19.29 18.42 18.14 1.89 0.46 8.05
4660 7356 0.3116 10:48:11.64 59:13:18.71 21.86 21.04 20.52 20.12 19.60 19.62 20.25 19.13 19.06 0.53 0.04 0.70
8235 7358 0.5039 10:47:11.72 59:09:22.80 22.79 21.17 20.23 19.41 18.08 18.48 18.51 18.36 16.53 3.77 1.73 29.94
21545 7362 0.3536 10:44:14.66 59:17:33.30 23.71 21.86 20.30 19.60 18.70 18.97 19.32 19.93 – 1.36 <0.10 <1.76
16881 7365 0.1392 10:45:00.87 59:08:26.20 21.16 20.47 20.21 19.87 19.63 19.96 – 18.90 17.69 0.09 0.02 0.31
19877 7374 0.4154 10:44:01.39 58:59:42.50 22.53 21.48 20.38 19.81 18.60 18.87 19.22 18.43 17.02 1.52 0.61 10.62
6335 7376 0.2897 10:46:58.78 58:50:55.30 21.48 20.69 20.25 19.87 19.48 19.54 20.03 19.07 17.80 0.55 0.11 1.82
18982 7380 0.4505 10:43:58.04 58:51:56.00 23.07 21.58 20.10 19.23 17.85 18.15 18.34 18.61 17.75 4.11 0.40 6.90
10914 7383 0.3664 10:46:50.84 59:17:17.10 22.65 21.59 20.50 19.92 18.17 18.16 18.65 17.17 15.79 0.48 1.31 22.63
2929 7388 0.5019 10:48:07.53 59:00:03.41 22.88 21.77 20.44 19.76 18.57 18.77 18.87 18.90 16.79 1.78 1.35 23.29
4996 7390 0.3200 10:47:20.71 58:52:01.90 21.57 20.89 20.38 20.06 19.69 19.79 – 19.11 19.14 0.35 0.04 0.70
12797 7402 0.3745 10:45:56.92 59:06:19.70 21.86 21.00 20.19 19.76 19.35 – – 19.10 18.50 0.44 0.12 2.00
6944 7404 0.3467 10:46:50.91 58:51:21.29 21.84 20.55 20.02 19.35 18.59 18.88 19.28 17.59 17.80 1.51 0.17 3.01
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Table C.3: continued.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
12646 7407 0.2467 10:45:13.97 58:44:53.30 21.58 20.79 20.32 19.89 19.51 19.78 20.88 19.58 – 0.31 <0.04 <0.65
22855 7409 0.3526 10:43:44.88 59:13:01.70 22.18 21.22 20.53 19.92 19.40 19.60 – 19.14 – 0.51 <0.10 <1.75
20413 7429 0.3574 10:44:09.08 59:07:05.20 22.21 21.33 20.58 20.19 19.54 19.57 20.11 18.62 17.65 0.50 0.22 3.81
2890 7459 0.3540 10:48:16.36 59:03:52.31 22.97 21.64 20.55 19.91 18.85 18.94 19.32 18.47 17.52 0.90 0.24 4.16
15481 7476 0.3020 10:45:00.80 58:58:55.61 22.43 21.31 20.63 20.20 19.80 20.10 20.18 19.30 18.70 0.28 0.05 0.90
4669 7481 0.4338 10:47:09.75 58:45:00.30 22.84 21.70 20.70 20.11 19.52 20.01 – – – 0.55 <0.19 <3.24
7190 7484 0.8219 10:46:58.80 58:56:42.91 23.16 21.55 20.66 20.03 19.65 19.89 20.61 18.88 17.45 0.58 2.56 44.36
21048 7506 0.4718 10:43:46.49 59:00:24.20 23.40 21.75 20.25 19.39 18.25 18.62 18.48 19.63 – 3.71 <0.24 <4.17
5053 7507 0.1568 10:47:08.02 58:46:29.40 22.22 21.06 20.67 20.26 20.31 20.95 – 21.13 – 0.05 <0.01 <0.20
22539 7528 0.4945 10:43:55.58 59:15:52.90 23.88 22.08 20.57 19.81 18.87 19.24 19.19 18.94 18.27 1.61 0.33 5.71
3079 7529 0.3509 10:48:15.68 59:04:50.40 22.56 21.39 20.33 19.65 18.31 18.48 18.95 17.95 18.10 1.45 0.14 2.38
14391 7532 0.4122 10:45:44.53 59:11:50.80 22.19 21.35 20.40 19.86 18.90 19.15 19.75 19.06 17.75 1.69 0.31 5.32
12443 7539 0.4160 10:45:36.51 58:54:05.70 22.14 21.33 20.55 20.10 19.63 19.69 – 19.59 19.28 0.56 0.08 1.33
1356 7554 0.4642 10:47:56.02 58:44:19.41 21.57 21.66 20.89 20.35 19.59 19.59 20.48 19.00 17.96 0.85 0.36 6.23
5909 7558 0.3240 10:47:20.84 58:58:32.70 22.14 21.23 20.58 20.15 19.31 19.52 20.20 18.71 17.86 0.60 0.14 2.37
4796 7577 0.4036 10:47:45.12 59:02:00.90 22.61 21.71 20.81 20.30 18.77 18.67 18.74 17.34 15.68 0.49 1.94 33.51
20180 7585 0.4150 10:43:53.40 58:58:05.49 23.45 22.04 20.83 20.14 18.71 18.85 18.81 18.36 16.96 0.63 0.65 11.21
3937 7613 0.3513 10:47:31.05 58:49:58.10 22.91 22.23 21.73 19.92 19.16 19.43 – 19.86 18.51 0.42 0.09 1.63
15503 7617 0.3224 10:44:48.93 58:53:31.19 22.56 21.61 20.81 20.31 19.53 19.78 20.44 18.86 18.05 0.48 0.11 1.96
6498 7626 0.5340 10:46:52.61 58:49:06.30 22.57 21.49 20.73 20.23 19.43 19.54 – 19.04 18.49 0.73 0.34 5.94
22607 7631 0.4559 10:43:53.82 59:15:32.70 22.57 21.80 20.76 20.20 19.18 19.44 – 19.15 18.30 1.20 0.25 4.35
21357 7638 0.3637 10:44:08.41 59:13:03.50 22.08 21.41 20.77 20.52 20.10 20.26 – 19.76 18.89 0.27 0.07 1.28
20444 7656 0.4167 10:43:54.55 59:00:14.80 23.47 21.97 20.79 20.08 18.99 19.02 19.48 18.57 17.15 1.33 0.55 9.51
22462 7672 0.1393 10:43:53.12 59:14:02.71 21.81 20.89 20.76 20.46 20.72 – – – – 0.02 <0.01 <0.15
15757 7675 0.5026 10:45:28.10 59:13:55.19 22.64 21.76 20.65 20.08 18.71 18.98 18.89 18.40 17.14 2.16 0.98 16.99
1616 7683 0.5336 10:48:14.09 58:54:25.91 22.22 21.36 21.07 20.65 19.56 19.56 – 20.51 – 0.73 <0.35 <6.12
15706 7708 0.3247 10:45:34.82 59:16:39.89 22.74 21.67 20.91 20.44 19.51 19.79 – 19.30 – 0.27 <0.08 <1.38
20834 7709 0.5264 10:44:28.07 59:18:49.70 22.21 21.72 21.07 20.73 19.97 20.20 – 19.69 17.53 0.37 0.80 13.78
20004 7741 0.6038 10:43:51.26 58:55:44.29 21.96 21.30 20.57 19.87 18.52 18.71 18.42 18.72 17.21 1.82 1.60 27.61
4264 7763 2.8930 10:48:11.72 59:10:46.50 21.16 21.16 21.13 20.91 18.87 18.65 18.63 18.08 17.51 10.76 74.43 1288.18
13227 9127 0.3897 10:46:02.88 59:12:01.50 23.05 22.06 21.09 20.57 19.59 19.96 – 19.72 – 0.35 <0.14 <2.34
9761 9128 0.3753 10:46:32.03 59:00:43.00 22.25 21.59 21.06 20.72 20.21 20.70 – 20.15 – 0.26 <0.12 <2.10
6200 9130 0.4071 10:47:35.90 59:07:11.30 22.91 22.04 21.14 20.45 19.05 19.25 19.80 18.72 16.89 0.65 0.65 11.29
10858 9132 0.5878 10:46:12.55 58:58:59.20 23.40 22.20 21.07 20.12 18.49 19.07 19.24 19.68 – 3.64 <0.47 <8.18
6813 9134 0.3743 10:47:11.50 58:59:52.80 23.41 22.23 21.14 20.52 19.47 19.49 – 18.77 – 0.49 <0.12 <2.08
5772 9136 0.5458 10:47:16.48 58:55:27.40 22.39 21.77 21.08 20.41 19.65 19.90 19.88 19.94 18.00 0.79 0.58 9.99
10563 9138 0.6779 10:46:15.65 58:58:10.10 22.36 21.73 21.25 20.54 19.38 19.71 19.88 20.04 17.82 1.29 1.16 20.05
14833 9139 0.3767 10:45:09.55 58:58:38.80 23.35 22.25 21.17 20.60 19.48 19.73 20.10 19.43 – 0.44 <0.12 <2.12
16265 9142 0.5106 10:44:35.46 58:52:20.61 22.20 21.78 21.28 20.89 21.14 21.16 – 19.77 17.19 0.09 0.99 17.15
9546 9145 0.6038 10:46:12.57 58:50:06.39 24.31 22.47 20.87 19.73 18.22 18.52 19.02 – 18.45 5.00 0.51 8.80
8727 8024 0.7610 10:46:32.25 58:54:12.50 21.53 21.39 21.10 20.54 19.35 20.16 – – – 0.95 <0.86 <14.86
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Table C.3: continued.

SWIRE Spec. z RA DEC U g′ r′ i′ 3.6 4.5 5.8 8.0 24 M L(IR) SFR(IR)
id. id. spec. [deg] [deg] µm µm µm µm µm [1011M�] [1011L�] [M�yr−1]
6886 8025 0.2898 10:46:58.95 58:54:36.00 22.19 21.41 20.95 20.66 20.37 20.47 – – – 0.13 <0.06 <1.00
9369 8028 0.4059 10:46:23.53 58:54:07.81 23.63 22.49 21.26 20.61 19.52 19.71 – 19.83 – 0.68 <0.15 <2.65
12890 9151 0.5121 10:45:57.13 59:06:56.79 22.41 21.95 21.48 21.09 20.85 20.96 – – – 0.19 <0.31 <5.38
10015 9156 0.5200 10:46:54.66 59:12:46.30 23.44 22.13 21.09 20.62 18.68 19.19 19.30 17.74 16.56 1.05 1.86 32.25
12885 9157 0.5870 10:45:35.62 58:56:48.91 23.03 22.15 21.26 20.60 19.04 19.50 19.37 19.76 17.58 1.78 1.05 18.17
15248 9160 2.0390 10:44:56.65 58:55:25.70 21.95 21.68 21.41 21.11 19.10 19.09 18.91 18.78 18.57 4.72 6.37 110.28
13267 9161 0.3043 10:45:23.32 58:53:43.50 23.03 22.10 21.48 21.01 20.24 21.13 – 19.71 17.98 0.16 0.10 1.77
11089 9162 0.3032 10:46:08.37 58:58:57.80 23.50 22.22 21.46 20.96 20.15 20.04 – 19.25 – 0.11 <0.07 <1.13
10222 9165 0.6906 10:46:16.07 58:55:58.51 23.38 22.36 21.36 20.37 18.61 19.10 19.32 19.50 18.04 3.10 0.99 17.06
16315 9166 0.3769 10:44:50.93 59:00:09.90 23.73 22.49 21.48 20.85 19.82 19.90 – 19.04 18.41 0.45 0.13 2.20
15320 9167 0.2139 10:45:04.94 58:59:47.20 22.96 22.13 21.44 20.69 19.09 19.06 18.61 17.78 15.53 0.06 0.38 6.57
10638 9169 0.5040 10:46:32.54 59:06:33.70 25.25 23.00 21.56 20.62 19.14 19.70 20.19 – – 1.36 <0.30 <5.12
16302 9170 0.7540 10:45:09.99 59:09:09.60 22.37 21.86 21.41 20.64 19.37 20.06 19.90 – 17.83 1.08 1.48 25.68
14895 9171 0.4104 10:45:37.71 59:12:23.50 22.63 22.03 21.49 21.23 20.16 20.04 20.18 18.66 17.35 0.52 0.44 7.56
13810 9173 2.7310 10:45:49.58 59:10:06.40 23.21 21.51 21.60 21.24 19.43 19.00 18.71 17.41 15.10 1.35 513.15 8881.11
10256 9175 0.6065 10:46:08.27 58:52:32.01 23.50 22.55 21.64 20.67 19.09 19.65 19.24 19.45 18.91 2.16 0.33 5.78
12743 9176 0.5439 10:46:05.20 59:09:43.50 23.44 22.53 21.56 20.71 19.50 19.75 19.63 – – 1.33 <0.37 <6.48
12855 8029 0.3545 10:45:21.93 58:50:07.80 22.52 21.76 21.12 20.79 20.11 19.97 – 19.74 – 0.40 <0.10 <1.77
14969 8034 0.5019 10:45:21.77 59:05:19.61 22.52 22.01 21.43 20.97 20.69 20.96 – – – 0.19 <0.29 <5.05
6109 8036 0.4962 10:47:27.80 59:02:53.90 23.41 22.47 21.54 21.10 19.87 20.15 21.00 20.08 18.89 0.69 0.19 3.27
7602 9179 0.6756 10:46:56.66 58:58:20.11 24.28 22.84 21.26 20.12 18.37 18.88 18.83 – – 3.92 <0.64 <11.13
10762 9196 0.6042 10:46:00.08 58:52:23.00 23.63 22.72 21.64 20.95 18.73 19.25 19.54 19.04 17.37 0.77 1.38 23.92
17675 8038 0.3648 10:44:51.96 59:09:20.10 22.54 21.95 21.45 20.73 19.31 19.79 19.86 19.73 17.70 0.31 0.22 3.85
16378 8040 0.6073 10:44:41.30 58:56:01.01 23.18 22.48 21.79 21.13 19.81 20.05 19.49 20.17 18.32 0.56 0.58 10.08
6927 9202 0.3749 10:47:09.95 59:00:02.40 23.73 22.71 21.92 21.43 19.96 19.99 – 18.91 17.84 0.07 0.21 3.67
15105 9205 0.4462 10:44:53.09 58:52:37.40 23.87 22.85 21.77 21.14 19.65 19.63 19.76 18.82 18.96 0.67 0.13 2.22
6202 8050 0.6760 10:47:10.20 58:55:21.00 23.33 22.61 21.97 21.34 20.05 20.65 – – – 0.51 <0.64 <11.14
10296 9504 0.6754 10:46:18.80 58:57:45.71 23.10 22.55 21.84 20.75 19.51 19.94 19.12 19.89 17.59 1.44 1.43 24.74
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Table C.4:

Photometry for the spectroscopic FORS2 sample selected in the GOODS CDFS field, to be compared to RDCS 1252.9-2927
member galaxies. IRAC 3.6, and 5.8 µm data belong to the first GOODS Spitzer data delivery. ACS F435W, F606W,
F775W, and F850LP (refered to as BVIz) and ISAAC J and Ks magnitudes are from Giavalisco et al. (2004) release.
Spectroscopic redshifts (Vanzella et al., 2004) belong to the ESO/GOODS/FORS2 survey. Only galaxies laying in the
redshift range z = 1.0 − 1.5 have been selected. All magnitudes are given in the AB system.

num. GOODS RA DEC z B V I z J Ks 3.6 5.8 M age
id. [deg] [deg] spec. µm µm [1011M�] [109yr]

1 J033206.44-274728.8 53.026818 -27.791323 1.021 23.79 22.96 21.79 21.09 – – 19.17 19.97 0.45 0.51
2 J033216.69-275239.0 53.069532 -27.877501 1.045 26.68 24.93 23.45 22.58 21.80 21.02 20.51 21.29 0.50 2.95
3 J033212.00-275104.2 53.050003 -27.851177 1.017 27.43 25.64 23.94 23.09 22.31 21.26 20.62 21.38 0.57 5.43
4 J033215.09-275130.7 53.062871 -27.858526 1.228 25.21 25.07 24.82 24.50 24.56 – – – 0.00 0.10
5 J033212.61-274605.1 53.052530 -27.768076 1.377 25.44 25.26 24.85 24.32 23.62 23.19 – – 0.06 1.81
6 J033216.95-274519.3 53.070605 -27.755367 1.303 25.91 25.41 24.62 23.84 22.93 21.87 – – 0.25 4.18
7 J033217.91-274122.7 53.074632 -27.689633 1.040 28.31 24.64 23.15 22.19 21.36 20.56 – – 0.98 4.01
8 J033218.58-274619.0 53.077406 -27.771957 1.435 25.45 25.23 24.70 24.13 23.92 23.06 21.68 21.19 0.01 0.05
9 J033214.05-275124.5 53.058531 -27.856818 1.219 24.65 24.14 23.53 22.80 22.24 21.43 20.73 21.11 0.15 0.84
10 J033216.34-275013.4 53.068095 -27.837046 1.046 25.35 24.79 23.97 23.45 23.07 22.39 21.8 22.44 0.03 0.51
11 J033214.69-275258.2 53.061220 -27.882833 1.101 24.75 24.62 24.17 23.94 23.37 23.15 – – 0.05 1.56
12 J033217.62-275228.5 53.073401 -27.874578 1.097 23.88 23.03 22.05 21.27 20.47 19.57 19.04 19.7 2.69 5.14
13 J033219.97-274547.6 53.083213 -27.763216 1.219 24.95 24.97 24.77 24.30 24.59 24.61 – – 0.01 0.31
14 J033218.61-274705.1 53.077548 -27.784738 1.379 24.43 24.31 23.94 23.53 23.08 22.76 21.85 22.71 0.07 0.60
15 J033217.46-275234.8 53.072767 -27.876321 1.100 26.00 24.47 22.96 21.99 21.05 20.19 19.74 20.56 1.22 2.54
16 J033219.79-274609.9 53.082443 -27.769404 1.221 27.24 26.72 25.41 24.53 22.91 21.81 21.32 – 0.47 4.35
17 J033217.48-275248.0 53.072832 -27.880000 1.095 26.68 24.54 22.96 21.88 20.92 19.99 19.52 20.27 2.29 5.15
18 J033222.41-274858.0 53.093359 -27.816101 1.383 25.34 25.09 24.72 24.26 23.61 23.52 – – 0.03 0.44
19 J033221.22-274625.9 53.088426 -27.773872 1.221 24.81 24.56 24.19 23.68 23.89 23.54 22.54 22.17 0.02 0.22
20 J033219.79-274839.3 53.082463 -27.810908 1.356 24.95 24.72 24.34 23.81 23.30 22.69 21.82 22.17 0.05 1.00
21 J033218.70-274919.8 53.077918 -27.822159 1.037 26.05 24.97 23.62 22.85 21.64 20.62 19.85 20.35 0.40 5.37
22 J033219.43-274928.2 53.080949 -27.824489 1.048 26.27 25.61 24.71 24.13 23.56 22.68 – – 0.15 5.33
23 J033218.78-274951.3 53.078252 -27.830928 1.294 24.89 24.69 24.44 23.99 23.66 23.51 22.88 23.12 0.01 0.88
24 J033221.57-274941.6 53.089888 -27.828231 1.109 25.10 24.54 23.78 23.17 22.59 21.81 21.3 21.73 0.28 5.10
25 J033225.79-274352.3 53.107476 -27.731198 1.296 24.20 24.11 23.97 23.40 23.44 23.35 – – 0.01 0.83
26 J033219.15-274040.2 53.079778 -27.677839 1.128 25.92 24.02 22.42 21.28 – – – – 5.60 5.00
27 J033219.77-274204.0 53.082369 -27.701105 1.044 27.56 25.76 24.31 23.46 22.81 22.12 – – 0.08 0.68
28 J033219.30-275219.3 53.080419 -27.872039 1.096 26.63 25.13 23.45 22.31 20.91 20.02 19.82 20.74 2.59 5.02
29 J033223.61-274601.0 53.098383 -27.766949 1.032 26.48 25.34 23.94 23.09 22.22 20.95 20.13 – 0.28 5.28
30 J033223.83-274639.4 53.099272 -27.777608 1.222 27.81 26.45 25.33 24.49 24.12 22.49 – – 0.03 0.16
31 J033220.41-274641.7 53.085055 -27.778248 1.227 24.85 24.81 24.61 24.26 24.34 – 23.81 24.17 0.01 0.38
32 J033223.45-274709.0 53.097700 -27.785845 1.423 24.40 24.15 23.83 23.34 22.86 22.45 21.66 22.09 0.09 2.83
33 J033220.28-275233.0 53.084500 -27.875837 1.118 26.00 24.51 23.14 22.22 21.44 20.67 20.07 20.7 0.65 2.06
34 J033226.84-274545.3 53.111831 -27.762584 1.306 24.53 24.47 24.33 23.80 24.17 23.99 23.3 – 0.01 0.22
35 J033223.29-274742.6 53.097031 -27.795161 1.092 26.16 25.52 24.84 24.43 24.34 23.43 22.15 22.6 0.05 5.11
36 J033221.81-274352.3 53.090872 -27.731199 1.307 25.08 25.05 25.00 24.42 25.25 24.23 – – 0.00 0.28
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Table C.4: continued.

num. GOODS RA DEC z B V I z J Ks 3.6 5.8 M age
id. [deg] [deg] spec. µm µm [1011M�] [109yr]

37 J033224.85-275052.6 53.103543 -27.847946 1.328 24.82 24.50 24.03 23.42 22.78 22.15 – – 0.17 0.80
38 J033223.18-274921.5 53.096585 -27.822637 1.108 26.18 25.61 24.80 24.25 23.91 22.89 22.13 23.1 0.13 4.81
39 J033225.19-274735.3 53.104972 -27.793145 1.017 26.35 25.63 24.57 23.97 23.54 22.94 22.47 24 0.06 1.15
40 J033226.03-275147.7 53.108463 -27.863254 1.242 24.32 24.15 23.70 23.17 22.88 22.56 22.03 22.34 0.07 0.47
41 J033225.86-275019.7 53.107763 -27.838816 1.094 23.24 22.76 22.09 21.60 21.15 20.63 20.28 21.04 0.56 5.15
42 J033228.45-274419.3 53.118555 -27.738683 1.134 24.20 24.01 23.45 22.95 22.86 22.48 – – 0.06 0.91
43 J033227.84-274136.8 53.116005 -27.693559 1.043 26.39 24.52 23.11 22.19 21.24 20.53 – – 1.00 4.15
44 J033226.66-274029.8 53.111071 -27.674933 1.040 25.95 24.38 22.95 22.06 – – – – 0.51 1.58
45 J033228.99-274908.4 53.120797 -27.818987 1.095 22.96 22.32 21.48 20.74 20.10 19.31 18.86 19.52 1.95 1.51
46 J033227.02-274407.2 53.112590 -27.735322 1.128 24.87 24.12 23.21 22.37 21.64 20.60 – – 0.40 5.03
47 J033225.48-275211.6 53.106172 -27.869894 1.313 24.29 24.26 24.21 23.82 23.72 23.97 – – 0.01 0.31
48 J033229.75-275147.1 53.123947 -27.863096 1.315 24.50 24.43 24.07 23.53 23.13 22.60 21.43 21.38 0.08 1.41
49 J033230.85-274621.7 53.128526 -27.772699 1.018 24.99 23.86 22.37 21.62 21.16 20.39 20.02 20.85 0.62 1.65
50 J033227.17-274957.8 53.113210 -27.832726 1.293 24.29 24.14 23.87 23.36 23.15 22.75 22.09 22.71 0.03 0.47
51 J033227.72-275040.8 53.115501 -27.844664 1.097 23.94 23.15 22.20 21.46 20.79 19.89 19.34 19.79 1.88 5.14
52 J033230.98-274434.9 53.129071 -27.743024 1.222 24.77 24.67 24.42 23.92 23.90 23.66 – – 0.03 0.68
53 J033229.63-274511.3 53.123455 -27.753135 1.033 26.86 26.00 25.00 24.31 23.63 23.04 – – 0.02 0.42
54 J033227.05-275318.4 53.112715 -27.888445 1.102 24.46 23.88 23.02 22.32 21.63 20.71 19.93 20.4 0.24 3.32
55 J033230.34-274523.6 53.126435 -27.756546 1.223 24.79 24.00 23.00 22.03 20.95 20.07 – – 2.17 3.58
56 J033239.64-274709.1 53.165161 -27.785869 1.317 26.20 25.32 24.01 23.02 21.76 20.83 20.11 20.81 0.90 1.57
57 J033231.04-274050.2 53.129337 -27.680606 1.037 24.70 23.67 22.63 21.86 – – – – 0.24 0.97
58 J033230.71-274617.2 53.127977 -27.771431 1.307 24.06 23.61 23.01 22.34 21.83 21.02 20.47 21.18 0.23 0.91
59 J033231.22-274052.2 53.130085 -27.681154 1.332 24.56 24.06 23.53 22.95 – – – – 0.03 0.32
60 J033231.65-274504.8 53.131858 -27.751334 1.097 25.01 24.60 23.96 23.41 23.06 22.65 – – 0.07 1.93
61 J033235.08-274615.7 53.146180 -27.771032 1.315 24.49 24.29 23.85 23.22 22.88 22.39 21.96 22.66 0.07 1.09
62 J033232.33-274345.8 53.134729 -27.729399 1.024 25.61 25.21 24.42 24.00 23.65 23.24 – – 0.04 2.40
63 J033235.78-274627.5 53.149077 -27.774298 1.094 26.04 24.99 23.77 22.87 22.04 20.94 20.4 21.23 0.24 2.82
64 J033231.28-274820.2 53.130328 -27.805625 1.172 25.34 24.64 23.91 23.26 22.85 22.12 21.73 22.29 0.05 0.77
65 J033235.79-274734.7 53.149142 -27.792985 1.223 26.29 25.74 24.83 23.95 22.91 21.92 21.18 21.85 0.44 4.01
66 J033235.11-275009.0 53.146312 -27.835823 1.295 25.03 25.00 24.94 24.50 24.99 24.54 – – 0.00 0.22
67 J033234.85-274640.4 53.145226 -27.777902 1.098 25.13 24.29 23.38 22.78 22.16 21.15 20.48 21.06 0.62 4.36
68 J033234.82-274835.5 53.145084 -27.809853 1.244 24.66 24.33 23.70 23.04 22.70 21.94 21.35 21.87 0.05 0.59
69 J033237.19-274608.1 53.154977 -27.768907 1.095 25.76 23.68 22.05 20.98 19.99 19.04 18.37 19.32 5.38 5.15
70 J033242.25-274625.4 53.176055 -27.773710 1.287 23.99 23.75 23.29 22.67 22.20 21.72 21.29 21.89 0.17 1.00
71 J033242.38-274707.6 53.176598 -27.785454 1.314 26.81 25.91 24.66 23.55 22.10 20.96 20.15 20.6 1.47 4.41
72 J033251.34-274742.7 53.213901 -27.795205 1.298 25.68 25.45 25.11 24.35 23.82 23.36 22.79 23.39 0.05 1.51
73 J033244.29-275009.7 53.184558 -27.836030 1.038 26.01 24.88 23.54 22.67 21.93 21.21 20.65 21.27 0.40 2.96
74 J033252.87-275114.7 53.220278 -27.854090 1.002 23.92 22.95 21.90 21.26 20.66 19.73 19.19 19.82 1.99 5.52
75 J033252.88-275119.8 53.220354 -27.855510 1.220 23.75 22.98 22.37 21.89 21.38 20.42 19.76 20.04 0.58 4.63
76 J033242.21-274953.9 53.175883 -27.831650 1.376 24.96 24.78 24.46 24.09 23.48 23.10 – – 0.04 0.83
77 J033245.90-274517.2 53.191258 -27.754773 1.036 25.17 24.96 24.40 24.01 23.97 23.87 – – 0.01 1.09
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Table C.4: continued.

num. GOODS RA DEC z B V I z J Ks 3.6 5.8 M age
id. [deg] [deg] spec. µm µm [1011M�] [109yr]

78 J033244.62-274632.2 53.185914 -27.775601 1.425 24.64 24.36 23.81 23.37 22.95 22.33 21.76 22.17 0.03 0.19
79 J033245.21-274858.0 53.188386 -27.816110 1.463 26.31 25.92 25.39 24.88 24.09 23.30 22.69 23.33 0.02 0.29
80 J033245.15-274940.0 53.188120 -27.827766 1.123 26.14 24.52 22.97 21.94 21.02 20.17 19.49 20.06 1.13 2.00
81 J033244.18-274729.4 53.184080 -27.791511 1.220 25.17 24.87 24.29 23.85 23.01 21.97 21.02 21.28 0.42 4.24
82 J033249.11-274524.2 53.204641 -27.756718 1.093 23.96 23.41 22.62 22.03 21.35 20.85 20.39 21.13 0.55 3.19
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Table C.5:

Photometry for RDCS 1252.9-2927 member galaxies. ACS F775W, and F850LP (refered to as I,z) are from Blakeslee et al.
(2003), ISAAC J and Ks magnitudes from Lidman et al. (2004), ground-based optical BVR data by Rosati et al. (2004,
in prep.). Spectroscopic redshifts (Rosati et al.) belong to the FORS2 observations. Only spectroscopically confirmed
members are reported here. All magnitudes are given in the AB system.

num. RDCS 1252 RA DEC z B V R I z J Ks M age
id. [deg] [deg] spec. [1011M�] [109yr]

1 137 193.2402092 -29.4687592 1.2475 26.82 26.12 24.73 23.63 22.69 21.72 21.04 0.56 1.50
2 149 193.2068773 -29.4676843 1.2382 27.79 26.48 24.83 23.75 22.84 21.77 21.00 0.81 3.01
3 174 193.2075752 -29.4652452 1.2398 25.95 25.58 25.10 24.28 23.53 22.45 21.30 0.86 4.39
4 205 193.2165950 -29.4628300 1.2318 27.45 26.11 25.14 23.98 23.05 21.93 21.22 0.48 1.51
5 206 193.2030842 -29.4625822 1.2353 26.64 26.02 24.73 23.80 22.81 21.68 20.98 0.70 2.57
6 247 193.2131371 -29.4587252 1.2351 26.24 24.92 23.69 22.61 21.61 20.45 19.72 2.00 1.70
7 248 193.2391149 -29.4589155 1.2335 25.23 24.92 24.63 24.03 23.34 22.76 21.80 0.07 4.33
8 265 193.2401669 -29.4582865 1.2358 26.70 25.81 24.80 23.73 22.75 21.77 20.97 0.63 1.74
9 282 193.2267487 -29.4565773 1.2472 27.20 26.08 24.98 23.84 22.88 21.59 20.70 0.88 1.77
10 291 193.2267081 -29.4549063 1.2343 26.40 25.19 23.94 22.92 21.95 20.69 19.83 3.04 4.03
11 294 193.2179767 -29.4553084 1.2455 26.71 25.53 24.35 23.37 22.43 21.19 20.36 1.36 2.12
12 304 193.2250779 -29.4551241 1.2384 27.15 25.77 24.35 23.26 22.28 20.99 20.10 1.63 2.23
13 309 193.2110607 -29.4550175 1.2312 25.79 25.03 24.28 23.63 22.68 21.81 21.03 0.54 3.30
14 310 193.2182859 -29.4549871 1.2342 26.87 25.69 24.73 23.76 22.86 21.60 20.72 1.35 4.45
15 313 193.2300686 -29.4546379 1.2455 99.99 26.43 24.94 23.76 22.73 21.43 20.49 1.53 3.62
16 330 193.2444608 -29.4528877 1.2297 26.99 26.20 24.84 23.72 22.83 21.72 20.89 1.04 3.99
17 338 193.2247163 -29.4527569 1.2312 27.45 26.17 24.92 23.91 22.98 21.82 21.00 0.97 3.48
18 339 193.2318055 -29.4526918 1.2280 23.88 23.74 23.57 23.18 22.53 22.05 21.23 0.56 4.49
19 345 193.1957529 -29.4521376 1.2379 25.95 25.52 24.48 23.50 22.50 21.58 20.81 0.66 1.15
20 366 193.2026474 -29.4499014 1.2385 24.43 24.16 24.05 23.58 23.05 22.83 22.36 0.04 0.20
21 367 193.2386412 -29.4506387 1.2295 26.74 25.95 24.93 23.99 23.03 21.88 21.11 0.62 2.52
22 370 193.2766862 -29.4506735 1.2373 99.99 27.28 25.55 24.28 23.27 22.17 21.19 0.88 4.02
23 407 193.2499920 -29.4360503 1.2354 27.40 26.17 24.58 23.46 22.46 21.18 20.23 1.98 3.07
24 419 193.1742024 -29.4459732 1.2354 24.99 24.66 24.37 23.90 23.20 22.43 21.77 0.05 0.38
25 432 193.2424663 -29.4448803 1.2416 27.33 26.54 25.66 24.26 23.44 22.27 21.39 0.70 4.07
26 442 193.2271589 -29.4443752 1.2306 27.00 26.51 25.14 23.99 23.07 22.03 21.27 0.61 3.02
27 445 193.2499246 -29.4408877 1.2407 25.42 24.88 24.08 23.32 22.40 21.38 20.54 0.89 1.72
28 515 193.2310152 -29.4367281 1.2415 24.13 24.00 23.79 23.37 22.90 22.60 22.12 0.19 2.01
29 619 193.2509623 -29.4285144 1.2432 24.94 24.64 24.40 23.78 23.07 22.58 21.99 0.19 1.79
30 726 193.2746906 -29.4420631 1.2274 24.73 24.57 24.34 23.99 23.65 23.36 22.95 0.09 4.02
31 2065 193.2637489 -29.4275703 1.2341 24.45 24.26 24.09 23.75 23.31 23.10 22.79 0.03 0.20
32 9000 193.2700303 -29.4496181 1.2448 26.36 26.03 25.70 25.23 24.61 24.99 23.04 0.05 4.06
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Héraudeau, P., Joshi, M., Kontizas, E., Kontizas, M., Kotilainen, J. K., Kunze,
D., La Franca, F., Lari, C., Lawrence, A., Lemke, D., Linden-Vørnle, M. J. D.,
Mann, R. G., Márquez, I., Masegosa, J., Mattila, K., McMahon, R. G., Miley,
G., Missoulis, V., Mobasher, B., Morel, T., Nørgaard-Nielsen, H., Omont, A., Pa-
padopoulos, P., Perez-Fournon, I., Puget, J.-L., Rigopoulou, D., Rocca-Volmerange,
B., Serjeant, S., Silva, L., Sumner, T., Surace, C., Vaisanen, P., van der Werf, P. P.,
Verma, A., Vigroux, L., Villar-Martin, M., & Willott, C. J., 2000, MNRAS, 316,
749

Oliver, S. J., Goldschmidt, P., Franceschini, A., Serjeant, S. B. G., Efstathiou, A.,
Verma, A., Gruppioni, C., Eaton, N., Mann, R. G., Mobasher, B., Pearson, C. P.,
Rowan-Robinson, M., Sumner, T. J., Danese, L., Elbaz, D., Egami, E., Kontizas,
M., Lawrence, A., McMahon, R., Norgaard-Nielsen, H. U., Perez-Fournon, I., &
Gonzalez-Serrano, J. I., 1997, MNRAS, 289, 471

Origlia, L. & Oliva, E., 2000, A&A, 357, 61

Osterbrock, D. E., 1989, Astrophysics of gaseous nebulae and active galactic nu-
clei, Research supported by the University of California, John Simon Guggenheim
Memorial Foundation, University of Minnesota, et al. Mill Valley, CA, University
Science Books, 1989, 422 p.

Pagel, B. E. J., Edmunds, M. G., Blackwell, D. E., Chun, M. S., & Smith, G., 1979,
MNRAS, 189, 95

Panuzzo, P., Bressan, A., Granato, G. L., Silva, L., & Danese, L., 2003, A&A, 409,
99

Papovich, C., Dickinson, M., & Ferguson, H. C., 2001, ApJ, 559, 620

Papovich, C., Dole, H., Egami, E., Le Floc’h, E., Pérez-González, P. G., Alonso-
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