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Untersuhung der Sternpopulation in Galaxien seit z = 2 mittelsNahinfrarotphotometrieDiese Studie untersuht die Galaxienevolution innerhalb der letzten 10 Milliarden Jahre.Um Zugang zum Universum bei hohen Rotvershiebungen zu erhalten, wurden Nahinfrarot-beobahtungen im Rahmen der Himmelsdurhmusterung COMBO-17+4 (Classifying Objetsby Medium-Band Observations) durhgeführt. Photometrishe Rotvershiebungen, Ruheband-Spektralverteilungen und Massen wurden für 14286 Galaxien bis zu einer sheinbaren Hel-ligkeit von H = 21.7mag in 0.2 Quadratgrad des A901-Feldes bestimmt. Die rote, entwikeltesowie die blaue, sternbildende Galaxienpopulation wurden in Abhängigkeit von der Zeit unter-suht. Hierzu wurde eine sih als Funktion der Zeit entwikelnde Farben-Helligkeits-Beziehungabgeleitet, um die rote Galaxienpopulation von der blauen zu trennen. Unsere Ergebnissezeigen, dass die bimodale Verteilung der Galaxien bis hinaus zu z = 1.6 besteht. Weiterhinwurden die Helligkeits- und Massenfunktion beider Populationen untersuht. Hier zeigt sih,dass sih die harakteristishe Magnitude M∗ in beiden Fällen zwishen 2 > z > 0.2 sig-ni�kant abshwäht. Das shwere Ende der Massenfunktion wird für z<1 von roten Galaxiendominiert, während bei hohen z entwikelte, rote und sternbildende blaue Galaxien zu gleihenTeilen beitragen.Investigation of the stellar population in galaxies sine z=2 by NIRphotometryThis study investigates galaxy evolution in the last 10 Gyr of the age of the Universe. Toaess the high redshift Universe deep near infrared observations have been arried out inthe frame of the COMBO-17+4 (Classifying Objets by Medium-Band Observations) survey.Photometri redshifts, rest-frame SEDs and masses have been obtained for 14286 galaxiesdown to an observed magnitude H = 21.7mag in 0.2 square degree of the A901-�eld. The redevolved and the blue star-forming galaxy populations distributions have been followed throughosmi time. An evolving olour-magnitude relation as a funtion of lookbak time has beenderived in order to separate the red galaxies from the blue ones. Our results show that thegalaxy bimodality persist out to z = 1.6. The luminosity and the mass funtion for the red andthe blue galaxy populations has been investigated. Our results show that the harateristimagnitude M∗ for both galaxy population have onsiderably dimmed between 2 > z > 0.2.The massive end of the mass funtion is dominated by the red galaxies at z < 1, whereas above
z = 1 red evolved and blue star-forming galaxy populations ontribute in similar numbers.





Contents
Abstrat ivTable of Contents vList of Aronyms x1 Introdution 11.1 Cosmologial Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.2 Galaxies in the Loal Universe . . . . . . . . . . . . . . . . . . . . . . . . . . . 21.3 Lookbak Time Surveys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21.4 Photometri Redshift as a Tool to Study Galaxy Evolution . . . . . . . . . . . 41.5 Observation of Galaxy Evolution in the ΛCDM Universe . . . . . . . . . . . . . 61.6 This Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 The COMBO-17+4 Survey 102.1 The Limitations of the COMBO-17 Survey . . . . . . . . . . . . . . . . . . . . 102.2 Survey Desription . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112.3 The Sienti� Goals of the Survey . . . . . . . . . . . . . . . . . . . . . . . . . . 122.4 Survey Status . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122.5 The Super Cluster Abell 901/902 to Probe Galaxy Evolution . . . . . . . . . . 122.6 Ongoing Ground Based Infrared Surveys . . . . . . . . . . . . . . . . . . . . . . 133 From Photons to Photometry 153.1 The Atmosphere in Near Infrared . . . . . . . . . . . . . . . . . . . . . . . . . . 153.2 The Omega2k Camera . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163.3 Observational Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173.4 NIR Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193.5 Data Redution Sheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213.6 Dark Current Corretion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223.7 Flat�eld Corretion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223.8 Stray Light Corretion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24



CONTENTS vii3.9 Sky Determination and Subtration . . . . . . . . . . . . . . . . . . . . . . . . . 263.9.1 Quadrant Struture Corretion . . . . . . . . . . . . . . . . . . . . . . . 283.10 Build a Bad Pixel Mask . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293.11 Cosmi Rays and Bad Pixels Corretion . . . . . . . . . . . . . . . . . . . . . . 323.12 Frame Summation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343.13 Deep H-band Catalogue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343.14 Gnomoni Projetion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353.15 Photometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353.16 Calibration Between Di�erent Wavebands . . . . . . . . . . . . . . . . . . . . . 383.17 Magnitude Limit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383.18 Colour Calibration with Main Sequene Stars . . . . . . . . . . . . . . . . . . . 393.19 Astrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404 Classi�ation by SED Templates Fitting 454.1 Colour Indies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 454.2 The Classi�ation Sheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 464.3 Colour Libraries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 474.3.1 Star Libraries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 474.3.2 Galaxy Spetral Library . . . . . . . . . . . . . . . . . . . . . . . . . . . 484.3.3 QSO Library . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 484.4 Classi�ation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 494.4.1 Comparison of the COMBO-17 Catalogue with the COMBO-17+4 Cat-alogue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504.5 Low Flux Count and Redshift Fousing . . . . . . . . . . . . . . . . . . . . . . 524.6 Improving Photometri Redshift with NIR Data . . . . . . . . . . . . . . . . . . 535 Galaxy Bimodality Through Cosmi Time 605.1 Rest-Frame Magnitudes and Colours . . . . . . . . . . . . . . . . . . . . . . . . 605.2 Rest-frame Colour Bimodality . . . . . . . . . . . . . . . . . . . . . . . . . . . . 645.3 Colour Magnitude Relation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 685.4 Colour-Magnitude Diagrams up to z=2 . . . . . . . . . . . . . . . . . . . . . . . 696 Evolution of the Luminosity Funtion 736.1 De�nition of the Luminosity Funtion . . . . . . . . . . . . . . . . . . . . . . . 736.2 Luminosity Funtion Estimator . . . . . . . . . . . . . . . . . . . . . . . . . . . 746.3 Galaxy Sample Division . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 756.4 Evolution of the Luminosity Funtion . . . . . . . . . . . . . . . . . . . . . . . 76



viii CONTENTS7 Evolution of the Mass Funtion 837.1 Mass Determination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 837.2 Colour-Mass Diagrams up to z=2 . . . . . . . . . . . . . . . . . . . . . . . . . . 847.3 Evolution of the Mass Funtion . . . . . . . . . . . . . . . . . . . . . . . . . . . 857.4 Massive Distant Galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 887.5 The Most Massive Distant Galaxy . . . . . . . . . . . . . . . . . . . . . . . . . 90Appendix A 1A Standard Stars SED 1Appendix B 1B Photometry Setup File 5Bibliography 5





List of AronymsAronym De�nition2dF Two Degree Field system Galaxy SurveyACS Advaned Camera for SurveysAEGIS All-wavelength Extended Groth Strip International SurveyALHAMBRA Advaned Large, Homogeneous Area Medium Band Redshift Astronomial SurveyCADIS Calar Alto Deep Imaging SurveyCOMBO-17 Classifying Objets by Medium-Band Observations in 17 �ltersCOSMOS Cosmologial evolution SurveyCDFS Chandra Deep Field-SouthDEEP2 DEEP2 Redshift SurveyESO European Southern ObservatoryFORS CfA Redshift SurveyGOODS Great Observatories Origins Deep SurveyHIROCS Heidelberg InfraRed Optial Cluster SurveyHST Hubble Spae TelesopeMANOS PI für Astronomie Near-infrared Optial SurveysMPG Max-Plank-GesellshaftMUSYC Multiwavelength Survey by Yale-ChileNEWFIRM NEWFIRM Medium-Band SurveySGP South Galati PoleSDSS Sloan Digital Sky SurveyUKIDSS UK Infrared Deep Sky SurveyVIMOS VIsible MultiObjet SpetrograpVLT Very Large TelesopeVVDS VIMOS VLT Deep SurveyWFI Wide Field Imager





No observational problem

will not be solved by more dataVera Rubin







Chapter 1IntrodutionGalaxies are the building bloks of our Universe. Understanding when and how galaxieswere formed and how they have evolved sine the Big Bang is one of the main motivationsof ontemporary astronomy. The astrophysial studies on galaxy formation and evolutionattempt to desribe the physial proesses whih have transformed the primordial homogeneousUniverse to the urrent heterogeneous Universe whih ontains lustered strutures and a largevariety of galaxy types.1.1 Cosmologial ContextThe most aepted osmologial model to desribe our Universe is the Lambda Cold DarkMatter (ΛCDM) model. This model gives a fairly aurate piture of the observable Universeby onneting the Big Bang theory, the in�ation and the aelerated expansion of our Universeas well as the strutures growth by hierarhial lustering. The ΛCDM model desribes thelarge sale strutures of our Universe as a sponge struture with �laments, walls and voids.The millennium simulation by Springel et al. (2005), see Fig. 1.1, gives a good piture ofthe distribution of the large sale dark matter strutures in the ΛCDM ontext. The lastresults by WMAP (Hinshaw et al. 2008) show that the present Universe is 13.72 Gyr old andomposed of 72.6% of dark energy (vauum energy from the �eld), 22.8% of dark matter (non-baryoni invisible matter whih interats only gravitationally, whose nature is still a puzzlefor sientists) and only 4.6% is in a form of baryoni matter, like galaxies, stars, gas anddust. In the ΛCDM model, galaxies form at the bottom of dark matter potential wells indark matter �laments. At the juntion of the �laments lie massive galaxy lusters. In thisosmologial model, merging and lustering are the main mehanisms with whih galaxies gainmass. In a hierarhial way, small strutures merge and luster to form bigger strutures. Inthe meantime, galaxy internal strutures evolve from, for example, disk-like spiral galaxies toa giant elliptial galaxy.



CHAPTER 1 21.2 Galaxies in the Loal UniverseThe present Universe is omposed of galaxies with various morphologies (as desribed by theHubble sequene, see Fig. 1.1) and various masses, sizes and properties. Galaxies morpholog-ial types an be separated into two main distint sets. On one hand, the bulge-like elliptialgalaxies, also alled early type galaxies, and on the other hand the disk-like, spiral galaxies alsoalled late type galaxies. These two sets of galaxies not only show a fundamental di�erenein terms of morphology but also in terms of observable olours. Galaxies are formed by aomplex mix of young and old stellar populations. Old evolved or younger but dusty galaxiesappear redder than young star-forming galaxies whih appear bluer.
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Figure 1.1: Large sale struture at z=0 from the millennium simulation (Springel et al.2005) and the Hubble Sequene (redit: Fahad Sulehria). Top left panel shows the large-salelight distribution, middle panel shows a rih luster of galaxies where one an sees galaxiesindividually, right panel shows the diversity of galaxy types in the present Universe. Bottomrow shows the orresponding dark matter distributions.
1.3 Lookbak Time SurveysThe osmologial redshift is a redshift aused by the expansion of the Universe. The wavelengthof light inreases as it traverses the expanding Universe between its point of emission and itspoint of detetion by the same amount that spae has expanded during the rossing time; thusif λo and λe are the observed and emitted wavelengths respetively, we have
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(1.3)The lookbak time as de�ned by Eq. 1.4 is the time that light takes to travel from anemitting objet to us. Sine the veloity of the light is �nite, when we observe a distantobjet, this objet looks as it was at the time its light was emitted (i.e. when we look at adistant objet we look "bak in time"). The lookbak time allows astronomers to study theevolution of galaxies, by looking at galaxies at di�erent distanes, we look at them at di�erentepohs and it is thus possible to study the hanges in galaxies with time. Figure 1.2 showsthe lookbak time and the luminosity distane (see Eq. 1.6) as a funtion of redshift for aosmologial model where Ωm = 0.28, Ωλ = 0.73 and H0=71 km/s/Mp.
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Figure 1.2: Left: Lookbak time as a funtion of redshift. Right: Luminosity distane as afuntion of redshift. World model Ωm,Ωλ=(0.28,0.73) and H0=71 km/s/Mp is assumed.In lookbak time surveys we have to take into aount that the galaxies spetra movethrough the observed bands due to their redshift. For high redshifted galaxies, for example,the optial rest-frame is shifted to the near infrared (NIR). Figure 1.3 shows an example ofthe position of the redshifted spetrum of an Elliptial galaxy with respet to some observedbands. In lookbak surveys a k-orretion has to be applied to study a galaxy in its rest-



CHAPTER 1 4frame. The absolute magnitude M of an objet is de�ned as the apparent magnitude m thatthis objet would have if it were at a distane of 10 parse, taking into aount the k-orretionwe have:
m = M + 5log
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+ K(z) (1.5)where the luminosity distane
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(1.6)and K(z) is the k-orretion whih depends on the galaxy spetrum
K(z) = −2.5log
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] (1.7)In order to obtain a rest-frame magnitude a k-orretion is applied beause the redshiftedobjet emits his light (Lν) in a di�erent pass bands that the one observed (L(1+z)ν). Com-bining Eq. 1.5 to Eq. 1.7 if the apparent magnitude and the redshift of an objet is knownfrom a photometri or spetrosopi survey, the luminosity distane and the k-orretion anbe alulated and its absolute magnitude derived. Knowing rest-frame properties for galaxiesat di�erent redshift allows us to see di�erent snapshot in the galaxy evolution with time.Lookbak time surveys an study the galaxies into di�erent redshift slie of the Universe.The omoving volume VC is the measured volume in whih the number density of non-evolvingobjets whih are loked in the Hubble �ow remains onstant with redshift, see Hogg (1999)for a nie review on distane measures in osmology. Assuming a �at Universe where ΩK=0,the omoving volume is:
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(1.9)1.4 Photometri Redshift as a Tool to Study Galaxy EvolutionTo study the galaxy evolution through osmi time the determination of a galaxy's redshiftbeomes imperative and the redshift auray ruial. Photometri redshift using di�erentolours to estimate the redshift of a galaxy is an eonomi way to obtain redshifts for a largeamount of galaxies in a given �eld. Sine spetrosopy is ostly in terms of telesope time dueto the optial faintness of distant galaxies, photometri redshift has in reent years beome a
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Figure 1.3: Spetrum of an elliptial galaxy at di�erent redshifts. Beause of the redshift,the spetrum moves through the di�erent observed bands. At rest (in blak) the 4000Å breakfeature is braketed by the U- and the B-band while at z=1.75 (in red) it is braketed by theY- and the J1-band.very useful tool for observational osmology, providing the equivalent of low resolution spe-tra. The method to obtain photometri redshift onsists of taking an image of a galaxy indi�erent �lters, performing the photometry, alulating the di�erent olours and �nally �ttingthe observed data points with a syntheti or an empirial Spetral Energy Distribution (SED).The spetral feature of the 4000Å break aused by alium lines absorption is generally usedto determine the redshift. The priniple of photometri redshift seems simple but di�ultiesremain in how good the representation of the templates are to the observed galaxies and inthe manner the �t between observed photometry and template is performed.Based on the Calar Alto Deep Imaging Survey (CADIS) (Meisenheimer et al. 1998), anextragalati key projet of the MPIA in Heidelberg from 1994 to 1999, a robust lassi�ationmethod to distinguish objets between three di�erent lasses: galaxies, stars and quasars as



CHAPTER 1 6been established. Moreover, the CADIS experiene demonstrated that lassi�ation and red-shift estimation in surveys with medium-band �lters are a powerful and aurate tool to studythe evolution of galaxies and quasars through osmi time (Wolf et al. 2001a,b). The maingoal of CADIS was to study galaxy evolution through faint emission line galaxies at interme-diate redshifts and primeval galaxies at very high redshift (Meisenheimer et al. 1998). CADISinluded a deep emission line survey supplemented by a broad band multi-olour survey. Thisprojet lead to further projets like the COMBO-17 and the COMBO-17+4 survey whihalso use a ombination of broad and narrow band photometry to perform the lassi�ationof objets and redshift determination. The advantage of this survey strategy is to be ableto replae telesope time-onsuming spetrosopy with multi-wavelength photometry as themain tool for lassi�ation and redshift measurements. It also provides aurate redshifts andmulti-olour images for eah galaxy useful for any further investigation on galaxy morphology.1.5 Observation of Galaxy Evolution in the ΛCDM UniverseIn the last few years, olour-magnitude diagrams, luminosity and mass funtions were exten-sively used to desribe the galaxies whih populated the Universe (up to z∼1). In a olour-magnitude diagram, see Fig. 1.4, galaxies lie in two distint populations de�ned as the galaxybimodality. Some of them lie in a well de�ned narrow trak alled the red sequene whileothers lie in a more di�use loud, alled the blue loud. The red sequene galaxies are prin-ipally non star-forming galaxies, alled passively evolving, massive galaxies, mainly elliptialgalaxies (Bell et al. 2004a; Borh et al. 2006; Cassata et al. 2008) but ould also ontain ob-sure star forming dusty galaxies (Wolf et al. 2005). Inversely, the blue loud is omposed ofstar-forming, starburst, mainly low mass spiral galaxies. The red sequene and the blue loudare separate by the green valley, an intermediate population of galaxies.In the last 10 years, many galaxy imaging and spetrosopi surveys like COMBO-17 ,SDSS, DEEP2, 2dF, VVDS, FORS, COSMOS, GOODS, UKIDSS1, et have probed the Uni-verse and provided more lues on the physial proesses whih govern galaxy formation andevolution (sine z∼1). Using COMBO-17 data, Bell et al. (2004b) have shown that the galaxybimodality is present at all redshifts out to z=1 and that the red sequene is already in plaeat z=1. Bell et al. (2004b) also showed that the number density of luminous blue star forminggalaxies has dereased strongly sine z∼1 and that the stellar mass of the red sequene galaxyhas doubled in the same redshift interval. Reent results by Borh et al. (2006) using alsoCOMBO-17 data show that the integrated stellar mass density of blue galaxies stays onstantsine z∼1 but that the total stellar mass of the Universe has doubled in the same redshift in-terval. Moreover, in the same redshift interval the ombined star formation rate (SFR) drops1see list of aronyms at the beginning of this doument for the meaning of the surveys names.
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Figure 1.4: Mok olour-magnitude diagram showing the bimodality of galaxies. The redsequene follows a narrow trak while the blue loud lies in a more di�use area of the diagram.The two populations are separated by the green valley.by an order of magnitude sine z=1 Madau et al. (1996); Lilly et al. (1996); Hippelein et al.(2003); Hopkins (2004), see also Fig. 1.5. The fat that the number of passively evolvinggalaxies are growing sine z∼1 while the number of ative star forming galaxies stays onstantombined with a delining overall SFR leads to a better understanding of the galaxy evolutionin the last 8 Gry. These observations suggest that the stellar mass of the massive elliptialgalaxies present today was built up by reent major merges rather than by star formation andthat physial mehanisms have shutdown the star formation around z=1.
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CHAPTER 1 8Combining COMBO-17 and DEEP2 data, Faber et al. (2007) shows that sine z=1 thebuildup of the stellar mass on the red sequene omes from the ombination of 1) the mi-gration from the blue loud galaxies for whih the star formation has been quenhed and 2)the merging of less luminous, quenhed red galaxies. Figure 1.6 shows the buildup of the redsequene from a ombination of quenhing via wet merge followed by red galaxy dry merging.When the quenhing happens through a wet merge of low mass blue galaxies (i.e. the mass isassembled in the blue loud), the resulting produt will populate the lower mass part of thered sequene and then an slowly inrease its mass via dry merge on the red sequene. Onthe other hand, if the quenhing happens later with more massive blue galaxies, the resultingprodut will have already assembled most of its mass in the blue loud and will populate themassive part of the red sequene. The exat mehanisms whih ould have shutdown the starformation around z=1, suh as quenhing, harassment, strangulation, feedbak, et via galaxydry or wet merge are still a matter of debate and a hot topi in astrophysis.

Figure 1.6: Shema of galaxy migration from blue loud to the red sequene in a olour-massdiagram. The blue loud galaxies undergo star formation quenhing via wet merge and migrateto the red sequene (blak arrows). Galaxies on the red sequene ould undergo dry mergingand hene inrease their masses (white arrows), from Faber et al. (2007).To date, most of the galaxy surveys are limited to desribing the Universe below z∼1 dueto the di�ulty of obtaining a large amount of high redshift galaxy spetra and the use ofoptial data only in the photometri redshift surveys, and little is known beyond z∼1. It isthought that most of the stars in the Universe were formed between 1<z<3. If we look at thestar formation rate (SFR) as a funtion of redshift in Fig. 1.5 one sees that the SFR modestly



9 CHAPTER 1. INTRODUCTIONinreases between 5<z<3 reahes a peak at z∼2 and suddenly delines sine z∼1. In lightof these results, the Universe has produed most of its stars between 1<z<3 with an apogeeat z∼2 followed by a drasti deline sine z∼1. The epoh of the Universe between 1<z<2is a ruial moment in terms of galaxy formation and evolution, it seems to be a period oftransition. Motivating questions are when the red sequene was �rst formed and how its masswas assembled. If there is no doubt about the bimodality of galaxies below z∼1, things areless lear at higher redshift. Massive, passively evolving galaxies have been observed at z<1.5(Daddi et al. 2005; Cirasuolo et al. 2007; MGrath et al. 2007; Taylor et al. 2008) and a reentspetrosopi study by Kriek et al. (2008) has on�rmed the presene of a red sequene a littlebeyond z=2, observations also supported by the photometri survey by Williams et al. (2008).The problems enountered by the latest surveys like the low number of objets found at highredshift, the small area surveyed ombined with the in�uene of large sale strutures and theseletion biases make di�ult a rigorous analysis of galaxy evolution at high redshift. Whenthe red sequene �rst appears is a matter of debate and one of the aims of this thesis.1.6 This StudyThe goal of this thesis is to resume the previous work ahieved by the COMBO-17 team byextending the photometri redshift range out to z=2 with the help of deep NIR data to exploregalaxy evolution at higher redshift. One of the main ontributions of this thesis is to providehigh quality NIR photometry and a deep H-band seleted soures atalogue for the A901 �eld.By supplementing NIR to the optial data this work also improves the photometri redshiftauray for z∼1 galaxies. An investigation of the bimodality of galaxies through osmi timeis done in order to separate the red and the blue populations of galaxy and derive the lumi-nosity and mass funtion for red and blue galaxies out to z=2.This thesis is organized as follows: Chapter 2 desribes the COMBO-17+4 surveys andhis goals. Chapter 3 presents the NIR data and the data redution proedure and analysis.Chapter 4 deals with the lassi�ation of the galaxies and redshift assignment by template�tting. Chapter 5 investigates the galaxy bimodality through osmi time. Chapter 6 presentsthe evolution of the luminosity funtion for the red and the blue galaxies sine z=2. Chapter 7presents the evolution of the mass funtion for the red and the blue galaxies sine z=2. FinallyChapter 8 onludes this study.



Chapter 2The COMBO-17+4 SurveyThis hapter desribes the COMBO-17+4 survey, its sienti� goals and its ontext amongother ongoing similar NIR surveys. To aess information about physial properties of galaxiesat high redshift, one needs IR observations sine a galaxy's rest-frame optial light is strethedby the expansion of the Universe and shifted in the observed infrared wavelength range. Thus,the IR observations allow us to probe the optial rest-frame luminosity of distant galaxies andtheir stellar masses. The development of the infrared detetors and wide-�eld ameras allowedastronomers to further explore the Universe by probing faint and high redshifted soures, im-possible to observe in the optial wavelength range.The wide-�eld NIR amera OMEGA2k (PI: H-J. Röser), whih started to be in operationat the Calar Alto Observatory in 2003, gave us the opportunity to obtain deep NIR imagesof a large amount of galaxies. The OMEGA2k amera was the largest ground based NIRamera available in the world for many years. At the same time the MANOS projet (MPIfür Astronomie Near-infrared Optial Surveys) was designed. MANOS is divided into a deepand a wide survey. COMBO-17+4 (Classifying Objets by Medium-Band Observations in 17�lters) onsists of a deep NIR extension of the optial COMBO-17 survey to probe galaxyformation and evolution and HIROCS (Heidelberg InfraRed Optial Cluster Survey) onsistsof a wide NIR survey searhing for high redshift galaxy lusters. Those two survey are keyongoing projets at the MPIA Heidelberg.2.1 The Limitations of the COMBO-17 SurveyAlthough the COMBO-17 survey ould provide a very good piture of the galaxy evolution,the survey is onstrained to explore the Universe up to z=1 only. The redshift range of theCOMBO-17 survey is limited by two fats:
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• First the lassi�ation is not reliable above z∼1.1. The lassi�ation method uses thepronouned spetral feature from the 4000Å break to assign the redshift of a galaxy. TheCOMBO-17 survey is based on optial data only and the multi-olour lassi�ation methodrequires at least 2 photometri data points above the 4000Å break for a reliable redshiftdetermination. The seond reddest �lter used in the frame of the COMBO-17 survey is themedium band λ=856nm, if we sample just above the 4000Å break, say 4100Å, this leads to amaximum reliable redshift of z= λobserved/λemitted = 856/410 − 1=1.09.
• Seondly, the galaxies at z>1 whih ontain a onsiderable amount of old stars are too faintto be observed in the optial pass bands but their �ux is substantial in the NIR.
2.2 Survey DesriptionCOMBO-17+4 is a deep NIR survey whih ombines the 17 optial broad and medium bandsfrom the COMBO-17 with 4 NIR �lters (thus the name of the survey: COMBO-17+4 ). Theoptial images were taken with the Wide Field Imager (WFI) at La Silla Observatory betweenFebruary 1999 and January 2001 in the frame of the COMBO-17 survey (Wolf et al. 2003).The NIR survey onsists of observation in 3 medium bands Y(λ/δλ = 1034/80nm), J1(λ/δλ =

1190/130nm), J2(λ/δλ = 1320/130nm) and one broad band H(λ/δλ = 1650/300nm), see Fig.3.5 for the full COMBO-17+4 �lter set. The supplement of 4 NIR �lters to the COMBO-17 survey allows to reah galaxies with reliable redshift out to z=2.1. The NIR data werearried out with the wide �eld IR amera Omega2000 attahed to the 3.5m telesope at theCalar Alto Observatory in Spain. Three original targets from the COMBO-17 survey areobserved in NIR: Abell 901, Abell 226 and S11, see Table 2.1 for the oordinates. Sine theCalar Alto Observatory is loated in the northern hemisphere the two other original targetsof the COMBO-17 survey, the two southern �eld: SGP and CDFS, have been exluded fromthe COMBO-17+4 survey due to their low delination on the sky. Eah �eld has a dimensionof 30′ × 30′ thus the total overage of COMBO-17+4 survey is an area of 0.77 square degreeon the sky (about 4 time the size of the moon).Field Name Right Asension (J2000) Delination (J2000)A901 09h56m17s -10◦01′00′′A226 01h39m00s -10◦11′00′′S11 11h42m58s -01◦42′50′′Table 2.1: COMBO-17+4 Survey Field Coordinates



CHAPTER 2 122.3 The Sienti� Goals of the SurveyIn order to probe the galaxy evolution in the interesting epoh between 1<z<2, the goalspursued by the COMBO 17+4 survey are multiple:
•The survey will provide very aurate δz < 0.03(1 + z) photometri redshifts, SEDs andmasses for a large sample of several thousands of galaxies between 1 < z < 2, providing forthe �rst time the largest sample of galaxies in that redshift range.
• COMBO-17+4 will improve the determination of the stellar mass sine the optial data donot properly over the spetral ontribution of the old stars whih ontain most of the mass.The NIR data gives aess to the information ontained in the old stellar population of highredshift galaxies with z>1 (whih are too faint in the optial regime to be observed) and thusallows us to improve the determination of their stellar mass.
•The survey aim to establish the luminosity funtion for the red sequene and blue galaxiesin the redshift range 1 < z < 2.
•In order to investigate the galaxy mass assembly, the mass funtion for the red sequene andblue galaxies between 1 < z < 2 is also aimed.2.4 Survey StatusThe COMBO-17+4 survey originally targets 3 �elds, A901, A226 and S11, see Tab.2.1. Atthe time this thesis projet started the A901 and the S11 �eld were the only targets forwhih the optial data were available and fully analysed. Even though the A226 �eld is theonly �eld whih has been suessfully ompleted in NIR its optial ounterpart has not beenfully analysed yet, therefore the A226 is not inluded in this study. Furthermore, due to badweather, the S11 �eld is still too shallow in the NIR, data aquisition for this �eld still has tobe ompleted. Consequently, the S11 �eld is also not part of this thesis. Nevertheless the A901�eld is the most interesting �eld to probe galaxy evolution sine it ontains the super lusterAbell 901/A902 entred at z=0.165 and gives the opportunity to study galaxy evolution forgalaxies in lusters and in the �eld.2.5 The Super Cluster Abell 901/902 to Probe Galaxy EvolutionThe Abell 901-�eld has been hosen to investigate galaxy evolution out to z=2 in the frame ofthis thesis. The A901-�eld is also targeted by the multi-wavelength survey STAGES (SpaeTelesope A901/A902 Galaxy Evolution Survey) whih provides HST-ACS imaging, XMMand GALEX overage, 2dF spetrosopy and Spitzer photometry between 3.6µ and 24µ. The



13 CHAPTER 2. THE COMBO-17+4 SURVEYSTAGES ollaboration investigates prinipally the physial drivers of galaxy evolution arossa wide range of environments and luminosity, for more details see Gray et al. (2009).2.6 Ongoing Ground Based Infrared SurveysIn the last few years a great number of NIR surveys to probe galaxy formation and evolutionhave emerged. Figure 2.1 shows the harateristi of ongoing multi-wavelength imaging andspetrosopi ground based surveys whih inlude deep NIR and give the position of theCOMBO-17+4 survey among them in terms of surveyed area and depth.
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Figure 2.1: Depth and surveyed area of ongoing multi-wavelength surveys inluding NIR data.For the COMBO-17+4 survey, the depth in the H-band is given as a referene sine the surveydoes not arry out K-band observations.



CHAPTER 2 14The majority of those surveys use only broad band photometry exept for NEWFIRM andCOSMOS 1 whih also inlude medium-bands �lters allowing a better photometri redshiftauray. Despite of the use of NIR photometry, most of those surveys have so far onlyinvestigated the z<1 Universe. On the other hand, surveys like VVDS, UKIDSS, COSMOS,MUSYC, FIREWORKS and NEWFIRM have extended their investigation out to z∼2. Allthese surveys ombined will provide a profusion of data and results providing more informationabout galaxy formation and evolution sine z∼2.

1see list of aronyms at the beginning of this doument for the meaning of the surveys names.



Chapter 3From Photons to PhotometryThe main body of this hapter explains the NIR data redution whih leads to the photometry.Obtaining the NIR photometry was one of the major ontributions of this thesis. Auratephotometry measurements allows us to derive aurate olours whih are the ornerstone for areliable objet lassi�ation neessary for assigning photometri redshift and Spetral EnergyDistribution (SED) for eah galaxy. This hapter explains eah neessary step involved in thedata redution proess to orret the NIR data olleted by the telesope and allow the studyof galaxy evolution through osmi time. This hapter presents �rst the harateristi of theinfrared sky, followed by the desription of the instrument used to ollet the NIR data and theobservational strategy used in the frame of the COMBO-17+4 survey. The NIR observationsused in the frame of this study are also presented.3.1 The Atmosphere in Near InfraredTo better understand the proedure used to perform the data redution and the type of datathe COMBO-17+4 survey are dealing with, it ould be helpful to �rst spend a few words todesribe the sky in infrared. The Earth's atmosphere possesses a high transmission windowbetween ∼ 320nm to ∼ 2.6µm making optial and infrared observations possible for a groundbased telesope. However, in infrared, the atmosphere is not ompletely transparent. Watervapour and CO2 moleules being the main ause of absorption, �lters are arefully designedto avoid the strongest absorption lines, see Fig. 3.1. Moreover, the infrared sky brightnessis dominated by many emission lines. In the NIR regime from ∼950nm to ∼2.6µm, the skybakground is dominated by narrow hydroxyl (OH−) emission lines also alled airglow. Figure3.1 shows the intensity of the (OH−) emission lines in the J- and H-bands. Infrared imageshave high bakground level due to the airglow and moreover airglow varies temporally andspatially. A study on the NIR sky brightness at the Calar Alto Observatory was reentlydone by Sánhez et al. (2008). This study shows that the (OH−) emission varies during theday and are stronger during daytime and during twilight. They also observe that the (OH−)



CHAPTER 3 16emission lines derease in intensity by a fator 2 or 3 in one or two hours after the twilight,and does not inrease again until just before the sunrise (Sánhez et al. 2008). A study byFassbender (2003) shows that, at any time of the night, a variation between 10%-20% of the skybakground level an be expeted every ∼10 min in the H-band. In photometry, to obtain the�ux measurement of a given soure, we need to know the ontribution of the sky bakgroundemission surrounding that soure. We have to keep in mind that the NIR sky bakgroundvaries temporally and spatially during the data aquisition whih auses a diret impat onthe manner the data redution is performed. Fortunately, to �rst order this is deal su�ientlywell by our photometry software whih subtrat the loal time-averaged bakground aroundeah objet.
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Figure 3.1: Left top: Atmospheri transmission window in the NIR with orresponding �lternames, adaptation from Cox (2000). Left bottom: Moleules whih ontribute to atmospheriabsorption in the NIR regime, Cox (2000). Right: Airglow aused by the OH− emission linesin the J- and H-band from Herbst (1994), no data for the Y-band are available in the literature.
3.2 The Omega2k CameraThe OMEGA2k amera (PI: H-J Röser) has been reated for surveys like COMBO-17+4 andHIROCS whih are part of the MANOS projet. The aim of the amera is to provide wide �eldhigh quality images to probe the distant Universe in the infrared. The OMEGA2k detetoronsist of a foal plane array (FPA #77) of type HAWAII-2, see Fig. 3.11. The detetor arrayontains 2048×2048 pixels and its sensitive from 850 to 2500 nm. The amera is mounted atthe prime fous of the 3.5m telesope at the Calar Alto Observatory, see Fig. 3.2. With a pixelsize of 0.45 arse/pixel the amera has a wide �eld of view of 15.4′ × 15.4′ (Baumeister et al.



17 CHAPTER 3. FROM PHOTONS TO PHOTOMETRY2003). Wide �eld imager ameras often su�er from �eld distortions but one of the advantagesof the OMEGA2k amera is that the distortion is negligible aross the entire �eld of view(Röser 2006). The detetor is divided in 4 quadrants eah ontaining 8 hannels. The amerao�ers several reading modes, the one used for the COMBO-17+4 survey observations is theLine Interlaed Read (LIR) whih is the most time e�ient mode (Kovás 2006). The ameraryostat ontains 3 �lter wheels with a possibility of several di�erent narrow, medium andbroad band �lters. For more details on the OMEGA2k amera and a haraterization of itsdetetor and its di�erent readings mode see Kovás (2006).

Figure 3.2: Left: Design of the wide �eld near infrared amera OMEGA2k. Middle: Theamera attahed at the prime fous of the 3.5m Cassegrain telesope. Right: Dome of the3.5m telesope at Calar Alto Observatory.
3.3 Observational StrategyThe A901-�eld has a size of 30′ × 30′ and was originally targeted by the Wide-Field imager(WFI) amera in La Silla Observatory. Sine the �eld of view of the OMEGA2k amera is
15.4′ × 15.4′ 4 pointings were required to over the A901-�eld entirely. To this end, the full�eld has been divided into 4 sub�elds named A, B, C and D, see Figure 3.3. The 4 sub�eldswere observed in 4 NIR �lters inluding 3 medium band �lters: Y, J1, J2 and the broad bandH. The harateristis of the NIR �lters used are listed in Tab.3.1 and the �lter transmissionurves are shown in Figure 3.5.



CHAPTER 3 18During the data aquisition the tehnique of dithering was applied. Dithering is a tehniqueused frequently in astronomy. The tehnique onsists of taking several exposures and movingslightly the position of the telesope relatively to the �eld entre between eah exposure. Inthis way an objet does not fall in the same pixel on di�erent images. Frequent ditheringallows a given pixel to see pure sky in most of the images. Figure 3.4 depits this tehnique,the pixel A sees the pure sky in frame 1 to 4 but pixel B only in frame 1 and 2. When amedian is alulated through the stak of images the objet signal is eliminated and the resultis a frame with pure sky only. This method allows a good sky bakground determination. Allimages taken at the telesope in the frame of the COMBO-17+4 survey were dithered.
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Figure 3.4: Stak of images with dithering from Röser (2006). In order to determine the skybakground ontribution, the images are aligned pixel-wise thus the pixel A sees the pure skyin frame 1 to 4 and pixel B in frame 1 and 2.Filter Central FWHM 5%ut o� 5%ut o�Name Wavelength (nm) nm nm nmY 1034 75 988 1079J1 1198 95 1141 1254J2 1302 106 1239 1364H 1647 266 1502 1797Table 3.1: Charateristis of the OMEGA2k �lters used for the COMBO-17+4 survey.3.4 NIR ObservationsThe NIR observations were arried out over several runs between Deember 2005 and April2008. Table 3.2 and 3.3 summarize the observations olleted for this study. The total inte-gration time reahed in eah sub�eld in eah �lter is shown in Tab. 3.4. Due to repetitivebad weather during the di�erent observation runs, only the sub�eld A, B and C (i.e. 3/4 ofthe entire �eld) have been observed with a su�ient depth to reah useful magnitude limitsfor reliable photometry of faint objets in the �eld. As we an see on Tab. 3.4 the sub�eld Dis far too shallow due to a lak of data in the J2- and H-band �lter;1 therefore this sub�eldis not inluded in the data analysis. The results presented in this thesis are based on datafrom the A901 sub�eld A, B and C only (representing an area of 0.2 square degrees on the sky).Eah image in the H-band is a 60 se exposure whih onsists of a oaddition of 20 frameshaving 3 seonds exposure eah. The J2-band images are 80 seonds exposures whih are aoaddition of 8 images having 10 seond exposure. The J1-band images are 100 exposureswhih are a oaddition of 5 images with 20 seonds and �nally the Y-band images are 1001Observations in sub�elds A, B and C have been obtained in Spring 2009 to omplete the survey.
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Figure 3.5: Transmission urves for the 21 �lters used in the COMBO-17+4 survey.seonds exposures with 10 images of 10 seond oadded. Table 3.4 gives the total integrationtime obtained, all �lters ombined it is more than 1300 images whih have been proessed forthis study.In order to perform the data redution, alibration frames are required. They have beentaken besides the siene frame for eah ampaign. The alibration series onsists of a seriesof dark exposures with inreasing integration time, series of dome �at�elds with inreasingintegration time and a series of dusk or dawn sky �at�elds. The alibration series allows toreates Bad Pixel Masks and Flat�elds whih are explained in the next setions.The quality of the data an be haraterized by the seeing2 of the images. The seeingmeasurement of the images are shown in Fig. 3.6 for eah �lter and sub�eld. The seeingranges from ∼0.85′′ to ∼ 1.5′′ depending on the sub�elds and the �lters. For the photometryonly images with seeing <1.5′′ have been used, see �.2.15 for photometry proedures.2The seeing is a measure of the blurring of an image aused by the turbulene of the Earth's atmosphere.In ideal ondition a point-like soure (e.g. stars) is represented as a di�ration pattern with a entral peak,the seeing is the measure of the FWHM of the distribution.
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Figure 3.6: Histograms of the seeing distribution among the frames of di�erent A901-sub�eldsin the four NIR bands of the COMBO-17+4 survey.3.5 Data Redution ShemeDuring the observations the photons emitted by distant galaxies are olleted by the detetorof a amera. Unfortunately the detetors used are never perfet, for example their sensitivityould be unequal or some of their pixels ould be defetive. These intrinsi imperfetions mustbe orreted before any further analysis of an astronomial image. In addition, every pixelof the detetor hit by high energy partiles (osmi rays) has to be orreted. This set oforretions applied to raw images oming from a telesope is alled the data redution. Thegoal of the data redution is to provide images free of imperfetions ready to alulate thephotometry. The data redution is a very important step whih must be done arefully tobe able to ahieve an aurate photometry. The data redution was performed with the soft-ware ESO-MIDAS (European Southern Observatory Munih Image Data Analysis System).MIDAS is developed and maintained by the European Southern Observatory. Under MIDASthe pakage MPIAPHOT developed by Röser & Meisenheimer (1991) was used for the dataredution and the photometry. The MPIAPHOT pakage was used for every step of the dataredution exempt for the �at�elding, the sky bakground modelling and subtration and the



CHAPTER 3 22dark subtration where the OMEGA2k data redution pipeline developped by Fassbender(2003) was used.The data redution proess is depited in Figure 3.7. The next setions of this hapterdesribe in detail eah step of this proess. As an overview, the general data redution pro-edure works as follows: for a set of data of a ertain sub�eld (A, B or C) taken in the same�lter (Y, J1, J2 or H), the raw images and a normalised �at�eld image are used as input in theO2K-pipeline. The pipeline divides eah image by the normalised �at�eld image, then the skybakground is determined and subtrated from eah image. The output of the O2K-pipelineare �at�elded and sky-subtrated images for whih the averaged sky level has been kept. 3The next step is to orret for bad pixels and osmi rays with the help of a bad pixel maskand a mosai-median image. Then, several of the fully redued single images with similarseeing are summed pixelwise by groups of 5 images. The dimension of eah output summedframe is the ommon area of the 5 input individual frames. The �nal output are fully reduedimages whih are ready for the photometry.3.6 Dark Current CorretionThe dark urrent subtration is generally the �rst orretion applied to the raw images. Thedark urrent is due to the thermal exitation of the eletrons in the ondutive bands of thedetetor. The dark urrent is always present even if the detetor is not illuminated, and is afuntion of time and temperature. By ooling down to 78K, the OMEGA2k detetor's darkurrent beomes very low, only <0.03 e−/sec are produed by the dark urrent (Fassbender2003). Sine the integration time of a single NIR image is short (∼ 3sec), the dark urrentamounts to a few eletrons only. Nevertheless, these additional ounts have been removed bya subtration of the dark urrent from the sienti� raw images. To remove the right amountof dark urrent one needs to subtrat a dark urrent frame with the same integration timeas the raw images. The information of the dark urrent is ontained in the sky bakgroundmodel reated by the O2k-pipeline for eah individual raw image. Hene, by subtrating thesky bakground model from the raw images, the dark urrent is also subtrated.3.7 Flat�eld CorretionOne of the major orretions applied to the raw images obtained by the telesope is the soalled �at �eld orretion. The aim is to orret �rstly the pixel-to-pixel sensitivity variationand seondly the global non homogeneous sensitivity of the detetor. This pixel-to-pixel sen-sitivity shows �xed patterns on the image and thus is also alled �xed pattern noise (FPN),see Fig. 3.8. The pixel to pixel sensitivity variation omes from the fat that eah pixel ell3That is, we subtrat only the small-sale variation of the sky bakground with respet to its global value.
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 Images for PhotometryFigure 3.7: Data redution sheme used to treat the NIR raw images from the OMEGA2k am-era in the farme of the COMBO-17+4 survey.unit may ontain di�erent levels of impurities. On the other hand, the non-uniform sensitivityaross the detetor (the variation of the quantum e�ieny (QE)) is aused by the non-uniformthikness of the photosensitive layer whih overs the detetor (Kovás 2006) .The pixel-to-pixel sensitivity variation as well as the global sensitivity variation of the de-tetor must be orreted in a multipliative way. The �at�eld orretion tehnique onsists ofonstruting a �at �eld image from a series of dome �ats and/or sky �ats and dividing eahsienti� image by this normalised �at�eld image. Sine the �xed pattern noise depends on thewavelength, a �at�eld image is needed for eah �lter used during an observational night (i.e.the Y-, J1-, J2- and H-band). To map the FPN and the detetor global sensitivity variationwe need uniformly illuminated images, hene the sky illumination during twilight is used toilluminate the detetor. A sky �at series, whih onsists of a series of images of the sky, istaken for eah ampaign and is used to map the sensitivity variation of the detetor. For thesky �at series a blank �eld (ideally with no stars) is targeted by the telesope, avoiding any



CHAPTER 3 24bright stars whih ould introdue unwanted patterns or saturate the images of the sky �atalibration series. To prevent the remaining stars from always falling on the same pixels ofthe detetor, a telesope o�set of a few ar seonds has been applied between eah exposureof the series (i.e. dithering, see Fig. 3.4). The OMEGA2k aquisition software (Fassben-der 2003) provides an e�ient routine whih maximizes the number of sky �ats taken duringthe short twilight time. The routine automatially alulates the level of the bakgroundand adapts the exposure time to the hanging light onditions to ensure that the ount levelis maintained around 15000 ounts. When the exposure times get too long or too short theprogram stops. A sky �at series has been taken for eah �lter used for eah observational night.A representative �at �eld image is reated with the MPIAPHOT routine FLAT/AVERAGEusing the sky�at series. The routine aligns the stak of sky �at images by pixel oordinates.Sine the images are dithered with respet to eah other, an objet never falls onto the samepixel. The routine looks through eah same pixel of the stak of images and determines themedian value. Pixel value above a ertain κ-threshold are exlude of the median determination,preventing any osmi or bad pixel to bias the median value. The routine FLAT/AVERAGEalso reates an RMS image whih ontains the residuals (faint stars and osmi events). Inthe median �ltering proess a κ-threshold value of 5-σ has been su�ient to remove faintstars and osmi events. The result is a �at �eld image ontaining the global variation of thesensitivity of the detetor and the pixel-to-pixel sensitivity variation. In order to be used bythe O2k-pipeline, the �at �eld image is then normalised to one by dividing the �at �eld imageby its median value. Before inputting this normalised �at �eld image in the O2k-pipeline toorret the raw images for the FPN and the global sensitivity variation, we need to orretthe �at �eld for stray light if neessary as disussed in the next setion.Figure 3.8 shows an example of a normalised �at �eld image reated from a sky �at seriesobserved in the H-band �lter. On the left panel we see the global sensitivity of the detetor.The darker region on the upper left has a ount level around 0.80 while the region in greenin the lowest part of the detetor has a ount level around 1.20, meaning that the globalsensitivity varies about 40% aross the detetor. Similar results are found for �at�elds in themedium bands Y, J1 and J2. The quality of eah �at �eld reated for eah observational nighthas been tested. Results show that a raw image whih has been divided by a �at �eld has anoise level whih is ∼20% of the expeted photon noise whih is not perfet but aeptable.3.8 Stray Light CorretionThe OMEGA2k amera su�ers from a stray light (or internal re�etion light) problem. Straylight appears on every single image taken with the amera, forming a ring pattern entred in themiddle of the detetor, see Figure 3.9. The origin of this stray light is not yet fully understood
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Figure 3.8: Normalised �at �eld in the broad band H (λ = 1647nm). The left panel shows theglobal variation of the sensitivity of the detetor of the amera OMEGA2k. The right panelshows a zoom into the image, the pixel-to-pixel variation beomes apparent. The olour utis between 0.80 ounts(dark blue) to 1.20 ounts (green).but likely omes from some re�eted light by an optial surfae in the OMEGA2k amera.The intensity of the stray light is more or less pronouned depending on the �lter used.No relation has been found between the intensity of the stray light and the wavelength (i.e.no monotoni trend was found as a funtion of the wavelength λ). It has been found that thestray light is muh more intense in the J2 �lter for whih it ontributes an additive 10% ofthe �ux. For the J1 and the Y �lter the stray light ontributes about 5% and for the H �lterthe ontribution is negligible with less than 0.5%. Stray light ontribution an be ignored inthe siene images sine the photometry routines will subtrat it orretly as a bakgroundontribution. However, the stray light ontribution ould severely orrupt the �at �elds. Forexample, a entral enhanement of the �at �eld exposure by 10% an mimi a entral inreaseof sensitivity whih is not present. So orreting for it would inorretly derease the ontri-bution of objets by 10%. Great are has to be taken to remove any stray light ontributionfrom the �at �eld exposure. Aordingly, it is most important to subtrat the ring pattern tothe �at �eld images. Sine the sienti� images are divided by the �at �eld image, if the �at



CHAPTER 3 26�eld ontains the additive ontribution of the ring, the sienti� images would be divided by awrong bakground shape, thus the ring pattern is removed �rst from the �at�eld image. Thestray light orretion has been applied for �at�elds in the Y, J1 and J2 bands. The methodused to orret for the stray light is done in 3 steps: for a given normalised �at �eld imagethe ring is �rst isolated then modeled and �nally subtrated from the original �at �eld image.The detailed proedure is the following:
•In order to isolate the ring from the �at �eld image, a model of the bakground shape of the�at �eld image has been reated by �tting a 2 dimensional polynomial funtion with the helpof the MIDAS ommand FIT/FLAT, resulting of an image of pure bakground. By dividingthe original �at �eld by the bakground model the ontribution of the ring has been isolatedin a separate image.
•The ring is then modeled with the MPIAPHOT routine FINDRING whih transformsan image from Cartesian oordinates x,y to polar oordinates r,θ with a given entre. Theexat entre of the detetor (in pixel oordinates) has been used sine the ring pattern iswell aligned with this one. The routine interpolates and smoothes the image in the r2 and θdiretion with a given window size of 10 by 10 pixels. The result is a frame ontaining thesmooth model of the ring, whih is then multiplied by the model of the bakground to reoverthe varying sensitivity gradient over the ring. This results in a model of the ring whihontains the additive ontribution plus the shape of the global detetor sensitivity gradient.
•This elaborate model of the ring is �nally subtrated from the original �at �eld image.This normalised �at�eld image free of stray light is used as input in the O2K-pipelinewhih performs the �at�elding. In the �at�elding proess the raw images are divided by thering-free �at �eld image. Sine the stray light pattern is present in every raw image, the resultis images orreted for the FPN and the global variation of the sensitivity but whih stillontain the additive ontribution of the stray light. The ring pattern is then removed at thelevel of the sky subtration whih is the next step performed by the pipeline as desribed inthe next setion.3.9 Sky Determination and SubtrationThe OMEGA2000 data redution pipeline (or o2k-pipeline) from Fassbender (2003) has beenused to perform the sky bakground modelling and subtration. As we have seen in �3.1, theNIR sky bakground varies in shape and intensity on a short timesale. For example in theH-band the sky is said to be "stable" for a period of only about 10 min. For a typial sequeneof data aquisition of 40 min, the shape and the intensity of the sky bakground ould be
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Figure 3.9: Flat �eld image in the narrow band J2 (λ = 1302nm). On the left one an see there�eted light whih produes a ghost image of the telesope prime mirror in the entre of theimage, on the right the stray light has been removed.totally di�erent between the �rst and the last image of the sequene, sine the images aretaken hronologially with the amera. The method applied by the O2k-pipeline to determinethe bakground is to use n number of images prior and subsequent to a given image position inthe stak. Best results are obtained by using 5 images braketing the respetive image. Thismeans that for a given image the sky bakground is determined using a stak of images on-taining the 5 frames taken before the given image and the 5 frames taken after the given image.Figure 3.10 from Fassbender (2003) shows the di�erent steps involved in the sky modelingproess performed the O2k-pipeline. First, the O2k-pipeline loads a stak of images all takenin the same given �lter. Sine the di�erent images of the stak are o�set from eah other(dithered Fig. 3.4) an astronomial objet does not fall always on the same pixel. Seond, theO2k-pipeline aligns all the frames pixelwise and for eah pixel olumn through the stak ofinput images, the pixel values are extrated and sorted. The sky signal is determined in eahpixel of eah image of the stak of images by taking the median or the minimum value fromthe sorted pixel olumn values. For our purpose, the mode outlier-lipping has been used toreate the sky model. In this mode the pixel ontaining a value a given κ − σ above median(for our purpose 3−σ has been used) are exluded from the median determination. For eahpixel the median sky value is thus determined and saved in a sky model array. This sky frameis then subtrated from the sienti� image of the stak.Using the sky subtrated images, a seond iteration alled the double bakground sub-tration as been performed by the O2k-pipeline. This seond iteration is applied beause inthe proximity of bright star halos or objets whih extend larger than the dither pattern, themedian sky value is distorted. In order to better extrat the sky bakground level in theseregions, the O2k-pipeline performs a seond iteration in the bakground determination using



CHAPTER 3 28an objet mask. In this step the objets having a κ-threshold > 1.2−σ are masked out by anobjet mask reated by the pipeline. The masked regions are projeted onto the raw frameand replaed by the loal median value determined from the losest unmasked pixels. As inthe �rst iteration the median sky value is determined for eah frame and subtrated. At theend the �ux level of the image is preserved by adding the mean ount level of the bakgroundafter the bakground subtration.
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29 CHAPTER 3. FROM PHOTONS TO PHOTOMETRYin the way shown in Figure 3.11. The mode used for the data aquisition is the LIR (LineInterlaed Read). In this mode eah line of the detetor is read-reset and read again before theintegration start. The seond readout provides the reset level of the detetor. For more detailsabout the di�erent reading mode of the OMEGA2k detetor see Kovás (2006) as well asthe OMEGA2k User's Manual (Röser 2006). However, if louds pass aross our �eld of viewand suddenly inrease the ount level between the reset and the next aquisition, the resetvalue will be too high ompared to the real ount level. This phenomenon produes quadrantstrutures in the images, Fig. 3.11 (right panel). When this ours, the quadrant strutures ina given frame have to be �attened before using them as input in the O2k-pipeline in order toensure objets reognition possible during the sky modelling proess. The quadrant struturesappear mostly in images taken in the broad band H and the medium band J2 data whih arethe most sensitive to water vapour. This quadrant pattern appears only if some low altitudelouds happen to pass over during the data aquisition, whih is not often the ase but theframe must be orreted if this ours. For images having quadrant strutures the bakgroundof the images has been smoothed and subtrated. After the quadrant strutures have been�attened, the variation aross the juntion of the four quadrants is less than 1%.

Figure 3.11: Left: Shema of the reading mode of the OMEGA2k amera detetor. Right:Quadrant struture in a sky subtrated frame from the A901 sub�eld B in H-band, we seethat at the juntion of the quadrants the sky level is unequal.
3.10 Build a Bad Pixel MaskThe OMEGA2k amera detetor ontains approximately 1% bad pixels on his array. A badpixel is a pixel for whih the response to the illumination of the detetor is not linear. A badpixel an be a hot pixel, a dead pixel or simply a pixel for whih the response is not linear.A hot pixel is a pixel whih seems to be always illuminated and in ontrary a dead pixel is apixel whih seems to never be illuminated. Bad pixels must be identi�ed and orreted sinethe information they ontain is meaningless and an orrupt the photometry of an objet. In



CHAPTER 3 30order to orret for the bad pixels, a bad pixel mask is reated. Bad pixels are replaed bya median value using the same tehnique as the osmi rays orretion whih is explained in�.3.11.The tehnique used to identify the bad pixels utilize di�erent alibration frames. A seriesof dark and dome �at frames with di�erent exposure times from 2s to 100s are used. For thedome �at series one must be sure to use an appropriate lamp power to illuminate the domeand thus avoid saturating the detetor. For the OMEGA2k amera one expets the detetorto be linear up to 30 000 ounts. Whatever the �lter used for the dome �at series the lampmust be dim enough to reah ∼ 30 000 ounts in a integration time of t ∼ 100 seonds. Asan example, Figure 3.12 shows the response in ounts as a funtion of the exposure time for aset of 12 entral pixels belonging to the OMEGA2k detetor (the FPA#77 detetor). We seethat the response is linear until 30000 ounts. For every pixel of the detetor a linear �t hasbeen performed through a stak of dome �ats frames with inreasing exposure time. A slope,a onstant and RMS are derived from the �t and are analysed to identify the bad pixels.

Exposure time (sec)

C
o

u
n

ts

Figure 3.12: Linearity regime of the detetor FPA#77 in the OMEGA2k IR amera. Eahsymbol represents the behaviour of a single pixel of the detetor through a series of dome �atswith inreasing integration time from 2s to 100s.The distribution of the di�erent slope values derived from the linear �t is shown in theFigure 3.13 (top left panel). The pixels whih have a slope value deviating by more than 3σ ofthe mean slope value are �agged as bad pixels. About 5500 bad pixels have been �agged thisway. The root mean square (RMS) values resulting from the linear �t represent the satter ofthe pixel values around the �t and is also used to �nd bad pixels. The pixels whih deviate



31 CHAPTER 3. FROM PHOTONS TO PHOTOMETRYfrom a linear behaviour have a high RMS value. Pixels were �agged bad pixels if their RMSvalues were >5σ of the mean RMS value. The RMS values histogram is shown on Fig. 3.13(top right panel). About 1200 bad pixels have been found this way. Bad pixels an also befound by using the distribution of onstant values added to the linear �t, Fig. 3.13 (bottompanel). Pixels with a very low <3σ (dead pixels) or a very high >3σ (hot pixels) onstantvalue are �agged as bad pixels. About 22000 bad pixels have been found by this latter method.

Figure 3.13: On the upper left the histogram of the slope values derived from a linear �tthrough a stak of dome �at frames with inreasing exposure time. On the upper right thehistogram of the RMS values, the bottom panel shows the histogram of the distribution of theonstant values.An e�ient way to reate a bad pixel mask is to ombine the bad pixels found with the slopevalues, the RMS values and the onstant values distributions. The result is shown in Figure3.14. Eah bad pixel is shown in blak while good pixels are in white. We an distinguish abad pixel line in the middle left bottom quadrant. This bad pixel mask ontains ∼28000 badpixels (0.7% of all detetor pixels). An individual bad pixel mask is reated for eah di�erentobservational ampaign sine eah time the amera is dismounted the amount of bad pixelhanges.
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Figure 3.14: Bad pixel mask reated to �ag the deviating pixels of the OMEGA2k detetor.The bad pixels are shown in blak while the good pixels are shown in white. Not all bad pixelsare visible on the image sine the resolution of this doument is not high enough to see all ofthem.
3.11 Cosmi Rays and Bad Pixels CorretionCosmi rays are high energy harged partiles whih produe spurious signals when they hitthe detetor and thus an orrupt the photometry of an objet. They must be identi�edand replaed before attempting any photometry. The osmi ray removal has been done withMPIAPHOT pakages with the help of a mosai median image reated from the sky sub-trated frames from all pointings. The aim of the mosai median image is to be able to orretpixels hit by osmi rays whih are loated on the edge of the frames and at the juntionbetween the di�erent sub�eld where the overage is not su�ient if we use dithered framesfrom only one same sub�eld (pointing). Sine the frames are dithered from eah other thereis small overlap at the juntion between frames from di�erent pointings. For eah of the NIR�lters: Y, J1, J2 and H, a mosai median image is reated and used to perform the osmi and,at the same time, the bad pixel orretion in eah individual frame. To perform the osmiorretion the proedure is done in 3 steps:
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•First, a mosai median image is reated out of the assemblage of all individual frames fromall pointings.
•Seond, eah individual frames is ompared with the mosai median image and deviatingpixel are �agged.
•Third, the �agged pixels in the individual frames are replaed by the median value from themosai median image.In more detail, for eah of the NIR �lter Y, J1, J2 and H, a mosai median image isreated with a set of MOSAIC routines o�ered by the MPIAPHOT pakage. First a referenetable ontaining bright stars aross all the A901-�eld in gnomoni oordinates relative tothe projetion entre has been reated. The referene table oordinates are projeted intoeah frame (gnomoni projetion)4. Then, a mosai image is built by inserting all individualgnomoni frames from all pointings (sub�eld A, B and C) at the right position in a large outputimage. During the mosai assembling, for eah pixel, a median value is alulated by looking atthe values in that pixel position through the stak of di�erent dithered individual frames. Theresulting mosai ontains the alulated median values for eah of its pixels. A median valueis obtained only if a pixel is overed by at least 3 frames otherwise the pixel is �agged and willnot be use for the photometry. The entre of the mosai is never a problem sine it is overedby several frames. This is not the ase in the extreme border of the mosai were sometimesonly one or two frames overlap.5 In the next step, eah pixel value from eah individual frameis ompared to the pixel value in the mosai image at that given position. If the pixel valuefrom the individual frame deviates by more that 5σ of the median value, this pixel is �aggedas a osmi. In a seond iteration, the neighbourhood of eah deteted osmi is analysed, thistime pixels whih deviate for more than 2.5σ are �agged as osmi. For eah frame a osmimask whih ontains the position of the pixel hit by a osmi event is reated. The bad pixelorretion is performed at the same time as the osmi orretion. The position of the badpixels are known from the bad pixel mask. Frames from the same observational ampaign areassoiated to their respetive bad pixel mask (BPM). For eah frame the gnomoni projetionof the BPM is alulated and added to the osmi mask. Then, the deviating bad pixels inthe individual frames are replaed by the median value ontained in the median mosai imagefor that pixel. The osmi masks ontain the positions of the bad pixels and the pixels hitby osmis in the gnomoni frames, making it possible to reover those pixels in the originalframes by applying a bak transformation of the gnomoni projetion. After the osmi andthe bad pixel orretion, the frames are fully orreted and ready for the photometry.4The gnomoni projetion is the projetion of points on the surfae of a sphere from a sphere's entre to apoint onto a tangential plane.5The objets loated in the extreme edges of the mosai where the osmi and bad pixel orretion werenot possible are exluded from our objet atalogue.



CHAPTER 3 343.12 Frame SummationIdeally, to have a better estimation of the �uxes measurements and their errors, the photometryshould be performed using every single redued image. Beause of the limited apaity in theMIDAS table �les, the number of images used to perform the photometry had to be redued.For this reason the images are summed by groups. The summation has been performed withthe MPIAPHOT routine SUM/IMAGE whih alulates a straight-forward pixelwise sum-mation. The summation proess is integer pixel based and the resulting summed image hasthe dimension of the ommon area of all input frames.The individual frames with a similar seeing (∆ ≤ 0.1′′) in a given �lter have been summedby groups of 5 whih was a good ompromise between the obtained S/N ratio of the summedframe and number of frames available to perform the photometry. Grouping the single ex-posure frames together allows to inrease the S/N of the resulting frames but unfortunatelydeteriorates the seeing quality. In fat, for input frames of the exat same seeing the resultingsummed frame has its seeing inreased by ∼ 0.1′′ due to the frame alignment whih annotreah a better auray. The summation proess is the last step of the data redution. Theimages are now summed and fully redued.3.13 Deep H-band CatalogueA deep H-band soures atalogue used to identify the objets and obtain their photometry hasbeen extrated from our deep H-band mosai image. The H-band mosai image is built fromthe sum of gnomoni images in the H-band from all pointings with the MPIAPHOT rou-tine MOSAIC/SUMUP. The sum is a weighted sum in whih the input gnomoni images areweighted aording to their depth. The weight is alulated as follows:
weight =

1

(transmission)× (background noise)2 × PSF 2
(3.1)whih give the best results for point soures (Gabash 2004). The A901 H-band mosai imageis built from 114 summed frames among the 3 di�erent pointings for a total exposure time of

texposure ∼ 11 600 se/pixel. The H-band mosai has a seeing of 1.03′′; sine the mosai imageis the result of a weighted sum only the best seeing images ontribute signi�antly.The software SExtrator (Bertin & Arnouts 1996) has been used to identify soures in theH-band mosai deep image. The SExtrator default parameters have been used. In that asethe minimum amount of pixels required to detet an objet is adjusted to the seeing of themosai. A threshold in units of S/N ratio of 4.7 has been used. This threshold �xes the lowerlimit on the magnitude error whih orresponds to 0m.21 of the total magnitude MAG_BEST



35 CHAPTER 3. FROM PHOTONS TO PHOTOMETRYalulated by SExtrator. Also, the minimum amount of pixels needed to identify an objet isadjusted to the seeing of the image. SExtrator allows the use of a weighted image to weigh theobjet detetion aording to the di�erent depths within the mosai image. Tests demonstratethat better results are obtained by using a weighted image. In fat, the depth and the pointspread funtion in the 3 di�erent mosai sub�elds varies a little due to the di�erent integrationtimes reahed in eah individual sub�eld, see Table 3.4. Figure 3.15 shows the mosai imagewhih has been used to derive the H-band atalogue.The deep H-band soure atalogue has been ompared to the deep R-band soures ataloguepreviously obtained by Wolf et al. (2003) to derive the original optial-only COMBO-17 pho-tometry. The H-band atalogue reovers most of the soures deteted in the deep R-bandatalogue. The optially faint blue objets whih are too faint in the NIR are manifestlymissing in the new H-band atalogue but sine our study fouses on the red objets and highredshift galaxies it is not essential to reover those blue faint objets. A detailed omparisonbetween the optial atalogue based on R-band and the new NIR atalogue based on H-bandwill be disussed in the next hapter.The optial photometry has to be re-derived based on the deep H-band soure atalogueinstead of the previous R-band atalogue. Thus, both the optial and NIR photometry ofCOMBO-17+4 are based on this deep H-band soures atalogue. An area of 68′′×76′′ entredon the very bright star in the middle of the �eld as been ut from the atalogue to avoidspurious objets reated by the star halo. The resulting A901-�eld soures atalogue ontainsa total of 31747 objets.3.14 Gnomoni ProjetionThe photometry is obtained by projeting the objet oordinates from the H-band atalogueinto eah frame and measuring the �ux at that position. For this end, the position of 100 brightunsaturated stars are ompared between the H-band atalogue and the individual frames. Theauray of the projetion is very good with≤ 0.1′′. Figure 3.16 shows an example of the satterin the auray of the projetion for a frame versus the radius entred in the entre of theframe, here the RMS value is 0.074′′. During the projetion proess the best guess PSF shapeis determined from the same bright stars used for the projetion. The PSF value determinedfor eah summed frame is fundamental and used as input in the aperture photometry proess.3.15 PhotometryOne the frames are fully orreted and thus free of imperfetions due to the various phe-nomena disussed previously, the �ux of eah objet in the A901-�eld an be measured. The
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Figure 3.15: Mosai image of the A901-�eld in the H-band �lter used to extrat the H-bandsoure atalogue. The very bright Mira variable star with a magnitude K=5.75 and spetraltype M8 III (Gray et al. 2009) appears in the middle of the �eld. The reader is invited toompare this image with the ounterpart optial image in Fig. 3.3, in NIR the distant galaxiesand red stars shine while blue stars and galaxies appear fainter.
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Figure 3.16: Auray of the gnomoni projetion for an image of the A901 sub�eld A. Erroron the position ∆_RAD as a funtion of the radius entred in the middle of the detetor.photometry is performed using the EVALUATE/IMAGE routine from the MPIAPHOT pak-age (Röser & Meisenheimer 1991). The routine performs a seeing adaptive weighted-aperturephotometry. In essene, the entral surfae brightness of an objet is measured on an individ-ual frame onvolved to a ommon PSF of 1.7′′ FWHM. By proeeding that way, one obtainsa better estimate of the �ux error measurements than performing the photometry diretly ona single summed deep exposure. The routine hooses the neessary Gaussian smoothing toreah a ommon e�etive PSF of 1.7′′. The PSF is thus uniform in all frames in all of the21 bands. The EVALUATE setup �le used to perform the photometry an be found in theAppendix B. Subsequently, all �ux measurements from an individual �lter are ombined intoa single deeper �lter measurement using the routine CADIS/UNITE.The ount rates are then onverted into physial units (photons/(s ·nm ·m2) for eah �uxmeasurement by alibrating the ounts with hosen standard stars for whih the spetrum havebeen onvolved with the telesope and �lter transmission urve (optis system e�ieny). Aswe have seen, the whole A901-�eld is omposed of a mosai of 3 sub�elds and eah sub�eld isomposed of several dithered frames. Before alulating the photon �ux for eah soure in agiven waveband, the relative �ux must be alibrated among the di�erent frames of that givenwaveband. Standard stars in eah sub�eld have been seleted for this purpose. The standardstars are used to adjust the ount-rate to �ux onversion among the di�erent frames in a given



CHAPTER 3 38�lter. After alibration the �ux of the standard star is the same in eah frame in a given �lter.The objets �ux in eah frame is resaled aordingly.To alibrate the sub�eld A and C two standard stars have been used while four standardstars have been used to alibrate the sub�eld B. The amount of standard stars used to ali-brate eah sub�eld depends on the amount of good standard star andidates available in eahsub�eld. The di�erent standard stars have been seleted from the R-band atalogue aord-ing to their magnitude, olour and spetral type. Sine we want to alibrate the NIR dataone should avoid very blue stars whih might be bright in the optial regime but too faintin the NIR regime. Thus stars with a olour B-R∼0 and R<20 have been seleted. The lastrequirement was the quality of the star spetra available in the Pikles (1998) spetral library,see �4.3.1. Stars with a well behaved spetra in the NIR were seleted. The harateristiof the standard stars used is presented in Table 3.5 and their SED are presented in Appendix A.The �nal step is to assemble the �ux measurements (the photometry) from the 21 �l-ters together in a so alled flux table. The �ux table is the �nal produt obtained by theMPIAPHOT pakage. This table ontains, among others, the position in world oordinates,the �ux and the magnitude in eah �lter and their respetive errors for eah objet of theatalogue. The derived �ux table has the same struture as the optial R-band based �uxtable derived by Wolf et al. (2003), where a desription of the �ux table ontent is given.3.16 Calibration Between Di�erent WavebandsA relative alibration among the di�erent optial wavebands was ensured by using only a fewspetrophotometri standard stars in the A901-�eld by Wolf et al. (2003). Spetra of thosestandard stars were arried out in a photometri night and onneted to published standardstars (Oke 1990). In this way, spetrophotometri standards were available in every singleexposure of the survey and no further alibration was required regardless of the photometrionditions under whih the regular imaging was arried out.3.17 Magnitude LimitThe depth reahed in eah �lter has been alulated and is represented by Fig. 3.17. TheFigure shows the magnitude error versus the magnitude for all objets with errors below 0m.1(10−σ) in the Y, J1, J2 and H �lter. The 10−σ magnitude limit reahed is 22.0 in the Y �lter,21.5 in the J1 �lter and 21.0 in the J2 and H �lter. These error plots are useful to diagnostihidden problems in the data redution. Ideally, the data points form a parabola shape for whihthe position of the vertial branh vary aording to the depth of the survey. The thiknessof the branh (the satter) is due to the unequal depth reahed in the di�erent sub�elds. The



39 CHAPTER 3. FROM PHOTONS TO PHOTOMETRYsatter is larger in the Y-band due to the unequal depth reahed in di�erent sub�elds, seeTab. 3.4. The minimum error reahed for bright objets whih form the horizontal part ofthe parabola is given by the photon noise. The satter at the bright end of the Y, J1 and J2photometry is due to the FPN whih ouldn't be removed better. While not perfet the resultis aeptable.

Figure 3.17: Error versus Vega magnitude for objets belonging to A901-sub�elds A, B and Cin the COMBO-17+4 NIR bands.3.18 Colour Calibration with Main Sequene StarsFor a reliable multi-olour lassi�ation it is neessary to input objets having well alibratedolours, otherwise an objet having faulty (o�setted) olours will be mislassi�ed. Thus, priorto the lassi�ation, the olours indies alibration has been heked by omparing the oloursindies of the point soures in our A901 atalogue with the star olours from the Pikles (1998)spetral library. The latter is also used in the lassi�ation proess, thus the star olours fromthe library should be onsistent with the star olours in our atalogue.The main sequene stars, due to their well determined surfae temperatures, lie in pre-de�ned regions in olour-olour plots. The alibration hek involves a visual omparison of



CHAPTER 3 40olour-olour plots for all point soures of our atalogue whih have a magnitude 13<H<18.Very bright point soures whih have a high S/N are used sine their satter is small in theolour-olour plots due to their small �uxes errors. There are 552 point soures in our ata-logue whih were used for the olour alibration, all of whih have been pre-lassi�ed as starsby SExtrator. Figure 3.18 shows a seletion of olour-olour plots using the NIR olours.Any alibration error from our atalogue would appear as an o�set in the x or y diretionrelative to the library data point. The olour-olour plots shown in Fig. 3.18 have been olouralibrated and show that our data points (blak) losely math those of the template (red).The olour orretion values applied to math the olours from our atalogue to the spetraltemplate are listed in Tab. 3.6. The olour orretions are relative to the R-band whih isour zeropoint established with spetrophotometri stars. For ertain olours suh as U-B andI-J1 a olour error threshold as been applied. The olour error threshold for the U-B olour isdue to the U-band whih annot be better alibrated than a tenth of a magnitude. The olourerror threshold for the I-J1 omes form the relative alibration between optial and NIR whihhas a limited auray in the order of 7%. This visual olour alibration hek with the helpof Fig. 3.18 allows us to detet a olour shift of the order of & 0m.02 whih gives a lower limiton the performane of the multi-olour lassi�ation.3.19 AstrometryThe astrometry has been performed to obtain real sky oordinates for the objets in our at-alogue whih up to now were in internal oordinates. The astrometry was performed withIRAF (Tody 1993) using the 2MASS point soures atalogue. In the A901 �eld there are
∼800 bright (H.16) stars in ommon with the 2MASS atalogue. Both atalogues have beenmathed and a very good astrometri auray of 0.1′′ in RA and DEC has been ahieved.The photometry ahieved one have in hands �ux and magnitude in 21 �lters for eahobjets in our atalogue. In order to analyse the stellar population in galaxies at di�erentredshift, one must obtain the objets photometri redshift and spetral energy distribution.The next hapter go brie�y through the objet lassi�ation proess and SED template �tting,via the olours, to assign a redshift, an SED and a lass to eah objet in the atalogue.
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Sub�eld Filter Observation Integration Seeing Campaigndate time (se) arse nameA901a H Deember 2005 2520 1.00-1.35 242H Deember 2007 4200 0.85-1.35 256eH Deember 2007 1500 1.13-1.50 256dH January 2008 1380 0.89-1.06 257H Marh 2008 1500 0.76-0.93 257J2 Deember 2005 1120 1.13-1.24 242J2 Deember 2006 2960 0.89-1.24 250J2 January 2008 1440 1.06-1.30 257J2 Marh 2008 1600 0.82-1.50 257J1 Deember 2005 1400 1.29-1.46 242J1 February 2006 1700 1.15-1.34 244J1 Deember 2007 3600 0.96-1.29 256eJ1 April 2008 1900 1.01-1.50 257dY Deember 2005 1600 1.11-1.23 242Y Deember 2007 1500 1.13-1.45 256dY Deember 2007 1600 1.16-1.42 256eY January 2008 1300 1.24-1.50 257Y Marh 2008 1500 1.23-1.39 257Y April 2008 1400 0.86-1.12 257dA901b H Deember 2005 1500 1.07-1.45 242H February 2006 1500 0.80-1.15 244H Deember 2007 4500 0.84-1.23 256eH Deember 2007 1500 1.09-1.44 256dH January 2008 1500 0.90-1.16 257H April 2008 1800 1.19-1.50 257dJ2 Deember 2005 2240 1.08-1.46 242J2 Deember 2006 2560 1.02-1.27 250J2 January 2008 1920 1.10-1.50 257J1 Deember 2005 1000 1.19-1.50 242J1 February 2006 1000 1.36-1.50 244J1 Deember 2007 3500 0.97-1.33 256eJ1 April 2008 1800 1.04-1.17 257dY Deember 2005 1600 1.11-1.23 242Y Deember 2007 1200 1.15-1.50 256eY January 2008 1000 1.26-1.50 257Y Marh 2008 1400 1.12-1.50 257Table 3.2: Observations A901-�eld (April 2008)
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Sub�eld Filter Observation Integration Seeing Campaigndate time (se) arse nameA901 H Deember 2005 1020 1.10-1.50 242H Deember 2007 5880 0.82-1.42 256dH Deember 2007 1500 1.13-1.35 256eH Marh 2008 1500 1.07-1.38 257H April 2008 1500 0.85-1.10 257dJ2 Deember 2005 3120 1.03-1.21 242J2 February 2006 1600 1.29-1.48 244J2 January 2008 2160 1.12-1.50 257J2 April 2008 1600 0.94-1.22 257dJ1 Deember 2005 1700 1.18-1.47 242J1 Deember 2007 1800 0.86-1.03 256dJ1 Deember 2007 3500 1.09-1.28 256eJ1 April 2008 1800 1.12-1.35 257dY Deember 2005 1600 1.00-1.27 242Y Deember 2007 1600 0.91-1.14 256dY Deember 2007 1600 0.84-1.20 256eY Marh 2008 1600 0.86-1.31 257Table 3.3: Table ontinued: Observations A901-�eld (April 2008)
Filter Sub�eld Sub�eld Sub�eld Sub�eld GoalA B C D (1 × 103 s)Y 8.9 5.2 6.4 1.1 8J1 8.6 7.1 8.3 1.3 8J2 7.1 7.4 8.5 5.3 12H 11.8 12 11.1 0.8 12Table 3.4: Total NIR integration time for eah A901-sub�elds (April 2008)
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Catalogue Name R.A DEC mH mR Spetral AssoiatedNumber h:m:s d:m:s ABmag ABmag Type sub�eld12416 A901_11 09:56:41.432 -09:59:33.11 18.4 19.2 wF5 V A18792 A901_14 09:56:34.416 -09:54:47.19 18.7 19.5 wF5 V A14134 A901_21 09:56:01.891 -09:58:11.48 16.9 17.8 wF8 V B14571 A901_22 09:55:59.392 -09:57:41.04 15.2 16.2 rF8 V B15322 A901_23 09:55:49.459 -09:57:14.07 16.6 17.4 wF8 V B19275 A901_24 09:56:13.159 -09:54:33.75 16.9 17.8 wF8 V B03500 A901_35 09:56:41.672 -10:10:04.70 19.4 20.3 wF8 V C08237 A901_31 09:56:44.198 -10:03:12.40 18.7 19.7 wF8 V CTable 3.5: Standard star harateristis. The star spetral template library from Pikles(1998) is used for the objets lassi�ation thus the spetral type for the standard stars anbe determined. The spetral type with the pre�x 'w' indiates metal-weak abundane and thepre�x 'r' indiates metal-rih abundane, all stars belong to the main sequene, spetral typeF of luminosity Class V.

Colour Colour Corretion Threshold Colour Colour Corretion ThresholdIndex CD mag CD mag Index CD mag CD magU-B -0.02 0.100 643-R +0.03B-V 0.02 R-697 0.00V-R -0.06 752-I -0.01R-I -0.03 816-I +0.03418-B 0.00 I-856 0.00B-464 -0.05 I-915 -0.03486-V -0.02 I-J1 +0.03 0.07520-V -0.05 Y-J1 -0.046573-R -0.05 J1-J2 +0.05605-R +0.01 J1-H +0.05Table 3.6: Colour orretion values whih allow a good math between olours from pointsoure objets from our A901 H-band atalogue and the olour from Pikles (1998) spetralstar library. Colour indies: Letters denote the broad-bands and numbers represent the entralwavelength of medium-band �lters measured in nanometres.



CHAPTER 3 44

Figure 3.18: Comparison between point soure objets from the A901 H-band atalogue (blak)and the main sequene stars from the Pikles (1998) spetral library (Red). Colours are givenin CD magnitude, see �4.1.



Chapter 4Classi�ation by SED Templates FittingThis hapter explains the multi-olour lassi�ation sheme and presents the results obtainedfrom a lassi�ation using the full optial plus NIR photometri data set of the A901-�eld.Prior to the lassi�ation it is neessary to alulate the olours and alibrate them. Then,the objets lassi�ation an be performed using star, galaxy and QSO templates. The �rstpart of this hapter introdues the olour indies and the lassi�ation sheme, the seond partompares the lassi�ation obtained for the new H-band atalogue with the previous R-bandatalogue obtained with optial data only in the frame of the COMBO-17 survey.4.1 Colour IndiesThe olour indies are used for the alibration tests with the main sequene stars (see �3.18)and for the objets lassi�ation. The olour index is simply the di�erene in magnitudemeasured in two di�erent �lters. In the Vega magnitude system, if A and B are two di�erent�lters, the olour index is:
A−B ≡ mA−mB = −2.5log
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0 dλSλ(A)fλ(V ega,A)
∫

∞

0 dλSλ(B)fλ(V ega,B)
(4.1)where Sλ is the ombined sensitivity of the telesope, CCD and �lter. However, thespetrum of the star Vega has a non-trivial shape on a physial �ux sale and as a onsequenethe olour indies values annot diretly be onverted into physial �ux ratios. Based on theCADIS survey experiene and sine the �ux values obtained at the end of the data redutionproess are naturally expressed in units of photons per (m2 · sec · nm), another magnitudesystem, the CD magnitude, was introdued by Wolf et al. (2001b). The CD magnitude systemis de�ned as:

CDmag = −2.5logFphot + 20m.01 (4.2)



CHAPTER 4 46where Fphot is in photons m−2 s−1 nm−1. An objet whih has Fphot=onstant has allCD olours equal to zero. The CD magnitude system has its zero point at λ0=548 nm with
mCD=mV ega one �nd that an objet with V≈20 has a �ux of 1 γ m−2 s−1 nm−1 at λ0. Thusthe olour indies input in the multi-olour lassi�ation are in units of CD magnitude de�nedas:

A − B ≡ mA − mB = −2.5log
Fphot,A

Fphot,B
(4.3)and the error is,

σmA−mB
=

√

(σFphot,A
/Fphot,A)2 + (σFphot,B

/Fphot,B)2 (4.4)For more details about di�erent magnitude system suh as the Vega, AB, ST and CD sys-tems used in astronomy see Wolf et al. (2001b). Magnitudes are alulated in order to obtainolours, but for low �ux level (espeially for F<0) the onventional logarithmi magnitudesystem is inappropriate. Thus, alternatively, approximation like "Asinh" magnitude and the"upper limit" magnitude were also alulated. The Asinh magnitude system was introduedby Lupton et al. (1999) to deal with low �ux objets and the upper limit magnitude has beenintrodued by Meisenheimer et al. (in prep 2009) as an alternative to the Asinh magnitude,�4.5 deals more in detail with problems enountered during the onversion in magnitude fromobjets with low �ux measurements.Having the photometry in 21 di�erent �lters in hand, it is possible to use a wide range ofdi�erent olour indies for the lassi�ation. We have used the same optial olours used in theprevious lassi�ation done for the optial only COMBO-17 survey plus the new NIR oloursderived from the COMBO-17+4 survey. The set of olours indies inlude the standard oloursderived from broad-band �lters suh as U-B, B-V, V-R and R-I and a series of olours derivedfrom a mix of narrow-band and broad-band suh as 418-U, R-697, et. The new olours derivedby the NIR photometry are I-J1,Y-J1,J1-J2 and J1-H. The olours have been hosen to be thedi�erene between a shorter wavelength and a longer wavelength and the narrow-bands arealways linked to a broad-band. Table 3.6 ontains the 20 olours used for the lassi�ation.4.2 The Classi�ation ShemeThe multi-olour lassi�ation was developped by Wolf (1998) in the frame of the CADISsurvey. Here only a brief overview is given. More details about the lassi�ation sheme areavailable in Wolf et al. (2001a) and Wolf et al. (2001b). The global sheme of the objetlassi�ation and redshift determination is to ompare and math the observed olours of eahindividual objet from our deep H-band soures atalogue with a olour library of objetswith known spetra. The objets are lassi�ed by loating them in olour spae and om-



47 CHAPTER 4. CLASSIFICATION BY SED TEMPLATES FITTINGparing the probability for eah lass to generate the given measurement. The multi-olourlassi�ation �rst assigns a lass between star, galaxy, QSO or strange objet for eah indi-vidual astronomial soure. For extragalati soures like galaxies and QSOs, the multi-olourlassi�ation estimates a redshift and its error. The objet lass as well as the redshift and itserrors are determined using the maximum-likelihood (ML) and the minimum error varianemethod (MEV) estimator. Using olours indies instead of �uxes in the lassi�ation proessallows us to avoid absolute alibration for eah waveband used. Wolf et al. (2001a) has shownthat the use of the olour indies as an input to the lassi�ation rather than the �uxes them-selves are equivalent under the ondition that the �uxes used to alulate the olours are wellalibrated with eah other. As disussed in �3.16 a relative alibration among the di�erentoptial wavebands was ensured by establishing few spetrophotometri standard stars in theA901-�eld. The performane of the lassi�ation relies on olours auray whih relies on therelative alibration among the di�erent wavebands. Sine the alibration among the di�erentwavebands annot be better ahieved than a few perent (2%-3% aording to the satter inthe data point on Fig. 3.18), the performane of the lassi�ation is limited by a systematiunertainty of this order whih is the assumed minimum error for the olour indies. Table3.6 shows the minimum error assigned for di�erent olour indies.4.3 Colour LibrariesThe olour libraries are onstruted from observed or syntheti spetral libraries whih ontainthe objet SED on whih we onvolve the transmission of the telesope optis, the CCD quan-tum e�ieny and a given �lter transmission e�ieny and thus derive syntheti photometryand olours. Four olour libraries are used by the lassi�ation proess, two are for stars,one for galaxies and one for QSOs, eah of them ontain the 20 olours indies used in theCOMBO-17+4 surveys.4.3.1 Star LibrariesThe star olour library was derived from the Pikles (1998) stellar spetral library. Thisspetral library ontains 96 stars of spetral types F, G, K and M of luminosity lasses fromI to V. Unfortunately even though the spetra were formed by ombining data from severalsoures overlapping in wavelength overage from UV to IR, the NIR (λλ ∼1000nm-1500nm)range is overed for only a few spetra in the library. Due to the lak of NIR data the remainingspetra of the library have been inter- or extrapolated in the NIR regime. Nevertheless,Zatloukal (2008) have shown that this star library gives a more reliable lassi�ation thanother star libraries like the Deline (priv. ommuniation) library.



CHAPTER 4 48The seond star library ontaining more peuliar blue types of stars like white dwarfs(WD), blue horizontal branh (BHB) stars and sub-dwarfs. The seond star library is derivedfrom theoretial spetra from Koester (priv. ommuniation). Those two star libraries havealso been used for the COMBO-17 survey.4.3.2 Galaxy Spetral LibraryThe new feature in the lassi�ation proess is the use of a new galaxy template librarydeveloped by Meisenheimer et al. (in prep 2009). This new galaxy library di�ers from the oneused previously by Wolf et al. (2003), whih is based on a single burst model with reddening,and onsists of an improvement of the templates based on a two burst-model derived by Borhet al. (2006) whih ould not reprodue aurate redshift. The motivation of a two-burstmodel was to be able to better reprodue the star formation history for the wide range ofgalaxy types from Starbursts to Elliptials. The seond burst model allows a mix of oldand young stellar populations, sine old stars generally dominate the mass while young starsdominate the optial �ux, it is important to be able to onstrain their relative amount fromthe SED to better estimate the stellar mass-to-light ratio M/L of a galaxy. The new galaxylibrary was alulated with the PEGASE pakage (Fio & Roa-Volmerange 1997), a synthesispopulation model. The spetral galaxy library inludes galaxy templates of 60 di�erent agesfrom 50 Myr to 15 Gyr times 6 levels of extintion from 0 to 0.5 by steps of 0.1. The templateinvolves a Kroupa IMF and an initial metalliity of 0.01 (that is half solar Z/Zo=0.5) and isextintion-free. The extintion is applied afterwards as a sreen following the SMC law de�nedby Pei (1992). Steps in redshift over the range from 0 to 2.3 with a resolution of 0.005 on alog(1+z) sale. The SFR follows two exponential delines, the �rst one ourred several billionyears ago with an e-folding time of 1 Gyr and a seond burst started 2750 Myr after the �rstburst with an e-folding of 0.1 Gyr.4.3.3 QSO LibraryThe same QSO templates library as for the COMBO-17 survey has been used. The QSO olourlibrary was derived from the SDSS template spetrum by Vanden Berk et al. (2001). Theresulting QSO olour library overs redshifts between 0.3<z<2.02 with a redshift resolutionof 0.01 in log(1 + z). For QSO below z=0.3 the templates do not over adequately the NIRwavelength range and onsists of a smooth ontinuum model. For those QSO the �t duringthe lassi�ation is less well onstrained than at higher redshift. As assumed in the frame ofthe COMBO-17 survey, we do not expet many QSO at z<0.5 and thus this problem shouldnot a�et greatly our results in that low redshift regime. More details about the design of theQSO library an be found in Wolf et al. (2004).



49 CHAPTER 4. CLASSIFICATION BY SED TEMPLATES FITTING4.4 Classi�ation ResultsThe lassi�ation was performed on the A901 deep H-band soure atalogue, optimum resultswere obtained with the 20 olours listed in Tab. 3.6. A lassi�ation has been ahieved for allobjets of the A901-�eld atalogue. This onsists of 31747 objets lassi�ed into 29492 galax-ies, 169 QSOs, 1871 stars and 215 strange objets. The histogram of the photometri redshiftdistribution for 12023 galaxies with H<21.5 is shown in Fig. 4.1, the sharp peak entred atz=0.165 indiate the super luster A901/A902, omposed of ∼800 members. The performaneof the lassi�ation itself is beyond the sope of this thesis sine it requires Monte-Carlo simu-lation to understand the behaviour of the lassi�ation for very faint H-band seleted soures.Here we assume that the lassi�ation is reliable for all objets down to an observed magnitudeof H=21.7, whih is our 5-σ magnitude limit for point soures.

Figure 4.1: Histogram of the photometri redshift distribution for 12023 galaxies with H<21.5between 0<z<2 in the A901-�eld.The distribution of the di�erent galaxy SED types of the atalogue as a funtion of redshiftis shown in Fig. 4.2. We see an overdensity aused by the A901 luster entred at z=0.165forming a vertial line. The luster inludes galaxies of almost all SED types. We also seethat the average SED for galaxies loated between 1.5<z<2 is around SED #30. This SED
#30 is omposed of 83% of old stars and 17% of young star whih are younger than 250 Myraording to our 2 burst model, more details about template SED will be available in Meisen-heimer et al. (in prep 2009).



CHAPTER 4 50In Figure 4.2 we also see the lak of star forming blue galaxies with SED type between 1to 20 at z>1 (below the blue dotted line) due to our H-band seleted atalogue biased towardsred objets. The red dotted line in Figure 4.2 shows a natural ut in the old SED templatewith redshift, as redshift inreases we �nd less and less old red galaxies.

Figure 4.2: SED types as a funtion of redshift for galaxies with H<21.5 between 0<z<2. TheY axis goes from SED template #1 for young stellar population starburst to SED #60 for oldstellar population elliptial.4.4.1 Comparison of the COMBO-17 Catalogue with the COMBO-17+4 CatalogueThe photometri redshift distribution obtained with the H-band seleted atalogue (red) isompared with the one previously obtained with the optial R-band atalogue (blak) in Fig.4.3. The histograms show for both atalogues the redshift distribution for galaxies loated inthe sub�eld A, B and C of the A901-�eld. The left panel shows the entire redshift distributionbetween 0<z<2, with the blak line representing 14697 galaxies with R<24.5 from the R-bandatalogue and the red line representing 12023 galaxies with H<21.5 from the H-band atalogue.One sees that the main osmologial strutures an be reognized in both atalogues. Theright panel in Fig. 4.3 shows a lose-up view of the redshift distribution between 1<z<2, welearly see the bene�t of the addition of the NIR bands at high redshift. While the number ofobjets in the optial atalogue dereases drastially between 1<z<1.35 the number of objetsin the H-band atalogue dereases smoothly. Between 1<z<2 the optial atalogue ontains



51 CHAPTER 4. CLASSIFICATION BY SED TEMPLATES FITTING2157 galaxies with R<24.5 while the optial plus NIR atalogue ontains 3821 galaxies andsine the redshift determination for z>1.1 in the optial data set is very unertain, we havegained more than ∼1600 objets between 1<z<2 by using a ombination of optial+IR data.

Figure 4.3: Left: Histogram of galaxy photometri redshift distribution between 0<z<2. Com-parison between R-band seleted atalogue R<24.5 (blak) and the H-band seleted atalogueH<21.5 (red), only objets present in both atalogues are ompared. Right: Histogram ofgalaxy photometri redshift distribution between 1<z<2. The gain in number of objets withthe NIR atalogue ompared to the optial atalogue is substantial.
It is interesting to ompare the distribution of the di�erent galaxy SED templates typein the R-band seleted atalogue with the one in the H-band seleted atalogue. Figure 4.4shows two histograms of the number of objets having a ertain SED type, from young stellarpopulation starburst (SED #1) to old stellar population elliptial (SED #60). One sees thatfor the low redshift slie between 0<z<1 the H-band atalogue is biased toward redder SEDtypes, the atalogue ontains muh less star forming blue galaxies with 1<SED#<30 than theR-band seleted atalogue. For intermediate galaxy templates between 30<SED#<40 bothatalogues are equivalent but for redder galaxies with 40<SED#<50 the H-band atalogueontains muh more objets. The number of very red and old galaxies with SED>#50 followsthe same dereasing trend in both atalogues. At higher redshift, between 1<z<2, Figure 4.4right panel, the gain of redder objets with SED>#20 in the H-band seleted atalogue islearly visible; while the number of galaxies with SED#>20 drops in the R-band atalogue,it inreases in the H-band atalogue reahing a peak around SED#30. The H-band seletedatalogue whih ontains muh more red galaxies than the optial R-band seleted atalogueallows us to better trae the old stellar population in galaxies.
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Figure 4.4: Comparison between di�erent SED types in the A901 R-band atalogue (blak)and the H-band atalogue (Red) for two di�erent redshift slie. SED #1 refer to Starburstand SED #60 refer to Elliptial.4.5 Low Flux Count and Redshift FousingIn photometri redshift determination, it important to avoid any redshift fousing whih ouldlead to erroneous sienti� results. A redshift fousing ours when many objets are assignedsystematially to the same given redshift due to one or more wrong olours. For objets havinghigh �ux in a given band, the olours have been alulated using magnitude as desribed byEq. 4.3. When objets have low �ux or even negative �ux in a given band the magnitudeas been alulated using the Asinh magnitude (Lupton et al. 1999). The Asinh magnitudeis a modi�ed magnitude system whih replaes the logarithm in the onventional de�nitionof a magnitude with an inverse hyperboli sine funtion. For high �ux values (S/N>5) thefuntion is logarithmi but in the low �ux regime (S/N<5) the Asinh magnitude is a linearapproximation of the onventional magnitude and thus avoids having negative magnitude.This presription is useful when onsidering the olours of faint objets, sine the di�ereneof two Asinh magnitudes measures the usual �ux ratio for bright objets and avoids theproblems aused by dividing two very unertain values for faint objets. Unfortunately thisrede�nition of the magnitude system has lead to redshift fousing in our ase sine we areusing lassi�ation olours whih are alulated using a mix of broad- and medium-bands.The medium-bands data are less deep than the broad-band data and thus the magnitude atwhih the Asinh magnitude system starts to be linear will be di�erent for the medium bandompared to the broad-band. As a onsequene, it ould be that a olour is alulated using onone side the Asinh magnitude for the medium-band �ux measurement and the other side theonventional magnitude for the measurement in the broad band. The result is that the medium



53 CHAPTER 4. CLASSIFICATION BY SED TEMPLATES FITTINGband will appear brighter that it is in reality introduing wrong olours to the lassi�ationproess and reating a redshift fousing at a given redshift, see Fig. 4.5. To avoid the redshiftfousing reated by the use of the Asinh magnitude we have used the upper-limit magnitudesystem introdued by Meisenheimer et al. (in prep 2009). The upper-limit magnitude systemis a new magnitude de�nition for low �ux level whih is approximately given by:
m = 20 − 2.5log(Fphot + 2σ) + 2σ(mag) (4.5)where σ are the errors in �ux and in mag. In Eq. 4.5 the upper limit starts to be e�etivefor objets whih have a S/N of 0.5 instead of S/N of 5 in the Asinh magnitude avoiding low�ux objets from the medium-band having erroneously high alulated value.

Figure 4.5: Distribution of redshift resulting from a lassi�ation using Asinh magnitude(blak) ompared to upper-limit magnitude (green), a redshift fous appears at z∼1 and z∼1.6when using the Asinh magnitude system, the objets reate two arti�ial peaks at thoseredshifts.
4.6 Improving Photometri Redshift with NIR DataThe implementation of NIR data to the optial COMBO-17 survey allowed a onsiderableimprovement in the determination of photometri redshift for objets whih were at the limitof the lassi�ation reliability in the R-band atalogue derived by the optial COMBO-17 .Figure 4.6 shows the omparison between the photometri redshifts zopt based on the 17 optialbands against the ones on optial plus NIR data zopt+NIR for 7682 galaxies ommon in bothatalogues. We see that the majority of the galaxies form a diagonal branh up to z∼1.4(blak dots). A small spread for zopt<0.7 means that the redshifts are determined by the



CHAPTER 4 54optial data only and are equivalent in both atalogue. For zopt>0.7 the diagonal beomebroader indiating the redshift disrepany between redshifts based on optial data only andthe ones based on extended NIR data. It is interesting to see how muh the determination ofthe photometri redshift is improved by extending the wavelength overage from the optial tothe NIR. In Fig. 4.6 one an sees one prominent group o� the diagonal branh loated between0.7<zopt<1.1 (red dots). For these objets we obtained a signi�antly higher redshift from themeasurements based on the extended data set when ompared with the results obtained withoptial data only. This group ontained 753 out of 7682 galaxies meaning that about 10% ofthe studied population has a signi�ant improvement in the redshift determination when onesupplements the optial bands with the NIR bands. Another group of galaxies (blue dots)are lassi�ed at high redshift between 1.5<zopt+NIR<2 with the optial plus NIR data whilethey were lassi�ed at low redshift between 0<zopt<0.4 with the optial only data set. Thisgroup ontains 39 out to 7682 galaxies representing 0.5% of the sample and have very faintmagnitude R>22 and large errors in the optial photometry, the redshift determination is notaurate in both atalogues. Figure 4.6 also shows that the diagonal is broader at all redshiftsand a group of 99 objets (in green) whih represent 1.2% of the sample is lassi�ed at lowerredshift by the use of the NIR ompared to the optial data. This e�et ould be due to thelassi�ation using the new galaxy templates in the ase of the optial plus NIR data.

Figure 4.6: Photometri redshift omparison between optial data only and optial+NIR datafor 7682 galaxies loated in the sub�eld A, B and C of the A901-�eld. The magnitude ut forthe optial COMBO-17 atalogue is R<24.5 and H<21.5 for the optial plus NIR COMBO-17+4 atalogue.



55 CHAPTER 4. CLASSIFICATION BY SED TEMPLATES FITTINGThree example of SEDs of galaxies lassi�ed with the optial data in 17 �lters ompared toa lassi�ation with optial plus NIR data (21 �lters) are shown in Fig. 4.7, Fig. 4.8 and Fig.4.9 . Those galaxies are good example of the galaxies belonging to the group in red dots inFig. 4.6. On the bottom panel of eah �gures one sees that the photometri redshift assignedto those galaxies by the lassi�ation using only optial data was in the range 0.7<z<1.1 whilethey are in reality at muh higher redshift, in the range of 1.2<z1.5, when the NIR are added,top panels.For example in Fig. 4.7 while using the optial data only (bottom panel) the lassi�ationestimates the redshift of the galaxy to be z=0.73 beause the 4000Å break is thought to bearound λ=6900Å. With the addition of the NIR data points, we now see that the 4000Å breakis in reality around λ=9200Å (top panel) resulting in a redshift of z=1.3. In Fig. 4.8 (bottompanel) the galaxy is lassi�ed at redshift z=0.8 using the optial data only when in reality thisobjet is at z=1.28 (top panel) with the 4000Å break loated around λ=9100Å. In Fig. 4.9(bottom panel) the galaxy is thought to be around z=1.1 but in fat the 4000Å break is in theNIR at λ=10120Å resulting in a redshift of z=1.53 for this galaxy. By omparing the two SEDsin Fig. 4.7, 4.8 and 4.9 we see that the optial data in fat reahes only the beginning of the4000Å break for suh objets and that the lassi�ation using only the optial data is mistaken.The redshift auray has been heked for the A901 galaxy luster. In Figure 4.10 we om-pare the photometri redshift obtained for the luster members with the optial data (R<23.5)and the photometri redshift obtained with the full optial plus NIR data set (H<21.5).Based on spetrosopy, the A901 galaxy luster is entred at z=0.165 with a dispersion of0.155<z<0.175. In Figure 4.10, the left panel shows the omparison of the photometri red-shift obtained for the A901 luster with the COMBO-17 versus the COMBO-17+4 data set,the blue diagonal indiates the zopt=zopt+NIR line. If both data sets had produed the exatsame redshift all objets would have been on the blue diagonal line. Instead the data pointsfollow the red line with an o�set of ∼0.005, meaning that the new redshift derived with theoptial plus NIR data set is 0.005 lower than the one obtained with the optial data set. Thisresult is very good sine the redshift determined by the photometri redshift based on optialdata for the A901 luster were by ∼0.005 to high ompared to spetrosopy. The right panelin Fig. 4.10 shows an histogram of the number of objets as a funtion of redshift for theA901 galaxy luster with the optial data set (shown in blue) peaking at z=0.17+/- 0.03(1+z)and the optial plus NIR in red peaking at z=0.165+/- 0.03(1+z) whih is the spetrosopiredshift. Fig. 4.10 shows that the redshift auray obtained with the photometri redshiftusing the optial plus NIR data is exellent and omparable to spetrosopy for low redshiftgalaxies.
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Figure 4.7: Spetral energy distribution in photons/(m2 · s · nm) for a galaxy lassi�ed with17 optial plus 4 NIR bands (top) ompared to a lassi�ation with 17 optial bands only(bottom). The data points are shown in blak, the galaxy template in green. Redshift z,magnitude H or R and x,y world oordinates are given.
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Figure 4.8: Spetral energy distribution in photons/(m2 · s · nm) for a galaxy lassi�ed with17 optial plus 4 NIR bands (top) ompared to a lassi�ation with 17 optial bands only(bottom). The data points are shown in blak, the galaxy template in green. Redshift z,magnitude H or R and x,y world oordinates are given.
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Figure 4.9: Spetral energy distribution in photons/(m2 · s · nm) for a galaxy lassi�ed with17 optial plus 4 NIR bands (top) ompared to a lassi�ation with 17 optial bands only(bottom). The data points are shown in blak, the galaxy template in green. Redshift z,magnitude H or R and x,y world oordinates are given.
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COMBO-17Figure 4.10: Left: Comparison of photometri redshift obtained with optial data set andoptial plus NIR for the A901 galaxy luster. Right: Redshift distribution for the A901 lusterR-band seleted atalogue (in blue) and the H-band seleted atalogue (in red). Photometriredshift obtained for eah atalogue and spetrosopi redshift are indiated.



Chapter 5Galaxy Bimodality Through Cosmi TimeThis hapter investigates the bimodality of galaxies through osmi time. For this aim the rest-frame magnitudes and the rest-frame olours are omputed and olour-magnitude diagrams aswell as olour distributions are analysed. This analysis leads to the determination of a olour-magnitude relation evolving with redshift to separate the red galaxies from the blue ones out toz=2. By separating the star forming blue galaxies from the red evolved galaxies, it is possibleto separately study the evolution of the two populations through osmi time. Throughout thishapter the osmologial parameters Ωm=0.3, Ωλ=0.7 and H0=70.7 km/s/Mp are assumedand all magnitudes are given in the Vega system.5.1 Rest-Frame Magnitudes and ColoursRest-frame luminosities have been alulated from the observed photometry whih overs thewavelength range from the U- to the H-band. For omparison with other work, rest-frame lu-minosities have been obtained for several passbands in di�erent photometri systems inludingthe lassi U-, B- and V- bands in the Johnson system as well as the u-, g-, r- and i- bandsfrom the Sloan Digital Sky Survey (SDSS), and �nally a syntheti UV ontinuum band, named
U280, entred at λ = 280nm with FWHM = 40nm and a top-hat transmission urve. Therest-frame luminosities and olours are alulated in three steps:

•As seen in �1.3 the rest-frame features in a galaxy spetrum move through our observedbands with redshift, see Fig. 1.3. In the �rst step, the �ux in the rest-frame band of interesthas to be alulated from the observed �ux in the losest broad-band �lter. This is done byusing a k-correction colour table, whih is derived from the templates in the spetral galaxylibrary. The k-orretion olour table ontains observed versus rest-frame olours for the entireset of observed broad bands and the above set of rest-frame bands on a grid of 360 templateSEDs (60 SED types × 6 extintion levels) and 240 redshift steps in the range 0 < z < 2.3. Foreah observed galaxy the observed magnitude in the rest-frame band is derived with respet



61 CHAPTER 5. GALAXY BIMODALITY THROUGH COSMIC TIMEto the nearest observed broad-band. Table 5.1 gives the range of wavelengths in whih eahof the observed broad-band �lters U, B, V, R, I, J1 and H is used to derive the observedmagnitude in the rest-frame band (entred on λc) shifted to λo = (1 + z) λc. As an example,for a galaxy at z=0.5, the rest-frame �ux in the V Johnson �lter entred at λc = 550nm isobserved at a wavelength of λo = (1 + z) λc = 825nm. Aording to Tab.5.1 the rest-frameV �ux of this objet is based on the �ux observed in the I-band whih is used for the range
760 < λo < 1050nm. In this step the interstellar extintion Aλobs

towards Abell 901 in theobserved broad-band entred on λobs is taken into aount.
λmin Filter λmax Aλ(nm) (nm)280 U 400 0.29400 B 500 0.22500 V 570 0.18570 R 760 0.15760 I 1050 0.111050 J1 1400 0.07
1400 H 2600 0.05Table 5.1: Broad-band �lters used to alulate rest-frame luminosities. For eah �lter thewavelength range is given in whih the �lter is used to alulate the �ux in a rest-frame band,the entral wavelength λc of whih is shifted to λo = (1 + z) λc, that is λmin < λo < λmax. Inaddition, the assumed extintion values towards A901-�eld are listed.

•Seond, for eah galaxy, the absolute magnitude de�ned by Eq. 1.5 is alulated fromthe observed rest-frame magnitude and the luminosity distane as de�ned by Eq. 1.6. In thisstep also the orretion between "aperture magnitudes" whih are used in the photometri�ux table and the total (integrated) magnitude of a galaxy has to be taken into aount. Theorretion ∆mtot is derived from the total magnitude MAG-BEST derived by SExtrator onthe deep H-band image and alibrated for eah of our sub�eld A, B and C suh that for stars(aperture = total magnitude) and ∆mtot = 0.The luminosity errors inlude three omponents added in quadrature: the error of the mag-nitude of the observed broad-band �lter losest to the redshifted rest-frame band, the errorof MAG-BEST and a minimum error of 0.03 to take into aount redshift errors and overallalibration unertainties.
•Third, from the absolute magnitudes in the rest-frame, the rest-frame olours are alu-lated straightforwardly. The error in rest-frame olour is the quadrati addition of the errorsof the two involved broad-band �lters plus a minimum error whih ranges between 0.05 and 0.1depending on the loation of the two rest-frame bands involved in typial galaxy spetra (that



CHAPTER 5 62is: rest-frame olours between two smooth regions of galaxy spetra get a smaller minimumerror).To investigate the bimodality of galaxy olours we use the U280-V rest-frame olour be-ause the U280 band provides a leaner measure of the �ux short-wards of the 4000Å breakthan the Johnson U-band whih partly overlaps with the break and thus is strongly a�etedeven by very small unertainties in the redshift determination. Moreover, these two photo-metri rest-frame bands are braketed by our observed bands in the entire redshift range ofinterest 0.3 < z < 2 whih is most essential for our present study and ontains the bulk ofgalaxies in our sample. So, in using U280-V we do not rely on any SED extrapolation.Before investigating the bimodality of galaxies it is interesting to analyse the distributionof galaxies in the rest-frame magnitude redshift plane for the rest-frame magnitude used toalulate the U280-V olour. The left panel in Fig. 5.1 shows the redshift as a funtion ofthe rest-frame magnitude in the Johnson V-band. The magnitude limit H<21.7 of the surveyappears at the faint end of the distribution as a parabola shape. The horizontal features rep-resent overdensities, learly showing the A901 luster at z=0.165 whih spreads over almost allthe magnitude range. The distribution reahes fainter magnitudes for objets loated belowz=0.38 due to the fat that at those redshift the rest-frame MV is alulated from the �uxemitted in the observed R-band whih is our deepest optial data. The Fig. 5.1 right panelshows the redshift as a funtion of the rest-frame MU280
, showing a step between 1<z<1.7 inthe faint end of the distribution. In this redshift range the rest-frame MU280

is alulated fromthe �ux observed in the deep R-band and thus allows us to see galaxies at fainter magnitudes.The two redshifts assoiated with the beginning and the end of the step in the distributionindiate at whih redshift the rest-frame �ux in the U280 passes from an observed band toanother one, just below z=1 the rest-frame U280 �ux omes from the observed V-band, whileabove z=1.7 it omes from the I-band.The U280-V olour and its error as a funtion of redshift are plotted in Fig. 5.2. By plottingthe olour as a funtion of redshift, Fig. 5.2 left panel, shows the same trends as disussedpreviously for Fig. 4.2 whih shows the SED types as a funtion of redshift. This is due to theolour of a galaxy being diretly linked to its spetral type. A star forming galaxy is alledblue beause it has more �ux at shorter wavelength sampled here by the U280 �lter than atlonger wavelength sampled here by the V �lter. This means that star forming blue galaxieshave smaller U280-V olours than later type elliptial galaxies and are loated in the lower partof both �gures Fig. 5.2 left panel and Fig. 4.2.The U280-V olour errors have been plotted as a funtion of redshift in the right panel ofFig. 5.2. This plot shows the ut reated by the minimum error threshold of 0m.1 applied
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Figure 5.1: Absolute magnitude MV (left) and MU280
(right) as a funtion of redshift. Onthe right panel we see that the faint end of the distribution is not smooth but shows a stepbetween 1<z<1.7 due to the observed �ux from our deep R-band whih is used to alulatethe rest-frame MU280

in that redshift range.in the alulation of the olour error. We also see that the olour auray is very good forobjets loated at low redshift z.0.6 where most of the objets have a olour error lose tothe minimum threshold of 0m.1. The large satter between 0.9. z . 1.2 is aused by themagnitude error σMV in the V-band whih is larger than the magnitude error σMU280
in the

U280-band for that redshift range. This is due to the fat that for this redshift range MV isalulated using the �ux observed in the narrow-band J1 while MU280
is alulated based onthe �ux in the deep R-band. The J1 �lter being narrow and not as deep as the R-band, theunertainties assoiated to the magnitude in this band are larger than in the deep R-band. InFig. 5.2 we also see that the olour unertainties are larger at z>1.5 due to the error in therest-frame MU280

aused by the large error in the shallow I-band �ux.

Figure 5.2: Rest-frame U280-V olour (left) and his error (right) as a funtion redshift.



CHAPTER 5 645.2 Rest-frame Colour BimodalityA magnitude limited sample of 14286 galaxies with magnitude H<21.7 (Vega) has been usedto investigate the olour bimodality of galaxies through osmi time. This magnitude limitorresponds to the 5−σ detetion limit in the H-band in the aperture �ux.In the literature, olour-magnitude and olour-olour diagrams as well as olour histogramsare generally used to separate the star forming blue galaxies from the red galaxies sine thetwo galaxy populations lie in prede�ned regions of those plots, examples are shown in Fig. 5.7and Fig. 5.8. The top left panel in Figure 5.7 shows the U280-V versus MV olour-magnitudediagram (CMD) for the A901 galaxy luster. For a galaxy luster like A901, a red sequene islearly visible in the CMD. However, it ould be di�ult to see a lear separation between thered sequene and the blue loud for a sample of galaxies loated in a less dense environmentor for a sample of galaxies in the �eld, see Fig. 5.8. Moreover, the olour errors ouldprodue a large satter in the CMD making it di�ult to visually distinguish a well de�nedred sequene. As we have seen in the previous setion, the errors in the U280-V measurementsare larger above z∼1, making it di�ult to investigate the bimodality in a CMD for a highredshift galaxy sample. To investigate the galaxy olour bimodality through osmi time, wehave developped a new method based on error weighted histograms in whih eah galaxy isrepresented by its gaussian probability distribution (p ∼ e−(c−c0)2/2σc) where σc is the olourerror and the p is normalized so that ∫

pde=1. Using this de�nition, a galaxy with a smallerror have a gaussian distribution with a more pronouned peak that a galaxy having a largeerror and having a �atter distribution. The error weighted histograms are reated by summingall the gaussian distributions at a given olour for a given redshift bin. The galaxy having asmall error ontributes more signi�antly to the overall distribution than a galaxy having alarge error. To investigate the galaxy bimodality we have used the U280-V olour. Howeverin order to better disentangle the red sequene from the blue loud we have tilted the U280-Volour in the olour-magnitude plane using MV = −20 as the pivot point Eq. 5.1. That is, themeasured U280− V of eah individual galaxy is projeted along the slope of the red sequene(as determined in the A901 luster CMD, see Fig. 5.7 top left ) to the pivotal magnitude
MV = −20. This new method allows us to investigate the distribution of the galaxies in manythin redshift slies of about ∆z∼0.1 throughout our full redshift range between 0<z<2.

(U280 − V )Mv=−20 = (U280 − V ) + 0.3(MV + 20) (5.1)Some examples of the distribution of galaxies in di�erent thin redshift slies are shownin Figure 5.3. The redshift interval and mean as well as the number of objets in the entireredshift slie are indiated on eah panel. In eah panel we see two distint peaks appearingdue to the galaxy bimodality. On eah histogram the right peak represents the distributionof the red galaxies while the left peak represents the distribution of the star forming blue



65 CHAPTER 5. GALAXY BIMODALITY THROUGH COSMIC TIMEgalaxies. As a referene we see the A901 luster in the top left panel, a lear red sequenepeak is visible and the ontribution of the blue loud galaxies forms a double peak due to theontribution of only few blue galaxies. Our results show a lear galaxy bimodality at z<1,see Fig. 5.3 top right and bottom left panels, as also demonstrated by Bell et al. (2004b)using the COMBO-17 data for the ombined A901, A226 and S11 �elds. The bimodality hasbeen found at z<1 by many other surveys inluding SDSS (Strateva et al. 2001) and DEEP(Weiner et al. 2005). Moreover, the depth of our survey allows us to extend the detetion ofthe galaxy bimodality up to z=1.6 whih is the zmean of our highest redshift interval wherewe an still detet two distint distribution peaks. Beyond z=1.6 it is not possible to on-�rm a galaxy olour bimodality sine the number of objets available for our analysis dropsonsiderably between 1.6<z<2, see Fig. 5.6. Figure 5.4 bottom panel shows the distributionfor 198 galaxies in the redshift interval 1.65<z<1.75, the distribution is learly not bimodal.However this does not mean that the red sequene does not exist beyond z=1.6, here we anonly argue that due to the small area surveyed and the low number of objets in our sampleat z>1.6 our data does not allow us to on�rm or refute the presene of a red sequene beyondz=1.6. Our results are onsistent with other studies whih on�rm a galaxy olour bimodalityat high redshift, up to z∼1.2 by the MUSYC survey (Taylor et al. 2008) and up to z∼1.5 by theVVDS survey (Franzetti et al. 2006). While the COMBO-17+4 survey allows us to inreasethe redshift limit of the olour bimodality detetion ompared to those later studies, it doesnot allow us to see a de�ned galaxy red sequene at z=2 as found by Kriek et al. (2008) usingNIR spetrosopy. Williams et al. (2008) using UKIDDS Ultra-Deep Survey photometri datahave also found a bimodality up to z=2 in rest-frame U-V versus V-J olour-olour plots.Astonishingly, while investigating the galaxy bimodality in di�erent redshift slies of theUniverse for our A901-�eld, we have found that for some redshift slies even at low redshift(e.g. zmean=0.25) and intermediate redshift (e.g. zmean=0.99) a red sequene is absent, seeFig. 5.4 top panel left and right. This result seems to ontradit the results obtained by Bellet al. (2004b) who found a galaxy bimodality at all redshifts up to z∼1. In fat Bell et al.(2004b) derived his results from a sample of ∼ 5000 galaxies derived from the ombination ofthe A901, A226 and S11 �elds whih are three COMBO-17 �elds while our data inludes onlythe 3/4 of the entire A901-�eld. Consequently, our data are muh more sensitive to large salestrutures. Hene, the A901-�eld has in some redshift intervals voids where no red sequeneappears. This was not observed by Bell et al. (2004b) sine those results, by ombining several�elds together, averaged the galaxies bimodality distribution in a given redshift range. Ourresults show that a pronouned red sequene strongly depends on the surveyed part of theUniverse. This is a new result whih never has been demonstrated in the literature before andneed ertainly more investigation. Further studies should investigate what the density of thegalaxy environment has to be in order for a red sequene to emerge.
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0.155<z<0.175
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Figure 5.3: Rest-frame (U280 − V )Mv=−20 olour distribution for galaxies in di�erent redshiftslies. In eah panel, the histogram is built by the addition of all single galaxies whih arerepresented by their gaussian probability distribution based on their olour error. The totalnumber of galaxies used to produe the histogram (top right in eah panel) represents theintegral of the distribution over the olour range. In eah histogram we see a bimodality, theright peak represents the red sequene galaxies and the left peak represents the blue loudgalaxies. The top left panel shows the olour distribution for the luster A901 at z=0.165 thered sequene forms a sharp peak while the few galaxies belonging to the blue loud forms adouble peak.
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Figure 5.4: Rest-frame (U280 − V )Mv=−20 olour distribution for galaxies in di�erent redshiftslies, see also aption Fig. 5.3. The number of galaxies inluded in the distribution aswell as the redshift interval and mean redshift are given in the top right of eah panel. Thedistribution of galaxies does not show a lear bimodality in those redshift intervals, neither atlow zmean = 0.25 (top left panel) nor at intermediate zmean = 0.99 (top right) as ompared tohigh zmean = 1.7 (bottom) redshift.



CHAPTER 5 685.3 Colour Magnitude RelationSine the red sequene is missing in the redshift interval 1.6<z<2, our data allow us to derivean evolving olour-magnitude relation to separate the red galaxies from the blue ones up toz=1.6. Using error weighted histograms for many thin redshift slies, the (U280 − V )Mv=−20olour position of the red galaxies distribution peak has been followed from z=0 to z=1.6.Using the mean redshift zmean of eah redshift slie, the orresponding lookbak time hasbeen alulated using Eq. 1.4. Figure 5.5 shows the rest-frame olour (U280 − V )Mv=−20 as afuntion of lookbak time, showing that the olour evolves linearly with time by:
(U280 − V )Mv=−20 = 2.57 − 0.195 × tlookback (5.2)
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0Figure 5.5: Evolution of the red sequene bright end olour (U280 − V )Mv=−20 with lookbaktime in Gyrs.Aordingly, the (U280−V )Mv=−20 olour positions of the red sequene as a funtion of look-bak time have been linearly �tted and using the approximation tlookback ≃ 15Gyrs · z/(1 + z)a redshift evolving olour-magnitude relation has been established for the position of the redsequene distribution peak. This is the �rst time that a linear evolution of the red sequenewith time has been derived, previous studies due to large unertainties in the red sequeneposition were unable to derive suh a meaningful relation.Having determined this relation, we hose a parallel relation whih is 0.47 mag bluer inorder to separate the red and blue galaxy populations. The derived redshift evolving olour-



69 CHAPTER 5. GALAXY BIMODALITY THROUGH COSMIC TIMEmagnitude relation to separate the red galaxies from the blue galaxies is de�ned as:
(U280 − V )limit = 2.10 − 0.3(MV + 20) − 2.92z/(1 + z) (5.3)From Eq. 5.3 we de�ne a galaxy to be red if its olour is (U280 − V ) > (U280 − V )limitand a galaxy is de�ned as blue if its olour is (U280 − V ) < (U280 − V )limit. The evolvingolour-magnitude relation Eq. 5.3 has been ompared with the one derived by Bell et al.(2004b) with a sample of galaxies up to z=1 from the COMBO-17 optial data. In orderto ompare our results the relation Eq. 5.3 has been expressed as a funtion of redshift in-stead of lookbak time suh as (U280 − V )limit = 1.70 − 0.3(MV + 20) − 1.03z and usingthe olour relation (U − V ) = 0.28 + 0.43(U280 − V ) from our galaxy templates we have

(U − V )limit = 1.01 − 0.13(MV + 20) − 0.44z. Our result is very lose to the one derived byBell et al. (2004b) where (U − V )limit = 1.15− 0.08(MV + 20)− 0.31z, our relation is slightlysteeper than the one derived by Bell et al. (2004b), but its translated into a minor olourdi�erene of <0.1 mag in the galaxies relevant magnitude range -23<MV <-18.Using the evolving olour-magnitude relation Eq. 5.3 the red galaxies whih have (U280 −

V )>(U280 − V )limit an be extrated of our galaxy sample. The histogram in Fig. 5.6 showsthe redshift distribution of the red sequene galaxies among all types of galaxies of our samplehaving a limited magnitude H<21.7. There are 3943 red galaxies out of 14286 between 0<z<2in our sample and 1122 red galaxies out of 4640 between 1<z<2. Our sample onsists of anunpreedented large sample of red galaxies between 1<z<2 allowing us to investigate theirevolution from high redshift to the present day.
5.4 Colour-Magnitude Diagrams up to z=2Having in hand a robust method to separate the red galaxies from the blue one as a funtion oflookbak time, it is possible to see how both galaxy populations evolve in olour and magnitudesine z=2 by plotting CMDs for di�erent redshift slie of the Universe. The olour-magnitudediagrams (U280 − V ) versus MV for ten redshift slies are shown in Fig. 5.7 and Fig. 5.8. Oneah panel the green line indiates the bimodality separation derived from Eq. 5.3, sine themean redshift of the slie is used to plot the separation line, some galaxies above the greenline belong to the blue loud while some galaxies below the line belong to the red sequene,the real separation is represented by the olour of the data points. The top left panel in Fig.5.7 shows the CMD for the A901 luster entred at z=0.165, suh a dense environment showsa lear red sequene on the CMD and is given as a referene. The red sequene is not assharp and easy to visually distinguish in CMDs beyond z=1 espeially in the redshift slie1.07<z<1.19 due to the satter aused by the relatively large olour unertainties, see Fig.
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Figure 5.6: Histogram showing the distribution of galaxies between 0<z<2 in the A901-�eld.In blak the distribution of all morphologial type galaxies. In red, the distribution of redgalaxies having (U280−V ) > (U280−V )limit, see Eq. 5.3. The red sequene galaxies belongingto the A901 luster forms a sharp peak at z=0.165. The A901-�eld ontains only few redgalaxies beyond z∼ 1.6.5.2 left panel. In order to investigate how the red sequene and the blue loud evolved withredshift in a CMD, we have divided our galaxy sample into 9 redshift slies starting at z=0.2to avoid the A901 luster in our lowest redshift slie. The redshift slies have been hosen to beequal omoving volumes up to z=1.3, the three last redshift slies enlose a omoving volume2.5 times larger than the other slies in order to inlude a substantial amount of galaxies inthose high redshift slies. Figures 5.7 and 5.8 show the evolution of the red sequene throughthe di�erent CMDs at di�erent inreasing redshift intervals, we see that the bright end of thered sequene is a few tenths of a magnitude bluer at z=2 than at z=0.2. The CMDs showthat for a given magnitude both galaxy populations were bluer in the past. We also see thatstarting at z∼1 as we go bak in time there is an inreasing population of galaxies whih arebright MV <-22 and blue (U280 − V ) .1. To better quantify the evolution through osmitime of the harateristi absolute magnitude for the red and the blue galaxy population, theluminosity funtion has been alulated for eah galaxy population in di�erent redshift sliesof the Universe and are presented in the next hapter.
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Figure 5.7: CMD for galaxies with H<21.7 mag in di�erent redshift slies as given in top rightof eah panel. The green line indiates the bimodality separation as desribed by Eq. 5.3,the mean redshift of eah bin has been use to plot the line. Red galaxies lie above the line,blue galaxies below the line. Top left panel shows the A901 luster as a referene. The totalnumber of objets inluded in eah diagram as well as the blue and red fration are given inthe top left of eah panel. Exept for the A901 panel all redshift bins are equal omovingvolumes.
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Figure 5.8: CMD for galaxies with H<21.7 mag in di�erent redshift slies as given in the topright of eah panel. The green line indiates the bimodality separation as desribed by Eq.5.3, the mean redshift of eah bin has been use to plot the line. Red galaxies lie above the line,blue galaxies below the line. The three highest redshift bins enlose a omoving volume 2.5times more than the lower redshift bins. The total number of objets inluded in eah diagramas well as the blue and red fration are given in the top left of eah panel. The magnitude limitof the survey a�et both galaxy populations in the CMD for the redshift slie 1.55<z<1.78(bottom left panel) the data form almost a vertial line at the faint end, in that redshift rangethe rest-frame MV is shifted in the observed H-band.



Chapter 6Evolution of the Luminosity FuntionThis hapter investigates the evolution of the luminosity funtion through osmi time for thered and the blue galaxy populations. A desription of the methodology used to alulate theluminosity funtion is presented followed by our results. The evolution through osmi timeof the harateristi luminosity M∗ and the number density φ∗ are disussed.
6.1 De�nition of the Luminosity FuntionIn order to study the evolution of galaxies through osmi time, one naturally has to studyhow their luminosity evolves with time sine the luminosity of a galaxy is diretly linked to itsstellar population and re�ets its star formation history. It is meaningful to derive a luminosityfuntion (LF) for di�erent epohs of the Universe and for di�erent galaxy populations to seehow galaxy populations have evolved sine z=2 to the present day. The galaxy luminosityfuntion is de�ned as the number of galaxies in a range of luminosities [L, L+dL℄ or absolutemagnitudes [M, M+dM℄ per volume and is generally expressed in units of galaxies/Mp3.Using the formalism from Binney & Merri�eld (1998), the funtion is normalized so that:

∫

∞

−∞

Φ(M)dM = ν (6.1)where ν is the total number of galaxies per unit volume and Φ(M) is the number densityof galaxies in the magnitude range [M, M+dM℄. While plotting the LF Φ(M) as a funtion ofmagnitude M, the resulting LF has a urved shape due to the number of galaxies dereasingmonotonially with inreasing magnitude. From the faint end to the bright end, the LF Φ(M)dereases along a power law reahing a knee at a harateristi magnitude M∗ and uts o� atbright magnitudes. The behaviour of the LF an be parameterized by the Shehter funtionexpressed in magnitude as follows:
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Φ(M) = (0.4ln10)Φ∗100.4(α+1)(M∗

−M)exp(−100.4(M∗
−M)) (6.2)where Φ∗ is the normalization of galaxy density at the �duial magnitude M∗ and α is theslope at the faint end. Those three parameters are interonneted, they an all be set as freeparameters or the slope for example an be �xed in order to better �t the data. In priniple,alulating the LF onsists only in ounting the number of galaxies in di�erent magnitude binsin a ertain volume. However, with a magnitude limited sample of galaxies, we have to takeinto aount that faint galaxies ould esape our survey.6.2 Luminosity Funtion EstimatorThe non-parametri 1/Vmax estimator (Shmidt 1968) has been used to alulate the lumi-nosity funtion in di�erent redshift slies. This method allows to take into aount the e�etdue to the survey inompleteness and orrets for the galaxies whih are too faint to be ob-served within a given redshift slie. Also due to our limited magnitude sample of H<21.5our ability to trae the faint end of the LF dereases with redshift. The 1/Vmax method hasthe advantage in simultaneously giving the shape and the normalization of the LF but hasthe disadvantage of being sensitive to the density �utuation sine the method assumes thatgalaxies are uniformly distributed in the Universe (Willmer 1997). Other methods exist toalulate the luminosity funtion namely the STY (Sandage et al. 1979) method whih is aparametri maximum-likelihood estimator often used in the urrent literature. Testing di�er-ent LF estimators is a laborious task whih is beyond the sope of this thesis, a desriptionof di�erent LF estimators as well as their assoiated results are disussed by Willmer (1997).For this work we used the 1/Vmax estimator for its simpliity sine it diretly gives us thegalaxy density in eah magnitude bin and thus the normalization parameter Φ∗ (assuming auniform distribution). The di�erential luminosity funtion is given as the sum of the densityontributions of eah galaxy in a given magnitude/redshift/SED-type bin:

Φ(M)dm =
∑

i

1

Vi(M,z, SED)
(6.3)where Vi(M,z, SED) is the total omoving volume in whih the galaxy i ould be detetedin our sample. The omoving volume is delimited by the redshift boundaries zlower and zupperof our redshift slie of interest. The omoving volume Vi(M,z, SED) is de�ned as:

Vi(M,z, SED) = Vshell = ∆Ω

∫ zupper

zlower

dV

dΩdz
dz

{ for zmax ≥ zupper,
Vi(M,z, SED) = ∆Ω

∫ zmax

zlower

dV

dΩdz
dz

{ for zmax < zupper,



75 CHAPTER 6. EVOLUTION OF THE LUMINOSITY FUNCTIONwhere ∆Ω is the e�etive solid angle of the survey, Vshell is the total omoving volume enlosedin a shell delimited by the boundaries zlower and zupper and zmax is the maximum redshift thata galaxy having (z,M,SED) an have to still be inluded in our limited magnitude sample.The 1/Vmax method means that if a galaxy is bright enough to be seen within all the redshiftslies (if zmax ≥ zupper ) then for a ertain ∆M we would have 1galaxy/Vshell but if the galaxyannot be seen within all the redshift slie (if zmax < zupper) then for a given ∆M we wouldount 1galaxy/Vi(M,z, SED) where the omoving volume Vi(M,z, SED) is enlosed between
zlower<z<zmax.To determine the errors σφ for φ(M)dM we take only into aount the statistial Poissonnoise from the galaxy ounts, thus σφ =

√

∑

i 1/V 2
i (M,z, SED). In order to alulate themaximum redshift zmax that a galaxy ould have we need a k-orretion sine a galaxy at zmaxwould have a rest-frame magnitude B (for a B-band LF) oming from an observed magnitudewhih is di�erent than the one observed if that galaxy were at redshift z. Moreover eah galaxyhas a di�erent SED and an assoiated k-orretion. Ideally, a k-orretion should be alulatedfor eah individual SED. To simplify this task we used a ommon SED type to alulate thek-orretion. The SED type #30 has been used (Fig. 6.1) sine that is the average SEDof our galaxy distribution (see �4.4 and Fig. 4.2 right panel). The maximum redshift zmaxfor eah galaxy has been alulated by Bartelmann (priv. ommuniation). First, using theSED#30, a normalised H-band k-orretion as a funtion of redshift has been omputed sothat K(z=0)=0, see Fig. 6.4. Then, the rest-frame B-H olour has been alulated from theSED#30 and have been used to onvert our derived B-band absolute magnitude MB into anabsolute H-band magnitude MH in a straightforward way by H=B-(B-H). Then, having theabsolute magnitude MH for eah galaxy, the luminosity distane DLmax for whih the galaxyshould drop below our detetion limit has been alulated using Eq. 6.4 in whih mH=21.5and K(z) as given by Fig. 6.2.

MH = mH − 5log
DLmax

10pc
− K(z) (6.4)From the luminosity distane DLmax the maximum redshift zmax is alulated using thede�nition of the DL de�ned by Eq.1.6.6.3 Galaxy Sample DivisionA galaxy sample of 12023 having a magnitude limit H<21.5 has been separated into blue andred galaxy populations sine the evolution of the harateristi luminosity M∗ and density φ∗depends strongly on the galaxy type (Wolf et al. 2003). The redshift evolving olour-magnituderelation Eq. 5.3 has been used to divide the sample into these two populations. The galaxysample has been additionally divided into redshift slies of nearly equal omoving volumes,
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Figure 6.1: SED #30 used to alulate the k-orretion in order to determine the boundary
zmax in the determination of the omoving volume Vi(M,z, SED) at whih a galaxy ould beloated and inluded in our sample.see Figure 6.3. The same redshift slies used to plot the CMDs in Fig.5.7 and Fig. 5.8 areused exept that we have split the lower redshift slie from 0.2<z<0.6 into two slies sine itontains many more galaxies than the other slies. We divided this slie at z=0.48 beause thisredshift falls between two peaks in the redshift distribution of galaxies, see Fig. 5.6. Exatlyas for the CMDs the three highest redshift slies ontain 2.5 times the omoving volume ofthe other slies.6.4 Evolution of the Luminosity FuntionThe evolution of the luminosity funtion for the blue and the red galaxies throughout tendi�erent redshift slies of the Universe is presented in Figures 6.4 and Fig. 6.5. A Shehterfuntion has been �tted to our data points in order to obtain the harateristi magnitude M∗and the number density φ∗ for eah galaxy population in eah redshift slie. At �rst glane, wesee that for all redshifts the blue galaxies show a steeper faint end slope α ompared to the redgalaxies, whih is why we have used a di�erent slope in the Shehter �t for eah galaxy popula-tion. Sine our data are magnitude limited it is not possible to aurately determine the slopeof the luminosity funtion. Sine α, M∗ and φ∗ are orrelated we deided to �x the parameter
α in order to obtain meaningful values for M∗ and φ∗. As a onsequene, we have used a �xedslope of α=-0.5 for red galaxies and α=-1.3 for blue galaxies. These slope values are adoptedfrom Faber et al. (2007) who derived the LF in the B-band for red and blue galaxies up to z=1using the spetrosopi DEEP2 data set for 1 square degree in the sky. In their paper, Faber
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Figure 6.2: K-orretion as a funtion of redshift for B-H normalized suh that K(z=0)=0,from Matthias Bartelmann. This k-orretion is used in Eq. 6.4.et al. (2007) also ompared the DEEP2 LF parameters with the ones obtained by the optialCOMBO-17 survey for the 3 �elds A901, A226 and S11 whih represent 0.78 square degreesin the sky and onluded that the results agree. Adopting the same slope values from Faberet al. (2007) allows us to easily ompare our values of M∗ and φ∗ up to z=1 with the literature .The dotted vertial lines in Figures 6.4 and Fig. 6.5 indiate the magnitude limit forthe Shehter funtion �t, data points fainter than the dotted line are not inluded in the�t beause at that magnitude our sample is ertainly inomplete. This limit is determinedonsidering three fators. First, we hoose the limit whih orresponds to a magnitude wherethe number density Φ starts to deline on eah LF plot due to the inompleteness of the sur-vey whereby less and less faint objets are seen at fainter magnitude with inreasing redshift.This limit an be reognized as the faint end of the rest-frame MB magnitude versus redshiftdistribution due to our survey detetion limit of H<21.5 (see Fig. 6.3) . Using the 1/VmaxLF estimator, we notied that the delimiting dotted lines in Figures 6.4 and Fig. 6.5 alsoorrespond to a magnitude where more than 30% of the galaxies are in half of the omovingvolume of any given redshift slie.Figure 6.5 shows that the bright end of the LF is dominated by blue galaxies sine z=2up to z∼1 whih has also been observed from z=1.75 to z=1 by Cirasuolo et al. (2007) usinga K-band LF for UKIDSS data. Inversely, at lower redshifts between 0.6<z<0.94 (Fig. 6.4bottom panels), the bright end is dominated by red galaxies. In the two lower redshift slies(Fig. 6.4 top panels) the bright end of the LF is populated by both red and blue due to twophenomena. On the one hand, a B-band LF reates a seletion e�et towards the blue galaxies
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Figure 6.3: Redshift as a funtion of the rest frame MB . The horizontal blue lines delimitatethe redshift boundaries used to alulate the omoving volumes. The faint end of the dis-tribution reates a fuzzy boundary due to the inompleteness of the survey beyond H=21.5.The olour of the data points represent the red galaxy population in red and the blue galaxypopulation in blak.whih look brighter in B-band and on the other hand, the A901-�eld has a low number of redgalaxies in those two redshift slies, see Fig. 5.6.The best-�t parameters obtained for the Shehter funtion are listed in Tab. 6.1 sepa-rately for the red and the blue galaxy populations. The harateristi magnitude M∗ for theblue and the red population has been ompared with the one obtained by Faber et al. (2007)for the DEEP2 survey. Our values of M∗ are onsistent within the error bars with the M∗derived by Faber et al. (2007) for the blue and the red galaxies, however the number density
φ∗ is hardly omparable sine our results are derived from a single �eld of an area of only0.2 square degrees in the sky and are subjet to large unertainties due to osmi variane.Consequently, our analysis fouses �rst on the evolution of the harateristi magnitude M∗.Our data show that both galaxy populations dimmed onsiderably from z=2 to z=0.2, the redgalaxies having dimmed by ∼1.7 mag and the blue galaxies having dimmed by ∼1.2 mag in theB-band in that redshift interval. There is no diret omparable study in the literature on theLF for red and blue galaxies in the B-band in that redshift interval sine we are the �rst teamto have aomplished this task. As a omparison in a similar redshift interval, Ilbert et al.(2005) have derived the global LF whih inludes all galaxy types using VVDS data and foundthat the M∗

B has dimmed by a range of 1.7-2.4 mag between 2>z>0.05 in the B-band. Also,Cirasuolo et al. (2007) derived a K-band LF for blue and red galaxies and found that the redgalaxies dimmed by M∗

K ∼0.5 mag and the blue galaxies dimmed by M∗

K ∼0.7 mag between
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Figure 6.4: Luminosity funtion for the blue galaxies (blue solid line) and red galaxies (redsolid line) in di�erent redshift slies. The vertial lines indiate the faint absolute magnitudelimits onsidered in the 1/Vmax estimator for the blue (blue dashed line), the red (red dashedline) or both (blak dashed line) galaxy populations.1.75>z>0.25. The small evolution of M∗

K observed by Cirasuolo et al. (2007) in the K-band isexpeted sine the derease of the star formation rate by a fator ∼ 10 sine z=1 (see Fig. 1.5)a�ets M∗

B muh more than M∗

K , the B-band being muh more sensitive to the new born stars.Between 1>z>0.3 our data show that the red galaxies have dimmed by ∼0.5 mag andthe blue galaxies have dimmed by ∼0.6 mag, onsistent with Faber et al. (2007) (see Fig.6.6) for the red galaxies in that redshift interval, but a little less for the blue galaxies om-pared to DEEP2. Nevertheless, our ∆M∗

B value for the blue galaxies is onsistent with theresult obtained with the optial COMBO-17 data between 1>z>0.3, indiating that even the
M∗ evolution may depend on the surveyed part of the Universe. At higher redshift between1.9>z>1 the red galaxies have dimmed by ∼1.2 mag while the blue galaxies have dimmedby ∼0.7 mag. These results have to be interpreted with are sine our sample is not om-plete above z∼1.3 as the data points in the LF start to be inomplete before reahing thefaint end slope of the distribution whih a�ets the resulting M∗

B and φ∗. As a omparison,Ilbert et al. (2005) found that the global B-band LF dimmed by∼0.4 mag between 1.65>z>0.9.Figure 6.6 right panel shows the evolution of the number density φ∗ as a funtion of redshift.
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Figure 6.5: Luminosity funtion for the blue galaxies (blue solid line) and red galaxies (redsolid line) in di�erent redshift slies. The vertial lines indiate the faint absolute magnitudelimits onsidered in the 1/Vmax estimator for the blue (blue dashed line), the red (red dashedline) or both (blak dash line) galaxy populations.As a global behaviour, we see that the distribution varies unevenly due to the osmi variane.In partiular we see a high peak in the distribution between 0.7 & z & 1.1 due to the fat thatthe A901-�eld seems to have a great amount of objets in this redshift interval, espeially bluegalaxies, see Fig. 5.6 and Tab. 6.1. As a general trend we see that the number density of redgalaxies inreases by a fator ∼10 between 1.9>z>0.3 while for the blue galaxies it inreasesmore mildly by a fator ∼3. The trend in the evolution of φ∗ in our A901-�eld an not beonsidered as the average behaviour of the number density for the red and the blue galaxypopulations as a funtion of redshift in our Universe as the surveyed volume is rather smalland thus subjet to large variations due to large sale strutures.
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z N galaxies M∗

B φ∗(×10−4 Gal. Mp−3) αfixedRED0.20-0.48 325 -20.34±0.11 17.43± 1.70 -0.500.48-0.60 192 -20.67±0.13 12.86± 1.39 -0.500.60-0.79 315 -21.16±0.11 8.84±0.68 -0.500.79-0.94 445 -20.97±0.09 12.00±1.63 -0.500.94-1.07 345 -20.80±0.10 16.30±1.62 -0.501.07-1.19 302 -21.33±0.20 8.25±1.161 -0.501.19-1.30 194 -21.09±0.16 11.72±2.61 -0.501.30-1.55 202 -21.60±0.12 3.62±0.48 -0.501.55-1.78 208 -21.50±0.13 4.75±0.68 -0.501.78-2.0 39 -22.02±0.27 1.66±0.64 -0.50BLUE0.20-0.48 987 -20.76±0.13 16.51± 2.02 -1.300.48-0.60 541 -20.96±0.13 15.83±1.88 -1.300.60-0.79 800 -21.21±0.12 11.71±1.33 -1.300.79-0.94 944 -21.09±0.10 24.39±2.89 -1.300.94-1.07 1116 -21.31±0.09 27.12±2.58 -1.301.07-1.19 591 -21.66±0.17 15.92±4.03 -1.301.19-1.30 587 -21.84±0.09 15.30±1.58 -1.301.30-1.55 479 -21.91±0.15 6.33±1.30 -1.301.55-1.78 359 -22.00±0.17 6.15±1.57 -1.301.78-2.0 219 -22.00±0.16 5.37±1.24 -1.30Table 6.1: Best-�tted Shehter funtion parameters for the red and blue galaxy populations;the harateristi magnitude M∗

B as well as the number density φ∗ are given with their 1 sigmaerror, the slope α from Faber et al. (2007) has been kept �xed.
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Figure 6.6: Top: Evolution of the harateristi magnitude M∗

B for the red (in red) and theblue (in blue) galaxy populations as a funtion of redshift. Middle: Our values of M∗

B for theblue and the red populations (in blak) are ompared to the values obtained by Faber et al.(2007) from the spetrosopi survey DEEP2. The red population follows the trend of the redline and the blue population the trend of the blue line. Bottom: Evolution of our numberdensity φ∗ values for the red and the blue galaxies as a funtion of redshift.



Chapter 7Evolution of the Mass FuntionThis hapter traes the evolution of the stellar mass of the red and blue galaxy populationsthrough osmi time. The method to derive the galaxy masses is �rst desribed followed byan analysis of several olour-mass and mass funtion diagrams for di�erent epohs of the Uni-verse. Finally, some example of very massive high redshifted objets from our galaxy sampleare shown.The most intriguing questions about galaxy evolution is how the galaxy stellar mass isassembled and how the red sequene mass is build-up. The mass funtion (MF), analogous tothe luminosity funtion, is a useful tool to study the stellar mass distribution among galaxies.Colour-mass diagrams (CM∗D) are also used to investigate the stellar mass distribution sinethe red and the blue galaxy populations lie in preferential plaes in suh diagrams. The evolvedgalaxies having an old stellar population trends to be more massive and redder than galaxieshaving mainly a new born stellar population whih only dominate the �ux. The olour andthe mass of a galaxy are diretly related to its star formation history. In order to see how thegalaxy populations' masses evolve we have used the same sample as used to investigate theLF in the last hapter. The sample onsists of 12023 galaxies having a magnitude down toH<21.5. The sample has been divided into the red and the blue galaxy population using Eq.5.3 derived in �5.3 and has also been divided into quasi equal volume slies as desribed toalulate the LF in the previous hapter, see �6.3.7.1 Mass DeterminationIn order to trae the evolution of the stellar masses for the blue and the red galaxy populationsit is neessary to �rst derive the mass for eah galaxy. The galaxy masses are alulated fromthe stellar mass-to-light ratio (M∗/L) obtained from the galaxy templates whih are derivedfrom the population synthesis model PEGASE (Projet d'Étude des GAlaxies par SynthèseÉvolutive) (Fio & Roa-Volmerange 1997). This way, we obtain the mass for eah galaxy



CHAPTER 7 84whih is a diret representation of its star formation history. As also desribed in �4.3.2 thegalaxy templates are generated by the PEGASE ode in whih gas with half solar metalliity(Z/Z0=0.5) and a Kroupa IMF serve as input in a losed box model. We further assume atwo burst star formation history senario in whih the SFR follows two exponential delines,the �rst burst ourred several billion years ago with an e-folding time of 1 Gyr and a seondburst started 2750 Myr after the �rst burst with an e-folding of 0.1 Gyr, see Meisenheimeret al. (in prep 2009) for more details. This two burst model gives a better approximation ofthe galaxies star formation histories than the one burst model, whih annot reprodue thestellar population of for example spiral galaxies like the Milky Way whih ontains both anold stellar population and ongoing star-formation ativity. In order to obtain the masse ofa galaxy we �rst derive the galaxy luminosity LV from its rest-frame magnitude MV in theV-band as desribed by Eq. 7.1, then the mass is derived by multiplying the M∗/L in unitsof M⊙ and L⊙ by the luminosity as desribed by Eq. 7.2.
LV

L⊙V
= 10−0.4(MV −M⊙V ) (7.1)

M∗V =

(

M∗

L

)

× LV (7.2)Here the rest-frame V-band is used in order to ompare our results with the literature. TheV-band is generally used in the literature sine many studies derive stellar masses using a diretmeasurement of the luminosity in the V-band and onvert it into mass. Our approah di�ersin that we use the diret information of the star formation history of eah galaxy template toderive its mass. The galaxy SED templates olours (U280 − V ) are plotted as a funtion oftheir stellar mass-to-light ratios M∗/L in Fig. 7.1. We learly see a trend in whih the galaxytemplates having higher M∗/L have redder olour. This trend diretly onnet the olour ofa galaxy with its mass in the sense that red galaxies are massive and blue galaxies are lessmassive unless they are a�eted by dust extintion and look redder.7.2 Colour-Mass Diagrams up to z=2Using the mass for eah galaxy, olour-stellar mass diagrams (CM∗D) for the red and the bluegalaxy population have been reated for ten di�erent redshift slies of the Universe and areshown in Fig. 7.2 and Fig. 7.3. The red galaxy population is shown in red and the blue galaxypopulation is shown in blak. By analyzing the CM∗Ds we see the general trend that for a �xedmass both galaxy populations were bluer in the past. This result is analogue to the evolutionof the LF derived in the previous hapter where for a �xed magnitude both galaxy populationswere bluer in the past. This result is expeted sine the masses are alulated using the galaxiesluminosities, aordingly for a �xed M∗/L brighter galaxies would be more massive. Figure
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Figure 7.1: Colour (U280 − V ) as a funtion of the stellar mass-to-light ratio M∗/L from ourgalaxy SED templates. Galaxies having red olours (U280 − V )& 1 have a high M∗/L ratiowhile galaxies having bluer olour (U280 − V ). 1 have a smaller M∗/L.7.2 shows that sine z ∼1 the massive galaxies are dominated by the red galaxy populationwhile Figure 7.3 shows that there is a growing population of massive (M∗ & 1011) and blue
(U280 −V ) .1 galaxies as we go bak in time. This blue and massive galaxy population seemsto have no analogue in the loal Universe sine massive blue galaxies are rare at low redshift.The grey line on eah panel in Fig. 7.2 and Fig. 7.3 indiates the e�et of our magnitudelimited sample at H=21.5, above whih objets esape our sample.7.3 Evolution of the Mass FuntionTo better quantify the galaxy populations' stellar masse evolution through osmi time, massfuntions have been derived for the blue and the red galaxy populations in the same thinredshift slies as used for the CM∗D. The mass funtion is a mass version of the luminosityfuntion and is de�ned as the number of objets in a stellar mass interval [M∗, dM∗℄ in avolume Vi desribed by the 1/Vmax formalism, see �6.2. The di�erential stellar mass funtionis:

Φ(M∗)dM∗ =
∑

i

1

Vi
dM∗ (7.3)The mass funtion derived in ten redshift slies of the Universe for our two galaxy pop-
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Figure 7.2: Colour-stellar-Mass Diagrams for di�erent redshift slies of the Universe. Thered galaxy population is olour oded in red and the blue galaxy population is olour odedin blak. The grey line, if present, represents the e�et of our survey ompleteness whih isthe apparent magnitude H=21.5. The total number of objets as well as the number of redgalaxies in the redshift slie are indiated on the top left orner of eah panel.ulations of interest are shown in Fig. 7.4 and Fig. 7.5. On eah panel the vertial red andblue lines indiates the ompleteness of our survey respetively for the red and the blue galaxypopulations, the data points fainter that the lines are inomplete. These ompleteness linesare determined based on the ompleteness grey line plotted on eah CM∗D in Fig. 7.2 andFig. 7.3 from whih we determined at whih mass most of the galaxy lie below the grey line.Figures 7.5 shows that between 0.3. z . 0.9 the red galaxy population dominates the massiveend of the mass funtion while the blue galaxy population dominates the low mass end. Thishas also been observed by Borh et al. (2006) who derived the mass funtion for the red andthe blue galaxy populations sine z=1 using the optial COMBO-17 data set for the A901,A226 and S11 �elds. Even if our data ontains only 3/4 of the A901-�eld and are subjets tolarge sale strutures, our results agree well with Borh et al. (2006). Sine our galaxy sam-ple is H-band seleted our ompleteness limit for the red galaxy population reahes smallermasses than Borh et al. (2006). Inversely, our blue galaxy population is less omplete thanthe R-band seleted galaxy sample from Borh et al. (2006).
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Figure 7.3: Colour-Mass Diagrams for di�erent redshift slies of the Universe. The red galaxypopulation is olour oded in red and the blue galaxy population is olour oded in blak. Thegrey line represents the e�et of our survey ompleteness whih is the apparent magnitudeH=21.5. The total number of objets as well as the number of red galaxies in the redshift slieare indiated on the top left orner of eah panel.The Figure 7.6 shows the red and the blue galaxy populations' mass funtion in di�erentredshift slies for the Universe above z∼ 1. We see that between 1.z.1.6 the massive part ofthe mass funtion is populated by red and blue galaxies while the low mass end is dominated byblue galaxies as in the low redshift Universe. As for the luminosity funtion those results haveto be interpreted with are beause our small �eld an be in�uene by large sale strutures.Nevertheless, our data seems to tell us that both massive star forming blue and quiesent redgalaxies were in plae at z∼1.6. The galaxy mass assembly is urrently a matter of debate and



CHAPTER 7 88most of the studies onern the Universe below z=1. Only few studies have investigated themass assembly between 1<z<2. Among them, Arnouts et al. (2007) using the SWIRE-VVDS-CFHT survey showed that between 2≥ z ≥1.2 the quiesent galaxy population as stronglyinreases their stellar mass by a fator ∼10 while the star-forming galaxy population onlyinreases its mass by a fator ∼2.5. The results from Arnouts et al. (2007) shows that between2≥ z ≥1.2 galaxies undergo mass assembly, in ontrast to the present day where most of thegalaxies are in plae. In addition, Vergani et al. (2008) derives a MF for early and late typegalaxies up to z=1.3 and found that the stellar mass funtion shows an inreasing relativeontribution of massive early type galaxies and a dereasing relative ontribution of late typegalaxies with osmi time.
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Figure 7.4: Mass funtion in di�erent redshift slies for the red (red data points) and the blue(blue data points) galaxy populations. The vertial lines indiates our survey ompletenessfor the red (in red) and the blue (in blue) galaxy populations.
7.4 Massive Distant GalaxiesThe last redshift slie Fig. 7.5 bottom right is shown only as a referene sine the red galaxypopulation is inomplete through all of the redshift slie. Nevertheless, this plot shows thepresene of very massive red galaxies in that redshift interval. The two red data points above
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Figure 7.5: Mass funtion in di�erent redshift slies for the red (red data points) and the blue(blue data points) galaxy populations. The vertial lines indiates our survey ompletenessfor the red (in red), the blue (in blue) or both (in blak) galaxy populations.M >3× 1011M⊙ onsist of 5 very massive objets. We have further investigated those objetsto understand their nature. Fig. 7.6 to Fig. 7.10 show eah of them, on eah Figure an H-bandimage is shown on the top and the best-�tted SED at the bottom. Figure 7.6 shows an objet atz=1.848 with a stellar mass of M∗=3.4×1011. This objet shows a red olour of (U280−V )=1.7and is very bright with an absolute magnitude MV =-23.48. By the aspet of the image andthe SED this objet seems to be a massive red evolved elliptial galaxy. Figure 7.7 shows agalaxy at z=1.859 having an absolute magnitude MV =-23.71, a stellar mass M∗=4.0×1011



90and a olour (U280 − V )=2.12, making it the reddest objet of our sample. The photometridata points indiate that the NIR �ux is even higher than the best �tted template. Thisobjet seems to be a very red evolved elliptial galaxy. The surrounding objets in the imageare at muh lower redshift. Figure 7.8 show an other objet at z=1.862, this objet has anabsolute magnitude MV =-23.40, a stellar mass M∗=3.84×1011 and a olour (U280 − V )=1.8.The SED orresponds to an evolved red galaxy but the image shows a blob just below thisobjet whih ould belong to it while the other objets in the image are at muh lower redshift.Figure 7.9 shows a massive objet at z=1.832, this galaxy has an absolute magnitude MV =-23.89, a stellar mass of M∗=4.27×1011 and a red olour (U280 − V )=1.87. The SED seemsto orrespond to an evolved red galaxy and our photometri data points indiate even higherNIR �ux. The other objet in the image is a galaxy at z=0.6. Figure 7.10 shows an objet atz=1.885. This galaxy has an absolute magnitude MV =-23.23, a stellar mass of M∗=3.36×1011and a olour (U280−V )=1.79. The photometri data points indiate that the NIR �ux is evenhigher than the best-�tted template. Moreover maybe the objet has some emission lines asthe two narrow-bands photometri data points around 900 nm seem to indiate but our best�tted SED suggests that this objet is a red evolved elliptial galaxy. On the image we alsosee a star in the bottom right orner.7.5 The Most Massive Distant GalaxyFig. 7.11 shows the most massive objet found in our sample whih is loated at z=1.87 andhas a stellar mass M∗=1.01×1012. This objet has the brightest rest-frame absolute magnitudeof our sample with MV =-24.75 and its olour is (U280 − V )=1.85. On the H-band image theobjet seems to be a single soure due to the limited resolution of the deep H-band image(1.3" FWHM). On the image taken by the ACS on HST (observed wavelength λobs = 606nm,i.e. λrest = 211nm in the UV) we an see that the soure seems to split in several pathes.Most likely, this is an ongoing merger of two galaxies (similar to the Antennae galaxy in theloal Universe). Thus, most of the star formation is obsured by dust and the UV light anonly esape through holes of low extintion. The SED reveals a onsiderable amount of �uxin the NIR (rest-frame optial) whih supports the presene of high dust obsuration. Inthis objet we seem to witness a gas-rih merger at a redshift lose to z = 2. Note that thevery red SED of the objet might push our photometri lassi�ation tehnique to its limits.Thus, we annot exlude that obsuration with AV > 1.5 (that is the upper limit in ourtemplate library) leads to an over-estimate of the M∗/L ratio. For a better understanding ofsuh systems we have to rely on spetrosopi observations in the NIR, whih will not onlydetermine the strength of the 4000 Å break more aurately (old stars) but also should detetthe emission lines ontained in our template spetrum (see Fig. 7.11). The future is promisingsine newly developped NIR spetrometers like LUCIFER at the Large Binoular Telesopewill soon be able to provide spetra for suh interesting systems.
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Figure 7.6: Massive objet at z=1.848. Top: Deep H-band image. Bottom: best-�tted SEDthe photometri data points are shown in blak and the template is shown in green. The H-band observed magnitude, the redshift and its error as well as the position in world oordinatesare given below the SED.
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Figure 7.7: Massive objet at z=1.859. Top: Deep H-band image. Bottom: best-�tted SED,the photometri data points are shown in blak and the template is shown in green. The H-band observed magnitude, the redshift and its error as well as the position in world oordinatesare given below the SED.
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Figure 7.8: Massive objet at z=1.862. Top: Deep H-band image. Bottom: best-�tted SED,the photometri data points are shown in blak and the template is shown in green. The H-band observed magnitude, the redshift and its error as well as the position in world oordinatesare given below the SED.
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Figure 7.9: Massive objet at z=1.832. Top: Deep H-band image. Bottom: best-�tted SED,the photometri data points are shown in blak and the template is shown in green. The H-band observed magnitude, the redshift and its error as well as the position in world oordinatesare given below the SED.
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Figure 7.10: Massive objet at z=1.885. Top: Deep H-band image. Bottom: best-�tted SED,the photometri data points are shown in blak and the template is shown in green. The H-band observed magnitude, the redshift and its error as well as the position in world oordinatesare given below the SED.
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Figure 7.11: The most massive objet found in our galaxy sample for the A901-�eld. Top:H-band image. Middle: Rest-frame UV image at λrest = 211nm taken with ACS on theHubble Spae Telesope (sale: 8.3 kp/arse). Bottom: Best �tted SED template. Theobserved H-band magnitude, the redshift and its error and the position of the objet in worldoordinates are given below the SED.



Summary & ConlusionThis thesis aimed at investigating how the red evolved galaxy and the blue star-forming galaxypopulations have evolved in terms of luminosity and mass in the last 10 Gyr of the age of theUniverse. To this end the optial COMBO-17 survey data set has been supplemented by NIRobservations giving birth to the deep NIR COMBO-17+4 survey in order to aess the highredshift Universe up to z=2. The COMBO-17+4 survey targets the three independent �eldsA901, A226 and S11 but due to repetitive bad weather only the NIR observations for 3/4 ofthe A901-�eld were available for this study. Nevertheless, the A901-�eld is an ideal target toprobe galaxy evolution sine it ontains, in addition to the numerous �eld galaxies, the superluster A901/A902 entred at z=0.165.In the frame of this thesis the data redution of the NIR observations for more than 1300images in the Y, J1, J2 and H bands has been performed in order to obtain high quality imagesfrom whih the photometry then has been derived. The deep H-band observations olletedfor the A901-�eld allowed us to reah a 5−σ detetion limit down to H=21.7 mag and a deepH-band atalogue of 14286 galaxies has been derived. This galaxy sample has been used toinvestigate the bimodality of galaxies at high redshift. A new robust tool has been developedto overome the di�ulty of identifying a lear red sequene in olour-magnitude diagramsdue to the large unertainties in the olour determination for high redshift galaxies. The errorweighted histograms allowed us to demonstrate that the galaxy bimodality learly persists upto z=1.6. Due to the small volume surveyed of only 0.2 square degree and the low number ofobjets in the A901-�eld above z∼1.6, we were not able to see a lear red sequene beyondz=1.6. Our investigation of the galaxy bimodality led to surprising results sine we found outthat, in ontrary to the ommon thought, not all regions of the Universe out to z = 1 showsigns of a red sequene. In some under-dense regions the red galaxies are missing.Based on galaxy bimodality seen in several error weighted histograms in di�erent redshiftslies of the Universe, we have found that the average U-V olour of the red sequene (at MV =-20) an well be desribed as a linear funtion of lookbak time. Suh a relation has never beenrealized before due to the large unertainties in the red sequene position in previous studiesand might open up a new way of understanding how the red sequene is built-up. In orderto separate the blue star-forming from the red evolved galaxies a redshift evolving olour-magnitude relation has been derived. Aordingly, we extrated the red galaxies from our



98atalogue and obtained a sample of 4640 red galaxies between 0<z<2 and an unpreedentedlarge sample of 1122 red galaxies between 1<z<2 down to an observed magnitude of 21.7 magin the H-band.The B-band luminosity funtion for red and blue galaxies was established for di�erentredshift slies of the Universe in order to study how the luminosity of both galaxy popula-tions have evolved sine z=2. Our results show that both galaxy populations have dimmedonsiderably in the last 10 Gyrs. The harateristi absolute magnitude M∗

B of the red andblue galaxy populations have dimmed respetively by ∼1.7 mag and ∼1.2 mag in the B-bandbetween 2>z>0.2. Our results show that between 1.9>z>1 the red galaxy population hasdimmed by ∼1.2 mag while the blue galaxy population has dimmed by ∼0.7 mag, howeverthe inompleteness of our sample above z∼1.3 has lead us to onsider our results as �rst hintsonly. Also, due to the small volume surveyed our results are a�eted by osmi variane andprevent us from viewing our results as a osmi average of the Universe.In this thesis the evolution of the red and the blue galaxy populations' masses throughosmi time was also investigated. Mass funtions for both galaxy populations in di�erentredshift slies were derived. Our results show that the massive end of the mass funtion isdominated by red evolved galaxies at z<1 and above z=1 both red evolved and blue star form-ing galaxy populations ontribute in similar numbers to the massive end of the mass funtion.However, due to the small volume surveyed the low mass end of the mass funtion for bothgalaxy populations begins to be inomplete in the still rising part of the distribution. Never-theless, the mass funtion in our higher redshift bin between 1.78<z<2 reveals the preseneof very massive red galaxies, showing that massive red galaxies are already in plae at z∼1.8.As a onlusion, this thesis shows the potential of the COMBO-17+4 photometri surveywith only 3/4 of one �eld surveyed. Even though our results are sensitive to the large salestrutures we ould demonstrate that photometri redshift is a working tool to study galaxyevolution by supplying a large sample of high redshift galaxies with aurate redshift in orderto investigate galaxy bimodality as well as the evolution in luminosity and mass for di�erentgalaxy populations.The future is promising for the COMBO-17+4 survey sine NIR observations from twoother �elds A226 and S11 will soon be added to the A901-�eld. This will onsiderably reduethe osmi variane whih has greatly a�eted our results. Moreover, by ombining all thesoures from the di�erent �elds a atalogue on the order of ∼50000 galaxies between 0<z<2will be derived from whih an unparalleled atalogue of ∼12000 galaxies above z=1 will beobtained. Thus, it will be possible to better estimate the luminosity and mass funtion abovez∼1.6 sine the sample will ontain muh more objets whih will further allow us to betterquantify the galaxy mass assembly ourring in the transitional z<2 epoh of the Universe.Additionally, the new NIR multi-objet spetrograph at the Large Binoular Telesope willprovide a unique opportunity to perform spetrosopi follow-up of distant high redshift objetssuh as the ones identi�ed in this study and reveal their nature.
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Appendix BPhotometry Setup FileSetup �le used to perform the photometry with EVALUATE routine from MPIAPHOT.0 2 1 > (TEST,CLEAN,POL),FIX_PSF,EFF_PSF22 0 0.00 2.27 0.00 0. > SUM:(W_SUM,SUM),-,APERT, PSF: SX,SY,AL0 20 1.00 0.0000 > FIT:(yes/no),ITER,CHI_LIM,SATUR/1000.1 21 3.00 0.0000 > BACK:(FIT,L,HST),HW,S_LOC,B_OFF/1000.1 2 1.30 4.00 0.00 > PROF:(DIRT,EDGE),R_MIN, X,S_DIRT, -11 20 3 0.00 0.00 > MAXI:( FIX,FILT),ITER,RAD,X0,Y0, -
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