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5
Lo mejor para la tristeza -ontestó Merlin, empezando a soplar y resoplar- esaprender algo. Es lo únio que no falla nuna. Puedes envejeer y sentir toda tuanatomía temblorosa; puedes pemaneer durante horas por la nohe esuhandoel desorden de tus venas; puedes ehar de menos a tu únio amor, puedes veral mundo a tu alrededor devastado por loos perversos; o saber que tu honor espisoteado por las loaas de inteligenias inferiores. Entones sólo hay una osaposible: aprender. Aprender por qué se mueve el mundo y lo que hae que semueva. Es lo únio que la inteligenia no puede agotar, ni alienar, que nunala torturará, que nuna le inspirará miedo ni deson�anza y que nuna soñaráon lamentar, de la que nuna se arrepentirá. Aprender es lo que te onviene.Mira la antidad de osas que puedes aprender: la ienia pura, la únia purezaque existe. Entones puedes aprender astronomía en el espaio de una vida,historia natural en tres, literatura en seis. Y entones después de haber agotadoun millón de vidas en biología y mediina y teología y geografía e historia yeonomía, pues, entones puedes empezar a haer una rueda de arreta on lamadera apropiada, o pasar inuenta años aprendiendo a empezar a vener atu ontrinante en esgrima. Y después de eso, puedes empezar de nuevo on lasmatemátias hasta que sea tiempo de aprende a arar la tierra."Terene White, 'The One and Future King'
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Resumen
Yo deshojé las onstelaiones, hiriéndome,a�lando los dedos en el tato de estrellas,hilando hebra por hebra la ontexturahelada de un astillo sin puertas,oh estrellados amores uyojazmín detiene su transparenia en vano.Pablo Neruda, 'El hondero. Canto General. Yo Soy.'El preguntarse sobre nuestros orígenes es una araterístia inherente de laHumanidad. Qué somos, qué estamos haiendo aquí, ómo es el mundo que nosrodea, ómo es el Universo en el que estamos inmersos, qué son toda la in�nidadde puntos allá arriba .. A �nales del siglo XX, el mundo pareió olvidarse deesto, los ielos dejaron de estar limpios y ada vez es más y más difíil enontrarlugares on ielo limpio.Es, sin embargo, en este siglo, uando se han realizado los mayores pasospara la omprensión de nuestro Universo, fuera de nuestro Sistema Solar loal.Entre 1920 y 1924, Edwin Hubble demostró que la nebulosa de Andrómeda era,en realidad, una galaxia y que, muhas agrupaiones de puntos luminosos eranenormes universos estelares, situados muho más allá de nuestra propia Galaxia,la Vía Látea. Con el desarrollo de la fotografía y la onstruión de telesopiosada vez más potentes, se observó que las galaxias se alejaban unas de otras onuna veloidad proporional a sus distanias, así omo aumentaban, a su vez, eltamaño del Universo.En la atualidad, la Astrofísia ha experimentado un avanze impresionantegraias al desarrollo en las últimas déadas de los reursos de observaión (tele-sopios espaiales, omo el Telesopio Espaial Hubble (HST), XMM-Newton,Chandra ...) y herramientas de álulo (simulaiones, on ordenadores ada vezmás potentes). Estamos viviendo una époa de sorprendentes desubrimientos.La Humanidad es onsiente de su pequeñez, día tras día.19



20 Esta tesis reoge el trabajo realizado en una muestra de diez Cúmulos deGalaxias a redshift intermedio. Las prinipales motivaiones para el estudio deestos objetos son, por un lado, el heho de que hay muy poos grupos analizadosen un rango intermedio de redshift hasta la feha, (Fasano et al., 2000; Trujilloet al., 2001; Fasano et al., 2002), debido a las di�ultades en la profundidad yla alidad de las observaiones.Con la llegada de telesopios espaiales, ha reido el número de úmulosobservados a distanias ada vez más grandes, pero se ha seguido prestando poaatenión a este rango de redshift. Sin embargo, se piensa que es espeialmenteinteresante y sorprendente en lo que respeta al análisis de la veloidad dela evoluión de las araterístias de las galaxias. El estudio de la evoluiónósmia o las propiedades de úmulos de galaxias y su varianza on el redshiftes un pilar básio para omprender el origen y formaión de estos objetos, asíomo también, del Universo.Por otro lado, el estudio de las Cúmulos de Galaxias no loales hae nee-saria la aproximaión prátia de onsiderar que todas las galaxias en el úmuloestan al mismo redshift que el del propio úmulo. Este heho, onvierte a estosobjetos en exepionales agrupaiones de galaxias para analizar sus propiedadesy ompararlas on otras poblaiones de galátias.En la presente tesis, se ha estruturado el ontenido en uatro partes. Laprimera parte está dediada a la introduión de las materias generales en quese han trabajado, junto on una presentaión de la muestra de los Cúmulos deGalaxias que se han analizado y una expliaión detallada sobre la reduión yel proeso de alibraión de la muestra investigada.La segunda parte está dediada al análisis de las prinipales araterísti-as de la poblaión de galaxias brillantes en la parte entral de la muestra deúmulos. En el Capítulo 3, hemos estudiado la relaión Color-Magnitud y elEfeto Buther-Oemler. En el Capítulo 4, se han asignado los diferentes tiposmorfológios visuales de la poblaión de galaxias, y se ha profundizado en elestudio de la onentraión de galaxias de los Cúmulos y la distribuión de lasfuerzas de marea.El siguiente Capítulo, 5 se re�ere al análisis del brillo super�ial de lapoblaión galátia del NOT, on su orrespondiente análisis de los parametrosestruturales derivados. Más adelante, enontramos el Capítulo 6, que desribela investigaión realizada en la distribuión espaial de la muestra. Finalmente,el último apítulo de esta parte, Capítulo 7 , examina el análisis de la Funión deLuminosidad, proporionando diferentes métodos para la realizaión del ajustey estudio de sus parámetros deduidos.La terera parte de la tesis está ompletamente dediada a la Galaxia másbrillantes del Cúmulo o BCG, de sus siglas en inglés. Hemos detallado un algo-ritmo para la extraión de la BCG del potenial del úmulo en la primera parte



21y seguidamente, hemos analizado las prinipales araterístias de la poblaiónde BCGs, en uanto a su grado de dominania, morfología o distribuión debrillo super�ial. La última parte ha sido dediada al estudio de la identidadde estos objetos omo 'Candelas Estándares'.Por último, la parte �nal es una reopilaión de los prinipales resultados yonlusiones del trabajo desarrollado en la tesis, on una observaión �nal sobrelas perspetivas futuras.El Anexo ontiene el atálogo de galaxias y el análisis de los per�les de brillosuper�ial de la muestra NOT por una lado, y por otro, los resultados de laextraión de las BCG para ambas muestras.
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Chapter 1IntrodutionReordo una nit, a l'altra banda del Pirineu,que sortí de la fosa una nena que antava amb veu de fada.Vaig demanar-li que em digués quelom en la seva llengua pròpiai ella, tota admirada, signà'l el estrellat i féu només així:'Lis esteles...'Joan Maragall, 'Elogi de la Paraula Viva'To wonder about our origins is an inherent harateristi of humanity. Who weare, what we are doing here, how the world around us is, how the Universe inwhih we are embedded is, what all the in�nity of points up there are, et... Atthe end of the XX entury, people in the world seemed to forget about that, asthe skies were not lear anymore and everytime is more and more di�ult to�nd a piee of lean sky.It is however, in this entury, when the greatest steps for understanding ourUniverse, outside our loal Solar System, have been performed. Between 1920and 1924, Edwin Hubble proved that Andromeda nebula was a Galaxy and that,many point of lights were huge stellar universes, plaed muh farther than ourown Galaxy, the Milky Way. With the development of the photography and thebuilding of more powerful telesopes, the Galaxies were observed to move awayfrom eah other with a veloity that was proportional to their distanes, as wellas they inreased, at the same time, the size of the Universe.At present, the Astrophysis has experimented a stunning progress thanks to thedevelopment in the last deades of observational resoures (spaial telesopes,like Hubble Spae Telesope (HST), XMM-Newton, Chandra...) and alulustools (simulations with more and more powerful omputers). We are living anastonishing era of disoveries. The Humankind realizes about its smallness, dayafter day. 23



24 CHAPTER 1. INTRODUCTIONThis thesis is based on one of the most exiting strutures in the Universe:Clusters of Galaxies. It is entitled Analysis of Bright Galaxy Population in theCore of Clusters of Galaxies at medium redshift. Throughout this introdution,we have elaborated a historial and oneptual motivation of the objets we aregoing to study in this thesis.1.1 Clusters of GalaxiesCluster of galaxies are the largest strutures, gravitationally bounded, in theUniverse, with sizes of several Mps and masses from 1014 − 1016 M⊙ . Theyare omposed by many to thousand of galaxies and millions of stars. Clustersare usually formed by a ore, where the highest onentration of galaxies arefound. Moreover, between the galaxies, a plasma or gas omposed mainlyby ionized hydrogen exits, whih is deteted due to its X-ray emission. Inaddition, studies of gas and galaxy dynamis in luster show that the largestpart of these systems distributes ontinously, througout the region oupied bygas and galaxies. That matter, known as dark matter does not emit any kindof eletromagneti radiation and it's only interating gravitationally with gasand galaxies, forming the halo.Prior to 1949, only a few dozen lusters were known. In the ��ties and earlysixties, the �rst atalogues of hundreds to thousands of lusters were published(Zwiky et al. (1952, 1953, 1956); Abell (1958)). In partiular, two main ata-logs of rih lusters of galaxies established the de�nitive riteria for the presentde�nition of a luster. The atalog of rih lusters by Abell (1958) and theCatalogue of Galaxies and Clusters of Galaxies by Zwiky et al. (1961). Bothauthors identi�ed lusters on the Palomar Sky Survey plates.Abell atalogue lists 2712 lusters in the redshift range 0.02 ≤ z ≤ 0.2. He setsome requirements for inluding the lusters in his atalogue regarding to theirrihness, ompatness or galati-latitude. On the other hand, Zwiky atalogueontained more lusters and also systems that are less rih than those of Abell,as he set less strit riteria onerning their properties.Also, di�erent lassi�ation shemes for lusters of galaxies were developed. TheRood-Sastry (RS) lassi�ation was given by Rood & Sastry (1971), wholassi�ed lusters aording to the distribution of the ten brightest members.Their lassi�ation aount of �ve di�erent types, D-type (supergiant) whihrefer to those lusters dominated by a D galaxy, B-type (binary), referringto lusters dominated by a bright binary system, L-type (line), whih are thoselusters whih three or more of the ten brightest members are arranged in a line.C-type (ore) are lusters with at least four of the ten brightest members areloated with omparable separations in the luster ore and F-type (�at) alludeto lusters with several of the brightest ten galaxies are distributed in a �attenedon�guration and, �nally, the I-type (irregular) are an irregular distribution ofthe galaxies with a no well-de�ned enter.



1.1. CLUSTERS OF GALAXIES 25Additionally, the Bautz-Morgan (BM) lassi�ation system was providedby Bautz & Morgan (1970) and their system was based on the relative ontrastof the brightest galaxy to the other galaxies in eah luster. The followingtypes were set, Type I refers to luster dominated mainly by a single, entrallyloated, D galaxy. Type II are for those luster whose brightest members areintermediate in appearane between D galaxias (with extended envelopes) andnormal giant elliptials. Finally, Type III ontains all the lusters without adominant galaxy. That lassi�ation also inlude intermediate types: Type I-IIand Type II-III.Furthermore, Morgan (1962); Oemler (1974) introdued the lassi�ation oflusters aording to the morphologial type of their bright members. They anbe divided in the following groups: spiral-rih lusters whih have a ompositionsimilar to that of the �eld, with a high proportion of spiral galaxies. They arealso irregular in appearane, with low mean densities, no tendeny to entralonentration, �at entral density gradient and no segregation by morphologialtype or evidene of relaxation by two-body enounters. D lusters are domi-nated by entral supergiant galaxies and have no spirals in their ores. Theyontain a muh higher proportion of elliptials in the entral regions than otherluster types. They are dense, entrally onentrated, spherial in appearane,have steep entral density gradients, and show evidene of two-body relaxation.Finally, spiral-poor lusters are referred to those lusters with a ompositiondominated by SO galaxies. They show segregation by mass and morphologialtype, they are not as regular, ompat or entrally ondensed as the D lusters.A number of fenomena is produed in lusters of galaxies. They are real labo-ratories to study proesses suh as Gravitational Lensing, (Tyson & Fisher,1995; Kneib et al., 1996; Broadhurst et al., 2005a; Diego et al., 2005) or e�etsthat only are notieable on very large strutures, the Sunyaev-Zel'dovihe�et in X-ray lusters, (Sunyaev & Zel'dovih, 1970, 1972; Bonamente et al.,2006; Asaso & Moles, 2007), et. They allow also to model their dark matterdensity pro�les, (Navarro, Frenk & White, 1995; Asaso & González-Casado,2003).An additional advantage of studying lusters of galaxies is that we an onsiderthat all the galaxy population remains at the same distane. Therefore, we anperform di�erent omparison between the galaxies properties, (Fasano et al.,2000; Aguerri et al., 2004; Varela, 2004), study their evolution with redshift,(López-Cruz et al., 2004; Mei et al., 2006; Driver, 2006) or even the galaxykinematis inside the lusters, (Navarro, Frenk & White, 1995; �okas et al.,2006).Numerous studies up to date have been devoted to the formation of lustersof galaxies. However, two main senarios for its lari�ation still remain. Onone hand, we have the monolithi senario in whih the lusters were formed�rst (Bower et al. (1998)) and on the other, we have the hierarhial senario(Kau�mann, Guiderdoni & White (1994); De Luia & Blaizot (2007)), in whihthe galaxies were formed at the outset.



26 CHAPTER 1. INTRODUCTIONThe monolithi senario implies that the galaxies are not su�ering substantialtransformations after the luster ollapse (Merritt, 1984) while the hierarhialsenario would imply that the environmental e�ets and interations are trans-forming the galaxy population due to mehanisms that were operational untilreent epohs, suh as harassment (Moore et al. (1996)), gas-stripping (Gunn &Gott , 1972; Quilis et al., 2000), starvation (Bekki, Couh & Shioya (2002)), ormerging (Gerhard & Fall, 1983; Aguerri, Balells & Peletier, 2001; Elihe-Moralet al., 2006). Likewise, the evolution of the galaxy population in lusters ofgalaxies has been broadly studied in many works.Few works have been dediated to study the morphology of the galaxy popu-lation at z≈ 0.2. The morphologial studies have been generally on�ned torather loal samples, in part due to the need to establish a visual lassi�ation(Dressler (1980); Fasano et al. (2000)) and more generally, to the di�ulties toget deep and high-resolution images for relatively large �elds. Some of thesestudies have tried to establish an automati morphologial lassi�ations by in-speting the galaxies surfae brightness and their main strutural parameters.Nevertheless, those samples have often been preseleted to be only late type (DeJong (1996b); Graham & de Blok (2001)) or early type (Graham (2003)). Asa onsequene, the present number of lusters that have been studied in thatredshift range is small (Fasano et al. (2000); Trujillo et al. (2001); Fasano etal. (2002)).1.2 Brightest Cluster GalaxiesTheBrightest Cluster Galaxies (BCGs) are the most luminous and massivegalaxies in the universe. They are usually plaed lose to the enter of itshost luster and seem to be aligned with the luster galaxy distribution. Asa onsequene, they have been suggested to lie at the bottom of the luster'sgravitational potential well. The origin of BCGs appears to be losely onnetedto the formation of the luster.The typial harateristis of the BCGs an be summarized as elliptial galaxiesthat are muh brighter and muh more massive than the average, with luminosi-ties ≈ 10L∗(L∗ = 1.0 × 1010h2L⊙), (Shombert, 1986; Dubinski, 1998; Seigar,Graham & Jerjen, 2007), with very little rotational support and entral veloitydispersions around ≈ 300 − 400kms−1, (Fisher, Illingworth & Franx, 1995).The term D galaxy was introdued by Matthews, Morgan & Shmidt (1964)to desribe a galaxy with the nuleus of a giant elliptial surrounded by anextended, slowly dereasing envelope. Not all the BCGs are D galaxies. Theyare extremely large, with high luminosity, and frequently ontain multiple nulei.They are half of the way between usual galaxies and lusters as far as size andluminosity is onerned.In addition, those objets has been set as andidates to 'standard andles' for themeasurement of osmologial distanes, (Sandage, 1972a,; Gunn & Oke, 1975;



1.3. MOTIVATIONS AND AIMS OF THE THESIS 27Hoessel & Shneider, 1985; Lauer & Postman, 1994; Postman & Lauer, 1995). Infat, one of the most studied subjets in the literature regarding to BCGs is theinrease of the range of k-band Hubble Diagram, (Aragón-Salamana, Baugh &Kau�mann, 1998; Collins & Mann, 1998; Burke, Collins & Mann, 2000; Broughet al., 2005), ahieving a dispersion of 0.3. However, the matter still remainsunsolved as a number of BCGs are needed still to set a onlusion. What it istrue is that BCGs are remarkably homogeneous in luminosity, speially thoseseleted within X-ray properties.1.3 Motivations and Aims of the thesisThis thesis ollets the work performed in a sample of ten lusters of galaxiesat medium redshift. The main motivations for the study of these partiularobjets are, on one hand, the fat that there are very few analyzed lusters in amedium range of redshift up to date, (Fasano et al., 2000; Trujillo et al., 2001;Fasano et al., 2002). This fat is due to di�ulties in the depth and quality ofthe observations.With the advent of spatial telesopes, the number of lusters imaged at largerand larger redshift has grown but these range of redshift ontinues being over-looked. However, we think that that range of redshift an be speially inter-esting and surprising as far as the examination of the speed of the evolution ofthe galaxies' features is onerned. The study of the osmi evolution or theproperties of lusters of galaxies and their variane with redshift is a basi pointfor understanding the origin and formation of these objets, and likewise, theUniverse.On the other hand, the study of non-loal lusters of galaxies makes neessarythe feasible approximation of onsidering that all the galaxies in the lusterare at the same redshift that the luster itself. That fat makes that objetsexeptional aggregations of galaxies to analyze its properties and ompare themwith other galati populations.Throughout this thesis, we have adopted the standard ΛCDM osmology withH0=71 km s−1 Mp−1, Ωm=0.27 and ΩΛ=0.73.1.4 Brief desription of the thesis haptersIn this report, we have strutured the ontents into four parts. The �rst partis devoted to the introdution of the general subjets we have worked, togetherwith a presentation of the sample of lusters of galaxies we have analyzed andan explanation of the redution and alibration proess of this sample set.The seond part is dediated to the analysis of the main harateristis of thebright galaxy population in the entral part of the lusters samples. In Chapter3, we have studied the Colour- Magnitude Relation and the Buther-Oemler



28 CHAPTER 1. INTRODUCTIONE�et. The Chapter 4 is dediated to the assignment of morphologial visualtypes to the galaxy population, the study of the galaxy onentration of thelusters and the tidal fores distribution.The subsequent Chapter, 5 refers to the analysis of the surfae brightness ofthe NOT galaxy population, with the orresponding investigation into the de-rived strutural parameters. Further on, we �nd Chapter 6, whih desribesthe researh performed in the spatial distribution of the sample. Finally, thelast Chapter in this part, Chapter 7 examines the analysis of the LuminosityFuntion, providing di�erent methods for performing the �ts and studying theirextrated parameters.The third part of the thesis is ompletely dediated to the Brightest ClusterGalaxies or BCGs. We have detailed an algorithm for the extration of the BCGfrom the luster potential in the �rst part and subsequently, we have analyzedthe main harateristis of the BCG population, regarding to the degree ofdominane, morphology or surfae brightness. We have dediated the last partto the study of the identity of these objets as Standard Candles.Finally, the last part is a ompilation of the main results and onlusion of thework developed in the report, with a �nal remark on the future prospets.The Annex ontains the atalogue of the galaxies in NOT sample and the anal-ysis of surfae brightness pro�les for the NOT sample on one hand and on theother, the results of the extration of the BCG for both samples.



Chapter 2Clusters SampleMerurio de rampas y hélies,grumos de luna entre tensores y plaas de brone;pero el hombre ahí, el inversor, el que da vuelta a las suertes,el volatinero de la realidad:ontra lo petri�ado de una matemátia anestral,ontra los husos de la altura destilando sus hebraspara una inteligenia ómplie,telaraña de telarañas,un sultán herido de diferenia yergue su voluntad enamorada,desafía un ielo que una vez más propone las artas transmisibles.Julio Cortazar, 'Prosa del Observatorio'In this Chapter, we desribe the observational luster sample at medium redshiftis desribed. The sample onsist on ten lusters of galaxies within the mediumredshift range 0.17 ≤ z ≤ 0.39. On one hand, �ve of those lusters were imagedwith Nordi Optial Telesope (NOT) from the Ground and, therefore, we willrefer to them asNOT sample. On the other hand, the other half of the sampleonsist on �ve more lusters imaged with Advaned Camera of Surveys (ACS)in the Hubble Spae Telesope (HST) and onsequently, we will allude to themas ACS sample.Both samples are entered in the very entral part or the ore, overing the
≈ 1 entral Mpc2, being somewhat smaller for the ACS sample. The NOTsample is omplete up to M∗

r + 1 magnitude, while the ACS sample ahievesthe ompleteness at ≈ M∗
r + 3. As a onsequene, we will perform most of thework in the M∗

r + 1 magnitude range, exept in some ases that we will takeadvantage of the good quality of the ACS data set.That medium redshift galaxy luster sample was oneived in order to ontinueand explore the establishment of the lusters properties in the immediately29



30 CHAPTER 2. CLUSTERS SAMPLEfollowing redshift range respet to loal samples (suh as Wide-Field ImagingNearby Galaxy-Cluster Survey (WINGs); Fasano et al. (2006), Sloan DigitalSky Survey (SDSS), York et al. (2000)). That range of redshift (0.15 . z . 0.4)has been very little observed for a long time, due to its tehnial limitations.They need a very good quality of seeing to be observed from the Ground, tobe able to resolve the galati population inside the lusters, for example. Inaddition, the size of the CCD needs to be large enough to be able to sample asustanial part of the luster. With the advent of the Hubble Spae Telesope(HST), those ompromises were solved at the same time, as we will see in theACS sample. However, the NOT sample is the �rst sample of lusters at mediumredshift, observed from the Ground with very good onditions of seeing.2.1 Nordi Optial Telesope Cluster SampleThe �rst half of the sample onsist on �ve galaxy lusters imaged at the 2.5mNordi Optial Telesope (NOT). That Telesope is loated at the Roque deLos Muhahos Observatory (La Palma, Canary Islands). The observationswere taken from May to June 1995 with the Stand Camera whose �eld of viewis 3′

× 3′ . This CCD has a plate sale of 0.176′′/pix, a gain of 1.69 e−/ADUand a readout noise of 6.36 e−.In Table 2.1, the information about the observed galaxy lusters is olleted.Columns 1, 2,3 and 4 show the luster name, the enter obtained by NasaExtragalati Data Base (NED)1. The redshift, Bautz-Morgan Type, Rood-Sastry type and Rihness Class is listed in the four last olumns, respetively.Table 2.1: The global sample of NOT Clusters
Name α(2000) δ(2000) z BMtype RStype RC

A 1643 12 55 54 +44 04 46 0.1980 III B 1
A 1878 14 12 49 +29 12 59 0.2540 II C 1
A 1952 14 41 04 +28 38 12 0.2480 III C 2
A 2111 15 39 38 +34 24 21 0.2290 II − III C 3
A 2658 23 44 58 −12 18 20 0.1850 III F 3Those lusters were seleted from the atalogue by Abell, Corwin & Olowin(1989) to aomplish the requirements of being massive, apparently relaxedsystems, with an intermediate rihness lass and high galati latitudes to avoidproblems with extintion1The NASA/IPAC Extragalati Database (NED) is operated by the jet propulsion labo-ratory, California Institute of Tehnology, under ontrat with the national Aeronautis andSpae Administration



2.1. NORDIC OPTICAL TELESCOPE CLUSTER SAMPLE 31The lusters were observed through two broad-band optial �lters: Gunn-r (r)and Bessel B (B). In Table 2.2, the information about the observations is ol-leted. The number of pointings observed for eah luster are indiated inolumn 1. These pointings over di�erent luster areas whih are showed inolumn 2. The third and fourth olumns of the Table gives the exposition timein r and B �lters respetively for the di�erent luster. The last olumn of thetable shows the seeing of the images. The di�erent areas overed were sampledas an e�ort to sample the whole luster in a onsiderable part of the ≈ 1 Abelldiameter. Due to the relative medium-redshift of those lusters, that aim wasahieved. Note that all images were taken under photometri sky onditionsand very good seeing (between 0.5 and 0.8′′).Table 2.2: NOT Clusters Observations
Name #Frames Area ExpTime(r) ExpTime(B) seeing

(Mpc) 2 (s) (s) (′′)

A 1643 2 0.6810 600 900 0.55
A 1878 2 0.7894 600 600 0.7
A 1952 2 0.7989 900 900 0.55 − 0.8
A 2111 2 0.8030 600 900 0.7
A 2658 1 0.3055 600 1200 0.72.1.1 Comments on the sampleGiven the sare information existing on those lusters, we have gathered thefew available literature, whih refers, above all, to redshift data and the envi-ronmental situation of eah of them.A1643. The redshift of this luster was given from the work by Humason,Mayall & Sandage (1956), who obtained a spetrum of the brightest galaxyin the area, �nding z = 0.198. Our images were entered at that position,

α(J2000)=12h 55m 54.4s, δ(J2000)= +44d 04m 46s. More reently, (Gal et al.(2003)) deteted an overdense region entered at α(J2000)=12h 55m 42.4s,
δ(J2000)=+44d 05m 22s, identi�ed as a luster designed by NSC J125542+440522.They have determined a photometri redshift of 0.2515. Both lusters do appearin our frames where we an identify A1643 as the one dominated by the galaxyobserved by Humason, Mayall & Sandage (1956) and, therefore, at z = 0.198.This is the value we adopt in this work. We will exlude the frames that ouldbe ontaminated by the presene of NSC J125542+440522 in all the analysisregarding the galati ontent of A1643. The area and number of frames valuesgiven in Table are already orreted.A1878. This lusters appears with z = 0.254 in the NED. A loser inspetionshows that there is another value given to a galaxy in the �eld, namely z =



32 CHAPTER 2. CLUSTERS SAMPLE0.222. Both redshift values ome from Sandage, Kristian & Westphal (1976),who observed the brightest galaxy in the �eld, plaed at α(J2000)=14h 12m52.13s, δ(J2000) = +29d 14m 29s, and another, fainter galaxy at α(J2000)=14h12m 49.13s, δ(J2000) = +29d 12m 59s. As quoted by the authors, the spetrawere of low quality. The low z value orresponds to the brightest objet thatappears at the enter of a strong onentration of galaxies that do orrespondto the luster atalogued as A1878. More reently, Gal et al. (2003), identi�eda luster labeled as NSCJ141257+291256, with a photometri redshift z = 0.22.Its position and redshift value oinide with that of the bright galaxy observedby Sandage, Kristian & Westphal (1976) that is aepted here as the brightestgalaxy of A1878.A1952. The redshift attributed to this luster, z = 0.248, also omes from thework by Sandage, Kristian &Westphal (1976) who observed the brightest lustergalaxy. The possible onfusion regarding this luster omes from the fat thatthe position given by Abell, Corwin & Olowin (1989), α(J2000)=14h 41m 04.2s,
δ(J2000)= +28d 38m 12s, does not oinide with that of its Brightest ClusterGalaxy (BCG) as given by Sandage, Kristian & Westphal (1976), α(J2000)=14h 41m 03.6s, δ(J2000)= +28d 36m 59.68s. To add to the onfusion, Galet al. (2003) deteted a luster designed by NSC J144103+283622, at almostexatly the position of A1952's BCG, but the redshift they have determinedphotometrially amounts to 0.2084. Taking all the information at hand, weonsider that the luster identi�ed by Gal et al. (2003) is A1952, but the redshiftwe adopt here is that measured by Sandage, Kristian & Westphal (1976), z =0.248. The analysis we present of the Color-Magnitude Relation in Chapter 3,support this onlusion.A2111. That luster has the largest amount of information available in theliterature of all the lusters in that sample. The redshift was established fromspetrosopi observations by Lavery & Henry (1986). The enter given by NEDomes from the ACO atalogue given by Abell, Corwin & Olowin (1989), namely,
α(J2000)=15h 39m 38.3s, δ(J2000) = +34d 24m 21s. However, the subsequentanalysis of the X-ray data by Wang, Ulmer & Lavery (1997); Henriksen, Wang& Ulmer (1999); Miller et al. (2006), let them to onlude that the luster enterposition is at α(J2000)=15h 39m 40.9s , δ(J2000)= +34d 25m 04s, only 7.65kp away from the Brightest Cluster Galaxy. Miller et al. (2006) also providesa large number of spetra.Interestingly, that luster is thought to be merger of two lusters due to thefat that the luster ontains a distint omet-shaped X-ray subomponent thatappears hotter than the rest of the luster Wang, Ulmer & Lavery (1997). Fur-thermore, the orientation between the two entral major galaxies oinides withthe elongation of both the galaxy and X-ray distributions. And also it has thedistintion of being the rihest luster in the original Buther & Oemler (1984)study. A2111 was also among the larger blue fration lusters noted in Buther& Oemler (1984), at fb=0.16 ± 0.03.



2.1. NORDIC OPTICAL TELESCOPE CLUSTER SAMPLE 33A2658. That luster is the only one from the sample that is observable from theSouth Hemisphere. The redshift of that luster is set from Fetisova (1982). Theenter, as given by Abell, Corwin & Olowin (1989) is at α(J2000) =23h 44m58.8s, δ(J2000)= -12d 18m 20s. However, our BCG is loated at α(J2000)=23h44m 49.83s, δ(J2000)= -12d 17m 38.93. After a visual inspetion of the lusterimage in the Digital Sky Survey, we onlude that the enter of the luster isgiven by the BCG, where a high onentration of galaxies is visually deteted.In Chapter 6, we will disuss the determination of the enter of the luster,giving the �nal oordinates in Table 6.3.In the following setions, we are going to summarize the proedure for the redu-tion, alibration, (already performed by Fasano et al. (2002)), astrometrizationof the lusters, and extration of the soures.2.1.2 Data redutionAt least two exposures for eah �eld in both �lters (r) and (B) were usuallytaken, allowing to lean-up the ombined images for osmi-rays and spuriousevents. Here, we sum up the basi steps of the data redution proess, followingthe proedure explained in Fasano et al. (2002).The bulk of the data redution of the images was ahieved using standard IRAFtasks. The eletroni bias level was removed from the CCD by �tting a Cheby-shev funtion to the oversan region and subtrating it from eah olumn. Byaveraging ten bias frames, a master bias per night was reated and subtratedfrom the images in order to remove any remaining bias struture.Dark images were also observed in order to remove the dark signal from theCCD. This orretion turned out to be negligible, and was not onsidered. Twi-light �ats were also observed at the beginning and at the end of every observingnight. They were ombined and used for removing the pixel-to-pixel strutureof the images.2.1.3 CalibrationThe photometri alibration of the images was obtained by observing severalstandard stars from the Landolt (1992), Jørgensen (1994), and Montgomery(1993) atalogues. They were observed every night at di�erent zenith distanesin order to measure the atmospheri extintion. The alibration onstant wastaken from Fasano et al. (2002).Table 2.3 shows the alibration oe�ients with its error in the r band for eahluster. As di�erent lusters were observed di�erent nights, the information inthe log of the observations has been ompiled to know whih night a parti-ular galaxy luster was observed. In the two �rst olumns, the photometrizero points Zc and the olor oe�ients Cc is set, the third olumn shows theextintion oe�ients and the last olumn shows the alibration errors.



34 CHAPTER 2. CLUSTERS SAMPLETable 2.3: Calibration Coe�ients in NOT Cluster Sample
Name Zc Cc kr rms

A 1643 24.704± 0.004 0.085 ± 0.003 −0.128± 0.013 0.0222
A 1878 24.704± 0.004 0.085 ± 0.003 −0.128± 0.013 0.0222
A 1952 25.111± 0.005 0.117 ± 0.005 −0.088± 0.005 0.0232
A 2111 24.704± 0.004 0.085 ± 0.003 −0.128± 0.013 0.0222
A 2658 25.111± 0.005 0.117 ± 0.005 −0.088± 0.005 0.02322.1.4 Astrometrial Calibration.Images need to be alibrated spatially. In other words, we need to obtain world(α,δ) oordinates from the CCD pixels (x, y) in order to loate an objet exatlyin the sky. This proedure is ommonly known as astrometrization.Usually, the �eld an be geometrially distorted by the optial layout of theamera. Suh distortions an signi�antly a�et the astrometri measurementsas well as the photometry, due to the mis-shaped smearing of the light on thepixel array. In order to map and orret distortions in the images, it's quiteuseful to ompare oordinates or a given sample of point-like soures (stars)in the �eld. Strong distortions require sizeable astrometri samples of starsuniformly spread throughout the �eld.Hene, we have used an interative software developed and maintained by theCentre de Données astronomiques de Strasbourg, alled Aladin Sky Atlas,(Bonnarel et al. (2000)). Aladin visualizes digitized astronomial images andplae entries from astronomial atalogues or databases over them. It also in-teratively aess related data and information from the di�erent databases andarhives for all known soures in the �eld. The steps required for ahieving theastrometrization of the NOT sample images are summarized here.

• Digitalizated Sky Survey (DSS) images of the di�erent NOT lusters weredownloaded, ensuring that their sizes were larger than our 3
′

× 3
′ �elds.A typial size of 14

′

× 14
′ was seleted. This images are previously as-trometrizated.

• A NOT image, previously redued, was opened with Aladin.
• We performed a visual omparison between both images to identify thesame objet, ideally stars, in both images. We obtain a list of (x, y) pixelsin our observed frame and the orresponding (α,δ) oordinates for theDSS.
• In Aladin, we selet the options: Tools, Image astrometrial (re)alibrationand �nally By mathing stars. An iterative window will open and we anintrodue the pixels and their relative world oordinates.
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• An initial astrometrization of the image is shown. Then we superimpose astar atalogue in that frame to improve the initial astrometrial solution.In Aladin, we selet: Load, All VO and Catalogs where we an hoose anumber of di�erent atalogues. In that ase, we seleted NOMAD.
• If desired, we an manually re-astrometrizate the result by seleting theoption Modify.
• One we are satis�ed, we an save the image by seletion Save and Ex-port some planes and we obtain the NOT original image with galatiastrometry.2.1.5 Extration of the souresWe have seleted and extrated the soures of our images in order to studytheir individual harateristis. For that purpose, we used SExtrator (Soure-Extrator), Bertin & Arnouts (1996), whih is a well-known astronomial pro-gram that builds a atalogue of objets from an astronomial image and mea-sures their photometry.We have inluded here an explanation about the most essential parametersfor the extration of the objets in our images. SExtrator gets some imageinformation from the FITS header of the image but it also needs some of theparameters to be spei�ed in the on�guration �le.
• Extration ParametersThey are setting the onstraints for the objets to be deteted. The mostrelevant parameters relating to that are DETECT_THRESH and DE-TECT_MINAREA . The �rst one determines the level of brightness wewant to detet, usually speifying a number of times over the σ of theimage and the seond one sets up the minimum number of pixels above athreshold that the objet has to have to be seleted.As far as the deblending is onerned, the most interesting and importantparameters are DEBLEND_NTHRESH, whih designates the number ofintensity levels that eah detetion is going to be divided in to analyze thedeblending and DEBLEND_MINCONT, whih stipulates the minimumontrast to split one detetions into one or more detetions.We deided to �x the DETECT_THRESH=1.5σ in order to detet galax-ies whih arrived to Gunn-r isophote of 25.3 and DETECT_MINAREA=150 pixels, whih orresponds to galaxies with radius at least of 7 pix-els, whih is twie the medium full-width at half maximum (FWHM) forour images. After performing di�erent tests in our images and hekingthat the deblending was aurately performed, we resolved to set DE-BLEND_NTHRESH= 32 and DEBLEND_MINCONT=0.0001.
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• Photometry ParametersSExtrator allows us to hoose between �ve di�erent magnitudes for eahdeteted galaxy on our images: isophotal, isophotal-orreted, automati,best estimate and aperture. We have hosen two of them.The �rst one orresponds to a �xed-aperture MAG_APER of radius �vekp, useful to ompare olors in the same physial region, (Bernardi etal., 2003; Varela, 2004). The other one is the magnitude alled by SEx-trator 'MAG_BEST' that is determined in an automati aperture whihdepends on the neighbours around the galaxy. If those neighbours arebright enough to a�et the magnitude orresponding to an aperture en-losing the whole objet by more than 10%, then that magnitude is takenas the orreted isophotal magnitude, whih orresponds to the isophotalmagnitude together with a orretion. This magnitude provides the bestmeasures of the total light of the objets, (Nelson et al., 2002; Stott et al.,2008).
• Star/Galaxy Separation ParametersIn a atalogue of objets, we expet to know the kind of objet we'redealing with. SExtrator is able to work out the probability (stellar in-dex ), that an objet is an star (a point-soure) by using a neural networkwhih was trained with more than 106 images of stars and galaxies simu-lated with di�erent onditions of pixel-sale, seeing and detetion limits.Therefore, if the Stellar index is lose to 1, the objet is preditable a starand if it is lose to 0., it is likely to be a galaxy. The parameters demand-ing by SExtrator are the SEEING_FWHM whih is the FWHM of theimage and an be measured diretly from the image.For our sample, we have onsidered that an objet was a galaxy when itsstellar index was smaller then 0.2. In ontrast, an objet was onsideredas star if the stellar index was larger than 0.8. The rest of the objetswere onsidered as doubt objets. Those values were seleted as the bestpartition of the galaxy population. As the �eld of view of our frames is notlarge we have onsidered the FWHM being onstant in the whole image.
• Bakground ParametersEstimating the loal bakground is a ruial step in ahieving good qual-ity photometry. SExtrator estimates the bakground of the image aswell as the RMS noise in that bakground. The most important val-ues for a proper estimation of the bakground are BACK_SIZE andBACK_FILTERSIZE. The �rst parameter, BACK_SIZE is the size ofthe area where SExtrator works out the mean and the σ of the distribu-tion of pixel values is omputed. The proess onsist then on disardingthe most deviant values and working out again the median and standarddeviation σ until all the remaining pixel values are within mean ± 3 σ.Then, the value for the bakground in the area is the mean of those pixels.



2.1. NORDIC OPTICAL TELESCOPE CLUSTER SAMPLE 37The bakground map is an bi-ubi-spline interpolation over all the area'sof size BACK_SIZE, after �ltering.The seond parameter, BACK_FILTERSIZE is the median �lter for thebakground map. That is, before the �t of the bakground values is done,the bakground image is smoothed over this number of meshes. In orderto obtain a good value of these parameters, we have measured the largestobjets in our images and we have set BACK_SIZE parameter largerthan them, that is 128, and a BACK_FILTERSIZE of at least 3, inorder to get rid of the possible deviations between di�erent estimations inontrasting parts of the image. However, as the �eld of view is relativelysmall, the bakground maintains nearly onstant, what implies a goodquality subtration.SExtrator also allows one to perform on-line ross-identi�ation of eah de-tetion with and ASCII list. This is the ASSOC mode and it's very useful forextrating the same objets in di�erent �lters, for example. In our ase, theextration of the galaxies was performed in the r images, as they are deeperthan the B band images. The photometry of the galaxies in the B-band wasobtained using the ASSOC mode of SExtrator.2.1.6 Photometri orretionsAlthough SExtrator produes the photometry of the objets in the image, thosemagnitudes need to be orreted of at least two e�ets: the k -orretion e�etand the galati extintion. The k-orretion is de�ned as the orretive termthat needs to be applied to the observed magnitude in a ertain band due tothe e�et of redshift, (Oke & Sandage, 1968; Pene, 1976; Poggianti, 1997).The k-orretion e�et was then applied to the SExtrator magnitudes of thegalaxies in both �lters. For the B-band �lter we used the k-orretion givenby Pene (1976), being kB = 4.4225z + 0.0294. The �t was taken from Varela(2004), and it is valid for data between redshift 0.08 and 0.24. The magnitudes ofthe Gunn− r �lter were orreted by using the approximations kr = 2.5 log(1+
z) (Jørgensen, Franx & Kjaergaard (1992)) due to the �at spetral shape ofelliptial in this wavelength range. The galati extintions in both �lters werederived from Shlegel et al. (1998).Hene, the orretions for the SExtrator magnitudes were transformed to reli-able magnitudes, using the Bouger equations, in the following way:







mr = mSEx,r + Zc,r + kn,rXr + Cc,r(B − r) − Ar − kr

mB = mSEx,B + Zc,B + kn,BXB + Cc,B(B − r) − AB − kB

(2.1)The true olor (B-r) an be easily evaluated solving Equation 2.1:
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(B − r) =

Zc,B − Zc,r + kn,BXB − kn,rXr + mSEx,B − mSEx,r

1 − Cc,B + Cc,rTab 2.4 shows the errors provided by SExtrator for the two di�erent magnitudesmeasured in Gunn-r. The last olumn shows the errors in olour obtained as thequadrati sum of the errors of the �xed-aperture magnitude in the two �lters Band r. As we see, the errors are in all ases not a�eting the �nal results.Table 2.4: Errors Measurements
Name ErrAper ErrBest ErrCol

A 1643 0.005 0.006 0.033
A 1878 0.007 0.008 0.052
A 1952 0.006 0.007 0.040
A 2111 0.007 0.009 0.045
A 2658 0.007 0.008 0.028After extrating all the objets, we heked if there were some part of theframes overlapped and onsequently, some of the objets were measured twie.There were two ases: A2111 and A1952. As a way of ontrol, we heked thattheir magnitudes were onsistent between them. In Figures 2.1, we show theirabsolute magnitudes versus their magnitude di�erenes. The solid line, showsthe mean value of the di�erene (0.012 for A1952 and 0.026 for A2111), whilethe dotted lines show the standard deviation of the di�erene (0.052 for A1952and 0.034 for A2111).We see that the mean di�erenes are less than 0.028 and the standard deviationfor the galaxies brighter than Mr ≥ −19.5 (orresponding to mr ≤ 20.8) arethe same order of magnitude than the alibration errors. The larger di�erenesof A1952 rather than A2111, an be explained as it is the only luster witha relevant di�erene in seeing (from 0.5 to 0.8) between the di�erent frames.However, that fat does not a�et our results.We �nally obtained a �rst atalogue of 488 objets, inluding stars and galaxies.The �nal galaxy atalogue was formed by 456 galaxies. We also obtained 27stars and 5 doubt objets.



2.1. NORDIC OPTICAL TELESCOPE CLUSTER SAMPLE 39

Figure 2.1: Absolute Gunn-r magnitude di�erene versus absolute Gunn-r mag-nitude for A1952 and A2111. The solid line indiates the mean value of thedi�erene and the stripped lines refer to the standard deviation of the di�er-ene.



40 CHAPTER 2. CLUSTERS SAMPLE2.2 Advaned Camera for Surveys ClustersThe other half of the sample at medium redshift onsist on �ve multi-bandlusters imaged with the Wide Field Camera (WFC) of the Advaned Camerafor Surveys (ACS) in the Hubble Spae Telesope (HST) in the same range ofredshift.The CCD of ACS has a �eld of view of 202
′′

×202
′′ and plate sale of 0.05′′/pix.The lusters have been imaged in the full spetral range of the Advaned Cam-era. In total, twenty orbits were imaged for A1689 in four �lters, twenty forA1703, CL0024+1654 and MS1358.4+6245 in six �lters and sixteen for A2218in six �lters. The quality of those images is unpreedented due to their depth,wavelength overage and exeptional resolution from the spae.That main harateristis of the sample are olleted in table 2.5: name of theluster, the enters obtained by NED, the redshift, the Bautz-Morgan Type,and the rihness lass.Table 2.5: The global sample of ACS Clusters

Name α(2000) δ(2000) z BMtype RC

A 1689 13 11 29 −01 20 17 0.1832 II − III 4
A 1703 13 15 00 +51 49 10 0.2836 II 4
A 2218 16 35 54 +66 13 00 0.1756 II 4
CL0024 + 1654 00 26 36 +17 08 36 0.3900
MS1358.4 + 6245 13 59 54 +62 30 36 0.3280 I ≥ 4In Table 2.6, the main harateristis for the �ve lusters ACS observations areset in F475W band (SDSS-r) and F625W (SDSS-g). Those bands were seletedfrom the whole multi-band set as being the more similar to the NOT bands.Although the SDSS-g has a wavelength entered in TAL and in TAL for theBessel -B band, the di�erene in not too signi�ative.Table 2.6: ACS WFC Clusters Observations

Name Area(Mpc) 2 ExpTime(r) (s) ExpTime(B) (s) seeing (′′)

A 1689 0.615 9500 9500 0.105
A 1703 0.801 5664 9834 0.105
A 2218 0.594 5640 8386 0.105
CL0024 + 1654 1.062 5072 8971 0.105
MS1358.4 + 6245 0.949 5470 9196 0.105



2.2. ADVANCED CAMERA FOR SURVEYS CLUSTERS 412.2.1 Comments on the sampleContrary to the NOT sample, the lusters sample imaged with the ACS are lus-ters largely explored and they have a great amount of literature. In this setion,we have summarized some of the main results regarding to those lusters.A1689. This luster is one of the best studied in the literature. It presentsmany gravitational ars assoiated with 30 systems or soures with redshift inthe range 1 < z < 6, (Diego et al. (2005)). The Sunyaev-Zeldovih e�et,(Sunyaev & Zel'dovih (1970, 1972)), has also been deteted and omputed inthat luster, (Bonamente et al. (2006)).Several studies have analyzed its mass pro�les by estimating its dark matter halowith di�erent methods suh as gravitational lenses, (Tyson & Fisher (1995);Taylor et al. (1998); Broadhurst et al. (2005b); Diego et al. (2005); Zekser et al.(2006); Halkola, Seitz & Pannella (2006, 2007)), galaxy kinematis, (�okas et al.(2006)) or X-ray imaging, (Xue & Wu (2002); Demaro et al. (2003); Andersson& Madejski (2004); Bonamente et al. (2006)).Although the lensing tehniques tend to agree in the mass giving a mass around
(0.1 − 0.5)1015h−1M⊙ for the mass ontained in a radius of 51 to 110 arses,a systemati disrepany of about 2 is found with the estimations provided byX-ray data.The redshift of this luster (z=0.1832) was given originally by the work byTeague, Carter & Gray (1990), who obtained sixty-six spetra of the �eld ofeah luster providing a wide overage of the bright galaxy population. Lateron, Du et al. (2002) gave positions and redshift for all luster members withred magnitude R<18 and within 2′′ of the brightest entral galaxy. The X-rayenter has been set as presribed in Bonamente et al. (2006) using ChandraX-ray measurements at the position, α(J2000) =+13d 11m 29.5s, δ(J2000) =-01h 20m 28.2s. That enter has been found to be in agreement with the peakof the mass distribution Diego et al. (2005), whih falls very lose to the entraldominant galaxy.Molinari, Buzzoni & Chinarini (1996) performed an study of the ground-basedphotometry of this luster in Gunn g, r and i band, disussed its r versus g-rolor diagram, onluding that a ridge line for the elliptials learly appearedfor this ompat luster. Additionally, De Propris et al. (2003b), analyzed theButher-Oemler E�et in the K-band for this luster, �nding a blue-fration of0.046 ± 0.038 in the K-band and 0.029 ± 0.025 in the optial within a 0.5 Mpaperture.A1703. This luster is a massive X-ray luster that ontains a large numberof gravitational ars, Limousin et al. (2008). In partiular, this luster exhibitsan outstanding bright 'ring' formed by galaxies at z=0.888 loated very lose tothe D galaxy.The redshift of A1703 (z=0.2836) is given by a work by Allen et al. (1992) whoidenti�ed the redshift of the two brightest X-ray members of the luster. The



42 CHAPTER 2. CLUSTERS SAMPLEoordinates provided by NED are for the enter of the luster are α(J2000)=+13h 15m 00.7s, δ(J2000)= +51d 49m 10s, extrated from the Abell optialCatalogue, Abell, Corwin & Olowin (1989). Later works by Crawford et al.(1999); Limousin et al. (2008), based on the ROSAT Brightest Cluster Sample,set the enter of the luster as the oordinates provided by the dominant galaxyin X-ray, α(J2000)=+13h 15m 05.27s, δ(J2000)= +51d 49m 02.85s.A2218. A2218 is one of the rihest lusters of the Abell atalogue. Thatluster is 'famous' due to its ring around its D galaxy, (Kassiola & Kovner,1993). Numerous gravitational lenses studies ame after the disovery of that'ring', (Kneib et al. (1996); Souail, Kneib & Golse (2004); Kneib et al. (2004)),suggesting that the multiple lens system arises from a high-redshift (z>6) soure.Additionally, many attempts to determine the dynamial state of the lusterby studying its X-ray emission have been performed, (Neumann & Böhringer(1999); Cannon, Ponman & Hobbs (1999); Mahaek et al. (2002); Pratt, Böhringer& Finoguenov (2005)), even with the analysis of the Sunyaev-Zeldovih e�et,(Uyaniker et al. (1997); Tsuboi et al. (1998); Lieu, Mittaz & Zhang (2006);Morandi, Ettori & Mosardini (2007)). A disrepany between mass estimatesfrom X-ray and strong lensing analyses is evident, (Miralda-Esudé & Babul,1995; Pratt, Böhringer & Finoguenov, 2005). More omplete X-ray studieswith ROSAT, (Markevith, 1997; Neumann & Böhringer, 1999) or Chandra,(Mahaek et al., 2002), revealed a ompliated X-ray struture near the ore,suggesting that the luster is dynamially ative. The most likely explanationis the merger status of A2218. The lumpy X-ray emission appears as a diretonsequene of the ongoing merging of the two sub-units, (Kneib et al., 1995).The redshift of this luster (z = 0.17) is provided by Kristian, Sandage &Westphal (1978); Le Borgne, Pelló & Sanahuja (1992). The oordinates givenby NED, α(J2000)=+16h35m54.0s, δ(J2000)= +66d13m00s, were extratedfrom the Abell atalogue, Abell, Corwin & Olowin (1989). However, the peakof the X-ray surfae brightness distribution is oinident with the loation ofthe D galaxy, α(J2000)=+16h35m48.9s, δ(J2000)= +66d12m42s, (MHardyet al. (1990)). The photometri and spetrosopi study of the lusters entersuggest that the luster onsist in fat of two galaxy onentration, of whihone is entered about the D galaxy.Besides, a number of photometrial studies have been performed in that luster.Buther & Oemler (1984) gave a onentration parameter of C=0.59, one of thelargest in their sample. Jørgensen et al. (1999), extrated the photometry fora magnitude-limited sample, deriving the orresponding Fundamental Plane,adding important knowledge about the properties of E and S0 galaxies. Also,Rakos, Dominis & Steindling (2001); Rakos & Shombert (2005), ompleted afour olor intermediate-band photometry of the luster population, �nding anunusually low fration of blue galaxies and a large fration of E/S0 galaxies.They also analyzed the B-r olor-magnitude relation �nding a slope of 0.068 ±
0.032. Complementary, a morphologial study in the ore of that luster hasbeen reently performed by Sánhez et al. (2007).



2.2. ADVANCED CAMERA FOR SURVEYS CLUSTERS 43Furthermore, the luminosity funtion has been studied in that luster by Prayet al. (2005). They �nd that the total projeted luminosity distribution within 1Mp of the luster entre an be well represented by a single Shehter funtionwith moderately �at faint-end slopes: α = −1.14, also �nding that the brightestgalaxies in that luster exhibit a more ompat spatial distribution.CL0024+1654. That luster, hereafter CL0024, is the more distant from allthe lusters analyzed in this thesis with a redshift of z=0.39. It has a veloitydispersion of σv = 1200kms−1, (Dressler & Gunn (1992)), and an X-ray lu-minosity Lx = 3.7 × 1044ergss−1, (Souail et al., 2000). A single bakgroundgalaxy, is multiply imaged, (Colley, Tyson & Turner (1996); Tyson, Kohan-ski & Dell'Antonio (1998); Böhringer et al. (2000b); Broadhurst et al. (2000);Rögnvaldsson et al. (2001); Kneib et al. (2003)). Several analysis with X-raydata have been performed, (Kodama et al. (2004); Zhang et al. (2005); Kotov& Vikhlinin (2005)), �nding a omplex struture in the ore region. Evideneof the Sunyaev-Zel'dovih e�et, (Zemov et al. (2007)), has also been found.The original redshift was obtained by Gunn & Oke (1975). The position listed inNED omes from the Catalogue by Zwiky et al. (1961) and is set at α(J2000)=00h 26m 36s, δ(J2000)=17d 08m 36s. However, the X-ray enter, (Souail etal., 2000; Treu et al., 2003) is α(J2000)=00h 26m 36.3s, δ(J2000)=17d 09m 46s,whih is very lose to the position of the D galaxy, α(J2000)=00h 26m 35.7s,
δ(J2000)= 17d 09m 43s, (Treu et al. (2003)).In addition, Czoske et al. (2001); Alexov & Silva (2003), provided this lus-ter with a wide-�eld spetrosopi survey of 618 spetra. The morphologialdistribution has been analyzed to 5 Mp radius by Treu et al. (2003) up toI=22.5. Also, the original value of the blue fration given by Buther & Oemler(1984) is 0.16 ± 0.02 and later on, (De Propris et al., 2003) estimated this to be
0.153± 0.068 in the entral 0.5 Mp and 0.200 ± 0.068 in the entral 0.7 Mp.Additional works have performed deep analysis of di�erent properties suh as theFundamental Plane, (van Dokkum & Franx, 1996), the Tully-Fisher relation inthat luster, (Metevier et al., 2006) or the nature of strong emission-line galaxiesin that luster, (Koo et al., 1997). Also the onentration parameter has beenestimated by Dressler et al. (1997) to be 0.53. QUE AREA?MS1358.4+6245. That luster , hereafter MS1358, is an X-ray, extremely rihluster, with a ompat, onentrated ore of galaxies. The Sunyaev-Zeldovihe�et has been widely explored on it, (LaRoque et al. (2006); Morandi, Ettori& Mosardini (2007); Hashimoto et al. (2007)). It also has weak gravitationallensing of faint distant bakground objets, (Hoekstra, Franx & Kuijken (1998)).The redshift (z=0.328) and position of that luster α(J2000)= 13h 59m 54.3s,
δ(J2000)= 62d 30m 36s, is set from a work based on Einstein Observatoryextended Medium-Sensitivity Survey by Stoke et al. (1991). However, mostworks have adopted the brightest luster galaxy set as α(J2000)=13h 59m 50.5s,
δ(J2000)= 62d 31m 05s, (Fisher et al., 1998; van Dokkum et al., 1998; Fabriant,Franx & van Dokkum, 2000)



44 CHAPTER 2. CLUSTERS SAMPLELikewise, Yee et al. (1998) reated a redshift atalogue of the galaxies in the�eld of this luster in a wide are ranging in magnitude from r = 20 to r = 22and Fisher et al. (1998) added more spetrosopi information in the entral 3.5Mp. The morphologial omposition of a sample of galaxies in the entral 53ar minutes have been arried out by Fabriant, Franx & van Dokkum (2000).In addition, Luppino et al. (1991) presented an analysis of four-olor (BVRI)photometry. They inluded the luster luminosity funtion and olor-magnitudediagrams and also omputed the blue galaxy fration �nding it be 0.10 < fb <
0.18 depending on the bakground galaxy orretion.Additionally, Fabriant, MClintok & Bautz (1991) obtained V,R and I pho-tometry of the galaxy population in the luster enter omplete to rest band
MV = −19.5 and spetra of 70 galaxies within 2 ar minutes. They also esti-mated the onentration value of being 0.49.The olor-magnitude relation was analyzed by van Dokkum et al. (1998) �ndinga slope of -0.012± 0.003. Also, Kelson et al. (2000) performed an study based onthe surfae photometry and strutural parameters for 55 galaxies in that luster.In Chapter 6, we will set and disuss the determination of the enter of theluster. The �nal oordinates are provided in Table 6.4.2.2.2 Redution and Calibration of the framesThe ACS images were previously redued using Apsis, the automati imageproessing pipeline for the ACS GTO (ACS Guaranteed Time Observations),(Blakeslee et al., 2003). Apsis is able to rotate, align, osmi-ray-rejet, anddrizzle the imaging observations together.Likewise, the images were astrometrizated and alibrated taking advantage ofthe 2002 February 25 CALACS zero points Hak (1999), o�set by small amountsneessary for the errors present in this alibration.2.2.3 Extration of the souresThe soures in that sample, were deteted by using SExtrator. The proedureis the same already explained in the last setion referring to NOT sample. Inthat subsetion, we only remark the most relevant parameters, speifying itsrelation with the parameters set from the NOT sample.

• Extration ParametersWe have set the DETECT_THRESH=1.5σ, deteting galaxies that ar-rived to r isophote of 27.8. Also, we have opted for aDETECT_MINAREAvalue of 150 pixels, orresponding to galaxies with radius at least of 7 pix-els, whih is ≈ three times the medium FWHM for our images.



2.2. ADVANCED CAMERA FOR SURVEYS CLUSTERS 45Conerning the deblending parameters, we have setDEBLEND_NTHRESH= 32 and DEBLEND_MINCONT=0.005 as the result of di�erent analysisto maintain the auray of the deblending image.
• Photometry ParametersAs in the NOT sample, we have used the MAG_APER of radius �ve kp,useful for the olor determination and the MAG_BEST for the omputa-tion of the magnitudes.
• Star/Galaxy Separation ParametersThe stellar index has been onsider in the same way than the NOT sample.A value less or equal than 0.2 is hosen to onsider an objet a galaxy whilea stellar index value larger than 0.8 is onsidered an star. The rest of theobjets are onsidered doubt objets.
• Bakground ParametersWe have taken the value sof BACK_SIZE and BACK_FILTERSIZE pa-rameters to have enough statistis to have a good estimation of the bak-ground. We have then set BACK_SIZE = 128 and BACK_FILTERSIZE=3.The extration of the galaxies was performed in the r images, to be omparablewith the NOT sample. The photometry of the galaxies in the g-band wasobtained using the ASSOC mode of SExtrator.2.2.4 Photometri orretionsWe have applied a k-orretion e�et to the SExtrator magnitudes of the galax-ies in both �lters. For the g-band �lter we have used an interpolation of thek-orretion given by Poggianti (1997) for the Gunn-g band in the range 0.16to 0.4, being kg = 4.7026z + 0.351. For the r-band �lter, we used the sameapproximation as in the NOT sample, kr = 2.5 log(1 + z) (Jørgensen, Franx &Kjaergaard (1992)). Likewise, the galati extintions in both �lters have beenderived from Shlegel et al. (1998).We have set in Table 2.7, the errors provided by SExtrator for the two di�erentmagnitudes measured in Gunn-r. Also, the last olumn shows the mean errorsin olour obtained as the quadrati sum of the errors of the �xed-aperturemagnitude in the two �lters, g and r. As we see, the errors are in all asesnot a�eting the �nal results.The atalogue of detetions ontains 2341 objets, onsisting of 2239 galaxies,91 stars and 11 doubt objets.
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Table 2.7: Errors Measurements for the ACS sample
Name ErrAper ErrBest ErrCol

A 1643 0.003 0.003 0.007
A 1878 0.002 0.002 0.007
A 1952 0.003 0.002 0.008
A 2111 0.002 0.006 0.009
A 2658 0.002 0.002 0.007



Part IICharaterization of the brightentral galaxy population inClusters
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Chapter 3Color-Magnitude RelationPuedo esribir los versos más tristes esta nohe.Esribir, por ejemplo,: 'La nohe está estrellada,y tiritan, azules, los astros, a lo lejos.'Pablo Neruda, 'Veinte poemas de amor y una anión desesperada.'The existene of a Color-Magnitude Relation (CMR) for elliptial galaxieswas �rst noted by Baum (1959). He noted that �eld elliptial olors beome red-der as the galaxies beome brighter. Loally, the elliptial galaxies in individuallusters form a red sequene with a well-de�ned slope and small satter (Bower,Luey & Ellis, 1992a,b). A simple straight line �t an desribe the CMR forelliptial galaxies in an interval of about eight magnitudes in loal lusters suhas Virgo (Sandage (1972b)) or Coma (Thompson & Gregory (1993); López-Cruzet al. (1997); Seker, Harris & Plummer (1997)). The large overage in luminos-ity, suggests that within this range galaxies have shared a similar evolutionaryproess.Later on, in the seventies and eighties, a number of works by Visvanathan& Sandage (1977); Visvanathan & Griersmith (1977); Sandage & Visvanathan(1978); Griersmith (1980); Visvanathan (1981),et; onluded on the universal-ity of the so alled CMR for early type galaxies and even early spirals althoughit depends on the bands used, (Tully, Mould & Aaronson, 1982; Mobasher, Ellis& Sharples, 1986).The physial origin of the CMR seems to be a onsequene of the proess ofthe formation proess of the galaxies in lusters. The most massive galaxies areable to retain largest quantity of enrihed gas of the supernova explosions in themaximum of the stellar formation ativity, (Arimoto & Yoshii, 1987). Two mainsenarios for the formation of lusters of galaxies still remain in the literature.On one hand, we have the monolithi senario in whih the lusters were formed�rst ((Bower et al., 1998)) and on the other, we have the hierarhial senario,49



50 CHAPTER 3. COLOR-MAGNITUDE RELATION(Kau�mann, Guiderdoni & White, 1994; De Luia & Blaizot, 2007), in whihthe galaxies were formed at the outset.The evolution of the slope of the olor-magnitude with redshift in lusters ofgalaxies has been widely explored (van Dokkum & Franx (1996); Kelson etal. (1997); Ellis et al. (1997); Andreon, Davoust & Heim (1997); Bender et al.(1998); López-Cruz et al. (2004); Mei et al. (2006); Driver (2006); De Luiaet al. (2007a)) and it seems to be an agreement with the no variation of itup to redshift z ∼1. Reent results from the Hubble Spae Telesope (HST)demonstrate the existene in lusters at redshift up to z ∼ 0.9 of a tight redsequene, omparable in satter and slope to that observed in the red sequene ofthe Coma Cluster, Ellis et al. (1997); Stanford, Eisenhardt & Dikinson (1998);Mei et al. (2006). That result suggest that the majority of the stellar populationin early-type galaxies in lusters have been formed in epoh before z=0.9 andhave passively evolved sine then.Not only the CMR has been used to restrit the formation and evolution of thegalaxy population but it also has been applied to many other pratial issuessuh as the lean-up of bakground galaxies in lusters, (Fasano et al., 2002;Barkhouse, Yee & López-Cruz, 2007), the determination of distanes betweenlusters, (Visvanathan & Griersmith, 1977; Bower, Luey & Ellis, 1992a) or thedetetion of lusters of galaxies, (Yee, Gladders & López-Cruz, 1999; López-Cruzet al., 2004).Another interesting feature related to the galaxy olors is the Buther-Oemlere�et, (Buther & Oemler, 1984). In this pioneering work, they studied 33lusters of galaxies up to redshift 0.54 and found an inreasing fration of bluegalaxies at progressively higher redshift, in partiular from z ≥ 0.1. Many workshave tried to quanti�ed and explained this blue galaxy fration inrement at lowredshift, (Garilli et al., 1995, 1996; Margoniner & De Carvalho, 2000;Margonineret al., 2001; Goto et al., 2003; De Propris et al., 2004; Aguerri et al., 2007) andhigh redshift (Rakos & Shombert, 1995; De Luia et al., 2007a). For example,Rakos & Shombert (1995) onluded that the galaxy blue fration inreasesand they quanti�ed it from a 20 % at z =0.4 to 80% at z =0.9, suggestingthat the evolution in lusters is even stronger than previously thought. Also,Margoniner & De Carvalho (2000) ompleted an study of 48 lusters in thelow-medium redshift range 0.03 <z< 0.38 obtaining similar results. However,many examples suh as Garilli et al. (1995, 1996) observed and studied a sampleof lusters in the redshift range 0.05 ≤ z ≤ 0.25 �nding no signs of evolutionor Aguerri et al. (2007), who analyzed a large sample of SDSS lusters up toredshift z ≤ 0.1, arriving at the same onlusion. Atually, nearly all the worksup to date have reported a wide range of blue fration values at �xed redshifteven with a trend with the redshift.Additionally, the blue fration galaxies have been found to depend on the lusterrihness in the sense that riher lusters have smaller blue frations, on the areasurveyed, with the trend of larger radius have larger blue frations, in agreementwith the idea of Buther & Oemler (1984) that the fration of blue galaxies



3.1. COLOR-MAGNITUDE DIAGRAM 51inreases in the outer parts of the luster and on the interval of the luminosityfuntion used to ompute the blue fration, obtaining larger blue frations atfainter objets are inluded, (Margoniner & De Carvalho, 2000; Margoniner etal., 2001). They laimed that all this dependenes auses a large satter in theblue fration - redshift diagram. Therefore, it is extremely interesting to explorean origin of the satter in the blue fration despite the redshift tendeny.In this Chapter, we present the study of the CMR and blue fration for thegalaxies found in our lusters samples. Throughout this Chapter, the BESTSExtrator magnitudes has been used and the olor index B-r and g-r, respe-tively, has been determined by measuring a �ve kp aperture as presribed byBernardi et al. (2003); Varela (2004), to be able to ompare the same regions ofthe galaxy at di�erent redshift.3.1 Color-Magnitude Diagram3.1.1 Completeness LimitWe have omputed the magnitude up to whih our samples are omplete in orderto be sure that our results are not biased and that we are studying a ompletesample of galaxies for our lusters sample. To do that, we have plotted inFigure 3.1 and 3.2 the absolute magnitude distribution of the NOT ad ACSsample respetively. The ompleteness limit has been set as the maximum ofhistogram, due to the inrease of the number of galaxies with fainter magnitudes.The ompleteness limit for eah luster and for the whole sample is overplottedin the �gures with a dotted and dashed line respetively. The NOT sampleappears to be omplete up to Mr ≈ -19.5, while the ACS sample manifests tobe omplete up to Mr ≈ -17.6. In Figure 3.2, we have overplotted also with adashed-dotted lined the ompleteness limit adopted for the NOT sample.Therefore, to avoid problems with the magnitude limit, we have onsidered onlygalaxies brighter than Mr=-20 for the analysis of the CMR for the NOT sampleand brighter than Mr=-17.8 for the analysis of the CMR for the ACS sample.3.1.2 InterlopersA previous remark that we must have into aount for the haraterization ofthe luster population is the identi�ation and exlusion of the possible inter-lopers that may be found projeted in the same �eld of view. The de�nitiveriterion to �nd the galaxies that atually belong to a given luster is the red-shift. Unfortunately, the redshift information is in general sant for lusters atredshift ∼ 0.2 exept for some partiular ases. For the NOT sample, we onlyhave found in the literature 22 galaxies in A2111 with redshift data providedby Miller et al. (2006), whereas for the other lusters there are just one or tworedshift entries in the NED.
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Figure 3.1: Absolute magnitude histogram of the galaxies in the �ve lus-ters. The dotted line shows the ompleteness magnitude limit for eah luster,whereas the dashed line shows the ommon magnitude limit we have adoptedfor the NOT lusters sample.Opportunely, the panorama hanges for the ACS sample, as we have alreadyexplained, four out of �ve lusters observed with the ACS have spetrosopystudies, (A1689, (Teague, Carter & Gray, 1990; Du et al., 2002), with 91galaxies in the entral Mp and foreground and bakground estimation up toR<17.5; A2218, Sánhez et al. (2007), who obtained 31 spetra in the entral200 kp up to I< 22.5mag; CL0024, (Czoske et al., 2001), who presented 650identi�ed objets in the entral four Mp of the luster, with a ompleteness ofmore than 80% up to V=22 in the entral 3 armin and also identify an overden-sity of galaxies a z ∼ 0.18 with no obvious entre. Finally, MS1358.4+245 hasbeen performed two spetrosopi surveys: Fisher et al. (1998), in the entral3.5 Mp, obtaining 232 luster members and Yee et al. (1998), who obtained361 galaxies in the range of Gunn-r from 20 to 22.In Table 3.1, we have ompiled the number of galaxies with redshift reoveredfrom the literature. The �rst olumn shows the number of deteted galaxies inthe frames, the seond olumn indiates the number of galaxies that belongs tothe luster, assuming a veloity range of 2400 kms−1. However, we have de-teted an important number of galaxies with veloity di�erenes of 4800 kms−1.Those galaxies, even not onsidering for the analysis as they must not be lose



3.1. COLOR-MAGNITUDE DIAGRAM 53

Figure 3.2: Absolute magnitude histogram of the galaxies in the �ve lusters.The dotted line shows the ompleteness magnitude limit for eah luster, thedashed line shows the ommon magnitude limit for the �ve ACS lusters andthe dashed-dotted line shows the magnitude ompleteness adopted for the NOTsample.to the ore, they an be onsidering as luster population, that is the third ol-umn. Finally, the number of foreground and bakground galaxies are set in thelast two olumns.Of ourse, those numbers are not omplete for our sample. However, throughthis work we are going to study the galati population in both samples, upto the more restritive ompleteness limit, (the NOT sample one), exept foromputing the luminosity funtion and olour-magnitude diagrams, where wewill take bene�t of the ompleteness limits in ACS sample.As far as the foreground galaxies are onerned, we an work out the numberof �eld galaxies that are expeted in our �eld of view up to our ompletenessmagnitude by integrating the luminosity funtion of �eld galaxies in the solidangle orresponding to eah of our lusters. The number of foreground galaxiesper frame up to magnitude -19.5 that we have obtained are olleted in Tables3.2 and 3.3. These estimation are in good agreement with previous �ndings byFasano et al. (2000) for the NOT sample and also with the foreground galaxiesobtained from the literature for the ACS luster as up to magnitude -19.5. Theonly ase for whih the number of foreground galaxies is higher is for CL0024.



54 CHAPTER 3. COLOR-MAGNITUDE RELATIONTable 3.1: Redshift Information for the ACS Clusters
Name Ngal Nz,cl Nz,f,cl Nz,f Nz,b

A 1689 586 34 10 2 62
A 1703 583 2 0 1 1
A 2218 624 58 7 2 22
CL0024 502 83 1 12 21
MS1358 387 54 4 2 5However, as Czoske et al. (2001) identi�ed an overdensity of galaxies a z ∼ 0.18with no obvious entre. Consequently, the foreground ontamination for ourmedium-redshift lusters is therefore statistially negligible as they have beenalready orreted.Table 3.2: Foreground Galaxies for the NOT Clusters
Name Ngal,fg/frame Ngal,fg/coverage

A 1643 0.52 1.04
A 1878 0.67 1.34
A 1952 0.88 1.45
A 2111 0.73 1.40
A 2658 0.44 0.44Table 3.3: Foreground Galaxies for the ACS Clusters

Name Ngal,fg/frame

A 1689 0.65
A 1703 1.76
A 2218 0.59
CL0024 3.35
MS1358 2.39Regarding to the bakground objets, the CMR provides a robust method,(Seker, Harris & Plummer, 1997; Fasano et al., 2002; López-Cruz et al., 2004;Barkhouse, Yee & López-Cruz, 2007), for determining the red early-type bak-ground galaxies. We know that the osmologial k-e�et (Oke & Sandage (1968);Pene (1976); Frei & Gunn (1994); Poggianti (1997)), makes early-type galax-ies look redder as their redshift inreases. Then, if we �nd redder galaxies thanthose de�ned to belong to the luster by the CMR, their distanes must be larger



3.1. COLOR-MAGNITUDE DIAGRAM 55than the luster distane. We have identi�ed bakground galaxies as those ob-jets that are 0.2 magnitudes redder than the value from the �tted CMR. Afterapplying this riterion the �nal number of galaxies retained as members of oneof our sample. amounts to 408. They are olleted in the Table presented inthe Table A.1 in the Appendix. The �rst olumn of that table gives the nameof the luster. The seond and third olumns give the oordinates of the galaxy,whereas we give in the fourth olumn the z information when available. The�fth and sixth olumns give the r and B absolute magnitudes of eah galaxy,assuming that they are loated at the luster redshift.Similarly, the same orretion have been applied to the g-r diagrams for the ACSlusters. The �nal number of galaxies is 2239. We have not shown these data inthis report due to its size. However, they will be soon available eletronially,Asaso et al. (2008).3.1.3 Color-Magnitude FitThe �t of the red sequene of the CMR for eah luster has been determinedby arrying out a least absolute deviation regression �t to the observed data(Armstrong & Kung, 1978). The �t of the CMR for eah luster was obtainedusing an iterative proedure. A �rst �t was obtained using all the galaxiesbrighter than Mr = −19.5 for a given luster of the NOT sample and Mr =
−17.8 for the ACS sample. Then, the distane of eah galaxy in B-r and g-rrespetively, to the �tted CMR was omputed. Those galaxies with a distanelarger than three times the rms of the �tted relation were rejeted, and a new �tto the CMR was done with the remaining ones. This proess was repeated untilthe �t to the CMR did not hange anymore . The �nal �t has been estimatedby using a nonparametri bootstrap method, Efron & Tibshirani (1986), with
n log2 n resamplings, being n the number of galaxies up to the ompletenesslimit, as presribed in Babu & Singh (1983). The slope and zero point are themedian value of the resampling, while the standard errors have been estimatedas the rms of the bootstrap samples.In Figures 3.3 and 3.4, we show the olour-magnitude diagrams for all thegalaxies in NOT and ACS lusters, together with the �t to the CMR, showingalso the upper 0.2 magnitude limit for onsidering a galaxy a member luster(dotted line). The orresponding apparent magnitude to the Mr=-19.5 andMr=-17.8 limit respetively, is marked with a vertial line. We have also plottedin the right olumn of that �gure the histogram of the olor di�erenes betweenthe observed and the CMR-�tted values. We give in Tables 3.4 and 3.5 thezero point, a0, the slope, a1 and the rms of the �tted CMRs for eah luster inNOT and ACS sample.
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Figure 3.3: Left panels: The olor-magnitude diagrams for the NOT lusters.The solid line is the �t to the red sequene and the dotted line is the upper0.2 magnitude limit. The vertial line orresponds to the limit Mr = -20 atthe luster redshift. Right panels: The histograms of the B-r distane of thegalaxies to the orresponding red sequene3.1.4 Color-MorphologyIn the left olumn of Figure 3.5 and 3.6, the olour-magnitude diagrams for thegalaxy population to the sample has been plotted and the visual morphology(explained in Chapter 4) has been overplotted with di�erent olours. Comple-mentary, in the right hand, we have set the histogram of di�erenes from theCMR for eah morphologial types. We an point out several features. A1643has a wide population of late-type galaxies at a mean distane from the CMRof 0.3, although they populate the red sequene as well, they also have a peakof elliptial and lentiular galaxies whih are de�ning the CMR, in partiular,is quite notieable that the brightest galaxy luster is a lentiular galaxy, wewill study that galaxy in Chapter 8. A di�erent late-type galaxy dominatedluster is A1878. It has two main blue peaks, one plaed very lose the CMRrelation and the other at a mean distane of 1 from the CMR. That last peakoinides with the irregular peak at approximately the same distane. In thatase, the BCG is a elliptial galaxy, but the main fration of galaxies belongingto the CMR are late type galaxies. We also note that A1689, A1703, A2218 and
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Figure 3.4: Left panels: The olor-magnitude diagrams for the �ve lusters.The solid line is the �t to the red sequene and the dotted line is the upper0.2 magnitude limit. The vertial line orresponds to the limit Mr = -17.8 atthe luster redshift. Right panels: The histograms of the B-r distane of thegalaxies to the orresponding red sequeneMS1358 are mainly dominated by late-type galaxies, although, the red popula-tion dominates in the brightest part of the sequene.The ontrary happens to the rest of the lusters, we �nd that a strong peakof elliptial plus lentiular galaxies are dominating the ore of the luster andthe CMR for A1952, A2111, A2658 and CL0024 and the four brightest galaxylusters are elliptial galaxies. However, we �nd some di�erenes. The lentiularpopulation is ompletely dominant of the CMR for A2111 and CL0024 and itis skewed towards bluer olours for A1952 and towards redder olors for A2658.Also, for A2111, we �nd a large blue galaxy population already notied byseveral works, (Buther & Oemler, 1984; Miller et al., 2006)3.1.5 CMR slope-RedshiftIn order to ompare the results of the �ts to the olour-magnitude diagramswith a lower redshift sample, we have plotted in Figure 3.7, the slope values ofthe �tted CMRs in our lusters at medium redshift together with those obtainedby López-Cruz et al. (2004) for lusters with z < 0.15. As the �gure illustrates,
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Figure 3.5: Left panels: The olor-magnitude diagrams for the �ve lustersgalaxy population. The solid line is the �t to the red sequene and the dottedline is the upper 0.2 magnitude limit. Right panels: The histograms of the B-rdistane of the galaxies to the orresponding red sequene. Red, green, blueand purple olors refer to galaxies lassi�ed as Elliptial, Lentiular, Spiral andIrregular galaxies respetively.



60 CHAPTER 3. COLOR-MAGNITUDE RELATION



3.1. COLOR-MAGNITUDE DIAGRAM 61

Figure 3.6: Left panels: The olor-magnitude diagrams for the �ve lustersgalaxy population. The solid line is the �t to the red sequene and the dottedline is the upper 0.2 magnitude limit. Right panels: The histograms of the g-rdistane of the galaxies to the orresponding red sequene. Red, green, blueand purple olors refer to galaxies lassi�ed as Elliptial, Lentiular, Spiral andIrregular galaxies respetively.



62 CHAPTER 3. COLOR-MAGNITUDE RELATIONTable 3.4: CMR parameters in NOT sample
Name a0 a1 rms

A 1643 2.825 ± 0.224 −0.043± 0.011 0.035
A 1878 3.022 ± 0.390 −0.046± 0.021 0.060
A 1952 2.893 ± 0.257 −0.044± 0.013 0.009
A 2111 3.285 ± 0.079 −0.063± 0.004 0.053
A 2658 3.301 ± 0.257 −0.077± 0.013 0.037Table 3.5: CMR parameters in ACS sample
Name a0 a1 rms

A 1689 2.131 ± 0.017 −0.044± 0.0008 0.003
A 1703 2.367 ± 0.021 −0.044± 0.0010 0.006
A 2218 1.736 ± 0.008 −0.029± 0.0004 0.004
CL0024 2.878 ± 0.017 −0.054± 0.0008 0.006
MS1358 2.740 ± 0.035 −0.057± 0.0016 0.004there is no lear tendeny of the slope of the CMR with redshift. The meanvalue of the slope of the CMR for our sample together with López-Cruz et al.(2004) is −0.050± 0.008. Only for the NOT sample, we obtain −0.055± 0.014and for the ACS sample, −0.046 ± 0.010. The mean value for both samplestogether is −0.050±0.013, whih is the same that the whole mean. In addition,those values are very similar to the slope value found by Mei et al. (2006) fortwo lusters at z∼1.26.In other words, the slope values we �nd for our lusters at z ∼ 0.3 are ompletelyonsistent with the values found for lower and muh higher redshift values.Moreover, the range of values found at any redshift are also similar. Thus, we�nd no indiation of hange of the CMR slope up to z ∼ 0.3 and even up toz∼1.26. This result would indiate that the stellar population of the bright,early type galaxies de�ning the luster red sequene was settled afterwards thegalaxy formation.3.2 The Buther-Oemler E�etAs we have previously seen, Buther & Oemler (1984) found a possible evolu-tionary aspet of the luster population: an inreasing trend of the galaxy bluefration in lusters with redshift, usually alled the Buther-Oemler E�et. Sub-sequent works, (Rakos & Shombert, 1995; Margoniner & De Carvalho, 2000;
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Figure 3.7: Slopes of the CMR for the sample of López-Cruz et al. (2004) (blakirles), NOT sample (empty triangles) and ACS sample (asteriks).Margoniner et al., 2001), on�rmed that tendeny, quantifying also its largedispersion and its dependene with other lusters harateristis. The originalanalysis of this e�et by Buther & Oemler (1984), de�ned blue galaxies as thosewithin a radius ontaining 30 % of the luster population, whih are brighterthan Mv=-20 and bluer by 0.2 mag in B-V than the olour-magnitude relationde�ned by the luster early-type galaxies.In this setion, we have studied the fration of blue galaxies, fb of the brightpopulation, Mr ≤ −20, for the lusters sample presented in this work. We haveonsidered blue galaxies those with B-r olor at least 0.26 magnitudes bluerthan the red sequene for the NOT sample. This olor index orresponds to theoriginal Buther-Oemler de�nition and the transformations has been performedfollowing the presriptions by Quintana et al. (2000); Goto et al. (2003); DePropris et al. (2004). For the ACS we have adopted a g-r index of 0.2 aspresribed by Goto et al. (2003). Given the photometri errors and the statistialnature of the k-orretion we have just adopted that ommon value of the olorindex for all the lusters in spite of their di�erenes in redshift. The results arenot a�eted if individual olor values were adopted.Several authors have notied that the fration of blue galaxies strongly dependon the magnitude limit ant the luster-entri distane used, (Margoniner & DeCarvalho, 2000; Ellingson et al., 2001; Goto et al., 2003; De Propris et al., 2004;



64 CHAPTER 3. COLOR-MAGNITUDE RELATIONAndreon et al., 2006). They observed that fb grows when the magnitude limit isfainter and the aperture is larger, whih re�ets the existene of al large frationof faint blue galaxies in the outer regions of the lusters.The fration of blue galaxies has been omputed for eah luster using all thesurveyed area. In order to be able to ompare our results for the di�erent lustersand with other studies, we have onsidered that our results are representativeof the area orresponding to a irular aperture that, entered at the enter ofthe luster, inludes all the area that we have atually overed. For omparisonpurposes, we have adopted two apertures for the NOT sample, of radius 420and 735 Kp respetively. For the luster A2658, only the smaller apertureould be used. For the ACS sample, an aperture of 475 Kp has been seleted.In the original de�nition given by Buther & Oemler (1984), the fration wasalulated for an aperture ontaining 30% of the luster population (R30). Sineonly the entral parts of our lusters were sampled we ould not determine thevalue of R30 for them. The �xed apertures we have used are a substitute ofthe anonial value. We notie that they are in the range of the expeted R30values as given by Buther & Oemler (1984).The errors attributed to the measured frations were omputed assuming Pois-sonian statistis following the presriptions set in De Propris et al. (2004). Inother words, if the blue fration is de�ned as the ratio of m blue galaxies ob-served out of n total galaxies and assuming that m and n obey Poissonianstatisti, the blue fration is
fb =

m

nand its likelihood probability funtion has the following form with n �xed inadvane.
L ∼ fm

b (1 − fb)
n−mwhose maximum is m/n. Let's note that the form of that funtion is the samefor a Poisson or binomial statistis. The variane of the blue fration an beomputed as

σ2(fb) =







(

d2 lnL
df2

b

)−2

= m(n−m)
n3 if n 6= 0

1/2n if n = 0The value for m = 0 is set as 1/2n as a reasonable error bar to adopt for the
m = 0 ase, (De Propris et al., 2004).In Figure 3.8, we show the blue fration of galaxies in the NOT and ACS lustersas a funtion of redshift within a radius of 420 and 475 Kp, respetively. Also,in Figure and 3.9, the blue fration for the NOT sample within a radius of 735Kp is given. We have also plotted for omparison the blue fration of galaxiesobtained from a sample of nearby galaxy lusters by Aguerri et al. (2007). Thedi�erent error bars for the two samples simply re�ets the di�erent sizes of the



3.2. THE BUTCHER-OEMLER EFFECT 65samples used to ompute the blue fration. We notie here that our errors barsare very similar to those given by De Propris et al. (2004). In all ases, we havemore than 10 galaxies per luster to ompute the blue fration. The omparisonwith the data by Aguerri et al. (2007), or with the results shown in Figure 2of De Propris et al. (2004), learly indiate that there is no relation betweenthe value of the blue galaxy fration and the luster redshift. The blue frationvalues are listed in Tables 3.6 and 3.7 for both samples.Table 3.6: Blue galaxy fration of galaxies in NOT sample
Name fb(420Kpc) fb(735Kpc)

A 1643 0.090 ± 0.086 0.090± 0.086
A 1878 0.363 ± 0.102 0.517± 0.092
A 1952 0.250 ± 0.088 0.285± 0.085
A 2111 0.031 ± 0.030 0.125± 0.052
A 2658 0.083 ± 0.079Table 3.7: Blue galaxy fration of galaxies in ACS sample

Name fb(475Kpc)

A 1689 0.048± 0.034
A 1703 0.111± 0.049
A 2218 0.024± 0.024
CL0024 0.315± 0.054
MS1358 0.111± 0.052The range of values found is similar to that found by De Propris et al. (2004);Aguerri et al. (2007) for lower redshift lusters. In partiular, the very high bluefration we obtain for A1878 is proured for some lower z lusters in the quotedreferenes. The entral median values we �nd for our sample are 0.090 ± 0.138for the 420 Kp and 0.285±0.194 for the 735 Kp aperture in NOT sample and0.111 ± 0.114 for the 475 Kp aperture in ACS sample, in agreement with themedian fb value, 0.090 ± 0.063 of Aguerri et al. (2007).We �nd a nominal di�erene in the blue fration as a funtion of the aperture,in the sense of an inrease with the aperture. This is in agreement with the�ndings by Margoniner & De Carvalho (2000); Goto et al. (2003); De Propris etal. (2004). Unfortunately the statisti errors are too large for the di�erene tobe signi�ant. The apertures used by Aguerri et al. (2007) refer to r200, with amean value of 1.295 Mp for the lusters in their sample, somewhat larger thanour 735 Kp aperture. Following Margoniner & De Carvalho (2000), our valuesshould be slightly inreased to be diretly omparable with those by Aguerri
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Figure 3.8: Blue fration of galaxies in NOT (empty triangles) and ACS (aster-iks) sample of lusters ompared with those obtained by Aguerri et al. (2007)(blak irles) omputed within a radius of 420 Kp (NOT sample) and 475 Kp(ACS sample)
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Figure 3.9: Blue fration of galaxies in NOT sample of lusters (empty triangles)ompared with those obtained by Aguerri et al. (2007) (blak irles) omputedwithin a radius of 735 Kp.



68 CHAPTER 3. COLOR-MAGNITUDE RELATIONet al. (2007). Nevertheless, as the di�erenes between both apertures in oursample are not signi�ant, we onsidered that the omparison is sound.Regarding the luster A2111, Buther & Oemler (1984) obtained a blue frationof 0.16 ± 0.03 within a r30 that, for this luster, orresponds to 892 kp. Milleret al. (2006) obtained, for the same aperture, the values of 0.15 ± 0.03 and0.23 ± 0.03 using photometri data or only galaxies with spetrosopi data,respetively. We have obtained 0.031 ± 0.030 and 0.125 ± 0.052 for our 420 kpand 735 Kp aperture, a smaller value even if not signi�antly di�erent whenthe errors are taken into aount.



Chapter 4Galaxy MorphologyCentellas y meteoros se ruzan on mis gritoste amo mientras mis pulmones rean la Vía Látea de nuevoy el sol vuelve a naer redondo y amarillo de mi boala luna se me suelta de los dedosMarte, Plutón, Neptuno, Venus, Saturno y sus anilloslas novas, súper novas, los agujeros negrosanillos onéntrios de galaxias innombrables.Gioonda Belli, 'Nueva teoría sobre el Big Bang'Sine the disovery of the nature of the �rst galaxies, by Edwin Hubble Hubble(1926), a number of attempts to set a morphologial lassi�ation for the galaxieshas been tried. The most popular lassi�ation, given by the same Hubble, wasinitially developed to lassify nearby galaxies in the optial and slightly modi�edlater on by de Vauouleurs (1959, 1963); van den Bergh (1997). Sandage (1961)illustrated the �nal Hubble revision. Additional lassi�ation systems are forexample, Yerkes system (Morgan, 1958, 1962) or the luminosity system for spiralgalaxies by van den Bergh (1960).Hubble's lassi�ation separated galaxies into two big groups. On one hand,the early type galaxies (elliptial and lentiular) and on the other hand, late-types (spiral and irregular). Those types were initially thought to form anevolutive sequene. In partiular, the sequene was best de�ned for spirals sinethree lassi�ation riteria were available: the relative strength of the bulge, thedegree of the resolution of the arms and the openness of the arms.At present, that system ontinues being still used as some physial trends, evenwith a large dispersion, seems to be assoiated to eah morphologial type suhas the mean luminosity or the mean olors. For example, early type galaxiespossess an older red stellar population, have very few hydrogen and are usually69



70 CHAPTER 4. GALAXY MORPHOLOGYvery bright. On the ontrary, late type galaxies have a blue young stellar pop-ulation, are rih in gas and have generally lower surfae brightness than earlytypes. Intermediate types have transitional properties between these extremes.Furthermore, a number of works have found di�erent orrelations between galaxyparameters for a �xed Hubble morphologial type. For example, elliptial galax-ies present a tight sequene between olor index and magnitude, alled the Color-Magnitude Relation, (Visvanathan & Griersmith (1977)), relationship betweenluminosity and entral veloity dispersion (Faber & Gallagher (1976)), metal-liity (Terlevih et al., 1981) or between surfae brightness, radius and veloitydispersion, more ommonly known as the Fundamental Plane (Dressler et al.,1987; Djorgovski & Davis, 1987; Jørgensen, Franx & Kjaergaard, 1992). Like-wise, spiral galaxies show orrelations between luminosity and rotation veloity(Tully & Fisher, 1977), among others.However, with the new advanes of the tehnology and the advent of hugetelesopes and spatial telesopes, we are able to observe more and more distantgalaxies. It has been notied that the morphologies observed for the nearbygalaxies as well as the interation rate of galaxies are hanging as the redshiftgrows, Patton et al. (2000); Consolie, Gallagher & Wyse (2001); De Propriset al. (2007) and the number of galaxies to proess grows exponentially as wearrive deeper in the Universe.In addition, the projeted size of the galaxy diminishes as they are furtherand their morphologial details are muh more di�ult to distinguish with ourpereption. Therefore, the need of establishing a quantitative morphologiallassi�ation, without relying on the subjetive human eye is more and moreompelling. Nevertheless, that aim has not been still solved suessfully.We must not forget that we are dealing with two-dimensional images or inthe best of the ases, we have also spetra. Consequently, we su�er a lak ofinformation at analyzing these data that translates into unertainty. For exam-ple, the high inlination of a galaxy an lead us to ompletely misinterpret itsmorphology. Nevertheless, we an not reover that information by quantitativemorphologies neither for a partiular galaxy and we have to appeal to statistialmethods.In that Chapter, we have lassi�ed visually our sample of bright galaxies withthe Hubble system into Elliptial, Lentiular, Spiral and Irregular galaxies. Thatproedure has been possible as the range of redshift is within the limit to allowthe human eye to distinguish the morphologial proedures of the bright ones.We have explored the di�erenes with other lassi�ations and stablished theommon undertermination in the visual lassi�ation.4.1 Visual lassi�ationAll the galaxies brighter than Mr = −19.5 in both samples, were lassi�ed vi-sually into four di�erent Hubble types: Elliptials (E), Lentiulars (S0), Spirals
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Figure 4.1: The visual lassi�ation di�erenes between Fasano et al. (2000)and this work.(Sp) and Irregulars (I). For NOT sample, we have ompared our lassi�ationwith that reported by Fasano et al. (2000) for the galaxies in ommon. The mor-phologial lassi�ation for that bright subsample is given in the last olumn ofthe table A.1 in the Appendix.In Figure 4.1, we show the result of that omparison. Notie that 70% of thegalaxies were lassi�ed with the same type, whereas 20% more di�er by only onetype. Additionally, the di�erene distribution seems to be skewed to negativevalues. In other words, the lassi�ation given by Fasano et al. (2000) tends tolassify more early types than our work. That deviation may exist due to thedi�ulty of distinguishing between lentiular and early spiral galaxies or evenbetween Elliptial and Lentiular Galaxies.Conerning the ACS, sample, we have also ompared our visual lassi�ationwith the lassi�ation obtained by di�erent authors in the literature. For A1689,we have ompared our visual lassi�ation with the one obtained by Teague,Carter & Gray (1990) and Du et al. (2002), the results of that omparison areset in Figure 4.2. We have obtained that 75% of the objets have the same typein both lassi�ations.The more omplete lassi�ation in the literature for the sample is given forCL0024 by Treu et al. (2003). We have obtained 86 galaxies in ommon, with a76.74 % of them lassi�ed with the same morphologial type, shown in Figure4.3.
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Figure 4.2: The visual lassi�ation di�erenes between Du et al. (2002) andthis work for A1689.

Figure 4.3: The visual lassi�ation di�erenes between Treu et al. (2003) andthis work for CL0024.
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Figure 4.4: The visual lassi�ation di�erenes between Fabriant, Franx & vanDokkum (2000) and this work for MS1358.Finally, Fabriant, Franx & van Dokkum (2000) performed a lassi�ation ofMS1358, but we have only found nine galaxies in ommon, of whih, six are ofthe same type, ahieving a 66.6%. The results have been plotted in Figure 4.4In Table 4.1 we show the perentages of the di�erent galaxy types in the entralpart of eah luster of the NOT sample. Similarly, in Table 4.2, the perentagesof the di�erent galaxy types in the entral part of eah luster of the ACS areolleted. Notie that A1643 has a large number of spiral galaxies (around57%). On the other hand, A1878 ontains also a great proportion of late-typegalaxies (around 60%), inluding a large fration of irregular galaxies (19%).Also MS1358, has a 49% of late-type galaxies and CL0024 a 51 %, inluding a12% of irregular galaxies.We do not have any luster with a elliptial fration larger than 31 % in theACS sample. On the ontrary, we obtain two elliptial-rih lusters in theNOT sample, A1952 and A2111. A diversity is lear as far as morphologialpopulations is onerned.
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Table 4.1: Fration of Morphologial Types in NOT sample

Name 420Kpc 735Kpc
E S0 S I E S0 S I

A 1643 0.22 0.22 0.56 0.00 0.24 0.19 0.57 0.00
A 1878 0.11 0.22 0.41 0.26 0.14 0.24 0.43 0.19
A 1952 0.52 0.28 0.20 0.00 0.45 0.31 0.24 0.00
A 2111 0.38 0.28 0.28 0.00 0.35 0.28 0.30 0.08
A 2658 0.54 0.31 0.15 0.00

Table 4.2: Fration of Morphologial Types in ACS sample
Name 475Kpc

E S0 S I

A 1689 0.31 0.22 0.42 0.05
A 1703 0.24 0.28 0.38 0.09
A 2218 0.29 0.25 0.42 0.04
CL0024 0.24 0.25 0.39 0.12
MS1358 0.20 0.31 0.44 0.05



4.2. THE CONCENTRATION PARAMETER 754.2 The onentration parameterThe Conentration Parameter was introdued by Buther & Oemler (1978)as a measurement of the degree of regularity of the morphologial ontent ineah luster. It was de�ned as:
C = log(R60/R20)where R60 and R20 are the radii ontaining 60% and 20% of the luster popu-lations. Ideally, we would measure the galaxy density in all the luster area todetermine the radius. However, it is very di�ult to obtain the whole lusteroverage. However, we have estimated that the alulus for the onentrationparameters is well in the range given by Buther & Oemler (1978).We have alulated the onentration parameter of our lusters in the entral735 Kp. Only the four lusters from the NOT sample were analyzed as therest of the luster were not overing enough area to ompute that quantity. Theonentration values we have found are olleted in Table 4.3.Table 4.3: Conentration Parameter in NOT Clusters

Name C

A 1643 0.311
A 1878 0.389
A 1952 0.696
A 2111 0.329
A 2658We have plotted these values in Figure 4.5, together with the values for lowerredshift lusters, as given by Buther & Oemler (1978) and for a higher redshiftsample presented in Dressler et al. (1997). As an be seen in the Figure, ouronentration values span the full range of the values measured for lower redsh�tlusters. Moreover, this range enompasses also that of the higher redshiftlusters onentration values. It does not seem therefore, that there is any leartendeny of the onentration parameter with redshift or morphologial types.At most, it ould be argued that lusters tend to progressively populate thelower half of the plane when the redshift inreases, but larger samples shouldbe analyzed before extrating some onlusions.Likewise, Buther & Oemler (1978); Dressler et al. (1997) suggested that themore irregular, less onentrated lusters would be preferentially populated bylate type galaxies. In that sense, we notie that A1643, the luster with thelargest global fration of late-type galaxies, presents the lowest value of theonentration parameter. Moreover, A1878, another luster with a low on-entration index presents also a rather high fration of late type and irregular
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Figure 4.5: Conentration parameter versus redshift for our lusters (triangles),a low-redshift ompilation ( Buther & Oemler (1978): triangles) and a higherredshift sample (Dressler et al. (1997): blak points). The horizontal line is themean onentration value of our the lusters with enough area overagegalaxies and, in fat, is dominated by this population. However, A2111, ourthird luster with a low onentration, is dominated by an early-type popula-tion. All in all, although there is an indiation for the higher fration of irregularlusters with inreasing redshift, the small statistis prevent us to extrat a �rmonlusion.4.3 Interation systemsOther interesting feature that ould deserve onsideration in lusters at thatrange of redshift is the proportion of interating systems ompared to lowerredshift lusters. To do that, we have alulated the distribution of the per-turbation, f-parameter de�ned by Varela et al. (2004) for the galaxies in the�nal atalogue of luster galaxies as
f = log(

Fext

Fint
) = 3 log(

R

Dp
) + 0.4 × (mG − mp) (4.1)where mG and mP are the apparent magnitudes of the primary and perturbergalaxies respetively. Dp is the projeted distane between the galaxy and theperturber, and R is the size of the galaxy. Also, the seond term of the equality



4.3. INTERACTION SYSTEMS 77Table 4.4: Median Perturbation f-Parameter for NOT Clusters Sample
Name C

A 1643 −1.92
A 1878 −1.60
A 1952 −1.29
A 2111 −1.67
A 2658 −1.39Table 4.5: Median Perturbation f-Parameter for ACS Clusters Sample
Name C

A 1689 −1.68
A 1703 −1.67
A 2218 −1.56
CL0024 −1.94
MS1358 −2.08is the logarithm of the ratio between the tidal fore exerted by the perturber,

P , on the primary galaxy, G, and the internal fore per unit mass in the outerparts of the primary.That parameter gives an aount of the relative importane of the tidal foresfor every galaxy. The results are plotted in Figure 4.6 and 4.7 for the NOT andACS sample, respetively. The median value of the distribution is -1.85 for theNOT sample and -1.76 for the ACS sample, whereas the median value foundfor the Coma Cluster amounts to -2.7 (Varela et al. (2004)). Moreover, we �ndthat 63.97% of the galaxies have a perturbation parameter higher than -2 for theNOT sample and 60.05% of the galaxies for the ACS sample. This is the valuehosen by Varela et al. (2004) to selet truly interating systems. These resultsare suggestive of the presene of a higher population of interating systems inour sample, ompared to Coma.A partiular view at the situation in eah luster is olleted in Tables 4.4 and4.5 for both samples. Those tables show the median f-values. We note thatA1643 from the NOT sample and CL0024 and MS1358 from the ACS sample,have perturbation parameters whih are very lose to -2, while they desend tosmaller values for A1878, A1952, A2111 and A2658 (NOT sample) and A1689,A1703 and A2218 (from ACS sample) pointing to a more disturbed population.
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Figure 4.6: Histogram of the f-parameter values for the galaxies belonging toNOT sample.

Figure 4.7: Histogram of the f-parameter values for the galaxies belonging toACS sample.



Chapter 5Galaxy Surfae BrightnessAnalysisL'ordinador simula el naixement dels estelsL'ordre matemàti simula el món real,rea un altre món -de àlul, i mental-regit per lleis exates, hipòtesis, models:en un ordinador reneixen els estelsom fa tants anys nasqueren, en brous primordials.I som om readors!: veiem a la pantallaUn món tot just nasut. Una galàxia qualla.Es formen els estels -i tot sota ontrol!I regulem el temps i dominem el Sol,i musiquem i tot la òsmia rondalla!-�ns que el �ux elètri, de op i volta, es talla.David Jou, 'El olor de la iènia'The �rst observations of galaxies provided evidene about the radial symmetryof the galaxies and onsequently, a number of pioneering works attempted todesribe the light distribution in galaxies taking advantage of that fat. For ex-ample, in 1913, Reynolds, (Reynolds, 1913), proposed a variation of luminosityin the entral region of M31 (without the spiral arms) with the following form:
SB =

constant

(x + 1)2where x is the projeted distane to the entre.Some years later, in 1930, Hubble introdued an analytial mathematial ex-79



80 CHAPTER 5. GALAXY SURFACE BRIGHTNESS ANALYSISpression to �t the light distribution of the galaxies:
log I = log I0 − 2 log

(

r

a
+ 1

)where I is the surfae brightness, (that is, the energy �ux per surfae unit)at a distane r from the enter of the galaxy, I0 is the entral surfae brightnessand a is a parameter depending on eah galaxy.It was, however, in 1948, when de Vauouleurs, (de Vauouleurs, 1948), intro-dued one of the most popular, obtained empirially, model for desribing thelight distribution in elliptial galaxies. It is the de Vauouleurs Law, alsoalled the r1/4 law due to its mathematial form:
log I = log Ie − 3.33[(r/re)

1/4 − 1] (5.1)where, again I is the surfae brightness at a distane r from the enter of thegalaxy, re is the e�etive radius or the radius enlosing half of the totalluminosity of the galaxy and Ie is the surfae brightness at a distane re fromthe enter of the galaxy.Regarding to more omplex morphologial pro�les, e.g. lentiular or spiralgalaxies, two main omponents have to be di�erened: the bulb and the dis.Bulbs usually are quite aurately desribed by a r1/4 pro�le. On the ontrary,diss are better approximated by a exponential law, whih was introdued byFreeman (1970)
I(r) = I0e

−rd/h (5.2)where I0 and h are the entral intensity and dis sale length, respetively. Theexponential law has been habitually used in the literature to model the surfaebrightness pro�le of the diss showed by spiral galaxies (e.g. Trujillo et al.(2001); Aguerri et al. (2005); Allen et al. (2006)).Equations 5.1 and 5.2 are partiular ases of a more general form of representingthe galaxy surfae brightness, introdued by Sersi (1968), the Sersi law. Theradial variation of the intensity of this law is given by:
I(r) = Ie10−bn[(r/re)

1/n
−1] (5.3)where re is the e�etive radius, Ie is the intensity at re and n is the shapeparameter, whih regulates the steepness of the light pro�le in the model.Finally, bn is oupled to n and it is obtained from solving the equation

Γ(2n) = 2γ(2n, bn)in whih Γ and γ represent the mathematial funtion gamma and inompletegamma, respetively. That equation an be approximated by bn = 0.868n−0.142so that half of the total luminosity is within re (see Caon et al. (1993); Trujillo et



5.1. PREVIOUS ANALYSIS 81al. (2001)). The Sersi law has been extensively used in the literature to modelthe surfae brightness of elliptial galaxies (Graham & Guzman (2003)), bulgesof early and late-type galaxies, (Andredakis et al., 1995; Prieto et al., 2001;Aguerri et al., 2004; Möllenho�, 2004), the low surfae brightness host of blueompat galaxies (Caon et al., 2005; Amorin et al., 2007) or dwarf elliptialgalaxies, (Binggeli & Jerjen, 1998; Graham & Guzman, 2003; Aguerri et al.,2005) among others.The Sersi model was initially oneived to be able to �t any morphologialtype with the �exible shape parameter n. For n = 0.5 a Sersi model beomesa gaussian pro�le, for n = 1, it turns into a pure exponential, while for n = 4,it redues to a lassial de Vauouleurs pro�le.All of those pro�les are uni-dimensional. In other words, the �t is doing through-out an axis that rosses the galaxy or with an azimuthal average of the bi-dimensional surfae brightness distribution. Therefore, they do not take intoaount some two dimensional features suh as for example, the position angleof the bulge and disk omponent(Trujillo et al. (2001)) or the intrinsi shapes(Prieto et al. (2001)), leading frequently to systemati errors in the results ofthe �t, (Byun & Freeman (1995)).Many tools in literature have been developed in the last years in order toprovide two-dimensional parametri bulge-disk deomposition of the galaxiessurfae brightness pro�les as for example, GIM2D (Galaxy IMage 2D, Simard(1998)), GALFIT (Peng (2002)), BUDDA (Bulge/Disk Deomposition Analysis,de Souza, Gadotti & dos Anjos (2004)), GASPHOT (Galaxy Automati SurfaePHOTometry, Pignatelli, Fasano & Cassata (2006)) or GASP-2D (GALaxy Sur-fae Photometry 2 Dimensional Deomposition, Méndez-Abreu et al. (2008)).Those methods were developed to solve di�erent problems of galaxy deompo-sitions when �ting the two-dimensional galaxy surfae-brightness distribution.They use di�erent minimizations routines to perform the �t and di�erent fun-tions to parametrize the galaxy omponent.In that work, the �ts have been arried out using the automati �tting routine(GASP-2D) developed and suessfully validated by Méndez-Abreu et al. (2008).A number of reasons an be given for the seletion of this routine. The algorithmis quasi-authomatial, what is very useful at dealing with a large number ofgalaxies. It is also very feasible and minimizes the interation with the user.In addition, the omputational time is not very high as it uses the Levenberg-Marquardt algorithm to �t the two-dimensional surfae-brightness distributionof the galaxy (Press et al. (1992)).5.1 Previous analysisPreeding to the �t of the images, we have revised visually di�erent photomet-rial features in order to obtain more information about the surfae brightness�t.



82 CHAPTER 5. GALAXY SURFACE BRIGHTNESS ANALYSISFirst of all, for eah galaxy, we reated the smoothed images with the IRAFtask boxar. That task onvolves the original image with a �at-topped retan-gular kernel of a given dimension. The result images allows to stands out thepossible small galaxies or globular lusters that an be found in the halo of thelarge galaxies, irregularities, arms, dis or even dust.Seondly, we have also reated a di�erent but funtional image: the olor im-ages, whih ontains the di�erene in olor B-r for eah pixel of the image.Those images are speially useful to be able to distinguish dust regions insidethe galaxies. As the dust emits at larger wavelengths, the redder regions willindiate di�erent dust features as: wisps, pathes or dust disks (Ferrarese et al.(2006)).5.2 Two dimensional surfae brightness �t5.2.1 GASP-2DThe GASP-2D routine (Méndez-Abreu et al. (2008)) is a routine that performs afully two-dimensional �t to the surfae brightness of a galaxy. The photometrialgalaxy omponents were haraterized by elliptial and onentri isophotes withonstant (but possibly di�erent) elliptiity and position angle. We have assumeda artesian oordinates system (x, y, z) with origin in the galaxy enter, the x-axis parallel to the diretion of the right asension and pointing westward, the
y-axis parallel to the diretion of delination and pointing northward, and thez-axis along the line-of-sight and pointing toward the observer. The plane ofthe sky is on�ned to the (x, y) plane, and the galaxy enter is loated at theposition (xo, yo).The isophotes of the Sersi models are onentred ellipses entred at (xo, yo)with onstant position angle PAb and onstant elliptiity ǫb = 1− qb. Thus, theradius rb is given by:

rb = [(−(x − xo)sinPAb + (y − yo)cosPAb)
2

−((x − xo)cosPAb + (y − yo)sinPAb)
2/q2

b ]1/2We have alled bulge the photometri galaxy omponent �tted by a Sersi lawin those galaxies �tted with two omponents. Similar to the photometrialomponent modelled by a Sersi law, we have onsidered that the dis isophotesare ellipses entered on the galaxy enter (xo, yo) with onstant position angle
PAd and onstant elliptiity ǫd = 1 − qd, given by the galaxy inlination i =
arcos(qd). Thus, the radius rd is given by:

rd = [(−(x − xo)sinPAd + (y − yo)cosPAd)
2

−((x − xo)cosPAd + (y − yo)sinPAd)
2/q2

d]1/2



5.2. TWO DIMENSIONAL SURFACE BRIGHTNESS FIT 83During eah iteration of the �tted algorithm, the seeing e�et has been takeninto aount by onvolving the model image with a irular point spread fun-tion (PSF) extrated from the images using the fast Fourier transform (FFT)algorithm (Press et al. (1992)) in the Fourier domain. Many works have widelydisussed the seeing e�et on the sale parameters of Sersi surfae brightnesspro�le, (e.g. Trujillo et al. (2001a,b)).The routine �ts all free parameters iteratively using a non-linear least-squaresminimization method. It was based on the robust Levenberg-Marquardt method(Press et al. (1992), a wide explanation an be found in Chapter 7). Also,Poissonian and onstant weights an be hosen to performed the alulation ofthe χ2 and the options of setting boundary onstraints or �xing parameters areavailable.One of the most important harateristis of that proedure onsist on theadoption of aurate initial trials for the parameters to �t as it ensures the goodonvergene of the χ2 distribution.At �rst, the photometri pakage SExtrator (Bertin & Arnouts, 1996), mea-sures positions, magnitudes and elliptiities of the soures in the image andafterwards, the elliptially averaged radial pro�les of the surfae brightness,elliptiity and position angle of the galaxy is derived with the IRAF task EL-LIPSE. The spurious soures are masked automatially with SExtrator and thesurfae brightness is �tted with ellipses entered on the position of the galaxyenter given by (x0, y0) in the two-dimensional �t. Also, the program has optionwhih allows to rotate the image to reate the masks. That option is useful forthe deblending of galaxies in interation or very lose.Finally, the trial values are obtained by performing a one dimensional deom-position tehnique as in Kormendy (1977); Prieto et al. (2001), for example. Anexponential law is �tted to the radial surfae-brightness pro�le at large radii,where the light distribution of the galaxy is assumed to be dominated by thedisk ontribution. Then, the entral surfae brightness and sale length of theexponential are adopted as initial trials for I0 and h, respetively. The �rstestimation of the light distribution of the bulge is given by the residual radialsurfae-brightness pro�le, �tted with a Sersi law. Conlusively, the bulge ef-fetive radius, e�etive surfae brightness and shape parameter and the diskparameters that provided the best �t are adopted as initial trials for re, Ie and
n, respetively.The initial trials for elliptiity and position angles of the disk are found by aver-aging the values in the outermost portion of the radial pro�les of elliptiity andposition angle. As for the bulge is onerned, they are estimated by interpolationat re the radial pro�les of the elliptiity and position angle, respetively.One, the trials are obtained, the nonlinear least-squares are initialized withthose values, allowing them to vary. A model is onsidered to be onvergentwhen the χ2 ahieves a minimum and the relative hange of the χ2 betweenthe iterations is less than 10−7. The output of the proedure onsist on amodel built with the �tted parameters onvolved with the adopted irular two



84 CHAPTER 5. GALAXY SURFACE BRIGHTNESS ANALYSISdimensional Gaussian PSF and subtrated from the observed image to obtain aresidual image.Two more iterations are performed to ensure the onvergene of the algorithmand the no variation of the parameters with all the pixels and regions of theresidual image with values greater or less than a �xed threshold, ontrolledby the user are rejeted and initial trials the values obtained in the previousiteration.Other pakages, suh as GALFIT, (Peng, 2002), were used to extrat struturalomponents from galaxy images. As GASP-2D, it uses a Levenberg-Marquardtdownhill-gradient method to derive the best �t. However, GALFIT did notsearh for initial trials, so it often onverges on �t solutions, that represent aloal minimum instead of giving the global minimum.The surfae brightness of the galaxies in our medium redshift NOT lusters weremodelled using one or two photometrial omponents, depending on the mor-phologial type of the galaxy. The surfae brightness of those galaxies modelledwith only one omponent was desribed by a Sersi law (Sersi (1968)) while thesurfae brightness of those galaxies �tted with two photometrial omponentswere desribed by a Sersi law plus an exponential one (Freeman (1970)).5.2.2 SimulationsOne of the advantages of the quantitative morphology is that the auray ofthe obtained results an be tested by simulating arti�ial galaxies similar to thereal ones. We have reated a large number of arti�ial galaxies with one andtwo galati omponents desribed by the mentioned previous equation. Thesemodeled galaxies are similar to the galaxies observed in our medium redshiftgalaxy lusters.We generated 5000 images of galaxies with a Sersi omponent. The total mag-nitud, e�etive radius, shape Sersi parameter, and elliptiity of the simulatedgalaxies were similar to the observed in the real ones. They were asigned ran-domly to the models, and their values were in the ranges:
18 ≤ mr ≤ 21; 0.5 kpc ≤ re ≤ 4 kpc; 0.5 ≤ n ≤ 6; 0.7 ≤ ǫb ≤ 1 (5.4)We have also generated 5000 galaxies with two photometri omponents: Ser-si and exponential. These arti�ial galaxies have a entral photometri bulgeomponent, modeled by a Sersi law, and an external dis omponent, modeledby an exponential law. The total magnitud of these galaxies span a range of

18 ≤ mr ≤ 21. The ontribution to the total light of the galaxies by the bulgeand dis omponents is given by the bulge-to-total light ratio. This parameterspreads over the range 0 ≤ B/T ≤ 1. The bulge parameters of the simulatedgalaxies were:
0.5 kpc ≤ re ≤ 4 kpc; 0.5 ≤ n ≤ 6; 0.2 ≤ ǫb ≤ 1 (5.5)



5.2. TWO DIMENSIONAL SURFACE BRIGHTNESS FIT 85And the dis free parameters of the galaxies were distributed in the ranges:
1.75 kpc ≤ h ≤ 4.7 kpc; 0.2 ≤ ǫb ≤ 1 (5.6)In order to mimi the same instrumental setup, we added a bakground leveland photon noise to these arti�ial images similar to the observed images. Theywere also onvolved simulating the seeing that we have in our observations.Finally, these simulated galaxies were �tted in idential onditions as the realones.5.2.3 Galaxies with one photometrial omponentIn the present subsetion, the results of the simulations for one Sersi omponentare examined. In Figure 5.1, we show the relative errors of the free parametersof those simulated galaxies with only one omponent as a funtion of their mag-nitudes. A galaxy is onsidered to be properly �tted when all free parametersare reovered with relative errors less than 20%.We have previously explored the minimum onditions for the �ts to extratreliable results, without depending on the image ondition. The onlusion isthat the goodness of the �ts depends on the number of pixels (area) used by the�tting routine as the reovered �tted parameters have very large errors for areasbelow a minimum one. This area depends on the number of free parameters usedin the �ts, the seeing of the images and the S/N of the �tted galaxies.In Figure 5.2, the fration of simulated galaxies with one Sersi omponent forwhih their parameters were reovered with relative errors smaller than 20% isshown. We have de�ned the minimum area of the galaxies for whih the imageonditions were not a�eting the goodness of the �t as the value where all the �tswhih the reovery of all the parameters are below 20% of error, ahieves the 50% of the umulative distribution. Below this limit, more than 50% of the Sersipro�le galaxies is retrieved with an error of more than 20 %. This orrespondto 550 pixels for the galaxies modeled with only one Sersi omponent.The Area of a galaxy is also broadly orrelated with its total magnitude whihmeans that imposing a minimum area in our �ts is similar to imposing a limitingmagnitude. In Figure 5.3, we have plotted the orrelation between absolutemagnitude and area of the galaxies. We obtain that the mean value of 550pixels, orrespond to Mr ≈ −19.5.5.2.4 Galaxies with two photometrial omponentsThat subsetion is devoted to the analysis of the results of the simulations fortwo photometrial omponents. Regarding to the minimum area for the �t tobe reliable in two omponents, we have adopted the same proedure that forone photometrial omponent with the di�erene that in this ase, the area at
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Figure 5.1: Plots of the magnitudes versus parameters of the Sersi pro�le. Thehorizontal lines are the 20% of the error. The green and red lines are the quartileand perentile of the error respetively in bins
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Figure 5.2: Cumulative distribution of the simulations with error within 20 %error versus area for the Sersi Pro�le. The horizontal line shows the 50 % ofthe distribution.whih 50% of the population is well �tted depends on their B/T values. Figure5.4 shows the fration of simulated galaxies whih their free parameters arereovered within relative errors of 20% separated in three ranges of B/T 's. Tobe rigorous, we have adopted as the minimum area needed for a two-omponent�t, the maximum of the minimum areas for eah B/T range. In our ase, theminimum area adopted is then 800 pixels.For all the arti�ial galaxies with larger areas than 800 pixels, we have plottedin Figure 5.5, the relative errors of the �tted free parameters of the simulatedgalaxies with bulge and dis omponents.Notie that in general the dis parameters are better �tted than the bulge ones.It is also lear that those galaxies with large B/T show larger errors in the disparameters than in the bulge ones. In ontrast, galaxies with smaller B/T showlarger errors in the bulge than in the dis. Let's note that the bulge and dissurfae brightness are not well �tted for galaxies fainter than magnitude mr >20 and with bulge surfae brightness µ0,B > 25.3 and dis surfae brightness
µO,D > 25.3.We have set those restritions in our parameters spae, as it is shown in Figure5.6. We do note that bulge parameters are the ones with the largest error.Consequently, we have seleted those simulations with B/T ≤ 0.7 from theprevious restrited sample as in Figure 5.7. We an onlude that the errors are
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Figure 5.3: Absolute Gunn-r magnitude Versus Area for the galaxy populationin NOT sample. The solid and dotted horizontal line show the limit of 550 and800 pixels, respetively. A �t to the orrelation is overplotted.now within 20%.5.2.5 Number of omponentsAll the galaxies down to Mr = −19.5, orresponding to the 550 pixels limit,were �tted with one and two omponents. In order to deide the best �ttedphotometrial model, we have adopted a similar approah as in Allen et al.(2006) for the Millenium Galaxy Catalogue (MGC). This strategy is based onthe radial analysis of the surfae brightness pro�les of the �tted models. Ouraim is that those galaxies �nally �tted with two omponents should be lassialbulge and dis system, in other words, their entral regions should be dominatedby the bulge omponents, while the dis dominates at large radial distanes fromthe galaxy enter. Galaxies with di�erent light distribution were �tted with onlyone omponent.We have implemented a deision tree algorithm in order to obtain the number of�tted galati omponents. The algorithm starts by omparing the magnitudeof the galaxy obtained from the two omponent �t and the magnitude measurediretly in the image using SExtrator. If this di�erene is larger than 0.5 magthen the galaxy is �tted with only one omponent as it will not be a good �t.In the seond step of the algorithm , we have analyzed the bulge-to-total (B/T )
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Figure 5.4: Cumulative distribution of the simulations with error within 20 %error versus area for the Sersi + Dis Pro�le. The horizontal line shows the 50% of the distribution.
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Figure 5.5: Plots of the Sersi+ Dis pro�le parameters versus its error for thosegalaxies with Areas larger than 800 pixels. The horizontal lines are the 20% ofthe error. The green and red lines are the quartile and perentile of the errorrespetively in bins. (Landsape)
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Figure 5.6: Plots of the Sersi+ Dis pro�le parameters versus its error for mr ≤20, µ0,B ≤ 25.3 and µO,D ≤ 25.3. The green and red lines are the quartile andperentile of the error respetively in bins. (Landsape)
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Figure 5.7: Plots of the Sersi+ Dis pro�le parameters versus its error for mr ≤20, µ0,B ≤ 25.3 and µO,D ≤ 25.3 and B/T ≤ 0.7. The green and red lines arethe quartile and perentile of the error respetively in bins. (Landsape)



5.2. TWO DIMENSIONAL SURFACE BRIGHTNESS FIT 93ratio given by the two omponent �t. Those galaxies, learly dominated by theSersi omponents (B/T >0.7), were �tted with only one omponent.The remaining galaxies were analyzed following a similar proedure as in Allenet al. (2006). We have identify �ve di�erent types of �tted surfae brightnesspro�les aording with the number of intersetion between the Sersi and theexponential �tted radial pro�les. In Fig 5.8, we have plotted an example of eahof those �ve types. We an identify those with one (Type 1, Type 2 and Type 4),two (Type 3) and zero (Type 5) intersetions. Type 1 pro�les were onsideredas lassial bulge and dis galaxies. The remaining have bulges dominating inthe whole galaxy (Type 5), or the dis dominates in the inner regions of thepro�le (Type 4), or the e�etive radius of the bulge is larger than the e�etiveradius of the dis (Type 3), or the n Sersi parameter of the bulge have reahedthe maximum value allowed in the �t (Type 2). Finally, only the Type 1 pro�leswere onsidered two omponent �ts. The remaining were �tted with only oneomponent.

Figure 5.8: Examples of pro�les 1 to 5 following the notation of Allen et al.(2006) for the MGC. The blak line represents the pro�le of the galaxy, the redline orresponds to the Sersi pro�le, the blue line shows the dis pro�le andthe green line designates the sum of both omponents pro�le.By using this algorithm, we an ensure that galaxies whih have been made atwo omponent deomposition are real bulge plus dis galaxies, that is spirals orlentiular galaxies. For the rest, we an not on�rm whih type the one ompo-nent galaxies are. In the next setion, we will disuss the olor information as aomplement for determining the morphology quantitatively. The �nal results isthat 47 % of the galaxies with larger areas than 800 pixels are better �tted bya Sersi-one omponent pro�le, while for the other 52 %, two omponents are



94 CHAPTER 5. GALAXY SURFACE BRIGHTNESS ANALYSISpreferable.In the Figures B.1 in the Annex, we have plotted the two dimensional imagesof the galaxies with Mr ≤ −19.5 inluding the original galaxy, the model intoone and two omponents and its orresponding residual image. The last olumnshows also the surfae brightness pro�les with the one and two omponent �tdeomposition pro�les and its parameters.5.3 Quantitative MorphologyWe have lassi�ed the galaxies in NOT sample, taking into aount the num-ber of �tted photometrial omponents and their B-r olors. Three diferentgalaxy types has been onsidered as we are interested in study their struturalomponents: Early-types (E/S0), Early-spirals (Spe) and Late-spirals (Spl).The early-type galaxies were those �tted with one Sersi omponent and loatedin the red seuene of the olor-magnitud diagrams (CMD) of the lusters.Early-type spirals were those �tted with two strutural omponents and alsoloated in the red seuene of the CMD. Finally, late-type spirals were thoseobjets �tted with two omponents and have at least 0.2 bluer B-R olor thanthe red seuene of the luster.For the NOT sample, this lassi�ation results that 36.20%, 29.31%, and 15.51%of the galaxies were early-type, early-spirals and late-spirals, respetively. Theremaining 18.96% of the objets orrespond to blue galaxies �tted with only oneomponent. These objets ould be a mix of di�erent kind of objets (galaxieswith more than two galati omponents, blue spirals not well �tted with twoomponents, irregular galaxies,...).5.3.1 Qualitative versus Quantitative Classi�ationWe have performed a omparison with the visual morphology. However, ourvisual lassi�ation is based on the visual harateristi shapes that the eye andistinguish. On the ontrary, the quantitative lassi�ation tries to derive themorphologial types from its olor and strutural omponents and this lassi�-ation is not univoal.We have heked the perentages of the morphologial types that orrespondwith that quantitative lassi�ation. The results are olleted in Table 5.1. Wesee that galaxies in one omponent are learly identi�ed. We �nd a 85.7 % ofthe galaxies lassi�ed as early-type are red and have one omponent. Also, we�nd that nearly 90% of the galaxies in one omponent are lassi�ed as LateType galaxies.The distintion for the galaxies lassi�ed in two omponents is somewhat moreonfusing. We obtain that a 41.16% of the galaxies lassi�ed as early spiralsare lentiular or spiral, while a 22 % of the galaxies with blue olors and two



5.3. QUANTITATIVE MORPHOLOGY 95Table 5.1: Visual Morphologial Types versus Quantitative MorphologialTypes for the NOT sample
E S0 S I

E/S0 57.14 28.57 14.28 0.00
EarlySp 52.94 17.64 23.52 0.05
LateSp 0.11 0.66 0.22 0.00

Irr 0.10 0.00 0.70 0.20

Figure 5.9: The visual lassi�ation di�erenes between Sánhez et al. (2007)and this work for A2218.omponents are lassi�ed as spirals. That di�erenes ome due to the di�ultyof lassifying visually.In fat, A2218 has been also morphologially lassi�ed by Sánhez et al. (2007)in a small area of 200 kp. They use a quantitatively lassi�ation method basedon the values of the Sersi parameter. By omparing this lassi�ation, we �ndthat a 47.05% of the galaxies have the same morphologial type. The results areshown in Figure 5.9. Those results indiate that despite the numerous e�ortsthat have been performed to ahieve a quantitative desription of galaxies, theyhave not sueed in assign the right morphologies.



96 CHAPTER 5. GALAXY SURFACE BRIGHTNESS ANALYSIS5.4 Strutural parametersNumerous studies talk about the evidene of larger diss in �eld or isolatedgalaxies than in lusters (De Jong, 1996b; Graham, 2001; Graham , 2003). Also,the data at high redshift from HST seems to indiate that early-type galaxieshave little evolved while late-type ones seem to hange quikly. We want toquantify that evidenes in our lusters.5.4.1 Sersi ParametersOne of the most interesting relations for elliptial galaxies was introdued byDjorgovski & Davis (1987); Dressler et al. (1987). They established that thee�etive radius, the entral veloity dispersion and the mean surfae brightnessare related for early type galaxies in the logarithmi spae with a very lowsatter. This relation is ommonly known as the Fundamental Plane (FP):
log re = α log σ + β log < I >e +γThe impliations of the existene of the FP are diretly related to the formationand evolution proess of the galaxies. By assuming a onstant M/L ratio andthat galaxies are in virial equilibrium. The relation introdued by Dressler etal. (1987) is diretly related to the FP, the Dn − σ relation.Those relations provide information on the properties of the galaxies as a lass,and the relations may be used for distane determination, assuming that therelation is universally valid. That matter is still on debate, in relation withthe unertainty derived from the mislead of lassify morphologially galaxiesand also with the assumption that the E and S0 galaxies are derived fromthe same probability funtion, Jørgensen, Franx & Kjaergaard (1996). Severalosmologial tests, as the Tolman test has been performed by using the FP,(Moles et al., 1998).One of the projetions of the Fundamental Plane, (σ=onstant), is the so alledKormendy Relation, Kormendy (1977). He disovered a orrelation betweenthe size and the surfae brightness of elliptial galaxies. Later on, Binggeli,Sandage & Tarenghi (1984) found that this relationship was only given in el-liptial galaxies brighter than MB ≥ −20. For fainter galaxies, the tendenyreverses.In Figure 5.10, we have plotted the Kormendy relation < µe > −re forred E/S0 (red points), Early Spirals (green triangles) and Late -Spirals (Bluetriangles). For the red-galaxies, the �t is the following

< µe >= 20.32 ± 0.15 + (2.18 ± 0.23) log(re) (5.7)while the �t for the whole set of galaxies is
< µe >= 20.07 ± 0.14 + (3.22 ± 0.21) log(re) (5.8)
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Figure 5.10: Kormendy relation between e�etive radius and mean surfaebrightness for all the sample of galaxies. Red points are the E/S0 galaxies,green triangles refer to early-Spirals and Blue triangles aount for late-spiralgalaxies. The solid line is the �t for the red galaxies.
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Figure 5.11: Relation between e�etive ratius and shape parameter for oneomponent galaxies. Red points refer to red-one-omponent galaxies and bluetriangles represent blue-one-omponent galaxies. Solid and dotted lines are therespetive �tsWe have also plotted in Figure 5.11 the relation between e�etive-radius andshape parameters for red galaxies �tted in one omponent (red points) and bluegalaxies �tted in one omponent (blue triangles). Clearly, a dihotomy exists.We have �tted the tendeny an we have found an opposite growing tendenybetween both types as we show in the following equations. That fat givesus information about whih galaxies �tted by a one omponent model are alate-type galaxy.
log n = 0.33 ± 0.26 + (0.087 ± 0.31) log(re)and for the blue ones
log n = 0.66 ± 0.27 − 0.77 ± 0.35 log(re)Furthermore, in the Figure 5.12, it is shown the entral surfae brightness, theshape parameter and e�etive radius versus the absolute magnitude for the E/S0(red points), Early Spirals (green triangles) and Late Spirals (blue Triangles).We see that at fainter magnitudes we determine fainter surfae brightness. Wean distinguish also as the early type galaxies have larger e�etive radius, while
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Figure 5.12: Absolute Gunn-r Magnitude versus µo, n and B/T for E/S0 (Redpoints), Early Spirals Bulges (Green Triangles) and Late Spirals Bulges (BlueTriangles).the early and late type galaxies have smaller radius. We are not able to dis-tinguish any trends of magnitude with shape parameters, as has been found insome works.We have also plotted In Figure 5.13, the mean surfae brightness, the e�etiveradius and the shape parameter versus olor. The symbols are the same as inthe previous plot. By de�nition, we an distinguish a lear dihotomy betweenearly and late galaxies. However, the e�etive radius also allow us to distinguishthe two populations quite learly.Finally, we have ompared our bulge sales with the bulge sales of the earlytype galaxies in the sample of Aguerri et al. (2004). Those galaxies have beenseleted in the same way as us. The results are plotted in Figures 5.14 and 5.15,the red points indiate the E/S0 galaxies while the blue triangles are the bluegalaxies in one omponent . We see that our sizes are very similar to Coma. Wedo not �nd any galaxies in our sample below ≈ 2.2 kp, as that is our seeinglimitation to our sample at this distane. It's notieable that our re values arein the same range as those in Coma, as it is shown in Table 5.2. The values forComa have been omputed for those galaxies in the entral 735 kp and e�etiveradius larger than 2.2 kp.
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Figure 5.13: B-r olor versus µo, n and B/T. for E/S0 (Red points), EarlySpirals Bulges (Green Triangles) and Late Spirals Bulges (Blue Triangles).
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Figure 5.14: Radius versus Bulge Sales for Coma Sample, (Aguerri et al. (2004),blak points) and NOT sample. The red points refers to red galaxies in oneomponent while blue triangles represent blue galaxies in one omponent.Table 5.2: Bulge parameters for Coma and NOT sample
Name < re > σ(re) < n > σ(n) < Dist(Kpc) > σ(Dist(Kpc))

NOT 6.58 2.38 2.24 1.35 349.72 257.053
Coma 8.73 17.58 3.58 1.54 339.376 180.90As far as the shape parameter is onerned, we also see as the range of valuesexpand the range of values of Coma. However, we �nd a mean value somewhatsmaller for NOT sample than for Coma but the values agree within the errors.Therefore, it seems that the bulge sizes are in the same range of magnitude asin Coma Cluster.
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Figure 5.15: Radius versus Shape parameters for Coma Sample, (Aguerri et al.(2004), blak points) and NOT sample. The red points refers to red galaxies inone omponent while blue triangles represent blue galaxies in one omponent.
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Figure 5.16: Absolute Gunn-r Magnitude versus dis sale. The blue trianglesrefer to the �eld galaxies by Graham (2001), red diamonds are the disks salesfor the Coma sample by Aguerri et al. (2004) and blak points represent thedis sales in NOT sample. The horizontal line shows the minimum dis salewe an resolve the dis due to the distane of the lusters5.4.2 Dis ParametersThere are many works that have found that early-type galaxies in lusters re-main invariant from redshift at least 1, as a result of the formation of the luster(Simard et al., 1999; Trujillo & Aguerri, 2004). Thus, any variane in that rangein redshift must be in the disk galaxy parameters.In Figure 5.16, we have plotted the absolute magnitudes of the disks versus theirsale parameters. The blak points onerns to our NOT galaxy sample. Theblue triangles refer to the �eld galaxies by Graham (2001) and the red diamondsare the disks in the Coma sample by Aguerri et al. (2004). The horizontal lineshows the minimum dis sale we an resolve the dis due to the distane of thelusters.It is quite interesting that our dis sales are as large as those of �eld galaxies,while those diss in Coma represent a minimum perentage. The �t for theFreeman law (Freeman (1970)), for our sample is
log h = −2.52± 0.57 − 0.152 ± 0.027MrRegarding to a quantitative desription of the sales of the diss we have plottedin Figure 5.17, the diss sales in funtion to the distane to the enter of
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Figure 5.17: Radius versus Dis Sales for Coma Sample, (Aguerri et al. (2004),blak points) and NOT sample. The red points are red galaxies in two ompo-nents and the blue triangles are blue galaxies in two omponentsthe luster for NOT sample and Coma sample by Aguerri et al. (2004). Thered points are early spiral galaxies while the blue triangles refer to late spiralgalaxies. We �nd larger diss (a fator of two) in our sample than in Comaas olleted in Table 5.3. Those results agree with a evolution hypothesis fromlower redshift lusters to this redshift in the dis sales of the late type galaxypopulation in lusters.We have then omputed the probability that the distribution funtion of thediss sales of all lusters and di�erent samples are signi�antly di�erents. Withthat purpose, we have applied again a Kolmogorov-Smirnov test between theumulative funtion of the diss of all the lusters of our sample, and ComaTable 5.3: Dis parameters for Coma and NOT sample
Name < h > σ(h) < Dist(Kpc) > σ(Dist(Kpc))

NOT 4.738 1.941 272.16 202.10
Coma 2.47 21.48 524.383 359.080
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Figure 5.18: Cumulative funtion of dis sales for the NOT sample (solid line),Aguerri et al. (2004) Coma Cluster (dotted line) and Graham (2001) isolatedsample (dashed line)sample and also between a sample of isolated galaxies from Graham (2001) asit is set in Figure 5.18.The results of the test give that for both tests the signi�ane is that Coma issigni�antly di�erent from our sample and the Graham (2001), as their proba-bility is less than 0.05. However, the isolated sample from Graham (2001) andour sample has a probability superior than 0.05.We an onlude that the aumulated funtion of our dis sales in our lustersare similar to the loal �eld galaxies and di�erent from Coma. Therefore, wehave diss as large as those from �eld galaxies, whih is quantitatively di�erentfrom Coma.5.4.3 Bulge and dis parametersIn Figure 5.19, we have plotted the ratio re/h versus shape parameter andbulge-to-total ratio for the two-omponent galaxies. We �nd a lear orrelationbetween B/T and re/h for the early-spiral galaxies, as exists for loal �eldgalaxies (Andredakis et al., 1995; Graham & de Blok, 2001) and a muh widerdispersion fror the late-spiral galaxies. We also �nd a relationship between n
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Figure 5.19: Adimensional parameters. n versus re/h and B/T versus re/h. Redpoints refer to the red two-omponent galaxies and blue triangles to the bluetwo-omponent galaxiesand re/h for the early spiral and again the late spiral shows a larger dispersion.We show in Figure 5.20 the sale of diss versus the e�etive radius for the twoomponent galaxies obtaining a growing tendeny for the red population as itis shown in the following �t
log re = −0.39 + 1.02 log(h)However, the the blue galaxies have larger e�etive radius than the red onesand the tendeny is muh �atter than the red population.
log re = 0.06 + 0.61 log(h)Therefore, we obtain that larger diss are found in galaxies with larger bulge ef-fetive radius. Thus, more massive galaxies. That tendeny was also notied byMaArthur, Courteau & Holtzmann (2003). For the blue galaxies, the tendenygrows slower.
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Figure 5.20: Relation between e�etive ratius and dis sales. Red points referto the red two-omponent galaxies and blue triangles to the blue two-omponentgalaxies. The solid line represents the red omponent �t.



108 CHAPTER 5. GALAXY SURFACE BRIGHTNESS ANALYSIS



Chapter 6Spatial DistributionLes gens ont des étoiles qui ne sont pas les mêmes.Pour les uns, qui voyagent, les étoiles sont des guides.Pour d'autres elles ne sont rien que de petites lumières.Pour d'autres, qui sont savants, elles sont des problèmes.Antoine de Saint-Exupéry. "Le petit prine"The spatial distribution in lusters of galaxies is a favorable piee of the puzzle.By studying the loation of the galaxies in the luster, we are able to knowimportant properties suh as the presene of substrutures, their dynamialstate, et.Furthermore, if we have redshift information for a given luster, we an deter-mine the galaxy population omposition by assuming that their redshift dif-ferene. However, that situation is not very frequent. Taken out some verywell-known studied lusters suh as Coma (Struble & Rood, 1991; Jørgensen,Franx & Kjaergaard, 1992; Wegner et al., 1999; Smith et al., 1999; Aguerriet al., 2004), Virgo, (Binggeli, Tammann & Sandage, 1987; Ferrarese et al.,2006)), Herules (Struble & Rood, 1991; Jarrett et al., 1998; Wegner et al.,1999; Sánhez-Janssen et al., 2004; Smith et al., 1999; Crawford, 2005; Estradaet al., 2007), at low redshift and some more at medium redshift, some in ourACS sample, like A1689 (Teague, Carter & Gray, 1990; Du et al., 2002; �okaset al., 2006), A2218, (Kristian, Sandage & Westphal, 1978; Le Borgne, Pelló &Sanahuja, 1992; Sánhez et al., 2007), CL0024, (Czoske et al., 2001; Alexov &Silva, 2003), MS1358, (Fisher et al., 1998; van Dokkum et al., 1998; Yee et al.,1998; Fabriant, Franx & van Dokkum, 2000), we usually know a few redshift inthe luster. Therefore, we have to estimate the rest of the redshift of the galaxypopulation by di�erent tehniques suh as the CMR (studied in the Chapter 3,(Yee, Gladders & López-Cruz, 1999; López-Cruz et al., 2004)) or, photometrialredshift (Koo (1985); Lanzetta, Yahil & Fernández-Soto (1996); Wang, Bahall& Turner (1998); Benítez (2000)), if we have several �lters.109



110 CHAPTER 6. SPATIAL DISTRIBUTIONThe luster's shape and spatial distribution is onsidered to be the onsequeneof the initial onditions of formation and evolution for the galaxies in the lus-ters, as well as the interation with the environmental e�ets. Many numerialsimulations based on semi-analytial methods have been performed in order tostudy the formation of lusters, based on the study of the gas dissipative proessor the no-olissioness dark matter proess, (White & Frenk, 1991; Laey & Silk,1991; Asasibar et al., 2006).A luster is said to ontain substrutures when its surfae density is harater-ized by multiple, statistially, signi�ant peaks on sales larger than the typialgalaxy size, Buote (2002); Ramella et al. (2007). Numerous works have beendevoted also to the study of the statistial determination of substrutures inlusters of galaxies, providing di�erent tests, Fithett (1988); Pinkney et al.(1996).Additionally, a relation based on the spatial distribution of the luster has beenwidely explored: the Morphology-Density relation. Observational evideneabout the presene of more early-type galaxies in denser environments thanlate-types were originally notie by Curtis (1918); Hubble & Humason (1931);Oemler (1974). Later on, Melnik & Sargent (1977) showed that the fration oflentiular and spiral galaxies depend on the distane from the luster entre andDressler (1980) onluded with the morphology -loal density relation. Severalauthors, (Sanromà & Salvador-Solé, 1990; Whitmore & Gilmore, 1991; Whit-more, Gilmore & Jones, 1993) argued a orrelation between morphology andglobal luster properties, as for example, the lusterentri distane, instead.The study of the spatial distribution an also provide us with useful informationin two dimensions (studying relation of the di�erent properties to density) andin a radial dimension (studying the relation between ratius and a partiularsheme).6.1 Galaxy DensityObtaining density maps is a useful tool for studying its dependene with di�erentparameters. However, the galaxies have a disrete nature and limitations in areaor depth make di�ult the proess of determining the density. In our ase, aswe are studying the entral bright galaxy population of the luster, we havelimitations in the �eld size as well as in the observational depth.6.1.1 Density EstimationThe estimation of the density an be done by two di�erent methods. Themost ommon is onsidering di�erent �xed apertures, ap, in the luster andomputing the number of galaxies, ngal, that we have on it. We will obtaintheir loal density with the following equation
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ρlocal(ap) =

ngal

(

ap
)

π(ap)2However, that method has the inonvenient that the density is a disrete vari-able, as it depends on the aperture we have used. Thus, we have used a di�erentmethod, whih onsist on onsidering a �xed number of galaxies, ngal and om-puting then the minimum area that ontains that number, obtaining the densitywith the following equation
ρlocal(ngal) =

ngal

πr(ngal)2where r(ngal) is the minimum radius that ontain ngal neighbors. That methodhas been applied in di�erent works (Dressler, 1980; Trevese et al., 1992; Dressleret al., 1997; Fasano et al., 2000; Varela, 2004). The main advantage of thatmethod is that the radius is a ontinuous variable, so it allows to obtain ontin-uous values of the density funtion.We need to �x then the number of galaxies ngal as a ompromise betweenthe possibility of deteting peaks orresponding to substrutures in the densitydiagrams and the limited area of the images. We have deided to take ngal=10,as it is able to provide substrutures larger than these number, and therefore,dynamially important and it small enough for the area of the luster to beontained in the image.In Figure 6.1 and 6.2, we have plotted the logarithm densities distribution for theNOT and ACS sample, respetively. For the ACS sample, we have previouslyseleted the galaxies brighter than Mr ≤ −19.5. The orresponding mean valuesare olleted in Tables 6.1 and 6.2. It is notieable that four lusters in the ACSsample are muh more dense that the lusters in NOT sample. That result anbe explained in relation with the rihness of the luster. The rihness lass inNOT sample is ≤ 3, while the rihness lass for the ACS sample is above 4.Also, all the lusters in NOT sample emit in X-ray, while only one luster inthe NOT sample has X-ray data.Also, in Figure 6.3 and 6.4, the logarithm densities distribution for eah lusterin the NOT and ACS sample are presented respetively and the values areolleted in Tables 6.1 and 6.2. The vertial lines show the mean value of thedensity in eah luster.Let's note that two out of �ve lusters in NOT sample, A1878 and A2111 aredenser statistially than the whole sample. It's interesting also that A1643,A1952 and A2111 present a seond peak of lower density whih might be relatedwith the presene of subestruture. As far as the ACS sample is onerned, wesee that nearly all the lusters are quite dense but MS1358, whih seems to beas dense as the NOT sample. We �nd some peaks in less dense regions of thelusters in A1703 or A2218. That fats an be due to seletion e�ets of thelusters due to its rihness.
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Figure 6.1: Distribution of the loal density for the whole NOT sample. Thevertial line shows the mean value of the density.

Figure 6.2: Distribution of the loal density for the whole ACS sample. Thevertial line shows the mean value of the density.
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Figure 6.3: Distribution of the loal density for eah luster in NOT sample.Vertial lines shows the mean value of the density of eah luster.
Table 6.1: Mean Densities for NOT Clusters

Name < ρ > σ < ρ >

A 1643 83.16 62.25
A 1878 140.15 106.30
A 1952 100.29 84.58
A 2111 116.83 94.29
A 2658 67.42 23.13
Sample 108.25 88.58
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Figure 6.4: Distribution of the loal density for eah luster in ACS sample.Vertial lines shows the mean value of the density of eah luster.
Table 6.2: Median Densities for ACS Clusters

Name < ρ > σ < ρ >

A 1689 271.37 182.13
A 1703 232.19 155.47
A 2218 200.81 132.11
CL0024 313.32 274.65
MS1358 175.65 168.71
Sample 250.58 210.50



6.1. GALAXY DENSITY 1156.1.2 Morphology-Density RelationThe study of the Morphology-Density Relation has been widely explored innumerous studies (Dressler, 1980; Dressler et al., 1997) at low-medium redshiftand at higher redshift (z ∼1) with the Advaned Camera for Surveys (ACS),(Postman et al. (2005)). This relation is one of the fundamental in the study oflusters of galaxies. It gives us information about how dense are the di�erentmorphologial types distributed in the luster.In Figures 6.5 and 6.6, we have plotted the logarithm densities distributionfor the whole sample splitting them up into three morphologial types. Thevertial lines shows the mean value for eah sample. Interestingly, we see thatfor the whole sample, the mean value for the elliptials (E) is higher than themean value for the lentiulars (S0) and late-type galaxies (S and I), whih isvery similar in the ase of NOT sample. However, we see that the elliptialgalaxies are somewhat skewed to higher densities and on the ontrary, the late-type galaxies and lentiular are skewed to lower densities. That fat goes in thesense of the work by Dressler (1980), who found an inrease of early types inthe denser areas of the luster and a derease of late type as we approah todenser areas.

Figure 6.5: Distribution of the loal density into three morphologial types forthe whole NOT sample. Vertial lines shows the mean value of the density ofeah luster.
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Figure 6.6: Distribution of the loal density into three morphologial types forthe whole ACS sample. Vertial lines shows the mean value of the density ofeah luster.Looking at eah luster individually, we have plotted in Figure 6.7 and 6.8the density funtion for eah luster separated into three morphologial types.Although we have few galaxies for us to have a good resolution the results aresigni�ant. For instane, we see that A1643 is dominated by elliptial galaxies inthe densest areas but the late-type galaxy population is ompletely dominatingthe rest of the the ore of this luster. We also see that A1878 has a stronggradient of late-type-galaxies whih inreases to less dense areas. On the otherhand, A1952, A2111 and A2658 have a dense elliptial -dominated ore.As far as the ACS sample is onerned, in all ases the late-type galaxies dom-inate the lusters, exept for the ase of CL0024 and MS1358, were the denserareas have a slightly dominant early type population. This fat an be due tothe presene of substruture of di�erent bright galaxies, ompletely visually atsimple sight.6.1.3 Luminosity-Density RelationWe have also studied the relation between density and luminosity. With thatpurpose, we have plotted in Figures 6.9 and 6.10, the absolute r magnitude
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Figure 6.7: Distribution of the loal density into three morphologial types forindividual lusters in NOT sample.

Figure 6.8: Distribution of the loal density into three morphologial types forindividual lusters in ACS sample.
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Figure 6.9: Absolute Gunn-r magnitude versus loal density into three morpho-logial types for the whole NOT sample. Red diamonds, green asterisks andblue triangles are the Elliptial, lentiular and Spiral galaxies, respetively.for the whole NOT and ACS sample versus the loal density for eah galaxyseparated into morphologial types.Apparently, we see a mixture of the morphologial types in that spaes. How-ever, we see as the brightest galaxies are elliptial and are plaed in the denserregions. On the opposite, lentiular and spiral galaxies are fainter and spreadin all range of densities.The empty area at the left bottom hand of the panels refer to very brightgalaxies with a low density. As numerous studies have on�rmed, (Sandage,1972a; Gunn & Oke, 1975; Jones & Forman, 1984; Hoessel & Shneider, 1985;Postman & Lauer, 1995; Smith et al., 2005), in lusters of galaxies, we do not�nd bright galaxies in low density environments, on the ontrary, the brightestluster galaxies are always plaed at the enter and denser areas of the lusteras they are also the more massive.Regarding to the luminosity-density relation for the individual lusters in NOTand ACS sample respetively, we show them in Figures 6.11 and 6.12. It'squite remarkable the fat that A1878 has a blue bright highly onentratedpopulation. On the ontrary, as it was shown in the Chapter 3, A1643, presentsalso a high fration of blue- fainter galaxies, being its brightest luster a galaxya lentiular galaxy. In addition, all the lusters present its brightest galaxy inthe densest environments. Finally, in A1952, we detet a group of very bright
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Figure 6.10: Absolute Gunn-r magnitude versus loal density into three mor-phologial types for the whole ACS sample. Red diamonds, green asterisks andblue triangles are the Elliptial, lentiular and Spiral galaxies, respetively.lentiulars in dense environments, whih an be a related strubestruture asexplained in the First Chapter.For the ACS sample, we see as that the elliptial galaxy population, on onehand, and lentiular and spiral galaxy population on the other, spread in aquite di�erent range of luminosity. However, the mean density seems to remainonstant. In all lusters the brightest galaxies are elliptial galaxies with theexeption of a bright spiral galaxy in A1703, whih might be a merger galaxyor foreground galaxy.
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Figure 6.11: Absolute Gunn-r magnitude versus loal density into three mor-phologial types for the individual lusters in NOT sample. Red diamonds,green asteriks and blue triangles are the Eliptial, lentiular and Spiral galax-ies, respetively.
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Figure 6.12: Absolute Gunn-r magnitude versus loal density into three mor-phologial types for the individual lusters in ACS sample. Red diamonds, greenasteriks and blue triangles are the Eliptial, lentiular and Spiral galaxies, re-spetively.



122 CHAPTER 6. SPATIAL DISTRIBUTION6.2 Radial Distribution6.2.1 Center of the lusterThe enter of the luster is de�ned to be the point plaed at the minimum of theluster gravitational potential, (Sandage, 1972a; Gunn & Oke, 1975; Postman& Lauer, 1995). In the pratie, there are several methods to determine theenter of the luster.
• X-ray distributionClusters of galaxies have a great proportion of hot gas or plasma at about107 K. The intensity of the X-ray emission is diretly related to the depthof the luster gravitational potential well. In addition, as the X-ray areproportional to the square of the gas density, it is little a�eted by pro-jetion e�ets in omparison to those arising in optial luster seletion,(Romer et al., 1994; van Haarlem, Frenk & White, 1997). Unfortunately,only the more massive lusters emit in X-rays.
• Brightest Cluster Galaxy (BCG)The Brightest Cluster Galaxy are the galaxies whih represent the bright-est end of the luminosity funtion. Not only that, but they have partiularproperties, di�erent from the rest of the whole sample. That subjet willbe treated in detail in Chapter 8. Numerous works have determined thatthey are positioned at the entre of the luster gravitational potential asthey lie lose to the peaks of the X-ray emission in onentrated X-raybright lusters (Jones & Forman, 1984; Rhee & Latour, 1991; Brough etal., 2002).Aording to theoretial hierarhial senario (Aragón-Salamana, Baugh& Kau�mann, 1998; Dubinski, 1998; De Luia & Blaizot, 2007), thatgalaxies ould have been originated by the ooling of the gas from thesurrounding hot halo medium, together with the aretion of small galax-ies falling to the luster entre as result of dynamial frition and thenmerge. Other theories, (Merritt, 1985; Bird, 1994), suggest that BCGswere formed during or before the luster ollapse and they fell to the en-ter of the luster faster than less massive galaxies by dynamial frition.
• Luminosity BaryenterA di�erent approah for loating the enter of the luster is assumingthat the luminous mass distribution is traing the non-luminous massdistribution. Then enter of the luminosity distribution will be given thenby the baryenter oordinates:

(X, Y ) =
(

∑

i Iixi
∑

i Ii
,

∑

i Iiyi
∑

i Ii

)



6.2. RADIAL DISTRIBUTION 123Table 6.3: Centers Considered in NOT Clusters
Name α(2000) δ(2000)

A 1643 12 55 54.00 +44 05 12.40
A 1878 14 12 52.18 +29 14 28.40
A 1952 14 41 03.57 +28 37 00.30
A 2111 15 39 40.60 +34 25 27.00
A 2658 23 44 49.80 −12 17 39.50where Ii is the luminosity intensity for eah galaxy and (xi, yi) are thespatial oordinates of the galaxy.That determination an be dangerous due to the limit spatial overageand their possible biases. Also, the interlopers ontamination an alsomislead the results. In addition, the dark matter distribution may behavein a di�erent way from the luminous matter.

• Dark Matter CenterLensing tehniques, (Tyson & Fisher, 1995; Kneib et al., 1996; Taylor etal., 1998; Kneib et al., 2004; Broadhurst et al., 2005b; Diego et al., 2005;Zekser et al., 2006), are used for determining the mass of the luster byestimating from its dark matter halo pro�le and onsequently, the massentroid.
• Density MaximumAssuming the same hypothesis as the luminosity baryenter that the lu-minous mass distribution governs the non-luminous mass distribution, wean determine also the enter of the luster �nding the peak of the max-imum density. That supposition assumes that the enter of the lustermust be the plae where the largest fration of luminous matter is on-entrated. Again, that approah is valid if the dark matter distributionfollows the luminous matter distribution.Taking into aount all the redshift and X-ray data available in the literaturefor those lusters, we have set the enter of the luster at the X-ray distributionenter. For the rest, we have established the BCGs oordinates as the enter,(see for example, Liu & Mohr (2004)). The oordinate of the enter are olletedIn Tables 6.3 and 6.4. The BCG in A2111 is only 5.04 kp from the X-ray enter,while in the ACS sample, we �nd small distanes from A1689 (23.02 kp), A1703(7.98 kp), A2218 (6.15 kp), and weighty di�erenes from CL0024 (99.28 kp)and MS1358 (195.301 kp). That fat should be kept in mind in the analysis ofthe population, as the misalignment of the BCG with the X-ray enter an bedue to a non-relaxing state of the luster.



124 CHAPTER 6. SPATIAL DISTRIBUTIONTable 6.4: Centers Considered in ACS Clusters
Name α(2000) δ(2000)

A 1689 13 11 29.5 −01 20 28.2
A 1703 13 15 05.2 +51 49 02.8
A 2218 16 35 48.9 +66 12 42.0
CL0024 00 26 36.3 +17 09 46.0
MS1358 13 59 54.3 +62 30 36.06.2.2 Radius-Density RelationWe have studied the density of the galaxies in funtion to the distane to theenter for eah luster, as it is shown in Figures 6.13 and 6.14. The dotted lineis a seond degree interpolation of the relation.All the lusters shows a smooth pro�le with the exeption of A1643, for whihthe peak found is due to a disontinuity in the area surveyed, A2658 whihwe only over the inner 420 kp and therefore, we do not have enough area tonote any signi�ant tendeny, and MS1358, where we do not �nd the dereasingtendeny. This fat may be due to the slightly larger di�erene in the distaneof the X-ray enter from the BCG than the rest of the lusters.6.2.3 Radius-Morphology RelationIt is well known from the pioneering work by Dressler (1980), that early-typegalaxies in lusters at low redshift are loated in denser regions and loser tothe enter of the luster rather than than late-type galaxies. We want now toinvestigate the way that those lusters at medium redshift are populated. Withthat purpose, we have plotted in Figures 6.15 and 6.16 the radius-morphologyrelation for eah luster in NOT and ACS sample separated into early and latemorphologial types. We have used a linear interpolation in bins to obtain theurves in the Figure.It's quite evident that for A1952, A2111 and A2658 we obtain that the mainpopulation in the entral part of the luster onsist on early type galaxies andthat fration is dereasing as the distane to the enter inreases. We �nd apeak in A2111 of late-type galaxies whih may be provided from a possiblepopulation of late-type galaxies of the merger luster. On the other hand, we�nd that A1643 and A1878 have a large fration of late-type galaxies in theentral part of the luster whih dereases at larger radios, while the early-typepopulation remains quite onstant, for A1878 and shows a dereasing trend forA1643.Looking at the ACS sample, we note a dereasing tendeny of the early type pop-ulation in nearly all lusters, with the exeption of the inner 100 kp, where the
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Figure 6.13: Radius-Density Relation for NOT sample
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Figure 6.14: Radius-Density Relation for ACS sample
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Figure 6.15: Radius-Morphology Relation by morphologial types in NOT sam-ple lusters.
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Figure 6.16: Radius-Morphology Relation by morphologial types in ACS sam-ple lusters.
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Figure 6.17: Cumulative funtions of the di�erent morphologial types as afuntion of the projeted radius to the enter of the luster for the NOT sample.Early types: solid lines; late types: dotted lines. The vertial lines indiate theradius where the distributions reah the 50% level.tendeny is dereasing. The late-type population shows a variety of behaviours.For A1689, A2218 and MS1358, we �nd a very similar shape in omparisonwith the early-type population, that is a dereasing fration of late-type galax-ies at larger radios. However, we �nd the ontrary tendeny again in the innerparts, whih arrive to larger radius for this population, espeially for A1689 andA2218. On the other hand, we have two lusters, A1703 and CL0024, with twolate-type population peaks at radius ≈ 400 kp. That peak ontrasts with thesmooth pro�le of A1703, while in the ase of CL0024, a di�erent peak provideby the early-type population an be found.In Figure 6.17 and 6.18, we have plotted the umulative funtions of the di�er-ent types of galaxies versus projeted distane of eah galaxy to the enter of theluster for both samples. The solid lines represent the aumulated distributionof early-type, elliptial and lentiular, galaxies, whereas the dotted lines orre-spond to the aumulated distribution of late-type galaxies, spiral and irregular.The vertial lines indiate the radius where the aumulated distributions reahthe 50% of the distributions.Regarding to the NOT sample, we see that all the lusters are dominated intheir entral regions by early type galaxies exept A1878, that has a sizable
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Figure 6.18: Cumulative funtions of the di�erent morphologial types as afuntion of the projeted radius to the enter of the luster for the ACS sample.Early types: solid lines; late types: dotted lines. The vertial lines indiate theradius where the distributions reah the 50% level.



6.2. RADIAL DISTRIBUTION 131fration of late-type, inluding irregular galaxies. A fat that ould explainits high (entral) fration of blue galaxies. This is however, not unique sinesimilar ases an also be found at lower redshift (see for example Varela (2004)).A1643 has also a large global fration of late-type, spiral galaxies, but they donot dominate the ore of the luster. The rest of the lusters are also entrallydominated by a population of elliptial galaxies, with an overall population witha smaller fration of late-type galaxies.As far as the ACS sample is onerned, we �nd one luster, MS1358 that has avery similar morphologial distribution, That is, the two morphologial popula-tion are not quantitatively di�erent. Also, we �nd three lusters dominated byan early type population, A1703, A2218 and CL0024 and �nally, A1689, whihpresents a late-type galaxy population dominating in its ore. As a result ofthis analysis, a diversity seems to be the dominant aspet in our ten lusters.To test whether the distribution of early and late type galaxies are similar,we have performed a Kolmogorov-Smirnov test. Exluding A2658, for whihthere are not enough points to extrat signi�ant results, we �nd that the twopopulations are signi�antly di�erent in all lusters exept in A1878 and A1952,while for the whole ACS sample, A2111 and A1643, the test does not verify thehipothesis.In onlusion, we �nd seven lusters out of ten dominated by an early-typepopulation, two more lusters with the late-type population dominating in theirore and one luster with a very similar population. We also �nd two lustersout of ten (one with an early and late type population dominating respetively)whih ontain a signi�antly di�erent population.
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Chapter 7Luminosity FuntionEres, serás, fuiste el Universo enarnado...Para tí se enenderán las galaxias y se inendiará el sol...Para que tú ames y vivas y seas...Para que tú enuentres el sereto y mueras sin poder partiiparlo,porque sólo lo poseerás uando tus ojos se ierren para siempre...Carlos Fuentes, 'La muerte de Artemio Cruz.'The optial general Luminosity Funtion (LF) is the number of galaxiesper unit volume in a magnitude interval M to M+dM. It an be onsidered aprobability distribution φ(M) over absolute magnitude for an individual sampleof galaxies. φ(M) is usually alled the Di�erential luminosity funtion,in order to distinguish from Φ(M), the Integrated Luminosity Funtion,de�ned as:
Φ(M) =

∫ M

−∞

φ(M
′

)dM
′The LF has been used to study the way that the galaxies form and evolve,Dressler (1984). If we assume that galaxy mass-to-light ratios are nearly on-stant, M/L ≈ const for the di�erent types of galaxies, the LF an set onstraintsin the initial mass funtion and the distribution of density perturbations thatare expeted to originate the galaxies, Press & Shehter (1974). Likewise, itan be used as a diagnosti for the hanges in the galaxy population due to, forexample, the in�uene of the luster environment.Numerous studies to date have noted the di�erene between the luminosityfuntion for �eld galaxies and for luster galaxies, (Hubble & Humason, 1931;Abell, 1965; Oemler, 1974; Binggeli, Sandage & Tammann, 1988). Currently,lusters and �eld LF of large samples of galaxies in the nearby universe havebeen omputed. 133



134 CHAPTER 7. LUMINOSITY FUNCTION7.1 Bakground Contamination EstimationIn Chapter 3, we �tted the Color-Magnitude Relation and dropped out from theluster all the galaxies whose olor was 0.2 magnitude redder than the �t, dueto the reddeness provoked by the osmologial k- e�et (Oke & Sandage, 1968;Pene, 1976; Poggianti, 1997). We also ensured that the foreground ontamina-tion was pratially inexistent by integrating the �eld luminosity funtion for�eld galaxies.There are two ways more at least for determining the ontamination. The mostommon way of estimating the bakground ontamination is studying the lu-minosity distribution in the lose regions of the luster (Oemler (1974)). Thedistane to the �eld must be enough to be plaed outside the luster and not toolarge in order to avoid the bakground variations. Then, the galaxy ounts inthe referene �eld diretion are modeled (see Andreon (2004); Andreon, Punzi &Grado (2005)). After that, the di�erene in the number of ounts in eah mag-nitude interval is said to be due to the galaxies from the luster. Unfortunately,the observation time is limited so that �elds are often unavailable.However, di�erent measurements provided by a number of authors exist inthe literature. We should ontrol that the di�erene in the instrumentation,methodology and observation onditions are similar to our observations. Forour r-band, we have several works whih gives us the number of galaxies perrelative magnitude bin (MLeod et al., 1995; Metalfe et al., 2001; Yasuda et al.,2001). We have seleted the Table 3 from MLeod et al. (1995) as their apparentmagnitude range inlude ours. Metalfe et al. (2001) give an approximation forgalaxies with HST with mr > 21 and Yasuda et al. (2001) arrive to magnitudes
mr < 21.5. Several authors, Liske et al. (2003); Berta et al. (2006), provide alsoreliable galaxy number ounts, however they are in di�erent �lters than us.In Figures 7.1 and 7.2, we have plotted the points orresponding to the number ofgalaxies per 0.5 magnitude bin square degree versus magnitude. The dotted lineis a linear interpolation of the bakground ontamination given by MLeod et al.(1995) and the red line is the linear interpolation of the magnitude distributionfor all the galaxies deteted without performing the subtration in the Chapter3. The blue line is the ounts di�erenes from these distributions and �nally,the green lines are the galaxy distribution exluding the galaxies by the CMRproedures explained in Chapter 3. The vertial line represents the ompletenesslimit for the sample.Referring to the NOT sample, we see that only for A1643 and A1878 we have aslightly di�erene for magnitudes brighter than 19.5. For the rest, the di�ereneof the distributions begins to be notieable for fainter magnitudes than 20, whihis very lose to the ompleteness magnitude for the NOT sample, as was set inFigure 3.1. It's quite notieable that the A2111, whih is the luster for whihwe had some redshift information has a very well bakground ontaminationestimated. As we have already seen, the population in A1643 is quite faint,in omparison with the rest of the lusters in the samples. This fat will be
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Figure 7.1: Number of galaxies per square degree and 0.5 magnitude versusapparent magnitude for all the galaxies deteted in NOT sample (red line),without bakground ontamination from MLeod et al. (1995) (blue line) andwithout bakground ontamination from CMR (gree line). The dotted linerepresents the bakground ontamination given by MLeod et al. (1995). Thevertial line shows the ompleteness limit for eah luster of the sample.translated into a bad �t of the LF.For the ACS sample, we see that A1703, for whih we did not have redshiftinformation in literature and MS1358, for whih we have very few redshift arethe lusters that have a largest di�erene with the subtration provided byMLeod et al. (1995). On the ontrary, A1689, A2218 or CL0024 provide anexellent agreement for both distributions up to magnitude mr = 22 at least.Therefore, we will onsider the subtration given by MLeod et al. (1995) as thereal galaxy population for omputing the luminosity funtion.7.2 The Composite Luminosity FuntionSine we do not have too many galaxies per magnitude bin in the individualLF, espeially, in the NOT sample. We are going to onsider the CompositeLuminosity Funtion de�ned by Colless (1989). A number of works in the
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Figure 7.2: Number of galaxies per square degree and 0.5 magnitude versus ap-parent magnitude for all the galaxies deteted in ACS sample(red line), withoutbakground ontamination from MLeod et al. (1995) (blue line) and withoutbakground ontamination from CMR (gree line). The dotted line representsthe bakground ontamination given by MLeod et al. (1995). The vertial lineshows the ompleteness limit for eah luster of the sample



7.3. FIT OF THE LUMINOSITY FUNCTION 137literature have used it, providing many reliable results (Lumsden et al., 1997;De Propris et al., 2003; Barkhouse, Yee & López-Cruz, 2007). It has been builtby summing galaxies in absolute magnitude bins and saling by the rihness oftheir parent luster. Spei�ally, the following summation was arried out
Nc,j =

Rc

nclus,j

∑

i

Ni,j

Riwhere Nc,j is the number of galaxies in the jth absolute magnitude bin of theomposite LF, Ni,j is the number in the jth bin of the ith luster LF, nclus,j isthe number of lusters ontributing to the jth bin, Ri is the normalization usedfor the it luster LF and Rc is the sum of all the normalizations:
Rc =

∑

i

RiThe formal errors in Nc,j are omputed aording to
δNc,j =

Rc

nclus,j

[

∑

i

(

δNi,j

Ri

)2]1/2where δNc,j and δNi,j are the formal errors in the jth LF bin for the ompositeand ith luster respetively.Following Lumsden et al. (1997), we have used a di�erent de�nition of Ri fromthe one given in Colless (1989). He used the total number of galaxies brighterthan M = −19 and we have use the bakground -orreted number of lustergalaxies brighter than M = −19.5, as Mr=-19 is beyond our hosen omplete-ness limit for the NOT sample. However, for typial values for the LF, the rela-tionship between our de�nition of rihness and that of Colless is Ri(Colless) ∼1.34 Ri(thesis). In Figure 7.3 and 7.4, we have plotted the resulted ompositeFuntion for our luster sample.7.3 Fit of the Luminosity FuntionAfter the �rst disoveries of galaxies, the �rst attempts to study and �t theLuminosity Funtion were done by Hubble & Humason (1931). Their resultsould be �tted by a gaussian funtion. Some deades later, the �rst lustersompilations were performed by Abell (1958) and Zwiky et al. (1961), whorealized that the number of faint galaxies had been underestimated. The former(Abell, 1964, 1972), desribed then two asymptoti behaviors of φ(M) at thebright and faint end, separated by a 'break point', M∗ as follows
{

log N(≤ m) = K1 + s1m if m < m∗

log N(≤ m) = K2 + s2m if m ≥ m∗
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Figure 7.3: Composite Luminosity Funtion for NOT sample

Figure 7.4: Composite Luminosity Funtion for ACS sample



7.3. FIT OF THE LUMINOSITY FUNCTION 139where N(m) is the number of galaxies per square degree brighter than m.Zwiky, (Zwiky et al., 1961), proposed the following analytial funtion
< ncl > (∆m) = k(10∆m/5 − 1)where < ncl > is the mean number of galaxies in the magnitude range ∆mbetween the magnitude of the brightest galaxy and m.However, although these estimations were very aurate for the data available,Shehter (1976) proposed an analytial distribution of the galaxies luminosityin the following way:

φc(L)dL = n∗(L/L∗)αe−L/L∗

d(L/L∗)where φc is the number of galaxies ontained in a volume and in the luminosityrange L to L + dL and L∗ is the harateristi luminosity orresponding to the'break point' or knee where the slope hanges, α is the slope of luminosity fun-tion at low magnitudes and n∗ is the onstant, whih normalizes to the densityof galaxies. The whole luminosity of the luster an be found by integrating thelast expression:
Lcluster =

∫ ∞

0

Lnc(L)dL = n∗Γ(α + 2)L∗where here, Γ represents the mathematial funtion Gamma,
Γ(a) =

∫ ∞

0

e−tta−1dtThe analogous Shehter funtion an be expressed in absolute magnitudes bymaking the variable hange L/L∗ = 10(M∗
−M)/2.5, obtaining the following ex-pression:

φc(M)dM = 0.4 ln(10)φ∗100.4(M∗
−M)(1+α)e−100.4(M∗

−M))dMwhere φc(M) is the number of galaxies per volume unit and magnitude unit,
M∗ = 10−0.4M∗ is the harateristi magnitude where the slope of the LFhanges and φ∗ represent the normalization onstant to the galaxy density.Some authors (Driver et al., 1994; Hilker, Mieske & Infante, 2003; Gonzálezet al., 2006; Popesso et al., 2006; Barkhouse, Yee & López-Cruz, 2007), haveargued that the sum of two Shehter funtions provides a more adequate �tto the luster LF than a single Shehter funtion. That fat is due to theemergene of had a rising faint end (Mr >-19), even though the bright endof the LF appeared to be well �tted by a Shehter funtion. Alternative LF�tting funtions inlude a Gaussian and a single Shehter funtion for thebright and faint end respetively, (Thompson & Gregory, 1993; Biviano et al.,



140 CHAPTER 7. LUMINOSITY FUNCTION1995; Parolin, Molinari & Chinarini, 2003), a single power-law �t to the faintend, (Trentham, Tully & Verheijen, 2001; Boué et al., 2008) or an Erlang plusa Shehter funtion, (Biviano et al., 1995).In our ase, we are going to �t the LF by a single Shehter funtion, as weare working in its bright end. We have disussed the in�uene of inluding theBrightest Cluster Galaxy in the �t as, in general, the presene of these galaxiesis easily notied by their e�et on the brightest magnitude bin, whose value isusually o�set from the best-�t Shehter funtion. Shehter (1976); Sandage(1976); Dressler (1978); Loh & Strauss (2006), remarked that BCGs do not seemto be a natural extension of the luster LF.We have explored in the following subsetions, di�erent ways of �tting the Lu-minosity Funtion, disussing the best aurate results for our samples.7.3.1 Chi-Square �ttingOn aount of the di�erential harater of the luminosity funtion, our absissasin the �t must be, magnitudes bins, as their orresponding funtion values arethe number of galaxies in a volume within a magnitude bin. As we do nothave too many galaxies, we have obtained few bins, with a moderate number ofgalaxies.In order to �t the luminosity funtion to the Shehter Funtion, we have mini-mized the hi-square residuals by using the Levenberg-Marquardt method (LM).Levenberg-Marquardt MethodLet's all y = y(x;−→a ), the funtion we want to �t, in our ase the Shehterfuntion, where −→a is the set of n-parameters we want to determine. Then, the
χ2 funtion is de�ned as

χ2(−→a ) =

N
∑

i=1

[
yi − y(xi,−→a )

σi
]2 (7.1)where xi and yi are the set of points that we want to �t and σi is standarddeviation in eah point and N is the number of points where we have a valuefor the funtion.When the solution is lose enough to the minimum, the χ2 an be approximatedby a quadrati form:

χ2(−→a ) ≈ γ − d.−→a +
1

2
−→a D−→a (7.2)where −→d is a vetor with the same number of omponents as −→a , n and D is the

n × n Hessian matrix.



7.3. FIT OF THE LUMINOSITY FUNCTION 141If the approximation is good enough, we will jump from the present solution
−→a 0 to the following that minimizes the χ2 funtion −→a min as follows:

−→a min = −→a act + D
−1[−∇χ2(−→a act)] (7.3)In ase it is a bad approximation, we will go bak with the gradient like that:

−→a sig = −→a act − constant[∇χ2(−→a act)] (7.4)where the onstant must be small enough not to leave the present desendsdiretion.To be able to use equation 7.3 and 7.4, we need to ompute the gradient of the
χ2 for any set or parameters −→a , as well as the Hessian matrix of χ2.The χ2 gradient respet the M parameters that form −→a has the following form:

∂χ2

∂ak
= −2

N
∑

i=1

[
yi − y(xi,−→a )

σ2
i

]
∂y(xi,−→a )

∂ak
k = 1, 2, . . . , M (7.5)and deriving again:

∂2χ2

∂ak∂al
= 2

N
∑

i=1

1

σ2
i

[
∂y(xi,−→a )

∂ak

∂y(xi,−→a )

∂al
] − [yi − y(xi,−→a )]

(∂y(xi,−→a ))2

∂ak∂al
(7.6)Let's note that in that equation, we an ignore the seond derivative term asit is negligible when omparing with the �rst derivative term. In addition, thefator whih is multiplying is the error in eah point, and therefore, it tends toanel out when we sum over all i. So equations 7.5 and 7.6 have the followingform:

βk =
−1

2

∂χ2

∂ak
(7.7)and

αkl =
1

2
D =

N
∑

i=1

1

σ2
i

[
∂y(xi,−→a )

∂ak

∂y(xi,−→a )

∂al
] (7.8)and, therefore, equation 7.3 an be rewritten as

M
∑

l=1

αklδal = βk (7.9)and equation 7.4 as
δal = constant × βl (7.10)where δal denotes the inrements that added to the present approximation arethe following(δal = −→a min − −→a act) for equation 7.3 or (δal = −→a sig − −→a act) forequation 7.4.



142 CHAPTER 7. LUMINOSITY FUNCTIONTherefore, the ondition of χ2 being a minimum, is that βk = 0 for any k (i.e:the gradient is null) and it is independent of the way α is de�ned.LM method realized that Hessian Matrix ould give us information about theorder of magnitude of the onstant. If we ompare the units in equation 7.10,we have that the onstant must have dimensions of 1/αkk. They divided theonstant by an ad-dimensional fator λ so that the onstant is not too large.We have the possibility of setting λ ≫ 1 for stopping the proess. That is, theyreplae equation 7.10 by
δal =

1

λαll
βl o bien λαllδal = βl (7.11)where αll is positive by de�nition in equation 7.8.Then, LM method introdues a new matrix α′ de�ned as

α′

jk ≡

{

(1 + λ)αjk if j = k
αjk if j 6= kand, �nally, we an replae equations 7.9 and 7.11 by

M
∑

l=1

α′

klδal = βk (7.12)Notie that when λ is too large, α′ sets into a dominant diagonal matrix, soequation 7.12 tends to be idential to equation 7.11, and if λ tends to zero, theequation 7.12 approximates to equation 7.9.The LM method an very sensible to the initial onditions. For example, it an�nd a loal minimum (if we are not lose enough) or a 'valley' (depending onthe problem geometry). To avoid that problem, we have reated a grid withinitial onditions for the method and selets the one whih returns the smallest
χ2 value. The values for the grid have been set to vary in the following ranges

−2.5 ≤ α ≤ −0.5 and − 19.5 ≤ M∗ ≤ −22.5with a step of 0.1. Surprisingly, we have obtained the same optimal parametersif we set our parameters at random or with the grid. This is an indiation thatthe minimum is isolated inside that range.In Figures 7.5 and 7.6, we have plotted the Shehter �t to the CompositeLuminosity Funtion for the NOT and ACS sample. The blak lines show the �twithout inluding the BCGs and the dotted lined refers to the �t onsidering thebrightest luster galaxy. The results of the �t are α=-1.15 and M∗=-21.38 and
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α=-0.95 and M∗

r=-20.93 with and without the inlusion of the BCG, respetivelyfor the NOT sample and α=-1.11 and M∗=-21.64 and α=-1.11 and M∗
r=-21.65for the ACS sample. We have onsidered in eah ase, the range of ompletenessfor the �t.Although the di�erene between inluding or not the BCG in the �t for the ACSluminosity omposite funtion does not a�et the �t, we have noted a di�erentLF for the NOT sample. By exluding the BCG, we see as the �t is weightedby the fainter points, while if we onsider the whole range of magnitude, thebrighter points make the faint end appear steeper.It is worth to see that at the faint end of the LF for the ACS sample, the tendenyseems to be asending, as not �ttable by a single Shehter as several authorshave already noted, (Biviano et al., 1995; Parolin, Molinari & Chinarini, 2003;Boué et al., 2008).

Figure 7.5: Best Shehter �t of the Composite LF for the NOT sample. Thesolid line refers to the �t exluding the BCGs and the dotted line is referring tothe �t inluding the BCGIn Figure 7.7, we have plotted the Shehter funtion with the best parametersgiven by the Levenberg-Marquardtmethod for eah individual luster from NOTsample, up to the omplete range (Mr = −19.5). The results of the �t are alsoolleted in Table 7.1. The �ts give a median value for the slope of -0.93 and-0.86, onsidering or not the BCG.For the ACS sample, the panorama is ompletely di�erent. In Figure 7.8,we have plotted the Shehter funtion with the best parameters given by the
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Figure 7.6: Best Shehter �t of the Composite LF for the ACS sample. Thesolid line refers to the �t exluding the BCGs and the dotted line is referring tothe �t inluding the BCGLevenberg-Marquardt method, up to the ompleteness limit Mr = −17.8). Theparameters obtained in the �t are also olleted in Table 7.2.The �t for the ACS sample is onsiderably di�erent from the NOT sample,as the extent in magnitude is muh larger. Although we do not over a largearea, the results are muh more reliable than NOT sample. We �nd a medianvalue for the slope of -1.17 and -1.14, onsidering or not the BCG, whih areonsiderably higher than the values of NOT sample. Remarkably for this sample,the di�erenes between inluding or not the BCG are not relevant., while theyare for two lusters in NOT sample, however, the errors are muh larger thanin ACS sample.As noted by Barkhouse, Yee & López-Cruz (2007), et... The results of that �tfor two free parameters are not too reliable as there are few bins. Due to that,we have re�tted again the FL but this time �xing the slope at the faint end
α = −1.15, as being the result of the Composite Luminosity Funtion and is inthe range of values extrated from the individual lusters from the ACS sample.So, in Figure 7.9 and 7.10, we show the results for the Shehter funtion withthe slope at the faint end α = −1.15 �xed as it is the result of the CompositeLuminosity Funtion. The results of M∗ are shown in Tables 7.3 and 7.4.As we expeted, the �ts for the ACS sample ontinue being very good althoughwe �nd two lusters of this sample with have a bright value of M∗. That result is
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Figure 7.7: Best �t of the di�erential LF for the NOT sample. The vertialline shows the limit where the sample is omplete. The solid line refers to the�t exluding the BCGs and the dotted line is referring to the �t inluding theBCG
Table 7.1: Best Shehter Parameters of the Luminosity Funtion with andwithout the BCG for the NOT sample

WithBCG WithoutBCG
Name α M∗ χ2 α M∗ χ2

A 1643 −2.00 −21.53 1.18 −1.26 −20.21 0.02
A 1878 −0.93 −21.08 0.72 −0.86 −20.94 0.84
A 1952 −1.70 −22.50 4.47 −1.70 −22.50 4.64
A 2111 −0.50 −20.63 4.79 −0.50 −20.64 4.60
A 2658 −0.50 −21.58 1.26 −0.50 −21.49 1.45
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Figure 7.8: Best �t of the di�erential LF for the ACS sample. The vertial lineshows the limit where the sample is omplete. The solid line refers to the �texluding the BCGs and the dotted line is referring to the �t inluding the BCG
Table 7.2: Best Shehter Parameters of the Luminosity Funtion with andwithout the BCG for the ACS sample

WithBCG WithoutBCG
Name α M∗ χ2 α M∗ χ2

A 1689 −1.19 −22.18 6.93 −1.20 −22.30 7.35
A 1703 −1.12 −21.51 17.78 −1.10 −21.46 18.41
A 2218 −1.22 −22.23 2.58 −1.22 −22.21 2.81
CL0024 −1.17 −21.53 53.79 −1.14 −21.41 54.95
MS1358 −0.82 −20.98 6.91 −0.85 −21.06 6.97



7.3. FIT OF THE LUMINOSITY FUNCTION 147

Figure 7.9: Best �t of the di�erential LF with α=-1.15, for the NOT sample.The vertial line shows the limit where the sample is omplete. The solid linerefers to the �t exluding the BCGs and the dotted line is referring to the �tinluding the BCGin ontrast with the values found for the ACS sample with two free parameters,whih seems to indiate that the whole luminosity funtion an not be properly�t by a single Shehter Funtion. It is very lear now that the faint end of theLuminosity Funtion (Mr ≥ −18) have a rising trend.The LF in the NOT sample are better than a single luminosity funtion, but insome ases (A1643 or A2658) the LF seems to be disturbed and the �t is quitebad. It is remarkable the ase of A1952, where the �rst three brightest bins areabove the �t.As many authors have already noted (see Sandage, Tammann & Yahil (1979);Popesso et al. (2004); Andreon (2004); Andreon, Punzi & Grado (2005), the �tof the Luminosity Funtion by binning the data, allows a quik analysis of thedata and it's very 'visual' to see how data is distributed. However, ontinuity islost in binning and therefore, information. In our ase, it's very lear that theresults of the �t for the NOT sample are too poor for giving reliable information.In the next setions, we are going to investigate additional methods.
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Table 7.3: Best Shehter Parameters of the Luminosity Funtion with α=-1.15for the NOT sample

WithBCG WithoutBCG
Name M∗ χ2 M∗ χ2

A 1643 −20.17 1.57 −20.11 0.02
A 1878 −21.46 0.87 −21.41 1.13
A 1952 −20.80 5.96 −20.85 6.23
A 2111 −21.56 6.49 −21.57 7.02
A 2658 −22.50 1.83 −22.50 2.08

Figure 7.10: Best �t of the di�erential LF with α=-1.15, for the ACS sample.The vertial line shows the limit where the sample is omplete. The solid linerefers to the �t exluding the BCGs and the dotted line is referring to the �tinluding the BCG



7.3. FIT OF THE LUMINOSITY FUNCTION 149Table 7.4: Best Shehter Parameters of the Luminosity Funtion with α=-1.15for the ACS sample
WithBCG WithoutBCG

Name M∗ χ2 M∗ χ2

A 1689 −22.00 7.08 −22.02 7.60
A 1703 −21.62 17.83 −21.64 18.59
A 2218 −21.91 2.91 −21.91 3.13
CL0024 −21.47 53.87 −21.45 54.98
MS1358 −22.31 14.17 −22.25 12.897.3.2 Chi-Square integral �ttingOne way of avoiding to deal with the binning, is �tting the integral of the lu-minosity funtion. We have used the a χ2 Levenberg-Marquard minimizationmethod explained in the last setion. We are going to derive the partial deriva-tives of the integral funtion.Let's work now with the LF expressed in funtion of the Luminosity instead ofabsolute magnitude, (see equation 7.3), for the simpliity of the alulus. If weset, S = L/L∗ and, therefore, Smax = Lmax/L∗, we must alulate the followingequation:

L(≥ Li,≤ Lmax) =

∫ Smax

Si

n∗Sαe−SdS = n∗[γ(α + 1, Si) − γ(α + 1, Smax)]where in this ase, γ represents the inomplete mathematial funtion gamma,
γ(a, x) =

∫ ∞

x

e−tta−1dtWe need to set the analytial derivates in order to use the Levenberg-Marquardtmethod.
∂L

∂n∗
= γ(α + 1, Si) − γ(α + 1, Smax) = γ(α + 1, Li/L∗) − γ(α + 1, Lmax/L∗)

∂L

∂L∗
=

∂L

∂S

∂S

∂L∗
= −n∗Sα+1e−S/L∗|Smax

Si
+

∂Smax

∂L∗
F (Smax) −

∂Si

∂L∗
F (Si)

= 2
n∗

L∗

[

(Li/L∗)α+1e−Li/L∗

− (Lmax/L∗)α+1e−Lmax/L∗

]where F is the intengrand, F (S) = n∗Sαe−S . We have used the Chain Rule,the Fundamental Calulus Theorem in the seond and third step and the in thelast equality, we have undone the variable hange.
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∂L

∂α
=

∫ Smax

Si

n∗Sαe−S ln(S)dSIn this equation, we have used that the Leibniz's rule onsidering that theintegrand, F and ∂F/∂α are ontinuous in the integration range. We obtainthat integral now, whih an not be solved analytially. We an express it byhanging variables
{

u = ln(S) du = 1/SdS
dv = Sαe−SdS v = γ(α + 1, Si) − γ(α + 1, Smax)in the following form

∂L

∂α
= γ(α + 1, Si) − γ(α + 1, Smax)

[

ln(S)

]

|Smax

Si
−

∫ Smax

Si

[

γ(α + 1, Si) − γ(α + 1, Smax)

]

/SdS =

γ(α + 1, Si)

[

ln(S)

]

|Smax

Si
−

∫ Smax

Si

γ(α + 1, Si)/SdSIn order to solve the integral term of the last equation, we're going to use that theintegrand is ontinuous in the measurable integration range, as the integrationlimits are always positive.
∫ Smax

Si

γ(α + 1, Si)/SdS =

∫ Smax

Si

1/S
′

dS
′

∫ ∞

Si

Sαe−SdS =

∫ Smax

Si

∫ ∞

Si

Sα−1e−SdSdS =

∫ Smax

Si

γ(α, Si)dS = (Smax − Si)γ(α, Si)Finally the α-derivative has the following form
∂L

∂α
= γ(α + 1, Si)(ln(Smax) − ln(Si)) − (Smax − Si)γ(α, Si) =

γ(α + 1,
Li

L∗
)(ln(

Lmax

L∗
) − ln(

Li

L∗
) − (

Lmax − Li

L∗
)γ(α,

Li

L∗
)In Figures 7.11 and 7.12, the results of the umulative Shehter Funtion areplotted for the NOT and ACS samples, respetively. The �t parameters are setin Tables 7.5 and 7.6. We have applied the deontamination of the bakgroundounts by interpolating the ounts given by MLeod et al. (1995). Then, wehave integrated that interpolation and we have subtrated to our aumulatedounts.
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Figure 7.11: Best �t of the umulative LF for the NOT sample. The vertialline shows the limit where the sample is omplete.Let's note that although the �ts are good, the funtion 'has lost information'as any hanges in the slope of the di�erential LF will be re�eted in a muhweaker variation in the slope of the umulative LF. Mathematially, the integralof a ontinuous funtion is ontinuous but not inversely. That's the reason whynearly all the �ts have an α parameter of -1 and the value of M∗ tends to ahievethe extremes of the boundary extremes. We will have to take that results withaution.7.3.3 Maximum Likelihood MethodTheMaximum Likelihood Method (MLM), (Sandage, Tammann & Yahil,1979; Sarazin, 1980; Efstathiou, Ellis & Peterson, 1988), has a great advantage:it eliminates the bin dependene and in addition, the density parameter φ∗ dropsout as we're going to see in that setion.Consider a galaxy i observed at a redshift zi, in a �ux-limited survey. Let mmin,iand mmax,i denote the apparent magnitude limits of the �eld in whih galaxy iis loated. The probability that galaxy i has absolute magnitude Mi is given by



152 CHAPTER 7. LUMINOSITY FUNCTIONTable 7.5: Best Shehter Parameters of the Cumulative Luminosity Funtionfor the NOT sample
WithBCG WithoutBCG

Name α M∗ χ2 α M∗ χ2

A 1643 −1.98 −20.61 1.25 −1.99 −20.95 1.54
A 1878 −1.01 −20.97 1.12 −1.27 −22.08 1.07
A 1952 −1.56 −22.50 3.80 −1.49 −22.50 6.39
A 2111 −1.01 −21.20 7.57 −1.01 −21.20 7.68
A 2658 −1.00 −22.50 0.51 −1.00 −22.50 1.35

Figure 7.12: Best �t of the umulative LF for the ACS sample. The vertialline shows the limit where the sample is omplete.



7.3. FIT OF THE LUMINOSITY FUNCTION 153Table 7.6: Best Shehter Parameters of the Cumulative Luminosity Funtionfor the ACS sample
WithBCG WithoutBCG

Name α M∗ χ2 α M∗ χ2

A 1689 −1.25 −21.76 3.88 −1.25 −21.77 3.84
A 1703 −1.03 −20.98 21.01 −1.04 −21.04 20.80
A 2218 −1.14 −21.91 4.89 −1.16 −22.22 5.49
CL0024 −1.09 −21.07 5.40 −1.10 −21.08 12.83
MS1358 −1.00 −21.03 5.40 −1.00 −21.04 5.39

pi = p(Mi|zi) = φ(Mi)/

∫ Mmax(zi)

Mmin(zi)

φ(M)dMIn luster of galaxies, the zi is onsidered to be the same of the luster and
Mmin(zi) and Mmax(zi) �xed.The likelihood funtion L of a set of N galaxies, with respetive absolute mag-nitudes Mi are the produt of the probabilities pi

L = p(M1, ..., MN |z1, ..., zN) =
N
∏

i=1

piIf we apply logarithms, we an express it in the following form:
lnL =

N
∑

i=1

[

lnφ(Mi) − ln

∫ Mmax(zi)

Mmin(zi)

φ(M)dM

]Let's note that for lusters of galaxies, the redshift an be onsidered as onstant,so the likelihood an be expressed as
lnL =

N
∑

i=1

[

lnφ(Mi)

]

− (N − 1) ln

∫ Mmax

Mmin

φ(M)dMThe method onsist on assuming a parametri model for φ(M) and obtainingthe parameters of φ(M) by maximizing the likelihood L (or lnL) with respetto those parameters. Sandage, Tammann & Yahil (1979) desribed the so alledSTY method by �tting the Shehter funtion (equation 7.3) with the Likeli-hood method. Let's note that this method does not need to bin the data. Onthe ontrary it takes information of eah galaxy magnitude. Another onve-niene of this method is that the normalization φ∗ drops out in equation 7.3.3



154 CHAPTER 7. LUMINOSITY FUNCTIONreduing the parameter spae to two. It an be determined by
φ∗ =

ρ̄
∫ Mmax

Mmin
φ′(M)dMwhere φ

′ is the Shehter funtion with φ∗ set to 1 and ρ̄ is the mean galaxydensity.Also, error ellipses in the M∗ − α plane may be drawn by �nding the ontourorresponding to
lnL = lnLmax − 1/2∆χ2where ∆χ2 is the hange in χ2 appropriate for the desired on�dene level anda χ2 distribution with 2 degrees of freedom.As many authors have already noted (Press et al., 1992; Andreon, 2004; Popessoet al., 2004; Andreon, Punzi & Grado, 2005), it is neessary to use a robustminimizator as the desired global maximum may be often found hidden amongmany, poorer, loal maxima in high dimensional spaes or in �at 'valleys'.We have tried di�erent methods for maximizing (or minimizing) the likelihoodfuntion: the Downhill Simplex Minimization Method, Nelder & Mead (1965);the Powell Minimization Method, Aton (1970); the Davidson-Flether-Powelland the Trunated Newton Method (see Press et al. (1992)). We're going todesribe the strategy of eah methods, underlying the main advantages for ourminimization method.Downhill Simplex Minimization MethodThe method must be started with a non-degenerate simplex, that is a geome-trial �gure onsisting in N dimensions, of N + 1 verties whih enloses a�nite inner N−dimensional volume. Then, the method takes a series of steps or're�etions', moving the point of the simplex where the funtion is the largest(highest point) through the opposite fae of the simplex to a lower point. Thus,the simplex is expanded in one or another diretion to take larger steps. Whenit reahes a 'valley �oor', the simplex ontrats itself in the transverse diretionand tries to ooze down the valley. The algorithm �nish when the vetor distanemoved in that step is frationally smaller in magnitude than some tolerane.That method requires only funtion evaluations, not derivatives. However, it isnot very e�ient in terms of the number of funtion evaluations that it requires.Powell Minimization MethodThis method is a variation of a diretion set method: Given as input the vetor

P (a set of diretions, for example, the unit vetors) and n, the set of variables ofthe funtion f , we will �nd an salar λ that minimizes f(P +λn). By replaing
P by P + λn and n by λn, we will obtain a �rst diretion to its minimum, thenfrom there along the seond diretion to its minimum, and so on, yling through



7.3. FIT OF THE LUMINOSITY FUNCTION 155the whole set of diretions as many times as neessary, until the funtion stopsdereasing.Powell was the �rst who disovered a diretion set method that does produe Nmutually onjugate diretions (or 'non interfering' diretions). Powell's quadrat-ially onvergent algorithm has an inonvenient: the proedure sets of diretionsmay beome linearly dependent. If this happens, then the proedure �nds theminimum of the funtion f only over a subspae of the full N-dimensional ase.Therefore, the algorithm we have used, Press et al. (1992), tried to �nd a fewgood diretions along narrow valleys instead of N neessarily onjugate dire-tions. For a valley whose long diretion is twisting slowly, this diretion is likelyto give us a good run along the new long diretion. The hange is to disardthe old diretion along whih the funtion f made its largest derease.Davidson-Flether-Powell MethodThat algorithm belong to the so alled, variable metri or quasi-Newton meth-ods. The variable metri methods di�er from the onjugate gradient ones inthe way that it stores and updates the information that is aumulated. Theformer requires a matrix of size N × N while the later only need intermediatestorage on the order of N .Given an arbitrary funtion f(x), it an be loally approximated by the quadratiform of equation.
f(x) ≈ c − bx +

1

2
xAxThe variable metri methods build up, iteratively a good approximation to theinverse Hessian matrix A−1, that is, to onstrut a sequene of matries Hi withthe property,

lim
i→∞

Hi = A−1Those methods are sometimes alled quasi-Newton methods. Let's onsider �n-ding a minimum to searh for a zero of the gradient of the funtion by usingNewton's method . Near the urrent point xi, we have the seond order
f(x) = f(xi) + (x − xi)∇f(xi) +

1

2
(x − xi)A(x − xi)whih an be expressed as

∇f(x) = ∇f(xi) + A(x − xi)In Newton's method, we set ∇f(x) = 0 to determine the next iteration point:



156 CHAPTER 7. LUMINOSITY FUNCTIONTable 7.7: Best Shehter Parameters of the Luminosity Funtion using theMaximum Likelihood method with α = −1.15 for the NOT sample
Name M∗ χ2

A 1643 −19.64 47.42
A 1878 −21.12 47.19
A 1952 −21.75 42.32
A 2111 −21.25 49.63
A 2658 −21.86 17.11

x − xi = −A−1∇f(xi)And we have that the left-hand term is the �nite step needed for getting to theexat minimum and the right-hand term is known one we have omputed anaurate H ≈ A−1. The word 'quasi' is referred to the fat that we do not usethe atual Hessian matrix of f , but instead we use an approximation, whihallows the matrix to be a positive de�nite, symmetri hessian matrix.From those methods, we have obtained the best results from the third method,whih also is implemented in a CERN routine alled MINUIT 94.1 (James &Roos (1975)). MINUIT allows the user to set the initial value, the resolution,and the upper and lower limits of any parameter in the funtion to be min-imized. Values of one or more parameters an be kept �xed during a run.MINUIT an use several strategies to perform the minimization. Our hoie isMIGRAD, Flethter (1970), a stable variation of the Davidon-Flether-Powellvariable metri algorithm for the onvergene at the minimum, and the MINOSroutine to estimate the error parameters in ase of non-linearities. We also haveplaed onstraints on the values of M∗ and α that the �tting routine an aept,to avoid being trapped in a false minimum (M∗ in the range between -18 and-22 mag and α between 0 and -2.5, (Lumsden et al., 1997; Popesso et al., 2004)).The problem with that method is the Gamma Funtion, Γ(α) is unde�ned foronstant values of α. Therefore, the �t tends to onverge to those false minima.Therefore, we have deided to perform the �t of Luminosity Funtion using theMaximum Likelihood with a �xed α = −1.15 for both samples. In Table 7.7and 7.8, we have set the results of the �t.As we see, the slope at the faint end, �xing α = −1.15, M∗ varies between −21.to −21.75, with the exeption of A1643, that we have previously seen that itsshape does not orrespond with the usual LF of a typial luster. We see alsosome di�erenes of that �t, with the LM �t with α �xed, the values obtained for
M∗ here are fainter than those obtained by LM, in partiular for three lusters,A2658, A1689 and MS1358. Moreover, the dispersion in the M∗ is muh smallerthan the obtained with that method.



7.4. LUMINOSITY - MORPHOLOGY RELATION 157Table 7.8: Best Shehter Parameters of the Luminosity Funtion using theMaximum Likelihood method with α = −1.15 for the ACS sample
Name M∗ χ2

A 1689 −21.26 55.39
A 1703 −21.25 86.96
A 2218 −21.99 52.13
CL0024 −21.09 125.85
MS1358 −21.21 62.97After onsidering the advantages and drawbaks for eah method, we onludethat the best �ts for the whole ten lusters are provided by the CompositeLuminosity Funtion. However, the �ts provided by the ACS sample are goodenough to be onsidered alone with the χ2 method. Then, we will refer to this�ts.7.4 Luminosity - Morphology relationWe have studied the Luminosity funtion by separating them into di�erentmorphologial types. In Figures 7.13 and 7.14, the luminosity distribution forearly and late type galaxy population are shown for NOT sample, while inFigures 7.15 and 7.16 the orresponding distributions for the ACS sample aredisplayed.Even if we have few galaxies to �nd a reliable �t for the luminosity funtion,we are able to distinguish some trends. For example, we note a nearly onstanttrend of the early type galaxy population for nearly all lusters, with the ex-eption of A2111 and A1689, where we �nd a larger number of faint early typegalaxies than bright. As far as the late type population is onerned, note anasending tendeny in a great proportion of lusters, �nding a larger number ofgalaxies at fainter magnitudes. However, that tendeny seems to be the oppositein A1878, A2111 and MS1358.However, as we saw in the last setion that the whole population in lusterswith few area overage and restritions in magnitude is muh better desribedby the Composite Luminosity Funtion. We have omputed the CompositeLuminosity Funtion for early types (Figures 7.17, and 7.19) and for late types(7.18 and 7.20) for the NOT and ACS sample respetively. The values given bythe Shehter �t are olleted in Tables 7.9 and 7.10.As we see, the �ts are not good for the NOT sample. That fat an be due toa large errors in the binning points or for the inapaity of �tting the morpho-logial population with a Shehter funtion. In the ACS sample, however, weobtain a reliable better �t for both populations. The slope values we �nd are
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Figure 7.13: LF for Early Type galaxies NOT sample lusters

Figure 7.14: LF for Late Type galaxies NOT sample lusters
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Figure 7.15: LF for Early Type galaxies in ACS sample lusters.

Figure 7.16: LF for Late Type galaxies in ACS sample lusters.
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Figure 7.17: Composite LF for Early Type galaxies in NOT sample.

Figure 7.18: Composite LF for Late Type galaxies in NOT sample.
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Figure 7.19: Composite LF for Early Type galaxies in ACS sample.

Figure 7.20: Composite LF for Late Type galaxies in ACS sample.



162 CHAPTER 7. LUMINOSITY FUNCTIONTable 7.9: Best Shehter Parameters of the Cumulative Luminosity Funtionfor Early and Late Types for the NOT sample
WithBCG WithoutBCG

Name α M∗ χ2 α M∗ χ2

Early −0.50 −22.50 13.89 −0.50 −22.50 12.18
Late −0.50 −22.50 14.36Table 7.10: Best Shehter Parameters of the Cumulative Luminosity Funtionfor Early and Late Types for the ACS sample

WithBCG WithoutBCG
Name α M∗ χ2 α M∗ χ2

Early −0.50 −20.95 20.27 −0.50 −20.94 22.28
Late −0.50 −20.96 7.54

α = −0.5 in all ases, while the mean value of M∗ is -20.95 for the ACS sample.At the view of that results, we an onlude that the bright (Mr ≤ −20) lumi-nosity funtion depending on the morphologial types is not well de�ned by aShehter Funtion.7.5 Luminosity - Color relationThe Luminosity Funtion for di�erent olors galaxy population are shown inFigures 7.21, 7.22 for the red and blue galaxy population in NOT sample lustersand in Figures 7.23 and 7.24 for the ACS sample lusters.As in the previous setion, we have omputed the Composite Luminosity Fun-tion for red and blue galaxy population (Figures 7.25 and 7.26) for the NOTsample, while the results for the red and blue galaxy population for the ACSsample is set in Figures 7.27 and 7.28. The results of the �t are olleted inTables 7.11 and 7.12 respetively.
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Figure 7.21: LF for Red galaxies NOT sample lusters
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Figure 7.22: LF for Blue galaxies NOT sample lusters
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Figure 7.23: LF for Red galaxies ACS sample lusters
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Figure 7.24: LF for Blue galaxies ACS sample lusters

Figure 7.25: Composite LF for Red galaxies in NOT sample.
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Figure 7.26: Composite LF for Blue galaxies in NOT sample.

Figure 7.27: Composite LF for Red galaxies in ACS sample.
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Figure 7.28: Composite LF for Blue galaxies in ACS sample.



7.6. UNIVERSALITY 169Table 7.11: Best Shehter Parameters of the Cumulative Luminosity Funtionfor Red and Blue Galaxies for the NOT sample
WithBCG WithoutBCG

Name α M∗ χ2 α M∗ χ2

Red −1.17 −22.23 1.62 −0.80 −21.05 0.94
Blue −1.16 −22.50 2.27 −0.84 −22.50 2.24Table 7.12: Best Shehter Parameters of the Cumulative Luminosity Funtionfor Red and Blue Galaxies for the ACS sample

WithBCG WithoutBCG
Name α M∗ χ2 α M∗ χ2

Red −0.79 −21.13 17.64 −0.79 −21.15 16.99
Blue −1.32 −22.40 1.53 −1.28 −22.50 1.47As we see the values given for the red population in both samples have a muh�atter slope than the blue galaxy population, for whih, we obtain a muhsteeper luminosity funtion and a muh fainter value of M∗ for the blue galaxypopulation. Those results are in agreement with the results found in Barkhouse,Yee & López-Cruz (2007), where they �nd, by �xing α = −1, a value of M∗ =

−22.28.7.6 UniversalityA entral subjet in the early studies (Hubble, 1936; Abell, 1962; Oemler, 1974),of the galaxy luster LF has been to determine whether the LF is universal inshape. Shehter (1976) suggested that the luster LF is universal in shape andan be haraterized with a turnover of M∗
B = −20.6+ 5 logh50 and a faint-endslope of α = −1.25.Further support for a universal LF has been provided by several studies suhas (Lugger, 1986; Colless, 1989; Gaidos, 1997; Yagi et al., 2002; De Propris etal., 2003). For example, Dressler (1978); Lugger (1986); Colless (1989) studiedsamples of several lusters onluding that, with the good agreement of theparameters.In ontrast, a number of studies have also disussed that the shape of the lus-ter LF is not universal (see (Godwin & Peah, 1977; Dressler, 1978; Binggeli,Sandage & Tammann, 1988; Piranomonte, 2001; Hansen et al., 2005; Popessoet al., 2006; Barkhouse, Yee & López-Cruz, 2007)). Some of them have argued



170 CHAPTER 7. LUMINOSITY FUNCTIONthat the results found by Dressler (1978) did not onsider a onsistent lusterradius or limiting absolute magnitude in omparing di�erent lusters.However, as many authors have showed (Binggeli, Sandage & Tammann (1988);Varela (2004); Barkhouse, Yee & López-Cruz (2007)), the luminosity funtionis di�erent for di�erent morphologial types, so it seems evident that it annot be Universal. However, many authors laim about the universality of theluminosity funtion for di�erent morphologial types.
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Chapter 8The Brightest ClusterGalaxies: BCGsAvanza envuelta en belleza,omo la nohe de regiones sin nubes y ielos estrellados;y todo lo mejor de lo osuro y lo brillante,se une en su rostro y en sus ojos. . .Ray Bradbury, 'Crónias Marianas.'The Brightest Cluster Galaxies (BCG) are giant elliptial galaxies nearthe spatial and gravitational entre of a galaxy luster. They are the brightestand most massive stellar systems in the Universe. BCGs are found very loseto the entre of the lusters of galaxies determined from X-ray observations orgravitational lensing observations (Jones & Forman, 1984; Smith et al., 2005).Those objets possess a number of singular properties. Their luminosities are re-markably homogenous, as notied �rst by Humason, Mayall & Sandage (1956).A number of works (Sandage, 1972a; Gunn & Oke, 1975; Hoessel & Shnei-der, 1985; Postman & Lauer, 1995), veri�ed their high luminosities and smallsatter in absolute magnitude and onsequently, were devoted to the establish-ment of those objets as 'standard andles' with whih to measure osmologialdistanes. In fat, they were originally used to inrease the range of Hubble'sredshift - distane law ((Sandage, 1972a,)).Furthermore, there are numerous piees of evidene, (see for example, Tremaine& Rihstone (1997)), that show that BCGs are not extrated from the sameluminosity distribution as the Shehter luminosity funtion of normal galaxies(Shehter (1976)) and that they are not statistial �utuations in the luminosityfuntion.Diverse theories have been promoted to explain the formation and singular fea-tures: the aumulation of tidal stripped debris from luster galaxies (Ostriker173



174 CHAPTER 8. THE BRIGHTEST CLUSTER GALAXIES: BCGS& Tremaine, 1975; MGlynn & Ostriker, 1980; Malamuth & Rihstone, 1984;Merritt, 1985), rapid merging in the ollapse of the luster ore, galati 'an-nibalism' of giant galaxies spiraling into the enter of the luster under thein�uene of dynamial frition, or the reation by the X-ray emission-drivenooling �ows of gas, Fabian, Nulsen & Canizares (1982).However, there is onsiderable observational evidene that suggest giant ellip-tials were formed at high redshift, and have been passively evolving to thepresent day (Bower, Luey & Ellis, 1992a; Aragón-Salamana et al., 1993; Stan-ford, Eisenhardt & Dikinson, 1998; van Dokkum et al., 1998). Passive evolutiondesribes a situation where the stellar population in a galaxy formed in a sin-gle burst at a redshift zf . This population then matures, without further starformation.The latest hierarhial simulations of BCG formation De Luia & Blaizot (2007),predit that the stellar omponents of BCGs are formed very early (50% at z ∼5 and 80 % at z ∼ 3). This star formation ours in separate subomponentswhih then arete to form the BCG through 'dry' mergers. It is importantto note that in these simulations loal BCGs are not diretly desended formhigh-z (z>0.7) BCGs. However, De Luia & Blaizot (2007) �nd little physialdi�erene between the progenitors of loal BCGs and high-z BCGs or betweenthe loal BCGs and the desendants of the high-z BCGs. This means thatobserved evolution presented here an still be ompared to simulation.Also, in the halo of D galaxies, we an �nd large numbers of Globular Clusters,that an provide diagnostis of the D formation proess, assuming that thetotal luminosities and masses of the annibalized galaxies should be printed intheir metalliities, (Brodie & Huhra, 1991; Jordán et a., 2004).Some BCGs show an exess of light or usually alled envelopes, over the deVauouleur (r1/4) pro�le at large radii (Matthews, Morgan & Shmidt, 1964;Oemler, 1973, 1976; Shombert, 1986, 1987, 1988; Graham et al., 1996). There-fore, a large fration of these BCGs are termed as D galaxies (Jordán et a.(2004); Patel et al. (2006)). Although the origin of suh extended envelopesis still not ompletely lear, Patel et al. (2006), the extended stellar haloes ofBCGs to surfae brightness are likely from BCGs themselves: the intra-lusterlight has muh lower surfae brightenss and only dominates at large radius,(Zibetti et al., 2005; Bernardi et al., 2007; Lauer et al., 2007)The study of the Brightest Galaxy Clusters (BCGs) for the NOT and ACSsamples have been faed. Those BCGs were extrated from the luster potentialby developing an algorithm apable to extrat the halo by means of an iterativeproess and a re�nement of the masks loated in the galaxy halo, Asaso et al.(2008). We have studied the nature of D galaxy of these BCGs and also try toon�rm the studies whih onsider the BCGs as standard andles for performingosmologial studies of the evolution in the Universe.



8.1. BCGS POPULATION 175Table 8.1: BCGs in NOT Clusters
Name α(2000) δ(2000) z mr Mr B − r T

A 1643 12 55 54 +44 05 12 17.91 −21.61 2.06 S0
A 1878 14 12 52 +29 14 28 0.222 17.39 −22.36 2.30 E
A 1952 14 41 03 +28 37 00 17.37 −22.61 2.10 E
A 2111 15 39 40 +34 25 27 0.2282 17.16 −22.67 2.18 E
A 2658 23 44 49 −12 17 39 16.99 −22.39 2.01 ETable 8.2: BCGs in ACS Clusters
Name α(2000) δ(2000) z mr Mr g − r T

A 1689 13 11 29 −01 20 27 0.1828 16.87 −22.75 1.348 E
A 1703 13 15 05 +51 49 03 0.2836 17.34 −23.09 1.643 E
A 2218 16 35 49 +66 12 44 0.1800 16.72 −22.79 1.207 E
CL0024 00 26 35 +17 09 43 0.3871 18.87 −22.57 1.931 E
MS1358 13 59 50 +62 31 05 0.3270 18.29 −22.13 1.707 E8.1 BCGs populationThe BCGs in NOT and ACS sample are shown in Figures 8.1 and 8.2. At ex-amining the frames we an see that all the BCGs sample have an extended halo,surrounded by small galaxies. In Tables 8.1 and 8.2, their main harateristisare olleted. The �rst four olumns give the name of the luster, the oorde-nates of the BCG and the redshift, if available. The �fth and sixth olumn alsoshows the apparent and absolute r magnitude. The next olumn refers to theinner olor (B-r for the NOT sample and g-r for the ACS sample) and �nally,the morphologial type is listed in the last olumn.We an observe an homogeneous range of properties in the BCGs sample. Allthe galaxies are very bright elliptial red galaxies, with the exeption A1643,where it is a lentiular galaxy. Some of them have also a visible halo, and theylook like D galaxies (A1952 or A2658 in NOT sample and all the BCGs in ACSsample).In some of them, espeially in the ACS sample, with better resolution, we andistinguish small globular lusters in the halo. And, in any ase, they aresurrounded by a number of small gravitational attrated number of galaxies.
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Figure 8.1: BCGs population in NOT sample
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Figure 8.2: BCGs population in ACS sample



178 CHAPTER 8. THE BRIGHTEST CLUSTER GALAXIES: BCGS8.2 Extration AlgorithmBakground Subtration MethodOne of the most di�ult subjets in studying the BCGs is to extrat the Dgalaxy from the galaxy luster, as their halos extends muh further than theelliptial galaxies. In many lusters, the halo of the D extends nearly to theAbell Radius. As an illustration, we have shown in Figure 8.3, two frames fromour sample (A1952 from the NOT sample and A1689 from the ACS sample),with a previous smooth of the light to make lear the extend of the light.Therefore, we have investigated in the following questions: How to subtratit without hanging the luster properties? And without hanging the lightpro�les of the rest of the galaxies? That matter is still not solved althoughmany attempts have been arried out, (Patel et al., 2006; Seigar, Graham &Jerjen, 2007). We have built a proedure whih ahieves good results, (Asasoet al., 2008).The initial idea onsisted on masking all the galaxies in the frame exept theBCG with SExtrator in order to avoid adding light from the soures to theBCG. Then, we �t a model to the D galaxy with the IRAF tasks ELLIPSEand BMODEL. We subtrat then the model to the BCG and estimate thebakground in that image with SExtrator, subtrating it from the originalimage. That last step was thought in order to subtrat part of the light of thehalo at subtrating the bakground. We then iterate that proedure and �nallywe obtained the model of the BCG and the rest of the galaxies without theBCG. In order to illustrate the di�ulty of that proess, we have set in Figure8.4, two inadequate subtrations of one of our lusters, A1689. The upper panelshows an underestimation of the light of the halo, while the bottom panel is anoverestimation fo the D halo light.After examining that results, we realized that spurious 'ars' or 'blak areas'were due to an inexat masking of the objets in the halo of the D for the aseof the underestimation, so we used an IRAF routine1, whih allows to mask anyobjets in the image by speifying the exat shape of the mask, (e.g. a irle,ellipse, retangle, et).Regarding to the seond ase, the overestimation of the light, we performeddi�erent tests and the results were that the SExtrator parameter BACK_SIZEwas ruial for the estimation of the bakground and the subtration of the rightlevel of light, as it has been already notied by some authors, (e.g., Patel et al.(2006)). We hose then the value of BACK_SIZE as the area orresponding tothe measure of the largest galaxy with enough (≥ 50 %) surrounding bakgroundto be estimated taking apart the BCG.After applying suh orretion, we ahieved good results as it is illustrated inFigure D.1 for the last example, A1689. In that plot, we have shown the original1This referred IRAF routine was kindly provided by Jesús Varela
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Figure 8.3: A1689 (ACS) and A1952 (NOT) smoothed images
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Figure 8.4: A1689 BCGs inadequate subtrations. More details in the text.



8.3. ANALYSIS 181luster in the upper panel, together with the 'right' subtration of the BCG afterthe re�nements. As we an see, the results are now exellent.The rest of BCGs in the lusters belonging to both samples has been extratedalso with exellent results. The resultant images are olleted in the Appendixsetions C and D.8.3 Analysis8.3.1 Degree of DominaneThe Degree of Dominane, ∆m is the quanti�ation of the bright dominaneof the D galaxy respet the rest of the galaxies in the luster. The de�nitionis given by Kim et al. (2002), as the magnitude di�erene between the BCGmagnitude (m1) and the average magnitude of the seond (m2) and third (m3)brightest member. That is:
∆m = (m2 + m3)/2 − m1The seond and third brightest galaxies are seleted as the next two brightestgalaxies on the luster red sequene within a radius of 500 kp of the BCG. Tak-ing the average of the seond and third ranked galaxies is slightly more robustto ontamination than just using the seond. It also removes the weighting fromases where there are two BCG andidates that are far more luminous than therest of the luster, as for example in the ase of A2218, that has two main brightgalaxies.Some studies in the literature (Kim et al., 2002; Jordán et a., 2004; Stott etal., 2008) have used it to study the degree of alignment of the more dominantBCGs with the host luster and extrat therefore onlusions about the BCGand luster formation. In this work, we only mapped the entral region of thelusters, so in this work we have not been able to orrelate it with extendedproperties of the luster.In Tables 8.3 and 8.4, we have set the values for the Degree of Dominane ineah luster for the NOT and ACS sample respetively. In the third olumn,we have also set the di�erene between the �rst and seond member, (that wehave alled ∆m2). We have set a mark in the luster A2658 as its maximumaperture is 420 kp. Therefore, that aperture is very lose to 500 kp, so wewill set this value in the analysis although we will take that fat on mind.In Figure 8.6, we have ompared the Degree of Dominane obtained for oursample with the absolute magnitude of the BCG of the given luster. It doesnot seem like there are any tendeny of the degree of dominane for the wholesample.However, we know that X-ray luster properties are diretly related to the lus-ter mass properties and the depth of the luster gravitational potential well. As
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Figure 8.5: A1689 BCGs subtration. More details in the text.
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Figure 8.6: Degree of Dominane versus BCG magnitude. Triangles refer toNOT sample while blak points refer to ACS sample.a onsequene, those luster give us information about the evolution and envi-ronmental in�uene, Edge (1991). So, if we take only the X-ray lusters fromthe sample, (that is, the ACS sample and A2111 from the NOT sample), weobserve a dereasing degree of dominane with brightness, indiating that theBCG beomes brighter as its predominane in the lusters is higher. That trendgoes in the sense of the formation of the luster through hierarhial models, DeLuia & Blaizot (2007). For the less massive lusters in NOT sample, however,we do not �nd any notieable tendeny.We �nd that three BCGs, (A2111, A2218 and A1689), are a�eted by morethan a fator of two between ∆m and ∆m2, as it is learly shown in Figure 8.7.As many it has been reported in literature, (Wang, Ulmer & Lavery, 1997; Hen-riksen, Wang & Ulmer, 1999; Miller et al., 2006; Kneib et al., 1995; Markevith,1997; Neumann & Böhringer, 1999; Mahaek et al., 2002), A2111 and A2218are thought to be two luster mergers what will explain that there would be twolarge dominant galaxies. For the ase of A1689, there are no evidenes reportedabout the possible merging of that luster but a fator of two of disrepanybetween the masses estimated by X-ray and lensing tehniques have been re-ported, (Andersson & Madejski, 2004; Diego et al., 2005). Furthermore, A2111and A1689 have the smallest ∆m value after CL0024, whih would indiate adominant very bright population in the luster.



184 CHAPTER 8. THE BRIGHTEST CLUSTER GALAXIES: BCGSTable 8.3: Degree of Dominane in NOT BCGs Sample
Name ∆m ∆m2

A 1643 0.560 0.450
A 1878 0.730 0.670
A 1952 0.565 0.529
A 2111 0.325 0.059
A 2658∗ 0.740 0.500

∗ Aperture of 420 kpTable 8.4: Degree of Dominane in ACS BCGs Sample
Name ∆m ∆m2

A 1689 0.249 0.093
A 1703 0.790 0.723
A 2218∗∗ 0.522 0.237
CL0024 0.056 0.046
MS1358 0.412 0.309

∗∗ Aperture of 475 kpOn the other hand, we �nd that the values for the ∆m and ∆m2 for threeBCGs, A1878, A1952 and A1703, remain nearly onstant, what would indiatean outstanding BCG omparing to the rest of the galaxy population in theluster. In addition, two lusters out of these three, A1878 and A1703, (andalso A2658) have a Degree of Dominane higher than 0.65, the value seletedby Kim et al. (2002) to all a dominant BCG. That fat is notied also in thelow number of iterations at extrating the D galaxy in the last setion.In Figure 8.8, we have plotted the relation of the Degree of Dominane withredshift for both samples. We see as our luster at highest redshift, CL0024,is the luster with the smallest degree of dominane, or the similar range ofluminosity in its bright population. However, if we take out that luster, we donot see any tendeny. We only note that at redshift ≈ 0.2 it seems to be a largerdispersion than a a redshift ≈ 0.25. We would need larger sample of lusters toaount for this fat.We have also looked for orrelations with lusters rihness lass. The resultsare shown in Figure 8.9. Unfortunately, we have not been able to �nd in theliterature the orresponding RC for our farthest luster. We see a trend withRihness Class, indiating that very rih lusters have a wide range of values ofthe Degree of Dominane, while, on the ontrary, poorer lusters, seem to have
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Figure 8.7: Degree of Dominane versus ∆m2. Triangles refer to NOT samplewhile blak points refer to ACS sample.

Figure 8.8: Redshift versus Degree of Dominane. Triangles refer to NOT sam-ple while blak points refer to ACS sample.
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Figure 8.9: Cluster Rihness Class versus Degree of Dominane. Triangles referto NOT sample while blak points refer to ACS sample.large degree of dominane values, indiating to a more homogeneous luminositybetween its members. Again, we an not onlude as we our sample may bebiased to riher lusters.8.3.2 MorphologyAs we have already mentioned, Shombert (1986) onduted an extensive surveyof BCG brightness pro�les �nding that not all BCGs galaxies were D galaxies.A D galaxy is onsidered a giant elliptial that has a separate extended lowsurfae brightness envelope, whih is evident as an in�etion in the brightnesspro�le typially at µV ∼ 24 or greater, ((Oemler, 1976; Shombert, 1986; Tonry,1987; Kormendy & Djorgovski, 1989)). That is, D's are elliptial galaxies withshallow surfae brightness pro�les
d log µV /d log r ≈ 2at µV ∼ 24 mag arse−2. Those galaxies exhibit a harateristi 'break' over an

r1/4 law, and are muh brighter than typial elliptial galaxies, with luminosities
∼ 10L∗, Sandage & Hardy (1973); Shombert (1986). The D lassi�ation itselfwas introdued by Matthews, Morgan & Shmidt (1964) to denote the very largeD galaxies that they found in some lusters and the '' pre�x was taken from the



8.3. ANALYSIS 187notation for supergiants stars in stellar spetrosopy. Type D galaxies behavein similar ways as BCGs galaxies. They are always found in dense regions, andin virtually all ases they are loated near the spatial and kinematial enter oftheir host luster, or subluster. A number of theories have been suggested tojustify the formation of D galaxies related to the luster environment and theirlose link to their dynamial history.Many authors have laimed that the envelopes themselves might be distintentities from the galaxies themselves for a number of reasons. In �rst instane,D envelope luminosity is weakly orrelated with some properties of the hostluster, most notably with luster rihness and X-ray luminosity, Shombert(1988). Seondly, both the position angle and elliptiity of D galaxy isophotesommonly show disontinuities at rb, where the envelope begins to dominatethe surfae brightness pro�le, (Shombert, 1988; Porter, Shneider & Hoessel,1991). Finally, the envelopes have surfae brightness pro�les with power-lawslopes that are similar to those measured from the surfae density pro�les of thesurrounding luster galaxies.We must be autious with the analysis of the surfae brightness of the Dgalaxies as a onstant power law will rise above an R1/4 law at large radii, aD envelope may be erroneously deteted as separate omponent, even thougha single power law ould desribe the BCG ompletely.In Figure 8.10, we have plotted the r1/4 pro�les versus the surfae brightnessin order to determine if the BCGs galaxies are also D galaxies. At the view ofthat pro�les, we an assign a D halo to A1952 from the NOT sample, as wesee an distinguish the harateristi 'break' from the de Vauouleurs pro�le. Inthe ACS, we �nd the break in A2218 and MS1358. The rest of the galaxies doesnot seem to have a di�erent pro�le from a De Vaouleurs law, in some ases,steeper than them.8.3.3 Surfae BrightnessFollowing several works in literature, (Shombert, 1986; Jordán et a., 2004; Liu& Mohr, 2004; Seigar, Graham & Jerjen, 2007), we have examined the surfaebrightness of the BCGs. We have �tted di�erent pro�les and examined itsparameters. In Figures 8.3.3 and 8.3.3, we have plotted di�erent �ts to thesurfae brightness of the BCGs for the NOT and ACS sample respetively. Theleft upper panel shows the de Vauouleurs �t, the right upper refers to theSersi pro�le, the bottom left shows a Sersi plus Exponential pro�le and �nallythe bottom right plot shows a �t with two Sersi's pro�les. All of them havebeen �tted using the same analysis that we have used in this thesis, GASP-2D,explained in Chapter 5 and also with GALFIT for omparison. The results areolleted in Tables 8.5, 8.6 8.7 and 8.8, respetively.The use of de Vauouleurs R1/4 law, de Vauouleurs (1948), to desribe BCGsurfae brightness pro�les was proved by Shombert (1986) to o�er a poormath, only ahieving a good �t over a restrited range of surfae brightness.
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Figure 8.10: Deviation of the surfae brightness pro�les from the De Vauouleurspro�le for the NOT BCGs. Red line: De Vauouleus �t. Blak line: BCG pro�le.
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Figure 8.11: Deviation of the surfae brightness pro�les from the De Vauouleurspro�le for the ACS BCGs. Red line: De Vauouleus �t. Blak line: BCG pro�le.
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Gasp − 2D Galfit

Name Re(
′′) ε PA Re(

′′) ε PA

A 1643 2.94 0.70 0.28 3.08 0.72 −1.25
A 1878 6.48 0.86 54.01 4.95 0.83 63.72
A 1952 5.45 0.90 134.11 24.39 0.74 −57.43
A 2111 10.02 0.74 177.60 6.83 0.61 −0.16
A 2658 10.85 0.84 43.82 15.56 0.65 26.80

A 1689 20.03 0.86 38.37 33.68 0.78 20.68
A 1703 8.20 0.86 7.90 12.03 0.77 2.08
A 2218 20.02 0.84 45.75 47.49 0.48 49.69
CL0024 7.43 0.82 5.72 6.83 0.74 −42.48
MS1358 4.11 0.94 8.24 15.56 0.49 −31.67In fat, in the pro�les presented in his work many of the BCGs pro�les appearto be better �tted by power laws rather than de Vauouleurs law. In addition,if the BCG is a D galaxy, a onstant power law will rise above an R1/4 law atlarge radii and the �t will be erroneous.The use of a single Sersi law, Sersi (1968), has been used in Graham et al.(1996) ahieving very good results due to the �exibility of the n shape parameter,ahieving, most of the BCGs larger values of n than 4. Also, many works haveapplied the use of two Sersis laws to measure the surfae brightness of verydeep exposures of D galaxies, (Seigar, Graham & Jerjen, 2007).Table 8.6: BCGs Sersi �t

Gasp − 2D Galfit
Name Re(

′′) n ε PA Re(
′′) n ε PA

A 1643 2.22 3.16 0.70 0.32 2.07 2.14 0.75 0.41
A 1878 3.47 2, 48 0.86 54.10 3.39 1.92 0.82 58.03
A 1952 15.17 6.57 0.90 132.75 60.61 6.92 0.76 −57.86
A 2111 3.62 1.86 0.75 176.85 4.02 1.59 0.67 −3.68
A 2658 10.94 4.02 0.84 43.61 13.20 3.41 0.66 26.37

A 1689 9.74 2.53 0.84 14.32 29.60 3.77 0.79 20.67
A 1703 6.16 3.31 0.84 171.26 15.33 4.74 0.76 2.41
A 2218 12.96 1.97 0.62 40.06 18.65 2.12 0.50 50.40
CL0024 10.00 4.43 0.83 174.14 38.53 5.56 0.74 −50.12
MS1358 8.24 5.44 0.91 152.31 168.70 9.14 0.54 −27.82
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Table 8.7: BCGs Sersi plus Exponential �t
Gasp − 2D Galfit

Name Re(
′′) n εb PAb h(′′) εd PAd B/T Re(

′′) n εb PAb h(′′) εd PAd B/T

A 1643 1.73 2.74 0.70 179.95 4.32 0.85 47.63 0.87 0.78 0.99 0.78 −2.11 2.09 0.73 2.73
A 1878 2.48 2, 37 0.89 45.68 2.91 0.73 66.58 0.67 1.52 1.30 0.81 45.85 3.06 0.80 63.18
A 1952 20.77 8.00 0.89 145.86 15.19 0.25 101.75 0.66 118.33 9.42 0.93 18.22 10.18 0.34 −59.27
A 2111 1.11 1.07 0.90 15.37 2.74 0.66 173.95 0.16 1.42 1.04 0.95 22.86 3.36 0.59 −6.56
A 2658 3.39 2.77 0.84 56.07 6.24 0.71 19.11 0.45 10.65 3.42 0.69 36.52 3.66 0.49 43.50

A 1689 2.77 1.04 0.83 44.46 10.50 0.84 25.72 0.26 3.44 1.31 0.90 31.12 23.74 0.54 17.91
A 1703 3.42 2.52 0.87 14.38 17.23 0.44 171.26 0.36 3.59 2.49 0.86 1.78 28.65 0.40 3.60
A 2218 14.97 2.77 0.73 60.55 5.51 0.47 37.18 0.54 29.93 2.90 0.53 36.70 10.01 0.22 65.32
CL0024 0.61 1.33 0.78 133.05 2.59 0.87 163.35 0.15 29.36 5.33 0.84 −52.58 247.81 0.01 −42.01
MS1358 0.84 2.37 0.91 72.43 4.99 0.44 151.01 0.12 159.76 9.04 0.54 −26.56 124.33 0.01 −67.60
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Galfit

Name Re(
′′) nb εb PAb Re(

′′) nd εd PAd B/T

A 1643 1.04 1.22 0.77 −1.28 4.56 0.52 0.72 4.66
A 1878 2.22 1.50 0.82 50.22 7.01 0.56 0.79 69.19
A 1952 22.93 1.82 0.89 −58.56 1.47 1.75 0.95 −37.71
A 2111 1.87 1.11 0.83 −1.20 6.85 0.68 0.59 −6.49
A 2658 3.29 2.23 0.98 −21.98 21.59 1.11 0.42 27.42

A 1689 4.50 1.54 0.84 23.76 28.19 0.43 0.56 16.22
A 1703 4.29 2.66 0.82 0.61 83.87 0.38 0.16 5.90
A 2218 19.65 2.25 0.51 49.68 0.00005 20.00 0.21 66.31
CL0024 14.41 4.61 0.84 5.29 17.99 0.30 0.38 −56.18
MS1358 3.07 3.45 0.87 −34.86 219.16 0.67 0.07 −20.81At analyzing the pro�les we an say that in nearly all the ases, the de Vau-oleurs �t does not �t aurately the whole pro�le, as the BCGs pro�les aresteeper than them. On the ontrary, a single Sersi law seems to be a goodapproximations for the pro�les in a number of ases, A1878, A2658 or CL0024,ahieving in all ases n values larger than 4.If we apply two omponent pro�les, we obtain that two Sersis law are desribingquite aurately nearly all lusters, with the exeptions of MS1358, A1703 orA2218. However, let's note the low values of shape parameters in most of theases.However, MS1358 and A1703 are well desribed by a Sersi and Exponential law.Partiularly remarkable is the pro�le of A2218, whih its extense envelope is notvery well �tted by none of this pro�les. One possible explanation an be thatthis luster seems to be a merger of two luster, as many authors have suggested,(Kneib et al., 1995; Markevith, 1997; Neumann & Böhringer, 1999; Mahaeket al., 2002), and therefore its pro�le an be disturbed by the environmentalin�uene of the merging luster.8.3.4 Hubble DiagramThe BCGs have been shown to vary little in luminosity within a �xed metriaperture (Sandage, 1972a,; Postman et al., 2005) and in the past deade, thenear-infrared K-band Hubble diagram has been studied in depth by numerousauthors (Aragón-Salamana, Baugh & Kau�mann, 1998; Brough et al., 2002)up to redshift z ∼ 1. That band has turned out to be extremely suitable forthe study of the BCG evolution beause the k-orretion remains unhangedby the star formation history of the galaxy, and the extintion is appreiably
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Figure 8.12: Surfae brightness pro�les for the NOT BCGs. Upper left: DeVauouleurs �t (Red line, GASP-2D �t, Green Line, GALFIT �t). Upper right:Sersi �t (Red line, GASP-2D �t, Green Line, GALFIT �t). Bottom left: Ser-si+Exponential �t, (Red line, GASP-2D Sersi �t, Green Line, GASP-2D Ex-ponential �t, Blue line GASP-2D total �t; Green line, �rst Sersi �t, light blue,Exponential �t, violet line, total GASP-2D �t). Bottom right: Sersi+ Sersi �t,(Green line, �rst Sersi �t, light blue, seond Sersi �t, violet, whole GASP-2D�t)
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Figure 8.13: Surfae brightness pro�les for the ACS BCGs. Upper left: DeVauouleurs �t (Red line, GASP-2D �t, Green Line, GALFIT �t). Upper right:Sersi �t (Red line, GASP-2D �t, Green Line, GALFIT �t). Bottom left: Ser-si+Exponential �t, (Red line, GASP-2D Sersi �t, Green Line, GASP-2D Ex-ponential �t, Blue line GASP-2D total �t; Green line, �rst Sersi �t, light blue,Exponential �t, violet line, total GASP-2D �t). Bottom right: Sersi+ Sersi �t,(Green line, �rst Sersi �t, light blue, seond Sersi �t, violet, whole GASP-2D�t)
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Figure 8.14: Hubble Diagram for the BCGs in NOT (Triangles) and ACS sample(Blak Points).smaller than at other wavelengths, (Charlot, Worthey & Bressan, 1996; Madau,Pozzetti & Dikinson, 1998).In that setion, we have study the Hubble diagram in the r-band for our lusterssample. Even though that band is more sensible to the star formation on thegalaxies than the K band, has smaller dispersion than blue bands.In Figure 8.14, we have plotted the Hubble Diagram for our sample, we observethat the data in the ACS sample, whih are lusters that emit in X-ray desribea very well de�ned Hubble sequene as it is shown in the �t. For the rest of thelusters, the NOT sample, we do not �nd a trend in the Hubble Diagram.As many authors have noted, (Aragón-Salamana, Baugh & Kau�mann, 1998;Collins & Mann, 1998; Burke, Collins & Mann, 2000; Brough et al., 2005), theK-band Hubble diagram for BCGs is very well de�ned up to redshift 1, withsmall dispersion (within 0.3 mag). With the purpose of looking into the plaeof our BCGs sample in the K-band Hubble diagram and as we do not have Kmagnitudes, we have used a olor transformation of R-K=2.6, Lauer & Postman(1994), following for example, Aragón-Salamana, Baugh & Kau�mann (1998);Burke, Collins & Mann (2000).Then, in Figure 8.15, we have set our BCGs sample (with red points and bluetriangles for the ACS and NOT sample, respetively), together with the 45BCGs in EMSS (Einstein Medium Sensitivity Survey), X-ray-seleted lusterssample, Gioia & Luppino (1994) in K-band, extrated from Collins & Mann
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Figure 8.15: K-band Hubble Diagram for the BCGs in NOT (Blue Triangles)and ACS sample (Red Points). The blak points are the BCGs in a X-rayseleted sample given by Collins & Mann (1998). The line is the whole samplelinear �t.(1998), (blak points, in the Figure 8.15)As we see, our points are plaed within the dispersion found in the HubbleDiagram. We see as the ACS sample BCGs, found in more massive and luminousX-ray lusters, seem to be found in the lower part of the relation, while the BCGsin NOT sample, belonging to less massive and rih lusters are plaed in theupper part of the relation. Indeed, this is the z-range where the dispersionis large of the sample. Anyway, we have �tted the whole sample and we havefound a dispersion of 0.268, however the dispersion for ACS sample together withCollins & Mann (1998) sample is 0.235, while the NOT sample with Collins &Mann (1998) ahieves to 0.273. All of the are ompatible with the errors foundby Collins & Mann (1998), et, however, the ACS sample are X-ray lustersseleted in the same way then them. However, more data at low redshift needsto be available for �lling the whole Hubble Diagram.8.4 Are they Standard Candles?Sine the �rst identi�ation of photometri homogeneity of BCGs, (Humason,Mayall & Sandage, 1956; Sandage, 1972a,b), the BCGs have been explored indetail in order to demonstrate that they ould be treated as 'Standard Candles'



8.4. ARE THEY STANDARD CANDLES? 199for performing osmologial probes.The main piee of evidene in that sense, was the evidene of the spetaularsmall dispersion of 0.25 mag of the luminosities of the BCGs, with an adequateseletion of the data in luminosity and luster morphology.Lauer & Postman (1994); Postman & Lauer (1995), performed the �rst studiesin large samples of BCGs. They seleted 119 BCGs up to redshift ≤ 0.05 from asample of 153 lusters in the ACO atalogue, (Abell, Corwin & Olowin, 1989),basing their exlusions on the redshift, lak of signi�ant overdensity or non-elliptial BCG morphology. They investigated into the relationship between
Lm, the metri luminosity within the entral 10 h−1 kp of the BCGs andlogarithmi slope of the surfae brightness pro�les α, �nding a redution of theosmi satter in Lm and an independene of the olor, luster rihness andBCG loation within the host luster, onluding with the following sentene:BCGs are a highly homogeneous population, making them suitable for statistialstudies of galaxy peuliar veloities on large sales.In the following years, a large number of works, (Collins & Mann, 1998; Broughet al., 2002), et, have been devoted to the orroborate the homogeneity of theBCGs. Some of them have established that the dispersion of BCGs in lusterswith an X-ray luminosity Lx ≥ 2.3 × 1044ergs−1 in the passband 0.3 − 3.5keVis about half as large (0.24) as those in less luminous lusters, and their meanabsolute magnitude in the raw K-band is 0.5 mag brighter. However, there arestill few BCGs with redshift below 0.3 in these analyses so the evolutionarynature of this e�et remains unlear.We have found that our X-ray BCGs sample, ahieves a small dispersion (of0.23) in the Hubble Diagram. However, if we onsider the rest of the samplethat does not emit in X-ray, the dispersion, even if within the results previouslyfound, amounts to 0.28. It seems like the homogeneity of the BCGs is patent.However, the use of 'Standard Candles' ould be done only for lusters seletedwith a variety of properties, suh as X-ray emitters or any other requirementslike the ones spei�ed in Postman & Lauer (1995).At present, a luster detetion algorithm based on the optial properties of theBCGs, MaxBCG, Koester et al. (2007), have been developed. On one hand, thisalgorithm takes advantage of the olors of the brightest members and their spa-tially 'lustering' falling o� as ∼ 1/r in two dimensions. On the other hand, theyombine these information with the existene of the BCG residing at brightestend of the CMR sequene and its plaement at the halo enter. As a onse-quene, they have been able to reover 90% pure of the lusters at 0.1 <z<0.3with 10 or more red galaxies through large, realisti, mok galaxy atalogues.
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Chapter 9Conlusions and FutureProspetsWhen I heard the learn'd astronomer;When the proofs, the �gures, were ranged in olumns before me;When I was shown the harts and the diagrams,to add, divide, and measure them;When I, sitting, heard the astronomer, where he leturedwith muh applause in the leture-room,How soon, unaountable, I beame tired and sik,Till rising and gliding out, I wander'd o� by myself,In the mystial moist night-air, and from time to time,Look'd up in perfet silene at the stars.Walt Whitman, 'Leaves of grass'We have analyzed a sample of ten lusters of galaxies at medium redshift (0.15
≤ z ≤ 0.4), overing a wide range of properties in luminosity, X-ray properties,rihness, dynamial states... These sample is mainly subdivided in two subsam-ples: the NOT sample (�ve lusters observed from the ground, less massive andrih, with few literature available and with an area overage slightly larger) andACS sample (�ve more lusters observed from the spae with plenty of literatureavailable, rih, massive, X-ray emitters and with a smaller area overage). Aluster in NOT sample, A2111 is also a X-ray emitter, so sometimes, it will beanalyzed together with the ACS sample in order to ompare its X-ray properties.We have been able to study therefore the degree of osmi variane from lowerand higher redshift samples, as well as standing out the main properties of someindividual objets. In that hapter, we summarize the major onlusions thathas been derived from the results of the analysis of this sample.203



204 CHAPTER 9. CONCLUSIONS AND FUTURE PROSPECTS9.1 Conlusions9.1.1 Bright Galaxy Population
• We have examined the possible interlopers in our medium redshift lusters�nding that the foreground ontamination may be negligible in agreementwith the results already found by Fasano et al. (2000). The bakgroundontamination has been orreted by exluding galaxies redder than theCMR due to the osmologial k-e�et, and using the redshift informationif any. We have heked that that subtration, espeially in the brightpopulation, agrees with the extration provided by �eld ounts, �ndingan exellent agreement up to the ompleteness limit with the subtration�elds provided by MLeod et al. (1995).
• We have �tted the individual Color-Magnitude Relation (CMR) for oursample up to the ompleteness limit for the sample (Mr = −19.5 for theNOT sample and Mr = −17.8 for the ACS sample). The results of the �tfor the ten lusters have a very small dispersion (0.013) and the resultsare in good agreement with the reported in the literature.
• The Color-Morphology relation has been examined �nding that six lus-ters out of ten have a spiral-type galaxy population dominating over theearly type population, while the four di�erent lusters have the oppositebehavior. The bright galaxy population is mostly early-type, de�ning thered sequene. The BCGs are elliptial galaxies in all ases but in the aseof A1643, whih the BCG is a lentiular fainter galaxy.
• We have ompared the results found for the CMR for the whole samplewith a low redshift sample of López-Cruz et al. (2004) �nding an exellentagreement with them. We obtain a mean value for the slopes of our sampleof −0.050 ± 0.014, whih is the same as our sample together with theLópez-Cruz et al. (2004),−0.05± 0.008. In addition, those values are verysimilar to the slope value reovered by Mei et al. (2006) for two lusters at

z ≈ 1.26. That fat supports the no variation of the CMR up to redshift
≈ 0.3 at least and more probably at larger redshift. In other words, thestellar population for the bright early type galaxies was arranged just afterthe galaxy formation.

• We have looked into the possible Buther-Oemler e�et, by studying theblue galaxy fration fb of the bright galaxy population, Mr ≤ −20, for theluster sample in two apertures for the NOT sample, 420 kp and 735 kpand a 475 kp aperture for the ACS sample. Those apertures have beenonsidered as a replaement of the Buther & Oemler (1984) anonialvalue of R30. Those values are onsistent with the values found in theliterature.
• We have found an exellent agreement with the blue fration values byDe Propris et al. (2004); Aguerri et al. (2007) for a low redshift sample



9.1. CONCLUSIONS 205even if we �nd outstanding ases suh as A1878, whih are also re�etedin low redshift samples, De Propris et al. (2004); Varela (2004); Aguerriet al. (2007). Therefore, diversity seems to be the most remarkable trendup to this range of redshift, z ∼ 0.3.
• We have performed a visual lassi�ation of the morphologial visual typesinto Elliptials, Lentiular, Spiral and Irregular galaxies. In order to hekthe onsisteny of the lassi�ation, we have ompared them with the dif-ferent visual lassi�ations performed in the literature for the galati pop-ulation in the lusters in ommon. We have found that the NOT sampleahieves an agreement of 70% with the lassi�ation given by Fasano et al.(2000), A1689, CL0024 and MS1358 obtain a 75%, 76.74% and 66.6% ofidential morphologial types respetively, for their omparison with thesamples of Teague, Carter & Gray (1990); Du et al. (2002) (for A1689),Treu et al. (2003) (for CL0024) and Fabriant, Franx & van Dokkum(2000) (for MS1358). The sample with the largest number of galaxies inommon (CL0024 with 80 galaxies in ommon), is the one with betteronordane.
• We have also omputed the onentration parameters for our lusters sam-ple, exept for A2658, the luster with the smallest area overage. We haveompared those values with the onentration values given by Buther &Oemler (1978), at low redshift and Dressler et al. (1997) at higher red-shift. We �nd that our onentration values span the full range of thevalues measured for both samples, even if we �nd that three lusters areplaed in the low part of the onentration values in agreement with thetendenies noted by Buther & Oemler (1978); Dressler et al. (1997) thatthe more irregular, less onentrated lusters ould be populated by latetype galaxies.
• The rate of interating systems in our sample has also taking into onsid-eration. We have omputed the perturbation f-parameter, introdued byVarela et al. (2004) in order to aount for the tidal fores for every galaxy.We �nd a median values of -1.85 and -1.76 for the NOT and ACS sample,respetively, while the median value found for Coma Cluster, Varela et al.(2004), is -2.7. In fat, we �nd that a 63.97% of the NOT lusters galaxiesand a 60.05% from the ACS lusters galaxies have a perturbation param-eter higher than -2, whih is the value hosen by Varela et al. (2004) toselet interating systems. Therefore, those results suggest the preseneof a higher degree of interation in our lusters samples, with respet toComa.
• We have faed the analysis of the Surfae Brightness for the galati popu-lation in NOT sample. We have examined the surfae brightness by usingthe GASP-2D routine, Méndez-Abreu et al. (2008). We have previouslyperformed �ve thousand simulations �tting one Sersi omponent and twoSersi + Dis omponents to mok galaxies in order to hek the reliability



206 CHAPTER 9. CONCLUSIONS AND FUTURE PROSPECTSof the results. From the simulations, we have obtained that the minimumarea for the galaxies in one and two omponents to obtain results thatare not a�eted by the image onditions are 550 and 800 pixels respe-tively. This area is broadly orrelated with the magnitude, obtaining aminimum magnitude of -19.5 pixels for the minimum area of 550 pixels.We have also seen that galaxies with mr > 20, bulge surfae brightness
µ0,B > 25.3, dis surfae brightness, µ0,D > 25.3 and B/T > 0.7 does notprovide a good �t in two omponents and therefore it will be �tted in oneomponent.

• We have elaborated an algorithm to deide whether or not a galaxy shouldbe �tted into one or two omponents by ensuring that the �nal �ts givereal two omponent (bulge+dis) galaxies �tted by two omponents. Thisalgorithm is based on a similar approah as Allen et al. (2006) for theMGC. The �nal lassi�ation gives us a 47% of the galaxies with areashigher than 800 pixels are better �tted by a Sersi-one omponent pro�le,while the 52% are better �tted by a two omponents (Sersi+Dis pro�les).
• We have assigned a quantitative morphology lassi�ation basing on theresults of the surfae brightness pro�les. We have onsidered three mainlytypes: Early-types (E/S0), Early-Spirals (Spe) and Late-Spirals (Spl) bas-ing on the olors and number of omponents. We �nd that a 85.7% andabout a 90% of the galaxies lassi�ed in one omponent give a good agree-ment with the lassi�ation. However, only a 41.16% and a 22% of thegalaxies in two omponents agree in the morphologial type.
• We have also ompared the morphologial visual lassi�ation for A2218,with the quantitatively lassi�ation method based on Sersi parametersgiven by Sánhez et al. (2007) with an agreement of 47.05%. These om-parisons are in onordane with the studies previously performed. As ithas been widely explored, we support the fat that the quantitative meth-ods of lassi�ation are not reproduing the visual morphologial trendsof the galati population.
• The strutural parameters extrated from the surfae brightness analysishave also been analyzed. We have �tted the Kormendy relation, Kormendy(1977) for the bulges of the early-type galaxies onsidered.
• We have found a dihotomy for the red and blue bulges of the galaxies inone omponent in the plane n− re allowing to distinguish very learly theearly and late types. We have also found di�erenes in the plane re−colorfor the bulges of the galaxies.
• A omparison between our bulge strutural parameters with the galaxiesin Coma Cluster provided by Aguerri et al. (2004) has been performed.We obtain the same range of values for the e�etive radius, re and shapeparameter, n for our samples and Coma, indiating that the bulge of the



9.1. CONCLUSIONS 207galaxies in our medium redshift NOT lusters were set at redshift largerthan 0.25 at least.
• Regarding to the strutural dis parameters, we have ompared the salesof the diss in NOT sample with the low-redshift �eld galaxies found byGraham (2001) on one hand and on the other, with the dis sales ex-trated from Coma galaxy sample by Aguerri et al. (2004). Interestingly,we have found that our dis sales are as large as those of �eld galaxies,while those diss in Coma represent only a small perentage. Indeed, afator of two of di�erene between the mean values of Coma and our sam-ple is patent. What is more, we have performed a Kolmogorov-Smirnovtest between those populations �nding that only the Coma luster dissare signi�antly di�erent from NOT diss and Graham (2001) �eld diss.These results are in agreement with an evolution hypothesis in the dissales from lower redshift samples in lusters.
• The analysis of the spatial distribution has been performed by studyingthe galaxy loal density in the whole sample of lusters. We have foundthat four lusters from the ACS sample are muh denser than the NOTsample, in orrelation with their rihness.
• The Morphology-Density relation has been investigated. The results show,in agreement with previous �ndings at lower redshift, (Dressler, 1980;Dressler et al., 1997), that the elliptial galaxies are usually plaed indenser regions of the ore of the lusters while the late type galaxies arefound in less denser regions. However, if we look at eah luster individ-ually, we �nd that �ve lusters are dominated by late type galaxies indenser regions (A1643, A1878, A1689, A1703 and A2218), showing also adiversity in the Morphology-Density relation.
• Similar results have been found at analyzing the radius-morphology re-lation. In addition, we have found di�erent rates of derement for themorphologial types.
• We have deteted also seven lusters out of ten that are dominated byan early-type population, two more lusters with the late-type popula-tion dominating the ore and one luster with a very similar population.In addition, two lusters out of ten shows signi�antly di�erent popula-tions, indiating a morphologial segregation, whih is not evident at lowredshift, (Adami, Biviano & Mazure, 1998).
• We have widely explored the Luminosity Funtion of the sample and itsmore adequate �t. We have onluded after examining a number of meth-ods that for our lusters samples, espeially the NOT sample, whih isless deep than the ACS sample, the more adequate �t is provided bythe Composite Luminosity Funtion whih provides the following values

α = −1.15 and M∗ = −21.38 for the NOT sample and α = −1.11 and



208 CHAPTER 9. CONCLUSIONS AND FUTURE PROSPECTS
M∗ = −21.64 for the ACS sample, whih is onsistent with the valuesfound in the literature.

• For the ACS sample, we observe an inrease at the faint end, at aboutmagnitudes Mr = −17.5, whih are fainter that our ompleteness limit,in onordane with results by Biviano et al. (1995); Parolin, Molinari& Chinarini (2003); Boué et al. (2008), that show the need of di�erentfuntion for desribing the faint end of the LF.
• The Luminosity Funtion has been analyzed for di�erent morphologialtypes. We have not been able to �t properly their Composite Luminos-ity Funtion. We have found a slopes of α = −0.5 for early and latetypes, whih is in the extreme of the boundaries for the �t, showing theno-onvergene of the �t. That fat an be due to large errors in the bin-ning, or additionally, the need of a di�erent funtion for the �t than theShehter Funtion.
• The LF for di�erent olors, however, shows di�erent behaviors for thered and blue population in the sample. We �nd �at slopes (α ≈ -0.8)and M∗ ≈ −21.1 for the red population, while the blue population looksmuh steeper than the red ones, (around α ≈ −1.3) with muh fainter

M∗ values (around ≈ −22.50). Those results agree with the onlusionsgiven by Barkhouse, Yee & López-Cruz (2007) and goes in the sense,as some authors have onluded, (Binggeli, Sandage & Tammann, 1988;Barkhouse, Yee & López-Cruz, 2007), of the morphologial Universalityof the LF.9.1.2 Brightest Cluster Galaxies
• In the Final Part of this thesis, we have faed the study of the BrightestCluster Galaxies (BCGs) in the lusters. We have developed an algorithmfor the extration of the BCG from the luster potential without hangingits properties and the properties of the galaxies around. The results givea good quality extration.
• We have also studied the Degree of Dominane of the BCGs in the lus-ter, showing a dereasing degree of dominane for fainter X-ray BCGs.However, the BCGs extrated from non X-ray lusters does not show anysigni�ant tendeny with the magnitude of the BCG.
• Three BCGs out of ten, experiment a fator of two of di�erene betweenthe Degree of Dominane and the di�erene in magnitude with the seondbrightest members. That fat an be explained as two from these threeBCGs are set in lusters that have been shown to be mergers of twolusters.
• On the other hand, we have also seen as three BCGs have nearly thesame values for the Degree of Dominane and the di�erene in magnitude



9.1. CONCLUSIONS 209with the seond brightest member. Two out of these three BCGs have theDegree of Dominane higher than 0.65, the value seleted by Kim et al.(2002) to all a dominant BCG.
• We have not found any lear relation of the degree of dominane withredshift, with the exeption of the non-signi�ant ase of BCG of CL0024,the most distant luster from the sample, that has the smallest degree ofdominane.
• Regarding to the relation of the luster rihness lass with the degreeof dominane, we have not found evident tendenies. However, the BCGsplaed in the rihest lusters spread all the ranges of degrees of dominane,while the dispersion seems to be less in the more poorer lusters.
• We have tested the nature of D galaxies from our BCGs sample, ensuringthat three out of ten BCGs, (in the lusters A1952, A2218 and MS1358)are D galaxies.
• The analysis of the surfae brightness of the BCGs has been performed.We have found that in any ase, de Vauouleurs law �t well the BCGs inour sample, ontrary the �t of elliptial normal galaxies. We �nd, thatthe Sersi �t gives good results for seven out of ten BCGs, giving largevalues of the shape parameters in most of the ases.
• Two more BCGs, the ones plaed in the lusters MS1358 and A1703 arewell desribed by a Sersi+ Exponential law. However, the pro�le ofA2218 an not be well desribed by none of these pro�les. One possibleexplanation might be that the nature of merging of this luster, (Kneibet al., 1995; Mahaek et al., 2002), ould have disturb the environmentalin�uene of the merging lusters.
• We have inspeted the Hubble Diagram in the K-band, that has beenshown to be extremely suitable for the study of the BCG evolution, (Aragón-Salamana, Baugh & Kau�mann, 1998; Brough et al., 2002; Collins &Mann, 1998). Our BCGs �t the Hubble Diagram �nding a global disper-sion of 0.268, while if we onsider only the BCGs plaed in ACS sample(X-ray emitters and riher), we �nd a dispersion of 0.235.



210 CHAPTER 9. CONCLUSIONS AND FUTURE PROSPECTS9.2 Future ProspetsAs we have previously seen throughout this thesis, there is a lak of luster dataat medium redshift due to the need of ahieving very good onditions of seeingto obtain quality data or, if we are luky, observations from the Spae.Surprisingly, we saw in the last part of the thesis that most of the observationin K-band that have been performed in large sample of BCGs have been atmedium-large redshift. Therefore, wide analysis of BCGs are needed at low-medium redshift to determine their 'Standard Candles' status.Therefore, we would like to �nish to taking bene�t from these lusters sampleby fousing on the following points:
• The study of the detailed surfae brightness from the ACS sample inall the multi-wavelenght range, taking advantage of the already availablemulti-olor observations to study olor radial pro�les.
• The extension, orretion and automatization to all multi-bands the algo-rithm extration of the BCGs.
• The extration of photometri redshifts, (Benítez, 2000; Coe et al., 2006)using narrow-band �lters (see, for example, ALHAMBRA survey, (Moleset al., 2004), to be able to extend to fainter magnitudes the analysis of thegalati population, in partiular subjets suh as, the luminosity funtionat the faint end, for example.
• If possible, it will be useful to take multi-bands observation from the NOTsample in order to extrat also photometri redshifts (in narrow bands)and extent its magnitude limitation and, of ourse, the extension of thesample with more lusters, would be extremely worth for quantifying thedegree of osmi variane
• Finally, the analysis of large samples of BCGs at low and medium redshiftwould be very powerful to determine the real nature of BCGs as standardandles.



9.3. CONCLUSIONES 2119.3 ConlusionesHemos analizado una muestra de diez úmulos de galaxias a redshift medio(0.15 ≤ z ≤ 0.4), ubriendo un amplio rango de propiedades en luminosidades,propiedades en rayos-X, riqueza, estados dinámios... Esta muestra esta prin-ipalmente subdividida en dos submuestras: NOT (ino umulos observadosdesde tierra, menos masivos y rios, on poa literatura disponible y on unaobertura en área ligerament mayor) y ACS (ino úmulos observados desde elespaio on gran antidad de literatura disponible, rios, masivos, emisores enrayos-X y on una obertura en área menor). Uno de los úmulos en la muestradel NOT, A2111, emite también en rayos-X, on lo que, en algunos asos, seráanalizado junto on la muestra del ACS para omparaión de sus propiedades-X.Ha sido posible estudiar, por lo tanto, el grado de varianza ósmia en om-paraión on muestras a bajo y alto redshift, así omo el destaamiento de lasprinipales propiedades de algunos objetos individuales. En este apítulo, re-sumimos las prinipales onlusiones que se han derivado de los resultados delanálisis de esta muestra.9.3.1 Poblaión Galátia Brillante
• Hemos examinado los posible 'intrusos' en nuestros úmulos a medio red-shift, enontrando que la ontaminaión de galaxias delante del úmuloes negligible, de auerdo on los resultados enontrados por Fasano etal. (2000). La ontaminaión de fondo ha sido orregida, exluyendo lasgalaxias más rojas que la CMR debido al e�eto-k osmológio, y usandola informaión de redshift, si la hay. Hemos omprobado que la sustraión,espeialmente en la poblaión brillante, está de auerdo on la extraiónque provee las uentas de ampo, enontrando un exelente auerdo hastael limite de ompletitud on los ampos de sustraión proporionados porMLeod et al. (1995).
• Hemos ajustado la relaión Color-Magnitud (CMR) para nuestra muestrahasta el orrespondiente límite de ompletitud (Mr = −19.5 para NOTy Mr = −17.8 para ACS). Los resultados del ajuste para los diez úmu-los tienen una dispersión muy pequeña (0.013) y los resultados estan enonordania on los enontrados en la literatura.
• La Relaión Color-Magnitud ha sido examinada, enontrando que seisúmulo de 10 tienen una poblaión de galaxias espirales dominante sobrela poblaión de galaxias tempranas, mientras que uatro úmulos tienen elomportamiento ontrario. La poblaión brillante de galaxias is asi todatemprana, de�niendo la seuania roja. Las BCGs son galaxias elíptiasen todos los asos, exepto en el aso de A1643, uya BCG es una galaxialentiular algo más débil.
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• Hemos omparado los resultados enontrados para la CMR de la muestraon una muestra a bajo redshift, López-Cruz et al. (2004), enontrandoun auerdo exelente on ellos. Obtenemos un valor medio para las pen-dientes de nuestra muestra de −0.050 ± 0.014, que es el mismo valor quenuestra muestra, junto on la de López-Cruz et al. (2004),−0.05± 0.008.Además, esos valores son muy similares a la pendiente extraida por Mei etal. (2006) para dos úmulos a z ≈ 1.26. Este heho apoya la no-variaiónde la CMR hasta redshift ≈ 0.3 omo mínimo y muy probablemente amayor redshift. En otras palabras, la poblaión estelar para las galaxiastempranas brillantes se formó justo después de la formaión de la galaxia.
• Hemos investigado sobre el posible efeto Buther-Oemler, estudiando lafraión de galaxias azules, fb the la poblaión galátia brillante, Mr ≤
−20, para la muestra de úmulos en dos aperturas para la muestra NOT,420 kp y 735 kp y una apertura de 475 kp para la muestra ACS.Esas aperturas han sido onsideradas omo sustituto de valor anónio deButher & Oemler (1984) de R30. Esos valores son onsistentes on losvalores enontrados en la literatura.

• Hemos enontrado un buena onordania para las fraiones de azules deDe Propris et al. (2004); Aguerri et al. (2007), inluso a pesar de asosdestaables omo A1878, que también esta re�ejada en muestras a bajoredshift, (De Propris et al., 2004; Varela, 2004; Aguerri et al., 2007). Porlo tanto, la diversidad paree ser la tendenia más remarable hasta esterango de redshift, z ∼ 0.3.
• Hemos realizado una lasi�aión visual de los tipos morfológios en galax-ias Elíptias, Lentiulares, Espirales e Irregulares. Para probar la onsis-tenia de la lasi�aión, la hemos omparado on diferentes lasi�aionesvisuales realizadas en la literatura para la poblaión galátia de los úmu-los en omún. Hemos enontrado que la muestra NOT alanza un auerdodel 70% on la lasi�aión dada por Fasano et al. (2000). A1689, CL0024y MS1358 obtienen un 75%, 76.74% y 66.6% de tipos morfológios idén-tios, respetivamente, de su omparaión on las muestras de Teague,Carter & Gray (1990); Du et al. (2002) (para A1689), Treu et al. (2003)(para CL0024) y Fabriant, Franx & van Dokkum (2000) (para MS1358).La muestra on el mayor número de galaxias en omún (CL0024, on 80galaxias) es la que, también tiene mayor onordania.
• Hemos alulado también el parámetro de onentraión de nuestra mues-tra, exepto para el aso de A2658, el úmulo on menor área ubierta.Hemos omparado esos valores on dados por Buther & Oemler (1978),a bajo redshift y Dressler et al. (1997) a redshift mayor. Enontramos quenuestros valores de onentraión barren todo el rango de valores medidospara ambas muestras. Además tres úmulos se enuentra en la parte bajade los valores de onentraión, de auerdo on las tendenias remaradaspor Buther & Oemler (1978); Dressler et al. (1997) que los úmulos más



9.3. CONCLUSIONES 213irregulares, menos onentrados podrían estar poblados por galaxias detipo tardío.
• La tasa de sistemas en interaión en nuestra muestra también se ha tenidoen onsideraión. Hemos alulado el parametro de perturbaión, f , intro-duido por Varela et al. (2004) para tener en uenta las fuerzas de mareade ada galaxia. Enontramos valores de mediana de -1.85 y -1.76 parala muestra NOT y ACS respetivamente, mientras que el valor medianoenontrado en el Cúmulo de Coma, Varela et al. (2004), es -2.7. De heho,enontramos que un 63.97% de las galaxias del NOT y un 60.05% de losúmulos de la ACS, tienen parametros de perturbaión mayores que -2,que es el valor esogido por Varela et al. (2004) para seleionar sistemasen interaión. Por lo tanto, esos resultados sugieren la presenia de unamayor interaión en nuestros úmulos, on respeto a Coma.
• Hemos afrontado el análisis del brillo super�ial para la poblaión galá-tia de la muestra NOT. Hemos examinado el brillo super�ial utilizandola rutina GASP-2D, Méndez-Abreu et al. (2008). Previamente, hemos re-alizado ino mil simulaiones ajustando una omponente de Sersi y dosomponentes, Sersi+ Diso a galaxias simuladas on el �n de ompro-bar la �abilidad de los resultados. A partir de las simulaiones, hemosobtenido que la super�ie mínima para obtener resultados que no se veanafetados por las ondiiones de la imagen, para las galaxias en una ydos omponentes, son 550 y 800 píxeles respetivamente. Este area seorresponde on la magnitud, obteniendo una magnitud mínima de -19.5pixeles para el área minima de 550 píxeles. También hemos visto quelas galaxias on mr > 20, brillo super�ial del bulbo, µ0,B > 25.3, brillosuper�ial del diso, µ0,D > 25.3 y B/T > 0.7, no proporiona un buenajuste en dos omponentes y, por tanto, se ajustará en una omponente.
• Hemos elaborado un algoritmo para deidir si una galaxia determinadadebería ser ajustada en una o dos omponentes, asegurando que el ajuste�nal en dos omponentes onsiste en galaxias reales en dos omponentes(bulbo+diso). Este algoritmo está basado en un enfoque similar al deAllen et al. (2006) para el MGC. La lasi�aión �nal nos da un 47% degalaxias on áreas mayores que 800 píxeles que se ajustan mejor por unpér�l de una omponente-Sersi, mientras que el 52% se ajusta mejor pordos omponentes (per�les Sersi+Diso).
• Hemos asignado una lasi�aión morfológia quantitativa basándonos enlos resultados de los per�les de brillo super�ial. Hemos onsiderado trestipos prinipales: Tempranas (E/S0), Espirales tempranas (Spe) y Espi-rales Tardías (Spl), basándonos en los olores y número de omponentes.Enontramos que un 85.7% y sobre un 90% de las galaxias lasi�adas enuna omponente dan un buen auerdo on la lasi�aión. Sin embargo,solo un 41.16% y 22% de las galaxias en dos omponentes onuerdan enel tipo morfológio.
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• También se ha omparado la lasi�aión morfológia visual para A2218,on el método de lasi�aión quantitativa basada en los parámetros deSersi obtenidos por Sánhez et al. (2007) on un auerdo del 47.05%.Estas omparaiones estan en onordania on los estudios realizadospreviamente. Como se ha explorado ampliamente, estos resultados apoyanel heho de que los métodos quantitativos de lasi�aión no reproduenlas tendenias morfológias visuales de la poblaión galátia.
• Asímismo, los parámetros estruturales extraídos del análisis del brillosuper�ial han sido analizados. Hemos ajustado la relaión de Kormendypara los bulbos de las galaxias tempranas.
• Hemos enontrado una diotomía para los bulbos de las galaxias rojasy azules en una omponente en el plano n − re, permitiéndonos distin-guir muy laramente entre tipos tempranos y tardíos. Hemos enontradodiferenias en el plano re − color para los bulbos de las galaxias.
• Se ha realizado una omparaión entre los parametros estruturales delbulbo on las galaxias en el Cúmulo de Coma, obtenidas de Aguerri et al.(2004). Obtenemos el mismo rango de valores para el radio efetivo, re yel parámetro de forma, n para nuestra muestra y Coma, indiando que losbulbos de las galaxias en la muestra NOT se formaron a redshift mayoresque 0.25 omo mínimo.
• En uanto a los parámetros estruturales del diso, hemos omparado lasesalas de los disos en la muestra NOT on las galaxias a bajo redshiftdadas por Graham (2001) por un lado y por otro, on las esalas de losdisos extraidos de la muestra de galaxias del úmulo de Coma de Aguerriet al. (2004). Interesantemente, hemos enontrado que las esalas de nue-stros disos son tan grandes omo las de las galaxias de ampo, mientrasque esos disos en Coma representan solo un pequeño porentaje. Deheho, está patente un fator dos de diferenia entre los valores mediosde Coma y los de nuestra muestra. Además, hemos realizado un testKolmogov-Smirnov entre esas poblaiones, enontrando que los los disosen Coma son signi�antemente diferentes de los disos del NOT y los dis-os de ampo de Graham (2001). Estos resultados estan de auerdo onuna hipótesis de evoluión en las esalas de los disos omparados onúmulos a bajo redshift.
• El análisis de la distribuión espaial se ha realizado estudiando la densi-dad loal de galaxias en la muestra ompleta de úmulos. Hemos enon-trado que uatro úmulo de la muestra de la ACS son muho más densosque la muestra del NOT, en orrelaión on su riqueza.
• Se ha investigado la relaión Morfología-Densidad. Los resultados mues-tran, de auerdo on resultados anteriores a redshift más bajos, (Dressler,1980; Dressler et al., 1997), que las galaxias elíptias están loalizadas enregiones más densas de los úmulos, mientras que las galaxias tardías se



9.3. CONCLUSIONES 215enuentran en regiones menos densas. Sin embargo, si analizamos adaúmulo individualmente, enontramos que ino úmulos están dominadospor galaxias tardías en regiones densas (A1643, A1878, A1689, A1703 yA2218), mostrando una diversidad en la relaión Morfología-Densidad.
• Resultados similares se han enontrado al analizar la relaión morfología-radio. Además, hemos enontrado diferentes tasas de dereimiento paratipos morfológios distintos.
• Hemos detetado también siete úmulos de diez dominados por una poblaióntemprana, dos úmulos más on poblaión tardía dominando el núleo yun úmulo on una poblaión muy similar. Además, dos úmulos de diez,muestran poblaiones signi�antemente diferentes, indiando una segre-gaión morfológia, que no es evidente a bajo redshift, (Adami, Biviano &Mazure, 1998).
• Hemos explorado ampliamente la Funión de Luminosidad de la muestra ysu ajuste más adeuado. Hemos onluido, después de analizar numerososmétodos, que para nuestra muestra de úmulos, espeialmente la del NOT,que es menos profunda que la muestra del ACS, el ajuste más adeuadoviene dado por la Funión de Luminosidad Compuesta, on los siguientesvalores α = −1.15 y M∗ = −21.38 para la muestra NOT y α = −1.11 y

M∗ = −21.64 para la muestra ACS, onsistente on los valores enontra-dos en la literatura.
• Para la muestra ACS, hemos observado un inremento en la parte débil,en magnitudes en torno a Mr = −17.5, que son más débiles que nuestrolimite de ompletitud, en onordania on resultados de Biviano et al.(1995); Parolin, Molinari & Chinarini (2003); Boué et al. (2008), quemuestran la neesidad de estableer diferentes funiones para desribir el�nal débil de la funión de Luminosidad.
• Se ha analizado la funión de luminosidad para diferentes tipos morfológi-os. No se ha podido ajustar adeuadamente su Funión de LuminosidadCompuesta. Hemos enontrado valores de α = −0.5 para tipos tempranosy tardíos, que están en los extremos de los límites del ajuste, indiando lano onvergenia. Este heho se puede deber a las grandes barras de erroren el espaiado en magnitud, o adiionalmente, la neesidad de funionesde luminosidad diferente de la de Shehter para el ajuste.
• La Funión de Luminosidad para diferentes olores de galaxias, sin em-bargo, muestra diferentes tendenias para la poblaión roja y azul de lamuestra. Enontramos pendiente planas, (α ≈ -0.8) y M∗ ≈ −21.1 para lapoblaión roja, mientras que la poblaión azul tiene una pendiente muhomás pronuniada que las rojas, (sobre α ≈ −1.3) on valores muho másdébiles de M∗ (sobre ≈ −22.50). Estos resultados están de auerdo onlas onlusiones dadas por Barkhouse, Yee & López-Cruz (2007) y van en



216 CHAPTER 9. CONCLUSIONS AND FUTURE PROSPECTSel sentido, omo algunos autores han sugerido, (Binggeli, Sandage & Tam-mann, 1988; Barkhouse, Yee & López-Cruz, 2007), de la Universalidad dela Funión de Luminosidad.9.3.2 Galaxia Más Brillante del Cúmulo
• La parte �nal de la tesis, ha sido dediada al estudio de las Galaxias MásBrillantes del Cúmulo (BCGs, en inglés). Hemos desarrollado un algo-rimo para la extraión de la BCG del potenial del úmulo sin ambiarsus propiedades y las propiedades de las demás galaxias. Los resultadosmuestran un extraión de alidad.
• Hemos estudiado el grado de dominania de las BCGs en el úmulo,mostrando un dereimiento del grado de dominania para las BCGs enrayos-X más débiles. Sin embargo, las BCGs extraidas de los úmulos noemisores de rayos-X no muestran ninguna tendenia signi�ativa on lamagnitud de la BCG.
• Tres BCGs de diez, experimentan un fator dos de diferenia entre el gradode dominania y la diferenia en magnitud on el segundo miembro másbrillante. Este heho se puede expliar debido al heho de que dos deestas tres BCGs se enuentran en úmulos que han mostrado indiios deser fusiones de dos úmulos.
• Por otra parte, hemos visto que tres BCGs tienen asi el mismo valor deGrado de Dominania que la diferenia en magnitud on el segundo miem-bro más brillante. Dos de estas tres BCGs, tienen un grado de dominaniamayor que 0.65, el valor seleionado por Kim et al. (2002) para onsiderardominante a una BCG.
• No hemos enontrado una relaión lara entre el grado de dominaia y elredshift, on la exepión del aso no signi�ativo de CL0024, el úmulomas distante de la muestra, que tiene el menor grado de dominania.
• En uanto a la relaión de la lase de riqueza del úmulo on el grado dedominania, no hemos enontrado tendenias evidentes. Sin embargo, lasBCGs situadas en los úmulos mas rios se extienden en todos los rangosde grados de dominania, mientras que la dispersión paree ser menor enúmulos más pobres.
• Hemos analizado la naturaleza de galaxias D de nuestra muestra deBCGs, asegurando que tres de 10 BCGs al menos, (en los úmulos A1952,A2218 y MS1358) son galaxias D.
• Se ha realizado el análisis del brillo super�ial de las BCGs. Hemos enon-trado que en ningún aso, el ajuste de ley de de Vauouleurs ajusta bienpara las BCGs de nuestra muestra, al ontrario que las galaxias eliptiasnormales. Enontramos, que el ajuste de Sersi da buenos resultados para



9.3. CONCLUSIONES 217siete de diez BCGs, dando valores altos del parámetro en la mayoría delos asos.
• Dos BCGs más, las situadas en los úmulos MS1358 y A1703 estan biendesritas por una ley de Sersi y un diso exponenial. Sin embargo, elper�l de A2218 no se puede desribir bien por ninguno de estos per�les.Una posible expliaión podría ser que la naturaleza de merging de esteúmulo, (Kneib et al., 1995; Mahaek et al., 2002), pudiera haber distor-sionado la in�uenia ambiental del úmulo.
• Hemos inluido el Diagrama de Hubble en la banda-K, que se ha de-mostrado que es muy adeuado para estudiar la evoluión de la BCG,(Aragón-Salamana, Baugh & Kau�mann, 1998; Brough et al., 2002; Collins& Mann, 1998). Nuestras BCGs se situan el Diagrama de Hubble enon-trando una dispersión global de 0.268, mientras que si onsideramos sololas BCGs situadas en la muestra de la ACS (úmulos en rayos-X y másrios), enontramos una dispersión de 0.235.
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Appendix ACatalogue of galaxiesbelonging to the NOT sampleImposible fotogra�ar el bostezo indolente del UniversoArturo Pérez-Reverte, 'El pintor de batallas.'Name α (J2000) δ (J2000) z Mr MB MorphA 1643 12: 55: 52.30 44: 05: 47.30 -19.88 -20.46 SA 1643 12: 55: 52.44 44: 05: 52.70 -19.52 -20.82A 1643 12: 55: 54.14 44: 05: 52.70 -19.79 -18.64A 1643 12: 55: 59.31 44: 05: 53.20 -19.36 -17.98A 1643 12: 55: 53.80 44: 03: 15.20 -19.79 -18.61 SA 1643 12: 55: 55.18 44: 03: 47.50 -20.67 -19.46 S0A 1643 12: 55: 49.83 44: 04: 08.80 -19.82 -19.24A 1643 12: 55: 49.75 44: 04: 05.50 -20.61 -19.63 SA 1643 12: 55: 47.93 44: 04: 01.20 -20.36 -19.10 EA 1643 12: 55: 48.06 44: 04: 06.70 -18.24 -17.09A 1643 12: 55: 51.98 44: 04: 05.90 -18.93 -19.06A 1643 12: 55: 59.67 44: 04: 05.20 -19.64 -18.62 SA 1643 12: 55: 53.06 44: 04: 06.60 -18.89 -17.82A 1643 12: 55: 55.75 44: 04: 07.30 -19.39 -18.88A 1643 12: 56: 01.43 44: 04: 07.90 -19.71 -19.19A 1643 12: 55: 53.64 44: 04: 13.70 -20.09 -19.36 SA 1643 12: 55: 50.96 44: 04: 31.00 -21.15 -20.05 EA 1643 12: 55: 59.04 44: 04: 26.90 -19.00 -17.81A 1643 12: 55: 55.35 44: 04: 34.40 -20.69 -20.35 EA 1643 12: 55: 54.88 44: 04: 33.90 -20.14 -19.56 SA 1643 12: 55: 56.61 44: 04: 38.20 -18.70 -20.14A 1643 12: 55: 52.33 44: 04: 46.80 -18.42 -19.14237



238APPENDIX A. CATALOGUE OFGALAXIES BELONGING TOTHE NOT SAMPLEA 1643 12: 55: 52.97 44: 04: 50.00 -19.82 -19.09A 1643 12: 55: 52.96 44: 04: 39.20 0.1978 -19.73 -19.60 SA 1643 12: 55: 52.70 44: 04: 44.50 -20.42 -19.74 S0A 1643 12: 55: 54.94 44: 04: 45.60 -19.29 -19.15A 1643 12: 55: 48.16 44: 04: 49.50 -19.49 -18.74A 1643 12: 55: 47.94 44: 04: 51.60 -19.59 -18.95A 1643 12: 55: 51.98 44: 04: 53.10 -19.57 -19.08A 1643 12: 55: 55.21 44: 04: 53.10 -18.00 -17.50A 1643 12: 55: 54.40 44: 04: 53.70 -18.26 -17.50A 1643 12: 55: 59.29 44: 04: 57.10 -20.02 -18.94 SA 1643 12: 55: 56.07 44: 04: 58.00 -18.49 -17.59A 1643 12: 55: 54.00 44: 05: 12.40 -21.61 -20.35 S0A 1643 12: 56: 01.63 44: 05: 09.10 -19.45 -18.11A 1643 12: 55: 49.61 44: 05: 09.50 -18.25 -17.15A 1643 12: 55: 47.67 44: 05: 15.70 -18.15 -17.15A 1643 12: 55: 54.61 44: 05: 21.40 -19.23 -17.99A 1643 12: 55: 53.05 44: 05: 23.40 -20.19 -18.97 S0A 1643 12: 56: 00.41 44: 05: 29.90 -19.20 -18.91A 1643 12: 55: 48.02 44: 05: 35.90 -19.73 -18.91A 1643 12: 55: 52.36 44: 05: 38.40 -19.16 -19.35A 1643 12: 55: 52.76 44: 05: 37.90 -19.88 -19.97 SA 1643 12: 55: 54.21 44: 05: 44.70 -19.41 -18.29A 1643 12: 56: 01.53 44: 03: 29.90 -18.65 -20.27A 1643 12: 55: 50.27 44: 03: 30.50 -19.27 -18.68A 1643 12: 55: 53.07 44: 05: 47.80 -18.67 -17.64A 1643 12: 55: 48.08 44: 05: 51.70 -18.23 -17.80A 1643 12: 55: 34.43 44: 08: 50.30 -19.53 -18.37A 1643 12: 55: 44.49 44: 08: 53.60 -19.09 -18.13A 1643 12: 55: 45.49 44: 06: 39.60 -18.15 -19.35A 1643 12: 55: 44.70 44: 06: 35.60 -19.65 -18.94A 1643 12: 55: 38.43 44: 06: 29.90 -18.50 -17.72A 1643 12: 55: 38.94 44: 06: 35.20 -18.31 -17.92A 1643 12: 55: 45.18 44: 06: 46.30 -19.68 -18.40 EA 1643 12: 55: 32.98 44: 06: 50.40 -19.92 -19.46 SA 1643 12: 55: 33.62 44: 06: 30.00 -18.06 -17.72A 1643 12: 55: 37.87 44: 06: 57.10 -18.59 -17.40A 1643 12: 55: 46.43 44: 06: 58.80 -18.14 -17.06A 1643 12: 55: 33.82 44: 07: 12.50 -20.93 -19.67 EA 1643 12: 55: 36.30 44: 07: 15.70 -18.80 -18.47A 1643 12: 55: 41.25 44: 07: 15.00 -18.32 -17.59A 1643 12: 55: 39.33 44: 07: 21.30 -19.72 -18.39 SA 1643 12: 55: 37.74 44: 07: 23.30 -18.00 -17.63A 1643 12: 55: 38.60 44: 07: 29.10 -18.09 -16.93A 1643 12: 55: 46.75 44: 07: 35.40 -18.99 -17.90A 1643 12: 55: 42.78 44: 07: 48.60 -18.24 -16.93A 1643 12: 55: 36.40 44: 07: 53.40 -20.71 -20.57 I



239A 1643 12: 55: 36.55 44: 07: 54.10 -20.34 -20.10A 1643 12: 55: 36.63 44: 08: 20.30 -20.17 -20.49 IA 1643 12: 55: 36.38 44: 08: 24.40 -19.77 -19.13 S0A 1643 12: 55: 36.57 44: 08: 30.40 -20.27 -19.84 EA 1643 12: 55: 43.31 44: 08: 28.90 -18.20 -18.04A 1643 12: 55: 38.31 44: 08: 38.70 -18.02 -17.76A 1643 12: 55: 37.59 44: 06: 21.10 -19.42 -18.66 SA 1878 14: 12: 54.12 29: 16: 16.60 -18.74 -17.61A 1878 14: 12: 49.83 29: 13: 40.60 -18.90 -18.43A 1878 14: 12: 47.43 29: 13: 55.50 -18.53 -20.39A 1878 14: 12: 47.82 29: 13: 53.40 -21.69 -20.68 SA 1878 14: 12: 53.32 29: 13: 47.00 -18.37 -18.29A 1878 14: 12: 54.23 29: 13: 57.60 -20.23 -20.50 SA 1878 14: 12: 50.11 29: 13: 59.90 -18.63 -19.32A 1878 14: 12: 49.97 29: 14: 02.60 -20.45 -19.30 SA 1878 14: 12: 56.80 29: 14: 03.60 -20.38 -20.06 IA 1878 14: 12: 54.78 29: 14: 03.90 -18.55 -17.39A 1878 14: 12: 47.17 29: 14: 05.80 -20.04 -19.70 IA 1878 14: 12: 49.47 29: 14: 09.90 -21.57 -20.53 SA 1878 14: 12: 49.03 29: 14: 07.80 -18.94 -21.00A 1878 14: 12: 52.50 29: 14: 11.40 -20.94 -20.28 SA 1878 14: 12: 54.85 29: 14: 17.30 -19.91 -19.67 SA 1878 14: 12: 54.65 29: 14: 23.80 -19.23 -19.19A 1878 14: 12: 47.85 29: 14: 17.10 -19.70 -18.95A 1878 14: 12: 54.15 29: 14: 19.30 -20.80 -19.49 EA 1878 14: 12: 52.75 29: 14: 20.20 -18.72 -20.18A 1878 14: 12: 52.18 29: 14: 28.40 0.2220 -22.36 -21.69 EA 1878 14: 12: 46.85 29: 14: 26.40 -21.02 -20.50 IA 1878 14: 12: 54.72 29: 14: 31.90 -21.42 -20.23 EA 1878 14: 12: 56.29 29: 14: 31.40 -20.24 -19.80 IA 1878 14: 12: 51.24 29: 14: 48.20 -20.10 -20.01 SA 1878 14: 12: 51.04 29: 14: 39.30 -19.72 -20.22A 1878 14: 12: 50.98 29: 14: 42.30 -20.84 -21.55 IA 1878 14: 12: 46.74 29: 14: 40.00 -18.44 -18.10A 1878 14: 12: 53.29 29: 14: 41.40 -20.30 -20.22A 1878 14: 12: 53.32 29: 14: 44.60 -19.55 -21.50A 1878 14: 12: 49.12 29: 14: 42.50 -21.38 -20.33 SA 1878 14: 12: 50.12 29: 14: 47.30 -20.40 -19.13 S0A 1878 14: 12: 52.25 29: 14: 53.70 -20.41 -20.57 SA 1878 14: 12: 51.99 29: 14: 57.10 -19.53 -19.92A 1878 14: 12: 50.96 29: 14: 56.60 -21.29 -20.33 SA 1878 14: 12: 46.14 29: 14: 55.60 -19.94 -19.35 S0A 1878 14: 12: 46.58 29: 14: 59.10 -20.94 -19.69 S0A 1878 14: 12: 53.29 29: 14: 56.90 -18.53 -17.55A 1878 14: 12: 48.23 29: 15: 01.10 -19.28 -18.27A 1878 14: 12: 50.01 29: 15: 05.00 -18.23 -17.10



240APPENDIX A. CATALOGUE OFGALAXIES BELONGING TOTHE NOT SAMPLEA 1878 14: 12: 56.61 29: 15: 05.30 -19.18 -19.30A 1878 14: 12: 49.37 29: 15: 12.10 -18.79 -17.72A 1878 14: 12: 50.60 29: 15: 13.20 -18.64 -18.42A 1878 14: 12: 49.68 29: 15: 14.20 -19.56 -19.22A 1878 14: 12: 55.12 29: 15: 14.70 -18.85 -17.83A 1878 14: 12: 51.24 29: 15: 22.10 -19.89 -19.95 SA 1878 14: 12: 53.39 29: 15: 22.30 -19.01 -18.65A 1878 14: 12: 51.04 29: 15: 28.90 -19.51 -21.46A 1878 14: 12: 53.49 29: 15: 27.70 -18.76 -18.14A 1878 14: 12: 52.60 29: 15: 41.10 -18.61 -18.01A 1878 14: 12: 52.43 29: 15: 48.70 -21.00 -19.79 S0A 1878 14: 12: 55.73 29: 15: 56.70 -18.18 -17.32A 1878 14: 12: 53.61 29: 16: 00.80 -19.77 -18.60A 1878 14: 12: 53.04 29: 16: 07.40 -18.86 -21.15A 1878 14: 12: 47.96 29: 16: 09.50 -19.69 -19.16A 1878 14: 13: 00.54 29: 13: 56.90 -21.15 -20.41 S0A 1878 14: 12: 56.76 29: 14: 03.60 -20.00 -20.14 IA 1878 14: 12: 56.78 29: 12: 00.30 -19.87 -18.86 S0A 1878 14: 12: 57.80 29: 12: 01.60 -20.47 -19.97 S0A 1878 14: 12: 59.05 29: 12: 14.40 -20.60 -20.01 EA 1878 14: 12: 59.84 29: 12: 19.50 -20.45 -21.96 SA 1878 14: 13: 00.58 29: 12: 22.90 -20.30 -19.90 SA 1878 14: 13: 01.89 29: 12: 17.50 -19.55 -18.93 SA 1878 14: 13: 05.79 29: 12: 20.80 -18.24 -18.48A 1878 14: 12: 58.97 29: 12: 33.00 -18.13 -17.07A 1878 14: 13: 01.29 29: 12: 36.90 -20.97 -20.65 S0A 1878 14: 13: 05.52 29: 12: 36.60 -18.59 -18.07A 1878 14: 13: 02.23 29: 12: 40.50 -18.23 -18.12A 1878 14: 13: 05.38 29: 12: 42.80 -18.24 -17.75A 1878 14: 12: 58.42 29: 12: 53.60 -18.05 -19.13A 1878 14: 12: 58.26 29: 12: 54.90 -19.49 -20.04A 1878 14: 13: 05.59 29: 12: 54.20 -20.53 -19.81 EA 1878 14: 13: 04.82 29: 12: 55.40 -19.03 -18.41A 1878 14: 13: 02.81 29: 12: 55.70 -19.44 -18.73 SA 1878 14: 12: 58.70 29: 12: 56.60 -18.92 -18.15A 1878 14: 13: 04.41 29: 13: 00.70 -20.06 -19.78 SA 1878 14: 12: 55.45 29: 13: 04.30 -19.48 -19.63 IA 1878 14: 12: 55.11 29: 13: 09.90 -19.13 -19.64A 1878 14: 12: 57.07 29: 13: 19.80 -18.08 -18.08A 1878 14: 12: 57.65 29: 13: 22.20 -18.09 -17.93A 1878 14: 13: 00.40 29: 13: 37.50 -19.13 -18.71A 1878 14: 12: 57.01 29: 13: 43.90 -19.27 -18.62A 1878 14: 12: 57.70 29: 13: 48.90 -19.78 -19.18 S0A 1878 14: 13: 03.99 29: 13: 53.50 -19.36 -19.74A 1878 14: 13: 02.65 29: 14: 01.20 -18.08 -18.25A 1952 14: 41: 07.84 28: 38: 29.40 -22.05 -21.10 E



241A 1952 14: 40: 59.08 28: 38: 35.40 -20.11 -19.24 SA 1952 14: 41: 01.82 28: 35: 57.10 -20.13 -19.75 SA 1952 14: 40: 59.60 28: 36: 07.40 -19.18 -18.44A 1952 14: 41: 02.64 28: 36: 14.50 -18.79 -18.40A 1952 14: 41: 01.57 28: 36: 31.50 -18.30 -18.20A 1952 14: 40: 59.42 28: 36: 42.00 -19.05 -18.36A 1952 14: 41: 04.07 28: 36: 47.50 -19.94 -19.04 EA 1952 14: 41: 04.47 28: 36: 49.70 -18.71 -20.59A 1952 14: 41: 01.82 28: 37: 09.60 -18.17 -20.22A 1952 14: 41: 01.92 28: 37: 14.50 -20.76 -20.80 EA 1952 14: 41: 02.66 28: 37: 10.00 -22.11 -21.94 S0A 1952 14: 41: 03.13 28: 37: 10.10 -21.41 -20.84 EA 1952 14: 41: 02.67 28: 37: 02.40 -20.63 -19.99A 1952 14: 40: 58.41 28: 36: 52.50 -19.89 -19.03 S0A 1952 14: 41: 01.19 28: 37: 00.50 -21.20 -20.33 EA 1952 14: 40: 59.94 28: 37: 22.10 -18.59 -17.95A 1952 14: 40: 59.55 28: 37: 34.20 -18.29 -17.81A 1952 14: 41: 01.81 28: 37: 34.70 -19.48 -18.91A 1952 14: 41: 01.58 28: 37: 48.30 -18.21 -20.37A 1952 14: 41: 01.32 28: 37: 43.20 -21.57 -21.82 EA 1952 14: 41: 01.53 28: 37: 44.30 -19.21 -18.96A 1952 14: 40: 59.15 28: 37: 47.80 -18.93 -20.67A 1952 14: 40: 59.50 28: 37: 48.80 -19.90 -19.01A 1952 14: 40: 58.98 28: 37: 51.40 -18.41 -18.51A 1952 14: 41: 03.17 28: 37: 52.50 -18.10 -17.71A 1952 14: 40: 59.94 28: 38: 00.10 -20.38 -19.53 EA 1952 14: 41: 08.82 28: 37: 59.00 -19.72 -19.04 EA 1952 14: 41: 05.82 28: 38: 02.20 -18.68 -17.82A 1952 14: 41: 00.90 28: 38: 04.70 -19.54 -18.59A 1952 14: 41: 04.06 28: 38: 08.40 -19.13 -19.23A 1952 14: 41: 07.98 28: 38: 09.40 -19.08 -18.20A 1952 14: 41: 03.17 28: 38: 21.10 -18.04 -18.15A 1952 14: 41: 05.43 28: 38: 21.80 -19.11 -18.99A 1952 14: 41: 02.63 28: 35: 50.80 -18.52 -18.54A 1952 14: 40: 59.43 28: 38: 27.20 -19.17 -19.37A 1952 14: 41: 01.91 28: 35: 54.80 -19.06 -20.83A 1952 14: 40: 59.20 28: 38: 24.20 -19.32 -18.60A 1952 14: 41: 13.59 28: 37: 29.60 -22.13 -21.43 S0A 1952 14: 41: 05.84 28: 37: 41.60 -20.22 -19.27A 1952 14: 41: 14.94 28: 37: 42.60 -21.80 -20.98 S0A 1952 14: 41: 05.68 28: 37: 46.70 -18.22 -18.33A 1952 14: 41: 08.53 28: 37: 49.00 -19.26 -19.18A 1952 14: 41: 03.16 28: 37: 52.20 -18.08 -17.86A 1952 14: 41: 15.18 28: 35: 29.10 -18.16 -20.08A 1952 14: 41: 15.04 28: 35: 21.20 -19.32 -21.52A 1952 14: 41: 15.18 28: 35: 24.30 -19.61 -21.59



242APPENDIX A. CATALOGUE OFGALAXIES BELONGING TOTHE NOT SAMPLEA 1952 14: 41: 03.94 28: 35: 21.30 -20.35 -19.38 EA 1952 14: 41: 13.55 28: 35: 21.80 -19.77 -19.72A 1952 14: 41: 05.92 28: 35: 29.90 -20.77 -19.82 S0A 1952 14: 41: 08.36 28: 35: 28.50 -18.46 -18.64A 1952 14: 41: 08.59 28: 35: 30.80 -19.01 -19.42A 1952 14: 41: 08.51 28: 35: 32.50 -20.41 -20.52 SA 1952 14: 41: 04.76 28: 35: 32.40 -19.40 -19.16A 1952 14: 41: 07.83 28: 35: 32.30 -18.39 -20.48A 1952 14: 41: 07.59 28: 35: 35.00 -21.58 -21.23 SA 1952 14: 41: 11.01 28: 35: 33.00 -19.87 -18.93A 1952 14: 41: 10.10 28: 35: 33.70 -19.03 -18.15A 1952 14: 41: 05.91 28: 35: 38.50 -19.36 -18.50A 1952 14: 41: 08.19 28: 35: 44.50 -21.61 -20.93 S0A 1952 14: 41: 03.56 28: 35: 44.20 -19.69 -19.45A 1952 14: 41: 13.72 28: 35: 54.10 -18.37 -18.45A 1952 14: 41: 13.55 28: 35: 52.00 -18.78 -21.38A 1952 14: 41: 03.27 28: 35: 56.30 -19.34 -18.51A 1952 14: 41: 08.00 28: 36: 03.20 -18.96 -18.97A 1952 14: 41: 09.73 28: 36: 02.80 -18.20 -17.44A 1952 14: 41: 05.67 28: 36: 05.30 -18.64 -17.72A 1952 14: 41: 12.15 28: 36: 07.00 -19.45 -18.73A 1952 14: 41: 10.72 28: 36: 07.50 -18.10 -18.28A 1952 14: 41: 14.47 28: 36: 26.20 -19.86 -19.18A 1952 14: 41: 05.45 28: 36: 26.40 -18.40 -17.58A 1952 14: 41: 04.06 28: 36: 26.50 -18.06 -20.09A 1952 14: 41: 04.22 28: 36: 27.80 -18.35 -19.37A 1952 14: 41: 12.94 28: 36: 27.30 -19.29 -18.61A 1952 14: 41: 06.81 28: 36: 31.50 -20.01 -21.90 EA 1952 14: 41: 07.10 28: 36: 37.30 -20.67 -20.27 EA 1952 14: 41: 07.03 28: 36: 39.20 -22.10 -22.55 S0A 1952 14: 41: 03.36 28: 36: 37.10 -20.43 -19.40 EA 1952 14: 41: 14.04 28: 36: 40.80 -18.80 -18.92A 1952 14: 41: 03.11 28: 36: 46.60 -20.74 -19.93 S0A 1952 14: 41: 04.07 28: 36: 52.70 -19.32 -20.90A 1952 14: 41: 03.57 28: 37: 00.30 -22.61 -24.23 EA 1952 14: 41: 03.14 28: 36: 57.00 -19.55 -21.16A 1952 14: 41: 10.75 28: 36: 47.30 -19.16 -21.67A 1952 14: 41: 06.34 28: 37: 01.30 -18.75 -18.04A 1952 14: 41: 06.48 28: 37: 06.90 -20.14 -19.23A 1952 14: 41: 08.25 28: 37: 13.80 -21.85 -21.21 SA 1952 14: 41: 12.33 28: 37: 11.00 -19.03 -19.11A 1952 14: 41: 06.26 28: 37: 12.20 -18.15 -17.28A 1952 14: 41: 09.40 28: 37: 13.00 -18.55 -18.59A 1952 14: 41: 09.72 28: 37: 17.80 -19.85 -20.07 SA 1952 14: 41: 05.02 28: 37: 34.90 -18.05 -20.08A 1952 14: 41: 06.27 28: 37: 27.50 -20.01 -20.84 S0



243A 1952 14: 41: 05.49 28: 37: 33.90 -19.02 -21.47A 1952 14: 41: 05.32 28: 37: 35.90 -19.18 -20.34A 1952 14: 41: 04.78 28: 37: 31.60 -19.79 -21.64A 1952 14: 41: 04.76 28: 37: 35.50 -19.83 -19.94A 1952 14: 41: 04.77 28: 35: 05.50 -18.30 -18.55A 1952 14: 41: 06.32 28: 37: 18.30 -18.30 -17.78A 1952 14: 41: 14.57 28: 37: 18.70 -19.65 -19.37A 1952 14: 41: 11.82 28: 37: 19.30 -18.39 -18.59A 1952 14: 41: 07.53 28: 37: 23.60 -19.14 -18.20A 1952 14: 41: 04.29 28: 37: 23.00 -18.54 -18.27A 1952 14: 41: 05.23 28: 35: 06.80 -19.10 -18.75A 1952 14: 41: 03.35 28: 37: 29.50 -20.17 -19.26A 1952 14: 41: 06.39 28: 37: 33.60 -18.12 -17.60A 1952 14: 41: 12.23 28: 35: 06.70 -19.05 -18.27A 1952 14: 41: 08.44 28: 35: 09.00 -18.39 -17.78A 1952 14: 41: 05.36 28: 37: 40.50 -18.42 -17.71A 1952 14: 41: 10.78 28: 35: 12.30 -18.24 -18.05A 1952 14: 41: 13.01 28: 35: 15.30 -19.08 -19.23A 1952 14: 41: 10.45 28: 35: 16.60 -19.36 -19.26A 1952 14: 41: 14.88 28: 35: 29.70 -18.45 -19.98A 2111 15: 39: 35.52 34: 26: 56.20 -20.46 -19.56 SA 2111 15: 39: 37.64 34: 27: 03.80 0.2295 -21.26 -20.22 S0A 2111 15: 39: 31.84 34: 27: 05.10 -19.01 -18.09A 2111 15: 39: 38.48 34: 24: 32.40 -19.37 -18.96A 2111 15: 39: 40.16 34: 24: 18.10 -19.38 -18.33A 2111 15: 39: 39.34 34: 24: 44.50 -20.26 -19.31 EA 2111 15: 39: 38.45 34: 24: 51.40 -20.02 -19.08A 2111 15: 39: 40.16 34: 24: 55.70 -20.49 -19.27 S0A 2111 15: 39: 42.76 34: 24: 56.60 -18.32 -17.38A 2111 15: 39: 37.84 34: 24: 57.00 -18.55 -17.54A 2111 15: 39: 39.81 34: 25: 00.50 -18.06 -17.79A 2111 15: 39: 37.21 34: 25: 08.50 -19.67 -18.70 SA 2111 15: 39: 40.49 34: 25: 27.30 0.2282 -22.67 -21.51 EA 2111 15: 39: 39.75 34: 25: 23.10 -19.57 -18.85A 2111 15: 39: 39.20 34: 25: 11.50 -21.13 -20.38 EA 2111 15: 39: 39.39 34: 25: 13.40 0.2211 -21.34 -20.61 EA 2111 15: 39: 36.23 34: 25: 12.10 -20.34 -19.21 S0A 2111 15: 39: 34.90 34: 25: 14.50 -18.97 -18.02A 2111 15: 39: 40.27 34: 25: 34.80 -20.07 -21.06A 2111 15: 39: 38.15 34: 25: 18.10 -20.21 -19.01 S0A 2111 15: 39: 37.53 34: 25: 18.70 -19.62 -18.72 SA 2111 15: 39: 36.64 34: 25: 29.00 -18.96 -18.34A 2111 15: 39: 33.61 34: 25: 34.00 -18.48 -17.78A 2111 15: 39: 36.79 34: 25: 39.10 0.2312 -20.90 -19.65 S0A 2111 15: 39: 39.69 34: 25: 21.20 -20.40 -19.70A 2111 15: 39: 31.27 34: 25: 40.00 -20.24 -19.65



244APPENDIX A. CATALOGUE OFGALAXIES BELONGING TOTHE NOT SAMPLEA 2111 15: 39: 38.68 34: 25: 38.90 -18.16 -17.04A 2111 15: 39: 37.29 34: 25: 45.90 -18.49 -17.33A 2111 15: 39: 36.42 34: 25: 50.10 -20.46 -19.50 EA 2111 15: 39: 41.20 34: 25: 50.90 -20.53 -19.36 S0A 2111 15: 39: 40.18 34: 25: 50.80 -18.60 -17.90A 2111 15: 39: 33.99 34: 25: 51.30 -19.30 -18.23A 2111 15: 39: 37.44 34: 25: 54.80 -20.12 -18.98 EA 2111 15: 39: 39.52 34: 25: 56.90 -19.23 -18.23A 2111 15: 39: 39.91 34: 25: 57.20 -18.53 -17.69A 2111 15: 39: 41.69 34: 26: 01.70 -18.03 -16.89A 2111 15: 39: 31.72 34: 26: 07.20 -20.49 -19.37 S0A 2111 15: 39: 36.84 34: 26: 07.20 -20.44 -19.68 IA 2111 15: 39: 38.07 34: 26: 09.50 -18.64 -19.00A 2111 15: 39: 34.11 34: 26: 19.20 -20.80 -20.58 SA 2111 15: 39: 34.26 34: 26: 12.50 0.2289 -21.97 -21.11 S0A 2111 15: 39: 38.18 34: 26: 06.90 -19.72 -19.53A 2111 15: 39: 32.26 34: 26: 12.80 -19.25 -18.22A 2111 15: 39: 38.58 34: 26: 28.20 -20.23 -19.24 SA 2111 15: 39: 39.03 34: 26: 38.10 -19.29 -19.48A 2111 15: 39: 38.70 34: 26: 38.80 0.2246 -20.85 -20.29 SA 2111 15: 39: 37.81 34: 26: 35.90 -18.12 -17.73A 2111 15: 39: 31.99 34: 26: 36.10 -18.39 -18.00A 2111 15: 39: 35.47 34: 26: 43.70 -20.70 -19.87 S0A 2111 15: 39: 41.19 34: 26: 41.30 -20.27 -20.24 IA 2111 15: 39: 40.90 34: 26: 45.40 -19.28 -19.45A 2111 15: 39: 37.59 34: 26: 44.20 -18.92 -18.91A 2111 15: 39: 33.13 34: 26: 45.60 -19.25 -18.91A 2111 15: 39: 37.16 34: 26: 45.70 -18.26 -17.93A 2111 15: 39: 38.38 34: 26: 50.50 -18.01 -17.13A 2111 15: 39: 32.78 34: 24: 22.40 -19.21 -18.31A 2111 15: 39: 41.34 34: 24: 34.30 0.2294 -20.97 -20.81 SA 2111 15: 39: 41.81 34: 24: 42.70 0.2292 -22.61 -22.18 EA 2111 15: 39: 42.27 34: 24: 40.40 -19.08 -20.81A 2111 15: 39: 41.26 34: 24: 43.60 -20.43 -22.04 SA 2111 15: 39: 47.09 34: 27: 37.90 0.2368 -21.25 -20.57 S0A 2111 15: 39: 42.81 34: 27: 44.60 -19.68 -19.55 IA 2111 15: 39: 52.99 34: 27: 48.60 0.2297 -20.98 -19.94 S0A 2111 15: 39: 54.29 34: 25: 06.60 -18.05 -17.24A 2111 15: 39: 51.92 34: 25: 18.80 -18.85 -18.83A 2111 15: 39: 44.40 34: 25: 22.70 -19.46 -19.41A 2111 15: 39: 44.15 34: 25: 21.30 -18.78 -20.66A 2111 15: 39: 54.03 34: 25: 24.60 -18.87 -18.31A 2111 15: 39: 53.10 34: 25: 26.50 -18.75 -17.73A 2111 15: 39: 47.96 34: 25: 32.10 -20.49 -19.52 EA 2111 15: 39: 52.98 34: 25: 41.10 -19.31 -18.24A 2111 15: 39: 43.94 34: 25: 46.70 -19.45 -19.01



245A 2111 15: 39: 42.69 34: 25: 52.10 -18.13 -16.99A 2111 15: 39: 42.04 34: 26: 04.00 -19.44 -18.39A 2111 15: 39: 42.02 34: 25: 59.60 -18.96 -20.78A 2111 15: 39: 44.85 34: 25: 58.50 -19.19 -19.08A 2111 15: 39: 47.82 34: 26: 00.00 -19.08 -18.05A 2111 15: 39: 53.40 34: 25: 59.60 -18.94 -18.56A 2111 15: 39: 52.50 34: 26: 02.20 -20.40 -19.62 SA 2111 15: 39: 47.49 34: 26: 11.10 -18.84 -18.00A 2111 15: 39: 42.59 34: 26: 14.00 -19.82 -18.96A 2111 15: 39: 43.06 34: 26: 23.00 -18.42 -17.36A 2111 15: 39: 42.02 34: 26: 30.30 0.2258 -22.09 -20.96 EA 2111 15: 39: 43.25 34: 26: 32.90 -19.02 -18.04A 2111 15: 39: 48.31 34: 26: 36.70 -18.79 -18.43A 2111 15: 39: 49.35 34: 26: 41.50 0.2299 -21.54 -21.03 SA 2111 15: 39: 50.11 34: 26: 44.40 -19.48 -19.02A 2111 15: 39: 52.85 34: 26: 46.80 -20.45 -19.95 EA 2111 15: 39: 42.09 34: 26: 49.20 -19.55 -18.52A 2111 15: 39: 45.75 34: 26: 57.40 0.2292 -21.07 -20.05 EA 2111 15: 39: 42.98 34: 27: 00.30 -18.40 -18.28A 2111 15: 39: 42.30 34: 27: 02.60 -18.20 -17.92A 2111 15: 39: 52.55 34: 27: 07.50 -19.06 -20.58A 2111 15: 39: 52.04 34: 27: 07.60 -19.01 -21.29A 2111 15: 39: 52.15 34: 27: 12.20 -21.13 -21.23 SA 2111 15: 39: 42.28 34: 27: 17.10 -20.12 -19.17A 2111 15: 39: 51.51 34: 27: 31.30 -19.54 -18.61A 2111 15: 39: 48.27 34: 27: 34.80 -18.70 -18.45A 2111 15: 39: 47.70 34: 25: 16.40 -19.85 -18.96A 2111 15: 39: 47.89 34: 27: 39.90 -20.28 -19.32 EA 2111 15: 39: 47.34 34: 25: 10.20 0.2309 -21.07 -20.81 EA 2111 15: 39: 47.26 34: 25: 15.90 -20.43 -20.38 SA 2658 23: 44: 47.99 -12: 18: 46.20 -19.12 -18.24A 2658 23: 44: 55.21 -12: 18: 37.00 -18.98 -18.20A 2658 23: 44: 49.55 -12: 18: 34.40 -19.65 -18.99A 2658 23: 44: 49.62 -12: 18: 31.90 -18.68 -18.01A 2658 23: 44: 50.35 -12: 18: 25.50 -21.89 -21.06 SA 2658 23: 44: 49.13 -12: 18: 19.80 -19.29 -18.34A 2658 23: 44: 47.27 -12: 18: 13.40 -19.24 -19.14A 2658 23: 44: 46.97 -12: 18: 10.40 -20.94 -20.12 S0A 2658 23: 44: 49.36 -12: 18: 07.90 -18.44 -17.53A 2658 23: 44: 52.22 -12: 18: 04.60 -19.99 -18.90 EA 2658 23: 44: 54.99 -12: 18: 05.60 -18.08 -17.23A 2658 23: 44: 54.27 -12: 17: 59.30 -21.42 -20.39 EA 2658 23: 44: 50.42 -12: 17: 56.40 -19.39 -18.41A 2658 23: 44: 51.64 -12: 17: 53.30 -18.71 -18.11A 2658 23: 44: 47.44 -12: 17: 47.40 -20.92 -19.87 EA 2658 23: 44: 50.34 -12: 17: 32.70 -18.84 -20.30



246APPENDIX A. CATALOGUE OFGALAXIES BELONGING TOTHE NOT SAMPLEA 2658 23: 44: 49.28 -12: 17: 38.20 -18.19 -19.65A 2658 23: 44: 50.26 -12: 17: 20.90 -21.07 -20.35 S0A 2658 23: 44: 49.84 -12: 17: 26.70 -21.32 -20.95 EA 2658 23: 44: 49.80 -12: 17: 39.50 -22.39 -22.02 EA 2658 23: 44: 54.96 -12: 17: 38.80 -18.80 -18.35A 2658 23: 44: 55.87 -12: 17: 37.60 -18.22 -17.40A 2658 23: 44: 51.86 -12: 17: 35.30 -19.57 -18.55A 2658 23: 44: 47.85 -12: 17: 31.10 -18.14 -17.23A 2658 23: 44: 50.96 -12: 17: 19.10 -20.24 -19.17 EA 2658 23: 44: 55.84 -12: 17: 17.60 -20.18 -19.15 S0A 2658 23: 44: 51.40 -12: 17: 11.00 -18.35 -18.28A 2658 23: 44: 56.18 -12: 17: 07.50 -21.14 -20.31 SA 2658 23: 44: 51.13 -12: 16: 48.00 -20.61 -19.49 EA 2658 23: 44: 46.13 -12: 16: 49.10 -18.82 -18.35A 2658 23: 44: 49.65 -12: 16: 35.80 -20.56 -19.43 S0A 2658 23: 44: 47.99 -12: 16: 36.20 -18.29 -17.66A 2658 23: 44: 51.63 -12: 16: 28.80 -18.70 -17.79A 2658 23: 44: 53.27 -12: 16: 23.60 -18.27 -17.77



Appendix BSurfae Brightness Fit of theNOT lusters galaxies
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Figure B.1: Upper row: Original Galaxy, Sersi+Dis model, Sersi+Dis Resid-ual and 1-Dimensional Pro�le with the Sersi+Dis model pro�le. Bottom row:Original Galaxy, Sersi model, Sersi Residual and 1-Dimensional Pro�le withthe Sersi model pro�le.
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Appendix CNOT BCGs sustration

Figure C.1: A1643 BCGs subtration in Gunn-r �lter. More details in the text.
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288 APPENDIX C. NOT BCGS SUSTRACTION

Figure C.2: A1878 BCGs subtration in Gunn-r �lter. More details in the text.

Figure C.3: A1952 BCGs subtration in Gunn-r �lter. More details in the text.

Figure C.4: A2111 BCGs subtration in Gunn-r �lter. More details in the text.
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Figure C.5: A2658 BCGs subtration in Gunn-r �lter. More details in the text.
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Appendix DACS BCGs sustration

Figure D.1: A1689 BCGs subtration in Gunn-r �lter. More details in the text.

Figure D.2: A1703 BCGs subtration in Gunn-r �lter. More details in the text.
291



292 APPENDIX D. ACS BCGS SUSTRACTION

Figure D.3: A2218 BCGs subtration in Gunn-r �lter. More details in the text.

Figure D.4: CL0024 BCGs subtration in Gunn-r �lter. More details in thetext.

Figure D.5: MS1358 BCGs subtration in Gunn-r �lter. More details in thetext.


