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Lo mejor para la tristeza -
ontestó Merlin, empezando a soplar y resoplar- esaprender algo. Es lo úni
o que no falla nun
a. Puedes enveje
er y sentir toda tuanatomía temblorosa; puedes pemane
er durante horas por la no
he es
u
handoel desorden de tus venas; puedes e
har de menos a tu úni
o amor, puedes veral mundo a tu alrededor devastado por lo
os perversos; o saber que tu honor espisoteado por las 
loa
as de inteligen
ias inferiores. Enton
es sólo hay una 
osaposible: aprender. Aprender por qué se mueve el mundo y lo que ha
e que semueva. Es lo úni
o que la inteligen
ia no puede agotar, ni alienar, que nun
ala torturará, que nun
a le inspirará miedo ni des
on�anza y que nun
a soñará
on lamentar, de la que nun
a se arrepentirá. Aprender es lo que te 
onviene.Mira la 
antidad de 
osas que puedes aprender: la 
ien
ia pura, la úni
a purezaque existe. Enton
es puedes aprender astronomía en el espa
io de una vida,historia natural en tres, literatura en seis. Y enton
es después de haber agotadoun millón de vidas en biología y medi
ina y teología y geografía e historia ye
onomía, pues, enton
es puedes empezar a ha
er una rueda de 
arreta 
on lamadera apropiada, o pasar 
in
uenta años aprendiendo a empezar a ven
er atu 
ontrin
ante en esgrima. Y después de eso, puedes empezar de nuevo 
on lasmatemáti
as hasta que sea tiempo de aprender a arar la tierra."Teren
e White, 'The On
e and Future King'
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Resumen
Yo deshojé las 
onstela
iones, hiriéndome,a�lando los dedos en el ta
to de estrellas,hilando hebra por hebra la 
ontexturahelada de un 
astillo sin puertas,oh estrellados amores 
uyojazmín detiene su transparen
ia en vano.Pablo Neruda, 'El hondero. Canto General. Yo Soy.'Partiendo de los datos de 
in
o 
úmulos de galaxias en un rango de redshiftde 0.18 ≤ z ≤ 0.25, observados 
on el Nordi
 Opti
al Teles
ope (NOT) en muybuenas 
ondi
iones de seeing por una parte, y datos de 
in
o 
úmulos de galaxiasmás en un rango de redshift de 0.17 ≤ z ≤ 0.39, observados 
on la Advan
edCamera of Surveys (ACS) en el ≈ Mpc2 
entral, hemos realizado un análisisexhaustivo de su pobla
ión galá
ti
a brillante. Este rango de redshift, en el quesolo se dispone una pequeña 
antidad de datos de 
alidad, 
on la resolu
iónade
uada, es parti
ularmente importante para el entendimiento de la forma
ióny evolu
ión de los 
úmulos de galaxias.Hemos inspe

ionado la rela
ión 
olor-magnitud (CMR) para estos 
úmulosy hemos medido la fra

ión de galaxias azules en sus nú
leos para bus
ar eviden-
ia de evolu
ión, 
omo la que se ha en
ontrado en otros trabajos. Además, se harealizado la 
lasi�
a
ión visual de la morfología de las galaxias y se ha exami-nado la rela
ión morfologia-radio. Además, hemos analizado también los per�lesde brillo super�
ial, estudiando los parametros estru
turales que se derivan yla fun
ión de luminosidad también se ha ajustado dando resultados �ables paraeste rango de redshift. Finalmente, hemos explorado las prin
ipales 
ara
terís-ti
as de las galaxias más brillantes de los 
úmulos (BCGs).La pendiente de la CMR apare
e prá
ti
amente 
onstante hasta reshift ∼0.4 y en a
uerdo 
on los valores de la pendiente a redshift más alto. No hemosen
ontrado signos de evolu
ión 
on redshift ni en la pendiente de la CMR, ni enla fra

ión de galaxias azules, o en la Fun
ión de Luminosidad. Estos resultados19



20están a favor de que el 
ontenido estelar de las galaxias en nuestros 
úmulos yaestaban asentados a z ∼ 0.2.Se ha en
ontrado una diversidad de situa
iones en 
uanto a la mez
la mor-fológi
a. La fra

ión de galaxias en intera

ión en los 
úmulos pare
e que esmayor que en 
úmulos 
omo Coma, aunque el número de 
úmulos en la muestraes pequeño para dar 
on
lusiones de�nitivas.En 
uanto a los parámetros estru
turales de la pobla
ión galá
ti
a, las galax-ias ajustadas 
on una 
omponente de Sersi
 presentan una di
otomía para lapobla
ión roja y azul, obteniendo valores 2 ≤ n ≤ 4 para las galaxias rojas y
n ∼ 1 para las azules. Hemos en
ontrado parametros estru
turales del bulbosimilares a los que se en
uentran en el 
úmulo de Coma. Aunque las es
alasde los dis
os en nuestra muestra y en las galaxias de 
ampo se han dete
tadoque son estadísti
amente diferentes de las del 
úmulo de Coma, lo que indi
amayores es
alas de dis
os a este rango de redshift.Finalmente, BCGs en
ontradas en 
úmulos más ri
os pare
en tener un altonivel de homogeneidad en 
uanto a su luminosidad, mientras que para el resto,pare
e ser ne
esaria una 
orre

ión de riqueza. Su brillo super�
ial, por el
ontrario, no se muestra tan homogéneo 
omo su luminosidad.



Abstra
t
Using data of �ve 
lusters of galaxies within the redshift range 0.18 ≤ z ≤ 0.25,imaged with the Nordi
 Opti
al Teles
ope (NOT) in very good seeing 
onditionson one hand, and data of �ve more 
lusters of galaxies within a redshift rangeof 0.17 ≤ z ≤ 0.39 imaged with the Advan
ed Camera of Surveys (ACS) in the
entral ≈ 1 Mp
2, we have performed an exhaustive inspe
tion of their brightgalaxy population. This range of redshift, where only a small amount of datawith the required resolution and quality is available, is parti
ularly importantfor the understanding of the formation and evolution of 
lusters of galaxies.We have inspe
ted the 
olor-magnitude relation (CMR) for these 
lustersand measured the blue fra
tion of galaxies in their 
ores to 
he
k for eviden
eof evolution as found in other works. Moreover, the visual 
lassi�
ation of thegalaxy morphology has been performed and the morphology-radius relation hasbeen examined. Additionally, we have also analyzed the surfa
e brightness pro-�les, studying their derived stru
tural parameters and the luminosity fun
tionhas been also �tted providing reliable parameters for this range of redshift. Fi-nally, we have explored the main 
hara
teristi
s of the Brightest Cluster Galaxies(BCGs).The slope of the CMR appears nearly 
onstant up to redshift ∼ 0.4 and inagreement with the slope values found at higher redshift. We have not foundany signs of evolution with redshift neither in the slope of the CMR, nor inthe blue fra
tion of galaxies or even in the Luminosity Fun
tion. These resultssupport the view that the stellar 
ontent of the galaxies in our 
lusters havebeen already settled at z ∼ 0.2.A diversity of situations regarding the morphologi
al mixing has been no-ti
ed. The fra
tion of intera
ting galaxies in the 
lusters appear to be largerthan in 
lusters like Coma although the number of 
lusters in the sample issmall to give a de�nitive 
on
lusion.

21



22 Regarding to stru
tural parameters of the gala
ti
 population, one Sersi

omponent galaxies show a di
hotomy for the red and blue gala
ti
 population,obtaining 2 ≤ n ≤ 4 values for red galaxies and n ∼ 1 for blue galaxies. We havealso found bulge stru
tural parameters similar to those found in Coma Cluster.However, dis
 s
ales in our sample and in �eld lo
al galaxies have been dete
tedto be statisti
ally di�erent from those in Coma Clusters, whi
h goes in the senseof larger dis
 galaxies at this range of redshift.Finally, BCGs found in ri
her 
lusters seem to have a high level of homo-geneity regarding to their luminosity, while for the rest, a 
orre
tion ri
hnessneed to be performed. Their surfa
e brightness, instead, have been shown notto be so homogeneous as their luminosity,



Chapter 1Introdu
tionRe
ordo una nit, a l'altra banda del Pirineu,que sortí de la fos
a una nena que 
antava amb veu de fada.Vaig demanar-li que em digués quel
om 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 
hara
teristi
 of humanity. Who weare, what we are doing here, how the world around us is, how the Universe inwhi
h 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 pie
e of 
lean sky.It is however, in this 
entury, when the greatest steps for understanding ourUniverse, outside our lo
al 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, pla
ed mu
h farther than ourown Galaxy, the Milky Way. With the development of the photography and thebuilding of more powerful teles
opes, the Galaxies were observed to move awayfrom ea
h other with a velo
ity that was proportional to their distan
es, as wellas they in
reased, at the same time, the size of the Universe.At present, the Astrophysi
s has experimented a stunning progress thanks to thedevelopment in the last de
ades of observational resour
es (spa
ial teles
opes,like Hubble Spa
e Teles
ope (HST), XMM-Newton, Chandra...) and 
al
ulustools (simulations with more and more powerful 
omputers). We are living anastonishing era of dis
overies. The Humankind realizes about its smallness, dayafter day. 23



24 CHAPTER 1. INTRODUCTIONThis thesis is based on one of the most ex
iting stru
tures 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 introdu
tion,we have elaborated a histori
al and 
on
eptual motivation of the obje
ts we aregoing to study in this thesis.1.1 Clusters of GalaxiesCluster of galaxies are the largest stru
tures, gravitationally bounded, in theUniverse, with sizes of several Mp
 and masses from 1014 − 1016 M⊙ . Theyare 
omposed by many to thousand galaxies and millions of stars. Clustersare usually formed by a 
ore, where the highest 
on
entration of galaxies arefound. Moreover, between the galaxies, a plasma or gas 
omposed mainly byionized hydrogen exits, whi
h is dete
ted due to its X-ray emission. In addition,studies of gas and galaxy dynami
s in 
luster show that the largest part ofthese systems is distributed 
ontinously, througout the region o

upied by gasand galaxies. This 
omponent, known as dark matter does not emit any kindof ele
tromagneti
 radiation (but possible, γ-rays from neutralino annihilation)and it is only intera
ting gravitationally with gas and galaxies, forming thehalo.Prior to 1949, only a few dozen 
lusters were known. In the �fties and earlysixties, the �rst 
atalogues of hundreds to thousands of 
lusters were published(Zwi
ky, 1951; Zwi
ky et al., 1953, 1956; Abell, 1958). In parti
ular, two main
atalogs of ri
h 
lusters of galaxies established the de�nitive 
riteria for thepresent de�nition of a 
luster: the 
atalog of ri
h 
lusters by Abell (1958) andthe Catalogue of Galaxies and Clusters of Galaxies by Zwi
ky et al. (1961).Both authors 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 in
luding the 
lusters in his 
atalogue regarding to theirri
hness, 
ompa
tness or gala
ti
-latitude. On the other hand, Zwi
ky 
atalogue
ontained more 
lusters and also systems that are less ri
h than those of Abell,as he set less stri
t 
riteria 
on
erning their properties.Di�erent 
lassi�
ations s
hemes for 
lusters were developed in the early sev-enties. Rood & Sastry (1971) 
lassi�ed 
lusters a

ording the distribution ofthe ten brightest members, the so 
alled Rood-Sastry (RS) 
lassi�
ation.The Bautz-Morgan (BM) 
lassi�
ation system was introdu
ed by Bautz& Morgan (1970) who based this on the relative 
ontrast of the brightest galaxyto the other galaxies in ea
h 
luster. In addition, Morgan (1962); Oemler (1974)introdu
ed the 
lassi�
ation of 
lusters a

ording to the morphologi
al type oftheir bright members.A number of fenomena is produ
ed in 
lusters of galaxies. They are real labo-ratories to study pro
esses su
h as Gravitational Lensing (Tyson & Fis
her,1995; Kneib et al., 1996; Broadhurst et al., 2005b; Diego et al., 2005). Also,



1.1. CLUSTERS OF GALAXIES 25theoreti
al studies about modeling their dark matter halo density pro�les 
anbe tested on 
lusters of galaxies (Navarro et al., 1995; �okas & Mamon, 2001;As
aso & González-Casado, 2003) or even in dwarf galaxies (Burkert, 1995).Additionally, 
lusters of galaxies are potential 
andidates to produ
e irregu-larities in the Cosmi
 Mi
rowave Ba
kground (CMB) through the Sunyaev-Zel'dovi
h (SZ) e�e
t (Sunyaev & Zeldovi
h, 1970, 1972; Bonamente et al.,2006; As
aso & Moles, 2007). At present, a number of studies (Uyaniker et al.,1997; Tsuboi et al., 1998; Lieu, Mittaz & Zhang, 2006; Bonamente et al., 2006;LaRoque et al., 2006; Morandi, Ettori & Mos
ardini, 2007; Hashimoto et al.,2007; Morandi, Ettori & Mos
ardini, 2007; Zem
ov et al., 2007), have dete
tedan analyzed this signal in X-ray massive 
lusters, providing 
onstraints on thevalues of the 
osmologi
al parameters of our universe.The shape of 
lusters of galaxies is the result of the initial 
onditions on theformation and subsequent evolution of the galaxies 
ontained in them, as well asthe intera
tion with the environment. Up to date, numerous studies have beendevoted to the formation of 
lusters of galaxies. However, two main s
enariosfor its 
lari�
ation still remain. On one hand, we have the monolithi
 
ollapses
enario in whi
h the 
lusters were formed �rst in a single event through thegravitational 
ollapse of a 
loud of primordial gas, very early in the universe(Bower, Kodama & Terlevi
h, 1998), and on the other, we have the hierar
hi
almerging s
enario (Kau�mann, Guiderdoni & White, 1994; De Lu
ia & Blaizot,2007b), in whi
h the galaxies were formed at the outset and were graduallyassembled through multiple mergers of smaller subgala
ti
 units.The monolithi
 s
enario implies that the galaxies of di�erent morphologi
altypes are born intrinsi
ally di�erent and are not su�ering substantial trans-formations after the 
luster 
ollapse (Merritt, 1984) while the hierar
hi
al s
e-nario would imply that galaxies end up as spiral or ellipti
al galaxies dependingon their merger history and that the environmental e�e
ts and intera
tionsare transforming the galaxy population due to me
hanisms that were opera-tional until re
ent epo
hs, su
h as harassment (Moore et al., 1996), gas-stripping(Gunn & Gott, 1972; Quilis, Moore & Bower, 2000), starvation (Bekki, Cou
h& Shioya, 2002), or merging (Gerhard & Fall, 1983; Aguerri, Bal
ells & Peletier,2001; Eli
he-Moral et al., 2006). Likewise, the evolution of the galaxy populationin 
lusters of galaxies has been broadly studied in many works.Attempts to dis
riminate between the two models have fo
used mostly on ellip-ti
al galaxies. Present-epo
h ellipti
al galaxies have been sele
ted to be a veryhomogeneous family with very similar intrinsi
 properties. Compared with theheterogeneous family of spiral galaxies, ellipti
al ones in the lo
al universe havebeen found to have little or no dust, gas, and star formation a
tivity (Roberts& Haynes, 1994).Moreover, the stellar population of ellipti
al galaxies is mostly as old as theuniverse, with very similar relative ages. This fa
t is responsible for the mostdistin
tive property of ellipti
als: their 
olor. Ellipti
al galaxies are the reddestgalaxies in the lo
al universe (Roberts & Haynes, 1994).



26 CHAPTER 1. INTRODUCTIONIndeed, the Color-Magnitude Relation for ellipti
al galaxies was already noti
edin a earlier work by Baum (1959). Later on, Rood (1969) analyzed data from the
enter of the Coma Cluster, where the tenden
y found was that more luminousgalaxies present redder 
olors. Some years later, Visvanathan & Sandage (1977);Visvanathan & Griersmith (1977) showed the Universality to this relation forEarly-types (E and S0) and Early Spirals.One of the best studied subje
ts regarding the gala
ti
 population in galaxies hasbeen the evolution of the slope of the 
olor-magnitude with redshift in 
lustersof galaxies (van Dokkum & Franx, 1996; Kelson et al., 1997; Ellis et al., 1997;Andreon, Davoust & Heim, 1997; Bender et al., 1998; López-Cruz, Barkhouse &Yee, 2004; Mei et al., 2006; Driver et al., 2006; De Lu
ia et al., 2007a). As we aregoing to dis
uss throughout this thesis, this slope appears to be 
onstant up toredshift z ∼1 at least. As a 
onsequen
e, this results suggests that the formationof the stellar population in early-type galaxies in 
lusters o
urred before z=1.This feature is very interesting in itself be
ause it gives information about themetalli
ity and age of the galaxy population (Kodama, 1999).Another attribute that is 
onsidered in the 
ontext of the evolution of 
lustersof galaxies is the blue fra
tion of the galaxy population in 
lusters. In the earlywork by But
her & Oemler (1984), an in
rease of this blue fra
tion with redshiftwas found for 
lusters up to redshift ≈ 0.5. That fa
t indi
ates that the galaxypopulation would be evolving. However, as shown by Aguerri, Sán
hez-Janssen& Muñoz-Tuñón (2007), this variation would happen only for some redshiftrange. They studied a large sample of SDSS 
lusters up to redshift z ≤ 0.1and did not see any signi�
ant 
hange of the blue fra
tion with the redshift.Therefore, exploring the next redshift range, 0.1 . z . 0.3, would be relevantto 
larify the situation. In parti
ular, sin
e several works have explored andnoti
ed the But
her-Oemler e�e
t with samples of 
lusters at lower (De Propriset al., 2004) and higher (De Lu
ia et al., 2007a) redshift.The Morphology-Density relation in 
lusters of galaxies has also been widelyexplored (Dressler, 1980; Dressler et al., 1997). At the beginning of the XX 
en-tury, Curtis (1918); Hubble & Humason (1931) already observed that early-typegalaxies were more 
on
entrated in denser regions. Later on, Oemler (1974);Melni
k & Sargent (1977); Dressler (1980) dis
overed a dependen
e with thedistan
e to the 
enter of the fra
tion of lenti
ular and spiral galaxies, the so-
alled morphology- density relation. The extension of this relation to higherredshift was performed by Dressler et al. (1997); Postman et al. (2005), obtain-ing this relation but only for more 
ompa
t and regular 
lusters and with lowerdensity of ellipti
al galaxies.Additionally, the Luminosity Fun
tion in 
lusters of galaxies, in 
ontrast withthe Field Luminosity Fun
tion has been extensively studied. After several at-tempts to give a reasonable analyti
al fun
tion that des
ribes the luminosityfun
tion (Hubble & Humason, 1931; Abell, 1958; Zwi
ky et al., 1961) bas-ing them on their empiri
al behaviur, the 
on
luding des
ription was given byS
he
hter (1976). The matter regarding to the universality of the Luminosity
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tion has been deeply explored. A number of studies give support to thisassumption (Dressler, 1978; Lugger, 1986; Colless, 1989; Gaidos, 1997; Yagi etal., 2002; De Propris et al., 2003a) while, many other works argue the 
ontrary(Godwin & Pea
h, 1977; Dressler, 1978; Binggeli, Sandage & Tammann, 1988;Piranomonte et al., 2001; Hansen et al., 2005; Popesso et al., 2006; Barkhouse,Yee & López-Cruz, 2007). We have found in this work, that the LF does notseem to be universal but some trends regarding to the 
olor of the di�erentgala
ti
 population seem to be present.Few works have been dedi
ated to study the morphology of the galaxy popu-lation at z≈ 0.2. The morphologi
al studies have been generally 
on�ned torather lo
al samples, in part due to the need of establishing a visual 
lassi�
a-tion (Dressler, 1980; Fasano et al., 2000), and more generally, to the di�
ultiesto get deep and high-resolution images for relatively large �elds. Some of thesestudies have tried to establish an automati
 morphologi
al 
lassi�
ations by in-spe
ting the galaxies surfa
e brightness and their main stru
tural parameters.Nevertheless, those samples have often been presele
ted to be only late type(de Jong, 1996; Graham & de Blok, 2001), or early type (Graham, 2003). Asa 
onsequen
e, the present number of 
lusters that have been studied in thatredshift range is small (Fasano et al., 2000; Trujillo et al., 2001
; Fasano et al.,2002).An additional advantage of studying 
lusters of galaxies is that we 
an 
onsiderthat all the galaxy population remains at the same distan
e as the 
luster sizesare mu
h smaller than the distan
e at whi
h they are found (with the ex
eptionto the more lo
al ones). Thanks to that, the gala
ti
 population in 
lusters ofgalaxies were analyzed, providing relations between physi
al parameters for dif-ferent morphologi
al types that otherwise, it would be mu
h more 
ompli
atedto get to know.Among these dis
overies, we stand out the Faber- Ja
kson relation (Faber& Ja
kson, 1976), whi
h gives a relationship between the luminosity and 
en-tral stellar velo
ity dispersion of ellipti
al galaxies, the Tully-Fisher relation(Tully & Fisher, 1977), that shows 
orrelations for spiral galaxies between lumi-nosity and rotation velo
ity, the Fundamental Plane (Djorgovski & Davis,1987; Dressler et al., 1987) that set 
onstraints between surfa
e brightness, ra-dius and velo
ity dispersion or the already 
ommented Color-Magnitude re-lation (Visvanathan & Griersmith, 1977).On the other hand, one of the obje
ts that deserve great interest at studying
lusters of galaxies are the Brightest Cluster Galaxies (BCGs) as theirorigin is thought to be 
losely 
onne
ted to the formation of the 
luster. BCGsare the most luminous and massive galaxies in the universe. They are usuallypla
ed 
lose to the 
enter of its host 
luster and seem to be aligned with the
luster galaxy distribution. As a 
onsequen
e, they have been suggested to lieat the bottom of the 
luster's gravitational potential well.The typi
al 
hara
teristi
s of the BCGs 
an be summarized as ellipti
al galaxiesthat are mu
h brighter and mu
h more massive than the average, with luminos-



28 CHAPTER 1. INTRODUCTIONity's ≈ 10L∗(L∗ = 1.0 × 1010h2L⊙) (S
hombert, 1986; Dubinski, 1998; Seigar,Graham & Jerjen, 2007), with very little rotational support and 
entral velo
itydispersions around ≈ 300 − 400kms−1 (Fisher, Illingworth & Franx, 1995).BCGs have been shown not to be extra
ted from the same luminosity distribu-tion as the S
he
hter luminosity fun
tion for the rest of the galaxies, as it hasbeen shown in this thesis. As in 
lusters of galaxies, two main theories remainto explain the formation of the BCGs.The hierar
hi
al simulations of BCG formation performed by De Lu
ia & Blaizot(2007b) suggested that the stellar population in BCGs were formed nearly at z
∼ 5 to 3. On the other side, a number of observations indi
ates that BCGs wereformed at high redshift and have been passively evolving to the now (Bower,Lu
ey & Ellis, 1992b; Aragon-Salaman
a et al., 1993; Stanford, Eisenhardt &Di
kinson, 1998; van Dokkum et al., 1998).In addition, these obje
ts has been set as 
andidates to 'standard 
andles' forthe measurement of 
osmologi
al distan
es (Sandage, 1972a,
; Gunn & Oke,1975; Hoessel & S
hneider, 1985; Lauer & Postman, 1994; Postman & Lauer,1995). In fa
t, one of the most studied subje
ts in the literature is the in
reaseof the number of observed BCGs in the K-band Hubble Diagram, (Aragon-Salaman
a, Baugh & Kau�mann, 1998; Collins & Mann, 1998; Burke, Collins& Mann, 2000; Brough et al., 2005), a
hieving a dispersion of 0.3.Additionally, although many attempts have been devoted to model the surfa
ebrightness of these obje
ts (S
hombert, 1986; Graham et al., 1996; Lin & Mohr,2004; Seigar, Graham & Jerjen, 2007), this matter is still not solved. In thisthesis, we have shown that a diversity is manifest as far as the best model ofthe surfa
e brightness is 
on
erned.Although a remarkably homogeneity in luminosity of the BCGs is evident, agreat amount of these studies have been performed by sele
ting very ri
h andmassive 
lusters. In fa
t, in this thesis, we have shown that if we 
onsiderBCGs belonging to poorer 
lusters or less massive, the dispersion in
reases.These fa
ts seem to indi
ate that a ri
hness 
orre
tion, as already stated bySandage, Kristian & Westphal (1976); Kristian, Sandage & Westphal (1978);Postman & Lauer (1995), is ne
essary to 
onsider these obje
ts as 'StandardCandles'.In this thesis, we have widely analyzed a great number of the properties re-garding to the gala
ti
 population in our sample of medium redshift 
lusters.We have aimed to study the degree of varian
e of their properties and theirevolution with redshift by 
omparing the results found in with lower and higherredshift samples.



1.2. MOTIVATIONS AND AIMS OF THE THESIS 291.2 Motivations and Aims of the thesisThis thesis 
olle
ts a 
omplete study performed in a sample of ten 
lusters ofgalaxies at medium redshift (z ≈ 0.2-0.25). Clusters of galaxies are great stru
-tures with largest 
on
entration of galaxies in similar environment, providing anideal frame to study the behavior and 
hara
teristi
 of the gala
ti
 population.In parti
ular, the main motivations for the study of these parti
ular obje
ts arethe following.A small number of analyzed 
lusters in this medium range of redshift up to dateis found (Fasano et al., 2000; Trujillo et al., 2001
; Fasano et al., 2002). Thisfa
t is due to di�
ulties in the depth and quality of the observations.With the advent of spatial teles
opes, the number of 
lusters imaged at higherand higher redshift has grown but that range of redshift 
ontinues being over-looked. However, we think that this range of redshift 
an be spe
ially interest-ing and surprising as far as the examination of the speed of the evolution ofthe galaxies' features is 
on
erned. The study of the 
osmi
 evolution or theproperties of 
lusters of galaxies and their varian
e with redshift is a basi
 pointfor understanding the origin and formation of these obje
ts, and likewise, theUniverse.Throughout this thesis, we have adopted the standard ΛCDM 
osmology withH0=71 km s−1 Mp
−1, Ωm=0.27 and ΩΛ=0.73.1.3 Brief des
ription of the thesis 
haptersIn this thesis, we have stru
tured the 
ontents into four parts. The �rst partis devoted to the introdu
tion of the general subje
ts we have worked, togetherwith a presentation of the sample of 
lusters of galaxies we have analyzed andan explanation of the redu
tion and 
alibration pro
ess of this sample set.The se
ond part is dedi
ated to the analysis of the main 
hara
teristi
s of thebright galaxy population in the 
entral part of the 
lusters samples. It 
om-prises �ve Chapters. Chapter 3 studies the Color- Magnitude Relation and theBut
her-Oemler E�e
t, examining also their relation with the morphology. Wehave also 
ompared the results we have found with samples at lower redshift.Chapter 4 is dedi
ated to the Galaxy Visual Morphology. We have assignedmorphologi
al visual types to the galaxy population, 
he
king that our 
lassi�-
ation 
orresponds statisti
ally with the reported in the literature. Moreover,we have looked into the 
on
entration parameter of the 
lusters in the samplethat have enough 
overage. Finally, we have examined the intera
tion degree inthe sample by analyzing the tidal for
es distribution.The subsequent Chapter, 5 refers to the analysis of the surfa
e brightness of theNOT galaxy population. We have previously performed several simulations in



30 CHAPTER 1. INTRODUCTIONorder to 
he
k the best 
onditions for �tting the Surfa
e Brightness of the galax-ies. The �nal 
lassi�
ation 
arried out by elaborating an algorithm that de
idesthe best �t into one or two 
omponent model. Additionally, we have investigatedinto the derived bulge and dis
 stru
tural parameters of the galaxies.Further on, Chapter 6 des
ribes the resear
h performed in the spatial distribu-tion of the sample. We have analyzed the lo
al density and the radial distri-bution of the galaxies in our sample. Several relations have been examined, inparti
ular, the Morphology-Density relation, or the Radius density relation.Finally, the last Chapter in this part, Chapter 7 examines the analysis of theLuminosity Fun
tion by providing di�erent methods for performing the �ts.The Morphology and Color Luminosity Fun
tion have also been analyzed and
onsequently, we have attempted to extra
t 
on
lusions about the Universalityof the Luminosity Fun
tion.The third part of the thesis is 
ompletely dedi
ated to the Brightest ClusterGalaxies or BCGs. We have detailed an algorithm for the extra
tion of the BCGfrom the 
luster potential in the �rst part and subsequently, we have analyzedthe main 
hara
teristi
s of the BCG population, regarding to the degree ofdominan
e, morphology or surfa
e brightness. We have dedi
ated the last partto the study of the identity of these obje
ts as Standard Candles.Finally, the last part is a 
ompilation of the main 
on
lusions of the work de-veloped in the thesis, with a �nal remark on the future prospe
ts.The Annex 
ontains four 
hapters. The �rst one Annex A, 
olle
ts the 
atalogueof the galaxies dete
ted in NOT sample. Annex B shows the information for thegalaxies in NOT sample to analyze their surfa
e brightness pro�le and �nally,Annex C and D, gather the results of the extra
tion of the BCG for the NOTand ACS sample, respe
tively.



Chapter 2Clusters SampleMer
urio de rampas y héli
es,grumos de luna entre tensores y pla
as de bron
e;pero el hombre ahí, el inversor, el que da vuelta a las suertes,el volatinero de la realidad:
ontra lo petri�
ado de una matemáti
a an
estral,
ontra los husos de la altura destilando sus hebraspara una inteligen
ia 
ómpli
e,telaraña de telarañas,un sultán herido de diferen
ia yergue su voluntad enamorada,desafía un 
ielo que una vez más propone las 
artas transmisibles.Julio Cortazar, 'Prosa del Observatorio'In this Chapter, the observational 
luster sample at medium redshift is de-s
ribed. The sample 
onsists on ten 
lusters of galaxies within the mediumredshift range 0.17 ≤ z ≤ 0.39. On one hand, �ve of those 
lusters were imagedwith the Nordi
 Opti
al Teles
ope (NOT) from the Ground and, hereafter, wewill refer to them as the NOT sample. On the other hand, the other halfof the sample 
onsist on �ve more 
lusters imaged with the Advan
ed Cameraof Surveys (ACS) in the Hubble Spa
e Teles
ope (HST) and, we will allude tothem as the ACS sample.All the images are 
entered in the very 
entral part or the 
ore, 
overing the
≈ 1 Mpc2, being somewhat smaller for the ACS sample. The NOT sample is
omplete up to ≈ M∗

r + 1, while the ACS sample a
hieves the 
ompleteness at
≈ M∗

r + 3. As a 
onsequen
e, we will perform most of the work in the M∗
r + 1magnitude range, ex
ept in some 
ases that we will take advantage of the goodquality of the ACS data set.This medium redshift galaxy 
luster sample was elaborated in order to 
ontinuethe exploration and establishment of the 
lusters properties in the immediately31



32 CHAPTER 2. CLUSTERS SAMPLEfollowing redshift range respe
t to lo
al samples (su
h as Wide-Field ImagingNearby Galaxy-Cluster Survey (WINGs) (Fasano et al., 2006), Sloan DigitalSky Survey (SDSS) (York et al., 2000)). This range of redshift (0.15 . z . 0.4)has been very little observed for a long time, due to te
hni
al limitations. Theyneed a very good seeing quality to be observed from the Ground, to be ableto resolve the gala
ti
 population inside the 
lusters, for example. In addition,the size of the CCD needs to be large enough to be able to sample a sustan
ialpart of the 
luster. With the advent of the Hubble Spa
e Teles
ope (HST),those 
ompromises were solved at the same time, as we will see in the ACSsample. However, the NOT sample is the �rst 
luster sample at medium redshift,observed from the Ground with very good 
onditions of seeing.2.1 Nordi
 Opti
al Teles
ope Cluster SampleThe �rst half of the sample 
onsists on �ve galaxy 
lusters imaged at the 2.5mNordi
 Opti
al Teles
ope (NOT). That Teles
ope is lo
ated at the Roque deLos Mu
ha
hos 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 s
ale 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 
olle
ted.Columns 1, 2,3 and 4 show the 
luster name and the 
enter obtained fromthe Nasa Extragala
ti
 Data Base (NED)1. The redshift, Bautz-Morgan Type,Rood-Sastry type and Ri
hness Class are listed in the four last 
olumns, respe
-tively. Table 2.1: NOT Clusters Global Sample
Name α(2000) δ(2000) z BM type RS type RC

A 1643 12 55 54 +44 04 46 0.198 III B 1
A 1878 14 12 49 +29 12 59 0.220 II C 1
A 1952 14 41 04 +28 38 12 0.248 III C 2
A 2111 15 39 38 +34 24 21 0.229 II − III C 3
A 2658 23 44 58 −12 18 20 0.185 III F 3These 
lusters were sele
ted from the 
atalogue by Abell, Corwin & Olowin(1989) to ful�ll the requirements of being massive, apparently relaxed systems,with an intermediate ri
hness 
lass and high gala
ti
 latitudes to avoid problemswith extin
tion.1The NASA/IPAC Extragala
ti
 Database (NED) is operated by the jet propulsion labo-ratory, California Institute of Te
hnology, under 
ontra
t with the national Aeronauti
s andSpa
e Administration



2.1. NORDIC OPTICAL TELESCOPE CLUSTER SAMPLE 33The 
lusters were observed through two broad-band opti
al �lters: Gunn-r (r)and Bessel B (B). In Table 2.2, the information about the observations is 
ol-le
ted. The number of pointings observed for ea
h 
luster are indi
ated in
olumn 1. These pointings 
over di�erent 
luster areas whi
h are showed in 
ol-umn 2. The third and fourth 
olumns of the Table give the exposition time inthe r and B �lters respe
tively for the di�erent 
lusters. 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 wasa
hieved. 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 Exp Time(r) Exp Time(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 s
ar
e information on those 
lusters, we have gathered the few avail-able literature, whi
h refers, above all, to redshift data and the environmentalsituation of ea
h of them.A1643. The redshift of this 
luster was given from the work by Humason,Mayall & Sandage (1956), who obtained a spe
trum 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 re
ently, Gal et al.(2003) dete
ted 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 
lustersdo appear in our frames where we 
an identify A1643 as the one dominatedby the galaxy observed by Humason, Mayall & Sandage (1956) and, therefore,at z = 0.198. This is the value we adopt in this work. We will ex
lude theframes that 
ould be 
ontaminated by the presen
e of NSC J125542+440522 inall the analysis regarding the gala
ti
 
ontent of A1643. The area and numberof frames values given in Table are already 
orre
ted.



34 CHAPTER 2. CLUSTERS SAMPLEA1878. This 
lusters appears with z = 0.254 in the NED. A 
loser inspe
tionshows that there is another value given to a galaxy in the �eld, namely z =0.222. Both redshift values 
ome from Sandage, Kristian & Westphal (1976),who observed the brightest galaxy in the �eld, pla
ed 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 spe
trawere of low quality. The low z value 
orresponds to the brightest obje
t thatappears at the 
enter of a strong 
on
entration of galaxies that do 
orrespondto the 
luster 
atalogued as A1878. More re
ently, Gal et al. (2003), identi�eda 
luster labeled as NSCJ141257+291256, with a photometri
 redshift z = 0.22.Its position and redshift value 
oin
ide with that of the bright galaxy observedby Sandage, Kristian & Westphal (1976) that is a

epted 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 fa
t thatthe position given by Abell, Corwin & Olowin (1989), α(J2000)=14h 41m 04.2s,
δ(J2000)= +28d 38m 12s, does not 
oin
ide 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) dete
ted a 
luster designed by NSC J144103+283622, at almostexa
tly the position of A1952's BCG, but the redshift they have determinedphotometri
ally amounts to 0.2084. Taking all the information at hand, we
onsider 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,supports this 
on
lusion.A2111. This 
luster has the largest amount of information available in theliterature of all the 
lusters in that sample. The redshift was established fromspe
tros
opi
 observations by Lavery & Henry (1986). The 
enter given by NED
omes 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, Oegerle & Hill (2006), let them to 
on
lude that the
luster 
enter position is at α(J2000)=15h 39m 40.9s , δ(J2000)= +34d 25m04s, only 5.04 kp
 away from the Brightest Cluster Galaxy. Miller, Oegerle &Hill (2006) also provides a large number of spe
tra.Interestingly, this 
luster is thought to be a merger of two 
lusters due to thefa
t that the 
luster 
ontains a distin
t 
omet-shaped X-ray sub
omponent thatappears hotter than the rest of the 
luster Wang, Ulmer & Lavery (1997). Fur-thermore, the orientation between the two 
entral major galaxies 
oin
ides withthe elongation of both the galaxy and X-ray distributions. And also it has thedistin
tion of being the ri
hest 
luster in the original But
her & Oemler (1984)study. A2111 was also among the larger blue fra
tion 
lusters noted in But
her& Oemler (1984), at fb=0.16 ± 0.03.



2.1. NORDIC OPTICAL TELESCOPE CLUSTER SAMPLE 35A2658. This 
luster is the only one from the sample that is observable fromthe South Hemisphere. The redshift of that 
luster is set from Fetisova (1982).The 
enter, as given by Abell, Corwin & Olowin (1989) is found at α(J2000)=23h 44m 58.8s, δ(J2000)= -12d 18m 20s. However, our BCG is lo
ated at
α(J2000)=23h 44m 49.83s, δ(J2000)= -12d 17m 38.93. After a visual inspe
tionof the 
luster image in the Digital Sky Survey, we 
on
lude that the 
enter of the
luster is given by the BCG, where a high 
on
entration of galaxies is visuallydete
ted.In Chapter 6, we will dis
uss the determination of the 
enter of the 
luster,giving the �nal 
oordinates in Table 6.3.In the following se
tions, we are going to summarize the pro
edure for the redu
-tion, 
alibration, (already performed by Fasano et al. (2002)), astrometrizationof the 
lusters, and extra
tion of the sour
es.2.1.2 Data redu
tionAt least two exposures for ea
h �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 redu
tion pro
ess, followingthe pro
edure explained in Fasano et al. (2002).The bulk of the data redu
tion of the images was a
hieved using standard IRAFtasks. The ele
troni
 bias level was removed from the CCD by �tting a Cheby-shev fun
tion to the overs
an region and subtra
ting it from ea
h 
olumn. Byaveraging ten bias frames, a master bias per night was 
reated and subtra
tedfrom the images in order to remove any remaining bias stru
ture.Dark images were also observed in order to remove the dark signal from theCCD. This 
orre
tion turned out to be negligible, and was not 
onsidered. Ad-ditionally, twilight �ats were taken at the beginning and at the end of everyobserving night. They were 
ombined and used for removing the pixel-to-pixelstru
ture of the images.2.1.3 CalibrationThe photometri
 
alibration of the images was obtained by observing severalstandard stars from the Landolt (1992), Jorgensen (1994), and Montgomery,Mars
hall & Janes (1993) 
atalogues. They were observed every night at dif-ferent zenith distan
es in order to measure the atmospheri
 extin
tion. The
alibration 
onstant was taken from Fasano et al. (2002).Table 2.3 shows the 
alibration 
oe�
ients with their error in the r band forea
h 
luster. As di�erent 
lusters were observed di�erent nights, the informa-tion in the log of the observations has been 
ompiled to know whi
h night a
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ular galaxy 
luster was observed. In the two �rst 
olumns, the photomet-ri
 zero points Zc and the 
olor 
oe�
ients Cc is set, the third 
olumn showsthe extin
tion 
oe�
ients and the last 
olumn shows the 
alibration errors.Table 2.3: Calibration Coe�
ients in NOT Clusters 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 Astrometri
al 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 lo
ate an obje
t exa
tlyin the sky. This pro
edure is 
ommonly known as astrometrization.Usually, the �eld 
an be geometri
ally distorted by the opti
al layout of the
amera. Su
h distortions 
an signi�
antly a�e
t the astrometri
 measurementsas well as the photometry, due to the mis-shaped smearing of the light on thepixel array. In order to map and 
orre
t distortions in the images, it is quiteuseful to 
ompare 
oordinates for a given sample of point-like sour
es (stars)in the �eld. Strong distortions require sizeable astrometri
 samples of starsuniformly spread throughout the �eld.Hen
e, we have used an intera
tive software developed and maintained by theCentre de Données astronomiques de Strasbourg, 
alled Aladin Sky Atlas(Bonnarel et al., 2000). Aladin visualizes digitized astronomi
al images andpla
e entries from astronomi
al 
atalogues or databases over them. It also hasthe 
apability of a

ess related data and information from the di�erent databasesand ar
hives for all known sour
es in the �eld intera
tively. In the following,we summarize the steps required for a
hieving the astrometrization of the NOTsample images.

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

× 3
′ �elds.A typi
al size of 14

′

× 14
′ was sele
ted. These images are previouslyastrometrizated.

• A NOT image, previously redu
ed, was opened with Aladin.
• We performed a visual 
omparison between both images to identify thesame obje
t, ideally stars, in both images. We obtain a list of (x, y) pixels
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orresponding (α,δ) 
oordinates for theDSS.
• In Aladin, we sele
t the options: Tools, Image astrometri
al (re)
alibrationand �nally By mat
hing stars. An iterative window will open and we 
anintrodu
e the pixels and their relative world 
oordinates.
• An initial astrometrization of the image is shown. Then we superimpose astar 
atalogue in that frame to improve the initial astrometri
al solution.In Aladin, we sele
t: Load, All VO and Catalogs where we 
an 
hoose anumber of di�erent 
atalogues. In that 
ase, we sele
ted NOMAD.
• If desired, we 
an manually re-astrometrizate the result by sele
ting theoption Modify.
• On
e we are satis�ed, we 
an save the image by sele
tion Save and Ex-port some planes and we obtain the NOT original image with gala
ti
astrometry.2.1.5 Extra
tion of the sour
esWe have sele
ted and extra
ted the sour
es of our images in order to studytheir individual 
hara
teristi
s. For that purpose, we used SExtra
tor (Sour
e-Extra
tor) (Bertin & Arnouts, 1996), whi
h is a well-known astronomi
al pro-gram that builds a 
atalogue of obje
ts from an astronomi
al image and mea-sures their photometry.We have in
luded here an explanation about the most essential parametersfor the extra
tion of the obje
ts in our images. SExtra
tor gets some imageinformation from the FITS header of the image but it also needs some of theparameters to be spe
i�ed in the 
on�guration �le.
• Extra
tion ParametersThey are setting the 
onstraints for the obje
ts to be dete
ted. The mostrelevant parameters are DETECT_THRESH and DETECT_MINAREA. The �rst one determines the level of brightness we want to dete
t, usuallyspe
ifying a number of times over the σ of the image and the se
ond onesets up the minimum number of pixels above a threshold that the obje
thas to have to be sele
ted.As far as the deblending is 
on
erned, the most interesting and importantparameters are DEBLEND_NTHRESH, whi
h designates the number ofintensity levels that ea
h dete
tion is going to be divided in to analyze thedeblending and DEBLEND_MINCONT, whi
h stipulates the minimum
ontrast to split one dete
tion into one or more dete
tions.We de
ided to �x the DETECT_THRESH=1.5σ in order to dete
t galax-ies whi
h arrived to Gunn-r isophote of 25.3 and DETECT_MINAREA



38 CHAPTER 2. CLUSTERS SAMPLE=150 pixels, whi
h 
orresponds to galaxies with radius at least of 7 pix-els, whi
h is twi
e the medium full-width at half maximum (FWHM) forour images. After performing di�erent tests in our images and 
he
kingthat the deblending was a

urately performed, we resolved to set DE-BLEND_NTHRESH= 32 and DEBLEND_MINCONT=0.0001.
• Photometry ParametersSExtra
tor allows to 
hoose between �ve di�erent magnitudes for ea
hdete
ted galaxy on our images: isophotal, isophotal-
orre
ted, 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 physi
al region (Bernardi etal., 2003; Varela, 2004). The other one is the magnitude 
alled by SEx-tra
tor 'MAG_BEST' that is determined in an automati
 aperture whi
hdepends on the neighbours around the galaxy. If those neighbours arebright enough to a�e
t the magnitude 
orresponding to an aperture en-
losing the whole obje
t by more than 10%, then that magnitude is takenas the 
orre
ted isophotal magnitude, whi
h 
orresponds to the isophotalmagnitude together with a 
orre
tion. This magnitude provides the bestmeasures of the total light of the obje
ts (Nelson et al., 2002; Stott et al.,2008).
• Star/Galaxy Separation ParametersIn a 
atalogue of obje
ts, we expe
t to know the kind of obje
t we'redealing with. SExtra
tor is able to work out the probability (stellar in-dex ), that an obje
t is an star (a point-sour
e) by using a neural networkwhi
h was trained with more than 106 images of stars and galaxies simu-lated with di�erent 
onditions of pixel-s
ale, seeing and dete
tion limits.Therefore, if the Stellar index is 
lose to 1, the obje
t is predi
table a starand if it is 
lose to 0., it is likely to be a galaxy. The parameter demandingby SExtra
tor is the SEEING_FWHM whi
h is the FWHM of the imageand 
an be measured dire
tly from the image.For our sample, we have 
onsidered that an obje
t was a galaxy when itsstellar index was smaller then 0.2. In 
ontrast, an obje
t was 
onsidereda star if the stellar index was larger than 0.8. The rest of the obje
tswere 
onsidered as doubt obje
ts. Those values were sele
ted 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.
• Ba
kground ParametersEstimating the lo
al ba
kground is a 
ru
ial step in a
hieving good qual-ity photometry. SExtra
tor estimates the ba
kground of the image aswell as the RMS noise in that ba
kground. The most important val-ues for a proper estimation of the ba
kground are BACK_SIZE andBACK_FILTERSIZE. The �rst parameter, BACK_SIZE is the size of
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tor works out the mean and the σ of the distribu-tion of pixel values is 
omputed. The pro
ess 
onsists then on dis
ardingthe most deviant values and working out again the median and standarddeviation σ until all the remaining pixel values are within the mean ± 3
σ. Then, the value for the ba
kground in the area is the mean of thosepixels. The ba
kground map is a bi-
ubi
-spline interpolation over all thearea's of size BACK_SIZE, after �ltering.The se
ond parameter, BACK_FILTERSIZE is the median �lter for theba
kground map. That is, before the �t of the ba
kground values is done,the ba
kground image is smoothed over this number of meshes. In orderto obtain a good value of these parameters, we have measured the largestobje
ts 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 in
ontrasting parts of the image. However, as the �eld of view is relativelysmall, the ba
kground maintains nearly 
onstant, what implies a goodquality subtra
tion.SExtra
tor is also 
apable of performing on-line 
ross-identi�
ations of ea
hdete
tion with and ASCII list. This is the ASSOC mode and it is very usefulfor extra
ting the same obje
ts in di�erent �lters, for example. In our 
ase, theextra
tion 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 SExtra
tor.2.1.6 Photometri
 
orre
tionsAlthough SExtra
tor produ
es the photometry of the obje
ts in the image, thosemagnitudes need to be 
orre
ted of at least two e�e
ts: the k -
orre
tion e�e
tand the gala
ti
 extin
tion. The k-
orre
tion is de�ned as the 
orre
tive termthat needs to be applied to the observed magnitude in a 
ertain band due tothe e�e
t of redshift (Oke & Sandage, 1968; Pen
e, 1976; Poggianti, 1997).The k-
orre
tion e�e
t was then applied to the SExtra
tor magnitudes of thegalaxies in both �lters. For the B-band �lter we used the k-
orre
tion givenby Pen
e (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 magnitudesof the r− �lter were 
orre
ted by using the approximations kr = 2.5 log(1 +

z) (Jorgensen, Franx & Kjaergaard, 1992), due to the �at spe
tral shape ofellipti
al in this wavelength range. The gala
ti
 extin
tions in both �lters werederived from S
hlegel, Finkbeiner & Davis (1998).Hen
e, the 
orre
tions for the SExtra
tor magnitudes were transformed to re-liable magnitudes, using the Bouger equation and the 
olor 
orre
tion, in thefollowing way:
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





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:
(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 SExtra
tor 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�e
ting the �nal results.Table 2.4: Errors Measurements in NOT sample
Name Err Aper Err Best Err Col

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 extra
ting all the obje
ts, we 
he
ked if there were some part of theframes overlapped and 
onsequently, some of the obje
ts were measured twi
e.There were two 
ases: A2111 and A1952. As a way of 
ontrol, we 
he
ked thattheir magnitudes were 
onsistent between them. In Figures 2.1, we show theirabsolute magnitudes versus their magnitude di�eren
es. The solid line, showsthe mean value of the di�eren
e (0.012 for A1952 and 0.026 for A2111), whilethe dotted lines show the standard deviation of the di�eren
e (0.052 for A1952and 0.034 for A2111).We see that the mean di�eren
es are less than 0.028 and the standard deviationfor the galaxies brighter than Mr ≥ −19.5 are of the same order of magnitudethan the 
alibration errors. The larger di�eren
es of A1952 rather than A2111,
an be explained as it is the only 
luster with a relevant di�eren
e in seeing(from 0.5 to 0.8) between the di�erent frames. However, that fa
t does nota�e
t our results.We �nally obtained a �rst 
atalogue of 488 dete
ted obje
ts, in
luding stars andgalaxies. The �nal galaxy 
atalogue was formed by 456 dete
ted galaxies. Wealso obtained 27 stars and 5 doubt obje
ts.
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Figure 2.1: Magnitude di�eren
e for galaxies in di�erent frames for A1952 andA2111. The solid line indi
ates the mean value of the di�eren
e and the dashedline refers to the standard deviation of the di�eren
e.
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ed Camera for Surveys ClustersThe other half of the sample at medium redshift 
onsists on �ve multi-band
lusters imaged with the Wide Field Camera (WFC) of the Advan
ed Camerafor Surveys (ACS) in the Hubble Spa
e Teles
ope (HST) in the same range ofredshift.The CCD of ACS has a �eld of view of 202
′′

×202
′′ and plate s
ale of 0.05′′/pix.The 
lusters have been imaged in the full spe
tral range of the Advan
ed 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 unpre
edented due to their depth,wavelength 
overage and ex
eptional resolution from the spa
e.That main 
hara
teristi
s of the sample are 
olle
ted in Table 2.5: name of the
luster, the 
enters obtained by NED, the redshift, the Bautz-Morgan Type, andthe ri
hness 
lass. The Bautz-Morgan type and Ri
hness Class 
orrespondingto the 
luster CL0024+1654 has not been found in the literature.Table 2.5: ACS Cluster Global Sample

Name α(2000) δ(2000) z BM type 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 information for the observations in F475W band (SDSS-r) and F625W band (SDSS-g) of the �ve ACS 
lusters is set. Those bands weresele
ted from the whole multi-band set as being the more similar to the NOTsample bands. Although the SDSS-g band is 
entered at wavelength 4800 Åand the Bessel -B band at 4290 Å, the di�eren
e in not too signi�
ative.Table 2.6: ACS WFC Clusters Observations

Name Area(Mpc) 2 Exp Time(r) (s) Exp Time(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 432.2.1 Comments on the sampleContrary to the NOT sample, the ACS 
lusters sample has been largely exploredand they have a great amount of literature. In this se
tion, we have summarizedsome of the main results regarding those 
lusters.A1689. This 
luster is one of the best studied in the literature. The Sunyaev-Zeldovi
h e�e
t (Sunyaev & Zeldovi
h, 1970, 1972), has been dete
ted and 
om-puted in this 
luster (Bonamente et al., 2006). It also presents many gravita-tional ar
s asso
iated with 30 systems or sour
es with redshift in the range
1 < z < 6 (Diego et al., 2005).Several studies have analyzed its mass pro�le by estimating its dark matterhalo with di�erent methods su
h as gravitational lenses (Tyson & Fis
her, 1995;Taylor et al., 1998; Broadhurst et al., 2005a; Diego et al., 2005; Zekser et al.,2006; Halkola, Seitz & Pannella, 2006, 2007), galaxy kinemati
s (�okas et al.,2006), or X-ray imaging (Xue & Wu, 2002; Demar
o et al., 2003; Andersson &Madejski, 2004; Bonamente et al., 2006).Although the lensing te
hniques tend to agree in the 
al
ulation of the massof this 
luster, providing a value around (0.1 − 0.5)1015h−1M⊙ for the mass
ontained in a radius of 51 to 110 ar
se
s, a systemati
 dis
repan
y of abouttwo is found with the estimations provided by X-ray data.The redshift of this 
luster (z=0.1832) was given originally by the work byTeague, Carter & Gray (1990), who obtained sixty-six spe
tra of the �eld ofea
h 
luster providing a wide 
overage of the bright galaxy population. Lateron, Du
 et al. (2002) gave positions and redshift for all 
luster members withmagnitude R<18 and within 2′′ of the brightest 
entral galaxy. The X-ray
enter has been set as pres
ribed 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), whi
h falls very 
lose to the 
entraldominant galaxy.Molinari, Buzzoni & Chin
arini (1996) performed an study of the ground-basedphotometry of this 
luster in Gunn g, r and i bands, dis
ussing the r versus g−r
olor diagram, 
on
luding that a ridge line for the ellipti
al galaxies 
learlyappeared for this 
ompa
t 
luster. Additionally, De Propris et al. (2003b),analyzed the But
her-Oemler E�e
t in the K-band for this 
luster, �nding ablue-fra
tion of 0.046 ± 0.038 in the K-band and 0.029 ± 0.025 in the opti
alwithin a 0.5 Mp
 aperture.A1703. This 
luster is a massive X-ray 
luster that 
ontains a large numberof gravitational ar
s (Limousin et al., 2008). In parti
ular, this 
luster exhibitsan outstanding bright 'ring' formed by galaxies at z=0.888 lo
ated very 
lose tothe brightest 
luster galaxy.The redshift of A1703 (z=0.2836) is given in a work by Allen et al. (1992)who identi�ed the redshift of the two brightest X-ray members of the 
luster.
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oordinates provided by NED for the 
enter of the 
luster are α(J2000)=+13h 15m 00.7s, δ(J2000)= +51d 49m 10s, extra
ted from the Abell opti
alCatalogue (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 ri
hest 
lusters in the Abell 
atalogue. That
luster is 'famous' due to its ring around its brightest 
luster galaxy (Kassiola& Kovner, 1993). Numerous gravitational lenses studies 
ame after the dis
overyof that 'ring' (Kneib et al., 1996; Sou
ail, Kneib & Golse, 2004; Kneib et al.,2004), suggesting that the multiple lens system arises from a high-redshift (z>6)sour
e.Additionally, many attempts to determine the dynami
al state of the 
lusterby studying its X-ray emission have been performed (Neumann & Böhringer,1999; Cannon, Ponman & Hobbs, 1999; Ma
ha
ek et al., 2002; Pratt, Böhringer& Finoguenov, 2005), even with the analysis of the Sunyaev-Zeldovi
h e�e
t(Uyaniker et al., 1997; Tsuboi et al., 1998; Lieu, Mittaz & Zhang, 2006; Morandi,Ettori & Mos
ardini, 2007). A dis
repan
y between mass estimates from X-rayand strong lensing analyses is evident (Miralda-Es
ude & Babul, 1995; Pratt,Böhringer & Finoguenov, 2005). More 
omplete X-ray studies with ROSAT(Markevit
h, 1997; Neumann & Böhringer, 1999) or Chandra (Ma
ha
ek et al.,2002), revealed a 
ompli
ated X-ray stru
ture near the 
ore, suggesting that the
luster is dynami
ally a
tive. The most likely explanation is the merger statusof A2218. The 
lumpy X-ray emission appears as a dire
t 
onsequen
e of theongoing 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 extra
tedfrom the Abell 
atalogue (Abell, Corwin & Olowin, 1989). However, the peakof the X-ray surfa
e brightness distribution is 
oin
ident with the lo
ation ofthe brightest 
luster galaxy, α(J2000)=+16h35m48.9s, δ(J2000)= +66d12m42s(M
Hardy et al., 1990). The photometri
 and spe
tros
opi
 study of the 
lusters
enter suggest that the 
luster 
onsist in fa
t of two galaxy 
on
entrations, ofwhi
h one is 
entered about the brightest 
luster galaxy.Besides, a number of photometri
al studies has been performed in that 
luster.But
her & Oemler (1984) gave a 
on
entration parameter of C=0.59, one ofthe largest in their sample. Jørgensen et al. (1999), extra
ted the photometryfor a 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 & S
hombert (2005), 
ompleted afour 
olor intermediate-band photometry of the 
luster population, �nding anunusually low fra
tion of blue galaxies and a large fra
tion of E/S0 galaxies.They also analyzed the B-r 
olor-magnitude relation �nding a slope of 0.068 ±
0.032. Complementary, a quantitative morphologi
al study in the 
ore of that
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luster has been re
ently performed by Sán
hez et al. (2007).Furthermore, Pra
y et al. (2005) studied the luminosity fun
tion in that 
luster.They �nd that the total proje
ted luminosity distribution within 1 Mp
 of the
luster 
entre 
an be well represented by a single S
he
hter fun
tion with mod-erately �at faint-end slopes: α = −1.14, also �nding that the brightest galaxiesin that 
luster exhibit a more 
ompa
t spatial distribution.CL0024+1654. This 
luster, hereafter CL0024, is the more distant from allthe 
lusters analyzed in this thesis with a redshift of z=0.39. It has a velo
itydispersion of σv = 1200km s−1 (Dressler & Gunn, 1992), and an X-ray lumi-nosity of Lx = 3.7 × 1044ergs s−1 (Sou
ail et al., 2000). A single ba
kgroundgalaxy is multiply imaged (Colley, Tyson & Turner, 1996; Tyson, Ko
hanski &dell'Antonio, 1998; Böhringer et al., 2000; Broadhurst et al., 2000; Rögnvalds-son et al., 2001; Kneib et al., 2003). Several analysis with X-ray data havebeen performed (Kodama et al., 2004; Zhang, Han & Jiang, 2005; Kotov &Vikhlinin, 2005), �nding a 
omplex stru
ture in the 
ore region. Eviden
e ofthe Sunyaev-Zel'dovi
h e�e
t (Zem
ov 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 Zwi
ky et al. (1961) and is set at α(J2000)=00h 26m 36s, δ(J2000)=+17d 08m 36s. However, the X-ray 
enter (Sou
ail etal., 2000; Treu et al., 2003), is determined to be at α(J2000)=00h 26m 36.3s,
δ(J2000)=+17d 09m 46s, whi
h is very 
lose to the position of the brightest
luster galaxy, α(J2000)=00h 26m 35.7s, δ(J2000)= +17d 09m 43s (Treu etal., 2003).In addition, Czoske et al. (2001); Alexov, Silva & Pier
e (2003), provided this
luster with a wide-�eld spe
tros
opi
 survey of 618 spe
tra. The morphologi
aldistribution has been analyzed to 5 Mp
 radius by Treu et al. (2003) up toI=22.5. Also, the original value of the blue fra
tion given by But
her & Oemler(1984) is 0.16 ± 0.02 and later on, De Propris et al. (2003a) estimated this tobe 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 su
h 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 
on
entration parameter has beenestimated by Dressler et al. (1997) to be 0.53.MS1358.4+6245. This 
luster , hereafter MS1358, is an X-ray, extremely ri
h
luster, with a 
ompa
t, 
on
entrated 
ore of galaxies. The Sunyaev-Zeldovi
he�e
t has been widely explored on it (LaRoque et al., 2006; Morandi, Ettori &Mos
ardini, 2007; Hashimoto et al., 2007). It also has weak gravitational lensingof faint distant ba
kground obje
ts (Hoekstra et al., 1998).The redshift (z=0.328) and position of this 
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 Sto
ke et al. (1991). However, mostworks have adopted the brightest 
luster galaxy set as α(J2000)=13h 59m 50.5s,



46 CHAPTER 2. CLUSTERS SAMPLE
δ(J2000)=+ 62d 31m 05s (Fisher et al., 1998; van Dokkum et al., 1998; Fabri-
ant, Franx & van Dokkum, 2000)Likewise, Yee et al. (1998) 
reated a redshift 
atalogue of the galaxies in the�eld of this 
luster in a wide area ranging in magnitude from r = 20 to r = 22and Fisher et al. (1998) added more spe
tros
opi
 information in the 
entral 3.5Mp
. The morphologi
al 
omposition of a sample of galaxies in the 
entral 53ar
 minutes have been 
arried out by Fabri
ant, Franx & van Dokkum (2000).In addition, Luppino et al. (1991) presented an analysis of four-
olor (BVRI)photometry. They in
luded the 
luster luminosity fun
tion and 
olor-magnitudediagrams and also 
omputed the blue galaxy fra
tion �nding it be 0.10 < fb <
0.18 depending on the ba
kground galaxy 
orre
tion. Similarly, Fabri
ant, M
-Clinto
k & Bautz (1991) obtained V,R and I photometry of the galaxy popula-tion in the 
luster 
enter 
omplete to rest band MV = −19.5 and spe
tra of 70galaxies within 2 ar
 minutes. They also estimated the 
on
entration parameter�nding a value of 0.49.The B-V 
olor-magnitude relation was analyzed by van Dokkum et al. (1998)�nding a slope of -0.012 ± 0.003. Also, Kelson et al. (2000) performed an studybased on the surfa
e photometry and stru
tural parameters for 55 galaxies inthis 
luster.In Chapter 6, we will set and dis
uss the determination of the 
enter of the
luster. The �nal 
enter 
oordinates are provided in Table 6.4.2.2.2 Redu
tion and Calibration of the framesThe ACS images were previously redu
ed using Apsis, the automati
 imagepro
essing pipeline for the ACS GTO (ACS Guaranteed Time Observations)(Blakeslee et al., 2003). Apsis is able to rotate, align, 
osmi
-ray-reje
t, anddrizzle the imaging observations together.Likewise, the images were astrometrizated and 
alibrated taking advantage ofthe 2002 February 25 CALACS zero points (Ha
k, 1999), o�set by small amountsne
essary for the errors present in this 
alibration.2.2.3 Extra
tion of the sour
esThe sour
es in this sample were dete
ted by using SExtra
tor. The pro
edureis the same already explained in the last se
tion referring to the NOT sample.In this subse
tion, we only remark the most relevant parameters, spe
ifying thisrelation with the parameters set from the NOT sample.

• Extra
tion ParametersWe have set the DETECT_THRESH=1.5σ, dete
ting galaxies that ar-rived to r isophote of 27.8. Also, we have opted for aDETECT_MINAREA



2.2. ADVANCED CAMERA FOR SURVEYS CLUSTERS 47value of 150 pixels, 
orresponding to galaxies with radius at least of 7 pix-els, whi
h is ≈ three times the medium FWHM for our images.Con
erning the deblending parameters, we have setDEBLEND_NTHRESH= 32 and DEBLEND_MINCONT=0.005 as the result of di�erent teststo a
hieve the best a

ura
y of the deblending image.
• Photometry ParametersAs in the NOT sample, we have used the MAG_APER with an apertureof �ve kp
, useful for the 
olor determination and the MAG_BEST forthe 
omputation of the magnitudes.
• Star/Galaxy Separation ParametersThe stellar index has been 
onsidered in the same way as the NOT sample.A value less or equal than 0.2 is 
hosen to 
onsider an obje
t a galaxy whilea stellar index value larger than 0.8 is 
onsidered as a star. The rest ofthe obje
ts are 
onsidered doubt obje
ts.
• Ba
kground ParametersWe have taken the value sof BACK_SIZE and BACK_FILTERSIZE pa-rameters to have enough statisti
s to have a good estimation of the ba
k-ground. We have then set BACK_SIZE = 128 and BACK_FILTERSIZE=3.The extra
tion 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 SExtra
tor.2.2.4 Photometri
 
orre
tionsWe have k-
orre
ted the SExtra
tor magnitudes of the galaxies in both �lters.For the g-band �lter we have used an interpolation of the k-
orre
tion givenby Poggianti (1997) for the Gunn-g band in the range 0.16 to 0.4, being kg =

4.70z + 0.35. For the r-band �lter, we used the same approximation as inthe NOT sample, kr = 2.5 log(1 + z) (Jorgensen, Franx & Kjaergaard, 1992).Likewise, the gala
ti
 extin
tions in both �lters have been derived from S
hlegel,Finkbeiner & Davis (1998).We have set in Table 2.7, the errors provided by SExtra
tor 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 not a�e
ting the�nal results in all 
ases.The �nal 
atalogue of dete
tions 
ontains 2341 obje
ts, 
onsisting on 2239 galax-ies, 91 stars and 11 doubt obje
ts.
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Table 2.7: Errors Measurements in ACS sample
Name Err Aper Err Best Err Col

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
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Chapter 3Color-Magnitude RelationPuedo es
ribir los versos más tristes esta no
he.Es
ribir, por ejemplo,: 'La no
he está estrellada,y tiritan, azules, los astros, a lo lejos.'Pablo Neruda, 'Veinte poemas de amor y una 
an
ión desesperada.'The existen
e of the Color-Magnitude Relation (CMR) for ellipti
al galax-ies was �rst pointed out by Baum (1959). He noted that the 
olors of �eldellipti
al galaxies be
ome redder as the galaxies be
ome brighter. Lo
ally, theellipti
al galaxies in individual 
lusters form a red sequen
e with a well-de�nedslope and small s
atter (Bower, Lu
ey & Ellis, 1992a,b). A simple straight line�t 
an des
ribe the CMR for ellipti
al galaxies in an interval of about eightmagnitudes in lo
al 
lusters su
h as Virgo (Sandage, 1972b) or Coma (Rood,1969; Thompson & Gregory, 1993; López-Cruz et al., 1997; Se
ker, Harris &Plummer, 1997). The large 
overage in luminosity, suggests that within thisrange galaxies have shared a similar evolutionary pro
ess.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) 
on
luded on the universalityof the so 
alled CMR for early type galaxies and even early spiral galaxies,depending on the bands used (Tully, Mould & Aaronson, 1982; Mobasher, Ellis& Sharples, 1986).The physi
al origin of the CMR seems to be a 
onsequen
e of the formationpro
ess of the galaxies in 
lusters. The most massive galaxies are able to retainlargest quantities of enri
hed gas from the supernova explosions in the maximumof the stellar formation a
tivity (Arimoto & Yoshii, 1987). Two main s
enariosfor the formation of 
lusters of galaxies still remain in the literature. On onehand, we have the monolithi
 s
enario in whi
h the 
lusters were formed �rst(Bower, Kodama & Terlevi
h, 1998), and on the other, we have the hierar
hi
al51
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enario (Kau�mann, Guiderdoni & White, 1994; Kau�mann, 1996; De Lu
ia& Blaizot, 2007b), in whi
h the galaxies were formed at the outset.The evolution of the slope of the 
olor-magnitude relation with redshift in 
lus-ters of galaxies has been widely explored (van Dokkum & Franx, 1996; Kelsonet al., 1997; Ellis et al., 1997; Andreon, Davoust & Heim, 1997; Bender et al.,1998; López-Cruz, Barkhouse & Yee, 2004; Mei et al., 2006; Driver et al., 2006;De Lu
ia et al., 2007a) and it seems to be an agreement on its 
onstan
y up toredshift z ∼1. Re
ent results from the Hubble Spa
e Teles
ope (HST) demon-strate the existen
e in 
lusters at redshift up to z ∼ 1 of a tight red sequen
e,
omparable in s
atter and slope to that observed in the red sequen
e of theComa Cluster (Ellis et al., 1997; Stanford, Eisenhardt & Di
kinson, 1998; Meiet al., 2006). This result suggests that the bulk of the stellar population inearly-type galaxies in 
lusters has been formed before z=1 and has passivelyevolved sin
e then.Not only the CMR has been used to restri
t the formation and evolution of thegalaxy population but it also has been applied to many other pra
ti
al issuessu
h as the ba
kground galaxies identi�
ation (Fasano et al., 2002; Barkhouse,Yee & López-Cruz, 2007), the determination of distan
es between 
lusters (Vis-vanathan & Griersmith, 1977; Bower, Lu
ey & Ellis, 1992a) or the dete
tion of
lusters of galaxies (Yee, Gladders & López-Cruz, 1999; López-Cruz, Barkhouse& Yee, 2004).Another interesting feature related to the galaxy 
olors is the But
her-Oemlere�e
t (But
her & Oemler, 1984). In this pioneering work, they studied 33
lusters of galaxies up to redshift 0.54 and found an in
reasing fra
tion of bluegalaxies at progressively higher redshift, in parti
ular from z ≥ 0.1. Many workshave tried sin
e then to quantify and explain this blue galaxy fra
tion in
rementat low redshift (Garilli et al., 1995, 1996; Margoniner & de Carvalho, 2000; Mar-goniner et al., 2001; Goto et al., 2003; De Propris et al., 2004; Aguerri, Sán
hez-Janssen & Muñoz-Tuñón, 2007) and high redshift (Rakos & S
hombert, 1995;De Lu
ia et al., 2007a). For example, Rakos & S
hombert (1995) 
on
ludedthat the galaxy blue fra
tion in
reases and they quanti�ed it from a 20 % at z=0.4 to 80% at z =0.9, suggesting that the evolution in 
lusters is even strongerthan previously thought. Also, Margoniner & de Carvalho (2000) 
ompleted anstudy of 48 
lusters in the low-medium redshift range 0.03 <z< 0.38 obtainingsimilar results. However, many works have found no signs of evolution. Thus,Garilli et al. (1995, 1996), who observed and studied a sample of 
lusters in theredshift range 0.05 ≤ z ≤ 0.25 found no signs of evolution; De Propris et al.(2004) who 
omputed the blue fra
tions from 60 
lusters at z<0.11 from the2dF Galaxy Cluster Survey, also 
on
lude that there is no evolutionary trend.Finally, Aguerri, Sán
hez-Janssen & Muñoz-Tuñón (2007), who analyzed a largesample of SDSS 
lusters up to redshift z ≤ 0.1, arrived at the same 
on
lusion.A
tually, nearly all the works up to date have reported a wide range of bluefra
tion values at �xed redshift with some trend with the redshift.
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tion of galaxies has been found to depend on the
luster ri
hness, in the sense that ri
her 
lusters have smaller blue fra
tions.It also depends on the area surveyed, with the trend of larger blue fra
tionsat larger radii, in agreement with the idea of But
her & Oemler (1984) thatthe fra
tion of blue galaxies in
reases in the outer parts of the 
luster and itdepends as well, on the interval of the luminosity fun
tion used to 
omputethe blue fra
tion, obtaining larger blue fra
tions as fainter obje
ts are in
luded(Margoniner & de Carvalho, 2000; Margoniner et al., 2001). The last authors
laimed that all this dependen
es 
auses a large s
atter in the blue fra
tion -redshift diagram. Therefore, it is extremely interesting to explore an origin ofthe s
atter in the blue fra
tion beyond any possible tenden
y with the redshift.In this Chapter, we present the study of the CMR and blue fra
tion for the galax-ies found in our 
luster samples, (see also As
aso et al. (2008a)). Throughoutthis Chapter, the BEST SExtra
tor magnitudes has been used and the 
olorindex B-r and g-r, for the NOT and ACS sample respe
tively, has been deter-mined by measuring a �ve kp
 aperture as pres
ribed by Bernardi et al. (2003);Varela (2004), to be able to 
ompare the same regions of the galaxy at di�erentredshift.3.1 Color-Magnitude Diagram3.1.1 Completeness LimitWe have 
omputed the magnitude up to whi
h our samples are 
omplete inorder to be sure that our results are not biased. To do that, we have plottedin Figure 3.1 and 3.2 the absolute magnitude distribution of the NOT adACS sample respe
tively. The 
ompleteness limit has been dire
tly set as themaximum of the histogram. The 
ompleteness limit for ea
h 
luster and forthe whole sample is overplotted in the �gures with dotted and dashed linesrespe
tively. The NOT sample appears to be 
omplete up to Mr ≈ -19.5, whilethe ACS sample manifests to be 
omplete up to Mr ≈ -17.6. In Figure 3.2, wehave overplotted also with a dashed-dotted lined the 
ompleteness limit adoptedfor the NOT sample.Therefore, to avoid problems due to the dis
reteness of the bins with the mag-nitude limit, we have 
onsidered only galaxies brighter than Mr=-20 for theanalysis of the CMR for the NOT sample and brighter than Mr=-17.8 for theanalysis of the CMR for the ACS sample.3.1.2 InterlopersA previous remark that we must have into a

ount for the 
hara
terization ofthe 
luster population is the identi�
ation and ex
lusion of the possible inter-lopers that may be found proje
ted in the same �eld of view. The de�nitive
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Figure 3.1: Absolute magnitude histogram of the galaxies in the NOT 
lus-ters sample. The dotted line shows the 
ompleteness magnitude limit for ea
h
luster, whereas the dashed line shows the 
ommon magnitude limit we haveadopted for the NOT 
lusters sample.
riterion to �nd the galaxies that a
tually belong to a given 
luster is the red-shift. Unfortunately, the redshift information is in general s
ant for 
lusters atredshift ∼ 0.2 ex
ept for some parti
ular 
ases. For the NOT sample, we onlyhave found in the literature 22 galaxies in A2111 with redshift data provided byMiller, Oegerle & Hill (2006), whereas for the other 
lusters there are just oneor two redshift entries in the NED.The panorama 
hanges for the ACS sample, as we have already explained, fourout of �ve 
lusters observed with the ACS have spe
tros
opy studies: A1689(Teague, Carter & Gray, 1990; Du
 et al., 2002), with 91 galaxies in the 
entralMp
 and foreground and ba
kground estimation up to R<17.5; A2218 (Sán
hezet al., 2007), who obtained 31 spe
tra in the 
entral 200 kp
 up to I< 22.5mag;CL0024 (Czoske et al., 2001), who presented 650 identi�ed obje
ts in the 
entral4 Mp
 of the 
luster, with a 
ompleteness of more than 80% up to V=22 in the
entral 3 ar
min and also identi�ed an overdensity of galaxies a z ∼ 0.18 with noobvious 
entre and MS1358, with two spe
tros
opi
 surveys performed: Fisheret al. (1998), in the 
entral 3.5 Mp
, obtaining 232 
luster members and Yee etal. (1998), who obtained 361 galaxies in the range of Gunn-r from 20 to 22.In Table 3.1, we have 
ompiled the number of galaxies with redshift obtained
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Figure 3.2: Absolute magnitude histogram of the galaxies in the ACS 
lusterssample. The dotted line shows the 
ompleteness magnitude limit for ea
h 
lus-ter, the dashed line shows the 
ommon magnitude limit for the �ve ACS 
lustersand the dashed-dotted line shows the magnitude 
ompleteness adopted for theNOT sample.from the literature. The �rst 
olumn shows the number of dete
ted galaxies inthe frames, the se
ond 
olumn indi
ates the number of galaxies that belongs tothe 
luster, assuming a velo
ity range of 2400 km s−1. We have to noti
e thatan important number of galaxies with velo
ity di�eren
es of 4800 km s−1 hasbeen dete
ted. It is not 
lear whereas those galaxies belong to the 
luster or not.We have not in
luded them in our analysis even if they 
an not be de�nitivelyex
luded without an exhaustive dynami
al analysis (see, for example, �okaset al. (2006) for A1689). Those numbers are 
olle
ted in the third 
olumn.Finally, the number of foreground and ba
kground galaxies are set in the lasttwo 
olumns.Of 
ourse, those numbers are not 
omplete for our sample. However, throughthis work we are going to study the gala
ti
 population in both samples, up tothe NOT 
ompleteness limit, whi
h is the most restri
tive, ex
ept for 
omputingthe luminosity fun
tion and 
olour-magnitude diagrams, where we will takebene�t of the 
ompleteness limit in the ACS sample.As far as the foreground galaxies are 
on
erned, we 
an work out the numberof �eld galaxies that are expe
ted in our �eld of view up to our 
ompleteness



56 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 5magnitude limit by integrating the luminosity fun
tion of �eld galaxies in thesolid angle 
orresponding to ea
h of our 
lusters. The number of foregroundgalaxies per frame up to magnitude -19.5 that we have obtained for NOT andACS sample are 
olle
ted in Tables 3.2 and 3.3.These estimations are in good agreement with previous �ndings by Fasano etal. (2000) for the NOT sample and also with the foreground galaxies obtainedfrom the literature for the ACS 
luster up to magnitude -19.5. The only 
asefor whi
h the number of foreground galaxies is higher is for CL0024, for whi
hCzoske et al. (2001) identi�ed an overdensity of galaxies a z ∼ 0.18 with noobvious 
entre. Consequently, the foreground 
ontamination for our medium-redshift 
lusters is therefore statisti
ally negligible as they have been already
orre
ted. Table 3.2: Foreground Galaxies for NOT Clusters Sample
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 0.44Coming ba
k to the ba
kground obje
ts, the CMR provides a robust method(Se
ker, Harris & Plummer, 1997; Fasano et al., 2002; López-Cruz, Barkhouse& Yee, 2004; Barkhouse, Yee & López-Cruz, 2007), for determining the redearly-type ba
kground galaxies. We know that the 
osmologi
al k-e�e
t (Oke &Sandage, 1968; Pen
e, 1976; Frei & Gunn, 1994; Poggianti, 1997), makes early-type galaxies look redder as their redshift in
reases. Then, if we �nd reddergalaxies than those de�ned to belong to the 
luster by the CMR, their distan
esmust be larger than the 
luster distan
e. We have identi�ed ba
kground galaxiesas those obje
ts that are 0.2 magnitudes redder than the value from the �ttedCMR. After applying this 
riterion, the �nal number of galaxies retained as



3.1. COLOR-MAGNITUDE DIAGRAM 57Table 3.3: Foreground Galaxies for ACS Clusters Sample
Name Ngal,fg/frame

A 1689 0.65
A 1703 1.76
A 2218 0.59
CL0024 3.35
MS1358 2.39members of the NOT sample, amounts to 408. They are 
olle
ted in the TableA.1 presented in the Appendix and they are also available ele
troni
ally in As-
aso et al. (2008a). The �rst 
olumn of that table gives the name of the 
luster.The se
ond and third 
olumns give the 
oordinates of the galaxy, whereas wegive in the fourth 
olumn the z information when available. The �fth and sixth
olumns give the r and B absolute magnitudes of ea
h galaxy, assuming thatthey are lo
ated at the 
luster redshift.Similarly, the same 
orre
tion have been applied to the g-r diagrams for theACS 
lusters. The �nal number of galaxies is 2239. We do not show these datain this report for e
onomy of spa
e but they will be available ele
troni
ally inAs
aso et al. (2008
).3.1.3 Color-Magnitude FitThe �t to the red sequen
e of the CMR for ea
h 
luster has been determinedby 
arrying out a least absolute deviation regression �t to the observed data(Armstrong & Kung, 1978). For ea
h 
luster, it was 
omputed by using aniterative pro
edure. A �rst �t was obtained using all the galaxies brighter than

Mr = −19.5 for a given 
luster of the NOT sample and Mr = −17.8 for theACS sample. Then, the distan
e of ea
h galaxy in B-r and g-r respe
tively, tothe �tted CMR was 
omputed. Those galaxies with a distan
e larger than threetimes the rms of the �tted relation were reje
ted, and a new �t to the CMRwas done with the remaining ones. This pro
ess was repeated until the �t tothe CMR did not 
hange anymore. The �nal �t has been estimated by usinga nonparametri
 bootstrap method (Efron & Tibshirani, 1986), with n log2 nresamplings, being n the number of galaxies up to the 
ompleteness limit, aspres
ribed in Babu & Singh (1983). The slope and zero point are the medianvalue of the resampling, while the standard errors have been estimated as the
rms of the bootstrap samples.In the left panels of Figures 3.3 and 3.4, we show the 
olour-magnitude diagramsfor all the galaxies in NOT and ACS 
lusters, together with the �t to the CMR(solid line), showing also the upper 0.2 magnitude limit for 
onsidering a galaxya member 
luster (dotted line). The 
orresponding apparent magnitude to the
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tively, is marked with a verti
al line. Wehave also plotted in the right panel of that �gure the histogram of the 
olordi�eren
es between the observed and the CMR-�tted values. We give in Tables3.4 and 3.5 the zero point, a0, the slope, a1 and the rms of the �tted CMRsfor ea
h 
luster in NOT and ACS sample.

Figure 3.3: Left panels: The 
olor-magnitude diagrams for the NOT 
lusters.The solid line refers to the �t to the red sequen
e and the dotted line is theupper 0.2 magnitude limit. The verti
al line 
orresponds to the limit Mr = -20at the 
luster redshift. Right panels: The histograms of the B-r distan
es of thegalaxies to the 
orresponding red sequen
e3.1.4 Color-MorphologyIn the left 
olumn of Figures 3.5 and 3.6, we have plotted the 
olour-magnitudediagrams for the galaxy population in the 
lusters sample and the visual mor-phology (explained in Chapter 4) has been overplotted with di�erent 
olors forthe NOT and ACS sample. Complementary, in the right hand, we have set thehistogram of di�eren
es from the CMR for ea
h morphologi
al types.We 
an point out several features. A1643 has a very large population of spiralgalaxies. That fa
t is re�e
ted into a high peak into a spiral peak in the 
olorhistogram at a mean distan
e from the CMR of 0.3 extending to distan
e 0.We note a very 
on
entrated peak of ellipti
al and lenti
ular galaxies around
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Figure 3.4: Left panels: The 
olor-magnitude diagrams for the ACS 
lusters.The solid line refers to the �t to the red sequen
e and the dotted line is theupper 0.2 magnitude limit. The verti
al line 
orresponds to the limit Mr =-17.8 at the 
luster redshift. Right panels: The histograms of the B-r distan
esof the galaxies to the 
orresponding red sequen
edistan
e 0 whi
h are de�ning the CMR. It is quite noti
eable that the brightest
luster galaxy is a lenti
ular galaxy, that will be studied in Chapter 8.A1878 is also a late-type galaxy dominated 
luster. At examining the 
olorhistograms, we �nd two main peaks of spiral galaxies, one pla
ed very 
losethe CMR relation and the other at a mean distan
e of one magnitude fromthe CMR. This last peak 
oin
ides with a peak of irregulars at approximatelythe same distan
e. In that 
ase, the BCG is an ellipti
al galaxy, but the mainfra
tion of galaxies belonging to the CMR are 
lassi�ed as late type galaxies,being probably early spiral galaxies. The ACS sample 
lusters, A1689, A2218and MS1358 are also mainly dominated by late-type galaxies, although, the redpopulation dominates in the brightest part of the sequen
e.The 
ontrary tenden
y is found in the rest of the 
lusters. The CMR is widelypopulated by early-type galaxies and the BCGs are in all 
ases ellipti
al galaxies.At examining the 
olor histograms, we note that the lenti
ular population is
ompletely dominant for A2111, A1703 and CL0024 and it is skewed towardsbluer 
olours for A1952 and towards redder 
olors for A2658. Also, for A2111,we �nd a large blue galaxy population already noti
ed by several works (But
her



60 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 0.004& Oemler, 1984; Miller, Oegerle & Hill, 2006).Thus, the red sequen
e is de�ned in all the 
lusters and it is formed mainly byearly-type galaxies and in some 
ases, su
h as A1643, A1878, A1689, A2218 orMS1358, we also �nd a substantial population of early-spiral galaxies.3.1.5 CMR slope versus 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, Barkhouse & Yee (2004) for 
lusters at z < 0.15. As the �gureillustrates, there is no 
lear tenden
y of the slope of the CMR with the redshift.The mean value of the slope of the CMR for our sample together with López-Cruz, Barkhouse & Yee (2004) is −0.050 ± 0.008. For the NOT sample alone,we obtain −0.055 ± 0.014 and for the ACS sample, −0.046 ± 0.010. The meanvalue for both samples together is −0.050 ± 0.013, whi
h is the same that thewhole mean. In addition, those values are very similar to the slope value foundby Mei et al. (2006) for two 
lusters at z∼1.26.In other words, the slope values we have found for our 
lusters at z ∼ 0.3 are
ompletely 
onsistent with the values found for lower and mu
h higher redshiftvalues. Moreover, the range of values found at any redshift are also similar.Thus, we �nd no indi
ation of 
hange of the CMR slope up to z ∼ 0.3 and
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Figure 3.5: Left panels: The 
olor-magnitude diagrams for the NOT 
lustersgalaxy population. The solid line is the �t to the red sequen
e and the dottedline is the upper 0.2 magnitude limit. Right panels: The histograms of the B-rdistan
e of the galaxies to the 
orresponding red sequen
e. Red, Green, Blueand Purple 
olors refer to galaxies 
lassi�ed as Ellipti
al, Lenti
ular, Spiral andIrregular galaxies respe
tively.
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Figure 3.6: Left panels: The 
olor-magnitude diagrams for the ACS 
lustersgalaxy population. The solid line is the �t to the red sequen
e and the dottedline is the upper 0.2 magnitude limit. Right panels: The histograms of the g-rdistan
e of the galaxies to the 
orresponding red sequen
e. Red, Green, Blueand Purple 
olors refer to galaxies 
lassi�ed as Ellipti
al, Lenti
ular, Spiral andIrregular galaxies respe
tively.
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Figure 3.7: Slopes of the CMR for the sample of López-Cruz, Barkhouse & Yee(2004) (bla
k 
ir
les), NOT sample (empty triangles) and ACS sample (squares).



64 CHAPTER 3. COLOR-MAGNITUDE RELATIONeven up to z∼1.26. This result would indi
ate that the stellar populations ofthe bright, early type galaxies de�ning the 
luster red sequen
e were settledafterwards the galaxy formation.3.2 The But
her-Oemler E�e
tAs we have previously seen, But
her & Oemler (1984) found eviden
e for a pos-sible evolutionary trend of the 
luster population: the in
reasing of the galaxyblue fra
tion in 
lusters with redshift, known afterwards as the But
her-OemlerE�e
t. Subsequent works (Rakos & S
hombert, 1995; Margoniner & de Car-valho, 2000; Margoniner et al., 2001), 
on�rmed that tenden
y, quantifying alsoits large dispersion and its dependen
e with other 
lusters 
hara
teristi
s. Theoriginal analysis of this e�e
t by But
her & Oemler (1984), de�ned blue galaxiesas those within a radius 
ontaining 30 % of the 
luster population, whi
h arebrighter than MV =-20 and bluer by 0.2 mag in B−V than the 
olour-magnituderelation de�ned by the 
luster early-type galaxies.In this se
tion, we have studied the fra
tion of blue galaxies, fb of the brightpopulation, Mr ≤ −20, for the 
lusters sample presented in this work. Regard-ing the NOT sample, we have 
onsidered blue galaxies those with B − r 
olorat least 0.26 magnitudes bluer than the red sequen
e. This 
olor index 
or-responds to the original But
her-Oemler de�nition. The transformations havebeen performed following the pres
riptions by Quintana et al. (2000); Goto etal. (2003); De Propris et al. (2004). For the ACS sample, we have adopted a
g − r index of 0.2 as pres
ribed by Goto et al. (2003). Given the photometri
errors and the statisti
al nature of the k-
orre
tion we have just adopted that
ommon value of the 
olor index for all the 
lusters in spite of their di�eren
esin redshift. The results are not substantially a�e
ted if individual 
olor valueswere adopted.Several authors have noti
ed that the fra
tion of blue galaxies strongly dependson the magnitude limit and the 
luster-
entri
 distan
e used (Margoniner & deCarvalho, 2000; Ellingson et al., 2001; Goto et al., 2003; De Propris et al., 2004;Andreon et al., 2006). They observed that fb grows when the magnitude limit isfainter and the aperture is larger, whi
h re�e
ts the existen
e of al large fra
tionof faint blue galaxies in the outer regions of the 
lusters.The fra
tion of blue galaxies has been 
omputed for ea
h 
luster using all thesurveyed area. In order to 
ompare our results for the di�erent 
lusters withother studies, we have 
onsidered that our results are representative of thearea 
orresponding to a 
ir
ular aperture that has the same 
enter than the
luster and in
ludes all the area that we have a
tually 
overed. For 
omparisonpurposes, we have adopted two apertures for the NOT sample, of radius 420kp
 and 735 kp
 respe
tively. For the 
luster A2658, only the smaller aperture
ould be used. For the ACS sample, an aperture of 475 kp
 has been sele
ted.In the original de�nition given by But
her & Oemler (1984), the fra
tion was
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al
ulated for an aperture 
ontaining 30% of the 
luster population (R30). Sin
eonly 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 
anoni
al value. We noti
e that they are in the range of the expe
ted R30values as given by But
her & Oemler (1984).The errors attributed to the measured fra
tions were 
omputed assuming Pois-sonian statisti
s following the pres
riptions set in De Propris et al. (2004). Inother words, if the blue fra
tion 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 fra
tion is
fb =

m

nand its likelihood probability fun
tion has the following form with n �xed inadvan
e.
L ∼ fm

b (1 − fb)
n−mwhose maximum is m/n. Let's note that the form of that fun
tion is the samefor a Poisson or binomial statisti
s. The varian
e of the blue fra
tion 
an be
omputed as

σ2(fb) =







(

d2 ln L
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). The blue fra
tion values are listed inTables 3.6 and 3.7 for both samples.Table 3.6: Blue galaxy fra
tion 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 ± 0.079Regarding the 
luster A2111, But
her & Oemler (1984) obtained a blue fra
-tion of 0.16 ± 0.03 within a r30 that, for this 
luster, 
orresponds to 892 kp
.Miller, Oegerle & Hill (2006) obtained, for the same aperture, the values of 0.15

± 0.03 and 0.23 ± 0.03 using all the photometri
 data or only galaxies withspe
tros
opi
 data, respe
tively. We have obtained 0.031 ± 0.030 and 0.125 ±0.052 for our 420 kp
 and 735 kp
 aperture, a smaller value, in agreement with
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tion 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 smaller aperture, even if not signi�
antly di�erent when the errors are takeninto a

ount.De Propris et al. (2003b) 
omputed the blue fra
tions in a sample of 
lusterssele
ted in the K-band. Three 
lusters from the ACS sample are in 
ommonwith their sample: A1689, CL0024 and MS1358, obtaining blue fra
tion valuesof 0.046 ± 0.038, 0.046 ± 0.050 and 0.081 ± 0.044, respe
tively. Those valueswere 
al
ulated in a 0.5 Mp
 aperture and with a 
uto� brighter than theoriginal But
her-Oemler de�nition. We observe that these values 
orrespondingto K-sele
ted samples are slightly smaller than the values we have obtainedin this work opti
ally sele
ted sample in agreement with the results found byDe Propris et al. (2003b). Additionally, the blue fra
tion of MS1358 has beenestimated by Luppino et al. (1991) to be 0.10 < fb < 0.18 depending on theba
kground 
orre
tion, whi
h agrees with the range we have obtained in thiswork.In Figure 3.8, we show the blue fra
tion of galaxies in the NOT and ACS 
lustersas a fun
tion of redshift within a radius of 420 and 475 kp
, respe
tively. Also,in Figure 3.9, the blue fra
tion for the NOT sample within a radius of 735 kp
 isgiven. We have also plotted for 
omparison the blue fra
tion of galaxies obtainedfrom a sample of nearby galaxy 
lusters by De Propris et al. (2004) within anaperture of r200/2. As 
an be seen in the Figure, our errors bars are very similarto those given by De Propris et al. (2004). In all 
ases, we have more than 10galaxies per 
luster to 
ompute the blue fra
tion. The 
omparison with the databy De Propris et al. (2004), 
learly indi
ate that there is no relation betweenthe value of the blue galaxy fra
tion and the 
luster redshift.The range of values found is also similar to that found by De Propris et al.(2004) for lower redshift 
lusters. In parti
ular, the very high blue fra
tion weobtain for A1878 is found for some lower z 
lusters in the quoted referen
e. The
entral median values we �nd are < fb >=0.090 ± 0.138 for the 420 kp
 and

0.285 ± 0.194 for the 735 kp
 aperture in the NOT sample and 0.111 ± 0.114for the 475 kp
 aperture in the ACS sample, in agreement with the median fbvalue, 0.162 ± 0.125 of De Propris et al. (2004) for an aperture of r200/2.
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Figure 3.8: Blue fra
tion of galaxies in NOT (empty triangles) and ACS (emptysquares) sample of 
lusters 
ompared with those obtained by De Propris et al.(2004) (bla
k 
ir
les) 
omputed within an aperture of 420 kp
 (NOT sample),475 kp
 (ACS sample) and r200/2 (De Propris et al., 2004)
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Figure 3.9: Blue fra
tion of galaxies in NOT sample of 
lusters (empty triangles)
omputed within an aperture of 735 kp
, 
ompared with those obtained by DePropris et al. (2004) (bla
k 
ir
les) within an aperture of r200/2.
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e in the blue fra
tion as a fun
tion of the aperture,in the sense of an in
rease 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�eren
e tobe signi�
ant. The apertures used by De Propris et al. (2004) refer to r200/2,whi
h is not too di�erent from our 735 kp
 aperture.



70 CHAPTER 3. COLOR-MAGNITUDE RELATION



Chapter 4Galaxy MorphologyCentellas y meteoros se 
ruzan 
on mis gritoste amo mientras mis pulmones 
rean la Vía Lá
tea de nuevoy el sol vuelve a na
er redondo y amarillo de mi bo
ala luna se me suelta de los dedosMarte, Plutón, Neptuno, Venus, Saturno y sus anilloslas novas, súper novas, los agujeros negrosanillos 
on
éntri
os de galaxias innombrables.Gio
onda Belli, 'Nueva teoría sobre el Big Bang'Sin
e the dis
overy of the nature of the galaxies, by Edwin Hubble, Hubble(1926), a number of attempts to set a morphologi
al 
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 opti
al and slightly modi�edlater on by de Vau
ouleurs (1959, 1963); van den Bergh (1997). Sandage (1961)illustrated the �nal Hubble revision. Additional 
lassi�
ation systems are, forexample, the Yerkes system (Morgan, 1958, 1962) or the luminosity system forspiral galaxies by van den Bergh (1960).Hubble's 
lassi�
ation separated galaxies into two big groups. On one hand, theearly type galaxies (ellipti
al and lenti
ular galaxies) and on the other hand, latetype galaxies (spiral and irregular galaxies). These types were initially thoughtto form an evolutionary sequen
e. In parti
ular, the sequen
e was best de�nedfor spiral galaxies sin
e three 
lassi�
ation 
riteria were available: the relativestrength of the bulge, the degree of the resolution of the arms and the opennessof the arms.At present, that system 
ontinues being used in many low redshift works, assome physi
al trends, even with a large dispersion, are asso
iated to ea
h mor-phologi
al type su
h as the mean luminosity or the mean 
olors. For example,early type galaxies possess an older red stellar population, have very little hy-drogen and are usually 
omparatively bright. On the 
ontrary, late type galaxies71



72 CHAPTER 4. GALAXY MORPHOLOGYhave a blue young stellar population, are ri
h in gas and have generally lowersurfa
e brightness than early types. Intermediate types have transitional prop-erties between these extremes.Furthermore, a number of works have found di�erent 
orrelations between galaxyparameters for a �xed Hubble morphologi
al type. For example, ellipti
al galax-ies present a tight sequen
e between 
olor index and magnitude, 
alled the Color-Magnitude Relation (Visvanathan & Griersmith, 1977), a relationship betweenluminosity and 
entral velo
ity dispersion (Faber & Ja
kson, 1976), luminosityand metalli
ity (Terlevi
h et al., 1981) or between surfa
e brightness, radius andvelo
ity dispersion, more 
ommonly known as the Fundamental Plane (Dressleret al., 1987; Djorgovski & Davis, 1987; Jorgensen, Franx & Kjaergaard, 1992).Likewise, spiral galaxies show 
orrelations between luminosity and rotation ve-lo
ity (Tully & Fisher, 1977), among others.However, with the new advan
es of the te
hnology and the advent of hugeteles
opes and spatial teles
opes, we have been able to observe more and moredistant galaxies. What is more, it has been noti
ed that the morphologiesobserved for the nearby galaxies as well as the intera
tion rate of galaxies are
hanging as the redshift grows (Patton et al., 2000; Conseli
e, Gallagher &Wyse,2001; De Propris et al., 2007).In addition, not only the number of galaxies to pro
ess grows exponentially aswe arrive deeper in the Universe but the proje
ted size of the galaxy diminishesas they are further away and their morphologi
al details are mu
h more di�
ultto distinguish with our per
eption. Therefore, the need of establishing a quanti-tative morphologi
al 
lassi�
ation, without relying on the subje
tive human eyeis more and more 
ompelling. Nevertheless, this aim has not been still solvedsu

essfully.We should not forget that we are dealing with two-dimensional images or in thebest of the 
ases, we may have redshift information provided by spe
tra. Conse-quently, we su�er a la
k of information at analyzing these data that translatesinto un
ertainty. For example, the high in
lination of a galaxy 
an lead us to
ompletely misinterpret its morphology. Nevertheless, we 
an not re
over thisinformation by quantitative morphologies neither for a parti
ular galaxy and wehave to appeal to statisti
al methods.In this Chapter, we have 
lassi�ed visually our sample of bright galaxies withthe Hubble system into Ellipti
al, Lenti
ular, Spiral and Irregular galaxies. Thispro
edure has been possible as the range of redshift is within the limit to allowthe human eye to distinguish the morphologi
al signatures of the bright ones,(see, for example Fabri
ant, Franx & van Dokkum (2000)). Thus, we haveexplored the di�eren
es with other 
lassi�
ations available in the literature.After that, we have 
omputed the 
on
entration parameter of the sample tostudy 
orrelations with morphology. Finally, the last part of this 
hapter isdedi
ated to the study of the degree of intera
tion in the 
luster samples andits relation with the morphology.



4.1. VISUAL CLASSIFICATION 734.1 Visual 
lassi�
ationAll the galaxies brighter than Mr = −19.5 in both samples, were 
lassi�edvisually into four di�erent Hubble types: Ellipti
al (E), Lenti
ular (S0), Spiral(Sp) and Irregular (I) galaxies. Finer 
lassi�
ations were found to be mu
h moreun
ertain. For the NOT sample, we have 
ompared our 
lassi�
ation with thatreported by Fasano et al. (2000) for the galaxies in 
ommon. The morphologi
al
lassi�
ation for that bright subsample is given in the last 
olumn of the TableA.1 in the Appendix.The di�
ulty of separating E+S0 and Sp has been dis
ussed widely in the liter-ature, (see Smail et al. (1997); Fabri
ant, Franx & van Dokkum (2000)). Unfor-tunately, using external information to verify E+S0 versus spiral morphologiesis quite di�
ult. We know that 
ertain properties, su
h as spe
tral features or
olors 
orrelate with morphology but with a signi�
ant s
atter. In addition,distinguishing features su
h as spiral arms, dis
s, star-forming regions... maybe not feasible due to the surfa
e brightness dimming or resolution e�e
ts.

Figure 4.1: Visual 
lassi�
ation di�eren
e for the gala
ti
 population in NOTsample between Fasano et al. (2000) and this work.In Figure 4.1, we show the result of this 
omparison. Noti
e that 70% of thegalaxies were 
lassi�ed with the same type, whereas other 20% di�er by onlyone type. Additionally, the distribution of the di�eren
es seems to be skewed tonegative values. In other words, the 
lassi�
ation given by Fasano et al. (2000)
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lassify more galaxies as early types than in our work. That deviationmay be due to the di�
ulty of distinguishing between lenti
ular and early spiralgalaxies.Regarding the ACS sample, we have also found visual 
lassi�
ations in the liter-ature for three 
lusters. For A1689, we have 
ompared our visual 
lassi�
ationwith the one performed by Teague, Carter & Gray (1990) and Du
 et al. (2002).We have obtained few galaxies in 
ommon, as their morphologi
al 
lassi�
ationsrefers mostly to bright obje
ts. The di�eren
es have been plotted in Figure 4.2.As we see, there is a good agreement with these authors, obtaining that 75%of the obje
ts have the same type in both 
lassi�
ations. In addition, we havenot dete
ted any bias to positive or negative values, whi
h is easily explained aswe are 
omparing the brighter obje
ts, that are easier to assign a morphologi
altype.

Figure 4.2: Visual 
lassi�
ation di�eren
es in A1689 between Du
 et al. (2002)and this work.CL0024 is the 
luster from the ACS sample, whi
h has the largest number ofgalaxies visually 
lassi�ed in 
ommon. The 
lassi�
ation is given by Treu et al.(2003), and a
hieves similar magnitude limits than us. We have identi�ed 86galaxies in 
ommon, with a very good agreement: 76.74 % of them has been
lassi�ed with the same morphologi
al type, as it is shown in Figure 4.3. It isnoti
eable that the distribution is skewed to negative values, as in the 
ase ofthe galaxies in NOT sample.
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Figure 4.3: Visual 
lassi�
ation di�eren
es in CL0024 between Treu et al. (2003)and this work.Finally, Fabri
ant, Franx & van Dokkum (2000) have performed a visual 
las-si�
ation of the gala
ti
 population in MS1358, �nding only nine galaxies in
ommon, six of whi
h, are of the same type, a
hieving a 
oin
iden
e of 66.6%.The di�eren
e distribution has been plotted in Figure 4.4. Again, as we are
omparing bright obje
ts, the distribution is not skewed to positive or negativevalues.Therefore, we 
an 
on
lude that an overall good agreement between di�erentauthors is a
hieved regarding visual morphologi
al 
lassi�
ation. It is also truethat the 
oin
iden
e is always below 80% due to known problems to separateElipti
al galaxies from Lenti
ular galaxies or even from Early Spiral types.In Table 4.1 we show the per
entages of the di�erent galaxy types in the 
entralpart of ea
h 
luster in the NOT sample. Similarly, in Table 4.2, the per
entagesof the di�erent galaxy types in the 
entral part of ea
h 
luster of the ACS are
olle
ted. Noti
e that A1643 has a large number of spiral galaxies (around57%). On the other hand, A1878 
ontains also a great proportion of late-type galaxies (62-67%), in
luding a large fra
tion of irregular galaxies (19-26%).Also MS1358, has 49% of late-type galaxies and CL0024 51 %, in
luding 12%of irregular galaxies.The largest fra
tion of ellipti
al galaxies in the ACS sample is 31 %, while wehave two 
luster in NOT sample, A1952 and A2658 with an ellipti
al morphologyof more than 50% of the population. A diversity is 
lear as far as morphologi
al
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Figure 4.4: Visual 
lassi�
ation di�eren
es in MS1358 between Fabri
ant, Franx& van Dokkum (2000) and this work.populations is 
on
erned.Within that diversity, it is relevant the fa
t that the fra
tion of lenti
ular galaxiesis similar in all 
lusters (within a 10% of variation). This is an importantaspe
t to 
onsider when analyzing the evolution of the morphologi
al 
ontentin 
lusters.4.2 The Con
entration ParameterThe Con
entration Parameter was introdu
ed by But
her & Oemler (1978)as a measurement of the degree of regularity of the morphologi
al 
ontent inea
h 
luster. It was de�ned as:
C = log(R60/R20)where R60 and R20 are the radii 
ontaining 60% and 20% of the 
luster pop-ulations. Ideally, we should measure the galaxy density in all the 
luster areato determine the radius. As the whole 
luster population is very di�
ult toestablish, we have tried to estimate that the area 
overed in our sample is wellin the range of the values given by But
her & Oemler (1978). Comparing totheir data, we see that this is a remarkable value to 
ompute the 
on
entration
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tion of Morphologi
al 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 0.00Table 4.2: Fra
tion of Morphologi
al 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 0.05parameter as it would 
orrespond to the mean aperture where more of the 80%of the population is found. In any 
ase, we 
aution that the apertures used todetermine the 
on
entration parameter might be not 
ompletely appropriate.We have 
al
ulated the 
on
entration parameter of our 
lusters in the 
entral735 kp
. Only the four 
lusters from the NOT sample were analyzed as the restof the 
lusters were not 
overing enough area to 
ompute that quantity. Forthe rest of the 
lusters we have used the 
on
entration value extra
ted from theliterature if available.The 
on
entration values we have found for the NOT sample are 
olle
ted inTable 4.3. But
her & Oemler (1984) 
omputed the 
on
entration values forA2111, A1689, A2218 and CL0024, being 0.40, 0.55, 0.59 and 0.53 respe
tively,while Fabri
ant, M
Clinto
k & Bautz (1991) estimated the 
on
entration valueof MS1358 to be 0.49. The value obtained for A2111 is quite similar to the valuewe �nd, and for the rest, we noti
e that the values we obtain are higher thanthe NOT sample, whi
h indi
ates that the ACS 
lusters are more 
on
entratedthan the NOT sample, as we will see in Chapter 6.We have plotted these values in Figure 4.5, together with the values for lowerredshift 
lusters, as given by But
her & Oemler (1978) and for a higher redshiftsample presented in Dressler et al. (1997). As 
an be seen in the Figure, our
on
entration values span the full range of the values measured for lower redsh�t
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entration Parameter in NOT Clusters
Name C

A 1643 0.311
A 1878 0.389
A 1952 0.696
A 2111 0.329
A 2658
lusters. Moreover, this range en
ompasses also that of the higher redshift
lusters 
on
entration values. It does not seem therefore, that there is any 
leartenden
y of the 
on
entration parameter with redshift or morphologi
al types.The NOT sample tends to progressively populate the lower half of the planewhen the redshift in
reases, while ACS 
lusters are pla
ed in the higher half ofthe plane, indi
ating that 
lusters in ACS sample are ri
her and more 
ompa
tthan those in NOT sample. Again, these results must be taken with 
aution.Likewise, But
her & Oemler (1978); Dressler et al. (1997) suggested that themore irregular, less 
on
entrated 
lusters would be preferentially populated bylate type galaxies. In that sense, we noti
e that A1643, the 
luster with thelargest global fra
tion of late-type galaxies, presents the lowest value of the
on
entration parameter. Moreover, A1878, another 
luster with a low 
on-
entration index presents also a rather high fra
tion of late type and irregulargalaxies and, in fa
t, is dominated by this population. However, A2111, ourthird 
luster with a low 
on
entration, is dominated by an early-type popula-tion. All in all, although there is an indi
ation for the higher fra
tion of irregular
lusters with in
reasing redshift, the small statisti
s prevent us to extra
t a �rm
on
lusion.4.3 Intera
tion systemsOther interesting feature that 
ould deserve 
onsideration in 
lusters at thisrange of redshift is the proportion of intera
ting systems 
ompared to lowerredshift 
lusters. To do that, we have 
al
ulated 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 respe
tively, Dp is the proje
ted distan
e between the galaxy and theperturber, and R is the size of the galaxy. That parameter is a measurement of
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Figure 4.5: Con
entration parameter versus redshift for NOT 
lusters (trian-gles), a low-redshift 
ompilation (But
her & Oemler (1978): bla
k points) and ahigher redshift sample (Dressler et al. (1997): asteriks). The squares representthe values for the ACS extra
ted from the literature. The horizontal line is themean 
on
entration value of our the 
lusters with enough area 
overagethe tidal for
es exerted by the perturber, P , on the primary galaxy, G, and theinternal for
e per unit mass in the outer parts of the primary.The f-parameter gives an a

ount of the relative importan
e of the tidal for
esfor every galaxy. The results we found are plotted in Figure 4.6 and 4.7 for theNOT and ACS sample respe
tively. The median value of the distribution is -1.85for the NOT sample and -1.76 for the ACS sample, whereas the median valuefound for the Coma Cluster amounts to -2.7 (Varela et al., 2004). Moreover, we�nd that 63.97% of the galaxies have a perturbation parameter higher than -2for the NOT sample and 60.05% of the galaxies for the ACS sample. This is thevalue 
hosen by Varela et al. (2004) to sele
t truly intera
ting systems. Theseresults are suggestive of the presen
e of a higher fra
tion of intera
ting systemsin our sample, 
ompared to Coma.A parti
ular view at the situation in ea
h 
luster is 
olle
ted 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 whi
h are very 
lose to -2, while they drop tomore positive values for A1878, A1952, A2111 and A2658 (NOT sample) and



80 CHAPTER 4. GALAXY MORPHOLOGYA1689, A1703 and A2218 (ACS sample) pointing to a more disturbed populationthan Coma 
luster. Nevertheless, more 
lusters at di�erent redshift need to beexplored to extra
t signi�
ant results.Table 4.4: Median Perturbation f-Parameter for NOT Clusters Sample
Name f

A 1643 −1.92
A 1878 −1.60
A 1952 −1.29
A 2111 −1.67
A 2658 −1.39

Figure 4.6: Histogram of the f-parameter values for the galaxies belonging toNOT sample.
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Table 4.5: Median Perturbation f-Parameter for ACS Clusters Sample

Name f

A 1689 −1.68
A 1703 −1.67
A 2218 −1.56
CL0024 −1.94
MS1358 −2.08

Figure 4.7: Histogram of the f-parameter values for the galaxies belonging toACS sample.
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Chapter 5Galaxy Surfa
e BrightnessAnalysisL'ordinador simula el naixement dels estelsL'ordre matemàti
 simula el món real,
rea un altre món -de 
àl
ul, i mental-regit per lleis exa
tes, hipòtesis, models:en un ordinador reneixen els estels
om fa tants anys nasqueren, en brous primordials.I som 
om 
readors!: veiem a la pantallaUn món tot just nas
ut. Una galàxia qualla.Es formen els estels -i tot sota 
ontrol!I regulem el temps i dominem el Sol,i musiquem i tot la 
òsmi
a rondalla!-�ns que el �ux elè
tri
, de 
op i volta, es talla.David Jou, 'El 
olor de la 
ièn
ia'The �rst observations of galaxies provided eviden
e about the radial symmetryof the galaxies and 
onsequently, a number of pioneering works attempted todes
ribe the light distribution in galaxies taking advantage of that fa
t. Forexample, Reynolds (1913) proposed a variation of luminosity in the 
entralregion of M31 (without the spiral arms) with the following form:
constant

(x + 1)2where x is the proje
ted distan
e to the 
entre.Some years later, in 1930, Hubble introdu
ed an analyti
al mathemati
al ex-83



84 CHAPTER 5. GALAXY SURFACE BRIGHTNESS ANALYSISpression to �t the light distribution of the galaxies:
I0

( r
a + 1)2where I is the surfa
e brightness, (that is, the energy �ux per surfa
e unit)at a distan
e r from the 
enter of the galaxy, I0 is the 
entral surfa
e brightnessand a is a parameter depending on ea
h galaxy.It was, however, nearly two de
ades later, when de Vau
ouleurs (1948), intro-du
ed one of the most popular, obtained empiri
ally, model for des
ribing thelight distribution in ellipti
al galaxies. It is the de Vau
ouleurs Law, also
alled the r1/4 law due to its mathemati
al form:

log I = log Ie − 3.33[(r/re)
1/4 − 1] (5.1)where, again I is the surfa
e brightness at a distan
e r from the 
enter of thegalaxy, re is the e�e
tive radius or the radius en
losing half of the totalluminosity of the galaxy and Ie is the surfa
e brightness at a distan
e re fromthe 
enter of the galaxy.Regarding to more 
omplex morphologi
al pro�les, e.g. lenti
ular or spiralgalaxies, two main 
omponents have to be di�eren
ed: the bulge and the dis
.Bulges usually are des
ribed by a r1/4 pro�le. On the 
ontrary, dis
s are bet-ter approximated by an exponential law, whi
h was introdu
ed by Freeman(1970)

I(r) = I0e
−rd/h (5.2)where I0 and h are the 
entral intensity and dis
 s
ale length, respe
tively. Theexponential law has been extensively used in the literature to model the surfa
ebrightness pro�le of the dis
s 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 parti
ular 
ases of a more general form of representingthe galaxy surfa
e brightness, introdu
ed 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�e
tive radius, Ie is the intensity at re and n is the shapeparameter, whi
h 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 whi
h Γ and γ represent the mathemati
al fun
tion gamma and in
ompletegamma, respe
tively. That equation 
an be approximated by bn = 0.868n−0.142so that half of the total luminosity is within re (see Caon, Capa

ioli & D'Onofrio



85(1993); Trujillo et al. (2001
)). The Sersi
 law has been extensively used inthe literature to model the surfa
e brightness of ellipti
al galaxies (Graham &Guzmán, 2003), bulges of early and late-type galaxies (Andredakis, Peletier &Bal
ells, 1995; Prieto et al., 2001; Aguerri et al., 2004; Möllenho�, 2004), the lowsurfa
e brightness of blue 
ompa
t galaxies (Caon et al., 2005; Amorín et al.,2007), or dwarf ellipti
al galaxies (Binggeli & Jerjen, 1998; Graham & Guzmán,2003; Aguerri et al., 2005), among others.The Sersi
 model was initially 
on
eived to be able to �t any morphologi
altype with the �exible shape parameter n. For n = 0.5 a Sersi
 model be
omesa gaussian pro�le, for n = 1, it turns into a pure exponential, while for n = 4,it redu
es to a 
lassi
al de Vau
ouleurs 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 surfa
e brightness distribution. Therefore, they do not take intoa

ount some two dimensional features su
h 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 of the�t (Byun & Freeman, 1995).Many tools have been developed in the last years in order to provide two-dimensional parametri
 bulge-disk de
omposition of the galaxies surfa
e bright-ness pro�les. To quote some of them, GIM2D (Galaxy IMage 2D; Simard(1998)), GALFIT (Peng et al., 2002), BUDDA (Bulge/Disk De
ompositionAnalysis; de Souza, Gadotti & dos Anjos (2004)), GASPHOT (Galaxy Auto-mati
 Surfa
e PHOTometry; Pignatelli, Fasano & Cassata (2006)) or GASP-2D(GALaxy Surfa
e Photometry 2 Dimensional De
omposition; Méndez-Abreu etal. (2008)).These methods were developed to solve di�erent problems of galaxy de
ompo-sition when �ting the two-dimensional galaxy surfa
e-brightness distribution.They use di�erent minimizations routines to perform the �t and di�erent fun
-tions to parametrize the galaxy 
omponents.In the present work, the �ts have been 
arried out using the automati
 �ttingroutine, GASP-2D, developed and su

essfully validated by Méndez-Abreu etal. (2008). A number of reasons 
an be given for the sele
tion of this routine.The algorithm is quasi-authomati
al, what is very useful at dealing with a largenumber of galaxies. It is also very feasible and minimizes the intera
tion with theuser. In addition, the 
omputational time is not very high as it uses the robustLevenberg-Marquardt algorithm to �t the two-dimensional surfa
e-brightnessdistribution of the galaxy (Press et al., 1992). In addition, it has the 
apabilityof sear
hing for a

urate initial trials before the �tting pro
edure to ensure agood 
onvergen
e of the �t.
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e brightness �t5.1.1 GASP-2DThe GASP-2D routine (Méndez-Abreu et al., 2008), performs a fully two-dimensional�t to the surfa
e brightness of a galaxy. The photometri
al galaxy 
omponentswere 
hara
terized by ellipti
al and 
on
entri
 isophotes with 
onstant (butpossibly di�erent) ellipti
ity and position angle. We have assumed a 
artesian
oordinates system (x, y, z) with origin in the galaxy 
enter, the x-axis parallelto the dire
tion of the right as
ension and pointing westward, the y-axis parallelto the dire
tion of de
lination and pointing northward, and the z-axis along theline-of-sight and pointing toward the observer. The plane of the sky is 
on�nedto the (x, y) plane, and the galaxy 
enter is lo
ated at the position (xo, yo).The isophotes of the Sersi
 models are 
on
entri
 ellipses 
entred at (xo, yo)with 
onstant position angle PAb and 
onstant ellipti
ity 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. Similarly, we have 
onsideredthat the dis
 isophotes are ellipses 
entered at the galaxy 
enter (xo, yo) with
onstant position angle PAd and 
onstant ellipti
ity ǫd = 1 − qd, given by thegalaxy in
lination 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]1/2During ea
h iteration of the �tted algorithm, the seeing e�e
t has been takeninto a

ount by 
onvolving the model image with a 
ir
ular point spread fun
-tion (PSF) extra
ted from the images using the fast Fourier transform (FFT)algorithm (Press et al., 1992), in the Fourier domain. Many works have widelydis
ussed the seeing e�e
t on the s
ale parameters of Sersi
 surfa
e brightnesspro�le, (e.g. Trujillo et al. (2001a,b)).The routine �ts all free parameters iteratively using a non-linear least-squaresminimization method. It is 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 perform the 
al
ulation ofthe χ2 and the options for setting boundary 
onstraints or for �xing parametersare available.
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hara
teristi
s of this pro
edure 
onsists on theadoption of a

urate initial trials for the parameters to �t as it ensures the good
onvergen
e of the χ2 distribution.In a �rst step, the photometri
 pa
kage SExtra
tor (Bertin & Arnouts, 1996),measures positions, magnitudes and ellipti
ities of the sour
es in the image andafterwards, the ellipti
ally averaged radial pro�les of the surfa
e brightness,ellipti
ity and position angle of the galaxy is derived with the IRAF task EL-LIPSE. The spurious sour
es are masked automati
ally with SExtra
tor and thesurfa
e brightness is �tted with ellipses 
entered on the position of the galaxy
enter given by (x0, y0) in the two-dimensional �t. Also, the program has anoption whi
h allows to rotate the image to 
reate the masks. This option isuseful for the deblending of galaxies in intera
tion or very 
lose.Finally, the trial values are obtained by performing a one dimensional de
om-position te
hnique as for example, in Kormendy (1977); Prieto et al. (2001). Anexponential law is �tted to the radial surfa
e-brightness pro�le at large radii,where the light distribution of the galaxy is assumed to be dominated by thedisk 
ontribution. Then, the 
entral surfa
e brightness and s
ale length of theexponential are adopted as initial trials for I0 and h, respe
tively. The �rstestimation of the light distribution of the bulge is given by the residual radialsurfa
e-brightness pro�le, �tted with a Sersi
 law. Con
lusively, the bulge ef-fe
tive radius, e�e
tive surfa
e brightness and shape parameter and the diskparameters that provided the best �t are adopted as initial trials for re, Ie and
n, respe
tively.The initial trials for ellipti
ity and position angles of the disk are found byaveraging the values in the outermost portion of the 
orresponding radial pro�le.As far as the bulge is 
on
erned, they are estimated by interpolating at re theradial pro�les of the ellipti
ity and position angle, respe
tively.On
e, the trial values are determined, the nonlinear least-squares are initializedwith those values, allowing them to vary. A model is 
onsidered to be 
onvergentwhen the χ2 a
hieves a minimum and the relative 
hange of the χ2 betweenthe iterations is less than 10−7. The output of the pro
edure 
onsists on amodel built with the �tted parameters 
onvolved with the adopted 
ir
ular twodimensional Gaussian PSF and subtra
ted from the observed image to obtain aresidual image.Two more iterations are performed to ensure the 
onvergen
e 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 reje
ted and initial trials the values obtained in the previousiteration.We have also tested other pa
kages, su
h as GALFIT (Peng et al., 2002), toextra
t stru
tural 
omponents from our galaxy images. As GASP-2D, it uses a



88 CHAPTER 5. GALAXY SURFACE BRIGHTNESS ANALYSISLevenberg-Marquardt downhill-gradient method to derive the best �t. However,GALFIT does not sear
h for initial trials, so it often 
onverges on �t solutions,that represent a lo
al minimum instead of giving the global minimum.The surfa
e brightness of the galaxies in our medium redshift NOT 
lusterswere modelled using one or two photometri
al 
omponents, depending on themorphologi
al type of the galaxy (As
aso et al., 2008b). The surfa
e bright-ness pro�le of those galaxies modelled with only one 
omponent was des
ribedby a Sersi
 law while the surfa
e brightness of those galaxies �tted with twophotometri
al 
omponents were des
ribed by a Sersi
 law plus an exponentialone.5.1.2 SimulationsOne of the advantages of the quantitative morphology is that the a

ura
y 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 gala
ti
 
omponents des
ribed by the mentioned previous equation. Thesemodeled galaxies are similar to the galaxies observed in our medium redshiftgalaxy 
lusters.We have generated 5000 images of galaxies with a Sersi
 
omponent. The totalmagnitud, e�e
tive radius, shape Sersi
 parameter, and ellipti
ity of the simu-lated galaxies were similar to the observed in the real ones. They were asignedrandomly 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: Sersi
plus exponential. These arti�
ial galaxies have a 
entral photometri
 bulge
omponent, modeled by a Sersi
 law, and an external dis
 
omponent, modeledby an exponential law. The total magnitud of these galaxies spans a range of

18 ≤ mr ≤ 21. The 
ontribution to the total light from the bulge and dis

omponents is given by the bulge-to-total light ratio. This parameter spreadsover the range 0 ≤ B/T ≤ 1. The bulge parameters of the simulated galaxieswere:
0.5 kpc ≤ re ≤ 4 kpc; 0.5 ≤ n ≤ 6; 0.2 ≤ ǫb ≤ 1 (5.5)Finally, 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 have added a ba
kgroundlevel and photon noise to these arti�
ial images similar to the observed images.
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Figure 5.1: Plots of the magnitudes versus parameters of the Sersi
 pro�le. Thehorizontal lines in ea
h panel are the 20% of the error. The green and red linesare the quartile (25%) and median of the error respe
tively in binsThey were also 
onvolved with a PSF, simulating the seeing that we have inour observations. Finally, these simulated galaxies were �tted using the samepro
edure as for the real ones.5.1.3 Galaxies with one photometri
al 
omponentIn the present subse
tion, the results of the simulations for one Sersi
 
omponentare examined. In Figure 5.1, we show the relative errors of the free parametersre
overed from the simulated galaxies with only one 
omponent as a fun
tionof their magnitude. A galaxy is 
onsidered to be adequately �tted when all thefree parameters are re
overed with relative errors less than 20%.We have previously explored the minimum 
onditions for the �ts to extra
treliable results, without depending on the image 
onditions. The 
on
lusion isthat the goodness of the �ts depends on the number of pixels (area) used by the
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Figure 5.2: Cumulative distribution of the simulations whi
h have an errorwithin 20% versus area for the Sersi
 Pro�le. The horizontal line marks the50% of the distribution.�tting routine. The re
overed �tted parameters have very large errors for areasbelow a minimum one. This area depends on the number of free parametersused in the �ts, the seeing of the images and the S/N of the �tted galaxies.In Figure 5.2, the fra
tion of simulated galaxies with one Sersi
 
omponent forwhi
h their parameters were re
overed with relative errors smaller than 20% isshown. We have de�ned the minimum area of the galaxies for whi
h the image
onditions were not a�e
ting the goodness of the �t as the value where all the�ts for whi
h the re
overy of all the parameters are below 20% of error, a
hievesthe 50 % of the 
umulative distribution. Below this limit, more than 50% ofthe Sersi
 pro�le galaxies is retrieved with an error of more than 20 %. Thisminimum value amounts to 550 pixels for the galaxies modeled with only oneSersi
 
omponent.The area of a galaxy is also broadly 
orrelated with its total magnitude whi
hmeans 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 ≈ −19.8.
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Figure 5.3: Area versus absolute Gunn-r magnitude for the galaxy populationin the NOT sample. The solid and dotted horizontal lines show the limit of 550and 800 pixels, respe
tively. A �t to the 
orrelation is overplotted.5.1.4 Galaxies with two photometri
al 
omponentsThis subse
tion is devoted to the analysis of the results of the simulations whentwo photometri
al 
omponents are used. Regarding the minimum area for the�t to be reliable in two 
omponents, we have adopted the same pro
edure thatfor one photometri
al 
omponent with the parti
ularity that in this 
ase, thearea at whi
h 50% of the population is well �tted depends on their B/T values.Figure 5.4 shows the fra
tion of simulated galaxies whi
h their free parametersare re
overed within relative errors of 20% separated in three ranges of B/T's. We have adopted as the minimum area needed for a two-
omponent �t, a
ompromise value between the minimum areas for ea
h B/T range. In our 
ase,the minimum area adopted is then 800 pixels.For all the arti�
ial galaxies with areas larger 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.Noti
e that in general the dis
 parameters are better �tted than the bulgeones. This is expe
ted sin
e the seeing a�e
ts more importantly to the 
entralparameters of the bulge. It is also 
lear that those galaxies with large B/T showlarger errors in the dis
 parameters than in the bulge ones. In 
ontrast, galaxieswith smaller B/T show larger errors in the bulge than in the dis
. Let's notethat the bulge and dis
 surfa
e brightness are not well �tted for galaxies fainter



92 CHAPTER 5. GALAXY SURFACE BRIGHTNESS ANALYSIS

Figure 5.4: Cumulative distribution of the simulations whi
h have an errorwithin 20% versus area for the Sersi
+Dis
 Pro�le. The horizontal line marksthe 50% of the distribution.
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Figure 5.5: Plots of the Sersi
+ Dis
 pro�le parameters versus their errors forthose galaxies with areas larger than 800 pixels. The horizontal lines are the20% of the error. The green and red lines are the quartile and per
entile of theerror respe
tively in bins. (To see lands
ape)
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e brightness µ0,B > 25.3 or dis
surfa
e brightness µO,D > 25.3.We have set those restri
tions in our parameter spa
e, as it is shown in Figure5.6. We do noti
e that the bulge parameters are the ones with the largesterrors. Consequently, we have sele
ted those simulations with B/T ≤ 0.7 fromthe previous restri
ted sample as in Figure 5.7. We 
an 
on
lude that the errorsare now within 20%.5.1.5 Number of 
omponentsAll the galaxies down to Mr = −19.8, that statisti
ally 
orresponds to 550 pixelslimit in area, were �tted with one and two 
omponent models. In order to de
idethe best �tted photometri
al model, we have adopted a similar approa
h as inAllen et al. (2006) for the Millenium Galaxy Catalogue (MGC). This strategyis based on the radial analysis of the surfa
e brightness pro�les of the �ttedmodels. Our aim is that those galaxies �nally �tted with two 
omponents shouldbe 
lassi
al bulge plus dis
 systems, in other words, that their 
entral regionsshould be dominated by the bulge, while the dis
 should dominate at large radialdistan
es from the galaxy 
enter. Galaxies with di�erent light distribution were�tted with only one 
omponent.We have implemented a de
ision tree algorithm in order to obtain the number of�tted gala
ti
 
omponents. The algorithm starts by 
omparing the magnitudeof the galaxy obtained from the two 
omponent �t and the magnitude dire
tlymeasured in the image using SExtra
tor. If this di�eren
e is larger than 0.5mag then the galaxy is �tted with only one 
omponent as it will not be a good�t. In the se
ond step of the algorithm, we have analyzed the bulge-to-total(B/T ) ratio given by the two 
omponent �t. Those galaxies, 
learly dominatedby the Sersi
 
omponent (B/T >0.7), were �tted with only one 
omponent.The remaining galaxies were analyzed following a similar pro
edure as in Allenet al. (2006). We have identify �ve di�erent types of �tted surfa
e brightnesspro�les a

ording with the number of interse
tion between the Sersi
 and theexponential �tted radial pro�les. In Fig 5.8, we have plotted an example of ea
hof those �ve types. We 
an identify those with one (Type 1, Type 2 and Type 4),two (Type 3) and zero (Type 5) interse
tions. Type 1 pro�les were 
onsideredas 
lassi
al bulge plus dis
 galaxies. The remaining have bulges dominating thewhole galaxy (Type 5), or the dis
 dominates in the inner regions of the pro�le(Type 4), or the e�e
tive radius of the bulge is larger than the e�e
tive radiusof the dis
 (Type 3), or the n Sersi
 parameter of the bulge has rea
hed themaximum value allowed in the �t (Type 2). Therefore, only the Type 1 pro�leswere 
onsidered faithful two 
omponent �ts. The remaining were �tted withonly one 
omponent model.By using this algorithm, we 
an ensure that galaxies whi
h have been �tted witha two 
omponent model are trustable bulge plus dis
 galaxies, that is, spiral orlenti
ular galaxies. For the rest, no 
lear 
lassi
al 
ounterpart 
an be assigned.
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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 (25%)and median of the error respe
tively in bins. (To see lands
ape)
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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 are thequartile (25%) and median of the error respe
tively in bins. (To see lands
ape)
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Figure 5.8: Examples of pro�les 1 to 5 following the notation of Allen et al.(2006) for the MGC. The bla
k 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.In the next se
tion, we will dis
uss the 
olor information as a 
omplement fordetermining the morphology quantitatively. For now, the �nal result is that47 % of the galaxies with areas larger than 800 pixels are better �tted by aSersi
-one 
omponent pro�le, while for the other 52 %, two 
omponents arepreferable.In the Figures B.1 in the Annex, we have plotted the two dimensional imagesof the galaxies with Mr ≤ −19.8 in
luding the original galaxy, the symmetri
image, the model into one and two 
omponents and its 
orresponding residualimage. The last 
olumn shows also the surfa
e brightness pro�les with the oneand two 
omponent �t de
omposition pro�les and its parameters.5.2 Quantitative Classi�
ationWe have re
lassi�ed the galaxies in the NOT sample, taking into a

ount thenumber of �tted photometri
al 
omponents and their B-r 
olors. Three diferentgalaxy types has been 
onsidered as we are interested in studying their stru
tural
omponents: Early-types (E/S0), Early-spiral (Spe) and Late-spiral galaxies(Spl).The Early-type galaxies were those �tted with one Sersi
 
omponent and lo
atedin the red se
uen
e of the 
olor-magnitud relation of the 
lusters. Early-type
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tural 
omponents and also 
loseto the red se
uen
e of the CMR. Finally, late-type spiral galaxies were thoseobje
ts �tted with two 
omponents and have at least 0.2 bluer B-r 
olor thanthe red se
uen
e of the 
luster. By 
onstru
tion, early and late spiral galaxiesmust have a B/T value less than 0.7This 
lassi�
ation results in that 36.20%, 29.31%, and 15.51% of the galaxieswere early-type, early-spiral and late-spiral in NOT sample, respe
tively. Theremaining 18.96% of the obje
ts 
orrespond to blue galaxies �tted with only one
omponent. These obje
ts 
ould be a mix of di�erent kind of obje
ts (galaxieswith more than two gala
ti
 
omponents, blue spiral galaxies not well �ttedwith two 
omponents, irregular galaxies,...).5.2.1 Qualitative morphology versus Quantitative Classi-�
ationWe have performed a 
omparison of the visual morphology 
lassi�
ation with ourquantitative one. The visual 
lassi�
ation is based on the visual 
hara
teristi
shapes that the eye 
an distinguish. The quantitative 
lassi�
ation tries to getthe types from its 
olor and stru
tural 
omponents and as it has been repeatedlyshown, this 
lassi�
ation is not univo
al, and the 
orresponden
e between boths
hemes is not 
ompletely satisfa
tory.We have 
he
ked the per
entages of the visual morphologi
al types that agreewith that quantitative 
lassi�
ation. The results are 
olle
ted in Table 5.1. Forgalaxies that we have �tted with just one 
omponent, we �nd that a 85.7 %of the galaxies 
lassi�ed as Ellipti
al and Lenti
ular galaxies are red and haveone 
omponent. Also, we �nd that nearly 90% of the blue galaxies with one
omponent are 
lassi�ed as Late Type galaxies.The 
ase for the galaxies �tted with two 
omponents is somewhat more 
on-fusing. We obtain that 41.16% of the galaxies 
lassi�ed as Early spiral areLenti
ular or Spiral, while only 22 % of the galaxies with blue 
olors and two
omponents are 
lassi�ed as Spiral galaxies. Those di�eren
es may be due tothe di�
ulty of distinguishing visually arms, bars, dis
s or similar features indistant galaxies.To illustrate this, we have 
ompared our visual morphology 
lassi�
ation in oneof the 
luster in ACS sample, A2218, with the quantitative morphology given bySán
hez et al. (2007) in a small area of 200 kp
. They use a quantitatively 
las-si�
ation method based on Sersi
 parameter. We have found that only 47.05%of the galaxies have the same morphologi
al type. Those results indi
ate thatdespite the numerous e�orts that have been performed to a
hieve a quantitativedes
ription of galaxies, they have not su

eed yet in assigning the same type asthe visual 
lassi�
ation. In any 
ase, our method gives a

eptable results forellipti
al, lenti
ular and late type spiral galaxies.



5.3. STRUCTURAL PARAMETERS 99Table 5.1: Visual Morphologi
al Types versus Quantitative Morphologi
alTypes for the NOT sample. Columns: quantitative 
lassi�
ation. Rows: Visualmorphology.
E S0 S I

E/S0 0.57 0.28 0.14 0.00
EarlySp 0.53 0.17 0.23 0.05
LateSp 0.11 0.66 0.22 0.00

Irr 0.10 0.00 0.70 0.205.3 Stru
tural parametersNumerous studies deal with the eviden
e that �eld or isolated galaxies havelarger dis
s than galaxies in 
lusters (de Jong, 1996; Graham, 2001, 2003). Also,the data at high redshift from HST seems to indi
ate that early-type galaxieshave little evolved from redshift ∼ 1 to now, while late-type systems seem to
hange qui
kly. We have quanti�ed those eviden
es in our 
lusters (As
aso etal., 2008b).5.3.1 Sersi
 ParametersOne of the most interesting relations for ellipti
al galaxies was introdu
ed byDjorgovski & Davis (1987); Dressler et al. (1987). They established that thee�e
tive radius, the 
entral velo
ity dispersion and the mean surfa
e brightnessare related for early type galaxies in the logarithmi
 spa
e with a very lows
atter. This relation is 
ommonly known as the Fundamental Plane (FP):
log re = α log σ + β log < I >e +γThe existen
e of the FP 
an be explained by assuming some well de�ned M/Lrelation and that galaxies are in virial equilibrium. The impli
ations of itsexisten
e are dire
tly related to the formation and evolution pro
ess of thegalaxies. Similarly, Dressler et al. (1987) introdu
ed the Dn − σ relation, whi
his dire
tly related to the FP.The FP provides information on the properties of the early-type galaxies as a
lass, and may be used for distan
e determination, evolutionary studies and for
osmologi
al tests (Moles et al., 1998), assuming that the relation is universallyvalid. That matter is still on debate, in relation with the un
ertainty derivedfrom the mislead of the morphologi
ally 
lassi�
ation of the galaxies and alsowith the assumption that the E and S0 galaxies are derived from the sameprobability fun
tion (Jorgensen, Franx & Kjaergaard, 1996).



100 CHAPTER 5. GALAXY SURFACE BRIGHTNESS ANALYSIS

Figure 5.9: Kormendy relation for all the galaxies in the NOT sample. Redpoints are the E/S0 galaxies, green triangles refer to early-Spiral and Blue tri-angles a

ount for late-spiral galaxies. The solid line is the �t for the E, S0 andEarly Spiral galaxies.When no information about the velo
ity dispersion is available, there is anotherrelation, the Kormendy Relation (Kormendy, 1977). It illustrates a relationbetween stru
tural parameters of galaxies. Kormendy (1977) dis
overed a 
or-relation between the size and the surfa
e brightness of ellipti
al galaxies. Lateron, Binggeli, Sandage & Tarenghi (1984) found that this relationship was onlyvalid for ellipti
al galaxies brighter than MB ≤ −20. For fainter galaxies, therelation does no longer hold.In Figure 5.9, we have plotted the Kormendy relation <µe> -re for E/S0(red points) and the bulges of Early Spiral (green triangles). The Late -Spiralbulges (Blue triangles) are also shown as an illustration. For the E/S0 galaxiesand the bulges of Early Spiral, the �t is the following
< µe >= (20.32 ± 0.15) + (2.18 ± 0.23) log(re) (5.7)while the �t for the bulges of the whole set of galaxies would be
< µe >= (20.07 ± 0.14) + (3.22 ± 0.21) log(re) (5.8)It is noti
eable the mu
h wider dispersion introdu
ed by the bulges of Late



5.3. STRUCTURAL PARAMETERS 101Spirals in the Figure and also re�e
ted in the 
hange of slope in the equations.As expe
ted, we �nd that E/S0 galaxies 
an have larger fainter bulges, while theEarly Spiral galaxies spread a wider range, in
luding bright, small size bulges.We have also plotted in Figure 5.10 the relation between e�e
tive-radius andshape parameters for red galaxies �tted with one 
omponent (red points) andblue galaxies �tted with one 
omponent (blue triangles). Clearly, a di
hotomyexists. By taking out the obvious outliers, we have obtained the following �ts
log n = (0.26 ± 0.13) + (0.21 ± 0.17) log(re)and for the blue ones

log n = (−0.04 ± 0.16)− (0.03 ± 0.19) log(re)

Figure 5.10: Relation between e�e
tive ratius and shape parameter for one
omponent galaxies. Red points refer to red-one-
omponent galaxies and bluetriangles represent blue-one-
omponent galaxies. Solid and dotted lines are therespe
tive �tsThese �ts are also shown in the �gure. As we see, we �nd not too di�erent(within errors) slopes for the red and blue population. This result is very in-teresting as it allows us to di�eren
e nearly univo
ally the early and late typegalaxies by identifying the value of their Sersi
 parameter, and inversely, we 
anassign a parti
ular shape to a galaxy by determining its 
olor.
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onsequen
e, we 
an 
on
lude that the galaxies �tted with one 
omponenthave a bimodal behavior. The red early-type galaxy population has a n value of
2 ≤ n ≤ 4, while the blue late-type galaxy population has a shape parameter,
n ∼ 1.Furthermore, in the Figure 5.11, we have shown the 
entral surfa
e brightness,the shape parameter and e�e
tive radius versus the absolute magnitude for theE/S0 (red points) and the bulges of Early Spiral (green triangles). Again, thebulges of the Late Spiral (blue Triangles) galaxies are shown to illustrate itsproperties.

Figure 5.11: Absolute Gunn-r Magnitude versus µo, n and B/T for E/S0 (Redpoints), Early Spiral Bulges (Green Triangles) and Late Spiral Bulges (BlueTriangles).Clearly, we noti
e that the bulges of the late spiral galaxies are not following anyparti
ular trend. On the 
ontrary, bright E/S0 galaxies (Mr ≥ −20) are brighterand with fainter surfa
e brightness and they posses larger e�e
tive radius whileEarly Spiral galaxies show mu
h brighter surfa
e brightness and smaller radius,already seen in the analysis of the Kormendy relation. As the Early Spiralgalaxies are �tted with two 
omponents, we are not able to distinguish any



5.3. STRUCTURAL PARAMETERS 103relevant trends with the shape parameters.We have also plotted In Figure 5.12, the mean surfa
e brightness, the e�e
tiveradius and the shape parameter versus B-r 
olor for the E/S0 and the bulges ofEarly Spiral galaxies. As before, the bulges of the Late Spiral galaxies are alsoshown to note their dispersion. The symbols are the same as in the previousplot.

Figure 5.12: B-r 
olor versus µo, n and B/T. for E/S0 (Red points), Early SpiralBulges (Green Triangles) and Late Spiral Bulges (Blue Triangles).By de�nition, we 
an distinguish a 
lear di
hotomy between early and latespiral galaxies. In addition, the same di
hotomy in the size of the dis
s forE/S0 galaxies and Early Spiral galaxies are found. This result is understood interms of the two 
omponent model used to �t Early Spiral galaxies.Finally, we have 
ompared our bulge s
ales with the bulge s
ales of the earlytype galaxies in the sample of Aguerri et al. (2004). Those galaxies have beensele
ted in the same way as us. The results are plotted in Figure 5.13, the redpoints indi
ate the E/S0 galaxies while the blue triangles are the blue galaxieswith 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 seeing
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Figure 5.13: Bulge S
ales versus radius for Coma Sample, (Aguerri et al. (2004),bla
k points) and NOT sample. The red points refers to red galaxies in one
omponent while blue triangles represent blue galaxies in one 
omponent.limitation to our sample at this distan
e. It's noti
eable 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�e
tiveradius larger than 2.2 kp
.As far as the shape parameter is 
on
erned, we see in Figure 5.14, that the rangeof values in NOT sample, expands the range of values of Coma. However, we�nd a mean value somewhat smaller for NOT sample than for Coma but thevalues agree within the errors. Therefore, it seems that the bulge sizes are inthe same range of magnitude than in Coma Cluster.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 1.54 339.376 180.90
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Figure 5.14: Shape parameter versus radius for Coma Sample, (Aguerri et al.(2004), bla
k 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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 ParametersThere are several works that have found that early-type galaxies in 
lustersremain invariant up to redshift at least 1, as a result of the formation of the
luster (Simard et al., 1999; Trujillo & Aguerri, 2004). Thus, any varian
e inthat range in redshift, if it exists, must be in the disk galaxy parameters.In Figure 5.15, we have plotted the absolute magnitudes of the disks versus theirs
ale parameters. The bla
k points are for the NOT galaxy sample. The bluetriangles refer to a sample of �eld galaxies extra
ted from the work by Graham(2001) and the red diamonds are the disks from Coma 
luster taken from asample by Aguerri et al. (2004). The horizontal line shows the minimum dis
s
ale we 
an resolve due to the distan
e of the 
lusters.It is interesting to noti
e that our dis
 s
ales are as large as those of �eldgalaxies, while those dis
s in Coma represent a minimum per
entage. The �tfor the Freeman law (Freeman, 1970), for our sample is
log h = (−2.52 ± 0.57) − (0.152 ± 0.027)Mr

Figure 5.15: Dis
 s
ales versus absolute Gunn-r Magnitude for two 
omponentgalaxies. The blue triangles refer to the �eld galaxies by Graham (2001), reddiamonds are the disks s
ales for the Coma sample by Aguerri et al. (2004) andbla
k points represent the dis
 s
ales in NOT sample. The horizontal line showsthe minimum dis
 size that we 
an resolve due to the distan
e of the 
lusters
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Figure 5.16: Dis
 S
ale versus radius for Coma Sample, (Aguerri et al. (2004),bla
k points) and NOT sample. The red points are red galaxies in two 
ompo-nents and the blue triangles are blue galaxies in two 
omponentsRegarding to a quantitative des
ription of the dis
 s
ales, we have plotted inFigure 5.16, the dis
s s
ales in fun
tion to the distan
e to the 
enter of the
luster for the NOT sample and the Coma sample by Aguerri et al. (2004). Thebla
k points are the two-
omponent galaxies in Coma, the red points are earlyspiral galaxies and the blue triangles refer to late spiral galaxies. We �nd largerdis
s (a fa
tor of two) in our sample than in Coma as 
olle
ted in Table 5.3.Those results agree with the idea of evolution from this redshift to lo
al 
lusters,in the dis
 s
ales of the late type galaxy population in 
lusters.We have performed statisti
al tests to 
he
k if the dis
 s
ales in NOT sample aresigni�
antly di�erent to dis
 s
ales at lower redshift or dis
 s
ales from isolatedTable 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 5.17: Cumulative fun
tion of dis
 s
ales for the NOT sample (solid line),Aguerri et al. (2004) Coma Cluster (dotted line) and Graham (2001) isolatedsample (dashed line)galaxies. With that purpose, we have applied the Kolmogorov-Smirnov testbetween the 
umulative fun
tion of the dis
s from the 
lusters in NOT sample,the Coma sample and the sample of isolated galaxies from Graham (2001).Their 
umulative fun
tions are shown in Figure 5.17.The results of the test show that the dis
 s
ales in Coma are signi�
antly dif-ferent from the dis
 s
ales in our sample and the dis
 s
ales 
orresponding tothe isolated lower redshift Graham (2001) sample. The test does not returnsigni�
ant results for the dis
 s
ale distributions for the isolated sample fromGraham (2001) and the NOT sample.We 
an 
on
lude that the 
umulative fun
tions for our dis
 s
ales in NOT 
lus-ters is di�erent from Coma Cluster and may be similar to lo
al �eld galaxies.Therefore, we have dis
s as large as those from �eld galaxies, whi
h are quanti-tatively di�erent from Coma.This result is extremely interesting as it shows an evolution with redshift inthe dis
 s
ales of the galaxies from lower redshift (Coma) to z ∼ 0.2. Not onlythat, but the dis
 s
ales in our medium redshift range, 
ould be similar to �eldgalaxies at low redshift, �nding an environmental evolution in lo
al 
lustersrespe
t to z ∼ 0.2 
lusters.
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Figure 5.18: Adimensional parameters. n versus re/h and B/T versus re/h.Red points refer to red two-
omponent galaxies and blue triangles to blue two-
omponent galaxies in NOT sample5.3.3 Bulge and dis
 parametersIn Figure 5.18, 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 lo
al �eldgalaxies (Andredakis, Peletier & Bal
ells, 1995; Graham & de Blok, 2001), anda mu
h wider dispersion fror the late-spiral galaxies as expe
ted.These trends suggest a di�erent behavior between Early and Late Type Spiralgalaxies. For Early Spiral galaxies, we �nd an in
rement of their shape param-eter and their bulge sizes with respe
t to their dis
 sizes as the galaxies be
omemore spheroidal. On the 
ontrary, Late Spiral galaxies does not seem to showany signi�
ant trend with the proportion of the bulge and disk and the shapeparameter.A di�erent way to look at this is analyze the Figure 5.19, where we have plottedthe s
ale of dis
s versus the e�e
tive radius for the early and late spiral galaxies.
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Figure 5.19: Relation between e�e
tive ratius and dis
 s
ales. Red points referto the red two-
omponent galaxies and blue triangles to the blue two-
omponentgalaxies. The solid line represents the red 
omponent �t.The in
rease of the e�e
tive radius with the dis
 s
ale for the early spiral galaxiesappears 
learly, as it is shown in the following �t
log re = −0.39 + 1.02 log(h)For the late spiral galaxies, the dispersion of re values for a small range of hvalues is too large to de�ne a relation with any degree of signi�
an
e.To 
on
lude, early spiral galaxies have larger dis
s with larger bulge e�e
tiveradius. Thus, more massive galaxies. That tenden
y was also noti
ed byMa
Arthur, Courteau & Holtzmann (2003). For the late spiral galaxies, thetenden
y does not seem to exist.



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 prin
e"The spatial distribution in 
lusters of galaxies is a valuable pie
e of the puzzle.By studying the lo
ation of the galaxies in the 
luster, we are able to dete
t im-portant 
luster properties su
h as the presen
e of substru
tures, their dynami
alstate, et
.A parti
ular galaxy 
an be des
ribed with three spatial 
oordinates, (x, y, z) andthree velo
ity 
oordinates (vx, vy, vz). We usually know two spatial 
oordinates
(x, y), as we are seeing the galaxy proje
ted in the sky. In addition, if weknow the redshift of the galaxy, we have also information about one velo
ity
omponent, vz.Even so, that situation is not very frequent. Taking out some some 
luster sur-veys su
h as ENACS (Mazure et al., 1995), or very well-known studied 
lusterssu
h as Coma (Struble & Rood, 1991; Jorgensen, Franx & Kjaergaard, 1992;Wegner et al., 1999; Smith et al., 2004; Aguerri et al., 2004), Virgo (Binggeli,Tammann & Sandage, 1987; Ferrarese et al., 2006)), Her
ules (Struble & Rood,1991; Jarrett et al., 1998; Wegner et al., 1999; Sán
hez-Janssen et al., 2004;Smith et al., 2004; Crawford, 2005; Estrada et al., 2007), at low redshift andsome more at medium redshift, some in our ACS sample, like A1689 (Teague,Carter & Gray, 1990; Du
 et al., 2002; �okas et al., 2006), A2218 (Kristian,Sandage & Westphal, 1978; Le Borgne, Pelló & Sanahuja, 1992; Sán
hez etal., 2007), CL0024 (Czoske et al., 2001; Alexov, Silva & Pier
e, 2003), MS1358(Fisher et al., 1998; van Dokkum et al., 1998; Yee et al., 1998; Fabri
ant, Franx& van Dokkum, 2000), the redshift values per 
luster are only known for a small111



112 CHAPTER 6. SPATIAL DISTRIBUTIONfra
tion of the galaxies. Therefore, we have to estimate membership of the 
lus-ter by using di�erent te
hniques su
h as the CMR (studied in the Chapter 3(Yee, Gladders & López-Cruz, 1999; López-Cruz, Barkhouse & Yee, 2004)) orother statisti
al approa
hes.The spatial distribution of galaxies of di�erent types in a 
luster is 
onsideredto be the 
onsequen
e of the initial 
onditions of formation and evolution forthe galaxies in the 
lusters, as well as the intera
tion with the environment. It
ould also depend on the 
onditions of the formation of the 
luster itself.A 
luster is said to 
ontain substru
tures when its surfa
e density is 
hara
ter-ized by multiple, statisti
ally signi�
ant peaks on s
ales larger than the typi
algalaxy size (Buote, 2002; Ramella et al., 2007). Numerous works have beendevoted also to the study of the statisti
al determination of substru
tures in
lusters of galaxies, providing di�erent tests (Perea, del Olmo & Moles, 1986;Fit
hett, 1988; Pinkney et al., 1996).Additionally, a relation based on the spatial distribution of the 
luster has beenwidely explored: the Morphology-Density relation. Observational eviden
eabout the presen
e of more early-type galaxies in denser environments was orig-inally noti
ed by Curtis (1918); Hubble & Humason (1931); Oemler (1974).Later on, Melni
k & Sargent (1977) showed that the fra
tion of lenti
ular andspiral galaxies depends on the distan
e from the 
luster 
entre and Dressler(1980) 
on
luded with the morphology - lo
al density relation. That relationrefers to the presen
e of a higher fra
tion of ellipti
al galaxies as we approa
h tothe 
enter of the 
luster and a higher fra
tion of spiral galaxies as we abandonthe 
enter of the 
luster.Dressler (1980) found this relation for a sample of low redshift 
lusters. Almosttwo de
ades later, Dressler et al. (1997), reanalyzed this relation for a sampleof 
lusters at redshift ∼ 0.5, �nding this relation only for 
ompa
t-regular 
lus-ters. Besides, Postman et al. (2005) analyzed a sample of high redshift 
lusters(z∼1) imaged with the Advan
ed Camera for Surveys (ACS), observing the sametenden
y than Dressler (1980); Dressler et al. (1997), but with the density ofellipti
al galaxies �ve times smaller than in low redshift 
lusters. On the otherhand, several authors (Sanroma & Salvador-Sole, 1990; Whitmore & Gilmore,1991; Whitmore, Gilmore & Jones, 1993), argued a 
orrelation between mor-phology and global 
luster properties, as for example, the 
luster
entri
 distan
einstead.The study of the spatial distribution is able to provide useful information intwo dimensions (studying the relation of the di�erent properties to the lo
aldensity) and in a radial dimension, (studying the global relation between ratiusand a parti
ular s
heme). This information has been analyzed throughout thisChapter.



6.1. GALAXY DENSITY 1136.1 Galaxy DensityDensity maps are useful tools for studying the 
luster dependen
e with di�erentparameters. However, galaxies have a dis
rete nature so, limitations in area ordepth make di�
ult the pro
ess of determining the density. In our 
ase, as weare studying the 
entral bright galaxy population of the 
luster, our limitationsare related to the �eld size as well as to the observational depth.6.1.1 Density EstimationThe density 
an be estimated by two di�erent methods. The more 
ommonis 
onsidering di�erent �xed apertures, ap, in the 
luster and 
omputing thenumber of galaxies, ngal, that we have on it. The lo
al density in the 
lusteris obtained with the following equation
ρlocal(ap) =

ngal

(

ap
)

π(ap)2However, that method has the in
onvenient that the density is a dis
rete vari-able, as it depends on the aperture we have used. Thus, we have used a di�erentmethod, whi
h 
onsists 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. This 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 fun
tion.We need to �x then the number of galaxies ngal as a 
ompromise betweenthe possibility of dete
ting peaks 
orresponding to substru
tures in the densitydiagrams and the limited area of the images. We have de
ided to take ngal=10,as it is able to provide substru
tures larger than this number, and therefore,dynami
ally important and it small enough for the area of the 
luster to be
ontained in the image.In Figure 6.1 and 6.2, we have plotted the logarithm densities distribution for theNOT and ACS sample, respe
tively. For the ACS sample, we have previouslysele
ted the galaxies brighter than Mr ≤ −19.5. The 
orresponding mean valuesare 
olle
ted in Tables 6.1 and 6.2. It is noti
eable that four of the 
lusters inthe ACS sample are mu
h more dense than those in the NOT sample, whi
hmay be explained in terms of sele
tion 
riteria, parti
ularly the ri
hness 
lass.In fa
t, the ri
hness 
lass for the 
lusters in the NOT sample is ≤ 3, while the
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Figure 6.1: Distribution of the lo
al density for the whole NOT sample. Theverti
al line shows the mean value of the density.ri
hness 
lass for the ACS sample is above 4. Moreover, all the 
lusters in ACSsample have been dete
ted in X-ray, being therefore, more massive than NOTsample 
lusters, from whi
h only A2111 has X-ray data.In Figure 6.3 and 6.4, the logarithm densities distribution for ea
h 
luster in theNOT and ACS sample are presented respe
tively and the values are 
olle
tedin Tables 6.1 and 6.2 and showed with verti
al lines in the Figures.Let's note that two out of �ve 
lusters in NOT sample, A1878 and A2111 aredenser statisti
ally than the whole sample. It's interesting also that A1643,A1952 and A2111 present a se
ond peak of lower density whi
h might be relatedwith the presen
e of subestru
ture. As far as the ACS sample is 
on
erned, wesee that nearly all the 
lusters have a density higher than 200 gal/Mpc2, ex
eptMS1358, whi
h is somewhat less dens, even if denser than the NOT sample. Wealso �nd some peaks in less dense regions of the 
lusters in A1703 or A2218,that 
ould 
orrespond to possible substru
tures.6.1.2 Morphology-Density RelationDressler (1980) found a smooth, monotoni
 relation, of the presen
e of spiral,lenti
ular and ellipti
al fra
tions with the lo
al surfa
e density of galaxies, 
om-
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Figure 6.2: Distribution of the lo
al density for the whole ACS sample. Verti
alline show the mean value of the density in ea
h 
luster.
Table 6.1: Mean Densities for NOT Clusters

Name < ρ > σ(ρ)
(N/Mpc2) (N/Mpc2)

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 6.3: Distribution of the lo
al density for ea
h 
luster in NOT sample.Verti
al lines show the mean value of the density in ea
h 
luster.
Table 6.2: Mean Densities for ACS Clusters

Name < ρ > σ(ρ)
(N/Mpc2) (N/Mpc2)

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
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Figure 6.4: Distribution of the lo
al density for ea
h 
luster in ACS sample.Verti
al lines shows the mean value of the density of ea
h 
luster.



118 CHAPTER 6. SPATIAL DISTRIBUTIONmonly known as the Morphology - Density relation. He 
on
luded that,from a sample of 55 low-redshift ri
h 
lusters sample, this relation is univer-sal and representative of every 
luster. Later on, Dressler et al. (1997) revisitedthat work by making a �eld 
orre
tion whi
h depends on the morphologi
al typeand �eld 
ontamination in ten 
lusters at z ∼ 0.5. They found the same kindof relation for 
entrally 
on
entrated 'regular' 
lusters, but not for 
lusters thatare less 
on
entrated and irregular, in 
ontrast to the situation for low-redshift
lusters. Some years later, Postman et al. (2005) studied a sample of seven
lusters at higher redshift (z ∼1), 
on
luding on the existen
e of the relation.They dete
ted a 
hange in the morphology-density relation between 0.8 <z<1.2and that observed at z ∼ 0, with the result that the density of E+S0 in the 
oreof 
lusters was �ve times smaller.We have performed a study of this relation in our medium redshift sample. InFigures 6.5 and 6.6, we have plotted the logarithm densities distribution for thewhole sample splitting them up into three morphologi
al types. The verti
allines show the mean value for ea
h sample.Interestingly, we see that for both samples, the mean value for the Ellipti
algalaxies is higher than the mean value for Lenti
ular galaxies and Late-typegalaxies (Spiral and Irregular). However, for the NOT sample, we obtain amean value for Late-type galaxies larger than for Lenti
ular while the 
ontraryis observed for the ACS sample. In addition, for the NOT sample, the ellipti-
al galaxies distribution is somewhat skewed to higher densities and Lenti
ulargalaxies are skewed to lower densities.These fa
ts, even if agreeing with the work by Dressler (1980) about the largerfra
tion of Ellipti
al galaxies in denser areas of the 
luster, show a tenden
yfor the lenti
ular galaxies to populate less dense areas in the 
luster than Late-Type galaxies for the NOT sample and the 
ontrary for the ACS sample. Thesetrends 
ould be related with the results found by Dressler et al. (1997) at mediumredshift, who argued that the morphology-density relation exits for regular 
on-
entrated 
lusters. Also, Fasano et al. (2002) found an in
rease of the lenti
ularpopulation for higher redshift 
lusters.Looking at ea
h 
luster individually, we have plotted in Figure 6.7 and 6.8the density fun
tion for ea
h 
luster separated into three morphologi
al types.Although we have few galaxies to have good resolution, the results 
ould besigni�
ant. Thus, we see that A1643 has some early-type galaxies in the densestareas but the late-type galaxy population is 
ompletely dominating the rest ofthe the 
ore of this 
luster. We also see that A1878 has a strong gradientof late-type-galaxies whi
h in
reases to less dense areas. On the other hand,A1952, A2111 and A2658 are '
lasi
al' 
lusters as they have a dense ellipti
al-dominated 
ore and a late type galaxy fra
tion in
reasing in the less denseareas.Regarding to the ACS sample, late-type galaxies dominate all the 
lusters, al-though the fra
tion in
rease in less dense areas. Only for the 
ases of CL0024 andMS1358, we have found ellipti
al galaxies dominating the 
ore. We also note a
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Figure 6.5: Distribution of the lo
al density for three morphologi
al types forthe whole NOT sample. Red, Green and Blue lines refer to Elipti
al, Lenti
ularand Late-Type galaxies respe
tively. Verti
al lines shows the mean value of thedensity for ea
h type.strong gradient of ellipti
al galaxies in A2218 
orresponding to the merger 
lus-ter reported and identi�ed by (Kneib et al., 1995; Markevit
h, 1997; Neumann& Böhringer, 1999; Ma
ha
ek et al., 2002).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 lo
al density versus ab-solute r magnitude for the whole NOT and ACS sample, separated into threemorphologi
al types.Apparently, we see a mixture of the morphologi
al types. However, we seea region 
orresponding to the BCGs, (explored in Chapter 8). They are thebrightest galaxies (Mr ≤ −22.5), whi
h are ellipti
al and are pla
ed in thedensest regions (ρ ≥ 100 gal/Mpc2). As far as the Lenti
ular and Spiral Galaxieswe do not distinguish any visible di�eren
e in NOT sample, but for the ACSsample, some spiral galaxies appear to be brighter than the brightest lenti
ulargalaxies even if lo
ated in areas with similar density.
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Figure 6.6: Distribution of the lo
al density for three morphologi
al types forthe whole ACS sample. Red, Green and Blue lines refer to Elipti
al, Lenti
ularand Late-Type galaxies respe
tively. Verti
al lines shows the mean value of thedensity for ea
h type.Let's note the absen
e of bright galaxies in low density environments. As nu-merous studies have 
on�rmed (Sandage, 1972a; Gunn & Oke, 1975; Jones &Forman, 1984; Hoessel & S
hneider, 1985; Postman & Lauer, 1995; Smith etal., 2005), in 
lusters of galaxies, we do not �nd bright galaxies in low densityenvironments. And, as it is also well known, the brightest 
luster galaxies arealways pla
ed at the 
enter and denser areas of the 
luster.In Figures 6.11 and 6.12, we have shown the luminosity-density relation for theindividual 
lusters, in NOT and ACS sample respe
tively. It's remarkable thefa
t that A1878 has a blue bright highly 
on
entrated population, as well asA1643, whi
h presents also a high fra
tion of blue fainter galaxies, as it wasshown in the Chapter 3 and its brightest 
luster galaxy is a lenti
ular galaxy.Also, A1952 has a group of very bright lenti
ular galaxies in dense environments,whi
h 
an be a related to a possible substru
ture as explained in the Chapter2. Also, A2111 presents a number of spiral galaxies in the dense areas, whi
hmay be related with the nature of merger of this 
luster.For the ACS sample, we see as that the ellipti
al galaxy population o

upy thebrightest and densest part of the 
lusters, while the lenti
ular and spiral galaxypopulation are also pla
ed in dense areas but with fainter magnitudes (Mr .
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Figure 6.7: Distribution of the lo
al density for three morphologi
al types forindividual 
lusters in NOT sample. Red, Green and Blue lines refer to Elipti
al,Lenti
ular and Late-Type galaxies respe
tively.

Figure 6.8: Distribution of the lo
al density for three morphologi
al types forindividual 
lusters in ACS sample. Red, Green and Blue lines refer to Elipti
al,Lenti
ular and Late-Type galaxies respe
tively.
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Figure 6.9: Absolute Gunn-r magnitude versus lo
al density into three morpho-logi
al types for the whole NOT sample. Red diamonds, green asterisks andblue triangles are the Ellipti
al, Lenti
ular and Spiral galaxies, respe
tively.

Figure 6.10: Absolute Gunn-r magnitude versus lo
al density into three mor-phologi
al types for the whole ACS sample. Red diamonds, green asterisks andblue triangles are the Ellipti
al, Lenti
ular and Spiral galaxies, respe
tively.
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Figure 6.11: Lo
al density versus absolute Gunn-r magnitude into three mor-phologi
al types for the individual 
lusters in NOT sample. Red diamonds,green asteriks and blue triangles are the Elipti
al, Lenti
ular and Spiral galax-ies, respe
tively.-22). In all 
lusters the brightest galaxies are ellipti
al galaxies. We note thepresen
e of a bright spiral galaxy pla
ed in the lower density area in the 
ore ofA1703. Probably, this galaxy is a foreground galaxy.
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Figure 6.12: Lo
al density versus absolute Gunn-r magnitude into three mor-phologi
al types for the individual 
lusters in ACS sample. Red diamonds, greenasteriks and blue triangles are the Elipti
al, lenti
ular and Spiral galaxies, re-spe
tively.



6.2. THE RADIAL DISTRIBUTION OF GALAXIES 1256.2 The Radial Distribution of Galaxies6.2.1 Center of the 
lusterThe 
enter of the 
luster is de�ned to be the point pla
ed at the minimum of the
luster gravitational potential (Sandage, 1972a; Gunn & Oke, 1975; Postman &Lauer, 1995). In the pra
ti
e, there are several methods to determine the 
enterof 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 dire
tly related to the depthof the 
luster gravitational potential well. In addition, as the X-ray is pro-portional to the square of the gas density, it is little a�e
ted by proje
tione�e
ts in 
omparison to those arising in opti
al 
luster sele
tion (Romeret al., 1994; van Haarlem, Frenk & White, 1997). Unfortunately, only themore massive 
lusters 
an be dete
ted in X-rays, parti
ularly for z >0.1.
• Brightest Cluster Galaxy (BCG)The Brightest Cluster Galaxies are the galaxies whi
h represent the bright-est end of the luminosity fun
tion. Not only that, but they have parti
ularproperties, di�erent from the rest of the whole sample. That subje
t 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 
on
entrated X-raybright 
lusters (Jones & Forman, 1984; Rhee & Latour, 1991; Brough etal., 2002).A

ording to the theoreti
al hierar
hi
al s
enario (Aragon-Salaman
a, Baugh& Kau�mann, 1998; Dubinski, 1998; De Lu
ia & Blaizot, 2007b), thesegalaxies 
ould have been originated by the 
ooling of the gas from the sur-rounding hot halo medium, together with the a

retion of small galaxiesfalling to the 
luster 
entre as result of dynami
al fri
tion and then merge.Other theories (Merritt, 1985; Bird, 1994), suggest that BCGs were formedduring or before the 
luster 
ollapse and they fell by dynami
al fri
tion tothe 
enter of the 
luster faster than less massive galaxies.
• Luminosity Bary
enterA di�erent approa
h for lo
ating the 
enter of the 
luster is assumingthat the luminous mass distribution is tra
ing the non-luminous massdistribution. The 
enter of the luminosity distribution will be given thenby the bary
enter 
oordinates:

(X, Y ) =
(

∑

i Iixi
∑

i Ii
,

∑

i Iiyi
∑

i Ii

)



126 CHAPTER 6. SPATIAL DISTRIBUTIONTable 6.3: Adopted 
enter position for the 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 ea
h galaxy and (xi, yi) are thespatial 
oordinates of the galaxy.That determination 
an be problemati
 due to the limit spatial 
overageand their possible biases. Also, the interloper 
ontamination 
an alsoa�e
t the results. In addition, the dark matter distribution may behavein a di�erent way from the luminous matter.

• Dark Matter CenterLensing te
hniques (Tyson & Fis
her, 1995; Kneib et al., 1996; Taylor etal., 1998; Kneib et al., 2004; Broadhurst et al., 2005a; Diego et al., 2005;Zekser et al., 2006), are used to determine the mass of the 
luster. Themass is estimated from its dark matter halo pro�le and 
onsequently, themass 
entroid.
• Density MaximumAssuming the same hypothesis as in the 
ase of the luminosity bary
enterthat the luminous mass distribution governs the non-luminous mass dis-tribution, we 
an determine also the 
enter of the 
luster �nding the peakof the maximum density. That supposition assumes that the 
enter of the
luster must be pla
ed where the largest fra
tion of luminous matter is
on
entrated. Again, this approa
h is valid if the dark matter distributionfollows the luminous matter distribution.We have adopted as the 
enter of the 
luster that of the X-ray distribution whenknown. For the rest, we have established the BCGs 
oordinates as the 
enter,(see for example, Lin & Mohr (2004)). The 
enter 
oordinates are 
olle
ted inTables 6.3 and 6.4.The BCG in A2111 is only 5.04 kp
 from the X-ray 
enter, while in the ACSsample, we �nd small distan
es for A1689 (23.02 kp
), A1703 (7.98 kp
), A2218(6.15 kp
), and higher di�eren
es for CL0024 (99.28 kp
) and MS1358 (195.301kp
). That fa
t should be kept in mind in the analysis of the population, asthe misalignment of the BCG with the X-ray 
enter 
ould indi
ate a on-relaxedsituation.
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enter position for the 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 radial lo
al density of the galaxies, as it is shown in Figures6.13 and 6.14 for the NOT and ACS sample respe
tively. The dotted line refersto a se
ond degree interpolation of this relation.All the 
lusters show a smooth de
reasing pro�le as we move towards the out-skirts of the 
luster, with the ex
eption of A1643, for whi
h the peak found isdue to a dis
ontinuity in the area surveyed. For A2658, for whi
h we only 
overthe inner 420 kp
, we do not have enough area to note any signi�
ant tenden
y.By 
omparing these pro�les with those showed in Figure 1 of the work byBut
her & Oemler (1978) or the Figure 1 in the work by But
her & Oemler(1984), we dire
tly see that these pro�les are dire
tly related to the 
on
entra-tion of the 
lusters and therefore with their ri
hness. We observe as the lessdense 
lusters in the NOT sample would be 
orresponding to b) pro�les (Fig-ure 1, in But
her & Oemler (1978)), 
orresponding to low 
on
entration values,while for the more dense ACS 
lusters, our pro�les would 
orrespond with d)pro�les (Figure 1, But
her & Oemler (1978)), that is, ri
her, more 
on
entrated
lusters. As we have previously examined in Chapter 4, the 
on
entration val-ues that we have obtained for the NOT sample together with the 
on
entrationvalues extra
ted from the literature for the ACS 
lusters give support to these
on
lusions.6.2.3 Radius-Morphology RelationAs we have said before, it is well known from the pioneering work by Dressler(1980), that early-type galaxies in 
lusters at low redshift are lo
ated in denserregions and 
loser to the 
enter of the 
luster rather than than late-type galaxies.We want now to investigate the way that those 
lusters at medium redshift arepopulated. With that purpose, we have plotted in Figures 6.15 and 6.16 theradius-density relation for ea
h 
luster in NOT and ACS sample for early andlate morphologi
al types separately.It's 
lear that the main population in the 
entral part of A1952, A2111 andA2658 
onsist on early type galaxies and that these fra
tion are de
reasing as
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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



130 CHAPTER 6. SPATIAL DISTRIBUTION

Figure 6.15: Radius-Morphology Relation by morphologi
al types in NOT sam-ple 
lusters. Red and Blue lines refer to Early and Late Type Galaxy Population.
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Figure 6.16: Radius-Morphology Relation by morphologi
al types in ACS sam-ple 
lusters. Red and Blue lines refer to Early and Late Type Galaxy Population.
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e to the 
enter in
reases. We �nd a late-type galaxies peak in A2111,that may be a 
ontribution by the se
ond merging 
luster. On the other hand,we �nd that A1643 and A1878 have a large fra
tion of late-type galaxies in the
entral part of the 
luster whi
h de
reases at larger radios, while the early-typepopulation remains 
onstant, for A1878 and shows a de
reasing trend for A1643.Regarding to the ACS sample, we note a de
reasing tenden
y of the early typepopulation in nearly all 
lusters, with the ex
eption of the inner 100 kp
, wherethe tenden
y is de
reasing. The late-type population shows a variety of be-haviours. MS1358 shows the same de
reasing trend for late types than earlytypes. A1703 and CL0024 seem to have a peak of late type galaxies at about ∼300 kp
, while A1689 and A2218 shows a late type galaxy maximum at ∼ 200kp
.

Figure 6.17: Cumulative fun
tions of the di�erent morphologi
al types as afun
tion of the proje
ted radius to the 
enter of the 
luster for the NOT sample.Early types: solid lines; late types: dotted lines. The verti
al lines indi
ate theradius where the distributions rea
h the 50% level.In Figure 6.17 and 6.18, we have plotted the 
umulative fun
tions of the di�erenttypes of galaxies versus proje
ted distan
e of ea
h galaxy to the 
enter of the
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Figure 6.18: Cumulative fun
tions of the di�erent morphologi
al types as afun
tion of the proje
ted radius to the 
enter of the 
luster for the ACS sample.Early types: solid lines; late types: dotted lines. The verti
al lines indi
ate theradius where the distributions rea
h the 50% level.
luster for both samples. The solid lines represent the 
umulative distribution ofearly-type galaxies, ellipti
al and lenti
ular, whereas the dotted lines 
orrespondto the 
umulative distribution of late-type galaxies, spiral and irregular. Theverti
al lines indi
ate the radius where the 
umulative distributions rea
h the50% of the distributions.Regarding to the NOT sample, we see that all the 
lusters are dominated intheir 
entral regions by early type galaxies ex
ept A1878, that has a sizablefra
tion of late-type galaxies, in
luding irregular galaxies. A fa
t that explainsits high (
entral) fra
tion of blue galaxies. This is however, not unique sin
esimilar 
ases 
an also be found at lower redshift (see for example Varela (2004)).A1643 has also a large global fra
tion 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 ellipti
al galaxies, with an overall population witha smaller fra
tion of late-type galaxies.



134 CHAPTER 6. SPATIAL DISTRIBUTIONAs far as the ACS sample is 
on
erned, we �nd one 
luster, MS1358 that has avery similar morphologi
al distribution, That is, the two morphologi
al popula-tion are not quantitatively di�erent. Also, we �nd three 
lusters dominated byan early type population, A1703, A2218 and CL0024 and �nally, A1689, whi
hpresents a dominating late-type galaxy population in its 
ore.To test whether the distribution of early and late type galaxies are similar,we have performed a Kolmogorov-Smirnov test. Ex
luding A2658, for whi
hthere are not enough points to extra
t signi�
ant results, we �nd that the twopopulations follow signi�
antly di�erent distributions in all 
lusters ex
ept inA1878 and A1952, while for the whole ACS sample, together with A2111 andA1643, the test does not verify the hypothesis. Interestingly, Adami, Biviano& Mazure (1998) found eviden
e for morphologi
al segregation in low redshift
lusters. In our 
ase, we 
an only say the same for two out of nine 
lusters inour sample.In 
on
lusion, we �nd seven 
lusters out of ten dominated by an early-typepopulation, two more 
lusters with the late-type population dominating in their
ore and one 
luster with similar populations. We also �nd two 
lusters out ofnine (one with an early and late type population dominating respe
tively) whi
h
ontain a signi�
antly di�erent morphologi
al population. Those 
lusters show asituation that agrees with the results found by Adami, Biviano & Mazure (1998)about the morphologi
al segregation at low redshift. However, the other seven
lusters does not allow to dis
ern eviden
e of the morphologi
al segregationfound at lower redshift.The main result that emerges from the dis
ussion is that there are no 
lear trendsregarding the distribution of galaxies of di�erent types in 
lusters. Diversityappears to be the key word to des
ribe the situation, indi
ating that the varian
eof su
h properties at a given z is very important as to overrun for the tenden
ieswith z. An aspe
t to be 
arefully analyzed in any evolutionary study.



Chapter 7Luminosity Fun
tionEres, serás, fuiste el Universo en
arnado...Para tí se en
enderán las galaxias y se in
endiará el sol...Para que tú ames y vivas y seas...Para que tú en
uentres el se
reto y mueras sin poder parti
iparlo,porque sólo lo poseerás 
uando tus ojos se 
ierren para siempre...Carlos Fuentes, 'La muerte de Artemio Cruz.'The Luminosity Fun
tion (LF) is de�ned as the number of galaxies per unitvolume in a magnitude interval M to M+dM. It 
an be 
onsidered as a prob-ability distribution φ(M) over absolute magnitude for an individual sample ofgalaxies. φ(M) is usually 
alled the Di�erential Luminosity Fun
tion, inorder to distinguish it from Φ(M), the Integrated Luminosity Fun
tion,de�ned as:
Φ(M) =

∫ M

−∞

φ(M
′

)dM
′The LF has been used to study the way the galaxies form and evolve, Dressler(1984). If we assume that the galaxy mass-to-light ratios are nearly 
onstant,

M/L ≈ const, for the di�erent types of galaxies, the LF 
an set 
onstraints inthe initial mass fun
tion and the distribution of density perturbations that areexpe
ted to originate the galaxies (Press & S
he
hter, 1974). Likewise, it 
anbe used as a diagnosti
 for the 
hanges in the galaxy population due to, forexample, the in�uen
e of the 
luster environment.Numerous studies to date have noted the di�eren
e between the luminosityfun
tion for �eld galaxies and for 
luster of galaxies (Hubble & Humason, 1931;Abell, 1965; Oemler, 1974; Binggeli, Sandage & Tammann, 1988; Andreon,2004), dire
tly related with the luminosity-density analyzed in the previous135



136 CHAPTER 7. LUMINOSITY FUNCTIONChapter. Lin et al. (1999) presented some eviden
e for an evolution of M∗ for asample of �eld galaxies in the redshift range 0.12 < z <0.55, of about 0.3 magin the rest-frame R. Additionally, Blanton et al. (2003), analyzed a larger SDSSdata set of �eld galaxies in the redshift range 0.02 < z <0.22 �nding a similarvariation for M∗. These two works presents therefore eviden
e for evolution,even if they assume no di�erential luminosity evolution between bright and faintgalaxies.Regarding to the LF in 
lusters of galaxies, few signs of evolution have beeneviden
ed up to now. Garilli, Ma

agni & Andreon (1999) analyzed the 
om-posite luminosity fun
tion for a sample of 65 
lusters in the redshift range 0.05
< z <0.25, �nding no eviden
e of evolution. Likewise, de Propris et al. (1999)found evolution on M∗ in the K band in a wide redshift range 0.2< z < 0.9,but only with the assumption of the non evolution of α with redshift.Also, Gaidos (1997) 
omputed the galaxy 
omposite LF from R imaging of 20Abell 
lusters within a redshift range 0.06 <z< 0.25, �nding that it is welldes
ribed by a S
he
hter fun
tion with parameters M∗

R = −20.63 ± 0.11 and
α = −1.09 ± 0.08 in the magnitude range -24.91 < MR < -18.91. In this 
ase,the slope they found is similar to the �eld LF re
overed by Lin et al. (1996)from the Las Campanas Redshift Survey, even if the value of M∗ is almost onemagnitude brighter.As a 
onsequen
e, although a number of e�orts have been devoted to show thepossible evolution of the slope or M∗ of the LF from 
luster to 
luster or from�eld to 
luster, no signi�
ant results have been extra
ted as the LF does notappear to be universal. However, many trends related to the LF for red andblue galaxies seem to provide more information about possible di�eren
es in�eld and 
lusters. For example, the galaxy 
lusters LFs seem to be steeper forblue than for red galaxies and their 
hara
teristi
 magnitudes are brighter thanin the �eld, by approximately one magnitude in the red, (see for example, Lin etal. (1996); Gaidos (1997)), and by approximately half a magnitude in the blue(Lumsden et al., 1997; Valotto et al., 1997; Zu

a et al., 1997).In this 
hapter, we have determined the S
he
hter parameters for the LF inour ten 
lusters, medium redshift, sample, by studying their individual and
omposite luminosity fun
tion and analyzing their 
orresponding morphologi
aland 
olor LFs.7.1 Ba
kground Contamination EstimationIn Chapter 3, we have �tted the Color-Magnitude Relation and dropped outfrom the 
luster all the galaxies whose 
olor was 0.2 magnitude redder thanthe �t, as ba
kground obje
ts are reddened by the 
osmologi
al k-e�e
t (Oke &Sandage, 1968; Pen
e, 1976; Poggianti, 1997). We also ensured by integratingthe �eld luminosity fun
tion for �eld galaxies that the foreground 
ontaminationwas pra
ti
ally inexistent.



7.1. BACKGROUND CONTAMINATION ESTIMATION 137There are at least two more ways for determining the 
ontamination. The most
ommon way of estimating the ba
kground 
ontamination is studying the lu-minosity distribution in the 
lose regions of the 
luster (Oemler, 1974). Thedistan
e to the �eld must be enough to be pla
ed outside the 
luster and nottoo large in order to sample the lo
al ba
kground. Then, the galaxy 
ounts inthe referen
e �eld dire
tion are modeled (see Andreon (2004); Andreon, Punzi& Grado (2005)). After that, the di�eren
e in the number of 
ounts in ea
hmagnitude interval is said to be due to the galaxies from the 
luster. Unfor-tunately, there is no guarantee on the adequa
y of the observed ba
kground to�t the a
tual 
luster ba
kground and the results 
an not be but statisti
al innature.

Figure 7.1: Number of galaxies per square degree and 0.5 magnitude bin versusapparent magnitude for all the galaxies dete
ted in NOT sample (red line),without ba
kground 
ontamination from M
Leod et al. (1995) (blue line) andwithout ba
kground 
ontamination from CMR (green line). The dotted linerepresents the ba
kground 
ontamination given by M
Leod et al. (1995). Theverti
al line shows the 
ompleteness limit for ea
h 
luster of the sample.



138 CHAPTER 7. LUMINOSITY FUNCTIONDi�erent measurements provided by a number of authors exist in the literature.We should 
ontrol that the di�eren
e in the instrumentation, methodology andobservation 
onditions are similar to our observations. For our r-band, we haveseveral works that give us the number of galaxies per relative magnitude bin(M
Leod et al., 1995; Met
alfe et al., 2001; Yasuda et al., 2001). We havesele
ted the Table 3 from M
Leod et al. (1995) as their apparent magnituderange in
lude ours. Met
alfe et al. (2001) give an approximation for galaxieswith 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 also reliablegalaxy number 
ounts, but unfortunately, in other �lters.

Figure 7.2: Number of galaxies per square degree and 0.5 magnitude bin ver-sus apparent magnitude for all the galaxies dete
ted in ACS sample(red line),without ba
kground 
ontamination from M
Leod et al. (1995) (blue line) andwithout ba
kground 
ontamination from CMR (green line). The dotted linerepresents the ba
kground 
ontamination given by M
Leod et al. (1995). Theverti
al line shows the 
ompleteness limit for ea
h 
luster of the sample



7.2. THE COMPOSITE LUMINOSITY FUNCTION 139In Figures 7.1 and 7.2, we have plotted the points 
orresponding to the numberof galaxies per 0.5 magnitude bin square degree versus magnitude. The dottedline shows a linear spline of the ba
kground 
ontamination given by M
Leod etal. (1995) and the red line refers to the linear spline of the magnitude distributionfor all the galaxies dete
ted without performing the subtra
tion in the Chapter3. The blue line 
orresponds to the 
ount di�eren
es from these distributionsand �nally, the green lines are the galaxy distribution ex
luding the galaxies bythe CMR pro
edures explained in Chapter 3. The verti
al line represents the
ompleteness limit for the sample.Referring to NOT sample, we only �nd a slight di�eren
e for A1643 and A1878between the ba
kground 
orre
ted 
ounts using M
Leod et al. (1995) (blueline) and ex
luding galaxies redder than the CMR (green line) for magnitudesbrighter than 19.5. For the rest, the di�eren
e of the distributions begins tobe noti
eable for fainter magnitudes than 20, whi
h is very 
lose to the 
om-pleteness magnitude limit for the NOT sample, as was set in Figure 3.1. It'snoti
eable that for A2111, whi
h is the 
luster for whi
h we had some redshiftinformation has a nearly 
oin
ident ba
kground subtra
tion from M
Leod etal. (1995) and the CMR. As we have already seen, the population in A1643 israther faint, in 
omparison with the rest of the 
lusters in the samples. Thisfa
t will be translated into a bad �t of the LF as we will see later.For the ACS sample, A1703, for whi
h we do not have redshift informationin literature and MS1358, for whi
h we have very few redshift are the 
lustersare the 
lusters that have a largest di�eren
e between the subtra
tion providedby M
Leod et al. (1995) and the subtra
tion provided by the CMR. On the
ontrary, A1689, A2218 or CL0024 provide an ex
ellent agreement for bothdistributions up to magnitude mr = 22 at least. Therefore, we will 
onsiderthe subtra
tion given by M
Leod et al. (1995) as the real galaxy population for
omputing the luminosity fun
tion.7.2 The Composite Luminosity Fun
tionSin
e we do not have enough galaxies per magnitude bin in the individual LF,espe
ially, in the NOT sample, we are going to 
onsider the Composite Lumi-nosity Fun
tion de�ned by Colless (1989). A number of works in the literaturehave used it, providing many reliable results (Lumsden et al., 1997; De Propriset al., 2003a; Barkhouse, Yee & López-Cruz, 2007). It has been built by sum-ming up galaxies in absolute magnitude bins and s
aling them by the ri
hnessof their parent 
luster. Spe
i�
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 the
omposite LF, Ni,j is the number in the jth bin of the ith 
luster LF, nclus,j is
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Figure 7.3: Composite Luminosity Fun
tion for NOT sample. The verti
al lineshows the 
ompleteness limit of the sample.the 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

RiFollowing 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 ba
kground -
orre
ted number of 
lustergalaxies brighter than M = −19.5, as Mr=-19 is beyond our 
hosen 
omplete-ness limit for the NOT sample. For typi
al values for the LF, the relationshipbetween our de�nition of ri
hness and that of Colless is Ri(Colless) ∼ 1.34
Ri(thesis). In Figure 7.3 and 7.4, we have plotted the resulted 
omposite Fun
-tion for our 
luster sample.The formal errors in Nc,j are 
omputed a

ording 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 respe
tively.
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Figure 7.4: Composite Luminosity Fun
tion for ACS sample. The verti
al lineshows the 
ompleteness limit of the sample.



142 CHAPTER 7. LUMINOSITY FUNCTION7.3 Luminosity Fun
tion FitThe �rst attempts to study and �t the Luminosity Fun
tion were done by Hubble& Humason (1931). They tried to �t their data by a gaussian fun
tion. Somede
ades later, the �rst 
lusters 
ompilations were performed by Abell (1958) andZwi
ky et al. (1961), who realized that the number of faint galaxies had beenunderestimated. Abell (1964, 1972), des
ribed then two asymptoti
 behaviorsof φ(M) at the bright 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∗where N(m) is the number of galaxies per square degree brighter than m.Zwi
ky et al. (1961), proposed the following analyti
al fun
tion
< 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 a

urate for the data available,S
he
hter (1976) proposed an analyti
al distribution of the luminosity of thegalaxies in 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 
hara
teristi
 luminosity 
orresponding to the'break point' or knee where the slope 
hanges, α is the slope of the luminosityfun
tion at low magnitudes and n∗ is the 
onstant, whi
h normalizes to the den-sity of galaxies. The whole luminosity of the 
luster 
an be found by integratingthe last expression:
Lcluster =

∫ ∞

0

Lnc(L)dL = n∗Γ(α + 2)L∗where here, Γ represents the mathemati
al fun
tion Gamma,
Γ(a) =

∫ ∞

0

e−tta−1dtThe analogous S
he
hter fun
tion 
an be expressed in terms of absolute mag-nitudes by making the variable 
hange L/L∗ = 10(M∗
−M)/2.5, obtaining thefollowing expression:

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

−M))dM



7.3. LUMINOSITY FUNCTION FIT 143where φc(M) is the number of galaxies per volume unit and magnitude unit,
M∗ = 10−0.4M∗ is the 
hara
teristi
 magnitude where the slope of the LF
hanges 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 S
he
hter fun
tions provides a more adequate �tto the 
luster LF than a single S
he
hter fun
tion. This fa
t is due to theemergen
e of a rising faint end (Mr >-19), even though the bright end of theLF appeared to be well �tted by a S
he
hter fun
tion. Alternative LF �ttingfun
tions in
lude a Gaussian and a single S
he
hter fun
tion for the bright andfaint end respe
tively (Thompson & Gregory, 1993; Biviano et al., 1995; Parolin,Molinari & Chin
arini, 2003), a single power-law �t to the faint end (Trenthamet al., 2001; Boué et al., 2008) or an Erlang plus a S
he
hter fun
tion (Bivianoet al., 1995).In our 
ase, we have �tted the LF by a single S
he
hter fun
tion, as we areworking in the bright end. We have dis
ussed the in�uen
e of in
luding theBrightest Cluster Galaxy in the �t as, in general, the presen
e of these galaxiesis easily noti
ed by their e�e
t on the brightest magnitude bin, whose value isusually o�set from the best-�t S
he
hter fun
tion. S
he
hter (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 subse
tions, di�erent ways of �tting the Lu-minosity Fun
tion, to �nd the most a

urate.7.3.1 Chi-Square �ttingOn a

ount of the di�erential 
hara
ter of the luminosity fun
tion, our abs
issasin the �t must be magnitude bins, as their 
orresponding fun
tion values are thenumber of galaxies in a volume within a magnitude bin. As we do not have toomany galaxies, we have obtained few bins, with a moderate number of galaxies.In order to �t the luminosity fun
tion to the S
he
hter Fun
tion, 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 fun
tion we want to �t, in our 
ase the S
he
hterfun
tion, where −→a is the set of n-parameters we want to determine. Then, the
χ2 fun
tion is de�ned as

χ2(−→a ) =

N
∑

i=1

[
yi − y(xi,−→a )

σi
]2 (7.1)



144 CHAPTER 7. LUMINOSITY FUNCTIONwhere xi and yi are the set of points that we want to �t and σi is standarddeviation in ea
h point and N is the number of points where we have a valuefor the fun
tion.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 ve
tor with the same number of 
omponents as −→a , n and D is the

n × n Hessian matrix.If the approximation is good enough, we will jump from the present solution
−→a act to the following that minimizes the χ2 fun
tion −→a min as follows:

−→a min = −→a act + D
−1[−∇χ2(−→a act)] (7.3)In 
ase the approximation is not good, we will go ba
k with the gradient likethat:

−→a sig = −→a act − constant[∇χ2(−→a act)] (7.4)where the 
onstant must be small enough not to leave the present des
endsdire
tion.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 respe
t 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 se
ond derivative term asit is negligible when 
omparing with the �rst derivative term. In addition, thefa
tor whi
h is multiplying is the error in ea
h point, and therefore, it tends to
an
el out when we sum over all i. So, equations 7.5 and 7.6 have the followingform:

βk =
−1

2

∂χ2

∂ak
(7.7)



7.3. LUMINOSITY FUNCTION FIT 145and
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 in
rements 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.Therefore, 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 uses the fa
t that Hessian Matrix 
ould give us information aboutthe order of magnitude of the 
onstant. If we 
ompare the units in equation7.10, we have that the 
onstant must have dimensions of 1/αkk. The authorsdivided the 
onstant by an addimensional fa
tor λ so that the 
onstant is nottoo large. We have the possibility of setting λ ≫ 1 for stopping the pro
ess.That is, they repla
e equation 7.10 by

δal =
1

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

α′

jk ≡

{

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

M
∑

l=1

α′

klδal = βk (7.12)Noti
e that when λ is too large, α′ sets into a dominant diagonal matrix, soequation 7.12 tends to be identi
al to equation 7.11, and if λ tends to zero, theequation 7.12 approximates to equation 7.9.



146 CHAPTER 7. LUMINOSITY FUNCTIONThe LM method 
an very sensitive to the initial 
onditions. For example, it
an �nd a lo
al minimum (if we are not 
lose enough) or a 'valley' (dependingon the problem geometry). To avoid those problems, we have 
reated a gridwith initial 
onditions for the method and sele
ted the one whi
h provides thesmallest χ2 value. The values for the grid have been set to vary in the followingranges
−2.5 ≤ α ≤ −0.5 and − 19.5 ≤ M∗ ≤ −22.5with a step of 0.1. We have obtained the same optimal parameters if we setour parameters at random or with the grid, whi
h suggest that the minimum isisolated inside that range.In Figures 7.5 and 7.6, we have plotted the S
he
hter �t to the CompositeLuminosity Fun
tion for the NOT and ACS samples. The solid line shows the�t ex
luding the BCGs and the dotted lined refers to the �t 
onsidering thebrightest 
luster galaxy in the �t. The results of the �t are

α = −0.95± 0.22 , M∗

r = −20.93± 0.37and
α = −1.15± 0.18 , M∗

r = −21.38± 0.41with the ex
lusion and in
lusion of the BCG respe
tively, for the NOT sample.
α = −1.11± 0.16 , M∗

r = −21.65± 0.86and
α = −1.11± 0.15 , M∗

r = −21.64± 0.75with the ex
lusion and in
lusion of the BCG respe
tively, for the ACS sample.We have 
onsidered in ea
h 
ase, the range of 
ompleteness for the �t for everysample.Although the di�eren
e between in
luding or not the BCG in the ACS lumi-nosity 
omposite fun
tion �t does not a�e
t the �t, we have noted a di�erentLF for the NOT sample. By ex
luding the BCG, we see how the �t is weightedby the fainter points, while if we 
onsider the whole range of magnitude, thebrighter points make the faint end appear steeper. This is due to the fa
t thatfor the NOT 
lusters, the LF does not extend to faint magnitudes as it does forACS 
lusters. The higher weight of the faint end in the ACS 
lusters makes thein�uen
e of in
luding or not the BCG less important.We 
an 
on
lude that the values provided for the Composite Fun
tion for theACS sample are representative of the LF at redshift ∼ 0.2- 0.4 with an slope of
α = −1.11 ± 0.15 and M∗

r = −21.64± 0.75
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eable that at the faint end of the LF for the ACS sample, the tenden
yseems to be as
ending, as not �ttable by a single S
he
hter as several authorshave already noted (Biviano et al., 1995; Parolin, Molinari & Chin
arini, 2003;Boué et al., 2008).

Figure 7.5: Best S
he
hter �t of the Composite LF for the NOT sample. Thesolid line refers to the �t ex
luding the BCGs and the dotted line is referring tothe �t in
luding the BCGIn Figure 7.7, we have plotted the S
he
hter fun
tion with the best parametersgiven by the Levenberg-Marquardt method for ea
h individual 
luster in theNOT sample, up to the 
omplete magnitude limit (Mr = −19.5). The resultsof the �t are also 
olle
ted in Table 7.1. The �ts give a median value for theslope of -0.93 and -0.86, 
onsidering or not the BCG. A1878 and A2111 appearto have the 'typi
al LF shape', while for the rest of the 
luster in the sample,the bins 
arry large errors to �nd a good �t. In parti
ular, A1643 shows asigni�
ant di�eren
e at 
onsidering the BCG or not, whi
h is understandable asit does not show as the typi
al luminosity fun
tion.For the ACS sample, the situation is 
ompletely di�erent. In Figure 7.8, wehave plotted the S
he
hter fun
tion with the best parameters given by theLevenberg-Marquardt method, up to the 
ompleteness limit, (Mr = −17.8).The parameters obtained in the �t are also 
olle
ted in Table 7.2.The �t for the ACS sample is 
onsiderably di�erent from the NOT sample, as



148 CHAPTER 7. LUMINOSITY FUNCTION
Table 7.1: Best S
he
hter Parameters of the Luminosity Fun
tion with andwithout the BCG for the NOT sample

With BCG Without BCG
Name α M∗ χ2 α M∗ χ2

A 1643 −2.00 ± 0.82 −21.53± 0.38 1.18 −1.26± 0.82 −20.21± 0.79 0.02
A 1878 −0.93 ± 0.22 −21.08± 0.39 0.72 −0.86± 0.24 −20.94± 0.38 0.84
A 1952 −1.70 ± 0.10 −22.50± 0.00 4.47 −1.70± 0.10 −22.50± 0.00 4.64
A 2111 −0.50 ± 0.00 −20.63± 0.07 4.79 −0.50± 0.00 −20.64± 0.07 4.60
A 2658 −0.50 ± 0.00 −21.58± 0.37 1.26 −0.50± 0.00 −21.49± 0.41 1.45

Composite −1.15 ± 0.18 −21.38± 0.41 1.18 −0.95± 0.22 −20.93± 0.37 0.80

Table 7.2: Best S
he
hter Parameters of the Luminosity Fun
tion with andwithout the BCG for the ACS sample
With BCG Without BCG

Name α M∗ χ2 α M∗ χ2

A 1689 −1.19 ± 0.03 −22.18± 0.19 6.93 −1.20 ± 0.03 −22.30 ± 0.25 7.35
A 1703 −1.12 ± 0.03 −21.51± 0.14 17.78 −1.10 ± 0.03 −21.46 ± 0.14 18.41
A 2218 −1.22 ± 0.03 −22.23± 0.24 2.58 −1.22 ± 0.03 −22.21 ± 0.26 2.81
CL0024 −1.17 ± 0.01 −21.53± 0.08 53.79 −1.14 ± 0.01 −21.41 ± 0.07 54.95
MS1358 −0.82 ± 0.03 −20.98± 0.12 6.91 −0.85 ± 0.04 −21.06 ± 0.12 6.97

Composite −1.11 ± 0.15 −21.64± 0.75 10.92 −1.11 ± 0.16 −21.65 ± 0.86 12.66
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Figure 7.6: Best S
he
hter �t of the Composite LF for the ACS sample. Thesolid line refers to the �t ex
luding the BCGs and the dotted line is referring tothe �t in
luding the BCGthe extent in magnitude is mu
h larger. Although we do not 
over a large area,the results are mu
h more reliable than in NOT sample. We �nd a medianvalue for the slope of -1.17 and -1.14, 
onsidering or not the BCG, whi
h are
onsiderably higher than the values of NOT sample. For the reasons givenbefore, the di�eren
es between in
luding or not the BCG are not relevant inany 
ase.The value we have obtained for the slope in A2218 agrees with the value reportedby Pra
y et al. (2005). They studied the proje
ted luminosity fun
tion in theinner Mp
 in the V-band, by �tting a single S
he
hter fun
tion to the LF. Theyfound a slope of α = −1.14+0.08
−0.07, reporting also a more 
ompa
t distribution ofthe brightest 
luster galaxy as it is noti
eable in the Figure 7.8. That fa
t willbe analyzed in Chapter 8.As noted by Barkhouse, Yee & López-Cruz (2007), the results of that �t fortwo free parameters are not too reliable as there are few bins. Taking this intoa

ount, we have re�tted the FL but this time �xing the slope at the faint end

α = −1.15, the value found for the Composite Luminosity Fun
tion, whi
h iswell in the range of values extra
ted from the individual 
lusters from the ACSsample.
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Figure 7.7: Best �t of the di�erential LF for the NOT sample. The verti
alline shows the limit where the sample is 
omplete. The solid line refers to the�t ex
luding the BCGs and the dotted line is referring to the �t in
luding theBCG
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Figure 7.8: Best �t of the di�erential LF for the ACS sample. The verti
al lineshows the limit where the sample is 
omplete. The solid line refers to the �tex
luding the BCGs and the dotted line is referring to the �t in
luding the BCG



152 CHAPTER 7. LUMINOSITY FUNCTIONTable 7.3: Best S
he
hter Parameters of the Luminosity Fun
tion with α=-1.15for the NOT sample
With BCG Without BCG

Name M∗ χ2 M∗ χ2

A 1643 −20.17± 0.13 1.57 −20.11± 0.13 0.02
A 1878 −21.46± 0.17 0.87 −21.41± 0.18 1.13
A 1952 −20.80± 0.17 5.96 −20.85± 0.18 6.23
A 2111 −21.56± 0.14 6.49 −21.57± 0.15 7.02
A 2658 −22.50± 0.00 1.83 −22.50± 0.00 2.08Table 7.4: Best S
he
hter Parameters of the Luminosity Fun
tion with α=-1.15for the ACS sample

With BCG Without BCG
Name M∗ χ2 M∗ χ2

A 1689 −22.00± 0.09 7.08 −22.02± 0.10 7.60
A 1703 −21.62± 0.07 17.83 −21.64± 0.08 18.59
A 2218 −21.91± 0.18 2.91 −21.91± 0.11 3.13
CL0024 −21.47± 0.04 53.87 −21.45± 0.04 54.98
MS1358 −22.31± 0.13 14.17 −22.25± 0.13 12.89In Figure 7.9 and 7.10, we show the results of the individual S
he
hter �t forthe 
lusters in NOT and ACS sample, respe
tively, with the slope α = −1.15.The results for M∗ are shown in Tables 7.3 and 7.4.As expe
ted, the �ts for the ACS sample are always very good. However, theresults di�er from the values found for the ACS sample with two free parameters,whi
h seems to indi
ate that the whole luminosity fun
tion 
an not be properly�t by a single S
he
hter Fun
tion with only one parameter. It is very 
lear nowthat the faint end of the Luminosity Fun
tion (Mr ≥ −18) has a rising trend.The LF �ts in the NOT sample have smaller χ2 than a single luminosity fun
tionwith two free parameters, but for the 
ases noted before (A1643 or A2658), theLF seems to be disturbed obtaining a non-reliable �t. It is remarkable the 
aseof A1952, where the �rst three brightest bins are brighter than the luminositypres
ribed by the S
he
hter �t, indi
ating the presen
e of a more luminous groupof galaxies.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 Fun
tion by binning the data, allows a qui
k analysis of thedata and it's very 'visual' to see how data is distributed. However, 
ontinuity is
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Figure 7.9: Best �t of the di�erential LF with α=-1.15 for the NOT sample.The verti
al line shows the limit where the sample is 
omplete. The solid linerefers to the �t ex
luding the BCGs and the dotted line is referring to the �tin
luding the BCG
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Figure 7.10: Best �t of the di�erential LF with α=-1.15 for the ACS sample.The verti
al line shows the limit where the sample is 
omplete. The solid linerefers to the �t ex
luding the BCGs and the dotted line is referring to the �tin
luding the BCG



7.3. LUMINOSITY FUNCTION FIT 155lost in binning and therefore, information. In our 
ase, it is very 
lear that theresults of the �t for the NOT sample are too poor for giving reliable information.Even though, three 
lusters in NOT sample, A1878, A1952 and A2111, togetherwith the whole ACS sample, provide reliable good �ts. In the next se
tions, weare going to investigate alternative �tting methods.7.3.2 Chi-Square integral �ttingOne way to avoid dealing with the magnitude binning, is �tting the integral ofthe luminosity fun
tion. We have used the χ2 Levenberg-Marquard minimiza-tion method explained in the last se
tion. As explored before, we need to getthe partial derivatives of the integral fun
tion.Let's work now with the LF expressed in fun
tion of the Luminosity instead ofabsolute magnitude, (see equation 7.3), for the simpli
ity of the 
al
ulus. If weset, S = L/L∗ and, therefore, Smax = Lmax/L∗, we must 
al
ulate 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 in
omplete mathemati
al fun
tion gamma,
γ(a, x) =

∫ ∞

x

e−tta−1dtWe need to set the analyti
al 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 integrand, F (S) = n∗Sαe−S. We have used the Chain Rule, theFundamental Cal
ulus Theorem in the se
ond and third step and the in the lastequality, we have undone the variable 
hange.
∂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 obtain
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h 
an not be solved analyti
ally. We 
an express it by
hanging 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 S
he
hter Fun
tion areplotted for the NOT and ACS samples, respe
tively. The �t parameters aregiven in Tables 7.5 and 7.6. We have applied the de
ontamination of the ba
k-ground 
ounts by interpolating the 
ounts given by M
Leod et al. (1995). Then,we have integrated this interpolation and we have subtra
ted to our a

umulated
ounts.Let's note that although the �ts are good, the fun
tion 'has lost information'as any 
hanges in the slope of the di�erential LF will be re�e
ted in a mu
hweaker variation in the slope of the 
umulative LF. Mathemati
ally, the integralof a 
ontinuous fun
tion is smoother than the own fun
tion, as it is derivable.That's the reason why nearly all the �ts have an α parameter very 
lose to -1and the value of M∗ tends to a
hieve the extremes of the boundary extremes.We will have to take that results with 
aution.
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Figure 7.11: Best �t of the 
umulative LF for the NOT sample. The verti
alline shows the limit where the sample is 
omplete.Table 7.5: Best S
he
hter Parameters of the Integral Luminosity Fun
tion forthe NOT sample
With BCG Without BCG

Name α M∗ χ2 α M∗ χ2

A 1643 −1.98 ± 0.36 −20.61± 0.52 1.25 −1.99± 0.43 −20.95± 0.93 1.54
A 1878 −1.01 ± 0.13 −20.97± 0.17 1.12 −1.27± 0.19 −22.08± 0.78 1.07
A 1952 −1.56 ± 0.02 −22.50± 0.00 3.80 −1.49± 0.03 −22.50± 0.00 6.39
A 2111 −1.01 ± 0.07 −21.20± 0.09 7.57 −1.01± 0.07 −21.20± 0.09 7.68
A 2658 −1.00 ± 0.11 −22.50± 0.00 0.51 −1.00± 0.12 −22.50± 0.00 1.35
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Figure 7.12: Best �t of the 
umulative LF for the ACS sample. The verti
alline shows the limit where the sample is 
omplete.Table 7.6: Best S
he
hter Parameters of the Integral Luminosity Fun
tion forthe ACS sample
With BCG Without BCG

Name α M∗ χ2 α M∗ χ2

A 1689 −1.25± 0.01 −21.76± 0.04 3.88 −1.25± 0.01 −21.77± 0.04 3.84
A 1703 −1.03± 0.01 −20.98± 0.01 21.01 −1.04± 0.01 −21.04± 0.01 20.80
A 2218 −1.14± 0.01 −21.91± 0.04 4.89 −1.16± 0.01 −22.22± 0.08 5.49
CL0024 −1.09± 0.01 −21.07± 0.01 5.40 −1.10± 0.01 −21.08± 0.01 12.83
MS1358 −1.00± 0.01 −21.03± 0.02 5.40 −1.00± 0.01 −21.04± 0.02 5.39



7.3. LUMINOSITY FUNCTION FIT 1597.3.3 Maximum Likelihood MethodThe Maximum Likelihood Method (MLM) was introdu
ed in Astronomyby S
he
hter & Press (1976); Sandage, Tammann & Yahil (1979); Sarazin (1980);Efstathiou, Ellis & Peterson (1988). It has a great advantage: the bin depen-den
e is eliminated and in addition, the density parameter φ∗ drops out as we'regoing to see in that se
tion.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 whi
h galaxy
i is lo
ated. The probability that this galaxy i has absolute magnitude Mi isgiven by

pi = p(Mi|zi) = φ(Mi)/

∫ Mmax(zi)

Mmin(zi)

φ(M)dMThe likelihood fun
tion L of a set of N galaxies, with respe
tive absolute mag-nitudes Mi are the produ
t 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 respe
tto those parameters. Sandage, Tammann & Yahil (1979) des
ribed the so 
alledSTY method by �tting the S
he
hter fun
tion (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 ea
h galaxy magnitude. Another 
onve-nien
e of this method is that the normalization φ∗ drops out in equation 7.3.3redu
ing the parameter spa
e to two. It 
an be determined by
φ∗ =

ρ̄
∫ Mmax

Mmin
φ′(M)dMwhere φ

′ is the S
he
hter fun
tion with φ∗ set to 1 and ρ̄ is the mean galaxydensity.



160 CHAPTER 7. LUMINOSITY FUNCTIONAs many authors have already noted (Press et al., 1992; Andreon, 2004; Popessoet al., 2004; Andreon, Punzi & Grado, 2005), it is ne
essary to use a robustminimizator as the desired global maximum may be often found hidden amongmany poorer, lo
al maxima in high dimensional spa
es or in �at 'valleys'.We have tried di�erent methods for maximizing (or minimizing) the likelihoodfun
tion: the Downhill Simplex Minimization Method (Nelder & Mead, 1965);the Powell Minimization Method (A
ton, 1970) and the Davidson-Flet
her-Powell (see Press et al. (1992)). From those methods, we have obtained thebest results from the third method.Davidson-Flet
her-Powell MethodThis algorithm belongs 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 they store and update the information that is a

umulated. Theformer requires a matrix of size N × N while the later only need intermediatestorage on the order of N .Given an arbitrary fun
tion f(x), it 
an be lo
ally approximated by the quadrati
form 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, it 
onstru
ts a sequen
e of matrix Hi,a

omplishing,

lim
i→∞

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

1

2
(x − xi)A(x − xi)whi
h 
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:
x − xi = −A−1∇f(xi)and we have that the left-hand term is the �nite step needed for getting to theexa
t minimum and the right-hand term is known on
e we have 
omputed ana

urate H ≈ A−1. The word 'quasi' is referred to the fa
t that we do not usethe a
tual Hessian matrix of f , but instead we use an approximation, whi
hallows the matrix to be a positive de�nite, symmetri
 Hessian matrix.
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he
hter Parameters of the Luminosity Fun
tion using theMaximum Likelihood method with α = −1.15 for the NOT sample
Name M∗ χ2

A 1643 −19.64± 0.00 47.42
A 1878 −21.12± 0.01 47.19
A 1952 −21.75± 0.16 42.32
A 2111 −21.25± 0.22 49.63
A 2658 −21.86± 0.02 17.11Table 7.8: Best S
he
hter Parameters of the Luminosity Fun
tion using theMaximum Likelihood method with α = −1.15 for the ACS sample
Name M∗ χ2

A 1689 −21.26± 0.01 55.39
A 1703 −21.25± 0.11 86.96
A 2218 −21.99± 0.01 52.13
CL0024 −21.09± 0.01 125.85
MS1358 −21.21± 0.34 62.97

This method is implemented in a CERN routine 
alled MINUIT 94.1 (James &Roos, 1975). MINUIT allows the user to set the initial value, the resolution, andthe upper and lower limits of any parameter in the fun
tion to be minimized.Values of one or more parameters 
an be kept �xed during a run. MINUIT
an use several strategies to perform the minimization. Our 
hoi
e is MIGRAD(Flet
hter, 1970), a stable variation of the Davidon-Flet
her-Powell variablemetri
 algorithm for the 
onvergen
e at the minimum, and the MINOS routineto estimate the error parameters in 
ase of non-linearities. We also have pla
ed
onstraints on the values of M∗ and α that the �tting routine 
an a

ept, toavoid being trapped in a false minimum (M∗ in the range between -18 and -22mag and α between 0 and -2.5 (Lumsden et al., 1997; Popesso et al., 2004).The problem with that maximum likelihood method is that the Gamma Fun
-tion, Γ(α), is unde�ned for 
onstant values of α. Therefore, the �t tends to
onverge to those false minima. Therefore, we have de
ided to perform the �tof Luminosity Fun
tion using the Maximum Likelihood with a �xed α = −1.15for both samples. In Table 7.7 and 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 ex
eption of A1643, that we have previously seen that



162 CHAPTER 7. LUMINOSITY FUNCTIONits shape does not 
orrespond with the usual LF of a typi
al 
luster. We seealso some di�eren
es between that �t, and the LM �t with α �xed. The valuesobtained for M∗ here are fainter than those obtained by LM, in parti
ular forthree 
lusters, A2658, A1689 and MS1358. However, the dispersion in the M∗ ismu
h smaller with MINUIT than the obtained with that Levenberg-Marquardtmethod.After 
onsidering the advantages and drawba
ks for ea
h method, we 
on
ludethat the best �ts for the whole ten 
lusters are provided by their CompositeLuminosity Fun
tions. However, the �ts provided by the ACS sample are goodenough to be 
onsidered alone with the chi2 method.We have 
ompared these values with a lower redshift sample by López-Cruzet al. (1997). In Figure 7.13, we have plotted the results of the �t for theS
he
hter Luminosity Fun
tion for our sample (bla
k points, ACS sample; tri-angles, NOT sample) 
ompared to the results found by López-Cruz et al. (1997)in R magnitude at low redshift. We �nd that the values for the ACS sample forthe α parameter are in 
omplete agreement with those found by López-Cruz etal. (1997) at low redshift. However, the values obtained for the NOT sample,spread a mu
h wider range than the rest. Only two 
lusters in NOT sampleshowed a smooth LF to show signi�
ant results. In parti
ular, A1643 has aquite distorted shape, showing the more deviant values in the Figure.Regarding to the M∗ parameter, the same wide dispersion for three 
lustersin NOT sample is evident. However, if we 
onsider the ACS sample togetherwith the �ts for A1878 and A2111, we note slightly fainter values of M∗ asthe redsdhift in
reases, but if we take into a

ount the errors, no variation isobtained.To 
on
lude, the ACS sample shows a robust value for the S
he
hter parameterwith and without 
onsidering the BCGs galaxies
α = −1.11± 0.15 , M∗

r = −21.64± 0.75while the NOT sample shows a signi�
ant di�eren
e between in
luding or notthe BCG in the �t as we have fewer bins and therefore the points are mu
hmore weighted by the brightest bin. The results we have obtained for the NOTsample are
α = −0.95± 0.22 , M∗

r = −20.93± 0.37and
α = −1.15± 0.18 , M∗

r = −21.38± 0.41with the ex
lusion and in
lusion of the BCG respe
tively, for the NOT sample.These S
he
hter parameters are quite similar to the parameters obtained at
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Figure 7.13: Top panel: S
he
hter M∗ parameter versus redshift. Bottom panel:S
he
hter α parameter versus redshift for NOT sample (triangles), ACS sample(bla
k points), 
ompared with López-Cruz et al. (1997) sample (diamonds).



164 CHAPTER 7. LUMINOSITY FUNCTIONlower redshift even if we �nd slightly fainter values of M∗ than lower redshiftsample. This result goes in the sense of a fainter young population in 
lustersat z ∼ 0.27.4 Luminosity - Morphology relationAs we will dis
uss later, many authors have 
laimed for the non-universality ofthe LF. One of the main arguments that supports this assert is the di�erentbehavior of the LF referring to morphologi
al types. In that se
tion, we havestudied the Luminosity Fun
tion by separating them into di�erent morpholog-i
al types. In Figures 7.14 and 7.15, the luminosity distribution for early andlate type galaxy population are shown for the NOT sample, while in Figures7.16 and 7.17 the 
orresponding distributions for the ACS sample are displayed.Even if we have few galaxies to �nd a reliable �t for the luminosity fun
tion,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
ep-tion of A1643, A2111 and A1689, where we �nd a larger number of faint earlytype galaxies than bright. As far as the late type population is 
on
erned, wenote an as
ending tenden
y in a great proportion of 
lusters, �nding a largernumber of galaxies at fainter magnitudes. However, that tenden
y seems to bethe opposite in A1878, A2111 and MS1358. As it is noti
eable in the Figures,we have few galaxies and large errors in this distribution so we 
an not extra
tany reliable 
on
lusions.However, as we saw in the last se
tion, the whole population in 
lusters withsmall area 
overage and restri
tions in magnitude is mu
h better des
ribed bythe Composite Luminosity Fun
tion. We have 
omputed the Composite Lu-minosity Fun
tion for early types (Figures 7.18 and 7.20) and for late types(Figures 7.19 and 7.21) for the NOT and ACS sample respe
tively. The valuesgiven by the S
he
hter �t are 
olle
ted in Tables 7.9 and 7.10.Table 7.9: Best S
he
hter Parameters of the Cumulative Luminosity Fun
tionfor Early and Late Types for the NOT sample
With BCG Without BCG

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 14.36
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Figure 7.14: LF for Early Type galaxies NOT sample 
lusters

Figure 7.15: LF for Late Type galaxies NOT sample 
lusters
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Figure 7.16: LF for Early Type galaxies in ACS sample 
lusters.

Figure 7.17: LF for Late Type galaxies in ACS sample 
lusters.
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Figure 7.18: Composite LF for Early Type galaxies in NOT sample.

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



168 CHAPTER 7. LUMINOSITY FUNCTION
Table 7.10: Best S
he
hter Parameters of the Cumulative Luminosity Fun
tionfor Early and Late Types for the ACS sample

With BCG Without BCG
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

Figure 7.20: Composite LF for Early Type galaxies in ACS sample.
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Figure 7.21: Composite LF for Late Type galaxies in ACS sample.As we have seen, the �ts are not reliable for none of both samples. This fa
t
ould be due to the large errors due to poor sampling and the limitations inmagnitude, but also for the impossibility of �tting the morphologi
al populationwith a S
he
hter fun
tion. At the view of that results, we 
an not extra
tsigni�
ant results about the behavior of the LF for morphologi
al types.7.5 Luminosity - Color relationWe have 
omputed the Luminosity Fun
tion for di�erent galaxy population
olors. Contrary to the Luminosity-Morphology relation, we have informationenough to 
onsider the whole 
ompleteness luminosity range for the �t. Theresults are shown in Figures 7.22, 7.23 for NOT 
lusters and in Figures 7.24 and7.25 for the ACS 
lusters, for the red and blue galaxy population respe
tively.At �rst sight, we observe �atter slopes for the red population than for the blue.Spe
i�
ally, for the ACS sample, where we have a deeper 
ompleteness limit.Similarly to the previous se
tion, we have 
omputed the Composite LuminosityFun
tion for red and blue galaxy population (Figures 7.26 and 7.27) for theNOT sample, while the results for the red and blue galaxy population for theACS sample are set in Figures 7.28 and 7.29. The results of the �t are 
olle
tedin Tables 7.11 and 7.12 respe
tively.



170 CHAPTER 7. LUMINOSITY FUNCTION

Figure 7.22: LF for Red galaxies NOT sample 
lustersThe main 
on
lusion that is extra
ted from the Luminosity-Color fun
tions arethat the slope values given for the red population in both samples (without
onsidering the brightest bin in the �t) are mu
h �atter than the blue galaxypopulation. Additionally, we obtain brighter M∗ values for the red than for theblue galaxy population.Those results are in agreement with the results found in Barkhouse, Yee &López-Cruz (2007). They found that the red LF is generally �at for −22 ≤
MR ≤ −18. On the 
ontrary, as the blue LF 
ontains a larger 
ontribution fromfaint galaxies than the red LF, the blue LF has a rising faint- end 
omponent.However, Barkhouse, Yee & López-Cruz (2007) found a steeper value of α (≈
−1.7) for MR > −21. That fa
t 
an be explained as they explored a large radiusthan as (r200) and steeper slopes have been noted for larger radius.However, regarding to the M∗ parameter, Barkhouse, Yee & López-Cruz (2007)found a brighter value for the blue LF than for the red. We have found herethe opposite behaviour. Nevertheless, those results are not dire
tly 
omparableas they �t two S
he
hter fun
tion to the blue and red LF.
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Figure 7.23: LF for Blue galaxies NOT sample 
lusters
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Figure 7.24: LF for Red galaxies ACS sample 
lusters
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Figure 7.25: LF for Blue galaxies ACS sample 
lusters
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Figure 7.26: Composite LF for Red galaxies in NOT sample.

Figure 7.27: Composite LF for Blue galaxies in NOT sample.
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Figure 7.28: Composite LF for Red galaxies in ACS sample.

Figure 7.29: Composite LF for Blue galaxies in ACS sample.
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he
hter Parameters of the Cumulative Luminosity Fun
tionfor Red and Blue Galaxies for the NOT sample
With BCG Without BCG

Name α M∗ χ2 α M∗ χ2

Red −1.17 ± 0.16 −22.23± 0.68 1.62 −0.80 ± 0.24 −21.05± 0.42 0.94
Blue −0.84 ± 0.19 −22.50± 0.00 2.24 −1.15 ± 0.30 −22.50± 0.00 2.27Table 7.12: Best S
he
hter Parameters of the Cumulative Luminosity Fun
tionfor Red and Blue Galaxies for the ACS sample

With BCG Without BCG
Name α M∗ χ2 α M∗ χ2

Red −0.79 ± 0.02 −21.15± 0.06 16.99 −0.79 ± 0.02 −21.13± 0.06 17.64
Blue −1.28 ± 0.04 −22.50± 0.00 1.47 −1.32 ± 0.02 −22.40± 1.31 1.537.6 UniversalityA 
entral subje
t 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. S
he
hter (1976) suggested that the 
luster LF is universal in shape and
an be 
hara
terized with a turnover of M∗

B = −20.6+5 log h50 and a faint-endslope of α = −1.25.Further support for a universal LF has been provided by several studies: Dressler(1978); Lugger (1986); Colless (1989); Gaidos (1997); Yagi et al. (2002); De Pro-pris et al. (2003a). They studied samples of several 
lusters samples 
on
ludingwith the good agreement of the parameters.In 
ontrast, a number of studies have also dis
ussed that the shape of the 
lus-ter LF is not universal (see (Godwin & Pea
h, 1977; Dressler, 1978; Binggeli,Sandage & Tammann, 1988; Piranomonte et al., 2001; Hansen et al., 2005;Popesso et al., 2006; Barkhouse, Yee & López-Cruz, 2007)). Some of them haveargued that the results found by Dressler (1978) did not 
onsider a 
onsistent
luster radius or limiting absolute magnitude in 
omparing di�erent 
lusters.However, as many authors have shown (Binggeli, Sandage & Tammann, 1988;Varela, 2004; Barkhouse, Yee & López-Cruz, 2007), the luminosity fun
tion isdi�erent for di�erent morphologi
al types, so it seems evident that it 
an not beUniversal. However, some of them 
laim about the universality of the luminosityfun
tion for di�erent morphologi
al types.
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tion give support to this 
on
lusion. Di�er-ent trends in the slope parameter α are distinguished for blue (steeper slopes)and red galaxies (�atter slopes), in agreement with the results obtained by Bark-house, Yee & López-Cruz (2007) at lower redshift. We have also found brightervalues of M∗ for blue than for red population with a 
ontrary tenden
y thanin the work by Barkhouse, Yee & López-Cruz (2007) with two S
he
hter fun
-tions. As a 
onsequen
e, at the view of these results, we 
an not 
on
lude thatLF is universal for di�erent morphologi
al types but we 
an 
on
lude that thedi�erent galaxy population with red and blue 
olors follow di�erent LF.Finally, even if we have limitations in magnitude 
ompleteness in the analysis ofthis range of redshift and area for these samples, we have determined the globalparameters of a single S
he
hter fun
tion by �tting the 
omposite LuminosityFun
tion of both NOT and ACS samples. We have found that for fainter mag-nitude 
ompleteness limits, the in
lusion of the brightest bins are not a�e
tingthe whole �t. We 
an then 
on
lude with reliable values for the general LF inthe redshift range z ∼ 0.2-0.4 are α ≈ −1.11 and M∗
r ≈ −21.6. These values arein the range of the values found at lower redshift (see López-Cruz et al. (1997)),however we �nd slightly fainter values of M∗ at z ∼ 0.2 indi
ating a possibleevolution in the luminosity of the bright galaxies in this range of redshift.
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Chapter 8The Brightest ClusterGalaxies: BCGsAvanza envuelta en belleza,
omo la no
he de regiones sin nubes y 
ielos estrellados;y todo lo mejor de lo os
uro y lo brillante,se une en su rostro y en sus ojos. . .Ray Bradbury, 'Cróni
as Mar
ianas.'TheBrightest Cluster Galaxies (BCG) are generally giant ellipti
al galaxiesnear the spatial and gravitational 
entre of a galaxy 
luster. They are thebrightest and most massive stellar systems in the Universe. BCGs are found very
lose to the 
entre of the 
lusters of galaxies determined from X-ray observationsor gravitational lensing observations (Jones & Forman, 1984; Smith et al., 2005).Those obje
ts possess a number of singular properties. Their luminosities areremarkably homogenous, as noti
ed �rst by Humason, Mayall & Sandage (1956).A number of works (Sandage, 1972a; Gunn & Oke, 1975; Hoessel & S
hneider,1985; Postman & Lauer, 1995), veri�ed their high luminosities and small s
atterin absolute magnitude and 
onsequently, proposed them as 'standard 
andles'with whi
h to measure 
osmologi
al distan
es. In fa
t, they were originally usedto in
rease the range of Hubble's redshift - distan
e law (Sandage, 1972a,
).Furthermore, there are numerous pie
es of eviden
e, (see for example (Tremaine& Ri
hstone, 1977)), that show that BCGs are not extra
ted from the sameluminosity distribution as the S
he
hter luminosity fun
tion of normal galaxies(S
he
hter, 1976), and that they are not statisti
al �u
tuations in the luminosityfun
tion. We have found similar results, as shown in Chapter 7.Di�erent theories have been proposed to explain their formation and singularfeatures: the a

umulation of tidal stripped debris from 
lusters of galaxies (Os-triker & Tremaine, 1975; M
Glynn & Ostriker, 1980; Malumuth & Ri
hstone,181
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ollapse of the 
luster 
ore, gala
-ti
 '
annibalism' of giant galaxies spiraling into the 
enter of the 
luster underthe in�uen
e of dynami
al fri
tion, or the 
reation by the X-ray emission-driven
ooling �ows of gas (Fabian, Nulsen & Canizares, 1982).On a di�erent perspe
tive, 
onsiderable observational eviden
e suggest that gi-ant ellipti
al galaxies were formed at high redshift, and have been passivelyevolving to the present day (Bower, Lu
ey & Ellis, 1992a; Aragon-Salaman
a etal., 1993; Stanford, Eisenhardt & Di
kinson, 1998; van Dokkum et al., 1998).The latest hierar
hi
al simulations of BCG formation (De Lu
ia & Blaizot,2007b), predi
t that the stellar 
omponents of BCGs were formed very early(50% at z ∼ 5 and 80 % at z ∼ 3). This star formation o

urs in separatesub
omponents whi
h then a

rete to form the BCG through 'dry' mergers.It is important to note that in these simulations, lo
al BCGs are not dire
tlydes
ended from high-z (z>0.7) BCGs. However, De Lu
ia & Blaizot (2007b)�nd little physi
al di�eren
e between the progenitors of lo
al BCGs and high-zBCGs or between the lo
al BCGs and the des
endants of the high-z BCGs.On the other hand, some BCGs show an ex
ess of light, usually 
alled en-velopes, over the de Vau
ouleur (r1/4) pro�le at large radii (Matthews, Morgan& S
hmidt, 1964; Oemler, 1973, 1976; S
hombert, 1986, 1987, 1988; Graham etal., 1996). Therefore, a large fra
tion of these BCGs are termed as 
D galaxies(Jordán et al., 2004; Patel et al., 2006). Although the origin of su
h extended en-velopes is still not 
ompletely 
lear, Patel et al. (2006) 
laimed that the extendedstellar haloes of BCGs are likely from BCGs themselves: the intra-
luster lighthas mu
h lower surfa
e brightness and only dominates at large radii (Zibetti etal., 2005; Bernardi et al., 2007; Lauer et al., 2007)Also, in the halo of 
D galaxies, we 
an �nd large numbers of globular 
lusters,that 
an provide diagnosti
s of the 
D formation pro
ess, assuming that thetotal luminosities and masses of the 
annibalized galaxies should be printed intheir metalli
ities (Brodie & Hu
hra, 1991; Jordán et al., 2004).The study of the Brightest Galaxy Clusters (BCGs) from the NOT and ACSsamples have been fa
ed in this Chapter. Those BCGs were extra
ted from the
luster image by developing an algorithm allowing to extra
t the halo by meansof an iterative pro
ess and a re�nement of the masks for obje
ts lo
ated in thegalaxy halo (As
aso et al., 2008
). We have studied the nature of these BCGsand also try to 
on�rm the studies that 
onsider the BCGs as standard 
andlesfor 
osmologi
al studies of the evolution in the Universe.



8.1. BCGS POPULATION 183Table 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 0.198∗ 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 0.248∗ 17.37 −22.61 2.10 E
A 2111 15 39 40 +34 25 27 0.228 17.16 −22.67 2.18 E
A 2658 23 44 49 −12 17 39 0.185∗ 16.99 −22.39 2.01 E

∗ Cluster redshift Table 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 0.182 16.87 −22.75 1.348 E
A 1703 13 15 05 +51 49 03 0.283 17.34 −23.09 1.643 E
A 2218 16 35 49 +66 12 44 0.180 16.72 −22.79 1.207 E
CL0024 00 26 35 +17 09 43 0.387 18.87 −22.57 1.931 E
MS1358 13 59 50 +62 31 05 0.327 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 respe
-tively. At examining the frames, we 
an see that all the BCGs sample have anextended halo, in whi
h small galaxies are embedded. In Tables 8.1 and 8.2,their main 
hara
teristi
s are 
olle
ted. The �rst four 
olumns give the nameof the 
luster, the 
oordenates of the BCG and the redshift, if available. The�fth and sixth 
olumn also shows the apparent and absolute r magnitude in a5 kp
 aperture. The next 
olumn refers to the 
olor (B-r for the NOT sampleand g-r for the ACS sample) and �nally, the morphologi
al type is listed in thelast 
olumn.We 
an observe an homogeneous range of properties in the BCGs sample. Allthe galaxies are very bright ellipti
al red galaxies, with the ex
eption of thatin A1643, whi
h is a lenti
ular galaxy. Some of them have also a visible halo,and they look like 
D galaxies (A1952 or A2658 in NOT sample and A2218 orMS1358 in ACS sample).In some of them, espe
ially in the ACS sample, with better resolution, we 
andistinguish small globular 
lusters in the halo. And, in all 
ases, they are sur-rounded by a number of small 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
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tion AlgorithmBa
kground Subtra
tion MethodOne of the most di�
ult tasks in studying the BCGs is extra
ting the 
D galaxyfrom the 
rowed 
luster images, as their halos extends mu
h further than theellipti
al galaxies. In many 
lusters, the halo of the 
D extends nearly to thewhole Abell Radius of the 
luster. As an illustration, we have shown in Figure8.3, two frames from our samples (A1952 from the NOT sample and A1689 fromthe ACS sample), where we have smoothed the light distribution to improve theper
eption of the extent of the light.Therefore, we have investigated in the following questions: How to subtra
tit without 
hanging the 
luster properties? And without 
hanging the lightpro�les of the rest of the galaxies? This is a di�
ult subje
t that has not yetde�nitively solved although valuable attempts have been 
arried out (Patel etal., 2006; Seigar, Graham & Jerjen, 2007). We present here a pro
edure that
an a
hieves good results (As
aso et al., 2008
).The initial idea 
onsisted on masking all the galaxies in the frame ex
ept theBCG with SExtra
tor in order to avoid adding light from the sour
es to theBCG. Then, we �t a model to the 
D galaxy with the IRAF tasks ELLIPSEand BMODEL. We subtra
t then the model to the BCG and estimate theba
kground in that image with SExtra
tor, subtra
ting it from the originalimage. That last step was thought in order to subtra
t part of the light of thehalo at subtra
ting the ba
kground. After that, we iterated this pro
edure and�nally we obtained the model of the BCG and the rest of the galaxies withoutthe BCG.In order to illustrate the di�
ulty of this pro
ess, we have set in Figure 8.4,two improper subtra
tions 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 the presen
e of spurious 'ar
s' or'bla
k areas' were due to an ina

urate masking of the obje
ts in the halo ofthe 
D for the 
ase of the underestimation, so we used an IRAF routine1, whi
hallows to mask any obje
ts in the image by spe
ifying the exa
t shape of themask, (e.g. a 
ir
le, ellipse, re
tangle, et
).Regarding to the se
ond 
ase, the overestimation of the light, we performeddi�erent tests to �nd out that the SExtra
tor parameter BACK_SIZE, was
ru
ial for estimating the ba
kground and subtra
ting the right light level, asit has been already noti
ed by some authors, (e.g., Patel et al. (2006)). We
hose then the value of BACK_SIZE as the area 
orresponding to the measureof the largest galaxy, taking apart the BCG, with enough (≥ 50 %) surroundingba
kground area to be estimated.1This referred IRAF routine was kindly provided by Jesús Varela



8.2. EXTRACTION ALGORITHM 187

Figure 8.3: A1689 (ACS) and A1952 (NOT) smoothed images



188 CHAPTER 8. THE BRIGHTEST CLUSTER GALAXIES: BCGS

Figure 8.4: A1689 BCGs inadequate subtra
tions.
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Figure 8.5: A1689 BCGs subtra
tion.
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orre
tion, we a
hieved really a

eptable results as it isillustrated in Figure 8.5 for the last example, A1689. In this plot, we have shownthe original 
luster in the upper panel, together with the 'right' subtra
tion ofthe BCG after the re�nements. The results look now satisfa
tory.All the BCGs in the 
lusters belonging to both samples have been extra
ted withex
ellent results. The resulting images are 
olle
ted in the Appendix se
tions Cand D for the NOT and ACS respe
tively.8.3 Analysis8.3.1 Degree of Dominan
eThe Degree of Dominan
e, ∆m, is the quanti�
ation of how dominant theBCG is with respe
t to the rest of the galaxies in the 
luster. The de�nitionwas given by Kim et al. (2002), as the magnitude di�eren
e between the BCGmagnitude (m1) and the average magnitude of the se
ond (m2) and third (m3)brightest member. That is:
∆m = (m2 + m3)/2 − m1The se
ond and third brightest galaxies are sele
ted as the next two brightestgalaxies on the 
luster red sequen
e within a radius of 500 kp
 of the BCG. Tak-ing the average of the se
ond and third ranked galaxies is slightly more robustto 
ontamination than just using the se
ond. It also removes the weighting from
ases 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 al., 2004; Stott et al.,2008) have used the Degree of Dominan
e to study the degree of alignment ofthe more dominant BCGs with the host 
luster and extra
t therefore 
on
lusionsabout the BCG and 
luster formation. In this work, we only mapped the 
entralregion of the 
lusters, so 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 of the Degree of Dominan
e inea
h 
luster for the NOT and ACS sample respe
tively. In the third 
olumn, wehave also set the di�eren
e between the �rst and se
ond member, (
alled ∆m2,in this work). We noti
e that the 
lusters A2658 and A2218 have a maximumaperture of 420 kp
 and 475 kp
 respe
tively. As those apertures are very 
loseto 500 kp
, we will set this value in the analysis, being aware of this fa
t.In Figure 8.6, we have 
ompared the Degree of Dominan
e obtained for our sam-ple with the absolute magnitude of the BCG of the given 
luster. No signi�
anttenden
y seem to be present for the whole sample.



8.3. ANALYSIS 191

Figure 8.6: Degree of Dominan
e versus BCG magnitude. Triangles refer toNOT sample while bla
k points refer to ACS sample.However, we know that X-ray 
luster properties are dire
tly related to the 
lustermass properties and the depth of the 
luster gravitational potential well. Asa 
onsequen
e, being more massive, those 
lusters 
ould provide informationabout the evolutionary problems taking pla
e on them and about the way theBCGs were formed (Edge, 1991). So, if we take only the X-ray 
lusters fromthe sample, (that is, the entire ACS sample and A2111 from the NOT sample),we observe a de
reasing tenden
y of the degree of dominan
e with brightness,indi
ating that the BCG be
omes brighter as its predominan
e in the 
lustersis higher. That trend goes in the sense of the formation of the 
luster throughhierar
hi
al models (De Lu
ia & Blaizot, 2007b). For the less massive 
lustersin NOT sample, however, we do not �nd any noti
eable tenden
y.We �nd that for three BCGs, (A2111, A2218 and A1689), there is more thana fa
tor of two between ∆m and ∆m2, as it is 
learly shown in Figure 8.7. Asmany works have reported (Wang, Ulmer & Lavery, 1997; Henriksen, Wang &Ulmer, 1999; Miller, Oegerle & Hill, 2006; Kneib et al., 1995; Markevit
h, 1997;Neumann & Böhringer, 1999; Ma
ha
ek et al., 2002), A2111 and A2218 arethought to be two 
luster mergers whi
h will explain the existen
e of two largedominant galaxies. For the 
ase of A1689, there is no eviden
e reported aboutthe possible merging 
hara
ter of this 
luster but a fa
tor of two of dis
repan
y
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e 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 kp
Table 8.4: Degree of Dominan
e 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 kp
between the masses estimated by X-ray and lensing te
hniques has been reported(Andersson & Madejski, 2004; Diego et al., 2005). Furthermore, A2111 andA1689 have the smallest ∆m value after CL0024, whi
h would indi
ate a verybright dominant population in the 
luster.On the other hand, we �nd that the values for the ∆m and ∆m2 for threeBCGs, A1878, A1952 and A1703, remain nearly 
onstant, what would indi
atean outstanding BCG 
ompared to the rest of the galaxy population in the
luster. In addition, two 
lusters out of these three, A1878 and A1703, (andalso A2658) have a Degree of Dominan
e higher than 0.65, the value sele
ted byKim et al. (2002) to 
all a dominant BCG. That fa
t is noti
ed also in the lowernumber of iterations needed at extra
ting the 
D galaxy in the last se
tion.In Figure 8.8, we have plotted the relation of the Degree of Dominan
e with theredshift for both samples. We see as our 
luster at highest redshift, CL0024,is the 
luster with the smallest degree of dominan
e, or the similar range ofluminosity in its bright population. However, if we take out that 
luster, we donot see any tenden
y. We only note that at redshift ≈ 0.2, the dispersion seemsto be larger than at redshift ≈ 0.25. Larger samples of BCGs would be neededto establish this indi
ation.We have also looked for any 
orrelations of the degree of dominan
e with the
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Figure 8.7: Degree of Dominan
e versus ∆m2. Triangles refer to NOT samplewhile bla
k points refer to ACS sample.

Figure 8.8: Redshift versus Degree of Dominan
e. Triangles refer to NOT sam-ple while bla
k points refer to ACS sample.
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Figure 8.9: Cluster Ri
hness Class versus Degree of Dominan
e. Triangles referto NOT sample while bla
k points refer to ACS sample.
luster ri
hness 
lass. The results are shown in Figure 8.9. Unfortunately, wehave not been able to �nd in the literature the 
orresponding RC for our mostdistant 
luster. We distinguish a trend with Ri
hness Class, indi
ating that veryri
h 
lusters have a wide range of values of the Degree of Dominan
e, while, onthe 
ontrary, poorer 
lusters, seem to have larger degree of dominan
e values,indi
ating a more homogeneous luminosity between their members. Again, we
an not 
on
lude as our sample may be biased to ri
her 
lusters.8.3.2 MorphologyAs we have already mentioned, S
hombert (1986) 
ondu
ted an extensive surveyof BCG brightness pro�les �nding that not all BCGs galaxies were 
D galaxies.A 
D galaxy is 
onsidered a giant ellipti
al that has a separate extended lowsurfa
e brightness envelope, whi
h is evident as an in�e
tion in the brightnesspro�le typi
ally at µV ∼ 24 or greater (Oemler, 1976; S
hombert, 1986; Tonry,1987; Kormendy & Djorgovski, 1989). That is, 
D's are ellipti
al galaxies withshallower surfa
e brightness pro�les than
d log µV /d log r ≈ 2at µV ∼ 24 mag ar
se
−2. Those galaxies exhibit a 
hara
teristi
 'break' over an

r1/4 law, and are mu
h brighter than typi
al ellipti
al galaxies, with luminosities
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hombert, 1986). The 
D 
lassi�
ationitself was introdu
ed by Matthews, Morgan & S
hmidt (1964) to denote thevery large D galaxies that they found in some 
lusters and the '
' pre�x wastaken from the notation for supergiants stars in stellar spe
tros
opy. Type 
Dgalaxies behave in similar ways as BCGs. They are very generally found indense regions, and in virtually all 
ases, they are lo
ated near the spatial andkinemati
al 
enter of their host 
luster, or sub
luster. A number of theorieshave been suggested to justify the formation of 
D galaxies related to the 
lusterenvironment and their 
lose link to their dynami
al history.Many authors have pointed out that the envelopes themselves might be distin
tentities from the galaxies themselves for a number of reasons. First of all, the
D envelope luminosity is weakly 
orrelated with some properties of the host
luster, most notably with 
luster ri
hness and X-ray luminosity (S
hombert,1988). Se
ondly, both the position angle and ellipti
ity of 
D galaxy isophotes
ommonly show dis
ontinuities at rb, where the envelope begins to dominatethe surfa
e brightness pro�le (S
hombert, 1988; Porter, S
hneider & Hoessel,1991). Finally, the envelopes have surfa
e brightness pro�les with power-lawslopes that are similar to those measured from the surfa
e density pro�les of thesurrounding 
luster galaxies.We must be 
autious with the analysis of the surfa
e brightness of the 
Dgalaxies as a 
onstant power law will rise above an R1/4 law at large radii, a
D envelope may be erroneously dete
ted as separate 
omponent, even thougha single power law 
ould des
ribe the BCG 
ompletely.In Figure 8.10 and 8.11, we have plotted the r1/4 pro�les versus the surfa
ebrightness for the NOT and ACS sample respe
tively, in order to determineif the BCGs galaxies are also 
D galaxies. At the view of these pro�les, we
an assign a 
D halo to A1952 from the NOT sample and A1703, A2218 andMS1358 from the ACS sample, as it 
an be easily identi�ed the 
hara
teristi
'break' from the de Vau
ouleurs pro�le. The rest of the galaxies does not seemto have a di�erent pro�le from a De Va
ouleurs law or, in some 
ases, steeperthan them.8.3.3 Surfa
e BrightnessFollowing several works in literature (S
hombert, 1986; Jordán et al., 2004; Lin& Mohr, 2004; Seigar, Graham & Jerjen, 2007), we have examined the surfa
ebrightness pro�les for the BCGs. We have �tted di�erent pro�les and examinedits parameters. In Figures 8.12 and 8.13, we have plotted di�erent �ts to thesurfa
e brightness of the BCGs for the NOT and ACS sample respe
tively.The left upper panel shows the de Vau
ouleurs �t, the right upper refers tothe Sersi
 pro�le, the bottom left shows a Sersi
 plus Exponential pro�le and�nally the bottom right plot shows a �t with two Sersi
's pro�les. All of themhave been �tted using the same �tting pa
kage that we have used in this thesis,
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Figure 8.10: Deviation of the surfa
e brightness pro�les from the De Vau
ouleurspro�le for the NOT BCGs. Red line: De Vau
ouleus �t. Bla
k line: BCG pro�le.(To see lands
ape)
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Figure 8.11: Deviation of the surfa
e brightness pro�les from the De Vau
ouleurspro�le for the ACS BCGs. Red line: De Vau
ouleus �t. Bla
k line: BCG pro�le.(To see lands
ape)
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ouleurs �t
GASP − 2D GALFIT

Name Re(
′′) ε PA χ2 Re(

′′) ε PA χ2

A 1643 2.94 0.70 0.28 1.37 3.08 0.72 178.75 11.79
A 1878 6.48 0.86 54.01 2.46 4.95 0.83 63.72 18.69
A 1952 5.45 0.90 134.11 1.94 24.39 0.74 122.57 44.86
A 2111 10.02 0.74 177.60 5.51 6.83 0.61 179.84 16.19
A 2658 10.85 0.84 43.82 2.68 15.56 0.65 26.80 54.62

A 1689 20.03 0.86 38.37 6.01 33.68 0.78 20.68 249.83
A 1703 8.20 0.86 7.90 2.24 12.03 0.77 2.08 59.71
A 2218 20.02 0.84 45.75 30.89 47.49 0.48 49.69 89.48
CL0024 7.43 0.82 5.72 3.18 6.83 0.74 137.52 89.79
MS1358 4.11 0.94 8.24 2.92 15.56 0.49 148.33 77.74GASP-2D, explained in Chapter 5 and also with GALFIT (Peng et al., 2002), for
omparison. The results are 
olle
ted in Tables 8.5, 8.6 8.7 and 8.8, respe
tively.The use of de Vau
ouleurs R1/4 law (de Vau
ouleurs, 1948), to des
ribe BCGsurfa
e brightness pro�les was proved by S
hombert (1986) to o�er a poormat
h, only a
hieving a good �t over a restri
ted range of surfa
e brightness.In fa
t, in the pro�les presented in his work many of the BCGs pro�les appearto be better �tted by power laws than de Vau
ouleurs law. In addition, if theBCG is a 
D galaxy, a 
onstant power law will rise above an R1/4 law at largeradii and the �t will be erroneous. At analyzing the pro�les, we note that ex
eptthe 
ase of the BCG in A2658, where the Gaps-2D �t des
ribes well the wholepro�le, the rest of the BCGs are not well des
ribed at any radii. Let's note theshallower pro�les than de Vau
ouleurs �t for the 
D galaxies in A1952, A1703,A2218 and MS1358.A single Sersi
 law (Sersi
, 1968), has been used in Graham et al. (1996), a
hiev-ing very good results due to the �exibility of the n shape parameter, a
hieving,most of the BCGs larger values of n than 4. All the BCGs in NOT sample,ex
ept A1952 (whi
h is a 
D galaxy) and CL0024 are very well des
ribed bya single Sersi
 law. Also the BCGs belonging to A1689 and A1703 are welldes
ribed by a Sersi
 law with GALFIT but not by GASP-2D. We obtain n val-ues larger than 4 for the BCGs in A1952, A2658, A1703, CL0024 and MS1358,indi
ating the presen
e of the 
D halo for three of these �ve 
lusters.
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Table 8.6: BCGs Sersi
 �t
GASP − 2D GALFIT

Name Re(
′′) n ε PA χ2 Re(

′′) n ε PA χ2

A 1643 2.22 3.16 0.70 0.32 0.949 2.07 2.14 0.75 0.41 9.95
A 1878 3.47 2.48 0.86 54.10 0.822 3.39 1.92 0.82 58.03 15.64
A 1952 15.17 6.57 0.90 132.75 0.781 60.61 6.92 0.76 122.14 38.27
A 2111 3.62 1.86 0.75 176.85 1.393 4.02 1.59 0.67 176.32 13.31
A 2658 10.94 4.02 0.84 43.61 2.727 13.20 3.41 0.66 26.37 46.79

A 1689 9.74 2.53 0.84 14.32 4.47 29.60 3.77 0.79 20.67 214.07
A 1703 6.16 3.31 0.84 171.26 1.99 15.33 4.74 0.76 2.41 50.96
A 2218 12.96 1.97 0.62 40.06 1.75 18.65 2.12 0.50 50.40 71.84
CL0024 10.00 4.43 0.83 174.14 3.37 38.53 5.56 0.74 129.88 74.06
MS1358 8.24 5.44 0.91 152.31 2.46 168.70 9.14 0.54 152.18 57.94
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onsidered the use of two Sersi
 laws to measurethe surfa
e brightness of very deep exposures of 
D galaxies (Seigar, Graham& Jerjen, 2007). As GASP-2D has not the option of �tting two Sersi
 laws,we have �tted them only with GALFIT. We obtain that two Sersi
 law aredes
ribing quite a

urately nearly all BCGs, with the ex
eption of the BCGsin A1703, A2218 or MS1358, (
D galaxies). However, the BCGs belonging toA1703 and A2218 are well des
ribed by a Sersi
 plus an exponential law andthe BCG in MS1358 obtains a more reliable �t than two Sersi
 pro�les. Then,two Sersi
 laws seem to des
ribe very well the shape pro�les for many BCGsbut not for the 
D galaxies.Let's note that sometimes, at introdu
ing two 
omponents, the dis
 
omponentmakes the �t look better but they are not 'physi
al' as they are very small and
ontained in the bulge, (see for example the pro�les of the BCGs in A1952 orA1689). This se
ond 
omponent for
es the �t to obtain smaller of the shapeparameter, n, for nearly all the pro�les. For example, for a Sersi
 plus Expo-nential �t, only one 
ase with GASP-2D pro
edure and two 
ases with GALFITshow a larger n value than 4 and for two Sersi
 pro�les, only one 
ase showsone 
omponent with the shape parameter larger than 4.We want to emphasize the large extent of these galaxies. In parti
ular, the BCGsin A1952, A1689 or A2218 are really giant systems. Parti
ularly remarkable isthe pro�le of the BCG in A2218, whose extense envelope is only well �tted witha Sersi
 plus Exponential dis
. One possible explanation to the existen
e of su
ha galaxy is related to the merger appearan
e of this 
luster, as many authorshave suggested (Kneib et al., 1995; Markevit
h, 1997; Neumann & Böhringer,1999; Ma
ha
ek et al., 2002), and therefore its pro�le 
an be disturbed by theenvironmental in�uen
e of the merging 
luster.In general, we obtain mu
h better �ts by using GASP-2D than GALFIT. Themain and more important di�eren
e between these two pa
kages is the ability ofGASP-2D to sele
t good initial 
onditions for the �t. Unfortunately, GASP-2Ddoes not allow to �t di�erent pro�les from Sersi
, de Vau
ouleurs or Exponential�t.It is relevant that the same kind of obje
ts, apparently very homogeneous, are�tted by di�erent surfa
e brightness pro�les. This result suggests that thesurfa
e brightness pro�les of these obje
ts are not so homogeneous as theirluminosity.
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Table 8.7: BCGs Sersi
 plus Exponential �t
GASP − 2D GALFIT

Name Re(
′′) n εb PAb h(′′) εd PAd χ

2 Re(
′′) n εb PAb h(′′) εd PAd χ

2

A 1643 1.73 2.74 0.70 179.95 4.32 0.85 47.63 0.90 0.78 0.99 0.78 177.89 2.09 0.73 2.73 5.11
A 1878 2.48 2, 37 0.89 45.68 2.91 0.73 66.58 0.75 1.52 1.30 0.81 45.85 3.06 0.80 63.18 7.88
A 1952 20.77 8.00 0.89 145.86 15.19 0.25 101.75 0.57 9.21 4.34 0.82 123.25 29.64 0.67 43.42 12.28
A 2111 1.11 1.07 0.90 15.37 2.74 0.66 173.95 0.95 1.42 1.04 0.95 22.86 3.36 0.59 173.44 6.79
A 2658 3.39 2.77 0.84 56.07 6.24 0.71 19.11 2.54 10.65 3.42 0.69 36.52 3.66 0.49 43.50 23.96

A 1689 2.77 1.04 0.83 44.46 10.50 0.84 25.72 2.52 3.44 1.31 0.90 31.12 23.74 0.54 17.91 134.10
A 1703 3.42 2.52 0.87 14.38 17.23 0.44 171.26 1.66 3.59 2.49 0.86 1.78 28.65 0.40 3.60 26.70
A 2218 14.97 2.77 0.73 60.55 5.51 0.47 37.18 1.32 29.93 2.90 0.53 36.70 10.01 0.22 65.32 37.90
CL0024 0.61 1.33 0.78 133.05 2.59 0.87 163.35 1.82 13.59 5.00 0.85 7.54 14.16 0.40 123.72 39.54
MS1358 0.84 2.37 0.91 72.43 4.99 0.44 151.01 1.67 2.43 3.16 0.90 143.47 34.09 0.29 157.5 30.61
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 plus Sersi
 �t
GASP − 2D

Name Re(
′′) nb εb PAb Re(

′′) nd εd PAd χ2

A 1643 1.04 1.22 0.77 178.72 4.56 0.52 0.72 4.66 4.63
A 1878 2.22 1.50 0.82 50.22 7.01 0.56 0.79 69.19 7.29
A 1952 22.93 1.82 0.89 121.44 1.47 1.75 0.95 142.29 10.77
A 2111 1.87 1.11 0.83 178.80 6.85 0.68 0.59 173.51 6.18
A 2658 3.29 2.23 0.98 158.02 21.59 1.11 0.42 27.42 21.64

A 1689 4.50 1.54 0.84 23.76 28.19 0.43 0.56 16.22 98.29
A 1703 4.29 2.66 0.82 0.61 83.87 0.38 0.16 5.90 23.06
A 2218 28.93 2.85 0.53 41.23 14.20 0.43 0.20 64.75 32.55
CL0024 14.41 4.61 0.84 5.29 17.99 0.30 0.38 123.82 34.13
MS1358 1.43 2.83 0.93 89.62 82.57 3.19 0.40 154.32 30.568.3.4 Hubble DiagramThe BCGs have been shown to vary little in luminosity within a �xed metri
aperture (Sandage, 1972a,
; Postman et al., 2005) and in the past de
ade, thenear-infrared K-band Hubble diagram has been studied in detail by numerousauthors (Aragon-Salaman
a, Baugh & Kau�mann, 1998; Brough et al., 2002),up to redshift z ∼ 1. That band has turned out to be extremely suitable for thestudy of the BCG evolution be
ause the k-
orre
tion remains un
hanged by thestar formation history of the galaxy, and the extin
tion is appre
iably smallerthan at other wavelengths (Charlot, Worthey & Bressan, 1996; Madau, Pozzetti& Di
kinson, 1998).In this se
tion, we have studied the Hubble diagram in the r-band for our 
lusterssample. Even though this band is more sensitive to the star formation on thegalaxies than the K- band, has smaller dispersion than blue bands and smallerextin
tion.In Figure 8.14, we have plotted the Hubble Diagram for our sample. We observethat the data in the ACS sample, whi
h are 
lusters that emit in X-ray des
ribea very well de�ned Hubble sequen
e as it is shown in the �t. For the rest ofthe 
lusters, the NOT sample, we do not �nd a trend in the Hubble Diagram.Regarding to A2111, it is also and X-ray emitter but it is less ri
h than the the
lusters in the ACS sample and does not follow the same trend.Sandage, Kristian & Westphal (1976); Kristian, Sandage & Westphal (1978)printed out that the BCGs magnitudes need to be 
orre
ted by di�erent e�e
ts,other than aperture, k-dimming, gala
ti
 absorption or ri
hness of the 
luster.They proposed to 'normalize' the luminosity to a given ri
hness 
lass and 
lustertype. In this way, the dispersion we observe in the Hubble diagram 
ould be
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Figure 8.12: Surfa
e brightness pro�les for the NOT BCGs. Upper left: DeVau
ouleurs �t (Red line, GASP-2D �t, Green Line, GALFIT �t). Upperright: Sersi
 �t (Red line, GASP-2D �t, Green Line, GALFIT �t). Bottomleft: Sersi
+Exponential �t, (Red line, GASP-2D Sersi
 �t, Green Line, GASP-2D Exponential �t, Blue line GASP-2D total �t; Light Green line, GALFITSersi
 �t, Bla
k line, GALFIT Exponential �t, Violet line, GALFIT total �t).Bottom right: Sersi
+ Sersi
 �t, (Red line, GASP-2D First Sersi
 �t, GreenLine, GASP-2D Se
ond Sersi
 �t, Blue line GASP-2D total �t; Light Greenline, GALFIT First Sersi
 �t, Bla
k line, GALFIT Se
ond Sersi
 �t, Violet line,GALFIT total �t)
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Figure 8.13: Surfa
e brightness pro�les for the ACS BCGs. Upper left: DeVau
ouleurs �t (Red line, GASP-2D �t, Green Line, GALFIT �t). Upperright: Sersi
 �t (Red line, GASP-2D �t, Green Line, GALFIT �t). Bottomleft: Sersi
+Exponential �t, (Red line, GASP-2D Sersi
 �t, Green Line, GASP-2D Exponential �t, Blue line GASP-2D total �t; Light Green line, GALFITSersi
 �t, Bla
k line, GALFIT Exponential �t, Violet line, GALFIT total �t).Bottom right: Sersi
+ Sersi
 �t, (Red line, GASP-2D First Sersi
 �t, GreenLine, GASP-2D Se
ond Sersi
 �t, Blue line GASP-2D total �t; Light Greenline, GALFIT First Sersi
 �t, Bla
k line, GALFIT Se
ond Sersi
 �t, Violet line,GALFIT total �t)
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Figure 8.14: Hubble Diagram for the BCGs in NOT (Triangles) and ACS sample(Bla
k Points).signi�
antly redu
ed. It is not surprising that sele
ting 
lusters by some 
riteriarelated to ri
hness 
an provide very tight m − z relations.As many authors have noti
ed (Aragon-Salaman
a, 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, with asmall dispersion (within 0.3 mag). With the purpose of looking into the lo
ationof 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, Aragon-Salaman
a, Baugh & Kau�mann (1998)or Burke, Collins & Mann (2000).Then, in Figure 8.15, we show our BCGs sample (red points and blue trianglesrefers to the ACS and NOT sample, respe
tively), together with the 45 BCGsin EMSS (Einstein Medium Sensitivity Survey), X-ray-sele
ted 
lusters sampleat low redshift (Gioia & Luppino, 1994) in K-band, extra
ted from Collins &Mann (1998), (bla
k points, in the Figure 8.15)As expe
ted from the previous analysis, the BCGs in the ACS sample, whi
hare found in more massive and luminous X-ray 
lusters, seem to be well in therange of the values provided by the EMSS 
lusters, while the BCGs in NOTsample, belonging to less massive, non-X-ray emitters and less ri
h 
lusters show
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Figure 8.15: K-band Hubble Diagram for the BCGs in NOT (Blue Triangles)and ACS sample (Red Points). The bla
k points are the BCGs in a X-raysele
ted sample given by Collins & Mann (1998). The solid line is the wholesample linear �t.a larger dispersion in 
omparison to the rest of the 
lusters. Indeed, the largestdispersion is produ
ed by our NOT 
lusters.Despite of this fa
t, the whole sample 
an be �tted with a moderate dispersionof 0.268. If only the ACS sample together with Collins & Mann (1998) sampleis 
onsidered, the dispersion is lower, 0.235. Both values are 
ompatible withthe dispersion found by Collins & Mann (1998). Clearly, the X-ray ACS sampleseems to have a more homogeneous range of properties than the NOT sample.Without going now into the details, it is evident that a ri
hness 
orre
tion wouldbring the NOT 
lusters 
loser to the �t line, providing a lower dispersion.As a 
on
lusion, we observe a quite homogeneous range of properties for theBCGs in our sample. In parti
ular, for the ACS sample, that has been sele
tedto have ri
hness 
lass higher than 4 in all 
ases and higher X-ray luminosities andmasses. These results agree with the need of a ri
hness 
orre
tion in the BCGsmagnitudes to 
onsider a small dispersion in the Hubble diagram (?Kristian,Sandage & Westphal, 1978).



8.4. ARE THEY STANDARD CANDLES? 2118.4 Are they Standard Candles?Sin
e 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'for performing 
osmologi
al probes.The main pie
e of eviden
e in that sense, was the spe
ta
ular small dispersionof 0.25 mag of the luminosities of the BCGs, with an adequate sele
tion of thedata in luminosity and 
luster morphology.Lauer & Postman (1994); Postman & Lauer (1995), performed the �rst studiesin large samples of BCGs. They sele
ted 119 BCGs up to redshift ≤ 0.05 froma sample of 153 
lusters in the ACO 
atalogue (Abell, Corwin & Olowin, 1989),basing their ex
lusions on the redshift, la
k of signi�
ant overdensity or non-ellipti
al 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 surfa
e brightness pro�les α, �nding a redu
tion of the
osmi
 s
atter in Lm and an independen
e of the 
olor, 
luster ri
hness andBCG lo
ation within the host 
luster, 
on
luding with the following senten
e:BCGs are a highly homogeneous population, making them suitable for statisti
alstudies of galaxy pe
uliar velo
ities on large s
ales.In the following years, a large number of works, (e.g. Collins & Mann (1998);Brough et al. (2002)), have been devoted to 
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�e
t remains un
lear.We have 
on�rmed that trend with our 0.15-0.3 redshift sample. We have foundthat our ri
her, more luminous X-ray BCGs sample, a
hieves a smaller disper-sion (of 0.23) in the Hubble Diagram. However, if we 
onsider the rest of thesample that does not emit in X-ray, their dispersion, even if within the resultspreviously found, amounts to 0.28. This fa
t was already noted by Sandage,Kristian & Westphal (1976); Kristian, Sandage & Westphal (1978), who gave ari
hness 
orre
tion to the BCGs magnitudes in order to de
rease the dispersionin the Hubble Diagram.It seems like the homogeneity of the BCGs is patent at 
onsidering 
lusters withthe same ri
hness 
lass (the ACS sample). As a 
on
lusion, the use of 'StandardCandles' 
an be done only for 
lusters sele
ted with a variety of properties,su
h as X-ray luminosity, ri
hness 
lass or any other requirements like the onesspe
i�ed by Sandage (1976); Kristian, Sandage & Westphal (1978); Postman &Lauer (1995).



212 CHAPTER 8. THE BRIGHTEST CLUSTER GALAXIES: BCGSAt present, one of the appli
ations of the BCG 
hara
teristi
s has been theuse of their homogeneity for dete
ting 
lusters of galaxies in large surveys. Inparti
ular, a 
luster dete
tion algorithm based on the opti
al properties of theBCGs, MaxBCG (Koester et al., 2007), have been developed. On one hand,this algorithm takes advantage of the 
olors of the brightest members and theirspatially '
lustering' falling o� as ∼ 1/r in two dimensions. On the other hand,they 
ombine these information with the existen
e of the BCG residing at thebrightest end of the CMR sequen
e and its pla
ement at the halo 
enter. As a
onsequen
e, they have been able to re
over 90% of the 
lusters at 0.1 <z<0.3with 10 or more red galaxies through large, realisti
, mo
k galaxy 
atalogues.



Part IVCon
lusions

213





Chapter 9Con
lusions and FutureProspe
tsWhen 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 le
turedwith mu
h applause in the le
ture-room,How soon, una

ountable, I be
ame tired and si
k,Till rising and gliding out, I wander'd o� by myself,In the mysti
al moist night-air, and from time to time,Look'd up in perfe
t silen
e 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,ri
hness, dynami
al states... This sample is mainly subdivided in two subsam-ples: the NOT sample (�ve 
lusters observed from the ground, less massive andri
h, with few referen
es available in the literature and with an area 
overageslightly larger) and the ACS sample (�ve more 
lusters observed from the spa
ewith plenty of literature available, ri
h, massive, X-ray emitters and with asmaller area 
overage). A 
luster in the NOT sample, A2111 is also a X-rayemitter, so sometimes, it has been analyzed together with the ACS sample inorder to 
ompare its X-ray properties.We have been able to study therefore the degree of 
osmi
 varian
e from lowerand higher redshift samples, as well as single out the main properties of someindividual obje
ts. In this 
hapter, we summarize the main 
on
lusions thathave been derived from the results of the analysis of this sample.215



216 CHAPTER 9. CONCLUSIONS AND FUTURE PROSPECTS9.1 Con
lusions9.1.1 Bright Galaxy Population
• We have found an ex
ellent agreement between the slopes of the Color-Magnitude Relation for our medium redshift sample and a low redshiftsample. They are also very similar to the slope values re
overed for two
lusters at z ≈ 1.26. This fa
t supports the no variation of the CMR upto redshift ≈ 0.3 at least and more probably at higher redshift. In otherwords, the stellar population for the bright early type galaxies was settledjust after the galaxy formation.
• The median 
entral values for the galaxy blue fra
tion values 
omputed indi�erent apertures in our samples a
hieves a good agreement with thosefound for lower redshift samples. Diversity seems to be the dominantaspe
t up to this range of redshift, z ∼ 0.3.
• The 
on
entration values for our samples have been found to span the fullrange of the values measured for lower and higher redshift samples.
• We have looked into the rate of intera
ting systems in our sample. Themedian values obtained for the perturbation f-parameter are smaller thanthat for Coma 
luster, suggesting the presen
e of a higher degree of inter-a
tion in our 
lusters samples, with respe
t to Coma.
• An algorithm to de
ide whether or not a galaxy should be �tted into one ortwo 
omponents has been developed. The �nal 
lassi�
ation gives us 47%of the galaxies with areas larger than 800 pixels in the NOT sample, arebetter �tted by a Sersi
-one 
omponent pro�le, while the 52% are better�tted by a two 
omponents (Sersi
+Dis
 pro�les).
• We have found a di
hotomy for the red and blue bulges of the galaxiesin the NOT sample �tted by one 
omponent -Sersi
 model in the plane

n− re allowing to distinguish nearly univo
ally the early (2 ≤ n ≤ 4) andlate types (n ∼ 1).
• The same range of values for the e�e
tive radius, re and shape parameter,

n for the bulge of galaxies in our sample and Coma Cluster has beenfound, indi
ating that the bulge of the galaxies in our medium redshiftNOT 
lusters were set at redshift larger than 0.25 at least.
• The dis
 s
ales in the NOT sample have been 
ompared with those of lowerredshift �eld galaxies sample and with the dis
 s
ales extra
ted from Comagalaxies. We have found that our dis
 s
ales are as large as those of �eldgalaxies, while they are signi�
antly di�erent from dis
 s
ales in Coma.This result gives support to an evolution hypothesis in the dis
 s
ales ofgalaxies in 
lusters from lower redshift samples to redshift ∼ 0.2 
lusters.
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• The analysis of the Morphology - Density for the NOT and ACS sam-ples give similar results with other at lower redshift. Two 
lusters out often show signi�
antly di�erent radial distribution of the early and latetype galaxies, indi
ating a morphologi
al segregation, like 
lusters at lowredshift.
• The Luminosity Fun
tion at redshift ∼ 0.2- 0.4 is well des
ribed by a
omposite S
he
hter Fun
tion with parameters of α ∼ −1.11 and M∗

r ∼
21.64. These parameters are quite similar to the parameters obtained atlower redshift samples even if we �nd slightly fainter values of M∗.

• We have found di�erent behavior for the Luminosity Fun
tion for blue andred galaxy population. The red galaxy population show a mu
h �atterslope and a brighter value of M∗ than the blue galaxy population.
• The Universality of the global Luminosity Fun
tion is not supported byour results as we �nd signi�
ant di�eren
es from 
luster to 
luster, even inthe ACS sample. However, the same tenden
ies for red and blue galaxiesin both samples are found, whi
h might suggest a Universality of theLuminosity Fun
tion regarding to di�erent 
olor population.9.1.2 Brightest Cluster Galaxies
• An algorithm has been developed for the extra
tion of the Brightest Clus-ter Galaxy without 
hanging its properties and the properties of the nearbygalaxies.
• The Degree of Dominan
e of the BCGs does not show any 
lear 
orre-lation with redshift. Ri
her 
lusters spread all the ranges of degrees ofdominan
e, while the dispersion seems to be less in poorer 
lusters. How-ever, this result may be biased as we are not 
overing homogeneously theri
hness 
lass range.
• We have tested the nature of 
D galaxies from our BCGs sample, �ndingthat four out of ten BCGs at least are 
D galaxies.
• The best �t for the surfa
e brightness of the BCGs shows a variety ofdi�erent pro�les. This result indi
ates that the surfa
e brightness pro�lesof BCGs are not as homogeneous as their luminosity.
• The Hubble Diagram for the BCGs in our whole sample, together withdata at lower and higher redshift shows a global dispersion of 0.268, whileif we 
onsider only the BCGs from the ACS sample (X-ray emitters andri
her 
lusters), we �nd a dispersion of 0.235. An homogeneous range ofproperties for the BCGs in ACS sample has been noti
ed, suggesting thata ri
hness 
orre
tion must be applied to 
onsider these obje
ts as StandardCandles.
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tsAs we have previously seen throughout this thesis, there is a la
k of 
luster dataat medium redshift due to the need to obtain very good seeing 
onditions fromthe Ground to obtain quality data or to the di�
ulty of obtaining observationsfrom the Spa
e 
overing a large enough areas. Therefore, we want to 
ontinueexploiting the ex
ellent data presented in this thesis by fo
using on the followingpoints:
• To study the detailed surfa
e brightness from the ACS sample in all themulti-wavelenght range, taking advantage of the already available multi-
olor observations to analyze the 
olor radial pro�les.
• To extend, 
orre
t and automatize the algorithm extra
tion of the BCGsin the multi-wavelenght range.
• To introdu
e the use of two Sersi
 
omponents or di�erent fun
tions inthe GASP-2D pa
kage to be able to �t BCGs galaxies with the quality ofthis pa
kage.
• To develop and apply a ri
hness 
orre
tion to BCGs in poorer NOT 
lus-ters to homogenize their properties with BCGs pla
ed in ri
her 
lusters.Our main interest now refers to the 
luster gala
ti
 populations properties. Oneof our priorities is therefore, to expand the size of the 
luster sample analyzedin this thesis in order to quantify the degree of varian
e of their properties inthis range of redshift and also to extend this sample to other redshift ranges.Moreover, we have seen in the last part of the thesis that mostly all the ob-servation in K-band that have been performed in large samples of BCGs havebeen at medium-high redshift. Therefore, larger analysis of BCGs are neededat low-medium redshift to determine their 'Standard Candles' status.In order to do that, the study and development of di�erent te
hniques to dete
tand extra
t 
lusters of galaxies is intended to be investigated in the 
lose futurein the Deep Lens Survey (DLS; Wittman et al. (2006)), whi
h is a multi-band(B,V,R,z) very deep photometry (up to 29/29/29/28 mag per square ar
se
ondsurfa
e brightness) survey of �ve 4 square degree �elds using the Mosai
 CCDimagers at the Blan
o and Mayall teles
opes. This survey is able to provideinformation from redshift ∼ 1 to the present epo
h. On
e the largest numberof 
lusters are dete
ted, the main properties of their gala
ti
 population andBCGs will be analyzed, providing a mu
h wider range of data to analyze the
osmi
 varian
e in 
lusters of galaxies.



9.3. CONCLUSIONES 2199.3 Con
lusionesHemos 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 dinámi
os... Esta muestra está prin
i-palmente subdividida en dos submuestras: la de NOT (
in
o 
umulos observadosdesde tierra, menos masivos y ri
os, 
on po
a literatura disponible y 
on una
obertura en área ligerament mayor) y la de la ACS (
in
o 
úmulos observa-dos desde el espa
io 
on gran 
antidad de literatura disponible, ri
os, masivos,emisores en rayos-X y 
on una 
obertura en área menor). Uno de los 
úmulos enla muestra del NOT, A2111, emite también en rayos-X, 
on lo que, en algunos
asos, será analizado junto 
on la muestra del ACS para 
ompara
ión de suspropiedades-X.Hemos estudiado, por lo tanto, el grado de varianza 
ósmi
a en 
ompara
ión
on muestras a bajo y alto redshift, así 
omo el desta
amiento de las prin
ipalespropiedades de algunos objetos individuales. En este 
apítulo, resumimos lasprin
ipales 
on
lusiones que se han derivado de los resultados del análisis deesta muestra.9.3.1 Pobla
ión Galá
ti
a Brillante
• Hemos en
ontrado una buena 
on
ordan
ia entre las pendientes de larela
ión 
olor-magnitud de nuestra muestra a medio redshift y una muestraa bajo redshift. Estos valores son muy similares a la pendiente en
ontradapara dos 
úmulos a z ≈ 1.26. Este he
ho apoya la no-varia
ión de la CMRhasta redshift ≈ 0.3 
omo mínimo y muy probablemente a mayor red-shift. En otras palabras, la pobla
ión estelar para las galaxias tempranasbrillantes se formó justo después de la forma
ión de las galaxias.
• Los valores 
entrales medianos para la fra

ión de galaxias azules 
al
uladaen diferentes aperturas para nuestras muestras al
anza un buen a
uerdo
on las en
ontradas en muestras a bajo redshift. La diversidad pare
e serla tenden
ia más remar
able hasta este rango de redshift, z ∼ 0.3.
• Los parámetros de 
on
entra
ión de nuestras muestras barren todo elrango de valores medidos para muestras a redshift menores y mayores.
• La tasa de sistemas en intera

ión en nuestra muestra también se ha tenidoen 
onsidera
ión. Lo valores medianos obtenidos para el parámetro de per-turba
ión son menores que los del 
úmulo de Coma, sugiriendo la presen
iade un grado de intera

ión más alto en nuestros 
úmulos que en Coma.
• Hemos elaborado un algoritmo para de
idir si una galaxia determinadadebería ser ajustada en una o dos 
omponentes. La 
lasi�
a
ión �nalnos da que un 47% de galaxias 
on áreas mayores que 800 píxeles que seajustan mejor por un pér�l de una 
omponente-Sersi
, mientras que el52% se ajusta mejor por dos 
omponentes (per�les Sersi
+Dis
o).



220 CHAPTER 9. CONCLUSIONS AND FUTURE PROSPECTS
• Hemos en
ontrado una di
otomía para los bulbos de las galaxias rojas yazules ajustados por un modelo de una 
omponente en la muestra NOTen el plano n − re, permitiéndonos distinguir muy 
laramente entre tipostempranos (2 ≤ n ≤ 4) y tardíos (n ∼ 1).
• Se ha obtenido el mismo rango de valores para el radio efe
tivo, re y elparámetro de forma, n para los bulbos de las galaxias de nuestra muestray las del 
úmulo de Coma, indi
ando que los bulbos de las galaxias en lamuestra NOT se formaron a redshift mayores que 0.25 
omo mínimo.
• Las es
alas de los dis
os en la muestra NOT se 
ompararon 
on las delas galaxias de 
ampo a bajo redshift y 
on las es
alas de los dis
os del
úmulo de Coma. Hemos en
ontrado que las es
alas de nuestros dis
osson tan grandes 
omo las de las galaxias de 
ampo, mientras que sonsigni�
antemente diferentes de las es
alas de los dis
os en Coma. Estosresultados estan de a
uerdo 
on una hipótesis de evolu
ión en las es
alasde los dis
os desde muestras a bajo redshift hasta 
úmulos a redshift ∼0.2.
• La rela
ión Morfología-Densidad para las muestras NOT y ACS dan resul-tados similares 
on respe
to a muestras a redshift menores. Dos 
úmulosde diez, muestran distribu
iones radiales signi�
antemente diferentes paralos tipos tempranos y tardíos, indi
ando una segrega
ión morfológi
a, queestá patente a bajo redshift.
• La Fun
ión de Luminosidad a redshift ∼ 0.2 − 0.4 está bien des
rita poruna Fun
ión de S
he
hter 
on parámetros de α ∼ −1.11 y M∗

r ∼ −21.64.Estos parámetros son bastante similares a los parámetros obtenidos a bajoredshift, in
luso aunque en
ontremos valores ligeramente más débiles de
M∗ que para muestras a menor redshift.

• Hemos en
ontrado di�erente 
omportamiento de la Fun
ión de Luminosi-dad para pobla
iones galá
ti
as rojas y azules. La pobla
ión galá
ti
a rojamuestra una pendiente mu
ho más plana y un valor más brillante de M∗que los de la pobla
ión galá
ti
a azul.
• Nuestros resultados no apoyan la universalidad de la fun
ión de lumi-nosidad, ya que hemos en
ontrado diferen
ias signi�
ativas de 
úmulo a
úmulo, in
luso en la muestra ACS. Sin embargo, se han en
ontrado lasmismas tende
ias para las galaxias rojas y azules en ambas muestras, loque podría sugerir la universalidad de la fun
ión de luminosidad respe
toa diferentes 
olores.
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• Se ha desarrollado un algorimo para la extra

ión de la BCG (Galaxia MásBrillante del Cúmulo, de sus siglas en inglés), sin 
ambiar sus propiedadesy las propiedades de las demás galaxias 
er
anas.
• El grado de dominan
ia de las BCGs en el 
úmulo no muestra 
orrela
iones
laras 
on el redshift. Los 
úmulos más ri
os despliegan todo el rangode grado de dominan
ia, mientras que la dispersión pare
e ser menor in
úmulos más pobres. Sin embargo, este resultado puede estar sesgado yaque no estamos 
ubriendo homogéneamente el rango de 
lase de riquezaen nuestra muestra de 
úmulos.
• Hemos analizado la naturaleza de galaxias 
D de nuestra muestra deBCGs, asegurando que 
uatro de diez BCGs al menos son galaxias 
D.
• El mejor ajuste para el brillo super�
ial de las BCGs muestra una variedadde per�les diferentes. Estos resultados indi
an que los per�les de brillo su-per�
ial de estos objetos no son tan homogéneos 
omo sus luminosidades.
• El diagrama de Hubble para las BCGs en nuestra muestra global, junto
on los datos 
ompilados a menor y mayor redshift muestra una dispersiónglobal de 0.268, mientras que si 
onsideramos solo las BCGs de la muestraACS (
úmulos en rayos-X y más ri
os), en
ontramos una dispersión de0.235. Es remar
able el grado de homogeneidad de las propiedades de lasBCG en la muestra ACS, lo que sugiere que una 
orre

ión de riqueza sedebe apli
ar para 
onsiderar estos objetos 
omo 'Candelas Estándares'.
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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 12h 55m 52.30s 44d 05m 47.30s -19.88 -20.46 SA 1643 12h 55m 52.44s 44d 05m 52.70s -19.52 -20.82A 1643 12h 55m 54.14s 44d 05m 52.70s -19.79 -18.64A 1643 12h 55m 59.31s 44d 05m 53.20s -19.36 -17.98A 1643 12h 55m 53.80s 44d 03m 15.20s -19.79 -18.61 SA 1643 12h 55m 55.18s 44d 03m 47.50s -20.67 -19.46 S0A 1643 12h 55m 49.83s 44d 04m 08.80s -19.82 -19.24A 1643 12h 55m 49.75s 44d 04m 05.50s -20.61 -19.63 SA 1643 12h 55m 47.93s 44d 04m 01.20s -20.36 -19.10 EA 1643 12h 55m 48.06s 44d 04m 06.70s -18.24 -17.09A 1643 12h 55m 51.98s 44d 04m 05.90s -18.93 -19.06A 1643 12h 55m 59.67s 44d 04m 05.20s -19.64 -18.62 SA 1643 12h 55m 53.06s 44d 04m 06.60s -18.89 -17.82A 1643 12h 55m 55.75s 44d 04m 07.30s -19.39 -18.88A 1643 12h 56m 01.43s 44d 04m 07.90s -19.71 -19.19A 1643 12h 55m 53.64s 44d 04m 13.70s -20.09 -19.36 SA 1643 12h 55m 50.96s 44d 04m 31.00s -21.15 -20.05 EA 1643 12h 55m 59.04s 44d 04m 26.90s -19.00 -17.81A 1643 12h 55m 55.35s 44d 04m 34.40s -20.69 -20.35 EA 1643 12h 55m 54.88s 44d 04m 33.90s -20.14 -19.56 SA 1643 12h 55m 56.61s 44d 04m 38.20s -18.70 -20.14A 1643 12h 55m 52.33s 44d 04m 46.80s -18.42 -19.14241



242APPENDIX A. CATALOGUE OFGALAXIES BELONGING TOTHE NOT SAMPLEA 1643 12h 55m 52.97s 44d 04m 50.00s -19.82 -19.09A 1643 12h 55m 52.96s 44d 04m 39.20s 0.1978 -19.73 -19.60 SA 1643 12h 55m 52.70s 44d 04m 44.50s -20.42 -19.74 S0A 1643 12h 55m 54.94s 44d 04m 45.60s -19.29 -19.15A 1643 12h 55m 48.16s 44d 04m 49.50s -19.49 -18.74A 1643 12h 55m 47.94s 44d 04m 51.60s -19.59 -18.95A 1643 12h 55m 51.98s 44d 04m 53.10s -19.57 -19.08A 1643 12h 55m 55.21s 44d 04m 53.10s -18.00 -17.50A 1643 12h 55m 54.40s 44d 04m 53.70s -18.26 -17.50A 1643 12h 55m 59.29s 44d 04m 57.10s -20.02 -18.94 SA 1643 12h 55m 56.07s 44d 04m 58.00s -18.49 -17.59A 1643 12h 55m 54.00s 44d 05m 12.40s -21.61 -20.35 S0A 1643 12h 56m 01.63s 44d 05m 09.10s -19.45 -18.11A 1643 12h 55m 49.61s 44d 05m 09.50s -18.25 -17.15A 1643 12h 55m 47.67s 44d 05m 15.70s -18.15 -17.15A 1643 12h 55m 54.61s 44d 05m 21.40s -19.23 -17.99A 1643 12h 55m 53.05s 44d 05m 23.40s -20.19 -18.97 S0A 1643 12h 56m 00.41s 44d 05m 29.90s -19.20 -18.91A 1643 12h 55m 48.02s 44d 05m 35.90s -19.73 -18.91A 1643 12h 55m 52.36s 44d 05m 38.40s -19.16 -19.35A 1643 12h 55m 52.76s 44d 05m 37.90s -19.88 -19.97 SA 1643 12h 55m 54.21s 44d 05m 44.70s -19.41 -18.29A 1643 12h 56m 01.53s 44d 03m 29.90s -18.65 -20.27A 1643 12h 55m 50.27s 44d 03m 30.50s -19.27 -18.68A 1643 12h 55m 53.07s 44d 05m 47.80s -18.67 -17.64A 1643 12h 55m 48.08s 44d 05m 51.70s -18.23 -17.80A 1643 12h 55m 34.43s 44d 08m 50.30s -19.53 -18.37A 1643 12h 55m 44.49s 44d 08m 53.60s -19.09 -18.13A 1643 12h 55m 45.49s 44d 06m 39.60s -18.15 -19.35A 1643 12h 55m 44.70s 44d 06m 35.60s -19.65 -18.94A 1643 12h 55m 38.43s 44d 06m 29.90s -18.50 -17.72A 1643 12h 55m 38.94s 44d 06m 35.20s -18.31 -17.92A 1643 12h 55m 45.18s 44d 06m 46.30s -19.68 -18.40 EA 1643 12h 55m 32.98s 44d 06m 50.40s -19.92 -19.46 SA 1643 12h 55m 33.62s 44d 06m 30.00s -18.06 -17.72A 1643 12h 55m 37.87s 44d 06m 57.10s -18.59 -17.40A 1643 12h 55m 46.43s 44d 06m 58.80s -18.14 -17.06A 1643 12h 55m 33.82s 44d 07m 12.50s -20.93 -19.67 EA 1643 12h 55m 36.30s 44d 07m 15.70s -18.80 -18.47A 1643 12h 55m 41.25s 44d 07m 15.00s -18.32 -17.59A 1643 12h 55m 39.33s 44d 07m 21.30s -19.72 -18.39 SA 1643 12h 55m 37.74s 44d 07m 23.30s -18.00 -17.63A 1643 12h 55m 38.60s 44d 07m 29.10s -18.09 -16.93A 1643 12h 55m 46.75s 44d 07m 35.40s -18.99 -17.90A 1643 12h 55m 42.78s 44d 07m 48.60s -18.24 -16.93A 1643 12h 55m 36.40s 44d 07m 53.40s -20.71 -20.57 I



243A 1643 12h 55m 36.55s 44d 07m 54.10s -20.34 -20.10A 1643 12h 55m 36.63s 44d 08m 20.30s -20.17 -20.49 IA 1643 12h 55m 36.38s 44d 08m 24.40s -19.77 -19.13 S0A 1643 12h 55m 36.57s 44d 08m 30.40s -20.27 -19.84 EA 1643 12h 55m 43.31s 44d 08m 28.90s -18.20 -18.04A 1643 12h 55m 38.31s 44d 08m 38.70s -18.02 -17.76A 1643 12h 55m 37.59s 44d 06m 21.10s -19.42 -18.66 SA 1878 14h 12m 54.12s 29d 16m 16.60s -18.74 -17.61A 1878 14h 12m 49.83s 29d 13m 40.60s -18.90 -18.43A 1878 14h 12m 47.43s 29d 13m 55.50s -18.53 -20.39A 1878 14h 12m 47.82s 29d 13m 53.40s -21.69 -20.68 SA 1878 14h 12m 53.32s 29d 13m 47.00s -18.37 -18.29A 1878 14h 12m 54.23s 29d 13m 57.60s -20.23 -20.50 SA 1878 14h 12m 50.11s 29d 13m 59.90s -18.63 -19.32A 1878 14h 12m 49.97s 29d 14m 02.60s -20.45 -19.30 SA 1878 14h 12m 56.80s 29d 14m 03.60s -20.38 -20.06 IA 1878 14h 12m 54.78s 29d 14m 03.90s -18.55 -17.39A 1878 14h 12m 47.17s 29d 14m 05.80s -20.04 -19.70 IA 1878 14h 12m 49.47s 29d 14m 09.90s -21.57 -20.53 SA 1878 14h 12m 49.03s 29d 14m 07.80s -18.94 -21.00A 1878 14h 12m 52.50s 29d 14m 11.40s -20.94 -20.28 SA 1878 14h 12m 54.85s 29d 14m 17.30s -19.91 -19.67 SA 1878 14h 12m 54.65s 29d 14m 23.80s -19.23 -19.19A 1878 14h 12m 47.85s 29d 14m 17.10s -19.70 -18.95A 1878 14h 12m 54.15s 29d 14m 19.30s -20.80 -19.49 EA 1878 14h 12m 52.75s 29d 14m 20.20s -18.72 -20.18A 1878 14h 12m 52.18s 29d 14m 28.40s 0.2220 -22.36 -21.69 EA 1878 14h 12m 46.85s 29d 14m 26.40s -21.02 -20.50 IA 1878 14h 12m 54.72s 29d 14m 31.90s -21.42 -20.23 EA 1878 14h 12m 56.29s 29d 14m 31.40s -20.24 -19.80 IA 1878 14h 12m 51.24s 29d 14m 48.20s -20.10 -20.01 SA 1878 14h 12m 51.04s 29d 14m 39.30s -19.72 -20.22A 1878 14h 12m 50.98s 29d 14m 42.30s -20.84 -21.55 IA 1878 14h 12m 46.74s 29d 14m 40.00s -18.44 -18.10A 1878 14h 12m 53.29s 29d 14m 41.40s -20.30 -20.22A 1878 14h 12m 53.32s 29d 14m 44.60s -19.55 -21.50A 1878 14h 12m 49.12s 29d 14m 42.50s -21.38 -20.33 SA 1878 14h 12m 50.12s 29d 14m 47.30s -20.40 -19.13 S0A 1878 14h 12m 52.25s 29d 14m 53.70s -20.41 -20.57 SA 1878 14h 12m 51.99s 29d 14m 57.10s -19.53 -19.92A 1878 14h 12m 50.96s 29d 14m 56.60s -21.29 -20.33 SA 1878 14h 12m 46.14s 29d 14m 55.60s -19.94 -19.35 S0A 1878 14h 12m 46.58s 29d 14m 59.10s -20.94 -19.69 S0A 1878 14h 12m 53.29s 29d 14m 56.90s -18.53 -17.55A 1878 14h 12m 48.23s 29d 15m 01.10s -19.28 -18.27A 1878 14h 12m 50.01s 29d 15m 05.00s -18.23 -17.10



244APPENDIX A. CATALOGUE OFGALAXIES BELONGING TOTHE NOT SAMPLEA 1878 14h 12m 56.61s 29d 15m 05.30s -19.18 -19.30A 1878 14h 12m 49.37s 29d 15m 12.10s -18.79 -17.72A 1878 14h 12m 50.60s 29d 15m 13.20s -18.64 -18.42A 1878 14h 12m 49.68s 29d 15m 14.20s -19.56 -19.22A 1878 14h 12m 55.12s 29d 15m 14.70s -18.85 -17.83A 1878 14h 12m 51.24s 29d 15m 22.10s -19.89 -19.95 SA 1878 14h 12m 53.39s 29d 15m 22.30s -19.01 -18.65A 1878 14h 12m 51.04s 29d 15m 28.90s -19.51 -21.46A 1878 14h 12m 53.49s 29d 15m 27.70s -18.76 -18.14A 1878 14h 12m 52.60s 29d 15m 41.10s -18.61 -18.01A 1878 14h 12m 52.43s 29d 15m 48.70s -21.00 -19.79 S0A 1878 14h 12m 55.73s 29d 15m 56.70s -18.18 -17.32A 1878 14h 12m 53.61s 29d 16m 00.80s -19.77 -18.60A 1878 14h 12m 53.04s 29d 16m 07.40s -18.86 -21.15A 1878 14h 12m 47.96s 29d 16m 09.50s -19.69 -19.16A 1878 14h 13m 00.54s 29d 13m 56.90s -21.15 -20.41 S0A 1878 14h 12m 56.76s 29d 14m 03.60s -20.00 -20.14 IA 1878 14h 12m 56.78s 29d 12m 00.30s -19.87 -18.86 S0A 1878 14h 12m 57.80s 29d 12m 01.60s -20.47 -19.97 S0A 1878 14h 12m 59.05s 29d 12m 14.40s -20.60 -20.01 EA 1878 14h 12m 59.84s 29d 12m 19.50s -20.45 -21.96 SA 1878 14h 13m 00.58s 29d 12m 22.90s -20.30 -19.90 SA 1878 14h 13m 01.89s 29d 12m 17.50s -19.55 -18.93 SA 1878 14h 13m 05.79s 29d 12m 20.80s -18.24 -18.48A 1878 14h 12m 58.97s 29d 12m 33.00s -18.13 -17.07A 1878 14h 13m 01.29s 29d 12m 36.90s -20.97 -20.65 S0A 1878 14h 13m 05.52s 29d 12m 36.60s -18.59 -18.07A 1878 14h 13m 02.23s 29d 12m 40.50s -18.23 -18.12A 1878 14h 13m 05.38s 29d 12m 42.80s -18.24 -17.75A 1878 14h 12m 58.42s 29d 12m 53.60s -18.05 -19.13A 1878 14h 12m 58.26s 29d 12m 54.90s -19.49 -20.04A 1878 14h 13m 05.59s 29d 12m 54.20s -20.53 -19.81 EA 1878 14h 13m 04.82s 29d 12m 55.40s -19.03 -18.41A 1878 14h 13m 02.81s 29d 12m 55.70s -19.44 -18.73 SA 1878 14h 12m 58.70s 29d 12m 56.60s -18.92 -18.15A 1878 14h 13m 04.41s 29d 13m 00.70s -20.06 -19.78 SA 1878 14h 12m 55.45s 29d 13m 04.30s -19.48 -19.63 IA 1878 14h 12m 55.11s 29d 13m 09.90s -19.13 -19.64A 1878 14h 12m 57.07s 29d 13m 19.80s -18.08 -18.08A 1878 14h 12m 57.65s 29d 13m 22.20s -18.09 -17.93A 1878 14h 13m 00.40s 29d 13m 37.50s -19.13 -18.71A 1878 14h 12m 57.01s 29d 13m 43.90s -19.27 -18.62A 1878 14h 12m 57.70s 29d 13m 48.90s -19.78 -19.18 S0A 1878 14h 13m 03.99s 29d 13m 53.50s -19.36 -19.74A 1878 14h 13m 02.65s 29d 14m 01.20s -18.08 -18.25A 1952 14h 41m 07.84s 28d 38m 29.40s -22.05 -21.10 E



245A 1952 14h 40m 59.08s 28d 38m 35.40s -20.11 -19.24 SA 1952 14h 41m 01.82s 28d 35m 57.10s -20.13 -19.75 SA 1952 14h 40m 59.60s 28d 36m 07.40s -19.18 -18.44A 1952 14h 41m 02.64s 28d 36m 14.50s -18.79 -18.40A 1952 14h 41m 01.57s 28d 36m 31.50s -18.30 -18.20A 1952 14h 40m 59.42s 28d 36m 42.00s -19.05 -18.36A 1952 14h 41m 04.07s 28d 36m 47.50s -19.94 -19.04 EA 1952 14h 41m 04.47s 28d 36m 49.70s -18.71 -20.59A 1952 14h 41m 01.82s 28d 37m 09.60s -18.17 -20.22A 1952 14h 41m 01.92s 28d 37m 14.50s -20.76 -20.80 EA 1952 14h 41m 02.66s 28d 37m 10.00s -22.11 -21.94 S0A 1952 14h 41m 03.13s 28d 37m 10.10s -21.41 -20.84 EA 1952 14h 41m 02.67s 28d 37m 02.40s -20.63 -19.99A 1952 14h 40m 58.41s 28d 36m 52.50s -19.89 -19.03 S0A 1952 14h 41m 01.19s 28d 37m 00.50s -21.20 -20.33 EA 1952 14h 40m 59.94s 28d 37m 22.10s -18.59 -17.95A 1952 14h 40m 59.55s 28d 37m 34.20s -18.29 -17.81A 1952 14h 41m 01.81s 28d 37m 34.70s -19.48 -18.91A 1952 14h 41m 01.58s 28d 37m 48.30s -18.21 -20.37A 1952 14h 41m 01.32s 28d 37m 43.20s -21.57 -21.82 EA 1952 14h 41m 01.53s 28d 37m 44.30s -19.21 -18.96A 1952 14h 40m 59.15s 28d 37m 47.80s -18.93 -20.67A 1952 14h 40m 59.50s 28d 37m 48.80s -19.90 -19.01A 1952 14h 40m 58.98s 28d 37m 51.40s -18.41 -18.51A 1952 14h 41m 03.17s 28d 37m 52.50s -18.10 -17.71A 1952 14h 40m 59.94s 28d 38m 00.10s -20.38 -19.53 EA 1952 14h 41m 08.82s 28d 37m 59.00s -19.72 -19.04 EA 1952 14h 41m 05.82s 28d 38m 02.20s -18.68 -17.82A 1952 14h 41m 00.90s 28d 38m 04.70s -19.54 -18.59A 1952 14h 41m 04.06s 28d 38m 08.40s -19.13 -19.23A 1952 14h 41m 07.98s 28d 38m 09.40s -19.08 -18.20A 1952 14h 41m 03.17s 28d 38m 21.10s -18.04 -18.15A 1952 14h 41m 05.43s 28d 38m 21.80s -19.11 -18.99A 1952 14h 41m 02.63s 28d 35m 50.80s -18.52 -18.54A 1952 14h 40m 59.43s 28d 38m 27.20s -19.17 -19.37A 1952 14h 41m 01.91s 28d 35m 54.80s -19.06 -20.83A 1952 14h 40m 59.20s 28d 38m 24.20s -19.32 -18.60A 1952 14h 41m 13.59s 28d 37m 29.60s -22.13 -21.43 S0A 1952 14h 41m 05.84s 28d 37m 41.60s -20.22 -19.27A 1952 14h 41m 14.94s 28d 37m 42.60s -21.80 -20.98 S0A 1952 14h 41m 05.68s 28d 37m 46.70s -18.22 -18.33A 1952 14h 41m 08.53s 28d 37m 49.00s -19.26 -19.18A 1952 14h 41m 03.16s 28d 37m 52.20s -18.08 -17.86A 1952 14h 41m 15.18s 28d 35m 29.10s -18.16 -20.08A 1952 14h 41m 15.04s 28d 35m 21.20s -19.32 -21.52A 1952 14h 41m 15.18s 28d 35m 24.30s -19.61 -21.59



246APPENDIX A. CATALOGUE OFGALAXIES BELONGING TOTHE NOT SAMPLEA 1952 14h 41m 03.94s 28d 35m 21.30s -20.35 -19.38 EA 1952 14h 41m 13.55s 28d 35m 21.80s -19.77 -19.72A 1952 14h 41m 05.92s 28d 35m 29.90s -20.77 -19.82 S0A 1952 14h 41m 08.36s 28d 35m 28.50s -18.46 -18.64A 1952 14h 41m 08.59s 28d 35m 30.80s -19.01 -19.42A 1952 14h 41m 08.51s 28d 35m 32.50s -20.41 -20.52 SA 1952 14h 41m 04.76s 28d 35m 32.40s -19.40 -19.16A 1952 14h 41m 07.83s 28d 35m 32.30s -18.39 -20.48A 1952 14h 41m 07.59s 28d 35m 35.00s -21.58 -21.23 SA 1952 14h 41m 11.01s 28d 35m 33.00s -19.87 -18.93A 1952 14h 41m 10.10s 28d 35m 33.70s -19.03 -18.15A 1952 14h 41m 05.91s 28d 35m 38.50s -19.36 -18.50A 1952 14h 41m 08.19s 28d 35m 44.50s -21.61 -20.93 S0A 1952 14h 41m 03.56s 28d 35m 44.20s -19.69 -19.45A 1952 14h 41m 13.72s 28d 35m 54.10s -18.37 -18.45A 1952 14h 41m 13.55s 28d 35m 52.00s -18.78 -21.38A 1952 14h 41m 03.27s 28d 35m 56.30s -19.34 -18.51A 1952 14h 41m 08.00s 28d 36m 03.20s -18.96 -18.97A 1952 14h 41m 09.73s 28d 36m 02.80s -18.20 -17.44A 1952 14h 41m 05.67s 28d 36m 05.30s -18.64 -17.72A 1952 14h 41m 12.15s 28d 36m 07.00s -19.45 -18.73A 1952 14h 41m 10.72s 28d 36m 07.50s -18.10 -18.28A 1952 14h 41m 14.47s 28d 36m 26.20s -19.86 -19.18A 1952 14h 41m 05.45s 28d 36m 26.40s -18.40 -17.58A 1952 14h 41m 04.06s 28d 36m 26.50s -18.06 -20.09A 1952 14h 41m 04.22s 28d 36m 27.80s -18.35 -19.37A 1952 14h 41m 12.94s 28d 36m 27.30s -19.29 -18.61A 1952 14h 41m 06.81s 28d 36m 31.50s -20.01 -21.90 EA 1952 14h 41m 07.10s 28d 36m 37.30s -20.67 -20.27 EA 1952 14h 41m 07.03s 28d 36m 39.20s -22.10 -22.55 S0A 1952 14h 41m 03.36s 28d 36m 37.10s -20.43 -19.40 EA 1952 14h 41m 14.04s 28d 36m 40.80s -18.80 -18.92A 1952 14h 41m 03.11s 28d 36m 46.60s -20.74 -19.93 S0A 1952 14h 41m 04.07s 28d 36m 52.70s -19.32 -20.90A 1952 14h 41m 03.57s 28d 37m 00.30s -22.61 -24.23 EA 1952 14h 41m 03.14s 28d 36m 57.00s -19.55 -21.16A 1952 14h 41m 10.75s 28d 36m 47.30s -19.16 -21.67A 1952 14h 41m 06.34s 28d 37m 01.30s -18.75 -18.04A 1952 14h 41m 06.48s 28d 37m 06.90s -20.14 -19.23A 1952 14h 41m 08.25s 28d 37m 13.80s -21.85 -21.21 SA 1952 14h 41m 12.33s 28d 37m 11.00s -19.03 -19.11A 1952 14h 41m 06.26s 28d 37m 12.20s -18.15 -17.28A 1952 14h 41m 09.40s 28d 37m 13.00s -18.55 -18.59A 1952 14h 41m 09.72s 28d 37m 17.80s -19.85 -20.07 SA 1952 14h 41m 05.02s 28d 37m 34.90s -18.05 -20.08A 1952 14h 41m 06.27s 28d 37m 27.50s -20.01 -20.84 S0



247A 1952 14h 41m 05.49s 28d 37m 33.90s -19.02 -21.47A 1952 14h 41m 05.32s 28d 37m 35.90s -19.18 -20.34A 1952 14h 41m 04.78s 28d 37m 31.60s -19.79 -21.64A 1952 14h 41m 04.76s 28d 37m 35.50s -19.83 -19.94A 1952 14h 41m 04.77s 28d 35m 05.50s -18.30 -18.55A 1952 14h 41m 06.32s 28d 37m 18.30s -18.30 -17.78A 1952 14h 41m 14.57s 28d 37m 18.70s -19.65 -19.37A 1952 14h 41m 11.82s 28d 37m 19.30s -18.39 -18.59A 1952 14h 41m 07.53s 28d 37m 23.60s -19.14 -18.20A 1952 14h 41m 04.29s 28d 37m 23.00s -18.54 -18.27A 1952 14h 41m 05.23s 28d 35m 06.80s -19.10 -18.75A 1952 14h 41m 03.35s 28d 37m 29.50s -20.17 -19.26A 1952 14h 41m 06.39s 28d 37m 33.60s -18.12 -17.60A 1952 14h 41m 12.23s 28d 35m 06.70s -19.05 -18.27A 1952 14h 41m 08.44s 28d 35m 09.00s -18.39 -17.78A 1952 14h 41m 05.36s 28d 37m 40.50s -18.42 -17.71A 1952 14h 41m 10.78s 28d 35m 12.30s -18.24 -18.05A 1952 14h 41m 13.01s 28d 35m 15.30s -19.08 -19.23A 1952 14h 41m 10.45s 28d 35m 16.60s -19.36 -19.26A 1952 14h 41m 14.88s 28d 35m 29.70s -18.45 -19.98A 2111 15h 39m 35.52s 34d 26m 56.20s -20.46 -19.56 SA 2111 15h 39m 37.64s 34d 27m 03.80s 0.2295 -21.26 -20.22 S0A 2111 15h 39m 31.84s 34d 27m 05.10s -19.01 -18.09A 2111 15h 39m 38.48s 34d 24m 32.40s -19.37 -18.96A 2111 15h 39m 40.16s 34d 24m 18.10s -19.38 -18.33A 2111 15h 39m 39.34s 34d 24m 44.50s -20.26 -19.31 EA 2111 15h 39m 38.45s 34d 24m 51.40s -20.02 -19.08A 2111 15h 39m 40.16s 34d 24m 55.70s -20.49 -19.27 S0A 2111 15h 39m 42.76s 34d 24m 56.60s -18.32 -17.38A 2111 15h 39m 37.84s 34d 24m 57.00s -18.55 -17.54A 2111 15h 39m 39.81s 34d 25m 00.50s -18.06 -17.79A 2111 15h 39m 37.21s 34d 25m 08.50s -19.67 -18.70 SA 2111 15h 39m 40.49s 34d 25m 27.30s 0.2282 -22.67 -21.51 EA 2111 15h 39m 39.75s 34d 25m 23.10s -19.57 -18.85A 2111 15h 39m 39.20s 34d 25m 11.50s -21.13 -20.38 EA 2111 15h 39m 39.39s 34d 25m 13.40s 0.2211 -21.34 -20.61 EA 2111 15h 39m 36.23s 34d 25m 12.10s -20.34 -19.21 S0A 2111 15h 39m 34.90s 34d 25m 14.50s -18.97 -18.02A 2111 15h 39m 40.27s 34d 25m 34.80s -20.07 -21.06A 2111 15h 39m 38.15s 34d 25m 18.10s -20.21 -19.01 S0A 2111 15h 39m 37.53s 34d 25m 18.70s -19.62 -18.72 SA 2111 15h 39m 36.64s 34d 25m 29.00s -18.96 -18.34A 2111 15h 39m 33.61s 34d 25m 34.00s -18.48 -17.78A 2111 15h 39m 36.79s 34d 25m 39.10s 0.2312 -20.90 -19.65 S0A 2111 15h 39m 39.69s 34d 25m 21.20s -20.40 -19.70A 2111 15h 39m 31.27s 34d 25m 40.00s -20.24 -19.65



248APPENDIX A. CATALOGUE OFGALAXIES BELONGING TOTHE NOT SAMPLEA 2111 15h 39m 38.68s 34d 25m 38.90s -18.16 -17.04A 2111 15h 39m 37.29s 34d 25m 45.90s -18.49 -17.33A 2111 15h 39m 36.42s 34d 25m 50.10s -20.46 -19.50 EA 2111 15h 39m 41.20s 34d 25m 50.90s -20.53 -19.36 S0A 2111 15h 39m 40.18s 34d 25m 50.80s -18.60 -17.90A 2111 15h 39m 33.99s 34d 25m 51.30s -19.30 -18.23A 2111 15h 39m 37.44s 34d 25m 54.80s -20.12 -18.98 EA 2111 15h 39m 39.52s 34d 25m 56.90s -19.23 -18.23A 2111 15h 39m 39.91s 34d 25m 57.20s -18.53 -17.69A 2111 15h 39m 41.69s 34d 26m 01.70s -18.03 -16.89A 2111 15h 39m 31.72s 34d 26m 07.20s -20.49 -19.37 S0A 2111 15h 39m 36.84s 34d 26m 07.20s -20.44 -19.68 IA 2111 15h 39m 38.07s 34d 26m 09.50s -18.64 -19.00A 2111 15h 39m 34.11s 34d 26m 19.20s -20.80 -20.58 SA 2111 15h 39m 34.26s 34d 26m 12.50s 0.2289 -21.97 -21.11 S0A 2111 15h 39m 38.18s 34d 26m 06.90s -19.72 -19.53A 2111 15h 39m 32.26s 34d 26m 12.80s -19.25 -18.22A 2111 15h 39m 38.58s 34d 26m 28.20s -20.23 -19.24 SA 2111 15h 39m 39.03s 34d 26m 38.10s -19.29 -19.48A 2111 15h 39m 38.70s 34d 26m 38.80s 0.2246 -20.85 -20.29 SA 2111 15h 39m 37.81s 34d 26m 35.90s -18.12 -17.73A 2111 15h 39m 31.99s 34d 26m 36.10s -18.39 -18.00A 2111 15h 39m 35.47s 34d 26m 43.70s -20.70 -19.87 S0A 2111 15h 39m 41.19s 34d 26m 41.30s -20.27 -20.24 IA 2111 15h 39m 40.90s 34d 26m 45.40s -19.28 -19.45A 2111 15h 39m 37.59s 34d 26m 44.20s -18.92 -18.91A 2111 15h 39m 33.13s 34d 26m 45.60s -19.25 -18.91A 2111 15h 39m 37.16s 34d 26m 45.70s -18.26 -17.93A 2111 15h 39m 38.38s 34d 26m 50.50s -18.01 -17.13A 2111 15h 39m 32.78s 34d 24m 22.40s -19.21 -18.31A 2111 15h 39m 41.34s 34d 24m 34.30s 0.2294 -20.97 -20.81 SA 2111 15h 39m 41.81s 34d 24m 42.70s 0.2292 -22.61 -22.18 EA 2111 15h 39m 42.27s 34d 24m 40.40s -19.08 -20.81A 2111 15h 39m 41.26s 34d 24m 43.60s -20.43 -22.04 SA 2111 15h 39m 47.09s 34d 27m 37.90s 0.2368 -21.25 -20.57 S0A 2111 15h 39m 42.81s 34d 27m 44.60s -19.68 -19.55 IA 2111 15h 39m 52.99s 34d 27m 48.60s 0.2297 -20.98 -19.94 S0A 2111 15h 39m 54.29s 34d 25m 06.60s -18.05 -17.24A 2111 15h 39m 51.92s 34d 25m 18.80s -18.85 -18.83A 2111 15h 39m 44.40s 34d 25m 22.70s -19.46 -19.41A 2111 15h 39m 44.15s 34d 25m 21.30s -18.78 -20.66A 2111 15h 39m 54.03s 34d 25m 24.60s -18.87 -18.31A 2111 15h 39m 53.10s 34d 25m 26.50s -18.75 -17.73A 2111 15h 39m 47.96s 34d 25m 32.10s -20.49 -19.52 EA 2111 15h 39m 52.98s 34d 25m 41.10s -19.31 -18.24A 2111 15h 39m 43.94s 34d 25m 46.70s -19.45 -19.01



249A 2111 15h 39m 42.69s 34d 25m 52.10s -18.13 -16.99A 2111 15h 39m 42.04s 34d 26m 04.00s -19.44 -18.39A 2111 15h 39m 42.02s 34d 25m 59.60s -18.96 -20.78A 2111 15h 39m 44.85s 34d 25m 58.50s -19.19 -19.08A 2111 15h 39m 47.82s 34d 26m 00.00s -19.08 -18.05A 2111 15h 39m 53.40s 34d 25m 59.60s -18.94 -18.56A 2111 15h 39m 52.50s 34d 26m 02.20s -20.40 -19.62 SA 2111 15h 39m 47.49s 34d 26m 11.10s -18.84 -18.00A 2111 15h 39m 42.59s 34d 26m 14.00s -19.82 -18.96A 2111 15h 39m 43.06s 34d 26m 23.00s -18.42 -17.36A 2111 15h 39m 42.02s 34d 26m 30.30s 0.2258 -22.09 -20.96 EA 2111 15h 39m 43.25s 34d 26m 32.90s -19.02 -18.04A 2111 15h 39m 48.31s 34d 26m 36.70s -18.79 -18.43A 2111 15h 39m 49.35s 34d 26m 41.50s 0.2299 -21.54 -21.03 SA 2111 15h 39m 50.11s 34d 26m 44.40s -19.48 -19.02A 2111 15h 39m 52.85s 34d 26m 46.80s -20.45 -19.95 EA 2111 15h 39m 42.09s 34d 26m 49.20s -19.55 -18.52A 2111 15h 39m 45.75s 34d 26m 57.40s 0.2292 -21.07 -20.05 EA 2111 15h 39m 42.98s 34d 27m 00.30s -18.40 -18.28A 2111 15h 39m 42.30s 34d 27m 02.60s -18.20 -17.92A 2111 15h 39m 52.55s 34d 27m 07.50s -19.06 -20.58A 2111 15h 39m 52.04s 34d 27m 07.60s -19.01 -21.29A 2111 15h 39m 52.15s 34d 27m 12.20s -21.13 -21.23 SA 2111 15h 39m 42.28s 34d 27m 17.10s -20.12 -19.17A 2111 15h 39m 51.51s 34d 27m 31.30s -19.54 -18.61A 2111 15h 39m 48.27s 34d 27m 34.80s -18.70 -18.45A 2111 15h 39m 47.70s 34d 25m 16.40s -19.85 -18.96A 2111 15h 39m 47.89s 34d 27m 39.90s -20.28 -19.32 EA 2111 15h 39m 47.34s 34d 25m 10.20s 0.2309 -21.07 -20.81 EA 2111 15h 39m 47.26s 34d 25m 15.90s -20.43 -20.38 SA 2658 23h 44m 47.99s -12d 18m 46.20s -19.12 -18.24A 2658 23h 44m 55.21s -12d 18m 37.00s -18.98 -18.20A 2658 23h 44m 49.55s -12d 18m 34.40s -19.65 -18.99A 2658 23h 44m 49.62s -12d 18m 31.90s -18.68 -18.01A 2658 23h 44m 50.35s -12d 18m 25.50s -21.89 -21.06 SA 2658 23h 44m 49.13s -12d 18m 19.80s -19.29 -18.34A 2658 23h 44m 47.27s -12d 18m 13.40s -19.24 -19.14A 2658 23h 44m 46.97s -12d 18m 10.40s -20.94 -20.12 S0A 2658 23h 44m 49.36s -12d 18m 07.90s -18.44 -17.53A 2658 23h 44m 52.22s -12d 18m 04.60s -19.99 -18.90 EA 2658 23h 44m 54.99s -12d 18m 05.60s -18.08 -17.23A 2658 23h 44m 54.27s -12d 17m 59.30s -21.42 -20.39 EA 2658 23h 44m 50.42s -12d 17m 56.40s -19.39 -18.41A 2658 23h 44m 51.64s -12d 17m 53.30s -18.71 -18.11A 2658 23h 44m 47.44s -12d 17m 47.40s -20.92 -19.87 EA 2658 23h 44m 50.34s -12d 17m 32.70s -18.84 -20.30



250APPENDIX A. CATALOGUE OFGALAXIES BELONGING TOTHE NOT SAMPLEA 2658 23h 44m 49.28s -12d 17m 38.20s -18.19 -19.65A 2658 23h 44m 50.26s -12d 17m 20.90s -21.07 -20.35 S0A 2658 23h 44m 49.84s -12d 17m 26.70s -21.32 -20.95 EA 2658 23h 44m 49.80s -12d 17m 39.50s -22.39 -22.02 EA 2658 23h 44m 54.96s -12d 17m 38.80s -18.80 -18.35A 2658 23h 44m 55.87s -12d 17m 37.60s -18.22 -17.40A 2658 23h 44m 51.86s -12d 17m 35.30s -19.57 -18.55A 2658 23h 44m 47.85s -12d 17m 31.10s -18.14 -17.23A 2658 23h 44m 50.96s -12d 17m 19.10s -20.24 -19.17 EA 2658 23h 44m 55.84s -12d 17m 17.60s -20.18 -19.15 S0A 2658 23h 44m 51.40s -12d 17m 11.00s -18.35 -18.28A 2658 23h 44m 56.18s -12d 17m 07.50s -21.14 -20.31 SA 2658 23h 44m 51.13s -12d 16m 48.00s -20.61 -19.49 EA 2658 23h 44m 46.13s -12d 16m 49.10s -18.82 -18.35A 2658 23h 44m 49.65s -12d 16m 35.80s -20.56 -19.43 S0A 2658 23h 44m 47.99s -12d 16m 36.20s -18.29 -17.66A 2658 23h 44m 51.63s -12d 16m 28.80s -18.70 -17.79A 2658 23h 44m 53.27s -12d 16m 23.60s -18.27 -17.77
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286APPENDIX B. SURFACE BRIGHTNESS FIT OF THE NOTCLUSTERS GALAXIES

Figure B.1: Upper row: (From left to right). Original Galaxy, Ser-si
+Exponential model, Sersi
+Exponential Residual and 1-Dimensional Pro�lewith the Sersi
+Exponential model pro�le. Bottom row: (From left to right).Original Galaxy, Sersi
 model, Sersi
 Residual and 1-Dimensional Pro�le withthe Sersi
 model pro�le.



Appendix CNOT BCGs subtra
tion

Figure C.1: A1643 BCGs subtra
tion in Gunn-r �lter. Left panel: originalBCG. Right panel: BCG subtra
ted
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Figure C.2: A1878 BCGs subtra
tion in Gunn-r �lter. Left panel: originalBCG. Right panel: BCG subtra
ted

Figure C.3: A1952 BCGs subtra
tion in Gunn-r �lter. Left panel: originalBCG. Right panel: BCG subtra
ted
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Figure C.4: A2111 BCGs subtra
tion in Gunn-r �lter. Left panel: originalBCG. Right panel: BCG subtra
ted.

Figure C.5: A2658 BCGs subtra
tion in Gunn-r �lter. Left panel: originalBCG. Right panel: BCG subtra
ted.
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Appendix DACS BCGs subtra
tion

Figure D.1: A1689 BCGs subtra
tion in Gunn-r �lter. Left panel: originalBCG. Right panel: BCG subtra
ted.

Figure D.2: A1703 BCGs subtra
tion in Gunn-r �lter. Left panel: originalBCG. Right panel: BCG subtra
ted. 291
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Figure D.3: A2218 BCGs subtra
tion in Gunn-r �lter. Left panel: originalBCG. Right panel: BCG subtra
ted.

Figure D.4: CL0024 BCGs subtra
tion in Gunn-r �lter. Left panel: originalBCG. Right panel: BCG subtra
ted.

Figure D.5: MS1358 BCGs subtra
tion in Gunn-r �lter. Left panel: originalBCG. Right panel: BCG subtra
ted.
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