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Para ver as meninas

Siléncio por favor

Enquanto esquego um pouco
A dor do peito

Nao diga nada

Sobre meus defeitos

Eu nao me lembro mais
Quem me deizou assim
Hoje eu quero apenas

Uma pausa de mil compassos
Para ver as meninas

E nada mais nos bragos

56 este amor

Assim descontraido

Quem sabe de tudo nao fale
Quem nao sabe nada se cale
Se for preciso eu repito
Porque hoje eu vou fazer
Ao meu jeito eu vou fazer

Um samba sobre o infinito

Paulinho da Viola
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Resumo

Nesta tese abordamos a questao de selecao de aglomerados de galdaxias com base nos
dados digitalizados do segunda levantamento fotografico do Observatdrio Palomar. Numa
primeira etapa apresentamos o Northern Sky Optical Cluster Survey (NoSOCS), nm catilogo
de candidatos a aglomeradez de galdxias cobrindo ~ 11500 graus quadrados do hernislério
norte. Este & baseado nos eatdlogos de palixias do DPOSS, completos até r — 19.5. A
seleqan de aglomerados € baseada num metodo de kernel udaptamuo para geragdo de mapas
de densidade para todos os campos do DPOSS. O programa SExtractor ¢ utilizado para
detecgao de picos de densidade nestes mapas. U caldlogo linal contém —~ 15000 candidatos.
sendo < g e 016 & < Nyge >~ 30, Aglomerados ricos s8o detectados até 2 ~ 0.3,

Numa segunda etapa investigamos a possibilidade de estender o NoSOQS atd 2z ~ 0.5,
Para fal, utilizamos catdlomos de galdxias até r = 21.1 e geramos umn catilogo suplementar
an NosQCS. Fate novo catdlogo & baseado e duas técnicas de detecgio. o kernel adaplovive
e o método cemhecido como woronod tesselation. O catdlogo final contém ~ 10000 candidatos
numa drea de ~ 2700 grans quadrados, sendo < 2 2~ 030 e < Njap >~ 4 Aglomerados
ricos 8io detectados até 2 ~ 0.5.

I’ara amhos o8 catdlogos. realizamos prande nidmero de simulacbes para optimizarmos os
algoritmos de detecgin e rstimarmos as taxas de contaminacio e completesa, Fstimativas
de desvio para o vermelho e rigueza sio fornecidas para os candidatos dos dois catdlopos.
Im levantamento cspectroscopico fol realizads para candidatos do Ne300S, Fstes dados
sito utilizados para conlirmar as estimativas fotometricas e as expeclativas de contaminacao
provenientes das simnlaches.

Coma subproduto, apresentamos uma comparacao do DPOSS com o SDSS. Esta com-
paragao ¢ utilizada para estimarmos os limites de detecgio do DPOSS. Alguns des projetos

a serem desenvolvidos no futuro 240 tanbém discutidos.
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Abstract

In this thesis we discuss the selection of galaxy cluster candidates based on the Digitized
Second Palomar Observatory Sky Survey (DPOSS). First we present the Northern Sky Op-
tical Cluster Survey (NoSOCS), a galaxy cluster catalog spanning ~ 11500 square degrees
of the northern sky. This catalog is based on the galaxy catalogs from DPOSS, which are
complete down to r = 19.5. The cluster selection is based on a adaptative kernel technique to
generate density maps for all DPOSS fields, with the SExtractor object detection algorithm
being used to detect overdensities in these maps. The final catalog comprises ~ 15000
cluster candidates, with < 2 >~ 0.16 and < Nggs >~ 30. Rich clusters are detected down
to z ~ 0.3.

Later we investigate the possibility to extend the NoSOCS catalog out to z ~ 0.5. In
order to generate a supplemental catalog to the NoSOCS we use galaxy catalogs down to
r = 21.1. This new catalog is based on two techniques, the adaptive kernel and the voronoi
tesselation method. The final catalog contains ~ 10000 candidates over ~ 2700 square
degrees, with < z >~ 0.30 and < N4 >~ 40. Rich clusters are detected down to z ~ 0.5.

In order to optimize the detection algorithms and estimate the contamination and com-
pleteness rates, we perform a large number of simulations for both catalogs. Redshift and
richness estimates are also provided for all candidates in the two catalogs. Finally, an extens-
ive spectroscopic survey of NoSOCS candidates is used to confirm the photometric estimates
and the contamination rates derived from the simulations.

As a by-product we present a comparison between the DPOSS and SDSS surveys. This

comparison is used to estimate the DPOSS detection limits. Some of the projects to be

developed in the future are also discussed.
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Capitulo 1

Introducao

1.1 Uma Breve Revisao

Cosmologia ¢ o estudo de modelos de universos. O termo tem origem grega (kosmologia),
significando o tratado das leis que regem o universo. Do ponto de vista da ciéncia moderna,
cosmologia é o estudo da estrutura em grande escala do universo. Nossa defini¢io e nogéo
do universo evoluiu consideralvelmente ao longo da histéria, sendo nosso objeto de estudo
cada vez mais ampliado, dos planetas no sistema solar ao estudo das estrelas em nossa
Galéxia, até que finalmente nossos olhos voltaram-se para o universo extragaldctico. No
século XVIII . Kant ja discutia a idéia de que algumas nebulosas vistas no céu eram objetos
externos a nossa Galaxia. Naquela época ji se imaginava que estas nebulosas constituiam
sistemas estelares similares ao nosso. A Galdxia seria somente mais uma entre bilhdes a,
povoar o universo. No entanto, até o inicio do século passado esta hipdtese ndo tinha grande
aceitagao. Em realidade, existia um grande debate em curso, sendo uma das principais
questoes a natureza de nebulosas brilhantes observadas na época. H. Shapley, juntamente
com muitos outros astronomos, defendia que estas nebulosas eram parte de nossa prépria
Galaxia. H. Curtis tinha uma idéia oposta, sugerindo que estes sistemas encontravam-
se além dos limites de nossa Galaxia. Observagées realizadas por E. Hubble trouxeram
luz a este problema. Em meados da década de 1920 Hubble observou estrelas varidveis
em algumas destas nebulosas brilhantes, demonstrando que estas encontram-se a distancias
muito maiores do que previamente suposto, tornando possivel a identificacao destes sistemas
como objetos extragaldticos. A cosmologia moderna ocupa-se quase que inteiramente do

mundo exfragaldctico, visando ao estudo da estrutura em grande escala, desde sua origem e

|




2 Capitulo 1. Introdngan

evolugdo alé a época atual,

No trabalho aqui apresentada aglomerados de galaxias 230 nnsso ohjeto de estudo. Estes
gan compostos por um grande mimera de galixias de diferontes morfologias ¢ caracterislicas
lisicas. No gue diz respeito a morfologia, polixdas podem ser divididas em qualro tipns
Lisicos: elipticas. espirais, wn tipo intermediario denominadeo SO e galdxias rregulares. Fm
1926, Hubble propis um esquema de classificagio de galdxias comstituido destes quatro ti-
pos, Galaxias elipticas (também conhecidas como early-type) possuem uma forma elipsoidal,
baixa rotacao e pegquena guantidade de gés. Séo elassiflicadas como E(, E1, ..., E7. Sendo g e
hos eixos mador e menor da elipse, o indice » de uma galixia En & dado por w = 10{a—8&) /a.
Galdxias espirais (conhecidas coma fate-type) san constituidas de duas componentes: nma
regiao central (bojo). e um disce espiral. A componente disco apresenta wm movimento de
rotacao e uma srande quantidade de gds, ao passo que o bojo tom propriedades sunilares
a galdxias elipticas. De forma simplificada, estas galixias sio clagsificadas como Sa, Sb,
Sc. Galaxias Sa sao conhecidas como espirais early-type, enquanto oue Se sio conhecidis
como eapirais late-tppe. A scrucmcia csta relacionada a razie de liminesidade entre as duas
componentes (disco/bojo = D/B). A rasdo D/B é pequena para galdxias Sa, crescendo para
gnlixias Se. Algumas espirais apresentam uma componente barra luminosa oo regian cenl-
ral, sendo denominadas espirais barradas e classificadas como SBa, SBb, SBe, cte. Galdxias
lenticulares ou SO t8m wma razao DB proxung de 1.0, mas ndo apresentam estrutura espiral,
além de comterem ponco gas. Galdxias desprovidas de wma forma caracteristica gao classi-
ficadas como irregulares (Irr). Na Figura 1.1 apresentamos alguns exemplos de diferentes

Lipos de galaxias.

Ohservagoes de galixing cm diferentes bandas fotométricas tormam possivel determmivar a
contribuigio da distribuicfio de energia cspectral (DEE) cm diferentes intervalos de cumpri-
mento de onda. A diferenca de magnitudes, on a razao de Huxos nos ecorrespondentes
comprilmentos de onda, entre duas bandas fotomdéiricas farnece o indice de cor ou sinples-
mente cor de um dado objeto. O tipe morfoldgico de galaxias é correlacionado com a ear.
Galaxias Je, por exenplo, apresentam wma fracao de estrelas de alla massa da sequéneia
principal maior do que galixias Sa, o que torna galdxias Sc mais azuis do que Sa. As galdxiag
mais azuis da sequéncia de Hubble ado irregulares. Caldxias elipticas sao caracterizadas por

wina populacac estelar mais velha, O espectro destas galaxias e dominade por caracleristicas
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MOCUTAG: XHab

-

Figura 1.1 Exemplos de galdxias proximas com diferantes morfologias, Todas as imagens
foram extraldas do Nasa/IPAC Extragalactic Datobase (NFID),

de estrelas KOIII, o que justifica as coreg mais vermellias destes sistemnas qnanda comparados
comt galaxiss early-lype.

A localivagan desles sistemas no universo Lambém & bastante distinta, Galixias eliplicas
Lendem a se concenlrar mais do que espirais, sendo a popnlagio de aglomerados de galdsxiag
na universn local predominanternente composta por elipticas ¢ S0 Em aglomerados mais
distantes este efeifo ainda é observado, no entanto o grau de concenlragio de clipticas é
reduzido, sendo a fracao de palaxias espirais (azuis) malor do gue no wniverso local. Q)
aumento da fragac de galaxias azuis em aglomerados com o desvio para o vermelho é eon-
heeido como efeito Buteher- Qemler (BO) (Uutcher & Oemler 1978, 1984; Marsoninar of al,
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2001; Ellingson ef al. 2001 ).

A origem das galdxias e da estrutura em prande escala do universo constitui um das
topicos mals excilantes nos tempos atuais. Nao somente pelo grande aciunula de dados de
alta qualidade, mas rambeém pelo rdpido progresso feito no campo de simulacfes cosmaoldpicas
nas dltimas déeadas.

No campo tedrico a base da cosinologia moderna estd oo Teoria da Relatividade Geral
(TR praposta por Finsbein em 1915, A inleragio gravilacional € 4 inica mteracdo con-
hecida por ser de longo alcance e gue nao pode ser compensada (pfo existem massas nep-
ativas). Portanto, para grandes quantidades de matéria distribuidas em grandes resioes do
cspaga a forga gravitacional representa a inica interacio relevante, sendo assim decisiva 1a
determinagao da evolugdo e dinamica do wiverso, O aspecto mais original da 'TRO esta em
eomsiderar a gravidade como uma propriedade inbrinseca ao espago-tempo. A teoria de Ein-
stein pode portaolo ser considerada wna geomelnizagde da lorgs gravitacional. O maodela
iy simples do universo laz uso do Prineipio Coamologico, que assuine homnogeneidade e
isulrupia em grandes escalas, A métrica de Robertson-Walker fornece a descricio mais geral
das propriedades geométricas de nm ymiversa em que o Principio Cosmoldgico é vilido., Esta
wétrica depende somente do fater de escala imiversal a(t) e da curvatura do espaco-tempo
(K) (Stephani 1990).

Fim 1817 Einstein propos nm modelo isotrdpico, homogénea e estdfien para o universo!,
No mesma ano de Sitter propos wn modelo gue as contririo do yniverse de Finstein, era
desprovido de maléria ¢ pdo era estatico, A auwséncia de waléria po universo de de Sitler
gerava desconlorto, oo entanto a hipdtese de wm universo e expansio vinha ao enconbeo
das observagdes de deslocamentos nas linhas espectrais de nebulosas, realizadas por Slipher
na época (Slipher 1917). A interpretacan destes deslocamentos como resultado da eXPAnsin
do universa teve malor aceitagdo apds infimeras observagdes de nebulosas realizadas por
Hubble (1029, Us modelos de Iviedmann (1922-1024) combinavam as nogoes de expansio
(de Sitter) o presenca de matéria (Finstein). Estes modelos foram propostos alguns anos
anles da descoberta de Hubble. e podem ser especificados com base em dois parimetros

Ht) — ajfe e 8t) = p/p. (onde o ponlo representa a derivada com respeito an temipo

e realidade as equagdes de Einstein nio reprodusiam wm universo estdtico, sendo enlds mndificadaes

pela adican da constante cosmoldgice (A) para tal
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préprio cosmolégico ¢, e a densidade critica é definida por p. = 3H(t)?/87G), conhecidos
como parametros de Hubble e de densidade?, respectivamente.

Apbés a descoberta da expansao, as questoes mais importantes residiam na origem, evolucao
até a data presente, e futuro do universo. O modelo do Big Bang fornece uma explicacao
para origem do universo, segundo a qual o universo teria comegado numa singularidade.
Em outras palavras, o fator de escala a(t) tenderia a zero quando ¢t — 0. Na década de
40 G. Gamow tentou descrever a origem da maioria dos elementos conhecidos com base no
modelo do Big Bang. A formagao dos nicleos seria baseada em fusao nuclear, num processo
similar ao que ocorre em estrelas. As condig6es iniciais para tal processo sao de densidade
e temperatura muito altas (da ordem de 10" K 1s apés o Big Bang, Gamow 1946). Nesta
época a densidade de energia de radiagao seria muito maior do que a de matéria e o uni-
verso seria dominado por radiagao. As expectativas de Gamow de que a maioria dos niicleos
pudessem ser sintetizados no universo primordial foram confirmadas somente para elementos
leves, como deutério e *He. Nucleos mais pesados seriam formados em estrelas. No entanto,
o trabalho de Gamow teve outras previsoes importantes. Em 1948 Gamow, em colaboracao
com R. Alpher e R. Herman, previu que os fétons extremamente quentes da era primordial
teriam esfriado com a expansao do universo, dando origem na época atual a uma radiacdo
de fundo na regiao de micro-ondas. Alpher & Herman (1948) estimaram que a temperatura
atual desta radiacao seria ~ 5 K. Em 1965, como previsto com aproximadamente 20 anos
de antecedéncia, este fato foi confirmado por Penzias & Wilson que detectaram uma ra-
diagao de fundo aproximadamente constante na frequéncia de micro-ondas. Assumindo que
esta radiacdo representa uma radiagao de corpo-negro, Penzias & Wilson determinaram a
temperatura desta radiacao de fundo como sendo ~ 3.3 K. Observagoes do satélite COBE
(Cosmic Background Ezplorer) indicam uma temperatura de ~ 2.73 K (Mather et al. 1990).

Apesar da radiagao césmica de fundo ser extremamente uniforme, o universo local apresenta,

20 valor do parametro de densidade é fundamental para a determinacao do destino do universo. Se )y < 1
o universo expandird para sempre, se for maior que 1 ele colapsard sobre si mesmo em algum momento (o
indice zero refere-se a estimativa do pardmetro de densidade na época atual). Podemos definir o parametro
total de densidade como Q = £, + Qa + 2k, onde o primeiro termo refere-se a contribuicao de matéria
(tanto baridnica como nao-bariénica), o segundo estd associado a constante cosmoldgica A e o tltimo termo

refere-se a densidade de energia associada a curvatura do universo (K = 0 para um universo de geometria

plana).
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grandes Hutinagbes na distribuigao de galaxas (vide Figura 1.2), sendo a origemn e evolugan
destas estruturas dreas de grande inleresse na cosmologia moderna. Desde a época de re-
combinacao (z ~ 1000) aké a época presente Quluagtes de lemperatura wa distribuican da
racliacao de [undo evolnitam sem interagir com a matéria. Portanto, detoogaes de flutuacoes
de temperatura na radiagao cosmica de fiundo observada atualmente® carregam informacao
das Autuagoes de lemperatura em 2 ~ 1000, ¢ em consequéncia das utnagoes de densidade
de matéria nesta época. O conhecimento de dp/p na époea de recombinagan permite-nos

estirnar como a matéria deveria estar aglomerada atualmente.

2dI Galawy [feashift Survey s

i

15 Jdanuary 003

Fad

b

Figura 1.2: Mapa de distribuigio de zaldxias sepunde o Two-Degree Field Goluey Redshift
Survey. Tste levantamento apresenta cspectroscopio para ~ 280000 galdxias abrangendo
~= 1700 graus quadrados do hemisfério sul. tende nma magnitude mite B — 19.7, o gue
eqquivale p < 2 2= 0.1 (Colless et wl. 1999).

2ag primeirss delecgdes de anisctropia na radiacio cdsmica de bmdo foram realizadas com dados do

satdlite COBE em 1992, apontando para AT/T ~ 107" (Smcot et al. 1902},
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() madelo mais accito para explicar a origem de galdxias e da estrutura em grande escala
tem como base instabilidades gravitacionais, tendo sido proposte por Sir James Jeans no
inicio do século passado (Jeans 1902). Esta teoria considers que pequenas [uluagies de
densidade no universo primordial teriam crescido com o bemipo. Este eleito pode acarrer se
a forga associndn A pressio lor desprezivel em comparagio a forga gravitacional na regiao
em questao. Neste caso, devido ao acimulo de material de sua vizinhanga, esta repiio

ficard cada vez mais densa. O efeito final pode ser o colapso desta HutnacAo mom sistema

gravitacionalmente ligado.

Nnis cendrios foram inicialmente propostos para explicar a formacan de estruturas. O
primeiro ¢ um modelo hierirquico (conhecido como betlom-up on isotérmico) segimdo o gual
estruturas de baixa massa colapsam e se fundem, sendo a atracfo gravitacional responségvel
pela formacio de ohjetos cada ver maiores. A sepunda hipdtese é haseada num modelo
adiabdtico (conhecido eomo top-deun) segundo o qual as primeiras estruturas formadas estio
na escala de aglomerados e super-aglomerados de galixias, & as estrituras menores sao
resultado da frapmentacao das primeiras. No inicio dos anos 80, estas hipdteses sairam
de cena, sendo substituidas por medelos que assumiam a existéncia (e predominincia no
universo) de matéria escura nao-barionica, podendo ser quente ou [ria. Os dois principaiz
modelos sao baseados e matéria escura fria ou quente (CDM e HDM 580 as siglas em inglés
para Celd Dark Mualler e Hol Durk Maller). Em ambos os modelos as perturbacdes iniciais
sap adiabdtivas, a diferenca ficando no tipo de matéria escura adinitida. Assnmindo que
1 =1, CDM é capaz de reproduzir as propriedades de aglomeracao na escala de galdxias
¢ aglomerados de galaxias, sendo incapaz de gerar a estrulura em grande escala aobservada
nos levantamentos mais recentes (Klypin ef al. 1997; Brodbeck ef al. 1998). O modelo HDM
tem o prublema inverso, ou seja. em reproduzir as propricdades de aglomeracao na escala de
galaxias. A estrutura em grande escala & bem reproduzida por este madelo, mas as estruturas
levam mnito tempo para serem formadas, o que representa nm problema para justificar a
existéncia de objetos com grandes desvios para o vermelho (Schaeffer & Silk 1988). Outros
modelos consideram casos intermediarios em que as particulas nio sfo nem muito quentes
nem muito frias (sao os chamados modelos WDM, Warm Dark matter em inglés) (Schaeffer
dz Silk 1988). Outra possibilidade ¢ a utilizagao de nm madelo hibrido, misturando particulas
quentes e frias. Estes modelos sao normalmente denominados CHDM on MTIM (Davis et al.
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1992) ( Mized Durk Multer em inples).

(O modelo do Big-bang encontra prablemas para explicar o surgimento de pequenas nao-
homogeneidades no wniverso primordial, Uma solucao para esta questao foi dada por AL
Guth ern 1981, A teoria da inflagin, por ele proposta, preve que nos seus primeiros inatantes
o universa teria safride nma grande expansao mim periodo extremamente curto. hias das
principais previsees do modelo de inflacao sao: (i) o parametro de densidade seria ignal a 1;
(ii) o perfado inflaciondrio daria origem a pequenas Qutuagtes de densidade, utuagfes estas
gue seriam o ponta de partida para as estrutoras observadas atualmente, As observages mais
recentes apontam para um universo de baixa densidade, o gue representaria um problema
para um modelo de inflagio gque ndao assumisse 4 existéncia de wng constanle cosmoldgicn,

Exiztem diversas formas de testar modclos cosmoldgicos ¢ tentar estabelecer limites pura
vy principais parametros destes modelos. Algumas ferramentas que podem contribuir para
este ubjetivo sdo: (i) observaches de galixias e aglomerados de galdxias; (ii) a determinagio
da anisotropia da radiagda cdsmica de fimdo como fingan da eseala angular; (iil] movimen-
los peenliares de galdxans; (iv} ohseovagies de quasares ¢ galaxias com alko desvie para o

vermalha,

1.2 A Importincia de Aglomerados de Galaxias para a

Cosmologia

Aglomerados de galaxias sao oe maiores sistemas colapsados encontrades no universo. Por
serern raros, aglomerados sao excelentes indicadores de como o maténa estd distribuida cm
grande escala, Alé disso, podemos utilizar aplomerados para determinacao de pardmetros
casmologicos undamentais (coma 2y, e az). Considerando que as galaxias encontradas em
aglomerados sio provavelmente contemporaneas, aglomerados sdo também 1ateis no estndo
da formagdo e evolugio de galaxias.

Na secin 1.2.1 relacionamos algumas das prineipais caracteristicas de aglomerados no
universo local {Baheall 1909), Nas seghes sognintes fazemaos uma breve revisio de alguns dos

principais estudos desenvolvides atualmente sobre aglomerados de galdxdas.
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1.2.1 Caracteristicas de Aglomerados

Aglomerados de galixdas contdéin desde algumas derenas até centenas de galixias nmm raio
tipien de 1.5 A" Mpe, sendo que o raio central (R) & ~ (0.1 — 0.25)h ! Mpe. A densid-
ade rumérica de aglomerados é da ordem de 107" aglomerados ? Mpe 2, sendo fortemente
dependente da riqueza dos mesmas. A fragao de paldxdas no universo encoulrada em aglom-
crados é ~ 5%, dependenda do raie, da riqueza e luminosidades considerados. Se consider-
armos somente aglomerados ricos, por cxemplo, esta fragao diminui. © perfil de densidade
de galdxias em aglomerados, em geral, pode ser representado por ng(r) = 77* {cspacial)
e S,(r) ac v~ (projetadn). As galixias mim aglomerado possuemn movimentos peenliares
aleatdrios da ordem de ~ 750 km 577 dentro de 1.5 271 Mpe {este valor representa a dis-
moraan de velocidade ao longo da linha de visada). Sendo assim, a massa dinamica obtida
através do teorema do virial considerando uma csfera de raio 1.5 A ! Mpe € da ordem de (0.1-
2)x 10¥%A~1 M... A luminesidade na banda B3 & tipicamente (0.6-6)x10"h 2 L. Portanto,

A razao wassa-luninosidade tipica de aglomerados no imiverso local & (M Lg ) agiom =~ 300k

f'-lol.l"rLl:J -

Aglomerados ricos (de alta massa) apresentam wm meio intra-aglomerado composto por
um plasma quente, abrangendo pelo mencs a regidao onde a concentracio de galdxdas &
significativa (raio de 1.5 =" Mpe). Este plasma quente ¢ detectado através de cmissio
raio-X produzida por radiacio bremsstrahlung térmica. A temperalura raio-X do gds intra-
aglomerado é da ordem de 2-14 keV, sendo & luminosidade raio-X Ly ~ 10* erg s~ Estudos
baseados em aglomerados proximes indicam que o gis encontrado em aglomerados estd
aproximadamente em equilibrio bidrostalico com o polencial do aglomerado. Estes resulli-
dos indicam que a distribuicao de galdxias, e geral, delinca a distribuicao de sds. Desta
[ormau, a dispersio de velocidade de galizaas em aglomerados encontra wna boa, correlagéio
com a temperatura do gas intra-aglomerado (Lubin & Bahceall 1993; Yee & Ellingson 2003).
Esta correlagao sugere que a determinagio de massa dindmica é aproximadamente equival-
ente a determinagio de massa basewda na temperatura do gas, pelo menes para aglomerados

rinGs © proximos.
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1.2.2 Limites para a Densidade de Matéria (12,,)

Aglomerados de galdxias sao 1itcis pars estimar a densidade de maléria do universo e em
consequeéncia para estabelecer limites para modelos cosmoldgicos. Dois exemplos dr como po-
demos estimar £, sao llustrados a seguir. Esles sao bascados na razao massa-liminosidade,

¢ na fracio de bdrions em aglomerados.

A Razaov Massa-Luminosidade

A mmatéria luminosa em galdxias nao representa a massa lotal das mesmas, sendo o con-
tribuigao de matéria escura muitas das vezes especificada em Lermos da razio massa-lnminogi-
dade (M/L). Esta razao eresce com a eseala ou raio dos sistemas em estudo, desde galdxias
e prupos até aglomerados de galixias. No entanto, espera-se que este crescimento diminna
o1 mesma cosse na cscala de aglomerados e super-aglomerados. Ou seja, para as maiores
estruturas encontradas no universo a razao (M /L) tornaria-se constante. Aclomerados nao
apresentariam wna grande guanlidade extra de matéria esenra (on halo escurn). Em aglom-
vrados a maléris escurs seria quase gue tolalmente justificada pelos grandes halos escuros
das galdxias membro. além da contribuicao do meio lutra-aglomerado (Baheall 1999).
Baheall, Lubin & Donnan (1995) sugeremn que os valores relativamente grandes da razio
massa-luminosidade e aplomerados sao devidos aos grandes valores de A/ £ encontrados
para galdxiag E-S0. Considerando que a razéo M/ L de E-80 é cerca de 3-1 vezes maior do que
4 de espirais, e que aglomerados sao essencialmente compostos de BE-S0, grandes valores de
M/ L sao esperados em aglomerados. Os autores ainda sugerem que o valor aproximadamente
constante da razao M/ L de aglomerados é consistenie com um universo de baixa densidade
(El ~ (.2], Este resultado assume gque a quantidade de matéria ecseura com aglomerados
& representativa do universo como um todo (9, ~ (M/L) x pr /o, onde p. é 8 densidade
critica e pr € a densidade de luminosidade Lipica do universe). Na Iigura 1.3 (extraida de
Raheall ef Al 2000) a razin massa-lniminosidade é apresentada para diversos sistemas em
funciie da eseala. As razdes M/J, esperadas para §2, = 0.3 e £, — 1 também sio exibidas,
da mesma forma que resultados de simulagoes para regides de alla ¢ baixa densidade. Tstes
resultados mais recentes também preveem que a razio M/ L lea aproximadamente constante

a partir da escala de aglomerados. No enlanto, neskas esealas o valor de A/ T ainda depende
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da densidade da regiao em questao, com regioes mais densas apresentando valores maiores

de M/L.
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Figura |.3: Razao massa-luminosidade para diferentes sistemas em funcio da escala. Os
resultados para palaxias eliplicas e espirais, grupos, aglomerados e super-aglomerados sian
exibidos, Também sio mostradas as razoes ML para Oy, = 03 ¢ (= 1, além de
resultados de simulagtes para regices de alta e baixa densidade. Esta figura foi extraida
de Baheall et al. 2000, Apl, 541, L.

Girardi el ol (2002) e Hoekstra el ol {2002) enconlram uma tendéncia similar a esta,
com a ruzdo M/ L dependendo da massa de sistema (aglomerados tende M /L maior do que
grupos). No eutanto, Hradecky ef al. (2000) sugerem que a razao M/ L de grupos nao difere

muito da de aglomerados.

A Fracao de Barions em Aglomerados

FEm grandes escalas, aglomerados de galixias sao extremamente dteis na detorminacio de
um limite superior da fragao de hdrions no universo. A matéria bariénica luminvsa de

aglomerados é composta de pelo menos duas componentes. Uma pequena contribnicio é
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proveniente de estrelas, enquanto que o gas intra-aglomerado é responsavel por grande parte
do material bariénico encontrado em aglomerados. Nucleosintese primordial fornece limites
precisos para a densidade bari6nica, sendo esta £ ~ 0.03—0.08h; (Walker et al. 1991). Um
limite superior para o parametro de densidade pode portanto ser obtido através da seguinte
relacao QO < O/ fp, sendo a fracao de barions em aglomerados f, ~ 0.15 — 0.20115_03/ A
Para que 2,, = 1 a fracao de barions em aglomerados teria de ser muito menor do que o
encontrado. Portanto, a densidade barionica dada por nucleosintese primordial e a alta fracao
de bdrions observada em aglomerados sugerem que €2,, ~ 0.2. Em contrapartida existem
argumentos na literatura de que as estimativas da fragao de barions em aglomerados podem
estar super-estimadas, o que resultaria num valor maior para ,,. Sadat & Blanchard (2001)
estimam a fragdo de barions como sendo tipicamente a metade de outros estudos (David
et al. 1995, Ettori & Fabian 1999). Eles ainda concluem questionando a confiabilidade da
utilizacao da fracao de barions para determinar (2,,. Segundo os autores, diversos efeitos
podem contribuir para super-estimarmos f;, como por exemplo o fato de que muitas das

vezes a massa do gas é medida somente na regiao central de aglomerados sendo a medida

extrapolada para as regides mais externas (até o raio do virial, por exemplo).

1.2.3 Evolugao na Densidade Numérica de Aglomerados

Os modelos mais aceitos atualmente para descrever a formagao de estruturas sao baseados em
crescimento hierdrquico, segundo o qual pequenas flutuagoes de densidade no universo prim-
ordial aumentam com o passar do tempo. O crescimento destas flutuagées tem como produto
final os sistemas virializados observados atualmente (desde galdxias até aglomerados). A
época de formagao destes sistemas é proporcional a massa dos mesmos. Num modelo que
segue o formalismo proposto por Press & Schecter (PS, 1974) galdxias seriam formadas em
desvios para o vermelho maior que 2, ao passo que aglomerados colapsariam apds z ~ 1.
A grande fragdo de aglomerados apresentando subestrutura no universo local sugere que os
sistemas de mais alta massa ainda estao se formando (Solanes et al. 1999; Girardi et al. 1997;
Kriessler & Beers 1997; Bird 1993). O formalismo PS é um dos modelos mais empregados
para descrever a formagao e evolugao de estruturas. Em poucas palavras, a teoria PS prevé
que estruturas virializadas com uma dada massa M sao geradas quando flutuagées de den-

sidade atingem um valor superior a uma densidade limite (J.). Este formalismo pode entao
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set empregado para investigar a evolugio da densidade numérica comdvel de halos de massa

M. serundo a exprossan abaixo:

1
2V* p A(2) |dine(z, M) —8:(%)*
= AFY = === = Dol o AFI2

i) (,) ﬂﬂ”cr(zu"fi’]| dln M on (zcrtz-.MF ’ G4

onde 7 = Unpe € a densidade cosmica meédia; e d{z) = §/0(z, 0y, A}, onde 4, ~ 1.68
¢ u contraste de densidade critico necessirio para um colapso ¢ D(z. 42, A) é o fator de
crescimento de uma dada perturbagao num regime linear, oz, M) representa a flutuacio de
massa para diferentes valores de M, numn dado desvio para o vermelho.

'ma simples estimativa de n(0), 7} no wniverso Ineal é suficiente para vincular og e §2,,
por mgf2)? ~ (.5 (White, Efstathion & Frenk 1993; Viana & Liddle 1998), onde ok € a
flummacao (rms) de massa medida em esferas de raio 8 A~ Mpe, Apesar de extremamento
poderosi, esta relagio € degenerada (a delenminagio univoca de wm parametro depende de
uma determinagio preeisa do vulre), Uma [orma de quebrar esta degenerescénela é atraves
da determinacao da fungao de massa de aglomerades (dada pela equagin 1.1 acima) até
grandes valores de desvio para o vermelho. A evolugdo da abundiocia de aglomeradoes &
exbrenamente sensfvel a como estes parfmelros sao combinados. Num upiverse em que
O = 1 (com pequeno og) esperamos encontrar uma deosidade de aglomerados ricos muito
pequens em z ~ 1 quando comparada com z ~ (. Ouseja, a Laxa de evolngao na densidade e
aplomerados e alta. Num universo em gue {8, é pequeno (com yrande my) a formacio destas
estruturas ¢ quase que interrompida em = ~ 1, representando somente uma pequena evolucao
na abundéneia de aglomeradoes. Fan et al. (1997) ainda sugerem que a Laxa de evolugao na
abundanica de estruturas de mesma massa é muito mais sensivel a o3 do que a qualquer outro
pardmetro (inclusive ). Sepundo estes autores a evolugio da abundincia de aglemerados
é proporcional a4 ;7 e 02 onde o depende da inclinacio (n) do espectro de poléncia
(—2.8 < n < —1). Portanto, a evalugian da densidade numériea de aglomerados de alta
massa representa mn teste poderoso para a determinagao univoea de o5, ¢ em consequéneia
disto de {1,,;. Resultados recentes bascados ne cxperimento Boomerang (Lange el ol 2001
Padmanabhan & Sethi 2001} sugerem que (2 total € igual a um, o que [avorece um tniverso
o geometria plana. Levando em consideragio as estimativas de O, ¢ A baseadas am
supernovas com grande desvio para o vermelho (Perlmutter ot al. 1999), estes resultados

mmplicam num baixo valor para {2, (~ 0.2 — 0.3), o que limita ainda mais a relagio entre
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(). ¢ g

E necessario aqui salicntarmes a importincia. de aglomeradas ricos para estinar iz, A ).
A equacao 1.1 é valida para sistemas de gualquer massa, ne entanto aglomerados ricos sao
as Tinicos sistemnas com desvio para o vermelho de [onnacae® nao wuito alto (2 < 1), Sendo
assim. caltiloges de aglomerados ricos oo universo local sio geralrmente completos e em mais
alto z estas cstruluras ainda sdo recuperadas sem granede custo observacional. Desta forma,
podemos Ghservar esles sislemas numa época proxima a que forun formados. Alén disto
aglotnerados ricos podem ter o massa do virdal determinsda de forma precisa através de

diferentes téonicas.
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Figura 1.4: FEvolugan da abundancia de aglomerados com desvio para o vermelho, As
previstes do modelo P8 sfo exibidas como carvas continues come lungio de O (ow). Os
pontos em * ~ 0.6 e 0.8 representam um & deis aglomerados. respectivamente. Cirenlos
chaios shn para (ly;, — 1, cfreulos vazios para (3, ~ 0.2, A — 0 ¢ trifingulos para i, ~
0.2.A =08 Esta ligursa loi adaptadas de Bahesll & Fan (1988).

Apesar do grande munero de trabalhos buscande determinar a [uugao de massa de aglom-

*nor desvio para o vermelho de formacao entenda ze a dpoca em que o sistema tornou-se virializadao.
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erados (e assim obter og e (4,), os resultados ainda s3o bastante contraditorios. Bke el ol
(1998) encontram que €2, ~ (L.45. Mathiesen & Lvrard (1998) e Kitayama & Suto (1997)
enconlram resultados similares. Baheall ct al. (2000), Bahcall & Fan (1998), Carlberg et al.
(1997) & Donahue el ol (1998) sugerem wm universo ainda menos denso, com 2, ~ 0.3.
Sadat ct al. (1998), Reicharl el al. (1999), Viana & Liddle (1999) ¢ Blanchard & Dartlett
(1998) encontram wm valor mais allo para o parametro de deosidade, sendo £, ~ 0.8, Na
Figura 1.4 mostramos os resultados obtidos por Baheall & Fan (1998). A fipura apresenta o
mimera de aglomeradoes com M > 8 x 102471 M,,. As previsdes do madelo PS sao exibidas
camo curvas continuas coma fungio de 2, (7). Os pontos em 2 ~ 0.6 ¢ 0.8 representam um
e dois aglomerados, respectivamente. Circulos cheios sao para £, — 1, circulos vazios para

2, ~0.2 A 0 e triangulos para {1, ~ 0.2, A = 0.8

A Figura 1.4 sxemplifica a grande eficiéncia da fimcio de massa em discriminar imodelns
de baixa e alta densidade. Que fatores podem contribuir para resultados Lo discrepantes na
literatura? Segundo Eke et al. (1998) um dos principais fatores pode estar associado a propria
determinacio de massa. Inecertezas na estimativa da temperatura do gdas intra-aglomeradan
ou na estimativa da dispersao de velocidade, podem gerar erros sistematicos na determinagan
da massa dos aglomerados. A escolha do perfil de densidade dos aglomerados também pode
influir de maneira decisiva na determinagio da massa dos mesmos. Um métado alternativo
¢ a determinacao do perfil de densidade de massa ntilizando lentes gravitacionais [racas.
Um cutro ponto para o qual devemos atentar refere-se aos seguidos melhoramentos que as
simulagies de N-corpos tem experitnenlado nos altimos anos. Simmlagoes cosmoldgicas mais
recemtes (eomo por exermplo Jenkins ef afl. 2001) prevetm mais aglomerados de alta massa

(especialmente em altos desvios para o vermelho, z ~ 1) do que o formalismo PS.

A astencia de aglomerados de alla massa com grandes desvios para o vermelho pode
também estar iIndicando que as condigtes inicials nio sejam ganssianas (ma premissa basica
do formalismo P3) (Ribeiro ef al. 2000; Willick 2000). Outro porte de interesse é a normal-
izagao da abindaneia de aglomerados no nniverso local. Estudos mais recentes tem obtido
valores lanto maiores como menores do que a normalizacao encontrada anteriormente (voja
Viana, Nichol & Liddle 2002; Pierpaoli ef al. 2001; Baheall ef al. 2003a). Como jd& mencion-
ado, a normalizacio no universo local ¢ de fundamental importéncia para a interpretacao de

resultados baseados em aglomerados mais distantes.
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1.2.4 A Funcao de Correlacao de Aglomerados

Uma das ferramentas mais utilizadas para descrever como sistemas em diferentes escalas
(desde galdxias até super-aglomerados) encontram-se aglomerados tem como base fungéoes
de correlacao. Estas fungbes descrevem as propriedades de aglomeracao de um conjunto
de pontos distribuidos numa dada regidao do espago. Em particular, podemos definir que a
probabilidade conjugada 6>P, de encontrarmos uma dada galdxia num pequeno volume 6V,

e outra num volume V3, separadas por ry; é dada por
52P2 = nf;[l * 5(?"12)]51/151/2: (1-2)

onde os dois elementos de volume sao selecionados aleatoriamente de um grande volume rep-
resentativo do universo. Na equagao acima ny é o niimero médio de galaxias por unidade de
volume e £(r) é a fungao de correlagao espacial de dois pontos. Assumindo isotropia e homo-
geneidade, £ depende somente do médulo do vetor r;; e nao da diregao do mesmo. A fungéo
de correlacao £ representa a probabilidade de excesso (quando comparada a uma distribui¢ao
aleatéria) de encontrarmos uma galéxia a uma distancia ri; de qualquer outra galaxia den-
tro do volume em estudo. Este formalismo é aplicado a objetos em diferentes escalas, como
galdxias, aglomerados e super-aglomerados. Mas pode ser aplicado para qualquer conjunto
de pontos, como galaxias radio, quasares, galaxias Lyman-break em altos redhsifts, etc. O
formalismo descrito acima é valido para N=2 pontos, no entanto correlagbes de mais alta
ordem (N > 2) também podem ser obtidas.

Em geral as estimativas de £(r) utilizam-se de um conjunto poissonico de pontos gerados

dentro dos mesmos limites e com a mesma fungao de selecao dos dados reais. Dois estimadores

sao exemplificados abaixo:

- RDD(T) B
f(‘i") o nRR(T) 1 (13)
o nDD('r)nRR(T) -
&(T) =4 InDR(T)]E 11 (]‘4)

onde npp(r), nrr(r) e npr(r) representam o niimero de pares com separacao r nos da-
dos reais, no catalogo poissonico, e com um membro no catdlogo real e outro no catilogo
poissénico, respectivamente. O estimador na equacao 1.4 é conhecido como estimador de

Hamilton, pouco afetado por incertezas na fungdo de selegao para £(r) < 1 (Croft et al.

1997).
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Quando estimadores como estes sao aplivados a catilogos de galdxias, aglomerados ou
siper-aglomerados encontra-se gue a fingao de correlagin de dois pontos pode em geral ser

descrita como uma lei de poténeia, com a forma:

= (L) (1.5)

sendo rp @ escala de comprimento de correlagiio, e o indice y encontrado como 1.8 <<y < 2.2,
A pergunta basica em estudos da funcio de correlagio ¢ se oa parametros ry e v dependem
da. massa dos sistemnas em estudo. Vdrios trabalhos sustentam a idéla de que a funcéo
de correlagan (£(r]) @ invariante de escala, senda a forma da correlagio e porlanto (v) a
mesma, desde galixias até super-aglomerados (Szalay & Schramm 1085, Balcall & West
1992; Waller & Klypin 1996; Croft ef al. 1997, Postman 1998; Calberg et al. 2000). O rinico
[alor de dislingdo @ & amplitude das correlagies.

Fm wirtude da sna grande separacao eapacial, aglomerados de ralaxias sao extremamente
iiteis para delincar a estrutura do umiverse em grande escala.  Aplomerados estio mais
furtemente correlucionados no espago do que galaxias (veja Figoras 1.5 e 1.6). Desta forma,
uma amostra peguena de aglomerados pode cobrir grandes distincias, an passo gue um
estudo baseado em galaxias torna-se muito mais care (do poanto de vista ohservacional) para
abranger o mesmo vohune do espago. Além disto, uma amostra de aglomerados pode ser
dividida ern classes de rigueza para testar a invarianeia de escala mencionada acima. Tendo
emn menle gue a amplibude da correlagao depende da riqueza (o0 luminosidade ou massa) e
da separagao espacial meédia, Babeall & West, (1992) propuseram wma fungdo de correlacio
umiversal. A fungao de corvelagio de aglomerados podoria ser representada por & = A5,
oude A; oc N; e A; ~ (0.4d;)*. A; representa a amplitude da funcao de correlacio, W, a
riguesa dos sistemas ¢ em estudo (se aglomerades pohres ou ricos), e dy = n;”:{ € a SCpPATAcA0
espacial média dos mesmos (n; ¢ a densidade nnmérica espacial media), Com base na equasiy
1.5 podemos eserever a, escala de comprimento de correlagao (dos sislemas i em estudo) como
¥ = Aj-m'ﬁ ~~ (0.4d,). Na Figura 1.5, a dependéncia da amplitide 4; da fimgio de correlacio
universod para aglomerados com a separagio espacial média J; & apresentada, A; teria nma
forte dependéncia com a rigueza on massa dos sistemas (a Figura 1.5 é extraida de Baheall
& West 1992).

Esta fungao uriversal veio também justificar possiveis diferencas no valor de vy obtido
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Pignra 1.5 Correlagdes wntwersais de aglomerados. A figura exibe a dependéneia da
amplitude da correlagao Ay com a scparngao espacial média dos sistemays. Esta figura foi
adaptada de Baheall & West, {1902].

com aglomerados de Abell e com o catdlogo AI’M. Usande o catdlogn de Abell, Postman,
Geller & Huchira (1986) e Baheall (1885) apontam para um valor de 7 de 20 24 £ 1 Mpe.
Estudos baseados no calilogo APM sugerenr que v ~ 13 — 14671 Mpe (Dalton et ol 1993
Eistalhiou ef af. 1992; Dalton ef al. 1984). Balicall &£ Waest (1992] sngerem que as diferengas
degaparecem quando se leva em conta a hungao universal por eles proposta. O menor valor
de vy no eatédlogo APM deveria-se ao fato do mesmo ser mais completo do que o catdlogo de
Abell no regime de aglomerados pobres. Por outro lade, Efstathiou e «f. {1992) sugerern que
o8 zrandes valores de ry com baze no catdlogo de Abell san devidos a aglomeracies artificiais
an lonpo da linha de visada, O catdlopo de Abell seria muito mais afetado por efeitos de
conbaminagao e superposicao do gue o caldlogo do APM, gerado de farma abjetiva.
Trabalhos baseados em simulagtes & no catilogo APM, tentaram reproduzir a focle de-
pendéncia com rigueza propusta por Balicall & West (1802). Croft & Efstathiou (1994),
Croft ei ol (1397). Pestman (1998) ¢ Colberg et al. (2000) suzerem que esta dependéneia
& menor do que anteriormente sugerido (a amplitude da correlagio nao crescerin tio rapi-
damente com a rigueza do sistema). Postinan [1998) indica o valor assumide para < comn
wina day possiveis cansas de discrepineias. Os resultados de Baheall & West (1992) fxam 4

om 1.2, an passo que Croft et al. (1997) deixam este parfmetro livre, sende em geral = 2.
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Figura 1.6: Dependéncia do comprimento de correlagio com a separagio média de aglam-
crados de diferentes classes de tigqueza, Os resultados do APM sio apresentades como
obtidoas originalmente ¢ com v = 1.8, A relagie proposta por Baheall &2 West (1982)
{ro = 0.dd,) ¢ exibida como linkn sélida. Figura adaptada de Postman [10998).

Recalenlande re com base nos aglomerados do AFPM, mas lixando v = 1.8, na resultados de
Bahcall & West (1002) ¢ Croft et al. [1997] sdo comparaveis, como mndicade na Figura 1.6.
Esta figura € analoga a fgura anterior, mas com maior vinculo obhservacional. Outro fator
que pode ser responsével pelas diferencas observadas ¢ o procedimento de selegio dos aglom-
erados. Os resullados da Figura 1.6 sugerem que a dependéneia da funcao de correlacao
com a riguesa (ou de vy com o) é mnito menor do que originalmente suposto somente com
hase no catdlogo de Abell. Noves catdloges de aglomerados, selecionados de forma objetiva
¢ eom efeitos de selegao bem conhecidos, podem estabelecer de lorma miais precisa este eleito
para d > G0h™" Mpe. A Figura 1.7 apresenta resultados recentes do Las Camponas Distans
Cluster Swrvey (LCDCS) (Gonzales et al. 2002). O que chama atencio nesle trabalho & o

fato de ser a primeira estimativa fora do universo Loeal (z > 0.2) para funcao de correlagio
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de aglomerados. Os aglomerados utilizados cobrem o intervalo de 0.35 < 2. < 0.575.
Os autores encontram estimativas similares as obtidas no universo local (em particular aos
resultados de Croft et al. 1997). A dependéncia de 7y com d é semelhante a encontrada

utilizando o catdlogo APM. No entanto, estes resultados ainda ndo fornecem vinculos para

as regioes de grandes separagoes (d > 60h~! Mpc).
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Figura 1.7: Dependéncia do comprimento de correlagao com a separac¢ao média de aglom-
erados usando dados do LCDCS, Abell, EDCC e APM. Figura adaptada de Gonzalez et

al. (2002).

1.3 Catalogos de Aglomerados

Nas secoes 3.2 e 4.1 faremos uma revisao dos principais catdlogos de aglomerados disponiveis

para a comunidade cientifica. Nesta secao gostariamos de resumir as principais caracteristicas

destes levantamentos.
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A maioria destes catalogos sao obtides no optico e infra-vermelho proximo, vu entao at-
raves de levantamenlos em raivs-X. Os primeiros catalogos de aglomerados apresentavam
grande cobertura angular, no emlaolo foram baseados na inspegio visual de placas fo-
wopraficas (Abell 1958; Abell, Corwin & Olowin 19893, Zwicky et al 1961-1968). Desde a
década passada um grande niimera de catdlogos tem sido gerado de forma objetiva. Estes
catdlogos sao provenientes de dados digitalizados de grandes levantamentos fotogriaficos, de
levanlamentos CCD profundos no dptico e infra-vermelho proximo (estes levanlamentos al-
cancirn 2 ~ 1.4, inas sao limitados a regioes de alpgumas dezenas de graus guadrados), on
levantamentos raios-X. Apesar destes levantamentos em raios-X serem relativamente pro-
fumdos, eles ainda ndo cobrem uma area tao ampla como a dos catalogos épticos; ou quanda
cobrem, ot catalogos sdo limitados a fontes brilhantes. Por exemplo, de Grandi et all (1999)
cohrem 8235 sraus quadrados, apresentando wm catdlogo com somente 130 aglomerados,

sendo que T8% desles sao aglomerados de Abell.

Aglomerades detectados com imapeanento optico podem ser fortemente afetados por
efeitos de projegan. No ewlanlyo, o uso de ioformacio de cor tem sido extremamente 1til
para préselecao de galisias early-type, tipicas de aglomerados (Gladders & Yee 2000; Kim
2001}, Levantamentos baseados em cor podem minimizar os efeilos de contamninacan por
superposivac de objetos ao longo da linha de visada, alémn de fornecer estimalivas precisas
o desvio para o vermelbio. B raos-X eleitos de contaminagao sao minimizados, mas ainda

presentes (por excesso de Quxo raios-X de AGNs por exemplo).

Um progresso muito grande tambeémn foi aleangade no que diz respeito aos métados util-
izados para deteceio de aglomerados. Alguns destes métodos sio baseados em diferentes
alroritmos de pereolagin, estimadores de densidade eome kernels adaptativas, voronei les-
selution, wevelets, ete. Ohnros métodos cxploram propriedades intrinaecas de aplomerados
como tratched filter & diversos algoritmos baseados em infarmacan de cor, ete. Obviamente,
alpuns destes métodos apresemtam pré-disposicao para deteccao de alpuns tipos de aglom-
erados, nfo sendo sensiveis a candidatos que pao enguadram-=se nas caracteristicas bisicas
assnmidas pelo método. A comparagio dos resultados obtidos atraves de diferentes técenicas
e em diferentes comprimentos de onda & extremamente importante para entender os eleilos
seletivos de cada metodologia. Kim (2001 comparou catdlogos baseados e diferentes al-

goritmns ( Matehed Filter @ Voronoi Tesselation). Gilbank (2001) comparon os resultados do
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Matched Filter com um método que utiliza a relacao cor-magnitude para excluir galdxias
com grande probabilidade de serem galdxias de campo. Além disto, Gilbank (2001) também
comparou os efeitos seletivos de candidatos detectados em diferentes comprimentos de onda,
(6ptico e raios-X). Diversos estudos apresentam comparagbes das propriedades de aglom-
erados em raios-X e no 6ptico, sendo estes de fundamental importancia para um melhor
entendimento de algumas propriedades de aglomerados. Por exemplo, a comparacao de es-
timativas de massa obtidas com dados raios-X e no éptico pode esclarecer se existem efeitos
sistemadticos nas estimativas de massa empregadas para o cilculo da fun¢ao de massa (Lewis
et al. 1999; Lubin et al. 2002).

Outros métodos que podemos citar sao baseados em flutuagoes de brilho superficial,
utilizando imagemento nao tao profundo para detecgao de aglomerados com alto desvio para
o vermelho (Gonzalez et al. 2001); ou em weak-lensing (Wittman et al. 2001), o que fornece

uma estimativa direta da massa do aglomerado; ou utilizam-se do efeito Sunyaev-Zeldovich

para selecionar aglomerados por massa (Holder 2000).

1.4 Objetivos desta Tese

Um dos objetivos desta tese é a geracao de um catdlogo objetivo de candidatos a aglom-
erado no universo local (< z >~ 0.15) para todo o hemisfério norte. Também pretendemos
estender este catdlogo para maiores valores de desvio para o vermelho (< z >~ 0.3), além
de compararmos o desempenho de dois métodos de detecgao de aglomerados.

No capitulo 2 descrevemos a base de dados utilizada para geragao dos catilogos apresenta-
dos nesta tese. Fazemos uso dos dados digitalizados do segundo levantamento fotogréfico do
Observatério Palomar (DPOSS). Uma breve comparagao com o Sloan Digital Sky Survey é
utilizada para estimativas dos limites de completeza do DPOSS. No capitulo 3 apresentamos
o Northern Sky Optical Cluster Survey (NoSOCS). O catdlogo aqui apresentado é um dos
maiores catdlogos selecionados objetivamente ja obtido para o hemisfério norte, cobrindo
5800 graus quadrados (Gal et al. 2003a). Até o final deste ano esperamos publicar o restante
do catdlogo, completando ~ 11500 graus quadrados (Gal et al. 2003b). Na Figura 1.8 ap-
resentamos uma visao do céu inteiro do NoSOCS (pontos pretos), juntamente com o catélogo

APM (pontos vermelhos). Os candidatos do NoSOCS cobrem ~ 11500 graus quadrados, ao
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Migura 1.5: Distribuigao de aglomerados no céu. As coordenadas da projecan Aitoff sfo
cqmatoriais, com centro em (a, §) = (12 0°). Candidatos do NoSOCS sio apresentados

rommo pontes pretos e do A'M como pontos vermelhos no hemisfério sml.

passo que o catdlogo do APM contém 957 aglomerados em cerca de 4300 praus quadrados
(Dalton et al. 1997). Os dois catdlogos sin provenientes de dados de placa de qualidade
semelhante. A razao principal pela qual o NoSOCS representa um catdlogo muito mais
denzo do gue o APM reside principalmente no fato da separacao estrela-galaxia do DPOSS
ser mais completa do que a do APM em limites de baixo fluxo (Weir et al. 1995; Odewahn
el nl. 2003).

Um extensio do NeSOCS ¢é apresentada no capitulo 4, onde mostramos oz primeiros
resultados de um projeto para detectar aglomerados em cerca de 2700 graus quadrades
alé z ~ (LG a partiv do DPOSE (Lopes of al, 2003a). Na fgura 1.9 apresentamos nma
imagem® de win dos candidatos do catédlogo suplementar do NoSOOS aprescotado no capitulo
4. No capitulo 5 aprosentamos algumas possiveis aplicagaes dos catdlogos agui perados e

que canstituirao projetas a serem desenvolvides nom futuro proximo. Esperamos gne estes

PEsta imagom cstd disponivel em

http://www.astro.caltech. edu/~paal/thesis/colorimages/figurel . 9. ps
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Fignra 1.4: Exemplo de um aplomerado de palixias detectado no catilpo suplementar
do NoSOCS apresentado nesta tese (capftulo 4). O desvio para o vermelho estimada
pars exie vandidato é z ~ (.32, Esta ¢ uma imagem composta de observacioes feitas nas

bandas gri utilizando o telesedpio de L.Oom do Observatdrio Palomar. Outros exerplos e

aglomerados 3o apresentadus no apendice A.

catalogos tornem-se referéncias importantes para a cormmidade cientifica, possibilitando um

melhor entendimento de alpumas questoes mencionadas nesta mirodocan.



— Capitulo 2
O Segundo Levantamento Fotografico do

Observatorio Palomar!

Resumo

Neste capitnlo® apresentaremos a3 principais caracterfsticas do DIPOSS, incluipdoaun resumo.
dos procedimentos adotados para detecgan e medicao dos objetos: geracin do baneo de dadoes
associado ao DPOISS; separacio cstrela/galixia; e calibracao [otométrica do levantamento:
fotografico. Também & apresentado nm estudo dos limites de detecgao do DPOSS. Para tal,
fazemos uso das detecgbes em bandas miiltiplas do préprio levantamento fotogréfico, além
de termos una fonte de comparagio externa dada pelo Slean Digital Sky Survey (SDS3)
(York el afl 2000). Os resultados apresentados nas seqdes 2.2 e 2.3 sdo (lels parn verificar-
mos gue ~ 100% dos objetos detectados na banda r, sfo também detectados nn banda g
ate my ~ 19.5. lslo corrobora a bua determinagao de cor usada na estimativa de desvio
para o vermelho lotométrico apreseulada no capitulo 3.- Também verificaros que o DPOSS
¢ aproximadamente completo até m, ~ 21, o que viabiliza a geragio de nm eatdlogo de

aglomerados de galdxias até = ~ 0.5 (capitulo 4).

2.1 Um resumo do DPOSS

() segundo lewantamento fotografica do Observaldrio Palomar (1M0OS55-11, Reid ef al. 1991) é

comstituido por 894 placas distribuidas enn todo o hemisfério norte (6 > —39). Cada placa do

1 I II’-E U;‘??E!z‘!d |'!Ir'l"l'.|]‘?.1’.lf Pribl'l'fil'ﬂf' {J-'JHTE‘TL'”FH'J':I? th[ .Erﬂ.ﬁ"'!.'t:y {DFGSS‘:I
*Algumas Heuras desto capitule sio proveniontes de Gal e a2l (2003¢) ¢ Lopes ef al. r2003h),

25
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TOSS-TT abeange uma drea de 6.5 1 6G.5" no céu, com espaganento eotre o centro das placas
da ordem de & grans. As placas originais do levantamento fotogration foram digitalizadas no
Space Telescope Scienee Tnstituin (STSel). Cada pixel equivale a 1%, com o seeing Lipico dos
dados dipitalizados sendo da ordem de 27, Cada placa representa ~+ LGh, o que equivale a

r 3T para o levantamento inteirn. A precisao astrométrica proveniente do STSel estA na

ordem de rms ~ (.07,
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[Mignra 2.1: Distribuigao das placas do POSS-II (retaneulos) e cerea de 900 campas CCD

i & 9
Lpom .rncll.

Ag placas deste levantamento foram obtidas em tres bandas (JFN): azul-verde (I1la-J
+ (G395, Ay /= 48004 ¢ FWHM = 1600A); vermelha (TTa-F 4 RGG10, A; = 65004 o
FWHM == [300A); infra-vermelho préadme (IV-N + RCO, A, == 85004 ¢ FWHM = 17004),
A calibracao fotométrien foi feita a partir de observagoes CUD de centenas de aglomeradas
de Abell com os filtros gre (com Aoy de 51004, 68004, e 8100A ¢ FWHM de S500A, 10004,
¢ 1500A, respectivamente) do sistema fotométrico de Thuan & Cunn (1976). As placas
processadis ddo origem a um catalogo final de todos os objelos detectados nos imites de
completeza das placas (B ~ 225", fTF ~ 20.8™, & [y ~ 19.5™). Qs limites correspondentes
dog dados de placa calibrados sio g ~ 21.™, © ~ 21™, 4 ~ 19.8™; sondo que of limiles de
deteccho aleancam r ~ 22™, As imagens CCD utilizadas na calibragao fotométrica aleancam

lmites inferiores de Quxo, correspondentes a ~ 1™ — 2, Na Opuwra 2.1 apresentamas a dis-
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tribui¢ao de todas as placas ja processadas (retangulos), além dos campos CCD usados para
a calibragao fotométrica do levantamento fotogréfico (pontos). Na figura 2.2 apresentamos

a curvas de resposta das bandas do POSS-II (JFN), sobrepostas pelas bandas do sistema de
Gunn-Thuan (gri).
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Figura 2.2: As bandas JFN do POSS-II (linhas cheias) e as curvas de resposta dos filtros
gri de Gunn-Thuan (linhas pontilhadas).

O Sky Image Cataloging and Analysis Tool (SKICAT) (Weir et al. 1995abc) é um pro-
grama desenvolvido para facilitar a criacao e utilizagdo de catdlogos a partir de grandes
levantamentos de imageamento, em particular o DPOSS. Este programa utiliza-se de pa-
cotes de processamento de imagens astronémicas, um banco de dados comercial (Sybase),
além de técnicas de inteligéncia artificial (Weir 1995). Nés utilizamos o SKICAT para o
processamento de cada placa do POSS-II, a partir do qual geramos catélogos com cerca de
60 atributos medidos por objeto, em cada banda fotométrica. Para cada campo, os catalogos
resultantes de cada banda sao correlacionados para geracao de uma lista \inica de ob jetos

por campo. Para cada banda, a classificacao (estrela-galdxia) dos objetos é baseada em 2
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métodos: drvore de decisdo e redes nenrais. Cada métoda fornece a classificacan e a prob-
abilidads associoda a mesma, Lsta probabilidade & atilizads para definir a classe de cada
objeto em cada banda. A melhor classificagaa entre as trés bandas (J, F, e N) € mantida ne
catdlogo combinado para cada campo. Erm pgeral a classificacdo temn melhor desempenho na
banda J, ¢ portanto a classe € proveniente desta banda, a ndo ser que o vbjeto nin tenha
sido enconsrado na mesea. A classificacao fpal tem precisdo > 90% para ohjetes com r
< 185" (Odewahn ef al. 2003).

O produto final do DPOSS serd dado pelo Palomar Norris Sky Calalog (PNSC) contendo
= 5% 107 ralaxies & > 2% 10" estrelas. Dste catdlopo e outros sub-produtos do DPOSS cstan
gendo disponibilizados em http:/ /dposs.caltech.edu.

A extensa colecino de dadas COD & utilizada para dois propdsitos muito bem delinidos:

L. Classificagtes mais precizas sao obtidas a partiv dos dados CCD e comparagio com
03 dados de placa, independente do regime de fluxo gue se observa, Desla forma, os
dadns CCD sio utilizados como um conjunto de treinamento para a classificacio dos
objetos detectados nas placas. Detalhes dos procedimentos adotados com relagio a

separacan estrela/ralivia sao dados em Odewahn et al. (2003).

2. (s ehjetos deteetaros nos campos (OCD sao utilizados para a calibragau [olométrica
dos dados de placa, permitindo a transiormacio das magnitudes instrumentais para n
sistema de Thuan-Gamn (1476). O procedimento completo da ealibracio fotowélrica,
do DPOSS encontra-se deserito em (Gal ef al. (2003¢). Na tabela 2.1 apresentamos ne

orrog fotomérrices em fimgin da magnitnde. para estrolas ¢ paldxias, nas trés bandns

do DPOSS.

Fora estas aplicacoes , o8 campos CCD constiluem um levantamento por s sd, o Pa-
lomar Abell Cluster Optical Survey (PACOS), descrito em Gal et ol [2000b), Este levan-
tamento tem diversas aplicagnes para cstudos de praopriedades fotométricas de aslomerados
de galaxias no universo local (= < 0.3) (e.g., determinacao precisa de desvios para o vermelha
forométrices; eleilo Bulcher-Oemler; efeitos de alinbamento v aglomerados; subestrutura:

evalngin da relagan cor-magnitude; ete).
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Tahela 2. 1: Erroe [olomélricos do DPOSS.

1 r i

Mag gal star gal  star cal  star
17.0 0.25 0.22 .13 0.15 D17 (.22
180 .17 (24 016 017 0.24 0.25
185 (0.1 (425 D17 022 0.20 0.32
19.40 021 (.24 hia 0.2] (.32 0.3l
19.5 1235 0.26 24 0.24 0.36 0.34
2000 0.29 0.29 .29 0.27 0.44 035
2.6 037 0.32 (L34 0.533 0.42 0.39

2.2 Os Limites de Deteccao do DPOSS

Antes de gerarmos um catdlogo de aglomerados de galdaxias é importante que tenhamos
urma boa estimativa dos limites de completera e da taxa de detecgoes espirias presentes no
DPOSS. Na figura 4.6 apresentames a distribnigio de magnitude (banda r) de nm campo
de DPOSS, além de mostrarmas a distribnigio de magnitude limite de cenlenas de campos
do levantamento. "elo painel inferior desta figura concluimos que a magnitude limite tipica
das campoz da DIPOSS @ ry,,, ~ 215, Uma andlise mais detalhada do levantamento torna-se
posaivel gragas a dispanibilidade de dados am maiz de uma banda.

Na lgura 2.3 apresenlamos a [racio de objetos gue sao detectados somente na bands r
(linha coutinma, #1), ohjetus defectados na banda r e somente mais uma banda, podendo
ser 7 on ¢ (linha poutilhada, #£32), objetos detectados na banda r ¢ ém mais wua o dnas
handas (linha tracejada, tragos pequencs, 4.3) e obhjetos detectados nes tres bandas (linha
tracejadna, trages grandes, #4). A primeira e terceira linhas sao complementares. Da mesma
forma que & soma da sefunda e quarta linhas resulta na terceira.

A fracho de objetos indicada pela linha 1 (somente na banda v) comegs a crescor signi-
licativamente a partir de m, ~ 20. Estes objetos lanle podem ser objetos reais, detectados
surnente nesta banda, como também podem ser espiirios. Nos assumimos que objelos detecta-

dos em mais de uma banda t6m menor probahilidade de serem falsos. Ou seja, assumimos
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Figura 2.3: Anilise interna do DP

0SS com a banda r como referéncia.

que objetos espiirios séo identificados numa banda somente; nao significando porém que to-

dos os objetos provenientes de uma s6 banda sao espiirios. A linha 3 indica que o niimero de

objetos detectados em duas ou mais bandas é

a partir desta magnitude. Ou seja, até m,

> 90% até m, ~ 20, decrescendo rapidamente

~ 20 praticamente todos os objetos detecta-

dos pelo DPOSS na banda r sao provavelmente reais, pois apresentam uma contrapartida

em pelo menos uma outra banda. Ao analis

armos a linha 1 percebemos que o niimero de
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detecgoes somente na banda v cresce rapidamente a partic de e, ~ 20, nltrapassando o
ntimero de objetos em duas ou mais bandas (linha 3) em m, ~ 21. Concluimos portanto

que o linite maximo no qual podemos detectar aglomerados de galdxias com redshifis in-

terimediirios (capitulo 4) ¢ m, ~ 21. A partir deste limite. o ndmero de objetos detectados

somente nima handa cresce rapidamente. indicando um aumento na probabilidade de termos

deteccies espiirias. No entanto, ainda € imporlante gue neste limite (m, ~ 21) tenhamos
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Figura 2.5: Andlise mterna de DIPOSE tendo a banda @ como referéncia.

wna eslimativa do percentnal de objetos detectados somente na banda r que sin falsos e
reais. Para bal. pecessitamos de uma fonte externa para comparagao. Na proxima secao
apresentamos o8 resultados de uma comparagas com o SDSS.

Mas fpuras 2.4 e 2.5 apresentamos analises simnilares a da fgura 2.3, exceto pelo fato
de adotarmes as bandas ¢ e ¢ come bandas de releréncia, respeclivamente. Fiea cvidente a

baixa eualidade dos dados provenientes da banda 4.



2.3. Comparagao com o SDSS 33

2.3 Comparagao com o SDSS

(s dados de imageamento do Slean Digital Sky Swruey sao ohtides em cineo bandas largas
(u*, 4", r* i, 2") centradas em 3561 A, 4676 A 6176 A, 7494 A e 8873 A, respectivamente.
As ohservaghes sao conduzidas em modo drift-scan num telescépio de 2.5 metros (York ef

al. 2000).
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Fignra 2.6: Distribuigao das separagbes (em segundos de arco) de objetos provenientes

dos dois catdlogos (SDSS & DIOSS).

A comparagac aqui efeluada uliliza-se de dades preliminares do SDSS cobrindo uma faixa
equatarial em 1637 << o < 230" e —0.65" < & < 065", Esla regido é coberla por 14 campos
do DPOSS. Nds ainda eliminamaos wn campo do DPOSS (173 < o << 178%) para o qual nao
lermos dados em trés bandas, portanto tambem excluindn dades do SDSS nesta regiao,. Qs
resnltados apresentados abaixo utilizaram aproximadamente 2.6 x 10% & 1.2 x 10° objetos do
S1SS & do DPOSS, respeciiveaunente. Ao compararoios og dois catalopos adotamas um raio

maximeo de 5" e uma diferenga maxima de 4 magnitndes. No entanto, para eada objeto de wm
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levantamento somente o objeto mais préximo no outro catalogo é mantido. A distribuicdo
das separacoes (em segundos de arco) é exibida na figura 2.6, que apresenta um méaximo em

~ 0.7".
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Figura 2.7: Eficiéncia em funcao da magnitude do classificador do DPOSS segundo o
SDSS.

Primeiramente efetuamos uma comparagao entre a separacio estrela/galdxia no SDSS e

no DPOSS. Detalhes da metodologia adotada para o DPOSS sao encontrados em Odewahn
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et al. (2003). Utilizamos o SDSS para avaliar a completeza do sistema de classificacio
adotado no DPOSS. As seguintes relagoes sao utilizadas para estimarmos a taxa de sucesso
do classificador adotado pelo DPOSS como fungao da magnitude:

_ N([SDSS = est] \[DPOSS = est])

Sest = N(SDSS = est) (&1

N([SDSS = gal) [DPOSS = gal])
N(SDSS = gal)

Os resultados sao apresentados na figura 2.7. Estes resultados confirmam a maior eficiéncia

do classificador na banda azul (Odewahn et al. 2003), estando no nivel de 95% em ¢g* ~ 19.

Na figura 2.8 é apresentada uma comparagao das magnitudes do DPOSS na banda r e

Sgaf = (22)

do SDSS (banda r*). Para converter as magnitudes do SDSS para o sistema fotométrico do

DPOSS, nés obtemos a seguinte transformacao:
r=—0.20+1.02 xr* —0.08 x (g —r") (2.3)

No diagrama de residuos desta figura (painel inferior) podemos notar uma variacio sis-
tematica na transformagao entre as bandas fotométricas do DPOSS e SDSS. Este efeito fica
mais claro no regime de altos valores de fluxo, onde os residuos sao sistematicamente maior
que zero. No entanto, a deteccao de aglomerados (com qualquer desvio para o vermelho) em
nada é afetada por este efeito.

Queremos agora utilizar o SDSS para confirmar os limites de detecgao do DPOSS prev-
istos na figura 2.3. Mais importante porém, é a utilizacao dos dados do SDSS para estim-
armos a taxa de objetos esptirios nos limites do DPOSS. Na figura 2.9 apresentamos uma
comparacao entre as detec¢oes do DPOSS e SDSS como fungao da magnitude (banda ).
Nés assumimos que objetos detectados em duas bandas do SDSS sao reais e portanto estes
sao usados como referéncia. Em ambos os painéis, de baixo para cima, a 12 linha indica os
objetos detectados somente na banda r do DPOSS sem contrapartida simultanea nas bandas
g* er* do SDSS. A segunda linha representa os objetos detectados na banda r e pelo menos
uma outra banda do DPOSS sem par no SDSS. A 32 linha mostra as deteccoes na banda,
r do DPOSS (podendo ocorrer ou nao em outras bandas) sem contrapartida no SDSS. As
linhas 4, 5 e 6 representam objetos selecionados da mesma maneira que nas linhas 1, 2 e 3,

respectivamente; porém com uma contrapartida em duas bandas do SDSS (g* e r*). A soma
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Figura 2.8: Comperagéo entre as magnitudes da bandas r» do DPOSS e da banda + do
sDES

das linhaz | e 2 resulta na 3%, a0 passo que a 6% é o resultado da combinacdo das linhas 4 e
5.

A linha 6 indica que em torno de ry, — 20, cerea de 92% das detecgdes na banda ¢ do
DFOSS existem em duas bandaz do SDSS. e portanto assumimos que sejam reaiz. Esle
resultado esta em bom acordo com o que fol visto na ligurs 2.3 (linha 3). Asg linhas 1 e 4
sulnadasg representain o total de deteceoes do DPOSS seinente oo banda r; sendo que a linha
1 indica objeles provavelmente espiries (nio encontrados no STISS e a linha 4 representa
abjetos reais (identilicados no 81358). Em qualguer intervalo de magmni Lude (até o limite de
m, — 21.5) estas duas linhas sio equivalentes, signifieando que aproximadamente metade
dos objetos detectados somente na banda ¢ 880 reais, sendo a outra metade possivelmentle

comstitnida de objetos falsos. No enlaole, para o detecgdo de aglomerados de galdxias usando
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Figura 2.9: Comparagao com o 51355 usando a banda v como referéncia.

ob jetos até m, = 21 (capitulo 4) nao podemos simplesmente ignorar detecetes em 1ma finica
banda, Ao decompormos a linha G nas linhas 4 € § (em m, ~ 21), percebemos que cerca de

metade das detecgfes reais na banda v ocorrem somente neste filtro.
Uma outra forma de compararmas os dois levantamentos é comegarmos a andlise pelo
SDSS, determinando a fragao de objetos recuperados pelo DPOSS em fungao da magnitude.

Os resultados desta comparagao sao exibidos na figura 2.10. A linha 4 {soma da 22 e 34)
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Figura 2.10: Comparacac entre o SDSS e o DI'OSS usando a banda r como relerfneia.

mostra a Iragio de objelos comuns como lungio da magnitude, a0 passo gue a linha 1 exibe
a fracio de objelos debectados somenle pelo S1ES.

Lm fato que chama a atencdo é a taxa aproximadamente constante (~ 5%} de ohjetog
detcetados somente pelo SDSS em 16 < m, < 19 Neste intervalo de inagnitude seria de
se esperar ~ 100% de acordo entre os dois levantamentos. Decidunus entio investigar cstes

abjetos e delalbe. Selecionamos todos os objelos que a prineipio foram detectados somente
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Figura 2,11 Objetos o principio detectados somente pelo SDSS, mas ¢om um compan-
heirg brilhante no DPOSE, A Gpura apresenta 4 distriboicao das separacdes (segindns de

arca) ws diferenca de magnitnde, em gquatro intervalos de magnitude.

pelo SDSS e 08 comparamos novamente com o DPOSS, procuwrando ainda wu possivel par. O
resultado desta nova comparagao e exibido na figura 2.11 para quatro intervalos de magnitude
diferentes. Para cstes objelos do SDSS, nos moestramos o separagao (em segundos de aren)
alé o abjeto mais prdxima no DPOSS (em geral, mais brilhante], em fungao da diferenga de

magnitude. Fica evidente que a maioria destes objetos possul um companheiro brithante no
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DPOSS, com nma separacao tipicamente > 1. Neste caso em que temos dois ohjetos muito

praximos (gendo wn inuito mais brilbante do que o outro), o DI'OSS falha na distingéo

dos dois objelos, recuperads somente o mais brilhante. (0 SDSS, dotado de imagens de

mais alla resolugio consegne separi-los. Obviamente o software empregado para deteccio e

separagdo dos objetos é de himdmental importancia para este resultado.
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Fignra 2.1%: Distribnigao das scparactes entre objelos do SDSS ¢ objetos brilhantes do

DPOSS (linha continua ). A Tinka pontilleuda nostra g distribuicdo uiilizando vm eatdlopo

falso, engquanto a linha tracefada representa a distribnicio corrigida.

Na lgura 2,12 exibimos a distribuigio das separagdes (em sepundos de arco) omrre os

ahjetns do SDDSS e os companheiros brilhantes no DPOSS. O resultado cobre o intervalo
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de 16 < r* < 21. Esta distribuigio ¢ exibida comeo linha continma, ao passo que uma
comparacéo do SDSS com um eatalogs talso (simplesmente transladamos o DPOSY par 307
e ¢ & &) € exibido pela linha pontilhada, A distribuicao corrigida é apresentada pela linha
tracejada. Esta distribuicio apresenta wm mdsimo em ~ 2. Pelo menos cerea de 50% dos
ahjetos detectados somente pelo SDSS em 16 < ¢" < 19 sio justificados par este efeito de
dnplicidade. F interessante ressaltar que este problema ateta qualguer levantamento, & nan
somente o TPOSS. Uma possivel comparagio do SDSS com dados do telescopio espacial

Hubble, revelaria a moperinica do primeiro em separar objetos muito proximos.
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(< z >~ 0.15)!

Resumo

Apresentamaos neste trabalho um nova catalogo de candidatos s aglomerados para o hemisfério
nerte, contendo ~ 8000 sistemas. Este catdlogo € construide com critérios de selegao ob-
jetivos, tendo comao base catdlogos de galdxias do segundo levantamento (ologrificn do Ob-
servatdrio Palomar, (s resultados agui apresentades sao derivades dos campos com melhor
ralibragio fotométrica da DPOSS, limitades por latitude galdctica (b > 307), totalizando

uma, drca de 5300 grans quaddrados em torno do pdlo norte zaldctico.

Candidatos a aglomerados sio sclecionados em regices de alta densidade de galdxdas. O
processo de selegan & bascado num méTodo de kernel adaptativo para geragio de mapas
de densidade. Utiliza-se o programa SExtractor pars identificagio dos pices de densidade
presentes nestes mapas. DPara cada campo do DPOSS o programa de dernel adaptative é
utilizado para construcae em duas etapas de um mapa de densidade de galixins. Na primeira
elapa, utilizamos um berneel de tamanho [ixo para obternos uma estimativa da densidade
de galdxias em cada ponto do campo. Na sepunda etaps, um kernel de tomanho variivel é
empregado para gerar o maps de densidade final. O tamanho deste kernel varidvel depende
da densidade local. dada pela estimativa obtida na primeira ctapa. Em seguida. utilizamos

o SExtractor para detcegao de regioes de alta densidade de galaxias em cada mapa.

‘0= resultados exibidos peste capliulo san prowenientes do artige “The Northern Sky Optical Cluster
Survey IL An Objective Cluster Catalog for 5800 Square Degrees”, Gal, R. R de Carvalho, R. R., Lopes.
P A A THorpovski, 5. G, Bruoner, It 1., Mahabal, A Odewahn, 5 (0 2008:, AT, 125, 2064,

43
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Os dois parametros que buscamos optimizar no programa SExtractor sao a drea minima
e o nivel de deteccao (threshold level em inglés). O segundo parametro reflete o nimero
minimo de galdxias que um excesso de densidade deve possuir acima da flutuacao (rms) da
distribuic¢ao de fundo para ser considerado como um candidato a aglomerado. O processo de
optimizagao é baseado em simulagoes da distribuigao de galaxias de fundo. Estas mesmas
simulagoes fornecem uma estimativa da taxa de contaminagao presente em nosso catélogo.
Nés ainda fazemos uso de aglomerados de galdxias artificiais para estimarmos a taxa de
completeza. A optimizacao e estimativas de contaminagao e completeza sao efetuadas de
maneira indepentente para cada campo de nossa amostra. Este fato é extremamente im-
portante para geragao de um catédlogo para diversos campos espalhados no céu, pois campos
de diferentes densidade serao optimizados em diferentes niveis.

Também fazemos uso de informagoes de cor e magnitude para estimarmos o desvio para o
vermelho e a riqueza de cada candidato. Nés obtemos uma relacao empirica para estimarmos
o desvio para o vermelho com base na magnitude média e na cor mediana de galixias
contidas? numa regiao de 1.0 h~! Mpc em torno de cada candidato. A comparacio dos
desvios para o vermelho fotométricos com espectroscépicos para 369 aglomerados resulta
numa dispersao de Az = 0.033. O desvio para vermelho mediano da amostra total é z,,.; ~
0.16. As estimativas de riqueza sao baseadas na contagem de galdxias entre M* — 1 e
M* 4+ 2 num raio de 1.0 h~' Mpc. Estas estimativas apresentam bom acordo com medidas
apresentadas em catalogos recentes. A riqueza mediana de nossa amostra é Nys meq = 31,
correspondendo a R = 0 (classe de riqueza de Abell).

Finalmente, um grande levantamento espectroscépico foi realizado para confirmarmos
as estimativas da taxa de contaminagao provenientes das simulacoes. Este levantamento é
realizado em dois campos do DPOSS, contendo 1245 galdxias com desvio para o vermelho
medido, em 79 candidatos e 20 regices de densidade moderada que nao constituem candidatos
de nossa lista. O desvio para o vermelho mediano desta amostra é z,,.q ~ 0.2, em bom acordo
com as estimativas fotométricas da amostra total de candidatos. Sendo conservadores, nés
estimamos que pelo menos 80% dos candidatos com dados espectroscépicos sao reais, o que

est4 em bom acordo com as estimativas de contaminagao de ~ 10% baseadas nas simulacoes.

?Estas estimativas levam em conta uma correcao para as distribui¢oes de cor e magnitude de galdxias de

fundo.
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3.1 Introduction

(Owver the past two decades, large mumbers of astronomers have expended a great deal of
offort an the sludy of galasxy clusters. Motivations for these works cover a wide ranges of
astraphysical rapies, [rom the study of galaxy evolution in dense envirenments, through the
search for dark matter, the measuremens of the cluster mass funcrion and its comparison to
theoratical predietions, and o to the characterization of large scale structure in the nniverse.
llespite this labor, nnderstimding the underlying physies has often proved enigmatic, due
to the complex phyaieal nature of clusters, which is enly compounded by the lack of an
abjectively selected, well-characterized statistical samiple.

To help remedy Lhis situation, and provide a basis for fusire studies, we have underlaken

the ereation of n new cluster catalog which fulfilis a mumber of fundamental criteria

I, Clhister detection should be performed by an abjective, antomated algorithm to min-

iz nunan bisses and fatipue.

2. The algorithm usilized should imposa mininal consuaints on the physical properties

of Lthe clusters, to avoid seleerinn hirses,

3. The sample selection funetion must be well-understood, in terms of hoth completeness
ared contamination, as a hmetion of both redshilt and richness. The effects of varying

Lhie cluster model an the desermination ol Lhese [unctions must also be known,

4. The catalog shenld provide basic pliysical properties for all the detected clusters, snch

Lhat specific subsamnles can be selected [oe [uture study.

I this paper, we describe how we generate a clnster sample that meets the above four
crileria, and provide the final casalog tor B300L". We discuss past cluster surveys and
their lmitations in 83.2. In §3.3 we briefly review the DPOSS survey (Djorgovski et ol
2003} which provides the basis for our catalog, while §3.4 describes Lhe cluster detection
technigue (o madifisd version of thal presepted in Gal et al. 20002, hereafter Paper T). §3.5
deseribes stmulations used both te optimize the delection algorithm, and detine its statistical
propertics, including selection functions in richness and redshill for each plate. The results

ol Lhese simulations are compared to extensive spectroscopic follow-up observations. Cur
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photometric redshift estimator and richness measure are described in §3.6. An overview of
the final catalog is provided in §3.7. We conclude with a brief discussion of future extensions
of this survey (to cover the South Galactic Cap area, and the remaining areas of the NGP),
and discuss some projects we have undertaken utilizing this sample. We use a cosmology
with Hy = 67 km s~! Mpc~! and gy = 0.5 throughout; other choices for these parameters

have no significant effects on our results except for the poorest and most distant clusters.

3.2 A Brief History of Cluster Surveys

Surveys for galaxy clusters have only recently benefited from the automation afforded by
computers. The earliest surveys relied on visual inspection of vast numbers of photographic
plates, usually by a single astronomer. As early as 1938, Zwicky discussed such a survey based
on plates from the 18" Schmidt telescope at Palomar, and results were presented in 1942 by
both Zwicky and Katz & Mulders. Even then, Zwicky, with his typical prescience, noted that
elliptical galaxies are much more strongly clustered than late-type galaxies. However, the
true pioneering work in this field did not come until 1957, upon the publication of a catalog
of galaxy clusters produced by George Abell as his Caltech Ph.D. thesis, which appeared
in the literature the following year (Abell 1958). Zwicky and collaborators followed suit
a decade later, with their voluminous Catalogue of Galaxies and of Clusters of Galaxies
(Zwicky, Herzog & Wild 1968).

Abell used the red plates of the first National Geographic-Palomar Observatory Sky Sur-
vey. In selecting clusters, Abell applied a number of criteria in an attempt to produce a fairly
homogeneous catalog. He required a minimum number of galaxies within two magnitudes of
the third brightest galaxy in a cluster, a fixed physical area within which galaxies were to
be counted, a maximum and minimum distance (redshift) to the clusters, and a minimum
galactic latitude to avoid obscuration by interstellar dust. The resulting catalog, consisting
of 1,682 clusters in the statistical sample, remained the predominant such resource until
1989. In that year, Abell, Corwin & Olowin (hereafter ACO) published an improved and
expanded catalog, now including the Southern sky. These catalogs have been the foundation
for many cosmological studies over the last four decades, despite serious questions about

their reliability (which are addressed later in this section). Some other catalogs based on
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plate material have also been produced, such as Shectman (1985), from the galaxy counts of
Shane & Wirtanen (1954), and a search for more distant clusters carried out on plates from
the Palomar 200” by Gunn, Hoessel & Oke (1986).

Only in the past ten years has it become possible to utilize the objectivity of compu-
tational algorithms in the search for galaxy clusters. These more modern studies required
that plates be digitized, so that the data are in machine readable form. Alternatively, the
data had to be digital in origin, coming from CCD cameras. Unfortunately, this latter op-
tion provided only small area coverage, so the hybrid technology of digitized plate surveys
blossomed into a cottage industry, with numerous catalogs being produced in the past dec-
ade. All such catalogs relied on two fundamental data sets: the Southern Sky Survey plates,
scanned with the Automatic Plate Measuring (APM) machine (Maddox, Efstathiou & Suth-
erland 1990) or COSMOS scanner (to produce the Edinburgh/Durham Southern Galaxy
Catalog / EDSGC, Heydon-Dumbleton, Collins & MacGillivray 1989), and the POSS-I,
scanned by the APS group (Pennington et al. 1993). The first objective catalog produced
was the Edinburgh/Durham Cluster Catalog (EDCC, Lumsden, Nichol, Collins & Guzzo
1992), which covered 0.5 steradians (~ 1,600 square degrees) around the South Galactic
Pole (SGP). Later, the APM cluster catalog was created by applying Abell-like criteria to
select overdensities from the galaxy catalogs, and is discussed in detail in Dalton, Maddox,
Sutherland & Efstathiou (1997). The work by Odewahn & Aldering (1995), based on the
POSS-1, provided a Northern sky example of such a catalog, while utilizing additional in-
formation (namely galaxy morphology). Some initial work on this problem, using higher
quality POSS-II data, was performed by Picard (1991) in his thesis.

In addition to these hybrid photo-digital surveys, smaller areas, to much higher redshift,
have been covered by numerous deep CCD imaging surveys. Notable examples include the
Palomar Distant Cluster Survey (PDCS, Postman et al. 1996), the ESO Imaging Survey
(EIS, Olsen et al. 1999; Lobo et al. 2000), Gonzalez, Zaritsky, Dalcanton, & Nelson (2001),
KPNO/Deeprange (Postman, Lauer, Oegerle, & Donahue 2002), and many others. None of
these surveys provide the angular coverage necessary for large-scale structure and cosmology
studies, and are typically designed to find rich clusters at high redshift. Only the Sloan
Digital Sky Survey (SDSS, York et al. 2000) will provide large area, moderately deep CCD
coverage. Cluster surveys from the SDSS, including those of Annis et al. (1999), Kim et al.
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(2002) and Goto et al. (2002), are only now appearing, and will cover a much smaller area
until the photometric survey is completed.

Despite these efforts, one thing is still missing: a catalog of galaxy clusters, produced
by objective means, that is at least as deep as the Southern surveys, but which covers the
Northern sky. This paper is intended to provide such a catalog.

We note that there have also been many surveys for galaxy clusters at other wavelengths,
most notably in the X-ray. All-sky surveys, such as RASS (Collins et al. 2000; Ebeling
et al. 2000; Bohringer et al. 2000) and EMSS (Gioia & Luppino 1994), as well as pointed
ROSAT observations (Scharf et al. 1997; omer et al. 2000), have been used to produce
cluster catalogs at X-ray wavelengths. Future Sunyaev- Zel'dovich effect (SZ) surveys will
also generate extremely important datasets. However, the relationship between optically
and X-ray selected clusters is still not fully understood, so an optically selected catalog is

essential.

3.2.1 Limitations of Existing Catalogs

Most of the optical studies to date have been limited by the statistical quality of the avail-
able cluster samples. For instance, the Abell catalog suffers from a non-objective selection
process, poorer plate material, a bias toward centrally-concentrated clusters (especially those
with ¢D galaxies), a relatively low redshift cutoff (2 ~ 0.15; Bahcall & Soneira 1983), and
strong plate-to-plate sensitivity variations. Still, many far-reaching cosmological conclusions
have been drawn from it (i.e., Bahcall & West 1992), although later studies have sometimes
shown these to be flawed. Photometric errors and other inhomogeneities in the Abell catalog
(Sutherland & Efstathiou 1991; Efstathiou et al. 1992), as well as projection effects (Lucey
1983; Katgert et al. 1996) are serious and difficult-to-quantify issues. These effects have
resulted in discrepant results on the correlation function (Bahcall & Soneira 1983; Dalton,
Maddox, Sutherland & Efstathiou 1997; Miller et al. 1999), and later attempts to disentangle
these issues relied on models to decontaminate the catalog (Sutherland 1988; Olivier et al.
1990). Also, Sutherland & Efstathiou (1991) find a discrepancy between the angular and
spatial correlation function of the Abell catalog, which is not found in the APM catalog
(Dalton, Maddox, Sutherland & Efstathiou 1997). The extent of these effects is also surpris-

ingly unknown; measures of completeness and contamination in the Abell catalog disagree
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by factors of a few. For instance, Miller ef al, (1999] claim that under- or over-estimativn of
richness is not a significant problem, whereas van Haarlem, Frenk & White (1997) suggest
that one-third of Abell clusters have incorrect richnesses, and that one-third of rich (R > 1)
vlusters are missed. The largest study of R = 1 elusters (Miller et ol 1893) suggests pro-
jection ellects are not of great concern for the Abell eatalog: hawever, completeness caunct
he gangad without deeper samples, Unlortusately, some of these problems will plague any
optically selected chster sample, including our own. bul objeclive selection eriteria and a
strong statistical understanding of the eatalog can mitigate their effocts.

Even some of the other objective catialogs preceding ours have their drawbacks. The
APM group, for instance, used digitized J (blue) plates from the Southern Sky Sarvey, the
uze ol a single blue band provides no color information to distinguish galaxy tvpes, and = a
poor choice for cluster detection because clusters are better delineated by redder, early-Lype
palaxies in Lhe redshift renge probed (2 < 0.3). Comparable surveys, such as the EDCC,
already lind & lactor ef two higher space density of clusters than Abell, and muore sensivive
COD surveys lod as many as Bve times more, although these results may be due to strong
detection elficiency dillerences at lower richiesses. Other more recent survevs, such as the
EDCCI (Bramel, Nichol & ['ope 2000} have not vet achieved the area coverage of DI’OSS.
Additionally, the survey presented here ntilizes at least one color (two filters) for phatometrie

redshifts, and a significantly increased ameunt. of CCD photomeatric calibration data.

3.3 DPOSS: A Brief Overview

The POSS- 1L (teid ef al. 1891) covers the entive northern sky (8 = —3%) with 884 cverlapping
ficlds (each 6.5° square, with 5° spacings), and, unlike the old POSS5-1, has no gaps in the
coverage, Approximately half of the survey area is covered at least twice in each band, due to
plate overlaps, Plates are taken in three bands: blucgreen, [la-J + GG305, Ayp ~ 480nm;
vedd, [Tla-F + RGEL), Ay ~ 650nim, and very near-IR, IV-N | RGO, A ~ 300nm. Typical
limiting magnitudes reached are g; ~ 21.5, rpe ~ 210, and iy ~ 20.3, 2.2, ~ 1™ — 1.5™
drepoar than P'OSS-1 The image quality is improved relative to POSS-1, and is comparable
Lo the Southern photographic sky surveys.

'I'he original survey plates are dipitized at ST5¢l, using modibed PDS scanners (Lasker
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et al. 1996). The plates are scanned with 15 [1.07) pixels, in rasters of 23,040 square,
siving ~ 1 GB/plate. or ~ 3 TB of pixcl data total for the entire digital survey (DPOSS).
Currenlly, astrometrie solutions, provided hy 8TSel, are good to rms ~ 0,57,

An extensive offors to process, calibrate, and catalog the scans, with the detection of all
objects down to the survey himit, and star/galaxy classifieations accurate to 90% or better
down Lo ~ 1™ aliove the detection limir, has been undertaken over the pasl several years.
Object detection and photomenry is performed by SKICAT, a software avstemn developed for
this purpose (Weir ef al. 1985a.b.e), incorporating standard astronomical image processing
packages, a comnunercial Sybase databasze as well as a number of artificial intelligence and
maching learning modules, Using this code, we measure ~ 60 attribules per object on
pach plate. Nearly all plates &l |6 > 107 have been processed into catalogs, The catalogs
are photometrically calibrated using extensive COD seguences, with typical rins magnitnde
errors of 0.25™ atl m, = 19.5; see Gal el al. (2003¢) lor details of the calibralion procedure. A
fraction of this ereor is due Lo systemalic oflsets in the pholometric zero points between plates,
Cal et al. {2003¢) show Lthat the mean sero-point error is negligible, but has a 1o scatter
of 0.07™ in the w-band. which can produce significant platesto-plate depth varianes. Oar
solutiomn to this potentinl problem is discussed in 534, Slar-galaxy separalion i= performed
nsing a combimation of FOUAS, neural pelworls, and decision brees, muintaining an accuracy

of = 0% At m, < 195 (Odewshn & al, 2003),

lGach lield in each band is processed individually, The three resulting catalogs are cross
matched to creale a composite list of objects for the lield. We require a detection in both Lhe
Jand P bands so that we can maasure the g —r colors of our galaxies; this also reduces the
likelihood that any object is a spurious detection. Areas on the plate containing saturated
objects arc masked. 'T'hese areas often contain large numbers of falsely identifiod galaxies,
as the plate processing software, tuned to tind faint objects, handles large, bright objects
inproperly.

In this paper we utilize a total of 237 plates with good calibration (= 1,000 calibrating
galaxies per plate trom the CCD fields), at b > 30°, in the North Galactic Cap region. The
dizlribulion of LYPOSS fields (43 well as the detected clusters) can be seen in Figure 3.14. The
total aren coverage 2 BR00 square degrees. In addition, we have run owr procedures on one

field (475) from the SGP region of DPOSS, which is used to obtain additional spectroscopic
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follow-up (see §3.5.3).

3.4 The Detection Algorithm

For this survey we use a modified version of the detection strategy first described in Paper
I. We urge the reader to review Paper I for details of the adaptive kernel technique; we
do not repeat the details here. In that earlier work, a color selection was first applied to
the galaxy catalogs, after which we used an adaptive kernel technique (Silverman 1986)
to produce galaxy density maps, and a bootstrap technique was used to create significance
maps. The FOCAS object detection algorithm (Jarvis & Tyson 1981) was then used to detect
density enhancements in the significance maps, which we identified as candidate clusters. We
generated cluster catalogs for only two sky survey fields, for which we performed extensive
follow-up imaging and spectroscopy. Since the publication of that work, we have gained a
greater understanding of the plate-to-plate variance in DPOSS, significantly modified our
photometric calibration techniques, and learned a great deal about our detection algorithms
as a result of the additional data obtained. This has led us to significantly modify our
procedures, while maintaining the underlying principles and methodology.

In Paper I, we utilized galaxies with magnitudes m, < 20.0. We have found that the
random photometric errors, plate-to-plate zero-point offsets, and classification accuracy, can
all reach unacceptable levels at that magnitude limit. Although some plates perform well
to this limit, we found that imposing a slightly brighter magnitude limit, m, < 19.5, and
requiring a g detection, produces a significantly more uniform galaxy catalog, without greatly
sacrificing depth. Our intent with the current survey is to produce a catalog with good
uniformity; therefore, we have elected to be rather conservative in the data utilized. Future
work will use fainter objects to create a higher redshift cluster catalog which may not be
suitable for large scale structure work, but which will provide a useful sample for cluster
studies over a larger distance/time baseline. Additionally, in Paper I we imposed a liberal
selection in g — r color; we no longer apply this cut for the same reasons that we adopt
the shallower magnitude limit. Because photometry in the g and » bands is completely
independent, the use of a color cut effectively increases the pistoning due to zero-point

offsets among plates by a factor v/2. Finally, star/galaxy separation for DPOSS has been
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improved from the version used to produce the input data for Paper I, resulling in purer
and more uniform galaxy samples being generated [rom the individual plate catalogs. Tha
finl catidog of objects new used in eluster detection therefore vonsists of nll galaxies, with
detections in both the g and » bands, bhaving 15.0 < . < 10.5. A typical galaxy catalogr for
a single plate containg ~ 27, (000 galindes over an area of ~ 34007, resulting in 8 mean galaxy

density of 0.79 = 10" galaxies per square degree.

The resulting galaxy catalog is used as input to Lhe adaptive kernel (AK) density mapping
algorithm.  As deseribed o Paper 1 this technigue uses a bwo-stage process to produce a
density map. Miras, it produces an nitial estimate of the galaxy density st each point in the
map, which iz then nsed to apply a smoothing kernal whose size changes a3 a function of the
loeal density, with a smaller kernel at higher densiry. We refer the reader to Paper I for & more
detailed description, As before, we gencrase our maps with 1” pixels. However, rather Lhan
the 900" kernel used carlicr, we now use a significantly smaller kernel of 300" radius. Based
on the simulations diseussed in the next section, we found that this smaller kernel prevents
aver-smoothing the cores of higher-redshifv (2 ~ 0.3) clusvers, while avoiding [ragmentation
ol most low redshift (2 ~ 0.08) clusters. The effect of varying the initial smoothing window
is demonstrated in Figure 3.1. In this figure, we have placed four simulated clusters iulo a
simulated backpround, representing the expecled ranpee of detectability in our survey. There
are two clistars at low-z (0.08), and two al high-= (0.21), with one poor and one rich chastar
at each redshife (100 and 333 tolal members, respectively). OfF tha 100 (333) total cluster
galaxies, only 54 (186) ave brighter than our mageitude Lt (e < 19.5) at 2 = 0.08, and
| {iT:] at z = 0.24. The corresponding richmesses (N, see §3.6.2) are 80 and 25. The
initial smeocrhing window is varied [rom 300" te 800" in 100" steps. This fAgure clearly shows
the segmentation of rich, low-z ehisters by small kernels, and the smoothing away of high-z

clusters by large kernels.

IInlike Paper I, wa do pot perform bootstrap tests to prodnes significance maps, Cluster
candidates are detectad direotly from the AK map of the actnal data. Tn the current work, we
use SExtractor (Bertin & Arnonts 1996) to perform abject detection (rather than FOOAS, as
we did originally). We have [ouod that SExlractor is both faster amd more easily configured
to et anr nesds. For each plate, we find the st of SExtractor detection parameters (a pair

of threshold level and minimum area) which produces an acceptable level of contamination
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Figure 3.1: The effect of varying the initial smocthing window on cluster appcarance.
Each panel contains £ simulated backeraund with four simulated clusters, as deseribed in
the text, The smoothing kernel ranges in size from 300" for the upper pancl, to 800 for

the lower panel, in 100" increments.

by [alse clusters (10%). The simulations used to determine these parameters arve discussed
in §4.5.1. Once the sel of oplimal detection parameters for each plate is determined, [ur-
ther simulations are used Lo assess Lthe calalog compleleness az a [unclion of redshifll and
richness, as disenszed in 53.5.2, We have opted to vary detection parameters between plates
to maintain a constant level of contamination, even thaugh the completeness may change.
Due to the inhomeozeneons nature of plate data, as well az large scale structure, setting a
fixed threshold (in galasxy surface density) for all plates can lead Lo signilicany variance in
both completeness and contamination batween plates. By adjusting the parameters [or each
plate, we can minimize the variance of ane of these quantities, and estimate the irnpact on

the othier. Because contamination is move easily quantified (as an integrated rate, independ-



54 Capitulo 3. Aglomerados de Galaxias no Universo Local

Table 3.1: Percentage of Clusters Detected vs. Number of Maps

Percent N(maps) | Percent N(maps)
99.9 1 92.8 6
99.7 2 89.7 7
98.9 3 68.6 8
98.5 4 66.3 9
96.3 5 62.1 10

ent of richness and redshift) as the fraction of detections that are false, we have chosen to
adjust the parameters to maintain a fixed contamination rate. To allow large scale structure
work, we provide a table (see Table 3.2) for each plate, including the RA/Dec boundaries
used and the completeness function, as described in §3.5.2.

Additionally, to assess the impact of photometric zero-point errors, and remove those
cluster candidates whose detection is sensitive to these errors, we generate a set of ten
galaxy catalogs for each plate with random zero-point offsets added to the r-band magnitude,
drawn from the known photometric error distribution for DPOSS given in Gal et al. (2003c¢).
Like the original data, these catalogs are clipped at 15.0 < m, < 19.5, and an AK map
generated for each one. Cluster detection is then performed using the same parameters
as for the original map, and the resulting lists of cluster candidates are compared. Using
the photometric redshifts (described in §3.6) for each candidate from the original map, we
match clusters within a 300kpc projected radius. In Table 3.1 we present, the fraction of total
candidates that appear in a given number of maps. Only those candidates which appear in
the original catalog, and more than 7 of the 10 zero-point-error-added AK maps are kept in
the final catalog; the number of simulated maps a cluster is found in (out of a maximum of
ten) is provided in the final cluster catalog, and can be used to select increasingly certain
subsamples. We use seven detections among the Monte-Carlo maps as our limit because the
fraction of clusters detected in fewer maps is constant, whereas it drops steeply when more
detections are required.

The requirement of > 7 detections from the Monte-Carlo maps removes < 10% of the
cluster candidates. Because the detection of candidates that appear in fewer maps is very

sensitive to small photometric errors, these candidates are likely to be either false, extremely
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poor, or at high redshift. For the latter two cases, our detection efficiency is very low (as
described below), and such clusters should not be used in statistical studies. Thus, we expect
that this requirement imposes no significant bias on the final catalog, and merely serves to

reduce the catalog inhomogeneity at the limits of our detection procedure.

3.5 Contamination, Completeness and Optimizing De-

tection

The weakest aspect of optical imaging surveys for galaxy clusters is the lack of distance
information. The two-dimensional projection of the galaxy distribution can produce many
apparent overdensities which may be identified as clusters but are not actual physical asso-
ciations. This issue has been discussed in some detail for the Abell catalog (see the overview
in §3.2), where rates of false clusters due to projection effects as high as 40% and as low as
10% have been claimed. Other types of surveys (e.g., X-ray, SZ) are not as strongly affected
by projection, but suffer from other selection effects or observational difficulties. Therefore,

redshifts are needed to validate the existence of a given cluster.

The number of cluster candidates varies significantly with the detection threshold (Kim et
al. 2002). Obviously, this dependence is also related to the number of false positive detections.
As we try to achieve high completeness we may suffer from high contamination. Our goal
is to minimize Nfase/Neand, While maximizing Neang, where Nyqse is the number of false
positives and Ng.nq is the number of candidates for each field. We make use of a simulated
background distribution in order to evaluate Ngqs, While Nyypg is derived from the real
galaxy catalogs. Because each plate suffers from slightly different systematic errors in both
photometry and star/galaxy separation, our procedure to optimize detection and evaluate
completeness and contamination is done for each plate individually. This is preferable to
selecting a single region of the sky, optimizing the algorithm for that region, evaluating the

contamination rate, and assuming that is true for the rest of the sky.
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3.5.1 The Rayleigh-Levy Distribution and Contamination

Initially, we attempted to estimate contamination rates by producing random catalops with
the same mean density as our survey ficlds. This resulted in obvious underestimation of
the contamiuation rate, As pointed out by Postman et af. (2002, herealler PO2). the basic
sonrees for {alse positives in cluster catalogs based only ou plotometris data are random
finetnations and superpositions ol poor galaxy groups. For Lhis survey, in which we effectively
nze asingle phiotometric band Lor cluster detection, the susceplibility to false detections due
to projection effects is high. Therelore, we adopt a methedology similar to that of P02,
nsing the Rayleigh-Levy (BL) diskribution to generate simulated golaxy positions. The RL
random walk ereates a lincar ordering among the distributed galavies, implying that galaxies
interact only with the anes in their immediate vicinity, and each small set of neighbors
interacts independently of any other small set. The resulting galasxy distribution, as shown by
Mandelbrot (1973), follows the same two- and three-point corrclation funetions as described
by Peebles & Groth{1975).

For a given separation ¢, the UL distribulion gives Lhe probability of finding a pair with

i larger separalion:

Pl 0)  (0/0,)7° if 020,

ared
P(>0)=1 if @<8

We ran o suite of RL sinulations with dilferent values for the paramelers ¢ and d,
aned chose values {or these such that the resulling pair distribulion matches the real galaxy
distribution for the DI'OSS data. We use @y = 500" and d = 0.6. This value of # also
corresponds to the diameter af the smoothing kernel; angular correlations are thus removad
al smaller seales, We find that the values of #y and d do not vary significantly among plates,
and therefore adopt the values above for all plates,

For cach plate, we create Lhe simulated RL distribution by choesing a random pesition
within the plate limits that does not fall into a bad area, and then selecting a separation
from the above digtribution. From this new point in the frame we repeal Lhe same procedure

until seven galaxies are gelopled. We Lhen choose a new random location amd select andther
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new point in the frame, repeating the same procedure until seven galaxies are seleoted, This
process gocs on until we generate a number of positions aqual to the total number of galaxies
for that particular plate. The resulting distributions are very insensitive to the nmunber of

galaxies we choose before restarting.

We also tested the full random walk distribution. where we start from one localion,
and continue relocating to new points with step sizes following the (> @) distribution (as
apposed to chonsing a new random point, distributing a fixed muonber of points around it, and
repeating). Again, the final distribution is very similar to the restricted random walk; this
is because the clustering scale we are interested n is well below the cuteff in the two-point
correlation function introduced by the restricted random walk. Dy comparing the angular
separation distribution for these different sets we find them to be indistinguishable up to
seales of 27 We Lherelore use the restricted RL in owr simdalions, as i is significancly less

cotnputationally intensive than Lhe [ull random walk.

For each plate in the survey, we produce an RL distribution with the same munher of
objects as the galaxy catalog for thal plale, with the same bad areas excised. A density map
is generated Lom this distribution, and SExbractor Is run with a range of threshold /minimim
arca pairs on Lhis map, along with the map generated [rom the real galaxy eatalog. We use
deteetion thresholds ranging from 900 Lo 2200 galaxies per square degree, in increments of
20, and minimum arcas ol 30, 40, 50 apnd 100 square pixels (or arcmin). Initial tests using a
broader range of parametors indicated that the optimal pair wonld always be found within
these ranges. Onee detoetion is completed on both the RI and real maps, we measure
the contamination rate as C = Npyjee/Newie, and select the parameter set for which C is
tlosest Lo 10%%, while maximizing Ngnq typically, this rezults in 8% < € < 12%. We
performed tesls using other values lor the conlamination rate: we [ound that completeness
is not substantially improved by allowing higher ) while lower rates, such as € = 5%,
prochiced more widely varying pacameber sets dhie to small Auctnations in O, Tmportantly,
enforcing a fixed contamination rate does not praduce large plate-to-plate variations in the
completeness: this can be seen by comparing Lthe completeness functions for a large sol of
plates. Nevertheless, it would be mappropriate to nse a mean complsteness hanetion for the

entire survey.

We then examined the optimal parameters derived for each plate. We found that min-
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imum areaz of 30 or 40 square arcmioutes produced very sunilar results, in terms of the
distribution ol both the detection thresholds aod fingl number of candidates per plate. We
also examined the completeness [unctions {described below), and found that they wers ex-
tremely similar for both values of the minimum area. Using s minimuwm area of 10 square
arcminutes produced slightly lower variance in the number of candidates per plate; we have
therelore used Lhis minimum detection area for all plales. Physically, this is sensible: we
know tlat the depth and elassification aceuracy vary lrom plate Lo plate, which will affect the
threshold in galaxies per square degree, bul there is no reason to expect the sizes of clusters
to vary from plate to plate. The larger minimun arcas (50 and 100 square areminntes)

produce radically fower cluster eandidates,

We stress Lhal Lhe entive aptimization procedure is peclornmed separalely [or each fald.
The oplimal parameters for a given field will not be appropoate or another. This is not
due only to zero pow differences or plale variations, but also to the large scale strncture
(LS5} in the universe (Bramel, Nichol & Fope 2000). Our final cluster catalog is designed
to maintain a constant contaminalion level across the whole slky, One must also nete that
the RL distribution does pou take inlo account inhomogencities at large scales: this test iz
spechenlly designed to estinale the conlamination rute due to chanee projections af small
gronps or physically unasseciated galaxies, Decause it 15 impossible to know @ prion which
overdensitics are trie physical associalions contributing to larze seale strackare, there is no
way to use the actual catalogs to measure contamination rates. Only complete spectroscopic
follow-up can determine the acenracy of our estimates; as described below I §3.5, our own
gpectrascopy sugoests low confamination rates, consistent with the 10% threshold imposed.
Additionally, the results of P02 demonstrate that the RL estimates of false positive rates is

verilled by such spectroscopy.

An allernative method to estimate comtamination rates is to shuffe the galaxy positions
in o plale catalog, while maintaining the object magnitudes. This method preserves some
very large-seale enrrelations. while removing those at smaller scales. As shown in Lopes ef
al. (200da), thiz rechmigue produces contamination rates (and the corresponding optimized

detection parameters) which are very similar to those derived using the RL distribution.
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3.5.2 Completeness From Simulations

Perhaps the most importanl leature ol this cluster catalog is the detailed assessment of the
selection fmction. In order to properly assess this, it is [undamental that cach plase be
Lreated mdividually, Becanse the detection parameters for cach DPOSS field are datermined
separately, we assess the completeness as a function of redshift and richness individually for
each plate, and provide this inlormation for each plate. When generating mock catalogs
from simmlations (or from olher observations), one can then apply these selection functions
to mimie potential systematic effects in our catalog,

To assess che selection funetion for each place, we nge simulated galaxy clusters which
are placed in the background feld derived [rom the respective plate. We then uss these
galaxy catalogs consisting of a backprovnd plus aruficial cluslers Lo generate dansity maps on
which we rmun SExtractor. When running SExtractor, we use Lhe same detection parametors
abrained in the previous section, which are also used for the real cluster detections.

Artificial clusters are tyvpically defined using a Schecter luminasity function with its choice
af @ and M, a surface density profile; a piven cluster compasition; a maximum radius and a
eore racding. Lobo eb al (2000) tested Lhe variation of the compleleness rale as a funerion of
the spatial profile slope. while P02 also lested dilferent cluster composilions. As expected.
steaper profiles provide the highest completeness rates. We discuss the effects of varying
different clustar parameters ab the end of this seclion.

An impaortant issue 15 the backpround into which we insert the artificial clusters. While
the RL distribution is well suited to estimate the contamination rate and optimize the
detection paramelers, i only represents ao ideal case, being ueable to reproduce all che
inhomogeneities due to larpe seale strueture. As we discuss below. the RL distribation
overestimates the complateness rate. Thus, for each plate, we nsze the actual galaxy catalog
from that plate te provide the backsround Azld in which we insert the artificial clusters

The stmulated clusters follow a Schecter luminosity function with parameters given by
Faolillo et af, (2001} (@ = —1.1 and M* — —21.53), The constituent galaxics have —23.4 <
AL < 164, such that onr observed magnitide range is fully covered an all redshifts of
interest. The surface profile adopted is a power law in radius of the form +7, where 3 = —1.3.
This 15 in the middle of she observed range, —1.6 £ 3 < =10, as diseussed in Tyson &

Fischer (1993) and Sauires of al. (1996). The galaxies are placed within a maximum radius
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of Pmar = 13071 Mpe with o core rading of ¢y — 0.1507" Mpe. The clusters are comnposed
of 60% elliptical galaxies and 40% She galaxies, with SEDs taken Fom Coleman, Wu, &
Weedman (1980), convolved with the DPQSS v filter. Each galaxy has the appropriate
k-currection applied, as well as a random photometric error from Gal en al.{20030) added.

We proceed as follows:

1. We generate clusters with six different richnesses, which are shifted to seven redshifts,
with the catalogs trimmed at 150 £ m, < 19.5. The richness classes ave N, =
(13, 25, 35, 55, 80, 120 galaxies, while the redshifts adopted are 2z = [0.08, 0,12, 0.16, 0.20
0.24, (.28, 0.42].

2. For each of the 42 richness/redshift. combinations we generate 5 simulated clusters,
which are placed at random positions in the real background galaxy distribution, avoid-
i hoth excised areas and cluster candidates detectod in the real fields. This is repeated
ten Limes, resulting in ten catalogs containing a votal of 50 simulated clusters for vach
richiness;/ redshift combination, Thus, there are 420 fotal simulated catalogs penerated
{or each plate (0 richnesses x 7 redshifts x 10 realizations), An example is shown in
Fizue 3.2, where we plot Plate 389, with the bad areas marked, and [ve simulated

clusters ab 2 = 0.16 and Ny, = 80 inserted.

3. We then use the AK to prodnee density maps for cach of these 420 backzreund plus
cluster palaxy catalogs. This is performed individually for each plate, and SExtractor

run with the optimal parametcrs determined from the contamination tests.

4, Next, we compars the candidate pesitions in these maps with the initial inpuatb positions.
We 115e a matching radius of 4004+ kpe, which is small compared to the typical size

of a cluster.

RI vs. Real Dackgrounds

For one DPOSS field (389) we repeated the entire procedure twice, first using the real
background and then the BL background distribution. The purpose ol this Lest is to check

how well the UL distribution rellects the real backgroumd,  We show the results of this
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Figure 3.2: Platse 389, with the bad arezs marked and hive simulated clusters at 7 = 0,16

and Ny, = 80 inserted.

test o Migure 3.3, where the completeness rates obtained using the RL distribulion are
thre dashed lines; while the solid lines use the real backgrowud, Each panel shows a different
richness class, with richness inereasing from bottom to top. We see that the dashed lines (RL
backeround) are always higher than the solid lines. for all richness classes and at all redshitts.
At z = 0.16 (the median redshift of the DPOSS sample) and N, = 35 (close to the median
richuess value), the recovery rate is 94% using the RL background, but only 72% using
the real background., This suggestz thal using the RL distribution likely cverestimates the
completeness. An interesling comparison can be made with Figure 3.11. For each richness
class shown there, the median redshift is similar to the redshift where the completeness
estimate for that subsample starts to decrease sipnificantly.

We note that Kim et el (2002) modified their detection limits after comparing the recov-
ery rate af artificial clusters using uniform and real backgrounds. Their poal was Lo unprove

the completeness rate; however, this necessarily hag an adverse impact on the contamination.
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We do not apply such corrections, as our goal is to maintain a constant contamination rate.

Dependence on Cluster NModel

We also wish o test the wvariation of completeness with the cliustor composition, surface
density profile slope, lnminosity fimetion slope, and maximnm and core radii. We nse a single
plate, varving the properties of the simulated clusters and repeating our completeness Lesls.
Fignre 3.4 shows Lhe dependence of the completeness on the cluster composition aud spatial
profile slope (). Fach row represents o dilferent valoe for the slope (8 = -1.0, -1.3, -1.8,
[rom bottom to top). while each column shows the results for different compositions (from

right to left: 100% E, 60% E + 40% Sbe, and 20% E + 80% She). The improvement when
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we adopt steeper profiles is evident; as expected, tighter cores are easier to detect. There is
little if any correlation with the cluster composition. This is expected as the difference in
the k-corrections used (for E and Sbe galaxies) is only 0.2™ at the highest redshift of the
simulations (z = 0.32). For instance, for Nyus = 35 and z = 0.16, using 60% E + 40% Shbc,
the recovery rates for 8 = (-1.0,-1.3,-1.6) are (62%,72%,80%), respectively. However, when
we fix 8= —1.3, Nyas = 35 and z = 0.16, the recovery rates are (74%,72%,70%) for cluster

compositions of (100% E, 60% E + 40% Sbe, 20% E + 80% Sbe).

Percentage of recovery

Figure 3.4: The selection function evaluated with different cluster compositions and spa-
tial profile slopes 3. From bottom to top [ assumes the values -1.0, -1.3 and -1.6. The
cluster composition, from right to left panels is 20% E + 80% Sbe, 60% E + 40% Sbe,
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and 100% E. Richness classes are the same as Figure 3.3.

The effects of changing the luminosity function slope, core radius and maximum radius

are shown in Figure 3.5. Each row shows the results for one of these 3 parameters. For the
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richest clusters, steepening the LF slope mereases completeness, while poor clusters show an
opposite trend, albeit with large scatter. The variation with core radius shows a clear trend
to higher completeness for smaller values of this parameter; this is conunensurate with the
results of the radial profile test. Finally, tests with the cotoll radins shaw the worst recovery

ratefor vyie = 1.0k~ Mpec, while the results are abont the same for the other two values

Lested.

Parcantans of reoovery

Fizurs 3.5 Depandence of the sclection funetion with the luminesity fination slope (bol-
tom panels). core radius (middle panels) snd cutoll radiug (Lop panels). The values tested,
from loft to right, are a = —0.8, =093, — 1.1 for the L} slope, rop, = 0.1,0.15,0.287 Mpe

lor the core rading, snd repee — 1015, 2.0 A~ Mpe for the maximium radiue. Richness
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classes are the same as shown in Figure 3.5

We conclude that onr canonical cluster model (o« = —1.1, M = —21.53, 0 = —1.3, 7. =

1.5H 1 Mpe, Fawe — 0.1007" Mpe, B0%E | 409%8) provides a realistic estiinare of the catalog
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Table 3.2: Example Completeness Function: Plate 389

N/z 0.08 0.12 0.16 0.20 0.24 0.28 0.32
15 0.16 0.14 008 0.04 0.04 0.02 0.00
25 064 046 038 0.24 000 0.04 0.04
35 094 0.78 0.76 0.28 0.16 0.06 0.00
55 098 094 084 0.78 034 0.08 0.10
80 1.00 1.00 100 0.86 0.64 0.32 0.00
120 1.00 0.98 1.00 094 088 046 0.38

completeness. For each candidate, we provide a table of the completeness as a function of

richness and redshift. An example is shown in Table 3.2 and Figure 3.6; a similar table

is provided online (at http://dposs.caltech.edu/dataproducts/) for each plate used in

this survey. Additionally, a list of the areas excised due to bright stars, airplanes, etc. is

provided for each plate at the same location.

Percentage of recovery

Figure 3.6: An example completeness function, for Plate 389. From top to bottom, the

functions correspond to clusters of richnesses Nyq1s = [120, 80, 55, 35, 25, 15].
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3.5.4 Spectroscopic Confirmation

To assess the validity of the above results, as well as to calibrate our phatometric redshift
egtimator (sce the next seerion and Paper I) and examine the redshitt distribution of our
clusters. we undertook a complete spectroscopic survey of candidates in two DPOSS fields:
447 (14430, 4+30°) and 475 (01%,+25°). These fields were chosen because they are at rel-
atively high galactic latitude {+67° and —40%) where the effects of dust are expected Lo be
small, and because scany in all three bands were available when this project was started.
[However, these maps were generated, and eluster detection performed, using the method-
ology discussed in Paper 1, which (as disrussed earlier) differs significantly from the final
techoique used herc. 'The ariginal list of ciister candidates in these two ficlds was drawn
from the individually calibrated plates, using galaxies to m, — 20. Therefore, the sample
with follow-up spectroscopy is only a subser of the fnal cluster catalog in these areas, and
also contains targets which are no longer candidates. We remind the reader that the catalog
for Field 475, which is in the SGP, 13 not a part of the NGP, and thus not in the area covered

by the catalog presented in this paper.

Ohzorvations

Spectra of the chister candidates were ebtained between April 1986 and April 2000 with the
COSMIC instrument {Kells ad al. 1898) in re-imaged mode, monnted an the prime foons of
the Hale im Telescope at Palomar Observatory. Targets for each mask were chosen from the
DPGSS catalop for the apprapriate field, selecting only galaxies with m. < 20 to maintain
reasonable sxposure times. No color selection was spplied; this was doue to maxinize the
number of possible objects which could have slits placed on them. Mulli-slit masks, made
of photogeaphic film nagatives, with 1.5 slic widths, were monnted at the tocal plana. “The
re-imaged pixel seals is (L3997 /pixal: the elite therefore correspond to ~ 3.75 pixels. '['he
available ficld for spectroscopy is theoretically #'x 12/, with the lomg dimension correspanding
to the spatial axas. The feld is further limited by the lack of an acenrate distartion map in
the slitmusk production software: this requires that slits be placed within ~3' of the cenural
axis in the direction perpendicular to the slits. Nevertheless, the 8' »x 3 field of the masks is

larger than the care radius of clusters at all but the lowest redshifts in our sample.
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Slitmasks were designed using the cosmicsiitmask program, written by M. Pahlre. This
sollware simply takes an input lisl of eoordinates, and allows the user to mleractively select
objects for slit assignment. There is no automated slit optimization algorithm, so objocts
wore selecterd visually [or each mask, to maximize the munber of Larrets ohserved per mask,
This often rosulted in densely packed slitmasks, with as many ag 45 elils on a single mask,
some as short ag 107,

Spectra were taken using a grism with 300 1/mm, hlazed s 53004, which produeed a
dispersion of 3034 pixci*. The spectra typically cover a wavelengill range ~ JU00A Lo
~9000A, wilh & central wavelength of ~B000A. Since the dispersing element is a grisin and
canmot be tilled, Lhe wavelength range is fixed and varies only sz a result of the vertical dis-
placcment of the slits [rom the mask center. Therefore, nearly all spectra are ahserved from
bluewsard of the 4000A break (for  — ), throngh the redshilled Na lines [GSHUﬁ rest frame,
70504 at onr highest expected z — 0.35). The COSMLC CCD has a gain of 3.1e™ /DN and o,
relalively high read neise of 13e™. Exposure times varied greatly [rom wight to nighe, depend-
g largely on the seeing (which ranged from 0.8" 1o as kigh as 2.0%) and spectiograph focus
changes (due to temperasure fuemations). Expesures ranged from a single 1800s exposure

np o two 3600s exposures per slitmask. with most consisting of two 1500 exposures.

IData Reduclion

Al data reduction was performed using the IRAD puckage, The obiject spectra were over-
wean subtractod, and Aantened using spectra of a halogen lamp reflected ofl the dome [nteriar.
Closimie rays were romoved sing the szap task (written by M. Dickinson), and night sky emis-
sion removed by subtraction in the spatial direction on the two-dimensional images, using
the biehgrownd task to perform medinn Lluering snd sigma clipping  Because the slits were
typically vory narrow, we used only a second ovder liv along the spatial dircction. Atter sky
sulitraction, cach spectrum was traced and optimally extracted in the individual expasures.
The extracted spectra ware wavelength calibraed nsing spectra of an arc lamp, taken imme

diately before or after the object speclra, Lo mwinimize the effects of instrument flexure. The
inelividunl extracled, wavelensth-calibrated spectra were Lhen combined to produce the final
spectruc for each objecl, used fo measure the redshifts. All redshilts were measured by RRG

using the IRAF task redshofi, writlen by T. Small, This program allows Lhe user to visually
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mark specific spectroscopic features, and input their rest wavelengths, The object's redshaft
is bhen calculated, and the positions of other comumon absorption and emission lines overplot-
wedd, 1o this way, the user can check the redshift assiznments. Such visual measurement was
neeessitated by bhe poor &/ of the majority of cur spectry; antomated techniques (such as
cross-correlations) woere strongly affected by residuals from poor sky subtraction. To enable
completion of the survey in a reasonahle time, a trade-off in exposure Limes w2, oomber
of masks observed was made, since wa were anly interasted in measuring redshills and naot
any specific galaxy properties (such as velocity dispersions or line strengthis). Comparison
ol redshills obtained by different reducers and at different tines suggests the redshifts are

aconrate Lo ~Az=0.002, or approximately 600 kun s -

In addizion, over the course of the survey, our list of candidate palaxy clusters changed
as the photametric ealibration and sample sclection improved. This resulted in a siguilicant
number of targets being observed which are not included in the final cluster sample. This
extraneous data is actnally useful in assessing the rate at which we miss real clusters snd
1= discussed later in this section. A total of 3249 individual spectra were visually inspected;
of these, 1655 (51%) were idemtified as galaxies, and 326 (10%) as stars. Thus, a total
of 1981 spectra were idenlifllable, a 617 success rale. Of the galuxies, 1245 (75%) had
sacirely measured redshifts: the remainder had insafficient S/N. We also note that the 105
stellar contamination is consistent with the results of Odewahn el ai. (20003), and should be
taken as an upper limit on misclassification, as extended sources (e, galaxies) tend to have
lower S5/N spectra, making identification more difienlt. This large spectrascapic sample
constitntes a signifieant survey in its own richt, with other applications in addition to those
discussed here.

In Field 447, there are 64 cluster sandidates. OF thiese, ouly 24 have usable spoetrascopy,
with all 24 showing evidence tor elisters. There are an additional 4 masks targeted at
areas with no current candidate; these nevertheless show spectroscopic evidenee for physical
culaxy associations, However, they all have z > 0.22 and Ny, < 30, a regime where our
completeness s typieally only ~ 30%, There are unfortunately 40 eurrent candidates in this

field withont spectroscopy.

The sitnation for Field 475 is mnuch betler, with 55 candidates in our current sample, of

which 37 have corresponding slitmasks. These all show avidence for physical clustering (as
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Table 3.3: Spectroscopic Survey Results

Field N{cands) N(spee) [frac] N{extra)

147 61 24 [0.38] 1
475 5 47 [0.67] 16
discussed below), There are 16 masks pol associated with any pew candidates. OF these

sixteen, four are near Lhe edge of Lhe plate or Lhe area used [or the densitometry spots
There remain twelve masks which show evidence for real galaxy associations. Nevertheless,
these twelve areas appear to be only moderate overdensitics; cven lowering our detection
threshold to allow 30% contamination recovers only three of these. Running our richness
estimator on these areas, using the spectroscopic redshifts, shows that indeed Lhese possibla
clusters all have Ngue << 30, Additionally, four of these 12 masks have clusters at = > 0.22.
Finally, eighteen current candidates have no spectroscopy: these are all of similar overdensity

to those candidales with spectra, and therelore likely Lo be real.

igure 3.7: AK galaxy density maps for Ficlds 447 (left) and 475 (right), with blue
circles marking the loeations of current candidate elusters, preen circles showing slitimasis
associatod with current candidazes, and red cireles showing locations where speetra were

baken bal Chers s no curcent candidale:
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Table 3.4: Field 447 Spectroscopy
Candidate/Mask Zspee  N(z) Comment
NSCJ142311+320840  0.200 10
NSCJ142841+323859 0.127
NSCJ1429204+270609  0.268
NSCJ142937+301403  0.103
NSCJ143203+293404 0.221 14
NSCJ143237+313532 0.131 13
NS(CJ143330+292738 0.219 12
NSCJ1434004301222  0.222 3
NSCJ143437-+284024  0.205 11
NSCJ143539+281143  0.203 3
NSCJ143737+300923 0.338
NSCJI143744+4302547 0.160 13
NSCJ1439104+290229 0.253 11
NSCJ144210+294444  0.216 4
NSCJ144229+292545 0.224 B
NSCJ144231+323227  0.243 11
NSCJ144250-4314342° 0.243 ¢]
NSCJ144315+305758  0.227 4
NSCJ144432+311149  0.233 14
NSCJ1444574-300112  0.177 g
NSCJ144603+301148  0.109
NSCJ1446354-281740  0.229
NSCJ144713+302554  0.170 4
NSCJ1448204-272134 0.233 20

J1443284-313136 0240 11  High 2 Nyas = 36.3
J144352+302724 0.320 4 High 3; Ngars = 22.5
J144404+313214 0.233 6 High 2; Nyats = 25.3
J1449024-323713 0.200 3 Nyats =132

The results of the spectroscopic survey are summarized in Table 3.3. We give the total
number of candidates, the number (and fraction) with and without spectroscopy, and the
number of extraneous masks. Details for each candidate with spectroscopic observations
are provided in Tables 3.4 (for Field 447) and 3.5 (for Field 475). Column (1) provides the
candidate name, columns (2) and (3) provide the spectroscopic redshift and the number of
galaxies at that redshift (if spectra were obtained), and column (4) provides comments, if
any.

The above results are shown in Figure 3.7, for Field 447 (left panel) and 475 (right panel).
We show the AK galaxy density maps, with blue circles marking the locations of current

candidate clusters. These clearly correspond to areas with the highest galaxy density. Green
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Table 3.5: Field 475 Spectroscopy

Candidate/Mask Zspec N(z) Comment
NSCJ005559+-262442 .194 24

NSCJ005618+254729  .150/.245 3/3

NSCJ0059574-234739  .240/.302 10/6

NSCJ0102014-250504 273 11

NSCJ010211+4-261816 .239 T

NSCJ0102514252028 .189 15

NSCJ010255+235859 .266 6

NSCJ010310+-270349 166 12

NSCJ010319+-264850 12T 3

NSCJ010348+262628 -242 12

NSCJ010403+255906 .245 T

NSCJ010408+250654 .160 17

NSCJ010420+271828 .239 8

NSCJ010434+263908 .168 7

NSCJ010439+254013 158 15

NSCJ0105464-245803 241 17

NSCJ010641+261142 .164 15

NSCJ010748+-243721 .238 7

NSCJ0107494-265059 192 8

NSCJ010758+-272626 .117/.238 4/3

NSCJ010847+252214 .200 12

NSCJ010853+245311 187 10

NSCJ0110594-265458 -113 i

NSCJ0111524-274612 115 8

NSCJ011210+242646 .196 17

NSCJ011251+250601 .183 )

NSCJ011444 4244250 2178 8

NSCJ011521+242925 -189 6

NSCJ0116014-222736 .248 T

NSCJO11601 4273938 120 8

NSCJ0117264-225257 123 6

NSCJO118254-273800 ATT 10

NSCJ0119324-243213 .142 T

NSCJ0119544-244954 207 6]

NSCJ012049+233053 A17 21

NSCJ012057+245751 .190 9

J010030+4-243949 .082 7 Nygats = 17.1
J0112524222124 .140 6 Nyats = 16.0
J010432+243635 266 9 Nyats = 204
J0059404+-262717 193 14 Nyats = 22.8
J0056454-230011 180 6 Nyats = 18.9
JO10441+4222618 .250 5 High z; Ngqis = 22.9
JO10752+-253143 .200 6 Ngats = 29.4
J0111424-230337 195 ¥ Ngats = 98
JO11818+224753 967 5 High 2; Nyars = 27.63
JO100254-242744 .125 10 Ngais = 20.3
J011000+250756 2200 6 Ngats = 26.7
J011050+231344 115 5 Nyats = 234
J010027+251510 227 5 High z; Nyats = 28.6
JO11548+252229 .185 9 Ngats = 22.8
JO11747+245810 .145 11 Ngats = 23.2
J005608+251240 175 8 Nyats = 16.80




T2 Capitule 3. Aglomerados de Galaxias no Universo Local

circles show the locations of slitimnasks associaled wilth current candidates, while red cireles

mark locazions where spectra were Laken bul Lhere is no current candidate,

We show example spectroscopic redshift histograms for some cluster candidates in Figure
3.8, From these redshilt distributions, we can clearly see strong clustering in redshift space,
providing evidenee lor leue galaxy clusters in most of Lhe slivumesks. The median redshifs of
our spectroscopically confirmed cluster candidates is 2,.9~~(0.2. This value is in keeping with
the photemetrie rodshifts presented o the following section, nod with our earlior estimares

of the depth of our galaxy cetilogs.
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I'igure 3.8: Spectroscopit redshify kistograms for selected candidates in IMield 475,
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Are Redshift Peaks [teal Clusters?

Although the peaks in the redshift distributions provide evidence for clustering, we would
like to equantify the likelihood that a given peak is a real structure. Cerrainly, large peaks
(as in candidate NSCO03539 | 262442, with 24 galaxics) are undoubtedly clusters, However,
many ol Lhe masks show peaks with only 3 or 4 members. Individual galaxies are assipned
ns members of a peak il they [all within Az = 0.005 (1500 km ) of the peak center.
Incrensing this runge does nol change Lhe resulls significantly, since maost redshift peaks are
well isolated.

A rough estimate of the likelibood for such small peaks being real can be made followins
the arpument of Zaritsky el wl. (1997). I the underlying redshilt distribution of galaxies were
smooth, the formal probabilily of & pair of galaxies within Az = 0.005 would be negligible,
miuch less for three or more gulaxies. However, because galaxios are correlated, the hikelihood
of pairs, triplets, ebe., is increased, D we assimne that all slitmasks where the richest elump
has onlv three ar four members correspond to spurions detections (there are 18 such masks
out of 93 total masks), the probability of finding a single false peak s 18/95, or ~ 20%.
We might then expect g comparable fraction of our histograms to show a second redshill
peak with similazly few members, but there are only eight (~ 8%). In fact, some of Lhe
distributions with multiple peaks may be projections of multiple poorer elusters which we
detect as 4 single candidate. Additionally, there s only one mask with s secondary pealk
containing live members. An additional argument i favor of Lhe reality of three-ormore
galaxy clumps is that il peaks with three members were ollen spurious, we expect to find
many more such peaks than those containing four galaxies. However, we find an almast
identical number of peaks with three and four galaxices, supporting the idea that even three-
galaxy peaks are often real. Therclore, we conservatively identify all peaks with four or more
members as real elusters, and peaks with only lhree members as tenlative. The number of
clumps with bwo galasdes is moch higher (nearly every mask conlains one); we Lherelore ignore
those completely, Furthermore, while Zaritsky ot al, follow similar arguments for only two
galaxies, their spectroscopy covers a significantly larger magnitude range (m, < 22 compared
Lo onr e < 200, Lhereby greally increasing their Likely conlamination rale. Conservatively,
we estimate that at least 30% of cur robnst eandidates are true elusters: this is roughly

consistent with aur attempt to generate catalogs with ~ 10% contamination,
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3.6 Photometric Redshifts and Richnesses

Two of the most fundamental properties of galaxy clusters are their distance (or redshift),
and mass. Because the latter is difficult to measure accurately, and impossible from our
photometric data alone, we instead measure the richness. The details of our redshift and
richness estimation techniques are given below. It is important to note that both are meas-
ured in a completely model independent way; this is possible because, these properties are
measured after detection is completed, and are not an inherent part of the procedure. We
note that this is inherently different from many other techniques; for instance, the Matched
Filter simultaneously performs detection and redshift /richness estimation, while others, such
as the Cut & Enhance method (Goto et al. 2002) or the RCS (Gladders & Yee 2000) output

the redshift, based on galaxy colors used as part of the detection procedure.

3.6.1 Redshift Estimates

Paper I presented an extremely simple yet effective photometric redshift estimator for DPOSS
cluster candidates, based on the assumptions that each candidate is a single cluster, at one
redshift, and the cluster galaxy population is dominated by early-type galaxies. The es-
timator is an empirical relation between spectroscopic redshift and the median g—7 color
and mean r magnitude of the background-corrected galaxy population for each candidate.
We use both colors and magnitudes as we find both to be equally well correlated with the
spectroscopic redshift. We count the number of galaxies as a function of color, N,_;, and
the number as a function of r» magnitude, N,, inside a radius of 1 Mpc (0.67 % Rape). The
background galaxy color and magnitude distributions (N, and Ny, ,) are determined
independently for each plate, scaled to the appropriate area, and subtracted from the color
and magnitude distributions of each candidate cluster. The median g—r color and mean r
magnitude of the remaining galaxies is then calculated. This differs slightly from the meth-
odology in Paper I, where universal background distributions, taken from a large contiguous
area, were utilized. In practice, this must be an iterative procedure, because we do not
initially know the redshift, and therefore the Abell radius, for our cluster candidates. We
therefore start with an initial radius corresponding to 1 Mpec at z = 0.05, within which

we measure the above quantities and derive the initial redshift estimate. The Abell radius
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is adjusted using this new redshift estimate, and the procedure repeated until the redshift
CODVETECS.

Spectroscopic redshills for the clusters used Lo derive our empirieal photometrie redshift
estimaror were taken from Struble & Hood (1999, hereafter SRY9). We do not use our own
spectroscopic data, as they cover only two plates, and we do niot want to bias our cstimator.
The SRYD data are culled from diverse sources in the literature, and are of highly variable
quality, A majority of the cluster redshifis, especially those at 2 > 0.1, are based on very fow
(one or bwo) individual galaxy redshifts, and may therefore be incorrecs. Nevertheless, this
catalog is the largest, somewhat homogenized resource currently available. The larger area
utilized in this paper results in a final training sample camprising 4649 chisters (compared o
only 46 in Paper I), with & median redshift of z,,.0 — 0.138 Deeause we now have many
more clusters, and their redshift distribution is heavily weighted with low-redshift chisters,
we bin the colors and magnitudes into spectroscopic redshift bins. We divided the range
002 £ ziee < 0,35 into ten bins, and calculate the median 2.0, (9 — )mezy 800 Poeen for
each bin. ‘These binned values are used to derive an empirical relation between redshilt,

median g—r color, and mean r magnitude using a bivariate least-squares fit:

St = 05694 % (g hined OD0Z1E 2 1y — 0057243 (3.1)

The wpper pacel of Figure 3.9 shows the photometrie redshift against the spectroscopic-
ally measured redshill for these 369 Abell clusters, with the lower panel showing the residual.
Performing the complete iterative procedure, where we begin without assuming the spectro-
scopic redshilt to define a starting radius, yields a Qaoma of {2ipae = 2pnae) f {1+ 2apee) = Dz =
0.03:3.

In addition, we tested the affect of varying the starting cluster rading from 5" {corres-
ponding to ~ LOMpe at 2 0.2) to 153 [~ 1.0Mpe at = - 0.05). In principle this could lead
to different final photometric redshifts if the convergence praocedurs i3 wmstable. The results
are shown i Figure 3.10; the Quipma tor Azppm = 0004, There are a very few outliers, which
demonstrates the robustness of our sunple technigque. Tlus also suggests that estimating
ke With two different initial radii and selecting those with varying results can he used to
tesl fon clusters where the estimated redshift is questionable. The starting redshift alse does

not alfect Lhe accwacy of the estimalor,



76 Capitulo 3. Aplomerados de Galdxias no Universo Local

Tptea

'I
¥

': Sapgc ™ l:nmt.j.!'l :.1 e

Figure 3.9: The phetometrically estimated redshift vs. the spectroscopically measured
redshift for 969 Abecll clustors. Rrsidinls as a tunction of redshift are shown in the hottnm

panel.

The photometric redshift estimates for the candidate elusters are provided in the fourth
columnn of Table 3.6. Those clusters whoere the phatometric radshifts using the twe starting
rocsbifts disagree by more than 2 times the redshift error are marked with a colon; in cases
where the estirmator failed entirely, we set z = (0.0, The mean redshift for our sample is
Zohotmed — (L1579, which is comparable o our vriginal estimate of < z >~ 0.15, based on
the mapnitude range covered. Our highest redshift clusters are 2t 2 = 0.3, with many ar
0.2, The redshitt distribution af our robust sample is shawn in Figure .11, The entire
sample s shown in the top panel, with subsamples of varyinge richnesses in the lower bins.
The median redshilt for each sample is marked. As expected, poor clusters are found only

at low redshift, while richer clusters can be seen to larger distances.
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Figure 3.10: The photometrically estimated redshift using starting radii of 5 ‘and 15’.

Differences between the estimates are shown in the bottom panel.

3.6.2 Richness

A fundamental physical property of galaxy clusters is their mass. Mass can be measured us-
ing X-ray data, velocity dispersions, lensing (strong and weak); all of these methods require
data which is difficult to obtain for extremely large cluster samples, and often impossible
for low-mass systems. One expects that the number of galaxies in a cluster (the cluster
richness) should be correlated with the total cluster mass. Unfortunately, cluster richnesses
are notoriously difficult to measure, and there are a variety of different estimators. Abell’s
richness, for instance, is extremely poorly correlated with mass; other estimators fare some-
what better (Yee & Lépez-Cruz 1999). Because our catalog covers a large fraction of the
sky, we can measure optical richnesses for many clusters which have spectroscopic data, as
well as prepare specific subsamples for future spectroscopic study:.

Given a redshift estimate for each cluster, we can measure a richness that samples the
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same absolute magnitude range. We compute the richness in a fixed absolute magnitude
interval, M} — 1 < M < M + 2, using the r-band data, and assuming M* = —21.53,
taken from the cluster luminosity functions derived by Paolillo et al. (2001). Galaxies are
counted within a radius of 1A' Mpe. For clusters at low redshift (z<0.17), we measure the
richness by directly summing the background-corrected number of galaxies in the appropriate
magnitude interval. Only at these low redshifts is this entire magnitude range contained
within our data. For more distant clusters (z > 0.17), we directly sum the galaxies with
M} — 1< M < My, where My is the absolute magnitude limit corresponding to our catalog

limit m, = 20.0. We then calculate a correction factor « for the richness, defined as

M +2
/ O(M)dM
Mr—1
fY | .ﬂfgu (3’ 2)
/ B(M)dM

Mz-1

We set the exponent in the luminosity function to @ = —1.1, as we do for our simulated
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clusters; the correction factor is slightly larger [or lower e (by ~5 — 10% for o= —(0.57).
Typical values of 4 are 1125 for z 0.2 and 1.50 at z=10.3.

We use a background determined individnally for each plate. We simply take the distri-
bution of galaxies as a function of magnitude for the entire plate, amd sublract this (sealed
to the appropriate area) [rom the same distribution far each cluster. ‘I'his ensures that
any systematic errors in an individual plate (calibration, elassification) are maintained when
performing the background subtraction. Our methodology lies between completely local
backgronnd estimation (such as taking an annulus near the cluster). and completely global
estimates (which would use the entire survey area), Tests using median filtering tu remove
vverdense regions from the background weasurement show that this method does not change
the final richnesses appreciably; the mean rvichness is increased by ANy, = 3 if this allern-
ative method iz used.

The final richness {N,,) for each chuster is listed in the Glth colunn of Lable 3.6. We
show Llie richness distribution of onr rabust chister candidates in Figure 3.12, [or the whaole
sample and in different. redshift, bins, At high 2z, where our completeness drops, we lind only
richer clusters, while at low z, where the volune 8 smaller, we find mostly poor clusters,
The median richness for our clusters is NVogemes = 31, which corresponds to the poorest end

ol Abell's richness class (. We therefore expect thal cur calalog containg mauy very poor

clusters {or even graoups).

Richness Frrors

Errors in our photometric redshill estioator will introduce an error in the measured richness
for each cluster. We investigated Lhe magnitude of this effect by caleulating richnesses for
the Abell clusters with spectroscopic redshilts.  We caloulale the richness using Lboth the
spectroscopic redshift and our photometrie redshift. 'Lhe results are shown in the upper left
panel of Figure 3.13. The two estimates are very well correlated, with no systematic offset,
and larger scatter al lower richness, where the redshift estimates are likely to be worse,

We also Lested various cluster radii for measuring richness. The uppor right panel of
Figure 3.13 shows the ratio of richnesses using 1.5Mpe and IMpe radii, versus the 1.5Mpe
radiug vichness. We ger that the ratio is approximalely constanl repardless of richness, and

that the ratio is ~ 1.3, less than the ratio of the areas. This is clearly because the outer



50 Capilule 3. Aglomerados de Galixias no Universo Local

2000

j 0410 et e e T et et o Y YT 1_£- T T
: +
1

Almuaters)

Alcnnezs

Figure 3.12: Richness distributions for the entire sample (top pancl) and in different

redshitt bins (lewer panels).

parts of the clusters have low density. We Lherelore use the 1Mpe rading richnesses, as the

background subtraction over a larger ares will introduce more noise.

There are many other potential sources of error, bolh random and systemarie. A future
paper will address many of these issues in detail, including the choice of hackground ares,
cosmology, k-corrections, the radius used. ele. We will measure cluster richnesses usiug a
variety of technigues: this will allow detailed Lests Lo lind which methadology provides the
best surrogate for a mass measurement. Nevertheless, we are confident that our ad Aore
estimator provides a useful measurement. We liave compared our richness estimalor to the
Ao measurement of Kim (2001) for clusters detected by bath survevs. The results are shown
m Ifigure 3.14, where solid circles are clusters where the redshift estimales agree [within
errors), while apen circles are clusters where thev do not. 'The two richness measures are
extremely well correlated, sugpgesting that they are boul measuring similar properties of tle

clusters. The agreement is quite remarkable, as they are based on different surveys, and
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Figure 3.13: Richmess estimator tests using Abell clusters with speclroscopic redshifts.
Pangl (a) shows our richness measure using the speciroscopic redshift from SR99 compared
to the richness using our photo-z. Panel (b) iz the ratio of richnesses using 1.5Mpe and
1Mpe radii. Panel (¢) shows our riehness (using 2., against Abell’'s. Panel (d) compares
Ahell's richness to our measurement using the Kim et al. (2001] technique to count galaxies

writh mq « 1m0 < maq + 2. In the lower panels, each small dot is o single elaster, with |Le

large squarcs representing binned data.

sl
IIIIIIII

=
DE L1 I.|||||I|'|||J

o 50 100 150
Richness{1.5Mpc)

200

200 IARRNREEEN A RN R RN
Ecun' _
150 . -

Irll ll|l|

I[I-I

50 — Bag s
0 vl bl
a o 100 150
A Akl

20K

measure different properties. One method (Nya.) simply counts galaxies, while the other

considers the luminosity of the galaxies (Ay).

Comparisun to Abell

Finally, we attempted to compare our richiuess estunale (o uhose of Abell,

The results

are shown in the lower left panel of Fignre 313, with each comparison cluster as a small

dot, and the boxes representing binned data. Alchangh a correlation is evident, the scatier
Abell’s richness

is large; significantly larger Lhan the errors due to our measure alone.
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Figure 3.14: Comparison of our richness measure N, with independent messurements

of Ay from Kim ed ol (2007).

estimate, counting from the third brightest galaxv to two magnitudes fainter, sullers from
many drawbacks. First. his redshift estimates are often incorrect, canging crrars in Lhe rading
wsed bo count galaxies, The use of an apparent magnitude, mg, to set the magnitude limits
eans Lhat dillerent clusters have their richoesses measured in different absolute maguitude
ranges, and inbroduces random ervors due o beight [oreground galaxies, This effect is shown
in the boltom rizsht panel of Figare 3.13, where we plot Abell’s richness against our eslimate
of the cluster richuess measure using a version of his technigue (detailed in Kim 2001). A
similarly poor, bul extanl, corvelalion can be seen. The diffienlties with Abell's richness

measures are well documented, as discussed w 3.1,

3.7 The Cluster Catalog

The Hrst installment of the Northern Sky Optical Closzer Survey catalor presented hore
covers 53347F | and contains 8155 cluster candidates, yvielding 1.4 clusters per square degres.
[n comparisen, Abell’s [958 survey covered a much larger ares, yer contains anly 2,712

tluglers. Owr calalogue thus represenls an increase of ronghly one order of magnitude in
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chigter counts. More buportantly, these clusters have been sclected using an automated,
abiective algorithm, wilh extremely well characterized contamination rates and selection
funclions. Fach claster also has a consislently measured richness and photomelric redshift.
Figire 3.15 shows the sky distribntion of all onr cluster candidates. 'he median redshift of
onr sample i8 Zmeq = 01679, with a median richness of Ny, s = 310 Thus, onr sample is
hath somewhal deeper than Abell, and extends to significantly poorer systems. As menlioned
parlier, the redshill distribution is shown in Figure 3 11, and the richness distribution in
Fignre 3.12. DPOSS F-plate images (500" diameter) of four new, rich clusters are shown
in Figure 3.16. Two were not previously known, and two (NSCI72013 | 264028 = RXCO
J1720.1 | 2637 and NSC1220064+473720 = RXC J1228.044737) were detected only as X-ray
clusters.
Wa provide the complete cluster catalog for our survey area in Table 3.0, as well as at

kttp://dposs.caltech.edu/dataproducts/, sorted by increasing RA.

The table provides:

. The cluster mame. The paming convenlion is NSChhnrss+ddmmss. Coordinates are

J2000.
2. The clngter BRA and
4. The cluster Dee, in decimal coordinates, also J2000.
4. The photometric redshift. T this is zero, the estimator failed to converge.

The measured richness. If 2, = 117, the correction factor +, as deseribed m §3.6.2,

ot

18 applicd.

B. "U'he munber of simulated maps in which the claster was detected. Only elusters de-

tected in seven or more maps are included here.

7. The plate muuber [rom which the cluster is drawm.
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Table 3.6: The Northern Sky Cluster Cagalog: Fxcorps
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3.7.1 Consistency with Previous Surveys

Although our data aud methodology is different from those of prior surveys. we expect Lhat
optically-hased cluater searches will find similar obijecis. Thus, we mav ask if our results are
consistent with other recent surveys.

The obyvious survey to compare with is thal of Abell. ln Lhe arca covered in this paper,
there are 1090 Abell clusters. Of these, ~ Y3% are recovered by ns; an exact number is
difficult to determine due to centroiding errors, varving watching radii, nnknown redshilis.
proximity to excised areas, and other effects; some of these will be treated in a full comparison
when the second (and final] portion ol our catalog is completed. Nevartheless, the high
recovery rate suggests that the Abell calalog cousisls mostly of real clisters (a8 argued by
Miller ef ol 1959), but is incomplsle, as our sample contains eight times more clusters.
Unlortunately, it is difficult to assess the Abell calalog incompletencess in the regime where it
is used [or slatistical studies [Vaen = 50, z < 0.2) beeanse of the poor correlation hatween
Abell’s richness and our Vg, I we assume N, and Ny are equivalenl, then the two
catalogs contain very similar numbers of clusters in the alorementioned range. Tlowever, a
sinall shift i the limits used for comparison (for instance, setbing Ny, = 45) would lead one
to conclude thal the statistical Abell catalog is ~ 35% incomplete. These discrepant results
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are consistent with the difficulties encountered by other authors in assessing the complet eness
of the Abell cataloy,

Fignre (L15: The sky distobution of our candidate clusters. Black lines show the Lound-
ariss of plates nsed in this paper; dotted boundaries are unused plates with poorer calil-

talion,

An excellent alternative comparison sample is that of PD2, whao discuss the surface densily
af clusters as a function of redshift. They find 1.14 cluaters per square degree for 2 < 0.2 apd
Ag = 40, In our 5800 square degree sample, we therefore expect 6802 clusters for the same
range of parameters. Unfortunately, we do not measure Ay, but P02 provide a conversion
to Abell richness, A = 1.24 X Rapen; their Aq cul thus corresponds to B aen > 30, At these
low richnesses, the Abell richness carresponds ronghly to our N, (see Figure 3.13). We
therefore apply theose cuts [}:Phoﬁ < 1.2, Nga, 2 30) to our catalog, resulting in a sample of
2858 clusters. We then apply our selection function {(shown in Figure 3.2); at the higher end of
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NSCJ172357+270033 NSC.J172013+264028
zphot=0.1623 Ngals=90 zphot=0.2143 Ngals=69

NSCJ122906+473720 NSCJ 0814544383306
zphot=0.3254 Ngals=66 2phot=0.1778 Ngals=67

Figure 3.16: DPOSS F-plate images of four rich clusters. T'wo were not previously known,
and two (NSCJ172013+-264028 = RXC J1720.14+2637 and NSCJ122906+473720 = RXC
J1229.0+4737) were detected only as X-ray clusters.

the redshift range (z ~ 0.15) our detection efficiency is quite low for the most common, poorer
clusters. The estimated actual number of clusters expected in our survey area, after applying
this correction, is 6461 clusters, compared to 6902 predicted by the constant comoving space
density given by P02. This is only a 6% difference, which is remarkable given that both



3.8. Discussion and Fulure Directions 87

surveys use different techniques, and have to apply estimated seleetion functions to arrive at
actual space densilies.

This excellent agreement suggests that both our survey and the smaller but deeper survey
of P02 detect similar objects in the overlapping redshift range. In addition, Lhe selection
functions presented by the two surveys provide realistic estiunales ol their completeness.

We nole also that P02 find a space density of Abell-like clusters that is a factor of 1.5
higher than in the Abell eatalog. This resull relies on & conversion of Ay Lo Napey, which, like
ol OWN COMVErsion, 18 somewhat uncertain. Nevertheless, the asreement in density hetween
our survey and 1'02 does suggest significant incompleteness in the Abell catalog. Hecanse
the number of detected clusters is stroogly increasing at the poor end of Abell's 2 — | bin,
these results are very sensilive o small changes in the richness culs applied.

A preliminary comparison to the NORAS X-ray cluster survey (Béhringer ef ol 2000)
shown in Gal (2001) demonsirates that nearly 30% of NORAS clusters at z <2 0.2 are detected
in DPOSS. In contrast, the DPOSS cluster catalog contains over an order of magnitude more
clusters Lhan NORAS: in most cases these are poor systems. To understand the biases in
Lhese catalogs, we are undertaking a full comparison in which the same properties ( fi, NVoa,,
Zpnet) 8re consistently measured for both NORAS and 1DPOSS clusters.

3.8 Discussion and Future Directions

We have presented the communily a large, new cluster calalog, which meels the omginal
ohirctives ontlined at the beginning ol Lhis paper. This calalog includes aceurate photometric
redshifts and richnesses for a sample of 8,155 cluster candidates, Additionally, we provide
detailed selection Functions in both redshift and richness, on an individual plate basis, which
can be used in the generation of mock eatalogs for testing cosmological madels, measuring
Lie correlation function, and other larpe seale structure studies,

Certainly, this will be superseded in the future by deeper surveys, with more accurats
photometry in more bandpasses, and wilh superior speclroscopic or photometric redshift
information. Our catalog is still limited by the nse of the projected galaxy distribution to

detect clusters, and the poor photometnic aconracy i comparison to modern digital surveys,
such as the SDSS.
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In the future, we will publish an additional catalog, covering the Southern Galactic Cap
region, and including the less well calibrated plates from the NGP. The final Northern Sky
Cluster catalog will then cover over 10,000 square degrees.

The scientific uses for this catalog are numerous. Measurements of statistical properties
of the cluster population, such as the cluster-cluster correlation function &, and the cluster
mass function are all avenues of further research. Comparisons to the relatively large X-ray
selected samples from the RASS are forthcoming, with the potential to find many poorer
systems by performing joint optical/X-ray detections. The existence of independent samples
of thousands of clusters will allow us to evaluate the biases present in the different detection
methods.

We also plan to examine the multiplicity function (Puddu et al. 2003), from small groups
to rich clusters. This requires a separate catalog of poor groups, which is being constructed
using a different algorithm by Iovino et al. (2003). The catalog presented here and the
compact group catalog are expected to have significant overlap, which will also provide
important cross-checks in the difficult domain of small galaxy associations.

This sample is also fertile ground for the selection of specific, well-defined subsamples for
follow-up observational studies. Using these cluster locations and the now public DPOSS
data, we can search for clusters with substructure, excess blue galaxy populations, unusual
optical/X-ray flux ratios, or any of a variety of interesting properties. Other methods for
cluster detection have also been applied to our galaxy catalogs (Puddu et al. 2001), which
can be used for further testing and comparisons.

We remind the reader that all of the data for this survey (including future installments)

can be found at http://dposs.caltech.edu/dataproducts/.
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— Capitulo 4
Aglomerados de Galaxias com Desvio para o

Vermelho Intermedidrio (< z >~ 0.30)!

Resumo

Apresentamos neste capitulo um catalogo com 9982 candidatos a aglomerados de galaxias
selecionados em ~ 2700 graus quadrados dos dados digitalizados do segundo levantamento
fotografico do Observatério Palomar. Este trabalho ¢ uma extensao do Northern Sky Optical
Cluster Survey (NoSOCS), apresentado no capitulo anterior. Nosso principal objetivo neste
capitulo é explorar a utilizagao do DPOSS no seu limite. Descrevemos aqui a estratégia para
detectar aglomerados no intervalo 0.1 < z < 0.5. Para tal, nés utilizamos as melhores placas
(na banda F') do DPOSS, selecionadas de acordo com a latitude galactica (|b] > 50°), seeing
e magnitude limite.

A deteccao de aglomerados é baseada em catdlogos de galaxias do DPOSS limitados por
r = 21.1, em comparagdo com r = 19.5 adotado no capitulo 3. Neste limite a separacao
estrela-galdxia nao é mais confidvel. Portanto, utilizamos somente os campos com [b| > 50°,
onde esperamos que a contaminagio estelar seja aproximadamente uniforme. Além disso,
uma selecao estatistica é realizada para converter galaxias erroneamente classificadas como
estrelas nos limites do DPOSS (segao 4.2).

Utilizamos dois métodos para a geragao do catdlogo de aglomerados. O primeiro é baseado

numa técnica de kernel adaptativo (KA, capitulo anterior), e o segundo é baseado no método

10s resultados exibidos neste capitulo sdo provenientes do artigo “The Northern Sky Optical Cluster
Survey IV: An Intermediate Redshift Galaxy Cluster Catalog and the Comparison of Two Detection Al-
gorithms”, Lopes, P. A. A., de Carvalho, R. R., Gal, R. R., Djorgovski, S. G., Odewahn, S. C., Mahabal, A.

A., Brunner, R. J. 2003a, Al, em preparac¢ao.

91
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conbiecido como verenai teaselation (VT) (secao 4.3). Os dois métodes sio optimizados de
traneira similar a apresentada no capilulo 3, no eotanto, o taxa de contaminacas agqui adotada
é de ~ 5%, Apresentames também (secio 4.4) uma comparacio das eslimalivas do miimero

do falsas detecgdes para diferentes tipos de distribuigdes de galixias de fundo.

Simnlagtes de aglomeradas san ntilizadas para obter a funcao de selecao dos dois mmétados
(segan 4.6). Diferentemente do capitulo anterior, a fingao de selecao ndo é obtida para todos
aos campes.  As estimativas para algnns campos sio dadas como exemplo dos limites de
completeza de cada método, Utilizamos ainda a fungao de selecao para (i) verilicar sc as
distribuigies de desvio para o vermelho (estimado) e riqueza 330 compativels com nossas
previsdes; (ii) para confirmar se os dois metodos spresentam bom acordo no intervalo onde
ambos esperam alta completeza; e (iii) para testar um possivel ganho em eompleteza quanda
permitindo wma baxa de conlamivagao mais alta (10% ao invés de 5%). No entanlo. uma

Laxa de contaminacao de ~ 5% (ol ulilizada neste trabalbo, como serda discutido adiante.

Kstirnativas do desvio para o vermelho e da riqneza dos candidatos a aglomerados sao ap-
resentadas (segAo 4.5). Estas estimativas sao titeis para selegdes de sub-amostras pura estudos
posteriores, além de serem de [indamental importancia para comparsrmes o desempenho
dos duis mélodos para delecgio de aglomerados. Como descrito na secaoc 1.7, o calilogo
baseado em V1 € mais completo no regime de baixos desvios para o vermelho e sistemas
pobres, ao passo que o KA apresenta melhor desempenlio para mais altos valores de desvio

para o vermelho, Estes resultados estdo em bom acordo com as estimativas da funcao de

selecao.

Uma comparagio do catalogo agui obtido com os catdlogos originais do NoSOCS é ap-
resentada na secan 4.8. FEneontramoz um excelenle acordo no regime em que ambos os
calalogos tem expeclalivas de alta completeza (0.1 < 2 < (L2 & Ny > 85). Nossos res-
ultades sao também comparadoes com os catiloges preliminares do SDSS. Nessas estbimativas
de rigneza apresentam boa correlagio com as de Kim (2001), e o catdlogo provenients do
DPOSS apresenta alto nivel de eoincidencia com os cazdlogos do SDSS (Kim 2001 ¢ Goto ef

al. 2002) uo regime de 0.2 < 2 < 0.3 e Ny, > 65
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4.1 Introduction

{Tisters of galaxies constitute the largest bound structures in the nniverse. Hemce, clusters
have been widely used to trace the mass distribution and its evolution (Baheall & Soneira
19583: Postman, Huchra & Geller 1992; Guzzo et al. 1992), as well as to place constraints
unt easmological models (Bahcall ef ol 1997; Evrard 1989; Viana & Liddle 1996; Carlberg et
al. 1997). Calaxy clusters are also likely composed of cosval stellar systems, and are there-
fore well snited for studving the formation and evolution of galaxies in dense enviromments
(Aragén-Salamanca et ol 1993; Butcher & Oemler 1984: Dressler €f of, 1997; Margoniner et
ul 2001). Studies of this nature require the use of a well delined and understood sample of
ralaxy clusters. Although whole sky cluster catalogs exist, they typically are subjective in
nature or do not span a lurge redshill range. On the other hand, deep cluster catalogs are
limited to small regions ol the sky.

In the lasl decade many authors have nsed different wavelengths and technignes to identify
elusters of galaxics. Each method has its own biases, and an ideal samnple would derive from
a combination of mnltiple data sets and technigques, Optical cluster calalogs use galasy
overdensities as a proxy for mass overdensities. Clusters lacking a significant galaxy popu-
lation are not likely f0 be recovered by oplical surveys, although the existence ol many such
cluslers iz guestionahle. Optical catalogues are observationally cheap, bul have projection
allects as a critical drawback. However, such effects can be minimized with the aid of col-
ors. X-ray catalognes do not suffer from projection effects, bul are biased apainst clisters
with an unresolved gas distribution or lower gas content. Some olher methods include the
weak-lenaing technique (Wittman ef al. 2001) and the search for distorlions in the cosmie
icrowave background radio emission, where clusters may seattor the microwave background

rudiation via the Suniyvaev-2'eldovich effect (Sunyacy & Zeldavich 1980).
Most cluster studies to dabe bave made use ol the Abell catalog [Abell 1938; Abell,

Corwin & Olowin 1983}, which is the result of visual inspection ol photographic plates.
(Other examples of subjective catalogs generated from plate data can be found in Zwicky,
Herzog & Wild (1968} and Gunun, Hoessel & Oke [1986) Tle main drawbacks of humear-
based cluster searches are incompleteness, reproducibilily and peneralion time as well Az

posing difficulty in quantifying the selecrion effects associatad with the resnlting catalog,
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Shectman (1985) was the first to use an automated method to search for clusters, with
much progress sinoe that time. Many automated eluster inding techuiques have heen de-
veloped, with some applied to wide field data, A few examples are Lhe APM Cluster Survey
(Dalton, Maddox, Sutherland & Efstathiou 1997), the BEDSGC (Lumsden, Nichol, Collins
& Guezo 1992 and the EDCCIH (Bramel, Nichol & Pope 2000). Exccpt for the work of
Gunn, Hoessel & Oke (1986) all the catalogs mentioned above sample the nearby universe.
Antomated or not, all of these surveys ara based on plate data, including that of Gal el al.

(20034}, which contains rich clusters to z ~ (0.3 in comparisen to the z ~ .15 — 10.20 lmit,
of previous surveys.

A large number of deep optical ‘near-TR. surveys have recently become available, reaching
a3 deep as z ~ 1.4, but the sky coverage is typically a few tenths (o & few square desrees. The
pioncering work is Lhat of Postinan et afl. {1996), who developed and utilized a matched filter
technique. Following this work, a large number of cluster eatalogs have became available
hoth in the northern and southern hemispheres (Olsen ef al. 1999; Loba et al. 2000: Gladders
& Yee 2000, Gonzalez, Zaritsky, Dalcanton, & Nelson 2001; Postman, Lauer, Oegerle. &
Doualiwe (2002). At 0 <X z <2 0.6 there are also preluninary results from the Sloan Digital
Sky Survey (SDISS), such as those of Kim (2001), Anuis el al. (1999) and Goto et af. (2002).

A necessary byproduct ol Lhese survevs was the development of varions techniques for
cluster deteclion, which ulilize dilferent properlies of the clusters. Some of these alporithms
and teclmigues include the walched Glver (ME) (Postman ef af. 1996) and all its variaots
(Kawasaki «6 ol 1998; Kepner e al. 1999; Lobo ef ol 2000; Schuecker & Bihringer 1998;
Kim «f al. 2002); Voronal Tessellation (Ramella ef all 2001; Kim e al. 2002); the Adaplive
Karnel (Gal et al. 20004, 20034, 20030 - hereafter Papers 1, I and 11 respectively): Surface
Brighlness Fluctuations in shallow bnages (Gonealez, Zaritsky, Daleanton, & Nelson 2001)
and methods based on the color and magnitude of the cluster galaxy papulation (Gladders &
Yoo 2000; Gotw el af, 2002; Aunis ef of, 1959). Nonetheless. onby a fewr authors have compared
the performance of dilferent cluster search techniques an the aame data. Kim (2001) and
Kim et al. [2002) applied a matched filter, an adaptive matched flter (AMF) and a Voronoi
Tessellation technigue (VT) with a color cul to ~ 152 007 of SDSS comrnission mg data. The
fnal comparison menged the MF and AME in a hybrid matched filker (HMF} which uses
the MEF to create likelihood maps and deseet eluster candidates, while the AMF determines
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richness and redshill more precisely, resulting in a final comparison with two cluster detection
algorithms (HMF and VT). Goto et al. (2002) compared their results with Kim (2001) and
Annig et al. (1069). Baheall el ol (2003b) are currently working on comparing cluster

catalaps based on a variety of cluster Anding technigques applicd to SDSS data.

This paper prescnts o gidaxy cluster calalog covering 2700 L° of DPOSS data. The
calalog iz expected o be complete for rch clusters oul o 2 ~ 0.30, with clusters sl
detected to z ~ (L5 In the regime of poor systems this catalog is shallower than the SDSS
preliminary cluster catalogs {Kim et al. 2002; Gaoto et al. 2002; Annis ¢t al. 1999), bul the
sky coverage is larger. The main goal of this project is ta provide a catalog of rich structures
to z ~ (.5 covermpg the northern hemisphere. We also aim for a low contamination ratle at
the lovel of ~ 5'%. As no other similar resource is available to date, this catalog represenls
a valuable reference for follow-up studies. Our catalog will also serve as a valuable cross

referenee (or the final STISS cluster catalog as well as X-ray based eatalogs.

Wi also demonstrate the feasibility of using photometric survey data lor cluster detection
in the regime where star/galaxy separation is not reliable. Af the fainl end of DPOSS
{my > 19.5) misclassified stars can contaminate galaxy catalogs. As in Postman, Laucr,
Oeperle, & Douahue (2002) (hereafter PO2), we assess the probability that a faint objeet
classified as a star is indeed a galaxy. We apply this statistical correction as a [unction of
magnitude Lo oblail an object catalog in agreement with the galaxy counts to v, = 21.1. Tn
Lhis way, we minimize stellar contamination cffects which would otherwise reach 25% of the
galaxy counts. We also restrict the scarch to ficlds ot high galactic latitude, where (he star
counts are approximately uniform. Finally, as a byproduct, this work presents a perflormance
comparison of two different cluster search algorithme applied to DPOSS data.

Since in this work we do not impose a uniform completeness limit over the enlive surveyed
ared, we do not recommend this catalog for studies such as the clusier angular correlation
function or estimales of the cluster space density and mass function. Al the [Hint end of
DIPOSS photometric errors are quile large {Gal el af. 2003¢), playing a key role in the
sonoration of a cluster catalog. 'oor and/or distant clusters are extremely sensitive to the
mput palaxy catalog, which is severely affected by our poor photometry. Such studies can be
atldressed using the catalogs rom Papers IT and III However, tlis paper provides a valuahble

gource of rich, relatively distant optical chisters. This sample ean be used fo select candidates
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4,2.1 How far can we see with DPOSSY

To detect clusters al a given redshift, a photometric survey should be deep enomgh to sample
sonrees sipnificantly [ainter than the characteristic luminosity at that redshift. Figure 4.1
shows the apparent magnitude-redshill rvelalion for elliptical galaxies al dillerent ranges
arouticd m*. Wa use M = —21.52 (Paolillo 2f al. 2001} and asswue cluslers are dominated
by ecarly-type galaxies. The K-correction lor elliptical galaxies is derived with the vuse of
the spectral energy distributions from Coleman, Wu, & Weedinan {1980), convolved with
the DPOSS r-band filter. We adopt e, = 21.1 as the limitiog magnitude of the survey,
as indicated by the vertical line o Figure 4.1 I we assume thol we need to go as deep
as mt — | to detect a signibicant mumber of elliptical galaxies Lo identify a cluster over the
background, then the aurvey limit lies below = = 0.4, At = ~ (1.5 we are able to idenrify only
the richest systems, which have a large mimber of galaxies brighter than m®. We should
kecp in mind that these limits are valid for clusters entirely composed of early-type galaxics.
The presence of late-type galaxies would render distant cluster members brighter as the

K-correction effects are less slrooge.
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Figure 4.1: Magnilude-redshilt relation for elliptical galaxies with M° — —21.52. The

saurvey limit is indicated by the vertical line at m, = 21,1,

Figure 4.2 shows the differential magnitude distribution of galaxies within the projected

ares of four rich galaxy clusters (solid lines) with known speclroscopic redshibts and richnesses
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aiven by Ny, (§4.5.2). Tield counts are alse shown (dotted lines). All counts are normalized
to one square degree. The shift of the luminosity function to faimter apparenl inagnitides
as we go to higher redshills s obvious. However, it is clear from this figure that the cluster

profile is easily differentiated from the background counts for these rich clusters to at least
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Figure 4.2: Differential mmagnitude distributions for four rich galaxy elusters with known
spectroscopic redshifte. Cluster counts are shown as solid lines, while dotted lines show

the local background counts. All counts are normalized to an area of one square depres,

4.2.2 Iield Selection

As mentioned above, the star-galaxy separation acceuracy drops below the 90% level at m, >
19.5. Photometric errors and obscrving conditions also play a key role lu the generation of
ail inpul catalog for our cluster search. To mitigate these ellects, we apply a galactic latitude
cut when selecling the DPPOSS fields to be used. Additionally, we exclude fields based on

their imiting magnibudes and seeing, as outlined helow.
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The plate catalogs used in this paper contain galaxies an 16 < m, < 21.|. Initially
wr were simply ignoring classification for the faint magnitudes {m, = 19.5). We assumed
stars would add a constant background to the galaxy distribulion al high galaciic latitudes.
Houwever, thiz contribution is not expected to be mild. We therefore adopt a statistical
approach to check the probability that a faint star is indeed a galaxy. This procedure is
mplained below,

The first criterion Lo select DPOSS (ields is the galactic latitude (|b]). We look [or regions
on the sky where densily gradienls as & funclion of b are minimized. In these areas we can
assume that the stellar conbwmination (regardless of the actual level) represents a uniform
backgronmd added to the galaxy distribution. Figure 4.3 shows the stellar {left panel) and
gelaxy (right panel) number counts for different magnitude bins as a [unclion of galactic
latitude (|&). The magnitude bins are indicated in the righl panel. All lines represent spline
fita to the mean density {rom 373 DPOSS plates. There is a slrong dependence on galactic
latitude, mainly for low-|b| Helds (|b] < 45"), due to misclassified stars close to the palactic

plane, with the increase in densily due to stellar contamination in these low=-|b| felds.

A5~ =TT & L] T T A5 T LA
:'_ = T [ 5
- L =] H -
a ;_ e S —] E 3 E= P8 =
PEES——— 7 2 F 3= =35

E = \k ,:'“' ; L17rs ]
w2 = I-E 2 e
5: -: \ E “-ﬁ_ i T s | . :
P = £ 2 re— ]
g : 2 TE es__ =
[ = _31 = inm m
E’ 1.5 = = O --""""'————'———-——_w-—
- - 5F \‘“ﬁ -
ol T T [ O O i S R | | - LE-d 1]

20 A4l B0 ac 20 Al 50 ac
1B dedesgroes; E (rogreas)

Figure 1.3: Star and palaxy counts as a function of galactic latitude for different mag-
nitude bins. The lett panel shows (he star cowts, while Lhe righl panel shows (he galaxy

connts. The magnitude bins are indicated in the right pancl.

Another issue 15 whether the Poissonian fluctuations in the number of stars misclassifiad
as ralaxies could affact the cluster detection. In order to eslimate the magoitude of this
effect, we computed the expeoted /N Huetuasions in khe number of such misclassified stars

within a typical cluster aperture, as functions of both magnitude and galactic latitude. We
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find that for s < 18, the contamination is less than 0.1 star per cluster aperlure, increasing
to a level of ~ 2 stars per cluster aperture st m, = 20.5. Thus, we couclude that the effect
ol such Quetuations is negligible for our purposes,

Based on Figure 4.3, we conservatively selecl only fields with |[&f = 50°. This is motivated
by Lhe facl thatl io Lbis lalitude range we expecl any contamination eansed by stars to he
approximately uniform. However, we should still avoid high contamination levels. Initially
we decided tn simply ignore classification for magnitudes fainter than m, = 19.5 (the star
galaxy classification Iimit}_ Unfartunately, m this magnitude range galaxy counls do nat
exceed star counts by a large fraction. At m, — 19.5 the ratio of palasoy to star counts
i= expected o be only 1.3, increasine to 2.5 at m, — 20.5. 1f we ignare classification for
objects with rm, = 19.5, 30% ol our catalog would consist of stars (misclassified as galaxies)
at these magnitudes. Since ~ 84% of all objecls with v, < 211 have m, > 195, the
overall expected stellar contamination would be ~ 25%. 'lu reduce this clect and generate
object catalogs with statistically reliable galaxy counts, we opled [ur a statistical approach to
assess Lhe probability that faint stars ave actually galaxies. This methodology was previously
employed by P02 and Postman ot al. (1993). The procedure consisls of the extrapolation of
the bright star connts (i, < 18.5) to fainter magnitndes. We can then compare the number
of stars that should be in cach magnitude bin to the actual value found in the DIPOSS
survey, compnting the prohahility that a given star in a given magnitude bin is actually a
misclassified galaxy. ['his function is applied to the DPOSS faint stars (m, > 18.5), having
as a final product an object catalog with statistically reliable galaxy counts. The probability
tunction (described below) is given by

P—=5.16-32x% 107% +497 x 10~%* (4.1)

'This effect iy illustrated in Figure 4.4, where we plot the nnmber connts for stars (squares)
and galaxies (briangles) as a function of magnitude, to m. = 20, in hing of 0.5™, The dotled
line i the best Gt te the brighl galasxy counts, extrapolated to m. — 21, The dashed lipe is
the relation nsed to assess the probahility given hy equation (4.1); it is the best fil to the
bright star counts (m, < 18.3) extrapolated to m, — 21. Bquation (1) is derived from the
comparison of the mimber of faint stars found in DPOSS to the expecled value given by
the dashed line relalion. The correcled galaxy counts are shown as cireles. These are only
alightly hizher than the observed counts (triangles) at m,. — 19.5. This i3 in agreement with
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the 90% galaxy success rate at this magnitude, The vircles are also well fit by Lhe dotted
line ab faint magpnitudes, demenstrating that the corrccted counts are in agreement with the

extrapolated galaxy counts from the brighter hins.
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Iigure 4.1: Blar and galaxy connts at 6] = 5(F. Stars are shown as aquares and galaxies
as triangles. The dolied line is the best fit to the bright galaxy connts extrapalated lo
m, — 21. The dashed line represents Lhe bright star counts [py. < 18.5) extrapolated Lo
. — 21, Cireles represent the correcled galaxy counbs out to v = 21, Error bars are

equivalent to the error estimates for feld counts in Figure 4.2.

We apply two additional criteria to select DPOSS fields [or Lhis survey. First, we restrict
the cluster scarch to fialds with good seeing. We use Lhe intensiby-weighted second moment
of the light distribution for stellar objects (1H2,) as an indiealor of the guality of the abser-
= 50° helds. We use only hields with

vations. Figure 4.5 shows the TR2, distribution for |b
IR2, < 1.98", (close to the median value) as indicated by the vertical line in the plot. This
is equivalent o seeing measures varying from 2.0" to 2.57.

Finally, we exclude ficlda with limiting magnitudes brighter than m, = 21. The top panel
of Figure 4.6 shows the magnitude (r band) distribution for a typical DPOSS ficld. As in
Picard (1%91), we consider the magnitude hmit to be the mapgnitude where the distribution
gtarts ta drop sleeply (as indicated by the arrow). The bottom panel of the same [igure

shows the distribution of magnitude lmits, with the chosen cut indicated by a vertical line
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Figure 4.5: The intensity-weighted second moment of the lihe dissribution for stellar
objects (IRZ) iu the r-band s given as an indication of the yualily of DPOSS fields, Is
distributivn iy shown above lor the well calibrated and high latitude DPOSS ficlds. We
sclect fields wich IR2 < 1.08%

at me = 21.
To summarize, we select the best fields for chis project based on three criteria. Initially

we hegin with 375 flields. Excluding felds with poor pholometry and at |b] <= 30° leaves 146
fialds, which is reduced to 109 alter selecting those with TR2 < 1,957, Finally we eliminated
one [eld which has a bright magnitude limit, m, < 21, The final sample used (or the cluster

search Lhus comprises 108 fields distributed over the northern sky, providing an area coverage

ol ~ 270U square degrees.

4.3 Cluster Detection Algorithms

1 Papers 1, I and 11 we dotected galaxy clusters using the DPOSS galaxy catalugs brighter
than . = 19.5. At this limit, all real objects are detectable in both the v and g bands, so
we require thal all objects to r, = 18.5 must also have a counterpart in the ¢ band, to avoid
gpurions deteetions associated with satellite or airplane trails and plate defects. For Lhe
deeper survey presented here, this requirement is no lenger practical. At the current lunit of

iy = 21.1 there are J plates which are not as deep as the F' plates. resulting in real ohjects
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Figure 4.6: Typical magnitnde distribution of a DPOSS field (top). The limiting mag-
nitude is indicated by the arrow. In the bottom panel we show the distribution of limiting

magnitudes for 375 DPOSS plates. We exclude fields with my g, < 21

deteeted only in the v-band which have no counterpart in the shallower g-band catalops. We
have therefore opted to use only Lhe r-band when preparing the galaxy catalogs. As described
in Djorgovski ef al. {2003) this gives rise w =~ 10% of r-band only detections which may
be spurious; these are mainly associated with meteor and sircrall Lrails. We exchude snch
abjecls (detected only in the v-band) by fitting a linear relation to trails present in onr galaxy
catalogs and removing detections in the correspending areas. Approximately 20% of plates
requiire this special treatinent. An example galaxy catalog for a plate with a cleaned trail

(in the bottom right corncr) is plotted in Figure 4.7. As in the previous papers, detections
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in the vicinity of bricht ohjects {where our photometry fails) are also excised.
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Fipure 4.7 Galaxy distribution in DPOSS Field 444 {0 = 2001.64°, § = 29.74%) fur
160 < me = 21,1, Bxcized arsss doe Lo beght cljects are indicaled by reclangles. A

cleaned puth due Lo a satellile trail is visible in the lower right corner.

Another difference from the previous papers is the use ol ouly the central parl of cach
plate. We apply cuts in pixel coordinates, using only objects with 2000 < X, ¥ < 21000 (ot
uf the maximum 0 < X, ¥ < 23040), resulting in catalogs of typically ~ 116000 galaxics aver
an area of ~ 25 square degrees [compared to 34 square degrees from Papers 1 and [11). This
is necessary to avoid the heavily vignetted areas near the edge of the plates. ‘|'he mean galaxy
density is 1.6 = 10" galaxies per square degree [approximately six times the mumber density
from Lhe previous DPOSS papers). The survey covers ~ 2, T0RC®, contaming ~ 1.3 x 107
oalaxies.

In this paper two independent technigques are emploved to detecl palaxy clusters. One, the
adaptive kernel technique (AK) (Silverman 1956) was already used by our group (apers I

Il amd UL, while the second technigue nses Varonaoi Tessellation (V'1'). 'I'he main differences
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between the applications of these two methods to DPOSS data are:

(i) The AK is applied to the projected distribution of galaxies only, while the VT method

also incorporates magnitude information.

(ii) As our goal in the present work is the detection of intermediate-z rich clusters, the
galaxy catalogs used by the AK have objects at 19 < m, < 21.1 only. We expect to find
clusters with luminosity functions spanning these fainter magnitudes and thus avoid
low-z clusters. Initially we planned to employ the VT technique using the same galaxy
catalogs, but because we can use magnitudes to minimize background/foreground con-

tamination, we opted for a brighter cut at m, = 16, instead of m, = 19, as detailed in

section 4.3.1.

The next two sections present a brief description of both techniques applied to DPOSS

data. More details can be found in the references provided below.

4.3.1 The Voronoi Tessellation Technique

Considering a homogeneous distribution of particles it is possible to define, on average, a
characteristic volume associated to each particle. This is known as the Voronoi volume, whose
radius is of the order of the mean particle separation. Voronoi Tessellation has been applied
to a variety of astronomical problems. A few examples are found in Ikeuchi & Turner (1991),
Zaninetti(1995), El-Ad et al. (1996), Doroshkevich et al. (1997). Ebeling & Wiedenmann
(1993) used Voronoi Tessellation to identify X-ray sources as overdensities in X-ray photon
counts. Kim et al. (2002) and Ramella et al. (2001) looked for galaxy clusters using Voronoi
Tessellation (VT). As pointed out by Ramella et al. (2001) one of the main advantages of
employing VT to look for galaxy clusters is that this technique does not distribute the data
in bins, nor does it assume a particular source geometry intrinsic to the detection process.
The algorithm is thus sensitive to irregular and elongated structures.

The parameter of interest in our case is the galaxy density. When applying VT to a
galaxy catalog each galaxy is considered as a seed and has a Voronoi cell associated to it.
The area of this cell is interpreted as the effective area a galaxy occupies in the plane. The

inverse of this area gives the local density at that point. Galaxy clusters are identified at
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high demsity regions, composed by small adjacent cells. In other words, cells small enough
to give a density value higher than the chosen density tlireshold. An example of Voronai
Tessellation applied Lo Lhe sane DPOSS field as shown in Figure 4.7 i3 presented in Figure
1.5 Fur elarity, we show only galaxies at 17.00 << m, << 18.5 in this plot,

o=

¥ {pixeis)

s000 - -

Figure 4.8: Voronoi 'Tessellation of galaxies with 17.0 < m, < 185 in Field 444, Kach
lriacgle represents a galaxy surrounded by its associated Voronol cell (indicated hy the

polyhedrals). Bxeised arcas (due to bright objecta) are shown as rectangles,

In order to detect galaxy clusters using Voronol Tessellalion we use the rode employed
by Ramella et afl (2001). It uses the trongle C code by Shewchuk (1998) to generaie
the Tessellation. The code ig designed to avoid the borders of the feld, as well as the
excised areas around saturated objects. The algorithmn identifies cluster candidates hasod

an bwo primary criteria, The first is the density threshold itsell, which is nsed to identify
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Auctuations as signilicanl overdensities over the background distribution, and is Lterined the
search confidence level (scl). 'The second eriteria rejects candidales rom the preliminary
list using stalistics of Voremot Tesscllation for a poissonian distribution of particles (Kiang
1996), by computing the probability that an overdensity is a random Huctiation. This is
called the rejection confidence level (rel). More details ean be found in Ramellz et al. (2001).
Kim et al. (2002) used a color-maguitude relation to divide the galaxy catalog into sep-
arate redshift bins, and ran the VT code on each bin. The candidates originating in dillerent
bins are cross-correlated (o Oller oul signilicant overlaps and produce the final catalog.
Ramella ef al. (2001) [ollow a dillerent approach, as they do not have color informaution,
lustead, they nse the object magniludes Lo minimize background forezround contamination

and enhance the cluster contrast, as follows:

{i) The palaxy calalog iz divided into different magnitude hins, starting at the bright limit of
the sample and shifting to progressively fainter bins. The step size adapted is derived

from the photemetric errors of the catalog.

(ii) 'Lhe VT code is run vsing the galaxy catalog for each bin. Henee, each magnitude slice

will have a catalog of cluster eandidates associated with it

(iii) 'L'he centroid of a cluster candidate detected in different bins will change due to the
statistical noise of the foreground/backgronned galaxy distribution. Thnos, the cluster
catalops [rom all bing are eross-matched, and overdenaities are morged according Lo a

given criteria {deseribed helow), producing a combined ecatalog.

(iv) A wminimum number (N ) of detections in different bins is required in order to consider
a given fluctuation as a cusler candidate. Ny, acts as a l(inal threshold for the whole

procedure. After this step, the lnal custer catalog is complete.

Ramella ef al. (2001) applied their algorithm to one of the Palomar Distant Cluster
Survey [PDCS) galaxy catalogs. They divided this deep dala nlo bins of bwo magnitades,
starting with 18.0 < ¥ < 20,0 and shifting to fainter bing in steps of (.1 mag down to the
detection limit (Vi = 23.8). This procedure resulted in 39 bins. They adopt sel — 0.80 and
rel — 0.05 to select Muctuations o each bin. They then merped candidates whose centers

had a projected distance erprivalent to dys < (L3min By, f4), where i and R, are the radii
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of any bwo candidales being compared. Finally, they kept only candidates with N — 5.

While nar stated in their paper, they further merged clisters whose radii overlap.

When applying their algorithim to DPOSS data we tested different bins and step sives.
Az with the PTDCS galaxy catalog, we span five magnitudes, but in a brighter regime and
with larger photometric rrrors. We adopt a bin sizge of 1.5 mapnitude and a step size of
0.2 magnitndes. This step size i3 comparable to the pholomelrie ercor at m, — 19.3. A
wider magnitude bin could be used, but would significantly decrease the number of steps. A
narrower bin would result in a low number of cluster counts per bin. We thus have 19 bing
spanning the range 16 < m1. < 21:1. As scon in Figure 4.2, 1.5 magnitudes is a reasonable
range to sce clusters over the backpround.

The threshold as given by scl selects overdensities above a given galaxy surface density.
Dme to the nop-uniform pature of plate data and the effects of large seale struciure, we
do nob use a lixed lhresbhold [or the 108 dillerent plates used in this project. Instead, we
waintain rel fixed at 5%, but allow sel to vary. Thus, the VT code is run for each DPOSS
field varying scl from (.78 to D.Y2 (in steps of U.02), iustead ol adopting a Axed value of 0.80
as Ramella f af. (2001) did.

The pereolation analysis we apply to the chister candidate catalogs from dilferent bins is
similar to that of Ramella et al. (2001). However, the aptimal parameters found for ()53
data are slightly dillerenl. We chose dyo < 0.8men (12, Fy) and Ny, > 3, plus a [inal merging
of structures whose separation is smaller than the radius of Lhe largest neighboring candidate.
'Lhese values are selecled bused on the redshift range over which we arc detecting clusters.
and the nature of our data. The PDCS data used by Ramella ef ol {2001) has no nearby
large clusters, as the data covers only 1 [1" and was designed to avoid bright objects and
low-z clusters, Tests done with 4 smaller matehing radines show that many nearby clusters
would be broken into subcomponents, Larger radii wonld mcorrectly associale adjacent:
chisters into a single candidate, The choice of Ny, = 3 is explained in the next section, as
it depends on the number of fake chisters (the contamination rate) produced for each field.
It is a senzible choice given that we have hall the bins (19 compared to 39) of Ramella ef ol
(2001}

As with the AK, the VT 13 optunized based on simulations of the background galaxy
distribition, where we apply the VT code to both these simmlated felds and real DPOSS
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fields. These technigues are described in §1.4.

4,3.2 The Adaptive Kernel Technique

As deseribed in Papera | and 1T, the adaplive kernel technigue works in a two slage proeess:
The galaxy catologs (19 < m, < 21.1) are used as wnpub Lo the AK. Iuilially, the code
uses a fAxed size kernel to evalnate the galaxy density al each poiol withio the patalog,
1t then applies a smoothing kernal whose size changes as a lunction ol Lhe lecal: density.
eslitmated from the fivst step, with smaller kernels at higher densities. Finally, a dgnsity map.
is generated for each field. SFxtractor is used to locate vverdensities on Lhis map. Tn the
previous NoSOUS papers the pixel scale adoptled lor the density maps was -1 pixel: =607:
For the current project, we aim to detect distant (generally low contrast) structures. . We
therefore require higher resolution for the density maps, which are here penerated.,with a- -
scale of 1 pixel = 107

(iladders & Yee (2000) utilize a more powerful technigne to deftect clusters, with:a colors.
magnitude relation as a filter to minimize contamination from foreground sources. Tlawevor, -
the surface density of objects 13 evaluated in o similar way to ours. T'he main differemes i=
that they use a simple fixed kernel, They argue Lhal our estimator might sot be-she best -
chuice as Lhe AK has a tendency to resolve high deosity regions in the data. Based sn.clisier
sinulations, we show (see Figure 1 in Paper 1) thal with the proper choice of Lhe, initial
kernel size we do not hreak up nearby rich chisters into subcomponents, while remaining . -
senzitive to low contrast strunctures (poor and close, or rich and distant). A simple-fixed -
kernel technique might not be appropriate in our case, as il is not simultaneonshy-sensitive «
to clusters of different richness classes at different distances. Having color information it iz
pussible to divide the data in color slices, and then apply a fixed kernel estimator ‘to each .
slice, as done by Gladders & Yee {2000).

In Papers [1 and [11 we adopted a keruel of 500" radius o look lor low-z clusters (z < 0.3)
with our brighter galaxy eatalogs. As befora, we use simulated clusters o test the kernel
size for Lhe [ainter cataloms at 19 = m, < 21.1. 'The aptimal value found is 2607, Figure
4% shows o densily map generated with a 260° radius initial kernel. 48 artificial clusters
of six richness classes (Nya. = 15,25, 35, 55, 80,120) at 8 different redshifts (2 =0.15, 0.20,
(.25, 0.30, 0.33, (.40, 0.45, 0.50) are nserted. Cluslers are marked will circles and each
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column represents a different richness class (increasing from left to right), while each row
is a different redshift (increasing from bottom to top). We can see that our choice for the
initial kernel radius does not break up the nearby clusters, while it is still sensitive to distant

rich structures.
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Figure 4.9: Density map of a simulated background galaxy distribution with 48 artificial
clusters inserted. The initial kernel adopted has a 260" radius. Artificial clusters are
marked by circles. Each row represents a different redshift (2 =0.15, 0.20, 0.25, 0.30, 0.35,
-[jl4U,- 0.45, 0.50), increasing from bottom to top. Richness increases from left to right

(Nga1s = 15,25, 35, 55, 80, 120).

After generating a density map for each field we then run SExtractor to detect high
density peaks, which we associate with cluster candidates. Simulated background fields are
used to optimize SExtractor parameters (see section 4.4). As in Papers II and III, each field

is optimized independently.

4.4 Contamination and Optimization of the Algorithms

As stated in Paper II, contamination by random fluctuations in the galaxy distribution and

chance alignments of galaxy groups can seriously affect any cluster catalog. This problem
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iz exacerhaterd in a survey like this one. which lacks eolor information to minimize back

ground /forepround contamination [Gladders & Yee 2000; Goto et af. 2002).

The mest commeon methods to estimate how much a given catalog is affected by such
effects use simulated backgronmd distributions. A simple random distribution with the same
number density as the original field wonld underestimate contamination. A backgronnd
conslructed in this way reproduees random fluctnations, but not the larpe scale structure
present 1 & given field. Gota ef al. (2002) tested three different types of backgrounmd, where
they: (i) shuffled the positions withont tonching eolors; (i) shuffled the colors, but did not
touch the positions; (iii} shuffled the colors and smeared the positions. That was specifically
done for their algorithm, which makes use of the extensive multicolor information from SDSS.
Algorithms which de not make use of color usually have their contamination estimate Baged
on a shuffled background (Lobo ef al. 2000}, a Poissonian galaxy distribution (Iltamella o af,
2001), or on a field generated with the same angular correlation properties as Lhe real field
(PO2; Paper TI; Gilbank 2001),

For this project we have tested four types of simulated backgrounds: (i) a Raleigh-Levi
{RL) distribution (P02; Paper I1); (i) a shuffled backeround; (1ii} a randomized galaxy distri-
bution; and (iv) a smeared background. Tn the latter case galaxy mapuitudes are maintained,
while the positions are randomly redistributed within 7 of their oripinal ones. Gaota et al,
(2002) adopted 5 for the smearing scale. They found the contamination rale evaluated with
thiz background to be extremely high in comparison to the other ones Lested. As deseribed
balow, we test the optimization of our alzorithms at the 5% and 10% contamination levels,
Commensurate with the results of Goto et al. (2002). we find that il is not possible to op-
limize the AK or VT at these levels with the smeared background, and we have therelore
abandoned it in the tests described below. The RL distribution is intended to simulate felds
with an angular two point correlation function similar to the original ficlds. As described
below, we see no significant difference between the RL and the shuffled estimates at the 3%
comtamination level However, the randor backgroumd produces fewer [ake clusters in com-
parison with the other backgrounds tested. We finally selected the shuflled background o
optimize vur algorilhms and evaluave the conlamination rate; Chis choiee is further justiGed

in §4.4.1.
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4.4.1 Voronol Tessellation

A variety of methods have been used to minimize the number of false delections (N ) in
a simulated teld when optimizing cluster detection algorithms. The nwnber of fake clusters
per sguare degree has been presented as an indicator of how low contamination effects could
be for a given catalog. However, as the photometric deplh of calalogs varies. so will the
absolute number of false detections. Thus, the contamination rate (¢ = Nygge/Neew) has
been more commonly used to optimize cluster detection algorithms. Ny, gives the number
of false delections in a simulaled feld, whiles N..,; i the number of detections in the real
galaxy distribution. Optimal detection thresholds are achieved for the highest recovery rate
allowed at a given contamination level.

We simulale lield distribulions and run our algorithm on both the mock and real catalogs.
'I'he algorithm is optimized to achieve a given value of ¢, 'The contamination rate and the
number of candidates change rapidly with the optimization threshold. The threshold for the
VT algorithm iz given by a combination of sel and Ny, (see section 4.3.1).

We pertormed tests on 20 DPOSS felds and comppared Lhe results obtained al the 5%
and 10% conlamination levels, We chose not Lo lx the values of scl or N,.... These should
be optimized independently for each field. For a given [eld the best option comld comsist of
a high wvalne of sel with a low mmmber of minimum detections, while the opposite conld be
true in othor cases.

Figure 4.10 compares the wvariation of Ny, with Ny, for the RL, randomized and
shuffled distributions. Each dashed line represents Lhe variaticn of Ny, for one of the
20 DPOSS plates tested. The zolid line shows the mean variativn. Fignre 4.11 shows the
variation of N with scl  In order to compare the performance of the three different
backprounds we use Npqp., s it is the only parameter to vary when estimating €. N,y
iz the same regardless ol which backeronnd we 1se, as it is measured off the real duta. In
Fignre 1.10. Lhe dispersion is basically the same for all distributions, being slighily higher
when the shuffled backeronnd i= used. Figure 4.11 indicates the contamination cstimate
is lowest, and least acnsitive tn, the randomized backsround, while the RL and shuffled
distributions show similar results to each other (except for two oulliers in Lhe latter case)
This sugzests Wat Lhe randomized background underestimates the contamination. The RL is

a madel representation of the angnlar distribution in a galaxy ticld. N smoothly decreases
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as we move to higher thresholds (given by N, and scl). However, the RL distribution
might not properly represent, variations in high density Helds, We expect Lhe correlation
properties to vary for different DPPOSS felds as they have different, galaxy densities (Maddox,
Efstathiou & Sutherland 1998). ‘T'he photometiic errors at 'm, = 211 are ~ 0.4™, which
could seriously wllect the galaxy density in DIPOSS lields, and therefore the modeling of
the angular correlation given by the R distribution. As o [ull analysis of the correlalion
properties of all DI*OSS fields is bevond the scape of Lhis project, we decided not to use the
RL distribution for this paper. Instead, the shuffled background is adepted for optimising
put algorithms. It shows no large differences relative to the 1L distribution, and is a model-

independent representation ol Lhe background.

I I |
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Handomized Badks ratind
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Figure 4.10: Cumparison’ of tho number of false detections using an RL distribution, »
randomized backzground, and a shullled backpround. The dotked lines show the variation

of N page wilk Npgp for 20 different fields, while the solid line shows Lhe mean variation.
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We then generate a shuffled catalog (simply repoesitioning all galaxics within a field and
keeping the magniludes) and run the VT on this list, which gives Ny, The VT iz also
run on the real cataleg, yielding Ny Each field is oplimized for the values of scl and
M, which gives the highesl vilue of Npo. while keeping the contamination rale fixed ar
C ~ 5%. Nate that 5% is a lower limit for contamination ellfects. A [ull assessment requires a
spectrogeopic fallow-up. In section 4.6 we discuss the improvement in Lhe seleclion funetion

as Lhe allowed contamination rate ' is increased from 5% to 10%.

L [ | |
Ehullled Backyroursd

T |
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Figure 4.11: Comparizon of the number of false detections using an UL distribution, a
randomized background, end a shuffled backgronnd. The dotted lines shaw the variation

af N rape with scl for 20 different fields, while the solid line shows 1he wean variation.
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4.4.2 The Adaptive Kernel

The stralegy adopted to optimize the AK algorithm iz basieally the same as for the V1.
We take the samne shuffled catalogs generated for the VT optimization and trim them Lo the
apprapriate magnitude limit (18 <7 m, << 21.1) adopted for the AK. We run the AK on these
calalogs as well as the originals to generate density maps for all of them. SExtractor is used
lo detect overdensities an thess maps.

The parameters that give the final aptimization of the AK ara the minimum area and the
threshold required for a detection when mnning SExtractor. The minimum area gives the
minimum number of pixels a candidate shall have, while the threshold gives the minimum
number of palaxies per aquare degree. We vary the threshold from 3000 to 9000 galaxies
per 07, Tests in a broader range for 20 plates showed the optimal threshold is always found
within these valies, Four diferent values are tested lor Lhe minimuam area: 200, 300, 500
and 900 pixels®. In order to choose the optimal value for the minimum area we evaluate
the selection funetion with these four different values {see Figure 4.12). We find that 200
and 300 pixels? produce sirnilar results, with a slightly higher recovery rate in the former
ease. Going to 100 pixels® does not represenl an improvement, Thus we adopted 200 pixels?
as the optimal minimun avea for all felds when running SExtractor. As staled above the

threshald is optinized for each plate.

4.5 The Cluster Catalogs

The main goal of this project is to provide a catalog with rich galaxy clusters to intermediate
redshift, for follow-up studies. In order to be able to select subsamples from the main calalog
we provide some basic properties, such as redshift and richness, for the cluster candidates,
When estimating these two quantities we use similar, but not identical, techuigques to those
employed in Mapers L and 1 However, we face a variety of challenges for the current project.
For imstance, the pholometric emrors are large in the magnitude range utilized here, which
would also affect color measures; the number of clusters with known spectroseopice redshift
tn be used as 4 Lraining sample is small when we go out to & ~ 0.6 the (g — ) color is not
usefnl for z > 0.4 clusters (as the 4000 A break shills from ¢ — v to » — #); aud the blue

plates do not necessarily go as deep as the rod anes,
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Fioure 4.12: The selection funetion with the AK eode for 4 different valiees of the mininuenm

arex: 200, 300, 500 and 900 pixcls?. In cach panel, from hottam to tap, each line ropresents

a different richness (N, = 15, 26, 35, 55, 80, 120).

I §4.5.1 and §4.5.2 we describe onr efforts to estimate redshift and richness for the cluster
candidates, A wvisual inspection is employed in §4.5.3 to elimimate obvions fake clusters

associated to bright stars, nearhy galaxics and groups. A combined version of the VT and

AK cluster calalops is presented in section 4.5.4.

4.5.1 Photometric Redshifts

An empirical relation based on the mean v magnitude and median (g — 7} color was suc-
ressfully used 1o estimate redshifts for the NoSOCS clusters (Papers T, 1T and II1). Here, we
agsume these same properties are strong indicators of the redshifl of a clugter. However,
this paper emplovs significantly different. methodologies, and it is not clear a priori if usehal

photometric redshift estimation is possible using the faintest POSS data.
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The first step towards the determination of photometric redshifts is the compilation of
a list of clusters with knowm spectroscopic redshift. Unfortunately, there are rather f[ew
cluslers with spectra takeon at » > 0.3, which bias our sample to low-z clusters. The list we
grnerated has clusters from Struble & Rood (1999), Holden ef ol (1999), Vikhlinin ot ol
(1998], containing 212 clusters over the ~ 2, T00 square degrees of this survey. Incomparison,
the traiming sample for Paper Ll had 369 clusters.

The main dillerences with respect to the photometric redshift technigque employed in
Papor 11 are: (i) The galaxy catalogs used here have a statistical correction applied to them
(scotion 4.2.2), which gives rise to a ~ 15% difference in number counts around m, — 20;
(ii} counts were previously done at 15 < m. < 20, while now we count galaxies at 16
< m, < 21.1; (i) we now adopl loeal estinates lor Lhe backpround counts, istead of taking
these estimates from the whole area of each plate. Additionally, we lested dillerent conmting
radii (0.50, 0.75, 1.0 and 1.0 b ' Mpc), and found that 1.0 b ' Mpe produces the fewest
outliers and minimizes the overall dispersion.

We proceed as follows: ecach aof the 212 clusters with known spectroscopic redshifts have
the number of galaxies as a function of magnitude (N.) and color (N, ;] determined.
These counts have the lneal backgronnd connts subtracted, resnlting in a determination of
the net elnster counts as a function of both color and magnitude. The mean m,. magnitude
(*mean) and median color ((g — 7 )madion,) 18 then computed for each cluster, Then we bin the
colors and magnitudes in redsbill bins of Az — 0.05, valculating the mean 2., Fee, and
(7 7 )iesian for each bin, These values are Lhen used Lo derive Lwo empirical relations for
redshift cstimation. 'U'he Grst uses Tyeqn only, and the second uses T a0d (9 — 7 )edien.-

Actually, il we do not bave any idea of the cluster redshilt, we should evaluate it in &
iterative manner. We choose an initial guess of the redshill (z..+ = 0.15), and compnte
Toers AN (@ — T)inedian Dased on the cluster corrected counts within 1.0 b ' Mpe, apply the
empirical relations derived above and derive a photometric estimate of 2. We then repeat
ihe same procedurc until it convergoes.

[ Figure 4.13 we compare the phatometric and spectroscopic redshifts using 2.0, — 0.15,
for the Lwo relalions mentioned above. We find the dispersions to be similar, being slightly
smaller when we mwake use of color to evaluale zgn.:. However, iU seewns Lhat the relation

based in both color and magnitnde fhils to recover the redshift of elusters with z > 0.4, as the
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photometric redshifts are severcly undercstimated. Most cluster members of those distant
syslems lie at the faint end of DPOSS, where the photometric errors induce large color errors.
'The 4000 A break is ulso shifted from the (g — ) color to the (r —#). However, maybe the
most impaortant factar for nnderestimation of tha (g — r) eoler lies in the incompleteness of
the J (blue) plates. As shown in §4.2.2, the field selection is hased only in the F (red) plates.
We scleet only F plates gning as deep as m, — 21, but the blue plates might not go as deep
as the red selected ones. Tn Figure 4.14 we show, as function af magnitude, the fraction ol r
and g (as well as r and 1) detretions to the r-band detections. These values are calculated
fram the 108 fields nsed for this survey, We see that abnost every v deteerion has a g-band
counterpart down to m,. ~ 1505, Fainter than that the number of two band detections drops
steeply, reaching ~ T0% at m,. — 21. Lor apers 1, 11 and 111 the magnitide limit of Lhe
galaxy caralogs (m, — 19.3) allowed us to impase a g-band detection when generating a

galaxy catalog for cluster search. That is not possible for the currens project.
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Figure 4.13: The pholometric redshill estimale vs spect roscopically measared redshifs for
212 cluaters. Residuals a5 fanction of magnitude are chown in the bottom panel of cach
plot. We show photometric estimates based on the mean magnitude {left panel), as well

as Lhe mewn magnitude and median color (g —¢) (right panel).

As we are wainly looking tor rich and distant clusters, we then preler not to use colors
when estimmating redshilis, For Uhis project we chiose an overall less aceourate redshift estimate

(using only magnitides) instead of & more precise estimaie but which may fail for the miest
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Figure 4.14: The fraction, as & function of magnitude, of v and g [solid line) and + and
i (dlolied li'nr::l detections o the r-band detections. All the 104 plates selected Tor this

survey were ugsed for penerating this plan.

distant systemns (if ineluding color for the estimates). We then opted for the relation that
uees only magnitude, which results in & redshift dispersion of Az = 0053, Those estimates
are at the same level of other methads which use only magnitude for redshift estimation (like

the matched filter). The fitted relation ia

2ot — — 08 + 020 X Yrann (4.2)

We also want to fest the dependence of the photometric redshift estimator on the startiog
radius. Fignre 4.15 compares the redshifl estimales obtained with 2., = 0.15 and z40 =
0.05. We find the relation to bave almost oo dependence on the startiing guess redshift,.
Qargrne 15 (Zo1s — Z003)/ (1 + 2005) — Azppe — 0.006.

For the 212 clusters with known zp., we tested [our dilferent starting redshifts (2., —
0.05,0.10, 0. 15, 0.20). Az we see [rom Figure 413 Lthe results are not very sensitive to the
atarting redshift. When estimaling redshifls for Lthe cluster candidates we also tested these
foar startineg redshifts. As before, we did not see any significant dependence on the inilial
ouess redshift. We chose 2,0 0.15 as it has fewer autliers, In Figure 4.16 we compare the
redshift distributions [or these four inilial redshifts, lor the VT and AK. Using 2, = 0.15

recovers maore redshifts than the other cases, with the main difference heing for the nearest

clusters (0.10 < 2z < 0.25).
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[Figure 4.15: The dependence of the photometric » estimator on the initial redshift guess.
We rompare the estimates for two different starting redshifte (2aa = 0.15 and 2.0 =
0.05).

IMigure 4.17 shows the redshift distribution for different richness class for both methods.
We can see the cutoff on each case iz generally in agreement from whar i3 seem in the selection
functions [§41.6).

4.5.2 Richness Estimates

Richness is evaluated in a similar manner to Papers 11 and [1I. We describe below all the
sleps in the richness determination. pointing out the minar differences from the previous

procedure, We progeed as follows:

1. We count the number of galaxies at 16.0 < m, < 21.0 within 1.0 h=' Mpe of the
cluster center, The backeround counts in the same range are evaluated locally, scaled

to the cluster area, and subtracted, yielding the background-corrected cluster counts
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Figure 4.16: The cstimated redshift distributions for the AK & V1 candidates, with
different sturting redshifte (.. = 0.05,0.10,0.15, 0.20).

(hereafter Noge, ). In the previous papers the magnitude range was 15.0 = m, < 200

mag and the background was estimated [rom the whole plate.

We run a bootstrap proccdure with 100 iterations. In each iteration, we randomly
select Neorr galaxdes at 16.0 < my < 21.0, within 1.0 h™! Mpe. Hach galaxy has
its apparent magnitude converted to an absolute magnitude. As with the artificial
chisters (84.6), we cousider the clusters to be composed of 60% early-type and 40%
late-type galaxies. When franstorming to absolute magnitudes, we simply use elliptical
K-corrections for 60% of the objects, and Sbe K-corrections for the remainder. We then
connt the rimber of galaxies within M7-1 and M7 +2, where M7 = -21.52 (Paolille et
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Fignre 4,17 The estimaled redshifll distribution in different richness ranges and for the
whole sample (top panel). The richness (Ngae) range Is indicated in all panels. The

wedian redshill is also indicated for the VT (solid Line) and AK {dosted line) candidates.

al. 2001). The mean value from Lhe 100 iterations is computed, yvielding the cluster
richness Nyaps, which can be decomposed into 40% Sbe galaodes (Nyg,—sp.) aud 609
ellipticals (Nga—p). I the cluster hag a redshift such that M*-1 to M*+2 is [ully
samplad io the range 16.0 <<, < 21.0, then the procedure is finished here. Otherwise

we have fo apply o correction fuctor fo the richness estimate (Ngo.), as described in

step d.

3. If the cluster is too close or too distant, then M*-1 < My, or M* 12 > My, respectively,
where Mg and My are the corresponding bright and faint absolule magnitnde limits
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to m, — 16.0 and m, = 21.0. In practice these limits are different if a given galaxy
iz comsidered to be elliptical or spiral, due Lo the K-correction factor, Whenever M*-1
to M* | 2 does not lie within Mgz and Mgy we have to apply 8 correction [actor for the

richiness estimate. This factor is defined hy:
. v D(M)AM
VTR ol M)dM

Mg

(4.3)

M2 a
e T M yd M

=" (1.4)
[Ms B(M)AM

Mp—1

We rall v; and +; the low and high magoilude limit correction factors. Aclually, cach of
these rorrection factors are evalualed twice, once for the magnitude limit for elliptical
galaxics and the other for latetypes. Whenever necessary, one of Lhe above factors
(as we span 5 magnitudes it is inpoessible Lo niss both the bright and [aiot end) is
multiplied by Nar.— g andfor Nyaa_sen

The main differences in steps 2 and 3 to the procedure adopted for the previous NoSOCS
pipers lies in the assumption that the cluster is not fotally ecomposed of elliptical galaxies
and also in the fact that we consider a carrection factor to the lower magnitude limit.

In Figure 4.18 we show the richness distribution for the VT and AK cluster candidates [or
different, redshift hins. The tap panel shows the richness distoibation for the entire sample,

Further consideratioms related to redshift and richness errors are given in scetion 4.3,

where we compare the current catalog to the shallow NoSOCS chister catalog and to other

BUTvEls,

4.5.3 Elimination of Spurious Cluster Candidates

Before combining the VT and AK cluster catalogs we perform a visual inspection of the
chister candidates Lo eliminate obviously false clusters. Such a procedure was previously
adopted by Kimm {2001) and Goto ef ol (2002). While inspecting the candidates we realized
Lhal many of them were associated to bright stars and a few to nearby bright galaxies and
groups, globular or open clusters, plate defects, trails, ete. Thus, we decided to try Lo

climinate most of these fake clusters in an aulomatic way.
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Figure 4.18: The richness distribution in different eatimaled redshift bins and for the
whole sample (top pancl), The redshift bins are indicated in sach panel, as well as the
median richness, which is indicated by the vertical linex (solid for the VT candidates and
dotted for the AK).

The major sonrce of spurious deteetions is bright objects which were missed when gen-
erating the list of bad areas to be excised. In some cases, Lhe object was remeved, but the
excized area was not big enough. We therefore decided Lo compare the cluster caudidares
pusitions Lo a bright star catalog. We nsad the Tycho-2 eatalog (g et al. 2000), which is

~ 0% complete Lo ¥~ 11.5.

Figure 4.19 shows lur 4 diflerent magnitude bins the offsct distribufion (in aresec) of

I'yeho-2 stars from the nearest cluster candidate, The sclid lines show the real offset distri-
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butions, while the dotted lines show the offset distribution between a mock star calalog and
the cluster catalog. At & < 17 <« 10, almaost all stars are associaled wilk a cluster candidate
within < 120", Our photometry fails at these bright stars, which gives rise Lo a large number
of faint spurious delections in the halos of these abjects. These spurions objects penerate
overdensities detected as cluster candidates, The catalogs presented in Papera [, 1T & I1T did
not face this problem as most of Lthese spuricus detections are [ainter than m, = 19.5, and
do not have counterparts in the g-band. For the single band galaxy catalog utilized here,

the climination of bright objects turns out Lo be a serious issue.
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Figure 4.19: Offset distribution beiween Tycho-2 slars and cluster candidates (solid lines).
The dotted lines represent the offset distribution to & mock star catalogue, The magnitude

tanges are indicazed on each panel.

We use Lhe above information to clean our cluster catalog in a semi-automated fashe
ion. From the inspection of oflsets distributions in different mapnitude bins, we selected a
minimurn affset hetween a star and a cluster candidate (in each magnitude bin) to exchide

the cluster as a fake detection, and a function is interpelated to these minimum offsets ag

funetion of magnitude.

Abin = 183 4 0.37 % (V) = 0.01 % (V1) (4.5)
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This funclion gives the minimum separation (in arcsec) a given cluster candidate ean have
from a V magnitude star. If the separation is smaller than this value, the candidate is
exchided. Adopting this procedurs, we eliminated 1031 V1" and 1303 AK candidates, We
[urther compared the cluster candidates to lists of bright galaxics, and globular and open
clusters, which resulted in the elimination of a few more candidates. Finally, we visually
inspect all the remaining candidates to exclude any associated to plate defects or Lrails. The
lotal number of eliminated cluster candidates is 1602 (~ 17%) and 1748 [~ 27%) for the VT
and AK catalogs, respectively. Note that as the detection codes were optimized to produce
3% contamination, reducing the rumber of real candidates by 20% results in an increase of

the coutamination rate to C — N e Npguy ~ 6%,

4.5.4 The Northern Sky Optical Cluster Survey (NoSOCS) High-
Redshift Catalog

The NoSOCS supplemental catalog presented here covers ~ 2,708 (1" and originates from two
cluster detection algorithms, The catalog contains 9,982 cluster candidales, which translates
into a surface density of — 3.7 clusters per square degree. The mean estimated redshift of
the AK clusters is 0,30, and i3 0.23 for the VT catalog. The mean richness is Npa = 43.7 for
Lhe AK and Ny, = 306 for the VT, The sky distribution for the combined AK-VT cluster
candidates is shown in Figure 4.20, for the regions in the northern galactic hemisphere (NGH)
and southern galactic hemisphere (SGH). Fxamples of rich and distant clusters detecled by
the VT and AK ecades are shown in Iigure 4.21. 'T'he stamps are taken from the DPOSS
F-plate images and sample 250" on a side. However, the low quality of the plates pukes
it difficult to visnally identify moat of these distant clusters. Figure 4.22 compares a CCD
image taken for me candidate to the DPOSS-T plate. The CCD field was taken at Lhe
Palomar 60" telescope nsing the r-hand filter.

The combined cluster catalog with 9,982 candidates is presented in Table 4.1, which is
sorted Ly RA. An online complete version of this table can be found at
http://dposs. caltaech.edu/dataproducts. The table is vrganized as [vllows: calumn 1
gives the chister name, where the convention is NSCS Thhinmss+ddmmss (the secomd “87 in
the name standa for supplemendal): colnmns 2 and 3 give the RA and Dec in decimal degrees

(J2000); the redshift estimates are shown in columne 4 (AK) and 5 (VT). Entries are set
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Figure 1.20: The sky distribntion in equatorial eonrdinates for the combined AEK-VT
catalog (9,982 ecandidales). The region eovering the northern galactic hemisphere is shown

in the top panel, while the boltom panel shows the southern galactic hemisphere.

to zero whenever the corresponding estimator failed or if the candidale was not deteered by
that alporithm. Columns 6 and 7 present the richness estimates. Column 8 has the plate
number and the codes that retrieved the cluster are indicated in column 9. This column has
AT for the AK code, *V" for the VT and “AV” for both.

4.6 'The Selection Function

In order to estimate the completeness of this catalog we evaluated the selection [unction
(SF) for a small number of ficlds. Unlike Papers |l and 111, we da not perform a complete
field-hy-field analysis of the SF, as this catalog is not intended to provide a statistical sainple.
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Zyq= 031 Ny, = 1325

364

2 =035 Ny, =1156 24=040 Ny, =1135

Figure 4.21: Examples of intermediate redshift rich clusters candidates detected at
DPOSS. Images are 250" on a side. NSCS J145302+580319 = Abell 1995 at zgpec = 0.32;
NSCS J110313+041937 was not previously catalogued; NSCS J121732+364150 = RX
J1217.5+3641; NSCS J095850+334539 = ZwCl 0955.843401. Those matches were found

at NED adopting a search radius of 3 arcmin.

Instead, the SF measurements provide an approximate completeness estimate, and are used
to check for possible improvement in the recovery rate for rich clusters when allowing a
higher contamination level. In addition, the SF is necessary to determine if the estimated
redshift distributions shown in Figure 4.17 are realistic. Finally, in the richness and redshift
regime where we predict our catalog to be nearly complete, we should find good agreement
with other catalogs of rich clusters spanning the same volume. Comparisons to such catalogs

are presented in §4.8.

The most common technique to evaluate the selection function makes use of artificial
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Fignre 4.22: Candidate NSCS J234730-000853, also [ound by the CE melhod (Goto et

af. 2002), with an estimated redshift from SD8S data of 2.4 = 0.24. The left panel shows

a DPOSS F-plate image and the right onc shows a CCD image taken at the Palomar 607

telescope. Images are 250" on a side. This figure demonstrates the difficulty of wisually

vonlirming distant rich clusters from DIT0OSS plates.

chisters. These are inserted in a backeround distribution and their recovery rate as a function

of richness and redshill gives the SF. However, there are three major complicating faclors:

1. The backeround used for completeness tests should not be the same as the one used
for the optimization of the algorithm. As shown by Goto et al. (2002) and in Paper I,
a simulated background averestimates the completeness rate. The real field should be
used instesad.

2. When randomly placing artificial elusters in the backgronnd distribution we must avoid
bad areas (due to saturated ohjects), as well as the positions of cnster candidates, as
done by P02 and in Paper TT. A simulated cluster located in the vicinity of & real
chister has ils recovery probability changed from what it would be in a region devoid
of clusters (which is wore likely to be a background regicn}. In this way we avoid the
bias in the detection rates discussed by Goto ef al. {2002),

3. The backsround plus artificial clusters galaxy catalog must have the same number
densily as the real field, as the optimal threshold was obtained with the original number
density. Galaxies [rom rich artificial clusters can increase the number densily ol Lhe

whole field by a few porcent.
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Table 4.1: The Northern Sky Cluster Catalog Supplemnental: Facerpt,

Mama LA (13000.T] 170 [AZ000,7] Enhoe— 4R Fokak— Vil Vanta=ax Bctecy Flale coden
KSCEI124108+2604638 100283840 A5 143684 a.=2 .00 46.1 0.0 I A
MECE T R4 R4 ANAEAS I 284341 I EEET AN oy B R 5.8 574 Ay
HESCE I 2201638 100 MRART HEITFINA 0LES (el -4 . c.o 374 &
HECHE 11094 345340 LB SEdER] HL 87T 10,41 B a5 7 an4 3a1 Py
MNHCRE LSS | AL L D F TR g A TRE e | By AV
PECRS ] LAl 2 190 Adhga ] a4 Eldela 332 0.az 2 %, 268 AV
HEOS5 12342 10=-024407 130311127 53, 738004 i b i Q.19 8.8 LB 1 Y
MEMRII 24T 1R 3A0254 1A 13140 EE08043 e.an .34 HE S 7.4 aey w
e A P EA R (e THELA 15EEH tErLgall (1} oxn LT TAN 574 Ay
NALAEI T AL IV 4 LOE5AT 1Y HR0GST L0.595 100 028 LT M ma 218 A
NECTI1I41 18 41 WA50E 180323273 13 5a4341 oA [ K] 04,2 LB B74 Av
MARCEIT 24118 L IRTEIT RN AZA4AT 23504502 LI i b n adw. A
MISOEALALLET | SR LU0 T e A0 L THAE LI = H i) an.s i S0y A
[ (Sl RS R R T TR LHOLIEY LT L B U HRED C.29 o.ua PR X 173 Y
KEOIEI124387 4435034 1490 261368 4% 841418 .00 a.na 0.0 o0 Dt v
NIRRT I413% | 234031 T ARSII0 A3 BIT4IR a.&8 ()] 44 0 [0 2GR A
MSCIR N L2058 | anRRLT LH AN AR 26,3 2L1ES 0. (AN AR nar 06 A
NACE L2 RS- 1LY A0 OBGIER 16277313 a5 K811 5. b ] L] A
HE3S T 241 ba 540230 L0 ANDRTA 54 NRRARA nen 028 . 43 i'a W
FIRTRILIALAS | ZA2315 LD, BBECED 43387304 oa . 5A.A a0 EC6 A
MECBILA 155+ T8 Lo BTG S 2T.O0R AR a0 043 Ll BI.N 44 v
NSCEI24135--415 228 19 AFTFA3 $ARTINAS ana 02 R t] . BAR W
MIOEI 7436 =325055 100 ANER T4 AELRHRAT .37 o oan - g HY1 A
MACRIIZ T =I01A38 180425980 2077 TS Lo 47 2.0 RN 574 %
HECETE L4 ~5a301s 190, 232620 CG.ED31TY 0.0 0. 31 . 1157 T W
™E DB 2 AR+ 2044R0 1004207 /A 25747154 .G ey £0.4 G632 A4 A
NECEITAAE | TARARER 100250 LihaTATRH ERCT min nn 254 IV y

We generate sets of 48 clusters with 6 dilferenl richness classes (N, — 15,25, 35, 55, 80, 120)
and placed at 8 dilferent redshills (2 = 0.15, 0.20, (.25, (.30, 0,43, 0.40, 0.45, 0.50). The simu-
lnted clusters are placed alb random locations within a [lield: if it falls on a bad area or cluster
candidale, a new position is chosen. We also preserve Lhe swme nunber of objects as in the
original Geld by randomly removing the same number of galaxies [rom e original catalog
as are inserted with the artificial clusters. This procedure is repeated 50 Lumnes.

For both the AK and VT methods we use a U.75 h'! Mpe radius when comparing the
imput and culpul positions (this choice is explained below), An example of the selecsion
function oblaised lor a DPPOSS field is shown in the middle panel of Figure 4.23.

Artificial clusters were generaled in Lhe same way as in Paper |1 They follow a Schector
luminosity hmction, with parameters given by Paclillo et ol (2001}, The characteristic
magnitude 35 M* = 21.52, while @ = —1.1. Cluster galaxies lie at —23.4 < M. < —16.4
and are composed of 60% elliptical galaxies and 40% She palaxies. K-corrections are obrainad
throngh the convolution of SED: taken [rom Coleran, Wi & Weedman [1950), with the

DIFOSS r filter. We adapt a power law in radius for the surface profile. »°, where 3 — —1.3
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Tigure 4.23: Comparison of the sclection function evaluated with three different eluster
compositions. The top panel shows the results for 205% E & 80% She, the middle panel is
tor 605 B & 405 She, while the hottom panel is for 10054 ellipticals. The richness classes

are as indieabed in Figure 412,

lies in the middle of the ohserved range (Squires ef el 1996; T'vson & Fischer 1995). Clusters

also have a cut-off radins at ry,., = 1.5 h™ Mpe and a core rading re,. = 0.15 h™1 Mpe,

In Paper II all of these five basie parameters (luminosity profile slope, vmer, ©re, spatial
profile slope (J) and the cluster composition] had their effects en the evaluation of the
SI' testedd. The slrongest variation is with the value of 2. Large fluctuations in the SF
wore not scen when varying the other parameters. We then decided fo adopt the camonical
values above. In thiz work, significant differences could arige from testing ditferent cluster
eomnpositions. Al higher redshifts, the K-correction effects could be more signilicant when

testing clusters with diflerent compositions. Figure 4,23 shows a comparison of the SF for
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the V' code evaluated will Lhree dillerent cluster compositions (20% E & 80% Sbe: 60%
T & 40% She: 100% 13). There s a clear trend toward a higher recavery rate when using
clustors mainly composed ol lale-lype galaxies, although the effect is weak. If we fix the
comparison at 2 = 0.35 and Ny, = 80, the recovery rate deeresses from 88% to B4% from
the top to the middle panel and finally to 80% for the bottom panel.

We also test for improvement in the SF when we change the required value of € from
5% to 10%. This is shown in Figure 4.24 for the VT and AK. As there is no signilicant
improvement for the most distant and rich clusters when allowing higher contamination, we

keep the contamination rale fixed al C = 5%.
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Figure 4.24: Comparison of the SFs obiained for the VT (bottom) & AK (tap) codes
when fixing (0 — 5% (left) and 0 = 10% (right). The richness classes are as indicated in

Fignre 4.1 2.

When assessing the SF of a given cluster catalog, il is bmportant to pay attention Lo
itens (1), (2) and {3) listed above, as well as the matching radins used to compare input
and output positions of artilicial clusters. Golo et al. (2002) checked the dependence of Lhe
position deviation according to redshift and richness, They nsed a small radius of 1.2 arcmin
to match input and output eatalogs, and found & negligible vanation to z ~ (L4, Instead

of using an apparenl radius lor the maich, we use a physical radins. We perform s tes),
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with 1.5 i ! Mpe (the size of the input clusters), checking the dependence of the offsets on
redshift and richoess. Our final choiee is 0.75 A~ Mpc for comparing the original positions
of artificial clusters willi the output of both our algorithms.

FigurF 1.25 shows the ST evaluated with four different matching radii for the VT code:
0.4, 0.73, 1.0 and 1.5 2! Mpe. There is & great improvement when we go from 0.4 A~' Mpc
to 0.75 & ! Mpe, while the SF does nol change significantly for larger matching radii.
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Firpure 4.25: The 5F cvalnated with four different matehing radii (0.40, 0.50, 0.5 & 1.5

Mpe). The ricliness classes are as indieatod in Figure 412,

Figure 4.26 shows (for both the AK & VT) the positional offset (in Mpe) according to
redshill for dilferent richness classes. Each line represonts a different richness class, Thicker
Iines represent richer clusters. For the poorer clusters the offset goes to infinity for higher
redshitts (z = 0.40). This shuply means the recovery rate goes to zero for these clusters. We
note that the osel is slightly Jarger and neisier for the VT code as compared Lo the AK.
This i5 due to the pereolation analysis needed for the VT, where we begin with candidates
in different magnitude bins. An artificial clustor ean have its recoverad position slightly
changed if it percelales with a nearby Huctuation.

Finally, it is important to stress that the simulations used to assess the contamination

rate (§4.4) only provide a lower limit. Similarly, the clusters simulations employed provide
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Fipure 1.2f: DPositional offsets (in Mpc) for the VT and AK codes ws s function of
redshift. Bach line represent ¢ different richness class (Ngq, — 15, 20, 35, 55, 80, 120}, with
the thickest represencing the richest clusters.

only an upper limit for the completeness rate of the catalog.

4.7 Performance comparison of the two algorithmns

The AK cluster catalog contains 1,813 candidales, whercas the VT contains 7962, T'he
cowbined eatalop shown in Figure 4.20 containg 9,982 cluster candidates. From the analvsis
of Figure 4.24 we would expecl the AK catalog to have mare rich clusters, and to go deeper,
ag compared Lo the VT eatalog. On the other hand, the VT eatalog is more complete in
the regime of poor/nearby svstems, The redshift and richness distributions of (e cluster
candidates confirm the expectations trom the simulations. The cutofls In every panel of
Figures 417 and 418 show that the chister distributions are in good asvesinent with the
SFs.

It is important to stress that both methods applied here are simple density estimators,
which detect Huctuations in the projected galaxy distribulion above a given threshold, Bouh

methods make no assumplions whalsoever on any physical properties of salaxy clustors
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(e.g, the lnminosity function, colors of galaxy members, spatial profile, ete). The AK code
is =enditive to an initial smoothing scale, while the VT does not distribute the data in bins.
However, with the proper choice of the initial kernel size, we expect the AK to be az sensitive
tr irregular structures as the VI, We believe the differences shown here arise from the way
we minimize the background in each case. The VT is applied to palaxies spannming & wide
range of magnitudes (16.0 < . < 21.1), while the AK code is applied only to the faint
data af DPOSS (the bright cut is at m, = 19.0). Thus, the AK naturally avoids nearby
Auctuations and enbance the contbrast of distant systems, while we employ a binning schemne
to minimize contamination for the VT algorithm.

(Ibwviously, Lhese same density estimators when applied to multi-wavelength data provide
a much more powerful (ool Lo minimize background fforeground contamination (Kim ef al,
2002; Gaoto el al. 2002, Gladders & Yee2000]. Tt is not a straightforward task tao compare
catalogs generaled by these different techniques. As noted by Kim (2001), clusters are missed
by ome method and not by ancther due to the fact that chey are seen with different eyes. Some
cluster linding techniques will be biased to clusters with some specific properties, thus having
a low elliciency for overdensities that do not match these properties. Iirthermore, clasters
which are recovered hy different techniques might have large differences in the measirement
of properties such as richness, redshift and projected density profile.

Kim (2001) nused a (.7 h~! Mpe radius when melching candidates [rom different al-
porithms. However, she finds that, in some cases, Lhe cluster centers from dilferent algorithms
can differ by as mich as the extent of the cluster. This could be especially true for poorand
iregnlar clusters,

Large dillerences in Lhe redshift estimates for candidates from the two codes would make
this comparison more dilliculy, or even impossible. However, we do not expect the phato-
metric redshifts to have a large varialion o our case. So, we decided to adopt & phyvsical
radius, instead of an apparcot radius when comparing the AK and V1 calalogs. We adopted
a 0.75 h~' Mpe maximum radins, as done for the evaluation of the selection funetions.

Out, of 4,813 (AK) and 7,962 (V'T) cluster candidates, 2793 (58% of AK and 35% of the
VT are vomnmon sowrces, The VT catalog is denser than the AK catalog becanse it is mors
complete in the regime of poor systems, which are more abundant. Figure 427 shows the

offset distribution for the matched clhusters in Mpe (solid line) and arcsecomls (detted Tine).
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Mast clusters show no large offsets (less than 1007 or 0.40 b~ Mpe). The combined catalog

i= presented in Table 4.1 and Figure 4.20.
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Fignre 4.27: Centroid offset distribution for common clusters from the VT and AK cods.

Offsets in Mpe are indicated by the salid line, while the nffsets in arcsec are represented

b the dotted line

Redshift and richness estimates arc abtained post-detection. They are however sensitive
to the cluster center, as the eluster corrected connts will depend on this choiee. We then
divide the common clisters into bins of 407 in centroid offsets, from 07 to 2407, I'he residials
as a fimation of redshift for different offsets are shown in Figure 4.23, with a clear trend to
large residuals for large offsets. Figure 4.29 shows the same effect, bui for richness. Finally,
we investigate the dependence of the richniess evaluation on the adopted redshift. Figure
4.30 iz similar to the previous one, but the hins are in redshifl residuals (from Az = 0,01 to
0.06, in steps of (.01}, instead of cluster center offsets. The Lop lell panel shows the results
when cutting the sample al offset <2 40" and Az < 0.01. Lhere is an evident improvement
when comparing this panel to the botlom lell panels ol this Fignre and Figure 4,29,

We show in Figure 1,31 vichiness (top) and redshift (bottom) distributions for VT only de-
tections (dashed-dotred line), AK onlv elusters (dotted line) and commen candidates (heavy

solid line). ‘I'his plot fully confirms the expectations from the selection funelion estimates.
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Figure 4.28; The dependenve of the redshill eslimale on the cluster centroid. Redshift
residnals ag a fanction of redshift are showy for different olfsel raopes, which sre indicated

an cach panel. The number of clusters {N) is aleo indicated.

The VT code performs better for poor nearby clusters, while the AK goes decper when
detecting rich systemns. This plot also illustrates the main difference in the performance of
the algorithms. Most of the VT only detections are nearby poor systerns, while the AK only
clusters are mainly distant and rich. The twa ecatalogs overlap at intermediate richness and

redshift ranges.

Figure 4.32 shows the distribution of N, with respect to the eatimated redshift for both
AK and V1. A similar relalion was previously found by Kim (2001). The richer systems are
rarcly found at low redshifts where we probe less physical vohne per unit redshift. interval.
(n the other hand the poor elusters are eagier fo be detected at low-2, where they are sbill
scen as high-contrast systems. One surprising result is that only the VT code apparently

finds relatively poor systems (Nga, < 60 at 2 > 0.4, For these famnt systems Lhe redshift
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Figure 4.29: Richness residuals as a function of richness are shown for different offset

ranges, which are indicated on each panel. The number of clusters (N) is also indicated.

and richness estimates are more difficult to measure as the number of galaxies used for these
estimates is typically low. The VT code is also less accurate than the AK algorithm in
determining the centroid of a cluster (Figure 4.24). For these low contrast systems that
will represent a great impact to the redshift and richness estimates, and could result in
underestimation of the richness value. Note also that Kim (2001) found the same trend for
the VT candidates when using SDSS data.

Finally, we test the overlap of both catalogs in the regime where they are expected to
have high completeness. The SF predicts that both cluster catalogs are nearly complete for
rich clusters (Nyqus > 65) at 0.2 < z < 0.3 (Figures 4.24 and 4.25). To be conservative we
assume a completeness level > 90% and select all cluster candidates from both catalogs for
these richness classes at this redshift range. We find 140 VT candidates and 177 in the AK

catalog. All VT candidates have a match in the AK catalog, which represents an overlap of
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Figure 4.30: Richness residuals as a function of richness arc shown for different bins of
redshift residuals (indicated om each panel). The number of clusters (N) 1s also indicatad.

The upper left panel has Lhe results when selecting only clusters with affsets - A7 and

Az < 0.01.

e B0%, in aprevment with the expectations from the S5F. or this comparison we adopted a

matehing radins of 6', as done by Goto et al. (2002).

4.8 Comparison with other cluster surveys

A comparison of the NoSOCS and the Abell cluster catalog was previously done in Papers
IT and TTT. We would like to compare the supplemental NoSOCS catalog presented here to
other intermediate redshift cluster catalogs. The hest somrees of comparison are given by the

preliminary SDSS calalogs (Kim 2001; Goto et of. 2002), which are then used as a reference
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and by bath methods (heavy salid line).

for the comparison shown in the end of this section. Additionally, as the DPOSS data used
here is different than that used in Papers IT and ITI (the current galaxy catalog is deeper sl
Lias a statistical correction applied Lo iL), we also compare to those catalogs. We would also
like to investigate dillerences in Lhe redshill and richness measurements. As stated belore,

there are some fundamensal differences In the estimatcs presented here and in Lhe provions

DPOSS papors.
I'vom the = 12,000 NoSOCS [Papers Il & 111) clusters candidates over the whole high
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Figure 4,32: Richness vsestimnaled redshift for the AK (top) and VT (bottom) eandidates.

latitude {|¢| > 30°) northern sky, we lind that 4,211 are within the 2,700 square degrees
sampled by the enrrent project. Due Lo large differences in the redshift estimates we could
not use a physical radins when comparing No3OCS Lo the deeper catalog presented here. We
therefore adopt a 200" radins far this comparison. We found thal 2,417 clusters are common
fo hoth catalops. Figure 4.33 shows the cstimated redshift distribution (bottom panel) of
NoSOCOS only clusters (Papers IT and I1I) as dotted lines, while the dashed lines reprosents
the distribution of clusters present only in the current survey., The distribution of common
clusters 1= representedd by the heavy solid line, It is clear that most of new candidates [ound
Lere are at 2.0 = 0.2. On the top panel of the same Figure we show the ralio of common
clusters to each of the calalogs. The dotted line represents the ratio to the catalog presented

in Papers 11 & 111, while the dashed line i3 the ratio of common clusters to the supplemencal
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catalog presented here. Down to oz ~ 0.2 approximately 50% of NoSOQCS clusters are

also common to the new catalog. The supplemental catalog has alimost all of its common

detections at low-z.
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Figure 4.33: Eslinated redshifl distribubions (bollow panel) for clusters detected anly in
Papers 11 & [T1 (dotted liae), only by this paper (dashed line) and by both surveys (heavy
plid line}. 1The top panel shows the ratio of common clusters to the NaSOCS catalog

]
(dotted line) and to the supplemental catalog presented here (dashed line).

It iz important to stress that poor clusters at 2 < 1.2 detected in Papers IT & TIT might not
be eazily recovered in the current paper. The A catalag is obviously biased againsl vhese
syatems due to the bright magnitude ent (m. ~ 19), while the VT code might have problems
recovering, these nearby, low comtrast structures. The binning schems adopted to enhance the
cluster contrast might ool be powerlul enough ( enable recovering of these systems, Note
also that the matehing rading employed when comparing the two eatalogs i3 crueial Lo Lhe

analysis. Poor systems might have large differences in the controid determination, especially
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if the centroid is given by galaxies in different magnitude ranges. Golo el al. (2002) adopted
A 6 radiug to compare their catalog to other SIISS cluster catalogs. We then adopted this
matching radius (6') to compare the catalogs in the regime where they are expected to have
high completeness level. At 0.1 << z < 0.2 the cluster catalog from Papers I and IIT has 38
rich clusters (N = 65). The VI eatalog finds 33 of those, while the AK catalog finds 30,
The overlap is ~ 0%, For the tew missing clusters we pointed the richness estimator code
to Lhe covrdinates given in Papers 11 & 111, also adopting the redshifl estiinate given there.
Wi [ound these svstems to be poor clusters in the deeper catalog used hera. Lo other words,

the contrast of these clusters decreases when seen in a wider magoitude range.

In Figure 4.34 we plot the NoS(CS photomelric redshilt estimates ve. the ones from
this paper (lefe panel). If we assume Lhe estimates from Papers II & III are more correct
than those presented here, Lhen we have a slight indication of overestimation of the redshilts
presented here. On the right panel we compare the richness estimares for nearby clusters
(z = 0.2). Asstated in section 4.5.2 there are many dillerences belween the richness esbinates
presented here and in the previous DPOSS papers. First the galaxy catalogs are deeper and
have s statistical correction applied to them, which could affect the cluster contrast. Second,
we now adopt a loecal background correction, while the background commts were previously
taken from o plate scale (Papers II & IIT). In the previous papers the v correction factor
considered wll galaxdies to be elliptical, while here we consider only 60% to be ellipticals.

Finally we compare our eatalog to the SDSS cluster catalogs presenled ab Kim (2001) and
Goto et al, (2002). Doth catalogs cover an cquatorial sirip of ~ 35000°%. However, most of
the common clusters (hetween SDSS and DIPOSS) are [ound in the RA < 44° region, as we
have only Lwo plates in the North Qalactic Pole Cap region, which are also in bhis equatorial
gtrip. The precise coordinate limits used to trim both SDSS catalogs, as well as ours, are
—2.1° < o < 43.75°,—1.27° < § = +1.27°. There are 863 clusters from Kim (2001), 1288
from (Goto ef al. (2002) and 463 AK-V'T candidates in this region,

In Kigure 4.35 we show the estimated redshift distributions of cinsters detected only by
NTOSS (dashed line), common clusters (heavy solid line) and SDSS enly clusters (dotted
lines), In the top pancl the DPOSS cluster calalog is compared to the SDSS Cut & Enfiance
(CE) catalop (Goto et ol 2002), while in the bottom panel the comparison is made to
the catalog preseuted by Kim (2001) (a combination of two catalogs, deteeted by a Hybrud
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IMigure 4.34: Comparison between our catalog and those from Papers 1 and 1. On both
panecls the abscissa has the results for the eurrent paper (IV), while the ordinste shows
the results from Papers 1T and 1. The left panel shows the redshift eslimates for 1,845
common clusters between this paper and the previous two. On the cight richness estimates

for = << (L2 clusters are compared,

Mulched Filler and a Voronoi Tessellation techniques, hereafter called HMI-VT). In both
panels Lhe single method detections have redshifi estimates comiug rom Lhe own method,
In the bottom panel, matched clusters have our redshift estimates, while in the top pancl
the eommon elusters have the CF estimates. The TMF-VT catalog (Kim 2001) recavers
many more nearby (probably poor) clusters than DFOSS, while the CE catalog (Goto af al.
2002) goos deeper than DPOSS. This result also peints to intrinsic differences in Lhe clustors
sampled hy the twa SDSS catalogs.

Our redshift measurements are compared to the ones given in both SUSS catalogs. The
cstimates given by Kim (2001) have an vims comparable to ours, while Goto e al. {2002)
measurements are much more precise {Az < 0.02). The upper left pancl of Figure 1.36
indicates that either Kim (2001) is underestimating the redshifts or we are overestimating
them. Howevar, an overestimation from our technigque should be much smaller than Lhat
suggestod by this plot. [lecanse no strong frend 15 evident when comparing our estimates ta
the ones from Goto et al. (2002) (upper right panel), we conclude that Kim (2001) might
wlso underestimate the cluster redshifts.

When comparing richness measurements we re-measure Ng,. [or the common clusters,

nsing the coordinales and redshill estimales provided in the SDSS catalogs. This procedure
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Figure 4.35: Estimated redshift distributions of DPOSS only clusters (dashed lines),
common clusters (heavy solid line) and SDSS only clusters (dotted line). In the bottom
panel DPOSS is compared to the catalog presented in Kim (2001), while the comparison
to the CE catalog Goto et al. (2002) is shown in the top panel.

minimizes the effects seen in Figures 4.28 to 4.30. The richness measure given by Kim
(2001) is called A, which represents the total cluster luminosity within 1.0 A~' Mpc in
units of L*. Ny also considers a 1 h~' Mpc counting radius, but we only sample galaxies
at M*—1< M < M*—2. Goto et al. (2002) count galaxies from mg3 to m3 + 2 (where m; is
the third brightest cluster galaxy) within the detection radius provided by the CE algorithm.
As they state, this is similar to the Abell richness, except for the counting radius, which is



146

Capitulo 4. Aglomerados

com Desvio para o Vermelho Intermedisrio

L5055 HMF=NT

‘

chz» = 0022 + 0062

| R A ) L T

| W=135

H-]ala

4
2 —
& 4 B
Loposs
1ED_||||| TTTT EREEERE
100 :_f\, 26.0 + EGQH““ o
- o H,r"
B-D .'.. ."
-"-.' '
60 — i nw =
L -
40 s, =
20 —
:'||i|||| |III||-|1||:
20 40 B0 30 100 120

Tspes cE

CE on

B

—Imv |—IJJ15+(LD:-:-%

| N=2ED ]
I '
A _i}i;f _L' =
— L1 :':'.. -

= = .'I =1
2= -I"‘"' =

- ?u

| '- L1 Lo

2 A4 &
Zoposs

120 0 T T T T TII[TIT T L

20

‘ﬁfﬁ..' "

60 80 100120

44'.'.!

Figure 4.36: Comparison between our catalog and those from Kim (2001} & Goto et al.

(2002). In the lop pauels we compare our redshily estimates 1o those from Kim (2001)
(left) and Goio et al. (2002) (right). The bottom panels show the richness comparisons.

Maore details in the text.

chosen differently for the CE method. The bottom left panel shows the relation between Ay
and Naue Aswe adapt the same coordinates and z.q provided by Kim (2001). we expect the
scabler to originate mainly from the differences in the galaxy catalogs used [or Lhe richness
cstimartion. Considering the higher quality of the SDSS dara compared to the DPOSS plate

data, the small seatter shawn in this plot is an encouraging result. The bottom right panel
shows the correlation between the CIU richness and Ny, The scatter is extremely large and
uu vbvious relation is found. We believe that has nothing to do to the nature of the data,
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but mainly to the choice of an apparent aperture to count galaxies for the CE richness. We

believe that even a comparison between A, and the CE richness is difficult.

The number density of the clusters presented here is more than 2 times that found in
Papers II and III. This is sensible as we sample many more distant clusters when compared
to our previous papers.

The interesting comparison, however, is to the SDSS catalogs. The Gunn r-band has a
similar response to the SDSS r* filter, which renders our m, = 21.1 limit similar to the one
adopted by Kim (2001) and a little brighter than the choice of Goto et al. (2002). Thus, the
catalogs’ depth should not be too different. The cluster catalogs will differ more due to the
quality of the data used, the algorithms and the contamination level allowed.

The number density of the HMF clusters is 7.8 clusters per square degree Kim (2001),
13.3 for the CE catalog Goto et al. (2002), and 3.7 for our catalog. The main reasons for
the HMF-VT catalog to find more than two times clusters than our technique are the higher
quality photometric data of SDSS, as well as the higher contamination rate allowed by Kim
(2001). We believe it is ~ 15%, while we kept our catalog at the 5% level. The CE catalog
has an extremely high number density. We believe this is due to the fact that they go
0.5 magnitude deeper when looking for clusters, and their ~ 30% contamination rate in the
regime of poor clusters (where most candidates are). The CE method is a powerful technique
to detect clusters and minimize background/foreground contamination, but that might not
justify such a high number density of real clusters.

An illustration of the higher density of the HMF-VT in comparison to the AK-VT catalog
is given in Figure 4.37. We show the candidate distribution for the center region of DPOSS
field 824. HMF-VT candidates are shown as solid circles, while the AK-V'T are plotted with
dashed circles. The circles represent a 1.5 h~! Mpc radius at the estimated redshift. Two
features are readily noticed. First, the HMF-VT only clusters are generally low-z systems
as indicated by the large radii of the candidates missed in our survey. Second, the HMF-VT
is able to recover cluster candidates at different redshifts along the same line of sight, while
our method cannot distinguish between these superposed systems. In most such cases, we

recover the fainter, more distant clusters instead of the closer ones.

A closer examination of our redshift distribution (Figure 4.17) when compared to Figure

25 of Goto et al. (2002) reveals that in the regime of rich clusters our catalog goes as deep
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Figure 4.37: The sky distribution of candidates detected in the central region of DPOSS
Field 824 (a = 5.65°, § = 0.26°). AK-VT candidates are indicated by dashed circles and
the HMF-VT clusters by solid circles. We adopt a 1.5 A~! Mpc radius for this illustration.
When the redshift estimator code fails we adopt z = 0.3 to draw the circle.

as all the SDSS catalogs. However, the HMF-V'T method sample many more poor/nearby
systems than us, while the CE catalog detects many more high-redshift candidates (z.q >
0.25). Nonetheless, it seems that the SF's presented in Goto et al. (2002) may not be in good
agreement with their redshift distribution. They appear to actually go deeper than indicated
by the SFs.

Finally, as done in the comparison to the catalogs presented in Papers II & III, we look
for differences to the SDSS catalogs where SDSS and DPOSS predict high completeness
levels. Using the relation between A, and Nyais, we convert the HMF-VT richness estimates
to Ngais. We look for clusters with Ngqs > 65 at 0.2 < 2. < 0.3. There are 3 clusters in this
regime in the HMF-VT catalog and 9 in our catalog. All the 3 found by Kim (2001) have
a match in our catalog, while 7 of the 9 AK-VT candidates have a match in the HMF-VT
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list. As we can not convert the CE richness estimate to Nyq; we simply chose a richness cut
for the CE catalog. We selected all clusters with CEqc, > 40 at 0.2 < 2.y < 0.3. Out of 18

CE clusters in this regime 15 have a counterpart in our catalog.

4.9 Summary

This paper presents an intermediate redshift galaxy cluster catalog (0.1 < 2.5t < 0.5) covering
2,708 [1° of DPOSS data. The catalog is the result of two different density estimators (AK &
VT) and its combined version contains ~ 10,000 cluster candidates. To facilitate the selection
of subsamples for follow-up studies we provide redshift, as well as richness estimates. The
redshift estimates are as accurate as the matched filter redshift output. As we keep the
contamination rate at the 5% level, the probability of selecting false clusters is minimized.
However, we needed to clean our catalog after detections were made, in order to discard
obvious false candidates due to bright stars, nearby galaxies and groups, etc.

The main goal of this project is to provide a catalog of rich clusters to 2., ~ 0.5 covering
a large area of the Northern sky. It is a valuable source for follow-up studies, such as
substructure, alignment of galaxy cluster members, galaxy evolution, the Butcher-Oemler
effect, the evolution of the luminosity function and color magnitude relation, etc. We plan
to carry out a spectroscopic survey of a subsample of this catalog to confirm the reality of
these systems; as well as a deep imaging follow-up.

We present a detailed comparison of the results obtained by the different algorithms. We
show the dependence of the redshift and richness estimates on cluster centroid, as well as the
richness variation associated to the redshift estimate. We also found a high level of overlap
in the regime where both catalogs are expected to have high completeness.

Our catalog is also compared to the results of the most recent surveys, showing an
excellent agreement with those where all catalogs are expected to have high completeness
rate (rich clusters at 0.2 < z.s < 0.3). However, its is evident that the cluster catalogs
derived from the higher quality multi-color data of SDSS are more complete than our catalog.
The HMF-VT detects more poor/nearby systems, while the CE catalog is more complete
for higher-z systems. Nonetheless, this work provides the largest resource for galaxy clusters

spanning this redshift range to date. It will certainly be superseded in the nearby future by
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the whole sky catalogs generated from SDSS. However, it represents the first effort to search
for clusters out to the faintest limits of a sky survey over such a large area. This cluster
catalog constitutes an excellent resource for comparison with the final SDSS catalog, as well
to deep X-ray cluster catalogs.
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Capitulo 5

Conclusoes e Perspectivas Futuras

Resumo

Esla tese apresenta (capitnlo 3} um dos maiores catdlogos de candidatos a aglomerados de
galdxias no universo local (< z >~ (.13}, No capitulo 4 apresenfamos um projeto para
estender este eatdlogo até z ~ 0.5, sendo < z >~ 0.3, Como subproduto apresentamos wna
comparacao entre DTOSS e SDSY, wlilizada para estimarmos as limites do DPOSS (capitulo
2). Esta comparagao ainda aponla para s guestao de multiplicidade, que prentendemos
eztidar no futuro.

Clome mencionado na introdugio os catalogos agqui apresentados tem varias utilizagGes.
Alpuns dos estudos que plancjamos desenvolver sao brevemente descritos abaixo. Esles
psbudos fazermn nso de dados de placa e/ou dados CCD (provenientes do levantamento PA-
CO8), além de dados Roios-X provenientes da literatura. Alguns outros estudes, como a
funcéo de massa de aglomerados, dependem da aquisigdo de dados espectroscopicos para

determinacan da dispersao de velocidade does aglomerados e por conseguinte a massa dos

ILEEITI0E.

5.1 Subestrutura, Efeitos de Alinhamento ¢ a Funcao

de Luminosidade

O) processos de [orinacgao de aglomerados de galdxios sugere que sub-aglomeraghes sio des-
feitas quande o sisbeins torna-se virlahizado, Desta forma, a presenga de mm heatrutura em

aglomerados de galdxias pode [ornecer wna importante indicagao do estaglo evolubivo destas

151
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estruburas (West & Bothun 1990; West et al. 1995; Solanes et al. 199%). A existéneia de
suhestrutura pode fambém cansar nma super-estimativa da massa de aglomerados (Girardi
et al. 1597; Mnkney et al. 1006; Bird 1805). Outre importante efeito gue pode ser o res-
ultado de win medela de formacao hierdrquica € o alinhamento de galiaxias, aglomerados e a
estrutura em grande escala. BEstudos recentes tem indicado que a presenca de subestrubura
pode estar relacionada a efeitos de alinhamento (West ef wl. 1995; Tormen 1997; Pliouis &
Basilakos 2002). Apglomerados seriam formeades alravés do acimulo de material an longo de
estruluras filamentares, com aglomerados jovens exibindo alto gran de subestrutura, alin-
hada com a estrutura em grande escala. O eslagio evelutive de aglomerados pode também
influenciar a populagio de galixias caracterislica dos mesmos (Durret et al. 2002: Baldi ef
al. 2001). Aglomerados relaxados apresentam uma maior concenbracao de galixias na regizo
central, sendo que cstas maldxias sdo resultado de um maior mimery de processos de fusao
quandn comparados com sistemas dinamicamente jovens (Bingelli el ol. 1987; Sadré at wl,

1983 Biviano ot al. 1992; Stein 1997).

Recentemente, iniciainos win programa para estimar o gran de subestrotura de aglom-
erados a partir de sna distribnicao projetada (Tapes ef @l 2000]. Para tal dispomas de dados
de placa para contenas de aglomerados présdmos (0.1 < z < 0.16) e dadus CCD para aglom-
crados caom desvio para o vermeltho maior que 0.16 (cerca de 200 aglomerados do PACOS),
Tanta os dados de plara como os dados CCD permisem-nos selecionar galixiay dentro de
L0 AT Mpe e entre M* — 1T e M* | 2, nos respectivas intervalos de desvio para o vermelho
mencionados aciina. Desta [orma, podemos estudar subestrutura num mesmo intervalo de
magnitude absoluta e nuwm mesmo ralo para um grande mimero de aglomerados, Um estudo
s complelo Leria necessariunente de incluir mapas rins-X e dados espectruscopicos. Na
entanto, a andlise da distribuiciio bi-dimensional de galdxias constitul wn métode simples
para estimarmos A presenga de snhestrutura numa grande amostra de aglomerados [West
dz Bothvm 1590; Minkney et al. 1996; Kriessler & Beers 1997). Estas estimativas podem om
seguida ser utilizadas como base para levantamentos espectroscopicos. O principal problema
de estudos bi-dimensionais é contaminacao por galaxias de [uwlo. Este ofeito & minimizado

pela selegao de galaxias com cores e magnitudes Upicas de uma populacan de aglomerados.

Na Figura 5,1 exibimos mapas de densidade de galaxias ua regiao de dois aglomerados
de galoxias (Abell 1062 & Abell 1445]). Para vada aglomearado, apresentamos 3 mapas de
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ABELL 1062

Figura 5.1: Mapas de densidade para Abell 1062 ¢ Abell 1445, Para cada. aplomerado
sada mapa representa: (a) todes as palaxiss pa repiao do sglomerado; (b) paldxiss com
cares o magnitudes tipicas de galdxias eliplivas; e {c) galixias com cores Lipicas de galixias
de campo. A selecio das galdxias exibidas em (b) e (c) @ basesda em duas relagoes cor-
maguitade; (g rixrelr—i)xr.

densidade para: (n) todas as galdxias na regido do aglomerado; (b) paldxias com corcs e
magnitudes tipicas de galdxias elipticas; e (¢) galdxias comn cores tipicas de galdxias de campo,
A selecio das galdxias cxdbidas em (b) e (¢) & baseada em duas relaghes cor-magnitude,
(g—i)xr e (r—i)xr. Dois aspectos sao facilmente distingniveis desta figura. Primeiramente,
fica cliaro o yudo poderoso é o emprego da relagio cor-magnitude para selecao de galaxias com
cores bipicas de galdxias de aglomerados (galdxiag mais vermelhas, em geral elipticas e S0s).
Podemas notar gue o contraste da distribuicio de paldxias vermelhas é fortemente realcado
apds a exclusio de galixias de fundo [compare os painéis (a) e (b)). (O semundo aspecto
aque nobunos € a distingao nalocalizagio de galaxias vermelhas e azuis. A comparacao dos
paindis (b) e (¢), para cada aglomerado, sugere que galdxias vermelhas estao mais proximas

da regiao central do gue galdxias awuis, mais dispersas na regidao do algomerado.
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Apds a criagdo dos mapas de densidade ¢ necessirio que estimemas a sipnificincia dos
pivos de densidade encontrados nos mapas. B outras palavras, temos de testar se a sube-
struturi indicada para pacte da amostra @ significante. Um grande ndmero de trabalhos
apresenta diferentes festes empregades para guantificar subestrubora (Pinkney ef al. 1996
Kriessler & Beers 1997, Salvadar-Sole ef al. 1993; Ashman el of. 1994; Rhee et al, 1991).
Pretendemos testar pelo menos dois metodos, o algoritmo KMM (Ashman &t el 1094) e o
programa DEDICA (Pisani 1996)

Em ssguida ao estude de subestrulura, pretendemos cstimar a funcio de haminosidacde
e investigar efeitos de alinhamento nestes aglomerados. Paolillo et al. (2001) derivaram a
fungao de luminosidade para 349 aglomeradoes de Abell usando dados do DPOSS. Pretendemaos
eslender esle estudo para os mesmos arlomnerados para os quais estimarmos snbestrulura. ()
objetivo final & verificar & existéncia de posaivels correlagoes entre estes resnbtados, A pUE-
ulagan de galaxias e por conseguinte a funcao de luminosidade depende do estado evolutive
de aglomerados? ) aumento da fracio de galasdas azuis com desvio para o vermelho (Mar-
goniner ¢f al. 2001) correlaciona-se com o grau de subestrutura; aglomerados em = ~~ 0.3 sao
dinamicamente diferentes de aglomerados em = ~ (.17 A relagéo entre subeslrutura e 8 os-

frutura em grande escala detectada por Plionis & Basilakos (2002) com base em aglomerados

do catalogn APM & real?

5.2 Comparacgao de Aglomerados de Galixias Selecion-

ados no Optico e em Raios-X

Como menelonado na segfio 12,1, aglomerados de galdaxias de alla massa além de seren:
caracterizados por wm grande ntimera de galdxiag, também possuem emissin em raios-3.
Aglomerados ricos apregentam mais forte emisgao, no entanto. grande mimero de aglomerados
pobres (detectados no dptico) sao também detectados em raios-X (Bricl & Hemry 1993:
Vikhlinin ef ol 1998; Scharf 1997; de Grandi 1999). Nesla secio aprosontamos resultados
preliminares de wna comparagao do catdlogo suplementar do NoSOCS (capitulo 4) eom
trés catdlogos de aglomerados detectados em raios-X. No future, pretendemos campatar
propricdades dpticas de aglomeradoes (riqueza e dispersao de velocidade) vom prapricdades

em raios-X {luminosidade ¢ temperatura), Estes estudus pudem ser titeis na determinacan
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de elvibos sistematicos na determinagino da massa de aglomerados (Yee & Ellingsan 2003},
(s Lrés catalogos com aglomerados selecionardos em raios-X sao o Norfhern ROSAT Alf-
Sky Calary Cluster Survey (NORAS) (Béhringer et al. 2000), o ROSAT Brightest Cluster
Sumple (BCS) (Ebeling el . 1998) e o catdlogo apresentado por Vikhlinin et al. (1998),
coutendo 223 aglomerados detectados em campos do levantamento ROSAT PSPC. Os duis
primeiros catalogns abrangem o universo local, contendo algomerados alé z ~ 0.3, 4o passo
yue o catalogo de Vikhlinin et al (199%) coulém aplomerados até z ~ 0.7. No eulanto, o

processo de selecao de Vikhlinin ef al. (1998) niao visa a consbrugao de uma amostra completa.

Selecionames todos os aglomerados de cada win destes catdlopos na regiao de ~ 2700 graus
quadrados do eatdloga apresentado no capilulo 4. Ainda excluimos aglomerados raios-X que
estejam dentra de nma drea excluida {(devido a um objeto brilhante, estrela ou galaxia) de
nosso levantamento. A comparacao dos Y982 candidates do catdlogo suplementar do NoSOCS
é feita em relagan a 70 aglomerados do NORAS, 43 aglomeracdos do BCS o 39 aglomerados de
Vikhlinin of al. (1998), Na Figura 3.2 apresentamos a distribuigio de separagoes [em Mpe)
entre aglomerndos raios-X e do NoSOCS. A comparacao com o NORAS € apresentada comuo
linha coutinus, com o BCS comao linha pontithada e com o catdlogo de Vikhlinin ei al. (1993)
como linha tracejada. E interessante notar que, em geral, & separagiio entre os centros éptico
e raios-X é pequena (< 0.4 Mpe). Somente 2 aglomerados do NORAS {3%) nio apresentam
contrapartida no NoSQGCS, an passo que todas os 43 aglomeradoes do BCS sdo deteetardos no
No30CS, e 13 (33%) dos objetos de Vikhlinin ef al. {1998) nan sao encontrados no DPOSS.

Az distribniches de desvios para o vermelho dos aglomerados detectados no 6ptico e em
raios-X a0 apresentadas como linhas contiimas pa Figura 5.3 (para vs urés casos, NORAS,
BCS e Vikblinin ef ol 1998), enquanta que as distibuigoes de aglomerados nao encontra-
dos no DPOSS sao exibidas como linhas pontilhadas (para os trés catdlogos em raios-X).
(Js aglomerados detectados somente por Vikhlinin et ol (1998) nao apresentam nenbhuma
concentragdo particular em desvio para o vermelho. Na Figura 5.4 é apresentada uma com-

paracin dos desvios para o vermelho dados nos catélogos raios-X e as estimativas do NoSOCS
(capitulo 4).

Na Figura 5.5 sao apresenbadas as distribuigoes de riguesa (N o, capitulo 4) dos aglom-
erados raios-X encontrades na DPOSS (linha continia), e detectados somente em raios-X

(linha pontilhada). Para obter estas estimativas utilizamos as coordenadas ¢ desvios para o
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Figura 5.2: Distribui¢ao de separagoes (em Mpc) entre aglomerados detectados em raios-
X e pelo NoSOCS. A comparagao com o NORAS é apresentada como linha continua, com

o BCS como linha pontilhada e com o catalogo de Vikhlinin et al. (1998) como linha

tracejada.

vermelho dados em cada um dos 3 catdlogos raios-X. Simplesmente apontamos nosso estim-
ador de riqueza para estas coordenadas, contando galdxias entre M* — 1 e M* + 2 e em 1.0
h~! Mpc no desvio para o vermelho do aglomerado. Como mencionado na secao 4.7 a es-
timativa de riqueza é extremamente sensivel as determinacoes do centréide e do desvio para
o vermelho do aglomerado. Tendo isto em mente, também apresentamos a titulo de com-
paragao as estimativas de riqueza do NoSOCS (adotando o centréide éptico e as estimativas
de z do capitulo 4). Portanto, para os aglomerados raios-X encontrados no DPOSS (lin-
has continuas) as distribuigdes das estimativas de riqueza do NoSOCS sao também exibidas
como linhas pontilhada-tracejadas na Figura 5.5. As distribuicoes de riqueza do NoSOCS
representam mais aglomerados ricos do que quando estimando riqueza com as coordenadas

e z fornecidos pelos catalogos raios-X.

Finalmente, é importante mencionar que os dois aglomerados do NORAS nao encontrados
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Figura 3.3: Distribuigdes de desvios para o vermeTho de aglomerados detectados em raios-
X, As distribmiches de aglomerados com contrapartida no DPOSS sio exibidas como linhas
conlinuas, ao passo que as distribuicies de aglomerados ndo cncontrades ne DPOSS sio
exibitlss come linhas pontilhadas, Resultados do NORAS sao exibides no painel superior,
do BCS 1o painel intermedidrio e de Vikblinin et al. (1898] no painel inferior.

nn DPOSS encontram-se num regime de riguezn ( Ny, ~ 5] em que nao esperamos 100% de
completeza em nenhum valor de desvio para o vermelho, U dos aglomerades tem N .1, = 35
em z ~ 0.42, an passn que o outro tem Ny, — 30 em 2 ~ (118, No gue diz respeilos aos 13
aglomerados de Vikhlinin et al. (199%8) sem conlrapartida no dpticn, todaos estes aglomeraros
possuem Ny < 48, Trés aglomerados nao tem estimativa de desvio para o vermello em

Vikhlinin et af. (1998), cinco tem z > 0.3 e os ontros cinco lem 0.14 < z < 018, tom

N gats < 38
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Fignra 5.4: Camparagio entre os desvios para o vermelho de aplooersdos detecludos em
raios-X cnm as estimativas do DPOSS. A comparagio com o NORAS ¢ exibida no painel
erqpuierdno. com o BOS ne painel intermedidrio e com Vikhlinie ef el (1998) no painel
direito.

5.3 Corrclacoes entre Quasares e Aglomerados
de Galaxias

Na tiltimas duas décadas wn grande nimero de estudos tem sugerido que a atividade do
quasares cstd fortemente correlacionads ao ambiente da paldxia hospedeira (Stocklon 1982
Yee & Green 1987 Ellingson ef ol. 1991; Yee & Ellingson 1993, Fisher of al. 1996; Simith ef al.
20007, Fstes estudos suesrenn gue gquasares e galacdas radio estao locnlizados em ambientes
densas, tipicos de grupos e aglomerados de galaxias, No entanto, codstem controvérsias na
diferenca do ambiente de quasares com emissdo radio significante ou nao (Fisher el al. 1996;
Croom & Shanks 1999). De qualquer forma, o estudo do ambiente tipico de quasares pode
contribuir siginificntivamente para v entendimento de efeitos evelutivos na atividade desles
objetos. Par outro lado, se esta relagio for vilida em mais altos desvios para o vermelho
{z = 1) quasares podem ser usados para selegio de regides densas, possivelmente associndas
com aglomerados ou proto-aglomeradas de galixias.

Ontro efeita de interesse & adelerminagio de possiveis correlagoes entre quasares distantes
{z = 1) & galdxias e aglomerados no universo local (2 < 0.3). Alguns autores [Arp el al,

1990 Burbidpe ef al. 1990) sngerem que cstas associagoes projetadas enbre quasares distantes
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de aglomerados rnoontrados no DPOSS sao exibidas como linkas continnas, ao passo que
as distribuigdes de aglomerados sem eontrapartida ne DPOSS san cxibidas coma linhas
pontilbadas. As distribui¢oes des estimativas de rigaeze do NoSOCS sao exibidas como
linhas pontilhada-tracejada. Hesullados do NOBAS sao exibidos no painel superior, do

BCS na paincl intermedidrio e de Vikhlinin et ol. (1998) no painel inferior.

e palaxdas préximas seriam explicadas por dasvios para o vermelho nao-cosmolégicos dos
quasares. Uma alternativa maiz simples sugere que a3 galaxias com pequenc desvio para
a vermelho podem amplificar gravitacionalmente o fluxe de objetos de fundo (guasires)
praximns na linha de visada (Webster & Hewetl 19490; Schmeider 1992; Norman & Impey
1999). Mo entanto, cste efeito de magnificacio & pequeno para justificar a amplitude da
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correlagao entre quasares e galdxias proximas. Além disso, a amplitude destas associagoes
também depende das amostras utilizadas (Benitez et al. 2001). Em resumo, as contradi¢oes

encontradas nos estudos recentes indicam que ainda estamos longe de um bom entendimento

da natureza destas associagoes.

Considerando que os dados do DPOSS cobrem todo o hemisfério norte, podemos abordar
as duas questoes mencionadas acima (o ambiente de quasares e associagbes entre quasares
distantes e galdxias no universo local) utilizando uma grande amostra de quasares. Num
estudo preliminar, utilizamos a lista de quasares compilada por Véron-Cetty & Véron (2001).
Esta lista contém 23760 quasares distribuidos em todo o céu. Selecionamos 2665 quasares
na regiao de ~ 2700 graus quadrados utilizada para detec¢ao de aglomerados no capitulo 4.
Destes 2665 quasares, 300 tem desvio para o vermelho 2z < 0.5. Numa tentativa de estimar
se 0s quasares sao encontrados em aglomerados de galdxias, comparamos a posi¢ao destes
300 quasares com os 9982 candidatos a aglomerado do catdlogo suplementar do NoSOCS
(capitulo 4). No painel superior da Figura 5.6 exibimos com a linha sélida a distribuicao de
separagbes de pares de quasares e aglomerados (77 do total de 300 possiveis). Nosso raio
de busca é de 2 h~! Mpe, adotando o desvio para o vermelho dos quasares (Véron-Cetty
& Véron 2001). Obviamente, estes pares podem ser o resultado de efeitos de superposicao.
O histograma sombreado representa a distribuigao do subconjunto de pares com diferencas
no desvio para o vermelho (Az = Zyuasar — Zest—aglom) < 0.1 (adotamos este valor levando
em considerac@o a incerteza na estimativa de 2 para os aglomerados, como visto no capitulo
4). Se estes pares representarem associagoes reais, isto implica que os quasares associados
a aglomerados, sao preferencialmente encontrados na periferia de aglomerados. A fracao de
pares é pequena, 0 (ue nao ¢ uma surpresa se considerarmos que quasares, em geral, estao
associados a pequenos excessos de densidade (grupos ou aglomerados pobres). O catélogo
suplementar do NoSOCS (como quase todos os catdlogos de aglomerados de galdxias) é
exteremamente incompleto no regime de aglomerados pobres. Portanto, a probabilidade de

encontrarmos quasares associados com candidatos a aglomerados pobres (do nosso catalogo)
é pequena.
No painel inferior da Figura 5.6 exibimos (linha pontilhada) a distribuicao de riqueza

(Ngats) dos 77 aglomerados que sao possiveis pares aos quasares de Véron-Cetty & Véron

(2001). A distribuigao é aproximadamente constante, apresentando um excesso de aglom-
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Figura 5.6: Distribuicoes de separacdes (em Mpc) entre quasares e aglomerados (painel
superior). A linha sélida representa a distribui¢ao de 77 pares, ao passo que o histograma
sombreado representa os 30 pares para os quais Az < 0.1. No painel inferior exibimos
a distribuigao de riqueza (Ngq5) dos 77 aglomerados possivelmente associados a quasares
(linha pontilhada). A distribui¢do das estimativas de riqueza do ambiente destes 77 quas-

ares é exibida como linha sélida (para estas estimativas adotamos a posicao e desvios para

o vermelho dos quasares).

erados pobres (Nyqis < 10) e um corte em Nyqs = 70. Uma outra forma de estudar o ambiente
de quasares é através do calculo da fun¢ao de correlagao cruzada entre quasares e galdxias
ou aglomerados (Romani & Maoz 1992; Wold et al. 2000). Também podemos estimar o ex-
cesso de galdxias na regido do quasar, ou em outras palavras, estimar a riqueza tipica destas
regioes. No painel inferior da Figura 5.6 a linha sélida representa a distribuigao da estim-

ativa de Ngqs adotando a posicao e desvios para o vermelho dos quasares. E interessante

notar que o ambiente de quasares é em geral pobre (N, < 20, 0 que nao seria surpresa se
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0§ (uasares encontrarem-se na periferia de aglomerados). Estes reaunltados estao em acorda
com estimativas anteriores [Yee & Green 1987: Smith ef ol 2000; Weld el of. 2000), Alguns
eatudos anda sugorem que guasares mais distantes sao enconlriddos em mnbientes mais ricos
do yue guasares mais proximos (Yee & Green 1987; Yabtes ef al. 1989; Ellingson et al. 1941;
Wold ef wl. 2000). Quando dividimos & amosira com 77 quasarcs exibida na Figura 5.6,
bemos gue dos 22 quasares com Ngqe = 20, 19 estao em z = (L.25.

Pretendemos investipar esta questao em mais detalhe no futuro. Dividiremos a amostra
entre aglomerados com pequeno ou gramnde fluxe na faixa radio, para verifear se o ambicute
de quasares com graude ewdssio ridio ¢ diferente dos com ponca emissan. Tnvesticaremos
teubénn as associages projetadas entre quasares distantes = > 1 ¢ galdxias proximas =z <

0.5).

5.4 As Funcoes de Correlagao e Massa de Aglomerados

Mag segtes 12,0 ¢ L2.4 disoutimes a impartancia das estimativas da luocao de massa e da
funcio de carrelagio de aglomerados para o entendimento da formacio e da distribuican de
matféria em grandes escalas. A fingao de massa Ja tem sido estudada com base nos aglom-
erados do NoSOCS (Gal & de Carvalho 2002). U bom conhocimenta dos efeitos de selecin
do eatilogo, om termos de contaminagio o completeza (eomo fungao da riqueza e desvio para
o vermelho) & lundamental para estudos deste tipo. Obviamente, a dizsponihilidade de estin-
alivas de desvio para o vermellio e riyuesa Lambém sao nprescindiveis. Estas estimativas, a
Luxa de conlaminagao e a fungdo de selegao jd sio conbecidas para o NoSOOS. No entanto,
a aquisicio de mais dados espectroscopicos & necessdria para nma melhor deferminacan de
masaa de nma grande amostra dos aglomerados.

No que diz respeilv a fongao de correlagao, dividiremos nossa amostra em dilerentes
classes de riquuesa para verilicar o dependiéneia da amplimde da correlagao com a riguesa.
Também pretendemos cstudar a fimgao de correlacao anpular de paldxias e investigar sua
dependencia com o limite de fluxo da amostra (Maddox #f ol 1996), Na Figura 5.7 exibi-
mos, como exemplo, a fungae de correlacio augular para galaxias na regidn do campo 444
da DPOSS. Os resullades sao exibidos em diferentes intervalng de magnitude. Apesar de

preliminaras, sstes resultados apantam para a possibilidade de estimarmos a funcdo de car-
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relacan anpular muna regiao significativa do céu, em duas bandas [otometricas e com melhor

coutrole dos cfeitos sistemiticos do que o APM.
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Figura 5.7: Fungio de eorrelagio angular de galdxias us regido do campo 444 do DPOSS.

()5 resultados sio exibidos em diferentes intervales de magnitude.



Apéndice A

Imagens de Candidatos a Aglomerados de Galaxias

Neste apéndice apresentamos imagens! de 32 candidatos a aglomerados de galdxias detecta-
dos no DPOSS (capitulo 4). Devido a dificuldade de visualizagao destes candidatos nas placas
do DPOSS, extraimos imagens do Sloan Digital Sky Survey, representando observagoes nas
bandas g*,r* e #*. Uma imagem composta destas trés bandas é apresentada para cada can-
didato. Selecionamos sistemas com Nygis > 50 € 2.5 > 0.25, limitados por —1.5° < § < 1.5°.
As imagens provenientes do SDSS? estao no formato jpeg e cobrem uma regiao de 300” x 300”

para cada candidato a aglomerado.

1Estas imagens estao disponfveis em http://www.astro.caltech.edu/~paal/thesis/colorimages/
2Funding for the creation and distribution of the SDSS Archive has been provided by the Alfred P. Sloan

Foundation, the Participating Institutions, the National Aeronautics and Space Administration, the National
Science Foundation, the U.S. Department of Energy, the Japanese Monbukagakusho, and the Max Planck
Society. The SDSS Web site is http://www.sdss.org/.

The SDSS is managed by the Astrophysical Research Consortium (ARC) for the Participating Institutions.
The Participating Institutions are The University of Chicago, Fermilab, the Institute for Advanced Study,
the Japan Participation Group, The Johns Hopkins University, Los Alamos National Laboratory, the Max-
Planck-Institute for Astronomy (MPIA), the Max-Planck-Institute for Astrophysics (MPA), New Mexico
State University, University of Pittsburgh, Princeton University, the United States Naval Observatory, and

the University of Washington.
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166 Apindice A. Imagens de Candidatos a Aglomerados de Galdxias
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Figura A.1: Imagens de candidatos a aglomerados de galdxias, Cada tmagem cobre

BU07 s 3007, sendo o resultado da compuosicio de observagoes feitas nas bandas g% +* ¢ i*
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NSCS J002358+003137 NSUS JOD2958-+010527
e =034 Ny, =619 fs =039 Mgy = 678

NACE JN03744+000349 NECH JO42Z49+001257
Zeat = 02T Ny = 584 T =28 Nty = 53.4

Fipura A.l: conlinuagio,
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MNECS JM10240-005003 MSCS IrD5s0-001927
=027 Ny =662 =028 Ny, =580

NSCS J010852-002827 NECS IDT0A5T-HHM2E2
Tpgp=Ddd Ny = 041 Tesr= 0:28 Nyl = 1015

Iigra A_l: conlinuacio.
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NSCS JOLD64+010344 NSCS JU10606HD0S016
T =031 Ny =715 L =029 Ny =753

NSCS J011623-000828 NSCS J0127124002155
=028 N, =533 =033 Ny, =57%

Figura Al cantiniagin.
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NSRS ANZ0724-(04825 MNSCS JO15242+-010032
fat = 03T Ny, =616 Tas =026 Ny = 1060

NSCS J021058-+01 1049 MNHCS JOZIRIR-002]1 12
Bt @ .34 N“E =580 I"-r = l].-11 l"!'yh =572

Fisura A.L: continuacio.
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NSCS JUZIRIB-01053Y NSCS J024750-003044
fod= 031 Ny =7U1 L =030 Nyy,=519

NSCS J1Z22640-+001608 NECS J23T953-011214
Tt =042 Ny =761 2" 032 Ny =058

Figura A.l: continuagio.
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NSCS J231453+002826 NSCS J232738+005700

Zest =029 Ny =516 Zest=032 Ny, =76.1

NSCS J231544+005306 NSCS J233739+001647
Zest =033  Ngg=87.8 Zest=026  Nyyo=93.0

Figura A.1: continuacio.
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MSOS J2351 2-HMEEGSD MNSCS JZ3481 6004627
" 50.0

2= 035 Np=58.1 Ta=038 N,

NSCS B340 T+004529 MNSCS T2341 054001759
T =025 Ny =594 Tm= 036 Ny =631

Fignra A, I continuacio.
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