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Resumo

Nossa amostra de trabalho consistiu das cercanias das Nuvens de Magalhaes dentro
da area amostrada pelo Dark Energy Survey. Nos concentramos na amostra de aglo-
merados da Grande Nuvem de Magalhaes e na descoberta de uma sobredensidade
estelar associada a Pequena Nuvem de Magalhaes, sobre as quais faremos aqui uma
breve descricao, baseada nos resumos ja publicados.

A Grande Nuvem de Magalhaes possui um sistema rico e diversificado de aglome-
rados estelares, cujas idades, abundancias quimicas e posi¢oes oferecem informagao
a respeito do histérico de formacao estelar desta galdxia. Nos usamos as imagens
dos dados de verificacao cientifica do Dark Energy Survey para aumentar o censo de
aglomerados conhecidos na regiao externa da Grande Nuvem de Magalhaes e para
determinar os parametros fisicos de uma grande niimero destes objetos usando uma
amostra homogénea, tanto fotométrica quanto espacialmente.

Nossa amostra contém 255 aglomerados identificados visualmente, dos quais 109 nao
estao listados em nenhum catélogo prévio. Nés quantificamos o efeito de adensa-
mento estelar para a amostra produzida pela equipe de gerenciamento dos dados
do Dark Energy Survey e concluimos que a completeza da amostra estelar ¢ < 10%
no centro de aglomerados tipicos da Grande Nuvem de Magalhaes. Desenvolvemos
entao um arranjo de tarefas para amostrar e medir as magnitudes e posicoes das
estrelas nos candidatos a aglomerados da Grande Nuvem de Magalhaes utilizando
o conjunto de pacotes DAOPHOT. Também implementamos um método de méaxima
probabilidade para ajustar perfis de densidade individuais, bem como diagramas
cor-magnitude. Para 117 aglomerados (de um total de 255) dos candidatos, sendo
28 aglomerados até entao nao catalogados, obtivemos idades, metalicidades, médulo
de distancia e parametros estruturais confiaveis, confirmando sua natureza de sis-
temas fisicos. A distribuicao de metalicidades para os aglomerados mostra uma
dependeéncia radial, com uma auséncia de aglomerados quimicamente mais ricos que
[Fe/H] ~ —0,7 além de 8 kpc do centro da Grande Nuvem. A distribuicao de idade
mostra dois picos em =~ 1,2 e ~ 2,7 bilhoes de anos. A relacao idade-metalicidade
mostra que mesmo sendo uma amostra externa, hd uma concordancia global com
outros trabalhos que amostraram regioes mais centrais desta galdxia. Além disso a
relacao idade-metalicidade da amostra de aglomerados é bem descrita tendo como
limites o modelo analitico de |Pagel & Tautvaisiene (1998) e o modelo empirico
de Harris & Zaritsky| (2009), embora nenhum deles descreva bem o conjunto de
aglomerados aqui amostrados.

Aqui também reportamos a descoberta de uma sobredensidade estelar batizada de



SMCNOD (acrénimo do inglés Small Magellanic Cloud Northern Over-Density), uti-
lizando dados dos primeiros dois anos do Dark Energy Survey e do primeiro ano do
MAGellanic SatelLITEs Survey - MagLiteS. A SMCNOD ¢ indistinguivel em idade,
metalicidade e distancia das estrelas vizinhas da Pequena Nuvem de Magalhaes,
sendo primariamente composta por estrela de idade intermediéria (6 bilhoes de anos
e Z=0.001), juntamente com uma pequena fracao de estrelas jovens (1 Gyr, Z=0.01).
A SMCNOD tem uma forma alongada com uma elipticidade € = 0.6 e um tamanho
aproximado de 6 x 2 graus, uma magnitude absoluta de My = -7.7, r, = 2.1 kpc
e py(r <) = 31.2 mag arcsec 2. Estimamos uma massa estelar de ~ 10° massas
solares, seguindo uma func¢ao de massa inicial de Kroupa. A SMCNOD foi prova-
velmente removida do disco da Pequena Nuvem de Magalhaes via tidal stripping,
pois é localizada préximo da extremidade da Corrente de Magalhaes (Magellanic
Stream) e, segundo a literatura, houve recentes encontros entre a LMC e a SMC.
Este cendrio é apoiado pela significante falta de Hidrogénio neutro. Outros cenérios
potenciais para a origem da SMCNOD sao: uma sobredensidade transitéria dentro

do raio de maré ou uma satélite primordial em estado avancado de ruptura.



Abstract

Our working sample comprised the outskirts of the Magellanic Clouds encompassed
by the Dark Energy Survey. We focused in the star cluster system of the Large Ma-
gellanic Cloud and on the discovery of a stellar over-density associated to the Small
Magellanic Cloud, which we will briefly describe here, based on already published
abstracts.

The Large Magellanic Cloud harbors a rich and diverse system of star clusters,
whose ages, chemical abundances, and positions provide information about the Large
Magellanic Cloud history of star formation. We use Science Verification imaging
data from the Dark Energy Survey to increase the census of known star clusters
in the outer Large Magellanic Cloud and to derive physical parameters for a large
sample of such objects using a spatially and photometrically homogeneous data set.
Our sample contains 255 visually identified cluster candidates, of which 109 were not
listed in any previous catalog. We quantify the crowding effect for the stellar sample
produced by the Dark Energy Survey Data Management pipeline and conclude that
the stellar completeness is < 10% inside typical Large Magellanic cluster cores. We
therefore develop a pipeline to sample and measure stellar magnitudes and positions
around the cluster candidates using DAOPHOT. We also implement a maximum-
likelihood method to fit individual density profiles and colour-magnitude diagrams.
For 117 (from a total of 255) of the cluster candidates (28 uncatalogued clusters),
we obtain reliable ages, metallicities, distance moduli and structural parameters,
confirming their nature as physical systems. The distribution of cluster metallicities
shows a radial dependence, with no clusters more metal-rich than [Fe/H| ~ —0.7
beyond 8 kpc from the center of that galaxy. The age distribution has two peaks at ~
1.2 Gyr and ~ 2.7 Gyr. The age-metallicity relation shows that even with an external
sample, there is a global agreement with other studies that sampled more central
regions of the Large Magellanic Cloud. In addition, this age-metallicity relation
is well described as bounded by the analytical model from Pagel & Tautvaisiene
(1998) and the empirical model from Harris & Zaritsky| (2009)). But neither of them
describes accurately the clusters set.

We also report here the discovery of a stellar over-density 8° north of the center of the
Small Magellanic Cloud, baptized as SMCNOD (Small Magellanic Cloud Northern
Over-Density), using data from the first two years of the Dark Energy Survey (DES)
and the first year of the MAGellanic Satel LITEs Survey (MagLiteS). The SMCNOD
is indistinguishable in age, metallicity and distance from the nearby SMC stars,

being primarly composed of intermediate-age stars (6 Gyr, Z=0.001), with a small



fraction of young stars (1 Gyr, Z=0.01). The SMCNOD has an elongated shape
with an ellipticity ¢ = 0.6 and a size of ~ 6x2 deg. It has an absolute magnitude
of My = —7.7, r;, = 2.1 kpc, and py(r < ) = 31.2 mag arcsec 2. We estimate a
stellar mass of ~ 10° My, following a Kroupa mass function. The SMCNOD was
probably removed from the SMC disk by tidal stripping, since it is located near the
head of the Magellanic Stream, and the literature indicates likely recent LMC-SMC
encounters. This scenario is supported by the lack of significant HI gas. Other
potential scenarios for the SMCNOD origin are a transient over-density within the
Small Magellanic Cloud tidal radius or a primordial SMC satellite in advanced stage

of disruption.
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Capitulo 1

Introducao Geral - Estrelas,

aglomerados de estrelas e galaxias

1.1 Introducao

Ao longo do trabalho vamos repetidamente mencionar os termos estrelas, asso-
ciacoes e aglomerados estelares, galdxias-anas e galaxias. Definir estes tépicos e
seus limites nao é uma tarefa facil, dada a existéncia de objetos muito préximos
das interfaces da definigdo (por exemplo, aglomerados muito luminosos e galdxias
com baixa luminosidade). Muitos trabalhos ja foram publicados tentando cristalizar
estas definigbes (Trumpler| (1930, Mateo, 1998, Sparke & Gallagher] 2000, Lada &
Ladal 2003, [Forbes & Kroupal, 2011, Misgeld & Hilker, 2011, (Gieles & Portegies
Zwart,, 2011, Willman & Strader) 2012)[1-]. Enquanto existe um relativo consenso
para a definicao de estrela, associagao e aglomerado, para galdxias e galaxias-anas
ha uma grande gama de defini¢des propostas na literatura, bem como uma mudanca
destas defini¢oes ao longo do tempo, principalmente nas tltimas décadas. Nossa in-
tencao ao ventilar este assunto aqui é mais contextualiza-las do que perseguir uma
definicao estatica e atemporal. Mesmo com estas dificuldades, expomos aqui uma
breve revisao bibliografica das defini¢oes destes objetos.

As estrelas s@ao os blocos formadores das associacoes, aglomerados estelares e
galdxias. No tocante aos limites em massa, a estrela mais massiva conhecida ¢é a
estrela R136al do aglomerado R136 na Nebulosa da Tarantula, localizada na Grande

Nuvem de Magalhaes. (Crowther et al.| (2016) estimou a massa de R136al como de

LA referéncia de Forbes e Kroupa 2011 possui um questiondrio on-line ainda ativo onde vocé
pode votar a sua propria definicao de galaxia: https://www.surveymonkey.com/r/WLRIMWS?sm=
NHpXx4P8WdQDhcLJ9kx JNg/%3d%3d


https://www.surveymonkey.com/r/WLRJMWS?sm=NHpXx4P8WdQDhcLJ9kxJNg%3d%3d
https://www.surveymonkey.com/r/WLRJMWS?sm=NHpXx4P8WdQDhcLJ9kxJNg%3d%3d
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31575 massas solares (M). Embora esta medida esteja préximo do que se acredita
ser o limite atual para a massa de uma estrela, é esperado que as primeiras estrelas
formadas no Universo, as estrelas de populacao III, tenham alcancado mais de 1000
Mg (Bromm & Larson| 2004}, \Glover, 2005). No outro extremo, o limite inferior de
massa para a definicao de estrela é o minimo necesséario para que o nicleo da estrela
sustente reacoes nucleares de conversao de Hidrogénio em Hélio como o ciclo préton-
préton. Este limite é de 0,072-0,09 M, (Baraffe et al., (1998, Kutner, 2003, (Carroll
& Ostlie, [2007) dependendo da metalicidade, sendo adotado geralmente o valor de
0,08 M. A maior parte do tempo de vida da estrela (em torno de 90% do periodo
em que a estrela sustenta reagdes nucleares) é gasto transformando Hidrogénio em
Hélio no seu centro. Esse periodo é conhecido como Sequéncia Principal (em inglés
Main Sequence ou MS).

Na atual visao da formagao estelar (Jeans, 1902)), as estrelas se formam a partir de
uma nuvem molecular gigante (em inglés GMC ou Giant Molecular Cloud), com no
minimo uma massa de aproximadamente 10° M, que colapsa gravitacionalmente.
Seguindo o colapso da nuvem, ha a fragmentacao, formando um grande niimero
de globulos de gas e poeira que mais tarde originardo as estrelas. A formacao das
estrelas em numero ocorre de forma desigual para diferentes massas: ha sempre um
numero maior de estrelas com baixa massa do que com altas massas (Kroupal, 2001,
Chabrier, 2003)). Assim, sao formadas no minimo alguns milhares de estrelas, da-
dos os limites de massa das estrelas e da nuvem molecular. Depois de formadas as
estrelas, o objeto dara origem a um aglomerado, uma associacao ou a um conjunto
de estrelas dispersas no campo das galaxias (Gieles & Portegies Zwart|, 2011). As
estrelas de campo que povoam as galdxias sao entao estrelas que se formaram a
partir destas nuvens, mas que se desligaram gravitacionalmente de seus objetos for-
madores, devido a processos dinamicos como evaporacao, efeitos de maré e interacao
com outros objetos, com troca de energia cinética entre as estrelas (Gerhard), 2000).
Outros processos impactam significativamente a massa do objeto inicial, facilitando
a saida das estrelas, como por exemplo a expulsao de gas pelos ventos das estrelas
supernovas, mais massivas e portanto as primeiras estrelas deste objeto a terminar
seu ciclo evolutivo. Estes objetos formadores de estrelas (ou os seus remascentes, se
ainda existentes numa configuragdo coesa) sdo chamados de aglomerados, quando
mais precisamente as estrelas possuem uma grande energia gravitacional de ligagao.
Quando esta energia de ligacdo é muito baixa, tem-se o que se denomina de asso-
ciacao estelar(Gieles & Portegies Zwart, 2011). Como é dificil quantificar a massa

de um sistema estelar aparentemente ligado, um critério proposto por |Gieles & Por-
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tegies Zwart| (2011) para a distingao entre aglomerado e associacao estelar é a razao
IT entre a idade e o tempo de cruzamento (T, em inglés crossing time). O tempo
de cruzamento pode ser definido em termos dos parametros empiricos do objeto:
seu raio de meia-luz R.ss (o raio do circulo que engloba a metade da luminosidade

projetada do objeto), sua massa M e a constante gravitacional G:

R2 3/2
T.. = 10 (G—Jg) . (1.1)

Se o objeto possui II > 1 é considerado um aglomerado, caso contrario, as estrelas
encontram-se unidas em uma associacao estelar. Aqui cabe uma consideragao sobre
esta classificacao, pois pode haver aglomerados jovens massivos e que continuariam
coesos por alguns bilhoes de anos, mas que por serem muito jovens, podem ter um
valor de II < 1 e portanto, seriam classificados como associagoes. Utilizando |Binney
& Tremaine 2011, para um aglomerado globular com 10° M, a uma distancia
de 10 parsecs o T, é igual a 1 milhdo de anos, o que diminui bastante (mas nao
exclui) a chance de uma classificacdo erronea. Diminuindo a massa para 10* M,
o crossing time aumenta para 10 milhoes de anos. Adicionalmente, aglomerados
menos massivos do que 10° M, perdem o gés residual em um tempo muito menor
do que o crossing time, dissolvendo-se, enquanto que aglomerados com esta massa
ou acima respondem adiabaticamente a perda de gas da nuvem. tendo uma maior
chance de sobrevivéncia (Baumgardt et al., [2008]).

Os valores empiricos para a massa sao deduzidos da luminosidade do aglomerado
e portanto, também de uma fungao de massa assumida para o objeto. Embora haja
esta distincao entre aglomerado e associacao, ao longo do trabalho vamos utilizar
o termo aglomerado estelar para englobar aglomerado e associacao estelares. Isso
evitara a repeticao de termos e a distin¢ao de objetos que em muitos casos ¢ ainda
impossivel de ser feita (visto os dados empiricos ainda insuficientes). Haja vista
também o fato de que muitas referéncias sao mais antigas do que a distin¢ao proposta
entre estes dois objetos.

Embora a ideia de aglomerado seja a de um objeto com intenso apinhamento de
fontes estelares, apenas uma em cada quatro estrelas nasce em um ambiente onde ha
interagao na formagao e/ou evolugao de estrelas (Gieles & Portegies Zwart|, |2011)).
Quanto a homogeneidade, é esperado que as estrelas de um aglomerado tenham
uma mesma composigao quimica primordial (pois nasceram de uma mesma nuvem
de gds homogénea) e uma idade semelhante. A idade pode variar em poucos milhoes

de anos, dependendo do tempo que o disco protoestelar leva para a formagao das
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estrelas, sendo que o esperado é que as estrelas menos massivas sejam mais jovens
que as mais massivas, pois estas tultimas se formam mais rapidamente do que as
anteriores. Embora observagoes dentro das duas tltimas décadas (apenas para citar
alguns trabalhos|Lee et al.l [1999] [Milone et al., 2008, 2009, Marino et al., 2009, Sbor-
done et al.| 2011} [Piotto et al., [2012)) tenham levantado e comprovado divergéncias
quanto a composicao quimica das estrelas dentro de um mesmo aglomerado globular
na Galéxia, e também mostrado que em alguns casos ha um espalhamento em idade
maior do que o esperado, a ideia que temos dos aglomerados estelares ainda ¢ a de
um conjunto de estrelas com basicamente a mesma composicao quimica e mesma
idadd] Mesmo coesos, dinamicamente os aglomerados estelares perdem estrelas ao
longo do tempo, fazendo com que suas componentes venham a povoar o ambiente
de campo das galdxias (disco, halo ou bojo).

Englobando um grande conjunto de estrelas temos uma galaxia. Ela pode ser
definida em grandes linhas como um sistema de estrelas e seu campo de radiagao,
remanescentes de estrelas, seus provaveis (ou comprovados) planetas, um meio in-
terestelar de gas e poeira, um campo magnético comum a galaxia, raios cosmicos
e um componente conhecido como matéria escura que interage gravitacionalmente
com o0s outros componentes, porém com interacoes eletromagnéticas muito restri-
tas (Navarro et al.,{1996)). Este sistema pode ter de vérios quiloparsecs (1kpc=3,0857
x 10 m) de extensao (como no caso das galdxias gigantes) até apenas uma centena
de parsecs de extensao (caso de algumas galdxias anas) e encontra-se gravitacional-
mente ligado. A galaxia que melhor conhecemos é a Via-Lactea, galaxia onde o Sol
ocupa uma regiao periférica, distando do centro 8,33 £ 0,35 kpc (Gillessen et al.,
2009), e com diametro préximo de 30 kpe (Schneider, 2006). Na préxima subsecao

faremos um estudo sobre a classificacao das galaxias.

1.1.1 Denominacao, taxonomia e evolucao das galaxias

Historicamente a primeira classificagdo de galdxias foi morfolégica (elipticas, len-
ticulares, espirais e espirais barradas), seguindo o diapasdo de Hubble (Hubble,
1926), como na figura . Seguindo esta classificacao, as galaxias elipticas tém iso-

fotas que lhes dao o nome, enquanto as galdxias espirais tém formato de disco, com

2Importante citar a definicdo que temos hoje da classificacio de aglomerado globular Galactico.
Inicialmente, com os trabalhos de [Sandage||[1958], os aglomerados globulares foram o protétipo de
populagoes estelares simples: uma tnica idade e uma mesma composigao quimica. Mais tarde, com
as diferentes populagoes que foram descobertas nos aglomerados globulares Galdcticos, principal-
mente a anti-correlagao Na-O, a melhor definicao é a de que os aglomerados globulares Galacticos
tém ao menos uma populagao estelar (Carretta et al., [2010).
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bracos espirais curvos. A presenca de uma barra proxima do centro da galdxia leva
a denominacao de galaxia barrada, seguindo uma classificagao conforme a distingao
entre a barra e os bragos espirais (a, b ou ¢), indo de uma galdxia com bragos muito
enrolados em torno do ntcleo (a) para uma galdxia com bragos quase na posigao
radial (c¢), sendo a classificacdo b um caso intermedidrio. Por fim, e ndo presentes
na figura (1.1 as galdxias com formas irregulares ou nao usuais sao chamadas de
galdxias irregulares.

Embora com grande valor historico, esta classificacao de galdxias de Edwin Hub-
ble mostra-se atualmente um tanto defasada tendo em vista a grande variedade de
galdxias elipticas e de anas. Obviamente a época ela se destinava a galaxias lu-
minosas e cobrindo vérios kiloparsecs. Ela é insuficiente para a grande gama de
galaxias de baixo brilho, quer sejam elas anas ou mesmo galdxias gigantes. Histori-
camente é compreensivel que estas galaxias de baixo brilho superficial (geralmente
com brilho superficial menor do que magnitude 25 por segundo de arco quadrado
segundo Bothun et al.|1986) tenham sido excluidas da classificagao de Hubble, sendo
que a previsao de sua existéncia se deu primeiramente em |Disney| 1976/ e a observacao

de um destes objetos (Malin 1) foi feita pela primeira vez por Bothun et al.| (1986).
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Figura 1.1: Diagrama de Hubble em forma de diapasao para a classificagao
de galaxias segundo a forma. A esquerda as galaxias elipticas, com elip-
ticidade crescente até a forma lenticular (S0), bifurcando-se em espirais
normais (brago superior) e espirais barradas (braco inferior).  Retirado de
https://dept.astro.lsa.umich.edu/ugactivities/Labs/GalClass/GalClassShort.html.
Acessado 14 de abril de 2016.

Um comentario importante é que a classificacao das galaxias pela sua forma é
feita geralmente pela analise de imagens nas bandas B e/ou V. No entanto, a forma
das galaxias pode mudar drasticamente dependendo do intervalo de comprimento

de onda utilizado para observacao (Kutner, 2003).
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A forma das galdxias nao s6 traz informacao sobre sua aparéncia, mas também
sobre seu histérico de formagao e evolucao estelar (Schneider], 2006|), donde se ima-
gina que as galaxias sigam trajetorias evolutivas semelhantes nestes dois quesitos.
As galaxias elipticas apresentam uma cor avermelhada quando sao observadas no
dptico, o que sugere uma populagao estelar velha (12-13 bilhdes de anos). Um exem-
plo de galdxia eliptica é a galdxia M49 (ou NGC 4472, Figura . Inicialmente
se pensou que, devido a populacao jovem nao significativa, as galdxias elipticas
tivessem exaurido completamente sua quantidade de gds e poeira (Hubble, 1926,
Sandage, 1961)). Hoje se sabe que esta quantidade nao é relativamente tao pequena
quanto se imaginava, em torno de 3% da massa estelar total da galdxia (Young
et al} 2011), mas ainda bem menor do que nas galdxias espirais (Schneider, 2006)).
A Via-Lactea, como exemplo de uma galdxia espiral, possui em torno de 10-20% de
matéria barionica na forma de gés e poeira (Friacal [2000). Essa quantidade de gas e
poeira maior nas galaxias espirais e irregulares pode explicar a fracao de populagao
estelar jovem significativa, ao contrario das galaxias elipticas. As galaxias irregulares
e espirais apresentam uma taxa de formagao estelar (em inglés Star Formation Rate
- SFR) atual significativa em relagao a taxa de formacao estelar média (Schneider,
2006) ao longo de sua existéncia. A razao da massa de gas em relagdo a massa de
poeira para uma amostra de 14 galaxias espirais proximas é de 120460 segundo
Stevens et al.| (2005).

As interacoes entre galaxias induzem o aumento significativo de incidentes de
formacao estelar, levando as galaxias Starburst ou galaxias com surto de formacao
estelar (Schneider} 2006). Esta interacao ou merger pode ser um processo envolvendo
galdxias de aproximadamente mesma massa (entao sendo chamado de major merger)
ou galdxias com massas muito diferentes (minor merger). No entanto, existem
galdxias Starburst isoladas, o que evidencia que a interagao gravitacional com outra
galdxia nao ¢ o unico mecanismo que pode induzir a intensa formagao estelar ou a
surtos de formagao estelar (Tacconi et al., 2010, Daddi et al., 2010).

Quanto ao tamanho, um limite inferior para as galdxias gigantes é proposto por
Forbes & Kroupa (2011)) como 100 parsecs para o raio de meia-luz, a partir do qual
(para tamanhos menores) a galdxia é chamada de galdxia ana, uma nomenclatura
ja comum para as galdxias nao tao massivas e nem tao extensas. Elas consistem
de sistemas menores, que podem apresentar ou nao grande concentracao de matéria
escura e populagao estelar simples (valores inicos ou muito préximos para a idade
e metalicidade) ou variada.

No entanto, nao hd um consenso na literatura para esta diferenciagao entre galaxia
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Figura 1.2: Galaxia eliptica tipica M49, em uma imagem na banda V obser-
vada com o telescépio Mayall KPNO de 4 metros de abertura. Retirado de
https://www.noao.edu/image_gallery /html/im0088.html. Acessado 21 de agosto de
2017.



Introducao Geral - Estrelas, aglomerados de estrelas e galaxias 8

ana e gigante, sendo que as galdxias anas tem tamanho tipico de 0.1-10kpc em
comparacao com galaxias gigantes como a Via-Lactea, com diametro em torno de
30kpc. Por exemplo, McConnachie (2012)) classifica arbitrariamente as galdxias com
My, > —18 como galdxias anas (dwarf) e um estudo mais completo no espago massa-
raio-luminosidade é feito por Tollerud et al.| (2011)), para a classifica¢do de uma série
de objetos (incluindo aglomerados globulares). A massa tipica das anas seguindo
este dltimo estudo estd em torno de 10" — 10° Mg, e para as gigantes o limite de
massa vai até préximo de 104 Mg, que é a massa esperada para as galdxias que se
encontram préximas dos centros de aglomerados de galdxias.

Uma subdivisao das galdxias anas ¢é feita levando-se em conta diferentes carac-
teristicas como por exemplo o tamanho e brilho superficial para as galdxias anas
conhecidas como compactas ou ultra compactas, o baixo brilho superficial para as
galaxias anas classificadas como ultra-débeis e a forma para as anas esferoidais,
elipticas ou irregulares.

As anas compactas ou Compact Dwarfs foram definidas originalmente por |Zwicky
1970l referindo-se a objetos fortemente compactados e portanto com alto brilho
superficial (magnitude por segundo de arco quadrado <20 nas bandas B, V, R e I).
Zwicky ainda classificou as Compact Dwarfs como azuis (blue) caso elas satisfizessem
a condigao anterior de densidade de brilho nas bandas B e R (Zwicky & Zwicky,
1971). Mais tarde, [Thuan & Martin 1981 cunharam o termo Blue Compact Dwarf
referente a galaxias anas com alto brilho superficial e alta taxa de formacao estelar
recente, com cor (B-V) entre 0,0 e 0,3 (Schneider, 2006). J& as Ultra-Compact
Duwarfs ou UCDs foram primeiramente observadas na década de 1990 (Hilker et al.,
1999)) e s@o classificadas por |Mieske et al. 2008 como galdxias com raio de meia-luz
(r4) entre 7 e 100 parsecs e massa > 2 x 105M,. Uma classificagao diferente é feita
por Baumgardt & Mieske| 2008: (—10,5 > My > —14), rj, entre 10-100 parsecs,
massas entre 107 a 108 M, e contetido bariénico (todo o contetido que nao ¢ matéria
escura) de no minimo metade da massa dinamica. A origem das UCDs é atribuida
ao tidal stripping de galaxias anas nucleadas quando se aproximam de galaxias
gigantes massivas (Pfeffer & Baumgardt|, 2013)). Seguindo esta mesma referéncia,
para a galaxia M87 no aglomerado de Virgo esta distancia deve ser menor que 10
kpc na maxima aproximacao.

As galdxias-anas muito débeis (em inglés Ultra-Faint Dwarf Galazies ou UFDGQ)
sao galdaxias com brilho superficial muito baixo, objetos dominados em grande parte
pela matéria escura, rp, > 20 pc, —2,5 > My > —7,5 (McConnachie et al., 2005), ge-

ralmente apresentando populagoes velhas e pobres em metais (Drlica-Wagner et al.,
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2015)).

As galédxias anas esferoidais (em inglés Dwarf Spheroidals ou simplesmente dSph)
sao mais brilhantes do que as UFDG, com —7,5 > My > —12,5, forma aparente es-
feroidal, nao possuem quantidade expressiva de gés, poeira, nem tampouco formagao
estelar recente (Gilmore et al., 2007), e tém valores de razao massa dinamica so-
bre luminosidade em relacao a razao solar ([M/L]/[M/L]s) acima de 10 (Walker
& Penarrubia, 2011). O dltimo parametro é um forte indicador da presenga de
matéria escura. Esta classificacao nao significa que nao haja outros objetos, como
por exemplo aglomerados globulares Galacticos, que sejam mais brilhantes do que
algumas UFDG ou mesmo dSph, como por exemplo wCen, com M = —10.26. Para
uma lista destes objetos bem como uma maior discussao da questao da classificacao
de objetos em galdxias, referimo-nos aos trabalhos de Forbes & Kroupaj (2011)) e
de |Willman & Strader] (2012)).

Na classificacao quanto ao formato, as anas elipticas sao galdxias tipicamente
com —8 > Mp > —18, perfis de brilho superficial muito suaves mesmo mostrando
um nucleo mais brilhante (Ferguson & Binggeli, [1994)), exceto para as anas elipticas
mais débeis (Sandage et al., [1985)). Por vezes na literatura hd uma sobreposicao
na classificacao de anas elipticas com anas esferoidais, sendo que uma segura clas-
sificagdo na regiao de interface muito dificil (Binggeli & Cameron) |1991, Prugniel
et al., 1992 Vader & Chaboyer| 1994} Zaritsky et al., |2006a,b)).

Por ultimo, as anas irregulares sao amorfas, embora apresentem uma curva de
rotacao bem definida. Geralmente apresentam grandes quantidades de Hidrogénio
neutro formando um grande componente gasoso (Battaner & Florido, 2000).

As galaxias contém quantidades variadas de sistemas, como aglomerados estelares
e nuvens interestelares (Karttunen et al. [2003). Nas galdxias, entre as estrelas,
existe um meio interestelar (na sigla em inglés ISM - Interestellar medium) esparso
de gés e poeira (Karttunen et al., 2003). Em nossa Galidxia, o gds e a poeira
concentram-se no disco da Galaxia, o que ocorre comumente também nas outras
galaxias (Schneider] 2006). As estimativas em massa para o gas e a poeira nas
galdxias variam, geralmente como menos de 10% da quantidade total em massa de
estrelas é estimada para o gas (Schneider, 2006). Outros autores Kutner| (2003)
citam dados da ordem de 1% para o gds. Outros autores ainda listam as chamadas
galdxias ricas em gés (gas-rich galazry), galaxias com até mais de 70% de seu conteido
barionico ainda na forma de gas (Lutz et al.l 2017)), mas onde por razoes cineméticas
(grande momento angular) associadas a falta de interagoes com as galdxias préximas,

ha uma baixa eficiéncia na formagao estelar (Chowdhury & Chengalur, 2017)). Ha
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ainda galaxias muito distantes, onde a grande quantidade de gds ainda nao foi
convertida em estrelas, sendo também classificadas como galédxias ricas em gas, mas
geralmente com uma alta taxa de formagao estelar (Salim et al., [2007, (Gowardhan
et al., [2017). H& ainda as galaxias HII, ricas em gds, dominadas por alta formagao
estelar, apresentando baixa metalicidade e aparentemente tiveram o seu contetido
em gas tardiamente convertido em estrelas (Telles & Terlevich, (1994]).

Ha ainda as galaxias ultra difusas, descobertas em 1984 por Sandage e Bingelli
(Sandage & Binggelil [1984). Segundo esta referéncia, sao galdxias que podem ter o
tamanho da Galdxia, mas que possuem apenas 1% de seu brilho superficial. Este
baixo brilho superficial é devido a uma quase completa falta de formacao estelar,
possuindo apenas uma pequena fracao de massa em estrelas muito velhas. Um
exemplo conhecido é o da galdxia Dragonfly no aglomerado de galaxias de Coma,
confirmada espectroscopicamente (van Dokkum et al., 2015).

Outro tipo de galdxia descoberto nos iltimos anos sao as galdxias jellyfish (ou
em portugués ‘4gua-viva’). Como o préprio nome sugere, sao galdxias com brilho
superficial muio baixo, encontradas em aglomerados de galaxias. Elas sao caracte-
rizadas pelo gas de galaxias retirado de suas hospedeiras (Ebeling et al., 2014) por
ram pressure (mecanismo onde o meio intergaldctico oferece resisténcia a passagem
do gas de uma galdxia que se desloca em relacao ao meio) (Gunn & Gottl [1972).
Este gas violentamente retirado rapidamente forma estrelas, geralmente ao longo de
uma cauda ou em forma de nds (Owers et al., [2012)).

Como tltimo tipo de galaxia, citamos as anas de maré Tidal Dwarf Galazy,
galéxias constituidas por estrelas que se formaram in situ durante a colisao, interacao
ou fusao de galdxias espirais massivas, com massa acima de 10*M, (Duc, [2012).

Com uma variedade tao grande de galaxias, muitas destas descobertas nas tltimas
décadas, ha uma sobreposicao entre as galaxias com tamanhos de algumas dezenas
de parsecs e objetos como os aglomerados globulares (veja por exemplo a figura ,
retirada de [Misgeld & Hilker|2011). Para exemplificar, esse é o caso da galdxia ana
Tucana V (Drlica-Wagner et al.| 2015)@ e do aglomerado globular Palomar 5 (Abell,
1955)). A galdxia ana tem r, = 17 + 6 pc (Drlica-Wagner et al., [2015]), enquanto
que Palomar 5 tem r, = 18,42 pc (Harris, |1996b)). Enquanto que o critério de
raio de meia luz certamente colocaria ambos na mesma classificacao, a dispersao
de velocidades das estrelas é maior para uma galdxia ana (devido a presenga de

matéria escura) do que para o aglomerado, para o qual nao é necessaria a hipdtese

3Embora seja listada como galdxia ana, ainda ndo hé comprovacio espectroscépica da dispersao
de velocidades deste objeto.
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da matéria escura para explicar sua dinamica estelar. O teste de separagao entre

aglomerado estelar e galaxia proposto por Willman & Strader| 2012 é exatamente

este: um aglomerado seria um objeto cuja dinamica é explicada pelas leis de Newton
e por seu conteido barionico, enquanto que para uma galaxia, o conteido barionico
associado as leis de Newton nao sao suficientes para explicar sua dinamica. Embora
eficaz para a definicao de galaxia, este critério nao da conta das multiplas divisoes

e classificacoes das galaxias propostas acima.
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Figura 1.3: Distribuicao de sistemas estelares quentes, segundo Misgeld & Hilker|
2011, onde o raio efetivo é plotado contra a magnitude absoluta na banda V.

1.1.2 O estudo das galaxias através dos aglomerados estela-
res

A interacao gravitacional com uma galdxia vizinha ou um merger (Sanders et al.,
11988, [Keel et al., 1985, Duc et al., |1997, Lawrence et al., [1989) pode fazer com que o

gas presente na galdxia colapse, levando a formacao de aglomerados estelares, num
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surto de formacao estelar. Este surto pode ser causado também por outros fatores
ainda desconhecidos, como ja citamos.

E muito mais facil estimar os parametros fisicos das estrelas (idades, metalici-
dades e distancias) quando elas se encontram em aglomerados ou associagdes do
que quando dispersas na galaxia. No entanto, os aglomerados tendem a dissipar
suas estrelas. Dessa forma, quando se vai avaliar o histérico de formacao este-
lar em uma galdxia a partir de uma amostra de aglomerados, deve se corrigir o
histérico de formacao estelar tendo em conta que ha um nimero muito maior de
aglomerados velhos do que de aglomerados jovens que se dissiparam pela galéxia.
Esta correcao pode (e certamente vai) introduzir uma série de incertezas na deter-
minacao do histérico de formacgao estelar. Assim, a reconstrucao do historico de
formacao estelar (na sigla em inglés SF'H - Star Formation History) é facilitada pelo
rastreio destes aglomerados estelares na galaxia estudada, mas privilegia os aglome-
rados jovens, pois a taxa de formacao estelar sera mais precisa para estes objetos. As
estrelas de campo também padecem de uma deficiéncia semelhante, pois as estrelas
massivas evoluem rapidamente, se tornando remanescentes estelares em um lapso
de tempo curto em comparacao com a idade da galaxia.

Além da idade, a metalicidade nos aglomerados fornece importante informagao
a respeito da evolucao quimica de uma galaxia. Com a determinacao da idade e
da metalicidade dos aglomerados (ou relacao idade-metalicidade - em inglés AMR)
pode-se procurar por gradientes radiais de metalicidade e inferir se a formagao destes
aglomerados ocorreu sequencialmente do centro para as bordas (formagao inside-
out) ou da periferia para o centro outside-in. Além disso, pode-se tracar areas
predominantes de formagao estelar, como por exemplo os bracos de galdxias espirais.
Ou ainda inferir a relacao idade-metalicidade para os aglomerados, tracando mais
claramente o histérico de enriquecimento quimico da galdxia, inclusive podendo
dizer se ha chance de algum aglomerado fazer parte daquela galaxia ou ter acrescido
mais tarde (dependendo se obedece ou nao a relagdo idade metalicidade para os

aglomerados daquela galaxia).

1.2 O Grupo Local

O Grupo Local é o nome dado ao conjunto de galaxias existentes dentro de uma
distancia de aproximadamente 1 Mpc da Via-Lactea (Kutner, |2003). Gracas a esta
distancia relativamente pequena é possivel com a instrumentacao atual resolver as

estrelas que constituem as galdxias do Grupo Local, de forma que se pode estudar
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em maior detalhe as suas populagoes estelares.

Antes da virada do milénio, haviam apenas 35 galaxias como confirmadamente
pertencentes ao Grupo Local (Mateo, [1998). Depois do advento do SDSS (York
et al., [2000), dezenas de galdxias-anas foram adicionadas, muitas das quais classifi-
cadas como UFDG (Willman et al., [2005b,a; |Zucker et al., 2006bljal Belokurov et al.|
2006, 2007, 2008, 2009, 2010, |Grillmair, 2006}, 2009, |[Sakamoto & Hasegawal, 2006,
[rwin et al., 2007, [Walsh et al., 2007). O Dark Energy Survey (DES) tem também
importante papel no aumento do nimero de galaxias anas do Grupo Local, pois até
o momento foram descobertas na area do céu amostrada pelo DES um total de 18
candidatas a galaxias anas (Kim et al., 2015| |Koposov et al., 2015| [Bechtol et al.,
2015, Drlica-Wagner et al., [2015]), sendo que 16 foram descobertas e publicadas pela
colaboragao (Bechtol et al., 2015, |Drlica-Wagner et al., [2015)).

O grupo de galdxias do qual faz parte a Via-Lactea compreende também duas
galdxias anas irregulares préximas, chamadas Nuvens de Magalhaes (a Grande Nu-
vem de Magalhaes na sigla em inglés Large Magellanic Cloud - LMC' - e a Pequena
Nuvem de Magalhaes, em inglés Small Magellanic Cloud - SMC), além dos compo-
nentes mais brilhantes e massivos como a Galaxia de Andromeda e a M33 (Sparke
& Gallagher| 2000)).

As duas Nuvens de Magalhaes sao consideradas galaxias satélites da Via-Lactea
(Sparke & Gallagher|, [2000), embora alguns artigos recentes nao consigam comprovar
se o sistema magalhanico orbita a Via-Lactea ou estd passando por uma primeira
aproximacgao da Galdxia. Kallivayalil et al| (2013) indica que, embora haja incer-
tezas razoaveis na determinacao das massas destes corpos, periodos orbitais das
Nuvens (como um todo) em relacao a Via-Lactea menores do que 4 bilhoes de anos
estao descartados. Um estudo recente (James & Ivory, 2011) revelou que é relati-
vamente rara a frequéncia de satélites de galdxias como as nuvens de Magalhaes no
entorno de galdxias com luminosidades comparaveis com a da Via-Lactea. Para uma
amostra de 143 galdxias luminosas (distantes de nds até 30 Mpc), dois tergos nao
apresentam satélites com formacao estelar (para luminosidades e taxas de formagao
estelar bem abaixo daquelas das Nuvens de Magalhaes). Apenas 47 galaxias (um
tergo da amostra) tém um sistema de satélites com formagao estelar associado, com
separacao média de 81kpc. Ja o conjunto das Nuvens de Magalhaes e a Via-Lactea
tem uma separagao média de 56kpc - 49,9+ 2 0 kpc para a LMC segundo (de Grijs
et al., 2014) e 62,1£1,9 kpc para a SMC segundo (Graczyk et al., 2014). Este estudo
comprova que o sistema da Via-Lactea e das Nuvens de Magalhaes é realmente um

sistema atipico, com baixa probabilidade de ocorréncia.
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Outro sistema importante no Grupo Local é o sistema da galaxia de Andromeda
(M31), cujo principal componente que d& nome ao sistema é a galaxia de Androémeda,
e que possui massa e tamanho ligeiramente maiores que os da nossa Galaxia (Penarrubia
et al., [2014). M31 é uma galéxia espiral distante 780 kpc da Via-Lactea (McConna-
chie et al., 2005) e que também possui um sistema de galaxias satélites (McConnachie
et al., 2005). As quatro galdxias satélites de Andromeda mais brilhantes sao M32,
M110, NGC185 e NGC147, com My = —16,4, -16,5, -14,8 e -14,6, respectivamente
(McConnachie, 2012). Comparando com as galdxias anas da Via-Lactea, segundo
o mesmo autor, as mais brilhantes sao a LMC, a SMC, e as anas de Canis Major
e de Sagitario, com My = -18,1, -16,8, -14,4 e -13,5, respectivamente. A maioria
das galdxias anas de Andromeda (29 de um total de 33, ou seja, todas exceto as
quatro ja citadas) foi descoberta depois da década de 1970 (McConnachie et al.,
2005). Analogamente a alguns trabalhos que indicam um plano preferencial para
a distribuicao de galdxias satélites na Via-Lactea (Pawlowski et al., 2012, [2013,
Pawlowski & Kroupa, [2013), também na galdxia de Andromeda parece haver um
grande e delgado plano de galdxias-anas corrotantes (Ibata et al., [2013). Sobre o
histérico de formagao estelar, segundo Davidge et al. (2012) na parte externa da
galdxia (mais distantes do centro que 21kpc) a taxa de formacao estelar é constante,
enquanto que para distancias menores do que 21 kpc houve um aumento de 2 a 3
vezes na taxa de formagao estelar nos ultimos 10 milhoes de anos em comparagao
com o precedente 100 milhoes de anos (ou seja, uma relativa aceleragdo na taxa
de formagao estelar). Seguindo esta mesma referéncia, estas regides de formagao
estelar sao dispostas em forma de anéis de gas frio com estrelas de idade em torno
de 100 milhoes de anos. Além disso a distribuicao de estrelas vermelhas evoluidas
é diferente para os dois bracos da galéxia, sendo que a densidade projetada destas
estrelas no brago norte é duas vezes maior do que no braco sul. Essa caracteristica
parece indicar que esta estrutura é a consequéncia de interagoes com uma galdxia
companheira ou possivelmente NGC 205.

Agora faremos um apanhado mais detalhado a respeito dos principais objetos no

entorno Galdctico: A Via-Léctea e as Nuvens de Magalhaes.

1.2.1 A Via-Lactea

O Sol encontra-se entre os bragos espirais de Perseus e Sagittarius (Kutner| [2003),
na galdxia chamada Via-Lactea ou simplesmente Galaxia (com inicial maidscula).
Os componentes estruturais da Galaxia sao o bojo - a parte central da Galéxia, o

disco fino, o disco espesso e o halo (Sparke & Gallagher], 2000). Ha ainda uma barra
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no centro da Via-Lactea (Bissantz & Gerhard, 2002, Wegg et al., [2015).

Acredita-se que o bojo da Galéxia tenha alguns décimos da massa visivel da
Galaxia (Carroll & Ostlie, 2007)). As estrelas do bojo s@o de dificil observacao pois
a quantidade de gas e poeira diminui o brilho das estrelas nesta regiao em até 30
magnitudes na banda V' (Lebofsky & Rieke, |1987, |(Catchpole et al., [1990). Uma das
solucoes para contornar este problema é o uso de filtros no infravermelho como os
filtros J, H e K do 2MASS (Huchra et al., [1994) ou W1 e W2 do WISE (Wright
et al., 2010), diminuindo assim a extingao interestelar. Grande parte das estrelas
presentes no bojo tem idades de 1042, 5 bilhoes de anos (Minniti & Zoccali, 2008)), e
alta metalicidade, entre [Fe/H]=0 e +0,5. O diagrama cor-magnitude mais profundo
das estrelas do bojo foi produzido por [Sahu et al.| (2006) utilizando a ACS a bordo do
HST (na busca por exoplanetas hospedados em estrelas em frente ao bojo Galactico)
e ¢ perfeitamente compativel com a idade de 10 bilhoes de anos e a metalicidade
solar como populacao predominante. Segundo van Loon et al.| 2003, as estrelas
mais jovens (em torno de 200 milhoes de anos) estao confinadas ao plano Galactico
e representam uma pequena parcela da populacao do bojo, juntamente com uma
populacao intermediaria de algumas centenas de estrelas no ramo assintotico das
gigantes (em inglés Asymptotic Ginat Branch ou AGB), as quais sofrem grande
perda de massa.

O perfil vertical de densidade de estrelas na Galéxia pode ser ajustado a super-
posicao de dois discos exponenciais, mas nao a um unico disco (Gilmore & Reid,
1983). Estes dois componentes dao origem ao que chamamos hoje de disco fino e de
disco espesso da Galdxia, melhor descrito por leis de densidade exponenciais (Bah-
call & Soneiral, |1980,, (Gilmore & Reid, [1983)), tanto para a distribui¢ao radial (ao
longo do disco) como para a distribuigao em altura (ortogonal ao plano do disco).
A escala de altura (altura onde a densidade de estrelas cai a 1/e em relagao a den-
sidade no disco) e a escala de comprimento determinados por Juri¢ et al.| (2008))
sao de 300 e 2600 parsecs para o disco fino e de 900 e 3600 parsecs para o disco
espesso, utilizando o método de paralaxe fotométrica em 48 milhoes de estrelas do
SDSS (DR5). Novos estudos (por exemplo |[Bovy et al|[2016]) utilizando dados de
levantamentos espectroscépicos como o APOGEE (do inglés APO Galactic Evolu-
tion Experiment) estdo mostrando que existem diferencas significativas deste modelo
simplificado para o disco da Galaxia. As estrelas que compoe o disco e que apresen-
tam um alto valor de [a/Fe] e baixa metalicidade se distribuem seguindo um perfil
exponencial de densidade para distancias entre 4 e 14 kpc do centro Galactico. Ja
as estrelas com baixo [«/Fe] (basicamente [o/Fe|<0,1) e -0,6<[Fe/H]|<+0,3 em pas-
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Figura 1.4: Distribuigao de 14.699 estrelas na amostra do APOGEE-RC usada em
Bovy et al| (2016), no plano definida pela abundancia de [Fe/H] e a abundancia
média de elementos a. Uma representacao de densidade linear binada é usada para
os 68% de distribuigao que é contida dentro do contorno mostrado. Maiores detalhes
no referido artigo.

sos de [Fe/H]=0,1 apresentam um pico de densidade que vai se afastando do centro
Galactico a medida que a metalicidade vai diminuindo. Veja a Figura 5 de
aqui representada na Figura [1.4] para uma melhor defini¢ao dos limites
de alta e baixa metalicidade e [a/Fe].

E no disco fino que ocorre a atual formacao estelar, sendo que a maioria dos

aglomerados abertos se encontra nesta regiao (Magrini et al., |2017). A regidao onde

ha uma maior concentracao de gas e poeira no disco fino possui espessura média de

90pc (Carroll & Ostlie, 2007), embora possa ser tao fina quanto 35pc. Seguindo as

conclusoes de|Jurié et al.| (2008), a razao do nimero de estrelas entre o disco espesso e

fino é em torno de 12%, enquanto que a razao entre as estrelas do halo e do disco fino
¢ de 0,5%. Alguns autores propoem que o disco espesso seja formado pelas estrelas
do disco fino que se aqueceram cinematicamente, tendo portanto uma dispersao de

velocidades maior do que o disco fino e também estrelas mais velhas (como citado por
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Carroll & Ostlie, 2007). Embora se possa compreender que o disco espesso possa ter
sido criado pelo aquecimento cineméatico das estrelas com a interacao gravitacional
com aglomerados, associacoes e nuvens moleculares gigantes, ainda outros cendrios
sao propostos para a formacao do disco espesso, como a fusao da Via-Lactea com
uma galdxia ana ou mesmo a acre¢ao destas galaxias-anas com a Galaxia proposta
por|Beers & Sommer-Larsen| (1995), dada a diferenca cinematica entre o disco fino e o
espesso para uma populagao estelar pobre em metais encontrada por estes autores.
Além disso, |Schonrich & Binney| (2009) demonstraram que a mistura de estrelas
com diferentes distancias radiais em relagao ao centro da galdxia (uma consequéncia
inevitdvel de uma estrutura espiral) leva a dois componentes discoidais como modelo
mais simples, nos quais a taxa de formacao estelar é uma fungao monotonicamente
decrescente.

Além do disco, existe o halo da Galaxia, uma regiao aproximadamente esférica
que circunda a Galdxia e é composto por aglomerados globulares e estrelas de
campo (Carroll & Ostlie, 2007)). Quimica e dinamicamente os aglomerados globula-
res Galdcticos formam dois conjuntos primeiramente identificados por [Zinn (1985):
os mais pobres em metais distribuem-se esfericamente em torno do centro galactico
e sao associados ao halo galactico, enquanto que o conjunto dos mais ricos em metais
é achatado e pode ser associado ao disco espesso, com poucas excecoes. Usualmente
o divisor de metalicidade é [Fe/H] = -0,8 (Carroll & Ostlie], 2007)).

Além destes componentes, devemos citar o halo de matéria escura aproximada-
mente esférico (ou triaxial segundo Law et al.|2009) que se estende pelo menos até
230kpce (Carroll & Ostlie, 2007) do centro da Galdxia e com massa total minima
de 10 vezes a massa visivel da Galdxia. A massa estelar da Galdxia é estimada
por McMillan! [2017| como sendo 5,43 4 0,57 x 10 Mg e a massa virial total de
1,30 £ 0,30 x 10 Mg. Resultado similar ¢ encontrado por Kafle et al. (2014):
1,041%0:31 x 10** M, para a massa estelar e 0,8010 75 x 10120, para a massa total.

Préximo da Via-Lactea, encontram-se as duas galdxias mais extensas no céu e
maiores em tamanho, classificadas como companheiras ou satélites da Via-Lactea:
a SMC e a LMC. Ambas podem ser vistas na figura [I.5] em um campo de 60 x 20

graus.

1.2.2 A Pequena Nuvem de Magalhaes

A SMC é uma galaxia irregular, situada na constelacao de Tucana, com distancia
estimada de 62,14+1,9 kpc (Graczyk et al., |2014). Sua metalicidade média estd

proxima de um décimo da metalicidade solar no centro e diminui em direcao as
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Figura 1.5: As galdxias LMC (esquerda) e SMC (direita) em (topo)
uma composicao utilizando as chapas fotograficas do Digital Sky
Survey (DSS), nas bandas B, V e I e (abaixo) como visto pelo
IRAS (InfraRed Astronomical Satellite) no infravermelho préximo.
O Norte estd para cima e o Leste a esquerda. Fonte: GoogleSky.

Acessado: 29 de agosto de 2017.
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regides periféricas (Carrera et al., 2008). Embora classificada como dIrr - dwarf
irreqular, uma estrutura elongada na diregao Noroeste-Sudoeste, semelhante a uma
barra, é notavel, juntamente com uma Asa na direcao da LMC e da Ponte Ma-
galhanica (conjunto de estrelas e aglomerados que liga as duas nuvens). A massa
da SMC é em torno de um quinto da massa da LMC (embora a medida da massa
possa variar muito dependendo da referéncia) e se encontra um pouco mais distante
do que aquela. Seu tamanho, embora considerada uma galaxia irregular, é também
motivo de muitas discrepancias. Enquanto simulagoes predizem para a SMC um
raio de truncagem de 5kpc (Bekki & Chibay, 2005)), |[Noél & Gallart| (2007) encontra-
ram estrelas de idade intermediaria e velhas até 6,5 kpc (5,8°) do centro da SMC,
nao detectando um limite ou raio de truncagem para a populacao estelar. Nidever
et al.| (2011]) detectam estrelas gigantes vermelhas, pobres em metais (caracteristicas
da populacdo da SMC) e a mesma distancia que a SMC a 1lkpc de distancia do
centro da SMC, numa distribui¢ao azimutalmente simétrica. A populagao da regiao
do Main Sequence Turn Off, velha (6 bilhoes de anos) e pobre em metais é bem
ajustada a um perfil exponencial até 7,3°, e em algumas direcoes até 8,4°. Além
deste limite ha uma quebra no perfil de densidade estelar, diminuindo a taxa de
queda radial de densidade de estrelas, provavelmente devido a um halo de estrelas
ou a estrelas situadas além do raio de maré.

Subramanian & Subramaniam (2011)) utilizaram estrelas variaveis RR Lyrae para
determinar um plano médio de distancia para a SMC, encontrando uma ajuste para
um elipsdide com semi-eixos na razao 1:1,3:6,2, sendo o semi-eixo maior praticamente
alinhado com a linha de visada. Assim como as RR Lyrae, as estrelas do Red
Clump (RC) também se distribuem formando uma figura semelhante. Assim como
na LMC, na SMC sao visiveis muitas regides de emissao HII, evidenciando uma
intensa formacao estelar.

Embora distante 24 graus da Grande Nuvem de Magalhaes, a Pequena Nuvem
estd em interacao fisica com esta e com a Via-Lactea, orbitando a Grande Nuvem
em um periodo em torno de 1,5 bilhoes de anos (Bekki & Chibay, [2005), sendo que
atualmente encontra-se muito proximo de um minimo de distancia em relacao a
LMC.

Quanto a taxa de formagao estelar, o trabalho de Piatti et al.| (2015]) mostra picos
de formacao estelar em 1.5 e 5 bilhoes de anos, sendo que a taxa de formacao estelar
para idades maiores do que 5 bilhoes de anos é muito modesta (abaixo de 0,015 Mg,
por ano em comparacao com 0,05 ha 5 bilhdes de anos atras). Este trabalho mostra

também que hé variacgoes locais, sendo que a taxa de formagao atual é muito maior
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no centro da SMC (na regiao que se assemelha a uma barra) do que na periferia.

Quanto a populagao de aglomerados estelares da Pequena Nuvem, |Piatti et al.
(2015)) demonstraram que os aglomerados mais velhos (idade maior do que 2,5 bilhoes
de anos) estao mais distantes do centro da SMC do que os aglomerados mais jovens.
Por outro lado, ha um excesso de aglomerados com idades de 1,5 e 5 bilhoes de
anos, correspondente a mesma andlise feita com as estrelas de campo da SMC.
A comparacao entre a taxa de formacao de aglomerados e a taxa de formagao de
estrelas de campo mostrou que héd um acréscimo quanto ao niimero de aglomerados
observados para idades mais jovens que 2,5 bilhdes de anos. Quanto a posi¢ao, hé
um acumulo de aglomerados jovens (com idades de 20 milhoes de anos) e de idade
intermedidria (em torno de um bilhao de anos) em direcao a Ponte Magalhénica e
a estrutura conhecida como Asa (em inglés wing) da SMC.

Recentemente |Olsen et al| (2011) demonstraram através da andlise cinematica
e de metalicidade de estrelas da LMC que 376 estrelas de sua amostra apresentam
fortes indicios de terem sido retiradas da SMC, o que reforca a intensa interacao
gravitacional entre estas duas galaxias. Também resultado desta interagao é a Ponte
de Magalhaes (ou MB - Magellanic Bridge), ao passo que a formacao da Corrente
de Magalhaes (ou MS - Magellanic Stream) sofreu intensa influéncia gravitacional
da Via-Lactea (Diaz & Bekki, [2012). Além destas estruturas hé ainda o Leading
Arm, uma extensao de gas na direcao oposta a ponte de Magalhaes.

O MS é uma corrente de gds Hidrogénio neutro (HI), que se extende por pelo
menos 200° no céu, como mostra a figura [[.6] Sua idade é estimada como de 2,5
bilhdes de anos (Nidever et al.; 2010) e as densidades colunares do gds variam até 10%!
dtomos de gds cm~2. Segundo a mesma referéncia o gds parece ter sido arrancado
da LMC devido a uma forte aproximacao da SMC, disparando a formacao do MS e
também a formacao estelar nestas duas galaxias.

A MB é como o proprio nome diz uma ponte com 14° de extensao contendo gés
neutro (HI) em uma rica estrutura de cascas, bolhas e filamentos (Muller et al.,
2003). Além do gas ha uma contrapartida estelar, com estrelas e aglomerados muito
jovens (Bica et al., 2015).

1.2.3 A Grande Nuvem de Magalhaes

A Grande Nuvem de Magalhaes, assim como a Pequena Nuvem de Magalhaes,
também ¢é geralmente classificada como uma galédxia irregular, embora tenha uma
estrutura semelhante a uma barra, e também um disco. O NED (Nasa Extragalactic

Database) classifica a LMC como uma galdxia espiral barrada [SB(s)m]|, baseado
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Figura 1.6: Magallanic Stream em coordenadas galacticas, tendo o centro da Via-
Lactea no centro da figura. A concentracao de HI é mostrada como uma faixa em
magenta que se extende desde a LMC (maior concentragao de gés, proximo do plano
galdctico), passando proximo do pélo galdctico e indo até a dire¢ao oposta. A ponte
de Magalhaes também ¢ visivel como uma faixa ligando as duas nuvens. O Leading
Arm aparece na dire¢ao oposta a ponte de Magalhaes. Figura retirada de [Nidever
et al.| (2010)).

no trabalho de de Vaucouleurs et al| (1991). Nesta nomenclatura descendente da
nomenclatura de Hubble, o autor acrescenta um “s” indicando que a galaxia nao tem
anéis. A letra “m” indica que a galdxia nao possui bojo aparente, embora o formato
irregular, tipica da LMC. Em outras palavras, a letra “m” denota que esta galaxia
¢ o modelo de seu subtipo. Assim como a SMC, os elipséides de isodensidades de
estrelas apresentados por [Klein et al.| (2014)) mostram uma galdxia alongada na nossa
diregao, certamente mostrando indicios da interagao gravitacional com a Via-Léctea.

A distancia da LMC até nés é de 49,9 + 2,0 kpc ou (m-M)y = 18,49 + 0,09 (de
Grijs et al., 2014]) e as estrelas de populacgao velha (populagao que se distribui mais
externamente a nuvem) sugerem um raio de truncagem de 13,5 + 0,8 kpc (Balbi-
not et al., [2015)). A inclinacdo da LMC estd em torno de 37 graus, propiciando,
assim como a SMC, uma andlise das estruturas estelares desta galdxia. O angulo
de posicao das linhas dos nodos (linha que intersecta o disco da LMC e o plano do
céu) estd muito provavelmente entre 130-145°. Estes valores de inclinagao e angulo
de posicao diferem levemente segundo a referéncia, embora alguns valores extre-
mos para o angulo de posi¢ao na literatura como 122,5+8,3 de van der Marel &
Cioni| (2001)) e 168° +4°, conforme |Feitzinger et al.| (1977)) existam na literatura. Su-
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bramanian & Subramaniam| (2010)), utilizando estrelas do agrupamento vermelho
(mais conhecido pela denominagdo em inglés Red Clump ou RC'), mostraram que
ha variagoes de inclina¢do no plano do disco (a0 menos utilizando estas estrelas),
justificando o porqué de se encontrarem diferentes valores de inclinagao e diferentes
angulos de posicao para diferentes regioes amostradas. Os diferentes métodos uti-
lizados também contribuem para diferentes medidas de inclinagao. Esta inclinacao
varia de 22,0°+6, 0° de |[Kim et al.| (1998)) até 38, 14+0, 08° de Balbinot et al.| (2015)).
Esta ultima referéncia utilizou a amostra estelar externa do primeiro catalogo dos
dados de verificagao cientifica do DES (DES-SVA1, na sigla em inglés).

Além desta variacao de inclinacao ao longo do disco, suas bordas nao sao comple-
tamente planas, apresentando um empenamento nas suas partes mais externas (Ni-
kolaev et al., 2001, Subramanian & Subramaniam) [2010, Balbinot et al., 2015). E
importante notar que este empenamento na borda noroeste da LMC tente a fazer
com que as estrelas estejam mais afastadas de um observador na Via-Lactea. Este
empenamento certamente se deve a uma interagao gravitacional e nao ¢ produto
recente da interagao gravitacional LMC-Via-Léactea. Afinal se fosse esta a causa do
empenamento, este deveria estar voltado para a Via-Lactea.

A massa estimada da LMC possui véarias medidas, muitas com grande imprecisao.
As estimativas vao de 3,54 1,4 x 101°M, (van der Marel & Kallivayalil, [2014) para
um raio de maré de 13.5 kpc até 2,510% x 10'! My, (Pefarrubia et al., 2016). A
metalicidade média da LMC ¢é mais alta do que a SMC, em torno de [Fe/H] = -0.3.
Obviamente este é um valor médio, mas podemos com isso estimar que as estrelas
da LMC possuem em média 5 vezes mais metais do que as estrelas da SMC.

A LMC é rica em gés e poeira e também passa por uma intensa formacao estelar.
Embora um completo estudo sobre a formacao estelar da LMC ainda nao existe,
alguns artigos como o de Meschin et al.| (2014)) nos dao alguns indicios. Este artigo
determina a SFR para trés campos situados a 4, 5,5 e 7,1 graus do centro da LMC.
Os campos mais internos apresentam uma taxa de formacao estelar ao longo da linha
de visada muito mais intensa do que os campos externos. No campo externo, como
podemos ver na figura retirada de |[Meschin et al. (2014), ha o predominio de
idades maiores do que 10 bilhoes de anos e um decréscimo para idades mais jovens.
Para os outros campos é de se notar uma diminui¢ao na SFR, formando um minimo
para idades entre 4 e 6 bilhoes de anos. Ja para o campo mais central (distando
4° do centro da LMC), a taxa de formacao estelar recente chega a quatro vezes a
taxa de formagao estelar para as regioes amostradas mais internas, com maximos

locais correspondentes a idade de ~0.7 e ~ 3 bilhoes de anos. A idade para a qual
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Figura 1.7: Figura 6 de Meschin et al.| (2014) mostrando o Histérico
de formacao estelar na Grande Nuvem de Magalhaes integrado nos
campos cuja distancia em relacao ao centro da LMC sao indicados
na legenda. As linhas mais finas representam a incerteza estimada
pelo método apresentado no artigo.

metade da massa foi formada é de 4.0, 6.8 e 9.3 bilhoes de anos para 4,0, 5,5 e 7,1
graus. Estes dados favorecem uma formagcao de fora para dentro (em inglés outside-
in formation), onde se formaram primeiro as estrelas nas regioes externas da galaxia
(portanto existindo hoje uma populagao velha) e depois nas regioes internas, como

se pode notar pela idade recente das estrelas nesta regiao.

1.2.4 A Grande Nuvem e seu sistema de aglomerados

Como ja citamos antes, para determinar taxas de formacao estelar e gradientes
radiais de metalicidade de uma galdxia, é muito mais facil analisar aglomerados
estelares do que determinar a porcentagem de estrelas de campo que pertencem
a uma determinada idade e/ou metalicidade. A grande questdo se baseia na so-
brevivéncia dos aglomerados velhos como entidades coesas no disco (Baumgardt &
Makino| 2003, Baumgardt & Kroupay, 2007)). Fenomenos como a evaporagao, ejegao
de estrelas, segregacao de massa e consequente perda de massa, choques com o disco,
bem como a prépria evolugao das estrelas, emitindo grande parte da massa no ramo

assimptoético das gigantes, faz com que grande parte dos aglomerados abertos mais
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velhos do que um bilhdo de anos na Galdxia nao mais exista (Lamers et al., 2005]).
A excecao em nossa Galdxia sao os aglomerados globulares, sobrevivendo gracas
ao fato de serem muito mais massivos do que os aglomerados abertos, embora si-
mulagoes mostrem que entre 53-67% dos aglomerados globulares nao vao sobreviver
dentro de mais uma idade do Universo ou mais um tempo de Hubble (Baumgardt
& Makino, 2003). Para uma comparagao entre as massas dos aglomerados abertos
e globulares, indicamos |Dias et al.| (2002) e |Harris| (1996a), respectivamente.

Na LMC é esperado que com um potencial gravitacional bem menor (como citado
anteriormente, a massa da LMC ¢é estimada por muitos autores entre 0,25 e menos
de 0,1 vezes a massa da Via-Léctea), o tempo de dissolucao (ou disruption time) dos
aglomerados seja maior, podendo ser observados aglomerados muito mais velhos do
que aqui na Galaxia. Com base nisso, é esperado que o nimero de aglomerados na
LMC obedeca a uma lei que seja muito proxima da taxa de formagao estelar, visto
que muitos aglomerados (mesmo os mais velhos) devem ter sobrevivido coesos. O
fato mais notavel que se observa é um intervalo de idade (entre os 4 e os 10 bilhoes de
anos) onde nao ha aglomerados (Girardi et al., 1995, [Piatti & Geisler], [2013, |de Grijs
& Anders, 2006)). Alguns candidatos sao elencados para estarem neste intervalo, no
entanto as incertezas nas determinacoes de idade os colocam como limitadores do
intervalo ou entao sao descartados como populando este intervalo (Sarajedini), 1998,
Rich et all [2001, Balbinot et al., |2010). Embora este intervalo seja relativamente
bem definido para os aglomerados ou associagoes, o histérico de formacao estelar
mostra que, para as estrelas de campo, houve formacao estelar durante este periodo
(Figura. Interessante notar que neste intervalo houve formacao de estrelas, como
mostra a andlise de 5,5 milhoes de estrelas de campo da LMC, de Piatti & Geisler
(2013)), que adotaram o age gap como entre 5 e 12 bilhoes de anos. Com base nestes
dados, podemos presumir que houve formagao de aglomerados durante o age gap
que passaram pelo processo de rompimento. Ainda que exista alguns aglomerados
mais velhos que 10 bilhoes de anos na LMC, seu nimero é muito pequeno (Geisler
et al.;[1997). Um exemplo de aglomerado velho na LMC é o Aglomerado do Reticulo,
afastado cerca de 10 graus do centro da LMC. Outro aglomerado velho e que poderia
estar localizado dentro do age gap é o aglomerado ESO121-SC003, para o qual ja
se cogitou da possibilidade de ter sido acretado pela LMC (Bica et al.; |[1998). No
entanto, varios autores (inclusive nés), pudemos notar que este aglomerado obedece
muito bem a relagdo idade-metalicidade para os aglomerados da LMC (Meschin
et al. 2014e referéncias), o que o coloca como altamente provavel de ter sido sido

produzido pelo gas da propria LMC.
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Sobre a relagao idade-metalicidade dos aglomerados da LMC, |Livanou et al.
(2013) trabalharam com observagoes de 15 aglomerados da LMC, numa amostra
razoavelmente distribuida sobre o disco da LMC (sete préximos do centro e oito dis-
tantes 6-7 kpc do centro). Os autores notaram que os aglomerados mais jovens que
6x10® anos apresentam uma metalicidade muito maior que o restante mais velho e
que os aglomerados mais pobres em metais estao situados nas regioes mais distantes
da LMC, favorecendo uma formacao estelar inside-out. Podemos comparar este re-
sultado com o trabalho de [Carollo et al.| (2016), que encontrou um gradiente radial
negativo para a idade do halo da Galéaxia, estudando as estrelas do ramo horizontal
azul (em inglés Blue Horizontal Branch) do SDSS. As estrelas mais proximas da
vizinhanga solar (até 15 kpc do centro Galdctico) tem mais de 12 bilhoes de anos,
enquanto que as com idade média em torno de 9 bilhoes de anos estao situadas até
45-50 kpc de distancia do centro Galactico. Vemos que o tltimo resultado favorece
claramente uma formacao de dentro para fora para o halo galactico, enquanto que
o resultado de Livanou et al.| (2013)) justifica um modelo de fora para dentro. Se
os aglomerados de |Livanou et al. (2013) estao claramente identificados com o disco,
deve haver mecanismos completamente diferentes para a formagao do halo Galactico

e para o disco da LMC,

1.2.5 A periferia das Nuvens de Magalhaes

E na periferia das Nuvens de Magalhaes que concentraremos o nosso estudo.
Basicamente a tese ira focar nos aglomerados estelares periféricos da LMC e no
conteudo estelar dos campos vizinhos a SMC.

Com o sistema de aglomerados da LMC, comecamos com a detecgao visual, pas-
sando pela reducao, confirmacao como sobredensidade e finalmente a comparacao
com modelos e discussao de resultados. O sistema de aglomerados nos traz in-
formagao sobre como se deu a formacao estelar naquela galédxia - seguindo ou nao
modelos tedricos ou inferindo por gradientes de idade e metalicidade naquela galéxia.
Da formacao estelar podemos determinar em quais intervalos de tempo ocorreu um
abrandamento ou mesmo supressao da formacao estelar, e como foi o enriqueci-
mento quimico da Nuvem em si. A regiao amostrada pelo DES nos seus dados
de verificacao cientifica foi relativamente pouco explorada, dada a grande distancia
angular do centro da LMC. Uma busca na literatura mostra que grande parte dos
artigos publicados centraliza a amostragem na propria LMC, sendo que a periferia
vai sendo melhor explorada a medida que os dados sao amostrados em maior pro-

fundidade. Explorar esta amostra de aglomerados, externa e pouco explorada, é
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parcialmente nosso objetivo neste trabalho.

Sobre a periferia da SMC, comecamos selecionando uma amostra estelar em toda
a amostra do DES, procurando por sobredensidades extendidas e por estrelas pre-
sentes no MS. Embora nao tenhamos detectado nenhuma sobredensidade de estrelas
no MS, uma conjunto significativo de estrelas com caracteristicas semelhantes as da
SMC em idade e metalicidade apresentou-se préxima a borda do halo extendido
da SMC, antes detectado por Nidever et al.| (2011). Ao unir com dados de outro
levantamento, este conjunto de estrelas revelou-se como uma sobredensidade signi-
ficantemente acima da densidade do halo extendido, e deu origem a segunda parte
de nosso trabalho aqui apresentado: a SMCNOD.



Capitulo 2

Descricao dos Levantamentos

aplicados nesta tese

2.1 Dark Energy Survey

Para realizar a analise dos aglomerados externos da Grande Nuvem de Magalhaes
e a descoberta da sobredensidade préxima a Pequena Nuvem de Magalhaes utiliza-
mos as imagens nos filtros g, r e 7 na regiao imageada pelo Dark Energy Survey.
As segoes seguintes deste capitulo falarao um pouco mais sobre este levantamento e
sobre os dados disponibilizados pela/para a colaboragao.

A partir da descoberta da expansao acelerada do Universo em 1998, gracas a
andlise de brilho de um grande conjunto de supernovas tipo Ia, tornou-se uma ne-
cessidade a melhor compreensao da energia escura, responsavel por esta expansao.
Para tanto, foi proposto pela comunidade astrofisica dos Estados Unidos e esta sendo
executado no Chile pelo NOAO (National Optical Astronomy Observatory ou Ob-
servatorio Astronomico Optico Norte-Americano) um levantamento de parte do céu
austral com a finalidade de se estudar e definir a natureza e distribuicao da energia
escura no Universo - o Dark Energy Survey ou DES. Sediada em solo americano,
mas com cientistas espalhados por praticamente todo o mundo, a colaboragao inici-
almente envolvia 120 cientistas dos Estados Unidos, Espanha, Reino Unido, Brazil,
Alemanha e Suica. Hoje envolve muitos paises mais.

O DES portanto estd mapeando o Hemisfério Galactico Sul, numa extensao de
5000 graus quadrados, nas bandas g, 7, i, z ¢ Y (figura (cobrindo um intervalo
em comprimento de onda de 400-1065 nm) em 525 noites. A magnitudes limite espe-
radas ao final do survey sao de g=24.45, r=24.30, i=23.50, 2=22.90 e Y=21.70 com

razao sinal-ruido de 10 para as fontes puntuais (Dark Energy Survey Collaboration

27
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et al., |2016). Um breve prospecto temporal coloca o DES com duragao de 5 anos, a
partir de 2013. As imagens para os dados de verificacao cientifica foram tomadas de
outubro/novembro de 2012 até fevereiro de 2013. Posteriormente (iniciando-se em
31 de agosto de 2013) foram tomados os dados do ano 1 (Y1) e assim tem ocorrido
sucessivamente, com as imagens sendo tomadas em agosto/setembro de um dado
ano até o final de fevereiro do ano seguinte.

O tempo de exposicao para as imagens da banda ¢, r, i e z é de 90 segundos e
para a banda Y é de 45 segundos. A escolha dos filtros se deve a que o propdsito do
levantamento (como o préprio nome ja diz) é a observagao de galdxias, muitas com
um deslocamento para o vermelho sensivel (altos redshifts), portanto deslocando a
emissao destas galaxias para as bandas do infravermelho.

Em torno de 10% do tempo observacional do Dark Energy Survey estd destinado
ao imageamento de um mesmo campo de 40 graus quadrados de forma a vigiar o
aparecimento de supernovas. O planejamento inicial era de 100 supernovas to tipo
[a que seriam descobertas no intervalo de redshift entre 0,25-0,75 ao longo do levan-
tamento (Tucker et al.. 2007)). Atualmente (depois do terceiro ano de observagoes
ter sido reduzido) ja foram confirmadas 228 supernovas apenas do tipo la, a grande

maioria no intervalo de redshift de 0,2 a 0,8.

2.1.1 DECam - Dark Energy Camera

Para as observacoes foi selecionado o telescépio Victor M. Blanco de 4 metros, si-
tuado no Cerro Tololo Inter-american Observatory (CTIO), Chile. A camera especi-
almente construida para as observacgoes é a DECam, com 570 Megapixels distribuidos
em 74 CCDs, sendo que 12 deles (2kx 2k pixels) sao utilizados para guiagem e foco e
os CCDs restantes (62 com 2k x 4k pixels) para imageamento. A drea coberta pelos
pixels neste conjunto de CCDs (total) tem um formato hexagonal e cobre 3 graus
quadrados. A escala é de 0,263 segundos de arco por pixel. A camera foi instalada
em 2012 e teve a sua primeira luz neste mesmo ano.

A DECam esta montada no foco priméario do telescépio Blanco e possui cinco
lentes corretoras que possibilitam seu amplo campo. Os CCDs da DECam sao
resfriados a -100°C gragas a um circuito fechado de nitrogénio liquido. O conjunto
que consiste nas lentes corretoras e os CCDs estao dispostos em uma estrutura de
forma cilindrica, onde é feito vacuo, sendo que a primeira lente corretora serve de
janela a esta estrutura. O conjunto também compreende os filtros, o obturador,
sistema éptico ativo e a parte eletronica da DECam. Os CCDs que compoem a

DECam foram fabricados pelo Lawrence Berkeley National Laboratory (LBNL), e
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Figura 2.1: Curvas de transmissdio da DECam (incluindo a atmosfera).
Aqui estd incluida a banda wu, nao utilizada pelo DES. Retirada de
http://www.ctio.noao.edu/noao/sites/default /files/DECam/decam filters.gif em 08
de novembro de 2017.
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enviados para o Fermilab, onde os CCDs foram montados no circuito e escolhidos
para compor o conjunto de CCDs da DECam. Maiores detalhes técnicos sobre a

DECam podem ser encontrados em |Flaugher et al. (2015)).

2.1.2 DESDM (DES Data Management)

Depois de observadas pela DECam, as imagens sao transmitidas através de
um link de microondas para o National Center for Science Computer Applicati-
ons (NCSA), em Illinois, Estados Unidos. L& ficam armazenadas e posteriormente
sao tratadas pelo DESDM ou Gerenciamento de Dados do DES.

As imagens sao primeiramente reduzidas, chip a chip e exposicao a exposicao.
Depois disso é feita a deteccao de fontes, junto com a calibragao astro e fotométrica
preliminar. Com esta classificagao o processo é repetido, utilizando os dados da pri-
meira reducao para as solugoes astro e fotométricas, vinculando os chips e exposigoes.
Por tltimo, as imagens sao coadicionadas e finalmente é produzido o catalogo final.

As imagens coadicionadas sao disponibilizadas em formatos chamados de tiles
(significando ladrilho), com dimensées de 0,75 graus x 0,75 graus. Maiores deta-
lhes podem ser encontrados em Mohr et al| (2012) e [Desai et al.| (2012)). Sobre a
nomenclatura, os tiles sao chamados pelo prefixo ‘DES’ seguido de dois algarismos
correspondentes a hora e mais dois ao minutos da ascencao reta do centro do ‘tile’,
mais o sinal da declina¢do e quatro algarismos correspondentes a declinagao (dois
para graus e dois para os minutos). Um exemplo para a nomenclatura é DES0516-
6414, correspondente ao ‘tile’ centrado na ascengao reta 5h 16min e declinagao -64°
14’

Para a reducao, a priorizagao de objetos foi dada as galdxias, sendo escolhido
0 SEXTRACTOR (Bertin & Arnouts, [1996), um pacote que determina quais regices
que estao acima das contagens de fundo para uma imagem do céu. Uma série de
parametros acompanha a deteccao das fontes em uma imagem astronomica, assim
como o catalogo final para um tile também possui uma série de medidas para as
fontes luminosas. Um parametro particularmente importante para a selecao es-
trela/galaxia é o parametro blend, que ird determinar como serd o tratamento de
fontes muito préximas, sendo estas fundidas em apenas uma sé (como por exemplo
regioes de formacao estelar muito préximas nos bracos de uma galdxia muito dis-
tante) ou tratadas como separadas (neste caso, como seria o esperados para estrelas
préximas do centro de um aglomerado globular). Como o levantamento tem um viés
extra-galactico, foram priorizados os parametros para a reducao de galaxias, sendo

que as estrelas dos aglomerados estelares nao sao muito representadas nos catalogos
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liberados pelo levantamento. Este caso particular levou-nos a fazer uma avaliagao
da completeza estelar nas imagens do DES.

A classificacao estrela-galaxia é dada praticamente por um parametro saido do
SEXTRACTOR, chamado de SPREAD MODEL. Ele é baseado na diferenca entre a
medida (em magnitudes) dada pelo modelo da fungao de espalhamento puntual e a
medida dada por um modelo ligeiramente mais extendido, feito pela mesma funcao
de espalhamento puntual convoluida com um disco exponencial com comprimento

de escala igual a largura-a-meia-altura (da fonte, em contagens) dividido por 16.

2.1.3 Participacao brasileira no DES

A participagao brasileira no DES se deu através do Laboratoério Interinstitucional
de e-Astronomia (LIneA), com a tarefa de desenvolver e organizar o portal cientifico
para acesso virtual (visualizagao, informacao sobre os dados, bem como fungoes
de registro de andlise e incorporagao de codigos cientificos) aos dados do DES. O
LIneA constituiu e gerencia um consorcio de pesquisadores brasileiros no DES, o
DES-Brazil, o qual tem a tarefa de desenvolver e organizar melhorias neste portal
cientifico.

Uma das ferramentas inicialmente desenvolvida e que foi muito utilizada por nés
para a deteccao de aglomerados na Grande Nuvem de Magalhaes é o Tile Viewer,
onde as imagens nas bandas ¢, r e ¢ sao combinadas para gerar uma imagem com o

acompanhamento de coordenadas equatoriais e posterior registro.

2.1.4 Os dados de Verificagao Cientifica (SV) do DES

As observagoes dos dados de verificagao cientifica do DES (SV) foram feitas en-
tre outubro/novembro de 2012 e fevereiro de 2013, somando um total de 427 horas
de observacao. Os dados foram tomados para conjuntamente determinar as capa-
cidades e levantar possiveis problemas com a DECam e com o conjunto de tarefas
de reducao de dados do DESDM quanto a qualidade das imagens, calibragao, as-
trometria, fotometria, apontamento, guiagem, questoes operacionais e conjunto de
programas para os campos de supernova.

A maior area dos dados de verificacao cientifica do DES compreende uma area em
comum com o Telescopio Polar Austral ou South Pole Telescope - SPT (Carlstrom
et al., 2011). O SPT é um telescépio com 10 metros de diametro destinado a amos-
trar o céu nas bandas de 3, 2 e 1,3 mm, desenhado para o estudo das anisotropias

na radiacao césmica de fundo e a descoberta de aglomerados de galaxias (Reichardt
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Figura 2.2: Os tiles (poligonos em magenta) imageados pelo SV-SPTE sao mos-
trados na figura, acompanhados das coordenadas equatoriais em seus respectivos
eixos.
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et al., [2013) usando o efeito Sunyaev-Zel’dovich. Este tltimo consiste no espa-
lhamento e polarizacao da radiagdo de fundo de microondas do Universo (Cosmic
Microwave Background) pelos elétrons em alta temperatura do meio intergaldctico,
via efeito Compton inverso (Hanson et al., 2013)), onde o féton recebe energia de
uma particula carregada. Com a sobreposi¢ao entre as areas do SPT e do DES, a
equipe do SPT pode se beneficiar dos dados nas bandas do visivel do Dark Energy
Survey.

Aqui neste trabalho nao iremos tratar de dados processados pelo SPT. Daqui
por diante, o termo ‘SPT” ira se referir a area do céu também amostrada pelo South
Polar Telescope, mas imageada pelo DES. Ou seja, vai se referir a darea do céu (como
um sitio) e nao ao levantamento (ou aos dados) em si.

A area a leste do SPT recebeu o nome de SPT-E ou SPT-Fast, estando localizada
imediatamente a norte da LMC. Na figura[2.2] sao mostrados os tiles do SVA1-SPTE
(primeira liberacao de dados da drea do SPT), sendo que alguns tiles muito pouco
amostrados foram excluidos da visualizacao. O trabalho sobre os aglomerados da
Grande Nuvem de Magalhaes (apresentado no Cap. |3) é baseado nas imagens do
DES desta regiao do céu e na primeira liberagao de catélogos dos dados de verificacao
cientifica pela colaboracao. Esta regiao soma 157 graus quadrados e é formada por
2537 imagens de exposicao individual, sendo que cada exposicao individual tem
duracao de 90 segundos para todas as bandas g, r e i, exceto para a banda Y,
com exposi¢ao de 45s. Maiores detalhes sobre os dados de verificagao cientifica
podem ser encontrados em Rykoff & DES Cluster Working Group| (2014). Embora
os dados de verificagao cientifica sejam os primeiros dados do DES; eles ja possuem
a profundidade fotométrica esperada pelo levantamento ao final do projeto.

Os dados utilizados na descoberta da SMCNOD foram o catdlogo da liberagao
rapida do segundo ano do DES (DES-Y2Q1) e o primeiro catalogo do MagLiteS (do
inglés Magellanic Satellites Survey), levantamento ainda em andamento que visa
imagear uma &area contigua de 1200 graus quadrados préximo ao Pdélo Celeste Sul

no entorno das Nuvens de Magalhaes, também utilizando a DECam.

2.1.5 O catalogo DES-Y1A1l

Depois dos dados de verificagao cientifica, o primeiro catalogo (Y1A1) contendo
os dados do primeiro ano do DES foi liberado para a colaboracao dia 21 de dezembro
de 2014. Este catélogo cobria em torno de 50% da drea total do levantamento. A
area do Y1A1 na verdade cobre a drea do SPT e a drea préxima do equador celeste

conhecida como Stripe 82. Mesmo com uma area menor, as fontes sao oriundas
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da extracao da imagem coadicionada, aumentando a profundidade do catalogo. A

figura produzida com o catdlogo de estrelas do Y1Al, ilustra a cobertura e a
densidade de estrelas do catdlogo do primeiro ano do DES.
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Figura 2.3: Densidade de estrelas e cobertura do catalogo Y1A1l em coordenadas
equatoriais para estrelas, em projecao conica de Albers. Algumas caracacteristicas
podem ser notadas, como o campo limite com a LMC (embaixo, & esquerda), e
algumas galdxias anas classicas. O campo superior é o Stripe82, enquanto que o
campo retangular mais austral ¢ o SPT.

2.1.6 O catalogo DES-Y2Q1

Como seria esperado que o proximo catélogo depois do Y1A1 fosse liberado de-
pois de um ano, alguns integrantes do DES resolveram utilizar uma fotometria a
partir das imagens nao-coadicionadas, unicamente das imagens de exposi¢ao tnica,
de forma a se ter um catalogo estelar mais rapidamente. Este catalogo foi batizado
de Y2Q1 - um catélogo répido (quick release) para os dois primeiros anos do levan-
tamento. A cobertura deste catdlogo é de praticamente todo o survey. Embora a
profundidade deste catdlogo nao seja otimizada pela coadicao das imagens, a co-

bertura foi ampliada pela utilizagao da fotometria em apenas duas bandas (g e 7).
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Desta forma, depois de pouco mais de seis meses do primeiro artigo de descoberta

de galéxias-anas no DES (Bechtol et al.,2015)), houve a liberagao do segundo artigo,

utilizando a cobertura de praticamente todo o levantamento (Drlica-Wagner et al.l
2015).

O catalogo Y2Q1 foi o catdlogo utilizado para a descoberta da SMCNOD (Capl'tulo,
onde mais tarde, para a anélise, foi combinado com o catédlogo do MagLiteS
Wagner et al., [2016). A figura2.4 mostra um mapa de cobertura e de densidade das
estrelas do catdlogo Y2Q1 (magnitude 17,0 < g < 23,0 e cor —0,5 < g —r < 1,2).
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Figura 2.4: Densidade de estrelas e cobertura do catdlogo Y2Q1 em coordenadas
equatoriais, em projecao conica de Olbers. Algumas caracacteristicas podem ser
notadas, como o campo limite com a LMC (embaixo, a esquerda), os limites do
levantamento mais préximos do plano Galéctico (a esquerda e a direita), algumas
galdxias anas classicas e mesmo algumas recentemente descobertas, algumas cente-
nas de graus quadrados nao cobertas (no centro da figura) e o Stream de Sagitario,

que cruza a parte superior de cima para baixo e da esquerda para a direita (em
baixo contraste).

Maiores informacoes sobre este catalogo podem ser encontradas em (Drlica-

‘Wagner et al| 2015), onde héd uma detalhada descrigao do catélogo, incluindo a

comparacgao com o catdlogo CFHTLens, para anélise de completeza/pureza da amos-

tra.
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2.1.7 Analise preliminar da completeza estelar nos Dados
de Verificagao Cientifica (SV) do DES

Com os catalogos dos dados de verificacao cientifica em maos, o grupo procurou
por sobredensidades estelares, através do programa FindSat (Balbinot et al., |2013)).
No entanto, as sobredensidades vistas nas imagens coadicionadas nao correspondiam
a sobredensidades nos catalogos liberados pela colaboragao, evidenciando a baixa
completeza estelar em regides densamente povoadas.

Assim, devido ao fato de os primeiros catdlogos do DES terem uma falta de
fontes estelares detectadas associadas a sobredensidades, utilizamos uma fotometria
alternativa (em muito menor escala) para determinar a completeza estelar do método
de redugao do DES. Foi este conjunto de tarefas que mais tarde deu origem ao
método de reducao utilizado para os aglomerados da LMC.

A principio utilizamos pequenas areas de 1500 x 1500 pixels ou 6,575 x 6.575
minutos de arco quadrados para a reducao alternativa, nas bandas g, r e i. Depois
de uma busca visual nas imagens de verificacao cientifica liberadas pela colaboragao
(maiores detalhes na secao , detectando 299 candidatos a sobredensidades, es-
colhemos alguns candidatos para fazermos testes sobre a qualidade da reducao al-
ternativa e sobre a completeza dos dados do catalogo do DES.

As imagens foram recortadas tendo ao centro alguns candidatos a aglomerados
da LMC, dois deles com grande densidade de estrelas (o candidato nimero 119, no
tile correspodente DES0551-6331 e o candidato 1 no tile DES0516-6414) e outros
dois com baixa densidade de estrelas (candidatos 8 e 10 nos tiles DES0510-6441
e DES0516-6414). A figura mostra o conjunto com os quatro candidatos e
os respectivos anéis para a determinagao da completeza dos dados em relagao da
distancia do centro do candidato.

A fotometria alternativa seguiu tarefas-padrdo do DAOPHOT (Stetson| |1987),
como daofind, phot, psf e allstar. A comparacao com o catdalogo do DES em posigao
resultou em um ponto-zero o qual foi determinado como a média das diferengas en-
tre os dois catalogos para estrelas com g < 19 e posteriormente somado ao catalogo
do DAOPHOT. Como um teste de comparacgao, plotamos os CMDsja calibrados com
o ponto-zero para a imagem em torno do candidato 119 na figura [2.6| em ambos
os catdlogos, sendo que o critério de selecao para a fonte foi a de que as fontes do
catalogo DAOPHOT tivessem contrapartida no catdlogo do DES dentro de 1 pixel na
imagem (0,263 segundos de arco na imagem).

De forma a evitar artificios das imagens, utilizamos como critério de selecao

(basicamente para excluir detecgbes espurias no entorno de estrelas saturadas) a
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Figura 2.5: Mosaico de imagens a partir das imagens nas bandas g, r e ¢ de quatro
candidatos a aglomerados estelares nas imagens do DES (da esquerda para a di-
reita e de cima para baixo): DES0551-6331_119, DES0516-6414_1, DES0510-6441_8
e DES0516-6414_10. Cada imagem tem 6,575 x 6,575 minutos de arco, centrado
no aglomerado. O Norte esta indicado na direcao para cima e o Leste para a es-
querda. O nome de cada candidato é composto pelo nome do tile (no primeiro caso,
DES0551-6331) adicionado por um ntimero de ordem (no primeiro caso, 119). Os
anéis representados servem de delimitadores para os campos onde a completeza es-
telar foi sondada. Utilizando a distancia de 49,9 kpc para a LMC (de Grijs et al.|,
2014)), cada campo possui a extensao de 95,4 x 95,4 parsecs.
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Figura 2.6: CMDs do candidato a aglomerado estelar no tile DES0551-6331_119
para estrelas com a mesma posicao dentro de 1 pixel (0,263 segundo de arco em
ascengao reta e declinagao) no catélogo do DES e produzido por nés. Painel superior:
CMD (g-1,g) usando o catdlogo do DES (& esquerda) e DAOPHOT (& direita); Painel
inferior: CMD (r-i,r) seguindo a mesma ordem. Os CMDs para ambos os catalogos
sao muito parecidos, atestando a qualidade da reducao.
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incerteza na magnitude, tipicamente em 0.1 para as trés bandas. Para a separagao
estrela / galdxia, utilizamos o parametro sharpness nas trés bandas, apresentando
valores (em mé6dulo) menores que 1 para estrelas.

Aqui enumeramos as principais conclusoes na analise de completeza estelar para

os dados do SVAL:

1. Uma fotometria independente via PSF nas imagens coadicionadas do DES leva
a medidas fotométricas coerentes com os catalogos liberados pelo DESDM,

adicionando uma simples correcao de ponto zero.

2. Em geral os diagramas cor-magnitude baseados na amostra estelar do DA-
OPHOT, selecionada usando erros em magnitude e sharpness, sao similares
aqueles do DESDM (utilizando a fotometria baseada em SExtractor e PS-
FEx), com cortes em spread_model. Estes resultados sao obtidos para regioes
do SPT-E que cobrem a regiao externa da LMC, sendo ricas em estrelas, mui-
tas das quais pertencem ao campo da LMC. Em ambas as amostras estelares,
as caracteristicas principais sao préprias da LMC, com o campo dominado por
uma sequéncia principal entre 18 < ¢ < 24, um ponto de saida da sequéncia
principal em ¢~22.5, g-r ~0,2, um ramo de gigantes e um RC com g < 22 e

g-r > 0,3.

3. O catalogo alternativo, por utilizar o DAOPHOT, nao possui um separador
estrela / galdxia muito robusto. Os catdlogos do DES utilizam o spread_model,
que se baseia na forma da PSF da fonte. Desta forma, a pureza estelar do
catalogo alternativo nao é facilmente alcangavel utilizando critérios de selecao

como incerteza na magnitude e sharpness;

4. Contudo, a amostra estelar do DESDM ¢é muito incompleta em campos popu-
lados, como aqueles proximos a aglomerados ricos da LMC. Nestas regioes, o
catdlogo do DESDM amostra menos que 50% dos objetos detectados pelo DA-
OPHOT, mesmo com magnitudes brilhantes como ( ¢ < 19). No centro destes
aglomerados, a incompleteza do DESDM ¢é grande o suficiente para que haja
supressoes locais de estrelas na distribuicao da densidade superficial de fontes

puntuais no céu.

5. Nas vizinhancas dos aglomerados da LMC ou mesmo dentro de aglomerados
mais pobres, a completeza do DESDM relativa ao DAOPHOT ¢ proxima de
1 até ¢ = 20. Contudo, DESDM ainda amostra menos fontes puntuais que

0 DAOPHOT para magnitudes fracas.
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Figura 2.7: Painéis superiores, da esquerda para a direita: erro
em magnitude para o catdlogo DAOPHOT via ajuste de PSF como
funcao das magnitudes nos filtros ¢, r and i, respectivamente.
Painéis inferiores: parametro sharpness como funcao também das
magnitudes, seguindo a mesma ordem que os painéis superio-
res. O filtro r apresenta um espalhamento incomum e foi ex-
cluido do critério de selecao. Comportamento similar ocorre para
spread_model no filtro r. Estes dados sao relacionados ao tile

DES0419-4914.
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6. A completeza estelar do DESDM é uma forte funcao da densidade de fontes,
caindo abruptamente de ~ 0,3 to < 0,1 para densidade superficiais > 1,2 x

stars/minuto de arco®.

7. Nos também comparamos amostras estelares entre os dois catalogos em regioes
mais tipicas amostradas pelo DES, longe dos campos da LMC. Nesta regioes
a densidade de pontos é em torno de um décimo da densidade de fontes pre-

viamente analisada.

8. Dados os mesmos cortes para fontes puntuais para os catalogos DESDM e DA-
OPHOT, o tltimo ainda encontra mais de trés vezes mais fontes do que o pri-
meiro. As estrelas em comum entre as duas reducoes correspondem a >80%
da amostra do DESDM.

9. Consistentes com os resultados encontrados para campos proximos da LMC, a
incompleteza do DESDM em um tipico tile é uma forte funcao da magnitude,

rapidamente diminuindo para g > 20.

10. A amostra estelar do DESDM é muito mais pura do que aquela baseada no
DAOPHOT. Isso é evidenciado pelos diagramas cor-cor. Como uma inevitavel
contra-partida, o catalogo DAOPHOT ¢é muito mais completo. Portanto. me-
didas quantitativas de completeza estelar do DESDM relativo ao DAOPHOT,
ambas como uma funcao da magnitude e densidade, dependem da quantidade
de contaminagao de galaxias em ambas as amostras. Usar estrelas préximas
do locus estelar em um diagrama cor-cor leva a um grande aumento da com-
pleteza estelar do DESDM relativo ao DAOPHOT. Ainda, medimos como em
torno de ~ 70% para estrelas mais brilhantes do que g = 23 e 41,5% até g =
24.

Ainda como exemplos de como a completeza afeta a amostra estelar, os mapas
de densidade mostrados na figura [2.§| referem-se aos mesmos campos amostrados na
figura Pode-se notar como a amostra estelar ficaria gravemente comprometida
com o uso do catdlogo DESDM.

Assim, analisando os resultados da completeza do DESDM decidimos por efetuar
a redugao dos aglomerados fazendo a transferéncia das imagens coadicionadas nas
trés bandas e combinando os resultados em uma fotometria alternativa. O uso das
trés bandas (portanto duas cores) nos permitiu uma sensivel descontaminagao das

estrelas da LMC em relagdo a galaxias e possiveis objetos espurios. Além disso,
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Figura 2.8: Mapas de densidades para aglomerados ricos da LMC. A
cor tendendo ao azul representa um aumento de densidade. Painéis
superiores: catalogos do DESDM. Painéis inferiores: catalogo al-
ternativo utilizando o DAOPHOT.
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Figura 2.9: Diagramas cor-magnitude dos aglomerados com as es-
trelas localizadas dentro do segundo anel (azul escuro) amostrado
na Fig. 2.1 e dentro da imagem (azul claro). O painel mais a es-
querda mostra os dados do DAOPHOT para o aglomerado DES0551-
6331.119. O segundo a partir da esquerda mostra os dados do
DESDM para a mesma imagem. Os dois painéis a direita mos-

tram a mesma sequéncia de CMDs mas para o outro candidato:
DES0516-6414_11.

estas trés bandas foram as mais amostradas pelo levantamento, aumentando a com-
pleteza dos aglomerados identificados. Os métodos utilizados para a identificagao e

caracterizagao destas sobredensidades estelares sao descritos no proximo capitulo.

2.2 MagLiteS

Com a composicao do Grupo de Trabalho da Galaxia no DES, foi feita a proposta
por um dos colaboradores (Keith Bechtol) de se realizar um levantamento no entorno
das Nuvens de Magalhaes, onde os participantes deste novo levantamento seriam os
membros do DES e do SMASH |Nidever et al.|[2017. Esta proposta objetiva estudar
uma drea em torno do Pélo Celeste Sul (veja a figura[2.10]), sendo que serdo utilizadas
apenas imagens nas bandas g e r, com a DECam. Maiores detalhes sobre este
survey podem ser encontradas em Drlica-Wagner et al. 2016, Com a descoberta
de um ndmero significativo de galdxias anas préximas as Nuvens (Jethwa et al.|
2016, Koposov et al., 2015), este levantamento se consolida como uma fonte de
novas descobertas de galdxias anas, aumentando o censo destes objetos e melhor
caracterizando o problemas das satélites faltantes (em inglés missing satellites) e da

probabilidade de algumas anas da Galaxia pertencerem originalmente as Nuvens.
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Figura 2.10: A linha preta contorna a area amostrada pelo DES,
enquanto que a linha verde representa a &area amostrada pelo
MagLiteS e os hexdgonos em azul as regides do SMASH (dreas
nao contiguas). Candidatos a galdxias anas s@o marcados como
triangulos preenchidos (confirmados espectroscopicamente) e nao-
preenchidos (ainda nao confirmados). A drea em cinza representa
a densidade colunar de gas (HI) segundo Nidever et al.2010. Os
‘xis’ marcam a posicao dos aglomerados mais externos da LMC
(ESO121SC003, Reticulo e NGC 1841). Retirado de Drlica-Wagner|

2016| (Painel esquerdo da figura 1 deste artigo).




Capitulo 3

Os aglomerados da LMC

3.1 Introducao

Aqui fazemos uma breve apresentacao dos métodos utilizados para a identificagao,
caracterizagao e andlise dos aglomerados da LMC, tais como a identificagao dos aglo-
merados nas imagens, a caracterizacao dos perfis de densidade e a comparagao com
isécronas para a determinacao dos parametros destes objetos. De certa forma, aqui
¢ o espaco onde detalhamos um pouco mais os métodos aplicados e as comparacoes
com a literatura. Ao leitor que preferir a leitura do artigo, indicamos a secao |3.4

como sumario das atividades desenvolvidas.

3.2 Busca por sobredensidades estelares nas ima-
gens de Verificacao Cientifica do DES

Para a prévia identificagao dos aglomerados da Grande Nuvem de Magalhaes nos
dados SV-DES, inicialmente foi feita uma varredura visual. O grupo de imagens
mais proximas da Grande Nuvem de Magalhaes (SPT-E) compoe-se de 280 imagens
de 0,75 graus x 0,75 graus cada uma (tile). As imagens foram divididas em cinco
subgrupos com overlap parcial entre si, para serem escaneadas por cada um dos
integrantes do grupo DES-GA Brasil (Dark Energy Survey Galactic Archeology
Brasil) aquela época (Basilio X. Santiago, Eduardo Balbinot, Adriano Pieres, Anna
Barbara Queiréz de Andrade e Douglas Oscar).

Depois da busca por sobredensidades estelares, as posicoes dos candidatos a aglo-
merados estelares foram comparadas para evitar duplas entradas. Foi feita uma

avaliacdo para a determinacao de um raio visual prévio e foram listados alguns

45
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comentarios. O total de candidatos associados a sobredensidades estelares foi de
299,

3.3 Meétodos probabilisticos para determinacgao das

propriedades fisicas dos aglomerados

Na escolha do método probabilistico, preferimos a Maxima Verossimilhanga (em
inglés Mazimum Likelihood), ainda chamado de Forca Bruta, com as incertezas nos
parametros sendo dadas pela técnica de andlise do perfil de verossimilhanga ou pro-
babilidade (Sprott], 2000, Fisher} |1925). Esta iltimas obras citadas podem ainda ser
utilizadas como uma fonte para uma descricao formal do método, que pode ser apli-
cado a praticamente qualquer comparacgao entre dados e modelos. Para determinar
a maxima verossimilhanca, varremos as grades contendo os valores numéricos dos
parametros dos perfis e posteriormente das isécronas, guardando os valores de pro-
babilidade para cada um dos conjuntos dos parametros. Com isso, basta sondarmos
o espaco de parametros para determinar os maximos ou as incertezas.

Sao necessarios alguns comentarios para essa técnica. Como os parametros sao
elencados por uma grade (nao sao utilizados valores interpolados), o conjunto dos
parametros mais provaveis faz parte do conjunto de parametros da grade, sendo
que para todas as combinagoes de parametros da grade sao calculadas as verossimi-
lhangas. Isso faz com que o tempo computacional seja estimado com o nimero de
parametros e de intervalos em que estes sao amostrados. Num exemplo simples, se
a probabilidade para uma grade com dimensao 3 (igual ao nimero de parametros)
contendo 20 pontos em cada dimensao (ou seja, 20 valores para cada parametro)
demora 10 minutos para rodar em um computador, ao aumentarmos o nimero de
parametros para 4, teremos um tempo computacional esperado de 10min x 20 = 200
min = 3,33 horas. Se dobrarmos o nimero de valores para cada parametro o tempo
esperado vai para 40*/20% = 2 ou 16 vezes maior. A superamostragem da grade
ou o aumento do nimero de parametros torna o método pouco eficiente no tocante
ao tempo computacional. Métodos como o as cadeias de Markov amostradas por
Monte-Carlo (MCMC) de Foreman-Mackey et al.| (2013)) diminuem este tempo com-
putacional, ao avaliar a probabilidade dos caminhantes se dispersarem pelo espaco
de parametros. No entanto, estes tltimos métodos nao sao muito indicados quando
o espago de parametros é truncado (por exemplo em idade e metalicidade para ob-
jetos velhos e pobres em metais), pois os caminhantes (na abordagem MCMC) nao

podem se difundir pela barreira no espaco de parametros. Testes anteriores utili-
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zando a probabilidade marginalizada também tiveram os mesmos resultados que o
método MCMC. Outra diferenca é que o método de Forca Bruta nao trabalha com a
probabilidade marginalizada (como o MCMC), sendo que a probabilidade é determi-
nada apenas para um ponto do espago (enquanto que a probabilidade marginalizada
¢ a soma das probabilidades que contém aquele respectivo valor para o parametro,
colapsada para os outros parametros).

Para a determinacao da incerteza, utilizamos o método de anélise do perfil do
logaritmo da probabilidade (Sprott, 2000)). Este método consiste em se amostrar o
logaritmo da probabilidade ao longo do parametro para o qual se quer determinar a
incerteza. No caso de se determinar a incerteza para a idade, se fixa a idade em um
determinado valor e se determina o valor maximo de probabilidade. Os parametros
restantes podem ser mantidos fixos nos valores mais provaveis (neste caso nao le-
vando em conta a variancia entre os parametros), ou se pode fazer variar os outros
parametros, de forma a se amostrar a maxima verossimilhanca para aquele valor
de idade (em nosso exemplo). Nossa escolha, depois de uma longa discussao com
os revisores da colaboracao, foi a de se levar em conta a variancia na determinacao
da incerteza, sendo que esta é ligeiramente maior do que quando se mantém os
parametros restantes fixos nos valores mais provaveis. No entanto, este método é
bem mais robusto e formal, sem custo computacional exagerado (menos do que duas
vezes 0 método computacional quando néo se leva em conta a variancia).

A determinacao da incerteza ocorre ao longo da curva de 2 x log £ da seguinte
forma: o pico informa o valor mais provavel para aquele parametro. A diferenca
(a0 longo do eixo do parametro escolhido) entre este pico e o valor de 2 x log £ do
pico subtraido de k? informa o valor de k intervalos de confianca, ou de ko, onde o
corresponde ao intervalo de confianca. Se k=1, o intervalo de confianca é de 68%.
Desta forma, em um exemplo simples, para um pico de 2 x log £ com valor maximo
em zero para uma idade de 10 bilhoes de anos, a diferenca entre a idade do pico
de probabilidade e a idade onde 2 x log £ cai para -1 serd a incerteza (no limite
de 68%) para a idade. Vale lembrar que, como dito no paragrafo acima, esta curva
de 2 x log L foi construida levando em conta a variacao dos parametros restantes,
tendendo a um maior valor para a incerteza quando comparada com valores de
probabilidade sem levar em conta a variancia. Como existem dois valores para os
parametros onde 2 X log £ atinge o valor de -1 (um antes do pico e outro depois do
pico), na avaliacao da incerteza recorremos a uma média entre os dois valores para
informar a incerteza. Ressaltamos ainda que a curva de 2 x log £ deve ser suave e

bem comportada em torno do méximo, como lembra Martin et al. (2008). No caso
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dos aglomerados reais, onde a incerteza calculada ficou menor do que o valor do
passo na grade mais fina, a incerteza assumida é o valor médio entre os passos (em
ambas as diregoes).

As incertezas informadas ao final do trabalho refletem portanto a variacao de
probabilidade dos pardmetros para um intervalo de confianca de 1 o (68,3%).

Para o caso dos perfis de densidade dos aglomerados da LMC, utilizamos o perfil
de densidade estd somado a densidade do fundo de estrelas da Via-Lactea e da
LMC, como na Figura 4 do artigo. Isso evita densidades muito pequenas na escala

logaritmica.

3.3.1 Aplicacoes aos dados do DES

Como resultados, durante o periodo da descoberta das galdxias anas do ano 1 (Be-
chtol et al.; 2015]) e 2 (Drlica-Wagner et al., 2015)) dentro da colaboragao, aplicamos
os métodos para o ajuste de perfil exponencial e melhor modelo (isécrona) para os
objetos descobertos, apresentando os resultados em telecons dentro da colaboragao.
Desta forma, nosso trabalho foi validado, aproveitando as criticas e sugestoes dos
colaboradores, muito importante para o desenvolvimento dos métodos. As figu-
ras e mostram dois exemplos da aplicacao dos métodos para a galaxia ana
Reticulum II, trabalho feito anteriormente a publicacao das descobertas do ano 1
da colaboracao.

Além disso, também incluimos o artigo de descoberta do aglomerado estelar
DES1, onde também aplicamos os métodos aqui desenvolvidos, bem como para

a caracterizacao deste objeto (perfil e is6crona).

3.4 Resumo das atividades desenvolvidas em relacao
aos aglomerados da LMC
e Busca visual por sobredensidades estelares na periferia da LMC;

e Confeccao de uma pipeline utilizando as tarefas do IRAF para efetuar a foto-

metria de imagens;

e Aplicagao da pipeline aos candidatos a aglomerados estelares utilizando as

imagens de verificagao cientificas do DES (fotometria dos candidatos);

e Analise dos candidatos a aglomerados estelares;
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Figura 3.1: Ajuste do perfil exponencial com cinco parametros (raio exponencial,
elipticidade, angulo de posi¢ao e centro (ascencao reta («) e declinagao (9)) para a
galaxia-ana Reticulum II. Os melhores valores sao informados no titulo da figura.
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Figura 3.2: Ajuste para idade, metalicidade, avermelhamento e médulo de distancia
para as estrelas com probabilidade de pertencimento (dada pelo perfil exponencial)
maior do que 5%, para a galdxia-ana Reticulum II. Os valores mais provaveis sao

informados no titulo da figura.
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e Determinacao das propriedades estruturais dos candidatos a aglomerados, bem

como idade, metalicidades, avermelhamento e médulo de distancia;
e Validacao dos métodos utilizando aglomerados simulados;

e Comparacao com os dados da literatura;



Os aglomerados da LMC 52

of the
ROYAL ASTRONOMICAL SOCIETY .

MNRAS (2016) doi:10.1093/mnras/stw 1260
Advance Access publication 2016 May 26

Physical properties of star clusters in the outer LMC as observed by
the DES

A. Pieres,!>* B. Santiago,"->* E. Balbinot,>* E. Luque,"? A. Queiroz,'-?

L. N. da Costa,>* M. A. G. Maia,>* A. Drlica-Wagner,”> A. Roodman,%’

T. M. C. Abbott,’ S. Allam,> A. Benoi‘[—Lévy,g’lO’11 E. Bertin,”>!' D. Brooks,'?

E. Buckley-Geer,’ D. L. Burke,®’ A. Carnero Rosell,>* M. Carrasco Kind,'>!3

J. Carretero,'*"> C. E. Cunha.’ S. Desai,'®!” H. T. Diehl,’ T. F. Eifler,'® D. A. Finley,5

B. Flaugher,’ P. Fosalba,'* J. Frieman,”® D. W. Gerdes,'” D. Gruen,®’

R. A. Gruendl,'>"? G. Gutierrez,” K. Honscheid,?*?! D. J. James,® K. Kuehn,??

N. Kuropatkin,® O. Lahav,'° T. S. Li,? J. L. Marshall,>* P. Martini,?*->* C. J. Miller,'*-*
R. Miquel,'>?¢ R. C. Nichol,”’ B. Nord,’ R. Ogando,>* A. A. Plazas,'® A. K. Romer,?
E. Sanchez,”® V. Scarpine,” M. Schubnell,' I. Sevilla-Noarbe,?® R. C. Smith,?

M. Soares-Santos,’ F. Sobreira,>° E. Suchyta,31 M. E. C. Swanson,!? G. Tarle,!”

J. Thaler,*? D. Thomas,?’ D. L. Tucker® and A. R. Walker®

Affiliations are listed at the end of the paper

Accepted 2016 May 23. Received 2016 May 23; in original form 2015 November 26

ABSTRACT

The Large Magellanic Cloud (LMC) harbours a rich and diverse system of star clusters, whose
ages, chemical abundances and positions provide information about the LMC history of star
formation. We use Science Verification imaging data from the Dark Energy Survey (DES) to
increase the census of known star clusters in the outer LMC and to derive physical parameters
for a large sample of such objects using a spatially and photometrically homogeneous data set.
Our sample contains 255 visually identified cluster candidates, of which 109 were not listed
in any previous catalogue. We quantify the crowding effect for the stellar sample produced by
the DES Data Management pipeline and conclude that the stellar completeness is <10 per cent
inside typical LMC cluster cores. We therefore reanalysed the DES co-add images around each
candidate cluster and remeasured positions and magnitudes for their stars. We also implement a
maximum-likelihood method to fit individual density profiles and colour—-magnitude diagrams.
For 117 (from a total of 255) of the cluster candidates (28 uncatalogued clusters), we obtain
reliable ages, metallicities, distance moduli and structural parameters, confirming their nature
as physical systems. The distribution of cluster metallicities shows a radial dependence, with
no clusters more metal rich than [Fe/H] >~ —0.7 beyond 8 kpc from the LMC centre. The age
distribution has two peaks at ~1.2 and ~2.7 Gyr.

Key words: methods: statistical — Magellanic Cloud — galaxies: star clusters: general.

also suffering from tidal interactions with the Small Magellanic

1 INTRODUCTION Cloud (SMC) and the Milky Way (MW). Given its proximity, stellar

The Large Magellanic Cloud (LMC) is a nearby dynamically active populations in the LMC are easily resolved in deep surveys, allow-
satellite galaxy, exhibiting multiple epochs of star formation, while ing us to obtain information such as ages, chemical abundances,

kinematics and distances to individual stars and star clusters. Thus,
* E-mail: adriano.pieres @ufrgs.br (AP); basilio.santiago@ufrgs.br (BS); the LMC represents an excellent local laboratory to study the ef-
e.balbinot@surrey.ac.uk (EB) fects of gravitational forces on the evolution of a satellite galaxy,
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including its star formation history (SFH) and age—metallicity rela-
tion (AMR).

A wealth of data describing the structure and stellar populations
of the LMC has been accumulated over decades of research. The
LMC is known to have a stellar disc inclined relative to the line
of sight towards its centre by i = 36-38° with a position angle
of & = 130-145°. This disc also seems to have a warp and to be
flared (Caldwell & Coulson 1986; Alves & Nelson 2000; Olsen &
Salyk 2002; Subramanian & Subramaniam 2010; Balbinot et al.
2015). A large number of studies have tried to reconstruct its SFH
and/or AMR, often in connection to the SMC (Carrera et al. 2008,
2011; Harris & Zaritsky 2009; Glatt, Grebel & Koch 2010; Indu
& Subramaniam 2011; Rubele et al. 2012; Piatti & Geisler 2013;
Weisz et al. 2013; Meschin et al. 2014).

Regarding the stellar populations and their variation as a func-
tion of position, many studies attempt to reconstruct the SFH
and/or AMR of the LMC, based on field stars (Carrera et al.
2008, 2011; Meschin et al. 2014), clusters in the relatively cen-
tral region (<10 kpc) (Olszewski et al. 1991; Kontizas, Kontizas &
Michalitsianos 1993; Geisler et al. 1997, 2007; Kerber, Santiago
& Brocato 2007; Glatt, Grebel & Koch 2010) or both (Piatti &
Geisler 2013). The results have been inconsistent, as no single SFH
and AMR applies to the entire LMC body or to clusters and field
stars alike (Carrera et al. 2011; Piatti & Geisler 2013). In a recent
paper, Piatti & Geisler (2013) analyse 5.5 million LMC field stars
and present age and metallicity trends with distance from the LMC
centre (out to 8 kpc) and an AMR. Their results are more consistent
with outside-in star formation and chemical enrichment. They also
find larger spreads in age and metallicity in the outer regions and
no clear age gap in the field star formation. Carrera et al. (2011)
investigate fields stars farther out, from 5.2 t0 9.2 kpc from the LMC
centre, and find age and metallicity gradients only for the youngest
and the most metal-rich stars. For the star clusters, Glatt et al. (2010)
fit Padova (Girardi et al. 2002) and Geneva (Lejeune & Schaerer
2001) isochrones to a sample of 1193 young LMC clusters within
4 deg of its centre and find two periods of enhanced cluster forma-
tion, at 125 and 800 Myr. They argue that these peaks in the cluster
formation rate may be connected with the last encounter of the LMC
and SMC.

In contrast with our knowledge of the inner structure and stellar
populations of the LMC, much less is known about the periphery
at distances >10 kpc. Covering the extended outer LMC regions
requires a large-area, photometric and homogeneous sample. This
has recently been provided by the early data taken as part of the Dark
Energy Survey (DES) Science Verification (SV). In this work we
aim to probe clusters in the outer LMC field in DES-SV footprint,
using a homogeneous data sample.

This paper is organized as follows: Section 2 is a brief introduc-
tion presenting the data (the DES-SV data set, its reduction and the
resulting LMC clusters sample). Section 3 describes the methods
we applied to recover cluster structural parameters and cluster stel-
lar populations. In Section 4 we tested the limits of the methods,
simulating clusters, recovery of parameters and determining uncer-
tainties. Section 5 presents our results and compares to available
literature. Section 6 provides a discussion and summary.

2 DATA

2.1 DES and SV

The DES (The Dark Energy Survey Collaboration 2005) is a
5000 deg” imaging survey in grizY bands currently being carried out

using DECam, a 3 deg? (22 diameter) wide-field mosaic camera
on the CTIO Blanco 4 m telescope with a pixel scale of 0.263 arc-
sec pixel ™! (Flaugher et al. 2015). DES will reach a characteristic
photometric depth of 24th magnitude (with S/N >~ 10 for g band,
point-like sources) and enable accurate photometry and morphol-
ogy of objects 10 times fainter than the Sloan Digital Sky Survey.
The exposure times for DES single exposures are 90 s for g, 1 i, z
and 45 s for Y band.

The DECam images are reduced by the DES Data Management
(DESDM) team, which has a pipeline to co-add and calibrate (astro-
metrically and photometrically) images and finally catalogue and
classify the objects in the images. The final co-add images are called
tiles, with a size of 0.75 deg x 0.75 deg (10* x 10* pixels). More
details can be found in Mohr et al. (2012) and Desai et al. (2012).

A substantial challenge for deep ground-based surveys is the
star/galaxy separation. DESDM performs photometric analysis with
SEXTRACTOR (Bertin & Arnouts 1996), a software package which
identifies and selects sources above a threshold based on the image
background. The blend parameter determines whether a group of
neighbouring pixels must be classified as a single source or multiple
objects (Bertin 2011). The final catalogue produces several mag-
nitude measurements (mag_auto and mag_psf, for example) and
spread_model as the main star/galaxy separator. This is based on
the difference between the best-fitting local point spread function
(PSF) model and a slightly more extended model made from the
same PSF convolved with a circular exponential disc model with
scalelength equal to FWHM/16 (where FWHM is the full width
half-maximum of the PSF model).

The DES-SV data were taken from November 2012 to February
2013 for a total of 427 h of observation. The data were intended
to test DECam capabilities and the DESDM data pipeline (cali-
bration and photometry, astrometry, image quality, pointing and
guiding, operational readiness and pipelines for supernova). The
largest contiguous area of the SV campaign was the South Pole
Telescope East field (SPT-E), which is located immediately to the
north of the LMC. This work is based on the co-add data products
from the first release processing of the SV observations (SVA1),
which includes the SPT-E region (157 deg?) in 2537 exposures.

2.2 LMC star clusters

An initial sample of LMC star clusters in the SPT-E region was
obtained by a visual inspection of the SV co-add images [Red
Giant Branch (RGB) images made co-added exposures in the g, r
and 7 bands], on a tile by tile basis. We used the Tile Viewer tool
available at the DES Science portal (Balbinot et al. 2012), which
is a web-based facility. The list of SPT-E tiles was initially split
among five of the authors with an overlap region among them.
Almost all LMC clusters were found in the southern part of the
field, which was inspected by two of us. The overlapping region
included 10 clusters found by one of the authors, eight of which
comprised the sample found by the other. Not unexpectedly, the
two extra objects were poor clusters. Despite the low numbers,
this sample overlap suggests a uniform sampling among the richer
systems analysed in Section 5.2.

After eliminating repeats from the individual searches, the orig-
inal cluster list contained 294 candidates. We then matched our
candidates with the Bica et al. (2008) LMC clusters catalogue. Our
list contains a total of 109 previously uncatalogued objects. Seven
objects included in the Bica et al. (2008) catalogue were not in
our original list. By visually inspecting their images, one of these
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objects was clearly a galaxy and another was very close to a bright
star, leaving a total of 299 cluster candidates in the SPT-E region.

The sample was further refined using the g versus g—r colour—
magnitude diagrams (CMDs; from paopHoT, see Section 2.4). 44
out of the 299 visually inspected candidates had CMDs that were
not consistent with simple or composite stellar populations, usually
containing a large fraction of faint red sources, more consistent
with galaxy clusters. The filtered subsample has 255 candidates
consistent with being star clusters. The full list is available in VizieR
database.

2.3 DES-SV stellar sample

Since the DES main goals are cosmological in nature, the sci-
ence requirements for the data are related to detecting, measuring
and characterizing galaxies, not stars. Therefore, we ran a com-
plementary diagnostic of the DES-SV stellar catalogue. Our main
concern was to investigate the completeness of the SVA1 stellar
catalogue as a function of S/N and crowding, since this aspect is
crucial to the analysis of LMC clusters presented here. For that
purpose, we used routines from IRAF/DAOPHOT (Stetson 1987), which
is the benchmark program to detect and measure stellar data in
crowded fields. Details about our paopHOT reduction and photome-
try pipeline are provided in Section 2.4. A full description of stellar
completeness in SVA1 catalogues can be found in a future technical
paper (Pieres et al., in preparation). Below we summarize our basic
conclusions:

(i) CMDs based on the stellar samples drawn from standard
pAOPHOT selection, using PSF magnitude errors and sharpness, are
similar to those from SVAI, based on spread_model cuts. In the
SPT-E fields covering the outer LMC, the CMDs from both SVA1
and paopHor clearly display the main features of the LMC field
population, such as an Main Sequence (MS) ranging from 18 < g
< 24, an old Main Sequence Turnoff at g~22.5, g—r ~0.2, a red
giant branch and a red clump with g < 22 and g—r > 0.3.

(ii) In typical DES regions, well away from the LMC, the source
density is about 1/10 of that found in regions where most star clusters
are found. In this low-density regime, as well as inside poor LMC
clusters, SVA1 completeness relative to DAOPHOT is close to 1 down
to g = 20. SVAI catalogues tend to sample fewer point sources
than paopHoOT at fainter magnitudes, but the relative completeness
varies depending on how we separate stars from galaxies in either
case.

(iii) SVAT stellar completeness is a strong function of source
density, dropping abruptly from ~0.3 to <0.1 for surface densities
>260 stars arcmin 2. In particular, the SVA1 stellar sample is very
incomplete in crowded fields, such as those close to the centres of
rich LMC star clusters. In these regions, SVA1 samples less than
50 per cent of the objects detected by baoPHOT, even at bright magni-
tudes (g < 19). Inside rich cluster cores, the SVA1 incompleteness
is large enough to cause local holes in the surface density distribu-
tion of point sources on the sky. This result is robust to the way we
separate stars from galaxies.

With these results in mind, we decided that we could not use the
SVAT catalogues inside and around the LMC clusters. However,
we used SVA1 co-add images to identify cluster candidates and its
catalogs to fit zero-points to baopHOT photometry. We also decided
to use three bands (two colours) instead of two, to better describe the
stellar locus of each cluster candidate. For reference, a comparison
of both software packages (SEXTRACTOR with PSFEX and DAoPHOT with
ALLSTAR) can be found in Annunziatella et al. (2013). In Section 2.4

The outer LMC star clusters in DES 3

we describe in detail the data reduction and analysis based on our
DAOPHOT pipeline.

2.4 DAOPHOT data reduction

As mentioned earlier, the SVA1 catalogue is incomplete in crowded
regions, such as inside LMC star clusters. To bypass this problem,
we used the SVAT co-add image products in the vicinity of each of
our candidate clusters as inputs for our own photometric extraction
based on paopHot. For each object we made an image cutout with
6.75 arcmin on a side, visually centred on the candidate, in three
bands: g, r and i.

The IRAF/DAOPHOT routines were combined into a pipeline to re-
duce DES co-add cutouts (Fig. 1). This pipeline is a set of scripts
using the tasks daofind, phot, pstselect, psf, allstar and works as
follows. First, we combined g and r images and ran daofind to de-
tect sources on these combined images; we rejected sources that
were less than 3.00 above the background. We then picked the 50
brightest sources to use as a starting template for PSF modelling
(running psf task). With the initial PSF model, we ran allstar over
all sources found and refined our initial list of stars used for PSF
fitting by choosing those whose local background is <3 counts, and
which have low magnitude error (<0.01 mag) and low chi-square
(<0.2). This procedure of refining the PSF after an initial allstar run
is meant to make the process subject to minimal human interference
(although some human decisions were still needed at times). PYTHON
and FORTRAN routines were made to select the stars and convert their
« and § coordinates to/from x and y coordinates. This conversion,
whenever needed, uses the WCS of the DESDM co-adds, therefore
preserving DESDM astrometry. The SVA1 catalogue has a typical
accuracy of 200 mas per coordinate when compared to UCAC-4,
and 100 mas for nearby sources. Using a program similar to the join
Linux command, we then composed the paopHOT catalogues from
each filter. We then added g, r and i zero-points, by taking DES cat-
alogue photometry as reference, and created the final pAOPHOT cata-
logue. The stars used for this calibration were those that satisfied the
following criteria: magerrpso < 0.03, |sharp| < 1.00 in g, r and i
filters, brighter than 20 (in g and r filters) and 19 (for i filter). The cor-
responding sources in SVA1 had to have | spread_model |<0.002
and magnitude error <0.03. The standard deviation for these
difference (|magpso — magsvai|) has typical values <0.02 for
the three filters. This small random scatter after the zero-point
correction precludes the need of adopting colour terms in the
calibration.

After the reduction, diagnostic plots were made to evaluate the
DAOPHOT catalogue completeness level and to make reduction sanity
checks. An example of these diagnostic plots is shown in Fig. 2.
Example g x [g—r] CMDs of clusters of different ages and richness
are shown in Fig. 3. Details about parameters fitting are provided
in Section 3.

The criteria we used to define sources as stars from the pAoPHOT
catalogue were magnitude error <0.1 and |sharpness| <1.00in g, r
and i bands simultaneously. Stars used for refining the PSF model
or for calibration purposes were subject to more stringent selection
criteria, as explained earlier. Our paopHOT based selection of stars
is still prone to substantial contamination by galaxies. However,
within a typical visual cluster radius this contamination amounts to
less than 2 per cent.

A parallel analysis of relative completeness (SVAl and
DAOPHOT catalogues, using the same pipeline reduction presented
here) has been reported by Balbinot et al. (2015) in their
section 3.3.
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Figure 1. Flow chart describing the paopHOT based reduction and photometry pipeline developed as part of this work. As final products, it yields a catalogue
using g, r and i magnitudes from co-add image cutouts. First, the g and r images are combined to generate a positional sources catalogue (using daofind). This
catalogue is a starting point to run phot (for aperture measurements) and pstselect (for producing a list of stars to be used in the PSF model) routines for each
filter. We pick the 50 brightest sources and run psf (that does the actual PSF modelling) and allstar (PSF fitting to all detected sources) tasks. A cleaner set of
psf stars is selected as those sources with the lowest values of chi, magerror, sky, making up a new PSF list. We reset the list and rerun psf and allstar. The
zero-point for each filter are determined comparing magnitudes of SVA1 (DESDM) and paopHor after a positional match to the DES catalogue. Last, these
calibration terms are added and the coordinates converted to o and 8, generating the final composite DAOPHOT catalogue.

sharpness

mMagpEs — WMAEDAO

3.8 | | 1 | I 1 1 L 1 | 1 | 1

1 1 L 1 1 1 1 L
14 16 18 20 22 24 26 14 16 18 20 22 24 26 14 16 18 20 22 24 26
g r i

Figure 2. Diagnostic plot for the image reduction around our LMC cluster candidate 67. The three columns refer to g, r and i filters, from left to right. The
upper row shows the paopHOT magnitude errors increasing towards fainter stars. The upper dashed line is the maximum magnitude error adopted to classify an
object as a star. The lower dashed line is the cut-off used for calibration purposes. The model PSF images are shown at the top left of these panels. In the middle
row, the sharpness parameter is plotted against the magnitudes. Again, the dashed lines limit the assumed stellar locus. The lower row shows the magnitude
differences (magpgs — magpao) for classified stars that were used for calibration (the zero-point added to pAopHOT was based in a mean of these stars). The
outliers in the bottom panels were ruled out using a 3o clipping algorithm.
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Figure 3. In order to illustrate the clusters richness in this sample, we show g x [g—r]/ CMDs for (leftmost panel) the poorest cluster in this sample
(DES001SC17 with 44 stars and 1.26 Gyr as fitted age), the young (480 Myr) BSDL2976 cluster (central panel) and the intermediate-age (2.57 Gyr) SL388
cluster (rightmost panel). Stars are colour coded by their likelihood being cluster members assuming a King profile as described in equation (9).

3 METHODS

3.1 Radial density profiles

We used the King azimuthally symmetric profile (King 1962) as
the standard model to describe the surface density profile of the star
cluster candidates:

1 1 2

Pt =k ([1 /PR +<rl/rc)211/2) ’ @
where p, is the surface number density of cluster stars, r is the
angular distance from the centre (o and §. in cutout), r. is the
cluster core radius and r, is the cluster tidal radius. The parameter
k is the profile normalization and is related to the central surface
density. The King density profile is widely used for both high and
low-mass Galactic clusters (Kharchenko et al. 2012; Miocchi et al.
2013).

The King parameters r., r, and centroid were determined using
a maximum likelihood estimate (MLE). First, we determined the
background density of stellar sources in the cutout image, pp,. We
do that by counting stars farther than two times a visually determined
cluster radius and dividing this number count by the corresponding
area. After we determined the background density, we estimated
the number of stars (N,) belonging to the cluster by following the
recipe by Martin, de Jong & Rix (2008)

N, = Niot — pog X A4, ()

where A is the cutout area and N, is the total number of stars in the
cutout. The profile normalization constant k is determined for each

profile by dividing the number of cluster stars (N,) by the integral
of the King profile from the centre to r;:

N,
k= . 3)

. i — i >
Jo' 2mrdr G = e

In the fitting process, we varied the centre position (¢, and §.) and
the parameters r. and r; (these parameters are determined from the
model profile grid), evaluating the initial estimates by eye.

The likelihood that star i belongs to the full model (King profile)
with radii . and r, and centred at . and §. and normalized to k is

1 1 ?
a=k ( 0+ Gi/rP12 [+ (rl/rc)Z]'ﬂ) o @
where r; is the radial distance of the given star from that model cen-
tre. The most likely model (defined by parameters r., r, and position
o, 8.) is the one which maximizes the log-likelihood summed over
all stars:
N
log L(re, 11, e, 8) = _ log(£), ®)
i=1
where N is N, in equation (2). Note that, in practice, stars lo-
cated outside the tidal radius of each model profile contribute to the
likelihood with £; = ppg.

3.2 Isochrone fits

We also used a maximum-likelihood approach to determine the
cluster simple stellar populations: age, metallicity, distance modulus
and reddening. As in the fit for the density profiles, the basic step
is to measure the likelihood that each star is taken from a modelled
isochrone displaced by a given distance modulus and extinction
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vector. In this work, we are using three magnitudes, g, r and i.
Thus, the distance from the isochrone in magnitude space must
be evaluated in 3D space. For this purpose, we used the PARSEC
isochrones (Bressan et al. 2012) and adopted the Galactic extinction
law of Cardelli, Clayton & Mathis (1989). The reddening is used to
constrain extinction as measured in each magnitude. As a result of
our choice, extinction is then given as

A, =3318E(g —r) (©)
A, =2318E(g —r) @)
A; = 1.758E(g — r). ®)

Note that this choice of extinction law leads to very similar results
(within the uncertainties) to a typical LMC extinction curve (Gordon
et al. 2003) for g, r and i DECam filters.

The isochrone fitting works as follows. Given the best-fitting
density profile, we first assigned a probability that star i belongs to
the candidate cluster as

PR _ palri) ) ’ 9
! (pbg+pcl(ri) ©

where py, is the background star density, as described in the previous
section. We applied a threshold cut in PX? > 0.05 to select the stars
to use in the fit. We then computed the Gaussian likelihood that a
given isochrone is the correct one describing this set of stars. We
first determined the distance of star i to isochrone j, dj;. This is the
minimum distance of the star in the M-dimensional photometric
space (in this case, g, r and i magnitudes) to the isochrone:

M 2
. = min {Z (%) } , (10)
=1 mi
where the sum is over all photometric bands, (m;;) is the closest
isochrone magnitude in band / to the observed magnitude of star i
(my;), and o, is the uncertainty in n;. The isochrone magnitudes
are already displaced by the distance modulus and reddening, both
of which are free fit parameters. To avoid numerical limitations, we
interpolate the isochrone points when determining dj;, instead of
using the discrete set of isochrone points.

Note that dj; corresponds to the highest likelihood term that the
star i is drawn from isochrone model j, which is then given by

P ! ﬁ ! ~d an
i = — |exp | =+ .
e \Ho, )P\ 2

Finally, the logarithmic likelihood that the set of N stars that satisfies
the P** > 0.05 criterion are drawn from isochrone model j can be
written as

N N N
log £; =log [[(P;P[") = " log(P)+ Y log(P™).  (12)
i=1

i=1 i=1

3.3 Optimization methods

We are dealing with a maximization problem where we want to find
the model which best describes the set of likely cluster stars. Given a
grid in parameter space of age, metallicity, distance and reddening,
we found the peak of £ (L), and we probe the 21og(L) space
around this global maximum. The 2 log(£) values behave similarly

to a x? distribution, assuming that uncertainties have Gaussian (or
similar) behaviour close to the peak. In this way we estimate the ko
confidence level in the same manner as the x 2 distribution (Lupton
1993, section 10.3). The main difference is that we include the
covariance among parameters using the profile likelihood technique
(Fisher 1956; Sprott 2000). For example, when determining the
uncertainty in the age we perform a likelihood scan where at each
value of cluster age we maximizing the likelihood with respect to the
other parameters. Thus, the ko confidence intervals are determined
when the log of the profile likelihood drops by (k*)/2 from its
maximum value. The uncertainties quoted in this work correspond
to 1o confidence level (68 per cent).

In the cases where the quoted uncertainties are smaller than the
half-bin size (as is the cases for a few metal-poor clusters), we
take the error to be the maximum of the uncertainty as computed
by the likelihood method and half of the bin size at the grid point
corresponding to maximum likelihood. The uncertainties quoted
here reflect the statistical uncertainty in the model fit, and do not
include any systematic uncertainties in the derivation of synthetic
isochrone models (e.g. Bressan et al. 2012).

‘We test our profile and isochrone fitting in simulated star clusters
in Section 4. The next section presents the model grids to do that.

3.4 Model grids

The likelihood optimization methods outlined in the previous sec-
tions require a grid of models, both for the structure (profile fitting)
and for the other physical parameters (CMD fitting).

The LMC clusters vary in size by about an order of magnitude, as
will be shown later in this paper. Therefore, it was not possible to use
a single grid in r, and r, for all clusters. Furthermore, initial guesses
from visual estimates were not always useful in constraining an
optimal range in core and tidal radii. As a result, the profile fits were
carried out interactively, with a size grid that varied from one cluster
to the other. The central positions were allowed to vary within +r,/4
as taken from the previous iteration, until convergence. We define
convergence to occur when the algorithm indicates a likelihood
maximum close to the centre of the parameter’s range. For some
candidates, the range in r; continuously increased and reached the
limit of the cutout (much greater than the visual radius), which
means the set of stars does not present a clear overdensity. These
cases were removed from our catalogue.

The CMD fits were carried out with a fixed initial set of isochrones
from which we built a likelihood map for each cluster. This initial
grid covers the range 8.12 <log[age(yr)] <10.12 with 10 equally
spaced age steps of A log[age(yr)] = 0.2. Metallicity varies within
0.0002 <Z <0.019 in 23 values: 0.0002 <Z <0.0008, step=0.0002;
0.001 <Z <0.019, step=0.001. The other dimensions are 18.2 <(m
— M)y <18.8 with A(m — M), = 0.03 and 0 <E(g — r) <0.2 with
AE(g — r) = 0.02. This grid is the same for real and simulated
clusters.

We scanned the entire initial grid, searching for a global
likelihood maximum. We then defined another model grid
around this maximum, which is narrower in log[age(yr)], cov-
ering log[age(yr)]mix — 0.4 <log[age(yr)] <log[age(yr)]max + 0.4
with A log[age(yr)] = 0.02, where log[age(yr)]max is the age cor-
responding to the likelihood peak in the initial grid. Metallicity in
this thinner grid was restricted to £4 steps around the maximum
likelihood value in the initial grid. Reddening and distance modulus
were allowed to vary by +0.05 and £0.1, respectively, with 10 steps
in each axis, from their initial best solution.
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Figure 4. Example of the recovery of structural parameters for a simulated cluster (r = 1Gyr and Z = 0.010). The most likely parameters (using the DECam
plate scale = 0.263 arcsec pixel ") are . = 0.33 arcmin, r, = 1.60 arcmin, k = 536 stars arcmin~2. Top left: likelihood maps for grid in r. and r,. Top right:
2log £ map for centre position (top-left and right-hand plots share same colour bar). Black dashed lines in both top panels show limits for 1o, 20 and 3o
confidence levels. Bottom left: on-sky distribution of stars, colour coded according to likelihood. Bottom right: binned profile (blue circles) and the best-fitting

model profile (solid red line).

4 CLUSTER SIMULATIONS

‘We first tested the fitting methods for density profiles and isochrones
described above using simulated data.

We built artificial star clusters using Gencmp! and we inserted
the synthetic stars into a typical LMC field. This code generates
simple stellar populations («, §, magnitudes and magnitudes errors)
given an initial number of stars, a mass function, a spatial density
profile, a set of isochrones, filters and typical magnitude uncertain-
ties. Here we used the Kroupa mass function (Kroupa 2001), King
profile (King 1962) and PARSEC models (Bressan et al. 2012) for
DECanm filters (g, r and 7). The positions of the synthetic stars are
randomly chosen from the King profile for some choice of r., r,
and density normalization k. Their magnitudes are also randomly
picked given the chosen isochrone model (age, metallicity, distance
and reddening) and mass function. We used the same extinction law
as cited above for DES bands and a typical magnitude error curve
for each filter.

We simulated star clusters at a fixed distance modulus of (m —
M), = 18.5 and no reddening. The simulated clusters were all cut
atg <24 and o, ,,; <0.1. These photometric uncertainties were as-
signed to the synthetic stars following empirical curves as a function
of gri magnitudes taken from Balbinot et al. (2015). For simplicity,
we did not simulate unresolved binaries. We also used a fixed con-

! https:/github.com/balbinot/genCMD

centration parameter typical of LMC clusters for all the simulations,
logo(ri/re) = 0.6 (Werchan & Zaritsky 2011).

We produced sets of clusters with different richness levels, vary-
ing the number of stars but keeping tidal radius constant (for a same
set of simulations). Each set had six clusters, resulting from the
combination of two bins in metallicity (metal-poor, Z = 0.0002;
and metal-rich, Z = 0.010) with three bins in age (young, 1 Gyr;
intermediate age, 5 Gyr; and old, 10 Gyr).

All clusters in a set were simulated with a variable number of
input stars in GeNcmp. The final number depends on several factors,
including distance, magnitude and colour cut-offs, photometric er-
rors, age and metallicity. A first set was run for clusters with a
total of 1200-5400 input stars following a King profile with r, =
94 arcsec. The number of stars in the output varied from 88 to 151.
Fig. 4 presents the results for application of the method for a sim-
ulated cluster with © = 5 Gyr, Z = 0.010, r. = 20 arcsec, r, =
94 arcsec and 137 stars, centred in the image centre. The recovered
structural parameters are r. = 20 arcsec and r, = 96 arcsec and
the best-fitting centre is offsets Ax = 4.3 arcsec and Ay = 0.6 arc-
sec, using the method described above (Section 3). The method is
also very efficient in recovering the input isochrone (Fig. 5, upper
panels).

To probe the limitations of the methods to cluster richness we
simulated additional, poorer clusters. One of these runs simulated
six small clusters (r, = 48 arcsec), with 21-38 stars in the out-
put, following the same ratio p./N (p. = central density and
N the cluster total star count). As shown in the bottom panel
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Figure 5. Synthetic CMDs for six clusters inserted in an LMC field in three bands (g,  and i). The clusters are combinations of young (1 Gyr), intermediate
age (5 Gyr) and old ages (10 Gyr) with two metallicities (Z = 0.0002 and 0.010). Stars whose likelihood to belong to a cluster is greater than 0.05 are shown
in colour (and black outline), while background stars are shown in grey. The generating isochrone (dashed blue line) and the recovered isochrone (solid red
line) are overlaid to the data. Top: clusters with 88—151 stars. Bottom: clusters with 21-38 stars. The method fails to recover cluster parameters of old and
sparse clusters (clusters with 22 and 36 stars, respectively). Young and intermediate age clusters (which represent the majority of LMC clusters sample) are
well recovered even for a small number of stars.
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Figure 6. Errors in parameter recovery as a function of number of stars in simulated clusters. Top panels: relative errors in core radius and tidal radius; middle
panels: relative errors in age and absolute error in metallicity; bottom panels: errors in distance modulus and E(g—r), in magnitude units. The dashed blue line
shows the adopted minimum cluster richness of 44 stars in the actual LMC sample.

of Fig. 5, the method fails to correctly recover the old clusters
(which have, respectively, 22 and 36 stars for the low and high
metallicities).

The errors in recovering cluster parameters for all our simulated
sets are addressed in Fig. 6; we show the relative parameter errors,
as well as the estimated uncertainties. For the vast majority of
simulated clusters, the figure shows errors of <20 per cent in age and
metallicity, <10 percent in distance, and <0.05 in extinction. The
structural parameters are recovered with somewhat larger errors,
~40 percent. There is a weak dependence of the error amplitude
on cluster richness in most panels. This trend is more visible in the
1, age and [Fe/H] plots, where errors significantly larger than those
quoted above occur for simulated clusters poorer than N 2~ 40-50. A
similar behaviour is also seen in the CMD fits presented in Fig. 5, as
discussed earlier. To prevent lower quality fits from contaminating
our results, we adopt a somewhat arbitrary lower limit in richness of
N =44 in our LMC sample. We note, however, that we have only 20
clusters (=17 per cent of the sample) in the range 44—100 stars, and
that no visible trend in age, [Fe/H], distance modulus, redenning or
structural parameters is seen in this richness range. This renders the
results of our upcoming analysis (Section 5.2) robust to the exact
richness threshold adopted.

5 DES-SV DATA

In this section, we show the results of our profile and isochrone
fitting methods to the sample of LMC clusters. We first carried
out the profile fit as described in Section 3.1. Only clusters with
a L peak corresponding to r, < 6.5 arcsec and with a minimum
of Ny, = 44 member stars were used in the subsequent analyses.
The upper bound in the tidal radius is the size of the co-add image
cutout around each cluster candidate. The only exception to this rule
is the Reticulum cluster, whose tidal radius is larger than the image
cutout size but was kept in our sample for comparison with results

from the literature (Section 5.1). The richness criterion is guided by
our simulation results, as discussed in Section 4. Of the 255 cluster
candidates mentioned in Section 2.2, only 121 had their structural
parameters successfully determined by the likelihood fit. Including
the Reticulum cluster (122 candidates), the final sample available
for isochrone fitting and analysis amounts to 117 clusters. Five
clusters have less than the adopted minimum number of member
stars and are therefore below the threshold limit.

Fig. 7 presents their on-sky distribution colour coded by their
most likely tidal radius.

5.1 Comparison to literature

Before proceeding with an LMC cluster system analysis, we first
validated the methods outlined in Section 3 with DES-SV data
by comparing our LMC clusters parameters to those found in the
literature. Our comparison sample is made up of six relatively
rich clusters for which data of comparable or superior quality
are available. For NGC 1868 and NGC 2162, there are parame-
ter estimates from more than one source in the literature, while for
Hodge 4, ESO 121-03, NGC 2193 and Reticulum cluster only one
reference was found. The results are summarized in Table 1 and
Fig. 8.

The results listed in Table 1 come from a variety of different
methods and data. Most of them are based on CMD analysis, like
our own. In this sense, the fits found in previous works are not
necessarily more accurate than ours. In particular, none of those
papers are based on the same set of PARSEC isochrones used in
this work and some of them are not based on optical data, as is
the case of Grocholski et al. (2007). These issues, coupled with
variations in methodology, are probably the cause of the spread
in the parameters from different authors, or even among the same
authors, as attested by the compilation of NGC 1868 and NGC
2162 results. Even with this spread, there is a clear correlation
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Figure 7. On-sky cluster sample (circles), showing the distribution of tidal radius (in parsecs, colour coded) and the tiles sampled (complete or incompletely)
in SV campaign (red boxes). The cross (bottom) indicates the LMC centre as assumed here. The dashed line is the LMC line of nodes and solid line is the
maximum gradient distance line. From van der Marel (2001), we present the location of LMC bar (dotted line as the major axis) and its centre (‘x’) in the
maximum star surface density. The Reticulum cluster is the upper rightmost cluster.

between our fits and literature, as one can see in Fig. 8 for all the
parameters. Fig. 8 testifies that there is no strong systematic trends
in our determinations. Therefore, we conclude that the soundness
of our methodology is further corroborated based on these real data
comparisons.

For the structural parameters, we had no overlap with the large
sample of clusters measured by Werchan & Zaritsky (2011). The
only paper with a common sample is Mackey & Gilmore (2003),
who measure surface brightness profiles compared to our star den-
sity profiles. The authors describe how it is difficult to reconcile
their results with density profiles in the literature. A possible ex-
planation for this discrepancy is incompleteness, which affects the
density profile much more than surface brightness profiles, since
fainter stars have low weight in surface brightness profile while in
density profiles all stars have the same weight. The incompleteness
severely affects crowded systems, as NGC 1868 and NGC 2162, for
which we find core radii 15 and 5 times larger, respectively, than
Mackey & Gilmore (2003). For Hodge 4 (a less crowded cluster),
this ratio decreases to 3 times larger.

In Fig. 9, we show completeness curves in gri bands integrated
over the entire cutout of SL 262. We also show completeness curves
in the centres of moderately and severely crowded clusters, namely
SL 262 and NGC 1868. For that purpose, we picked a square image
(54 x 54 arcsec) centred in each cluster. For clarity, curves are only
presented for g band, but are similar at other bands. The complete-
ness levels shown correlate well with the strong discrepancies we
find with respect to Mackey & Gilmore (2003) and suggests further
that incompleteness is the dominant source of these discrepancies.

Note that rich clusters which have crowded centres make up about
15 per cent of our sample.

The completeness was estimated in our data by inserting 2.4 x
10* artificial stars in 10 realizations of the image in each band (g,
r and i) for the two clusters cited above. We then proceeded to
reduce the artificial stars in the same manner as the DES-SV data.
The inserted stars vary in the range 21.0 <g<25.0. The criteria to
recover stars are the same used to classify a source as star: errory, , ;
<0.1 and [sharpness, ;| <1.0, and a maximum deviation from
initial position equal to 0.8 arcsec.

To test whether the differences between our estimate of the core
radius and those in the literature might stem from completeness,
we used the same maximum likelihood method for the NGC 1868
profile, but selecting only stars with g < 21.5. The corresponding
core radius using the latter sample (less affected by incompleteness)
decreased to 0.58 of the value initially measured (using stars with
g < 24). The tidal radius increased 10 per cent (certainly due to
statistical variations, given the lower star counts in cluster outer
regions). We then conclude the completeness is the main cause of
difference between our determinations and those from Mackey &
Gilmore (2003).

5.2 DES-SV LMC clusters

In this section, we analyse the distribution of LMC clusters as a
function of size, age, metallicity and position in space.

Figs 10 and 11 show the results of the ML method for SL126,
which is a typical cluster from our sample. Fig. 10 has a clear



Os aglomerados da LMC

62

The outer LMC star clusters in DES 11

Table 1. Table comparing literature data and our determinations. Numbers in superscript indicate the references, while the last line to each

cluster shows the values determined in this paper.

Cluster log(age) [Fe/H] E(g—r) (m — M)y re(arcsec)
NGC 1868 8.87 + 0.10% 6.67"
8.74 + 0.30¢ —0.50 + 0.20¢
8.95 + 0.03¢ —0.40 £ 0.10¢
8.97 + 0.04/ —0.32 +£0.71/
8.95¢ —0.38¢ 0.00¢ 18.70¢
8.93" —0.38" 0.04" 18.45"
9.05 +0.03' —0.70 £ 0.10° 0.04 +0.01° 18.33 + 0.06'
9.10 £ 0.01 —0.88 + 0.04 0.09 + 0.02 18.35 £ 0.01 99
NGC 2162 8.95 + 0.10% 10.13%
9.20 4 0.12 —0.40%
9.32 +0.06/ —0.90 + 0.03/
9.117 1% —0.23 £ 0.20%
9.10 £ 0.03' —0.38' 0.03 £ 0.02 18.35 + 0.08'
9.15™ —0.46 +0.07" 0.03™ 18.58 £ 0.18"
9.11 £ 0.01 —0.88 + 0.06 0.08 + 0.02 18.36 = 0.01 55
Hodge 4 9.33" —0.55 + 0.06" 0.04™ 18.37 + 0.03" 1522
9.37 £ 0.02 —0.88 + 0.06 0.01 +£0.02 18.53 £ 0.02 50
ESO121-03 9.95" —0.91 +0.16" 0.03™ 18.12 £ 0.06™
9.99 +0.01 —1.40 +0.05 0.07 £ 0.01 18.35 £ 0.01
NGC 2193 9.30" —0.49 + 0.05" 0.04™ 18.45 £ 0.04™
9.38 +0.01 —0.70 + 0.04 0.03 +0.01 1835+ 0.01
Reticulum cluster —1.70 £ 0.10" 0.00" 18.37 £ 0.07"
10.11 — 10.18" —1.44" 0.016" 18.40"
10.10 £ 0.01 —1.88+0.10 0.00 + 0.01 18.49 £ 0.01

“Girardi et al. (1995) (CMD fitting),

”Mackey & Gilmore (2003) (Surface brightness profiles),
“Elson & Fall (1988) (CMD fitting),

40lszewski et al. (1991) (spectroscopy of red giants),
“Kerber & Santiago (2005) (HST/CMD fitting),
/Leonardi & Rose (2003) (integrated spectra),

$Kerber & Santiago (2006) (HST/CMD fitting),

hLi, de Grijs & Deng (2014) (CMD fitting and simulations),
Kerber et al. (2007) (HST/CMD fitting),

TPiatti et al. (2014) (HST/CMD fitting),

KPiatti et al. (2013) (CMD fitting),

[Geisler et al. (1997) (CMD fitting),

"MGrocholski et al. (2007) (RC and CMD fitting),

"Kuehn et al. (2013) (Variable stars).

log(£) maximum for the profile and indicates that we successfully
recovered the centre and the structural parameters of this cluster.
The CMDs in Fig. 11 are well described by the best-fitting isochrone
that resulted from the method described in Section 3.2.

The concentration and loglo(;ﬁ) histograms are shown in
Fig. 12 for all clusters. The concentration distribution is very sim-
ilar to the one shown by Werchan & Zaritsky (2011, top panel of
their fig. 14), which is based on fits to radial luminosity profiles.
Both display a broad peak around ¢ = 0.6, and another peak at very
low concentration values. In our analysis this latter peak is not as
pronounced, probably attesting a strong selection bias in favour of
clusters with high contrast to background (in this work), which will
tend to be more concentrated at a fixed richness. Another reason for
this mild discrepancy is that the authors used a radius encompassing
90 per cent of luminosity rather than the tidal radius.

The central density relative background histogram has a peak
~3.5 times background density. A small number of clusters have
densities near the background value; these are mainly located closer

to the LMC centre. In contrast, the high values for central densities
usually occur for clusters located farther from the LMC centre. The
most notable cluster in this sense is the Reticulum cluster, which
is located in a region where the stellar density is very low. This
cluster does not have a crowded central region, allowing for good
photometric parameter estimation.

The age distribution of the LMC clusters in our sample presents
two main peaks, at ~1.2 and ~2.7 Gyr. This can be seen in Fig. 13
(top-right panel). The same figure also shows ages as a function of
position on the sky (top-left panel) and distance to the LMC centre
(r; bottom-left panel). No obvious age gradient is seen in this latter
plot.

To assess the significance of the observed bimodality, we carried
out Kolmogorov—Smirnov (KS) tests based on the null hypotheses
that the observed distribution is either single or doubled peaked.
We limited the test to clusters with <4 Gyr (114 clusters from the
total of 117 clusters). We fitted the observed age distribution to
models with one and two Gaussians. We then created 1000 random
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Figure 8. Comparison between our fits and previous works for age (upper left), metallicity (upper right), reddening (lower left) and distance modulus (lower
right). The identify line is also plotted. The uncertainties are shown in the cases they were quoted in the references.
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triangles, respectively). Completeness covering central regions (a square with 53 x 53 arcsec) of SL262 (moderate crowding, dashed line and plus symbols)
and NGC 1868 (severe crowding, dotted line and cross symbols) is shown just for g band as dotted lines, plus and star symbols, respectively.

samples of ages with the same size as the real sample and following
each of these models, and applied the KS test comparing each
realization to the real distribution. The average result over 1000
realizations indicates that the real clusters do not originate from a
unimodal distribution (p = 0.009 or ~30'). Therefore, we can reject
the hypothesis that the real age distribution comes from a unimodal
distribution.

For the double Gaussian model, the best-fitting age peaks confirm
the visual estimates, corresponding to 1.2 and 2.7 Gyr, respectively.
And the average p-value over 1000 realizations is 0.25, showing
that the observed distribution is consistent with the adopted null
hypothesis in this case.

The Gaussian mixture model fit indicates two Gaussian for the
age distribution (114 clusters with age <4 Gyr) using Bayesian
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Figure 13. Top left: on-sky cluster distribution colour coded according to log(age). Top right: histogram of cluster ages shown along with unimodal and
bimodal Gaussians fitted using the method presented in Ashman, Bird & Zepf (1994). Bottom left: age versus radial distance from LMC centre. Blue circles
present the median age in four non-equal subsamples. Horizontal bars indicate the coordinate range. Vertical bars represent the standard deviation in age for
each subsample. Bottom right: age versus cylindrical coordinate R.

information criteria (BIC). We found relative weights of 0.63 and
0.37 for these Gaussians centred in 1.1 and 2.3 Gyr with standard
deviations of 0.4 and 0.6 Gyr, respectively. BIC returns as best
values 258.8 for two Gaussians against 268.2 for three and 270.4

for only one Gaussian.

We also tried to follow the recipe in Ashman et al. (1994) to
investigate the best-fitting multipeak model for the observed age
distribution in the sample. However, our fits for one, two and three
Gaussians resulted in different standard deviations: 0.43 and 0.3 Gyr

for two peaks, and 0.44, 0.12 and 0.16 Gyr for three peaks. The lack
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Figure 14. Top left: on-sky cluster metallicity distribution (colour coded). Top right: metallicity histogram. Bottom left: [Fe/H] versus radial distance from
LMC centre (grey circles). Filled circles present the median for metallicity, dividing the distance range in four non-equal subsamples (blue dots are placed at
each subsample median distance). Vertical bars represent the metallicity dispersion (standard deviation) for each subsample. Horizontal bars are the subsample
range in radial coordinate (r or R). Bottom right: metallicity (Fe/H) for cylindrical coordinate R (radial distance projected on disc).

of homoscedastic distributions in the current situation rendered any
the results from the method by Ashman et al. (1994) less reliable,
as discussed in Ashman et al. (1994) and Nemec & Nemec (1991).

Given the observed bimodality in the age distribution, we split
the sample into two classes, of clusters younger and older than
2 Gyr. We calculated a mean r for these two age classes, obtaining
¥ = 6.87 and 6.42 kpc, respectively.

We also computed cylindrical coordinates of each cluster based
on an LMC disc model from Balbinot et al. (2015). These authors
fit the DES-SV field stars distribution and derive the disc position
angle and inclination with respect to the sky. The LMC centre and
heliocentric distances were kept fixed in the fit at oy = 79240, §,
= —69:03 (Nikolaev et al. 2004) and Dy c = 49.9 kpc (de Grijs,
Wicker & Bono 2014). To determine the cylindrical coordinates, we
used the transformations presented in Weinberg & Nikolaev (2001).
In the lower-right panel of Fig. 13, we plot the ages against the R
coordinate, along the disc plane, and again infer an essentially flat
relation. The R values for our two age subsamples are 5.92 and
5.79 kpc for the younger and older clusters, respectively.

Our sample covers an unprecedented range in distances from the
LMC (from ~4 kpc out to ~13 kpc), reaching out to previously un-
explored outer LMC regions. The clusters age distribution presented
here is complementary to that shown by Piatti & Geisler (2013),
who study field stars in regions corresponding to deprojected dis-
tances in the range from ~0.5 kpc out to 8 kpc. Those authors
favour an outside-in star formation in the sense that old (and metal-
poor) stars tend to be located in the outer disc, whereas younger
stars (also more metal-rich) tend to inhabit the inner LMC regions.

This age trend with distance, however, is largely restricted to the
inner 4 kpc. Beyond that, their relation between age and distance is
flat, similar to what is found with the LMC clusters studied here.

Fig. 14 shows similar plots for metallicity. Most clusters in our
sample are metal poor Z <0.004 ([Fe/H] <—0.7) as Fig. 14 shows
in upper-right panel. Unlike age, there is a clear trend in metallicity
as a function of distance from the LMC centre (bottom panels).
The two-sided p-value for a statistical hypothesis test (whose null
hypothesis is that the slope is zero) is 10~® for R and 10~ for r. We
conclude we can reject the null hypothesis.

The median metallicity systematically drops by a factor of
~2 from r = 5 to 10 kpc. Clusters with —1.5<(Fe/H)<—1.0 are
distributed over the entire radial distance range. On the other hand,
Z > 0.005 clusters ([Fe/H] > —0.6) are only found for r <8 kpc.
A larger metallicity spread in inner fields has also been found by
Piatti & Geisler (2013) for LMC field star population. However, for
the range of distances in common with their study, our results are
in disagreement in the sense that the clusters have a larger spread
than the field stars at a fixed distance from the LMC centre.

The AMR is plotted in Fig. 15, where we compare the AMR from
our data (blue filled dots) to the one from Piatti & Geisler (2013,
open boxes for LMC field stars and filled boxes for LMC clusters).
In general, the AMR from those authors corresponds to an upper
envelope to the cluster AMR presented here. In particular, our sam-
ple includes young clusters with a very large range in metallicities,
reaching down to [Fe/H] ~—1.2. These are mainly the clusters
belonging to the 1.2 Gyr age peak. This young and metal-poor sam-
ple is consistent with a recent cluster formation epoch in the outer
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Figure 15. AMR for LMC clusters sample (filled circles). Open boxes (field) and filled boxes (clusters) are from Piatti & Geisler (2013, fig. 6 in that paper).

regions of the LMC sampled in this paper, contrasting a relative
low SFR in these areas (Meschin et al. 2014). This large spread at
relatively young ages contrasts with the lack of metal-rich clusters
at larger ages.

Our results are in agreement with Livanou et al. (2013), who
analysed a sample of 15 LMC clusters spread all over the galaxy.
On the other hand, the field stars AMR relation from Carrera et al.
(2011) lead to higher metallicities at a fixed age than those typically
inferred for our sample of outer LMC clusters, at least for ages
>3 Gyr. The discrepancy is not caused by the different ranges
in distance to the LMC centre, since most of our clusters are
closer to 8 kpc, similarly to their sample. This is another exam-
ple of a discrepancy between results based on field and cluster
stars.

In Fig. 16, we compare the AMR for our sample of outer LMC
star clusters to the most accepted models used in literature for
the LMC chemical evolution. Briefly, the model from Pagel &
Tautvaisiene (1998) is based on a bursting model assuming a con-
stant star formation rate for clusters in the range 1.6 <t <3.2 Gyr.
In that model, the metallicity increases for clusters younger than
1.6 Gyr and this feature reasonably describes the upper metallicity
limit for the younger clusters studied here, as well as the old and
most metal-poor clusters. The Harris & Zaritsky (2009) model is
based on the sTarrFisH analysis code, using bright field stars. Their
results describe an initial burst of star formation and a quiescent
epoch from approximately 12 to 5 Gyr ago. Star formation then
resumed and has proceeded until the current time at an average rate
of roughly 0.2 Mg yr~!. Among the global variations in the recent
star formation rate they identify peaks at roughly 2 Gyr, 500, 100
and 12 Myr. This latter model better represents the younger clus-
ters in our sample. Palma et al. (2015) study a sample of clusters
located in an inner LMC region and whose AMR is bracketed by
the two models. Those authors argue that a combination of both
models is a more adequate description of their sample than a single
model. Our sample, on the other hand, shows a sizable fraction of

relatively young clusters with lower metallicities than predicted by
either model.

Fig. 17 shows the results for the reddening values obtained from
the ML fits. The sample of clusters is systematically decreasing
towards larger extinction. The majority of the clusters have E(g —
r) <0.10. Using the maps from Schlegel, Finkbeiner & Davis (1998)
and the reddening law from Cardelli et al. (1989), the typical values
towards these clusters are in the range 0.04 <E(g — r) <0.10, which
is in general agreement with the fitted values. There is no strong
trend in E(g — r) values with distance from the LMC centre.

6 DISCUSSION AND SUMMARY

Here we summarize our main results.

(i) We scanned the DES-SV images to search for stellar overden-
sities in fields close to the LMC, identifying 255 cluster candidates.
‘We catalogued and matched this sample to the star clusters cata-
logue from Bica et al. (2008), adding clusters already discovered
and identifying unknown clusters. We used DES-SV co-add images
in g, r and i bands to make square cutouts (with 6.75 arcmin on a
side) around each candidate.

(i) We found that stellar completeness in DES-SVAI catalogue
is a strong function of source density, sharply dropping to <O0.1
for surface densities >260 stars arcmin~2. The DES-SVALI stellar
sample is very incomplete in crowded fields, such as those close to
centres of rich LMC star clusters, where DESDM detects less than
50 per cent of the objects detected by DAOPHOT.

(iii) To reduce stellar incompleteness in crowded fields, we de-
veloped a pipeline to reduce data using paopHot. The pipeline
combines g and r images and runs PSF selection and photome-
try in a largely automatic way. Using stars with good photometry
in both catalogues, we compared the final paopHOT magnitudes to
DES-SVAL, determining a zero-point. The agreement is very good
and on average DES-SVA1 and paopHOT photometry agree within
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Figure 16. Two models for the LMC chemical evolution history are compared to the AMR for outer LMC clusters (filled circles). The model from Harris
& Zaritsky (2009) is shown as a dashed red line, whereas the solid green line shows the Pagel & Tautvaisiene (1998) model. Box: zoom in over the region
indicated, showing the young and metal-rich clusters compared to both models.
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Figure 17. Top left: on-sky cluster distribution colour coded according to E(g—r). Top right: distribution of E(g—r). Bottom: reddening versus radial distance
from LMC centre (left) and versus cylindrical coordinate R (radial distance projected on disc) at right.

0.02 in three bands, without the need for a colour term. We selected
stars as sources from paopHoT reductions with g,z errors <0.1 and
|sharpness, , ;| <1.

(iv) We applied a maximum likelihood estimation approach to fit
the stellar density profile to a King model (King 1962), following a
recipe similar to that of Martin et al. (2008). This method is robust
to determine centre position, core and tidal radii. As output, for each
cluster candidate we listed the stars within the tidal radius, along

with their probability to belong to cluster candidate (P*P). From
the initial sample containing 255 cluster candidates, only 121 had
their structural parameters successfully determined by the profile
likelihood fit.

(v) We compared the stars with PP >0.05 to Bressan et al. (2012)
isochrones, varying reddening and distance moduli in a two-step
refined grid search. The final grid allows a more refined scan of
parameters space around the MLE peak given by the initial grid.
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The uncertainties are estimated from the likelihood distribution
around peak. We used the results from this method for both global
and structural parameters.

(vi) We tested our inference methods, by inserting simulated
cluster stars (using GENcMD) in a typical LMC field and proceeding
through the same steps as for real clusters. We varied the input
number of simulated stars, reaching a minimal number of ~40-50
cluster stars necessary to recover the generating isochrone. When
a threshold on the minimum number of stars is applied, the LMC
cluster sample decreases from 121 to 117 clusters, which is the final
number of clusters used in the analysis.

(vii) We compared our method to results from data from the
literature. The agreement is usually within the uncertainties, with
a few exceptions in distance modulus, metallicity and core radii,
and an excellent agreement for ages and reddenings. None of the
comparison papers from the literature are based on the same set
of PARSEC isochrones used in this work or even in optical data.
These issues and the variations in methodology, are probably the
cause of the discrepancy in the parameters from different authors.
Given we are dealing with a homogeneous photometric sample, we
conclude that our method is corroborated based on these real data
comparisons (literature and our results).

(viii) The cluster age distribution presents two main peaks in 1.2
and 2.7 Gyr. We run statistical KS tests to probe the bimodality
significance. The tests confirm that a two-peaked age distribution is
more consistent with the observed distribution, and rule out that the
data follow a single peak age distribution. Splitting the sample in
clusters younger and older than 2 Gyr and calculating a mean radial
distance to each subsample, the difference is not sensitive whether
considering R (5.92 and 5.79 kpc) or 7 (6.87 and 6.46 kpc). This
conclusion agrees to Piatti & Geisler (2013), who found a flat age-
distribution for fields with radial distances >4 kpc.

(ix) Metallicity presents a clearer radial trend, both in terms of
the average metallicity or its dispersion. Metal-rich clusters ([Fe/H]
>—0.6) are concentrated within r <8 kpc, whereas the most metal-
poor clusters are found over the entire distance range.

(x) The AMR for LMC clusters differs from LMC field stars
AMR (from Piatti & Geisler 2013) in the sense that the latter form
an upper envelope in metallicity for age distribution. The same
feature is shown in Livanou et al. (2013), as the presence of young
clusters (1 Gyr) filling the range from most metal rich down to
[Fe/H] ~—1.2.

(xi) Regarding the LMC chemical evolution model, our sam-
ple shows more young metal-poor clusters than are predicted by
the models of Pagel & Tautvaisiene (1998) and Harris & Zaritsky
(2009). Apart from this, our results are in broader agreement with
the models.

The discovery of 28 previously uncatalogued clusters (with pro-
files and models determined here) is proof that the list of LMC
clusters is not complete, mainly in its less scrutinized outskirts.

It is expected that the final DES release will provide deeper
photometry, reaching further into the clusters’ MS and decreasing
uncertainties for their SubGiant Branch and RGB stars, even the
final release footprint will not cover same SV footprint. We plan
to explore these data in greater depth, extracting more information
about the LMC clusters, including the identification of extended
main-sequence turnoffs, modelling binarism, better constraining
their shapes and assessing the correlations among different cluster
properties.

The cluster (and star) formation rate may be enhanced by tidal
gravitational interactions (in this case, SMC-LMC or Galaxy-

LMC). While the gravitational interaction between the Galaxy and
the LMC is a controversial issue (see for example Kroupa & Bastian
1997; Kallivayalil et al. 2013), there is a consensus for the SMC-
LMC orbit period being >~2 Gyr. In this sense, the age distribution
of clusters as shown in Fig. 13 favours a strong gravitational inter-
action that occurred 1.5 Gyr ago, coinciding with the SMC-LMC
pericentric passage predicted by the ‘best orbital model” described
in Bekki & Chiba (2005). The secondary peak at 3 Gyr is less pro-
nounced, likely as a result of clusters disruption effects. Therefore,
the relative peak heights provide an estimate of the half-life for
these outer LMC clusters. As for the older clusters, they may result
from processes taking place during the early evolution of the host.
A problem of this scenario is that the metallicity predicted for clus-
ters in the aforementioned simulations (where clusters formed from
gas clouds pre-enriched by the formation of field stars) is higher
than for LMC field stars, which is in disagreement with the results
presented here. This discrepancy may be attenuated considering an
inefficient gas mixing at the LMC outskirts.

Other photometric surveys are currently focused on the Magel-
lanic Clouds, such as the Vista Magellanic Survey (Cioni & the
VMC team 2015) and the Survey of the Magellanic Stellar History
(Nidever & Smash Team 2015). Merging these data sets should
result in a more complete picture of the Magellanic star clusters
system and outer stellar populations. As these more remote re-
gions should be strongly affected by the gravitational interaction
involving the Galaxy, the LMC, the SMC and other dwarf galaxies
sharing similar orbits and location, these combined surveys should
be useful constraints to N-body simulations describing the origin
and evolution of the Magellanic System.
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The outer LMC star clusters in DES
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Capitulo 4

SMCNOD

4.1 Introducao

Com o aumento do campo do DES com o catalogo Y2Q1, nossa intencao foi fazer
uma busca automatica por subestruturas estelares estendidas, tendo como escopo o
trabalho de Torrealba et al. (2016): a descoberta de Crater 11, uma galdxia ana com
raio de meia-luz em torno de 30 minutos de arco (equivalente a 1,1 kpc), tornando
este objeto o quarto maior satélite da Via-Lactea, sendo apenas ultrapassado pelas
Nuvens de Magalhaes e pela ana de Sagitario.

Com a descoberta de um objeto situado a 8 graus (relativamente distante) do
centro da SMC, nossa intencao era a de determinar se este objeto, entao batizado
de SMCNOD (Small Magellanic Cloud Northern Over-Density), se destacaria do
halo estendido de estrelas da SMC detectado por Nidever et al.|[2011. Foi gracas a
colaboragao com o DES e a presenga de um outro levantamento (MagLiteS, no seu
primeiro round de imagens) que objetiva o imageamento completo das cercanias da
LMC nas bandas g e r, também utilizando a DECam, que pudemos levar a contento
nosso projeto. Logo depois da descoberta da SMCNOD, os campos adjacentes foram
imageados e reduzidos pela colaboracao MagLiteS. Em menos de duas semanas, nos
integramos os campos imageados pelo MagLiteS ao catalogo DES-Y2Q1, determi-
nando os pontos zero para cada imagem e melhorando a fotometria se havia mais de
uma observagao (area de sobreposicao). O catélogo final revelou que a SMCNOD é
uma sobredensidade na area limite do halo estendido de estrelas. Além do DES, este
paper passou pela revisao do grupo do MagLiteS, com muitos valorosos comentarios
por parte principalmente de Roland van der Marel, Gurtina Besla, Carme Gallart,
David Martinez-Delgado, Knut Olsen e David Nidever.

A SMCNOD mostrou-se composta praticamente por uma populacao de 6 bilhoes
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de anos, comum a SMC, sendo uma pequena parte representada por uma populagao
mais jovem. Outro fato importante é que o levantamento da regiao do entorno
mostrou que o halo estelar estendido da SMC é uma realidade, embora tenha sido
sondado apenas em campos esparsos por Nidever et al.|2011.

Um dos pontos mais importantes na descoberta deste objeto é que as interagoes
de maré, como as que formaram a Ponte de Magalhaes, sempre produzem subestru-
turas simétricas (ver referéncias no artigo anexo). Embora a Ponte de Magalhaes
seja conhecida hé bastante tempo, nao foi descoberta nenhuma outra subestrutura
semelhante com tao grande escala que pudesse servir de contrapartida a formacao
da Ponte de Magalhaes. Dada a grande extensao da SMCNOD (6° x 2°), este objeto

é um forte candidato a ser esta contrapartida para uma forte interacao SMC-LMC.

4.2 Resumo das atividades desenvolvidas em relacao
a SMCNOD

Aqui fornecemos uma lista de tarefas desenvolvidas ao longo do artigo:

e Desenvolvimento de uma ferramenta para a deteccao de sobredensidades es-
telares extendidas, com a deteccao dos principais objetos estelares conhecidos

(aglomerados globulares e galdxias anas);

e Determinacao da populacao da SMCNOD, via comparacao visual com a isdcrona

e utilizando dados da literatura como referéncia para idade e metalicidade;

e Complementagao dos dados do DES-Y2Q1 com os dados do MagLiteS, nas
bandas g e r. Os dados foram primariamente reduzidos, ainda no formato da
DECam, e entao unidos, retiradas as fontes duplas, subtraidas as extingoes e

ambas as bandas e determinado o ponto-zero;
e Uma andlise de densidade foi feita utilizando um filtro isocronal;

e Os dados de densidade foram comparados com os dados de|Nidever et al.| (2011))
utilizando um campo em comum entre os dados daquele autor e nossos dados,

mostrando que a SMCNOD é a maior densidade estelar aquela distancia da
SMC;

e Um perfil eliptico exponencial foi ajustado a SMCNOD, determinando seus

componentes estruturais;
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e Os mapas de gds nao mostraram uma sobredensidade sensivel de gas, o que
pode indicar que a SMCNOD sofreu retirada de gas via tidal stripping ou
que suas estrelas foram retiradas da SMC, trazendo uma quantidade muito

pequena de gas;

e A fungao de luminosidade da SMCNOD é muito semelhante a da SMC, o que
é um argumento a favor de que este objeto foi retirado por forcas de maré da
SMC;

e L feito uma profunda anélise da literatura, indicando as origens possiveis para
a SMCNOD.

A anédlise da SMCNOD culminou com a publicacao do artigo (Pieres et al., |2017)
em junho deste ano. O artigo é reproduzido na sequéncia deste capitulo, onde hé
uma maior discussao a respeito das possiveis origens da SMCNOD, bem como uma

andlise mais aprofundada do objeto.
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ABSTRACT

We report the discovery of a stellar overdensity 8° north of the centre of the Small Magellanic
Cloud (SMC; Small Magellanic Cloud Northern Over-Density; SMCNOD), using data from
the first 2 yr of the Dark Energy Survey (DES) and the first year of the MAGellanic SatelLITEs
Survey (MagLiteS). The SMCNOD is indistinguishable in age, metallicity and distance from
the nearby SMC stars, being primarily composed of intermediate-age stars (6 Gyr, Z=0.001),
with a small fraction of young stars (1 Gyr, Z=0.01). The SMCNOD has an elongated shape
with an ellipticity of 0.6 and a size of ~ 6° x 2°. It has an absolute magnitude of My = —7.7,
m = 2.1 kpc, and py(r < ry) = 31.2 mag arcsec 2. We estimate a stellar mass of ~10° Mo,
following a Kroupa mass function. The SMCNOD was probably removed from the SMC disc
by tidal stripping, since it is located near the head of the Magellanic Stream, and the literature
indicates likely recent Large Magellanic Cloud-SMC encounters. This scenario is supported
by the lack of significant H1 gas. Other potential scenarios for the SMCNOD origin are a
transient overdensity within the SMC tidal radius or a primordial SMC satellite in advanced
stage of disruption.

Key words: galaxies: interactions — Magellanic Clouds.

1 INTRODUCTION

The Magellanic Clouds (MCs) are a rich and nearby system where
we can observe dynamic evolution as well as the results of star
formation throughout time. The system also includes the Mag-
ellanic Stream (MS), an H1 gas stream (Mathewson, Cleary &

* E-mail: adriano.pieres @ gmail.com; adriano.pieres @ufrgs.br

© 2017 The Authors

Murray 1974) connected to the MCs spanning at least 200° on
the sky (Nidever et al. 2010), where no stellar counterpart has yet
been identified (Recillas-Cruz 1982; Guhathakurta & Reitzel 1998).
Other important structures belonging to this system are the Mag-
ellanic Bridge, containing neutral hydrogen, stars and star clus-
ters linking the MCs (Irwin, Demers & Kunkel 1990; Grondin,
Demers & Kunkel 1992; Bica et al. 2015) and the Leading Arm
(LA) or Leading Arm Feature, a gas stream on the opposite side of
the MS.

Published by Oxford University Press on behalf of the Royal Astronomical Society
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Given the higher velocities (than previously estimated) for the
MCs in recent works (Kallivayalil et al. 2006a; Kallivayalil, van der
Marel & Alcock 2006b; Vieira et al. 2010; Kallivayalil et al. 2013), it
is thought that the MCs are completing their first passage around the
Milky Way (MW). This conclusion is supported by proper motion
measurements using HST (Kallivayalil et al. 2013) and Gaia data
release 1 (van der Marel & Sahlmann 2016). Thus, the gravitational
interaction between the Small and Large Magellanic Clouds (SMCs
and LMCs, respectively) may be playing a larger role than the MW
in triggering star formation.

In the recent decades, a wide range of dynamical simulations of
the MCs has improved our understanding of their substructures, tak-
ing advantage of more reliable proper motion measurements, among
other enhanced initial conditions (e.g. masses, gas fraction, elliptic-
ity, stellar disc scalelength). Using N-body simulations, Connors,
Kawata & Gibson (2006) reproduced the MS and LA as substruc-
tures formed through tidal interaction between the clouds. Their
work reproduced for the first time the spatial and kinematic bifur-
cations in the LA and in the MS. The MCs simulations of Bekki &
Chiba (2007) over the last 800 Myr are able to reproduce the off-
centre bar and the H1 spirals in the LMC. They also predict that a
substantial number of SMC stars could be transferred to the LMC to
form diffuse halo components around that galaxy. Restricting their
study to the SMC, Bekki & Chiba (2009) designed chemodynamical
simulations, using an SMC ‘dwarf spheroidal model’ (an extended
H1 gas disc and a spherical distribution for old stars), which they
argue is a better description of the stellar and gas kinematic prop-
erties. In their fiducial model, the final distribution of old stars is
more regular (spherical) than that of the younger stars (which form
basically a bar-like structure). Diaz & Bekki (2012) simulate a large
set of models based on proper motion data from Vieira et al. (2010)
and Kallivayalil et al. (2006b,a), predicting two main encounters
between the SMC and the LMC (260 Myr and 1.97 Gyr ago), sug-
gesting a joint history for these galaxies. In their simulations, the
first encounter forms two substructures: the Magellanic Bridge and
a less obvious structure called Counter-Bridge. Besla et al. (2012)
present two models for the Magellanic System, designed to explain
the MS as the action of LMC tides on the SMC. In their models,
the LMC is a one-armed spiral and features as well as a warped,
off-centre stellar bar as a result of the gravitational interaction.

The possible association between the MCs and ultrafaint dwarf
galaxies recently discovered in the Dark Energy Survey (DES; The
Dark Energy Survey Collaboration 2005) footprint has revived the
search for dwarf galaxy satellites of the LMC or SMC (Deason
et al. 2015; Drlica-Wagner et al. 2015, 2016; Koposov et al. 2015;
Jethwa, Erkal & Belokurov 2016; Sales et al. 2016). The recent
discovery by Mackey et al. (2016) of a stellar cloud with a length
of 10 kpc within the LMC tidal radius (and an additional extension
farther west of the LMC) shows that the exploration of the outer
area of the MCs has an important potential for new discoveries.
It also reinforces the idea that newly discovered structures can be
used to trace the gravitational interaction history of the MCs. Besla
et al. (2016) suggest that the existence of stellar arcs and multiple
spiral arms in the northern LMC periphery (without comparable
counterparts in southern regions of the SMC) could be attributed to
repeated close interactions between the LMC and the SMC. A large
number of simulations predict clumpy substructures formed by a
spheroidal distribution surrounding the SMC (see e.g. the references
listed in Section 4.3), though there is no specific prediction of
overdensities as large as those presented here. Nevertheless, the
discovery of this structure reinforces the scenario where the LMC
and the SMC have had recent and drastic encounters.

MNRAS 468, 1349-1360 (2017)

Table 1. List of bands and central positions
for each MagLiteS DECam exposures used in

this work.

Band al(®) 8(°)

g 14.092 —65.826
10.690 —65.029
7.280 —65.861
10.804 —66.803
9.789 —65.893
13.324 —66.744
16.504 —65.664
13.055 —64.994

r 14.114 —65.815
10.699 —65.036
7.306 —65.856
10.807 —66.783
9.792 —65.893
13.322 —66.729
16.524 —65.653
13.077 —65.004

In what follows, we report a stellar overdensity located 8° north
of the SMC centre, hereafter referred to as the Small Magellanic
Cloud Northern Over-Density (SMCNOD). The SMCNOD was
discovered in data from DES and follow-up imaging was performed
with the Dark Energy Camera (DECam; Flaugher et al. 2015) as part
of the MAGellanic SatelLITEs Survey — MagLiteS. The data sets
and criteria used to select stellar sources are discussed in Section 2.
In Section 3, we describe the analysis of the stellar populations
and the structure of the SMCNOD. We conclude by discussing
the SMCNOD stellar population and gas content, as well as its
formation and fate, in Section 4.

2 DATA

The DES data used in this work is the year-2 quick release (DES-
Y2Ql) catalogue, constructed using 26 590 DECam exposures.
The DES-Y2Q1 images were taken between 2013 August and 2014
February and between 2014 August and 2015 February, in the first
2 yr of the survey. The images cover most of the DES footprint
(5000 square degrees), with the exception of a few hundred square
degrees in the region near the South Galactic Pole. We refer to
section 2 of Drlica-Wagner et al. (2015) for a detailed description
of the data and the star selection criteria.

MagLiteS is a National Optical Astronomy Observatories
(NOAO) community survey (NOAO proposal 2016A-0366) that
is using the DECam to complete an annulus of contiguous imag-
ing around the periphery of the Magellanic System (Drlica-Wagner
et al. 2016).

The MagLiteS data used here are composed of 16 DECam 90 s
exposures in the g and r bands. The positions for each MagLiteS
DECam exposure are listed in Table 1. The MagLiteS exposures
were taken in 2016 June 27, in an effort to enlarge DECam coverage
in the SMCNOD region. MagLiteS images were reduced using the
Dark Energy Survey Data Management (DESDM) pipeline, and
source detection was performed separately on each exposure.

To assemble a combined DES-Y2QI and MagLiteS source
catalogue, we first set the zero-points by comparing DES-Y2QI
bright stars to individual MagLiteS DECam single-exposure
catalogues. Since the DES-Y2Q1 is a de-reddened catalogue,
we applied an extinction correction to each DES-Y2QI source
following Schlegel, Finkbeiner & Davis (1998). Comparison
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Figure 1. DES-Y2QI stellar density map using the HEALPIX scheme with NSIDE = 64 (0.839 square degrees), corrected by a survey coverage map and saturating
at 2 stars arcmin~2. Objects detected in the search for extended structures are explicitly labelled in the DES-Y2Q1 footprint. In this density map, we are
counting all of the DES-Y2QI stars. Inserted box: zoomed view of the SMCNOD region.

stars were selected in the magnitude range of 17 < g < 21,
|wavg_spread_model| < 0.003 and flags < 4 in each band (g
and r) in the DES-Y2QI catalogue. sPREAD_MODEL' is a morpho-
logical output from SEXTRACTOR? used to distinguish stars from
galaxies. The prefix wavg means we used the weighted average
of spread_model from individual single-epoch detections. The
maximum positional deviation (object matching between DES-
Y2QI1 and MagLiteS sources) was set to 1 arcsec. After adding the
photometric zero-points, we joined all sources from the MagLiteS
fields into a single catalogue. We then subtracted the extinction
and incorporated the final MagLiteS catalogue into the DES-Y2Q1
catalogue, to create the final DES-MaglLiteS stars list used in this
paper. We applied the same criteria used to select DES-Y2QI1
stars to filter our final sample of stars, namely using a star/galaxy
separation criterion of |wavg_spread_model r|< 0.003 +
spreaderr_model_r, flags_{g,r} <4, and magerr_psf_{g,
ry<1.

Moreover, we applied a magnitude cut of 17 < g < 23 to en-
sure high source detection efficiency on the DES-MagLiteS cata-
logue. Also, we applied a colour cut to select stellar sources with
—05<g—-—r<12.

A single 90 s DECam exposure (the DECam exposure time for
DES in g and r bands) reaches point sources with magnitudes as
faint as {g, r} = {23.6,23.2} with a signal-to-noise ratio (S/N)
equal to 10. Therefore, the faint magnitude cut adopted here results
in uniform depth at least down to this S/N level. We emphasize that
the quoted limiting magnitudes and S/N may change slightly due to
seeing and weather conditions during the observing nights.

! SPREAD_MODEL is a ‘normalized simplified linear discriminant between the
best-fitting local point spread function model and a slightly more extended
model’ as described in Desai et al. (2012).

2 http://www.astromatic.net/software/sextractor

3 ANALYSIS

The SMCNOD was discovered during a search for extended (r, >~
30 arcmin) and low surface brightness structures in the DES-Y2Q1
catalogue. We initially built density maps for the DES-Y2QI stars,
partitioning the sky into equal area HEALPIX.? We set the pixel area to
0.839 square degrees (NSIDE = 64). We then counted all DES-Y2Q1
stars within each pixel, correcting the density in each pixel by the
respective survey coverage for both g and r bands. The coverage
maps were created by using a finer grid of pixels (pixel size =
1.7 arcmin on a side, NsIDE = 2048), then checking whether or not
a pixel contains any star or galaxy and finally grouping into pixels
with 0.839 square degrees (NSIDE = 64), where the effective sur-
vey coverage area was computed. We then calculated the average
number of stars in the eight immediately neighbouring pixels (with
NSIDE = 64). The significance of any overdensity was calculated by
subtracting the average counts in the neighbouring pixels and divid-
ing the result by the square root of that average, thus yielding the
number of standard deviations (following a Poisson distribution) of
the star counts. For example, the least significant candidate has a
star count equal to 3781, whereas the average counts of the neigh-
bouring pixels is 1.0 star per arcmin? (3600 stars per square degree).
Its significance is then only 3o ((3781-3600)A/3600), presenting
an excess of 5 per cent above the mean star counts. We examined
all candidates with significance greater than 3o, which results in a
list of 314 candidates.

The highest significance candidates were mostly known globular
clusters and dwarf galaxies (see Fig. 1). However, one candidate

3 HEALPIX is an equal-area pixelization scheme for spherical surfaces (in our

case, the sky) in a certain number of pixels. This number of pixels is given
by 12 times the square of the parameter NsIDE, chosen by the user. See more
details in http://healpix.sourceforge.net/.

MNRAS 468, 1349-1360 (2017)
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Figure 2. First panel: Hess diagram for stars in the range 6° < « < 15° and —66° < § < —63°, which covers most of the SMCNOD. A stellar population with
a turnoff at g & 22 can be clearly seen. A main sequence, sub-giant branch, RGB and RC are all discernible against the foreground Galactic stars even with no
subtraction. Second panel: Hess diagram for a region at the same Galactic latitude (b = —52258) as the previous one (32° < o < 40°, —64° < § < —58225).
Third panel: subtracted Hess diagram (object minus field). Fourth panel: same as the third panel, but featuring isochronal masks of intermediate-age (young)
SMC populations bounded by the solid black (dashed blue) line, encompassing most of the SMCNOD stars by displacing the isochrone. The black rectangle
denotes the RC stars. A PARSEC model with 7 >~ 6 Gyr and Z = 0.001 (v >~ 1 Gyr, Z = 0.01) is shown in dotted black (solid thin blue) line. Both models
(intermediate-age and young) are displaced by a distance modulus equal to 18.96, following the SMC distance modulus obtained by de Grijs & Bono (2015).
Fifth panel: sample of SMC field stars with § < —67° and 10° < « < 15° minus the second Hess diagram (MW foreground stars). The data show a spread in
magnitude that is comparable between the SMC stars and SMCNOD stars. The isochronal mask for intermediate-age stars is reproduced in the last panel.

located at o« = 12° and § = — 65° was significantly higher (with
a significance of 8¢ at the highest density pixel) than the local
background, and several of its neighbouring pixels emerged in the
significance list, suggesting that the overdensity spans multiple pix-
els (insert in Fig. 1). Given its proximity to the SMC, we refer to this
overdensity as the SMCNOD. This object is located in the border
of the DES survey and so we performed follow-up imaging with
MagLiteS to cover an extra area around SMCNOD.

In the leftmost panel of Fig. 2, we plot the g versus g-r colour—
magnitude Hess diagram for the region surrounding the SMCNOD
in the DES-MagLiteS catalogue, to analyse the photometric features
of that putative stellar population. The second Hess diagram sam-
ples stars in a field with 20 square degrees, centred on [ = 304260
and b = —52760 at the same Galactic latitude as the SMCNOD
(I = 284272, b = —52:60). Subtracting the first two Hess diagrams
(and weighting by their respective areas) results in the third Hess di-
agram in Fig. 2. It is dominated by a stellar population with age 7 >~
6 Gyr and metallicity Z = 0.001 as attested by the overlaid PARSEC
model (Bressan et al. 2012) represented by the dotted black line in
the fourth panel. This model was chosen by a visual comparison to

MNRAS 468, 1349-1360 (2017)

the Hess diagram in the fourth panel. A colour-magnitude diagram
(CMD) mask is drawn (solid black lines) displacing the PARSEC
model for intermediate-age stars in g — r colour and g magnitude.
The SMCNOD distance modulus is indistinguishable from that of
the SMC (18.96 +£ 0.02 following de Grijs & Bono 2015). A PAR-
SEC model is also shown in the fourth panel of Fig. 2 (thin blue
line) to represent the blue plume of younger stars (t >~ 1 Gyr and
Z=0.01). We note that there is some overlap between both popula-
tions (younger and intermediate-age) in the lower main sequence,
red giant branch (RGB) and red clump (RC) CMD regions. In the
last Hess diagram, stars from the DES-MagLiteS catalogue with
—68° < 8 < —67° and 10° < a < 15° (the closest region to the
SMC in the DES-MaglLiteS catalogue) are sampled and the CMD
mask for intermediate-age stars is reproduced to compare the SMC
and SMCNOD stellar populations.

The PARSEC model for intermediate age is a good description of
the SMCNOD population, and we selected stars that are more likely
to belong to the object using the CMD filter described above. As a
young population is also visible in the third and fourth subtracted
Hess diagrams, we added an extra filter box to include the younger
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Figure 3. Top left: density map (each pixel has 14 x 14 arcmin, NsIDE=256) for stars filtered by the isochrone mask shown in the fourth panel of Fig. 2, in
the field surrounding the SMCNOD. Top right: the same density map as in the left, but corrected by the coverage map. Bottom: density map for young (left)
and intermediate-age (right) stellar population. Both bottom panels are corrected by the coverage map. The object in the top-right corner of each panel at o,
8 >~ {1°, —61°} is the dwarf galaxy candidate Tucana IV (Drlica-Wagner et al. 2015). Top-left panel and both right-hand panels are sharing the rightmost
colourbar, while the young population is shown in a different colourbar scale, to highlight its weak contribution.

main-sequence stars. Using both CMD filters described above (for
intermediate-age and young stars), we reanalyzed the stellar density
distribution in the DES-MagLiteS catalogue. First, we built the
stellar density map (top-left panel in Fig. 3) using NsIDE=256 (pixel
size = 14 arcmin on a side). Dividing this stellar density map
by the coverage map results in the stellar density map shown in
top-right panel in Fig. 3. We now see a stellar overdensity with a
roughly elliptical shape, mainly composed of intermediate-age stars
(comparing both bottom panels of Fig. 3) at a distance of 8° from
the SMC centre (¢ = 132000, § = —72:817).

We follow the model from Noél & Gallart (2007) to compare
the SMCNOD brightness to the expected SMC surface brightness
extrapolated to that position. They fit the SMC surface brightness
profile (in B and R bands) using three 34 arcmin x 33 arcmin
fields located southwards of the SMC, at a distance of 4.7, 5.6 and
6.5 kpc (respectively, 422, 429 and 5°8). Extrapolating their surface
brightness profile out to a radial distance of 8° from the SMC centre,
we derive an expected B-band surface brightness of up = 32.4 +
0.3 mag arcsec 2. To compare to the SMCNOD surface brightness,
we first applied a transformation of stellar magnitudes from g and
r DES bands to g and r SDSS bands, following Bechtol et al.
(2015):

gspss = gpes + 0.104(gpes — rpes) — 0.01 (eY)
rspss = rpes + 0.102(gpes — rpes) — 0.02. 2)

We then converted the SDSS magnitudes from the CMD filtered
stars to the B band, using the transformation equation from Jester
et al. (2005):

B = gspss + 0.390(gspss — r'spss) + 0.21. 3)

We evaluate the integrated B flux at the SMCNOD centre, in
the same HEALPIX pixels (NSIDE = 256) applied before, obtaining a
surface brightness of y3 = 29.7 £ 0.17 mag arcsec 2. This is almost
3 mag brighter than expected from extrapolating the main body of
the SMC based on Noél & Gallart (2007). The uncertainties were
estimated using a bootstrap method, where the stars in the central
pixel were randomly sorted (with replacement) to make up a new
estimate of the brightness in the B band. A total of 1000 such
bootstrap realizations were carried out.

Nidever et al. (2011) explored the SMC RGB distribution, us-
ing data from the MAgellanic Periphery Survey (MAPS), sampling
36 arcmin x 36 arcmin fields with the MOSAIC II Camera mounted
on the CTIO 4 m Blanco telescope, and reaching as far as 12° from
the SMC centre. They observed stars with Washington photometry
in three bands (DDO51, M and T>), as these bands are useful to dis-
criminate MW foreground dwarfs from SMC RGB stars. The best-
fitting elliptical density profile for the SMC giants sampled presents
a ‘break’ at 795 from the fitted centre (o = 152129, § = —72:720),
where the density slope abruptly decreases and the distribution of
giants begins to scatter around this flatter profile. In Fig. 4, we
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Figure 4. RGB density profile reproduced from fig. 3 of Nidever et al.
(2011). The circles are the densities (as found by those authors) colour
coded by position angle (from N to E). Also shown are the foreground
contamination level and fitted profiles. The brown square is the density
of giants as sampled in the SMCNOD centre, while the brown circle at
8%4 (indicated by a black arrow) is the field 84S341, which overlaps with
DES-MaglLiteS and which was used to re-normalize DES-MagLiteS density
scale. The SMC centre adopted here is at « = 152129, § = —722720 and a
distance of 61.94 kpc from the Sun (de Grijs & Bono 2015).

reproduce fig. 3 from Nidever et al. (2011) using colour-coded
circles according to the field position angles. The figure also re-
produces the best-fitting models, both internal and external to the
profile break.

To compare the density of RGB stars at the centre of the SMC-
NOD to the measurements of Nidever et al. (2011), we subtracted
the Galactic foreground dwarf stars contaminating the RGB locus
and we normalized our densities to the density profile shown in
Fig. 4. This second goal is achieved with the use of the only field
from Nidever et al. (2011) that overlaps the DES-MagLiteS foot-
print, which they name 84S341 and which is located 222 away from
the SMCNOD centre. Table 2 lists the positions and DES-MagLiteS
stellar densities at the SMCNOD centre, at the 845341 field and at a
field far from the SMCNOD. The three fields are at nearly the same
Galactic latitude and we assume that the difference in MW dwarf
counts is negligible. The densities listed in the second to last column
correspond to the stars falling within the intermediate-age isochrone
CMD mask described earlier with an additional colour—-magnitude
cut of g < 21 applied and with no RC stars included. We refer to
that filter as the RGB box. The first line in the last column rep-
resents the resulting RGB density after subtracting the foreground

e Fit (5.5 < 1 < 7.5°)

[ Fit (10.0 < 1 < 14.0°)

« Density of each Healpix pixel [

o SMCNOD

6 8 10 12 14

Corrected angular separation from SMC center(deg)

Figure 5. Top: stellar density (black dots) versus angular separation (cor-
rected for elliptical shape and position angle) of the SMC centre. The stellar
density was determined in each HEALPIX (NSIDE=256) in DES-MagLiteS, and
the angular separation corresponds to the elliptical exponential model from
Nidever et al. (2011). The solid red line is the fit for HEALPIX between 575
and 7°5 and solid blue line for pixels between 1020 and 1470. The grey
circles are the boxes within the SMCNOD position (cells within truncation
radius). Bottom: stellar density data divided by the model for all HEALPIX
pixels. The SMCNOD resides at the interface between exponential models,
but is discrepant from both. The radial scalelength is 1933 for the inner fit
and 10713 for the outer fit.

contamination. The bracketed density value for the 84S341 field is
the RGB density actually measured by Nidever et al. (2011). The
final SMCNOD RGB density (also shown in brackets) is then ob-
tained by applying the same ratio as in the 84S341 field (166 giants
degree™), placing it clearly above the density profile of any of the
individual fields analysed by Nidever et al. (2011) at that angular
distance (Fig. 4).

To compare the SMCNOD stellar density to the surrounding
areas, we fit two models: a profile closer to the SMC than the
SMCNOD (called the inner profile) and a profile more distant of
the SMC than the SMCNOD (the outer profile). The distances from
the SMC centre to each HEALPIX pixel were set following the Nidever
et al. (2011) elliptical exponential model. The density of CMD-
filtered stars was calculated in HEALPIX pixels with NSIDE = 256.
We fitted the inner (outer) profile for boxes between 525 and 7°5
(between 10° and 14°) from the SMC centre. The fits provide an
independent and striking confirmation of the SMC extended profile,
along with the break at >~ 8° from the SMC centre. The top panel
in Fig. 5 shows both inner (red line) and outer (blue line) fits for
the density profiles near the SMCNOD. Dividing the density by
the respective fits (bottom panel in Fig. 5), we find that the HEALPIX

Table 2. Name (first column) and position in equatorial (columns 2 and 3) and Galactic (columns 4 and 5) coordinates for three
fields: the SMCNOD centre, the field overlapping (Nidever et al. 2011) and an MW foreground field at roughly the same Galactic
latitude. The numbers in the second to last column are the stellar density after applying our CMD filters. The last column presents
the density of giants after subtracting the MW foreground density (247 stars degree2). Numbers in brackets in the last columns are
normalizing to Nidever et al. (2011), used as reference. More details are given in the text.

Field name o (®) §(°) 1(°) b(°) p stars degree’2 p giants degree’2
SMCNOOD centre 12.000 —64.800 303.529 —52.317 457 210 [166]*
845341 6.892 —64.741 307.082 —52.194 357 110 [87.2]°
MW foreground 19.928 —64.600 297.985 —52.256 247 -

Notes. “Density of giants estimated for the SMCNOD centre.

PDensity of giants from Nidever et al. (2011), used as reference. Both (¢ and ?) are plotted in Fig. 4.
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Table 3. SMCNOD properties: equatorial (o and §) and
Galactic (I and b) coordinates of the centre, ellipticity,
half-light radius, truncation radius, absolute magnitude
and surface brightness. The last two properties are in the

V band.
Property Value Unit
0.08
o 12.0000¢ deg
0.05

5 —64.801 008 deg

! 303.53 deg

b —52.32 deg
+0.19

€ 0.60Z52 -

rh 120444:;)13 arcmin

re 192 +20.0 arcmin

My —=77+£03 mag

ny(r <ry) 31.23 £0.21 mag arcsec ™2

pixels within the SMCNOD truncation radius (where the densities
decrease to the level of the background density) have notably higher
densities than those of the surrounding areas.

The structural parameters listed in Table 3 were fit using a
marginalized likelihood approach and EMCEE, an affine-invariant en-
semble sampler for Markov Chain Monte Carlo models (Foreman-
Mackey et al. 2013).* We applied the marginalized likelihood fit to
the HEALPIX pixels from Fig. 6, modelling the stellar density with a
Plummer profile (Plummer 1911).

The absolute magnitude My, was derived by adding the V flux
within the ellipse bounded by the SMCNOD truncation radius con-
verted from the g and r bands, also using equation from Jester et al.
(2005):

V = gspss — 0.590(gspss — rspss) — 0.01. 4)

To evaluate the V-band flux of the background, we added the
flux within an ellipse with the same area shifted to 3° north of the
SMCNOD and then subtracting from the SMCNOD flux in the V
band. The My uncertainty incorporates the spatial fluctuations in
the background flux and is in fact dominated by them.

The stellar mass of the SMCNOD was estimated by comparing a
luminosity function (LF) from a simulated simple stellar population
to the SMCNOD LF. The SMCNOD LF is subtracted from a field
LF immediately above the overdensity, with equal area and located
3° north of the SMCNOD centre. The subtracted LF comprises
6068 stars within the range 21.0 < g < 23.0, corresponding to the
mass range of 0.90-0.99 M. A simulated simple stellar popula-
tion (=6 Gyr and Z=0.001) with an evolved Kroupa mass function
(MF; Kroupa 2001) was generated using Gexcmp,” populating the
0.90-0.99 M mass range with the same star counts as the SM-
CNOD subtracted LF. The mass range between 0.1 and 1.02 M,
amounts to a stellar mass for the SMCNOD =~ 1.1 x 10° M, and
its resulting M/L is very close to unity (1.07 M /L). The young
population density is about one-tenth of the intermediate-age popu-
lation density and thus the computed young population mass is in-
cluded in the mass error range for SMCNOD. As a comparison, the
SMCNOD has a stellar mass comparable to Galactic Globular clus-
ter NGC 6287 (Gnedin & Ostriker 1997), but it is brighter (for NGC
6287, My = —7.36; following Harris 1996, updated 2010). Another
estimate, using an evolved MF similar to that found for Palomar 5

4 http://dan.iel.fm/emcee/current/
3 GENemp yields position, magnitude and errors with a simple stellar popu-
lation. See details in https://github.com/balbinot/gencmd.
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by Koch et al. (2004), where the fainter stars were removed from
the main body, yields an SMCNOD stellar mass ~ 8.0 x 10* Mp.
These values show how the choice of an MF changes the total esti-
mated stellar mass. Therefore, we interpret the first estimate as an
upper limit for the SMCNOD stellar mass.

The dynamical mass of the SMCNOD (m) was estimated (in the
case SMCNOD is bounded to the SMC) using equations (7-84)
from Binney & Tremaine (2008):

m 3

=3 (5) ©
where M is the SMC dynamical mass, r; is the SMCNOD tidal radius
and D is the distance between the SMC and SMCNOD centres.
Assuming the SMCNOD tidal radius as 175 (from the bottom panel
in Fig. 5) and D = 8°, we determined that m/M = 2.0 x 102, Bekki
& Stanimirovi¢ (2009) estimate that the SMC dark halo has a mass
of 3 x 10° Mg in the inner 3 kpc for a V-band mass-to-light ratio
2~ 2. This mass agrees reasonably well with SMC rotation curves.
Using this conservative estimate for the SMC mass, the SMCNOD
dynamical mass is 6 x 10’ M, a six hundred times greater than
calculated for the stellar mass. The large disagreement between the
stellar mass and the dynamical mass calculated using equation (5)
is an argument favouring the SMCNOD is a structure detached
from the SMC. The uncertainties in the SMCNOD dynamical mass
are dominated by the errors in the SMC dynamical mass, which is
estimated as about 13 per cent (Bekki & Stanimirovi¢ 2009).

The H1 gas map could provide more insight into the nature of
the SMCNOD, as well as a possible connection to the SMC. The
H1 gas column density map from the GASS Third Data Release®
(Kalberla & Haud 2015) is shown in Fig. 7. While the LMC and
the SMC H1 gas contents are obvious, there is no apparent excess
of gas associated with the position of the SMCNOD. We also use
the GASS data to look for peaks in the velocity distribution of the
gas within the velocity range from —495 to 495 km s™! (1 km s~!
steps). The emission for one square degree centred on the SMCNOD
exhibits two main peaks: 94 and 186 km s~' (which are shown in
Figs 8 and 9, respectively). These velocities agree with the velocity
field related to the MS at the SMCNOD position, at an MS longitude
Lys o~ —25°. See for example fig. 8 in Nidever et al. (2010). We
discuss details about H1 gas distribution in Section 4.

4 DISCUSSION

In this section, we discuss the characteristics of the SMCNOD: we
compare its stellar populations to those of the SMC (Section 4.1),
its gas content (Section 4.2), possible scenarios for its origin (Sec-
tion 4.3) and in the last subsection we provide a brief summary of
the discovery, discussing the SMCNOD fate and some prospects for
future analyses (Section 4.4).

4.1 The SMCNOD and SMC stellar populations

The (g — r) colour distributions of SMCNOD and SMC stars for
3 mag ranges in the Hess diagram from Fig. 2 are shown in the
left-hand panel of Fig. 10, whereas their number counts in bins of g
magnitude filtered by the CMD mask and normalized (to the areas)
are presented in the right-hand panel of the same figure. The colour
distributions look very similar. For RC stars (solid lines), there may
be a slight preference for the SMCNOD being a little bluer than the

6 https://www.astro.uni-bonn.de/hisurvey/gass/
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Figure 7. H1 gas column density map from Kalberla & Haud (2015), in
zenith equal area projection, close to the south celestial pole. A grid of
equatorial coordinates (o and §) is indicated. The SMC is close to the centre
of the figure and the LMC is located near the bright spot in the lower-left
corner. No significant excess of H1 gas is observed at the position of the
SMCNOD (dotted ellipse).

SMC. However, a Kolmogorov—Smirnov (KS) test indicates that
the two RC populations come from the same parent distribution
(p = 0.42). As for the LF comparison, the two distributions look
similar as well.

4.2 The SMCNOD and H1 gas

The results of considering the H1gas velocity channels are inconclu-
sive. The v; sg =186 km s~' channel map (Fig. 9) shows a few links
between the SMC and the SMCNOD, while the v;sg=94 km s~!
channel map (Fig. 8) shows a bar-shaped gas cloud detached
from the SMC main body. A looping feature is visible in the
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Figure 8. H1gas emission map from Kalberla & Haud (2015), in equatorial
coordinates for the velocity channel 94 km 57! < visr < 95 km s~!. The
SMCNOD position is highlighted by an empty ellipse and the SMC centre
by a plus symbol.

visr=186 km s~! channel map that could be the result of a weak
gas inflow (from the SMC, counterclockwise). But in summary, the
SMCNOD does not seem to contain a large amount of gas and it
is currently unclear whether the H1 gas features present in either
velocity channel map are connected to it. It has been suggested that
the drift rate of the MS gas away from the LMC is ~49 km s~!,
as indicated by Nidever, Majewski & Butler Burton (2008). Using
these results, an age of 1.74 Gyr is expected for the MS. In this
sense, the gas features surrounding the SMC should be very recent
(a few hundred million years or even younger), showing a complex
dynamics. Taken at face value, the gas properties around the SMC-
NOD are more consistent with gas-poor dwarf spheroidals (Grebel,
Gallagher & Harbeck 2003) and ultrafaint dwarf galaxies in the
Local Group (Greevich 2013).
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Figure 9. Same as Fig. 8 but for velocity channel equal to 186 km s~
(186 kms™! < visg < 187 kms™h).

4.3 The SMCNOD origin

Regarding the formation of the SMCNOD, the most likely scenario
is that this structure was formed by material pulled from the SMC
disc through tidal stripping, given the recent N-body simulations as
cited in Section 1. Following the classical galactic interaction theory
of Toomre & Toomre (1972), many other works predict the existence
of a Magellanic Counter-Bridge as a counterpart to the Magellanic
Bridge (Diaz & Bekki 2012; Dobbie et al. 2014a). In the north-west
part of the SMC, a kinematical substructure discovered by Dobbie
et al. (2014a) is associated with the Magellanic Counter-Bridge, as
an observational counterpart. The simulations also predict a spread
of stars as a result of an LMC-SMC close encounters. See for
example the tidal tail in fig. 5 of Gardiner & Noguchi (1996),
the set of particles located south-west of the SMC in fig. 12 from

A stellar overdensity close to the SMC 1357
Yoshizawa & Noguchi (2003), and the SMC stellar distribution in
figs 4 and 5 of Connors et al. (2006). Also, a conspicuous clump of
young stars can be seen for the fiducial model simulated by Bekki
& Chiba (2009) in their figs 5, 6 and 9, located 4° from the centre
of the SMC, along with a stream-like feature on the opposite side.
Earlier simulations present a spread of particles around the SMC, for
example fig. 10 b of Fujimoto & Sofue (1976) and fig. 6 a of Murai
& Fujimoto (1980). The substantial stream-like stellar overdensity
in the northern periphery of the LMC centre recently discovered by
Mackey et al. (2016), with characteristics similar to the SMCNOD,
also corroborates this scenario for the SMCNOD formation based on
close LMC-SMC interactions. Finally, a close encounter occurred
~ 200 Myr ago is also claimed as an explanation for a 55 kpc stellar
structure in the eastern SMC (Nidever et al. 2013), where likely the
stars were tidally stripped from the SMC.

If the SMCNOD is the result of an LMC-SMC collision, a con-
temporaneous peak in star formation is expected in both galax-
ies. Unfortunately, the results of star formation history (SFH)
analyses have large uncertainties, and there is a significant spa-
tial variation for the SFH in the LMC (Holtzman et al. 1999;
Olsen 1999; Smecker-Hane et al. 2002; Harris & Zaritsky 2009;
Rubele et al. 2012) and SMC (Noél et al. 2009; Cignoni et al. 2013;
Rubele et al. 2015). SFH variations are larger when based on dif-
ferent models (isochrones) and/or stellar tracers (RGB, carbon or
variable stars) and the MCs SFH is still far from being fully char-
acterized in spite of much work. Even so, it is interesting to note
that most of the references listed above agree with a simultaneous
peak in star formation rate between 4 and 6 Gyr (also discussed
in Dobbie et al. 2014b), the age of the main stellar population of
the SMCNOD. A complete reconstruction of the SFH of the SMC-
NOD (and also a comparison to the SFH of various SMC regions)
is beyond the scope of this work.

Another possible scenario for the SMCNOD origin is a tidal
dwarf galaxy (TDG), an object formed as described by Elmegreen,
Kaufman & Thomasson (1993), where mainly gas is stripped from
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Figure 10. Histograms in bins of colour (left) and in bins of g magnitude (right) filtered by the CMD mask for the SMCNOD (third panel in Fig. 2) and
the SMC (fifth panel in Fig. 2). In the right-hand panel, the Poissonian uncertainties are shown as shaded areas. The stellar colour distribution is very similar
between the SMC and SMCNOD in the left-hand panel (comparing dotted red and blue lines and dashed red and blue lines), as well as the histogram in bins
of magnitude for the stars filtered with the CMD mask in the last two panels in Fig. 2 (right-hand panel).
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past mergers and resemble as dwarf galaxies, where the stars are
forming during/after the main encounter. The lack of dark mat-
ter in TDGs makes them fragile, leading to short lifetimes (a few
Gyr) as cohesive systems. This scenario for the SMCNOD forma-
tion is disfavoured due to its poor gas content and predominantly
intermediate-age stars (at least 6 Gyr), compared to an expected
young TDG stellar population (Duc 2012). On the other hand, nu-
merical simulations by Ploeckinger et al. (2014) show TDGs could
survive at least 3 Gyr, despite the lack of dark matter content. This is
corroborated by the existence of the relatively old TDG VCC2062
observed by Duc et al. (2007), where its parent galaxies have likely
merged.

The scenario where the SMCNOD is a primordial galaxy orbit-
ing and/or merging with the SMC could be favoured if the stellar
populations of the SMCNOD have narrower age and metallicity
ranges than those of the SMC. This would make the SMCNOD
more consistent with typical dwarf spheroidal galaxies.

An intriguing possibility for the origin of the SMCNOD is the
‘resonant stripping” predicted by D’Onghia et al. (2009). This pro-
cess allows for an efficient removal of stars in a dwarf-dwarf en-
counter, where the smaller dwarf loses stars by a resonance be-
tween the angular frequency of its orbit and spin, changing the ratio
of the stellar to dark matter mass. Simulations also predict that
dwarf-disc galaxies will evolve into compact spheroidal systems
with stream-like and shell-like structures, resembling the SMC-
NOD shape around the SMC. Future deep photometric surveys of
the SMC/LMC outskirts could reveal similar structures, testing the
significance of this ‘resonant stripping’ in the model.

The relatively old age for most of the stars in the SMC-NOD rules
out its origin as being formed by H1 gas from the MS. As Nidever
et al. (2008) point out, the expected age of putative MS stars should
be ~2.0 Gyr, less than half of the characteristic age found for the
overdensity stars. The origin of the SMCNOD younger population
may or may not be attributed to the same physical mechanism as
the intermediate-age population. Since the SMC-LMC interaction
is known to have triggered star formation at recent times (as in the
case of the Magellanic Bridge, see for example Bica et al. 2015;
Noél et al. 2015), we cannot rule out that this interaction may be
responsible for the younger SMCNOD population.

4.4 Summary, prospects and fate of the SMCNOD

Using DES and MagLiteS data, we have found and analysed a
stellar overdensity located about 8° north of the SMC centre. The
stellar density and surface brightness associated with this feature
lie significantly above the values expected from the extrapolated
stellar profile of the SMC itself. This is true even when we con-
sider only the contribution from the RGB stars. Previous surveys
around the SMCNOD, such as the MAPS (Nidever et al. 2011),
Two Micron All Sky Survey (Skrutskie et al. 1997), Digitized Sky
Survey” and Infrared Astronomical Satellite survey,® among others,
did not reveal any stellar overdensity similar to the one measured
here. This may be due to either their non-contiguous area or their
lower photometric depth.

The fact that the structure discussed here has a density peak lying
significantly in excess of the expected SMC exponential density
profile (or above the combined SMC and Galactic background)
and follows a roughly elliptical profile encourage us to argue that

7 http://archive.stsci.edu/cgi-bin/dss_form
8 http://irsa.ipac.caltech.edu/Missions/iras.html
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it is a distinct SMC substructure. On the other hand, the CMD
analysis indicates that the stellar populations are very similar to
those found in the main SMC body, and the SMCNOD lies at a
similar heliocentric distance as the SMC.

The fate of the SMCNOD has interesting implications for the
Magellanic System generally. If the SMCNOD is an unstable object,
such as a stellar cloud, it should dissipate into the SMC main body
or, if unbound to the SMC, be ejected and dissipate eventually into
the Galactic field. However, for the first hypothesis to hold, the
SMC truncation radius must be ~210 kpc (see the SMCNOD limits
in Fig. 5) to encompass the entire stellar cloud presented here. As
a reference, the truncation radius derived from chemodynamical
simulations involving SMC-like objects is in the range between 5
and 7.5 kpc (Bekki & Chiba 2007, 2009; Diaz & Bekki 2012), not
enough to include the entire SMCNOD.

Radial velocities and proper motions of likely stellar members
will constrain systemic and internal kinematics of the SMCNOD,
as well as its internal motions. Metallicities and other abundance
estimates may indicate similarities and differences between the SM-
CNOD stars and those belonging to the main SMC body. An internal
age and/or metallicity gradient (or its absence) may also constrain
its nature as either a primordial or tidal object. Finally, the SMC-
NOD discovery shows that the Magellanic System, despite being
relatively well studied, still hides surprising substructures that may
be revealed with deep photometric surveys. The discovery of the
SMCNOD at such a large distance from the SMC should provide
an additional constraint for simulations of the Magellanic System.
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Capitulo 5

Consideracoes Finais

5.1 Os aglomerados da LMC na amostra do DES

Nesta secao vamos discorrer sobre os resultados e as implicagoes fisicas destes
resultados no tocante a distribuigdo dos aglomerados (procura por gradientes) nesta

regiao externa em que trabalhamos.

5.1.1 Distribuicao de idade dos aglomerados da amostra

Um dos principais resultados que obtivemos com o ajuste de idade dos aglome-
rados foi uma distribuicao aparentemente bimodal de idades, como mostrado na
figura e na figura 5.2l A dltima figura citada mostra claramente dois picos em
~1,7 e = 2,4 bilhoes de anos para o histograma de idades.

De forma a comprovar a validade desta bimodalidade para a idade testamos
primeiramente a abordagem de Kolmogorov-Smirnov para uma distribuicao centrada
em um unico pico. Posteriormente aplicamos o mesmo teste de hipdtese para dois
picos. Para realizar estes testes, selecionamos a amostra de aglomerados com menos
de 4 bilhoes de anos e comparamos com 1000 simulacoes de distribui¢ao unimodal de
idade. Os resultados para uma distribuicao gaussiana unimodal indicam um valor
de p de 1%, muito pouco significativo utilizando como tomada de decisao o = 0,05.
Neste caso, podemos rejeitar a hipétese nula de que ambas as distribuicoes de idade
(dos aglomerados reais e das simulagdes) tém o mesmo comportamento (provém de
Gaussianas com um tunico pico, centrado no melhor ajuste feito previamente).

Para o modelo de dupla Gaussiana, primeiramente se fez uma distribuicao cen-
trada em dois picos de 1,2 e 2,7 bilhoes de anos, com desvio padrao de 0,3 e 0,4 bilhao

de anos, respectivamente. A comparagao da distribuicao real com mil simulagoes

90
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Figura 5.1: Painel superior: Histograma dos aglomerados mostrando uma distri-
bui¢ao normal unimodal e bimodal ajustadas com o método apresentado em
man et al| (1994). Painel central: Idade em fungdo da distancia do aglomerado
ao centro da LMC. Circulos azuis sao a média em idade em quatro amostras nao
homogéneas. Barras horizontais indicam o intervalo de coordenadas e as barras ver-
ticais representam o desvio padrao em idade para cada subamostra. Painel inferior:
Idade versus coordenada cilindrica R.
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Figura 5.2: Distribuicdo de aglomerados no céu, de acordo com o log,, da idade (em
anos), indicado pela cor. Embora os aglomerados distantes sejam os mais velhos,
nao ha (pelo menos visualmente) um gradiente de idade para os aglomerados mais
proximos do centro da Grande Nuvem de Magalhaes (situado mais ao Sul, com

declinagao —62.5°).
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mostrou um valor médio de p = 0,25, sendo a distribuicao real compativel com as
distribuicoes simuladas, de modo que nao podemos rejeitar a hipétese nula de que
a distribuicao real e as simuladas bimodais tém o mesmo comportamento.

Sobre o modelo utilizado para a distribuicao de idades (Gaussiana), poder-se-ia
utilizar um outro modelo. No entanto, preferimos os mais simples. Ainda o pico de
idade mais jovem mostra uma distribuicao aparentemente mais abrupta tendendo a
idades mais velhas do que para a tendéncia para as mais jovens. Desta maneira, isso
poderia indicar um pico mais intenso préximo de 1,5 bilhoes de anos, favorecendo
uma intensa formacao de aglomerados que foi diminuindo com o tempo, havendo
um nimero menor de aglomerados imediatamente mais jovens do que imediatamente
mais velhos.

Dentro da colaboracao do DES, foi-nos indicado o trabalho de |[Ashman et al.
(1994) sobre bimodalidade. No entanto, este trabalho desenvolve um arcabougo de
férmulas aplicadas a uma distribuigado multivariada (mais de um pico de distribuicao)
mas homosceddstica (apenas um unico valor de dispersao para as varias Gaussianas),
0 que nao se aplica a distribuicao de idades para os aglomerados da amostra, que
nitidamente possui mais de um pico e mais de uma dispersao de idades.

Como um tltimo teste (j& a pedido do arbitro da revista Montly Notices of the
Royal Astronomic Society) para a bimodalidade em idade foram feitos testes uti-
lizando o algoritmo Ezxpectation-Mazimization (Dempster et al., 1977, Sundberg,
1974)) para a determinacao dos melhores parametros estatisticos (média, dispersao
e participagao de cada populagao) para a distribuigao de idade dos aglomerados.
Utilizamos o modelo Gaussiano como modelo estatistico para cada populacao em
idade. O algoritmo FExpectation-Mazimization basicamente trabalha em um ciclo
contendo dois passos. No primeiro passo sao assumidos valores iniciais para as
médias, dispersoes e participacao de populagoes. A partir destes valores, uma grade
de modelos (training set) é calculada, com dispersao dada pelos valores iniciais.
No segundo passo (mazximization), a probabilidade para cada modelo é calculada e
comparada com os dados observados. O modelo que resulta na maior probabilidade
é reinserido como valor inicial no primeiro passo do algoritmo, fechando o ciclo. A
convergeéncia ocorre quando a diferenca entre os valores dos parametros estatisticos
¢ menor do que um valor indicado pelo usudrio (geralmente 0,001). O método é
robusto o suficiente para contornar problemas como valores iniciais distantes dos
valores de convergéncia (o que basicamente vai afetar apenas o tempo computaci-

onal) e chega nos mesmos valores mesmo que os chutes iniciais sejam diferentes.
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Além disso utilizamos o Critério de Informagao Bayesiano (ou em inglés Bl CED para
a tomada de decisao sobre o numero de Gaussianas mais provavel na distribuicao
de idades. Este critério foi calculado para um conjunto que vai de 1 a 7 Gaussianas
e os menores valores foram 270,4 para uma Gaussiana, 258,8 para duas e 268,2 para
trés Gaussianas. Os centros indicados para as duas Gaussianas (com menor BIC)
foram de 1,1 e 2,3 em idade, com respectivas dispersoes de 0,4 e 0,6 e pesos de 0,63 e
0,37 para as respectivas populacoes. Uma referéncia mais didatica para o algoritmo
Ezpectation-Maximization pode ser encontrada em (Do & Batzoglou, 2008).

Dividindo a populac¢ao em dois intervalos de idade (respectivamente mais jovens
e mais velha que 2 bilhdes de anos), os valores médios para as distancias ao centro da
LMC das duas populagoes, tanto em coordenadas esféricas (com coordenadas radiais
r) ou em coordenadas cilindricas (coordenadas radiais R), foram muito préximos: 7
= 6,87 ¢ 6,42 kpc e R = 5,92 e 5,79 kpc respectivamente para as populacoes jovens
e mais velhas que 2 bilhoes de anos. Os aglomerados com populagao maior do que
10 bilhoes de anos sao poucos para justificar uma argumentagao a favor de uma
‘populacao velha’ de aglomerados.

Simulacoes de Diaz & Bekki2012/indicam dois provaveis encontros recentes entre
a LMC e SMC (ha 0,26 e 1,97 bilhoes de anos atras), fazendo com que a interacao
gravitacional entre as nuvens aumentasse consideravelmente a taxa de formagao es-
telar. Muito provavelmente esta taxa de formagao estelar nao aconteceu devido a
interagao Via-Lactea/LMC-SMC, pois os tltimos estudos (van der Marel & Kalli-
vayalil, 2014)) desfavorecem periodos maiores que 4 bilhoes de anos para este encontro
e sao preferidos modelos de primeiro infall. Outro aporte interessante é que de a
aproximacao das Nuvens com a Via-Léctea possa ter iniciado um aumento na taxa
de formagao estelar. Segundo Besla et al. 2007, isso teria ocorrido num passado
entre 1-3 bilhoes de anos, quando entao as Nuvens teriam adentrado o raio de virial
da Via-Lactea.

O melhor modelo orbital descrito nas simulagoes de Bekki & Chibal (2005) indica
uma forte interacao gravitacional devido a uma passagem pericéntrica SMC-LMC
ocorrida ha 1,5 bilhao de anos atras, coincidindo com um pico de idades na distri-
buicao desta amostra. Com a provavel dissolucao de aglomerados mais velhos, é
esperado que o pico secundario seja em uma idade mais velha, préximo do periodo
orbital previsto para a érbita das Nuvens, em torno de 2,8 bilhdo de anos. As

minimas aproximagoes neste modelo ocorreram recentemente (/= 200 milhoes de

'O critério de informagao Bayesiano (BIC) é definido por BIC = In(n)k — 2In(L), onde n é o
nimero de dados, k o nimero de parametros a serem ajustados e L é a fungao probabilidade para
o conjunto de dados. Quanto menor o valor do BIC, mais provavel é a distribuigao.
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anos atras), ha 1,5 bilhdo de anos e ha 2,8 bilhoes de anos atrds. Estes tltimos
valores sao totalmente compativeis com as determinacgoes dos picos de idade para a

amostra aqui apresentada.

5.1.2 Distribuicao de metalicidade dos aglomerados da amos-

tra

As figuras[5.3|e sao andalogas as figuras [5.1] e [5.2] porém para a metalicidade.
Analisando estas figuras, podemos ver que os aglomerados com baixa metalicidade

(Z <0,0004 ou [Fe/H]=-1,58 com Z; = 0,0152 seguindo Grevesse & Sauval |1998))
estao situados apenas na parte externa da amostra. Diferentemente da idade, a dis-
tribuicao de metalicidade mostra uma clara tendéncia com a coordenada esférica ou
cilindrica radial, estatisticamente significante. O teste de hipdtese para esta distri-
buicao revelou um valor para p = 107>, rejeitando a hipétese de que nao hé variacao
de metalicidade ao longo da distancia radial. Embora para um mesmo intervalo de
distancia haja um relativo espalhamento em metalicidade, a localizacao dos aglome-
rados mais metdlicos ocorre apenas na parte interna da amostra ([Fe/H]>-0,6 ocorre
apenas para r <8 kpc). E na parte externa da amostra é que estao localizados os

aglomerados com mais baixa metalicidade.

5.1.3 Distribuicao de avermelhamento dos aglomerados da

amostra

A distribuicao de avermelhamento dos aglomerados nao mostra uma clara tendéncia
na distribui¢do projetada no céu, como mostra a figura[5.5 J& o histograma para
o avermelhamento (figura mostra que ha um grande nimero de aglomerados
com baixo avermelhamento e um nimero muito pequeno supera 0,1 em E(B-V),
corroborado pela alta latitude Galdctica dos aglomerados e pela distribui¢ao dos
mapas de extingao de de Schlegel et al.| (1998)). Nao parece haver uma tendéncia nos
aglomerados de terem um avermelhamento maior ou menor em relacao a distancia

ao centro da LMC, tanto para a coordenada cilindrica R ou esférica r.

5.2 A SMCNOD

O maior resultado quanto a esta parte da pesquisa foi a descoberta de uma nuvem

estelar distante 8 graus ao Norte do centro da SMC. Mesmo estando na borda do
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Figura 5.3: Distribuicao de aglomerados no céu, de acordo com a metalicidade,

indicada pela cor.
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Figura 5.4: Painel superior: Histograma dos aglomerados com relacao a metali-
cidade. Painel central: A metalicidade e a distancia do aglomerado ao centro da
LMC, expressa pela coordenada esférica r. Painel inferior: Metalicidade versus
coordenada cilindrica R.
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Figura 5.6: Painel superior: Histograma dos aglomerados com relagao ao averme-
lhamento. Painel central: O avermelhamento e a distancia do aglomerado ao centro
da LMC, usando a coordenada esférica r. Painel inferior: Avermelhamento versus
coordenada cilindrica R.
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footprint do DES, anexamos dados de um outro survey, logo depois da tomada das
imagens, e conseguimos demonstrar que a SMCNOD ¢é uma sobredensidade estelar
situada nos limites de um halo externo de estrelas rodeando a SMC.

Utilizando um filtro isocronal com uma idade e metalicidade semelhantes as da
SMC, delineamos os contornos da SMCNOD. Simulagoes utilizando o GENCMD mos-
traram que uma fung¢ao de luminosidade descontaminada semelhante a da SMCNOD
deve ser produzida por um objeto que tenha em torno de 10° M, uma massa se-
melhante a massa atual dos aglomerados globulares Galéacticos, mas apresentando
um raio de meia-luz de 2,15 kpc. Se este objeto tivesse sido detectado e depois os
dados do MagLiteS tivessem indicado que este objeto se trata de um todo maior,
semelhante a uma ‘casca’, isso poderia indicar que teriamos achado o limite do halo
externo publicado por Nidever et al| (2011). No entanto, ao acoplar os dados do
MagliteS aos dados do DES, o contorno da SMCNOD mostrou-se claramente inde-
pendente do halo de estrelas da SMC. Isso levou-nos a conclusao que este objeto
poderia ser formado pela intera¢ao entre SMC/LMC, assim como vérias outras tidal
features como o MS e a Magellanic Bridge. Ou entao, esta seria um objeto como
uma galaxia-ana primordial de baixissimo brilho.

Para comparar com os dados de densidade de estrelas no RGB de |[Nidever et al.
(2011)), utilizamos um tnico campo em comum com os dados do autor, que utilizou
o sistema de magnitudes DDO51, que é mais eficiente para a separagao entre anas e
gigantes do RGB. Para determinar o niimero de estrelas do RGB naquele campo em
comum, utilizamos um filtro limitado no espaco cor-magnitude, selecionando apenas
estrelas mais brilhantes que g=21 e excluindo as estrelas do Red Clump. Subtraimos
deste campo em comum as estrelas da Galaxia contaminantes, através da contagem
em um outro campo, situado & mesma latitude galactica, mas distante da SMCNOD.
Chegamos entao a um numero de estrelas RGB ainda maior do que o informado
por [Nidever et al. (2011) no campo comum, devido a nossa maior contaminagao.
Usamos entao a razao entre os dois nimeros como fator de normalizacao de nossa
contagem de estrelas para o perfil obtido por aqueles autores. Aplicando este fator
de normalizagao para um campo central da SMCNOD), obtemos uma densidade de
estrelas muito maior do que a densidade prevista pelos autores, demonstrando que a
SMCNOD ¢ de fato uma sobredensidade também se consideramos apenas as RGB.

Uma estimativa para a massa dinamica da SMCNOD pode ser feita utilizando
a equagao 7-84 de Binney & Tremaine (1987), como feito no artigo publicado e
chegando a uma razao de 2 x 1072 entre a massa da SMCNOD e da SMC. Esta

relacao mostra que a massa dinamica para a SMCNOD seria pelo menos 600 vezes
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maior do que a massa estelar estimada para este objeto. Esta razao sugere uma
quantidade importante de matéria escura neste objeto, a semelhanca das galédxias-
anas esferoidais (Baumgardt & Mieske, 2008). A partir da medicao da dispersao de
velocidades das estrelas sera possivel determinar se a SMCNOD esta em equilibrio
dindmico (com base na massa e tamanho deste objeto) ou se a SMCNOD nao tera
vida muito longa como objeto coeso, sendo mais provavel que se dissipasse como um
conjunto de estrelas préximo a SMC. Desta maneira, a SMCNOD seria realmente
uma tidal feature, com uma vida de no méaximo algums dezenas de milhoes de anos,
dissipando suas estrelas no campo.

Analisamos também a distribui¢ao de Hidrogénio neutro em torno de SMCNOD.
Infelizmente os dados da distribuigao de gés na regiao da SMCNOD nao retornaram
informagoes conclusivas. Nao encontramos evidéncia, por exemplo, de uma ponte
vinculando a SMCNOD com a SMC, ou mesmo de uma sobredensidade de gés
coincidente com a SMCNOD, com uma velocidade diferente da esperada para a
regiao. Fazendo uma média da emissao em um grau quadrado centrado na SMCNOD
ao longo dos intervalos de velocidades (indo de -495 a 495 km/s), no mapa de HI de
Kalberla & Haud| (2006), as velocidades que apresentaram um pico foram de 94 e 186
km/s. Nestes dois mapas de gés, as sobredensidades do gds nao formam uma figura
como a esperada para a SMCNOD. Na verdade, estes dois canais de velocidades

concordem com o esperado para o MS aquela posicao (Nidever et al., 2010)).



Capitulo 6

Conclusoes

6.1 Comentarios finais - Os aglomerados da LMC

Exploramos um grande ntimero de aglomerados estelares no primeiro artigo pu-
blicado, e isso apenas foi possivel gragas a cobertura continua e profunda do Dark
Energy Survey. Por um lado as referéncias citadas sobre os aglomerados da LMC
foram poucas, pois os aglomerados de nosso trabalho estao realmente distantes do
centro da LMC onde os dados da literatura sao muito mais abundantes. Por outro
lado, a grande cobertura deste levantamento nos proporcionou um grande nimero
de objetos, possibilitando a criacao de vinculos para algumas grandezas fisicas com
boa precisao. Além de profunda, nossa amostra foi tratada homogeneamente, o
que incorpora qualidade ao trabalho. Para citar, a razao sinal/ruido préximo de 10
alcanga a magnitude 23,6 na banda g nas imagens de tnica exposi¢ao (90s) do DES.

O objetivo inicial desta tese foi o estudo dos aglomerados da periferia da LMC
dentro do footprint do DES. Esse objetivo foi cumprido com a analise principalmente
da posicao, idade e metalicidade destes aglomerados, além obviamente da descoberta
de alguns aglomerados. Basicamente nosso estudo mostrou dois picos para a idade
e um grande espalhamento para a metalicidade até » ~ 6 kpc, com a auséncia de
aglomerados mais ricos que [Fe/H] ~ —0.7 além desse raio. Inicialmente poder-
se-ia pensar que estas conclusoes para a idade e metalicidade sao contraditoérias,
mas ao analisar a AMR vemos que o grande espalhamento em metalicidade ocorre
principalmente para os aglomerados mais jovens do que 3 bilhoes de anos, o que
permite conciliar a tendéncia radial em metalicidade com os picos em idade.

Para se reconstruir uma taxa de formacao de aglomerados (em inglés Cluster
Formation Rate) é necessario levar em conta o tempo de dissolugdo para os aglo-

merados da galaxia hospedeira. Afinal, uma continua formacao e rapida dissolucao
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de aglomerados em uma galdxia nao traria informacao a respeito do histoérico de
formagao estelar. Baumgardt et al.| (2013)) compilaram um catélogo de aglomera-
dos da LMC utilizando varios catalogos de aglomerados. Os autores compararam a
frequéncia em idade destes aglomerados com a taxa de formagao estelar global da
LMC segundo [Harris & Zaritsky| (2009)) e chegaram a conclusao que aglomerados
mais velhos do que 200 milhoes de anos tem a sua vida como objetos coesos di-
minuida em torno de 20 vezes comparada com a previsao tedrica. A previsao tedrica
levou em conta a expulsao do gas, evolugao estelar, relaxacao de dois corpos, campos
de maré externos, choques com o disco e encontros com GMCs. Para aglomerados
mais jovens do que 200 milhoes de anos os dados sao facilmente explicados pela
previsao tedrica. Para aglomerados com idade da ordem de 2 bilhoes de anos, é
esperado uma frequéncia menor do que o observado e para aglomerados situados
no gap de idade, sdo esperados aglomerados (contrapartida nao confirmada pelos
dados experimentais) em nimero aproximadamente igual aos aglomerados com 12
bilhoes de anos existentes. Embora um interessante vinculo para a CFR, estas de-
terminacoes sao um tanto dificeis de se comparar com a nossa amostra, pois os SFH
foram tomados de Harris & Zaritsky| (2009)), onde nado ha uma sobreposi¢ao com
a regiao de nossa amostra. Também a taxa de dissolugao foi calculada para uma
regidao de até 4 kpc, bem mais interna do que nossa amostra. Embora a equagao (2)
daquele trabalho mostre uma pequena variacao no tempo de dissolucao dos aglo-
merados quanto ao campo de maré externo, fatores como os choques com o disco
e os encontros com GMCs devem alterar significativamente o tempo de dissolucao,
diminuindo-o substancialmente. Desta maneira, é dificil comparar a nossa amostra
de aglomerados com um numero esperado de aglomerados previsto por |Baumgardt
et al.| (2013)), dada a forte dependéncia em posi¢ao de nossa amostra, enquanto que
aquele trabalho estd focado em uma amostra muito mais central. E também espe-
rado que o tempo de dissolucao de nossa amostra nao seja tao curto quanto o da
amostra observacional de Baumgardt et al. (2013)), que segundo os autores é em
torno de 20 vezes mais rapido do que as previsoes teoricas.

Fazendo uma comparacao dos aglomerados de nossa amostra com a populagao
do halo da nossa Galdxia, podemos citar o trabalho de |Carollo et al.| (2016). Este
estudo mostra um gradiente de idade para as estrela do halo Galéactico, onde as
estrelas mais velhas tendem a se concentrar em regioes mais centrais e as estrelas
um pouco mais jovens (mesmo assim com idade média de 9 bilhoes de anos) tendem
a ocupar as regioes mais externas da Galaxia. Desta forma, galaxias anas e possivel-

mente aglomerados globulares velhos que adentram a Galaxia podem ser localizados
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facilmente por contrastarem em idade com um halo mais jovem. Diferentemente do
que ocorre na nossa Galaxia, como citado no artigo, nao hé significancia estatistica
suficiente para demonstrar que ha um gradiente em idade nos aglomerados da LMC,
o que também nao é esperado para as estrelas de campo. Isso mostra que o SFH ou
a taxa de formagao de aglomerados da LMC ¢é diferente da de nossa Galaxia, exceto
se houver uma mistura muito eficiente de idades quanto a posicao radial.

Quanto ao enriquecimento quimico, um meio onde a formacao estelar é continua
vai produzir um aumento gradual em metalicidade (quanto mais jovens as estrelas,
mais ricas em metal), enquanto que em um meio onde houve uma formacao estelar
inicial e posteriormente uma pausa, as estrelas formadas serao menos metélicas. O
diagndstico da formagao estelar de Harris & Zaritsky| (2009), mostra o SFH para uma
série de campos da LMC. Infelizmente, como ja citado, as areas naquele trabalho
sdo mais centrais do que a nossa amostra, entao nao se poderia (a rigor) comparar
os dados de nossa amostra com a formacao estelar indicada por aqueles autores. No
entanto, é esperado que as regioes externas nao apresentem uma grande variagao no
SFH. Também, existem caracteristicas semelhantes em todas as regioes de |[Harris
& Zaritsky| (2009), evidenciando situagoes que ocorreram para a galaxia como um
todo. Uma destas caracteristicas globais para a LMC é uma época quiescente de
formagao estelar entre 5 e 12 bilhdes de anos (o chamado age gap). Esta época
quiescente concorda com o nimero de aglomerados de nossa amostra, embora grande
parte de nossa amostra seja de aglomerados mais jovens do que 5 bilhoes de anos,
enquanto que os aglomerados bem mais velhos sdo apenas 2 (Aglomerado do Reticulo
e ESO121SC003).

A figura sintetiza a relacao idade-metalicidade para os aglomerados da LMC
na amostra do DES, juntamente com dois modelos principais para o histérico de
formagao estelar da LMC, o modelo de Pagel & Tautvaisiene| (1998) e de Harris &
Zaritsky| (2009). Desta forma, primeiro comparamos os resultados com os modelos
propostos para a evolucao quimica da LMC.

O modelo de Pagel & Tautvaisiene| (1998) apresenta uma extensao da aplicacao
para a Galaxia do modelo desenvolvido pelos autores, onde um modelo analitico é
aplicado envolvendo uma gradual queda (ou inflow) nao processado de gas), for-
mando estrelas que mais tarde expelem seu material enriquecido quimicamente no
meio circundante. Alguns modelos do tipo suave (smooth) e do tipo explosivo (burst)
foram desenvolvidos para ambas as nuvens (SMC e LMC). Os resultados finais mos-
tram que o modelo mais adequado é o bursting model, melhor reproduzindo os dados
da literatura (Olszewski et al., 1991} Girardi et al. 1995, |Geisler et al. 1997, |de
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Figura 6.1: Dois modelos para o historico de formacao estelar sao comparados com a
relagao idade-metalicidade para a amostra externa de aglomerados da LMC (circulos
preenchidos). O modelo de Harris & Zaritsky| (2009) é mostrado como uma linha
vermelha tracejada e a linha sélida verde indica o modelo de [Pagel & Tautvaisiene]
. Caiza: Ampliacdo na regiao indicada mostrando os aglomerados jovens e
ricos em metal comparados aos dois modelos.
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Freitas Pacheco et al., [1998)). Por outro lado, a taxa de formagao estelar ¢ muito
semelhante para ambas as Nuvens de Magalhaes, sendo que a SMC apresenta um
atraso para a época quiescente (que ocorre entre 3 e 12 bilhdes de anos para a LMC
e entre 4 e 12,6 bilhdes de anos para a SMC).

Embora os dois modelos, de |Pagel & Tautvaisiene| (1998)) e de [Harris & Zaritsky
(2009), possam ser utilizados para descrever o comportamento dos aglomerados de
nossa amostra, a distribuicao de aglomerados no espaco de idade e metalicidade
parece indicar que uma mistura dos dois modelos é a mais adequada, ou ainda que
os dois modelos possam ser dados como limites para a distribuicao dos aglomerados
no espago idade-metalicidade. O modelo de [Pagel & Tautvaisiene| (1998)) parece
indicar um limite superior para os aglomerados jovens e ricos em metal, enquanto
que o modelo de |Harris & Zaritsky| (2009) se aproxima mais dos aglomerados jovens
mas pobres em metal. J4 os aglomerados velhos e pobres em metal sd@o descritos (ou
tendem a ser) pelo modelo de Pagel & Tautvaisiene| (1998). Neste ultimo trabalho
citado, mesmo os aglomerados 14 inseridos (Olszewski et al. 1991} |Girardi et al.,
1995, |Geisler et al., 1997) espalham-se pela regidao em torno do bursting model,
nao apresentando um comportamento tinico no tocante idade-metalicidade. Uma
possibilidade interessante principalmente para o modelo de Pagel & Tautvaisiene
(1998)) seria a determinacao dos picos de SFR com base nos aglomerados de nossa
amostra, realizando uma abordagem de méxima verossimilhanca, o que poderia levar
ao SFH desta regiao mais periférica da LMC.

Um comentario sobre as comparagoes de nossas determinacgoes de idade, me-
talicidade, avermelhamento e médulo de distancia. Nossas idades parecem muito
semelhantes as dos autores da literatura (ver Figura 8 do artigo sobre os aglomera-
dos da LMC). J& as metalicidades dos aglomerados parecem deslocadas para serem
menos metalicas que as da literatura. Atribuimos isso a diferentes modelos, visto
que ha muitas determinacoes foram feitas comparando com modelos de pelo menos
10 anos atras.

Se por um lado este estado quiescente fornece uma evidéncia da ligacao entre
as duas Nuvens, por outro a falta de aglomerados na LMC com idade entre 4 e 10
bilhdes de anos (conhecido como o gap de idade), deveria existir em ambas as galdxias
se assumirmos uma taxa de formacao conjunta para o sistema, o que nao acontece,
sendo que este intervalo existe apenas na LMC. No modelo de |Pagel & Tautvaisiene
(1998), os valores da taxa de formacao estelar sdo dados em termos da massa total do
gas inicial da SMC e LMC, ainda contando com in flows e out flows de gas. Assim,

vamos assumir um valor inicial para o gas de 10 bilhoes de massas solares para a
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LMC e de 1 bilhao de massas solares para a SMC. Inicialmente assume-se que ambas
as nuvens comegam com um taxa de formacao alta (1,2 massas solares ao ano para a
LMC e 0,07 para a SMC assumindo aqueles valores para a massa inicial de gés) entre
0 e 3 bilhoes de anos (estas idades sao correspondentes para a idade do Universo) que
repentinamente decai em quatro bilhoes de anos, mantendo-se constante em ambas
as nuvens durante os seguintes 8 ou 9 bilhoes de anos. Nos tltimos dois bilhoes
de anos ha um aumento sibito, que vai decaindo até o presente momento. Se o
ultimo aumento (ha aproximadamente dois bilhoes de anos atras) é indicio de uma
aproximacao entre LMC-SMC, deve-se pensar que esta aproximagao (ou a esperada
consequéncia desta na formagao estelar) ndo ocorreu anteriormente, pois deveria ter
elevado a taxa de formacao estelar da mesma forma. Aqui deve-se lembrar que a
reconstrugao do histérico de formacao estelar (em inglés Star Formation History ou
SFH) é mais dificil para épocas remotas, pois os erros para a taxa de formacao
estelar se acumulam.

Neste sentido, pode-se assumir que as duas galdxias evoluiram juntas, no modelo
de galdxia bindria (binary galary model) ou entdo acoplaram-se recentemente, como
citam os autores |Bekki & Chiba (2005). Aprofundando a discussao, estes autores ci-
tam que as propriedades estruturais e cineméticas do Magellanic Stream (MS) sao
condizentes com simula¢oes numéricas onde as Nuvens de Magalhaes permaneceram
em um sistema bindrio nos tltimos 15 bilhées de anos (Murai & Fujimoto, 1980, |Gar-
diner et al., (1994, Gardiner & Noguchi, |1996, |[Yoshizawa & Noguchi, 2003)). Outras
previsoes confirmadas destas simulagoes sao a intensa formacao estelar no disco da
LMC nos tltimos 200 milhées de anos (Gardiner et al., |1994)) e o recente histérico
de formacao estelar da SMC. No entanto, alguns pontos entre estas simulagoes e
o trabalho de Bekki & Chiba; (2005) nao convergem. Os trabalhos anteriormente
citados desprezam a friccao dinamica e assumem valores para a massa da LMC
que, se reproduzidos no modelo de |Bekki & Chiba| (2005]) fazem com que o sistema
Magalhanico nao permanega ligado nos ultimos 13 bilhoes de anos. Assim, as si-
mulacoes dinamicas e hidro-dinamicas parecem nao resolver se o sistema das Nuvens
de Magalhaes é melhor explicado como uma galdxia binaria ou foi acoplado mais
tarde. Medidas de movimento préprio mais recentes como as de Kallivayalil et al.
(2013), mesmo que ainda apresentando deficiéncias na compreensao da dinamica das
estrelas na Galaxia e nas Nuvens, parecem mais confiaveis. Estes indicam que, se o
sistema LMC-SMC é tratado como ligado (pelo menos por vérios bilhoes de anos),
modelos de primeira queda deste sistema na Galéxia sao preferiveis.

O trabalho de Harris & Zaritsky (2009) sobre o SFH da LMC provém da analise
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de estrelas de campo da LMC, utilizando um algoritmo para a determinacao da
idade conhecido como StarFISH. Este cédigo basicamente compara os dados fo-
tométricos observados (em forma de diagramas de Hess, variando conforme o niimero
de filtros) com modelos tedricos de isécronas, utilizando as isécronas de Padova. Os
parametros a serem ajustados sao a distancia, funcao de massa inicial, fracao de
bindrias, extincao interestelar e erros fotométricos. O parametro estatistico eleito
para comparagcao e determinacao do melhor modelo é o chi-quadrado. Para a deter-
minagao deste melhor modelo ¢é utilizado uma minimizacao tipo down — hill para o
chi-quadrado dos parametros. Seus resultados mostram que a LMC apresenta um
surto inicial de formagao estelar e depois uma época de diminui¢ao na formacao es-
telar entre 5 e 12 bilhdes de anos de idade. A formagao estelar é entao retomada em
5 bilhoes de anos até a presente data com uma taxa de formagao estelar de 0,2 M
por ano, com variagoes temporais dentro de um fator de 2 em relacao a taxa ante-
riormente citada, até a atualidade. A retomada da formagao estelar hé 5 bilhoes de
anos atras sugere um evento dramatico no sistema Magalhanico. Entre as variagoes
globais de formagao estelar recente o trabalho cita picos em 2 bilhoes, 500 milhoes,
100 milhoes e 12 milhoes de anos atras. Os picos de 500 milhoes e 2 bilhdes sao
simultaneos com os da SMC, sugerindo um histérico conjunto de formacao estelar
ha pelo menos dois bilhoes de anos atrds. Para a determinacao deste modelo de
histérico estelar foram utilizados dados do Magellanic Clouds Photometric Survey
nas bandas B, V e I atingindo as magnitudes 21 e 22 para fontes puntuais, depen-
dendo do adensamento estelar, em uma area de 8,5° x 7,5° cobrindo o centro da
LMC. O total de estrelas utilizadas para a determinacao do histérico de formacao
estelar é da ordem de 5 milhoes.

Diferentemente das regioes mais internas da LMC, as regioes de nossa amostra
devem ter uma forte correlagdo entre as interagoes gravitacionais LMC/SMC e a
formagao estelar. A semelhanga do bojo Galdctico (Minniti & Zoccali, 2008), a
regiao central da LMC (barra) pode ter tido um colapso de formagao estelar mo-
nolitico, e a parte periférica (a de nossa amostra) deve ter sofrido mais os efeitos de
interagao gravitacional LMC-SMC. Assim, a AMR e o SFH dos aglomerados da LMC
devem concordar com ambas as propriedades das estrelas de campo. Infelizmente,
pela nossa amostra ocupar uma area mais externa, nao ha trabalhos deduzindo a
AMR e o SFH para a area em questao. Nossa amostra poderia ser comparada com
uma AMR e SFH globais para a LMC ou entao, se esta area é uma extensao de
outra regiao (como um brago ou barra da LMC), poderia se utilizar esta regiao para

comparar a AMR e SFH. Comparando a drea coberta pela amostra do DES com as
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regioes para as quais foram determinadas a SFR, podemos ver que nossa amostra ¢é
um apéndice da regiao delimitada por Harris & Zaritsky| (2009) como o Northwest
Arm ou uma extensao do Blue Arm (veja as figuras 13-15 deste paper). Embora
haja variagoes consideraveis nas SFR para estas regioes no tocante as quantidades
de SFR, ambas as regides concordam quanto aos picos de idade (2 bilhoes de anos e
400 milhdes de anos), exceto por um pico recente na formagao estelar (100 milhoes
de anos) para o Blue Arm inexistente no Northwest Arm. Mesmo com grandes mar-
gens de erro para a SFR naquele paper, este pico fica além de um sigma para ambas
as regioes. A denominacao de Blue Arm vem justamente desta possivel formagcao
estelar em 100 milhoes de anos atras, gracas a deteccao de nimero relativamente
maior de estrelas azuis naquela regiao. Nesse sentido, nossa amostra de aglomera-
dos mostra alguns aglomerados jovens mais pobres em metais do que a Figura 20 do
paper de Harris & Zaritsky| (2009), indicando que possivelmente a regiao amostrada
pelo DES na LMC tenha sido palco de uma formagao estelar mais tardia, tendo uma
contribuicao maior do Blue Arm do que do Northwest Arm. Cabe indicar que este
pico em 100 milhoes de anos também nao aparece na regiao diametralmente oposta
(SE) da LMC (Figura 14 daquele paper).

Comparando o histograma de idade dos aglomerados de nossa amostra com o
SFH de Harris & Zaritsky (2009), vemos que aquela regiao é a unica que indica
timidamente dois picos em formacao estelar entre 1 e 5 bilhoes de anos. Mais
precisamente estes picos sao para as idades de 1 e ~ 3 bilhdes de anos (com uma
taxa de formacao de ~ 0.1 Mg /yr), enquanto que os outros picos sdo mais jovens do
que 500 milhoes de anos para esta regiao. Estes picos concordam muito bem com a
determinagao de idade de nossa amostra (1,2 e 2,7 bilhoes de anos).

Nossa amostra de aglomerados da LMC pode ser considerada entao como tendo
uma pequena contribuicao de objetos velhos e pobres em metal de uma época inicial
de formacao, com outros objetos de uma época de retomada de formacao estelar.
Levando em conta o tempo de dissoluc¢ao para o pico para 3 e 1 bilhao de anos (Baum-
gardt et al., 2013)), é esperado que o nimero de aglomerados criados para estas duas
épocas seja praticamente o mesmo, o que nos leva a determinar as SFR como muito
semelhantes e concordando com Harris & Zaritsky| (2009)).

A distribuicao radial de aglomerados mostrada em nosso trabalho é um argumento
de que os aglomerados ocupam um intervalo consideravel em distancia, o que con-
corda com o trabalho de Klein et al.|2014) onde a distribuigao de estrelas RR Lyrae
na LMC forma figuras tridimensionais de isodensidades aproximadamente prolatas,

com o eixo maior apontando na direcao da Via-Lactea. Nesta referéncia, o semi-eixo
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maior tem um tamanho relativo de aproximadamente duas vezes o semi-eixo menor.

As simulacoes de Diaz & Bekki| 2012 apresentam um modelo dinamico para as
Nuvens de Magalhaes onde a primeira aproximagao LMC-SMC (40 kpc) ocorre ha 4
bilhGes de anos atras. Antes deste tempo, ha cinco bilhoes de anos, as duas Nuvens
estariam separadas por uma distancia de 120 kpc. De uma maneira similar, Besla
et al.[2010, desenvolve modelos de evolucao para as trés galdxias (Via-Lactea, SMC
e LMC) onde hd uma méxima aproximagao entre LMC-SMC h4 1,1 e 4,6 bilhoes
de anos. Ambos os modelos representam bastante bem a evolugao das Nuvens
ao longo do tempo (inclusive apresentando caracteristicas como o Leading Arm e
o Magellanic Stream). Eles vinculam um aumento na formagao de aglomerados
a interacao gravitacional entre a LMC e a SMC, o que razoavelmente explica a
origem do intervalo de idades para a LMC, apenas supondo uma formacao estelar
inicial independente da interagao gravitacional. No entanto, existem aglomerados
na SMC que habitam o gap de idade da LMC, (por exemplo em [Dias et al.|2016)).
Interpretando estes dados, somos levados a pensar que a interagao gravitacional
induz a formacao estelar dependendo da massa (ou da razao entre as massas) das
galdxias. Para interacoes entre galdxias muito diferentes em massa, a interagao
gravitacional deve disparar a formagcao estelar mais intensamente e a uma distancia
maior na galdxia menos massiva do que na galdxia mais massiva (assim como nos
exemplos da LMC e da SMC). Esta teoria pode explicar o motivo de termos uma
AMR povoada ao longo do eixo das idades para a SMC e o gap para a LMC. Por
outro lado, se as Nuvens fossem satélites da Via-Lictea ha muito tempo (ou seja,
ja tivessem completado varias orbitas em torno da Via-Léctea) e esta interacao
fosse preponderante para a formacgao estelar (ao invés de termos a interagao entre
as Nuvens como preponderante), esperarfamos um histérico de formagao estelar

semelhante para ambas as Nuvens.

6.2 Comentarios finais - SMICNOD

6.2.1 Introducao

Para contextualizar a descoberta da SMCNOD vamos aqui descrever as principais
caracteristicas deste objeto, vinculando-o quanto a sua provavel origem e destino.
Mais do que a discussao constante no artigo publicado, aqui expandimos a discussao,
suprimindo algumas referéncias (para evitar a repeticao das referéncias jé citadas

no artigo).
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6.2.2 Caracteristicas principais da SMCNOD

As principais caracteristicas da SMCNOD e pontos importantes no trabalho sao:

e Grande area coberta pelo objeto (em torno de 6°x2°). Para se ter uma ideia da
dimensao ao longo do campo de visada, supondo uma populacao estelar com
um intervalo de idade muito restrito, o RC da figura 10 (painel direito) do
artigo publicado pode servir de referéncia ou indicar um limite superior para
este eixo. Como as estrelas se espalham por um intervalo de 0.7 magnitudes, é
esperado um intervalo de 20 kpc para grande parte das estrelas da SMCNOD.
Esta estimativa deve ser tomada como um limite superior para o eixo ao longo
da linha de visada, refletindo por um lado a interagao deste objeto com a MW.
Com um raio de meia-luz de 2.1 kpc, este é um dos maiores objetos descobertos

na vizinhanga da SMC.

e A SMCNOD tem um baixo conteido de gas, sendo que apenas dois canais
de velocidade apresentaram contetido significativo em uma area de um grau
quadrado centrado na SMCNOD. Mesmo assim, o conteiido gasoso é pequeno
se comparado com outras areas como o centro da SMC e as figuras formadas
pelo gas nao estao distribuidas uniformemente ou seguindo formas arredon-
dadas centradas na SMCNOD. Como este objeto estd proximo da SMC, esta
caracteristica nao é surpreendente, visto que grande parte do gas da SMC foi
retirado, formando o MS, seguindo recentes simulagdes (Diaz & Bekki, [2012)).
Mesmo que a SMCNOD esteja se aproximando da SMC e portanto nao tenha
sido afetada pelas colisobes LMC/SMC, o suposto gas original da SMCNOD
pode ter sido perdido via RAM pressure.

e Simulacoes de N-corpos tém suportado um grande nimero de tidal features no
entorno das Nuvens. Embora estas simulagoes utilizem dados recentes, ainda
ha grandes incertezas quanto as massas das galdxias (inclusive o contetudo
de matéria escura), massa muito grande para cada particula (Diaz & Bekki
2012 utilizaram, por exemplo 3400 M, para cada particula), sem contar o

desconhecimento de todos os objetos no entorno.

e Como publicado no artigo, as populacoes da SMCNOD e da parte mais ao
Norte da SMC (imediatamente ao Sul da SMCNOD) sdo muito parecidas,
evidenciada tanto pela distribuicao em cor quanto pela distribuicao em mag-

nitude (Figura 10 do paper). Isso demonstra uma forte correlagao entre os
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histéricos de formagao estelar dos dois objetos que deve ser levado em conta
quando ¢ discutida a origem da SMCNOD.

e Estruturas de maré ou tidal features tem sido encontradas no entorno das
Nuvens. Assim, como foi mapeada a parte utilizando o DES, nao ha registro
de levantamentos que mapeiem contiguamente a regiao Sul das Nuvens. Isso
abre uma lacuna muito grande sobre as estruturas de maré nestas regioes mais

distantes do centro de ambas as galaxias.

e Mesmo em uma fracao pequena, a SMCNOD apresenta uma formacgao estelar
de idade intermedidria, fornecendo um vinculo interessante entre a formacao
estelar e a possivel formacao deste objeto. A populagao de idade intermediaria
parece ter sido formada em um intervalo de tempo relativamente curto, ha 1
bilhao de anos atras. Esta formacao estelar pode estar associada a uma colisao
LMC/SMC que pode ter sido a propria formadora da SMCNOD, caso esta se
configure como uma tidal feature. Por outro lado, se a formacao da SMC-
NOD ocorreu anteriormente (hé alguns bilhdes de anos atras), esta populacao
de idade intermediaria pode ter se formado ’in situ’ na SMCNOD ou entao
migrado da SMC para a SMCNOD. Caso tenha migrado, a populacao inter-
mediaria deveria se configurar homogeneamente como um halo em torno da
SMC, mas a figura 3 do artigo mostra que ha um agrupamento destas estrelas

na SMCNOD, mostrando que, se elas migraram, acabaram por formar uma

sobredensidade na SMCNOD.

6.2.3 Principais possibilidades para a origem da SMCNOD

Analisando estas caracteristicas, as possiveis origens para a SMCNOD sao:

e Material retirado da SMC a partir de uma colisao LMC/SMC, suportada pelas
simulagoes de N-corpos. A SMCNOD se configuraria como uma estrutura
de maré, podendo ser inclusive uma contrapartida a formagao da MB (seria
entdo a Magellanic Counter-Bridge). Embora simulagoes de interagdes entre
galaxias mostrem estruturas de maré que se formam aos pares e simetricamente
(Toomre & Toomre, |1972), as estruturas de maré acabam evoluindo e tomando
diferentes formas, sendo que a SMCNOD), se tomada como evoluindo a partir
de uma contra-partida a MB, poderia ter tomado a forma eliptica que possui
atualmente. Esta teoria explica varias caracteristicas da SMCNOD, como por

exemplo a forma atual, o baixo conteido de gés, as populacoes semelhantes,
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um burst de formagao estelar anular em torno da SMC ha 1,6 — 2.5 bilhoes de
anos atras (Harris & Zaritsky, 2004), além de outras estruturas encontradas
no entorno da SMC (Nidever et al., 2013| Dobbie et al., 2014]).

e Galéxia ana primordial, tendo evoluido ao lado da SMC, visto as similaridades
entre as populagoes estelares. Embora tenhamos utilizado um filtro com uma
populacao de 6 bilhoes de anos para caracterizar a grande maioria da populacao
estelar da SMCNOD, a presenga de uma populagao estelar mais velha (10-12
bilhdes de anos) nao estd descartada, apenas nos diagramas de Hess da Figura
2 do artigo publicado ha uma quase completa sobreposi¢ao entre a populagao
de 6 bilhoes de anos e uma populagao ainda mais velha (10-12 bilhdes de anos).
Uma melhor caracterizacao da populacao mais velha apenas seria factivel com
um diagrama de Hess mais profundo, quando entao poderiamos comparar as
fungoes de luminosidade para as duas populagoes ou mesmo utilizarmos filtros

isocronais distintos, mesmo com uma sobreposicao em algumas regioes.

e Galaxia ana de maré Tidal Dwarf Galary, uma galaxia ana constituida por
uma populagao estelar formada pelo géas retirado de uma outra galaxia. Estas
galdxias, como ressaltado no artigo, tem uma sobrevida muito pequena (alguns
bilhdes de anos, no méximo) dado que nado possuem matéria escura, sendo
estruturas muito frageis. Se a SMNCOD é uma TDG, seria esperado que
o gas tivesse sido retirado da SMC ha no minimo 6 bilhoes de anos, muito
antes da formagao do MS (estimado como em torno de 2 bilhoes de anos por
Nidever et al. 2010). Como sao esperadas colisbes SMC/LMC muito mais
recentemente, nao seria esperado que uma TDG formada ha seis bilhoes de
anos atras sobrevivesse por tao longo tempo. Além disso, as simulacoes de
Besla et al.|2010/ e de |[Diaz & Bekki| 2012 mostram que as Nuvens estariam
afastadas (> 100 kpc) hé mais de 5 bilhoes de anos.

e Uma dultima possibilidade é o resonant stripping, como citado por [D’Onghia
et al.| (2009) para a origem de galaxias anas. Este é um processo ressonante
entre a frequéncia angular de rotacao do disco da galdxia e a frequéncia da
orbita, sendo este processo eficiente para a remocao de estrelas quando as duas
grandezas tém magnitudes semelhantes e ambos os eixos estao alinhados. Este
processo exige a interagao entre duas galaxias anas. Esta interacao deveria
ocorrer entre as duas Nuvens, gerando uma galaxia ana com baixo brilho
superficial, como descrito no artigo. Maiores simulacoes sao necessarias para

demonstrar se este processo para as duas Nuvens poderia gerar um objeto
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como a SMCNOD.

Caso a origem da SMCNOD esteja vinculada as Nuvens, como realmente parece
sugerido pelas suas caracteristicas, a explicacao para a origem da SMCNOD estard
vinculada a melhores simulagoes de N-corpos para a evolucao do sistema LMC-
SMC-MW. Novamente novas simulagoes devem explicar sua origem como uma ca-
racteristica da colisdo entre as Nuvens, como uma contrapartida da MB (ou Counter
Bridge). Assim como citado no artigo da SMCNOD, muitos trabalhos demonstram
a existéncia desta contrapartida para a Ponte, pois sempre as Tidal Features ocor-
rem simetricamente (assim como as marés). Vinculos posteriores para o movimento
proprio irao demonstrar qual o movimento da SMCNOD relativo a SMC, restrin-
gindo o espaco de parametros para a origem deste objeto. Junto com a velocidade
radial, haveria um vinculo ainda maior para a determinagao de uma primeira érbita
deste objeto, o que colocaria um vinculo para a origem da SMCNOD.

Além disso, um levantamento no entorno mais proximo das Nuvens poderia levar
a descoberta de objetos como a SMCNOD, colocando vinculos importantes para
as simulacoes de N-corpos que tém sido feitas nas ultimas décadas e que alcancam
cada vez maior precisdo (ver a série de simulagbes citadas no artigo da SMCNOD,
principalmente as de Besla et al.| (2010)) e [Diaz & Bekki| (2012)). Embora tratemos a
SMCNOD como um objeto advindo da interagao entre LMC-SMC, outras possiveis
origens nao estao descartadas, como por exemplo, ela ser uma galaxia primordial
em formagao coeva com a SMC. Anteriormente a SMCNOD, |Nidever et al.| (2011))
ja havia demonstrado a ocorréncia de um halo estelar na periferia da SMC a partir
de dados nao contiguos ao redor da SMC. Além de Nidever et al.| (2011)), certamente
outros objetos aguardam a descoberta, talvez semelhantes a SMCNOD ou ainda
mais surpreendentes do que esta. Ainda durante o periodo de avaliacao do trabalho
dentro da colaboracao, citou-se a possibilidade de a SMCNOD vir a fazer parte
de uma grande estrutura semelhante a uma casca (shell) ao redor da SMC, o que
poderia indicar uma frente de onda choque depois da maxima aproximacgao das
duas Nuvens. Com os dados que tinhamos disponiveis, nao foi possivel comprovar
a existéncia deste grande estrutura, embora ela deva ser descontinua caso exista.

Um tltimo comentéario é sobre um trabalho importante que vincula e delimita a
possibilidade de as galaxias anas descobertas no DES terem sido inicialmente forma-
das como satélites da LMC e/ou da SMC é o artigo de Jethwa et al.|2016, Simulagoes
cinematicas das nuvens e da Via-Lactea sao constituidas a partir das posicoes atu-
ais destas galdxias e de suas velocidades e movimentos préprios. As posicoes sao

revertidas no tempo e, posteriormente, um ntmero extenso de particulas tragadoras
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das posicoes das galdxias anas sao rodadas até o presente. Utilizando os dados
disponiveis de velocidade radial, movimento préprio e posigao, sao construidas as
probabilidades de pertencimento das galdxias anas as Nuvens. Nominalmente, das
quatorze galaxias anas descobertas na area amostrada pelo DES, 7 tém probabilidade
maior do que 70% de pertencerem a LMC. Apenas uma (Reticulum III) tem uma
probabilidade razodavel, de 30%, de pertencer & SMC. O trabalho de |Jethwa et al.
(2016) mostra o quanto esta visdo dinamica do movimento das Nuvens encontra con-
trapartida inclusive na amostra de galdxias anas companheiras da Via-Lactea. As Fi-
guras 1 e 6 daqueles autores mostram a proximidade das galdxias recém-descobertas
do DES as Nuvens de Magalhaes se comparadas com a distribuicao das galédxias anas
no hemisfério Norte, o que evidencia uma provavel origem para estas anas. Além
disso, para cobrir o entorno das Nuvens e utilizando também a DECam, lembramos
que o MaglLiteS estd amostrando a regidao entre as Nuvens e o pdlo celeste Sul (na
parte nao amostrado pelo DES), onde possiveis futuras descobertas irao inferir me-
lhor a participagao das Nuvens no senso de satélites da Via-Lactea. O trabalho de
Jethwa et al.| 2016/ também é importante impor um vinculo a questao de satélites
de satélites. Além disso, se algumas (ou muitas) galdxias-anas tiverem este vinculo
Magalhanico comprovado, isso ira agravar o problema do modelo ACDM conhecido
como missing satellites ou satélites faltantes, onde a previsao do nimero de halos
de matéria escura povoados com matéria barionica (as galdxias anas) é bem maior
do que as observacoes demonstram, haja visto que um sistema como a Via-Lactea e
as duas Nuvens s@o um sistema incomum (James & Ivory, 2011)). Para uma revisao
deste problema, indicamos [Bullock| 2010, Simon & Geha|2007. Trabalho semelhante
ao de|Jethwa et al.| (2016) poderia ser feito também para os aglomerados recém des-
cobertos (como os que tivemos participacdo como o DES1), o que poderia fornecer
uma explicacao para a formacao destes objetos, os quais tém sido catalogados como
aglomerados globulares (por exemplo, [Koposov et all [2007)), mas que diferem dos

aglomerados globulares da Galédxia, como os conhecemos, massivos e luminosos.



Apeéendice A

Artigos publicados com

contribuicao

Nesta se¢ao vou apresentar as principais contribui¢oes aos artigos em anexo, onde
figuro na lista de autores.

O artigo publicado pela colaboragao do DES com as descobertas dos companhei-
ros da Via-Lactea nos dados do primeiro ano teve nossa intensa participagao quanto
a determinacao de idades, metalicidade, avermelhamento e moédulo de distancia. Por
mais de uma vez apresentamos nosso trabalho nas reunioes do grupo de trabalho da
Via-Lactea (MWWG). Nesta época, estdvamos com os testes e validagao dos pro-
gramas para a determinacao destes parametros fisicos, entao além de mais um teste
de comparacao, pudemos comparar nossos resultados com os resultados de outras
abordagens pela colaboracao. Foi uma intensa troca de experiéncias, discussao de

métodos e parametros com outros colaboradores do DES.
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ABSTRACT

We report the discovery of eight new Milky Way companions in ~1800 deg? of optical imaging data collected
during the first year of the Dark Energy Survey (DES). Each system is identified as a statistically significant over-
density of individual stars consistent with the expected isochrone and luminosity function of an old and metal-poor
stellar population. The objects span a wide range of absolute magnitudes (My from —2.2 to —7.4 mag), physical
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sizes (10—170 pc), and heliocentric distances (30—330 kpc). Based on the low surface brightnesses, large physical
sizes, and/or large Galactocentric distances of these objects, several are likely to be new ultra-faint satellite galaxies
of the Milky Way and/or Magellanic Clouds. We introduce a likelihood-based algorithm to search for and
characterize stellar over-densities, as well as identify stars with high satellite membership probabilities. We also
present completeness estimates for detecting ultra-faint galaxies of varying luminosities, sizes, and heliocentric

distances in the first-year DES data.
Key words: galaxies: dwarf — Local Group

1. INTRODUCTION

Milky Way satellite galaxies provide a unique opportunity to
study the low-luminosity threshold of galaxy formation and to
better connect the baryonic component of galaxies with the
dark matter halos in which they reside. Prior to the Sloan
Digital Sky Survey (SDSS), the faintest known galaxies had
luminosities of ~10° L, and it was clear that the population of
12 “classical” Milky Way satellites was orders of magnitude
smaller than would be naively expected in the cold dark matter
paradigm (Klypin et al. 1999; Moore et al. 1999). Over the past
decade, systematic searches of wide-field SDSS imaging have
revealed 15 additional arcminute-scale, resolved stellar over-
densities (Willman et al. 2005a, 2005b; Belokurov
et al. 2006, 2007, 2008, 2009, 2010; Grillmair 2006, 2009;
Sakamoto & Hasegawa 2006; Zucker et al. 2006a, 2006b;
Irwin et al. 2007; Walsh et al. 2007) that have been either
photometrically classified or spectroscopically confirmed as
gravitationally bound “ultra-faint” galaxies (Kleyna et al. 2005;
Muiioz et al. 2006; Martin et al. 2007; Simon & Geha 2007;
Adén et al. 2009; Belokurov et al. 2009; Carlin et al. 2009;
Geha et al. 2009; Koch et al. 2009; Walker et al. 2009;
Koposov et al. 2011; Simon et al. 2011; Willman et al. 2011;
Kirby et al. 2013). These ultra-faint galaxies are the smallest,
least luminous, least chemically enriched, and most dark matter
dominated galaxies in the known universe.

Since all known ultra-faint Milky Way satellite galaxies were
discovered in SDSS, the census of these objects is almost
certainly incomplete due to the partial sky coverage
(~14,000 deg?) and photometric magnitude limit (95%
complete to r ~ 22 mag) of that survey. While only 27 Milky
Way satellite galaxies are currently known, extrapolations of
the luminosity function suggest that hundreds of luminous
Milky Way satellites remain to be found in current and near-
future wide-field optical imaging surveys (Tollerud et al. 2008;
Hargis et al. 2014; He et al. 2015).

The Dark Energy Survey (DES) is in the process of imaging
5000 deg? of the southern Galactic cap in five photometric
bands (Abbott et al. 2005; Diehl et al. 2014). The deep
photometry of DES (r ~ 24 mag) will enable the detection of
the faintest known satellite galaxies out to ~120 kpc (compared
to the SDSS limit of ~50kpc), and more luminous satellite
galaxies out to the Milky Way virial radius (Rossetto
et al. 2011). We have completed an initial search of
the first year of DES data and report here on the eight most
significant dwarf galaxy candidates discovered therein
(Table 1). Since the physical nature of these candidates cannot
be definitively determined with photometry alone, we refer to
them by their discovery coordinates. If these candidates
are later confirmed to be Local Group galaxies, they
should be renamed after the constellation in which they
reside: DES J0335.6-5403 (Reticulum II), DES J0344.3-4331
(Eridanus IT), DES J2251.2-5836 (Tucanall), DES J0255.4

-5406  (HorologiumI), DESJ2108.8-5109  (IndusI),
DES J0443.8-5017 (PictorI), DES J2339.9-5424
(Phoenix IT), and DESJ0222.7-5217 (EridanusIII). If any
are instead globular clusters, they would be known as DES 1
through N. After the completion of this work, we learned that
DES J2108.8-5109 was previously identified by Kim et al.
(2015) in data from the Stromlo Milky Way Satellite Survey
and designated as a likely star cluster, Kim 2.

2. DATA SET

DES is a wide-field optical imaging survey in the griz¥
bands performed with the Dark Energy Camera (DECam;
Flaugher et al. 2010, 2015; Diehl 2012). The DECam focal
plane comprises 74 CCDs: 62 2k x4k CCDs dedicated to
science imaging and 12 2k x 2k CCDs for guiding, focus, and
alignment. DECam is installed at the prime focus of the 4 m
Blanco telescope at Cerro Tololo Inter-American Observatory.
In this configuration, DECam has a hexagonal 2°2-wide field
of view and a central pixel scale of 0.263 arcseconds. The full
DES survey is scheduled for 525 nights distributed over
5 years. Here, we consider data collected between 2013 August
15 and 2014 February 9 during the first year of DES.

The first internal annual release of DES data (Y1Al)
consists of ~12,000 science exposures processed by the DES
data management (DESDM) infrastructure (R. A. Gruendl
et al. 2015, in preparation).44 Most of the Y1A1 footprint is
covered by 2—4 overlapping exposures, or “tilings,” in each
filter. Single exposures in a tiling are 90 s in griz and 45 s in Y.
Here, we rely on the g- and r-band images for photometry, and
use the i-band for star—galaxy separation.

The DESDM image processing pipeline consists of image
detrending, astrometric calibration, nightly photometric cali-
bration, global calibration, image coaddition, and object catalog
creation, as recently summarized in Balbinot et al. (2015). We
refer to Sevilla et al. (2011), Desai et al. (2012), and Mohr
et al. (2012) for a more detailed description of the DES single-
epoch and coadd image processing. The SExtractortoolkit
is used to create object catalogs from the processed and
coadded images (Bertin & Arnouts 1996; Bertin et al. 2011).
The Y1AIl data release contains a catalog of ~131 million
unique objects detected in the coadd imaging which are
distributed over 1800 deg?. This area includes ~200 deg”
overlapping with the Stripe 82 region of SDSS, as well as a
contiguous region of ~1600 deg? overlapping the South Pole
Telescope (SPT) footprint (Carlstrom et al. 2011). The DES
imaging in the SPT region is unprecedented in depth. Figure 1
shows the coverage of Y1ALI in Galactic coordinates.

We selected stars from the Y1A1 coadd object catalog based
on the spread_model quantity output by SExtractor (Desai
et al. 2012). To avoid issues arising from fitting the point-
spread function (PSF) across variable-depth coadded images,

44 http://data.darkenergysurvey.org/aux/releasenotes/DESDMrelease.html
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Table 1
Detection of New Satellite Galaxy Candidates in DES Y1Al
Name 2000 82000 m—M Map Sig TS Scan TS Fit I € ¢ Py
(deg) (deg) (o) (deg) (deg)

DES J0335.6-5403 (Ret II) 53.92 -54.05 175 24.6 1466 1713 0.105001 0.6793 7247 338.1
DES J0344.3-4331 (Eri IT) 56.09 —43.53 22.6 23.0 322 512 0.03559!1 0.19791¢ 90730 96.9
DES J2251.2-5836 (Tuc II) 343.06 -58.57 18.8 6.4 129 167 0.1250% 1149
DES J0255.4-5406 (Hor I) 43.87 —54.11 19.7 8.2 55 81 0.0450% 30.6
DES J2108.8-5109 (Ind I) 317.20 -51.16 19.2 5.5 75 0.01050993 26.6
DES J0443.8-5017 (Pic 1) 70.95 -50.28 20.5 7.1 63 0.02:597 19.1
DES J2339.9-5424 (Phe II) 354.99 -54.41 19.9 5.1 61 0.0250! 19.4
DES J0222.7-5217 (Eri II) 35.69 -52.28 19.9 5.4 57 0.007+5:993 8.9

Note. Best-fit parameters from the maximum-likelihood fit assuming the composite isochrone described in Section 3.2. Uncertainties are calculated from the the
highest density interval containing 90% of the posterior distribution. “Map Sig” refers to detection significance of the candidate from the stellar density map search
method (Section 3.1). “TS Scan” refers to the significance (Equation (4)) from the likelihood scan using a Plummer model spatial kernel with half-light radius
m = 0°1 (Section 3.2). “TS Fit” denotes the significance of the likelihood method using the set of best-fit parameters. Ellipticities and position angles are not quoted
for lower significance candidates where they are not well constrained by the data. For objects with significant ellipticity, the half-light radius is measured along the
elliptical semimajor axis. Yp; is the estimated number of satellite member stars with ¢ < 23 in the stellar catalog.

Figure 1. Locations of 27 known Milky Way satellite galaxies (blue; McConnachie 2012a) and eight DES dwarf galaxy candidates (red) in Galactic coordinates
(Mollweide projection). The coordinate grid shows the equatorial coordinate system with solid lines for the equator and zero meridian. The gray scale indicates the
logarithmic density of stars with » < 22 from SDSS and DES. The large contiguous region in the northern equatorial hemisphere shows the coverage of SDSS (Ahn
etal. 2014). The full DES footprint is outlined in red, and is now partially filled in by a region of ~1600 deg? near to the Magellanic Clouds and a region of ~200 deg?
overlapping with the SDSS Stripe 82 field along the celestial equator. Both fields were observed during the first year of DES and that compose the Y1A1 data set.

we utilized the weighted-average (wavg) of the spread_model
measurements from the single-epoch exposures. Our stellar
sample consists of  well-measured objects  with
|wavg_spread_model _i| < 0.003, flags_{g, r, i} <4, and
magerr_auto_{g, r, i} < 1. We also removed objects for
which the mag_ psf and mag_auto measurements differ by
more than 0.5 mag because this is indicative of poor object
characterization.

We estimated the stellar completeness on a statistical basis
over the full Y1AI footprint by creating a test sample of high
stellar purity using a color-based selection of r — i > 1.7. We
then applied the morphology-based star selection criteria above
that uses imaging in only a single band to evaluate the stellar
completeness for the test sample. This approach is unbiased
since the two star selection criteria are orthogonal, and benefits
from a large statistical sample that is representative of the full
Y1A1 data set. The stellar completeness was found to be >90%
to g~ 22mag and falls to ~50% by g ~ 23 mag. We

validated this completeness estimate with matched spectro-
scopic data in the overlap region between Y1Al and SDSS
Stripe 82. Based on studies with the DAOPHOT* software
package optimized for photometry in crowded stellar fields, we
do not expect this stellar completeness to be reduced in the
vicinity of DES satellite galaxy candidates relative to the Y1A1
footprint at large.

For point-like objects and a well-estimated PSF, the
SExtractor mag_ psf variables are expected to give the
best measurement of stellar fluxes. However, due to the
aforementioned difficulties with PSF estimation on deep
coadded images, we chose instead to use the mag_auto
measurements. The mag_auto measurements are found to give
a less biased estimate of flux when compared to a stellar
calibration sample from Pan-STARRS (Schlafly et al. 2012).
Measured magnitudes are extinction corrected using the

43 http://www.star.bris.ac.uk/~mbt/daophot/
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E (B — V) dust maps from Schlegel et al. (1998). The relative
calibration uncertainties are estimated via stellar-locus regres-
sion (Kelly et al. 2014) and are found to be ~2% across the
survey footprint. Uncertaities in the offsets between the DES
photometric system and the AB system are estimated to be
~1%.

3. SEARCH METHODS

Ultra-faint galaxies are discovered as arcminute-scale over-
densities of individually resolved stars. The Y1A1 stellar object
catalog is of such quality and depth that numerous stellar over-
densities are immediately apparent from a visual scan. Several
of these over-densities are not associated with any known star
cluster, globular cluster, or satellite galaxy. To formalize the
process of identifying new candidate satellite galaxies, we
applied both (1) a simple spatial binning algorithm to facilitate
inspection of the stellar density field, and (2) a matched-filter
maximum-likelihood  technique. ~These complementary
approaches validated one another and the resultant list of
candidates was vetted by both methods.

3.1. Stellar Density Maps

Several independent searches of the stellar density field were
conducted. One approach involved direct visual inspection of
coadded images. Other searches used binned stellar density
maps constructed from the coadd object catalogs. As an
example, we detail below how one of these maps was built and
analyzed.

We began by spatially binning the stellar catalog into equal-
area pixels using the HEALPix scheme (Gorski et al. 2005).46
We considered HEALPix pixel sizes of ~0°06 (nside = 1024)
and ~0°11 (nside =512) to optimize sensitivity to satellites
possessing different angular sizes. Since the stellar density is
greatly enhanced in regions of the Y1Al footprint near the
LMC and Galactic plane, we further grouped the stars into
larger regions of ~13 deg? (nside = 16) to estimate the local
field density of stars. We corrected the effective solid angle of
each pixel using the survey coverage, as estimated by mangle
as part of DESDM processing (Swanson et al. 2008).*’ Several
conspicuous stellar over-densities were immediately apparent
after this simple spatial binning procedure.

We increase our sensitivity to ultra-faint satellite galaxies by
focusing our search on regions of color-magnitude space
populated by old, low-metallicity stellar populations (Koposov
et al. 2008; Walsh et al. 2009). As a template, we used a
PARSEC isochrone corresponding to a stellar population of
age 12 Gyr and metallicity Z = 0.0002 (Bressan et al. 2012).
Sensitivity to satellites at varying distances was enhanced by
considering 20 logarithmically spaced steps in heliocentric
distance ranging from 20 to 400 kpc (distance moduli
16.5 < M — m < 23.0). For each step in distance, all stars
within 0.2 mag of the isochrone in magnitude—magnitude space
were retained while those outside the isochrone template were
discarded. We then created a significance map for each
~13 deg? region by computing the Poisson likelihood of
finding the observed number of stars in each map pixel given a
background level characterized by the local field density.

46 http://healpix.sourceforge.net
4 http://space.mit.edu/~molly/mangle/
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3.2. Matched-filter Maximum-likelihood Method

The simple approach described above is computationally
efficient and easily generalizable. However, a more sensitive
search can be performed by simultaneously modeling the
spatial and photometric distributions of stars and incorporating
detailed characteristics of the survey (variable depth, photo-
metric uncertainty, etc.). One way to incorporate this informa-
tion is through a maximum-likelihood analysis (Fisher 1925;
Edwards 1972). Likelihood-based analyses have found broad
applicability in studies of Milky Way satellites (e.g.,
Dolphin 2002; Martin et al. 2008a). Here we extend the
maximum-likelihood approach to a wide-area search for Milky
Way satellites. Similar strategies have been applied to create
catalogs of galaxy clusters over wide-field optical surveys (e.g.,
Rykoff et al. 2014).

Our maximum-likelihood search begins by assuming that the
stellar catalog in a small patch of sky represents a Poisson
realization of (1) a field contribution including Milky Way
foreground stars, mis-classified background galaxies, and
imaging artifacts, and (2) a putative satellite galaxy. The
unbinned Poisson log-likelihood function is given by

log £ = —f\ + Z(l — pi), (1

where 7 indexes the objects in the stellar sample. The value p;
can be interpreted as the probability that star i is a member of
the satellite, and is computed as

AM,'

= — 2
/\l/t,'+bi ()

Pi

Here, u represents the signal probability density function
(PDF) for the satellite galaxy and is normalized to unity over
the spatial and nmagnitude domain, S; specifically,
fa y 4 dS = 1. The corresponding background density function

for the field population is denoted by b.

We define the richness, A, to be a normalization parameter
representing the total number of satellite member stars with
mass >0.1Mg. In Equation (1), f= j;bi u dS represents the
fraction of satellite member stars that are within the observable
spatial and magnitude domain of the survey, and fA denotes the
expected number of observable satellite member stars.*®
Maximizing the likelihood with respect to the richness implies
S\ = Yip;. This condition makes clear that the satellite
membership probability for each star in the catalog is a natural
product of the maximum-likelihood approach. These member-
ship probabilities can be used to prioritize targeting when
planning spectroscopic follow-up observations. Figure 2 high-
lights the use of membership probabilities to visualize a low-
surface-brightness satellite galaxy candidate.

To characterize a candidate satellite galaxy, we explore the
likelihood of the data, D, as a function of a set of input model
parameters, 6. The signal PDF is assumed to be separable into
two independent components,

u(D;10) = u;(Ds 16,) x u (D 16,). )

48 Mangle maps of the survey coverage are used in the calculation of the
observable fraction at each position in the sky.
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Figure 2. Left: false color gri coadd image of the 023 x 023 region centered on DES J0335.6-5403. Right: stars in the same field of view with membership
probability p; > 0.01 are marked with colored circles. In this color map, red signifies high-confidence association with DES J0335.6—-5403 and blue indicates lower
membership probability. The membership probabilities have been evaluated using Equation (2) for the best-fit model parameters listed in Table 1.

The first component, u;, depends only on the spatial properties,
while the second component, u., depends only on the
distribution in color—magnitude space.

We modeled the spatial distribution of satellite member stars
with an elliptical Plummer profile (Plummer 1911), following
the elliptical coordinate prescription of Martin et al. (2008a).
The Plummer profile is sufficient to describe the spatial
distribution of stars in known ultra-faint galaxies (Mufioz
et al. 2012b). The spatial data for catalog object i consist of
spatial coordinates, D,; = {«;, ¢;}, while the parameters
of our elliptical Plummer profile are the centroid coordinates,
half-light radius, ellipticity, and position angle, 6, =
{0, b0, T, €, B}

We modeled the color-magnitude component of the signal
PDF with a set of representative isochrones for old, metal-poor
stellar populations, specifically by taking a grid of isochrones
from Bressan et al. (2012) spanning 0.0001 < Z < 0.001 and
1 Gyr < 7 < 13.5 Gyr. Our spectral data for star i consist of the
magnitude and magnitude error in each of two (filters,
D.; = {g 0gi 1> 0r;}, while the model parameters are
composed of the distance modulus, age, and metallicity
describing the isochrone, 6. = {M — m, 7, Z}. To calculate
the spectral signal PDF, we weight the isochrone by a Chabrier
(2001) initial mass function (IMF) and densely sample in
magnitude-magnitude space. We then convolve the photometric
measurement PDF of each star with the PDF of the weighted
isochrone. The resulting distribution represents the predicted
probability of finding a star at a given position in magnitude—
magnitude space given a model of the stellar system.

The background density function of the field population is
empirically determined from a circular annulus surrounding
each satellite candidate (0°5 < r < 2°0). The inner radius of
the annulus is chosen to be sufficiently large that the stellar
population of the candidate satellite does not bias the estimate
of the field population. Stellar objects in the background
annulus are binned in color-magnitude space using a cloud-in-
cells algorithm and are weighted by the inverse solid angle of

the annulus. The effective solid angle of the annulus is
corrected to account for regions that are masked or fall below
our imposed magnitude limit of g < 23 mag. The resulting
two-dimensional histogram for the field population provides
the number density of stellar objects as a function of observed
color and magnitude (deg~2 mag~2). This empirical determina-
tion of the background density incorporates contamination
from unresolved galaxies and imaging artifacts.

The likelihood formalism above was applied to the Y1Al
data set via an automated analysis pipeline.** For the search
phase of the algorithm, we used a radially symmetric Plummer
model with half-light radius r, = 0°1 as the spatial kernel, and
a composite isochrone model consisting of four isochrones
bracketing a range of ages, 7 = {12, 13.5 Gyr}, and metalli-
cities, Z = {0.0001, 0.0002}, to bound a range of possible
stellar populations. We then tested for a putative satellite
galaxy at each location on a three-dimensional grid of sky
position (0.7 arcmin resolution; nside = 4096) and distance
modulus (16 < M — m < 24; 16—630 kpc).

The statistical significance at each grid point can be
expressed as a Test Statistic (TS) based on the likelihood ratio
between a hypothesis that includes a satellite galaxy versus a
field-only hypothesis:

Tszz[logﬁ(A:X) 710g£()\:0)]4 4)

Here, X is the value of the stellar richness that maximizes the
likelihood. In the asymptotic limit, the null-hypothesis
distribution of the TS will follow a y%/2 distribution with
one bounded degree of freedom (Chernoff 1954). We have
verified that the output distribution of our implementation
agrees well with the theoretical expectation by testing on
simulations of the stellar field. In this case, the local statistical
significance of a given stellar over-density, expressed in

49 The Ultra-faint Galaxy Likelihood (UGALI) code; detailed methodology
and performance to be presented elsewhere.
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Table 2
Properties of DES Satellite Galaxy Candidates
Name Distance M- My Hn log,(7) z
(kpe) (10°M5) (mag) (pe) log,,(Gyr)

DES J0335.6-5403 (Ret II) 32 2,603 -3.6 + 0.1 5543 10.08 + 0.21 <0.0003
DES J0344.3-4331 (Eri IN) 330 83117 7.4 + 0.1 17243 10.10 + 0.23 <0.0006
DES J2251.2-5836 (Tuc II) 58 34 39402 120539
DES J0255.4-5406 (Hor I) 87 24434 35403 60715 9.96 + 0.21 <0.0005
DES J2108.8-5109 (Ind I) 69 0.8704 -22+05 1272
DES J0443.8-5017 (Pic I) 126 2.8539 3.7+ 04 43+13 10.00 + 0.16 <0.0004
DES 12339.9-5424 (Phe II) 95 2.8552 37+ 04 33430
DES J0222.7-5217 (Eri II) 95 0.9799 2.4+ 0.6 11+

Note. Uncertainties are calculated from the the highest density interval containing 90% of the posterior distribution. Stellar masses are computed for a Chabrier initial

mass function.

Gaussian standard deviations, is approximately the square root
of the TS.

4. CANDIDATE SELECTION AND CHARACTERIZATION

The two search methods described in Section 3 each produce
significance maps of the full YIA1 footprint, where peaks in
these maps represent the three-dimensional seed positions
(20005 62000, M — m) of possible satellite galaxies. Seeds were
selected from the union of the search methods. Statistical
significance thresholds were set at >5¢ for the stellar density
map method and TS > 45 for the matched-filter maximum-
likelihood method, yielding ~50 seeds. Most of these were
discarded as being attributed to steep gradients in the stellar
density field, numerical effects near the survey boundaries,
imaging artifacts, and large nearby galaxies resolved into
multiple closely spaced catalog objects. For this reason, we did
not pursue investigation at lower significance thresholds.

The resulting seed list was compared against catalogs of
known star clusters (Harris 1996, 2010 edition; Kharchenko
et al. 2013) and Milky Way satellite galaxies (McConnachie
2012a) as well as catalogs of other astrophysical objects that
can produce false positives, such as large nearby galaxies
(Nilson 1973; Corwin 2004) or galaxy clusters (Rykoff
et al. 2014). Associated seeds include the Reticulum globular
cluster, the Phoenix dwarf galaxy, AM1, NGC 1261,
NGC 1291, NGC 1553, NGC 1851, NGC 7089, NGC 7424,
ESO 121-SC 003, and ESO 201-SC 010.

We explored the multi-dimensional parameter space for each
unassociated seed using the emcee module for Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013),5 0 and the
likelihood function described in Section 3.2 with flat priors on
each of the input parameters. For each seed, we ran an MCMC
chain with 100 walkers that each make 1000 steps including a
burn-in stage of 50 steps. This is sufficient to sample the region
of parameter space near the maximum-likelihood estimate.
Only seeds with well-constrained posterior distributions enter
our candidate list of new Milky Way companions.

Table 1 presents the eight most significant stellar over-
densities in the Y1A1 data set consistent with being previously
unknown dwarf galaxies. When comparing the significances
obtained with the map-based and likelihood scan algorithms, it
is worth noting that the two methods were applied assuming
different size scales for the target satellites, and that kernel

30 emcee v2.1.0: http://dan.iel.fm/emcee/current/.

assumed for the likelihood scan (r, = 0?1) is larger than the
majority of candidates listed in Table 1. After fitting the spatial
parameters of the candidates, all are detected with high
significance using the likelihood-based method. The depen-
dence of detection efficiency on assumed kernel size is
discussed is Section 5.2.

The physical characteristics of these objects, as determined
by the follow-up MCMC likelihood analysis, are summarized
in Table 2. The best-fit values and uncertainties are determined
from the peak of the posterior distribution and the 90% highest
posterior density interval (Box & Tiao 1973). A significant
correlation was observed between the age of the stellar
isochrone and the heliocentric distance—a degeneracy that
may be expected given the evolution of the main sequence
turnoff. For some DES candidates, the posterior distribution for
the distance is multi-modal. The distance estimates provided in
Table 2 indicate the peaks in the posterior distribution.

To compare with previously known Milky Way satellite
galaxies, we convert from DES g- and r-band magnitudes to
visual magnitudes using

8DESs = 8spss 0~104(85Dss - rsnss) + 0.01 mag
DES = SDSS — 0'102(gSDSS — rSDSS) -+ 0.02 mag
=V = gpgs — 0'487(gDES - ”DES) — 0.025 mag. 3)

This transform from DES g and r magnitudes to V-band
magnitudes was derived using an SDSS stellar calibration
sample and the equations from Jester et al. (2005). The
absolute magnitude of each satellite is calculated using the
sampling formalism of Martin et al. (2008a). For bright
satellites, this formalism yields a very similar estimate to the
integration of the stellar luminosity function for the best-fit
model. However, for fainter satellites, the uncertainty in the
total magnitude can be dominated by shot noise arising from
sparse sampling of the stellar population. In this case, the
additional association of a single bright star can have a strong
influence on the measured magnitude of a satellite. Similarly,
the evolution of individual member stars can substantially
change the total luminosity. To quantify the impact of shot
noise on the derived luminosity estimates, we use a
representative isochrone weighted by a Chabrier IMF to
simulate an ensemble of satellites with similar characteristics
to the observed candidates. The quoted uncertainty on the
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Figure 3. Local Group galaxies (McConnachie 2012a) and globular clusters
(Harris 1996, 2010 edition) occupy distinct regions in the plane of physical
half-light radius (geometric mean of the major and minor axes) and absolute
luminosity. The majority of DES satellite candidates (red dots) are more
consistent with the locus of Local Group galaxies (empty blue shapes) than
with the population of Galactic globular clusters (black crosses). Several of the
faintest globular clusters and systems of ambiguous classification are indicated
withxmarks: Koposov 1 and Koposov 2 (Koposov et al. 2007; Paust
et al. 2014), Segue 3 (Belokurov et al. 2010; Fadely et al. 2011; Ortolani
et al. 2013), Mufioz 1 (Muifioz et al. 2012a), Balbinot 1 (Balbinot et al. 2013),
PSO J174.0675-10.8774/Crater I (Laevens et al. 2014; Belokurov et al. 2014),
and Kim 1 (Kim & Jerjen 2015). Dashed lines indicate contours of constant
surface brightness at = {25, 27.5, 30} mag arcsec 2.

luminosity reflects the expected shot noise from stars in the
magnitude range visible to DES, 17 mag < g < 23 mag.

The angular and physical half-light radii listed in Tables 1
and Table 2 are both given as two-dimensional quantities. The
deprojected (three-dimensional) half-light radius is a factor
~1.3 larger than the projected half-light radius for a variety of
common density profiles (Wolf et al. 2010). For objects with
measured ellipticity, we report the half-light radius measured
along the semimajor axis.

As illustrated in Figure 1, the DES candidates are distributed
throughout the Y1A1 footprint and occupy a portion of the
celestial sphere in the direction of the Magellanic Clouds
where no ultra-faint galaxies were previously known. The
DES candidates are widely distributed in heliocentric distance
from ~30kpc (DESJ0335.6-5403) to >300kpc (DES
J0344.3-4331).

5. DISCUSSION

Galaxies are distinguished from star clusters by having a
dynamical mass that is substantially larger than the mass
inferred from the luminous stellar population and/or a
significant dispersion in metallicities indicative of multiple
generations of star formation and a deep enough gravitational
potential to retain supernova ejecta (Willman & Strader 2012).
While devoted spectroscopic follow up observations are
necessary to unambiguously classify these objects, the proper-
ties given in Table 2 already provide strong clues as to which
candidates are most likely to be galaxies. First, the large
physical sizes of most of these objects are more consistent with
the locus occupied by known satellite galaxies of the Local
Group than with globular clusters of the Milky Way, as shown
in Figure 3. All of the DES candidates are of comparable
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surface brightness to the ultra-faint galaxies detected in SDSS
(McConnachie 2012a). The two most compact systems,
DES J2108.8-5109 and DES J0222.7-5217, fall in between
the known ultra-faint galaxies and the faintest Milky Way star
clusters, e.g., Koposov 1 and Koposov 2 (Koposov et al. 2007;
Paust et al. 2014), Segue 3 (Belokurov et al. 2010; Fadely
et al. 2011; Ortolani et al. 2013), Mufioz 1 (Mufioz
et al. 2012a), Balbinot 1 (Balbinot et al. 2013), and Kim 1
(Kim & Jerjen 2015). For the most significant DES candidates,
it is possible to estimate the ellipticity. Whereas globular
clusters tend to have ellipticity <0.2 (Martin et al. 2008a; van
den Bergh 2008), the best measured candidate, DES
J0335.6-5403, has an ellipticity ~0.6, which is more consistent
with the population of known ultra-faint galaxies.

Further insight can be gained by fitting isochrones to the
observed stellar distribution in color-magnitude space. Two
independent maximum-likelihood implementations confirm that
the DES candidates are generally consistent with old (7 2 10
Gyr) and metal-poor stellar populations (Z ~ 0.0002). The first
of these analyses is the pipeline described in Section 3.2 used in
a mode that varies age and metallicity in addition to spatial
parameters and distance modulus in a simultaneous fit. The
second color-magnitude fitting procedure adopts a similar
likelihood formalism, but fits the spatial and photometric
distributions of the stars in two separate phases. Instead of
assuming an IMF, the second method weights the stars
according to their proximity to the best-fit centroid location,
and then evaluates the consistency between each star and a given
isochrone in color—magnitude space given the photometric
uncertainty for that star. The second method is more robust to
complications that might arise from stellar incompleteness and/
or imperfect modeling of the IMF. Age estimates and metallicity
upper limits for four of the more significant DES candidates are
reported in Table 2. Like the previously known ultra-faint
dwarfs, the new DES systems are old and metal-poor (e.g.,
Brown et al. 2014). The latter fitting procedure has also been
applied to non-extinction corrected magnitudes to independently
validate the extinction values from Schlegel et al. (1998).

5.1. Review of Individual Candidates.

Brief comments on the individual galaxy candidates are
provided below, and spatial maps and color—magnitude diagrams
for each candidate are provided in Figures 4-11. The rightmost
panels of these Figures show the satellite membership prob-
abilities of individual stars that are assigned by the likelihood fit
using a single representative isochrone with 7 = 13.5 Gyr and
Z = 0.0001. Stars with high membership probabilities contribute
most to the statistical significance of each candidate. The
constellation designation, should these candidates be confirmed
as dwarf galaxies, is listed in parenthesis.

1. DES J0335.6-5403 (ReticulumII, Figure 4): as the
nearest and most significant candidate, DES
J0335.6-5403 is highly conspicuous in the Y1A1 stellar
density maps, with ~300 member stars brighter than
g ~ 23 mag. In fact, an over-density of faint stars at this
position is even visible in the much shallower Digitized
Sky Survey images, although it was not detected by
Whiting et al. (2007) and other searches of photographic
material. Note that like the previously known ultra-faint
dwarfs, DES J0335.6-5403 very likely contains several
blue horizontal branch stars identified by the likelihood
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Figure 7. Analogous to Figure 4 but for DES J0255.4-5406.

procedure, two of which are relatively far from the center
of the object. Given its luminosity, radius, and ellipticity,
DES J0335.6-5403 is almost certainly a dwarf galaxy
rather than a globular cluster. As illustrated in Figure 3, it
is significantly more extended than any known faint
globular cluster, and its elongated shape would also make

it an extreme outlier from the Milky Way cluster
population. Among known dwarfs, DES J0335.6-5403
appears quite comparable to Ursa Major II (Zucker
et al. 2006a; Muiioz et al. 2010). DES J0335.6-5403 is
only ~23 kpc from the LMC, and measurements of its
radial velocity and proper motion will provide strong
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Figure 9. Analogous to Figure 4 but for DES J0443.8-5017.
clues as to whether it originated as a Milky Way satellite cluster, and its half-light radius of ~170 pc is inconsistent
or fell into the Milky Way halo as part of a Magellanic with the sizes of globular clusters. It is therefore very
group. likely that this object is a new dwarf galaxy. The color—
2. DES J0222.7-5217 (Eridanus II, Figure 5): at a distance magnitude diagram of DES J0344.3-4331 closely resem-
of >330 kpc, DES J0344.3-4331 is nearly a factor of bles that of another distant Milky Way satellite, Canes
three more distant than any known outer halo globular Venatici I, with a well-populated horizontal branch
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Figure 11. Analogous to Figure 4 but for DES J0222.7-5217.
covering a wide range of colors (Zucker et al. 2006b; with no gas or recent star formation, while dwarfs beyond
Martin et al. 2008b; Okamoto et al. 2012). Its large that limit often have irregular morphologies, contain gas,
distance places DES J0344.3-4331 in a very intriguing and/or are still forming stars (e.g., Einasto et al. 1974;
range of parameter space for studying the quenching and Blitz & Robishaw 2000; Greevich & Putman 2009;
loss of gas in dwarf galaxies. As has been known for Spekkens et al. 2014). The next most distant Milky Way
many years, dwarf galaxies within ~250 kpc of the Milky dwarf galaxy, Leo T, is gas-rich and has hosted recent
Way and M31 are almost exclusively early-type galaxies star formation (de Jong et al. 2008; Ryan-Weber et al.
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2008); deeper optical and H1 imaging to search for
neutral gas and young stars in DES J0344.3—-4331 has the
potential to provide new insight into how gas is stripped
from low-mass dwarfs and reveal the minimum mass for
maintaining star formation over many Gyr. A radial
velocity measurement will also shed light on if
DES J0344.3-4331 has already passed close to the Milky
Way or whether it is infalling for the first time. Given
its distance, it is unlikely to be associated with
the Magellanic Clouds. Like DES J0335.6-5403, DES
J0344.3-4331 is clearly detected in Digitized Sky Survey
images dating as far back as 1976.

. DESJ2251.2-5836  (Tucanall, Figure 6): DES
J2251.2-5836 is the third new satellite with a large
enough size (120 pc) to be tentatively identified as a
dwarf galaxy with DES multi-band photometry alone. It
has a similar luminosity to DES J0335.6-5403, but is a
much lower surface brightness system and is a factor of
~2 farther away. DES J2251.2-5836 is ~19 kpc from the
LMC and ~37 kpc from the SMC, making it a strong
candidate for another member of the Magellanic group. In
the surface density map in the upper left panel of
Figure 6, the outer regions of DES J2251.2-5836 appear
elongated and distorted. However, these features are
likely a result of noise rather than real distortions (Martin
et al. 2008a; Muifioz et al. 2010). The distribution of
likely member stars in the upper right panel is much
rounder. The high detection significance of this object
demonstrates the power of the likelihood analysis to
simultaneously combine spatial and color-magnitude
information.

. DES J0255.4-5406 (HorologiumI, Figure 7): DES
J0255.4-5406, at a distance of ~87 kpc, has only a sparse
population of red giant branch and horizontal-branch stars
visible in the DES photometry (a hint of the main
sequence turnoff may be present at the detection limit).
Given the small number of stars visible in the DES data,
deeper imaging and spectroscopy will be needed to
characterize the system more fully. Its Plummer radius of
~60 pc establishes it as a likely dwarf galaxy, twice as
extended as the largest globular clusters with comparable
luminosities. DES J0255.4-5406 (perhaps along with
DES J0443.8-5017 and DES J2339.9-5424; see below)
is significantly farther from the Milky Way than any
previously known dwarf galaxy with My < —4, suggest-
ing that tidal stripping may not be needed to explain the
low luminosities of the faintest dwarfs. On its own, the
Galactocentric distance is not necessarily a good indicator
of the past importance of Galactic tides in shaping the
photometric and spectroscopic properties of satellites.
The most important factor is the peri-Galacticon distance,
which is not yet known for the new satellites.
DES J0255.4-5406 is ~40 kpc away from the Magella-
nic Clouds and a factor ~2 closer to them than to the
Milky Way, making it a potential Magellanic satellite. If
it is (or was) associated with the Magellanic group, it is
possible that tides from the LMC could have been
relevant to its evolution. A measurement of the systemic
velocity will help clarify whether DES J0255.4-5406 is
currently near apocenter, infalling, or associated with the
Magellanic system.
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5. DESJ2108.8-5109 (IndusI, Figure 8): we identify
DES J2108.8-5109 with Kim 2 (Kim et al. 2015).
DES J2108.8-5109 is one of the faintest (My ~ —
2.2 mag) and most compact (1, ~ 12 pc) of the satellites
discussed here. The object is visible in the coadded DES
images. If it is a globular cluster, as argued by Kim et al.
(2015), DES J2108.8-5109 is fainter and more extended
than most of the other outer halo clusters, such as AM 1,
Eridanus, Pal 3, Pal 4, and Pal 14. DES J2108.8-5109 is
~37 kpc from the SMC, ~55 kpc from the LMC, and
~69 kpc from the much more massive Milky Way, so it
is more likely a satellite of the Milky Way than of the
Magellanic Clouds.

6. DES J0443.8-5017  (PictorisI, Figure 9): DES
J0443.8—-5017 has a large enough radius to be a likely
dwarf galaxy, but the uncertainty on the radius measure-
ment is large enough to make it also consistent with the
globular cluster population. DES J0443.8-5017 has a
prominent blue horizontal branch and hints of an elliptical
shape, but fewer member stars are detected in the DES
data. More accurate measurements of size and shape from
deeper imaging, and kinematics and chemical abundances
from spectroscopy, will be required to determine the
nature of this object. The large distance of DES J0443.8
—5017 places it far enough behind the Magellanic Clouds
that it is less likely to be a Magellanic satellite than many
of the other new discoveries.

7. DES J2339.9-5424 (Phoenix I, Figure 10): DES
J2339.9-5424 is quite similar to DES J0443.8-5017,
but slightly smaller and closer. Again, we cannot draw
firm conclusions on its nature without additional data, At
~43 kpc from the SMC and ~65 kpc from the LMC, it is
unclear whether DES J2339.9-5424 could plausibly be a
Magellanic satellite.

8. DES J0222.7-5217 (EridanusIII, Figure 11): DES
J0222.7-5217 is the most compact of the newly discovered
objects in both angular and physical units. Along with
DES J2108.8-5109, it is the most likely of the new
discoveries to be a distant globular cluster rather than a
dwarf galaxy. However, they could also be consistent with
an extension of the dwarf galaxy locus to fainter magnitudes
and smaller sizes. Even though it is one of the lowest
luminosity system identified in the DES data so far, its
compactness gives it a relatively high surface brightness,
and like DES J2108.8-5109 and DES J0443.8-5017, it is
clearly visible in coadded images. However, only a handful
of likely member stars are resolved at the depth of the
Y1Al data, and significantly deeper imaging will be needed
to better constrain its physical properties and stellar
population.

5.2. Detection Completeness

Given that no additional ultra-faint Milky Way satellite
galaxies have been confirmed outside of the SDSS DR7
footprint, despite the large areas of sky subsequently observed
by SDSS and Pan-STARRS, it is interesting that multiple
candidates have been found within the comparatively small
area explored by DES thus far.>' Without definite classifica-
tions, it is difficult to incorporate the DES candidates into

5! The classification of PSO J174.0675-10.8774/Crater I as a globular cluster
or dwarf galaxy is currently ambiguous (Belokurov et al. 2014; Laevens
et al. 2014).
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constraints on the luminosity function of Milky Way satellite
galaxies. However, it is still possible to quantify the sensitivity
of the first-year DES search using simple semi-analytic
estimates of the completeness.

First, we calculated the probability that each new satellite
could have been detected in the Y1Al data. We began by
generating a large number of realizations of each galaxy
candidate distributed uniformly over the Y1A1 footprint. The
candidates were modeled using radially symmetric Plummer
profiles and the realizations included shot noise due to the
limited number of stars expected to be in the observable
magnitude range of DES. We then applied the simple map-
based detection algorithm described in Section 3.1 to evaluate
the detection efficiency. To be “detected,” the satellite must
possess at least 10 stars brighter than our imposed magnitude
limit (g < 23) and a large enough surface brightness to pass
the visual search selection criteria. Specifically, we considered
extraction of varying sizes and computed the Poisson
probability of detecting ngyenie + 7ield Stars when expecting
neg Stars based on the local field surface density. We tested
extraction regions with sizes corresponding to the pixel areas in
the map-based search algorithm (r = {02029, 0°057};
Section 3.1) and the kernel size from the likelihood scan
(rexe = 0°1; Section 3.2), as well as an extraction radius set to
the angular half-light radius of the simulated satellite. When
computing the local field density, we selected only stars along
the isochrone at the distance of the satellite with 7 = 12 Gyr
and Z = 0.0002 (see Section 3.1). Table 3 summarizes the
expected detection efficiencies for the DES candidates when
applying a So statistical significance threshold, as in our seed
selection procedure for the map-based search. The results show
that all of the DES candidates would have been identified over
a substantial fraction of the Y1A1 footprint with non-negligible
probability, and for several candidates, near certainty.

Table 3 also shows that the detection efficiency is sensitive
to the size of the extraction region. Extended systems such as
DES J2251.2-5836 are unlikely to found using the smallest
extraction regions considered here, whereas the reverse is true
for compact systems such as DESJ0222.7-5217 and
DES J2108.8-5109. This size dependence accounts for the
low significance of the two most compact candidates,
DES J0222.7-5217 and DES J2108.8-5109, in the likelihood
scan (Table 1). After allowing their spatial extensions to be fit,
the detection significances of these candidates increase to a
level well above the our imposed threshold.

For comparison, Table 3 also provides detection efficiency
estimates for previously known ultra-faint galaxies (assuming
they were located in the SPT region of Y1Al instead of their
actual locations). We find that all of the SDSS ultra-faint
galaxies, with the exception of the highly extended Bodtes 1III,
could have been readily detected in Y1A1l. We attribute these
high detection efficiencies to the deeper imaging of DES
relative to SDSS and note that DESJ2251.2-5836,
DES J0255.4-5406, DES J2108.8-5109, and  DES
J0222.7-5217 have a substantially reduced detection prob-
ability when the magnitude limit is raised to r < 22 mag,
comparable to the stellar completeness limit of SDSS.

Our Y1A1 search sensitivity can be quantified in a more
general way by considering an ensemble of satellites spanning
a range of luminosities, physical sizes, and heliocentric
distances. Figure 12 presents the discovery potential of our
Y 1ALl search expressed as the detection efficiency with respect
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to these galaxy properties, estimated by the same method
described above with 7.5, = #,. Nearby, luminous, and compact
objects have a high probability of being significantly detected
whereas objects that are more distant, faint, and extended are
less likely to be found. The detection threshold in the plane of
physical size and luminosity is nearly parallel to contours of
constant surface brightness, and is weakly dependent on the
distance, provided that a sufficient number of stars are detected.

Since the Y1A1 search procedure described in Section 3 is a
combination of the map-based and likelihood-based search
techniques, the actual completeness of our search is likely
slightly higher than estimated here. We expect the likelihood
method to be more sensitive to extended low surface brightness
systems because it combines spatial and color-magnitude
information simultaneously. As the depth of DES imaging
increases (2 to 4 tilings in Y1A1l compared to 10 tilings
planned after 5years) and more advanced techniques are
applied to separate stars and galaxies at faint magnitudes (e.g.,
Fadely et al. 2012; Soumagnac et al. 2013), we anticipate that
lower surface brightness satellites will become accessible. Our
present study is optimized for the detection of relatively
compact (r < 0°2) and radially symmetric stellar over-
densities. The search for extended low surface brightness
features in the stellar distribution will be the focus of
future work.

5.3. Total Number and Spatial Distribution
of Milky Way Satellite Galaxies

The discovery of eight new dwarf galaxy candidates in
~1600 deg? of Y1A1 not overlapping with SDSS Stripe 82 is
consistent with expectations from the literature (Tollerud
et al. 2008; Rossetto et al. 2011; Hargis et al. 2014; He et al.
2015). By empirically modeling the incompleteness of SDSS,
Tollerud et al. 2008 predicted that 19-37 satellite galaxies
could be found over the full DES footprint. More recent
estimates based on high-resolution N-body simulations (Hargis
et al. 2014) and semi-analytic galaxy formation models that
include baryonic physics (He et al. 2015) predict ~10 new
detectable satellite galaxies in DES. Large uncertainties are
associated with each of these estimates due to weak constraints
on the luminosity function in the ultra-faint regime. Addition-
ally, as noted in Section 5.1, some of the DES candidates may be
globular clusters or may be associated with the Magellanic
Clouds. In the latter case, it becomes more challenging to
directly compare our results to the predictions above, which
assume an isotropic distribution of Milky Way satellite galaxies.

A number of studies, beginning with Lynden-Bell (1976), note
that many Milky Way satellite galaxies appear to be distributed
on the sky along a great circle, indicating a planar three-
dimensional structure rather than an ellipsoidal or spherical
distribution. This great circle has a polar orientation relative to the
disk of the Milky Way. The discovery of most of the SDSS ultra-
faint dwarfs in the north Galactic cap region increased the
apparent significance of this alignment. However, since the
primary region surveyed by SDSS is located in the direction of
this so-called vast polar structure (Pawlowski et al. 2012), the
true anisotropy of the Milky Way satellite population is not yet
clear. The next generation of deep wide-field surveys should be
able to address this issue with wider sky coverage.

In this context, it is interesting to consider the locations of
the eight new satellites reported here, which may increase the
known Milky Way dwarf galaxy population by ~30%. The
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Table 3
Expected Detection Efficiencies for Milky Way Companions in DES Y1A1
Name My Distance h Efficiency Efficiency Efficiency Efficiency
(kpe) (deg) (rexe = 02029) (Fex = 02057) (rexe = 0°1) (ext = 1)
DES-J0335.6-5403 (Ret II) -3.6 32 0.100 1.00 1.00 1.00 1.00
DES-J0344.3-4331 (Eri 1) 14 330 0.030 1.00 1.00 1.00 1.00
DES-J2251.2-5836 (Tuc II) -39 58 0.120 0.25 0.98 1.00 1.00
DES-J0255.4-5406 (Hor I) -3.5 87 0.040 0.62 0.78 0.55 0.78
DES-J2108.8-5109 (Ind I) 2.2 69 0.010 0.96 0.69 0.18 0.97
DES-J0443.8-5017 (Pic I) =3.7 126 0.020 0.92 0.74 0.30 0.89
DES-J2339.9-5424 (Phe II) =37 95 0.020 1.00 0.96 0.74 0.99
DES-J0222.7-5217 (Eri III) 24 95 0.007 0.24 0.06 0.00 0.28
Segue 1 -1.5 23 0.073 0.72 0.99 0.99 0.99
Ursa Major II -4.2 32 0.267 0.06 0.97 1.00 1.00
Bootes II 2.7 42 0.070 0.94 1.00 1.00 1.00
Segue 2 -2.5 35 0.057 1.00 1.00 1.00 1.00
Willman 1 =27 38 0.038 1.00 1.00 1.00 1.00
Coma Berenices —4.1 44 0.100 1.00 1.00 1.00 1.00
Bootes III -5.8 47 1.666 0.00 0.00 0.00 0.96
Bootes I -6.3 66 0.210 1.00 1.00 1.00 1.00
Sextans -9.3 86 0.463 1.00 1.00 1.00 1.00
Ursa Major I =55 97 0.188 0.00 0.30 0.90 0.98
Hercules -6.6 132 0.143 0.86 1.00 1.00 1.00
Leo IV -5.8 154 0.077 1.00 1.00 1.00 1.00
Canes Venatici II -4.9 160 0.027 1.00 1.00 1.00 1.00
Leo V =52 178 0.043 1.00 1.00 1.00 1.00
Pisces 1T -5.0 182 0.018 1.00 1.00 1.00 1.00
Canes Venatici I -8.6 218 0.148 1.00 1.00 1.00 1.00

Note. Detection efficiencies are calculated from many realizations of satellites with the properties (luminosity My, distance, Plummer profile angular half-light
radius r) of a given ultra-faint galaxy/candidate as they would have been observed in DES Y1Al. The simulated satellites are uniformly distributed throughout the
SPT region of the Y1A1 footprint, excluding regions of high stellar density near to the LMC, i.e., ~1600 deg?. The rightmost columns list the detection efficiencies for
extraction regions of different radii, 7.... Here, a detection constitutes >5¢ stellar excess with g < 23 within the extraction region given the local density of the stellar
field, after selecting stars that are consistent with the isochrone of an old and metal-poor stellar population at the satellite distance (i.e., following the map-based

detection algorithm described in Section 3.1). The extraction region radii are choosen to reflect size scales used in the map-based search (rex =

{0°029, 0°057}),

likelihood scan (r.x, = 0°1; Section 3.2), and matched to the size of the satellite (r.x, = ). Data for previously known satellites are taken from references compiled by

McConnachie (2012b).

thickness of the vast polar structure defined by Pawlowski et al.
(2012) is 29 kpc, and we find that the DES satellites have a
dispersion of ~28 kpc from this plane. This result is perhaps
not surprising given their proximity to the Magellanic Clouds,
which played a large role in defining the original Lynden-Bell
plane. In fact, the entire Y1A1 search area (with the exception
of Stripe 82) is located quite close to the previously known
plane of satellites. Thus, any satellite galaxies identified in this
data set are necessarily close to the plane, and a selection of
eight random positions within this area would likely have a
similar dispersion relative to the polar structure. A more
quantitative characterization of the distribution of Milky Way
satellites awaits the completion of the DES survey, including
areas farther away from the vast polar structure, as well as
future results from Pan-STARRS.

6. CONCLUSIONS

We report on the discovery of eight new dwarf galaxy
candidates associated with the Milky Way and/or Magellanic
Clouds found in ~1800 deg? of imaging data collected during
the first year of DES. These satellites span a wide range of
absolute magnitudes (-2.2 to —7.4 mag), physical sizes
(10-170pc), and heliocentric distances 30—330 kpc). The
projected positions of the DES candidates are in close
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proximity to the Magellanic Clouds, and it is possible that
some may be associated with the Magellanic system.

The nature of these systems cannot be conclusively
determined with photometry alone. However, judging from
their low surface brightnesses, ellipticities, and/or large
distances, it is likely that several are new dwarf galaxies, in
particular, DES J0335.6-5403, DESJ0344.3-4331, and
DES J2251.2-5836. If spectroscopically confirmed, the DES
candidates may become the first ultra-faint galaxies identified
outside the SDSS footprint, and would significantly increase
the population of Local Group galaxies in the southern
hemisphere. The proximity of DESJ0335.6-5403, at
~30 kpc, suggests that it may be an interesting target for
indirect dark matter searches using gamma-ray telescopes (e.g.,
Ackermann et al. 2014). The implications of these candidate
galaxies for indirect dark matter searches are discussed in a
separate paper (Drlica-Wagner et al. 2015).

The second year of the DES survey was completed on 2015
February 15. In addition to filling in regions of non-uniform
coverage in the western portion of the Y1Al footprint, the
second season expands the DES survey to encompass over
4000 deg?. The sensitivity to ultra-faint satellite galaxies
achieved with first-year DES data already exceeds that of
SDSS (Section 5.2), and over the next five years, DES is
expected to make an important contribution to our under-
standing of the Milky Way environment.
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Figure 12. Sensitivity of the our Y1A1 search expressed as the detection efficiency as a function of satellite luminosity, physical size, and heliocentric distance. Each
panel corresponds to a different heliocentric distance. Contours of constant surface density are indicated with dashed black lines: ;1 = {25, 27.5, 30} mag arcsec™".

During the preparation of this manuscript, we were sent an
independent study by Koposov et al. using publicly released
images from the first year of DES. Koposov et al. (2015)
identify nine candidate satellites of the Milky Way and/or
Magellanic Clouds, including eight that overlap with candi-
dates presented here. The candidate that Koposov et al. refer to
as Grus I is located outside the Y1A1 footprint in a region that
was observed during the first year of DES with good image
quality, but which did not have sufficient coverage in all bands
to enter the coaddition stage of the standard DESDM pipeline.
Therefore, the stars that comprise Grus I are not in the coadd
object catalog that was used for this analysis.

We note that we have not used the coordinates shared by
Koposov et al. as seeds in our analysis, nor have we tuned our
search algorithms based on knowledge of the candidates reported
in their work. The search methods presented here yield
significance maps of the entire Y1A1 footprint, and the reported
detections are the most significant points in the maps
unassociated with known objects. While our final choice of 5o
for the significance threshold for reportable galaxy candidates
was made after our knowledge of the results from Koposov et al.,
the threshold was chosen to provide as much timely information
to the astronomical community as possible with minimal
likelihood of false positives, rather than for agreement with the
Koposov et al. detections. We conclude that the independent
discovery of these Milky Way companions by two separate teams
using distinct object catalogs and search algorithms strengthens
the case for follow-up by the astronomical community.

We thank Sergey Koposov and collaborators for sending a
copy of their submitted paper with their nine discoveries, and
Helmut Jerjen for pointing out the association between Kim 2
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and DESJ2108.8-5109. Marla Geha provided useful com-
ments on the presentation of these results. K.B. and A.D.W.
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No artigo de descoberta do segundo ano, minha participagao foi basicamente a
mesma do que no primeiro ano, apenas em menor volume, dado que havia um forte
envolvimento com a finalizagao do artigo dos aglomerados da LMC. Importante
destacar que para a calibracao das fontes do catdlogo do segundo ano do DES
(Y2Q1) foi utilizado um approach (BIGMACS) publicado por [Kelly et al. 2014,
que inicialmente rodamos comparando um conjunto de estrelas do DES com as
estrelas do 2MASS. Mais tarde repassamos o conjunto de dados que rodamos para o
conjunto de dados do DES para o grupo do portal cientifico do DES, e esta baseado
no Locus stelar e implementado no portal cientifico, estando a disposi¢ao dos demais

colaboradores do portal.
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ABSTRACT

We report the discovery of eight new ultra-faint dwarf galaxy candidates in the second year of optical imaging data
from the Dark Energy Survey (DES). Six of these candidates are detected at high confidence, while two lower-
confidence candidates are identified in regions of non-uniform survey coverage. The new stellar systems are found
by three independent automated search techniques and are identified as overdensities of stars, consistent with the
isochrone and luminosity function of an old and metal-poor simple stellar population. The new systems are faint
(My > —4.7mag) and span a range of physical sizes (17pc < r;;; < 181pc) and heliocentric distances
(25kpe < D, < 214 kpc). All of the new systems have central surface brightnesses consistent with known ultra-
faint dwarf galaxies (y = 27.5 mag arcsec ~2). Roughly half of the DES candidates are more distant, less luminous,
and/or have lower surface brightnesses than previously known Milky Way satellite galaxies. Most of the
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candidates are found in the southern part of the DES footprint close to the Magellanic Clouds. We find that the
DES data alone exclude (p < 107 a spatially isotropic distribution of Milky Way satellites and that the observed
distribution can be well, though not uniquely, described by an association between several of the DES satellites and
the Magellanic system. Our model predicts that the full sky may hold ~100 ultra-faint galaxies with physical
properties comparable to the DES satellites and that 20%—-30% of these would be spatially associated with the

Magellanic Clouds.
Key words: galaxies: dwarf — Local Group

1. INTRODUCTION

The population of Milky Way satellite galaxies includes the
least luminous, least chemically enriched, and most dark matter
dominated galaxies in the known universe (e.g., Simon & Geha
2007; Kirby et al. 2008). Although they are extreme systems
from an observational perspective, low-luminosity dwarf
spheroidal galaxies are likely to be the most common galaxy
type by number. This duality places the emerging population of
near-field galaxies in a unique position to allow the testing of
models of galaxy formation and the cold dark matter paradigm
(e.g., Bullock et al. 2001), and has motivated studies ranging
from the physical conditions at the time of reionization
(e.g., Bullock et al. 2000; Benson et al. 2002), to the particle
properties of dark matter (e.g., Ackermann et al. 2015;
Geringer-Sameth et al. 2015a).

Milky Way satellite galaxies are typically discovered as
arcminute-scale statistical overdensities of individually
resolved stars in wide-field optical imaging surveys (Willman
2010, and the references therein). Prior to 2005, there were
12 known “classical” Milky Way satellite galaxies with
absolute magnitudes in the range —8 mag > M, > —18 mag
(McConnachie 2012). From 2005 to 2014, 15 ultra-faint
satellite galaxies with My 2> —8 mag were identified in Sloan
Digital Sky Survey (SDSS; York et al. 2000) data through a
combination of systematic searches (Willman et al. 2005a,
2005b; Belokurov et al. 2006, 2007, 2008, 2009, 2010;
Grillmair 2006, 2009; Sakamoto & Hasegawa 2006; Zucker
et al. 2006a, 2006b; Irwin et al. 2007; Walsh et al. 2007) and
dedicated spectroscopic follow-up observations (Kleyna et al.
2005; Muiioz et al. 2006; Martin et al. 2007; Simon & Geha
2007; Adén et al. 2009; Belokurov et al. 2009; Carlin et al.
2009; Geha et al. 2009; Koch et al. 2009; Walker et al. 2009;
Koposov et al. 2011; Simon et al. 2011; Willman et al. 2011;
Kirby et al. 2013). Several outer halo star clusters and/or more
compact stellar systems of uncertain classification were
reported during roughly the same period (e.g., Koposov
et al. 2007; Walsh et al. 2009; Belokurov et al. 2010, 2014,
Muiioz et al. 2012; Balbinot et al. 2013; Laevens et al. 2014,
Kim & Jerjen 2015a; Kim et al. 2015b). Dwarf galaxies are
distinguished from star clusters by having a dynamical mass
that is substantially larger than the mass inferred from the
luminous stellar population and/or a significant dispersion in
stellar metallicities indicative of multiple generations of star
formation and a gravitational potential deep enough to retain
supernova ejecta (Willman & Strader 2012).

Since the beginning of 2015, a combination of new optical
imaging surveys and a reanalysis of SDSS data have resulted in
the detection of 14 additional Milky Way companions,
tentatively classified as dwarf galaxies (Bechtol et al. 2015;
Kim & Jerjen 2015b; Kim et al. 2015a; Koposov et al. 2015a;
Laevens et al. 2015a, 2015b; Martin et al. 2015). The new
galaxy candidates have been examined for their (lack of) neutral
gas (Westmeier et al. 2015), possible association with the

Magellanic Clouds (Deason et al. 2015; Yozin & Bekki 2015),
and spatial distribution within the Galactic halo (Pawlowski et al.
2015), and have become targets for indirect dark matter searches
(Drlica-Wagner et al. 2015; Geringer-Sameth et al. 2015b;
Hooper & Linden 2015). The provisional classification of these
stellar systems as dwarf galaxies relies on their low surface
brightnesses, large physical sizes, large ellipticities, and/or large
heliocentric distances. However, some of these objects lie in a
region of size-luminosity space where the distinction between
dwarf galaxy and globular cluster is ambiguous. Thus far,
spectroscopic observations have confirmed that three of the
recently discovered satellites, Reticulum II (Koposov et al.
2015b; Simon et al. 2015; Walker et al. 2015), Horologium I
(Koposov et al. 2015b), and Hydra II (Kirby et al. 2015) possess
the kinematic and chemical signatures of galaxies.

The Dark Energy Survey (DES; Abbott et al. 2005), which
began science operations in late 2013, has already had a large
impact on our census of Milky Way substructures. In the first
year of DES data, nine new dwarf galaxy candidates were
discovered in a region spanning less than 10% of the southern
hemisphere (Bechtol et al. 2015; Kim & lJerjen 2015b;
Koposov et al. 2015a).° Here, we present an extension of
the analysis described in Bechtol et al. (2015), incorporating
the second year of DES observations to expand the survey
coverage from ~1800deg” to ~5000deg® (Figure 1). In
Section 2, we discuss the data reduction and catalog generation
steps applied to the two-year DES data set and the resulting
unique catalog of calibrated objects. We review the various
algorithms applied to the DES data to search for ultra-faint
galaxies in Section 3 and describe our candidate selection
criteria in Section 4. The eight most significant stellar
overdensities that are unassociated with previously known
systems are reported in Section 5. If these objects are confirmed
to be ultra-faint dwarf galaxies, they will be named after their
resident constellations—Cetus II (DES JO117-1725), Columba
I (DESJ0531-2801), Grus II (DESJ2204-4626), Indus II
(DES J2038-4609).*  Reticulum III  (DES J0345-6026),
Tucana III (DES J2356-5935), Tucana IV (DES J0002-6051),
and Tucana V (DES J2337-6316)—and named DES 2 through
N if found to be globular clusters (e.g., Luque et al. 2015). We
place the DES candidates in context with other known Local
Group galaxies and the Magellanic system in Section 6, and we
conclude in Section 7.

% The system Kim 2/DES J2108.8-5109/Indus 1 was discovered indepen-
dently in a separate data set by Kim et al. (2015b) slightly before the DES
announcement. With deeper observations, Kim et al concluded that this object
is likely a star cluster, and we do not include it in our count of dwarf galaxy
candidates.

407 distinguish DES J2038-4609 from Kim 2/DES J2108.8-5109/Indus 1,
we suggest that the new system be designated Indus II if determined to be a
dwarf galaxy.
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Figure 1. Locations of the eight new dwarf galaxy candidates reported here (red triangles) along with 9 previously reported dwarf galaxy candidates in the DES
footprint (red circles; Bechtol et al. 2015; Kim & Jerjen 2015b; Koposov et al. 2015a), 5 recently discovered dwarf galaxy candidates located outside the DES
footprint (green diamonds; Kim et al. 2015a; Laevens et al. 2015a, 2015b; Martin et al. 2015), and 27 Milky Way satellite galaxies known prior to 2015 (blue squares;
McConnachie 2012). Systems that have been confirmed as satellite galaxies are individually labeled. The figure is shown in Galactic coordinates (Mollweide
projection) with the coordinate grid marking the equatorial coordinate system (solid lines for the equator and zero meridian). The grayscale indicates the logarithmic
density of stars with r < 22 from SDSS and DES. The two-year coverage of DES is ~5000 deg” and nearly fills the planned DES footprint (outlined in red). For
comparison, the Pan-STARRS 1 37 survey covers the region of sky with 8,000 > —30° (Laevens et al. 2015a).

2. DATA SET

DES is an ongoing optical imaging survey of ~5000 deg® in
the south Galactic cap using the Dark Energy Camera (DECam;
Flaugher et al. 2015) on the 4-m Blanco Telescope at Cerro
Tololo Inter-American Observatory (CTIO). The DECam focal
plane comprises 62 2k x 4k CCDs dedicated to science
imaging and 12 2k x 2k CCDs for guiding, focus, and
alignment. The DECam field of view covers 3 deg® with a
central pixel scale of 07263. DES is scheduled for 525 nights
distributed over five years, during which period each point in
the survey footprint will be imaged ten times in each of the
grizY bands (Abbott et al. 2005).

The searches presented in Bechtol et al. (2015) and Luque
et al. (2015) utilized an object catalog generated from the
coadded images in the DES year-one annual release (Y1Al).
To expedite the search for Milky Way satellites in year two, the
present analysis uses data products derived from single-epoch
imaging instead. This data set is referred to as the DES year-
two quick release (Y2Q1), and its construction is summarized
below.

2.1. DES Year-two Quick Release

Observations: The Y2QI data set consists of 26,590 DECam
exposures taken during the first two years of DES observing
that pass DES survey quality cuts. Slightly less than half of the
DES survey area was observed during the first season (Y1;
2013 August 15-2014 February 9), with typically two to four
overlapping exposures, referred to as “tilings,” in each of the
grizY filters. The second season (Y2; 2014 August 7-2015
February 15) covered much of the remaining survey area to a
similar depth. Exposures taken in the griz bands are 90 s, while
Y-band exposures are 45 s.

Image Reduction: The DES exposures were processed with
the DES data management (DESDM) image detrending
pipeline (Sevilla et al. 2011; Desai et al. 2012; Mohr et al.
2012; R.A. Gruendl et al. 2015, in preparation). This pipeline

corrects for cross-talk between CCD amplifier electronics, bias
level variations, and pixel-to-pixel sensitivity variations (flat-
fielding). Additional corrections are made for nonlinearity,
fringing, pupil, and illumination. Both the Y1 and Y2
exposures were reduced with the same image detrending
pipeline used to process Y1Al.

Single-epoch Catalog Generation: Astronomical source
detection and photometry were performed on a per exposure
basis using the PSFex and SExtractor routines (Bertin &
Arnouts 1996; Bertin 2011) in an iterative process (Mohr et al.
2012; R.A. Gruendl et al. 2015, in preparation). As part of this
step, astrometric calibration was performed with SCAMP
(Bertin 2006) by matching objects to the UCAC-4 catalog
(Zacharias et al. 2013). The SExtractor source detection
threshold was set at a signal-to-noise ratio (S/N) of S/N > 10
for the Y1 exposures, while for Y2 this threshold was lowered
to S/N > 5 (the impact of this change on the stellar
completeness is discussed in Section 2.2). During the catalog
generation process, we flagged problematic images (e.g., CCDs
suffering from reflected light, imaging artifacts, point-spread
function (PSF) mis-estimation, etc.) and excluded the affected
objects from subsequent analyses. The resulting photometric
catalogs were ingested into a high-performance relational
database system. Throughout the rest of this paper, photometric
fluxes and magnitudes refer to SExtractor output for the
PSF model fit.

Photometric Calibration: Photometric calibration was per-
formed using the stellar locus regression technique (SLR:
Ivezié et al. 2004; MacDonald et al. 2004; High et al. 2009;
Gilbank et al. 2011; Coupon et al. 2012; Desai et al. 2012;
Kelly et al. 2014). Our reference stellar locus was empirically
derived from the globally calibrated DES Y1A1 stellar objects
in the region of the Y1A1 footprint with the smallest E(B — V)
value from the Schlegel et al. (SFD; 1998) interstellar
extinction map. We performed a 1” match on all Y1 and Y2
objects with S/N > 10 observed in r-band and at least one
other band. We then applied a high-purity stellar selection
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based on the weighted average of the spread_model quantity
for the matched objects ((wavg_spread_model_r| < 0.003; see
below). The average zero point measured in YI1Al,
ZP,.i.y = {30.0, 30.3, 30.2, 29.9, 28.0}, was assigned to each
star as an initial estimate. Starting from this coarse calibration,
we began an iterative procedure to fix the color uniformity
across the survey footprint. We segmented the sky into equal-
area pixels using the HEALPix scheme (Gorski et al. 2005).
For each ~0.2 deg” (resolution nside = 128) HEALPix pixel,
we chose the DES exposure in each band with the largest
coverage and ran a modified version of the Big MACS SLR
code (Kelly et al. 2014)*' to calibrate each star from the
reference exposure with respect to the empirical stellar locus.
These stars became our initial calibration standards. We then
adjusted the zero points of other CCDs so that the magnitudes
of the matched detections agreed with the calibration set from
the reference exposure. CCDs with fewer than 10 matched stars
or with a large dispersion in the magnitude offsets of matched
stars (ozp > 0.1 mag) were flagged. For each calibration star,
we computed the weighted-average magnitude in each band
using these new CCD =zero points; this weighted-average
magnitude was used as the calibration standard for the next
iteration of the SLR. In the first iteration, we assigned SLR zero
points to the calibration stars based on the HEALPix pixel
within which they reside. In subsequent iterations, we assigned
SLR zero points to the calibration stars based on a bi-linear
interpolation of their positions onto the HEALPix grid of SLR
zero points. After the second iteration, the color zero points
were stable at the 1-2 mmag level. The absolute calibration
was set against the 2MASS J-band magnitude of matched stars
(making use of the stellar locus in color-space), which were de-
reddened using the SFD map with a reddening law of A; =
0.709 x E(B — V)sgp from Schlafly & Finkbeiner (2011). The
resulting calibrated DES magnitudes are thus already corrected
for Galactic reddening by the SLR calibration.

Unique Catalog Generation: There is significant imaging
overlap within the DES footprint. For our final high-level
object catalog, we identified unique objects by performing a
0”5 spatial match across all five bands. For each unique object,
we calculated the magnitude in each filter in two ways: (1)
taking the photometry from the single-epoch detection in the
exposure with the largest effective depth,** and (2) calculating
the weighted average (wavg) magnitude from multiple matched
detections. During the catalog generation stage, we kept all
objects detected in any two of the five filters (this selection is
later restricted to the g- and r-band for our dwarf galaxy
search). The process of combining catalog-level photometry
increases the photometric precision, but does not increase the
detection depth.

The resulting Y2QI catalog covers ~5100 deg2 in any single
band, ~5000 deg? in both the g- and r-bands, and ~4700 deg®
in all five bands. The coverage of the Y2Q1 data set is shown in
Figure 1. The Y2Ql catalog possesses a median relative
astrometric precision of ~40mas per coordinate and a median
absolute astrometric uncertainty of ~140mas per coordinate
when compared against UCAC-4. The median absolute
photometric calibration agrees within ~3% with the de-
reddened global calibration solution of Y1Al in the overlap
region in the griz bands. When variations in the reddening law

4 https://code.google.com/p/big-macs-calibrate /
42 The effective depth is calculated from the exposure time, sky brightness,
seeing, and atmospheric transmission (Neilsen et al. 2015).
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are allowed, this agreement improves to <1%. The color
uniformity of the catalog is ~1% over the survey footprint
(tested independently with the red sequence of galaxies). The
Y2QI catalog has a median point-source depth at an S/N = 10
of g =234, r=232,i=224,z=22.1,and Y = 20.7.

2.2. Stellar Object Sample

We selected stars observed in both the g- and r-bands
from the Y2Ql unique object catalog following the
common DES prescription based on the wavg_spread_model
and spreaderr_model morphological quantities (e.g.,
Chang et al. 2015; Koposov et al. 2015a). Specifically, our
stellar ~sample consists of well-measured objects
with |wavg_spread_model_r| < 0.003 + spreaderr_model_r,
flags_{g, r} < 4, and magerr_psf_{g, r} < 1. By incorporat-
ing the uncertainty on spread_model, it is possible to maintain
high stellar completeness at faint magnitudes while achieving
high stellar purity at bright magnitudes. We sacrificed some
performance in our stellar selection by using the r-band
spread_model, which has a slightly worse PSF than the
i-band; however, relaxing the requirement on i-band coverage
increased the accessible survey area.

The stellar completeness is the product of the object
detection efficiency and the stellar classification efficiency.
As described in Section 2.1, different source detection thresh-
olds were applied to the individual Y1 and Y2 exposures, and
accordingly, the detection efficiency for faint objects in Y2Ql1
varies across the survey footprint. We used a region of the
DES Science Verification data set (SVA1), imaged to full
survey depth (i.e., ~10 overlapping exposures in each of
grizY), to estimate the object detection completeness using the
individual Y1 exposures. For the Y2 exposures, we instead
compared to publicly available catalogs from the Canada—
France-Hawaii Telescope Lensing Survey (CFHTLenS;
Erben et al. 2013). In both cases, the imaging for the reference
catalog is ~2mag deeper than the Y2QI catalog. These
comparisons show that the Y2QI object catalog is >90%
complete at about 0.5mag brighter than the S/N = 10
detection limit.

We estimated the stellar classification efficiency by compar-
ing to CFHTLenS and by using statistical estimates from the
Y2Q1 data alone. For the CFHTLenS matching, we identified
probable stars in the CFHTLenS catalog using a combination
of the class_star output from SExtractor and the fitclass
output from the lensfit code (Heymans et al. 2012).
Specifically, our CFHTLenS stellar selection was
(fitclass = 1) OR (class_star > 0.98), and our galaxy selection
was (fitclass = 0) OR (class_star < 0.2). Comparing against the
DES stellar classification based on spread_model, we found
that the Y2Ql1 stellar classification efficiency exceeds 90% for
r < 23 mag, and falls to ~80% by r = 24 (Figure 2). We
independently estimated the stellar classification efficiency by
creating a test sample of Y2Q1 objects with high stellar purity
using the color-based selection » — i > 1.7. We then applied the
spread_model morphological stellar selection to evaluate the
stellar completeness for the test sample. The stellar selection
efficiency determined by the color-based selection test is in
good agreement with that from the CFHTLenS comparison.

For a typical field at high Galactic latitude, the stellar purity
is ~50% at r = 22.5mag, and falls to ~10% at the faint
magnitude limit (Figure 2). In other words, the majority of faint
objects in the “stellar sample” are misclassified galaxies rather
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Figure 2. Performance of the morphological stellar classification based on |[wavg_spread_model_r| < 0.003 + spreaderr_model_r was evaluated by comparing
against deeper CFHTLenS imaging (Section 2.2). Left: fraction of CFHTLenS-classified stars and galaxies that pass our DES stellar selection criteria. Right: stellar
purity evaluated in a typical high-Galactic latitude field centered at Galactic coordinates (/, b) = (176°3, —63°7). The shaded region represents the uncertainty
associated with objects that are not confidently classified as either stars or galaxies with CFHTLenS. If a large fraction of these ambiguous objects are true stars, the

inferred stellar purity for DES is near the upper bound of the indicated range.

than foreground halo stars.** This transition can be seen in the
color-magnitude distribution diagnostic plots for individual
candidates (Section 6.1).

3. SEARCH METHODS

In this section we describe three complementary search
strategies that were used to identify overdensities of individu-
ally resolved stars matching the old and metal-poor populations
that are characteristic of ultra-faint galaxies. Each technique
used a different method to estimate the spatially varying field
density and to select potential satellite member stars. The
output of each search method was a set of seed coordinates,
(2000, 02000, m — M), corresponding to statistical excesses
relative to the local field density. These seeds were cross-
matched between methods and examined in greater detail
(Section 5).

When searching for new stellar systems, each detection
algorithm applied a deep magnitude threshold (g < 23.5 mag or
g < 24 mag depending on the search technique). At these
faint magnitudes, our stellar sample is far from complete
(Section 2.2). However, real stellar systems are dominated by
faint stars, and the signal-to-noise ratio for satellite discovery
can increase by including objects that are fainter than the stellar
completeness limit. After candidate systems were identified, we
applied a brighter magnitude threshold (g < 23 mag) to avoid
biasing the fit results during object characterization (Section 5).

One potential concern when extending our search to very
faint magnitudes is the increased contamination from mis-
classified galaxies (Section 2.2). However, as long as the
contaminating objects have a similar statistical distribution in
the target region and the surrounding area, each technique
naturally incorporates the increased object density into the
background estimate. There are situations where the assump-
tion of uniformity does not apply (e.g.,clusters of galaxies,
variations in survey depth, gaps in coverage, etc.); therefore,

43 This conclusion differs from that of Koposov et al. (2015a), who state that
low levels of contamination are observed to the magnitude limit of DES.

when assembling our candidate list, we also examined the
distribution of probable galaxies as well as stars with colors far
from the expected isochrone (Section 5).

We briefly describe our three search strategies below.

3.1. Stellar Density Maps

Our most straightforward and model-independent search
technique used a simple isochrone filter to facilitate visual
inspection of the stellar density field. The specific algorithm
was a variant of the general approach described in Section 3.1
of Bechtol et al. (2015) and follows from the methods of
Koposov et al. (2008), Walsh et al. (2009), and Kim & Jerjen
(2015a).

We first increased the contrast of putative satellite galaxies
by selecting stars that were consistent with the isochrone of an
old (T = 12Gyr) and metal-poor (Z = 0.0001) stellar
population (Dotter et al. 2008). Specifically, we selected stars
within 0.1 mag of the isochrone locus in color-magnitude
space, enlarged by the photometric measurement uncertainty of
each star added in quadrature. After isochrone filtering, we
smoothed the stellar density field with a 2’ Gaussian kernel. For
each density peak in the smoothed map, we scanned over a
range of radii (1'-18’) and computed the Poisson significance
of finding the observed number of stars within each circle
centered on the density peak given the local field density. This
process was repeated for stellar populations at a range of
distance moduli (16 mag < m — M < 24 mag) and diagnostic
plots were automatically generated for each unique density
peak. Our nominal magnitude threshold for this search was
g < 24 mag; however, in regions on the periphery of the survey
with large variations in coverage we used a brighter threshold
of g < 23 mag.

3.2. Matched-filter Search

Our second search strategy utilized a matched-filter
algorithm (Balbinot et al. 2011, 2013; Luque et al. 2015).
We began by binning objects in our stellar sample with 17 mag
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< g < 24mag into 1’ x 1/ spatial pixels and g versus g—r
color-magnitude bins of 0.01 mag x 0.05mag. We then
created a grid of possible simple stellar populations modeled
with the isochrones of Bressan et al. (2012) and populated
according to a Chabrier (2001) initial mass function to use as
signal templates. The model grid spanned a range of distances
(10kpc < D < 200kpc), ages (9 < log;p7 < 10.2), and
metallicities (Z = {0.0002, 0.001, 0.007}). The color—
magnitude distribution of the field population was empirically
determined over larger 10° x 10° regions. For each isochrone
in the grid, we then fit the normalization of the simple stellar
population in each spatial pixel to create a corresponding
density map for the full Y2QI area.

The set of pixelized density maps do not assume a spatial
model for the stellar system, and can be used to search for a
variety of stellar substructures (e.g.,streams and diffuse
clouds). To search specifically for dwarf galaxies, we
convolved the density maps with Gaussian kernels having
widths ranging from 0’ (no convolution) to 9’ and used
SExtractorto identify compact stellar structures in those
maps. This convolution and search was performed on each map
for our grid of isochrones. The resulting seeds were ranked
according to their statistical significance and by the number of
maps in which they appeared, i.e., the number of isochrones for
which an excess was observed.

3.3. Likelihood-based Search

Our third search technique was a maximum-likelihood-based
algorithm that simultaneously used the full spatial and color—
magnitude distribution of stars, as well as photometric
uncertainties and information about the survey coverage. The
likelihood was constructed from the product of Poisson
probabilities for detecting each individual star given its
measured properties and the parameters that describe the field
population and putative satellite (Section 3.2 of Bechtol
et al. 2015). When searching for new stellar systems, we used
a spherically symmetric Plummer model as the spatial kernel,
and a composite isochrone model consisting of four isochrones
of different ages, 7 = {12 Gyr, 13.5 Gyr}, and metallicities, Z
= {0.0001, 0.0002}, to bracket a range of possible stellar
populations (Bressan et al. 2012). We scanned the Y2Q1 data
testing for the presence of a satellite galaxy at each location on
a multi-dimensional grid of sky position (0’7 resolution;
HEALPix nside = 4096), distance modulus (16 mag < m — M

< 23 mag), and kernel half-light radius (r, = {003, 0°1,
0°23}). For the likelihood search, we restricted our magnitude
range to 16 mag < g < 23.5mag as a compromise between
survey depth and stellar completeness. The statistical signifi-
cance of a putative galaxy at each grid point was expressed as a
test statistic (TS) based on the likelihood ratio between a
hypothesis that includes a satellite galaxy versus a field-only
hypothesis (Equation (4) of Bechtol et al. 2015). As a part of
the model fitting, the satellite membership probability is
computed for every star in the region of interest. These
photometric membership probabilities can be used to visualize
which stars contribute to the candidate detection significance
(Section 5) and have previously been used to select targets for
spectroscopic  follow-up (Simon et al. 2015; Walker
et al. 2015).

DRLICA-WAGNER ET AL.

4. CANDIDATE SELECTION

The search methods described in Section 3 each produced a
set of seed locations (000, 62000, M — M) for overdensities in
the stellar field and a significance associated with each seed.
Before performing a computationally intensive multi-parameter
likelihood fit to characterize each seed, we applied a set of
simple selection cuts to remove seeds that are unlikely to be
new Milky Way satellites. We set detection significance
thresholds at >5.50 for the stellar density map search and
TS > 45 (~60) for the maximum-likelihood search. For the
matched-filter method, the ten highest-ranked seeds were
selected from each 10° x 10 °search region. After threshold-
ing, the union of all three search techniques yielded several
hundred unique seeds. Many of these seeds were attributed to
steep gradients in the stellar density field, numerical effects
near the survey boundaries, and imaging artifacts. We also
compared against catalogs of other astrophysical objects that
produce false positives, such as large nearby galaxies (Nilson
1973; Corwin 2004) and galaxy clusters (Rykoff et al. 2014).
These objects were removed from our list of candidates and we
did not pursue investigation at lower significance thresholds
due to an increased false positive rate.

The resulting list of seeds was matched against catalogs of
known Local Group galaxies (McConnachie 2012) and star
clusters (Harris 1996, 2010 edition; Kharchenko et al. 2013).
Some of the most prominent stellar systems in our list of seeds
were the Fornax, Phoenix, Sculptor,44 and Tucana dwarf
galaxies, and the globular clusters AM 1, Eridanus, Reticulum,
Whiting 1, NGC 288, NGC 1261, NGC 1851, NGC 1904, and
NGC 7089. Additionally, seed locations were compared against
other stellar overdensities recently reported in the DES
footprint (Bechtol et al. 2015; Kim et al. 2015b; Koposov
et al. 2015a; Kim & Jerjen 2015b; Luque et al. 2015) and all 11
objects were recovered with high significance. The locations of
previously known stellar systems in the DES footprint are
shown in Figure 3.

As an additional test of the physical nature of the ~30
highest significance unassociated seeds, we explored the
posterior probability density of the likelihood with an affine
invariant Markov Chain Monte Carlo (MCMC) ensemble
sampler (MCMC; Foreman-Mackey et al. 2013).% This step
was meant as a preliminary investigation of whether the
posterior distribution was well-constrained by the data. We
fixed the distance modulus of each object at the value that
maximized the likelihood in the grid search (Section 16) and
sampled the morphological parameters (center position, exten-
sion, ellipticity, and position angle) along with the richness of
the putative stellar system. We imposed a Jeffreys’ prior on the
extension (P(ay) < 1/ay) and flat priors on all other
parameters. The posterior probability was sampled with
2.5 x 10° steps and we rejected seeds that lacked a well-
defined maximum in the posterior.

The process described above resulted in the selection of eight
candidate stellar systems. Six of these candidates, DES J2204—
4626 (Grul), DESJ2356-5935 (TucIll), DESJ0531-2801
(Col I), DES J0002—6051 (TucIV), DES J0345-6026 (Ret III),
and DES J2337-6316 (Tuc V), are high-confidence detections
in clean regions of the survey. The additional two candidates,

* The center of Sculptor lies in a hole in Y2Q1 coverage, though the outskirts
are still detected at high significance.
4 emcee v2.1.0: http://dan.iel.fm /emcee/
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Figure 3. Cartesian projection of the density of stars observed in both the g- and r-bands with g < 23 and g — r < 1 over the DES Y2QI footprint (~5000 deg?).
Globular clusters are marked with “+” symbols (Harris 1996, 2010 edition), two faint outer halo clusters are marked with “x” symbols (Kim et al. 2015b; Luque et al.
2015), Local Group galaxies known prior to DES are marked with blue squares (McConnachie 2012), dwarf galaxy candidates discovered in Y1 DES data are marked
with red outlined circles, and the Y2 stellar systems are marked with red triangles. The periphery of the LMC can be seen in the southeast corner of the footprint, while

the Galactic stellar disk can be seen on the eastern and western edges.

Table 1
Detection of Ultra-faint Galaxy Candidates
Name 2000 82000 m—-M h ap € 1} Map Sig. TS Scan i
(deg) (deg) (0] (0] (o)

DES J2204-4626 (Gru IT) 331.02 —46.44 18.62 + 0.21 6.092 <0.2 15.7 369 161
DES J2356-5935 (Tuc II)* 359.15 —59.60 17.01 + 0.16 6.079% 11.1 390 168
DES J0531-2801 (Col I)" 82.86 —28.03 21.30 + 0.22 1.9593 <0.2 10.5 71 33
DES J0002-6051 (Tuc IV) 0.73 —60.85 18.41 £ 0.19 9.1417 11.8532 0.4+31 11£9 8.7 287 134
DES J0345-6026 (Ret ITT)° 56.36 —60.45 19.81 + 0.31 24798 <0.4 8.1 56 22
DES J2337-6316 (Tuc V) 354.35 —63.27 18.71 £ 0.34 10493 1.8%02 07433 30+5 8.0 129 24
DES J2038-4609 (Ind I1)° 309.72 —46.16 21.65 + 0.16 29+ <0.4 6.0 32 22
DES J0117-1725 (Cet IT) 19.47 —17.42 17.38 £ 0.19 19732 <0.4 5.5 53 21

Notes. Characteristics of satellite galaxy candidates discovered in DES Y2 data. Best-fit parameters from the maximum-likelihood analysis assume a Bressan et al.
(2012) isochrone. Uncertainties come from the highest density interval containing 68% of the posterior distribution. The uncertainty on the distance modulus (m — M)
also includes systematic uncertainties coming from the choice of theoretical isochrone and photometric calibration (Section 5). The azimuthally averaged half-light
radius (ry,) is quoted for all candidates. For systems with evidence for asphericity (Bayes’ factor > 3), we quote the ellipticity (¢), the position angle (¢), and the length
of the semimajor axis of the ellipse containing half of the light (@, = rn/~'1 — €). Upper limits on the ellipticity are quoted for other candidates at 84% confidence.
“Map Sig.” refers to detection significance of the candidate from the stellar density map search method (Section 3.1). “TS Scan” refers to the significance (Equation (4)
in Bechtol et al. 2015) from the likelihood scan (Section 3.3). ¥p; is the estimated number of satellite member stars in the DES Y2QI catalog with g < 23 mag.
@ Fit with a spherically symmetric Plummer profile due to the possible presence of tidal tails (Section 6.1).

® Fit with a composite isochrone: 7 = {12 Gyr, 13.5 Gyr}, Z = {0.0001, 0.0002} (Section 5).

DES J2038-4609 (IndII) and DESJO0117-1725 (Cetll), are
lower confidence and reside in more complicated regions. In
Table 1 we report the coordinates and detection significances of
each of these objects.

5. CANDIDATE CHARACTERIZATION

In this section, we describe the iterative procedure used to
characterize each of the eight candidate stellar systems. When
fitting the new candidates, we applied a brighter magnitude
threshold, ¢ < 23 mag, to mitigate the impact of stellar
incompleteness. The results of our characterization are shown
in Tables 1 and 2.

We began by simultaneously fitting the morphological
parameters and distance modulus of each candidate following
the procedure described in Section 4. Best-fit values were
derived from the marginalized posterior distribution and the
morphological parameters were temporarily fixed at these
values. We then ran a MCMC chain simultaneously sampling
the distance, age, metallicity, and richness, assuming flat priors
on each parameter. Significant correlations between these
parameters were found, and in some cases the age and
metallicity were poorly constrained (see below). To assess the
error contribution from intrinsic uncertainty in the isochrone,
we resample the posterior distribution using the Dartmouth
isochrone family (Dotter et al. 2008). In general, the best-fit
distance moduli agree to within 0.1 mag when the data were fit
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Table 2
Derived Properties of Ultra-faint Galaxy Candidates
Name ¢ b Distance My My 12 T z
(deg) (deg) (kpe) (10° M) (mag) (pc) (Gyr)
DES 12204-4626 (Gru II) 351.15 -51.94 53+5 34493 -394+ 0.22 93 + 14 125 0.0002
DES J2356-5935 (Tuc II)* 315.38 —56.19 25 +2 0.8%91 —2.4 + 042 4 +6 109 0.0001
DES J0531-2801 (Col I)° 231.62 —28.88 182 + 18 6.271% —4.5+0.17 103 + 25
DES J0002-6051 (Tuc IV) 313.29 —55.29 48 +4 22434 —-3.54+0.28 127 + 24 11.6 0.0001
DES J0345-6026 (Ret 11I)° 273.88 —45.65 92 + 13 20108 -33 40.29 64 + 24
DES J2337-6316 (Tuc V) 31631 ~51.89 55+9 0.5+51 —1.6 + 0.49 17+6 10.9 0.0003
DES J2038-4609(Ind )" 353.99 —37.40 214 + 16 49718 —4.3 +£0.19 181 + 67
DES J0117-1725 (Cet 1I) 156.48 —78.53 30+£3 0.1500% 0.0 + 0.68 1747 109 0.0002

Notes. Derived properties of the DES Y2 satellite candidates. Stellar masses (My) are computed for a Chabrier (2001) initial mass function. The absolute visual
magnitude is derived via the procedure of Martin et al. (2008) using the transformation equations from Bechtol et al. (2015). The uncertainty on the azimuthally
averaged physical half-light radius (r| /) includes the uncertainty in the projected half-light radius and distance. Age (7) and metallicity (Z) values come from the peak

of the posterior distribution.

% Fit with a spherically symmetric Plummer profile due to the possible presence of tidal tails (Section 6.1).
® Eit with a composite isochrone: 7 = {12 Gyr, 13.5 Gyr}, Z = {0.0001, 0.0002} (Section 5).

by these two isochrone classes. To determine the uncertainty on
the distance modulus quoted in Table 1 we started with the
highest posterior density interval from the Bressan et al. (2012)
isochrone fit. We then calculated a systematic component from
the difference in the best-fit distance modulus derived with
Bressan et al. (2012) and Dotter et al. (2008) isochrones. An
additional +0.03 mag uncertainty was added to account for
uncertainty in the photometric calibration. The age and
metallicity values were taken from the peak of the marginalized
posterior density from the Bressan et al. (2012) isochrone fit.

For the distant systems (i.e., DES J0531-2801, DES J2038—
4609, and DES J0345-6026), the main-sequence turnoff
(MSTO) is fainter than the g < 23 mag limit imposed for our
fit. In these systems, the data provide weaker constraints on the
age and metallicity. We therefore fit the distance modulus using
a composite of four Bressan et al. (2012) isochrones with fixed
ages, T = {12 Gyr, 13.5 Gyr}, and metallicities, Z = {0.0001,
0.0002}. We followed the procedure above to incorporate
systematic uncertainties from the choice of theoretical
isochrone family and from the calibration.*®

Fixing the distance, age, and metallicity at the values derived
in the previous step, we then re-fit the morphological
parameters. The best-fit values of the morphological parameters
and their highest posterior density intervals are listed in
Table 1. The majority of objects show no significant evidence
for ellipticity, which is confirmed by calculating the Bayes
factor (BF) via the Savage-Dickey density ratio (Dickey 1971;
Trotta 2007). For objects with evidence for asphericity
(BF > 3), we report both the elliptical Plummer radius, ay,
and the position angle, ¢. For all objects, we report the
azimuthally averaged half-light radius, r,. In the region of
DES J2356-5935 there is a linear structure visible in the
filtered stellar density map, consistent with a set of tidal tails
(Section 6.1). We require the spatial profile of
DES J2356-5935 to be azimuthally symmetric in the MCMC
fit and analyze this linear feature separately.

The best-fit parameters derived from our iterative MCMC
analysis along with several additional derived properties are

46 One notable exception is the case of DES J2038-4609, where significant

constraining power comes from a set of horizontal branch (HB) stars. For
DES J2038-4609 we estimated the distance uncertainty from the Bressan et al.
(2012) isochrone analysis alone.

reported in Tables 1 and 2. The physical size of each object was
calculated by propagating the uncertainty from the distance and
azimuthally averaged half-light radius. Absolute magnitudes
were calculated according to the prescription of Martin et al.
(2008) and do not include the distance uncertainty.

The two lower-confidence candidates are located in compli-
cated regions of the survey. DESJO117-1725 is located in a
region of sparse coverage and is close to both a CCD chip gap and
a larger hole in the survey. DES J2038-4609 is located in a region
of non-uniform depth at the interface of Y1 and Y2 observations.
Although we have attempted to account for these issues in the
likelihood fit, we caution that the parameters derived for these
systems may be less secure than for the other candidates.

As a final note, the iterative MCMC fitting procedure
described above was also applied to the satellite galaxy
candidate Grus I (Koposov et al. 2015a). Grus I was identified
in YIAl imaging data, but was located close to a CCD chip
gap in a region with sparse coverage. We reanalyzed Grus I
with the additional Y2 exposures and found that its structural
parameters are consistent within uncertainties with those
reported by Koposov et al. (2015a).

6. DISCUSSION

Spectroscopic observations are needed to definitively
classify the newly discovered stellar systems as either star
clusters or ultra-faint dwarf galaxies based upon their stellar
dynamics and/or metallicity dispersions. However, the dis-
tances, physical sizes, and luminosities derived from DES
photometry (Table 2) already suggest a galactic classification
for many of the new candidates. In Figures 4 and 5, we show
the distributions of physical half-light radius heliocentric
distance versus absolute magnitude for Milky Way globular
clusters (Harris 1996, 2010 edition) and Local Group galaxies
(McConnachie 2012). We find that all of the systems
discovered in Y2Q1 fall along the established locus for nearby
galaxies. Several of the new systems possess lower surface
brightnesses than any confirmed ultra-faint g:sllaxy,47 support-
ing earlier conclusions that the threshold in surface brightness
was an observational selection effect (Koposov et al. 2008;

TA potential exception to this statement is the large, faint, and perhaps tidally
disrupted object Bootes III (Carlin et al. 2009).
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Table 3
Physical Separations of Ultra-faint Galaxy Candidates

Name D, Dgc Dimc  Dsmc Drue

(kpe)  (kpe)  (kpe)  (kpe)  (kpc)
DES 122044626 (Gru II) 53 49 46 33 18
DES J12356-5935 (Tuc III) 25 23 32 38 28
DES J0531-2801 (Col I) 182 186 149 157 168
DES J0002-6051 (Tuc IV) 48 46 27 18 7
DES J0345-6026 (Ret IIT) 92 92 45 40 53
DES J2337-6316 (Tuc V) 55 52 29 14 3
DES J2038-4609 (Ind II) 214 208 193 170 169
DES J0117-1725 (Cet II) 30 32 46 51 40
DES J2251.2-5836 (Tuc II) 58 54 37 20 7

DES Y2Q1 Candidates
Other Candidates

10° 10! 102 10%

Half-light Radius (pc)
Figure 4. Local Group galaxies (McConnachie 2012) and globular clusters
(Harris 1996, 2010 edition) occupy distinct regions in the plane of physical
half-light radius (azimuthally averaged) and absolute magnitude. The majority
of DES satellite candidates (red triangles and circles) are more consistent with
the locus of Local Group galaxies (blue squares) than with the population of
Galactic globular clusters (black “+7). Other recently reported dwarf galaxy
candidates (green diamonds) include Hydra II (Martin et al. 2015), Triangulum
II (Laevens et al. 2015b), Pegasus III (Kim et al. 2015a), Draco II, and
Sagittarius II (Laevens et al. 2015a). Several outer halo star clusters and
systems of ambiguous classification are indicated with “x” symbols: Koposov
1 and Koposov 2 (Koposov et al. 2007; Paust et al. 2014), Segue 3 (Belokurov
et al. 2010; Fadely et al. 2011; Ortolani et al. 2013), Mufioz 1 (Muiioz et al.
2012), Balbinot 1 (Balbinot et al. 2013), Laevens 1 (Belokurov et al. 2014;
Laevens et al. 2014), Laevens 3 (Laevens et al. 2015a), Kim 1 and Kim 2 (Kim
& Jerjen 2015a; Kim et al. 2015b), and DES 1(Luque et al. 2015). The dashed
lines indicate contours of constant surface brightness at ;. = {25, 27.5, 30}
magarcsec 2,

Walsh et al. 2009). Finally, globular clusters generally have
small ellipticities, ¢ < 0.2 (van den Bergh 2008), while dwarf
galaxies are commonly more elliptical (Martin et al. 2008).
However, the ellipticities of many of the new objects are not
well-constrained by the DES data and thus do not provide a
strong indicator of the nature of these objects.

The spatial distribution of the new candidates within the
DES footprint is suggestive of an association with the
Magellanic Clouds (Section 6.3). When discussing this
scenario, the coordinates of the Large Magellanic Cloud
(LMC) are taken to be Q20005 (52000, D@ = (80089, *69?76,
49.89kpc) (distance from de Grijs et al. 2014) and the
coordinates of the Small Magellanic Cloud (SMC) are taken to
be (042000, 62000, D(D) = (13019, — 72083, 61.94 kpC) (distance
from de Grijs & Bono 2015).* While the new DES candidates
reside in a region close to the Magellanic Stream, no candidate
is found to be coincident with the main filament of the Stream.
A similar observation was made by Koposov et al. (2015a) for
the DES stellar systems discovered in Y1.

We also investigate a potential group of satellites in the
constellation Tucana, consisting of DES J0002-6051 and
DES J2337-6316, and the object DES J2251.2-5836 (Tuc II)
discovered in Y1 data (Bechtol et al. 2015; Koposov et al.
2015a). The centroid of the Tucana group is at (000, 92000,
D.) = (351990, —61°06, 53.63 kpc), and the separation of
each member from the centroid is <7 kpc (Table 3). This
grouping of objects is projected onto a region of H1 gas that is

48 Sky coordinates taken from NED: https://ned.ipac.caltech.edu

Note. Three-dimensional physical separation between DES satellite candidates
and the LMC and SMC. Also listed is the heliocentric distance, the
Galactocentric distance, and the separation to the centroid of the proposed
Tucana group comprising DES J2251.2-5836, DES J0002-6051, and
DES J2337-6316.
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Figure 5. DES satellite galaxy candidates (red circles and triangles) have
comparable luminosities to known Local Group galaxies (blue squares;
McConnachie 2012) and other newly discovered galaxy candidates (green
diamonds), but are typically found at larger distances. The dashed lines indicate
the heliocentric distances of the LMC and SMC. Globular clusters (black “+”
symbols, Harris 1996) and outer halo star clusters (“x” symbols) have been
detected at comparable luminosities and distances due to their more compact
nature. The constituents of each source class can be found in Figure 4.

likely a secondary filament or high-velocity cloud associated
with the head of the Magellanic Stream (Putman et al. 2003;
McClure-Griffiths et al. 2009).

6.1. Review of Individual Candidates

1. DES J2204-4626 (GruslIl, Figure 6): As the most
significant new candidate, DES J2204-4626 has ~161
probable member stars with g < 23 mag in the DES
imaging. The large physical size of this system (93 pc)
allows it to be tentatively classified as an ultra-faint dwarf
galaxy. A clear red giant branch (RGB) and MSTO are
seen in the  color-magnitude  diagram  of
DES J2204-4626. Several likely blue horizontal branch
(BHB) members are seen at g ~ 19 mag. There is a small
gap in survey coverage ~0°5 from the centroid of
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Figure 6. Stellar density and color-magnitude diagrams for DES J2204-4626 (Grus II). Top left: spatial distribution of stellar objects with g < 24 mag that pass the
isochrone filter (see text). The field of view is 2° x 2° centered on the candidate and the stellar distribution has been smoothed by a Gaussian kernel with standard
deviation 1/2. Top center: radial distribution of objects with g — r < 1 mag and g < 24 mag: stars passing the isochrone filter (red), stars excluded from the isochrone
filter (gray), and galaxies passing the isochrone filter (black). Top right: spatial distribution of stars with high membership probabilities within a 0°5 x 0°5 field of
view. Small gray points indicate stars with membership probability less than 5%. Bottom left: same as top left panel, but for probable galaxies that pass the isochrone
filter. Bottom center: the color-magnitude distributions of stars within 071 of the centroid are indicated with individual points. The density of the field within an
annulus from radii of 0°5-1°0 is represented by the background two-dimensional histogram in grayscale. The blue curve shows the best-fit isochrone as described in
Tables 1 and 2. Bottom right: color-magnitude distribution of high membership probability stars.

DES J2204-4626, but this is accounted for in the
maximum-likelihood analysis and should not signifi-
cantly affect the characterization of this rich satellite.

DES J2204-4626 is from the LMC (46kpc) and
from the Galactic center (49 kpc). It is slightly closer to
the SMC (33 kpc) and intriguingly close to the the group
of stellar systems in Tucana (~18kpc). While it is
unlikely that DES J2204-4626 is currently interacting
with any of the other known satellites, we cannot
preclude the possibility of a past association.

. DES J2356-5935 (Tucanalll, Figure 7): DES J2356-

5935 is another highly significant stellar system that
presents a clearly defined main sequence and several
RGB stars. The physical size and luminosity of
DES J2356-5935 (ry, = 44pc, My = —2.4mag) are
comparable to that of the recently discovered dwarf
galaxy Reticulum II. At a distance of 25kpc,
DES J2356-5935 would be among the nearest ultra-faint
satellite galaxies known, along with Segue 1 (23 kpc),
Reticulum II (32 kpc), and Ursa Major II (32 kpc). The
relative abundance of bright stars in DES J2356-5935
should allow for an accurate spectroscopic determination
of both its velocity dispersion and metallicity.
DES J2356-5935 is reasonably close to the LMC and
SMC (32kpc and 38kpc, respectively), and
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measurements of its systemic velocity will help to
elucidate a physical association.

As mentioned in Section 5, there is an additional
linear feature in the stellar density field around
DES J2356-5935 that strongly influences the fitted
ellipticity of this galaxy candidate. In Figure 8, we show
the 6 ° x 6°region centered on DES J2356-5935, which
contains this linear feature. Selecting stars with the same
isochrone filter used to increase the contrast of
DES J2356-5935 relative to the field population, we
found a faint stellar overdensity extending ~2°on both
sides of DES J2356-5935. This feature has an FWHM of
~0°3 (i.e., projected dimensions of 1.7 kpc x 130 pc at a
distance of 25kpc) and is oriented ~85° east of north.
The length of the feature and the smooth density field
observed with an inverted isochrone filter support the
conclusion that this is a genuine stellar structure
associated with DES J2356-5935.

One interpretation is that DES J2356-5935 is in the
process of being tidally stripped by the gravitational
potential of the Milky Way. The relatively short projected
length of the putative tails may imply that
DES J2356-5935 is far from its orbital pericenter (where
tidal effects are strongest) and/or that stripping began
recently. Despite the possible presence of tidal tails, the
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Figure 7. Analogous to Figure 6 but for DES J2356-5935 (Tucana III).

main body of DES J2356-5935 appears to be relatively
round. While the proximity of DES J2356-5935 might
make it an important object for indirect dark matter
searches, evidence of tidal stripping would suggest that a
large fraction of its outer dark matter halo has been
removed. However, the mass within the stellar core (and
therefore the dark matter content in the central region)
can still likely be determined accurately (Oh et al. 1995;
Muioz et al. 2008; Pefiarrubia et al. 2008).

. DES J0531-2801 (Columbal, Figure 9): DESJ0531-

2801 is the second most distant of the Y2 DES candidates
(182 kpc) and is detected as a compact cluster of RGB
stars. Both the BHB and red horizontal branch (RHB)
appear to be well-populated. The distance, physical
size (103 pc), and luminosity (My = —4.5mag) of
DES J0531-2801 place it in the locus of Local Group
dwarf galaxies, comparable to Leo IV and CVn II
(Belokurov et al. 2007). DESJ0531-2801 is isolated
from the other new DES systems and is likely not
associated with the Magellanic system.

. DES J0002-6051 (TucanalV, Figure 10): DES J0002-

6051 has the largest angular size of the candidates
(r, = 9!1), which at a distance of 48 kpc corresponds to a
physical size of r;/; ~ 127 pc. This large half-light radius
is inconsistent with the sizes of known globular clusters
(Harris 1996, 2010 edition), thus making it very likely
that DES J0002-6051 is a dwarf galaxy. The measured
ellipticity of DES J0002-6051, ¢ = 0.4, is also consistent
with a galactic classification. DES J0002-6051 is found
to be 27 kpc from the LMC and 18 kpc from the SMC.
DES J0002-6051 is one of the proposed members of the
Tucana group, with a centroid separation of 7 kpc.

11

Measurements of the radial velocity and proper motion
of DESJ0002-6051 will provide strong clues as to
whether it was accreted as part of a system of satellites.
Similar to DES J2356-5935 and DES J2204-4626, the
MSTO of DES J0002-6051 is well-populated and clearly
visible. Several possible member stars can also be seen
along the HB.

. DES J0345-6026 (Reticulum III, Figure 11): DES J0345-

6026 appears to be similar to DES J2204-4626 in its
structural properties, but is more distant (heliocentric
distance of 92 kpc). Like DES J2204-4626, DES J0345-
6026 can be tentatively classified as a dwarf galaxy based
on its physical size and low surface brightness. There is
some indication of asphericity for this object; however,
the ellipticity is not significantly constrained by the DES
data. DES J0345-6026 has a sparsely populated RGB, a
few possible RHB members, and two possible BHB
members. The MSTO for DES J0345-6026 is slightly
fainter than our fitting threshold of g < 23 mag, thus its
age is poorly constrained.

. DES J2337-6316 (TucanaV, Figure 12): DES J2337-

6316 is the second new system in the Tucana group and is
the closest to the group’s centroid (3kpc). At a
heliocentric distance of 55 kpc, DES J2337-6316 is also
located 29 kpc from the LMC and 14 kpc from the SMC.
The physical size (17 pc) and luminosity (My ~ —1.6
mag) place DES J2337-6316 in a region of the size—
luminosity plane close to Segue 1, Willman 1, and Kim 2.
Segue 1 and Willman 1 have sizes similar to the most
extended globular clusters, but are approximately an
order of magnitude less luminous. On the other hand,
deep imaging of Kim 2 has led Kim et al. (2015b) to
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conclude that it is very likely a star cluster.
DES J2337-6316 is one of the few new objects for
which the DES data places a constraint on ellipticity. The
high ellipticity, e = 0.7, supports a galactic classification
for DESJ2337-6316. Most of the high probability
member stars for DESJ2337-6316 are on the main
sequence and fainter than g ~ 22.5mag. As with other
similarly faint objects, a few stars situated close to the
lower RGB are also likely members. A system similar to
DES J2337-6316 would have been difficult to detect in
SDSS with a threshold at » < 22.

7. DES J2038-4609 (Indus 11, Figure 13): DES J2038-4609
is the first of the two lower-confidence candidates. The
detection of this object comes predominantly from a tight
clump of BHB stars at g ~ 22 mag and g—r ~ 0 mag.
Three of the potential HB members are clustered within a
spatial region of radius ~10”. Several additional HB and
RGB stars are assigned non-zero membership probabil-
ities by the likelihood fit, enlarging the best-fit size of this
system. DES J2038-4609 is located at a boundary
between the Y1 and Y2 imaging, and the effect of the
deeper Y2 source detection threshold is visible when
extending to magnitudes of g > 23 mag. The best-fit
physical size of DES J2038-4609 (181 pc) would place it
among the population of Local Group galaxies. Deeper
imaging is needed to better characterize this candidate
since the MSTO is fainter than the current DES detection
threshold.

8. DES J0117-1725 (Cetus I, Figure 14): DES J0117-1725
is the second lower-confidence candidate, being the least
luminous (My = 0.0 £+ 0.68 mag) and most compact (7,
» = 17 pc) of the new stellar systems. DES JO117-1725 is
nearly two orders of magnitude fainter than globular
clusters with comparable half-light radii. At a heliocentric
distance of 30kpc, DESJO0117-1725 is the second
nearest of the new systems. DES JO117-1725 is detected
predominantly by its main sequence stars and has one
potential HB member. The lack of strong features in the
color-magnitude distribution of stars associated with
DES J0117-1725 leads to a large degeneracy between the
distance, age, and metallicity of this system. If deter-
mined to be a dwarf galaxy, DES JO117-1725 would be
the least luminous known galaxy; however, the current
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classification of this object is ambiguous.

There are several gaps in the Y2QI coverage ~0°1
from DES JO117-1725; however, DESJ0117-1725 is
sufficiently compact that few member stars are expected
in the region of missing coverage. These gaps are
incorporated into the likelihood analysis and should have
a minimal impact on the fit. The region around
DES JO117-1725 was imaged in only a single r-band
exposure; however, there are two to three overlapping
exposures in each of the g- and i-bands. We have verified
that the stellar overdensity is also apparent in the g—i
filter combination. Nonetheless, the properties of
DES JO117-1725 should be interpreted with caution until
additional imaging is acquired.

6.2. Satellite Detection Completeness

Many studies of the Milky Way satellite galaxy population
require knowledge of the detection efficiency for satellites as a
function of luminosity, heliocentric distance, physical size, and
sky position in order to account for observational selection
effects. To quantify our search sensitivity with the Y2Q1 data
set, we follow the approach that Bechtol et al. (2015) applied to
the DES Y1Al coadd data. Briefly, we generated many
realizations of satellite galaxies with different structural
properties that are spread uniformly throughout the survey
footprint, excluding regions of high stellar density near to the
LMC. We then applied the map-based search algorithm to
estimate the likelihood of a high-confidence detection. In the
present implementation, the detection significance was eval-
vated as the Poisson probability of finding the “observed”
number of stars within a circular region matched to the half-
light radius of the simulated satellite given the effective local
field density after the isochrone selection (see Section 3.1).
Realizations that yield at least 10 detectable stars and produce a
>5.500 overdensity within the half-light radius are considered
“detected.”

An essential input to the completeness calculation is the
magnitude threshold for individual stars. For the searches
described in Section 3, we used deeper magnitude thresholds
(e.g., g < 24 mag) in order to maximize the discovery potential.
A more conservative threshold, g < 23 mag, is selected to
estimate the completeness in detecting new stellar systems
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Figure 13. Analogous to Figure 6 but for DES J2038-4609 (Indus II). Note that the magnitude threshold for the smoothed counts maps and radial profiles has been
raised to g < 23 mag due to non-uniform imaging depth in this region. DES J2038-4609 is detected primarily by a cluster of potential BHB members.

based on the following considerations. First, the Y2Q1 stellar
sample is expected to be nearly complete for both Y1 and Y2
exposures at magnitudes g < 23 mag. Figure 3 shows that the
measured stellar density in this magnitude range varies
smoothly over the Y2QI footprint. At fainter magnitudes,
discontinuities in the field density can occur in regions where
exposures from Y1 and Y2 overlap (typically, more faint
objects are detected in the Y2 exposures). Second, the field
population with g > 23 mag in high Galactic latitude regions is
likely dominated by misclassified galaxies rather than halo
stars, and therefore the assumption of isotropy on arcminute
angular scales is compromised due to galaxy clustering. The
adopted magnitude threshold matches that used in Bechtol et al.
(2015), and in this case, the sensitivity estimates obtained in the
prior work can be approximately scaled to the enlarged
effective solid angle of the Y2Q1 data set, ~5000 deg”.

In Table 4, we list the expected detection efficiencies for the
DES ultra-faint galaxy candidates using magnitude thresholds
of ¢ < 23 mag and g < 22 mag, which roughly correspond to
the stellar completeness limits of Y2Q1 and SDSS, respec-
tively. For the brighter threshold, several of the DES candidates
have substantially reduced detection probabilities.

We note that all of the faint stellar systems that were
discovered in the Y1A1 data set are also significantly detected
using the Y2Q1 data set, suggesting that our present search has
sensitivity comparable to previous studies.

6.3. Total Number and Distribution of
Milky Way Satellite Galaxies

The detection of 17 candidate ultra-faint galaxies in the first
two years of DES data is consistent with the range of
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predictions based on the standard cosmological model
(Tollerud et al. 2008; Hargis et al. 2014). These predictions
model the spatial distribution of luminous satellites from the
locations of dark matter subhalos in cosmological N-body
simulations of Local Group analogs. Significant anisotropy in
the distribution of satellites is expected (Tollerud et al. 2008;
Hargis et al. 2014) and likely depends on the specific accretion
history of the Milky Way (Deason et al. 2015).

The proximity of the DES footprint to the Magellanic Clouds
is noteworthy when considering an anisotropic distribution of
satellites. The possibility that some Milky Way satellites are or
were associated with the Magellanic system has been discussed
for some time (Lynden-Bell 1976; D’Onghia & Lake 2008;
Nichols et al. 2011; Sales et al. 2011), and the recent DES
results have renewed interest in this topic (Deason et al. 2015;
Koposov et al. 2015a; Wheeler et al. 2015; Yozin & Bekki
2015). The existence of structures on mass scales ranging from
galaxy clusters to ultra-faint satellite galaxies is a generic
prediction of hierarchical galaxy formation in the cold dark
matter paradigm. However, specific predictions for the number
of observable satellites of the LMC and SMC depend on the
still unknown efficiency of galaxy formation in low-mass
subhalos. Identifying satellites of satellites within the Local
Group would support the standard cosmological model, and
may provide a new opportunity to test the impact of
environment on the formation of the least luminous galaxies
(Wetzel et al. 2015).

Based on a study of Milky Way-LMC analogs in N-body
simulations, Deason et al. (2015) propose a method to evaluate
the probability that a given satellite was at one time associated
with the LMC based upon the present three-dimensional

148



Artigos publicados com contribuicao

149

THE ASTROPHYSICAL JOURNAL, 813:109 (20pp), 2015 November 10

DES J0117-1725 (Cetus I1); (cva000, 82000, m — M) = (19247, —17942, 17.38)

-1.0

1.0 — T
Filtered Stars
0.5 - ¢ . . #
o0 . - |
5 .
= oof . - E
] . a . )
B A
4 .
—0.5F 1
~1.0 T lecy e
1.0 0.5 0.0 —-0.5
Aargoo (deg)
1.0
. . - -
B Filtered Galaxies . .
LI 4 » 1 ( %. -
0.5 f.‘ " PN - : -]
- 3] - ’
0 - B \ ¢
L e 1 \A vagi -~
~ .
s 00fF7 A R L
: ofERe
S ¢ .
q ' '..‘ -
o5 ¢ o

Aagop (deg)

Density (arcmin=?2)

1.4

0.8
0.6
0.4
0.2

18 |-

1.6 T T T T

— Filtered Stars
—— Unfiltered Stars

1.2 — Filtered Galaxies T
1.0

0.0 ! ! ! !
0

5 10 15 20
Angular Separation (arcmin)

16 T T

r < 1.9 arcmin

—0.5 0.0

Adanoo (ng’)

DRLICA-WAGNER ET AL.

0.2 B
.
. .
LJ .
0.0} o o€y S, g
-
.
.
. B
—02} i
0.2 0.0 —0.2
Aaron (ng)
16 T T
¥p; =21
7k Di
18
19
> 20
21
22
23 |-
—-0.5 0.0

g-r

—_
=}

0.8

0.6

0.4

0.2

Membership Probability

0.0

1.0

0.8

0.6

0.4

0.2

Membership Probability

0.0

Figure 14. Analogous to Figure 6 but for DES J0117-1725 (Cetus II). Note that the magnitude threshold for the smoothed counts maps and radial profiles has been
raised to g < 23 mag due to incomplete coverage in this region.

Table 4
Expected Detection Efficiencies for Ultra-faint Galaxy Candidates
Name My Distance I Efficiency Efficiency
(kpc) (arcmin) (g < 23 mag) (g < 22 mag)
DES J2204-4626 (Gru II) -39 53 6.0 1.00 0.39
DES J2356-5935 (Tuc III) —2.4 25 6.0 1.00 0.94
DES J0531-2801 (Col I) —4.5 182 1.9 0.95 0.86
DES J0002-6051 (Tuc IV) -35 48 9.1 0.98 0.05
DES J0345-6026 (Ret III) -33 92 24 0.33 0.05
DES 12337-6316 (Tuc V) —1.6 55 1.0 0.94 0.01
DES J2038-4609 (Ind II) —4.3 214 2.9 0.26 0.00
DES J0117-1725 (Cet II) 0.0 30 1.9 0.38 0.01
Ret II -3.6 32 6.0 1.00 1.00
DES J0344.3-4331 (Eri II) —74 330 1.8 1.00 1.00
DES J2251.2-5836 (Tuc II) -39 58 7.2 1.00 0.07
Hor I -35 87 24 0.66 0.14
DES J0443.8-5017 (Pic ) -3.7 126 1.2 0.85 0.47
DES J0222.7-5217 (Eri IIT) —24 95 0.4 0.41 0.04
DES J2339.9-5424 (Phe II) -3.7 95 1.2 0.99 0.77
Grul -34 120 2.0 0.21 0.04
Hor IT —2.6 78 2.1 0.26 0.01

Note. Expected detection efficiencies are provided for two magnitude thresholds roughly corresponding to the stellar completeness depths of DES Y2Q1 (g < 23 mag)
and SDSS (g < 22 mag). The detection efficiencies are estimated from multiple realizations of each candidate within the DES footprint using the best-fit luminosity
My, heliocentric distance, and azimuthally averaged half-light radius r,, which were then analyzed with the map-based detection algorithm described in Section 3.1.
The average detection probability ratio between the two threshold choices is ~50%, implying that roughly half of the DES candidates would have been detected if they

were located in the SDSS footprint.

separation between the two (Table 3). This prescription predicts
that two to four of the Y2 DES candidates were associated with
the LMC before infall, in addition to the two to four potentially
associated satellites found in Y1 DES data. Deason et al.
further suggest that a grouping of satellites near the LMC in
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both physical separation and velocity would imply that the
Magellanic system was recently accreted onto the Milky Way
since members of this group would disperse within a few Gyr.

As a population, the new DES satellite galaxy candidates do
appear to be unevenly distributed within the survey footprint;



Artigos publicados com contribuicao

THE ASTROPHYSICAL JOURNAL, 813:109 (20pp), 2015 November 10

15 are located at 6,900 < —40°, close to the Magellanic Clouds
(Figure 3). A Kolmogorov—Smirnov test, shown in Figure 15,
significantly rejects the hypothesis of a uniform distribution
(p = 4.3 x 107*). One possible explanation for non-uniformity
is that some of the new systems are satellites of the LMC or
SMC. Below we introduce a simple model to test this
hypothesis.

We began by modeling the probability distribution for
detecting a satellite galaxy as a function of sky position. In this
analysis, we excluded classical Milky Way satellites and
considered only satellites that have similar characteristics to
those discovered by DES (i.e., are detectable at the DES Y2QI
depth). The underlying luminosity function and the complete-
ness as a function of luminosity, heliocentric distance, and
physical size were all simplified into a two-dimensional
probability distribution.

We modeled this two-dimensional probability distribution
with three components: (i) an isotropic distribution of satellites
associated with the main halo of the Milky Way, (i) a
population of satellites spatially associated with the LMC halo,
and (iii) a population of satellites spatially associated with the
SMC halo. The first component was uniform on the sky, and
the latter two components were spatially concentrated around
the Magellanic Clouds. We assumed spherically symmetric
three-dimensional distributions of satellites centered around
each of the Magellanic Clouds having power-law radial profiles
with slope @ = —1 and truncation radius r, = 35 kpc. These
distributions were then projected onto the sky to create two-
dimensional predicted density maps.

Several underlying assumptions went into this simple model.
First, we assumed that the Magellanic components were
concentrated enough that variations in the completeness with
respect to heliocentric distance would not substantially alter the
projected density maps. Second, we assumed that the truncation
radii of the LMC and SMC are the same, but later test the
sensitivity of our results to this choice. Third, we assumed that
smaller satellites of the Milky Way do not have their own
associated satellites. We note that a power-law radial profile
with slope a = —1 can be viewed as a very extended Navarro—
Frenk—White profile (Navarro et al. 1997). Since the DES
footprint does not cover the central regions of the Magellanic
Clouds, this shallow profile yields a conservative estimate on
the fraction of satellites associated with the Magellanic system.

We performed an unbinned maximum-likelihood fit of our
three-component model to the distribution of observed
satellites. The parameters of the likelihood function are the
total number of satellites and the relative normalizations of the
three components. The likelihood is defined as the product of
the probabilities to detect each observed satellite given its sky
position. When presenting our results, we marginalized over
the ratio of the LMC component to the SMC component. This
ratio is not strongly constrained by our analysis; however, there
is a slight preference for a larger SMC component.

The left panel of Figure 16 shows the constraints using the
sky positions of the seventeen DES satellite galaxy candidates.
We find that the DES data alone reject a uniform distribution of
satellites at >30 confidence when compared to our best-fit
model. This again implies that there is either a clear overdensity
of satellites around the Magellanic Clouds or that the initial
assumption of isotropy around the main halo is incorrect. In
Figure 15, we show the distribution of declinations for our best-
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Figure 15. Cumulative distribution functions of declination values for the 17
observed satellites in the DES footprint (black), a uniform distribution given
the shape of DES footprint (blue), and the best-fit model for a uniform
distribution and Magellanic Cloud components (red dashed). See Section 6.3.

fit three-component model and find good agreement with the
observations (p = 0.7).

We next tested the sensitivity of our result to the assumed
distribution of satellites around the LMC and SMC. The central
panel of Figure 16 shows the 1o contours for three different
values of r, = {25, 35, 45kpc}, and two values of the slope,
a = {—1, —=2}. Despite slight changes in the likelihood
contours, in each case >10% of Milky Way satellites are likely
to be spatially associated with the Magellanic Clouds.

We further examined the satellite population by simulta-
neously considering the 16 ultra-faint satellites observed in the
SDSS DRI10 footprint.*’ To fully combine DES and SDSS
observations we would need to model the detection efficiency
of SDSS relative to DES as a function of satellite distance, size,
and luminosity. However, since the SDSS DR10 footprint only
overlaps with the isotropic component in our model, we can
again fold the complications of detection efficiency into a
constant detection ratio. Our fiducial calculation assumes that
50% of the satellites discovered in DES would be detectable by
SDSS, which agrees with the relative detection efficiency of the
17 DES satellites at the depth of SDSS (Table 4). The right
panel of Figure 16 shows that the DES+SDSS constraints are
in agreement with those from DES data alone, though the
fraction of LMC and SMC satellites is more tightly constrained
by including information from a large region widely separated
from the Magellanic Clouds. The combined results imply that
there are ~100 satellites over the full sky that are detectable at
DES Y2Q1 depth, and that 20%-30% of these might be
associated with the Magellanic Clouds. Importantly, this
prediction does not attempt to model the full population of
Milky Way satellites beyond the DES Y2Q1 sensitivity and
ignores the diminished detection efficiency close to the
Galactic plane.

The Pan-STARRS team has recently identified three
candidate Milky Way satellite galaxies in their 37 survey
(Laevens et al. 2015a, 2015b). If this search is complete to the
depth of SDSS over its full area, it is notable that so few
candidates have been found. This observation alone could
imply anisotropy without requiring the influence of the
Magellanic Clouds. However, much of the Pan-STARRS area

4% We include Pegasus III (Kim et al. 2015a) in the list of ultra-faint satellites
from SDSS.
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Figure 16. Maximum-likelihood fit to the spatial distribution of satellites for a model including isotropic, LMC, and SMC components (Section 6.3). The horizontal
axis represents the total number of satellites detectable at DES Y2Q1 depth integrated over the entire sky (not including the classical dwarf galaxies and detection
inefficiency near the Galactic plane). The vertical axis represents the fraction of these satellites associated with the Magellanic Clouds. Left: the 1o, 20, and
3¢ likelihood contours when considering only DES data. Center: 1o contours for different values of the LMC and SMC truncation radius (r) and the slope of the
radial profile («). Right: contours of the likelihood function when SDSS observations are included. Red contours (1o, 20, 30) assume that 50% of the satellites
discovered in DES would have been detected if they were located in the SDSS footprint. This value matches the estimated detection efficiency from Table 4. We show
the sensitivity of our results to the SDSS/DES detection ratio with the dark blue contour (80% detection ratio) and the light blue contour (20% detection ratio).

is located at low Galactic latitudes where the elevated
foreground stellar density and interstellar extinction may
present additional challenges. Under the assumption that Pan-
STARRS covers the full sky with 8,999 > —30°, ~2000 deg2
overlap with DES Y2QI. This area of the DES footprint
includes two new candidates, one of which has a large enough
surface brightness to likely have been detected at SDSS depth
(DES J0531-2801, see Table 4). These two candidates are
located in a region of the sky that would be observed at a
relatively high airmass by Pan-STARRS and may suffer from
decreased detection efficiency.

From this analysis, we conclude that the distribution of
satellites around the Milky Way is unlikely to be isotropic, and
that a plausible component of this anisotropy is a population of
satellites associated with the Magellanic Clouds. However,
several alternative explanations for anisotropy in the Milky
Way satellite distribution exist. For example, Milky Way
satellites could be preferentially located along a three-
dimensional planar structure, as has been suggested by many
authors, starting with Lynden-Bell (1976). This proposed
planar structure encompasses the Magellanic Clouds and many
of the classical and SDSS satellites. Pawlowski et al. (2015)
suggest that the satellites discovered in Y1 DES data are also
well aligned with this polar structure. We note that the Y2
discoveries presented here include several objects near the
SMC and may reduce the fraction of objects in close proximity
to the proposed plane. An additional possibility is that the
satellites are associated with the orbit of the Magellanic System
and are not isotropically distributed around the Magellanic
Clouds themselves (Yozin & Bekki 2015). The DES footprint
covers only a fraction of the region surrounding the Magellanic
Clouds and additional sky coverage may yield more satellites
with similar proximity to the Magellanic system and/or help to
distinguish between these various scenarios. Measurements of
the relative motions of the satellites and further theoretical
work will also help clarify the physical relationships between
these stellar systems.
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7. CONCLUSIONS

We report the discovery of six new ultra-faint galaxy
candidates in a combined data set from the first two years of
DES covering ~5000 deg® of the south Galactic cap. Two
additional candidates are identified in regions with incomplete
or non-uniform coverage and should be viewed with lower
confidence until additional imaging is obtained. The new
satellites are faint (My > —4.7 mag) and span a wide range of
physical sizes (17pc < ry;; < 181pc) and heliocentric
distances (25kpc < D < 214kpc). All are low surface
brightness systems similar to the known ultra-faint satellite
galaxies of the Milky Way, and most possess physical sizes that
are large enough (>40pc) to be provisionally classified as
galaxies. Spectroscopic observations are needed to better
understand and unambiguously classify the new stellar
systems. A total of 17 confirmed and candidate ultra-faint
galaxies have been found in the first two years of DES.
Roughly half of the DES systems are sufficiently distant and/or
faint to have eluded detection at survey depths comparable
to SDSS.

The DES satellites are concentrated in the southern half of
the survey footprint in proximity to the Magellanic Clouds. In
addition, we find three satellites clustered in a Tucana group,
each of which is within <10 kpc of the group centroid. We find
that the DES data alone exclude (p < 107%) an isotropic
distribution of satellites within the Milky Way halo, and that
the observed distribution can be well, although not uniquely,
explained by a model in which several of the observed DES
satellites are associated with the Magellanic system. Under the
assumption that the total satellite population can be modeled by
isotropic distributions around the Milky Way, LMC, and SMC,
we estimate that a total of ~100 ultra-faint satellites with
comparable physical characteristics to those detected by DES
might exist over the full sky, with 20%-30% of these systems
being spatially associated with the Magellanic Clouds.

Milky Way satellite galaxies are considered a unique
population for studying the particle nature of dark matter due
to their proximity, characteristically large mass-to-light ratios,
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and lack of intrinsic astrophysical backgrounds. Although the
dark matter content of the new stellar systems has not yet been
spectroscopically confirmed, the possibility that some are dark
matter dominated galaxies makes them interesting targets for
indirect dark matter searches via gamma rays. No gamma-ray
sources from the third Fermi-LAT source catalog (3FGL;
Acero et al. 2015) are located within 0?5 of any of the new
candidates. A follow-up gamma-ray analysis of these ultra-faint
galaxy candidates will be presented separately.

Future seasons of DES will not significantly increase the
DES sky coverage. However, there will be considerable gains
in depth from the expected 10 tilings per filter relative to the
two to four in the Y2Q1 data set. This increased depth will
expand the effective volume of the survey. In addition, we
expect the survey uniformity to improve with the coming
seasons, resulting in a cleaner list of seeds with fewer false
positives. Star-galaxy separation may become a limiting factor
at the future depth of DES, motivating the development of
improved classification algorithms (e.g., Fadely et al. 2012;
Soumagnac et al. 2015), as well as alternative search strategies,
involving, for instance, the time domain (Baker & Willman
2015) or stellar velocities (Antoja et al. 2015). While it is likely
that the most conspicuous Milky Way satellites in the DES
footprint have been found, the most exciting phase of Milky
Way science with DES is likely still to come. The wide area
and growing sensitivity of DES will enable the discovery of
dwarf galaxies that are fainter, farther, and have lower surface
brightness.
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ABSTRACT

The Dark Energy Camera has captured a large set of images as part of Science Verification
(SV) for the Dark Energy Survey (DES). The SV footprint covers a large portion of the outer
Large Magellanic Cloud (LMC), providing photometry 1.5 mag fainter than the main sequence
turn-off of the oldest LMC stellar population. We derive geometrical and structural parameters
for various stellar populations in the LMC disc. For the distribution of all LMC stars, we
find an inclination of i = —38214 £ 0208 (near side in the north) and a position angle for
the line of nodes of 6y = 129°51 £ 0°17. We find that stars younger than ~4 Gyr are more
centrally concentrated than older stars. Fitting a projected exponential disc shows that the
scale radius of the old populations is R..4Gyr = 1.41 & 0.01 kpc, while the younger population
has R_4Gyr = 0.72 & 0.01 kpc. However, the spatial distribution of the younger population
deviates significantly from the projected exponential disc model. The distribution of old stars
suggests a large truncation radius of R, = 13.5 4 0.8 kpc. If this truncation is dominated
by the tidal field of the Galaxy, we find that the LMC is :24f2 times less massive than the
encircled Galactic mass. By measuring the Red Clump peak magnitude and comparing with
the best-fitting LMC disc model, we find that the LMC disc is warped and thicker in the outer
regions north of the LMC centre. Our findings may either be interpreted as a warped and flared

disc in the LMC outskirts, or as evidence of a spheroidal halo component.

Key words: stars: statistics — Magellanic Clouds — galaxies: stellar content.

1 INTRODUCTION

The Milky Way (MW) satellite system offers a variety of examples
of dwarf galaxies. Most of its members are essentially gas-free
and contain mainly old stars (McConnachie 2012). The evolution
of these systems is closely related to the formation of the Galaxy
and the process of mass assembly of the large-scale structures in the

* E-mail: e.balbinot@surrey.ac.uk

© 2015 The Authors

Universe (Klypin et al. 1999; Moore et al. 1999; Stewart et al. 2008).
On the other hand, the Large and Small Magellanic Clouds (LMC
and SMC, respectively) are the closest low-mass, gas-rich (Greevich
& Putman 2009) interacting systems. The main features tracing the
interaction history of the clouds are the H 1 Magellanic Stream
(Mathewson, Cleary & Murray 1974), and Bridge (Hindman, Kerr
& McGee 1963). A counterpart of the Stream was found and named
the Leading Arm (Putman et al. 1998). The formation of these
structures is a subject of great debate. Recent simulations favour a
scenario where the Stream, Bridge, and Leading Arm are remains

Published by Oxford University Press on behalf of the Royal Astronomical Society
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from the close interaction between the LMC and SMC before falling
into the MW potential (Besla et al. 2012; Kallivayalil et al. 2013).

The Clouds’ star formation history (SFH) also reflects their close
interaction history. It is possible to identify multiple periods of
enhanced star formation that are arguably correlated with close en-
counter between the Clouds (Holtzman et al. 1999; Javiel, Santiago
& Kerber 2005; Rubele et al. 2012; Meschin et al. 2014). Evidence
of such events is imprinted in the stellar population which, due to
the proximity of the Magellanic System, is resolved into individual
stars with medium sized ground-based telescopes. Enhanced star
formation is also demonstrated by the extensive star cluster sys-
tem throughout the Magellanic Clouds (MCs). The clusters in this
system span a very broad range in age and metallicity (Kerber &
Santiago 2009). Evidence of an age-gap (Jensen, Mould & Reid
1988) may support a relationship between the formation/disruption
rate of star clusters and the intergalactic interaction history. In this
sense, the star clusters in the LMC may give hints to how the in-
tergalactic interaction affects the evolution of star cluster systems
(Renaud & Gieles 2013).

Despite being the nearest interacting system of galaxies, the Mag-
ellanic System still has only a small angular fraction observed to
the photometric depth of its old main sequence turn-off (MSTO).
Deep observations suggest that the LMC stellar populations extend
beyond an angular distance of 15° from its centre (Majewski et al.
2009). There is also kinematic evidence for a dynamically warm
stellar component consistent with a halo (Minniti et al. 2003) that
has its major axis oriented with the disc (Alves 2004).

Very few studies are available in the outskirts of the LMC.
Weinberg & Nikolaev (2001) report an exponential scalelength of
Rs ~ 1.4 kpc with no significant distinction between a young and
old disc; however, their sample is from the 2 Micron All-Sky Survey
(2MASS; Skrutskie et al. 2006), which is very shallow and does not
allow for a clear age selection. Saha et al. (2010) report a smaller
scalelength of Ry = 1.15 kpc based on an optical survey. They ar-
gue in favour of a truncation radius of R, ~ 14 kpc. Their sample
is limited to only a few fields and their analysis does not use age
selected stellar samples.

A new generation of photometric surveys is now coming to the
Southern hemisphere, allowing for the first time a complete view
of the Magellanic System. One of them is the Dark Energy Survey
(DES)', which will observe the outskirts of the LMC, SMC, and
most of the Magellanic Stream over the course of five years. DES
is a photometric survey with the primary goal of measuring the
dark energy equation of state. To achieve this goal, the survey
will employ four independent cosmological probes: galaxy clusters,
baryon acoustic oscillations, weak lensing, and Type Ia supernovae
(Flaugher 2005). The total survey area is ~5000 deg® reaching a
magnitude limit of i ~ 24. The photometric system adopted for
DES comprises the filters g, r, i, z, which are similar to the ones
used in the Sloan Digital Sky Survey (Fukugita et al. 1996), with the
addition of the Y passband, which provides synergy with the VISTA
Hemisphere Survey (McMahon 2012) and the VISTA Magellanic
Clouds survey (Cioni et al. 2011). The DES footprint will overlap
with several other surveys in the Southern hemisphere allowing a
multiwavelength approach to various astrophysical problems.

An early release of DES Science Verification (SV) data was
made available to the DES collaboration recently. The data cover
~200 deg” of the southern sky and sample regions as close as 4°
north from the LMC centre. The photometric catalogue from this

! http://www.darkenergysurvey.org/
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release reaches ~1.5 mag fainter than the old MSTO of the LMC
(which is at g ~ 22), allowing for a detailed study of the resolved
stellar population of this galaxy.

In this paper, we use the DES SV data to study the LMC geometry
and density profile as traced by stellar components with a charac-
teristic age range. We model the distribution of stars using a simple
projected exponential disc and perform a formal fit. We discuss
the presence of a possible truncation radius and its implication for
the LMC mass. As an alternative probe of the LMC geometry we
use Red Clump (RC) stars as a distance indicator and a ruler for the
LMC thickness. This paper is organized as follows. In Section 2,
we present a brief introduction to the DES SV data. In Section 3,
we discuss the quality of the photometry and address issues due to
completeness and survey coverage. In Section 4, we describe the
disc model and the fitting procedure used to find the geometrical
parameters of the LMC. Section 5 shows our efforts to use the RC
as a distance and thickness estimator. In Section 6, we summarize
and discuss the implications of the results found in this paper.

2 DECam AND DES SCIENCE VERIFICATION

The Dark Energy Camera (DECam) (Flaugher et al. 2010) was
constructed in order to carry out the DES. This instrument has a focal
plane comprised of 74 CCDs: 62 2k x 4k CCDs dedicated to science
imaging and 12 2k x 2k CCDs for guiding, focus, and alignment.
The camera is also equipped with a five element optical corrector
and a sophisticated cryogenic cooling system. DECam is installed
at the prime focus of the Cerro Tololo Inter-American Observatory
(CTIO) 4 m Blanco telescope. In this configuration, DECam has
a 2.2 degree-wide field-of-view (FoV) and a central pixel scale of
0.263 pixel ! In typical site conditions, the Blanco telescope plus
DECam yield an imaging point spread function with full-width half-
maximum (FWHM) of 0.9 parsec, which is adequately sampled by
the pixel scale.

DECam was commissioned in 2012 September and began op-
erations in 2012 November, with the DES SV campaign covering
a period of three months. The DES SV data are intended to test
capabilities of the camera, the data transfer infrastructure, and the
data processing. All images taken during SV are public; however,
the catalogues generated by the collaboration are proprietary.

2.1 Data reduction

The DES data management (DESDM) team was responsible for the
reduction of the SV images. Here, we will give a brief description
of the reduction process. For a complete description, we refer to
Sevilla et al. (2011), Desai et al. (2012), and Mohr et al. (2012).

The DESDM data reduction pipeline consists of the following
steps.

Image detrending: this step includes correction for cross-talk
between CCD amplifier electronics, bias level correction, correc-
tion for pixel-to-pixel sensitivity variation (flat-fielding), as well as
corrections for non-linearity, fringing, pupil, and illumination.

Astrometric calibration: in this step, bright known stars are iden-
tified in a given image using SExTrRACTOR (Bertin & Arnouts 1996).
The position of these stars in the focal plane is used to find the as-
trometric solution with the aid of the software scamp (Bertin 2006)
through comparison to UCAC-4 (Zacharias et al. 2013).

Nightly photometric calibration: several reference stars are ob-
served each night, and a photometric equation is derived for that
night. This equation takes into account a zero-point, a colour term,
and an airmass term for each of the DECam science CCDs.
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Table 1. Here, we show a subset of the SEXTRACTOR
parameters measured for the co-added DECam SV
data. We also show any selection criteria that were

made.

Parameter name Selection

RA -

DEC -
MAG_AUTO_* <26.0in g and r

MAGERR_AUTO_* -
SPREAD_MODEL_*  |SPREAD_MODEL_I| < 0.002
FLAGS_* <3ingandr

Note. The * symbol refers to all passbands available.

Global calibration: relative photometric calibration of the DES
survey area is done with repeated observations of the same star
in overlapping DECam exposures using a method similar to that
described in Glazebrook et al. (1994). The relative magnitudes are
anchored to a small set of absolutely calibrated reference stars within
the same area called tertiary standards which come from observa-
tions on photometric nights. They are then calibrated relative to
known equatorial belt standards observed on the same night with
the same filter set (Tucker et al. 2007). The current accuracy of the
relative and absolute systems is a few per cent, and is expected to
improve as the DES survey covers larger contiguous areas. DES
calibration was checked using the Star Locus Regression technique
(Kelly et al. 2014). This analysis revealed that zero-point offsets are
typically less than 0.05 mag in g, r, i, and z across the DES footprint
observed so far.

Coaddition: in order to increase the signal-to-noise ratio, expo-
sures are combined. This has the advantage of mitigating transient
objects, such as cosmic rays and satellite trails. This step requires
the placement of the images in a common reference projection. The
software swarp (Bertin et al. 2002) was used and the co-addition
process was done in segments of the sky called tiles. At this stage the
flux is corrected according to the photometric calibration described
above.

Cataloging: for each co-added file source detection and model-
fitting photometry is performed using psrFEx and SEXTRACTOR (Bertin
& Arnouts 1996; Bertin 2011) on a combined r, i, and z image.
Object fluxes and many other characteristics are calculated in the
individual g, r, i, z, Y frames. These catalogues are ingested into a
high-performance data base system.

The final catalogue is available for the DES collaboration through
a data base query client. There are approximately 900 parameters
measured for each source identified by SExTrACTOR. In Table 1, we
list a few parameters relevant to this work. In the same table, we
also list any comments about the parameter and the quality cuts
applied.

3 THE SV DATA

By the end of the SV campaign, DECam had obtained images in five
passbands of a region with roughly 300 deg?, for which 200 deg”
are contiguous. The contiguous region covers the northern outskirts
of the LMC. This region overlaps an eastern portion of the South
Pole Telescope (SPT) footprint (Carlstrom et al. 2011). Hence, we
call it SPT-E for simplicity.

In this section, we will discuss several aspects of the SV data and
how it is suitable for the analysis we propose.

The LMC outer stellar populations 1131

3.1 Photometry

Currently, the deepest and most homogeneous magnitude measure-
ment resulting from the DESDM pipeline is MAG_AUTO, which is
computed using the flux inside a Kron radius (Kron 1980). The Kron
radius is dependent on how extended a source is, hence the aperture
is variable, but it is essentially the same for all stars, given that there
are no significant spatial dependence in the image quality, which is
the case for DES observations. Thus, MAG_AUTO is roughly equiv-
alent to a simple aperture magnitude but less sensitive to seeing
variations. We adopt the following notation throughout the paper: g
is the MAG_AUTO magnitude measured for the g passband. This also
applies for the magnitudes measured in 7, i, z, Y.

The raw DESDM catalogue has approximately 10% sources with
g < 24.6. This list includes spurious detections like satellite trails,
star wings, cosmic rays, etc. To exclude such detections from our
catalogue, we adopt a simple cut in the FLAGS parameter. We select
only sources that simultaneously have FLAGS_G and FLAGS_R <
3, which selects objects that are not saturated and do not contain
any bad pixel. The FLAGS code is the same as the one adopted by
SExTrACTOR. The number of sources left after this cut is ~9 x 107,

We check the stability of the photometric calibration provided by
DESDM by comparing the RC peak colour at different points of the
SPT-E that contain LMC stars. For all bands, we found a maximum
scatter of 0.02 mags around the RC peak colour.

The following model was adopted to describe the photometric
uncertainties from the DECam SV data.

(mag—b)
o(mag) =a+exp| —— | . (N
c

By fitting the above equation to a sample of 0.01 per cent ran-
domly chosen stars from the SPT-E region, we find the error curves
shown in Fig. 1. The coefficients for each curve are given on Table 2,
where we also show the 10 per cent uncertainty magnitude for each
band. Along with these values, we also give some basic informa-
tion about the filter central wavelength and extinction coefficients
at those wavelengths from Cardelli, Clayton & Mathis (1989).

3.2 Star/Galaxy separation

The DES collaboration has generated several data sets for validating
and testing the DESDM system (Mohr et al. 2012). These data sets
were simulations of the actual observations. To create these mock
observations, input catalogues of artificial galaxies and stars were
generated (Rossetto et al. 2011; Balbinot et al. 2012; Busha, in
preparation). The mock observations included a time varying seeing,
realistic shapes for the galaxies, and variations to the focal plane of
DECam. These images were fed into the DESDM reduction pipeline
and an output catalogue was generated, which was then released to
the collaboration to perform tests of their scientific algorithms.
Tests with a set of such simulations, called Data Challenge 5
(DCS5) by the collaboration, have been carried out in order to as-
sess how different star—galaxy classification parameters perform.
A summary of this comparison is shown in Rossetto et al. (2011).
The main conclusion is that SPREAD_MODEL (Desai et al. 2012;
Bouy et al. 2013) performs better in terms of purity and complete-
ness than other typically employed classifiers such as CLASS_STAR
and FLUX_RADIUS (Bertin & Arnouts 1996). Later, Soumagnac
et al. (2013) developed a more sophisticated star—galaxy sepa-
ration algorithm; however, this algorithm must be trained on a
data set where true stars and galaxies are known. Implementa-
tion of such methods is being considered collaboration wide. For

MNRAS 449, 1129-1145 (2015)
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Figure 1. Magnitude versus uncertainty for a sample of 0.01 per cent of the
total number of stars in the DECam SV region. The solid curve shows the
best-fitting error model. The coefficients are given in Table 2. The dashed
line shows the 10 per cent uncertainty magnitude.

Table 2. Some general photometric system information: the
central wavelength (A.) in nanometres, the extinction as a frac-
tion of the extinction in the Johnson V passband (assuming
Ry = 3.1 and a Cardelli et al. (1989) extinction curve for the
MW), and the value of the magnitude corresponding to a typ-
ical signal-to-noise ratio of 10. In the last three columns, the
coefficients of the best-fitting error model are shown.

Filter Ac Ay /Ay miopercent (a, b, c)

(nm)
g 479 1.199 23.94 (0.001, 26.41, 1.25)
r 641 0.837 23.76 (0.001, 26.34, 1.27)
i 781 0.635 22.75 (0.003, 25.52, 1.34)
z 924 0.462 22.03 (0.003, 24.75, 1.43)
Y 1008 0.400 20.50 (0.009, 23.45, 1.40)

simplicity, we choose to use SPREAD_MODEL measured in the i band
as the star—galaxy separator. The cut-off criterion for selecting stars
is [SPREAD_MODEL_I| < 0.002. From test on DCS5, this cut is found
to correspond to a simultaneous stellar completeness and purity of
~80 per cent for objects with g < 23 (Rossetto et al. 2011). From
this point further we call objects that match this cut-off criteria
stars. It is worth mentioning that at g = 23 we expect ~20 per cent
of contamination from galaxies in our sample. However, the large-
scale distribution of these objects is homogeneous and is unlikely
to significantly affect the findings of this paper.
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3.3 Completeness

To independently assess the completeness of the DESDM catalogue,
we conducted a few experiments using pDAOPHOT (Stetson 1987).
This photometry code is known to perform very well in extremely
crowded regions such as the cores of globular clusters (Balbinot
etal. 2009). Hence, at the typical density of LMC field stars it should
yield a fairly complete catalogue. This paoPHOT catalogue may be
compared to the one produced by DESDM as an approximation to
a complete catalogue and giving an estimate of the completeness
as function of magnitude. This is not the most accurate approach to
this problem; however, it is much simpler than performing artificial
star experiments across several hundred squared degrees.

We performed paopHoT photometry on 51 fields, 50 of which
contained an LMC star cluster in its centre. The 51st field was
selected as far away as available in the SPT-E data in order to
sample a region where there are few or no LMC stars. The fields
selected are subregions of the co-added images encompassing
6.75arcmin x 6.75 arcmin each, with the exception of the 51st
field, which has 18 arcmin x 36 arcmin. The first 50 fields were
selected in order to assess the completeness not only in regions
with a density of stars typical of the LMC, but also with varying
density, such as the inner regions of a star cluster. A broader dis-
cussion about this subject will be presented in a future paper. The
51st field was selected in order to compare the performance of the
DESDM reduction pipeline in a region with little or no crowd-
ing. The position of each of the all 51 fields is marked on Fig. 2.
On average DESDM and paopHoT photometry agree within 0.02 in
gandr.

To compare the number of stars as a function of magnitude,
we cut both the DESDM and paopHoT catalogues at the 3 per cent
photometric uncertainty level. This cut happens at g >~ 23.5. To
separate stars from galaxies in paopHOT, we adopted a cut in the
sharpness parameter which behaves similarly to SPREAD_MODEL.

In Fig. 3 top panel, we show the ratio between the number of
stars detected by DESDM and paoPHOT (Npgs /Npaopror) averaged
in magnitude bins for the 51 fields discussed above. The solid line
shows the average value at a given magnitude bin. The shaded region
shows the standard deviation. In the two bottom panels in the same
figure, we show the value of Npgs /Npaopror as a function of angular
separation to the LMC centre. We show this for two magnitude bins:
21.8 < g <22.6 and 22.6 < g < 23.3 (also indicated in the figure).
From Fig. 3, we notice that the average completeness drops as a
function of increasing magnitude, as expected. The completeness
remains roughly constant as a function of angular separation to the
LMC centre with a spread of the same order as the one shown in the
shaded region of the top panel. We conclude that the completeness
has little spatial dependence at least up to magnitudes as faint as
g~23.

Despite the good performance in moderately crowded fields (i.e.
LMC field population), we observed that in the inner regions of star
clusters the DESDM sample is highly incomplete reaching less than
40 per cent completeness for ¢ = 19 and dropping to zero for fainter
magnitudes. This will be further explored in future publications.

We note that where the completeness is most important to our
results regarding truncation radii and scalelengths, i.e. at distances
farther away from the centre of the LMC, the star density is low
enough that crowding effects do not affect the sample selection as
shown in Fig. 3.

From the completeness analysis described above, we con-
clude that in the DESDM catalogue completeness does not de-
pend strongly on source density, except in extremely crowded
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Figure 2. Top panel: Gnomonic projection of the number of 2MASS stars
that are consistent with AGB and RGB stars according to Yang et al. (2007).
The projection is centred in the LMC centre. Part of the SMC is visible
in the lower-right corner. The solid contour shows an approximate footprint
of the southern part of the SPT-E region of the DES SV data. Bottom panel:
Gnomonic projection of a Ngjge = 4096 HEALPIX map of the g magnitude limit
MANGLE mask for the SPT-E region quoted above. Holes and unobserved
regions are masked and shown in white. Red circles mark the position of the
fields selected for assessing the survey completeness.

environments such as the central parts of stars clusters. From visual
inspection and through comparison with state-of-the-art crowded
field photometry methods we find no strong evidence for large-
scale variations in the stellar completeness in the SPT-E region,
thus allowing us to properly access the spatial distribution of stars
across its footprint, either from the LMC or from the MW.

3.4 Mangle masks

We use the MANGLE software (Swanson et al. 2008) to track the
survey coverage and limiting magnitude. Along with the release of
the DESDM catalogues, a set of MANGLE masks was also provided.
These masks contain information about the limiting magnitude in
each patch of the sky, as well as other key information about data
quality. The magnitude limit is computed as the detection limit
of a point source with signal-to-noise ratio S/N = 10. The noise
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Figure 3. Top panel: we show the ratio of stars detected by DESDM and
DAOPHOT as a function of g magnitude. The solid line shows the average for
the 51 fields analysed. The shaded region shows the standard deviation for
the 51 fields. The dashed vertical line shows the faintest magnitude limit
used in this work. Bottom panels: black circles show the same ratio as in the
top panel but now as a function of angular separation to the LMC centre for
two magnitude bins (indicated in the captions). The error bars are computed
using the Poisson uncertainty.

is estimated from the variance and level of the sky on a patch
of the sky. To measure the flux an aperture of 1arcsec radius is
used; this yields a magnitude measurement called MAG_APER_4.
For a complete description of the masks, we refer to Swanson et al.
(2012).

In Fig. 2, we show the number of asymptotic giant branch (AGB)
and red giant branch (RGB) stars found in 2MASS according to
Yang et al. (2007) with the southern limits of the SPT-E region
overplotted (top panel). We also show an approximation of the
magnitude limit MANGLE mask for the SPT-E region (bottom panel).
It is an approximation in the sense that it uses the value of the
MANGLE mask at the central position of each pixel in the sky. The
grey-scale represents the magnitude limit at each point of the foot-
print. Holes caused by bright stars or other image imperfections are
displayed as well. These regions have a magnitude limit of zero,
hence going out of the grey-scale range. The white colour in the
figure represents regions that were not observed. The figure uses a
HEALPIX pixelization (Gorski et al. 2005) with Nge = 4096 and a
Gnomonic projection centred at (o, §) = (75°, —55°).

The approximate mask discussed above allows us to deal with
the full SPT-E mask in a much faster way and at the same time to
provide a very good approximation of the general properties of the
survey, such as coverage and magnitude limits. The coverage mask
is simply a HEALPIX map with the value of 1 for pixels that were
observed and 0 for those that were not or were masked for some
reason. The coverage mask originally did not contain holes due to
star clusters. To mask these regions, we conducted a visual search

MNRAS 449, 1129-1145 (2015)
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for star clusters in the SPT-E and used the position of each cluster to
add a hole in the mask (i.e. a region with coverage equals to zero).

The approximated masks were used to remove stars residing
in regions where the following criteria were met: (i) a limiting
g or r magnitude brighter than 23; (ii) coverage value equal to
0. The additional trimming for zero mask values was necessary
because the original catalogue was limited by the exact masks, not
the approximated ones.

The above section outlines the process of trimming the catalogue
to select objects that are likely stars and to keep only regions with
deep photometry that were not affected by artefacts in the survey.
This catalogue, as well as the mask associated with it, will be used
in the remainder of this paper.

4 THE LMC GEOMETRY

Classically, the LMC is classified as an Irregular Dwarf Galaxy,
although it has several major components of a spiral galaxy such as a
disc and a bar. It is, perhaps, more appropriate to classify this galaxy
as a highly perturbed spiral galaxy. Its morphology departs so much
from a classical Irregular Dwarf that it has been established that the
LMC is the prototype of a class of dwarf galaxies called Magellanic
Irregular (de Vaucouleurs & Freeman 1972). These galaxies are
characterized by being gas-rich, one-armed spirals with off-centre
bars.

The SMC is the closest neighbour to the LMC. Together they
form the Magellanic System. Recent dynamical modelling (Besla
et al. 2012) and high precision tangential velocity measurements
(Kallivayalil et al. 2013) point to the need for updated thinking with
regard to the origins of the Magellanic System. The centre of mass
spatial velocity of these galaxies is very close to the escape velocity
of the MW, thus suggesting that the system is not gravitationally
bound to the MW. The same models also predict the formation of
the Magellanic Bridge and Stream as a result of the interaction of
the LMC with the SMC, generating long arms of debris in the same
fashion as the Antennae system.

Despite the growing number of simulations and high precision
velocity measurements, a few aspects of the LMC geometry, such
as the presence of a spheroidal halo (Majewski et al. 2009), and
the warping and flaring of the disc (Subramaniam & Subramanian
2009) remain uncertain to some degree. New large area surveys
in the Southern hemisphere are beginning to shed light on these
uncertainties.

Here, we study the LMC disc geometry using a very simple
approach. We try to model its stellar density using a circular expo-
nential disc. This disc is inclined relative to the sky plane by the
angle i. To compute the expected number of stars p as a function
of o and & we use the transformations found in Weinberg & Niko-
laev (2001). For the sake of clarity, we give the expression for the
heliocentric distance ¢ to a given point of the disc with coordinates
(a, 8).

t(ar, 8) = —Rypc cosi x {cosd sin (o — o) sin6 sini
+ [sin§ cos 8y — cos § sin &y cos (@ — «p)] cos O sini
— [cos 8 cos 8y cos (o — a) + sin S sin 8] cosi} ™!,  (2)

where («g, 8¢) is the central coordinate of the LMC, i is the disc
inclination, Ry yic is the heliocentric distance to the LMC centre, and
6 the position angle (PA) of the minor axis. In the reference frame
adopted here, the inclination i has negative values when the north
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Figure 4. The Hess diagrams in each set of colour and magnitude avail-
able in the DES photometric system. In the top-left panel, we also show
the colour-magnitude polygons used to select stars consistent with a
young/intermediate (dot—dashed polygon) and old (solid polygon) stellar
population. The boxes (dashed) used for the selection of RC stars are shown
in all panels.

side of the LMC is closer to us. In the reference frame adopted, the
i angle is reversed to what is typically adopted in the literature.
The density of stars is simply given by

pla, 8) = pot(et, §)’exp(—R/Ry) + ppa f (@, 8), 3

where R is the radial distance in the disc plane, R; is the scalelength
of the exponential disc, pot(ag, o) is the central density, and ppg
is the density of background/foreground stars. The function flo, §)
is a third degree polynomial which takes into account the spatial
variation of MW field stars.

Five parameters are used to model the disc geometry: the LMC
central coordinates («g, &), its distance to the Sun (Rpmc), the
inclination i, and the PA 6. Additionally, three parameters describe
the density of stars along this disc: the central density py, the scale
radius Ry, and the density scale of background stars ppg.

To simplify the problem and to better accommodate the fact that
the observations are all on the northern side of the MCs, we make
a few assumptions. The LMC centre is kept fixed at the Nikolaev
et al. (2004) value of («g, §9) = (79240, —69203). The heliocentric
distance to the LMC centre R vc = 49.9 kpc is adopted from the
most recent review about the subject (de Grijs, Wicker & Bono
2014).

With the machinery to produce LMC disc models, we proceed to
a formal fit to the observed distribution of stars in the SPT-E region.
This fit was performed on three samples of stars. The selections
were made based on pPARSEC (Bressan et al. 2012) stellar evolution
models. The first is made only of stars older than 4 Gyr, selected
using a colour—magnitude cut shown in Fig. 4. The second sample
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Figure 5. Ratio of the number of young ( old) to all stars as a function of
age. The ratio was computed using a constant SFR and a Piatti & Geisler
(2013) AMR.

selects only stars younger than 4 Gyr. The third sample is made
of stars that fall within the limits 17 < ¢ < 23 and —0.5 < g —
r < 1.0. We name these samples old, young, and all for simplicity. In
Fig. 5, we show the ratio of old (young) and all stars for a simulated
LMC stellar population that assumes a constant star formation rate
(SFR) and a Piatti & Geisler (2013) age—metallicity relation (AMR).
Photometric errors were simulated according to equation (1) and
Table 2. We observe that the colour—magnitude cuts chosen are able
to create two samples with virtually no age overlap.

Using a TRILEGAL (Girardi et al. 2005) simulation, we modelled
the expected MW stellar population in the SPT-E region. Assuming
the same colour cuts as the ones used to select the three stellar
populations quoted above, we fit the density of stars as a function
of RA and Dec using a third-order polynomial, fle, §). The best-
fitting polynomial for each of the stellar populations cuts is later
used to account for foreground contamination while fitting the LMC
disc. This polynomial is scaled by pgg since the colour—-magnitude
cuts are not perfectly consistent with the theoretical prediction of
TRILEGAL.

To count stars in the sky plane, we adopt the HEALPIX pixelization
scheme with Ng4. = 512 which yields a constant pixel area across
the sky of ~0.013 deg?. The maps built in this scheme for each
stellar sample described above are shown in the left-hand panel of
Figs 6-8.

The best-fitting disc model was obtained through a Markov
Chain Monte Carlo (MCMC) technique. We used the code EMCEE
(Foreman-Mackey et al. 2013) in its version 2.0.0. The test statistics
chosen is a binned Poisson log-likelihood model (Dolphin 2002).
We refer the reader to these authors for details on the MCMC and
statistics used. This is the most appropriate test statistics for data-
model comparison since we are dealing with counts that are subject
to shot noise, especially in the outermost regions of the LMC. Our
MCMC run uses a total of 30 walkers that make 1000 steps each
for the burn-in phase. After the burn-in, we let the walkers advance
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5000 more steps each, sufficient to well sample the parameter space
and converge to the maxima.

This fitting procedure was repeated for each stellar population
(all, old, and young), yielding the parameters shown on Table 3.
In this table, we chose to present the PA of the line of nodes
0o = 6 + 90°. This is the quantity most often presented in the
literature.

The boxes chosen to select a given stellar population in the
colour-magnitude diagram (CMD) assume that the stars are all
at the same distance to us. This is not strictly the case for the LMC
stars, which are spread across a disc plane inclined relative to the
sky plane. To test how this distance spread affects our disc fit, we
correct the magnitude of each star using the best-fitting disc models
s0 as to bring the stars to a common distance. This common distance
is chosen as the mean distance to the disc in the SPT-E. Using these
distance corrected magnitudes we perform the CMD box selections
again. For all the CMD based selections an increase of <1 per cent
in the number of stars inside the CMD box is observed. Using this
distance corrected sample we rerun the fitting procedure and find
that the largest change in the parameters is a 5 per cent increase in
the inclination. The remaining disc parameters are more stable. We
adopt the difference on the parameters found in this experiment as
the systematic uncertainty in our parameter estimation. We show
these variations as the uncertainties in parenthesis in Table 3.

The left-hand panel of Fig. 6 a HEALPIX map in Gnomonic projec-
tion shows the logarithm of the number of stars for the all stellar
population. Overplotted we show the best-fitting disc model as iso-
density lines. On the right-hand side of the figure, we show the
sampled probability distribution function for each parameter after
marginalization. In light blue we mark the point of maximum prob-
ability density, which indicates the maximum likelihood solution.
Note that the samples are distributed in a fairly symmetric way
around the maxima, yielding symmetric error bars. Figs 7 and 8
are similar to the figure described above, but showing different
age-selected populations.

‘We notice that the old population spreads out to declinations of
~—55°, while the young population is much more abruptly trun-
cated at ~—60°. This points to different scale radii for these popu-
lations. In Table 3, we give a summary of the parameters that best
fit each case. Here, we see that the distributions have significantly
different values of R, while retaining similar values for the purely
geometrical parameters 6 and i.

The difference in the scalelength is much more obvious in Fig. 9
where we show, for each stellar population, the average number
of stars per HEALPIX pixel in bins of distance along the LMC disc.
We also show the best-fitting disc model for each of the stellar
populations, this model includes the MW foreground stars (i.e. the
term ppgfiee, §) in equation 2). We notice that the old (triangles
and dot—dashed line) profile is much more extended than the young
one (crosses and dotted line). It is also remarkable that the LMC
old density profile is well fit without the need for other components
such as a spheroidal halo. However, the young profile is not very
well described by the disc model. This could also account for the
value found for its inclination, which is not in good agreement with
the literature (van der Marel & Cioni 2001; Nikolaev et al. 2004,
Rubele et al. 2012). In the same figure, the solid line shows the
contribution of MW stars, we notice that the slope in the number
of stars at the outskirts of the LMC can be accounted by for the
spatial variation in the number of MW field stars. Due to the large
number of stars in each radial bin, the Poisson uncertainty is very
low. These uncertainties are only visible, as error bars, on the inset
plot, where the outer parts of the old population profile is shown.

MNRAS 449, 1129-1145 (2015)
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Figure 6. Left-hand panel: map showing the number of stars from the all sample in grey-scale. The stars used to build this map are those that fall inside a
simple colour cut of —0.5 < ¢ — r < 1.0 and g < 23. The solid isodensity contours show the best exponential disc model. The contours start at logjo(N) = 3.3
and progress in steps of 0.3 dex. Right-hand panels: the marginalization for the different disc model pairs of parameters. The solid blue cross-hair shows the
position of the best solution. The contours show the 1o, 20, and 30 confidence levels. The histograms in the diagonal panels show the marginalization over
each single parameter. Again the blue line shows the point of maximum likelihood.
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Figure 7. Similar to Fig. 6 but for the young stellar population. The isodensity contours start at logjo(N) = 2.9 and progress in steps of 0.4 dex.

We notice from Table 3 that the statistical uncertainties in the This can point to the case where there are other systematic effects
disc parameters are quite small. This is caused by the relatively that were not taken into account. One cause of such effects might
poor description that our disc model gives of the LMC stellar pop- be the spatial variation of the star—galaxy classifier. However, the
ulation, especially the young population. In Fig. 9 this becomes classifier adopted here is very stable especially at bright magnitudes
apparent where we observe that the models deviate significantly (g < 22.5), thus being improbable to be a significant source of error.
from the observations, even when the uncertainties are considered. Also, spatial changes in the completeness of the survey are unlikely
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Figure 8. Similar to Fig. 6 but for the old stellar population. The isodensity contours start at logjo(N) = 2.5 and progress in steps of 0.35 dex. In the left-hand
panel, we also show the truncation radius (R;) position as the dashed contour, and the dotted contours show the uncertainty in R;.

Table 3. A summary of the best-fitting disc models parameters for each stellar population. The uncertainties are the 3o confidence level that
arises from the MCMC analysis. The uncertainties in parenthesis are obtained from the difference between the fit with and without correcting the
magnitudes by the heliocentric distance to each point of the LMC disc. NOTE: our definition of inclination (i) has the opposite sign than what is

typically found in the literature.

Population ~ Age 0o i Ry £0 PBG

(Gyr) (deg) (deg) (kpc) (stars pixel ™! kpc™?)
All — 129.51 £ 0.17(£1.08)  —38.14 4+ 0.08(%1.59) 1.09 £ 0.01(£0.02)  26.41 + 0.14(£0.59)  0.80 £ 0.03(£0.67)
Young 0-4 125.93 +0.20(£0.09)  —44.19 £ 0.14(£1.80)  0.72 £ 0.01(£0.00)  22.86 £ 0.28(£1.33)  9.06 £ 0.18(=£0.00)
Old 4-13 127.40 &+ 1.02(£0.59)  —32.94 £ 0.39(£1.25)  1.41 £ 0.01(£0.00) 0.89 £ 0.02(+0.05) 2.08 £ 0.04(40.01)

to cause a large change in the number of stars per HEALPIX pixel (see
Section 3.3). Evidence indicates that the deviations from the fitted
disc model are real features of the LMC structure. These features
are more apparent for the young stellar population, which is most
likely to hold signs of disc perturbations such as spiral arms.

We use the old population profile to probe the total extent of
the LMC. We define the truncation radius as the radius where the
observed density profile reaches becomes indistinguishable from the
MW foreground population. In the inset plot of Fig. 9, we observe
that for log (R/kpc) > 1.13 the profile can be explained solely by
the MW contribution. The uncertainty on this truncation radius (R,)
is taken as the size of the radial bin, which is 0.8 kpc. This yields a
R =135+ 0.8 kpc.

If we assume that the LMC luminous component is tidally trun-
cated by the MW potential, we can use the simple theoretical tidal
radius formula (Binney & Tremaine 2008), given by

Mi e

1/3
7) , (C)]
2Mmw(d < diyvc)

R = dimc (

we find the following relation for the LMC mass (Myc) and the
MW mass (Myw) encircled within a radius equal to the Galacto-

centric distance of the LMC (dpnc):

Myw(d < dive) = 24.5155 x My, ®)
where the Sun is assumed to be at a distance of dr = 8.0 kpc
from the MW centre. This yields a d ymc of 49.4 &+ 2.1 kpc. The
uncertainty in this value was considered for the result in equation
(5). The distance to the Sun is taken as a compromise between two
recent determinations from Eisenhauer et al. (2005) and Gillessen
et al. (2009). The adoption of d = 8.5 kpc would increase diyic
by ~ 0.03 per cent, leading to an insignificant increase in R;. Thus,
we choose to disregard the uncertainty in dg.

To further support our claim that there are very few LMC stars
beyond 13 kpc, we show in Fig. 10 the Hess diagrams at different
bins of angular separation from the LMC centre. The upper and
lower bound of each bin is indicated in each panel. We apply a simple
decontamination algorithm in order to remove the contribution of
MW stars. The decontamination was done by selecting a region
with angular distance greater than 6 = 20°. A Hess diagram of this
region was constructed. These Hess diagrams were area weighted
and subtracted from the Hess diagram of each angular separation
bin shown in Fig. 10. This process assumes that the contribution
of LMC stars at angular distances larger than 20° is negligible.

MNRAS 449, 1129-1145 (2015)
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all, old, and young populations, including the term ppgfie, §) that accounts
for the contamination of MW stars. In the inset plot, we show the outer tail
of the old profile. The solid line shows the MW contribution and the shaded
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Figure 10. Hess diagrams in g — r versus g for different angular distance
ranges (indicated in the top-left of each panel). The contribution from MW
stars has been removed as described in the text.

We again assume that the MW stellar population varies very little
throughout the SPT-E.

In Fig. 10 we note, from visual inspection, that the LMC popula-
tion in the bottom central panel is indistinguishable from the noise

MNRAS 449, 1129-1145 (2015)

in the Hess diagram. This panel corresponds to angular separations
between 15° and 16°. This range corresponds to distances from 10.5
to 11.2 kpc along the disc plane, which are intermediate between
the truncations radius of the old and young population. This does
not mean the complete absence of LMC stars. However, it shows
that at this range of distances the LMC populations is too low in
number to be distinguishable by eye from the MW foreground stars.

With the aid of the caLpy? (Bovy 2010) suite for galactic dy-
namics, we compute a three component MW potential with an
NFW halo (Navarro, Frenk & White 1996), a Miyamoto—Nagai
disc (Miyamoto & Nagai 1975), and a Hernquist bulge (Hernquist
1990) following the same recipe as in Bovy et al. (2012). This po-
tential was normalized such as to yield a Solar circular velocity of
220 km s~! at the Galactocentric distance of 8 kpc. We obtain that
the enclosed MW mass inside a sphere centred in the MW with
radius dpyc is 5.6 x 10! M@ . Using the result from equation (5)
and propagating the uncertainties in R, we obtain an LMC mass of
Mine = 2.370% x 10 Mg.

According to the set of simulations by Kallivayalil et al. (2013),
the combination of MW and LMC masses found in this work would
favour a scenario where the Magellanic System is in its first peri-
centric passage. However, it is not clear if there is enough time for
the LMC to develop a truncation radius without finishing a com-
plete orbit around the MW and if this truncation would affect its
luminous component. We would like to stress that the calculations
presented in our work are subject to many uncertainties, especially
with respect to our knowledge of the MW mass profile at large
distances.

5 THE LMC RC AS A DISTANCE ESTIMATOR

The peak magnitude of the RC is used widely in astronomy as a
standard candle to determine distances of old and intermediate age
star clusters. RC stars are He-burning stars of mass M S 2M@; they
develop an electron degenerate core after the main sequence, and
as a consequence have to increase their core up to a critical mass of
~0.46 M before helium can be ignited. The almost-constancy of
their helium-core masses determines that they all share similar (but
not constant) luminosities in their central helium burning phase.

Using the RC peak magnitude as a standard candle, we define the
distance modulus p( with the following equation:

o = myC — MRC — A, — AMEC, (6)

where A; is the extinction, Mfc is the absolute magnitude of the
RC peak, and AMRC is a correction in the absolute magnitude due
to population mixing effects. Here, A represents the observational
filters (A = g, 1, i, 2).

If one is to determine o, the terms A; and AMRC must be
inferred. Here, we choose to correct the magnitudes for extinction
using the Schlegel, Finkbeiner & Davis (1998) dust maps. For the
time being we will assume that A MR€ is zero. This assumption will
be addressed in more detail later.

To probe 1 as a function of position in the LMC, we subdi-
vided the sky in HEALPIX pixels using the pixelization scheme with
Ngg. = 128. This gives a pixel area of ~0.21 deg?. We choose a
larger pixel than the previous section since the RC is much less
populated than the main sequence. To measure the peak apparent
magnitude of the RC in a given passband (mX®), we compute the
number count of stars as a function of magnitude (N(m;,,)) for stars

2 http://github.com/jobovy/galpy
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that have colours and magnitudes limited by the dashed boxes in
Fig. 4. The CMD region occupied by RC stars was selected visually.

To build N(m;) the bin size is chosen according to the method
described in Knuth (2006), which is based on optimization of a
Bayesian fitness function across fixed-width bins. This avoids issues
that may arise from oversampling or undersampling the number of
bins. The values of N(m; ) are fitted by means of a non-linear least-
square algorithm using a second-order polynomial plus a Gaussian.
This function is given by the following equation:

—(mf¢ — mx)z}

N(mh):a—&-bm,;—t-cmi—&-dexp{ 5
205

)
where a, b, ¢ are the coefficients of the polynomial, d is the nor-
malization of the Gaussian and o is the standard deviation of the
magnitudes around the RC peak.

The uncertainty on mXC is taken from the covariance matrix of
the least-square fit.

It is convenient to define the heliocentric distance to points in the
LMC disc as a function of the so called line of maximum distance
gradient. This line connects points on the disc plane with the most
rapidly varying distance from us, hence its name. The distance along
this line is the deprojected distance between a point in the disc to
the line of nodes. The distances along this line are given by the y
component of equation (A3) of Weinberg & Nikolaev (2001). The
line of maximum distance gradient has a PA given by 6 (equation 2)
and it is oriented approximately in the NE-SW direction. Showing
the heliocentric distance to points in the LMC disc as a function
of the position in the line of maximum distance gradient is the
equivalent of showing an edge-on view of the LMC.

To infer the absolute magnitude of the RC (MX€), we could adopt
the prediction from synthetic stellar populations based on stellar
evolution models. However, simulations using pARSEC (Bressan et al.
2012) models agree well with the disc models found in this work.
A small magnitude offset can be seen in Fig. 11, where the solid
black line shows the best-fitting disc model and the grey points are
the inferred distance modulus based on theoretical values of MX€.

Despite the small offset in the theoretical value of M. EC, we chose
to determine MRC by matching the expected distance modulus from
our best-fitting disc model to the observed values of the RC peak
magnitude. This matching was done using stars that are between 3
and 4 kpc along the LMC line of maximum distance gradient. We
compute the median value of m, in this distance range and subtract
from that the heliocentric distance expected from the disc model
at 3.5 kpc from the LMC centre. This offset is determined for all
passbands. The value obtained is then used to compute the RC-
based distances consistently with our disc model. These distances
are shown as the black points in Fig. 11 and the error bars are
propagated from the RC peak fit.

In Fig. 12, we show the distributions of mfc on the sky, for
A =g, 1,1, z. The lines show the direction of maximum gradient and
the line of nodes obtained from our best disc model fit using the all
stellar population. We notice that the entire sampled region in this
work is on the same side (near side) of the LMC disc major axis.
There is a global trend in the sense that for all passbands the nearest
points to us are located in the north-east edge of the LMC. Another
remarkable feature present in all maps is that the north edge of the
LMC is systematically more distant than what is expected for the
disc model. This effect is noticeable in all passbands.

The discrepancies observed in the maps described above may be
due to population mixing in RC stars. The RC luminosity depends
slightly on the age and metallicity of the stars (Girardi 1999; Girardi
& Salaris 2001). This fact makes the RC of a stellar population
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older than ~3 Gyr dimmer as a function of age. The exact amount
of dimming depends on the metallicity and on the passband used. A
detailed discussion about how the RC magnitude of simple stellar
populations varies with age and metallicity may be found in Girardi
& Salaris (2001).

In the case of the LMC, we would like to know how the RC
magnitude changes as a function of the SFH, therefore mapping
AM fc at different positions in the LMC. However, it is known that
the LMC SFH is very complex and varies spatially (Meschin et al.
2014), therefore rendering this a very difficult task.

To assess the amplitude of the populations mixing effect over the
RC magnitudes, we conducted a series of synthetic stellar popula-
tion experiments. These simulations assume that the LMC follows
an AMR given by Piatti & Geisler (2013) with a spread of 0.15 dex
in [Fe/H]. We also assume that stars in the LMC follow a Kroupa
initial mass function (Kroupa 2001). To generate synthetic mag-
nitudes for a set of simulated stars we adopt the parRseC (Bressan
et al. 2012) isochrones in the DES photometric system. Our grid of
models has a step of 0.01 in logo(age/yr) and 0.0002 in Z in the
range [0.0002, 0.001] and 0.001 for Z in the range [0.001, 0.020].
Photometric uncertainties were included according to equation (1)
and Table 2. The simulations were made in the framework of the
open-source code GENCMD.?

We adopt three SFHs that are modelled according to what has
been found by Meschin et al. (2014) for the outer regions of the
LMC (red squares in Fig. 12). The simulated SFHs contain two
events of star formation that were modelled as Gaussian peaks in
SFR. The young peak is centred on an age of 2.5 Gyr with a width
of 1 Gyr, while the second is centred on 9 Gyr with a width of
1.5 Gyr. The first adopted SFH gives equal amplitude to each star
forming event, the second gives twice the amplitude to the older
event, and the third gives twice the amplitude to the younger event.
The largest difference for the RC peak magnitude was observed
between the models with asymmetric peaks in the SFH. We use this
difference to estimate the maximum value for AMRC which was
found to be 0.06, 0.06, 0.07, and 0.11 for g, r, i, z, respectively. The
dashed lines in Fig. 11 show the maximum expected deviations due
to populations mixing effects.

We notice that the RC distance variations are very similar to
the one expected from the best-fitting disc model. However, there
are very discrepant points that the disc model cannot account for,
even when population mixing effects are considered. We also notice
that the distance moduli determined using different passbands are
consistent.

From the RC distributions, we may also extract information about
the thickness of the LMC disc. This information is embedded in o,
shown in equation (7). However, this quantity is also affected by
the intrinsic scatter of the RC and by photometric uncertainty. The
RC simulations described above incorporate this intrinsic scatter
(0;) convolved with the photometric one (o ppor). In our simulations,

we measure this quantity (y/o? + o2

phot) @nd we find that this quan-

tity has a mean value of 0.11, 0.12, 0.13, 0.13 for g, r, i, and z,
respectively. Finally, the last contributions comes from the depth of
the disc along the line of sight itself (o gepin). Thus, we may write

2 — 2 2 2
Odepth = 93~ Ophot — i - ®)

In Fig. 13, we show o gpm as a function of the distance along
the LMC disc. The error bars are taken from the covariance matrix

3 https://github.com/balbinot/genCMD
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Figure 11. The distance modulus as a function of the distance along the maximum gradient line (~ NE-SW). The black circles are the measured distance
modulus in each HEALPIX pixel, as describe in the text. The error bars shows the 1 o, for each measured point. The solid line shows the behaviour expected
from the best-fitting disc model for the all population. The dashed line shows the maximum magnitude variation expected from populations mixing effects.
The grey points are the distance modulus inferred using the theoretical RC absolute magnitude. Panels a, b, ¢, and d show the distance modulus determination

using the filters g, r, i, and z, respectively.

obtained on the least-square fit of the RC distribution as given by
equation (7). We took averages of & gep in bins of 0.5 kpc, which are
shown as the black circles. The error bar is the standard deviation
of the values of o e in each distance bin. For distances less than
~4.5 kpc, we observe a constant depth of ~0.08 mag (1.8 kpc)
measured in r, i, and z while the g band yields a value of 0.12 mag
(2.8 kpc). The depth in r, i, and z passbands tends to increase by
~0.02 mag (~0.5 kpc) towards the edge of the LMC. The slight
difference in the g band depth might be due to the underestimate
of the intrinsic RC magnitude spread. This effect may be due to

MNRAS 449, 1129-1145 (2015)

changes in the metallicity of the LMC field populations torwards its
edge (Majewski et al. 2009), leading to the formation of a horizontal
branch instead of a RC. The g band is more affected since it is more
sensitive to hotter stars.

6 DISCUSSION AND SUMMARY

To the best of our knowledge, this paper is the first to show a clear
distinction in the structure of the LMC disc for stellar populations of
different ages. Meschin et al. (2014) report signs of an age gradient,
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Figure 12. Gnomonic projection of Ngige = 128 maps showing the distance modulus measured in each the g, r, i,and z passband. On every panel the solid line
shows the direction of the maximum distance gradient () and the dashed line the direction of the line of nodes (0¢) expected from the best-fitting disc model
for the all population. The red squares are the fields studied by Meschin et al. (2014). The red circle is the LMC centre adopted in this work. Panels a, b, ¢, and
d show the distance modulus determination using the filters g, r, i, and z, respectively.

but did not derive the structural properties for different age compo-
nents of the LMC. Previous studies, based on large spectroscopic
samples, reported a clear kinematic distinction between different
stellar types and attributed that to an age difference in their samples
(van der Marel, Kallivayalil & Besla 2009, and references therein).
Here, we confirm this distinction based only on stellar photometry
alone.

The disc models obtained in this work are in agreement with what
has been reported in the literature (e.g. Weinberg & Nikolaev 2001;
Nikolaev et al. 2004; Saha et al. 2010; Rubele et al. 2012). We
observe a significant difference between disc models fitted using
stars younger and older than 4 Gyr. The most striking difference is
found in the scalelength (R,), which suggests a star formation that
follows the outside-in paradigm. The summary of the disc models
parameters can be found in Table 3.

The young population is poorly described by an exponential disc
model. It presents a prominent feature that strongly deviates from
an exponential profile truncated at ~8 kpc. The young and old
LMC disc have a clear distinction in the level of substructures. The
younger stars are known to have peculiar spiral arms that have most

likely been formed in the last SMC-LMC encounter (Staveley-
Smith et al. 2003; Olsen & Massey 2007; Bekki 2009). This could
explain why the young disc cannot be well described by our disc
model.

On the other hand, the old disc extends over ~13 scalelengths.
Our results for the scalelength and truncation radius are similar
to what Saha et al. (2010) found. The authors report R, >~ 1.15
and a truncation radius that is ~12 times this value, which is very
similar to our determination. If we assume that the truncation radius
of the old disc is caused by the tidal field of the MW, we obtain
an LMC mass that is Myyc = 2.370% x 10'° M. This mass is
strongly dependent on the efficiency with which the MW potential
tidally truncates the LMC stellar distribution. Even if the Clouds
are in their first pericentric passage, their orbit is predicted to be
past the pericentre, which could allow the formation of a tidal limit
(Besla, private communication). Also, (Gan et al. 2010) showed that
subhaloes in their first pericentric passage may undergo substantial
mass loss. We also point out that in the case where the MW tidal
field efficiently strips the dark matter and luminous components,
our estimate of the LMC mass is reliable. However, in the case

MNRAS 449, 1129-1145 (2015)
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respectively.

where dark matter is still present in an extended halo, our estimate
of the LMC mass sets only a lower limit. The absolute mass value
is also dependent on the MW mass profile, but the relative LMC to
MW encircled mass is not. New more precise determinations of the
MW mass in its outer regions will help to more accurately constrain
the LMC mass.

The dynamical mass determination by van der Marel &
Kallivayalil (2014) suggests Mvc(R < 8.7 kpe) = (1.7 £ 0.7) x
100 M, that can be extrapolated to the mass inside our truncation
radius of Mimc(R < R) = (3.5 £ 1.4) x 10'°M assuming a
flat rotation curve. This value is within the error bars of our mass
determination, suggesting that the truncation radius found in this
work has a tidal origin.

MNRAS 449, 1129-1145 (2015)

Through the fit of the RC peak magnitude, we observe that a few
regions coherently grouped in the north of the LMC are system-
atically more distant than what is expected by an inclined circular
disc model. While Olsen & Salyk (2002) found that regions of the
south-east LMC are systematically closer, we find that the northern
LMC disc behaves in the opposite sense. This is the classic case for
a galaxy with warped disc. We demonstrate, through the use of syn-
thetic stellar population models, that the offsets from the disc model
are larger than what is expected from population mixing effects.

Using the same synthetic stellar populations quoted above, we
are able to compute the theoretical magnitude scatter of RC stars.
This allows us to disentangle the contribution of the intrinsic scatter
from the one caused by the disc thickness. We measure a thickness
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ranging from 1.8 to 2.8 kpc in the inner parts of the LMC and
which increases by 0.5 kpc in its outer parts. If we assume that
the disc follows an exponential profile in height, we obtain that
the scaleheight ranges from 1.3 to 1.9 kpc, increasing by 0.3 kpc
in the outer parts. This slight increase towards the outskirts can
be interpreted as the flaring of the disc. van der Marel & Cioni
(2001) argue that this kind of behaviour is expected if the LMC
disc is tidally perturbed by the MW potential. The disc thickening
may also be explained solely by LMC dynamical models (Besla
et al. 2012), where the old stellar component is expected to form
a dynamically hotter component. The fact that we only observe it
on the edge of the LMC may be due to the steep truncation of the
young disc, allowing us to measure a thickness that is dominated by
the old population only in the LMC outskirts.

The analysis presented in this work points to a scenario where
there are two distinct disc components in the LMC. One is composed
of old stars (>4 Gyr) and possesses a smooth, extended profile out
to dozens of scalelengths. The second component is composed of
younger stars (<4 Gyr) and appears to be perturbed and much less
extended. We find signs of warp and flare towards the outskirts of
the LMC, both of which have been reported previously (Olsen &
Salyk 2002; Subramaniam & Subramanian 2009).

An alternative scenario for the disc warp and flare is the existence
of ahot halo composed of old stars, while the disc could contain both
populations. Because the old population is more spatially extended,
this scenario would explain the outward increase in the thickness of
the RC as the young disc fades, therefore accounting for the ‘flare’
signal. Besides the flaring, the old spheroidal component would
lead to a systematic variation on the heliocentric distances across the
LMC in the sense of bringing them closer to the heliocentric distance
of the LMC centre on both sides of the galaxy, also mimicking a
warp effect.

The fact that the old disc is well fitted by a single exponential
disc favours the scenario where there is no detectable stellar halo
and older stars form a thicker disc. Also the fact that the hot halo
has only been possibly detected in the central regions of the LMC
(Minniti et al. 2003) raises doubts about the existence of such a
stellar component. To investigate the existence of a halo component,
a more detailed study must be carried out in the LMC outskirts in
order to isolate its extremely sparse stellar population. This kind
of study should employ more sophisticated CMD decontamination
methods such as the ones used to detect streams and tidal tails
(Rockosi et al. 2002).

The upcoming years promise to greatly increase our understand-
ing of the Magellanic system. With the data already observed during
the DES SV campaign, we have the ability to study a vast number
of LMC star clusters and their three-dimensional distribution in the
galaxy. The field LMC population may also be used to infer a very
detailed, and spatially dependent SFH.

Upcoming DES observations will cover a large portion of the
Magellanic Stream allowing for the discovery and characterization
of its stellar component, if it exists. Additionally, DES will continue
to map the outskirts of the LMC and SMC. This novel data set will
certainly reveal some of the many puzzles of the Magellanic system.
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Neste artigo foi feita a aplicagao das abordagens de maxima probabilidade aos
parametros estruturais do aglomerado DES1 utilizando o perfil de King e exponen-
cial, ambos elipticos, bem como aos parametros fisicos idade, metalicidade, averme-
lhamento, modulo de distancia e magnitude absoluta. Para a magnitude absoluta
do aglomerado, comparamos a funcao de luminosidade do aglomerado com a fungao
de luminosidade dos modelos de Padova (Bressan et all [2012), para estrelas até a
magnitude g = 23, evitando magnitudes fracas onde a completeza é muito abaixo

da unidade.



Artigos publicados com contribuigao @17 3

ROYA L-ASTRONOMICAL 50C

MNRAS 458, 603-612 (2016) doi:10.1093/mnras/stw302
Advance Access publication 2016 February 9

Digging deeper into the Southern skies: a compact Milky Way companion
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ABSTRACT

We use the first-year Dark Energy Survey (DES) data down to previously unprobed photometric
depths to search for stellar systems in the Galactic halo, therefore complementing the previous
analysis of the same data carried out by our group earlier this year. Our search is based on a
matched filter algorithm that produces stellar density maps consistent with stellar population
models of various ages, metallicities, and distances over the survey area. The most conspicuous
density peaks in these maps have been identified automatically and ranked according to
their significance and recurrence for different input models. We report the discovery of one
additional stellar system besides those previously found by several authors using the same
first-year DES data. The object is compact, and consistent with being dominated by an old and
metal-poor population. DES 1 is found at high significance and appears in the DES images
as a compact concentration of faint blue point sources. Assuming different spatial profile
parameterizations, the best-fitting heliocentric distance and total absolute magnitude in the
range of 77.6-87.1kpc and —3.00 < My < —2.21, respectively. The half-light radius of this
object, r, ~ 10pc and total luminosity are consistent with it being a low-mass halo cluster.
It is also found to have a very elongated shape (¢ ~ 0.57). In addition, our deeper probe of
DES first-year data confirms the recently reported satellite galaxy candidate Horologium II as
a significant stellar overdensity. We also infer its structural properties and compare them to
those reported in the literature.

Key words: globular clusters: general —globular clusters: individual (DES 1)-—galaxies:
dwarf.

1 INTRODUCTION

The census of Milky Way (MW) satellites has grown rapidly over the
past 15 yr. Several of these newly found objects are star systems with

very low luminosities (—3.0 < My < 0) and small half-light radii
* E-mail: elmer.luque @ufrgs.br (EL); basilio.santiago @ufrgs.br (BS)

© 2016 The Authors
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(<10pc), being more consistent with star clusters (Koposov et al.
2007; Belokurov et al. 2010; Fadely et al. 2011; Muiioz et al. 2012;
Balbinot et al. 2013). These clusters are thought to be suffering
stellar mass-loss via dynamical processes such as tidal disruption or
evaporation (Koposov et al. 2007; Kim & Jerjen 2015a). The number
of dwarf galaxies around the MW has also increased significantly,
from the 11 classical dwarfs known until the late 1990s, up to a
total of 27 which were known by early this year (McConnachie
2012), thanks in large part to the Sloan Digital Sky Survey (SDSS).
Several of the dwarfs found with SDSS are very low-luminosity
systems with high M/L, thus representing some of the most dark
matter rich objects (Simon & Geha 2007).

At the larger luminosities typical of globular clusters (GCs), —10
< My < —5mag, different cluster sub-populations classified by
their position, kinematics, and horizontal branch (HB) morphology
have been known for several decades (Zinn 1985, 1993; Milone
et al. 2014). The so-called young halo clusters may have originated
in dwarf galaxies accreted by the MW (Zinn 1993; Lee, Demar-
que & Zinn 1994; Marino et al. 2014, 2015). Both types of objects
seem to share a vast planar structure around the Galaxy, which
also encloses several stellar and gaseous streams of clusters and
dwarf galaxies (Pawlowski, Pflamm-Altenburg & Kroupa 2012;
Pawlowski, McGaugh & Jerjen 2015). The accretion origin of part
of the MW system of GCs is also supported by the fact that sev-
eral of them are found to have positions and kinematics that relate
them to the Sagittarius dwarf galaxy (Law & Majewski 2010). On
the other hand, at the much lower luminosities (My > —7.4 mag)
of the recent satellite discoveries, the very distinction between star
clusters and dwarf satellites may become less clear, as attested by
their respective loci in size and luminosity space. It is therefore
important to pursue a complete census of faint stellar systems in-
habiting the Galactic halo, and to characterize them in terms of
structure, stellar populations, and dark matter content. Extrapola-
tions of the SDSS results over the entire sky and over the currently
known luminosity function of MW dwarfs indicate that this census
is still very incomplete (Tollerud et al. 2008; Hargis, Willman &
Peter 2014).

A very recent boost to the number of known MW satellites has
been brought by the Dark Energy Survey (DES; Abbott et al. 2005).
Using the first internal release of DES co-add data (Y1A1), Bechtol
et al. (2015) reported on the discovery of eight new MW satellites
over a solid angle of 1800 deg” in the southern equatorial hemi-
sphere. Six of these systems have sizes and optical luminosities
clearly consistent with the low-luminosity dwarfs previously de-
tected in SDSS. The case for the other two objects is less clear. In a
parallel effort, Koposov et al. (2015) reported nine new MW satel-
lites using the same DES imaging data, including the same eight
and one additional object. One of the objects in common between
these two searches, Kim 2, had in fact been previously found by
Kim et al. (2015) using data from the Stromlo MW Satellite Sur-
vey. In addition to that, Kim & Jerjen (2015b) have discovered yet
another object using Y1A1 data, Horologium II. The Panoramic
Survey Telescope and Rapid Response System 1 and the Survey
of the Magellanic Stellar History have also been responsible for
several recent discoveries of MW satellites (Laevens et al. 2014,
2015a,b; Martin et al. 2015).

As described in Bechtol et al. (2015), several complementary
search strategies have been implemented within the DES Collabo-
ration to search for stellar sub-structures. In Bechtol et al. (2015),
we used a conservative star selection to ensure high stellar purity
and completeness as well as a uniform field density over the survey
footprint. The present work extends the results presented in Bech-
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tol et al. (2015) by including stars at fainter magnitudes and by
considering a broader range of spatial extensions as well as ages
and metallicities for the stellar populations composing new satel-
lite systems. We also describe in detail the application of another
search algorithm to the Y1A1 co-add data. Together, these analysis
updates have enabled the discovery of a new candidate stellar clus-
ter, DES J0034—4902, which we call DES 1, and the confirmation
of Horologium II as a physical stellar system. In Section 2, we de-
scribe the first-year DES data used. In Section 3, we describe the
matched-filter (MF) algorithm applied to find the new systems. The
new discovery is presented in Section 4. In Section 5, we report
on the detection and characterization of Horologium II. Our final
remarks are given in Section 6.

2 DES DATA

DES is a wide-field imaging programme expected to cover about
5000 deg” in the grizY bands down to ~ 24.6th magnitude (at S/N
=~ 10 for galaxies in g band; Abbott et al. 2005) in the south-
ern equatorial hemisphere for a period of five years. It uses the
Dark Energy Camera (DECam), a 3deg”® (222 diameter) mosaic
camera with 0.263 arcsec pixels on the prime focus of the Cerro
Tololo Inter-American Observatory (CTIO) Blanco 4 m telescope
(Flaugher et al. 2015). The DECam images are reduced by the DES
Data Management (DESDM) team, which has developed a pipeline
to process the data from basic single exposure instrumental cor-
rections all the way to catalogue creation from calibrated co-added
images. Here, we use the DES year one co-add catalogue data
(Y1A1), taken from 2013 August to 2014 February. For more de-
tails on Y1A1 and DESDM, we refer to Sevilla et al. (2011), Mohr
et al. (2012), and Gruendl et al., in preparation. The stellar sam-
ple used in this work was drawn using the SEXTRACTOR parameters
FLAGS, SPREAD_MODEL, and point spread function (PSF) magni-
tudes (Bertin & Arnouts 1996; Desai et al. 2012; Bouy et al. 2013).
We used a source quality criterion of FLAGS < 3 over the gri filters.
To avoid issues arising from fitting the PSF across variable-depth
co-added images, we utilized the weighted-average (WAVG) of the
SPREAD_MODEL measurements from the single-epoch exposures
(for details, see Bechtol et al. 2015).

As mentioned above, Kim & Jerjen (2015b) have discovered one
stellar object (Horologium II) in Y1A1 data that was not initially
identified by Bechtol et al. (2015), or by Koposov et al. (2015). We
believe that a primary reason for the non-detection of this object is
that most of the probable member stars are fainter than g ~ 23 mag,
which is where Bechtol et al. (2015) set the faint-end threshold
to search of stellar objects. This conservative threshold was set to
ensure high stellar purity and completeness, as well as a uniform
field density over the survey footprint.

In this work, we adopt a selection in WAVG_SPREAD_MODEL in-
tended to increase stellar completeness relative to the analysis of
Bechtol et al. (2015), specifically, i-band |WAGV_SPREAD_MODEL| <
0.003 4+ WAVG_SPREADERR_MODEL. A bright (faint) ¢ magnitude
limit of WAVG_MAG_PSF = 17 (WAVG_MAG_PSF = 24) was also ap-
plied. The faint limit is 1 mag deeper than used by Bechtol et al.
(2015). In order to prevent point sources with extreme colours (in-
cluding red dwarfs from the Galactic disc) from contaminating the
sample, a colour cut at —0.5 < g — r < 1.2 was also used.

We estimated stellar completeness as follows. We first obtained
a completeness curve that quantifies the stellar detection effi-
ciency. This is determined by applying paopHoT to fields around
DES 1 and Horologium II in the g and r filters. The fields
selected are sub-regions of the co-added images encompassing
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8.67 arcmin x 8.67 arcmin each. We then added sets of 450 ar-
tificial stars at a time, with 10 realizations for each filter from
{g, r} = 18 mag down to 27 mag. These artificial stars were reduced
in the same way as the real image, following the same IRAF tasks
and PSF model. In addition, we have obtained a stellar complete-
ness following the method described in Bechtol et al. (2015). This
method basically quantifies the stellar classification efficiency. As
in Bechtol et al. (2015), we have created a test sample of high stellar
purity around from DES 1 and Horologium II using a colour-based
selection (r — i > 1.7). We then applied the morphology-based star
selection criteria (see above in the text) to evaluate the classification
efficiency for the test sample. Our final stellar completeness was the
product of the detection and classification efficiencies. The stellar
completeness was found to be >90 per cent to r ~ 23 mag and falls
to ~80 per cent by r ~ 24 mag.

3 SEARCH METHOD

As discussed in Bechtol et al. (2015), several independent search
methods were used in the original analysis of Y1A1 data. In this
section, we describe in detail a different method, which was the one
primarily used in this work.

3.1 Matched filter

The MF technique has several applications for signal processing.
In the context of astronomy, it has been used to detect low-density
features and populations in imaging data (Rockosi et al. 2002; Szabo
etal. 2011). We here use it to search for new star clusters and dwarf
galaxies following on the work by Balbinot et al. (2011).

The number of stars as a function of position on the sky («,8) and
of colour (c) and magnitude () may be generally described as

n(a, 8, c,m) = na(a, 8§, c,m) + npg(a, 8, ¢, m). (1)

The first term on the right-hand side corresponds to the contribution
by the cluster (cl) we want to discover, whereas the second term
represents the background (bg), which includes foreground halo
stars and background unresolved galaxies. We then split these terms
into a normalization term and a probability distribution function
(PDF):

na(e, 8, ¢, m) = Sa(e, 8) fu(c, m), 2

where ¢ and f, are the number normalization and PDF on the
colour-magnitude diagram (CMD) plane, respectively, for the stel-
lar population to be found. The stellar population may be extended
in space (as in a stream), but we explicitly assume that its CMD is
the same everywhere. As for the background stars, Galactic struc-
ture models show that both the number density and CMD vary as
a function of position across the sky (Juri¢ et al. 2008). Therefore,
we write

nbg(at, 8, ¢, m) = hglt, ) fog(er, 8, ¢, m). 3
With the definitions above, equation (1) then becomes
n(e, 8, ¢, m) = ala, 8) falc, m) + Goglet, 8) foglat, 8, c,m). — (4)

‘We bin stars into spatial pixels of area of 1.0 arcmin x 1.0 arcmin,
indexed by i, and colour—magnitude bins of 0.01 mag x 0.05 mag,
indexed by j. Details on the construction of the f; and f,, PDFs
are found in Section 3.2 and Section 3.3, respectively. With this
notation,

n(i, j) = &a(@) fa(j) + Gog (@) fog (@ J)- ®
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Table 1. Parameter grid used to simulate SSPs for the search of star systems
in DES Y1 footprint.

Parameters Lower limit Upper limit steps
log(Age) 9.0 10.2 0.3
Distance (kpc) 10 200 10

Metallicity, Z 0.0002, 0.001, and 0.007

The left-hand side is the expected number of stars in a given spatial
pixel and CMD bin. If the actual number of stars observed in a
catalogue is N(i, j), the variance between data and model is

20y = Z (NG, J) = Ea@) fa () = Toe (D) foe (i, j)]z.

6
Toe ) frali ) ©

J
The term in the denominator expresses the expected Poisson fluc-
tuation in the star counts, which, for simplicity, we assume to be
dominated by the background. Minimizing the variance and solving
for ¢ (i), we have the number of observed stars that, according to
the model given by equation (4), are consistent with the model.

22 NG, D fa(i/ foelis ) Coe(i)

S FA0) Foei s ) S LD el )
The output of the filter application is a stellar density map of stars
which are probable cluster members stars, i.e. {q(i). In practice,
Joe(i, j) is generated from our target stellar catalogue itself. We do
that under the assumption that the contamination by any yet to be
detected cluster, dwarf galaxy, or stellar stream, does not change the
background PDF. As for the object PDF, we make use of simulated
samples, as described in the next sub-section.

Ca(i) = (7

3.2 Model grid

Since we do not know a priori what stellar populations we will find,
we create a grid of simple stellar populations (SSPs) with the code
GENCMD.! GENCMD uses PARSEC isochrones by Bressan et al. (2012)
for different assumed distances and randomly selects stellar masses
following a predefined initial mass function (IMF). Currently, we
are adopting a Kroupa (2001) IMF for that purpose. Given each
stellar mass, we interpolate among the isochrone entries to draw
absolute magnitudes in the desired filters. These are converted into
measured apparent magnitudes using the assumed model distance,
magnitude uncertainties taken from Y1A1, and the reddening map
of Schlegel, Finkbeiner & Davis (1998). Positions on the sky may
also be simulated assuming different profile models. We simulate
several SSPs at various ages, metallicities and distances covering a
broader range of isochrone choices, including younger and higher
metallicity stellar populations, than those adopted in Bechtol et al.
(2015). The parameter grid of these simulations is presented in
Table 1.

3.3 Object detection

We apply the MF method as presented in Section 3.1 to the stellar
catalogue using each of the SSPs in the model grid described in
Section 3.2. In practice, the sky is partitioned into ~10° x 10°
cells to account for local variations in the background CMD, which
is empirically derived from the stars in each individual cell. This

! https://github.com/balbinot/gencmd
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procedure generates one density map for every sky cell and for
every point in the model grid.

The maps are then convolved with Gaussian spatial kernels of dif-
ferent sizes {o = 0.0 arcmin (no convolution) to ¢ = 9.0 arcmin}
to highlight sub-structure on scales typical of star clusters and ul-
trafaint dwarf galaxies. In particular, smaller spatial kernels are
suitable for the detection of more compact stellar systems. Our
range of spatial kernel sizes complements those adopted by Bechtol
et al. (2015).

As it is not practical to visually inspect all the resulting maps
from the large number of combinations of sky cells, SSP mod-
els, and spatial convolution kernels, we use the SEXTRACTOR code
to automatically search for density peaks. In fact, the convolution
kernels are applied from within SExTRACTOR itself as we run it on
maps of different sky regions resulting from different SSP models.
Any object found by SEXTRACTOR in each map is recorded. Ob-
jects are then ranked according to the number of times they are
detected by SExTrAcTOR. This is done separately for each sky cell
and convolution kernel. The SExTRACTOR parameters for the search
were defined as those that maximized the recovery of simulated
objects of different sizes and richness inserted into the DES stellar
catalogue.

The first 10 objects in each region of the sky and for each convo-
lution kernel are visually inspected to identify the most likely candi-
dates. We visually checked the stellar density map around them, the
Poisson statistical significance above the background represented
by their associated stellar peak, their number density profile and
CMD. The density maps, significance and density profiles provide
abasic assessment of the overdensities being found. The CMD helps
us judge if this overdensity is consistent with a stellar population.
All these diagnostic tools are shown in the next section for DES 1.

We validated the detection method described above, which we
call sPARSEX, by applying it to simulated SSPs superposed on real
SDSS and DES data. We also tried to recover faint MW satellites
previously discovered in SDSS data. In particular, we have chosen
17 objects found in SDSS data (11 dwarf galaxies and six star clus-
ters) that are characterized as distant and ultrafaint objects. SPARSEX
detected all these stellar objects at the top of the object ranking
lists. The rate of success for simulated stellar systems with similar
properties was the same. Finally, sparsex detected all eight satel-
lites reported by Bechtol et al. (2015) and Horologium II reported
by Kim & Jerjen (2015b). The latter is discussed in more detail in
Section 5. The ninth object detected by Koposov et al. (2015) is in
aregion of Y1 data that is not included in the Y1A1 co-add due to
limited coverage in some of the DES filters.

Table 2 lists the central position («, 8), the peak Poisson signif-
icance and ranking position of objects detected by sPARsEX in Y1A1
data. The objects reported by Bechtol et al. (2015), Koposov et al.
(2015), and Kim & Jerjen (2015b) are shown in the top nine lines in
Table 2. DES 1 is also included. The Poisson significance profile is
built by taking the ratio of the number of stars internal to each radius®
rand in excess of the background (Npgq), Nop;, to the expected fluc-
tuation in the same background, i.e., Nopj/+/ Nogd- Nobj = (Nobs —
Nuga), where Ny is the total number of observed stars. Nygq is com-
puted within an annulus at 30.0 arcmin < r < 34.0 arcmin from each
object. To avoid a low stellar statistic, we have built the Poisson sig-
nificance profile using a cumulative radius of 1.0 arcmin centred on
the object.

2 e . . .
“ For the initial sub-structure search, we evaluate the detection significance
assuming circular symmetry.

MNRAS 458, 603-612 (2016)

Table 2. sparsex validation in Y1A1 data. Column 1: name of object. Col-
umn 2: right ascension. Column 3: declination. Column 4: ranking position.
Column 5: peak Poisson significance.

Name o 8o Rank Peak?
(deg) significance
Ret IT 53.92 —54.05 1.0 38.9
Eri I 56.09 —43.53 1.0 46.0
Tuc IT 343.06 —58.57 1.0 9.1
Hor I 43.87 —54.11 1.0 24.1
Kim 2 317.20 —51.16 1.0 11.3
PicI 70.95 —50.28 1.0 12.0
Phe IT 354.99 —54.41 1.0 11.3
Eri III 35.69 —54.28 5.0 16.1
Hor II 49.12 —50.01 2.0 7.7
DES 1 8.50 —49.04 4.0 11.6

“Adopting a circular symmetry.

Figure 1. DES co-add image cutout of DES 1 taken from the DES Science
portal. The image is 1.78 arcmin x 1.78 arcmin centred on DES 1. The
R,G.B channels correspond to the 7, r, g bands.

4 DES 1

DES 1 stands out as the most conspicuous new candidate from
our search. It is also directly seen as an overdensity of blue stellar
sources in the DES co-add images (Fig. 1). In Fig. 2, we show the
number density of stars on the sky around this object (top panels).
The left-hand panel shows all classified stellar sources, as described
in Section 2, and the middle one shows only those close to the
best-fitting isochrone (see Fig. 5 and associated discussion later in
the text). A clear overdensity is seen in both. The elliptical Poisson
significance profile’ shows the higher peak at about 1.0 arcmin from
the centre of DES 1 (see explanation in Section 3.3). This peak is
clearly enhanced by filtering the stars according to our best-fitting

3 The elliptical Poisson significance profile is built using the best-fitting
structural parameters presented in this same section. Note that the semimajor
axis of the ellipse, which we represent by the letter a, is equivalent to the
elliptical radius defined in Martin, de Jong & Rix (2008).
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Figure 2. Top left panel: on-sky number density map of stellar sources around candidate DES 1. All stars are included. Top middle panel: similar to previous
panel, but now only stars which lie close to the best-fitting isochrone shown in Fig. 5 are used. Density maps have been smoothed with a Gaussian kernel with
standard deviation 0203. Top right panel: elliptical Poisson significance as a function of semimajor axis a from the centre of DES 1. The solid [dashed] line
correspond to isochrone filtered [not pass the filter (unfiltered)] stars as indicated. The corresponding panels at the bottom show the same plots but using the
distribution of sources classified as galaxies. Note. The centre was determined from the best-fitting exponential profile (see Table 3).

CMD model, discussed below. The bottom panels of Fig. 2 show
that there is not an overdensity of galaxies at the position of DES 1,
and therefore it is unlikely that misclassified galaxies can account
for the apparent stellar overdensity.

We use a maximum-likelihood technique to infer structural and
CMD parameters for DES 1. To estimate the structural properties
for DES 1, we use two density profile models: exponential and
empirical King (King 1962). The exponential profile has five free
parameters: central RA («¢) and Dec. (8y), position angle 6, ellip-
ticity €, and exponential scale r., whereas the King profile has six
free parameters: «, 8¢, 0, €, core radius r., and tidal radius r,. We
follow the same method as Martin et al. (2008) to find the best-
fitting solution. For the parameter uncertainties, we follow a slight
variant of Martin et al. (2008). The covariance between parameters
is included in our uncertainty calculations via the profile likelihood
technique (Sprott 2000, Section 4.5). We use 20 (95.4 per cent con-
fidence interval) to represent the structural and CMD parameter
uncertainties.

The CMD fits weight each star by their membership probabilities
p taken from the best profile fits. A threshold of p > 1 percent is
also adopted. We then use the CMDs of the most likely members
of the system to fit an isochrone model, whose free parameters are:
age, [Fe/H], (m — M), and Ay. The method is based on finding the
peak likelihood in a series of model grids, as described in detail by
Pieres et al. (2015).

In Fig. 3, we show the results of the exponential profile fit to
DES 1. The first three panels show the likelihood values projected
on individual planes of this five-dimensional space, which all show
well-defined peaks. The corresponding parameter values and their

uncertainties (computed as discussed in Martin et al. 2008 and
Pieres et al. 2015) are listed in Table 3. The last panel shows the
individual stars coded by their membership probabilities. We note
that DES 1 is a quite elongated object (¢ ~ 0.7). Fig. 4 shows
a binned density profile compared to the best-fitting exponential
model. In both cases, we took into account the ellipticity. The central
density of DES 1 is ~ 200 stars arcmin™2. A clear excess of stars
relative to the background is seen out to 2~ 2.0 arcmin. In Fig. 4, we
also show the best-fitting elliptical King profile. The set of structural
parameters and their uncertainties determined by the maximum-
likelihood fit are presented in Table 3. A visual inspection in Fig. 4
suggests that the King model best describes the central region and
the excess stars seen out to >~ 2.0 arcmin. We compute an estimate of
half-mass radius* (r3,) for the King profile as follows. First, we have
subtracted the expected number of field stars coinciding with DES 1,
to obtain Npgs;, where Npgs; is the number of stars that belong to
DES 1. We then compute r, as the semimajor axis of the ellipse
which contains Npgs;/2 stars (Balbinot et al. 2013). We obtain
7 = 0/39F0:13 arcmin. The structural parameters determined by the
exponential and King profiles agree within the uncertainties (see
Table 3), confirming that DES 1 is a compact and quite elongated
object.

The CMD for this candidate is shown on the left-hand panel
of Fig. 5. Only stars inside an ellipse with semimajor axis
a = 2.0arcmin are shown. The middle panel shows the field

4 To determine the half-mass radius, we have used the parameters determined
from the best fit of King profile (see Table 3).

MNRAS 458, 603-612 (2016)
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Figure 3. Upper left panel: likelihood map for DES 1 projected on to the position angle and eccentricity plane. Upper right: likelihood map for DES 1 projected
on to the position angle and exponential scale plane. Lower left: likelihood map for DES 1 projected on to the central equatorial coordinates plane. The lo, 20
and 3¢ contour lines are shown. Lower right: spatial map of stars with probability larger than 1 per cent to belong to DES 1 colour-coded by probability. The

best-fitting parameters are listed in Table 3.

Table 3. Properties of DES 1.

Parameters Exponential profile King profile
ag (J2000) 00"33™M5937 £ 934 00"33Mm59%6 + 134
80 (J2000) —49°02'2070 £+ 376 —49°02'1978 £ 271
D¢ (kpe) ~87.1 ~77.6

Te 0/23 £0!17 -

0 (deg) —57.9 £26.0 —525+£228

€ 0.69 £ 0.24 0.53 £0.22
DI 204.98 4 35.81 522.38 4 88.30
Thgd 2.02£0.01 2.02£0.01

m (arcmin) 0.39 + 0.28¢ 0.3910.83

71 (pe) 9.88 =+ 7.09 9.887 293¢
My ~3.00704 22

TS 134.7 -

PS 13.7 £ 4.1 11.6+39

Te - 0/08 £ 0/04

I - 1075 £ 516
[Fe/H]? —1.88 £0.25 —1.88 £0.05
log (Age) 10.00 £ 0.09 10.00 % 0.06
Ay 0.0 £0.04 0.10 £ 0.07
(m — M)o 19.70 £ 0.36 19.45 £0.11

“Using the relation, r, = 1.68r, (Martin et al. 2008).
b Adopting a distance of 87.1 kpc.

“Adopting a distance of 77.6 kpc.

4 Adopting Z = 0.0152 (Bressan et al. 2012).
Note. ¥ and Xpgq have units stars arcmin 2.

CMD in an elliptical annulus of equal area, whose inner semi-
major axis is equal to 20.0arcmin. The best-fitting isochrones
derived from the likely members based on an exponential pro-
file (solid line) and a King profile (dashed line) are also shown
in Fig. 5; parameter values are listed in Table 3. Also shown

MNRAS 458, 603-612 (2016)
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Figure 4. Solid points show a binned version of the density profile of
DES 1, constructed in elliptical annuli using the derived structural parame-
ters from the best-fit exponential profile (see Table 3). The error bars are 1o
Poisson uncertainties. Dot—dashed and dotted lines represent the best-fitting
of exponential and King profiles, respectively. The horizontal dashed line
shows the background level. Dashed and solid lines are the combination of
the background level with the exponential and King profiles, respectively.

are the sequences bracketing the best-fitting isochrone fit at a
distance of +/0.1% + MAG_ERR? + COL_ERR? on the CMD plane,
where MAG_ERR and COL_ERR are the mean photometric uncer-
tainties along the CMD axes. The 0.1 within the square root
is a minimum isochrone mask width. It is meant to avoid
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Figure 5. Left-hand panel: CMD of stars within an ellipse with semimajor axis @ = 2.0 arcmin from the centre of DES 1. The best-fitting pARSEC isochrones
(Bressan et al. 2012) are shown, along with ridge lines meant to bracket the most likely members. The best-fitting isochrone derived using the most likely stars
as taken from an exponential profile is shown as a solid line, whereas the dashed line represents the best-fitting isochrone using the corresponding stars from a
King profile. Middle panel: CMD of background stars in an elliptical annulus of equal area on the sky as the previous panel. Right-hand panel: Hess diagram
of the CMD difference between stars within « = 2.0 arcmin and background stars (25.0 arcmin < a < 40.0 arcmin). The mean photometric error is shown in

the extreme left of each panel.

too narrow isochrone masks at the bright magnitudes, where uncer-
tainties are small. We use the CMD space between them to filter
the most likely cluster stars. See the middle and right-hand panels
of Fig. 2 for a density map and an elliptical Poisson significance
profile of objects inside this isochrone filter, respectively. The CMD
difference relative to the background field, in their respective ellip-
tical areas on the sky, is shown as the Hess diagram in the right-hand
panel of Fig. 5. The main-sequence turn-off (MSTO) and sub-giant
branch (SGB) are clearly visible.

As previously mentioned, we summarize the inferred properties
of DES 1 in Table 3. The table lists positions, structural parameters,
central (3.) and background (Xq) densities, half-light radius (1),
distance (D), absolute magnitude (My), test statistic (TS), peak
Poisson significance (PS) value, core radius (r.), and tidal radius
(r), as well as best-fitting CMD parameters. The TS is based on the
likelihood ratio between a hypothesis that includes an object versus
a field-only hypothesis (see Bechtol et al. 2015).

In addition, we use Y2Q13 data to determine the properties of
DES 1, but adopting a different magnitude threshold, g < 23 mag.
By using a maximum-likelihood that simultaneously fits the pro-
file (assuming a Plummer model) and the distance (but assum-
ing an age of 12Gyrs and a spread in metallicities), we obtain
a distance modulus of (m — M), = 19.6, in agreement with the
method described earlier. The alternative r,, however, is larger, r,
~ (.7 arcmin. This value is marginally consistent with the previous
ones reported here. Visual fits were also independently made to
the object’s CMD. Again, the results agree well with those from
the maximum-likelihood fits shown on the table: log(Age) = 9.9,
[Fe/H] = -1.88, Ay = 0.03, and (m — M), = 19.9.

The quoted My estimate was computed by integrating overall
masses along the best-fitting model isochrone assuming a Kroupa
(2001) IMF, and normalizing the number of objects by those ob-
served in the CMD with r < 23 mag and which fall in the isochrone
filter. The star counts were corrected for sample incompleteness.
As we count stars in » < 23 mag, the main source of uncertainty is
due to small number of stars that are detected in the DES imaging.

5 The Y2QI (year-two quick release) data set consists of exposures taken in
the first and second years of DES. This data set is derived from single-epoch
imaging instead (for details, see Drlica-Wagner et al. 2015).

‘We then calculate the uncertainty by estimating the upper and lower
limits for the integrated V magnitude. We convert from DES g and
r magnitudes to V magnitudes using

gspss = goes + 0.104(gpEs — rpes) — 0.01
rspss = rpes + 0.102(gpes — rprs) — 0.02
V = gspss — 0.59(gspss — rspss) — 0.01. ¥

This transform from DES g and r magnitudes to V-band magni-
tudes was derived using an SDSS stellar calibration sample and the
equations from Jester et al. (2005) (see Bechtol et al. 2015).

5 HOROLOGIUM II

As mentioned earlier, Kim & Jerjen (2015b) report an additional
MW satellite besides those found by Bechtol et al. (2015) and Ko-
posov et al. (2015). Our reanalysis of Y1A1 presented here confirms
this object, Horologium II, as a real stellar system. In fact, once we
allow for a deeper magnitude threshold, as explained in Section 2,
we detect it not only with the method described in Section 3 but also
with the maximum-likelihood satellite search method described in
Bechtol et al. (2015).

Fig. 6 shows the same information as Fig. 2, but now for
Horologium II. A clear overdensity of stars is seen in the den-
sity map on the sky. The statistical significance of this overdensity
is close to nine times the expected Poisson fluctuation in the back-
ground.

We have used the maximum-likelihood method to fit the spatial
and CMD distributions as in the previous section. Table 4 lists the
structural and isochrone parameters. The latter were derived from
the most likely member stars when assuming an exponential profile.

The left-hand panel of Fig. 7 shows the CMD for Horologium IT
within an ellipse with semimajor axis ¢ = 3.0 arcmin. The mid-
dle panel shows the background CMD in an elliptical annulus of
equal area, whose inner semimajor axis is equal to 30.0 arcmin.
The best-fitting parsec (Bressan et al. 2012) isochrone is shown.
The sequences bracketing the best-fitting isochrone are also
shown. The MSTO, SGB, and red giant branch are visible. Note
that the CMD of Horologium II shows two stars that may belong to
the HB. However, our maximum-likelihood fit assigns these stars
a low probability of membership to Horologium II. The right-hand

MNRAS 458, 603-612 (2016)
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Figure 6. All panels are the same as those in Fig. 2 but now for the Horologium II satellite dwarf.

Table 4. Properties of Horologium II.

Parameters Exponential profile
a( (J2000) 03"16™m27:6 + 393
80 (J2000) —50°00'36"7 + 46”7
D¢ (kpe) ~79.4

Te 1/32 £ 045

6 (deg) 106.3 £ 55.0

€ 0.57 £ 0.41

3. (stars arcmin~2) 7.76 +1.29

Y pgd (stars arcmin~2) 1.80 £ 0.01

Th 2/22 4+ 0!76%

i (pc) 51.27 +17.55"
My 2725047

TS 523

PS 92+27
[Fe/H] —1.18 £0.24¢
log (Age) 9.88 4 0.06

Ay 0.03£0.11

(m — M)y 19.50 + 0.21

“Using the relation, r, = 1.68r, (Martin et al. 2008).
b Adopting a distance of 79.4 kpc.
¢Adopting Z) = 0.0152 (Bressan et al. 2012).

panel shows a binned elliptical density profile for Horologium II as
a function of semimajor axis. For the centre of the overdensity, we
adopt the value determined from the maximum-likelihood fit using
an exponential profile. The best-fitting elliptical exponential profile
is also overplotted.

Our distance, size, ellipticity, and absolute luminosity estimates
are in good agreement (within 1o ) with those from the discovery pa-
per by Kim & Jerjen (2015b). The position angle is within 2o of its

MNRAS 458, 603-612 (2016)

quoted value. The largest discrepancies occur for the isochrone pa-
rameters. We fit the observed CMD of Horologium II to a younger
and more metal-rich parsEc model than Kim & Jerjen (2015b).
However, our likelihood function over the metallicity and age plane
exhibits a tail of high-likelihood values towards lower Z and older
ages. The discrepancy may also be related to the fact that our listed
redenning value comes out of the maximum-likelihood CMD fit,
whereas the values from Schlegel et al. (1998) maps (with correc-
tions from Schlafly & Finkbeiner 2011) are used in the discovery

paper.

6 CONCLUSIONS

In this paper, we make a deeper probe on the DES Y1A1 catalogue
in search for additional Galactic satellites besides those previously
reported by the collaboration (Bechtol et al. 2015). We report the
discovery of a new stellar system in the MW halo, using catalogues
based on first-year data from the DES. We have explored the data
at least 1 mag deeper (g < 24 mag) than previously done in Bechtol
etal. (2015). The candidate adds to the 11 previously identified sys-
tems found using DECam images (Bechtol et al. 2015; Kim & Jerjen
2015b; Kimet al. 2015; Koposov et al. 2015; Martin et al. 2015). We
also confirm the dwarf galaxy candidate Horologium II, originally
discovered by Kim & Jerjen (2015b), as a significant overdensity
in the Y1A1 catalogue. Our best-fitting structural parameters for
Horologium II are in general agreement with the ones derived by
those authors, although the isochrone fit points to a younger and
more metal-rich object than previously reported.

DES 1 is detected as a significant stellar overdensity both spa-
tially and on the CMD plane. Isochrone fits based on two different
methods show that it is made up of old and metal poor stars, as
commonly observed in MW satellites found in the Galactic halo.
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Figure 7. Left-hand panel: CMD of stars within an ellipse with semimajor axis ¢ = 3.0 arcmin from the centre of Horologium II. The maximum-likelihood
PARSEC (Bressan et al. 2012) isochrone fit is shown, along with ridge lines meant to bracket the most likely members. Middle panel: CMD of background stars in
an elliptical annulus of equal area on the sky as the previous panel. The mean photometric error is shown in the extreme left of these panels. Right-hand panel:
solid points show the binned density profile for Horologium II, constructed in elliptical annuli using the derived structural parameters from the best-fitting
exponential profile (see Table 4). Error bars are based on a Poisson statistics. The dashed line shows the best fit of exponential profile, the horizontal dot—dashed
line shows the background level, and the solid line represents the combination of both.

Maximum-likelihood fits of the King profile from DES 1 yield
a core radius of 7, >~ 0.08 arcmin, which at a distance ~ 77.6 kpc
corresponds to a physical size of r, >~ 9.88 pc. Its estimated distance
places this faint cluster candidate as one of farthest away from the
Sun. The absolute magnitude has been determined using a similar
approach as Koposov et al. (2015), yielding My >~ —2.21 for DES 1.
Taken together, the physical size and luminosity place DES 1 in
the locus occupied by low-luminosity star clusters. DES 1 is also
significantly elongated [¢ >~ 0.69 (Exponential), € 2~ 0.53 (King)],
something that is apparent not only from the both profiles fit, but
also from the distribution of the stars on the sky (Figs 1 and 3). It
is, in fact, the most elongated halo cluster known to date, although,
given the error bars, its ellipticity is marginally consistent with
those of Kim 1, Laevens 3 (see Kim & Jerjen 2015a; Laevens et al.
2015b, respectively). The very high inferred ellipticity suggests that
DES 1 is in dynamical process of tidal disruption, despite its large
distance, and makes it a very interesting object for deeper imaging
and spectroscopic follow up.

Due to the low number of probable member stars detected in
the DES imaging, it is difficult to extract more reliable information
about DES 1 at this stage. Steps to acquire deeper imaging of this
object are already under way.

A search for satellites in data collected by the DES during its
second season, including new areas sky, is under way. It is likely
that additional new stellar systems will be discovered soon.
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ABSTRACT

We report the discovery of a stellar stream in the Dark Energy Survey Year 1 (Y1Al) data. The discovery was
made through simple color—magnitude filters and visual inspection of the Y1A1 data. We refer to this new object as
the Phoenix stream, after its resident constellation. After subtraction of the background stellar population we detect
a clear signal of a simple stellar population. By fitting the ridge line of the stream in color-magnitude space, we
find that a stellar population with age 7 = 11.5 £ 0.5 Gyr and [Fe/H] < —1.6, located 17.5 & 0.9 kpc from the
Sun, gives an adequate description of the stream stellar population. The stream is detected over an extension of 8°1
(2.5kpc) and has a width of ~54 pc assuming a Gaussian profile, indicating that a globular cluster (GC) is a
probable progenitor. There is no known GC within 5 kpc that is compatible with being the progenitor of the stream,
assuming that the stream traces its orbit. We examined overdensities (ODs) along the stream, however, no obvious
counterpart-bound stellar system is visible in the coadded images. We also find ODs along the stream that appear to
be symmetrically distributed—consistent with the epicyclic OD scenario for the formation of cold streams—as
well as a misalignment between the northern and southern part of stream. Despite the close proximity we find no
evidence that this stream and the halo cluster NGC 1261 have a common accretion origin linked to the recently
found EriPhe OD.

Key words: Galaxy: halo — Galaxy: structure

1. INTRODUCTION :
deep and homogeneous photometric surveys, such as the Two
Our understanding of the structure of the Galactic halo has Micron All Sky Survey (Skrutskie et al. 2006) and the Sloan
evolved considerably in the past two decades, largely thanks to Digital Sky Survey (SDSS; Ahn et al. 2014). The stellar halo is



Artigos publicados com contribuicao

THE ASTROPHYSICAL JOURNAL, 820:58 (8pp), 2016 March 20

now known to be inhabited by a variety of spatial and
kinematic stellar substructure, from globular clusters (GCs) and
dwarf galaxies to extended stellar clouds and streams (see, e.g.,
Willman et al. 2005; Belokurov et al. 2006, 2007). In fact,
recent simulations based on hierarchical models of structure
formation predict that most halo stars were brought by the
disruption of the Galactic substructures (Bullock et al. 2001).

The thin and cold stellar streams found in the Galaxy often
span tens of degrees on the sky and originate from the tidal
effects of the host on the progenitor, whether a GC or a dwarf
galaxy. Perhaps the most conspicuous examples of Galactic
streams are those associated with the Pal 5 GC and the
Sagittarius dwarf (Odenkirchen et al. 2001; Newberg
et al. 2002). The tidal nature of such streams makes them
useful probes of the dark matter distribution across the halo
(Johnston et al. 2005; Kiipper et al. 2015). Detailed modeling
of a stream’s position, distance, kinematics, gaps, and
overdensities (ODs) in extended cold streams also leads to
constraints on the amount of dark matter fragments orbiting the
halo, known as subhalos (Yoon et al. 2011; Ngan et al. 2015),
on the progenitor’s properties and on Galactic parameters
(Koposov et al. 2010).

The Dark Energy Survey (DES; The Dark Energy Survey
Collaboration 2005) is an ongoing deep (g ~ 24.7) photometric
survey in the southern hemisphere that started its planned
5-year mission of collecting data in 2013. Despite the mission’s
focus on cosmology, DES data have already produced a wealth
of results pertaining to resolved stellar populations in the
Galaxy and its vicinity, including the analysis of the structure
and stellar populations in the outskirts of the Large Magellanic
Cloud (LMC; Balbinot et al. 2015), the identification of new
Galactic companions (Bechtol et al. 2015; Drlica-Wagner et al.
2015; Kim & Jerjen 2015; Koposov et al. 2015; Luque et al.
2016), and the development of a new search for variable stars
exclusively based on DES data (D. Hatt et al. 2016, in
preparation).

Here we report on the discovery of the first cold stellar
stream using DES data. In Section 2 we give more details about
DES, the data used, and the search algorithm. Our results are
presented in Section 3 and our conclusions are in Section 4.

2. DATA ANALYSIS

DES is a wide-field optical imaging survey using broad
photometric bands (grizY) performed with the Dark Energy
Camera (DECam; described in detail in Flaugher et al. 2015).
The DECam focal plane is comprised of 74 CCDs: 62 2k x 4k
CCDs dedicated to science imaging and 12 2k x 2k CCDs for
guiding, focus, and alignment. DECam is installed at the prime
focus of the 4 m Blanco telescope at the Cerro Tololo Inter-
American Observatory. In this configuration, DECam has a 292
wide field-of-view and a central pixel scale of 0.263
arcseconds. The full DES survey is scheduled for 525 nights
distributed over five years. Here, we consider data from the first
year of DES obtained between 2013 August 15 and 2014
February 9.

The first internal annual release of DES data (Y1Al)
comprises the data products obtained from the processing of a
subset of wide-field and supernova-field data accumulated
during the first year of DES operations (Diehl et al. 2014).
Briefly, the image processing pipeline consists of image
detrending (crosstalk correction, bias subtraction, flat-fielding,
etc.), astrometric calibration, nightly photometric calibration,
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global calibration, image coaddition, and object catalog
creation. For a more detailed description of the DESDM image
processing pipeline, we refer to Desai et al. (2012) and Mohr
et al. (2012), and for a recent overview, Balbinot et al. (2015).
The SEXTRACTOR toolkit is used to create image catalogs from
the processed and coadded images (Bertin 2011; Bertin &
Arnouts 1996). The number of overlapping exposures in Y1A1
varies, but most of the footprint has at least three coadded
exposures. The Y1Al coadd object catalog contains ~131
million unique objects spread over ~1800 degz. This area
includes ~200 deg” overlapping with the Stripe-82 region of
SDSS, as well as a contiguous region of ~1600deg?
overlapping with the South Pole Telescope footprint.

We perform stellar selection on the YI1Al coadd object
catalog based on the spread_model quantity output of
SExTrRACTOR (Desai et al. 2012). To avoid issues arising from
fitting the PSF across variable depth coadded images, we utilize
the weighted-average (wavg) of the spread_model measure-
ments from the single-epoch exposures. Our stellar sample
consists of well-measured objects with |wavg_spread _model _i|
< 0.003, ﬂugs(gm” < 4, and magerr_auto_{g, r,i} <1
(henceforth referred to as “stars”). Our stellar completeness is
>90% down to magnitude g ~ 22, at which point it drops to
~50% by g ~ 23 (Bechtol et al. 2015).

Stars are extinction-corrected according to Schlegel et al.
(1998), with the scaling correction from Schlafly & Finkbeiner
(2011), assuming the extinction curve from Cardelli et al.
(1989) and a calibration at infinity, that is, we assume that the
light of every object in our sample crosses the full extent of the
dust column measured in the dust maps.

From this point all magnitudes considered in this paper are
corrected for the extinction.

2.1. Search Method

Using the objects classified as stars according to the criteria
described in the previous section, we apply narrow color filters
to isolate interesting stellar types such as old turnoff stars and
horizontal branch (HB) stars. To avoid issues related to the
inhomogeneous photometric depth of the survey and saturation
of bright stars, we only use stars with magnitudes
17 < g < 23. We find that this magnitude limit yields a
sample that has a completeness that is fairly constant across the
footprint and produces a smoothly varying density for the field
stars.

For each color-selected catalog we build a sky “density
map.” Throughout this paper we use density maps to refer to
maps where we show the number of sources per pixel (V) in a
Cartesian projection. The pixel size is made explicit whenever
necessary. The pixel area is corrected for changes in solid angle
with declination. These density maps are visually inspected for
ODs. In Figure 1 we show the particularly interesting density
map for stars with 0.2 < (g — r) < 0.6 and 20 < g < 23,
which mainly selects turnoff and upper main-sequence stars
from an old (>10Gyr) simple stellar population (SSP),
according to Bressan et al. (2012). Several features are
noticeable, such as the GC NGC 1261, the Phoenix dwarf
galaxy (Canterna & Flower 1977), and two of the recently
discovered dwarf galaxies (Bechtol et al. 2015; Koposov
et al. 2015): Reticulum II (Ret II) and Eridanus II (Eri II).
These objects are labeled with their names in the figure. A
linear structure is also visible near the Phoenix dwarf extending
from (o, 6) ~ (20°, —57°) to (27°, —45°). This structure is
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Figure 1. YIA1 density map for stars with 0.2 < (¢ — r) < 0.6 and 20 < g < 23. The open triangles show the anchor points adopted for the stream. Other
interesting objects are labeled in the figure. This density map was convolved with a 2 x 1 pixel Gaussian. Each pixel has a size of 4/5 x 2/8.

highlighted by open triangles marking high density points
along the stream candidate.

In the same figure, a large OD of stars is visible between the
stream candidate and NGC 1261. This feature is the Eridanus—
Phoenix (EriPhe) OD and it is discussed in detail in a
simultaneous publication (Li et al. 2016).

3. RESULTS

By means of the method outlined in the previous section we
perform a visual search for stellar ODs. This search, conducted
over the full Y1A1 footprint, has revealed only one’? stream
candidate, which is shown in Figure 1. For simplicity, we refer
to this candidate stream as the Phoenix stream due to its
proximity to the Phoenix constellation.

To study the stellar population that comprises the Phoenix
stream we define a line passing through the center of the stream
using anchor points along the stream (three open triangles in
Figure 1). We then select stars inside a box defined by the
stream central line with an offset of 0°8 in R.A. We name this
selection on stream. To compare with the typical Milky Way
(MW) stellar population at this position in the sky we select
stars in boxes that are offset by 415 with respect to the central
one and have the same width as the on stream region. We name
these selections off stream east and west. For each region
described above we compute the solid angle normalized Hess
diagram. We use MANGLE masks (Swanson et al. 2008) to
compute the solid angle of each box, taking into account
possible holes in the survey footprint. In Figure 2 we show the
Hess diagram of the on stream minus the average diagram of
the two off stream ones in logarithmic scale.

From the decontaminated Hess diagram shown in Figure 2
we estimate that the stream has ~500 stars that fall within the
photometric limits of DES. This decontaminated Hess diagram
was smoothed using a Gaussian kernel with a dispersion of
0.06 x 0.2 in color and magnitude, respectively. This step is
required due to the low number of stars in the stream and
allows us to define the ridge line shown as the red circles in

32 Recently Mackey et al. (2015) reported a 10 kpc-long stream associated
with the LMC using a similar data set as the one in this work. We confirm this
detection, however, its tidal origin is still uncertain.

log4[Nin — Nout]

0.0 02 0.4 0.6 0.8
g—r

Figure 2. Decontaminated Hess diagram of the stream candidate. The
decontamination process is described in detail in the text. The solid line
shows an 11.5Gyr and [Fe/H] = —1.9 PARSEC isochrone (Bressan
et al. 2012). The dashed lines show the color-magnitude diagram (CMD)
region selected to isolate stream stars, including a box to select horizontal
branch (HB) stars. The red dots with error bars form the ridge line used to
perform the isochrone fit.

Figure 2. The ridge line is defined as the peak value of counts
in color for each magnitude bin, the bin size for the ridge line
construction being twice as large as the one used for the Hess
diagram. Magnitude bins with low counts or peak values that
obviously depart from the bulk of the stream stars are
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Table 1
Phoenix Stream Parameter Summary

Name Value Unit Description

T 11.5 £ 0.5 Gyr Age

[Fe/H] <-1.6 dex Metallicity

d, 17.5 £ 0.9 kpc Heliocentric distance
dge 184 £ 09 kpc Galactocentric distance®
o 54 pc Stream width®

(v, O)start (20, —57) deg Stream begin point
(@, Oena (27, —45) deg Stream end point
(C] 8.1 deg Stream length
Notes.

# Computed using R, = 8.3 kpc.
Assuming a Gaussian profile.

discarded. We define the error bars as equal to the Gaussian
kernel size, which is always larger than the photometric errors
in the magnitude range shown. This choice of error bar
accounts for the broadening of the Hess diagram due to the
smoothing process. Using the typical photometric error would
yield unrealistically small uncertainty estimates that would
propagate into the stellar evolution model fitting, described
below.

We compare the ridge line to different PARSEC stellar
evolution models (Bressan et al. 2012) by computing the
minimum distance from each ridge line point to a given model.
The model grid has a resolution of 0.01 in log, (7 /year) in the
range from 9 to 10.16 and 0.0002 in Z in the range from 0.0001
to 0.001, where 7 and Z are age and metallicity. The distance
modulus was explored in the range from 15 to 18 in steps of
0.01. For each parameter combination we compute the
probability that a given ridge line point was drawn from the
isochrone at its minimum distance position to that given point.
The probability is computed assuming a normal distribution
with a 1o dispersion as indicated by the error bars. All ridge
line points are given the same weight. An obvious improve-
ment would be to weight these points by a mass function (MF).
However, the MF of a stream is likely very different from an
initial MF and can vary along the stream itself (Koch
et al. 2004). For this reason, we leave the study of the MF of
the stream to future works with deeper photometry and more
accurate membership probabilities.

We calculate a likelihood function for our model by
multiplying the individual probabilities of each ridge line
point. We define the best model as the one maximizing the
likelihood and the parameters’ uncertainties are derived using
the profile likelihood technique (e.g., Rolke et al. 2005). To
estimate the 90% confidence interval of each fitter parameter
we find the value of that parameter where the log-likelihood
(maximized with respect to the other parameters) decreases by
2.71/2 from its maximum value. We find that the stream
population is well described by a model with
(m — M) =16.21 £+ 0.11 (or do = 17.5 £ 0.9kpc),
log;o(7/yr) = 10.06 £ 0.02 (or 7= 11.5 & 0.5Gyr), and
Z < 0.0004 (or [Fe/H] < —1.6). The best-fit model is shown
in Figure 2 as the solid black line. Note that the lowest
metallicity available in our model grid is still consistent with
the stream color-magnitude diagram (CMD), thus we are only
able to define a upper bound for the metallicity. We summarize
the stream parameters in Table 1.

BALBINOT ET AL.

We use the best-fit model to define a region in the CMD
where stream stars are more likely to be. This region is shown
as the dashed line in Figure 2. The locus shown in the figure
was defined by color-shifting the best-fit model by twice the
typical color error at each magnitude value. We also consider
that the color uncertainty at magnitudes brighter than g = 21 is
constant and equal to 0.03.

In Figure 3 we show the density map for stars (left panel)
built using the color selection described above but only for
stars with 20 < g < 23. The best-fit model describes the
stream population in the full domain of colors and magnitudes
observed; however, we find that the HB, sub-giant branch, and
red giant branch are very sparsely populated. Including these
stars in the CMD selection adds more noise than signal to our
density maps. In the same figure, we also show the density
map, using the same selection as before, but for sources
classified as galaxies (center panel). On the rightmost panel we
show a reddening map from Schlegel et al. (1998). In the last
two panels the solid line shows the position of the stream. We
notice no obvious features in the galaxy or reddening
distribution that could mimic the presence of the stream.

3.1. Possible Progenitors

In order to investigate any possible progenitors for the new
stream we assume that streams are approximate tracers of the
progenitor’s orbit (Bovy 2014). We also exploit the property of
spherically symmetric potentials in which orbits should be
confined to a plane containing the center of such a potential
(Binney & Tremaine 2008). The same is approximately true for
axisymmetric potentials (Johnston et al. 1996). For more
complex potentials this assumption only holds close to the
progenitor itself. There is evidence that the MW potential, at
least in its inner parts, is well-approximated by an axisym-
metric potential (see Kiipper et al. 2015). The Phoenix stream
lies at 18.4kpc from the Galactic center where the MW
potential should be reasonably spherical (Bell et al. 2008;
Deason et al. 2011; Kiipper et al. 2015). Under the assumption
that the stream formed through the interaction with the MW
potential only, we expect that it should be confined to a plane
passing through the center of the Galaxy. When observed from
the center of the MW this plane is described by a great circle.

To define such a plane we choose three anchor points along
the stream. These points are defined by their Galactic
coordinates and the heliocentric distance to the stream. We
find the plane that contains the anchor points and the MW
center. And finally we find the circle oriented the same way as
the plane that intersects all anchor points. In order to intersect
all three anchor points we must apply corrections to their
heliocentric distances, which were so far considered all
identical.

We find that a heliocentric distance gradient of ~1 kpc is
necessary for a circular orbit to intersect all three anchor points.
In order to check this possible distance gradient we build two
separate decontaminated Hess diagrams, following the same
procedure outlined in Section 3: one using stars north of
6= —56° and the other using stars south of this same
declination value. Using the ridge line of each of these new
Hess diagrams we proceed with the fitting process; however,
this time we keep the metallicity and age fixed at the best-fit
values found previously using the full stream length. We find
that the best-fit distance modulus for the north part of the
stream is 16.19 £ 0.12, and 16.35 & 0.12 in the south. This is
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Figure 3. Left panel: density map after applying the color—magnitude selection shown in Figure 2. The white arrow points toward the MW center. Center panel:
density map using the same filter as the previous panel but built using sources classified as galaxies. Right panel: E(B — V) color excess map from Schlegel et al.
(1998) and Schlafly & Finkbeiner (2011). In the last two maps the solid line shows the position of the stream as seen in the stellar density map. All maps use a pixel

size of 4/5 x 2/8.

consistent with, but does not require, the ~1kpc gradient
required for a circular orbit. We conclude that a distance
gradient cannot be ruled out for the stream. Detailed spectro-
scopic observations must be used to isolate stream member
stars based on radial velocities and chemical composition and
confirm this scenario. For the purpose of looking for possible
progenitors close to the stream we will assume a circular orbit.

Using the best-fit circular orbit described above, we look for
possible known GCs that are not in the Y1A1 footprint that
could be progenitors. This approach does not explore other
kinds of orbits, which are more likely: however, it does provide
a useful approach for searching for progenitors in the close
vicinity of the stream. In Figure 4 we show the best-fit great
circle in an all-sky Aitoff Galactic projection. We also show
known GCs with galactocentric distances between 15 and
25 kpe, distances consistent with the stream distance. We find
that no GC is consistent with this stream under the assumption
of a circular orbit.

Another possible scenario is that the progenitor has
completely dissolved and only its remains are visible along
the stream. To investigate possible progenitors for this stream
we first look for ODs on the stream. We start by creating a
reference frame where the horizontal axis is oriented along the
stream, similar to what has been adopted by Majewski et al.
(2003) for the Sagittarius stream. To create such a reference
frame we use two Euler angles that define two consecutive
rotations (¢, 6). The angles were determined by finding the
plane that intersects the anchor stream points in Equatorial
coordinates. The new reference frame has an azimuthal
component (A) with an arbitrary origin that is defined in the
range [0, 27), and an elevation component () defined in the
range [fg, §]~ The values of ¢ and 6 adopted are —29°698 and
729247, respectively.

In Figure 5 we show the density map of color-selected stars
in the coordinate system described above. We also show the
average density map in projection onto the 3 (left panel) and A
(top panel) axes. The A projection is shown for stars that lie
within o = 0218 from the stream centroid in 3, where o is the
standard deviation with respect to the stream median line. The
stream median line is defined in the stream coordinate system

~150° ~120° —90°

b [deg]

—75°

Figure 4. Aitoff projection in Galactic coordinates. The gray circles show GCs
with galactocentric distances between 15 and 25 kpc. The solid line shows the
great circle that best fits the Phoenix stream, the portion of the stream observed
is highlighted with a broader line.

as the peak in the 3 projected density. We also show the (§
projection for stars south (green dashed line) and north (blue
dashed line) of the central OD. We notice an offset of ~0°14 in
(3 between the north and south portions of the stream.

The stream width depends on two sets of factors. The first
and more obvious is the progenitor’s size and velocity
dispersion. The second is the shape of the gravitational
potential. For instance, triaxial potentials tend to increase the
fanning of stream stars significantly (Pearson et al. 2015; Price-
Whelan et al. 2016). However, there is evidence that the inner
halo of the Galaxy is relatively spherical (Kiipper et al. 2015)
out to ~20kpc, thus allowing us to assume the stream width
maps only to the progenitor size and velocity dispersion. Using
the stream coordinate system, we determine that it has an on-
sky width of o = 0°18, which translates to ~54pc at its
distance. Typically, 50 pc is consistent with the tidal radius of
the MW halo GCs. The fact that the stream forms a thin
coherent structure that is several kiloparsecs long makes it
plausible that the progenitor was in fact a GC.

From the density projected in the A coordinate we explore
the presence of ODs as possible progenitors. We label these
ODs in the top panel of Figure 5. First we call attention to C1
and C2, which have a slight offset with respect to each other in
the [ direction, showing hints of trailing and leading tail
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Figure 5. Bottom right panel: density map in the stream’s coordinate system built using color-magnitude selected stars. The white arrow points toward the MW
center. The pixel size is the same as in Figure 1. The dashed lines shown in Figure 2 encompass the region of the CMD from which stars were selected. The left panel
shows the average density map value in projection onto the [ axis, the solid horizontal line marks the position of the stream centroid, and the dotted lines show the
=+ 10 limits. The green (blue) dashed line shows the same kind of /3 projection but for the south (north) part of the stream. The top panel shows the average density map
value in projection along the A axis. The latter is built using only stars that are within +1c¢ of the centroid of the stream. Vertical solid lines mark the position of
candidate progenitors. In this panel the dashed line shows the typical background contribution, computed using stars within +1¢ of a center line offset 50 from the

stream’s original center line.
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Table 2
Overdensity Positions
OD RA. Decl. 1 b A I} ACIC2 o
(deg) (deg) (deg) (deg) (deg) (deg) (deg)
Cl 23.75 —49.89 285.68 —65.76 287.50 0.00 5.1
C2 23.77 —50.40 286.16 —65.28 286.94 0.22 5.0
N 26.15 —46.34 271.74 —68.10 283.16 —0.09 4.10 7.1
S 21.23 —53.70 292.10 —62.72 291.11 0.03 4.17 5.0

misalignment with respect to the orbit (Bovy 2014). Apart from
C1 and C2 we find two other peaks, one to the north (N) and
another to the south (S) of the central ODs. These ODs stand
out when compared to the typical background counts (dashed
line in Figure 5). We compute the typical local background
noise at the position of the north (south) OD by taking the
standard deviation of the background counts in the north
(south) portion of the stream. We find that both ODs (N & S)
peak densities stand out more than 4o with respect to the
background. The significance values are listed on Table 2.

The fact that ODs N and S are approximately equally
separated from the central OD could point to epicyclic ODs
such as the ones reported in Kiipper et al. (2015) for Palomar 5.
Table 2 summarizes the positions and angular separation of the
ODs with regard to the central peaks. From this table we
observe that ODs to the north are systematically at higher 3
than those in the south, hinting at the misalignment mentioned
above.

Using the misalignment of the northern and southern
portions of the stream (hinted in Figure 5), we may infer from
geometrical considerations alone that its northern part is closer
to the MW center, hence being formed by stars that leave the
progenitor through the inner part of its orbit, forming a leading
tail. By construction, the south portion forms the trailing tail.

From this argument, we conclude that the stream is moving
from south to north.

All ODs were visually inspected in the coadded images and
catalog; however, we could not identify any stellar system (e.g.,
GC) that might have given origin to the stream. This result is
very puzzling, especially if the scenario described above is to
be confirmed. The fact that no progenitor is found, but classic
signs of cold tail formation were observed, could indicate that
a progenitor was fully disrupted very recently.

4. CONCLUSIONS

We report the discovery of a stellar stream in the southern
hemisphere. Through the visual fit of stellar evolution models
we find that this stream is comprised of an old (11.5 £ 0.5 Gyr)
metal-poor ([Fe/H] < —1.6) population that is 17.5 kpc away
from the Sun and 18.4 kpc from the Galactic center. Though
close in projection, the Phoenix stream is not related to the
Phoenix galaxy, which lies 440 kpc from the Sun (Karachent-
sev et al. 2004).

Through the extrapolation of the stream outside the Y1Al
footprint, we found no known GC that could be its progenitor;
however, more eccentric and/or non-planar orbits were not
considered.
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We also investigate the distribution of ODs along the stream,
in search of a progenitor. We find that none of the ODs have
any obvious stellar OD associated with them when coadded
images were inspected. We find that the ODs with high
significance display a symmetric pattern with respect to a
central OD. This central OD shows some hints of misalignment
perpendicular to the orbit direction, which could indicate the
position of the progenitor.

A diffuse stellar OD that nearly overlaps with the Phoenix
stream has recently been found in the DES data (Li et al. 2016).
This OD (EriPhe) was previously hinted at by Carballo-Bello
et al. (2014) as an anomalous background population close to
NGC 1261. EriPhe and NGC 1261 share a similar heliocentric
distance as the Phoenix stream. Using caLpy (Bovy 2015) and
literature proper motions for NGC 1261 (Dambis 2006), we
integrate the cluster orbit and find that it roughly aligns with the
Phoenix stream and that its motion is retrograde with respect to
the solar motion. The close proximity of NGC 1261 and the
orbit alignment with the stream may suggest that they could
share a common origin with the EriPhe OD. However, the
stream appears not to be in a retrograde orbit, favoring a
scenario where the stream is independent of EriPhe or NGC
1261. For an extended discussion about this scenario we refer
to Li et al. (2015).

We thank Carl Grillmair for pointing out that our original
derivation of the direction of motion of the stream was
incorrect, and that the stream is actually moving in a prograde
direction about the Galaxy.
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Neste artigo fizemos em colaboracao com o primeiro autor uma série de modi-
ficagoes nos cédigos de determinacao dos parametros estruturais e fisicos dos dois
objetos descobertos no paper. Neste trabalho utilizamos uma abordagem estatisti-
camente distinta para a determinacao dos parametros dos objetos, baseada na pro-
babilidade marginalizada, ao invés das abordagens anteriores que se baseavam na
maxima probabilidade. Além disso a nova abordagem utiliza um conjunto amostra-
dor afim e invariante do tipo Monte Carlo para cadeias de Markov (Foreman-Mackey
et al., [2013), muito mais rapido e que possibilita a inser¢ao de novos parametros de
ajuste sem alcancar tempos proibitivos para rodadas. Além disso, implementa-
mos determinacoes de massa para os objetos descobertos, com contribui¢oes nos
codigos de ambos os lados (nossas e do primeiro autor). Além disso, testes foram
indispensaveis na comparagao dos resultados entre estas abordagens (méxima pro-
babilidade via forca bruta e probabilidade marginalizada via Markov Chain Monte
Carlo).
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ABSTRACT

We report the discovery of two new candidate stellar systems in the constellation of Ce-
tus using the data from the first two years of the Dark Energy Survey (DES). The objects,
DES J0111—1341 and DES J0225+0304, are located at a heliocentric distance of ~25 kpc
and appear to have old and metal-poor populations. Their distances to the Sagittarius orbital
plane, ~1.73 kpc (DES J0111—1341) and ~0.50 kpc (DES J02254-0304), indicate that they
are possibly associated with the Sagittarius dwarf stream. The half-light radius (r, >~ 4.55 pc)
and luminosity (My =~ 40.3) of DES J0111—1341 are consistent with it being an ultrafaint
stellar cluster, while the half-light radius (r, ~ 18.55pc) and luminosity (My >~ —1.1) of
DES J0225+0304 place it in an ambiguous region of size—luminosity space between stellar
clusters and dwarf galaxies. Determinations of the characteristic parameters of the Sagittarius
stream, metallicity spread (—2.18 < [Fe/H] < —0.95) and distance gradient (23kpc < Dg <
29 kpc), within the DES footprint in the Southern hemisphere, using the same DES data, also
indicate a possible association between these systems. If these objects are confirmed through
spectroscopic follow-up to be gravitationally bound systems and to share a Galactic trajectory
with the Sagittarius stream, DES JO111—1341 and DES J02254-0304 would be the first ultra-
faint stellar systems associated with the Sagittarius stream. Furthermore, DES J0225+4-0304
would also be the first confirmed case of an ultrafaint satellite of a satellite.

Key words: globular clusters: general — galaxies: dwarf.

1 INTRODUCTION

The Sagittarius dwarf galaxy was discovered relatively recently due
to its position on the far side of the Milky Way (MW; Ibata, Gilmore
& Irwin 1994). Its extended morphology towards the MW plane
* E-mail: elmer.luque @ufrgs.br. (EL); basilio.santiago@ufrgs.br (BS) suggested the existence of extra tidal features (Johnston, Spergel
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& Hernquist 1995; Lynden-Bell & Lynden-Bell 1995; Mateo
et al. 1996). The Two Micron All-Sky Survey (2MASS) and the
Sloan Digital Sky Survey (SDSS) made it clear that this dwarf is re-
sponsible for the most conspicuous tidal stellar substructure present
in the Galactic halo (Newberg et al. 2002; Majewski et al. 2003).

Deeper photometric and spectroscopic data, specifically with
SDSS, have allowed the morphological, structural and kine-
matic properties of the Sagittarius stream to be disentangled
from MW substructure (Newberg et al. 2003, 2007; Belokurov
et al. 2006, 2014; Yanny et al. 2009). This wealth of data was
used by Law & Majewski (2010a) to model the MW gravitational
potential and to find some evidence in favour of triaxiality (i.e.
flattening).

Belokurov et al. (2006) demonstrated that the Sagittarius stream
in the northern Galactic hemisphere bifurcates into brighter and
fainter components separated by up to ~15° on the sky. More re-
cently, Koposov et al. (2012) have shown that a bifurcation also
appears in the Sagittarius tails in the southern Galactic hemisphere.
This fainter branch had comparatively more metal-poor stars and
a simpler mix of stellar populations than the main structure. The
southern bifurcation, extending at least 30° on the sky, was con-
firmed using Panoramic Survey Telescope and Rapid Response
System 1 (Pan-STARRS) data by Slater et al. (2013). The authors
found evidence that the fainter substructure is 5 kpc closer to the
Sun than the brighter one, similar to the behaviour seen in the north-
ern Galactic hemisphere. They also argue that the distance between
the streams agrees with the predictions of the N-body simulations
presented by Law & Majewski (2010a). Based on their model,
the same authors also identify MW satellites, dwarf galaxies and
globular clusters (GCs) that may be physically associated with the
Sagittarius dwarf. In particular, the Sagittarius dwarf has been ob-
served to contain at least four GCs (NGC 6715, Arp 2, Terzan 7
and Terzan 8) within its main body (Da Costa & Armandroff 1995;
Bellazzini, Ferraro & Ibata 2003). However, different studies have
proposed several GCs to likely be associated with the Sagittarius
stream (e.g. Bellazzini et al. 2003; Dotter et al. 2010; Forbes &
Bridges 2010; Dotter, Sarajedini & Anderson 2011; Carballo-Bello
et al. 2014; Sbordone et al. 2015). Even open clusters (OCs) have
been suggested as members of the Sagittarius family (e.g. Carraro
et al. 2004; Carraro & Bensby 2009). It is likely that additional
GCs and OCs may have been stripped from Sagittarius during pro-
longed interaction with the MW and now lie scattered throughout
the Galactic halo. In a recent analysis based on new models of the
tidal disruption of the Sagittarius dwarf, Law & Majewski (2010b)
found that several of the candidates proposed in the literature have
non-negligible probability of belonging to the Sagittarius dwarf.
However, calculating the expected quantity of false associations in
the sample, they proposed that only five GCs (Arp 2, NGC 6715,
NGC 5634, Terzan 8 and Whiting 1) are almost certainly associ-
ated with the Sagittarius dwarf; an additional four (Berkeley 29,
NGC 5053, Pal 12 and Terzan 7) are moderately likely to be
associated.

It now appears that stars left over from the accretion of the
Sagittarius dwarf entirely wrap around the Galactic Centre. Re-
cent spectroscopic analysis by Hyde et al. (2015), for instance,
finds over 100 good stream candidates with metallicities in the
range —0.97 < [Fe/H] < —0.59 spread over 142°. De Boer, Be-
lokurov & Koposov (2015) analyse the stream in the SDSS Stripe
82 region with both photometry and spectroscopy, finding a tight
age—metallicity relation. They also show that the fainter branch is
old (>9 Gyr) and metal-poor ([Fe/H] < —1.3), while the dominant
branch has stars covering large ranges in age and metallicity.

MNRAS 468, 97-108 (2017)

In this paper, we explore the tidal tails of Sagittarius within the
Dark Energy Survey (DES; The Dark Energy Survey Collabora-
tion 2005) footprint in the Southern hemisphere. This data set is
~2mag (in the g band) deeper than other large surveys covering
this part of the sky (e.g. Pan-STARRS or SDSS). DES is a wide-
field imaging survey of the Southern hemisphere that has recently
finished its third year of data taking, from an expected total of 5 yr
(Diehl et al. 2016). We also identify two previously undiscovered
ultrafaint stellar systems whose inferred ages, metallicities and dis-
tances make it likely that they are associated with Sagittarius. In
Section 2, we present the DES data. In Section 3, we discuss the
properties of the Sagittarius stream as probed by those data. In
Section 4, we present a method used to search for star clusters and
other stellar systems in the DES footprint. In Section 5, we report
on the identification of the two star system candidates whose prop-
erties make them likely to have been stripped from the Sagittarius
dwarf. If DES JO111—1341 is confirmed to be a stellar cluster, it
will be named DES 2, whereas DES J0225+0304 will be named
Cetus IIT if found to be a dwarf galaxy. Our final remarks are then
presented in Section 6.

2 DES DATA

DES is a wide-field optical imaging survey of 5000deg? in the
southern equatorial hemisphere in the grizY bands. DES is sched-
uled for 525 nights distributed over 5 yr. It uses the Dark En-
ergy Camera (DECam), a 3 deg2 (22 diameter) mosaic camera
with 0.263 arcsec pixels on the prime focus of the 4-metre Blanco
telescope at Cerro Tololo Inter-American Observatory (Flaugher
et al. 2015). The DES data management (DESDM) uses an image-
processing pipeline that consists of image detrending, astrometric
calibration, nightly photometric calibration, global calibration, im-
age coaddition and object catalogue creation. For a more detailed
description, we refer to Sevilla et al. (2011), Desai et al. (2012)
and Mohr et al. (2012). Here, we use DES Y2Q1 (year-two quick
release) data derived from single-epoch imaging. This catalogue
is derived from 26 590 DECam exposures taken during the first
2 yr of DES observing and has a median point-source depth at an
S/N=100of g=234,r=232,i=224,z=22.1and Y =20.7.
The resulting calibrated DES magnitudes are already corrected for
Galactic reddening by the stellar locus regression (SLR) calibration
(see Drlica-Wagner et al. 2015).

The stellar sample used in this work was drawn using SEX-
TRACTOR parameters FLAGS, SPREAD_MODEL and PSF magnitudes
(Bertin & Arnouts 1996; Bertin 2011; Bouy et al. 2013). Briefly,
FLAGS tells for instance if an object is saturated or has been trun-
cated at the edge of the image, while SPREAD_MODEL is the main
star/galaxy separator. We used the weighted average (WAVG) of
the SPREAD_MODEL measurements from the individual exposures
of each source. A source quality criterion of FLAGS < 4 over the
g and r filters was also applied. To increase stellar completeness,
we selected sources in the r band with |WAVG_SPREAD _MODEL| <
0.003 4 SPREADERR _MODEL. A bright (faint) g magnitude limit of
WAVG_MAG_PSF = 17 (WAVG_MAG_PSF = 24) was also applied. In
order to prevent point sources with extreme colours (including red
dwarfs from the Galactic disc) from contaminating the sample, a
colour cutat —0.5 < g — r < 1.2 was also used. Drlica-Wagner et al.
(2015) show that our Y2Q1 stellar classification efficiency exceeds
90 per cent for r < 23 mag, and falls to ~80 per cent by r < 24 mag,
whereas contamination by galaxies is ~40 per cent for 23 mag and
increases to ~60 per cent by r < 24 mag.
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Figure 1. Density map of stars with 17 < ¢ < 23 and —0.5 < g — r < 1.2 from the DES Y2Q!I footprint in two different coordinate systems. The left-hand
panel is shown in a coordinate system defined by the orbit of the Sagittarius dwarf (Majewski et al. 2003; Belokurov et al. 2014), while the right-hand panel
is in Galactic coordinates (/, b). The current location of the Sagittarius dwarf is indicated by a red star. The red dashed line traces the Sagittarius tidal tail
(Majewski et al. 2003). At the top left of each panel, we show an inset of the density map where the stream is more visible. Overdensities of some GCs
(Harris 2010) and dwarf galaxies (McConnachie 2012; Bechtol et al. 2015; Koposov et al. 2015a) are also indicated. The new stellar system candidates
discovered, DES JO111—1341 and DES J0225+0304, are marked with red circles. The oN region (solid lines) defined by 95° < A < 115° and —5° < B < 5°
represents the best-sampled region of the Sagittarius stream, whereas the orr region (dashed lines) represents the region of stars used for the background
with the same Galactic latitude as the on region. The Fornax dwarf galaxy and NGC 1399 were masked to avoid overestimating the density of our sample of
background stars (orF region). These regions are used to construct the Hess diagrams in Figs 3 and 4. The yellow solid line, as shown in both panels, indicates

the position of the faint branch of the Sagittarius stream in the DES footprint (see Section 3.1).

3 SAGITTARIUS STREAM IN THE SOUTHERN
HEMISPHERE

In Fig. 1, we show a density map of stars with 17 < g < 23 and
—0.5 < g — r < 1.2 from the DES Y2QI footprint in two different
coordinate systems. The colour cut was performed to exclude stars
from the Galactic disc and possibly spurious objects that can con-
taminate our sample. The left-hand panel is in the coordinate system
aligned with the Sagittarius stream (A, B) (Majewski et al. 2003;
Belokurov et al. 2014), while the right-hand panel is in Galactic co-
ordinates ([, b). Several overdensities are noticeable, such as some
GCs (Harris 2010), dwarf galaxies (McConnachie 2012) and the
recently discovered dwarf galaxy Reticulum II (Bechtol et al. 2015;
Koposov et al. 2015a). The Sagittarius stream in the Southern hemi-
sphere (trailing tail) is also visible between 90° < A < 120° and
—15° < B < 12° in Sagittarius coordinates and between 120° < 1S
190° and —80° < b < —45° in Galactic coordinates (see the inset
maps on the top left of each panel). In the same figure, we show with
red circles two new stellar system candidates, DES JO111—1341 and
DES J0225+0304. Given their physical locations, these new candi-
dates are possibly associated with the Sagittarius stream (discussed
in Section 4). In this figure, we also show oN and oFr regions. The oN
region (solid lines) defined by 95° < A < 115° and —5° < B < 5°
represents the best-sampled region of the Sagittarius stream, while
the orr region (dashed lines) represents the sample of background'
stars located at the same Galactic latitude as the on region. These
regions are used in our colour-magnitude diagram (CMD) analysis
presented in Sections 3.2 and 3.3. Finally, the yellow solid line repre-
sents the position of a possible secondary peak previously identified
by Koposov et al. (2012, see discussion in the next section).

! 'We refer to these stars as ‘background’, though they are dominantly com-
posed of MW foreground stars.

We emphasize that our analysis of the Sagittarius stream is fo-
cused on determining, using DES data, its basic characteristic pa-
rameters, such as metallicity, age and distance ranges so that they
can be compared to the properties inferred for the newly discovered
systems, DES JO111—1341 and DES J0225+0304. The compati-
bility between stream stars and these newly found systems helps
shed light on their possible physical association.

3.1 Inferred number of stars

The Sagittarius stream is known to display substructures, like its
bright and faint branches, in both the northern and southern Galac-
tic hemispheres (Newberg et al. 2003; Belokurov et al. 2006; Yanny
et al. 2009; Koposov et al. 2012). In particular, in the southern
Galactic hemisphere, parallel to the bright branch, but ~10° away,
the faint branch is found (Koposov et al. 2012). We start by analysing
variations in stellar number counts along and across the Sagittar-
ius stream as covered by DES, in search for any clear branching
of the stream in this region. In the left-hand panel of Fig. 1, we
show the density map of the Sagittarius stream in the coordinate
system approximately aligned with the orbit of Sagittarius (A, B)
as described in Majewski et al. (2003) and Belokurov et al. (2014).
We selected stars inside an area defined by 95° < A < 115° and
—15° < B < 12°. We name this region the stream sample. This
chosen region is a compromise between reaching a reasonably ho-
mogeneous stream coverage along both streams and still keeping
a sizeable area within the DES footprint. To subtract the expected
number of background stars coinciding with the stream sample re-
gion, we selected stars inside a region that is offset by Al = 80° with
respect to the centre of the stream sample region. These regions?

2 These two regions are not shown in Fig. 1 to avoid confusion with the oN
and oFr regions used in Sections 3.2 and 3.3.

MNRAS 468, 97-108 (2017)
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Figure 2. Left-hand panel: decontaminated Hess diagram constructed with stars within a region defined by 95° < A < 115° and —15° < B < 12°. The solid
lines on the CMD plane are used to select MS stars belonging to the Sagittarius stream. Middle panel: number of MS stars (using the selected stars in the
previous panel) along the Sagittarius stream (95° < A < 115°). The expected position of the faint stream (Koposov et al. 2012) is at B ~ 8°. Right-hand panel:
number of MS stars for two regions along the stream from 95° < A < 105° and 105° < A < 115° as indicated. The faint stream is seen only at 95° < A < 105°

due to the current coverage of the DES footprint (see Fig. 1).

have approximately the same area and are from approximately the
same Galactic latitude (b ~ —59°) in order to maintain similar back-
ground density. For each region described above, we constructed
the Hess diagram. In the left-hand panel of Fig. 2, we show the
decontaminated Hess diagram calculated as the difference between
the Hess diagrams of both regions weighted by their respective
areas.” We use the HEALPIX software to determine the effective area
in each region. In order to obtain a sample of representative stars
of the Sagittarius stream, we weight each star of the stream sam-
ple region by its probability of being a member of the Sagittarius
stream, w = n;/m;, where n; (m;) represents the number of stars in a
given cell of the Hess diagram, with bins of 0.01 mag x 0.05 mag,
after (before) subtracting the background stars. We consider that
all the stars in a given cell of the Hess diagram have the same
weight. The solid lines in the CMD plane on the left-hand panel of
Fig. 2 select main-sequence (MS) stars associated with the stream.
We then use the weights of these stars to analyse the variation
of the number of stars along and across the stream. The results
are shown in the middle and right-hand panels of Fig. 2. We use
the HEALPIX software to compute the area actually covered by the
Y2QI footprint and thus to compensate the number of stars for
the area loss.

Koposov et al. (2012) find evidence for a faint stream at
B ~ 8°-10°. The DES footprint covers this area only from
95° < A < 105°. The red histogram in the right-hand plot in
Fig. 2 shows the number of MS stars within this region in bins
of B; within this area, our data show a suggestion of an excess of
stars that could be attributed to the faint stream. At Sagittarius lon-
gitudes 105° < A < 115°, DES does not cover the secondary stream
(5° < B < 12°); however, where DES has coverage (—15° < B <5°),
the number of MS stars (yellow histogram) is consistent with those
at 95° < A < 105° (red histogram). Scaling the number of stars to
the full range (—15° < B < 12°), we infer a number of MS stars for
95° < A < 115° as shown in the middle panel. The possible excess
of stars observed at B ~ 8° (middle and right-hand panels in Fig. 2)
only is visible when we use bin sizes between 006 < AB < 007
otherwise, this latter is not evident. Therefore, in this paper, we do
not claim a detection of the branching of the stream.

3 We replace negative values in the decontaminated Hess diagram by zero.
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3.2 Metallicity spread

The Sagittarius stream in the northern Galactic hemisphere and the
celestial equator (Stripe 82) is known for having a metallicity range
(e.g. Koposov et al. 2012; De Boer et al. 2015; Hyde et al. 2015).
In particular, using photometric and spectroscopic data within the
SDSS Stripe 82 region (region in common with the DES footprint),
Koposov et al. (2012) determined that the stars belonging to the
bright and faint branches cover a metallicity range from —2 <
[Fe/H] < 0, while De Boer et al. (2015) determined a metallicity
range from —2.5 < [Fe/H] < —0.3. However, the brighter branch
contains substantial numbers of metal-rich stars as compared to the
fainter branch (Koposov et al. 2012).

‘We now turn to a global analysis of the stellar populations con-
tributing to the Sagittarius stream. We first use the red giant branch
(RGB) stars to find a spread in metallicity as follows. First, we
selected stars inside a region defined by 95° < A < 115° and
—5° < B < 5° (oN region; left-hand panel of Fig. 1). The more
restricted range in B is meant to further reduce sky coverage ef-
fects and to avoid any possible contamination by the faint branch.
Using these stars, we have constructed and decontaminated a Hess
diagram representative of the Sagittarius stream. The left-hand and
middle panels of Fig. 3 show the Hess diagrams for the oN and
OFF regions, respectively. They contain 185558 and 117 860 stars
(within an isochrone filter*), respectively. These regions are from
approximately the same Galactic latitude (see right-hand panel of
Fig. 1). The decontaminated Hess diagram shown in the right-hand
panel of Fig. 3 was calculated as the difference between the Hess
diagrams of the oN and orr regions weighted by their respective ar-
eas. It contains a total of 87 810 stars. We use the HEALPIX software
to determine the effective area in each region. In the decontami-
nated Hess diagram, we can identify MS, RGB and some younger
population stars.

We select stars within the decontaminated CMD region defined
by 0.4 < g — r < 0.8 and 19.3 < g < 20.5. For each interval of
~0.4 mag along the CMD, we count stars as a function of colour and

4 The isochrone filter is constructed by using the best-fitting isochrone de-
termined for mean colour values (see Fig. 3). For isochrone filter details, we
refer to Luque et al. (2016).
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Figure 3. Left-hand panel: Hess diagram constructed with stars within a region of the Sagittarius stream defined by 95° < A < 115° and —5° < B < 5°
(o~ region; Fig. 1). Middle panel: Hess diagram of the background constructed with stars within the orr region (Fig. 1). Right-hand panel: difference Hess
diagram between the oN and ofF regions. The solid black (red) circles represent the mean colour (standard deviation) values of RGB stars as a function of
the colour (g — r) for different ranges of magnitude. The mean colour value (1) and standard deviation (o) obtained from the Gaussian fit are u© = 0.527 £+
0.002 and o = 0.043 =£ 0.002 (top circles), u = 0.544 £ 0.003 and o = 0.051 £ 0.005 (middle circles), 1 = 0.509 £ 0.004 and o = 0.061 £ 0.006 (lower
circles). The solid line, in each panel, represents the best-fitting isochrone (Bressan et al. 2012) determined from mean colour values. The lower (top) dashed
line represents the 1o (—10) isochrone. From the bottom up, the isochrone parameters are log (Age) = 9.98, Dp =245 kpc and [Fe/H] = —0.95 (lower
dashed line), log (Age) = 10.02, D¢;) = 24.5kpc and [Fe/H] = —1.34 (solid line), log (Age) = 10.12, D5y = 24.5kpc and [Fe/H] = —2.18 (top dashed line).
In addition, an isochrone model with [Fe/H] = —2.18, log (Age) = 10.12 and (m — M)y = 17.31 parameters is also overplotted on each panel (dot-dashed

line; see Sections 3.2 and 3.3).

use the PyTHON package scipy.optimize® to fit a Gaussian distribution
to determine the mean colour value and the associated standard
deviation. The peak and 1o deviations from it are shown as the
black and red dots in the right-hand panel of Fig. 3. We then choose
a set of PARSEC isochrone (Bressan et al. 2012) models that visually
agree with the RGB mean and associated =10 colours resulting
from the Gaussian fits as well as the observed main-sequence turn-
off (MSTO) and MS loci. This is done by imposing the following
restrictions to the isochrones: (i) the model age and metallicity must
respect the tight age—metallicity relation by De Boer et al. (2015)
and (ii) a single distance must be used for the three sets of points
along the RGB, MS and MSTO loci.

The best-fitting isochrones for the mean values and standard
deviations (as described above) are shown in Fig. 3. Our results
show that the stream population is old but displays a significant
metallicity spread. While the peak RGB locus is consistent with
[Fe/H] = —1.34, their redder and bluer ends are more metal-rich
([Fe/H] = —0.98) and metal-poor ([Fe/H] = —2.18), respectively.
The metallicity spread found in this analysis is also much larger
than the photometric errors (o, _ , ~ 0.01 for RGB stars at g > 20)
and uncertainty in calibration® [A(g — r) = 0.013 for the oN region],
which again attests to its reality. However, metallicity determina-
tions in the literature (Koposov et al. 2012; De Boer et al. 2015)
suggest that the Sagittarius stream in the Stripe 82 region contains
more metal-rich stars than our determinations.

3.3 Distance gradient

Distance determinations for different regions of the Sagittarius
stream in the northern Galactic hemisphere were performed by

3 http://docs.scipy.org/doc/scipy-0.17.0/reference/optimize.html

6 The uncertainty in calibration was determined by comparing the SLR
calibration for Y2Q1 against external catalogues (ZMASS and AAVSO
Photometric All-Sky Survey, APASS-DRY). The latter transformed to DES
filters.

different authors (e.g. Belokurov et al. 2006; Correnti et al. 2010).
Recent studies of the Sagittarius stream in the southern Galactic
hemisphere were performed by Koposov et al. (2012) and Slater
et al. (2013). Using SDSS Data Release 8, Koposov et al. (2012)
determined a distance gradient from 22.08 (A =~ 97°5) to 27.2 kpc
(A >~ 11225), whereas Slater et al. (2013), using Pan-STARRS data,
determined a distance gradient from 29.5 (A ~ 102°) to 33.1kpc
(A =~ 110°). We note a discrepancy in determining the distance
gradient between the two groups. While it is true that both groups
use red clump (RC) stars to determine the distance gradient along of
the Sagittarius stream, the difference lies in the absolute magnitude
value assumed in these determinations. To compare our results with
the literature, we show only results within our region of analysis,
95° < A < 115°. In this section, we perform an independent es-
timate of the distance gradient along the Sagittarius stream in the
southern Galactic hemisphere, so as to compare it to those previous
studies.

For each interval of 225 in A, we construct a Hess diagram along
the Sagittarius stream (oN region; left-hand panel of Fig. 1), eight in
total. To decontaminate each one of the Hess diagrams by removing
the background stars, we first divide the orr region in subregions
approximately equal to those used in the oN region, maintaining
the same Galactic latitude. We then follow the same procedure
described in Section 3.2. The results are shown in Fig. 4.

We estimated the distance gradient along the stream as follows.
For each interval in A (see the text above), we first select CMD
stars with 0.4 < g — r < 0.8. For two intervals of magnitude,
we count stars as a function of colour and fit a Gaussian distribu-
tion to determine the mean colour value (u). The choice of only
two intervals of magnitude is due to low statistics of RGB stars
present in all the CMDs. By applying this restriction, we obtain
~150 stars in each magnitude interval. The peak values are shown
as black solid dots in Fig. 4. We then use a set of PARSEC isochrone
(Bressan et al. 2012) models that visually fit the RGB mean values
resulting from the Gaussian fits as well as the observed MSTO and
MS loci. This is done by again imposing the restriction that the
model age and metallicity respect the age—metallicity relation by
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Figure 4. Hess diagrams, after decontamination from the background contribution, constructed along the Sagittarius stream (oN region) from 95° < A < 9725
to 11225 < A < 115° as indicated on each panel. The solid black dots represent the mean colour values of the Gaussian fit on RGB stars. The best-fitting
isochrone (Bressan et al. 2012) using the method described in Section 3.3 is overplotted on each panel with a solid line. The isochrone parameters are also
indicated on each panel. For comparison, in panels (b) through (h) is overplotted (with a dashed line) the nearest isochrone model [from panel (a)].

De Boer et al. (2015). The best-fitting isochrones using the method
described above are superposed on to the decontaminated Hess dia-
grams (Fig. 4). Our best-fitting isochrones show a distance gradient
along the Sagittarius stream from ~23 kpc for 95° < A < 97?5 and
~29kpce for 11225 < A < 115°. We estimate distance uncertainties
in each A interval by varying the age and metallicity of the PAR-
SEC isochrones around the best-fitting case (but still bound to the
same age—metallicity relation) and redoing the visual isochrone fit.
We estimate a mean distance uncertainty of £0.3 kpc. Therefore,
our results are in agreement with those obtained by Koposov et al.
(2012).

To quantify the effect of the distance gradient along the stream
on the metallicity spread (see Section 3.2), we overplotted in Fig. 3
the same isochrone model that best fits the —lo Gaussian locus
([Fe/H] = —2.18, log (Age) = 10.12; dots shown on the blue side
of the RGB locus), but now shifted to (m — M), = 17.31 = 29kpc
(dot—dashed line). This distance corresponds to the maximum value
determined in the analysis of the distance gradient. We conclude
that a variation in distance as large as is inferred in this section does
not account for the observed colour spread on the RGB (see Fig. 3).

4 SUBSTRUCTURE SEARCH AND OBJECT
DETECTION

Many more than 17 objects were selected by our compact over-
density search techniques, stellar density maps, likelihood-based
search and sparsex. Only 17 of them have been published’ (Bechtol
etal. 2015; Drlica-Wagner et al. 2015; Luque et al. 2016). A careful

7Thus far, spectroscopic observations have confirmed that Reticulum II
(Koposov et al. 2015b; Simon et al. 2015; Walker et al. 2015), Horologium I
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reanalysis of the promising candidates detected by the sPARSEX code
has revealed two new candidate stellar systems in addition to those
reported by Drlica-Wagner et al. (2015, see discussion in the next
section). In this section, we briefly review SPARSEX.

The sparsex code is an overdensity detection algorithm, which
is based on the matched-filter (MF) method (Balbinot et al. 2011;
Luque et al. 2016). Briefly, we begin by binning stars into spa-
tial pixels of 1.0 arcmin x 1.0 arcmin and colour-magnitude bins
of 0.01 mag x 0.05mag. We then create a grid of simple stellar
populations (SSPs) with the code GENcMD.® We use GENcmD along
with PARSEC isochrones (Bressan et al. 2012) and an initial mass
function (IMF) of Kroupa (2001). We simulate several SSPs in a
range of ages [9.0 < log (Age) < 10.2], metallicities (Z = {0.0002,
0.001, 0.007}) and distance (10 < D@ < 200kpc). To account for
local variations in the background CMD, we partition the sky into
10° x 10° regions. We then apply spARSEX on the stellar catalogue
in every sky region using the grid of the SSPs. This procedure
generates one density map for each SSP model within a sky region.

To search for stellar clusters and dwarf galaxies, we convolved the
set density maps with Gaussian spatial kernels of different sizes,”
from ¢ = 0 (no convolution) to 9 arcmin. To automatically detect
overdensities in each map, we use the SEXTRACTOR code (Bertin &
Arnouts 1996). Finally, we selected stellar object candidates based

(Koposov et al. 2015b) and Tucana II (Walker et al. 2016) are indeed dwarf
galaxies.

8 https://github.com/balbinot/gencmd

9 As mentioned in Luque et al. (2016), our range of spatial kernel sizes
complements those adopted by the other two substructure search techniques.
This range of kernel sizes and all possible combinations of parameters, age,
metallicity and distance allows us to detect compact objects as GCs, as well
as extended objects such as dwarf galaxies.
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on two criteria: (1) according to the number of times that the SSP
models are detected. In this case, the 10 highest ranked candidates
in each region of the sky and each convolution kernel were visually
analysed. (2) According to the statistical significance of the excess
number of stars relative to the background: we built a significant
profile in a cumulative way, in incremental steps of 1.0 arcmin in
radius, centred on each candidate. We then applied a simple cut in
significance. All candidates with significance thresholds >50 were
visually analysed to discard artificial objects as well as contamina-
tion by faint galaxies (Luque et al. 2016).

Applying the method described above on DES Y2QI data, we
successfully recovered with high significance all 19 stellar objects
that have been recently reported in DES data (Bechtol et al. 2015;
Drlica-Wagner et al. 2015; Kim & Jerjen 2015b; Kim et al. 2015;
Koposov et al. 2015a; Luque et al. 2016). Additionally, we detected
two new candidate stellar systems potentially associated with the
Sagittarius stream, DES JO111—1341 and DES J02254-0304. The
physical properties derived for DES JO111—1341 reveal that this
candidate is consistent with being an ultrafaint stellar cluster,
whereas DES J0225+0304 is more consistent with being a dwarf
galaxy candidate (see discussion in the next section).

5 DES J0111-1341 AND DES J02254+0304

DES JO111—1341 and DES J02254-0304 were detected with high
statistical significance, 8.20 and 7.5¢0, respectively. A Test Statistic
(TS) for these candidates was also determined in an independent
manner. The TS is based on the likelihood ratio between a hypoth-
esis that includes an object versus a field-only hypothesis (Bechtol
etal. 2015, equation 4). This analysis has revealed a TS ~ 15 (~40)
for both candidates. We do not observe an obvious overdensity of
sources classified as galaxies, which reduces the possibility that the
detected overdensities are caused by misclassified faint galaxies.

We use the maximum likelihood technique to determine the struc-
tural and CMD parameters. To estimate the structural parameters,
we assume that the spatial distribution of stars of both objects fol-
lows an exponential profile model. Following the convention of
Martin, de Jong & Rix (2008), we parametrize this model with six
free parameters: central coordinates « and &y, position angle 6,
ellipticity €, exponential scale radius r. and background density
Yped- For CMD fits, we first weighted each star by the member-
ship probability p taken from the exponential density profile (Pieres
et al. 2016). We then selected all the stars with a threshold of
p > 1percent to fit an isochrone model. The free parameters age,
(m — M), and Z are simultaneously determined by this fitting method
(for details, see Luque et al. 2016; Pieres et al. 2016). To explore
the parameter space, we use the EMCEE module for Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013)'° sampling.
We use MCMC to determine the best-fitting parameters for both the
exponential profile and isochrone models. The absolute magnitudes
were calculated using the prescription of Luque et al. (2016). The
inferred properties of DES JO111—1341 and DES J0225+4-0304 are
listed in Table 1.

5.1 DES J0111-1341

DES JO111—1341 is the candidate detected with most statistical
significance (~8.20') in our sample of promising candidates. In the
top-left panel of Fig. 5, we show the density map constructed using

10 http://dan.iel.fm/emcee/current/
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Table 1. Properties of DES JO111—1341 and DES J0225+4-0304.

Parameters DES JO111—-1341 DES J0225+0304 Unit
@ (J2000) 01:11:10.3+549 02:25:42.4112 h:m:s
80 (J2000) —13:41:05.473¢ 03:04:10.1733¢ o
l 142.83 163.58 deg
b ~75.79 ~52.20 deg
A 86.61 111.02 deg
B -3.97 1.24 deg
0 —53.24731 70 31251148 deg
€ 0.279%9 0.617023

o Lo Ly
Do 265413 238701 kpc
me 0.59+017 2.681033 arcmin
n 4.5570330 185515 32¢ pe
My +0.3f8:2 —1.1 fgz mag
Dorb ~1.73 ~0.50 kpc
[Fe/H]" —1.381047 —1.261003

log (Age) 10.0615:93 10.07+591

(m — M) 17.12+511 16887098

Notes. “Using the relation r, = 1.68r. (Martin et al. 2008).
> Adopting a distance of 26.5 kpc.

¢Adopting a distance of 23.8 kpc.

¢Adopting Z) = 0.0152 (Bressan et al. 2012).

stars inside the isochrone filter. For comparison, we show in the top
middle panel the density map of objects classified as galaxies. Note
the prominent stellar overdensity centred on DES JO111—1341. The
top-right panel shows the elliptical significance profile. It is defined
as the ratio of the number of stars inside a given ellipse and in
excess of the background (Nyga), Nop;, to the expected fluctuation in
the same background, i.e. Noyj/+/ Noga. Nobj = (Nobs — Npga), Where
Nobs is the total number of observed stars. We build the elliptical
significance profile using cumulative ellipses with semimajor axis
a centred on the object. Nygq is computed within an elliptical annu-
lus at 30 arcmin < a < 34 arcmin from DES JO111—-1341 (Luque
et al. 2016). Note that the higher peak of significance (PS) is clearly
steeper for the filtered stars according to our best-fitting isochrone
model. In the same figure, the CMD for DES J0111—1341 is shown
in the bottom-left panel. Only stars inside an ellipse with semima-
jor axis a = 2ry, are shown. The CMD shows predominantly MS
stars. The bottom middle panel shows the CMD of background stars
contained within an elliptical annulus of equal area as the previous
panel. In both CMDs, we show the filter based on our best-fitting
isochrone (see Luque et al. 2016). The Hess difference between the
stars inside an ellipse with semimajor axis a = 2r, and background
stars (20.0 arcmin < a < 35.0 arcmin), this latter scaled to the same
area, is shown in the bottom-right panel. In Fig. 6, we show the
binned stellar density profile for DES JO111—1341. The best-fitting
exponential model is also overplotted. In both cases, we took into
account the ellipticity of the object.

The physical size (1, ~ 4.55 pc) of DES JO111—1341 is compa-
rable with the size of GCs associated with the Sagittarius stream
]. However, its luminosity (M, ~ +0.3) is inconsistent with this
class of objects ]. Therefore, its low luminosity and small size
place DES JO111—1341 among the MW ultrafaint stellar clusters
(see size—luminosity plane, Fig. 9). In particular, its luminosity is
comparable to Kim 1 (My ~ +0.3; Kim & Jerjen 2015a). How-
ever, DES JO111—1341 is fainter than DES 1 (Luque et al. 2016),
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Figure 5. Top-left panel: on-sky number density map of stars around DES JO111—1341. Only stars that lie close to the best-fitting isochrone are included.
Top middle panel: similar to the previous panel, but now for galaxies. Top-right panel: elliptical significance as a function of semimajor axis a from the centre
of DES JO111—1341. The solid [dashed] line corresponds to isochrone-filtered [not pass the filter (unfiltered)] stars. Lower-left panel: CMD of stars within an
ellipse with semimajor axis a = 2r, from the centre of DES JO111—1341. In this and the other two bottom panels, the best-fitting pARSEC isochrone (Bressan
et al. 2012) is shown, along with ridge lines meant to bracket the most likely members. Lower middle panel: CMD of background stars in an elliptical annulus
of equal area on the sky as the previous panel. Lower right panel: Hess diagram of the CMD difference between stars within ¢ = 2r, and background stars
(20.0 arcmin < a < 35.0 arcmin). The mean photometric error is shown in the extreme left of each lower panel.
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Figure 6. Solid points show a binned version of the density profile of
DES JO111—1341, constructed in elliptical annuli using the derived struc-
tural parameters from the best-fitting exponential profile (see Table 1). The
error bars are 1o Poisson uncertainties. The dotted line represents the best-
fitting exponential profile. The horizontal dashed line shows the background
level. The solid line is the combination of the background level with the ex-
ponential profile.
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Koposov 1, Koposov 2 (Koposov et al. 2007) and Mufioz 1 (Mufioz
et al. 2012).

5.2 DES J0225+0304

Figs 7 and 8 show the analogous information as Figs 5 and 6 for
DES J0225+0304. The physical size (1, ~ 18.55 pc) and luminosity
(My ~ —1.1) place it in an ambiguous region of size—luminosity
space between stellar clusters and dwarf galaxies (see Fig. 9).
DES J02254-0304 is elongated (¢ ~ 0.61) and has a physical size
similar to an extended GC or a very small faint dwarf galaxy. In fact,
the physical size, luminosity and ellipticity of DES J0225+4-0304 are
comparable to the properties of the Tucana V stellar system (r, >~
17 pe, My >~ —1.6 and € =~ 0.7; Drlica-Wagner et al. 2015).

5.3 Association with the Sagittarius stream

As mentioned in Section 3, DES JOl111—1341 and
DES J0225+0304 are probably associated with the Sagittar-
ius dwarf stream. Their log (Age), [Fe/H] and D¢, (see Table 1)
are well bracketed by the age, metallicity and distance ranges
determined in Section 3.2 for the stream. In fact, the inferred
ages and metallicities are very similar for both DES JO111—1341
and DES J02254-0304, and agree very well with the isochrone
fit to the mean RGB colours of the stream, log (Age) = 10.02,
[Fe/H] = —1.34 and D = 24.5kpc.

To better explore this association, we estimate the distance of
the two new candidates to the Sagittarius orbital plane (D). For
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Figure 7. Top-left panel: on-sky number density map of stars around DES J02254-0304. Only stars that lie close to the best-fitting isochrone are included.
Top middle panel: similar to the previous panel, but now for galaxies. Top-right panel: elliptical significance as a function of semimajor axis a from the centre
of DES J02254-0304. The solid (dashed) line corresponds to isochrone-filtered [not pass the filter (unfiltered)] stars. Lower-left panel: CMD of stars within an
ellipse with semimajor axis a = 1y, from the centre of DES J0225+40304. In this and the other two bottom panels, the best-fitting PARSEC isochrone (Bressan
etal. 2012) is shown, along with ridge lines meant to bracket the most likely members. Lower-middle panel: CMD of background stars in an elliptical annulus
of equal area on the sky as the previous panel. Lower-right panel: Hess diagram of the CMD difference between stars within ¢ = 1, and background stars
(25.0arcmin < a < 45.0 arcmin). The mean photometric error is shown in the extreme left of each lower panel.
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Figure 8. Solid points show a binned version of the density profile of
DES J0225+0304, constructed in elliptical annuli using the derived struc-
tural parameters from the best-fitting exponential profile (see Table 1). The
error bars are 1o Poisson uncertainties. The dotted line represents the best-
fitting exponential profile. The horizontal dashed line shows the background
level. The solid line is the combination of the background level with the ex-
ponential profile.

this purpose, we use the best-fitting Sagittarius orbital plane'! de-
termined by Majewski et al. (2003). We then obtain a distance of

! The best-fitting plane was performed by using M-giant stars detected in
2MASS data (for details, see Majewski et al. 2003).

~1.73 and ~0.50 kpc for DES JO111—1341 and DES J0225+-0304,
respectively. When we compare the D,y of the new candidates
with the D, determined for GCs associated with the Sagittar-
ius dwarf (Bellazzini et al. 2003, and references therein), we note
that DES JO111—1341 has a D, similar to that of Terzan 7
(~1.89kpc), whereas the Doy, of DES J0225+0304 is compara-
ble to that of NGC 6715 (~0.45kpc). These results indicate that
both DES JO111—1341 and DES J02254-0304 are very close in-
deed to the Sagittarius plane, something that strongly increases the
likelihood of their association with the Sagittarius stream. However,
there are GCs spatially compatible with the orbit of Sagittarius (e.g.
NCG 4147 and NGC 288) but not associated with Sagittarius when
their radial velocities and proper motions are considered (Law &
Majewski 2010b). This suggests that the spectroscopic determina-
tion of the radial velocity and the proper motion of these systems
are both crucial to confirm that association.

‘We use arandom sampling technique to give a statistical argument
for this possible association. For this purpose, we use the sample of
known star clusters and dwarf galaxies from various recent sources
(Harris 2010; McConnachie 2012; Balbinot et al. 2013; Laevens
etal. 2014, 2015a,b; Bechtol et al. 2015; Drlica-Wagner et al. 2015;
Koposov et al. 2015a; Kim & Jerjen 2015a; Kim et al. 2015, 2016;
Martin et al. 2015; Luque et al. 2016). The null hypothesis as-
sumes that the stellar systems from our sample are not associated
with the Sagittarius dwarf galaxy; thus, we removed the four GCs
confirmed to be associated with the Sagittarius dwarf (NGC 6715,
Arp 2, Terzan 7 and Terzan 8). First, we calculate the D, for each
stellar system. We then randomly selecttwo systems from the sam-
ple, assigning an equal selection probability to each system. After
performing 10° selections, we estimate a 0.08 probability of finding
two stellar systems with Dy, < 1.73 kpc. While it is true that this
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Figure 9. Absolute magnitude as a function of half-light radius. MW GCs
(‘+’ symbols; Harris 2010), outer halo clusters with ambiguous classifi-
cation (‘x’ symbols; Koposov et al. 2007; Belokurov et al. 2010; Muiioz
et al. 2012; Balbinot et al. 2013; Laevens et al. 2014, 2015b; Kim & Jer-
jen 2015a; Kim et al. 2015, 2016; Luque et al. 2016), MW dwarf galaxies
(blue squares; McConnachie 2012), M 31 dwarf galaxies (blue triangles;
McConnachie 2012), previously reported dwarf galaxy candidates in the
DES footprint (red circles; Bechtol et al. 2015; Drlica-Wagner et al. 2015),
other recently reported dwarf galaxies (green diamond; Kim & Jerjen 2015a;
Laevens et al. 2015a,b; Martin et al. 2015; Torrealba et al. 2016) and
DES new candidates (red stars) are shown. Note that DES JO111—1341
clearly lies inside the region inhabited by ultrafaint stellar clusters, whereas
DES J02254-0304 occupies the ambiguous region between stellar clusters
and dwarf galaxies. The dashed lines indicate contours of constant surface

brightness at .« = {25,27.5,30} mag arsec™2.

probability value is not negligible, these randomly drawn pairs of
objects are not necessarily as close to the Sagittarius orbit as our
candidates.

6 CONCLUSIONS

In this paper, we report the discovery of two new candidate stel-
lar systems in the constellation of Cetus using DES Y2Q1 data.
These objects add to the 19 star systems that have been found
in the first 2 yr of DES (Bechtol et al. 2015; Drlica-Wagner
et al. 2015; Kim & Jerjen 2015b; Koposov et al. 2015a; Luque
et al. 2016). DES J0111—1341 is a compact (r, ~ 4.55pc) and
ultrafaint (My ~ +0.3) stellar cluster, whereas DES J0225+0304 is
faint (My ~ —1.1) and has a physical size (r, ~ 18.55 pc) compa-
rable to a very small faint dwarf galaxy. These new stellar systems
appear to be at a heliocentric distance D¢y ~ 25 kpc.

There are several lines of evidence that suggest that our new can-
didates are associated with the Sagittarius stream: (i) they lie on
the edges of the Sagittarius stream, as can be seen in Fig. 1 (red
circles). (ii) The CMD parameters (age, metallicity and distance)
determined for these new candidates lie within the metallicity and
age range determined for the Sagittarius stream using the same DES
data (Section 3.2). In particular, they are consistent with the param-
eters inferred by fitting the mean CMD locus of the stream stars. (iii)
The distances Dy, of our candidates to the Sagittarius orbital plane,
~1.73kpc (DES JO111—1341) and ~0.50 kpc (DES J0225+40304),
are comparable to GCs previously associated with the Sagittar-
ius dwarf, more specifically Terzan 7 and NGC 6715 (Bellazzini
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et al. 2003). Therefore, we speculate that these candidates are likely
associated with the Sagittarius stream. However, the spectroscopic
determination of the radial velocity and proper motion of these
substructures will be very useful to confirm this hypothesis. Fur-
thermore, the dynamic mass, derived from the velocity dispersion,
will help to confirm the nature of our candidates. If all of our
hypotheses are confirmed, DES J0225+0304 would be the first ul-
trafaint dwarf galaxy associated with the Sagittarius dwarf stream.
It would also be the first confirmed case of an ultrafaint satellite of a
satellite.

As for the properties of the stream itself, the star count histograms
constructed across the Sagittarius stream show a possible excess of
stars at B ~ 8°. However, this putative excess is only clearly visible
when we use bin sizes of 026 < AB < 027. Therefore, we do not
claim a detection of the branching of the stream. We found no
further direct evidence of additional stream substructures to those
already known to exist.

Finally, decontaminated Hess diagrams of the Sagittarius stream
allowed us to determine a metallicity spread (—2.18 < [Fe/H] <
—0.95) as well as a distance gradient (23kpc < D < 29kpo).
This suggests that the stream is composed of more than one stel-
lar population. Our determination of distance gradient is con-
sistent with those determined by Koposov et al. (2012). How-
ever, metallicity determinations in the literature suggest that the
stream in the celestial equator contains more metal-rich stars than
those determined in this work (see e.g. Koposov et al. 2012;
De Boer et al. 2015).

In the future, DES will acquire additional imaging data in this
region, allowing even more significant studies of the region in which
the Sagittarius stream crosses the equator.
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