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ii



Resumo
Neste trabalho investigamos um dos processos que pode levar à formação de

aglomerados abertos, focando-nos nas interações ocorridas durante a passagem de
um aglomerado globular através do disco Galáctico, cujos efeitos podem resultar no
surgimentos daqueles.

Tais interações podem ser uma alternativa aos cenários convencionais de
formação estelar. Há diversos trabalhos explorando os efeitos, em nossa Galáxia,
de impactos de nuvens H I, explosões de supernovas, galáxias canibalizadas ou aglo-
merados globulares, estes podendo inclusive ser núcleos de galáxias anãs capturadas
pela Via Láctea, como parece ser o caso de ω Centauri. Trabalhos sobre interações
de aglomerados globulares com o disco Galáctico invariavelmente tratam dos efeitos
da Galáxia sobre o aglomerado globular, mas pouco tem sido feito com relação à
análise de como os impactos de aglomerados globulares podem gerar o nascimento de
aglomerados no disco Galáctico.

O presente trabalho investiga o caso envolvendo o aglomerado globular ω Centauri
como projétil e os aglomerados abertos massivos BDSB 122 e Stephenson 2 como alvos
resultantes do impacto de ω Centauri no disco Galáctico. ω Centauri é bem estudado
na literatura, além de ser um dos mais massivos aglomerados globulares, tornando-o
uma excelente escolha. A partir de seus dados de posição e movimento próprio fizemos
diversas simulações numéricas com o método matemático leap frog implementado
num código em linguagem C, o qual contém potenciais que representam a Galáxia
com as componentes bojo, disco e halo. No caso particular dos aglomerados abertos,
estimamos suas velocidades em torno do centro Galáctico pela curva de rotação da
Via Láctea e consideramos que não possuem componente de velocidade perpendicular
ao plano Galáctico.

A partir das simulações realizadas e das considerações sobre a perturbação
causada por ω Centauri no disco Galáctico, mostramos a coincidência espacial e
temporal existente entre os aglomerados envolvidos.
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Abstract
In this work we investigate one of the processes that can lead to open cluster

formation, focusing our analysis on the interactions occurring during a globular cluster
crossing through Galactic disc.

These interactions can be an alternative to conventional scenarios of star
formation. There are a number of papers exploring effects, in our Galaxy, such as H I
cloud infall, supernovas explosions, cannibalized galaxies or globular clusters. The
latter can be dwarf galaxy nuclei captured by the Milky Way. In particular this
appears to be the case of ω Centauri. In general those works focus on the effects of
the Galaxy on the globular cluster, but few deal with the effects of the impacts on
generating cluster formation.

The present work investigates the case involving the globular cluster ω Centauri
as a projectile and the open clusters BDSB 122 and Stephenson 2 as targets resulting
from the impact of ω Centauri on the Galactic disk. ω Centauri is well studied, also
being one of the most massive globular clusters, making it a good choice. From its
position and proper motion data we made several numerical simulations using the
leap frog method, implemented in a program on C language, which has potentials
that describe the Galaxy with the bulge, disk and halo components. For the latter
we estimated their velocities around Galactic center using the rotation curve, and
assuming no velocity perpendicularly to the Galactic disk.

From our simulations and assumptions about perturbations generated by
ω Centauri crossing the disc, we demonstrated the spatial and temporal coincidences
between the studied clusters.
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CAPÍTULO 1. INTRODUÇÃO 1

Caṕıtulo 1

Introdução

Dentre as diversas classes de objetos celestes, que servem de alvo e laboratório

das pesquisas que buscam esclarecer nossa compreensão do Universo, os aglomerados

estelares são uma escolha frequente. Através deles é posśıvel o estudo da estrutura

de braços espirais da Via Láctea ou sua curva de rotação, por exemplo. Outro tipo

de informação que se pode obter a partir do estudo de aglomerados diz respeito aos

mecanismos de formação estelar em sua história recente, no caso dos aglomerados

abertos (Friel, 1995), que é um dos pontos de interesse abordados neste trabalho.

Historicamente os aglomerados Galácticos podem ser divididos em duas cate-

gorias distintas: os aglomerados abertos e os aglomerados globulares. A diferença

mais evidente e comumente mencionada entre estas duas categorias de aglomerados

diz respeito à aparente distribuição espacial das estrelas em seu interior. Os aglo-

merados globulares apresentam-se como uma distribuição estelar que visualmente

sugere uma forma esférica. Diferentemente, os aglomerados abertos em geral não

possuem distribuição espacial preferencial evidente de suas estrelas, aparecendo-nos

como distribuições quase aleatórias, que leva-os a serem chamados de abertos. Uma

outra caracteŕıstica marcante que difere estas duas categorias de aglomerados é a

idade, já que os aglomerados globulares têm idades geralmente maiores do que uma

dezena de bilhões de anos, enquanto parte relativamente pequena dos aglomerados

abertos possui idade que ultrapasse 1 bilhão de anos. Também as populações este-

lares desses aglomerados possuem diferenças, já que as estrelas mais jovens, azuis e

brilhantes são principalmente encontradas nos aglomerados abertos, enquanto as mais

velhas e vermelhas nos aglomerados globulares. A massa é outro fator de separação

desses grupos, já que apenas os poucos aglomerados abertos mais massivos, como
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Westerlund 1 que tem massa da ordem de 105M� (Piatti et al., 1998, Clark et al.,

2005), chegam a ter massas que se assemelham às massas t́ıpicas dos aglomerados

globulares. A distribuição espacial dos aglomerados abertos situa-os em sua maioria

como pertencentes ao disco Galáctico, o que no caso dos aglomerados globulares difere,

visto situarem-se no bojo e halo da Via Láctea. Na Figura 1.1 é mostrado como

exemplo de aglomerado globular um dos objetos estudados neste trabalho, ω Centauri.

Na Figura 1.2, é apresentado Stephenson 2 como exemplo da categoria de aglomerados

abertos. A partir de trabalhos como o de Hodapp (1994) surge uma outra categoria

de aglomerados, os embebidos, que são assim chamados por ainda estarem imersos no

material, basicamente gás e poeira, do qual suas estrelas nasceram (Lada & Lada,

2003).

O estudo pertinente aos mecanismos que disparam o nascimento de estrelas

está em pauta desde os primórdios da Astrof́ısica. Há alguns processos classicamente

associados à formação estelar, como por exemplo as ondas de densidade (Lin & Shu,

1964), os eventos de supernovas (Paczynski, 1998) e impactos no disco de nuvens de H I

(Elmegreen et al., 2000), por exemplo. As ondas de densidade comprimem o material

que encontram em seu deslocamento, disparando formação estelar e produzindo assim

o padrão de braços que vemos em galáxias espirais. Nos eventos de supernovas, além

de ser entregue material ao entorno da estrela que passa por essa fase evolutiva, a

onda de choque gerada em sua explosão pode perturbar material que já exista na

vizinhança e disparar a formação estelar. No intuito de abordar o caso da formação

estelar a partir de um mecanismo alternativo, decidimos verificar a possibilidade da

perturbação causada no disco Galáctico por colisões de aglomerados globulares induzir

o nascimento de aglomerados abertos.

Durante a interação entre duas ou mais galáxias, são experimentadas forças que

afetam suas estruturas e provocam choques, dos quais o efeito é a formação estelar

(e.g. Hearn & Lamb, 2001). Entretanto, galáxias aparentemente isoladas também

apresentam atividade de formação estelar, e parte dessa atividade pode ser associada

às passagens dos aglomerados globulares pelo disco, como supomos. Muitos trabalhos

têm sido publicados no sentido de investigar a passagem pelo disco dos aglomerados

globulares Galácticos com foco no efeito que essas passagens causam sobre os próprios

aglomerados globulares, como por exemplo os trabalhos de Dehnen et al. (2004) e

Mastrobuono-Battisti et al. (2012). Entretanto a investigação dos efeitos da passagem

dos aglomerados globulares sobre o meio interestelar é menos frequente (Wallin et al.,

1996).
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Figura 1.1: ω Centauri em Imagem na banda R do CADCa.

ahttp://cadcwww.dao.nrc.ca/cadcbin/getdss

Nesse cenário há casos de regiões de formação estelar em forma de anel, presentes

em Galáxias como NGC 4559 que é uma espiral barrada, por exemplo. Na Figura 1.3

é destacada em tracejado branco a região abordada no artigo de Soria et al. (2004),

em que há evidência destas formações. Estes anéis podem ser atribúıdos à colisão de

objetos relativamente massivos.

Um caso mais extremo e evidente é a galáxia Roda de Carroça (Cartwheel)

(ESO 350-40), vista na Figura 1.4 (Higdon, 1995, Vorobyov, 2003), onde o peculiar

anel externo é tido como resultante do impacto de uma galáxia anã.

O objetivo deste trabalho é realizar simulação da última passagem pelo disco

da Via Láctea do aglomerado globular ω Centauri, buscando identificar relações entre
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Figura 1.2: Aglomerado aberto, Stephenson 2. Imagem na banda Ks do 2MASSa.

ahttp://www.ipac.caltech.edu/2mass/releases/allsky

esse evento e a formação de aglomerados abertos, possivelmente resultantes deste

impacto e propagação do choque.

Além do aglomerado globular ω Centauri no papel de projétil, foram selecionados

os aglomerados abertos Stephenson 2 e BDSB 122 como candidatos a serem resultantes

de seu impacto. No caso de ω Centauri esta seleção foi feita com base na disponibilidade

de dados adequados para a simulação, além de ser massivo, o que o torna um excelente

candidato a provocar perturbações em seu cruzamento pelo disco Galáctico. Já para

os dois aglomerados abertos a seleção foi feita com base numa primeira estimativa

de idade e posição, que poderiam associá-los ao instante da última passagem de

ω Centauri pelo disco Galáctico.

Como apoio à nossa investigação encontramos na literatura o caso do par

formado pelo aglomerado globular NGC 6397 e pelo aglomerado aberto NGC 6231.

Tal caso foi abordado em Rees & Cudworth (2003) e Wright (2004), investigando a

posśıvel relação entre a passagem de NGC 6397 pelo disco Galáctico e o nascimento

de NGC 6231. Para este par o trabalho de Vande Putte & Cropper (2009) mostrou

que NGC 6231 não tem sua origem associada ao aglomerado globular NGC 6397, já
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Figura 1.3: Imagem de NGC 4559 no ultravioleta, tirada com o Optical Monitor do
XMM-Newton. A região tracejada mostra a área citada no artigo de Soria et al. (2004).
O Norte fica para cima e o Leste para esquerda. Escala: 1′′ ≈ 45pc.

que está tão distante do ponto de impacto de NGC 6397 que não há v́ınculos posśıveis.

Na Figura 1.5 é mostrada no plano Galáctico a posição de NGC 6231 e a região de

impacto de NGC 6397 considerada em Vande Putte & Cropper (2009).

A seguir, no Caṕıtulo 2, é apresentado o artigo no qual publicamos a análise de

ω Centauri como posśıvel gatilho da formação dos aglomerados abertos BDSB 122 e

Stephenson 2 (Salerno et al., 2009).

No Caṕıtulo 3 as conclusões do trabalho são apresentadas e perspectivas são

levantadas.

No Apêndice A é apresentado um artigo para o qual realizamos a mesma

abordagem de cálculo de órbitas do presente trabalho, mas aplicada ao aglomerado

globular Galáctico HP 1, o qual localiza-se na porção central do bojo Galáctico. Essa

posição de HP 1 apresentou desafios observacionais e testes para as teorias com respeito

à sobrevivência de um aglomerado neste ambiente.
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Figura 1.4: Galáxia Roda de Carroça (Cartwheel Galaxy) com seu anel peculiar. Ima-
gem no óptico obtida do atlas Aladin (http://aladin.u-strasbg.fr/java/nph-aladin.pl)
(Bonnarel et al., 2000).
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Figura 1.5: Figura de Vande Putte & Cropper (2009) que mostra em vermelho a região
considerada para o impacto de NGC 6397. As posições média, mı́nima e máxima de
NGC 6231 são assinaladas pelos śımbolos pretos.
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Caṕıtulo 2

On the possible generation of the

young massive open clusters

Stephenson 2 and BDSB 122 by

ω Centauri
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Caṕıtulo 3

Conclusão e Perspectivas

Foi apresentado um estudo da órbita do aglomerado globular ω Centauri e dos

aglomerados abertos massivos Stephenson 2 e BDSB 122. Para esse fim calculamos,

através de uma rotina do programa IDLr, as posições X, Y e Z bem como as

velocidades iniciais U, V e W dos objetos, num referencial com origem no centro

Galáctico, eixo X apontando do Sol para o centro da Via Láctea, eixo Y no sentido de

rotação da Galáxia e eixo Z na direção do norte Galáctico. Com estas informações o

programa de simulação, que usa o método leap frog, calculou a posição de nossos objetos

em direção ao passado de suas órbitas, dentro de um potencial com as componentes

descritas no Caṕıtulo 2. Esse programa foi escrito por Irapuan Rodrigues para sua

colaboração em Mirabel et al. (2001). A partir das informações orbitais obtidas

constrúımos gráficos que foram usados no intuito de estabelecer v́ınculos de idade e

posição, testando a hipótese de conexão entre a passagem de ω Centauri pelo disco

Galáctico e a formação dos aglomerados abertos massivos Stephenson 2 e BDSB 122.

Nesse processo pudemos concluir que a colisão gravitacional de objetos massivos

no disco Galáctico, tais como os aglomerados globulares, podem ser mais um mecanismo

significativo de disparo da formação de aglomerados abertos.

Participamos com o mesmo tipo de abordagem deste trabalho em Ortolani

et al. (2011), que pode ser visto no Apêndice A. Nossa contribuição, no sentido de

fortalecer as conclusões ali presentes, foi simular a órbita do aglomerado globular HP 1,

da mesma forma que procedemos para o caso de ω Centauri, verificando-se que HP 1 é

pertencente ao bojo Galáctico.
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3.1 Importância do trabalho

A importância deste trabalho reside na contribuição à investigação de um

mecanismo adicional de como se dão os nascimentos dos aglomerados abertos, juntando-

se aos demais processos comumente abordados na literatura. Existem poucos trabalhos

publicados com o enfoque que aqui adotamos, sendo exemplos os artigos de Rees &

Cudworth (2003) e Wright (2004). Logo, é fundamental que se aborde esta classe

de problemas com mais profundidade e abrangência, visando formar um conjunto

consistente de informações teóricas, observacionais e computacionais, para que se possa

vincular com mais robustez as colisões gravitacionais de aglomerados globulares com

a formação de uma fração dos aglomerados abertos do disco Galáctico. Ressaltando-

se que, no caso particular de ω Centauri, nossa investigação evidenciou, dentro das

incertezas, seu v́ınculo com a formação dos aglomerados massivos do disco Galáctico

Stephenson 2 e BDSB 122.

3.2 Perspectivas e Atualizações

Uma das perspectivas deste trabalho é a extensão do estudo para uma lista

maior de aglomerados globulares, cujos integrantes, baseados em suas massas e órbitas,

tenham maiores chances de serem protagonistas de eventos de formação estelar,

particularmente de aglomerados abertos no disco Galáctico. Com esse novo conjunto

de simulações poderemos ter uma visão geral dos processos envolvidos, assim como da

dimensão da participação desse fenômeno na função de gatilhos de formação estelar.

Com os refinamentos em observações e métodos, como por exemplo em Ortolani

et al. (2011) e no catálogo UCAC4 (Zacharias et al., 2013), o futuro desta linha de

trabalho será promissor, visto que uma de nossas limitações é a precisão das medidas

de movimento próprio. Nesse cenário barras de erro menores levam a v́ınculos mais

sólidos na região de interação entre aglomerados abertos e aglomerados globulares

aumentando a confiabilidade dos resultados.

Os avanços na determinação dos parâmetros dinâmicos dos aglomerados,

também abrem a possibilidade de estender as análises até a penúltima passagem

dos aglomerados globulares pelo disco Galáctico. O aumento de casos de estudo
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formará uma amostra ainda mais significativa de eventos para fortalecer investigações

como a presente.

Somando-se a isso, a descoberta de novos aglomerados abertos incrementa a lista

de posśıveis objetos relacionados ao evento que abordamos. Na Tabela 3.1 mostramos

4 novos aglomerados abertos descobertos na região do par Stephenson 2/BDSB 122,

após a finalização do artigo.

Aglomerado l b Distância Idade Referência
(graus) (graus) (Kpc) (Manos)

MC 8 a 20,6 0,02 5,2 − Fok et al. (2012)
RSGC 3 29,23 -0,20 6 16-20 Clark et al. (2009)

Alicante 8 24,6 0,39 6,6 16-20 Negueruela et al. (2010)
Alicante 7 29,04 -0,05 6 − Negueruela et al. (2011)

a MC 8 está projetado próximo a Mercer 8, também conhecido como Glimpse 8 (Mercer et al., 2005).

Tabela 3.1: Novos aglomerados abertos na região do par estudado em nosso trabalho.

Na Figura 3.1 mostramos as posições no plano Galáctico dos novos aglomerados

abertos da Tabela 3.1, bem como as órbitas e posições atuais do par estudado em nosso

trabalho. Podemos ver que, mesmo levando-se em conta os erros de posição, todos

distribuem-se ao longo das órbitas que computamos para o nosso par de aglomerados.

Fazendo-se as mesmas considerações usadas para o par de aglomerados abertos, a

computação das suas órbitas será semelhante às já calculadas, o que reforça a relação

entre a passagem de ω Centauri pelo disco Galáctico e o disparo da formação estelar,

resultando nos aglomerados mostrados. Adicionalmente pode-se ver um ćırculo ao

redor das posições médias dos aglomerados da Tabela 3.1 e de nosso par de estudo.

Este ćırculo tem raio de 700 parsecs, que é o tamanho do anel de formação estelar

estudado em Soria et al. (2004). Desta forma, o presente caso concorda com pelo

menos uma observação de efeito semelhante em uma outra galáxia, reforçando o

cenário da vinculação da passagem de aglomerados globulares pelo disco Galáctico

com o nascimento de aglomerados abertos.
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Figura 3.1: Nesta figura vemos as órbitas do par Stephenson 2/BDSB 122 nos últimos
30 milhões de anos, além dos novos aglomerados abertos na mesma região. A parte
pontilhada da órbita de ω Centauri indica a porção anterior ao impacto com o disco.
Para efeito de comparação o ćırculo tem um raio de 0,7 Kpc e representa o tamanho
da mini-cartwheel do estudo de Soria et al. (2004), englobando as posições médias de
nosso par e dos novos aglomerados descobertos no entorno. A seta indica o sentido
de rotação da Galáxia. d máx significa posição média acrescida do erro, d méd a
posição média e d mı́n a posição média decrescida do erro dos respectivos aglomerados
abertos.
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Apêndice A

A fossil bulge globular cluster

revealed by VLT multi-conjugate

adaptative optics



The Astrophysical Journal, 737:31 (9pp), 2011 August 10 doi:10.1088/0004-637X/737/1/31
C© 2011. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

A FOSSIL BULGE GLOBULAR CLUSTER REVEALED BY VERY LARGE TELESCOPE
MULTI-CONJUGATE ADAPTIVE OPTICS∗

Sergio Ortolani
1
, Beatriz Barbuy

2
, Yazan Momany

3,4
, Ivo Saviane

3
, Eduardo Bica

5
,

Lucie Jilkova
3,6

, Gustavo M. Salerno
5
, and Bruno Jungwiert

7,8
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ABSTRACT

The globular cluster HP 1 is projected on the bulge, very close to the Galactic center. The Multi-Conjugate Adaptive
Optics Demonstrator on the Very Large Telescope allowed us to acquire high-resolution deep images that, combined
with first epoch New Technology Telescope data, enabled us to derive accurate proper motions. The cluster and
bulge fields’ stellar contents were disentangled through this process and produced an unprecedented definition in
color–magnitude diagrams of this cluster. The metallicity of [Fe/H] ≈ −1.0 from previous spectroscopic analysis
is confirmed, which together with an extended blue horizontal branch imply an age older than the halo average.
Orbit reconstruction results suggest that HP 1 is spatially confined within the bulge.

Key words: Galaxy: bulge – globular clusters: general – globular clusters: individual (HP 1)

Online-only material: color figures

1. INTRODUCTION

A deeper understanding of the globular cluster population
in the Galactic bulge is becoming possible, thanks to high-
resolution spectroscopy and deep photometry using 8–10 m
telescopes. An interesting class concerns moderately metal-poor
globular clusters ([Fe/H] ≈ −1.0), showing a blue horizontal
branch (BHB). A dozen of these objects are found projected
on the bulge (Barbuy et al. 2009), and they might represent the
oldest globular clusters formed in the Galaxy.

According to Gao et al. (2010), the first generation of massive,
fast-evolving stars formed at redshifts as high as z ≈ 35.
Second-generation low-mass stars would be found primarily
in the inner parts of the present-day Galaxy as well as inside
satellite galaxies. Nakasato & Nomoto (2003) suggest that
the metal-poor component of the Galactic bulge should have
formed through a subgalactic clump merger process in the proto-
Galaxy, where star formation would be induced and chemical
enrichment occurred by Type II supernovae. The metal-rich
component instead would have formed gradually in the inner
disk. Therefore, metal-poor inner-bulge globular clusters might
be relics of an early generation of long-lived stars formed in the
proto-Galaxy.

Another aspect of interest in inner bulge studies comes from
evidence that stellar populations in the Galactic bulge are similar
to those in spiral bulges and elliptical galaxies, and therefore are
of great interest as templates for the study of external galaxies
(Bica 1988; Rich 1988). In the past, the detailed study of
the bulge globular clusters was hampered by high reddening
and crowding. With the improvement of instrumentation, it is
now possible to derive accurate proper motions and to apply

∗ The observations were collected with the Very Large Telescope (Melipal) at
the European Southern Observatory, ESO, in Paranal, Chile; the run was
carried out in Science Demonstration Time.

membership cleaning. Most previous efforts in proper motion
studies were carried out using the Hubble Space Telescope (HST)
data by our group (e.g., Zoccali et al. 2001) for NGC 6553,
Feltzing & Johnson (2002) for NGC 6528, and Kuijken & Rich
(2002) for field stars, among others.

In a systematic study of bulge globular clusters (e.g., Barbuy
et al. 1998, 2009), we identified a sample of moderately
metal-poor clusters ([Fe/H] ∼ −1.0) concentrated close to
the Galactic center. HP 1 has a relatively low reddening, and
appeared to us as a suitable target to be explored in detail in
terms of proper motions. Its coordinates are α = 17h31m05.s2,
δ = −29◦58′54′′ (J2000), and it is projected at only 3.◦33 from
the Galactic center (l = −2.◦5748, b = 2.◦1151).

In 2008, the European Southern Observatory (ESO) an-
nounced a public call for Science Verification of the Multi-
Conjugate Adaptive Optics Demonstrator (MAD; Marchetti
et al. 2007), installed at the ESO Melipal (UT3) Telescope.
Several star clusters were observed with the MAD facility,
delivering high-quality data for the open clusters Trapezium,
FSR 1415, and Trumpler 15 (Bouy et al. 2008; Momany et al.
2008; Sana et al. 2010), the globular clusters Terzan 5 and
NGC 3201 (Ferraro et al. 2009; Bono et al. 2010), and
30 Doradus (Campbell et al. 2010). The major advantage of
MAD is that it allows correcting for atmospheric turbulence
over a wide 2′ diameter field of view, and as such constitutes a
pathfinder experiment for future facilities at the European Ex-
tremely Large Telescope (E-ELT). Wide-field adaptive optics
with large telescopes open a new frontier in determining accu-
rate parameters for most globular clusters that remain essentially
unstudied because of high reddening, crowding (cluster and/or
field), and large distances.

In Section 2 the observations and data reductions are de-
scribed. In Section 3 the HP 1 proper motions are de-
rived. The impact of the high-quality proper motion-cleaned
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Figure 1. MAD image of the globular cluster HP 1, obtained at ESO-VLT at Paranal, Chile. The left panel is a composite color image of HP 1 from the near-infrared
2MASS survey. The right panel is a close-up of the MAD K-band image covering the central 1.′8 × 1.′8 of HP 1. North is up and east is to the left.

(A color version of this figure is available in the online journal.)

Table 1
Log of the MAD Observations Obtained on 2008 August 15

Filter FWHM Airmass DIT (s) NDIT

K 0.′′19 1.149 10 30
K 0.′′21 1.179 10 30
K 0.′′21 1.213 10 30
K 0.′′27 1.260 10 30
K 0.′′26 1.304 10 30

J 0.′′35 1.081 10 30
J 0.′′41 1.101 10 30
J 0.′′32 1.124 10 30
J 0.′′33 1.152 10 30
J 0.′′42 1.183 10 30

color–magnitude diagrams (CMDs) on cluster properties is ex-
amined in Section 4. The clusters’ orbit in the Galaxy is recon-
structed in Section 5. Finally, conclusions are given in Section 6.

2. OBSERVATIONS AND DATA ANALYSIS

MAD was developed by the ESO Adaptive Optics Depart-
ment to be used as a visitor instrument on the Melipal Unit
Telescope 3 at the Very Large Telescope (VLT) with a view
toward future application to the E-ELT. It was installed at the
visitor Nasmyth focus, and the concept of multiple reference
stars for layer-oriented adaptive optics corrections was intro-
duced. This allows a much wider and more uniform corrected
field of view, providing larger average Strehl ratios and making
the system a powerful diffraction limit imager. This is particu-
larly important in crowded fields where photometric accuracy
is needed.9 Following our successful use of MAD in the first

9 http://www.eso.org/projects/aot/mad/

Science Demonstration (Momany et al. 2008), we were granted
time to observe HP 1 in the second Science Demonstration.10

HP 1 was observed on 2008 August 15. Table 1 displays the
log of the J and Ks (for brevity we use K) observations. Clearly,
the seeing in K was excellent, being almost half that in J (0.′′23
versus 0.′′38). The MAD infrared scientific imaging camera is
based on a 2048×2048 pixel HAWAII-2 infrared detector with a
pixel scale of 0.′′028. In total, 25 minutes of scientific exposures
were dedicated to each filter, and subdivided into five dithered
images.

The images were dark and sky-subtracted, and then flat-
fielded following the standard near-infrared recipes (e.g.,
Momany et al. 2003), within the IRAF environment. The typical
dithering pattern of a MAD observation allows a field of view
of ∼2′ in diameter. Within this field of view, three reference
bright stars (R magnitudes that ranged between 12.5 and 13.8
according to their magnitudes in the second US Naval Obser-
vatory CCD Astrograph Catalog (UCAC2)) were selected to
ensure the optics correction. However, one of these proved to be
a blend of two stars, which did not allow a full optical correction
of the field.

Figure 1 shows the mosaic of all 10 J and K images as
constructed by the DAOPHOT/MONTAGE2 task. The superb
VLT/MAD resolution is illustrated when compared to that seen
in the Two Micron All Sky Survey (2MASS) K image of HP 1.
For proper motion purposes, the MAD data set represents our
second epoch data. The displacement of the HP 1 stellar content
was derived by comparing the position of the stars in this data
set with respect to that obtained with the SUSI CCD camera
at the New Technology Telescope (NTT) on 1994 May 16
(Ortolani et al. 1997). The epoch separation is 14.25 yr. It is

10 http://www.eso.org/sci/activities/vltsv/mad/
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worth emphasizing that the seeing of 0.′′45 for the first epoch
V image of HP 1 is one of the best obtained with NTT (Ortolani
et al. 1995, 1997).

The photometric reductions of the two data sets (NTT and
MAD) were carried out separately. We found about 3100 stars
in common between the MAD and NTT data, which were used
for proper motion analyses.

2.1. Photometric Reduction and Calibration

The stellar photometry and astrometry were obtained by
point-spread function (PSF) fitting using DAOPHOT II/
ALLFRAME (Stetson 1994). Once the FIND and PHOT tasks
were performed and the stellar-like sources were detected, we
searched for isolated stars to build the PSF for each single
image. The final PSF was generated with a PENNY function that
had a quadratic dependence on frame position. ALLFRAME
combines PSF photometry carried out on the individual im-
ages and allows the creation of a master list by combining
images from different filters. This pushes the detection limit
to fainter magnitudes and provides better determination of the
stellar magnitudes (given that five measurements were used for
each detected star).

Our observing strategy employed the same exposure time for
all images, and no bright red giant stars were saturated. When
producing the photometric catalog in one filter (and since only
the central part of the field of view had multiple measurements of
any star), stars appearing in any single image were considered
to be real. Later, when producing the final JK color catalog,
only those appearing in both filters were recorded (this way
we essentially removed all detections due to cosmic rays and
other spurious detections). The photometric catalog was finally
transformed into coordinates with astrometric precision by using
12 UCAC2 reference stars11 with R � 16.2.

Photometric calibration of the J and K data has been
made possible by a direct comparison of the brightest MAD
nonsaturated (8.0 � K � 13.0) stars with their 2MASS
counterpart photometry. From these stars we estimate a
mean offset of ΔJJ@MAD−J@2MASS = −3.157 ± 0.120 and
ΔKK@MAD−K@2MASS = −1.395 ± 0.134.

Photometric errors and completeness were estimated from
artificial star experiments previously applied to similar MAD
data (Momany et al. 2008). The images with added artificial stars
were reprocessed in the same manner as the original images.
The results for photometric completeness showed that we reach
a photometric completeness of ∼75%, 50%, and 10% around
K � 17.0, 17.5, and ∼18.0, respectively.

3. DERIVATION OF THE PROPER MOTIONS

The proper motion of the HP 1 stellar content was derived by
estimating the displacement in the (x, y) instrumental coordi-
nates between the MAD (second epoch) data and the NTT (first
epoch) data. Since this measurement was made with respect to
reference stars that are cluster members, the motion zero point
is the centroid motion of the cluster. The small MAD field of
view is fully sampled by the wider NTT coverage, and thus
essentially all MAD entries had NTT counterparts for proper
motion determination. In this regard, we note that the photo-
metric completeness of the MAD data set is less than that of
the optical V, I NTT data that reached at least two magnitudes
below the cluster turnoff (Ortolani et al. 1997).

11 http://www.usno.navy.mil/USNO/astrometry/optical-IR-prod/ucac

The DAOPHOT/DAOMASTER task was used to match
the photometric MAD and NTT catalogs, using their respec-
tive (x, y) instrumental coordinates. This task employed a cu-
bic transformation function, which, with a matching radius of
0.5 pixels or 0.′′015, easily identified reference stars among
the cluster’s stars (having similar proper motions). As a con-
sequence, the stars that matched between the two catalogs
were basically only HP 1 stars. In a separate procedure, the
J2000 MAD and NTT catalogs, transformed into astrometric
coordinates, were applied to a matching procedure using the
IRAF/TMATCH task. This first/second epoch merged file also
included the (x, y) instrumental coordinates of each catalog.
Thus, applying cubic transformation to both coordinate systems
yielded the displacement with respect to the centroid motion of
HP 1. An extraction within a 1.5 pixel radius around (0, 0) in
pixel displacement was shown to contain most, and essentially
only, HP 1 stars, and we will use this selection for the rest of the
paper.

On the other hand, stars outside this radius (i.e., representing
the bulge populations) are more dispersed and required a careful
analysis. In a first attempt, we used only the stars with Δy < −1
(in order to avoid cluster stars) to get the barycentric position
of the field bulge population in x, and stars with Δx > 1 to
measure the field bulge population in y. After a number of tests
with different selections, in a second attempt we made a two-
Gaussian component fit along a 0.2 pixel-wide strip connecting
the center of the cluster distribution and the field distribution.
For the present analysis, we adopted relative to the field the mean
of the two determinations (Δx, Δy) = (−2.1, 1.96) for the proper
motion of the cluster. From the Gaussian fit we derived the
width of the distributions of the cluster and field stars, resulting,
respectively, in σ = 0.583 and 2.565 pixels, corresponding to
15 and 41 mas, respectively. This is the error of the single star
position. The statistical error of the mean is obtained by dividing
the single star error by the square root of the number of stars
used (about 1700 in the cluster and 1500 in the bulge) for each
of the two measurements. The error in the mean position of
the field obviously dominates and corresponds to about 0.05
pixels, or 1.3 mas (about 0.1 mas yr−1). This is indeed a very
small error. We performed a number of tests fitting the cluster
stars and the field stars in different conditions checking for
additional uncertainties. A further quantitative evaluation of the
fitting uncertainty can be obtained by measuring the different
distances between the centers of the HP 1 proper motion cloud
to that of the field, propagated from the error on the angle of
the line connecting the two groups of stars. The angle of the
vector joining the center of the HP 1 proper motion cloud to
that of each star of the bulge was computed, and a Gaussian
fit was performed, which returned a 1σ dispersion of 14◦. This
uncertainty propagates over the distances of the two groups
by about 0.39 mas yr−1, dominating over the other discussed
sources.

3.1. Astrometric Errors

The astrometric errors are the combination of different
random and systematic errors. Anderson et al. (2006) concluded
that in the case of relative ground-based astrometry in a small
rich field, the main error sources are random centering errors
due to noise and blending, random-systematic errors due to field
distortions, and systematic errors due to chromatic effects.

1. Centering errors. Considering that we used two very differ-
ent data sets—a first epoch based on direct CCD photom-
etry, and a second one on the corrected infrared adaptive
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optics (with a much wider scale and better resolution)—we
can assume that the astrometric random errors are domi-
nated by the first epoch classical CCD photometry. Follow-
ing Anderson et al. (2006), we performed a test with three
consecutive NTT images of Baade’s Window taken in the
same night. They were obtained with equal (four-minute)
exposure times, and nearly at the same pixel positions. The
seeing was stable and these images were obtained about
1 hr later than the 10 minute cluster V exposure.

This Baade’s Window field was chosen because the stars
are uniformly distributed across the image, and the density
of stars is similar to the HP 1 field. These images were
analyzed in Ortolani et al. (1995). The position of the stars in
common was compared. The photometric and astrometric
errors are shown in Figure 2. The astrometric centering
error, averaged over the whole dynamic range, is 0.1 pixels,
as indicated in Figure 2. This corresponds to 13 mas, which
is comparable with the 7 mas pointing error by Anderson
et al. (2006). The value of 13 mas amounts to 0.91 mas yr−1

in an interval of 14.25 yr. Taking into account the number
of about 3000 stars (half field and half cluster) used for the
proper motion derivation of HP 1, this leads to a minor error
of 0.022 mas.

2. Field distortion errors. The field distortion analysis is
usually performed employing shifted images of a field with
uniformly distributed stars. HP 1 multiple shifted images
are not available in our first epoch run. To estimate the
distortions, we compared the proper motion of cluster stars
in HP 1 NTT images as a function of the distance from the
optical center. The distribution did not show any relevant
trend, and the statistical analysis indicates that there is no
significant shift above 0.01 pixels across the field. This
corresponds to 0.19 mas yr−1.

3. Chromatic errors. Chromatic errors are due to the different
refraction, both atmospheric and instrumental, on stars with
different colors. The refraction dependence on wavelength
(inverse quadratic to the first approximation) makes this
effect more pronounced in the color (V, I) than in the near-
infrared.

Ideally, a chromatic experiment should include a mea-
surement of the displacement of stars with different colors
at different air masses. However, we do not have specific
observations for this test. Thus, we followed the procedure
given by Anderson et al. (2006), where they measured the
displacement of stars as a function of their colors. We took
the resulting pixel displacement of the cluster stars and sep-
arately checked the shift variations with the color (V − I).
Such a plot does not show an evident dependence on color.
This is expected since our NTT observations were taken
very close to the zenith (air mass ∼ 1.04), and the infrared
MAD data have a negligible effect.

In order to further quantify any chromatic systematic
effect, we subdivided the sample of cluster stars into redder
(V − I > 2.2) and bluer (V − I < 2.2) groups, of 106 and
171 stars, respectively. The displacement between the two
groups resulted is 0.031 ± 0.03 pixels, corresponding to
0.9 mas. For 14.25 yr, this gives 0.06 mas yr−1.

4. Total errors. By quadratically adding the errors on cen-
tering, distortion, and chromatic effects of, respectively,
0.022 mas yr−1, 0.19 mas yr−1, and 0.06 mas yr−1, a total
contribution of these errors of 0.2 mas yr−1 is obtained.

The estimated error of 0.39 mas yr−1 in the proper motion
value indicates that the effect due to the mutual field and

Figure 2. Photometric and astrometric errors of Baade’s Window images. Top
panel: photometric errors ΔV vs. instrumental magnitude. The dashed line shows
the average astrometric error. Bottom panel: astrometric error in the NTT pixel
scale vs. instrumental magnitude.

cluster star contamination dominates over the astrometric
pointing, distortion, and chromatic errors.

4. THE PROPER MOTION-CLEANED
COLOR–MAGNITUDE DIAGRAM OF HP 1

Figure 3 presents the MAD K versus J − K CMDs showing
the proper motion decontamination process in three panels: the
whole field, the cluster proper motion decontaminated, and the
remaining field only. In the top panels the displacements of stars
between the NTT and MAD images are shown, plotted in the
MAD pixel scale.
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Figure 3. HP 1: proper motion decontaminated K vs. J − K CMD. Top left panel: displacement of NTT (first epoch)–MAD (second epoch), plotted in the MAD pixel
scale. Top middle panel: the cluster sample is encircled and l, b directions are indicated by the arrows. Top right panel: field sample only. Bottom left panel: observed
CMD. Bottom middle panel: proper motion decontaminated cluster CMD. The two stars indicated as red squares are the two giant stars analyzed with high-resolution
spectroscopy. Bottom right panel: remaining field star CMD. The extraction is within a 1.5 pixel radius.

(A color version of this figure is available in the online journal.)

The decontaminated cluster CMD provides fundamental pa-
rameters for studying its properties, in particular metallic-
ity and age. Figure 4 shows a J versus V − K proper mo-
tion decontaminated CMD of HP 1. A distance modulus of
(m−M)J = 15.3 and a reddening of E(V −K) = 3.3 are applied,
and a Padova isochrone (Marigo et al. 2008) with metallicity
Z = 0.002 and an age of 13.7 Gyr is overplotted. The fit con-
firms the cluster metallicity of [Fe/H] = −1.0, found from high-
resolution spectroscopy (Barbuy et al. 2006). We note that the
turnoff is not as well matched as the giant branch, due to two well
known main reasons: the bluer turnoff in isochrones relative to
observations is possibly connected with color transformations,
and systematic bias in the photometric errors gives brighter mag-
nitudes close to the limit of the photometry. Similarly, Figure 5
displays the K versus V − K HP 1 diagram as compared with the
NGC 6752 ([Fe/H] = −1.42) mean locus (Valenti et al. 2004).
The red giant branches of M30, M107, 47 Tuc, and NGC 6441
of metallicities [Fe/H] = −1.91,−0.87,−0.70, and −0.68, re-
spectively, are also overplotted with metallicity values, mean
loci, and red giant fiducials from Valenti et al. (2004). The HP 1
bright red giants clearly overlap with the M107 fiducial (reflect-
ing their similar metallicity values) and are redder with respect
to the NGC 6752 bright giants. On the other hand, the clus-
ter’s old age is reflected by the presence of a well defined and
extended BHB (very similar to NGC 6752). Five RR Lyrae can-
didates appear in the RR Lyrae gap, at 4.2 � (V − K) � 5.0.

Terzan (1964a, 1964b, 1965, 1966) reported 15 variable stars in
HP 1 but none has been identified as RR Lyrae. The Horizontal
Branch (HB) morphology is sensitive mainly to metallicity and
age. The age effect is related to the so-called second parameter
effect (Sandage & Wildey 1967), also demonstrated in models
by Lee et al. (1994), Rey et al. (2001), and in observations by
Dotter et al. (2010). In particular, Dotter et al. (2010) analyzed
the HB morphology from Advanced Camera for Surveys/HST
observations, based on the difference between the average HB
V − I color and the subgiant branch (SGB) color ΔV − I SGB

HB ,
and concluded that age dominates the second parameter. This
indicator is very sensitive to the cluster age, and more so around
the metallicity Z = 0.002.

For HP 1 the mean V − I color difference between the
SGB and the HB is ΔV − I SGB

HB = 0.75 ± 0.01. A comparison
with Dotter et al.’s (2010) sample shows that HP 1 has a very
blue HB for its metallicity. We selected five clusters with the
same HB morphological index and found an average metallicity
of [Fe/H] = −1.9 ± 0.36. We also selected another group
of five clusters with a comparable metallicity to HP 1. This
second group has an average ΔV − I = 0.46 ± 0.27, which is
considerably smaller than in HP 1, consistent with HP 1 having
a much bluer HB. Both cluster groups have a mean age of
12.7 ± 0.4 Gyr. From Figure 17 of Dotter et al. (2010), we get
an age difference of about 1 Gyr older for HP 1 relative to their
sample of halo clusters with ∼12.7 Gyr, resulting in an age of
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Figure 4. HP 1: J vs. V − K CMD, built from a proper motion selected subsample
of stars. The extraction is within a 1.5 pixel radius, in pixel displacement. A
Padova isochrone of Z = 0.002 and an age of 13.7 Gyr are overplotted on the
observed CMD. A distance modulus of (m − M)J = 15.3 and a reddening of
E(V −K) = 3.3 were adopted. The metallicity, distance, and reddening adopted
for the fit are in agreement with the spectroscopic analysis carried out for two
stars indicated by squares (Barbuy et al. 2006). The present MAD photometry
reaches the turnoff limit.

(A color version of this figure is available in the online journal.)

∼13.7 Gyr for HP 1. Therefore, HP 1 appears to be among the
oldest globular clusters in the Galaxy.

For the distance determination, there are basically two meth-
ods: (1) the relative distance between the cluster and bulk of
the bulge field, and (2) based on the absolute distance, which
requires reddening values. For the first of these methods, we rely
on the difference between the HP 1 HB at the RR Lyrae level,
at V = 18.7, and that of the bulge field at V = 19.35. Thus,
the cluster is ΔV = 0.66 brighter than the field, and taking into
account metallicity effects on the HB luminosity (Buonanno
et al. 1989), we obtain ΔV = 0.35 ± 0.14. This implies that
the cluster is 1.2 ± 0.4 kpc in the foreground of the bulge bulk
population. The uncertainty is due to the metallicity difference
of about 1 dex between the bulge ([Fe/H] ≈ 0.0) and HP 1
([Fe/H] ≈ −1.0). Assuming the distance of the Galactic cen-
ter to be RGC = 8.0 ± 0.6 (Majaess et al. 2009; Vanhollebeke
et al. 2009), a distance of d	 = 6.8 kpc is obtained. If the
orbits of stars near the super massive black hole near the Galac-
tic center are used, a distance of RGC = 8.33 ± 0.35 kpc is
given by Gillessen et al. (2009). In this case the distance of HP
1 to the Sun is d	 = 7.1 kpc. This relative distance method
is reddening-independent, because the reddening of the cluster
and surrounding field is expected to be essentially the same, due
to a negligible reddening inside the bulge (Barbuy et al. 1998).
Therefore, the distance of the cluster to the Galactic center de-
pends only on the assumed distance of the Galactic center.

Figure 5. K vs. V − K HP 1 diagram (black dots) compared with the NGC 6752
(green dots) catalog (Valenti et al. 2004). We assumed the fiducial values
(m − M)0 = 13.18, E(B − V ) = 0.04, AV = 3.1, AK = 0.38. Also plotted
are the red giant branches of comparison Galactic globular clusters (blue lines):
M30, M107, 47 Tuc, and NGC 6441 ([Fe/H]−2.12,−1.04,−0.76, and −0.68;
the catalog and the red giant fiducials are from Valenti et al. 2004). The HP 1
bright red giants are clearly overlapping with the M107 fiducial (reflecting their
similar metallicity) and are redder with respect to the NGC 6752 bright giants.

(A color version of this figure is available in the online journal.)

The second method of absolute distances requires reddening
determinations. From the optical and infrared CMDs, and
adopting the absolute-to-selective absorption RV = 3.2 (Barbuy
et al. 1998), we obtain a mean distance from the Sun of
d	 = 7.3 ± 0.5 kpc. Within the uncertainties for the cluster and
Galactic center distances, we conclude that HP 1 is probably the
globular cluster located closest to the Galactic center.

For simplicity, we assume the distance of HP 1 from the Sun
to be d	 = 6.8 kpc hereafter.

5. SPATIAL MOTION OF HP 1 IN THE GALAXY

5.1. Absolute Proper Motion

To compute the velocity components of HP 1’s motion, we
need its radial velocity and the proper motion. The heliocentric
radial velocity vhel.

r = 45.8 ± 0.7 km s−1 was adopted from
the high-resolution analysis by Barbuy et al. (2006). The proper
motion can be computed with respect to the bulge, and the
bulge proper motion can then be subtracted. The bulge proper
motion is a composition of the bulge internal kinematics and
the reflected motion of the LSR. Near the position of HP 1, the
bulge kinematics are close to that of a rotating solid body with
a spin axis orthogonal to the Galactic plane (e.g., Zhao 1996).
Note also that this correction is not large: HP 1 is projected so
close to the Galactic center that the rotational velocity of the
bulge is closely aligned with the line of sight, so its tangential
component is very small. Because both motions are parallel
to the Galactic plane, it is convenient to work in Galactic
coordinates.
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Figure 6. In the reference system (Δx, Δy) = (xMAD − xNTT, yMAD − yNTT)
with origin in HP 1 the bulge has the coordinates (2.10,−1.96). Therefore, the
HP 1 motion with respect to the bulge has the vector −→upx = (−2.10, 1.96) (red
arrow). Because R.A. and Δx have opposite directions, the vector expressed
in equatorial coordinates is −→uEq = (0.′′0588, 0.′′05488). The relative orientation
of the equatorial and Galactic coordinate systems is shown in the upper right
corner, making clear that the proper motion of HP 1 is mostly along positive l,
with a small component along negative b. The orbit must therefore be confined
near the Galactic plane.

(A color version of this figure is available in the online journal.)

As Figure 6 shows, the HP 1 motion with respect to the bulge

has a vector
→
upx = (−2.10, 1.96) pixels.12

To estimate the bulge internal motion, we note that Tiede &
Terndrup (1999) obtained a rotational velocity of ∼75 km s−1

in their fields 6/05 and 6/18 (b = −6◦ and the respective field
numbers), at positions l = −8.◦7 and l = 8.◦4, respectively. In
the solid body approximation, vrot depends linearly on the ra-
dius r (confirmed by Howard et al. 2008), and at the position of
HP 1 (Section 1) we expect vrot � 75 km s−1/8.◦5 × 2.◦58 =
22.8 km s−1 (where we assumed l ∝ r for small values
of l). Basically the same value (22.7 km s−1) is predicted at
a distance of 0.38 kpc (= r	 × sin 2.◦58 with r	 = 8.4 kpc)
by the angular velocity of 60.0 km s−1 kpc−1 adopted in our
model (Section 5.2). Assuming that bulge stars are at the
distance of the Galactic center, the tangential component of
vrot is vT = 22.8 km s−1 × sin 2.◦58/ cos 2.◦58 = 1.03 km s−1

12 Note that in Section 3 we were working with NTT–MAD coordinates,
while here we put the two epochs in chronological order, thus MAD–NTT
coordinates are used. The signs are therefore inverted. Taking into account the
scale of 0.′′028 pixel−1 and that ΔR.A. = −Δx, the vector expressed in
equatorial coordinates is

→
uEq = (0.′′0588, 0.′′05488). The position angle of the

b-axis with respect to the decl. axis is −56.◦745, which can be used to rotate→
uEq, obtaining

→
uGal = (Δl, Δb) with Δl = 0.′′0781 ± 0.′′0056 and

Δb = −0.′′0191 ± 0.′′0056. The coordinate transformations were performed
with the code SM (Lupton & Monger 1997) using the project package, written
by M. Strauss and R. Lupton. With an epoch difference of
Δt = 14.2519 ± 0.0027 yr, these displacements yield proper motion
components relative to the bulge of μrel

l × cos b � 5.5 mas yr−1 and
μrel

b � −1.34 mas yr−1. As recalled above, to obtain absolute proper motions
we subtract the reflected motion of the LSR and the bulge internal motion.
Assuming VLSR = −243 km s−1, at a distance of 8.4 kpc from the Galactic
center (these values are explained below) we obtain
(μl, μb)LSR � (6.102, 0) mas yr−1.

directed toward increasing l. After adding vT to VLSR, the
composite motion of the bulge becomes (μl, μb)bulge+LSR =
(6.127, 0) mas yr−1, and subtracting it from the relative mo-
tion quoted above for HP 1 yields μl × cos b = −0.65 ±
0.39 mas yr−1 and μb = −1.34 ± 0.39 mas yr−1. Using this
proper motion, in the next section we calculate the cluster orbit.

5.2. HP 1’s Orbit in the Galaxy

The orbit of HP 1 was computed both with the axisymmetric
model by Allen & Santillan (1991) and with a model including
a bar. The models and integration algorithm are described
by L. Jilkova et al. (2011, in preparation). Similar models
were used in Magrini et al. (2010). Compared to these earlier
versions, the axisymmetric model was rescaled to match the
more recent values of rotation velocity, solar Galactocentric
distance, and solar velocity relative to the LSR. Reid et al.
(2009) estimated a rotation velocity of 254 ± 16 km s−1 and a
distance of 8.4 ± 0.6 kpc, using the solar motion relative to
the LSR determined by Dehnen & Binney (1998). However,
the analysis of Dehnen & Binney was recently reexamined
by Schönrich et al. (2010) who obtained slightly different
values—the component in the direction of solar Galactic rotation
was found to be 7 km s−1 higher. Taking this into account, we
rescaled the Allen & Santillan (1991) parameters to get values of
243 km s−1 at 8.4 kpc, which is also consistent with the results
of Reid & Brunthaler (2004), who obtained the solar rotation
velocity from the proper motion of Sgr A*.

The Galactic bar is modeled by a Ferrers potential of an
inhomogeneous triaxial ellipsoid (Pfenniger 1984). The model
parameters are adopted from Pichardo et al. (2004) with a
length of 3.14 kpc, an axis ratio of 10:3.75:2.56, a mass of
0.98 × 1010 M	, an angular velocity of 60.0 km s−1 kpc−1,
and an initial angle with respect to the direction toward the
Sun of 20◦ (in the direction of Galactic rotation). For the
axisymmetric background, we keep the potential described
above with decreased bulge mass near the mass of the bar.

The initial conditions for the orbit calculations are obtained
from the observational data characterizing the cluster: coordi-
nates, distance to the Sun, radial velocity, and proper motion. To
evaluate the impact of the measurement errors, we calculate a
set of 1000 orbits with initial conditions given by sampling the
distributions of observational inputs. We assume normal distri-
butions for the distance to the Sun, radial velocity, and proper
motion. The errors on radial velocity and proper motion com-
ponents are given above, while for the distance to the Sun we
assumed an error of 10%.

The transformation of the observational data to the Carte-
sian coordinate system centered on the Sun was carried out
with the Johnson & Soderblom (1987) algorithm. The velocity
vector with respect to the LSR is then obtained by correcting
for the solar motion with respect to the LSR from Schönrich
et al. (2010): (U,V,W )	 = (11.1, 12.24, 7.25) km s−1

(right-handed system, with U in the direction toward the
Galactic center and V in the Galactic rotation direction).
The final transformation to the Galactocentric coordinate
system was made by using a solar Galactocentric distance
of 8.4 kpc and a LSR rotation velocity of 243 km s−1

(see above). We obtain proper motions in equatorial co-
ordinates μRA × cos DEC = 0.76 ± 0.39 mas yr−1 and
μDEC = −1.28 ± 0.39 mas yr−1, and Cartesian coordi-
nates and velocities (x, y, z) = (1.59, 0.31, 0.25) kpc and
(vx, vy, vz) = (−57.47,−231.99,−34.26) km s−1. We adopted
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Figure 7. Galactic orbit of the cluster. Projections into the Galactic and meridional planes are plotted in the left and right panels, respectively. Orbit in the axisymmetric
model is plotted by the red line and the orbit in the model including a bar by the blue line. Initial conditions are given by mean observational input data; see the text
for a detailed description of integrations.

(A color version of this figure is available in the online journal.)
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Figure 8. Distributions of orbital parameters—apogalacticon Ra, vertical height of orbit |zmax|, and phase period T. Distributions given by the axisymmetric model
are plotted by the red line and in the model with a bar by the blue line (same as in Figure 7).

(A color version of this figure is available in the online journal.)

a right-handed, Galactocentric Cartesian system (x toward the
Sun direction, z toward the north Galactic pole).

We integrate the orbits with such initial conditions backward
for an interval of 3 Gyr using a Bulirsch–Stoer integrator with
adaptive time step (Press et al. 1992). An example of orbits
given by the average values of the observational data is given
in Figure 7. The presence of the bar disturbs the orbit of this
central globular cluster, causing deviations not found in the
axisymmetric model. This can be considered as an upper limit
for the excursions that the cluster can make inward and outward.
Even so, it is clear that the cluster is essentially confined within
the bulge.

Running simulations for a longer time is not very meaningful
because there is evidence that the bar structure is a transient
feature. For example, Minchev et al. (2010) suggest that the
current bar might have formed only 2 Gyr ago. It is impossible
to simulate the orbit along the entire life of the Milky Way, but
one can guess that older bars would have had a similar effect on
the orbit of HP 1. Note that we also included the spiral arms, but

they do not change the orbit significantly. They are very weak
and the orbit is too close to the Galactic center to be influenced
by any radial migration due to bar and spiral arm interaction.

We calculated orbital parameters as averaged values over
individual revolutions in the Galactic plane for each orbit.
Distributions for apogalacticon Ra, vertical height of orbit |zmax|,
and phase period T are shown in Figure 8. In general, the orbits
do not reach galactic distances larger than 5 kpc and the cluster
remains close to the Galactic plane (|zmax| < 0.3 kpc for the
axisymmetric model, |zmax| < 0.6 kpc for the model including
the bar).

For comparison purposes, we also computed the HP 1
orbit using the code developed by Mirabel et al. (2001) that
includes the Galactic spheroidal and the disk potentials. It
was recently applied to ω Centauri orbital simulations (Salerno
et al. 2009). By this method we essentially use the same initial
conditions (U◦, V◦,W◦) as in the method described above, and
the simulation results agreed well with the previous method for
the barless model.
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6. CONCLUSIONS

The clear definition of an extended BHB morphology ob-
tained from these high spatial resolution data, as provided using
the proper motion cleaning method, indicates a very old age for
HP 1 of ∼1 Gyr older than the halo average.

The proper motions and orbits derived indicate that HP 1
does not wade into the halo and is confined within the Galactic
bulge. As a result, HP 1 can be identified as a representative
relic of an early generation of star clusters formed in the proto-
Galaxy. The very old globular cluster NGC 6522, also having
moderate metallicity and a BHB, is also confined within the
bulge (Terndrup et al. 1998). Compared with the template metal-
rich bulge globular cluster NGC 6553 (Zoccali et al. 2001;
Ortolani et al. 1995), HP 1 appears to have a more eccentric
orbit, and it is much closer to the Galactic center.

Extensive tests of orbits within potential wells that include
massive bars show that the confinement of HP 1 within the bulge
is maintained even in the case of random orbits generated by the
presence of the bar.

The case of HP 1, revealed using wide-field multi-conjugate
adaptive optics, shows that such ground-based facilities can be
used for high spatial resolution studies of crowded inner bulge
clusters. Such data can provide a much better understanding
of globular cluster subsystems, their connection with stellar
populations in the Galaxy, and the sequence of processes
involved in the formation of the Galaxy itself.
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suggestions on the proper motion analysis. We thank the ESO
Adaptive Optics group, in particular, Enrico Marchetti and
Paola Amico. B.B. and E.B. acknowledge grants from the
Brazilian agencies CNPq and FAPESP. S.O. acknowledges the
Italian Ministero de l’Università e della Ricerca Scientifica e
Tecnologica.
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