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ABSTRACT

The (U, V, W)-velocity vectors for 221 well-observed dwarf stars have been used to compute the
eccentricities and angular momenta of the galactic orbits in a model galaxy. It is shown that the ec-
centricity and the observed ultraviolet excess are strongly correlated. The stars with the largest excess
(ie., lowest metal abundance) are invariably moving in highly elliptical orbits, whereas stars with little
OT NO €XCess move in nearly circular orbits. Correlations also exist between the ultraviolet excess and the
W-velocity. Finally, the excess and the angular momentum are correlated; stars with large ultraviolet
excesses have small angular momenta.

These correlations are discussed in terms of the dynamics of a collapsing galaxy. The data require that
the oldest stars were formed out of gas falling toward the galactic center in the radial direction and col-
lapsing from the halo onto the lane The collapse was very rapid and only a few times 108 years were re-
quired for the gas to attain mrcular orbits in equilibrium (1 €., gravitational attraction balanced by
centrifugal acceleration). The scale of the collapse is tentatively estimated to be at least 10 in the rad1a1
direction and 25 in the Z-direction. The initial contraction must have begun near the time of formation of
the first stars, some 100 years ago.

I. INTRODUCTION
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Chapter 1
Near Field Cosmology: The Origin
of the Galaxy and the Local Group

Joss Bland-Hawthorn and Kenneth Freeman

The Galaxy has built up through a process of accretion and merging over billions
of years which continues to this day. Astronomers are now embarking on a new
era of massive stellar surveys over the coming decade. These campaigns will derive
three-dimensional space motions and heavy element abundances for millions of stars
throughout the Galaxy and its neighbours. The new observations will reveal signa-
tures of the formation and early evolution of the Local Group; this is what we mean
by ‘near field cosmology.” We set this new course of study within the context of fossil
signatures from galaxy surveys and the high redshift universe. We discuss the com-
plex relationship between baryons and dark matter over cosmic time, and introduce
a synthetic framework that will allow both numerical simulations and the impending
data deluge to be compared. We also include relevant source materials for the young
near-field cosmologist and some historical perspectives.
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Fig. 1.15 A sequence of images depicting the major stages in the evolution of the Galaxy from
the initial fluctuation spectrum—see text. This was preceded by inflation when the Universe went
from sub-atomic scales to the size of a grapefruit in less than a picosecond
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Fig. 1.14 Look-back time as a function of redshift and the size of the Universe for five different
world models. The approximate ages of the Galactic halo and disk are indicated by hatched regions
(we thank C. Lineweaver for modifying an earlier version of this figure for us)






1 Near Field Cosmology

Fig. 1.19 a Sketch of Milky
Way showing the stellar disk
(light blue), thick disk (dark
blue), stellar bulge (vellow),
stellar halo (mustard yellow),
dark halo (black) and glob-
ular cluster system (filled
circles). The radius of the
stellar disk 1s roughly 15kpc.
The baryon and dark halos
extend to a radius of at least
100 kpc. b Infrared image
of the Milky Way taken by
the DIRBE instrument on
board the Cosmic Background
Explorer (COBE) Satellite
(we acknowledge the NASA
Goddard Space Flight Center
and the COBE Science Work-
ing Group for this image).

¢ M104, a normal disk galaxy
with a large stellar bulge (from
AAOQ). d Hubble Heritage
image of the compact group
Hickson 87; one galaxy has
a peanut-shaped stellar bulge
due to dynamical interaction
with other group members.

e Image of the SO galaxy
NGC 4762 (Digital Sky Sur-
vey) shows its thin disk and
stellar bulge. f A deeper image
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NGC 39583 NGC 3124 NGC 2835 NGC 2336

Fig. 1.18 A selection of galaxies that bear resemblance to the Milky Way (Efremov 2011); NGC
3992 is arguably the closest match to the Galaxy
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Fig. 1.20 Upper Examples of normal spirals with faint stellar streamers in the outer halo taken
from a recent survey by Martinez-Delgado et al. 2010. Lower M31 and M33 system (PANDAs
survey; Richardson et al. 2011); many associated dwarfs are also shown
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& -417.9 Km/s

Fig. 1.9 An SDSS image of the best analogue of the Local Group to emerge from the GAMA
galaxy survey (Robotham et al. 2012). The group marked MMA 1is remarkably similar to the Milky
Way—Magellanic System where the three main galaxies are all forming stars at the present time
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The two 2MASS Cassegrain-focus equatorial-mount reflector telescopes are
identical in construction, and each has a primary mirror diameter of 1.3
meters. One telescope is located on Mt. Hopkins in Arizona (/eft), and the
other on Cerro Tololo, along the Andes mountains in Chile (facility seen at
right). Each telescope was equipped with a three-channel camera, each
channel consisting of a 256-pixel x 256-pixel detector array, capable of
observing the sky simultaneously at wavelength bands centered at
wavelengths 1.25 micrometers, 1.65 micrometers, and 2.17 micrometers. (1
micrometer, abbreviated 1 um, is one-millionth of a meter in length.) These
/ !| bands are colloquially known by astronomers as "J", "H", and "K-short" (or
"K"). The refrigerated dewar containing the camera is the brass canister

“" hanging below the telescope. Computers operated each telescope's motion
with respect to the sky; the motion of the much-smaller secondary mirror
(seen near the top of the telescope); and the dark shutters of the three channels
and digital "readout" of the three detector arrays.

Transfer of Data from UMass to IPAC An observing "schedule file" was sent down from UMass to the telescope operator at each
of the two facilities for each night. Computers used these files to automatically control the
telescopes throughout the night. The operator at each facility monitored the telescope

om—— operations and the acquiring of data. Each morning the digital data were written to

. & g’, E.-- magnetic tape storage, and the tapes were sent to IPAC. Each night's data were put through
o & an automated "pipeline" of computer programs, which convert the raw images made by the
telescopes into final processed images and catalogs containing star and galaxy brightnesses
and positions. These data were assessed for quality, through some human intervention. If these data passed muster, they were
included as part of the enormous 2MASS database, from which a digital image atlas of the sky and catalogs of point sources and
extended sources, freely available to astronomers and the public at large, were assembled and distributed.
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The Infrared Milky Way This map of the

infrared sky includes the light of a half billion stars

Two Micron All Sky Survey Image Mosaic: Infrared Processing and Analysis Center/Caltech & University of Massachusetts
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Q Sloan Digital Sky Survey

Home

SDSS-lil Images of the SDSS
SDSS Data (click for more information)
DR10 .

SDSS Data DR9 The Sloan Digital SKy Survey

SDSS Data DRS8 o . N | |
SDSS Data DR7 The Sloan Digital Sky Survey (SDSS) is one of the most ambitious and influential surveys

in the history of astronomy. Over eight years of operations (SDSS-I, 2000-2005; SDSS-II,
2005-2008), it obtained deep, multi-color images covering more than a quarter of the sky
Press Releases 4 created 3-dimensional maps containing more than 930,000 galaxies and more than
Education 120,000 quasars.

Science

Image Gallery

Legacy Survey SDSS data have been released to the scientific community and the general public in

SEGUE annual increments, with the final public data release from SDSS-II occurring in October T
2008. That release, Data Release 7, is available through this website. y

Supernova

Survey Meanwhile, SDSS is continuing with the Third Sloan Digital Sky Survey (SDSS-III), a

Collaboration program of four new surveys using SDSS facilities. SDSS-III began observations in July
Publications 2008 and released Data Release 8 in January 2011, Data Release 9 in August 2012, and
Data Release 10 in July 2013. SDSS-III will continue operating and releasing data through
2014.

Contact Us
Search

Data Release 10 contains the first release of APOGEE infrared Galactic spectroscopy as
well as cumulative updates to the BOSS optical extragalactic spectroscopy archive.

Data Release 9 contains the first release of BOSS spectroscopy to the public as well as The Whirloool Galaxy (M51)
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Fig. 1.21 Upper Hertzsprung-Russell diagram for stellar clusters over a wide range in age. Lower
CFHT imaging of two open clusters M35 (NE) and NGC 2158 (SW) in Gemini. The young cluster
M35 (NGC 2168) has a mass of roughly 2500 M, and is 850 pc from the Sun. The massive cluster
NGC 2158 is four times further away and about 1 Gyr old



LeoV  Leoll Co

s
rd

1 P ‘Leo IV

Segue 1/ 7 Leo |
,f ; / Sextans

Boo |l Willman 1

:‘

i
\ \
3"

N X /7 /. |Segue 3

L
| | \Draco

\ \\
Car
N Pisces Il ~ Segue 2

Fig. 1.22 Upper Aitoff projection of a satellite in orbit about the Milky Way as it would appear
after 8 Gyr. While stars from the disrupted satellite appear to be dispersed over a very wide region
of sky, it will be possible to deduce the parameters of the original event using special techniques
(see text) (we acknowledge A. Helmi and S. White for this image). Lower Aitoff projection of most
of the known dwarfs in orbit about the Galaxy. For decades, astronomers have argued that these
are broadly confined to a plane rather than spherically distributed, an effect that is also seen 1n the
PANDAS survey for the dwarfs in M31 (we acknowledge A. Frebel for this image)
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5 10
Age (Ga)

Fig. 1.16 The age-metallicity relation of the Galaxy for the different components (see text): 7DS
thin disk stars; DO thin disk open clusters; ThDS thick disk stars; ThDG thick disk globulars;
B bulge; YHG young halo globulars; OHG old halo globulars
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Fig. 1.17 Gyro ages versus chromospheric ages for a sample of well-studied stars (Barnes 2007).
The blue crosses are for stars bluer than B — V = 0.6 and should be disregarded
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Fig. 1.32 Distribution of metallicity in the Galaxy from SDSS photometry (from Ivezic et al. 2008)
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Fig. 1.39 Isochrones from
Bertelli et al. (1994) for stars
of near-solar abundance and
a range of ages from 1.6 to
16 Gyr. The isochrones can
overlap near the turnoft are
well separated 1n the subgiant
region
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Table 1 Known Distant Galactic Streams

Designation Progenitor Selected References
Sagittarius Sagittarius Dwarf Galaxy  Ibata et al. 1994, Mateo et al. 1996, Alard 1996,
Toten & Irwin, 1998, Ibata et al. 2001,
Martinez-Delgado et al. 2004, Majewski et al. 2004,
Vivas et al. 2005, Belokurov et al. 2006b,
Fellhauer et al. 2006, Bellazzini et al. 2006,
Chou, M-Y et al. 2007, Law et al. 2009
Virgo Stellar Stream NGC 24197 Vivas et al. 2001, Duffau et al, 2006,
Newberg et al. 2007
Palomar 5 Palomar 5 Odenkirchen et al. 2001, 2003, 2009,
Rockosi et al. 2002, Grillmair & Dionatos 2006b
Monoceros Ring ~ Unknown (dwarf galaxy?) Newberg et al. 2002, Yanny et al. 2003,
Ibata et al. 2003, Rocha-Pinto et al. 2003,
Penarrubia et al. 2005
NGC 5466 NGC 5466 Belokurov et al. 2006a, Grillmair & Johnson 2006,
Fellhauer 2007
Orphan Stream Unknown (dwarf galaxy?) Grillmair 2006a, Belokurov 2007
Fellhauer et al. 2007, Sales et al. 2008,
Newberg et al. 2010
GD-1 Unknown (globular cluster?) Grillmair & Dionatos 2006b, Willet et al. 2009,
Koposov, Rix, & Hogg 2009
AntiCenter Stream Unknown (dwarf galaxy?)  Grillmair 2006b, Grillmair, Carlin, & Majewski 2008
EBS Unknown (dwarf galaxy?)  Grillmair 2006, Grillmair, Carlin, & Majewski 2008
Acheron Unknown (globular cluster?) Grillmair 2009
Cocytos Unknown (globular cluster?) Grillmair 2009
Lethe Unknown (globular cluster?) Grillmair 2009
Styx Bootes III dwarf? Grillmair 2009
Cetus Polar Stream NGC 58247 Newberg, Yanny, & Willett 2009
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PROJECTS

Scientific Goals

Changes with Time
Accretion History
Dynamics

Nucleosynthetic Processes

Pilot Studies

Collaborative Work

APOGEE
CoRoT
Gaia
Gaia-ESO
Kepler

RAVE

SkyMapper

With GALAH, we will chemically tag stars into coeval groups, identifying individual members of star clusters which
have long since dispersed. Using the stellar relics of ancient star formation and accretion events, we can reconstruct
the Galactic accretion history, and dynamical and chemical evolution.

The GALAH data sets will yield a comprehensive view of the formation and evolution of the Milky Way disk and address
the following basic questions:

What were the conditions of star formation during early stages of Galaxy assembly?

When and where were the major episodes of star formation in the disk and what drove them?
To what extent is the Galactic disk composed of stars from merger events?

Under what conditions and in what types of systems did accreted stars form?

How have the stars that formed in situ in the disk evolved dynamically since their birth?
Where are the solar siblings that formed together with our Sun?

Our current priority is small scale projects that will allow us to test the HERMES instrument.

Scientific Goals

After their birth-clusters or birth-galaxies disperse, stars may change their dynamical behavior thanks to mechanisms
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ABSTRACT

The globular cluster 47 Tucanae (47 Tuc) 1s well studied but it has many characteristics that are unexplained,
including a significant rise in the velocity dispersion profile at large radii, indicating the exciting possibility of two
distinct kinematic populations. In this Letter, we employ a Bayesian approach to the analysis of the largest available
spectral data set of 47 Tuc to determine whether this apparently two-component population is real. Assuming the two
models were equally likely before taking the data into account, we find that the evidence favors the two-component
population model by a factor of ~3 x 10’. Several possible explanations for this result are explored, namely, the
evaporation of low-mass stars, a hierarchical merger, extant remnants of two initially segregated populations, and
multiple star formation epochs. We find the most compelling explanation for the two-component velocity distribution
is that 47 Tuc formed as two separate populations arising from the same proto-cluster cloud which merged < 7.3 +

1.5 Gyr ago. This may also explain the extreme rotation, low mass-to-light ratio, and mixed stellar populations of
this cluster.

Key words: globular clusters: individual (47 Tucanae)

Online-only material: color figure

1. INTRODUCTION estimates, the membership selection process, and statistical
' analvsis of cluster membership for all data presented in this
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Figure 1. Radial velocities of stars in 47 Tuc together with the best-fit double Plummer model for the velocity distribution as a function of radius. The inner part of
the cluster is well modeled by the dominant Plummer profile, while at larger radii, the second plummer profile dominates. The radius at which the two profiles have
equal weight is 55 pc.

Table 1 i ' -

14
Inferred Parameter Values for the Single Plummer and the Double Plummer @
Fits to the 47 Tuc Data E e I
c 10 _
Parameter Value 8 8
e ]
Single Plummer Profile g' 6 % |
T ~16.87 £0.17 km s~! g 4 |
o0 9.37 +0.32km s~! S Ll -
ro 9.27 +£0.98 PC 0 ' . | . | . | '
log(evidence) —7759.5 0 10 20 30 40 50 60 70 80
. Distance from Cluster Center (pc)
Double Plummer Profile
- Figure 2. Binned velocity dispersion as a function of radius (from Lane et al.
M —16.94 £0.12 km Sl 2010a), with the radial velocity profiles of the two stellar populations from the
00 9.93 £ 0.43 km s~ best-fit double Plummer model. The Plummer profile that dominates at small
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A new wide-field multi-object spectrograph
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Gaila: asztrometrial urobszervatorium

 kizarolag ESA-misszio

* inditas: 2013. december 20.

* 5 év mukodeés (esetleg 1 év hosszabbitas)
* hordozoraketa: Szojuz-Fregat

* palya: Lissajous-palya az L2 pont korul

* adattovabbitas: 4-8 Mbps

* tomeg: 220 kg (hasznos 743 kg)
* teljesitmeény: 1631 W
(hasznos 815 W)

EADS-Astrium alapjan
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Gaia: teljes, pontos, mély

Hipparcos Gaia
Magnitudohatar 12 20 magnitudé
Teljesséq 7,3-9,0 20 magnitudé
Fényes hatar 0 6 magnitudo
0b jektumok szama 120 000 26 millié vV = 15 m-ig,
250 millié V = 18 m-ig
1000 millid V = 20 m-ig
Effektiv tavolsaghatar 1 kpc 50 kpc
Kvazarok 1 (3C 273) 500000
Galaxisok nincs 1000000
Pontossagq 0,001 ivmasodperc 7 mikroivmasodperc V=10 m
10-25 mikroivmasodperc V = 15 m
300 mikroivmasodperc V = 20 m
Fotometria 2-szinfotometria alacsony diszp. spektrum V = 20 m-ig
(B és V)
Radialis sebesséqg nincs 15 km/s V=16-17 m-ig

Megfigyelési program eldre kivalasztva teljes es torzitatlan

A pontossag 2 nagysagrendet javul, az érzékenység 4 nagysagrenddel jobb, a vizsgalt
csillagok szama 4 nagysagrenddel tobb.

Az egbolt szkennelése 5 éven at = parallaxisok és sajatmozgasok.



Gaia az asztrofizika szamara

* Aluminozitas atfogo kalibralasa, egyebek kozott:
— 1% pontos tavolsagok ~10 milli¢ csillagra 2,5 kpc-en beldl
— 10% pontos tavolsagok ~100 milli¢ csillagra 25 kpc-en belul
— Szamos ritka tipusu, ill. gyors fejlédési fazisban levo csillag

— Minden tavolsagindikator parallaxisanak kalibralasa: pl. cefeidak, RR Lyrae
tipusu csillagok a Magellan-felh6kben is

» Csillagok fizikai jellemzdi, egyebek kozott:

— pontos Hertzsprung—Russell-diagram az egész Tejutrendszerre
— a Naphoz kozeli csillagok tomegfuggvenye és luminozitasi figgvénye, pl.
fehér torpek (~200000), barna torpek (~50000)

— csillagkeletkezeési régiok tomeg- és luminozitasi fuggvénye
— fOsorozat el6tti csillagok luminozitasi fuggvenye

— minden szinkeptipus és csillagpopulacio detektalasa és koranak
meghatarozasa

— minden szinkeptipusu csillag valtozasanak detektalasa es jellemzese



1 milliard csillag 3 dimenzios vizsgalata

* a lejutrendszerre vonatkozoan...
— minden csillagpopulacio tavolsaga és sebességeloszlasa
— a korong és a halo téerbeli és dinamikai szerkezete
— keletkezésének torténete
— a galaktikus sotét anyag eloszlasanak részletes feltérképezése

— a csillagszerkezetre és -fejlodésre vonatkozo elméletek szelektalasa
megfigyelési alapokon
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