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Island Universes

• René Descartes, 1636

• Emmanuel Kant, 1755

• Flatness is because they rotate

• Johann Lambert, 1761

• These were purely theoretical cosmologies 
that lacked observational confirmation
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Observational progress
Early 1900’s

• The universe grows – not only the Milky 
Way

• Harlow Shapley moves the Sun to the 
outskirts of the Milky Way

• Henrietta Lewitt finds the cepheid P-L 
relation

• Edwin Hubble finds that the universe 
expands

måndag den 8 november 2010



Galaxy formation
• Galaxy formation is believed to be initiated by 

cold dark matter (CDM)

• Simulations suggest that galaxies grow through a 
sequence of infall events

• Most accreted objects are so small nothing 
happens

• Others create mild perturbations

• A handful of events involve an object that causes a 
major convulsion
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Credit: Marta Volonteri, Milky Way sized galaxy

Final galaxy/halo

Time Merger tree
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Martinez-Delgado et al AJ (2010) 140  962

Optical image superimposed

Ultra deep, wide field imaging of eight isolated spirals in the Local Volume.  Small robotic telescopes (D = 
0.1-0.5 m). Surface brightness sensitivity (μlim(V) ~ 28.5 mag arcsec–2). FoVs  ~10-30 x ~10-30 arcmin.
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• Observations of high-redshift objects allows us 
to see galaxies forming. There are two limitations
(i) the observed objects are faint and subtend 

small angles on the sky, hard to get detailed 
information

(ii)hard to relate a given object at high redshift to 
the objects we study nearby

• The aim of near-field cosmology is to answer 
some of these questions by studying nearby 
galaxies, especially our own, for archaeological 
evidence of their history
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Stars record the past in two ways

• in their ages and elemental abundances

• in their orbits

Stars tell us about the past

• Provide observational constraints that any 
model of galaxy formation must fulfill

• We work with the Milky Way as this is the 
galaxy that can be studied in most detail
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Field of streams

This SDSS map shows the richness of 
structure present in the Milky Way halo

Vasily Belokurov
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How stars move in the Milky Way

12 2 – Selecting the stellar samples

GC

V

U
W

NGP

FIGURE 6: Illustration of the , , and velocity components. The Galactic Center
(GC) and the North Galactic Pole (NGP) have been marked.

Before describing the kinematical selection criteria some kinematical terms and typical
data for the different stellar populations will be summarized.

2.1 Some kinematical terms

Galactic space velocities

When describing kinematical properties of stellar populations in the Galaxy it is convenient
to use velocities that have the Galaxy itself as the reference. Such a system can be obtained by
decomposing the velocity of a star into the following three velocity components (see Fig. 6):

: Velocity component in the direction of the Galactic center. The definition
used here is that positive velocities are directed towards the Galactic center. The
opposite definition can also be found in the literature.

: Velocity component in the direction of the Galactic rotation.

: Velocity component perpendicular to the Galactic plane. Positive towards the
North Galactic Pole.

The sub-script “LSR” indicates that the velocities are given relative to the local standard
of rest (LSR) which is the current velocity of a fictional particle in the Galactic plane that
moves around the Galactic center on a perfect circular orbit that passes through the present
location of the Sun (see, e.g., Binney & Merrifield 1998). The total space velocity relative
to the LSR, or the peculiar velocity, is given by:

(1)

The , , and velocities can be determined if the positions on the sky (RA
and DEC), the distances (or parallaxes), the proper motions ( and ), and the radial
velocities ( ) of the stars are known (see Eqs. (A.1) – (A.4) in Paper I). The Sun is assumed

Galactic centre

The sun

Stellar disk(s) – circular 
motion mainly in a plane

Halo stars move
on eccentric orbits
– fluffy spheroid

Galactic bulge –
compact spheroid

Dark matter halo
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We can measure the thick disk and halo locally as the 
stars move past the sun
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Select stars Observe at the 
telescope

Measure line-strengths 
and turn into elemental 

abundances

Results

Abundances
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Bensby et al. 2010, in prep.
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Solar

[Fe/H]=log(NFe/NH)star – log(NFe/NH)sun

So
la

r

Age D < 50 pc
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[Fe/H]=log(NFe/NH)star – log(NFe/NH)sun

Age D < 50 pc

Kinematically cold

Kinematically hot
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Thick disk scenarios

• Monolithic collapse

• “Puff up”

• Accretion and disruption of satellites

• Disk heating by a minor merger 

• Radial migration via resonant scattering 

• In-situ	
 formation	
 during/after a gas-rich merger

• Gas-rich, turbulent, clumpy disk formation at high z
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Dwarfs vs Giants

• Classical chemical analyses may be affected 
by systematic errors that would cause 
observed abundance differences between 
dwarfs and giants. For some elements, 
however, the abundance difference could be 
real.

Pace et al. 2010
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Locally we see tight trends, whilst as a function of 
distance we do not know what is going on, especially 

in the old stellar populatons 

÷
However, we can not efficiently select dwarf stars 

from other stars 
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Gaia
• Gaia will be the first survey that will provide 

6D phase space (r, v) information together  
with photometry for very large, magnitude-
limited samples of stars (in total a billion 
objects)
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Gaia
• Gaia will be the first survey that will provide 

6D phase space (r, v) information together  
with photometry for very large, magnitude-
limited samples of stars (in total a billion 
objects)

A few examples of its impact on near-field cosmology, 
however, Gaia will have profound impact also in fields 
such as 
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Gaia
• Gaia will be the first survey that will provide 

6D phase space (r, v) information together  
with photometry for very large, magnitude-
limited samples of stars (in total a billion 
objects)

A few examples of its impact on near-field cosmology, 
however, Gaia will have profound impact also in fields 
such as 

stellar astrophysics, exoplanets (~104), solar system, 
general relativity  
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• Distances + magnitudes and colours + kinematics 
★ spatially and kinematically resolved distributions

(luminosity, ages, metallicity) 
★ history of star formation 
★ chemical enrichment history

• Number density and kinematics of tracer stars 
★ mapping the galactic potential (non-axisymmetric)
★ distribution of (dark) matter 
★ disk dynamics (bar, spirals)

• Phase space (or E, Lz) structures in halo 
★ history of galactic mergers

LL, Gaia for all 2008
måndag den 8 november 2010



• Distances + magnitudes and colours + kinematics 
★ spatially and kinematically resolved distributions

(luminosity, ages, metallicity) 
★ history of star formation 
★ chemical enrichment history

• Number density and kinematics of tracer stars 
★ mapping the galactic potential (non-axisymmetric)
★ distribution of (dark) matter 
★ disk dynamics (bar, spirals)

• Phase space (or E, Lz) structures in halo 
★ history of galactic mergers

LL, Gaia for all 2008
måndag den 8 november 2010



• Distances + magnitudes and colours + kinematics 
★ spatially and kinematically resolved distributions

(luminosity, ages, metallicity) 
★ history of star formation 
★ chemical enrichment history

• Number density and kinematics of tracer stars 
★ mapping the galactic potential (non-axisymmetric)
★ distribution of (dark) matter 
★ disk dynamics (bar, spirals)

• Phase space (or E, Lz) structures in halo 
★ history of galactic mergers

LL, Gaia for all 2008
måndag den 8 november 2010
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12. PRELIMINARIES

Figure 12.1: Diagram of the regions where the velocity distributions are analysed superimposed to a
sketch of the MW disc.

φ0b = 20◦ − φ (12.2)

More important, the results must be compared to the observed velocity distributions which
at this moment is available with enough accuracy only for the solar neighbourhood (Figure
6.1 of Part III). An additional limitation appears in this comparison due to the uncertainty
in the velocity of the Sun with respect to the LSR. Although the commonly used values for
(U⊙ , V⊙ , W⊙) are around (10, 5, 7) km s−1 (Dehnen & Binney 1998), several new studies suggest
that these values should be modified to (11, 12, 7) km s−1 (Binney et al. 2010, Schoenrich et al.
2009). In Figure 6.1 the heliocentric velocities are presented, that is not corrected for the solar
motion. The simulations show peculiar velocities and a certain value for the solar motion should
be assumed in order to compare exact positions in the U–V plane. The indetermination in the
solar motion and specially in the V⊙ component, means a limitation for the comparison.

The denoising method WD described in Part II as been applied to the results of the simu-
lations as with observations in Part III. This helps us to treat the Poisson noise of the results.
Also contour lines have been added in some cases to highlight the structures. The simulations
have been run mainly at KanBalam (HP CP 4000 cluster with distributed memory and 1368
processors with AMD Opteron 2.6 GHz core) at the DGSCA/UNAM and at Sol (CATON cluster
with 72 cpus Intel Xeon 2,73Ghz core) at the DAM/UB.

150

16.1 How do they act together?

Figure 16.2: Kinematic effects of the bar and the spiral arms on an intermediate disc. U–V

velocity distributions after WD at R = 8.5 kpc and at different azimuths φ for the simulations with the
spiral-bar PM04–MW potential model (bar and spiral arms) and IC2.

229

Antoja thesis

Disk dynamics

Bar and spiral arms 
included in the model
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Figure 1:

Merger debris
in the halo

Galactic mergers

Helmi et al. 1999 Nature 402 53

Hipparcos
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Galactic mergers

Nissen & Schuster (2010) A&A 511 L10
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… but some things will 
still need an E-ELT

• Turn-off stars in the Bulge are inherently faint 
with V around 18-19 

• For so faint stars we can not obtain spectra 
of sufficient S/N and R to do a detailed 
abundance analysis

måndag den 8 november 2010



Hence the bulge is 
studied with giants

Ryde et al. 2010 A&A 509 20
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Potential problems

• Certain abundance signatures are erased

• We are uncertain about the stellar 
evolutionary paths at the very highest 
metallicities (these are likely to be present in 
the Bulge)
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Micro lensing events helps 
us to study the Bulge

• Micro-lensing events give unique opportunities to 
obtain spectra of these stars

• OGLE & MOA

• We have 22 events resulting in high-res, high S/N 
data (Bensby et al 2010, and 2011 in prep.)

While we wait for the E-ELT
we have to be smart
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OGLE-2008-BLG-209
Turn-off star
as bright as 
red giant
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Bulge with dwarfs

Bensby et al. 2010 in prep.
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