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Rotational velocity of nearby stars relative to the  sun vs [m/H]
(V = -232 km/s corresponds to zero angular momentum)
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The stellar halo is a minor component of the Milky Way.
Its mass is about 4.108 M and its stars are mostly metal poor,
with [Fe/H] between about -1.0 and -3 (some down to at least
-5).  It is interesting because its stars are probably all old.

The halo is spheroidal with axial ratio 0.5 to 0.  Its radial density
distribution follows  ρ(r) ~ r -2.5 to r -4.6  with a break in slope at
about 30 kpc (Deason et al 2011).  For larger r,  the distribution
appears to be dominated by substructure (Bell et al 2008).

The halo is supported mainly by its random motions. Did it form as
part of the formation of the Galaxy, or were its stars mostly
accreted from small galaxies which formed at very high z (recall
the movie) ?



• Widely believed now that the stellar halo ([Fe/H] < -1) comes mainly from
accreted debris of small satellites:  Searle & Zinn 1978.    Halo-building 
accretions are still happening now:  eg Sgr dwarf, NGC 5907

•  Is there a halo component that formed dissipationally early in the
Galactic formation process ?  eg Eggen, Lynden-Bell & Sandage 1962, 
Samland & Gerhard 2003

ELS 1986 

MDFs for dwarf spheroidal satellites are not
like the metallicity distribution in the halo
(Venn 08), but were maybe more similar long
ago when most of the halo was accreted.

Faintest satellites are more metal-poor and
consistent with the MW halo in their [alpha/Fe]
behaviour



NGC 5907: debris of a small accreted galaxy
Our Galaxy has a similar structure from the disrupting Sgr dwarf

This structure will gradually phase mix into the spheroidal halo but the
substructure will remain visible for Gyrs, because the orbital

timescales are ~ Gyr at these large radii

APOD



Carollo et al (2010 ) identified a two-component halo
plus thick disk in sample of 17,000 SDSS stars,

mostly with [Fe/H] < -0.5

<V> is the mean rotation, σ the velocity dispersion

                     <V>    σ    [Fe/H]
Thick disk   182     51    -0.7
Inner halo        7     95    -1.6
Outer halo    -80   180    -2.2  (retrograde)

Retrograde rotation of  metal-poor halo also seen for halo BHB stars by Deason et al
(2011). From comparison with simulations, Zolotov et al (2009) argue that the inner
halo has a partly dissipational origin while the outer halo is made up from debris of
faint metal-poor accreted satellites.

Hartwick (1987) : metal-poor RR Lyrae stars show a two-component  halo:
a flattened inner component and a spherical outer component.

•  Is there a halo component that formed dissipationally early in the 
    Galactic formation process ?
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Carollo et al 2013

Energy vs angular momentum
for a sample of stars with
[Fe/H] < -1.4

Stars in red have apogalactic
radii > 15 kpc and have
increasingly retrograde <Lz>
with increasing energy



Element abundance features of the Galactic Halo

•  halo stars are metal poor (< -1) and alpha-enhanced
•   MDF for halo stars within about 3 kpc of the sun drops rapidly
below [Fe/H] = -2.5.  If halo is built  up by accreted objects, then
contribution from very faint accreted objects is small.

(Hamburg ESO survey 2010)



How much of halo comes from accreted structures ?

Ibata et al (2009) : ACS study of halo of NGC 891 (nearby, like
MW) shows lumpy metallicity distribution, indicating that its
halo is made up largely of accreted structures which have not yet
mixed away.

(cf simulations of stellar halos by Bullock & Johnston 2005, Font
et al 2008, Gilbert et al 09, Cooper et al 2009)
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Bullock & Johnston 2005

Stellar halo built from
accreted satellites in CDM
simulation.

Good match to mean density
distribution of the halo.

The median time of accretion
of the satellites is 9 Gyr ago.
Stars probably formed in
these satellites much earlier
(recall movie)

Note the level of substructure
surviving - streamers,
caustics



Bullock & Johnston 2005

The V-r distribution of stars in
a stellar halo built from
accreted satellites.

The curves represent the
conserved integrals of the
motions of the stars. Some
satellites are now well mixed.
Others (in white) were
recently accreted and are not
mixed yet.



These satellites have their own history of star formation and
chemical evolution until they are accreted.

Satellites accreted early had a short chemical evolution and
their debris will be highly alpha-enhanced - consistent with the
alpha enhancement of the metal-poor halo stars.

Satellites which survive to the present have a varied chemical
evolution history, depending on their rate of star formation.
This is observed (e.g. Venn et al 2008).

The halo stars have a mean abundances ~ -1.5.
Satellites which were accreted into the halo more recently
(and had therefore undergone some chemical evolution
before accretion) must be quite faint - recall the mass-
metallicity relation.



The detailed chemical properties of surviving satellites (the dwarf
spheroidal galaxies) vary from satellite to satellite, and are
different from the overall properties of the disk stars.

LMC Pompeia, Hill et al. 2008
Sgr Sbordone et al. 2007
Fornax Letarte PhD  2007
Sculptor Hill et al. 2008

+ Geisler et al. 2005
Carina Koch et al. 2008 

+ Shetrone et al. 2003
Milky-Way Venn et al. 2004

SNII +SNIa

rise in s-process

Evolution of abundance
ratios reflects different
star formation histories

Venn (2008)



To build up the Galactic halo with [Fe/H] ~ -1.5, late-accreted
satellites that were already chemically evolved must have
M* < 3.106 M or MV fainter than -12



Summary for the Galactic stellar halo:

•  stellar halo is probably made up mainly of debris of small accreted
   galaxies,  although there may be an inner component which formed
   dissipatively

•  accurate ages for halo giants would help to interpret the observed
   structure. The mean age difference between a dissipative inner in-situ
   component and an accreted outer component may be only ~ a Gyr.

•  note the very rapid rise in metallicity with time in the Milky Way. The
   chemical evolution of the thick disk / thin disk was already near-solar
   more than 10 Gyr ago.



The age-metallicity relation for the Galaxy

The metallicity rises very
rapidly to near-solar values -
Eggen & Sandage (1969), on a
timescale of about a Gyr





Merging stimulates star formation and disrupts the galaxies. This is 
NGC 4038/ 9 - note the long tidal arms . The end product of the merger 
is often an elliptical galaxy.

Disk galaxies interact tidally
 and merge.







so if the galactic halo extends out beyond a radial of 60 kpc (true) and the orbit of
the LMC were circular,  then the LMC and SMC would sink into the Galaxy in a
time less than a Hubble time













Steps in accreting a small galaxy :

1) the small galaxy is drawn in to the larger one by dynamical
friction until

2) the mean density of the larger one within the orbit of the
small galaxy becomes similar to the mean density of the
small one, and then

3) the small galaxy is
      tidally disrupted

NGC 5907





Decay of
a prograde

satellite
orbit



The orbital energy of the satellite goes into thickening the disk

For all this to work, the satellite has to be dense enough to survive - if it
disrupts, then the dynamical friction and orbit decay stop



This is all very important for galaxy formation:  dynamical friction drives the
accretion of satellites which can be circularized and then tidally disrupted by
the tidal field of the parent galaxy.  Very dense satellites survive and end up in
the center of the parent.   A thin disk that is present at the time of accretion
can be puffed up: this could explain the thick disk, but there are many other
options.

For example, simulations by Abadi et al (2003) suggest that some of the
thin disk stars of spirals did not form in situ but was accreted from
satellites. The simulation includes gas, star formation, stars and DM.

60% of the thick disk comes from debris of accreted satellites. 90% of
thick disk stars older than 10 Gyr are satellite debris.

Most thin disk stars formed after most of the accretion was over, but 15%
come from tidal debris

Half the stars of the spheroid are satellite debris. The rest come from an
early major merger.



Abadi et al 2003

Cosmological
simulation of galaxy
formation by
hierarchical merging



Abadi et al 2003

Fraction of stars formed  in situ.  The oldest disk stars and about half of the
spheroid stars are debris of accreted satellites.




