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Introduction
The outer region of the Milky Way, beyond the disk systems,
has long been thought of as a single entity, comprising old stars
and globular clusters that represent the earliest populations of
objects to have formed in our Galaxy. Previous studies of the
halo have been limited by the small numbers of stars that could
be ly identified as L and also by the lack of
avallable spectroscopy from which radial velocities and
of ic p (such as p

surface gravity, and metalllmty) could be obtained. Based on
medium-resolution spectroscopy for 20,366 stars within a local
volume of the Galaxy surr ing the Sun ( d with the
Sloan Digital Sky Survey; SDSS), we show here that the halo is
clearly le into two broadly overlapping structural
components (Carollo D. et al., 2007). These are: (1) the inner
halo, which is dominated by stars on highly eccentric orbits and
exhibits a peak metallicity [Fe/H] = —1.6, as well as a flattened
density distribution with a zero or small net prograde rotation,
and (2) the outer halo, which includes stars that have a wide
range of orbital eccentricity (including many on low-eccentricity
orbits), exhibits a peak metal [Fe/H] = —=2.2,and a
spherical density dlstrlhutlon W|th a highly statlstlcally
significant net Comparison with a much
smaller in-situ sample of distant blue horizontal-branch stars
(also selected from SDSS), and located between 5 and 100 kpc
from the Galactic centre, provides clear supporting evidence for
a change in the metallicity distribution of halo stars with
dlstance. These results confirm expectations, based on the

ical galaxy di that much of the outer
halo of our Galaxy is likely l:o have been accreted from smaller
sub-systems, perhaps similar to recently discovered low-
luminosity dwarf spheroidal galaxies.
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1.0 Calibration Stars in SDSS-I DR-5

Our sample consists of about 25,000 stars selected as calibration objects
(used for providing checks on the spectrophotometric flux and telluric
calibration) from SDSS-I DR-5. These stars are primarily F- (and early G-
type) turnoff stars in the thick disk and halo populations of the Galaxy. Their
color-based selection ensures that an adequate number (several thousand) of
very low-metallicity ([Fe/H] < -2.0) stars exist. Accurate estimates of radial
velocity, metallicity, temperature, surface gravity, and distance are obtained
for all of these stars by application of the (still evolving) SDSS/SEGUE
Spectroscopic Parameter Pipeline (SSPP)

1.1 Selection Criteria for the Kinematic Analysis

In order to obtain the best available estimates of the kinematics and orbital
parameters of the stars in our sample as a function of [Fe/H] we have
considered only stars satisfying the following cuts:

« Selection of the stars with temperature range 5000 K < Teff < 6800 K,
over which the SSPP is expected to provide the highest accuracy in both the
atmospheric parameters and chemical composition > 19,687 stars

« Local sample: selection of stars with presents distances d < 4 kpc from
the Sun and 7 < R < 10 kpc (where R is the Galactocentric distance of a star
projected onto the Galactic plane). In this way we restrict the kinematical and
orbital analysis to a local volume, and we limit the increase in errors in the
derived transverse velocity.

After these cuts are applied, we are left with a sample of ~ 11,458 stars,
all of which have available estimates of proper motions based on the
recalibrated USNO-B2 catalog. This sample is thus some 10 times that of
the formerly largest sample of non-kinematically selected thick disk and halo
stars discussed in the literature (Chiba & Beers 2000 sample).

5.0 Distribution of [Fe/H] for various cuts in V velocity
Left end column: full data set. Note that
miwmave mf the upper three panel are dominated by

2.0 Distribution of the full sample of 20,366
unique SDSS stars in the Z-R plane
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The dashed blue line represents the Galactic
plane, while the filled orange dot is the
position of the Sun, at Z = 0 kpc and R =
8.5 kpc. The “wedge shape” of the selection
area is the result of limits of the SDSS
footprint in Galactic latitude. The red points
indicate the 11,458 stars that satisfy our
criteria for a “local sample” of stars, having 7
kpc < R < 10 kpc, with distance estimates
from the Sun d < 4 kpc, and with viable
measurements of stellar parameters and
proper motions.
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3.0 Evaluation of Kinematic Parameters

Proper motions are obtained from the re-calibrated USNOB-2 catalog, typical accuracy of ~ 3-4

mas/yr (Munn et al. 2004). These are used in combination with the measured radial velocities

and estimated distances in order to obtain the full space motions (U,V,W) of the stars relative to

the Local Standard of Rest (LSR). We have obtained also the rotational velocity component of

the star motion around the Galactic center. The orbital parameters, such as, peri-galactic and

apo-galactic distances, eccentricity and Z x were derived adoy l:i_ngkan_ar||(aIyticdstackel»m:ue
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The U, V, and W components of the space
motions of stars in our sample as a function of
[Fe/H]. In all the three panels is clearly visible
the thick disk and metal-weak tick-disk
populations (~1.2 < [Fe/H] < —0.3), and
dispersion in velocities of around 40-50 km/s.
At metallicites below [Fe/H] ~ 1.2, the large
velocity dispersions (on the order of 100-150
km/s) observed in each component are
associated wlth the broadly overlapping inner-

in[Fe/H] Sy rorv 250 ks
becomes evident the transition
e mRaRa o o eaw it
populations. In the bottom panel the

in

becomes increasing
[Fe/H] distribution shift to include larger]

end column: same velocity cuts

s in the Zymax > 5 kpc.
[rore apparent. 1nboth midale and vight Saacalurmns of plots,
for V < -450 km/s.

ith [Fe/H] < -2is

between retrograde (RET) 3nd

lines indicate
e Galactic centre; between 100 km/s (inner-most) and 500 km/s

(owemeet YUpperion s s oy SN e 20 e s [ L rmsbome ey

eSS0 sl i far Ve ok metalllcltls, [Fem] < ~2.0, respectively. Inspection of e

with declining [Fe/H]. In of
ig panel

With a prograde rotation

explore to much
uniformly dlstnlﬂned in energy U B s e e nﬂ.hu

6.0 Distribution of [Fe/H] for various cuts on the
paramete (U2 + W2)1/1

TG L S ST S
clear peak in the upper panel around [Fe/H] ~ 0.
‘associated with the low-energy orbits for stars in the thicke
disk and metal-weak thick-disk populations. The

of this

forktermadtata[cits on 2 5 < 2y 2SO kp: St clens the contrt between high orbital enugm of

column i the

and outs of stars.

Tt

highly retrograde

in Vg and Zpmax ith Vg, < =100 km/s;

one progresses oo (2 kpc) to the mgn (Zypax > 5 kpc) sub-samples. Simultaneously, the

inner-halo stars, with a clear peak in the

the stars on

[Fe/H] ~ -1

Of Zjyx are contributed from both the Inner and ouher-halo populations. The the same

[Fe/H]to

t
cuts on metallicity but for stars reaching Zpax > 10
population. stars on

i now much more evenly distributed
velocities of the retrograde orbits

[Fe/H]. TheV
explore to much lower V than the prograde orbits explore to higher V.

8.0 [Fe/H] and orbital eccentricity
The Relationship between [Fe/H] and the orbital
acnenmutvfw the s-mpl= of 11,458 SDSS
in the
Bottom left of the panel: we can clearly dmngmsﬁ
the presence of moderate metallicity (-1.3 <
[Fe/H] < 0.3, with a mode [Fe/H] ~ -0.9), low-
eccentricity (0 to 0.4) stars of the thick-disk and
et el i poplatos. gt of e
nel: we can also discern the presence of low-
mmlllcltv (-2 n < [FeIH] < -1.0, Mﬂl ‘amode
(0.

02 04 05

Onitl Eccentrity

nngefmmnnhln,mdudunmibdbvlmammlllcllvmls( ~1.5t0 - 35,w|ﬂ|lmod= [Fe/H] ~
~20);2s2 the

ntricity,
Vieite i thick ek ana MWD
icity increases,

decreases, and eventually, at high
eccentricity, one recovers a

i
the “canonical halo”; these stars
are dominated by the
contribution of the inner-halo

becomin In the right-
band cohunc,the s cats I soerg arsapslid: bt ol

in mh lo population, with [Fe/H] ~ —1.5, decreases in rel laﬁvesvengm,

Which correspond to cuts on Vg, < 150 km/s and ~200 ks, respectively. I the lower panls of the
[Fe/H] < -2. of

stars with disk-} Illmofblu, e e e
orbits, the tail with [Fe/H] < ~2.0 becom
stronger, until  Setmnes pes i ot anel.

i)
&8
i
JL

10.0 Nature of the orbits

Left column: pericentric distance vs [Fe/H]
and different cuts in V. The upper panel is
dominated by inner halo stars which

lecreases.
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first pan
o posses orbit that take them beyond ~ 15-
20 kpc. This trend becomes more evident at
higher retrograde orbits.

11.0 Equidensity contours

Reconstructed global density
distribution in the Z-R plane
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13.0 Net Rotatio
of the Outer-Hal

density distribution that
dominates for stars with

« Infall of a massive satellite Galaxy into a
hierarchical clustering. Such a massive satel
dark halo through dynamical friction, where it is finally disrupted by the tidal force of the dark
halo, and leaves an inner flattened halo with stars on highly eccentric orbits.

12.0 Further Confirmation of the existence of the Outer-
Halo: An in-situ sample of FHB stars from SDSS
Metallicity distribution function
(MDF) for different cuts in the
distance from the Galactic center.

Note:

« Bi-modal distribution (upper

panel) for stars within r < 10 kpc.
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14.0 Possible scenario for the formation of Inner-Halo and

Outer-Halo Populations

Inner-Halo:

« Energy dissipation of pre-Galactic gas via radiative cooling, resulting in a coherent contraction of
the system as a whole, e.g., the ELS model, but here applied exclusively to the inner-halo
component.

-existing massive dark halo d
would be able to reach the i

Outer-Halo:

« The outer halo exhibits a net retrograde rotation and different distribution of orbital properties.
This suggests that the formation of the outer halo is distinct from that of both the inner-halo and
disk components.

« The outer-halo component has been formed through dissipationless chaotic merging of smaller
sub-systems with a pre-existing dark halo.

+ These sub-systems have lower mass (and low metallicity) and are subject to tidal disruption in
the outer part of a dark halo.
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could be similar to the currently observed low
galaxies the Galaxy et al. 2006)
What next?

now target outer halo stars in order to elucidate their chemical histories

([alpha/Fe],[C/Fe]), and possibly their accretion histories.
now preferentially SELECT outer-halo stars based on proper motion cuts in the local
volume (SEGUE-II)

* We can take advantage of the lower [Fe/H], in general, of outer-halo stars to find the most

globular cluster system, Mon.
Not, 193, 29!
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metal-poor stars. Note that ALL the three stars with [Fe/H] < -4.5 have properties consistent with
outer-halo membership.
« Constrain models for formation/evolution of the Galaxy that take all of the chemical and

information into account (e.g. Tumlinson 2006).




