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ABSTRACT

We present the kinematic results from our ARGOS spectrassypvey of the Galactic
bulge of the Milky Way. Our aim is to understand the formatdthe Galactic bulge. We ex-
amine the kinematics of about 17,400 stars in the bulgedadoatthin 3.5 kpc of the Galactic
centre, identified from the 28,000-star ARGOS survey. Wetaiatetermine if the formation
of the bulge has been internally driven from disk instaletitas suggested by its boxy shape,
or if mergers have played a significant role as expected #k&@DM simulations. From our
velocity measurements across latitudes —5°, —7.5 and —10 we find the bulge to be a
cylindrically rotating system that transitions smoothiyt mto the disk. Within the bulge, we
find a kinematically distinct metal-poor population ([F/K —1.0) that is not rotating cylin-
drically. The5% of our stars with [Fe/Hk —1.0 are a slowly rotating spheroidal population,
which we believe are stars of the metal-weak thick disk anal Which presently lie in the in-
ner Galaxy. The kinematics of the two bulge components tlesittentified in ARGOS paper
Il (mean [Fe/H]~ —0.25 and [Fe/Hk +0.15, respectively) demonstrate that they are likely
to share a common formation origin and are distinct from tleenmetal-poor populations of
the thick disk and halo which are co-located inside the hiiggedo not exclude an underlying
merger generated bulge component but our results favogebarmation from instabilities
in the early thin disk.

Key words: Milky Way Galaxy — Galaxies — Stellar Populations — Kinerogitind Dynamics
— Spectroscopy — Galactic Bulge.

1 INTRODUCTION (2006), and in numerical simulatioris (Athanassbula PO0R}s is

unlike the merger-generated ‘classical’ bulges which slow ro-

TE N p_rln(lzlpa(lj igal of tthe(f}t?GfOS spebcttrostc_:olplc sgveg;t:ﬂmb tation at high latitudes. Howard etlal. (2009) have identifieich
chemicarand kinematic data for a substantial number n- cylindrical rotation in the Galactic bulge for a subsampfette

der_stand the_ origin of the Galacgc bulge .Of the M'Iky Wam""o more metal-rich stars. Shen et al. (2010) constrain thesiolhave
main scenarios for bulge formation are hierarchical mergsseen .
no underlying merger-generated component to a leve] 8%.

in Lambda Cold Dark MatterA\CDM) simulations of Galaxy for- i . . "
mation [Abadi et dl. 2003) and disk instabili The ARGOS survey sample is unbiased in metallicity, and

1981/Raha et &1. 1991; Athanassbula 2005). These différen- provides kinematic data of stars in the Galactic bulge oher t
tion processes imprint distinct kinematic signatures &g tanbe  Wideé range of abundance that is a consequence of the bulge for

tested using observations of the stellar kinematics of theeb mation process. This may enable us t.o investigate .at whge ﬂlre
Boxy/peanut bulges rotate almost as rapidly at high latitud boxy bulge structure was formed during the evolution of theer

as in the plane (cylindrical rotation). This has been seevber- Galaxy.

vations of boxy bulges in other galaxies, é.g. Falcon-Bsoret al. We test the prediction of rapid high-latitude rotation byame
suring velocities for bulge stars in 25 fields at three Gaddeti-

tudes in the south (plus three fields in the northern bulgdasks
* E—mail:mkness@mso.anu.edu.au. on symmetry), out into the disk across a longitude range fr@®°
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to —31°. Our sample size is large enough to deteg¥acontribu-
tion from a classical slowly-rotating merger-generatedespidal
component underlying the dominant boxy/peanut bulge. We,no
however, thal_Saha, Martinez-Valpuesta, & Gerhard (20X)eh
shown that a weak classical bulge would be spun up into rapid
rotation by the boxy/peanut bulge, and would therefore i@ di
cult to detect kinematically. The ARGOS survey would alse in
clude stars of the metal-poor “first stars” population, iéyhare
present in the inner bulge as predicted by cosmologicallsitions

i e 2005).

This paper first reintroduces, in Section 2, the stellar pop-
ulations of the bulge identified in ARGOS paper t al
). Sections 3-5 briefly recapitulate the details of theeo-
vations, stellar sample selection and the methods used asure
stellar parameters and determine distances. The distateard-
nation has enabled selection of a relatively uncontamihsaenple
of stars in the inner Galaxy. Using our estimates of stelfaam-
eters, we have been able to identify and eliminate foregtamd
background stars. In Section 6, we present our results ocytime
drical rotation profile obtained for the bulge and the slotation
of the metal-poor population with [Fe/H} —1.0 in the inner re-
gion of the Galaxy. We also compare the kinematics of pojmuriat
of different metallicity and provide evidence for a commgmam-
ical history for stars with [Fe/H} —0.5. In Section 7, we compare
our kinematics with those for N-body models and discuss tiggo
of the components we find in the bulge in Section 8. Conclission
are presented in Section 9.

2 STELLARPOPULATIONSIN THE BULGE

ARGOS paper lll[(Ness et Al. 2013) presents the metalliditrie
bution of the bulge. We find that the bulge is a composite ppul

tion. Figure[l shows our decomposition of the ARGOS meisllic
distribution functions (MDFs) abt = —5°, —7.5° and —10° for
stars in the bulge withRe < 3.5 kpc acros$ = +15°, into five
Gaussian components. These components are labeled A-E in or
der of decreasing [Fe/H]. We used Gaussians for simpliaityis
analysis and the number of components fit was motivated by the
distinct peaks seen in the metallicity distribution fubnatiand a
statistical analysis; components A-C are our primary camepts
and D and E are included to represent the small fraction of ver
metal poor stars in the sample which increase in fractiothéur
away from the Galactic plane (see Ness ét al. 2013, for a sliscu
sion). These components are proxies for stellar populsitonl are
used as a tool to measure the changing contribution fraofistars
with different metallicities as a function of,(). The analysis of
the metallicity-dependent split red clump stars along tieomaxis
fields 2) has demonstrated that stars withi[Fe
—0.5 are part of the boxy/peanut bulge and stars with [Fe/HD.5
are not.

If the formation of the bulge of our Galaxy is indeed a re-
sult of a dynamical instability of the initial dis
[2005;| Shen et al. 2010) then it is critical to interpret anelan
yse the bulge in terms of the contribution of these stellanco
ponents which reflect the way in which the bulge was formed
from the pre-existing disk. For the bulge stars with [FefH}0.5,
there are two populations (components A and B). Component A
is a metal-rich, relatively thin boxy/peanut-bulge popigia with
a mean [Fe/H] = +0.15 and is concentrated close to the plare. W
associate this component chemically with the thin disk i it
ner region. Component B is a more metal-poor (mean [Fe/H] =

)
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Figure 1. MDFs for stars withinRg < 3.5 kpc at from left to right =
—5°,b = —7.5° andb = —10°, for I = £15°, showing the changing
contribution of metallicity fractions with latitude.

—0.25) and thicker boxy/peanut-bulge structure, disteacross
b= —5°tob = —10°. We have argued in ARGOS IIl that com-
ponent B represents the stars formed out of the thin diskrét ea
times.

In summary, contributing to the stellar density in the bulge
region are the thin boxy/peanut-bulge (A), the thick borgiput-
bulge (B), the thick disk (C), metal-weak thick disk (D) anald
(E), in order of decreasing [Fe/H]. The stars of the halo avbably
not part of the bulge, in that they likely have a differengamifrom
the majority of the stars in the bulge. These halo stars keg/lbn
highly eccentric orbits passing through this region at tine.

3 OBSERVATIONSAND STRATEGY

We acquired our spectra with the fiber-fed AAOmega systenhen t
Anglo Australian Telescope. Figure 2 shows the locatiorth@P8
fields, each of two-degree diameter, selected for this progiVe
observed about 28,000 stars between 2008 and 2011. Oulsurve
covers the bulge, which is estimated from the 2MASS steliafilp

to cover a longitude range df15° and extend in latitude to about
+12° 5). Our fields extend in longitude out into
the thin and thick disk, in order to measure the stellar kiaiges at

the transition of the bulge and disks.

Each field contains about 1000 stars and a full observation at
each(l, b) requires 3 separate setups of the AAOmega fibres. About
350 stars can be observed simultaneously, and each fielddof 10
stars was split into three magnitude intervals, as a paptiaky
for distance along the line of sight through the bulge. In setup
we used 25 sky fibres for sky subtraction, and 8 fiducial fiboes f
tracking alignment.

The stellar parameters were derived fromya comparison
with synthetic spectra generated in the 1D Local Thermallbgu
rium (LTE) stellar synthesis program MOO973)ngi
the Castelli/Kurucz model atmospheres (Castelli & Kuiuea®).
From the distance estimates for our stars, which are basdideon
stellar parameters, we have isolated the 17,400 stars isaoople
within y = +3.5 kpc (herey is a Cartesian coordinate along the
centre-Sun line, with origin at the Galactic centre).

The full details of our survey, the observations and the-anal

ysis, are provided in ARGOS Il (Freeman et al. 2013). The meta
licity decomposition of populations are discussed in ARGIOS

(Ness et al. 2013).

4 MEASURING RADIAL VELOCITIES

The radial velocities of stars in our fields were measurenhfoor
medium resolution spectr&(= 11, 000) covering the spectral re-
gion 8000 — 8800A which includes the strong Ca Il infrared triplet
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Figure 2. Galactic latitude and longitude for the 28 two-degree-disn
fields in our survey. The filled circles indicate fields thatrgveompletely
observed. We are missing stars only in one field/at) = (20°, —7.5°)

for which only 600 stars were observed (rather than 1000c&jipi per
field). The inner rectangle represents the bulge region.

absorption lines. Following the data reduction and skyrauition,

the data were cleaned using a sigma clipping algorithm ta@vem
residual sky lines which improved the accuracy of radiabe#y
measurements. Radial velocities were obtained via crosslae
tion of each observed spectrum with a number of templates star
generated from synthetic spectral models.

These stellar parameters of the template stars coveredea wid
range of [Fe/H] at a fixed gravity and temperature. The mietil|
values used were [Fe/H] =2.0, —1.0 and0.0, for Ty = 5000K
andlog g= 2.8 (as we expect most of our stars to be clump giants
(Zhao. Qiu. & Mab 2001)). The best matching template wasehos
for each star to measure the radial velocity, as determiyetthdo
smallest error of the fit in the cross correlation. The ertothes
resolution and signal to noise (about 50 to 80yi6.9 km s* (see
ARGOS lI). All heliocentric radial velocities were transfioed to
Galactocentric velocities (see Section 5).

5 BULGE MEMBERSHIP

From the ARGOS spectra, we have measured radial velogtigs,
lar parameters {.¢¢, log g) and chemical abundance data ([Fe/H],
[a/Fe]) for our stars. The stellar parameters allow us to ifient
foreground dwarf stars and, from the estimated distanceeter-
mine which stars are foreground and background giants.

The rotation and dispersion results (see Section 6) areds s
chosen to lie withiny = +3.5 kpc wherey is a Cartesian coordi-
nate along the centre-Sun line, with origin at the Galaaitti®).

This selection ory is made, rather than a cut in Galactocen-
tric radius Rg < 3.5 kpc, so as to include the stars in our fields
at Galactic longitudef| > 26°, which have a minimum galacto-
centric radius,Rc > 3.5 kpc. In total 17,400 stars remain after
this distance cut, about 70% percent of the original sanifile.re-
maining 30% of the stars are in the foreground or backgrobnd.
studying the properties of the bulge, it is important to reenthese
contaminants.

(© 2011 RAS, MNRASD00, [1-??
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6 RESULTS
6.1 Cylindrical rotation

Our rotation curves are given in the left panel of Fiddre 8| stmow
the Galactocentric rotation velocity in all of our fields eationgi-
tudes of—30° to +26°, made using a cut df/| < 3.5 kpc, for stars
with [Fe/H] > —1.0. We find cylindrical rotation for the bulge,
with only a weak dependence of rotation speed on latitudes&h
data extend the cylindrical rotation found in the BRAVA seyv
(Howard et al. 2009; Kunder etlal. 2012) to longitude§ jof= 10°.
The BRAVA data2) are included for comparis
in Figure3 at their latitudes df = —4°, —6° and—8°.

We corrected for the solar reflex motion, adopting the
local standard of rest velocity at the Sun to be 220 kni s
(Kerr & Lynden-Bell| 1985) and a solar peculiar velocity of.36
km s7! in the direction(l,b) = (53°,25°)
[1981). The corrected velocity, the Galactocentric vejotit.c: is
then

Vac = Vie + 220[sin(l) cos(b)] 4+ 16.5[sin(b) sin(25) +
cos(b) cos(25) cos(l — 53)]

whereVy ¢ is the heliocentric radial velocity in km's and angles
(I,b) are in degrees.

Each data point in Figullg] 3 represents the mean velocity of
about 600 ARGOS stars. The error bars show the samplingiarror
each field, but due to the large size of our sample they arepst m
cases, smaller than the symbol size. Note that the meanitietoc
of our fields along the minor axis is non-zero: the mean véexi
for our three minor axis fields are between about —6 kihte —11
km s~!. These non-zero values may come from streaming motions
in the bulge, or our adoption of a Sun-centre distance of 8 kpc
Alternatively the offsets could be a sampling effect dedifisom
preferential sampling of more metal-rich stars on the nite of
the bulge, which are closer to the plane. Section 6.3 demaiast
that the metal rich stars have lower mean velocities in oldgie
than the metal poor stars across our longitude range. Tagawois
faster on the far side of the bulge at negative longitudess ay
come about because, on the far side of the bulge, we are afigerv
further along the bulge/bar at a given given longitude, tiedato
the near side. Systematic distance errors may also cotgribhe
rotation increases to 150 km s°! at our largest longitudes, which
are in the Galactic disk dt= —31° and+26°.

The results for our latitudes @&f = —5°, —7.5°, b = —10°
and also a few fields at-4° and4-10° are tabulated in Tablg 1.
Although we do not share any common fields, our velocity tesul
compare fairly well with those from the BRAVA survey of M gi@n
in the bulge (see Howard etal. 2009; Kunder ét al. 2012), frem
—4° to b = —8° and mostly acros$ = +10°. As the lowest
latitudes of the BRAVA fields are closer to the Galactic plame
expect (and confirm) a slightly faster rotation for the startheir
b = —4° field compared to our lowest latitude fieldds= —5°.
The velocities at positive longitudesiat= —4° from BRAVA are
higher than the ARGOS measurements at —5° which are better
matched by the= —6° BRAVA fields. The rotation and dispersion
shows symmetry about the major axis, as seen by comparing the
fields at negative and positive latitudes.

The rotation curve shown in Figufé 3 is simply the average
value of V¢ as a function of longitude, uncorrected for projection.
In this representation, of rotation as a function of lond@uthe
true rotation curve for the Galaxy would be the mean value for
the azimuthal componerity of the stellar velocity for stars with
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Figure 3. Rotation curves (left) and velocity dispersions (right) ttee 16,600 stars in our survey in the bulge region atly 3.5 kpc from the Galactic centre
with [Fe/H] > -1.0. The red diamonds ate= —5°, yellow stars aré = —7.5°, blue rectangles arle = —10° and black squares ate= +10° ARGOS
fields. The two curves correspond to our data at —5° andb = —10°. The horizontal error bars represent the two-degree siteedields and the vertical
error bars are the sampling errors. The BRAVA d) are also shown using the smaller symbols whictespaond to their fields at= —4°

b= —6°andb = 8° .
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Figure 4. The two versions of the rotation curve for the modeb at —5°
as a function of longitude. The red points are calculatechasrteanV/
as for the data in Figure] 3. The black points show the azinfiytiaaer-
agedV,;, component of the stellar velocity at the minimum valueif at
each longitude, i.e. the true rotation. The red points froexrhodel are for
comparison to the data at= —5° in Figure[3.

an R¢ value close to the minimunk¢ at a given longitude. We

can use our N-body model as a guide to the difference. Flgure 4

shows the two rotation curves as derived for the model thatsee
in I.2). The red points show the m&ar: which
corresponds to the curve shown in Figure 3 at a latitude-of—5°.
The black points in FigurEl4 show the meb as a function of
longitude. At|l| > 10° the difference between the me&hc and
the meanV/, is only a few percent, but in the inner regions fiig
curve is steeper. The red points in Figlite 4 represent tleevdgait
atb = —5° in Figure[3.

The line-of-sight velocity dispersion across our field$isen
in the right hand panel of Figufé 3 for stars with [Fe/fH]—1.0.
Note that noo-clipping has been done for these measurements
which are the standard deviation of all stars with [FefH]-1.0
about their mean velocity in each field. As the major axis @&f th

bulge/bar lies at an angle of aboR0° to the Sun-center line,
fields at negative longitudes are further from the Galactictie
than fields at the samé| on the positive side. All three ranges of
magnitude are included in each data point, except for out fél
(1,b) = (20°,—-7.5°), which is missing the faintest stars. The ve-
locity dispersion in the bulge is higher at lower latitudegsnsig-
nificantly in the central region, and the dependence of dsspe
on latitude decreases witl|. Across longitude, the dispersion at
b = —10° is flatter than ab = —5°.

The dispersion plot in the right hand panel of Fidure 3 inekid
the data from the BRAVA survey &t = —4°, —6° andb = —8&°

[[2012). The dispersion measured from the BRAVA

survey is similar to the ARGOS results. The= —8° fields from
BRAVA have dispersions at about the same level as-the® AR-
GOS fields rather than the higher dispersion as measurecein th
ARGOSbH = —7.5° fields. In the inner regiofl| < 5°, the disper-
sion is about 20% higher in the BRAVA fields att° compared to
the ARGOS fields at-5°. As discussed in paper lll, there appears
to be a structural change in the bulge populations in theebatg
b < —5° and it appears that this is most significant witflin< 5°.
The velocity dispersion is metallicity sensitive and is éfor the
more metal-rich populations. This is examined in Secti@ 6.

6.2 Rotation of the metal-poor stars

We now proceed to investigate the rotation of the sampleasfst
with [Fe/H] < —1.0. These stars comprise about 5% of the data, or
about 750 bulge stars within a distarjgé < 3.5 kpc. The rotation
curve and dispersion profile for all stars withl < 3.5 kpc and
[Fe/H] < —1.0 are shown in the left and right panel of Figlie 5,
respectively.

The mean rotation for the metal-poor stars is lower than for
the metal-rich stars ([Fe/H} —1.0), by about 50%. The rotation
in both high p = —10°) and low ¢ = —5°) latitude fields is sim-
ilar at positive longitudes on the near side of the bulge. i@nfar
side of the bulge the high latitude dispersion has a flattefilpr
Note that the sample size in some fields is small; there asetwol
stars in the field afl, b)) = (—20°, —5°). The low metallicity stars

(© 2011 RAS, MNRASD00, -7
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show a net rotation, and this rotation persists to the lowestl-
licities [Fe/H] < —1.5, but the number of stars is small and the
error bars correspondingly larger (see Fidure 7). Therelasger
fraction of more metal-poor stars at high latitudes than lati
tudes, with about 400 stars &t= —10°, 100 stars in the three
fields atb = +10° and 100 stars in our fields &= —5° and

b = —7.5°.|Harding & Morrison [(1993) had earlier noted a simi-
lar change of kinematics with metallicity in a single bulgeldiat
(1,b) = (—10°,—-10°).

The velocity dispersion of the metal-poor stars in Figdre 5 i
significantly higher than that of the metal-rich stars inuF&[3.
Metal-poor stars in fields at a latitude of= —10° (blue symbols)
show a greater increase in dispersion than the fields-at —5°
(red symbols), relative to stars at [Fe/H] —1.0. At b = +10°,
the dispersion on the far side of the bulge is higher than gz n
side of the bulge, shown in the left panel of Figlifte 5. No sigma
clipping has been used in the plot, because the sample i anadal
we did not want to exclude high velocity outliers. No highogty
outliers are seen at this latitude at positive longituddsadgative
longitudes there is a group of starstat= —10° with velocities
> 300 km s~ *(see the right hand panel of Figlide 8). Four of the 31
stars in the fieldl, b) = (—20°, —10°), with an [Fe/H] of—1.2,
have velocities betwees00 — 330 km s 'and lie within Rg <
4.0 kpc of the Galactic centre. If these four stars are rehave
velocity dispersion decreases fram= 175 km s! to o = 125

The most metal-rich component A with mean [FeAlH0.15 is a
relatively thin and centrally concentrated part of the bpranut-
bulge. Component B with mean [Fe/H} —0.25 is a thicker
boxy/peanut-bulge structure seen in relatively constaattion
across our latitude range in the inner region. We specuiatethe
stars in component C, with mean [Fe/k] —0.70, are from the
early thick disk which may have been puffed up in the innerareg
during a bar buckling event. We note again that componentes do
not appear to be part of the boxy/peanut structure of thesbllge
components are overlapping in metallicity, and componerixB
tends down to near [Fe/HF —1.0, well into the metallicity range
of component C. Therefore, stars as metal-poor as [Fe/H]1.0
are all contributing to the bulge in the inner region. Thestaith
[Fe/H] < —1.0 show slow rotation and high dispersion (see Figure
and we attribute them to the metal-weak thick disk and.halo

We examine the kinematics of stars in metallicity intervals
corresponding to our components A, B and C to demonstrate tha
A and B share common properties distinct from C. Fiddre 6 show
the rotation (top panels) and velocity dispersion (bottcangis)
for stars in metallicity intervals [Fe/H} 0 (A), —0.5 < [Fe/H]
< 0 (B) and—-1.0 < [Fe/H] < —0.5 (C). The rotation for all
three [Fe/H] intervals is fairly similar, with component Bawing
the fastest rotation, about 20% faster than components ACaaid
b = —5°. Although the rotation curves are similar, the velocity-dis
persion profiles are clearly different between the threepmmmants.

km s~*. The higher dispersion seen for more metal-poor stars is The dispersion profiles for components A and B have similar-mo

discussed further in Section 7.1. The asymmetry in the dispe
seen for the stars d = —10° in Figure[% also suggests there
may be a relationship between the halo stars of the innerxg@ala
and the bar. In simulations which include a stellar halo congmnt,

the halo in the inner part becomes elongated and makes aled cal
halobar. Assuming that a non-negligible number of statevia the
dynamics of the inner part of the halo, this would provide dakhe
poor component of halo stars that may resemble the dynamics i

Figure[5 (see Athanassoula (2007)).

6.3 Kinematicsof starswith [Fe/H] > —1.0
In paper Il we identified stars with [Fe/H} —0.5 to be of the

phologies with changing latitude; component A is a kineoadly
colder replica of component B. We note that component A steows
relatively high dispersion &= +10° andl = —5°, +10° which is
seen to a lesser extent also in component B. These fieldspomne

to similar distances along the bar of about 2.0 kpc. The déspe
for the most metal-rich fraction of stars (A) is about’3®ower
than for stars associated with component B. The relativagiaf
dispersion with latitude for components A and B is consistath

a lower scale height for component A than for B.

Component C however has a clearly different dispersion pro-
file and latitude dependence relative to stars with [FeH}-0.5,
with a relatively latitude-independent dispersion outito= 10°.
At larger longitudes|l| > 10°, the dispersion decreases out into

bulge, and we believe these stars had a common dynamical his-the thick disk further from the Galactic centre (see the fghtr

tory. We decomposed our sample of observed stars into reésall
components representative of the populations in the inegion.

(© 2011 RAS, MNRASD00, [1-??

panel in Figurgb). The common rotation shape and dispepsimn
files seen for components A and B suggest that A and B share a
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Figure 6. Rotation (top panel) and velocity dispersion (bottom ppaetoss the bulge tid| = 20° for the 16,600 stars with [Fe/H} —1.0 within < 3.5kpc
of the Galactic centre. The three plots correspond to @iffemetallicity bins, from left to right in decreasing [Fé/gs shown. Note that the discrete bins
are used to represent stars of our components A,B and C fifbrto leght. Although the rotation curves are similar, theprsion clearly demonstrates the
difference in kinematics of stars with [Fe/B —0.5 and with [Fe/H]< —0.5. There are 3100, 8600 and 4900 stars in each plot, from lefgi. The red

diamonds are fob = —5°, the yellow stars aré = —7.5°, the blue rectangles

similar formation history or common formation mechanisnneT
similar rotation but different dispersion for componentr@icates
that it is a distinct population, although it is part of theatal ro-
tating bulge in the inner region. This could be due to theedéft
initial velocity dispersion of the thin and thick disks beddhe in-
stability event.

6.4 Stellar streamsin the bulge

The top panel of Figurlg]l 7 shows the rotational profile of thigéu
as a function of [Fe/H] in the five bins of positive longitudehere
the stars are divided into metallicity bins of 0.5 dex, exdepthe
most metal-poor stars of which there are very few, so the sbwe
[Fe/H] bin takes all stars from the most metal-poor star fifiedl
([Fe/H] = —2.8) to [Fe/H] =—1.5. The most metal-rich bin is from
[Fe/H] = 0 to 0.5 dex. These bins correspond approximatetheo
components which we label A-E, in order of decreasing [Fedd]
outlined in Section 2.

The upper panel of Figufd 7 shows the existence of a group
of metal-poor counter-rotating stars in the bulge at pesitbngi-
tudes. The negative longitudes examined in this way showare
overall kinematic behaviour as a function of [Fe/H] withitiadle,
but do not reveal any distinct counter rotating-groups in[&e/H]

ate= —10° and the black circles are fér= +10°.

bin. The counter-rotating stars are shown in the shadedipane
the fields(l,b) = (10°, —7.5°) and(l,b) = (10°,—10°) . There
are seven stars in total in these fields with [FefH}- 1.5 and these
are shown individually in FigurEl8. Six of these stars which a
shown in the left hand panel of Figurk 8 are also co-locatetisin
tance at around 4.9 kpc along the line of sight from the Suth wi
a distance spread of = 0.6 kpc (see Figurg]9). These six stars
have a metallicity of (([Fe/H]), o([Fe/H])) = (-1.68, 0.03) and-
enhancement range qi((a/Fe)), o([a/Fe])) = (0.50,0.17) and the
five stars in the field afl, b)) = (10°, —7.5°) are moving with ve-
locities of between-90 and —133 km s™'. There is one star in
this group located in the fieltd,b) = (10°, —10°), with [Fe/H] =
—1.6 andVgc= —148 km s~ *. This group may be an independent
stellar stream in the bulge at a distance of around 4.9 kpu fhe
Sun, with a line of sight velocity of(Vac), o(Vec)) = (115 km
s~!, 22 km s'). From its location it seems this group could be
related to the corners of the bar. Comparing the percentogjars

in this group by using their K-magnitude compared to the 2NMAS
stars in the field, about 200 stars are expected to belongigo th
low-metallicity group from of all stars in the 2MASS count fhis
field.

The right hand panel of Figufé 8 shows four stars at negative
longitudes which are tightly clumped in distance (as noteSec-

© 2011 RAS, MNRASD00, -7
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of [Fe/H], it is clear that the thicker boxy/peanut bulge gament

! Vaco Verr v derr Number B, corresponding to & [Fe/H] > —0.5 is generally the fastest ro-
of Stars . . . . .
o 1 1 1 1 tating. This component rotates most rapidly in the loweitude
©) kms kms kms~tkms . o . . . .
fields,b = —5°. The rotation speed increases with longitude. The
b= —4° increase is more rapid for the metal-rich components, atratd8
—1 —1 —1
26 1490 53 508 16 662 km fl kpc™" for [Fe/H] > —1.0,.compared to about7 km s
kpc™* for the metal-poor stars with [Fe/H} —1.0.
b= +410° All stars with [Fe/H]> —1.0 (components A,B,C) have fairly
~10 754 31 748 21 587 consistent relative rotation tr_ends across Iongltudemn_upon_erjts
5 _a14 35 824 24 563 A and B show the largest difference in rotation velocity wki-
8 545 28 69.9 20 629 tude near the corners of the bulge,lat= 15°. The trends seen
with longitude in the more metal-poor stars ([Fe/d]—1.0) are
b= -5° not as consistent as for the more metal-rich ([Fe/H}1.0) stars.
-31.0 -168.1 22 529 15 597 Component D rotates more slowly than A,B,C; the rotationashe
-20.0 -149.1 3.0 65.9 2.1 498 ponent E depends on the field.
-15.0 -126.3 3.1 773 2.2 639 From the bottom panel of Figufé 7, it is clear that the veloc-
-10.0 -99.7 3.2 785 22 614 ity dispersion mostly increases as metallicity decreasmendo
-5.0 -70.2 3.6 885 25 622 [Fe/H] < —1.0 ; for lower metallicities it can decrease or increase
00  -97 3.8 977 27 660 depending on the field. Note that in the field where the maximum
i"ooo ‘;i'; zi gi'i g; ZZ-E dispersion is foundy ~ 215 km s'! at (1,b) = (0°, —10°), there
: : : : ‘ are only 9 stars in this bin of [Fe/H], one of which ha¥ac =
15.0 105.3 2.8 71.5 20 669 1 . . Lo . .
412 km s (there is no sigma clipping: all stars are included in
20.0 127.8 2.7 64.1 19 564 .
the plot). The error bars become larger across all longgttiolethe
b= —-7.5° metal-poor stars, [Fe/H} —1.0, as the number of metal-poor stars
—200 -1276 25 606 1.8 568 is small.
-10.0 -85.6 2.9 736 20 645
0.0 -6.2 3.3 85.8 24 662
10.0 67.9 3.0 734 21 620
200 1188 33 646 23 380 7 COMPARISONSTO MODELS
b— —10° In this section we compare our data to a series of six sinauiati
of a rotating disk embedded in a live dark matter halo. Noneuof
-20.0 -120.4 2.7 641 19 551 models contains gas, i.e. there is no star formation andfoonia-
-150 1042 3.1 746 22 565 tion on metallicity for us to compare to. We also include oohe
-100 -731 3.2 75.0 23 547 disk component, instead of two separate thin and thick disk-c
—50  -448 31 422 614 ponents. The disk and the halo initial density distribusi@me as
0.0 -10.9 3.1 743 22 592 . . N .
5o 326 31 753 2o 595 described in_Athanassolila (2007) and have been built idiequi
100 625 59 734 21 629 rium i_n eagh ot_h(_af’s poter!t_ial as describ_ed in t_hat papématiels
150 86.6 27 673 19 608 have identical initial conditions for the disk, with a Tocerparam-
20.0 101.1 2.9 67.4 2.1 537 eter equal to Q=1.2 and a vertical height of 0.2 times the stiate
length. In this way some effect from the thick disk is incldd&ve
Table 1. Galactocentric velocities observed in our fields acrossbtiige consider halo core sizes in the range between 0.1 and 4 thees t
for stars with [Fe/H]> —1.0. initial disc scale length. The former leads to model with larsexi-

mum disk, while in the latter the disc is maximum (for a distan

on the effects of maximum and sub-maximum disks on bar growth
tion 6.2) and velocity, with ¢(Vac), o(Vac)) = (320 km s, 8 and evolution, see Athanassoula & Misiriblis (2002). Thesiolu-
km s~1). This group of stars lies in the disk and is located at about tion was followed using the Gyrfalcon N-body como
8.4 kpc away from the Sun along the line of sight with a distanc ).

spread ofc = 0.34 kpc (see Figuilel 9). These stars are also very All models give rotation curves that compare reasonably wel
similar in their metallicity, with («([Fe/H]), o([Fe/H])) = (-1.24, with the data, but the changes in velocity dispersion aclwss
0.09) and have an-enhancement range qi({ca/Fe]), o([a/Fe])) gitude and offsets betweén= —5° andb = —10° are model-

= (0.38,0.15). Comparing the percentage of stars in thisgixy dependent. Although the kinematic profiles of these modeds a
using their K-magnitude compared to the 2MASS stars, a lower similar to those observed, none fits across all latitudes. Vii-
limit of about 100 stars are expected to belong to this groomf ation of velocity dispersion across longitude is sensitivéhe bar

all stars in the 2MASS count for this field (not taking into asnt properties. For bars that are too short with respect to tiseroh-
2MASS incompleteness given their mean K-magnitude of akout  tions, the dispersion decreases more rapidly than obsexvete
=13.2). highest latitude and across the longitude rajigec 20°. The dis-

The panels in FigurE]7 span longitudes to the edge of the persion profile at the lowest latitude is sensitive to thgterof the
bulge, atl = 0°,1 = 5° andl = 10° and also our fields out- bar which offers a complementary test of the observed sealgh
side the bulge out into the disk &t= 15° and! = 20°. Three of the bulge.
latitudes zones are included in these plots, at —5°, —7.5° and As already discussed in Section 2, we have associated stars
—10°. Missing points in the plots indicate no stars in this [Fekh| with [Fe/H] > —0.5 with the boxy/peanut bulge. Our model shows
for the corresponding (b). From these rotation plots as a function the X-shape structure in the density distribution of thesséd high

(© 2011 RAS, MNRASD00, [1-??
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Figure 7. The rotation (top) and dispersion (bottom) versus [Fe/H).i dex b
b = —5°, stars ard = —7.5°, rectangles aré = —10°. Shaded panels indic
and low metallicities.

latitudes in the inner region, showing a very good match betw
observational data for stars with [Fe/H]—0.5 at the minor axis,
similarly to the model discussed in Ness ét @012). Z=T310(]
compares the kinematic data for the stars with [Fe#H}0.5 to
the model. The model velocities have been scaled in amplitod
best match the dispersiontat= —7.5° out to|l| = 20°. The rota-
tion curves of the model (top panel of Figlird 10) are a redsena
fit to the data for the stars with [Fe/H} —0.5. In both the model
and observations, at= + 20° the rotation velocity ab = —5°
is approaching 150 kms and atb = —10° it is about 120 km
s !. The rotation velocity is marginally high in the model com-
pared to data at positive longitudestat= —10°. In the model,
the Sun is located at 8 kpc from the Galactic centre alongitige |
joining the Sun to the centre of the Galaxy and the bar is point
ing 25 degrees into the first quadrant. Adjusting the bareabgl
+10° relative to the Sun-centre line changes the gradient ofahe r
tation by about 15%: larger bar angles give flatter rotatiorves.
Although the dispersion profile is model dependent, theatdtar-
istics of the profile acros§, b) are generic to our N-body models
of instability-generated boxy/bulges.

From the bottom panel of Figukell0, it is clear that the over-
all shape of the dispersion profile in the model matches el t

—2.0-1.5-1.0-0.5 0.0 0.5-2.0—1.5-1.0-0.5 0.0 0.5-2.0—1.5-1.0—0.5 0.0 0.5-2.0—1.5-1.0-0.5 0.0 0.5-2.0—1.5—1.0—0.5 0.0 0.5
[Fe/H]

[Fe/H] [Fe/H]

ins across positive longitudes frém= 0° to ! = 20°. Diamonds are for
ate a group of stars in the inner regibith are at large negative velocities

observations across our fields for our more metal-rich gtan-
ponents A and B, see Figuré 6). At= —5°, the observed and
model dispersions are a fairly good match except at —10°
where the model dispersion decreases faster than the atises/

At b = —10°, the observed and model dispersion are both fairly
flat across the longitude range but in the inner region thembs
vations are about 2% lower than the model. The gradient of the
model and data are, however, similar at the three latituates,at

b = —5° both model and data show an asymmetry at + 5°,
where the dispersion at positive longitudes is higher thardtsper-
sion at the negative longitudes. The feature in the disperséen
near the edges of the barlaE —5° andl = —10° at the higher
latitude ofb = —10° (see also Figurgl6), is not reproduced in the
model.

In Figure[IT1 we compare the model to stars with [FefH]
—1.0. Although the dispersion of stars in our component Gsdoe
not reflect that of the model and is not involved in the boxs/pe
structure [(Ness et 5. 2012), we include this comparisoraumse
this component is still cylindrically rotating similarlp tA and B. It
is possible that there are a smaller number of stars witleimtbdel
contributing to this dispersion distribution seen in C. ot
break up our model in the same way we do the data because the

© 2011 RAS, MNRASO00, -7
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Figure 8. Potential metal-poor moving groups in the field$ at +10°, —20° that are located withilR < 4.0 kpc.

model has no metallicity or age information. Furthermoee¢bm-
ponents are overlapping; stars that we identify with the/meanut
bulge (components A and B) do extend in the tail down to [FefH]
—1.0 (see Figurl1). The single disk model is, however, ahlito
include the thick disk stars that we associate with compb@en
the same proportion as in the Galaxy. In Fidurk 11, the oleseaad
model velocities and dispersions are a fairly good mat¢hpabh
the rotation of the model is faster than the rotation of tlaessand
the dispersion of the model in the central region$ at —5° is
about 154 larger than the data. At higher latitudes, the dispersion
flattens in both the model and data although the dispersidheof
model is about 1% too low at|!| > 10°. The model has again been
scaled in amplitude to best match the dispersioh-at—7.5° out

to |I| = 20°. Note that the velocity scaling factors for the model
used in FigureE10 aid 111 are different, and were adjustedso b
fit each data set for stars [Fe/H] —0.5 and stars [Fe/H} —1.0,
respectively. A larger scaling factor for the velocity cadsts is
used to best match the dispersion for stars with [Fe/H]1.0. The
bar is rotated at about 250 best fit the dispersion profile for both
Figures.

10 5

-5 —-10 -1 0 1

0
x (kpe) z (kpc)

Figure9. Surface density projections of our N-body model scaledueahi-

As already mentioned, our model has a single disk and no star gjgns of the Milky Way. The Sun would be located at x=0, y = —8 kpd

formation and this could explain why its final bulge profileedo
not reflect all the populations we see in the central regiothef
Galaxy. Models that have two initial disks may offer moregts.

If component C, the thick disk, is a separate structure, it mgu-
ence the dynamical instability mapping of stars from theiogl
disk into the bulge without itself being mapped into the Xséd
structure. Furthermore, given that we find two distinct comgnts
A and B for the bulge, and associate A with the colder thin disk
the inner region, it may not be surprising that we can not find a
exact match between model and data. The origin of the duaéty
see in the bulge, with a kinematically colder metal-rich poment
and kinematically hotter more metal-poor component extentb
higher latitudes, is not clear. It may be due to the differedistri-
bution of colder higher metallicity disk stars and lower aditity
disk stars with higher orbital energies (as seen in the swayh-
bourhood) to larger heights from the plane during the iritab

(© 2011 RAS, MNRASD00, [1-??

the bar is at an angle of about2 the Sun-centre line. The two groups of
individual stars plotted correspond to the two groups shiowFigure[8 at
positive (near side of the bar) and negative (far side of ¢ longitudes,
respectively.

event in a single disk scenario. Alternatively it may be assen
guence of the instability of two disks or else a second stanétion
event during the instability process close to the plane.i#ad
ally, although the model was scaled to the light profile seethé
COBE image, the relative scales and densities of the cormp®ne
of thin disk, bulge and thick disk in the bulge regions wilfeaft
the dispersion profile. It seems unlikely that a simple srdjsk
model in which all these stars have formed before the indtabi
event will match exactly over alll, b). Adjusting the angle of the
bulge with respect to the Sun within a wider estimated rarfge o
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Figure 11. The rotation and dispersion of our model (lines) plottechwit
our data (points) for stars with [Fe/H} —1.0. The red diamonds are for
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15° t0 30° (Stanek et al. 1997; Binney, Gerhard, & Speigel 1997;
Bissantz & Gerhald 2002) did not significantly improve thecha
Further work will be done using N-body models and adjusthmy t
input parameters to fit the observational data to bettertcainghe
models.

8 DISCUSSION

In Section 7 we briefly described the comparison of our data to
a sequence of models with different halo core radii: the fest
were found for models with large core radii. These will havaxm
imum disk rotation curves, while those with the small haleeco

Name Vac kms™1 o kms—1
|=45° I =+10° l=45° I = +£10°
b= —5°
A 51.6+5.5 77.8+ 4.6 80.5+ 3.9 65.5+ 3.2
B 63.54+ 5.6 95.6+ 3.9 93.5+ 3.9 79.6+ 3.2
C 46.3+ 10.0 78.0+ 8.9 98.2+ 7.0 95.3+6.3
b= -10°
A 22.3+6.5 74.6+ 6.4 49.2+ 4.5 47.2+ 4.7
B 44.0+ 3.9 70.4+ 3.7 67.9+ 2.8 65.8- 2.6
C 40.6+ 6.3 65.9+ 6.3 93.2+ 4.6 89.2+4.4

Table 2. Rotation velocity and dispersion for different componentshe
bulge ath = —5°,b = —10° andl = +5°,1 = £10°.

radii will be initially clearly sub-maximum and will evolviewards
maximum with time (see Athanassdlila 2012, for a review). Un-
fortunately, this finding does not allow us to set constson the
dark matter distribution in the central parts of our Galdgtause
our models do not include a gaseous component. As discussed i
\Athanassoula, Machado & Rodionav (2012), adding such a com-
ponent will lead to a less strong bar and thus to a differeatityu

fit. In other words, the properties of the bar do not depeng onl

the halo mass distribution, but also on the gas, its evalwiad its
properties. We thus cannot set any set any strong constraitie
former without having a reasonably solid knowledge of thiela
including its evolution in the past.

We see from the ARGOS data that the boxy/peanut bulge pop-
ulation B is mostly the fastest rotating of our bulge compuséTa-
ble[2). We associate the metal-rich component A chemicaitly w
the younger more metal-rich stars of the inner thin disk, igstb-
tation and dispersion is typicalky 80% that of component B. This
difference in rotation between A and B is a potentially intpat
signature that we can look for in chemodynamical or agedegg
N-body models of the instability event. In the solar neigimo
hood, the velocity dispersion of the thin disk is relativeipall.
However, the thin disk dispersion decreases with Galaetitus
(Lewis & Freemal 1989) and all components, including thetmos
metal-rich boxy/peanut-bulge population A that we asgeaidth
the thin disk, are kinematically hot in the inner regions.

We now discuss the distribution of velocity dispersion foe t
components of the bulge. At= —10°, stars with [Fe/H}> —1.0
show a fairly flat distribution of velocity dispersion witbrigitude
for |l < 20°. The velocity dispersion of components A and B
shows structure @t= —10° at longitudes of-5°/ 4+ 10° degrees
(see Figur€le) which correspond approximately to equahuegts
of about 2 kpc along the inclined bulge. The velocity disfmarss
higher in these fields, particularly for component A. Thisisture,
which is not seen in the more metal-poor component C, must cor
respond to some feature of the orbit structure in the bagéyuut
itis not apparent in our N-body models and we cannot at thigest
identify its nature. The Sagittarius dwarf stream is prégenhis
direction, but it is unlikely that we are including membefstas
stream in our sample, because we select stars wjthint3.5 kpc
of the centre of the Galaxy. However, the effect of any coitam
nation from the Sagittarius dwarf stream would be to causke f
high dispersion in some fields, particularly|gt= 5°, || = 10°.
Note all the dispersions are calculated from the standaritien
of all stars in the sample, withoutclipping.

For stars with [Fe/H}> —0.5 atb = —5°, the velocity dis-
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persion decreases almost linearly with longitude at aboi# km
s~ ! kpc™'. For comparison, Lewis & Freeman (1989) measured
the radial component of the velocity dispersion for thesstdrthe
old disk of the Milky Way, fromRc = 18 kpc to about3 kpc,
and also the azimuthal componeny of the dispersion over a more
restricted range iR . In the inner region, they find that the disper-
sion component 4 decreases with increasing radius at abet
km s~* kpc™!, very similar to the gradient in dispersion observed
for our components A and B. At the value Bt; corresponding to

= 20°,[Lewis & Freeman( (1989) find that; is about75 km s,
a little higher than observed for components A and B (seerEigu
5). We note that the Lewis & Freeman (1989) field is at a ladtud
of b = —4°, closer to the plane than otir= —5° fields.

In our b = —5° fields, our observed stars are predominantly
boxy/peanut-bulge members (A and B) with a smaller fractbn
thick disk stars (C). The velocity dispersion gradient nuees
from our survey for these components A and B is in very good
agreement with the results lof Lewis & Freeman (1989) for tlde o
disk. The similar gradients for A and B suggest these pojauiat
are dynamically associated, and this would be consistahtiwige
formation out of the disk. We see that component A has slower
rotation and smaller velocity dispersion than componenEf®m
Jeans’ equation, that means that the scale length of A igeshor
than for component B. We also argued earlier that A is more con
centrated to the Galactic plane, so it has a smaller scaj@tian
B. It seems that A is a more compact version of B, in both verti-
cal height and radius. For component C, the observed decieas
velocity dispersion with longitude is much slower (abetit km
s ! kpc™!) at bothb = —5° andb = —10°, from ! = 0° to
20°, corresponding approximately ¢ = 0 to 3.0 kpc. We asso-
ciate component C with the thick disk. The different struetand
kinematical properties of component C suggest that its ahycel
history has been different from that of boxy/peanut bulgelft

There is another scenario for interpreting components A a
C. Using an N-body model, it is possible to show that an uryeerl
ing classical bulge can absorb angular momentum from a form-
ing bar (Athanassoula 2003). This will transform an inigiamall
isotropic non-rotating classical bulge into a triaxial andindri-
cally rotating object/(Saha, Martinez-Valpuesta, & Gech2012).
This object is then rotating along with the bulge formed friira
disk via the dynamical instability. This transformed sttue could
be seen as one of our metallicity components. Could thistsire
be our component B or C ? This depends on the detailed prexafcti
of the model: is the transformed classical bulge predicbeshbw
the peanut structure associated with a split in the red clstars,
and how does its expected velocity dispersion compare tootha
the instability-generated bulge? Given the characteriitpersion
seen in B, however, it seems more likely that component C avoul
be a candidate for this scenario. We cannot discuss thisagoen
further without more predictions from the simulations. Ampan-
sion of the_Saha, Martinez-Valpuesta, & Gerhard (2012)leso
evaluate the kinematics and spatial distribution of thesirtsulge
and the transformed classical component would enableduitih
vestigation of this formation scenario in the light of outala

The rotation curves for the metal-poor stars with [Fek]
—1.0 are typical of a slowly rotating population and are probably
part of the halo and metal-weak thick disk populations. Thet
locity dispersions are typically00 — 150 km s™!, consistent with
identification as halo stars.

We find a kinematically distinct population with [Fe/H] —

1.0 which is not aligned with the main body of rotation of the
stars in the bulge region. These stars are located in oursfield

(© 2011 RAS, MNRASD00, [1-??

ARGOS bulge survey 11

at (I,b) = (10°,-7.5°) and (I,b) (10°,—-10°) and have
mean metallicitiesc —1.7. These stars may belong to a stellar
stream associated with an accretion event of a small sysyeimeb
Galaxy. There is another possibility for the origin of theywmetal-
poor stars observed in the inner Galaxy in our survey. Accord
ing to ACDM simulations, the bulge region between longitudes of
10° to 20° is expected to contain the oldest stars in the Galaxy,
likely only a few generations older than the first st
). These stars are not necessarily the most metal-pac s
in the Galaxy but they are formed at early times in the high-den
sity pre-galactic fragments that are rapidly chemicallyidred
due to a fast star formation rate and are subsequently adcbst
the assembling Galaxy. Stars with [Fe/Hd] —1.0 also include
the potential first generation star candidates now locatethe
bulge (White & Springel 2000; Diemand. Madau, & Mdore 2005;
0). These stars are expected to show distiechic
cal markers (Kobayashi, Karakas, & Umeda 2011) and be on more
tightly bound orbits than ordinary stars of the h
@). These stars may now be associated in metallicity et a
unlikely to be associated in kinematics due to the short mgixi
timescales in the central bulge. More detailed chemicahdance
analysis will reveal more clues as to the origin of the groigesen
metal-poor stars with similar radial velocities and meétabs in
our fields at(l,b) = (10°,—-7.5°) and (,b) = (10°,—10°). It
seems likely however, that these stars may belong to morenen
tional stellar streams associated with small systems esthy the
Galaxy (see Figurgl 8). A more detailed chemical analysidlafa
our stars with [Fe/H —1.0 will similarly test if these stars are
all consistent with halo stars in the inner region, with camale
properties to the halo stars observed near the Sun, or ifichém
markers indicate they belong to the first generation of gees
dicted byACDM simulations.

Comparison of the stellar kinematics as a function of the
metallicity across longitude d@ = —5° andb = —10° shows
that stars with [Fe/H}> —1.0 have similar kinematical properties,
which are dissimilar from the rotation of stars with [FeAd]—1.0.
Harding & Morrisoh ((1993) and_Minnitil (1996) reported such a
kinematic break at [Fe/Hk —1.0 from surveys of K giants in
the bulge. They also found an increasing dispersion withedese
ing [Fe/H] in their bulge fields. We find this trend of decreasi
dispersion with metallicity from the bulge out into the didkr
stars with [Fe/H]> —1.0. We also see that the dispersion shows
a discontinuity at [Fe/H} —1.0, where both the rotation and dis-
persion become a changing function of longitude and latit\de
conclude that stars with [Fe/H} —1.0 share a common history,
showing similar overall kinematics and a smooth transitaninto
the disk.

Although stars with [Fe/H}> —1.0 are rotating cylindrically
and are kinematically distinct from stars with [Fe/Hd]—1.0, the
stars with [Fe/H]> —0.5 have a clear kinematical identity. The
stars in our components A and B show the same dispersionstrend
across|; b), and these are not seen for the stars with5 > [Fe/H]
> —1.0 in component C (see Figufé 6). The stars with [Fe/H]
> —0.5 (components A and B) appear to have experienced similar
dynamical processes which were not shared by the stars ip@om
nent C. We will be building a model of the bulge/bar and irstgl
it into the Galactic modelling tool Galaxi))
Then we can subtract the model from the Milky Way data and look
for substructure.
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9 CONCLUSION

Simulations of bar formation predict that the Galactic lauilg just
the bar seen edge-on and not far from end-on, puffed up intea b
morphology in the inner regions. We find cylindrical rotatifor
stars with [Fe/H]> —1.0 which transitions smoothly out into the
disk. Across our three latitude zones, this rotation compavell
with that for our N-body model of a boxy bulge formed via dyram
ical disk instabilities. That our N-body model does not iegte the
velocity dispersion measured across all latitudes mayatefteat
the initial inner Galaxy probably comprised multiple pogtidns
with distinct kinematics and density gradients, while oimge
model evolved from a single thin disk.

DAGAL Network (PITN-GA-2011-289313). M.A acknowledges
funding from the Australian Research Council through a kaur
ate Fellowship (FL110100012).R.R.L acknowledges findrstip-
port from FONDECYT, project No. 3130403. L.L.K is supported
by the Lendilet program of the Hungarian Academy of Scisnce
the Hungarian OTKA Grants K76816, MB0O8C 81013 and K83790
and the European Communitys Seventh Framework Programme
(FP7/2007- 2013) under grant agreement no. 269194. We thank
referee for the useful comments which improved the paper.

REFERENCES

Based on the relationship between kinematics and [Fe/H], we Apadi M. G., Navarro J. F., Steinmetz M., Eke V. R., 2003, ApJ,

have argued that stars with [Fe/H]—1.0 share a common origin,
distinct from metal-poor stars with [Fe/H] —1.0. The character-
istic dispersion profiles seen for stars with [FefH]-0.5 suggest
that these stars have shared a common dynamical historgdighe
tinct dispersion profiles for stars with [Fe/H] —0.5 are compat-
ible with the split stellar magnitude distribution of thedrelump
stars in the inner region which is only seen for stars with'lfffe
> —0.5. The metal-poor stars with [Fe/Hf —1.0 show a more
spheroidal rotation profile although this is not necesgasiidence
of an underlying merger-generated bulge component. Weogmp
that these stars are probably part of the halo and the metalkw
thick disk. We find kinematically distinct metal-poor greupf stars
in our sample. These stars may belong to an independentereunt
rotating stream or moving group in the inner Galaxy.

We are presently working on more complete simulations, in-
corporating chemical evolution and extra components, sagh

a gaseous disk, a classical bulge and a thick disk. Our obser-

vation that the most metal-rich component A is rotating more
slowly than component B will provide an interesting conistra
on these more complete evolutionary chemodynamic modeis. O
of the challenges for future modelling is to find a way to esti-
mate or constrain the fraction of an underlying classicdtdu
component in the Milky Way. We have seen from the simulations

of [Saha, Martinez-Valpuesta, & Gerhatd (2012) that this can

longer be done reliably from the stellar kinematics alone.

ACKNOWLEDGMENTS

We thank the Australian Astronomical Observatory, who have
made this project possible. MN, KF and EA thank the Aspen &ent
for Physics for their hospitality during the workshop ‘Thal@ctic
Bulge and Bar’ in 2011 and the NSF for partial financial suppor
under Grant No. 1066293.

This publication makes use of data products from the Two
Micron All Sky Survey, which is a joint project of the Univer-
sity of Massachusetts and the Infrared Processing and sisaly
Center/California Institute of Technology, funded by thatinal
Aeronautics and Space Administration and the Nationalrigeie
Foundation.

This work has been supported by the RSAA and Aus-
tralian Research Council grant DP098875. MN would also like
to thank the Zonta organisation of Canberra for their finan-
cial support. J.B-H is supported by an ARC Federation Fel-
lowship. G.F.L thanks the Australian research council fop-s
port through his Future Fellowship (FT100100268) and Discp
Project (DP110100678). E.A. gratefully acknowledges faizin
support by the CNES and by the European Commission throwgh th

597,21

Athanassoula E., 2002, ApJ, 569, L83

Athanassoula, E., & Misiriotis, A. 2002, mnras, 330, 35

Athanassoula E., 2003, MNRAS, 341, 1179

Athanassoula E., 2005, MNRAS, 358, 1477

Athanassoula E., 2007, MNRAS, 377, 1569

Athanassoula E., 2012, arXiv, arXiv:1211.6752

Athanassoula E., Machado R., Rodionov, S. 2012, MNRAS, in
press and astro-ph/1211.6754

Babusiaux C., et al., 2010, A&A, 519, A77

Binney J., Gerhard O., Spergel D., 1997, MNRAS, 288, 365

Bissantz N., Gerhard O., 2002, MNRAS, 330, 591

Castelli F., Kurucz R. L., 2004, astro, arXiv:astro-ph/6@87

Castelli F., 1998, MmSAI, 69, 165

Combes F., Sanders R. H., 1981, A&A, 96, 164

Dehnen W., 2000, ApJ, 536, 39

Dehnen W., 2002, Journal of Computational Physics, 179, 27

Diemand J., Madau P., Moore B., 2005, MNRAS, 364, 367

Dwek E., et al., 1995, ApJ, 445, 716

Falcon-Barroso J., et al., 2006, MNRAS, 369, 529 f

Falcon-Barroso J., et al., 2009, ASPC, 419, 131

Freeman K., et al., 2013, MNRAS, 428, 3660

Harding, P., & Morrison, H. 1993, Galactic Bulges, 153, 297

Kerr F. J., Lynden-Bell D., 1986, HiA, 7, 889

Howard C. D., et al., 2009, ApJ, 702, L153

Kobayashi C., Karakas A. I., Umeda H., 2011, MNRAS, 414,
3231

Kunder A., et al., 2012, AJ, 143, 57

Lewis J. R., Freeman K. C., 1989, AJ, 97, 139

Mihalas D., Binney J., 1981, gask.book.

Minniti D., 1996, ApJ, 459, 579

Ness, M., Freeman, K., Athanassoula, E., et al. 2013, m#88s,
836

Ness M., et al., 2012b, ApJ, 756, 22

Raha N., Sellwood J. A., James R. A., Kahn F. D., 1991, Natur,
352,411

Saha K., Martinez-Valpuesta I.
333

Sharma S., Bland-Hawthorn J., Johnston K. V., Binney J.1201
ApJ, 730, 3

Shen J., Rich R. M., Kormendy J., Howard C. D., De Propris R.,
Kunder A., 2010, ApJ, 720, L72

Sneden, C. A. 1973, Ph.D. Thesis,

Stanek K. Z., Udalski A., Szymanski M., Kaluzny J., Kubiak, M.
Mateo M., Krzeminski W., 1997, ApJ, 477, 163

Tumlinson J., 2010, ApJ, 708, 1398

White S. D. M., Springel V., 2000, fist.conf, 327

Zhao G., Qiu H. M., Mao S., 2001, ApJ, 551, L85

, Gerhard O., 2012, MNRASY,,42

© 2011 RAS, MNRASD00, -7


http://arxiv.org/abs/1211.6752
http://arxiv.org/abs/astro-ph/0405087

	1 Introduction
	2 Stellar Populations in the Bulge
	3 Observations and Strategy
	4 Measuring Radial Velocities
	5 Bulge Membership
	6 Results
	6.1 Cylindrical rotation
	6.2 Rotation of the metal-poor stars
	6.3 Kinematics of stars with [Fe/H] > -1.0
	6.4 Stellar streams in the bulge

	7 Comparisons to models
	8 Discussion
	9 Conclusion

