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heguestions Hew did the Vilky Wayiorm?
HeW! dergalaxies iorm?
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HOW G

HOW G e Ealaxi

iENUIgENSIaNmaSSIVENENEoIC) S coinyOREREOIRINENVIIIKYAN A

Disk mass ~ 6x101° M,
Bulge Mass ~101% M,
Halo Mass ~ 10° M.
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HeW i thesVilkyAN aySerme

HOW GO EalaXIESHOMMIE

iENUIgENSIaNmaSSIVENENEoIC) S coinyOREREOIRINENVIIIKYAN A

Disk mass ~ 6x101° M,
Bulge Mass ~101% M,
Halo Mass ~ 10° M.

The MW bulge is the only bulge that we
can resolve down to the smallest stars

b :~“,‘\ P
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he gquestions How:did the Milky \Way iorm:?
HeW dergalaxies form?

The clues:
ihe pulge stricture and KIRemMatics

SPHEreIdR barE hOXY - PEARULE
erpItSThElPrURdErstancineWhere didistars cameiom

fhe bulge age

all'stars coeval?iage gradients?

The bulge chemical content

metallicity distribution

metallicity gradients

kinematics and metallicity.

element ratios — formation timescale
comparison with inner/outer: thin/thick disk
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Chemical abundances in the Galactic bulge

from high resolution spectra

McWilliam: & Richi(1994)
11 calibrating stars at R=17,000

88 stars Baade’s Window
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Chemical abundances in the Galactic bulge

from high resolution spectra

McWilliam: & Richi(1994) Fulbright et al. (2006)
11 calibrating stars at R=17,000 27 calibrating stars at R=60,000

Sadler et al. (1996) Bulge Clump Star Sample
88 stars Baade’s Window 217 Stars

Baade’s Window
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radial metallicity gradients

physical intuition: radial gradient = dissipational collapse

Minniti et al. (1995)

[0 Terndrup ('98) (phot)
A Minniti ('95) + Rich ('88) + MWR ('94) (spec)

r(minor axis)
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radial metallicity gradients
physical intuition: radial gradient = dissipational collapse

Ramirez et al. (2000) Minniti et al. (1995)

CTIO: OSIRIS+IRS @ Blanco

.....
Tes.
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LA
......
______
.....

L.
-~
e .
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...

[0 Terndrup ('98) (phot)

A Minniti ('95) + Rich ('88) + MWR ('94) (spec)

1 2
r(minor axis)

—2

b (degrees) |
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Bulge Metallicity Distribution Function

b=-4°
Zoccali+ (2008)

Zoccali+ (2008)

Normalized Fraction

b=-12°
Zoccali+ (2008)

=it TN .

-1.86 —-1.2 -0.8 -0.4 0.0 0.4
[Fe/H]
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Rich, Origlia & Valenti (2011)

<[Fe/H]>=-022 0=0.15

S \\w\\\\\\\\\\\\\ NANANN

—16—12—08 -0.4 0.0 0.4
[Fe/H]
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Coupling kinematics with metallicities

Hill et al. (2011) two components in the MDF




Coupling kinematics with metallicities

Hill et al. (2011) two components in the MDF

deconvolved
from errors

smoothed
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Coupling kinematics with metallicities

Hill et al. (2011) two components Babusiaux et al. (2010)
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Coupling kinematics with metallicities

Hill et al. (2011) Babusiaux et al. (2010)




Bulge MDF with Fabry-Perot photometry

Rangwala et al. (2009)

lllllllllllllllllllllllll
Baade’s Window Baade’s Window -

[Fe/H]| (dex) |[Fe/H] (dex)
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Metallicity distribution from microlensed dwarfs
Cohen et al. (2009)

Microlensed Bulge Dwarfs

o

Microlensed dwarfs

too metal rich

Zoccali BW MDF I|||I

Seraiiil

-1 0
[Fe/H] (dex)
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Metallicity distribution from microlensed dwarfs
Cohen et al. (2009)

Microlense ‘. |,()> o

(a) 26 Dwarf stars

Microlensed dwarfs
bimodal
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Metallicity distribution from microlensed dwarfs
Cohen et al. (2009)

Mlcrolensed \Bensbyet aI (2011)’ R

—_—

(a) 26 pwart Bensby et al. (2013)%
Microlvlz
bimod 9

{6
3

o 40

$30
;_ 20
1.', 10 ; : : : :

| T : ::: —

; 40

(a) 58 mio‘rolensed bulge dwarfs

MlCroIensed dwarfs
OK!

N\

Zoccal B;f

1 I 1 1 I 1 I 1 ] ] | I 1 I I I 1 I
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Age-Metallicity relation from microlensed dwarfs

Bensby et al. (2013)

A significant (~30%) fraction of
the microlensed dwarfs have
ages < 7 Gyr,

with a few as young as 1.5 Gyr.

o
o

)

Illllllllll
9 12 15 18

Fig.15. Age versus [Fe/H] for the microlensed dwarf sample.
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The ARGOS Su rvey Freeman et al. (2012)
Ness et al. (2013a, 2013b)

28,000 stars 14,150 stars within 3.5 kpc from the Galactic center
R=11,000

DO
S

® completed fields
O incomplete fields

[a—y
Ct

[
(==}

Galactic Latitude (deg)

-30 -25 20 -15 -10 -5 O 5 10 15 20 25 30
Galactic Longitude (deg)
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The ARGOS Survey

Ness et al. (2013a)

middle

-20 -15 -1.0 -05 00 05 1.0 -20 -15 -1.0 -05 00 05 1.0 -20 -1.5 -1.0 -05 0.0 05 1.0
[Fe/H] [Fe/H] [Fe/H]

: the metal rich boxy/peanut bulge <[Fe/H]>~+0.15
: the vertically thicker boxy/peanut bulge <[Fe/H]>~-0.25
: inner thick disk <[Fe/H]>~-0.70

: metal weak thick disk <[Fe/H]>~-1.20

: halo
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Buige extinction map from \
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A complete (photometric) metallicity map of the bulge

Gonzalez et al. (2013)
AT = =
- '
-

4 |

o

Galactic Latitude (b)

—

0
Galactic Longitude (1)
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Nataf et al. (2010)
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The X-shaped MW bulge

X(Kpc)

Y(Kpc)

Y(Kpc)
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X{Kpc)

X(Kpc)
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© ESO/VVV Consortiumvignacio Toledo
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Bulge Treasury Programme with WFC3@HST

Brown et al. (2009, 2010)
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[t]=(V-J)-5.8J-H) (mag)
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Bulge Treasury Programme with WFC3@HST

Brown et al. (2009, 2010)
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Baade’s Window [Fe/H]=+0.5

-1.5 2.0
[t]=(V-J)-5.8(J -H) (mag)
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Kinematics in the X-shaped bulge
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3D kinematics in the X-shaped bulge

This work

Vasquez et al. (2013)

. ‘ (I,b)=(0,—6)

Velocity (km/s)
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3D kinematics in the X-shaped bulge model by

3 is wor Debattista et al. (2005
Vasquez et al. (2013) = . | —_—— ( .)

| | |
|| A=23.7

c

{

see also:

de Propris et al (2011)
Uttenthaler et al. (2012)
Ness et al. (2012)

=

lIlIlllllllllIllllllllJlll Illllllllllllll'lll llllllllllllllllllllll

\IIIIIIIIIIII

Velocity (km/s) Velocity (km/s)
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Gaia ESO Spectroscopic Survey (GES)

PI: Gilmore, Randich

Targetting ~ 100,000 stars in the Milky Way
300 nights spread over 5 years 2012-2016
with GIRAFFE and UVES @ VLT

at R=25,000 ~8500A S/N~100

in the bulge: ~30 nights ~10,000 Red Clump: stars
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Gaia ESO Spectroscopic Survey (GES)

PI: Gilmore, Randich

Field observed in 2012: preliminary results

GIRAFFE HR21 - GES_MW_BULGE

1.2
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Gaia ESO Spectroscopic Survey (GES)

PI: Gilmore, Randich

Field observed in 2012: preliminary results

GIRAFFE HR21 - GES_MW_BULGE
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Gaia ESO Spectroscopic Survey (GES)

PI: Gilmore, Randich
Field observed in 2012:

Metal rich population follows the x-shaped structure
e.g. Ness et al. (2013), Uttenthaler (2012)

1.4
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Apogee Coverage of Milky Way stars
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A New Calibration of Calcium Il Triplet EW versus [Fe/H]

obtained for bulge K giants in Baade’s Window

Vasquez et al. (2013, in prep)

Tuesday, May 7, 13



Alpha element ratios in the Galactic bulge

Rich & Origlia (2005-2007)
Zoccali et al. (2006)
Cunha & Smith (2006)
Fulbright et al. (2007)
Lecureur et al. (2007)

bulge must have formed

e
© :
ol faster than both thick
G A s
O and thin disk
:
)
>
e
e
% ® Bulge - this work
? x Thin Disk - Bensby et al. 2004
O A Thick Disk - Bensby et al. 2004
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Alpha element ratios in the Galactic bulge

Rich & Origlia (2005-2007)
Zoccali et al. (2006)
Cunha & Smith (2006)

Fulbright et al. (2007) Meléndez et al. (2008)
Lecureur et al. (2007) pussme———————tn st —t—————

bulge similar to
thick disk

........................................

© Bulge - this work
x Thin Disk - Bensby et &
A Thick Disk - Bensby et’.

Oxygen over lron Rati

thick disk
thin disk
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Alpha element ratios in the Galactic bulge

Rich & Origlia (2005-2007)
Zoccali et al. (2006)
Cunha & Smith (2006)
Fulbright et al. (2007) Meléndez et al. (2008)
Lecureur et al. (2007) pusmessesmnmmsmmnn s
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E ol

© Bulge - this work
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Alpha element ratios in the Galactic bulge
Gonzalez et al. (2011)

Bulge had short
formation timescale.
Similar to thick disk.

Shorter than thin disk
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Alpha element ratios in the Galactic bulge
Gonzalez et al. (2011)
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Alpha element ratios in the Galactic bulge

Gonzalez et al. (2011)
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Summary

e Ealacuic UIgENOStSHa WEXY/PEaRUEStRUGEURE
most likely this originated from dynamical instability of the disk

AvtmetAlCIGYAGhadIER G REth EFOULEIR PG E) 0] | OVWSHE ENIOXY/PEaRUE SEHRUGCEHRE

dynamical models need to account for this
perhaps this indicates the presence of more than one component

Bllge stanst aneroldiand metal meh, With igh oy Eel ratie
rapid star formation occurred, some 10 Gyr ago. Seewlar-evelution

Large scale surveys are providing a great deal of information, both on the chemical
abundances and kinematics of bulge stars.

Models optimized for the Milky Way, including gas and chemical evolution are badly
needed to interpret the observational results.
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