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ABSTRACT

Context. The Bulge is the least understood major stellar populatfahe Milky Way. Most of what we know about the formation
and evolution of the Bulge comes from bright giant stars. Tingerlying assumption that giants represent all the stacsaccurately
trace the chemical evolution of a stellar population, isarmdebate. In particular, recent observations of a few reosed dwarf stars
give a very diferent picture of the evolution of the Bulge from that giventhg giant stars.

Aims. We aim to resolve the apparent discrepancy between Bulgalioiy distributions derived from microlensed dwarf t@and
giant stars. Additionally, we aim to put observational deoaigts on the elemental abundance trends and chemicaltmmlof the
Bulge.

Methods. We perform a detailed elemental abundance analysis of ditand in the Galactic bulge, based on high-resolution spect
that were obtained while the stars were optically magnifigtihg) gravitational microlensing events. The analysisthroétis the same
as for a large sample of F and G dwarf stars in the Solar neighbod, enabling a fully dierential comparison between the Bulge
and the local stellar populations in the Galactic disc.

Results. We present detailed elemental abundances and stellar aggis hew dwarf stars in the Galactic bulge. Combining these
with previous events, here re-analysed with the same methveel study a homogeneous sample of 15 stars, which coestitat
largest sample to date of microlensed dwarf stars in thedBalaulge. We find that the stars span the full range of mieitidls from
[Fe/H] = -0.72 to +0.54, and an average metallicity qFe/H]) = —0.08 + 0.47, close to the average metallicity based on giant
stars in the Bulge. Furthermore, the stars follow well-dediabundance trends, that for [F§ < O are very similar to those of the
local Galactic thick disc. This suggests that the Bulge #&edthick disc have had, at least partially, comparable cbalnhiistories.

At sub-solar metallicities we find the Bulge dwarf stars teéheonsistently old ages, while at super-solar metalisitie find a wide
range of ages. Using the new age and abundance results feami¢iolensed dwarf stars we investigate possible formatignarios
for the Bulge.
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1. Introduction ner~1kpc of the Galaxy.(Frogel 1988). Recent results for the
) ) _ . Bulge shape give a scale length for the bar major axislob kpc

The Galactic bulge is a major stellar component of the MilkiRattenpury et al. 2007). The kinematic properties of thigBu
Way. (I)Estlmatlons of its mass range from 1006 (Cort 1974} intermediate between a rotationally supported systehraa
to 25% [Sofue etal. 2009) of the total stellar mass of g ocity dispersion dominated system (elg.. Minniti & Zalic
Galaxy. It is a peanut shaped barred bulge and occupiesthezfng) "The markedly dierent stellar populations that inhabit
- : , this region of the Galaxy make it important to discern the for
Send offprint requests to: Thomas Bensby, e-maitbensby@eso.org  mation and evolution as part of the understanding of thealver

* Based on observations made with the European Southgfymation of the Galaxy. In addition, bulges are common fea-
Observatory telescopes, Program IDs 082.B-0453 and 08368- Y- » BUlg
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tures among luminous galaxies, and determining the ori§in tion altogether because of high mass loss. Kilic et al. (2003-
the Bulge and the corresponding observational signatergs ( posed a similar mechanism to explain the non-binary He white
boxy isophotes, highi/Fe] ratios, no age dispersion) are imporedwarfs found in the Solar neighbourhood. Finally, with wffn
tant steps in decoding the formation of bulges in general. stars, ages can be determined for individual stars, and en ag
The diferences among the Bulge, the thin and thick disesetallicity relationship derived, which is not possible gi-
in the Solar neighbourhood, and the Galactic stellar hale haant stars. This means that a true study of the Bulge requires
been discovered and detailed through extensive photaneetd the study of dwarf stars. However, at the distance of the &ulg
spectroscopic observations of stars. Red giants are dertbien  dwarf stars are too faint for abundance analyses based brn hig
only stars bright enough for high-resolution spectroscatghe resolution spectra. Turfiostars in the Bulge have V magnitudes
distance of the Bulge, and they have been intensively siudiground 19 to 20 (compare, e.g., the colour-magnitude diagra
in the optical and infrared, particularly in a few fields inding inlEeltzing & Gilmore 2000). However, in the event that a Baulg
Baade’s window (e.d. McWilliam & Rich 1994; Fulbright et al.dwarf star is lensed by a foreground object, the magnitudesof
2006] Zoccali et dl. 2003; Meléndez etlal. 2008; Cunha & Bmistar can increase by more than 5 magnitudes, in which case a
2006; | Ryde et al. 2009). Chemically, the Bulge is decidedljigh-resolution spectrum can be obtained and the star sexhly
more metal-rich than the stellar halo, with the meanifférom in a similar manner as the dwarf stars in the Solar neighbour-
thelZoccali et al.[(2008) sample slightly below solar métall hood.
ity, and a possible vertical metallicity gradient of 0.6 dasr
kpc, although a comparison with M giants in the inner Bulge
may indicate a flattening of the gradient in the central regio , ) )
(Rich et al[ 2007). The abundance ratios show enhangée There were several spectroscopic observations of mi-
ratios that persist to higher [A4] than in local thin disc stars, crolensed Bulge stars in the 1990s, but the first high-résolu
but show good agreement with thick disc giahts (Melénded et spectrum of a dwarf star was presentedn in_Minniti etlal. (2998
2008; [ Alves-Brito et dll 2010). Furthermore, the stars a tffFOmPlete high-resolution spectroscopic abundance amlys

Bulge main-sequence turfiare red, and isochrone fitting hag1@ve been published for eight microlensing events tow‘?‘fd th
shown that the majority of the stars in the Bulge are old (e.c2u!9€_(Johnson etal. 2007, 2008; Cohen et al. 2008, 2009b;
Bensby et dl. 2009a,0b; Epstein et al. 2009). Initially, ipeared

Holtzman et all 1993; Feltzing & Gilmare 2000; Zoccali et ai - :
20037 Clarkson et 4l. 2008). that the microlensed Bulge dwarf stars were typically much
These observations have fuelled an intense debate on the zogequetal-(r;ch t_han thKe ?lants In thSe Bulge, .;rg:l Epsteieta
gin of the Bulge. The established concordance model of cbsm{&209) bOlE)r']I' ' u?mgl a oomohgorcr)]v— m|rnr(])w ( )I test, a very
ogy provides the framework to understand the formation ef tHoW Probability of only 1.6 % that these eight microlensechiv
Milky Way by hierarchical merging, but the formation of th tars in the Bulge were drawn from the same metallicity distr

components of the Galaxy requires important physics, sech!tion (MDF) as the sample of Bulge giants from Zoccali et al.
star Pormation and feedbac):/k, tﬂat is unrepsolved gné/ parmeet (2008).Cohen etal. (2008) proposed that a similar mechanis

in current models. However, there are two basic scenarios he one occurring in NGC _6791 was occurring in the Bulgg,
which a bulge is built up in simulations (see Rahimi et al.©00Preventing the most metal-rich stars from being included in

f herein). The first i h the gia_mt surveys. Arguments against this id(_aa p_resentet_d by
and references therein) e first is by mergers, where S'Z'occah etal. (2008) were based on the luminosity function

clumps coming together in the early phases of Galactic evol h . d red giant b h. showi lack
tion combine to form the Bulge out of both accreted stars afnd the main sequence and red giant branch, showing no lac

stars formed in situ. The second is secular evolution, whefpRGB stars, with respect to the prediction of theoreticatim
the Bulge is created gradually out of the Galactic disc (e.&. S

Kormendy & Kennicuit 2004). The merger model is favoured by

the metallicity gradient, while the secular evolution mddda-

vored by cylindrical rotation and by agreement (in terms eam In addition, the microlensed Bulge dwarf stars showed good

metallicity abundance trends, and ages) with the Galdoiikt 54reement in abundance ratios with the thick disc starsen th

disc (e.g.. Howard et &l. 2009). , , Solar neighbourhood (Bensby et al. 2000a,b). However, com-
As mentioned above, spectroscopic observations of star)iiyisons have been hampered because of the small number of

the Bulge have usually b(_een confined to giants. This limits Ohicrolensed stars that did not always cover the/fffeange

knowledge of the Bulge in several ways. First, because mughinterest. Also, individual age estimates were provided f

of our knowledge of the Solar neighbourhood relies on dwagfars near the turfib subgiant branch, including some stars

stars (e.g. Edvardsson et al. 1993), any systemal&eis be- that could be younger than the canonical old Bulge poputatio
tween the metallicity scale of giant and dwarf stars is cdase (jonnson et al. 2008; Bensby ellal. 2009b).

concern. In this context, Taylor & Croxall (2005) have shown

that there is a lack of very metal-rich ([R¢] > +0.2) gi-

ants in the Solar neighbourhood and that the mean metallic-

ity of local giants is lower than for dwarfs. Recent studiés o We will here present detailed elemental abundance re-
nearby giants (Luck & Heiter 200[7; Takeda et al. 2008) confirsults for six new microlensing events toward the Galactic
the lack of very metal-rich stais. Santos etlal. (2009) ssighat bulge. We also re-analyse the events previously studied by
there may be systematic errors in the metallicity detertiona [Cavallo et al. [(2003)| Cohen etlal. (2009b) and Epsteinlet al.
of metal-rich giants. Secondly, there are several piecesvief (2009). Combining these data with the results from Benstay et
dence that giant stars may not accurately represent altane s (2009a) and Bensby etlal. (2009b) (which includes a re-aisaly
For the metal-rich cluster NGC 6791, Kalirai et al. (2007pr of the events frorn Johnson etlal. 2007, 2008; Cohenet al})2008
posed that the explanation for the large number of low-mas® now have a sample of 15 microlensed dwarf stars in the Bulge
He white dwarfs was that about 40% of the stars do not bérat have been homogeneously analysed using the exact same
come red clump stars, skipping entire phases of stellauevoimethods.
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Table 1. Summary of the, so far, 15 dwarf star microlensing events in the Bulge have been observed with high-resolution
spectrographs. They have been sorted according to thedlivides (as given in Tablel2).

Object RAJ2000 DEJ2000 | b Te Tmax  Amax Tobs Exp. S/N Spec. R Ref.
[hh:mm:ss] [dd:mm:ss] [deg] [deg] [days] [HJD] [MJD] [s]

OGLE-2009-BLG-076S  17:58:31.9-29:12:17.8 +1.21 -256 36.9 4916.46 70 4916.291 7200 30 UVES 45000 BO09a
MOA-2009-BLG-493S  17:55:46.0 —-28:48:25.8 +1.25 -1.84 13.2 5094.61 150 5093.980 7200 40 UVES 45000 TW
MOA-2009-BLG-133S  18:06:32.8 —31:30:10.7 +0.05 -519 26.6 4932.10 70 4932.233 7200 35 UVES 45000 TW
MOA-2009-BLG-475S  18:02:27.3 -27:26:49.9 +3.16 -245 34.0 5084.92 62 5084.980 7200 20 UVES 45000 TW

MACHO-1999-BLG-022$ 18:05:05.8 -28:34:39.5 +2.46 -351 265.0 1365.50 28 1366.315 12600 80 HIRES 29000 CO03

OGLE-2008-BLG-209S  18:04:50.0-29:42:35.3 +1.44 -401 19.5 4606.09 30 4606.833 5400 30 MIKE 47000 BO9b
MOA-2009-BLG-489S  17:57:46.5 -28:38:57.8 +1.61 -214 58.9 5095.52 103 5094.982 7200 65 UVES 45000 TW
MOA-2009-BLG-456S  17:48:56.3 —-34:13:32.3 -416 -3.34 36.2 5090.94 77 5090.982 7200 45 UVES 45000 TW

OGLE-2007-BLG-514S  17:58:03.0-27:31:08.2 +2.62 -163 76.0 4386.28 1200 4385.985 4800 30 MIKE 25000 EO09
MOA-2009-BLG-259S  17:57:57.6 —-29:11:39.1 +1.15 -245 69.1 5016.77 220 5016.227 7920 50 UVES 45000 TW
MOA-2008-BLG-311S  17:56:53.7 —-31:23:40.3 -0.87 -335 15.7 465540 400 4654.952 7200 85 MIKE 29000 CO09
MOA-2008-BLG-310S  17:54:14.4 -34:46:37.7 -4.09 -456 7.1 4656.39 280 4655.957 7200 90 MIKE 41000 CO09

OGLE-2007-BLG-349S  18:05:23.0-26:25:27.1 +4.38 -252 109.4 434856 400 4348.237 3050 90 HIRES 48000 CO08
MOA-2006-BLG-099S  17:54:10.2 -35:13:34.9 -448 -478 30.1 3940.35 380 3940.090 2400 30 MIKE 19000 J08

OGLE-2006-BLG-265S  18:07:18.9-27:47:44.0 +3.38 -355 28.6 3893.24 212 3892.581 900 45 HIRES 45000 JO7

* Given for each microlensing event is: RA and DE coordinal@9Q0) read from the fits headers of the spectra (the direatieere the telescope pointed during observation); galacti
coordinatesl(andb); duration of the event in day3 £); time when maximum magpnification occurellfx); maximum magnificationAmax); time when event was observed with
high-resolution spectrograpfid,s); magnification at the time of observatioAs); the exposure time (Exp.), the measured signal-to-naitierr per pixel at-6400 A; the spectrograph
that was used; the spectral resolution; and the refereneeathe star first appeared: F/Whis Work, B09&Bensby et dl. (2009a), BOSBensby et &l1(2009b), J&dohnson et al.
(2007), Jog8Johnson et al. (2008), Ce&€ohen et &l. (2008), Ce&Lohen et 2l (2009b), CeZavallo et al.[(2003).

# MACHO ID: 109.20893.3423.

2. Observations and data reduction either a dwarf or a subgiant star, we triggered observatiotis

. . . o the UVES spectrograph (Dekker etlal. 2000) located on UT2 at
In order to trigger observations of these highly magnifi@dsst o ESO very Large Telescope on Paranal. Due to the limited
we rely on the OGLE and MOA projects that every night MON- yisibility of the Bulge in March, the target had to be obserte

itor about 100 million stars toward the Bulge to detect @i ;.o -4s the end of the night. Hence, OGLE-2009-BLG-076S was
in their brightnesses. If an object shows a well-defined ifise ,,5ered on March 26, a few hours after reaching peak bright-
brightness, a microlensing alert is announced. Every Y& oqq (see Fidl1). A few weeks later, on April 11, we observed
800 events are detected. Based on the photometric dataedtay, o \10a-2009-BLG-133, this time first alerted by the MOA col-
by the MOA and OGLE surveysitis possible to model the everj, 5 ration, also with UVES. The third event was observetién t
and make predictions of the length of the event, peak br&#¥n 1o qinning of July, MOA-2009-BLG-259S. This object was ob-
and time of peak b.rlghtness. Stars are identified as I'ke,lgrﬂwserved during the UVES red arm upgrade, so we could only ob-
stars based on their unlensed magnitudes and col@ereces 5 5 spectrum with the blue CCD that has a limited wavelengt
relative to the red clump stars. This is done in instrumemtg- coverage of 3700-5000A. In September, the end of ESO ob-
hitudes. The majority are low magnification events, and @nly ., ino"hariod P83, we saw an explosion of microlensing &ven
few have un_Iensed bnghtnessgs/of: 18-20, chara(_:terlstlc of and another four source stars were observed with UVES: MOA-
dwarf stars in the Bulge at a distance-oBkpc. During areg- 5449 | 4755 on Sep 10, MOA-2009-BLG-456S on Sep 16
ular Bulge season in the Southern hemisphere, typicallyrato MOA-2009-BLG-493S on S,ep 19 and MOA-2009-BLG-48981

10 high-magnification events of dwarf stars in the Bulge &e don Sep 20. The UVES red arm was now back with two new red
tected. To catch these unpredictable events, we have an OngﬂiDspwith.increased sensitivities

ing Target of Opportunity (ToO) program at the ESO Very Largé

Telescope on Paranal in Chile. Observations can then be trig For the 2009 observations with UVES listed above, each tar-
gered with only a few hours notice. get was observed for a total of two hours, split into eitheir 80

min or three 40 min exposures. Using UVES with dichroic num-
ber 2, each observation resulted in spectra with wavelermth
erage between 3760-4980A (blue CCD), 5680-7500A (lower
On March 21, 2009, the OGLE early warning system identifieagéd CCD), and 7660-9460 A (upper red CCD). In all cases a slit
OGLE-2009-BLG-076 to be a possible high-magnification miyidth of 1” was used, giving a resolving powerRf 45 000.
crolensing event toward the Galactic bulge. As the magritfd

the source star before the microlensing event indicatedttivas On all occasions, right before or right after the observatio
of the microlensed targets in the Bulge, a rapidly rotatirgjds,

1 OGLE is short for Opt|ca| Gravitational Lens Experiment,either HR 6141 or HR 8431, was observed at an airmass similar
http://ogle.astrouw.edu.pl|(Udalski2008). to that of the Bulge stars. The featureless spectra frometBes

2 MOA is short for Microlensing Observations for Astrophysic Stars were used to divide out telluric lines in the spectrthef
http://www.phys.canterbury.ac.nz/moa (e.g., [Bondetal. Bulge stars. Also, at the beginning of the night of April 11 we
2001). obtained a solar spectrum by observing the asteroid Pallas.

3 With the new OGLE-IV camera that will be in operation in thefir . )
half of 2010 the field-of-view will increase from the 0.3 sgeidegrees Data taken before the upgrade of the UVES red CCD in mid-

of OGLE-IIl to 1.4 square degrees, resulting in a substhimizease in - July were reduced with the UVES pipeline (CPL version 3.9.0)
the number of detected microlensing events. while the data taken after the upgrade were reduced withorers

2.1. The 2009 events observed with UVES
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Fig. 1. Light curves for the eight new microlensing events. The phmatry comes from the surveys indicated by their names (MOA
or OGLE), except for MACHO-1999-BLG-022S that has data ffoom both OGLE (circles) and binned MACHO data (crosses).
Each plot has a zoom window, showing the time intervals whersburce stars were observed with high-resolution spgetphs.

In each plot the un-lensed magnitude of the source staragyalen (s).

4.4.5. Typical signal-to-noise ratios per pixel at 6400 & given level is changing on a time scale of a few minutes, we used the
in Table]. over-scan region to compensate for the observed variatiods
The light curves for the seven microlensing events (incluée bring all the raw data to arffectively homogenised bias level.
ing OGLE-2009-BLG-076S from Bensby et/al. 2009a) observédaster calibration frames were created by averaging tre rel
with UVES in 2009 are shown in Fiff] 1, in which we have alsgant frames obtained close in time to the science obsenstio
indicated the time interval during which they were obsemiéi  The data were then bias, dark and background-illuminatibn s
high-resolution spectrographs. Positions, amplificatjdimes tracted using standard procedures of the ECHELLE conténet. T
of observation, and exposure times are given in Table 1. orders were traced directly on the science images and aeb-pix
window was used to extract the object spectra. Sky spectra we
extracted from two smaller windows on both sides of the ob-
2.2. Los MACHOs ject window. Flat-field and wavelength calibration speetere

Cavallo et al.[(2003) presented the first detailed elemeiiah- extracted using the exact same windows as the one used for ob-
dance study of microlensed dwarf stars in the Bulge. Th ct and sky extraction. The science and sky spectra were the

analysis was of a “preliminary” nature, so we decided to r at-fielded and sky subtracted. Finally, because of litieno

e : erlap between the orders, the wavelength calibrationpeas
analyse the stars that they classified as either dwarf or Sggrmed individually for each order. In total, 27 orders wete

giant stars. There are four such stars: MACHO-1997-BL S .
045S, MACHO-1998-BLG-006S, MACHO-1999-BLG-001s5€ved yielding anféective wavelength coverage from 4670 to
and MACHO-1999-BLG-022S. 7180 A, although with some gaps between the orders.
The observations of these stars were carried out from 1997
to 1999 with the HIRES spectrograph on the Keck | telescope on
Hawaii. By using a 1.148" wide slit and a 2x2 binning, spectra
with a resolution oR ~ 29 000 were obtained. These data were Only two of these four stars could be analysed. The re-
obtained when the HIRES detector had only a single CCD chiiiiced spectrum for MACHO-1997-BLG-045S was not afisu
The data are now publicly available and we gathered sciemte &ient quality to allow for any measurements of equivalenits
associated calibration files from the Keck Observatory igh  or line synthesis necessary for a proper abundance analysis
The data reduction was carried out using the LONG arhd MACHO-1999-BLG-001S appears to be a spectroscopic bi-

ECHELLE contexts of the MIDAB software. Because the biaghary. Also, as MACHO-1999-BLG-006S turned out to be a low-
luminosity giant after our re-analysis (Iggy 2 — 3), the results

4 Available afhttp://koa.ipac.caltech.edu for this star will be presented together with the other samibw-

5 ESO-MIDAS is the acronym for the European Southerfminosity giant stars observed at ESO in a subsequent.study
Observatory Munich Image Data Analysis System which is ipesi  The light curve for MACHO-1997-BLG-022S is shown in Fig. 1
and maintained by the European Southern Observatory. and event data given in Talile 1.
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T T T T T T T T T
O - —
g | l '
g -2 r 514 489 493 —
= 259
= 475
N e i 076 310 456 1 Fig.2. Positions and radial velocities for the 15
s oo microlensed stars. The arrows represent mea-
% -4 200 sured radial velocities and one degree cor-
<] responds to 70 knt$. Upward pointing ar-
099 rows indicate positive velocities. The curved
line shows the outline of the southern Bulge
-6 - = based on observations with the COBE satellite
(Weiland et all 1994). The location of Baade’s
' . ' . ' . ' . ' window (BW) is marked by the larger open cir-
4 2 o -2 -4 cle. Stars have been labelled with the last num-
Galactic longitude ber in their IDs.
3. Bulge membership stars with radial velocities in opposite directions on thens
N ] N side of the Galactic centre (e.g., Cohen et al. 2008).
3.1. Positions on the sky and radial velocities In addition, we have prior knowledge of the colours and

; e, magnitudes of the source stars when unmagnified. The stars we
The locations on the sky of the events are shown iniErig. 21l t served were all identified as dwarf or subgiant stars alite

stars have negative Galactic latitudes because OGLE and M ;
currently only monitor fields withh < 0. The angular distances ance of th_e Bulge ba_sed on OGLE or MOA instrumental colours
nd magnitudes, estimated from thi&sets from the red clump

to the Galactic plane are similar for all events, betweerf.2- . ; .
The measured radial velocities for the stars have beendtetic S2rS I the same field. The parameters for the stars detedmin

in Fig. 2. Arrows upward means positive radial velocities, ain this manner have been_repeatedly tested against_the param
rows downward negative velocities, and the scale in the digdf'€"S derived spectroscopically and the overall consigtee-

is 70 kms? per degree. The high variation i for the mi- ween these results (e.g. Johnson et al. 2007, 2008) agairssh
crolensed stars is consistent with the high velocity disiper that these stars are Ilkely_ located at the dlstance_of thgeBul
seen for Bulge giant stars (compare, €.g.. the recent BRAVA tand not the near or far disc. The fact that the latitudes of the

dial velocity survey of red giants in the Bulge by Howard et a tars are qloser to the Galap_ﬂc plane mfiy make disc COrgemin
’ ion more likely for unmagnified sources; however, the camabi

2008). . : : ] . ;
tion of kinematics, colour-magnitude diagrams and micrsieg
statistics indicate that we are studying a stellar poputakie-
3.2. Microlensing toward the Galactic bulge longing in the Bulge.

Because we need to observe the microlensing events wherever .
they occur in the central regions of the Galaxy, we cannobsko 4- Analysis
stars along, e.g.,_the minor axis to maximise the contiputi 4 7 Stellar parameters and elemental abundances
of the Bulge, leading to possible confusion about whethes¢h
stars are Bulge, disc or halo stars. The determination of stellar parameters and calculatioal@f

Our current approach to this is to regard the division intgyental abundances were_carried_out as des_cribed in methbd_ lo
Bulge and disc for stars within 1 kpc of the Galactic centre &ensby et al..(2009b). Briefly, this method is based on equiva
a semantic division. There is no evidence for a cold rotatitgnt width measurement8\) and one-dimensional LTE model
extended disc that close to the Galactic centre for the fieldllar atmospheres calculated with the Uppsala MARCS code
that have been studied so far (Howard ét al. 2009), and the ceustafsson etal. 1975; Edvardsson etal. 1993; Asplunid et a
ation of the Bulge from the Galactic disc is one of the scenak997)- The spectral line list is an expanded version of tsee li
ios we wish to test. So the question then becomes whether #§gd by Bensby et al. (2003, 2005) and is in full given in Bgnsb
microlensed dwarf and subgiant stars are located in theeBuff @l. (in prep.). Equivalent widths were measured using the
region, or in the disc on either this side or the far side of tHRAF taskspLor. Gaussian line profiles were fitted to the ob-
Bulge.[Nair & Miralda-Escudé (1999) estimate that abou¥d 5 Served lines, but in special cases of strong Mg, Ca, Si and Ba
of the events toward the Bulge could have source stars bieigngines. Voigt profiles were used to better account for theredkeel
to the far side of disc, more than 3kpc away from the Galactiéng profiles of these lines. _ - _
centre. On the other hand, more recent theoretical calontat  1he dfective temperaturelg) is found by requiring excita-
of the distance to microlensed sources, assuming a comtisant tion balance of abunqlances fromIFFmgs, the microturbulence
density and an exponential bulge, show that the distandeeto Parameterg;) by requiring zero slope in the graph where abun-
sources is strongly peaked in the Bulge, with the probatlt dances from Felines are plotted versus the reduced strength

havingD < 7 kpc very smalll(Kane & Safiu 2006). 5 IRAF is distributed by the National Optical Astronomy

Another argument that these are Bulge stars, rather than dishservatory, which is operated by the Association of Ursiies
stars, are the large radial velocities for stars close t@#lactic for Research in Astronomy, Inc., under co-operative agesemwith

centre (e.g. Epstein etlal. 2009) as well as the fact tha¢ther the National Science Foundation.
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Fig. 3. Diagnostic plots showing absolute Fe abundances versuseddine strength and lower excitation potential. Opeadlesr
indicate abundances from Fines and filled circles from Relines. Similar plots for MOA-2006-BLG-099S, OGLE-2006-BL
265S, OGLE-2007-BLG-349S, and OGLE-2008-BLG-209S candumd in| Bensby et all (2009b). Note the limited number of
lines for MOA-2009-BLG-259S due to that this star was obsdmhen only the UVES blue CCD was available.

(log(W,/ 1)) of the spectral lines, and the surface gravity ¢dg To relate the elemental abundances to those in the Sun we
from ionisation balance, i.e., requiring that the averalgena determine our own solar abundances. The equivalent widéhs w
dances from Feand Fait lines are equal. Only Reand Fai lines measure in the solar spectrum that was obtained by observing
with measured equivalent widths smaller than 90 mA are usedthe asteroid Pallas with UVES on April 11, 2009, show very
the determination of the stellar parameters. Figuire 3 shbes good agreement with the equivalent widths of several spkacs

diagnostic plots, log(Fe) versus logi,/1) and lower excitation tra (average of Ganymede, Ceres, Vesta, Moon, and sky apectr
potential §), for the stars. in Bensby et al. (in prep.). On average the measurementgof th



T. Bensby et al.: Chemical evolution of the Galactic bulgérased by microlensed dwarf and subgiant stars. Il. 7

Table 2. Stellar parameters, ages, and radial velocities for theokaaf microlensed dwarf stafs.

ObjeCt Teﬁ |Og g ‘ft [FdH] NFel ’ NFeu Age [
(K] [cos] [kms™] [Gyr] [kms~]

OGLE-2009-BLG-076S  587% 96 430+0.18 161+016 -0.72+0.07 66, 7 117+ 1.9 +1287
MOA-2009-BLG-493S  545% 98 450+0.22 083+030 -070+0.14 80, 5 91+40 -145
MOA-2009-BLG-133S  559% 92 440+ 027 115+0.27 -0.64+0.17 68, 7 A +40 +916
MOA-2009-BLG-475S 5843 173 440+030 131+031 -054+0.17 53, 4 91+37 +1378

MACHO-1999-BLG-022S  565@ 106 405+0.20 030+045 -0.49+0.14 97, 10 17+ 23 +37.6

OGLE-2008-BLG-209S 524 65 382+0.16 101+0.11 -0.30+0.06 146, 19 B+31 -1736
MOA-2009-BLG-489S 5634 89 430+0.18 068+0.17 -0.18+0.11 114, 15 1D+23 +96.5
MOA-2009-BLG-456S  570@& 93 424+0.18 100+0.20 +0.12+0.09 91, 14 P+16 -1646

OGLE-2007-BLG-514S 5644 130 410+0.28 155+0.29 +0.27+0.09 49, 8 69+1.6 +1588
MOA-2009-BLG-259S  500@ 400 450+0.50 050+0.75 +0.33+0.40 16, 3 A +40 +832
MOA-2008-BLG-311S 5944 68 440+ 013 117+012 +0.36+0.07 118, 16 B+10 -341
MOA-2008-BLG-310S 5704 65 430+0.12 105+0.11 +0.42+0.08 122, 20 6+10 +77.5

OGLE-2007-BLG-349S 5228 63 418+ 0.13 078+0.13 +0.42+0.08 103, 18 1$5+10 +1130
MOA-2006-BLG-099S  574% 87 447+0.15 084+014 +044+0.10 119, 21 B+13 +99.0

OGLE-2006-BLG-265S 5486 70 424+ 015 117+012 +0.47+0.06 92, 14 P+13 -1540

 For the four stars analysed[in Bensby étlal. (2009b): OGLEBZBLG-209S, MOA-2006-BLG-099S, OGLE-2006-BLG-265Sd8PGLE-2007-BLG-349S, we
have here updated the estimations of the uncertaintieg ttsgnmethod outlined in_Epstein et al. (2009).

Pallas solar spectrum is only 0.3 % larger, which is trulylheg 4.3. Error analysis
gible. Hence, to ensure that the normalised abundancehdor
microlensed dwarf stars are on the same baseline as theesal X :
of ~ 700 thin and thick disc dwarf stars in Bensby et al. (in prep2f-€" performed for the microlensed dwarf stars. This method

we use the average equivalent widths based on measurement@ies into account the uncertainties in the four obsereabiet
all solar spectra (see Bensby et al. in prep.). were used to find the stellar parameters, i.e. the unceytaint

the slope in the graph of Febundances versus lower excita-
Final abundances are normalised on a line-by-line basis aiwh potential; the uncertainty of the slope in the graph ef F

then we take the median value for each element. In a few cas@sindances versus line strength; the uncertainty in tfereince

when the equivalent width of an Fe line in the Sun was largbetween Feand Far abundances; and the uncertainty in the dif-

than 90mA, or when a Ti or Cr line were larger than 110 mAgerence between input and output metallicities. The metisal

and these lines were measured in the Bulge dwarf star, we na¢counts for abundance spreads (line-to-line scatter)efisas

malised the abundance for that line with the average abuwedahow the abundances for each element reacts to changes in the

from all other lines that were measured in the solar spectonm stellar parameters.

that element. These cases are marked by “av”in col. 7in Bable The resulting errors in the stellar parameters are given to-
ether with the best fit values of the stellar parameterslifelz.

%gue errors in the abundance ratios are given in Table 5.

jigorous error analysis as outlined in Epstein etlal. (30G&

Final stellar parameters for our targets are given in Table
All measured equivalent widths and elemental abundanaes
individual spectral lines are given in Table 4, while Tdhlgtes
the normalised abundance ratios. 4.4. Stellar ages

Stellar ages were determined as described in_Meléndez et al
(2009). We interpolated a fine grid efenhanced Yonsei-Yale
(Y?) isochrones by Demarqgue et al. (2004), adoptintFe] = 0

. . . for [Fe/H] > O, [a/Fe] = —0.3 x [Fe/H] for -1 < [Fe/H] < O,
In order to increase the sample size of microlensed dw%lrll{d k/Fe] = +0.3 for [Fe/H] < —1. At a given metallicity, we
stars, we include the two stars MOA-2009-BLG-310S, and ¢parched for all solutions allowed by the error bargdr logg
3118, recently published by Cohen et al. (2009D), and OGLEﬁd [FegH], adopting as final result the median age and as error
2007-BLG-514S by Epstein et'al. (2009). The metallicitieatt y,a standard deviation. Column 6 in Table 2 give the median ag
were found for these three stars by Cohen =tal. (2009b) aé}“ij column 7 the error. Figuré 4 shows the 15 microlensedfdwar

E:pes/ﬁ]inzeig.légz,?ggz):&eivgs.] = +0.41, [Fe/H] = +0.26, and g5 together with theMsochrones in the [0§er — log g plane.

4.2. Additional dwarf stars

The spectra for these stars were kindlly provided by th‘? a5, Check 1: temperatures from microlensing techniques
thors and we have re-analysed them using our methods in or-

der to have all 15 microlensed dwarf stars on the same baBe-reddened colours and magnitudes of the sources can be es-
line. The values we find for these stars are listed in Tabl@@, atimated using standard microlensing techniques (e.g. Yat e
they are generally in good agreement with what were found2004). The method for determining the colour does not make
Cohen et al.[(2009b) and Epstein et al. (2009). The mdierdi any assumption about the absolute reddening, nor abouéthe r
ences are that we derive a 240K higHeg and 0.2 dex higher tio of selective to total extinction. It only assumes that ted-

logg for MOA-2009-BLG-311S, and a 0.2dex lower lpgor dening toward the microlensed source is the same as the red-
OGLE-2007-BLG-514S. The otherftiérences are within the es-dening toward the red clump, and that the red clump in the
timated uncertainties. Bulge has ¥ — 1) = 1.05 andlp = 14.32 (e.g./ Johnson etlal.
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Fig.4. lllustration of the estimation of stellar ages using thenhanced isochrones from _Demarque etial. (2004). Eachf set o
isochrones have been calculated with the same metallisdyraenhancement as derived for the stars. In each plot the |sudisl
represent isochrones with ages of 5, 10, and 15 Gyr (fronidefght). Dotted lines are isochrones in steps of 1 Gyr, ir@gpfrom

0.1 Gyrto 20 Gyr. Error bars represent the uncertainti@gjrand logy as given in Tablg]2.

Table 4. Measured equivalent widths and calculated elemental amaoss for each star.

J x| Sun | 0b09076 | mb09133 | mMb09456 | mMb09475 | mb09489 | mb09493 | mMb99O22
= (Al V] | Wio  eX)o  flg | Wa  eX) | Wa  eX) | W e(X) | Wa  e(X) | Wi e(X) | Wi e(X) | Wi e(X)
Alr  5557.06 3.14| 104 644 -
All  6696.02 3.14| 449 662 -

 For each line we give the lagf value, lower excitation potentiak{), measured equivalent widthe/(), derived absolute abundance (kgi)). The table is only
available in the online version of the paper and in electrdoim at the CDS via anonymous ftp ¢dsarc.u-strasbg. fr (130.79.125.5) orvia
http://cdsweb.u-strasbg. fr/Abstract.html.
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Table 3. Comparison of colours andfective temperatures as

determined from spectroscopy and microlensing techniques L S S S B S
. 500 | (aT,)=-103+252K ° 3
N = ]
Object M (V1) TE| T (V)P = oF ‘. Lo
) r ° ]
OGLE-2009-BLG-076S 4.19 0.67 571%877  0.65 27500 E d . o o 1
MOA-2009-BLG-493S 3.34 0.79 532%457  0.75 I ]
MOA-2009-BLG-133S 4.19 0.68 57306597 0.71 oalm T T T T
MOA-2009-BLG-475S 4.25 0.59 615063843 0.65 ° 02 [ (a(V=1)o)=+0.03+0.08 R ]
MACHO-1999-BLG-022S - - — | 5650 0.71 N Th . . . o . 8°
OGLE-2008-BLG-209S 2.52 0.71 567®243 0.82 > 0 ® ®e ]
MOA-2009-BLG-489S 3.39 0.85 52006634 0.71 < -0.2 * —
MOA-2009-BLG-456S 2.76 0.66 58706700 0.71 —04 | N ]
OGLE-2007-BLG-514S 4.68 0.70 576®644 0.73 08 04 o 0.4
MOA-2009-BLG-259S 2.91 0.79 54506000 0.97 ’ ’ ’
MOA-2008-BLG-311S 3.85 0.66 58806944  0.65 [Fe/H]
MOA-2008-BLG-310S 3.46 0.69 57806704 0.72
OGLE-2007-BLG-349S 454 0.78 549®229 0.87 Fig.5. Top panelshows a comparison of our spectroscopic
MOA-2006-BLG-099S 3.81 0.74 56206741 0.70 Tes:s to those implied from the colour—[fé]-Tes calibra-
OGLE-2006-BLG-265S 3.59 0.68 584®486  0.78 tions by Ramirez & Meléndez (2005) versus /ife Bottom

panelshows a comparison between the colours that our spec-
troscopicTe¢:s imply (using the colour—[Fel]-Tg calibrations
on microlensing techniques; based on the colours in cobl34aives the by [Ramirez & Meléndez 2005) and the colours based on mi-

inferred dfective temperatures using the colour-ffle-Te calibrations by crolensing techniques. Dérences are in both cases given as
Ramirez & Melendez (2005); col. 5 gives our spectrosctgicperatures (same spectroscopic _ photometric.

as in col. 2 in Table 2); and col. 6 gives the colours, basedhen t

colour—[F¢H]-Tes calibrations by Ramirez & Melendez (2005), that the

spectroscopic temperatures in col. 5 gives.

T Columns 2 and 3 give the absolute dereddened magnitudesknasbased

T L@ :

o S e S e ]

2008 Epstein et dl. 2009). The absolute de-reddened nagnit g et =t = 2 ]

and colour are then derived from théfsets between the mi- = s [ . [ ]
crolensing source and the red clump in the instrumentalcelo . ° [ siope = 12461, const = 5579:23 I

magnitude diagram (CMD). The absolute de-reddened magni- [
tudes and colours for 14 of the 15 microlensed stars are given 5
Table[3. Photometry for MACHO-1999-BLG-022S could not be
recovered at this time.

From the colour—[F#H]-Teg

T T
o
~
[

l
I
|
\
4
o
l

calibrations by

Ramirez & Meléndez | (2005) we check what temperature

we should expect given the de-reddened colour and the metal-
licity we determined. On average we find that the spectrdscop
temperatures are 103K lower than the ones based on the

logg [cgs]
N

slope = 0.07+0.10, const = 4.26+0.05

| 1 1 1 | 1 1 1 | 1 1 1 | 1

-0.4 0

[Fe/H]

colour—[Fe¢H]-Tes relationships. The top panel of FIg. 5 shows

a comparison between the two as a function of/flfeNo Fig.6. Effective temperature and surface gravity versugHiFe

obvious trends can be seen. In each figure the regression parameters (slope and conatant
It is also possible to use the the same calibrations Ilgyven, as well as their uncertainties. The error bars in the s

Ramirez & Meléndez (2005) to see whit{]) colours the spec- lar parameters represent the total uncertainty (see Tahrd2

troscopic &ective temperatures and metallicities would giveSect[4.B).

These are listed in the last column of Table 3, and the compar-

ison between photometric and “spectroscopk”< |) colours

are shown in the bottom panel of F[g. 5. On average the specs. Check 2: trends with metallicity

troscopic colours are 0.03 mag higher, with no discernitded

with metallicity. Figure [6 sh_ows hovx_/Teff and logy vary with m(_etallipity.
The dfset that we see between spectroscopic and phofg)egressmn lines, taking the errors in boﬂandy directions

metric values could be a result of the assumed magnitudes 4Hg account, are shown, as well as the regression parasieeter

colours of the red clump in the Bulge. Previously, it was agsd their uncertainties. No significant trends with metaliaitin be

that the red clump stars in the Bulge had the same colour as #&"-

red clump stars in the Solar neighbourhood { 1), = 1.00).

Based on the first microlensing events of dwarf stars in tHgé&u . cimnal.

(Johnson et al. 2008;_Cohen etlal. 2008), and additionalrobszcle' 7. Check 3: signal

vational evidence (Epstein et/al. 2009), this value wasezl/to The two papers by Bensby et gl. (2009a,b) found the two first

(V = 1)o = 1.05. Assuming that the spectroscopic temperaturgscrolensed dwarf stars with sub-solar iron abundancethisn

are the correct ones, our results indicate thatYhe ()o colour study we find an additional 5 stars with sub-solar/Helt has

of the red clump stars in the Bulge should be revised upwardstieen suggested that the reason for this could be that these sp

an additional few hundredths of a dex ¥ 1)o = 1.08. tra have, on average, low&/'N than the other events studied,

to-noise and continuum bias
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especially compared to Cohen et al. (2009b) which all have ve

high [FeH]. The lowerS/N should then resultin thatthe contin- 40T~ T~~~ T T 7]
uum was set too low and thus tiés underestimated, resulting 30 - Giant stars in Baade's window % ' 7]
in too low [FeH]. 20 [ ///////// .

We looked in greater detail at MOA-2009-BLG-475S, the | 10 - . . ///// —
dwarf star with the spectrum that has the low®gtl, and tested o[ ol %//M////// ///% i

if we could make the star more metal-rich. This experimerd wa
done by assuming that the star is actually metal-rich antd tha
there are many weak lines that makes itidult to identify the
level of the continuum. The best way to set the continuumeaa th "
to assume that the high points in the spectrum are indeed the ©
continuum. We re-measured the star under this assumptibn an.
determined new stellar parameters. On average the equiivale.S

Microlensed dwarf stars

Number of stars

T T T [ T T T T [

0.8 — D =0.26 _
widths became 10 mA larger. This resulted in a change of the L prob = 0.30 - .
metallicity of +0.1 dex, but the other stellar parameters ¢gog & 0.6 —
Ter, andé&;) were intact and did not change. Hence, we find it ¢ " 1
unlikely that our low-metallicity stars could be high-miétity 5041 ]
stars resulting from an erroneous analysis of their radftilow = i i
S/N spectra. : 0& - ]

© 1 4 4 1 Il 1 l 1 1 1 1 l 1 1 1 1 l 1

-15 -1 -0.5 0 0.5

4.8. In summary [Fe/H]

Our analysis shows that the eight microlensed stars thatbwe o ) )
served were successfully selected to be dwarf stars, \@igin Fig. 7. The top panel shows the MDF for the 204 giant stars in
metallicity from [Fe/H] = —0.72 to +0.54. The first results for Baade’s window frorn Zoccali et al. (2008), and the middlegdan
OGLE-2009-BLG-076S were presented in Bensby &t al. (2‘.0099{" MDEF for the fourteen microlensed dwarf stars (MOA-2009-
where we found a metallicity of [F#l] = —0.76. The refined BLG-259S excludeql). Their cumulative m.etaII|C|ty distrttons
analysis in this study gives a metallicity of [F¢] = —0.72, and (CMDF) are shown in the bottom panel (giant CMDF marked by
it still holds (barely) the place as the most metal-poor dwear Solid line, and the dwarf star CMDF by dash-dotted line). The
in the Bulge, with MOA-2009-BLG-133S just 0.01 dex higher. two-sample Kolmogorov-SmirmoB statistic (maximum verti-
The uncertainties in the stellar parameters are below ¢! distance between two distributions) and the correspgnd
around 100K inTe;, around 0.2 dex in log, and around 0.1 Significance levelprob, of D are indicated.
0.2dex in [F¢H] (see Tabld ). The clear exception is MOA-

2009-BLG-259S where errors are exceptionally large. This i - .
due to dificulties arising from the very limited wavelength cov- 1 he average metallicity of the 14 microlensed dwarf and sub-

erage of the UVES spectrum that was obtained when only (8¢t stars in the Bulge (MOA-2009-BLG-259S excluded, see

blue CCD was available. The fact that it also turned out to beS;ctEIB) ig[Fe/H]_) - ~0.08+0.47. This is in.agreeme,ntvyith
metal-rich star at [FéH] = +0.32, further increases the errord€ average metallicity of the 204 RGB stars in Baade’s windo

due to line blending and uncertainties in the placement ef tat have[Fe/H]) = ~0.04+ 0.40. However, when comparing
continuum. Also, the lack of weak lines, due to the highyfle  the two distributions, a two-sided Kolmogorov-Smirnow (KS
made it especially diicult to determine the microturbulence pal€St 9ives a significance level of the null hypothesis, they are

rameter (see Fig] 3). A spectrum covering the whole optieal 1drawn from the same distribution, of 30 % (see Fig. 7). Hence,
gion of MOA-2009-BLG-259S was obtained by another grou
using the HIRES spectrograph, and they find a 0.2 dex hig

e can not reject the null hypothesis that the MDF for the 14

jcrolensed dwarf stars and the MDF for the 204 Bulge RGB

metallicity than what we dd (Cohen et al. 2009a). Although trotars from.Zoccali et all (2008) are identical.

metallicity is in reasonable agreement with what otherseshay AS discussed by, e.d.. Santos etal. (2009) it is possible tha
found we think that the errors ifier and logg are so large that & systematic shift in [F7&l] between analyses of dwarf stars and

this star is not conveying any information in the [Ag age, or giant stars, perhaps by as much as 0.2 dex, exists. Howkeer, t

abundance plots. Therefore we do notinclude this star ifolhe différence in the average metallicity between dwarf and giant
lowing discussions. stars is essentially zero. If there was a refiledlence of 0.2 dex

between the dwarf stars and the giant stars, how many dwarf
stars would we need to observe in order to statistically nmeas
that diference?

In order to estimate the number of stars required to reject
The most recent spectroscopic study of a large homogenethes null hypothesis, that the MDF for the sample of 204 RGB
sample of giant stars in the Bulge is by Zoccali et al. (20083tarsSgeg, is hot diferent from the MDF for the observed dwarf
Using FLAMES, the multi-fibre spectrograph at the Very Largstars, we will use a non-parametric bootstrap method., First
Telescope, they studied a sample of 521 giant stars at thtee tonstruct a sampl&grggo.2, Of stars that is shifted 0.2 dex from
itudes in the Bulge: 204 stars in Baade’s window at —4°; the original RGB sampl&Sgag. Secondly, we bootstrapnum-

213 stars at » —6°; and 104 stars dt ~ —12°. The 15 mi- ber of stars from samplBrggo2, thus creating a new sample,
crolensed dwarf stars observed so far are all located atasimiSy g, that contains stars. Next, we perform a two-sided KS-
angular distances from the Galactic centre as Baade’s windtest between sampl&xrgg andSo. If the KS-test yields that
(see Fig[R). Therefore, only the 204 stars in the —4° field the distributions are not the same at the 95 % confidence, level
from|Zoccali et al.|(2008) will be used for comparison. we reject the null hypothesis. We repeat this pro¢es<.0 000

5. Metallicity distributions of dwarfs and giants
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the significance of the agreement between the average metal-

C L L I RN AR S licities using 18 Monte Carlo realisations. In each realisation,
0.8 R -] we draw 14 stars randomly from the RGB sample. We deter-
R PR ] mine the significance of the agreement between the average of
~086 T - the metallicities by computing the fraction of realisagaihat
e r -7 ] fail to produce a dwarf star average metallicity lower or &qu
0.4 E E to the average metallicity of the RGB stars. Next, we shié th
02 B/ 3 MDF for the RGB stars by a small positive amoufitand re-
.- | | ] peat the above given exercise. Figuke 8, lower panel, shiosvs t
o —" 50 S— 100 — significance as a function of We find that fors ~ 0.2, the sig-
Number of observed dwarf stars nificance has dropped to 0.05 which indicates that we can rule
out the possibility that there is a systematic shift in/Heof
T T T T3 0.2 dex between the MDF for the RGB stars and the MDF for
05 £ E the dwarf stars. However, we need to put this in relation & th
§ 0.4 3 standard deviation of the fiierence between the averages given
Sosf 3 by
502 1 E o} o
n 0.1 ;_ _; Od = n—l n—2 (1)
0 0 0.05 0.1 0.15 0.2 where subscript 1 and 2 indicate the RGB star sample and dwarf
&(dex) star sample, respectively,is the sample standard deviation, and

nis the number of elements in each sample. We fing af 0.12,

: . . which is not even & from 0.2 dex. Thus, given the small num-
Fig.8. Upper panelProbability of detecting a dierence be- por of gwarf stars in our sample; = 14, we can not rule out

tween the Bulge RGB MDF and the microlensed dwarf MDE€€OSSibIe systematic shift of 0.2 dex between the MDF for the
as a function of the number of stars in the dwarf sample. SOl stars and the MDF for the dwarf stars, even though the dis-
and dashed line indicate the probability if thefeience is 0.2 {ihtions at this point have the same average metalliciys,

and 0.1 dex, respectively, in the mean of the MDFs. Dotted! lifyore microlensed events are needed for the agreement betwee
indicates the probability if the fference is that the mlcrolense he averages to be significant.

dwarf MDF has more metal rich, [FBl] > 0.0, stars (i.e,amore g apove discussion focused on a systemdiiebbetween

symmetric MDF) than the RGB MDHR.ower panelThe signif-  q gwarf and giant abundances, caused either by systeafiatic
icance of the agreement between the average of the metedlicite (s in the data analysis orfiirences in the surface composi-
of the RGB MDF and microlensed dwarf MDF, as a function &f;ns of dwarfs and giants because of theifeting evolution-

a speculated (still undetectedjigrence. ary states. However, instead of an overall shift, the dwabfAV
may be dfferent from the giant MDF only at the high metallic-
ity end. Kalirai et al.|(2007) suggested that up to 40 per oént
times and take the averagey, of p;, wherep; = 1ifthe nullhy- the stars at the metallicity of NGC6791 (4] = +0.3) skip
pothesis was rejected, and 0 otherwise (type Il error). Tqms the He burning phase, resulting in a depletion of the HB and
is our probability to identify an intrinsic dierence of 0.2dex AGB phases. Therefore, an MDF based on giants may not re-
in the mean in the MDF for RGB and microlensed dwarf stariect the MDF for the dwarf stars (i.e. there are metal ricinssta
Figure[8 shows how this probability varies with the number @fissing in the MDF for the RGB stars). The question is then,
stars in the hypothetical dwarf star sample. In order tdssiat how many microlensed dwarf stars are required to rejectuhie n
cally verify a diference of at least 0.2 dex, at the 95% level, weypothesis that the MDF for these dwarfs, that has an excess
need to observe around 40 stars. Also in Elg. 8 we show h@#metal-rich stars compared Bxgg, is no diferent than the
the probability varies if we want to verify afiierence of only MDF for Srge? Based on this, we construct a dwarf star sam-
0.1dex between dwarfs and giants. Note that the detectionghé with more metal-rich stars th@kgp, SrepKaiirai, Under the
such a small dference would require the observation of mangssumption that 100 % of the dwarfs with [Ag< 0.0 evolve
more microlensed dwarf stars. to RGBs, but that the number of dwarfs that evolve to RGBs
Above we shifted the entire MDF by 0.1 and 0.2 dex and didecrease linearly down to 60% at [ = +0.3. We extrap-
not consider other statistical parameters that descrid@MF olate this linearly for more metal-rich stars, i.e. goingvicto
such as variance, skewness and kurtosis. However, thes@par-34 % at [F¢H] = +0.5. Thus, we add stars, more metal-rich
eters will most likely make it easier to reject the null hylpegis, than [Fe¢H] = 0.0, to Srgg to create a hypothetical sample of
that the distributions are the same, if they are considerddd dwarf stars in the BulgeSregkaiirai- Additionally, we add stars,
test. Additionally, we only considered 0.1 and 0.2 dex astadi drawn from a Gaussian distribution centred on/lfg= +0.2
ence between the samples. A largefatience will also make it with o = 0.4, t0 Srggkaiirai fOr the metal rich region where there
easier to reject the null hypothesis. Our estimatéfis there- are no observed RGB stars. Thus, making the sample more sym-
fore a lower limit. metric. The dotted line in Fig.]8 shows hdp) varies for this
Additionally, the average metallicity for the 14 microleds analysis with the number of stars Brggkairai- VWe note that
dwarf stars is in agreement with the average metallicityhef t about 100 stars are required in order to verify t8agg is dif-
RGB stars. The question is then, what is the significanceisf thierent tharSrgg kaiirai-
result, given the low number statistics of the microlensedrd Also, there has been some claims that the microlensing event
stars, i.e., can we rule out a shift of 0.2dex between the MDiSelf alters the spectrum of the source star, and that shike
for the RGB stars and the MDF for the dwarf stars? We estimatason for the very high metallicities of some of the dwaafst
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have small errors and are derived from a large number of Fe
and Fai lines (see Tablel2 and Fig. 3).
05 B In spite of the small sample, it is notable that we only see the
' + } low ages for the metal-rich stars while all stars with sulaso
ﬁﬁ i [Fe/H] are consistent with the classical view of the Bulge as an
+ i old population (e.g., Holtzman etlal. 1993; Feltzing & Gilo
r iy 2000;| Zoccali et dl._ 2003). As the stars with sub-solarife
% T also have enhanced levelsstlements (see Fifg, 1L0), these stars
0 - all appear to adhere to the classical picture of the Bulge as a
- f stellar population that formed rapidly early in the histofithe
L + i Galaxy (see, e.g., models and discussions in Matteéucc()2001
L | i | , Overall, the evidence for young stars in the Bulge is scarce.

i i For instance, the extremely deep CMD-~0180 000 field stars in
LE i B the Bulge by Sahu et al. (2006) show no traces of a young popu-

T T T T T T T T T T T T T T

[Fe/H]

0-5 T lation. It is therefore surprising to find three (MOA-2008B-
+ | 310S, MOA-2008-BLG-311S, and MOA-2006-BLG-099S) out
l% i of 14 stars to have young ages. At this point we can only spec-
ulate on their origin. One interpretation would be that thdeo
r ] stars are all bona fide Bulge stars while the young, methl-ric
-1 e stars are disc interlopers. In the Galactic disc a young ade a
0 5 10 15 a high metallicity is common (e.g., Twarog 1930; Feltzinglet
Age [Gyr] 2002/ Nordstrdm et &l. 2004). Also, the innermost Galadisc
Fig.9. Ages versus [Féi] for 14 microlensed dwarf and sub-IS expected to be more metal-rich than the Solar neighbaarho
giant stars in the Bulge (MOA-2009-BLG-259S has been e{@-9- Colavitti et al. 2009). However, we still do not nowtifs
cluded). The error bars represent the total uncertainy{fend  SUPPOSed to be young too.

age (see Tab[d 2 and Se€fs] 4.3@nt 4.4). It should furthermore be noted that these young Bulge stars
are not brighter than the main old tuffighey are just too blue to

fall on old isochrones (see Fig. 4). Also, there are somer#ieo
ical limitations of the isochrone fitting method. First, éswones

in the Bulge (e.g._Zoccali et el. 2008). Recently, Johnsai/et 4
(2009) investigated thefiect that diferential limb darkening &t [F&H] > +0.3 have very few calibrators, and, second, the
glour of the main sequence is strongljegted by the Y (he-

has on abundance analysis of microlensed dwarf stars. T(IneyC . . :
find changes in the measured equivalent widths as a reshiéof E]”m) content, Wh.'Ch for the Bulge, or any populat|_on witrebu
differential limb darkening. However, thdfect is very small, igh metallicity, IS poorly kf.‘o.".V”- However, \{ve find a Wh.°|e
leading to changes ffi; less than 45K, log less than 0.1 dex, range of ages at high metallicities, so we don’t see a biasiin o
and [Fe¢H] less than 0.03 dex. Hence, a possibléadential limb ages.
darkening can not be responsible for the MDF discrepancy (if
any) between dwarf and giant stars. 7. Abundance trends in the Bulge

In summary, it is evident that the extremely super-meti-ri
MDF proposed by Cohen etlal. (2009b), exclusively based @nl. General appearance
dwarf stars with super-solar [f¢], has shifted toward lower
metallicities. The MDF of the 14 microlensed dwarf stardii§ s
poorly determined, currently being double peaked with ezes
of low- and high-metallicity stars. Whether this is arffect
of small number statistics or not is unclear. More microéehs ;
events will certainly help to clarify the dwarf star MDF aral t t€rMined stellar parameters and Fe abundances.).
refine the comparison with the giant star MDF. Also, an out- Regarding ther-elements (Mg' Si, Ca, and Ti), the Bulge
standing issue is the puzzle presented in Cohen et al. (Xm)gadwarfs show enhanced/[Fe] ratios at sub-solar [, that de-

the correlation betwe and [FgH], which we hope to di- Clin€ when approaching solar metallicities. At higher riiieta
agnose as future ever?gm:r(e obs[er?/eli. P ities the p/Fe] ratios are around or slightly higher than solar.

The oxygen trend is similar to theelement trends at sub-solar
metallicities, but dfers at super-solar [Ad] where it continues

to decrease. The oxygen abundances that are based on the in-
frared triplet lines at 773 nm have been NLTE corrected the ac
The 14 microlensed dwarf and subgiant stars (MOA-2009-BL@erding to the empirical formula givenin Bensby et al. (2004
259S excluded, see S&cii4.8) in the Bulge have an averagé age oGenerally, abundance trends of the dwarf stars in the Bulge
8.4+3.3 Gyr. Figuré D shows the age-metallicity diagram and it sre very well-defined. The scatter in the/H&]-[FgH] plot for
evident that stars with sub-solar [ all have high ages, while instance is remarkably low. The canonical interpretatibthe

at super-solar [Fel] there is a large spread in age, covering thelateau of higha-element abundances relative to iron at low
whole age-range seen in the Galactic disc(s) (e.g., Twad8¢);1 metallicities is due to early and rapid chemical enrichnet
Feltzing et al! 2001). That the large age-range seen forrsup@e Bulge by massive stars. When these stars die, they explod
solar [Fe¢H] is real is exemplified by two stars: OGLE-2007-as core-collapse supernovae, producing a lat-efements rel-
BLG-349S and MOA-2008-BLG-310S. The first star has a higdtive to iron. At some point low-mass stars start to contabu
age while the second has a low age. That the ages are robusttoghe chemical enrichment, and since these produce le$® of t
be seen in Fid.l4 and we also note that their stellar parameterelements thedq/Fe] ratio will start to decline.

Figure[I0 shows the abundance results for 13 of the 15 the
microlensed dwarf and subgiant stars in the Bulge (MOA-
2009-BLG-259S were excluded, see Séci] 4.8, and for the
Epstein et al.| (2009) star OGLE-2007-BLG-514S we only de-

6. Ages and metallicities
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Fig. 10. Abundance results for 13 microlensed dwarf and subgiarg stahe Bulge (marked by filled bigger circles). Thick disc
stars from Bensby et al. (2010, in prep.) are shown as smmalesi and the solid line is the running median of the showekttlisc
sample, and the dashed line the running median of the (natrghibin disc sample from Bensby et al. (2010, in prep.). Tinere
bars represent the total uncertainty in the abundancesr@i® Secf. 4.3 and Table 5).
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Fig.11. Comparisons of [Née], [Mg/Fe], and [AJFe] between our microlensed dwarf stars (filled circlespnts from
Fulbright et al.|(2007) (empty squares), giants fiom Leauegt al. (20077) (asterisks), nearby thick disc stars fromdbg et al. (in
prep.) (small open circles). Solid and dashed lines reptébe running median of the thick and thin disc stars, retbgadg (same
as in Fig[1D).

The enhanced [N&e] =~ +0.1 for metal-rich disc A possible link between the Bulge and the Galactic thick
stars was already noticed by Edvardssonetal. (1998)sc based on similarities of abundances was first suggested
Feltzing & Gustafsson | (1998), _Shi et al._(2004), and alday [Prochaska et all (2000), pointing out the “excellent agre
in Bensby et al.|(2005) an upturn in [&] can be seen. Our ment” between the abundance ratios in their sample of tek thi
microlensed dwarf stars are in full agreement with these didisc stars to those of the Bulge giants of McWilliam & Rich
results. (1994). As the thick disc samplelof Prochaska et al. (2008) on
mr_eached [FEH] ~ -0.4, the downturn in ¢/Fe] that we now

see in the thick disc at [Fél] ~ -0.35 (e.g. Feltzing et al.
2003; Bensby et al. 2007) was at that time not known. Hence,
when later studies of giant stars in the Bulge showed that
the [a/Fe] remained high even at super-solar metallicities (e.qg.
Fulbright et al.| 2007), in contrast to the declining thiclsdi

. AT rends, the possible connection between the Bulge and the
In Fig.[10 we also show the thick disc abundance trends base({ﬁ?ick disc became less clear. It should also be noted that

dwari stars in the Solar neighbourhood (taken ftom Bensi et Prochaska et al. (2000) did not analyse both the Bulge anH thi

2003, 2005, and Bensby et al., in prep.). These thick digs sta; ; . 2
have been analysed using the exact same methods (speawral [s¢ samples. Also, recently, Melendez etlal_(2008) priesba

lists, atomic data, model stellar atmospheres, etc.) tieatige consistent analysis of giant stars in both the Bulge andhic& t

: . disc that found a similarity between them for C, N, O (recentl
for the microlensed dwarf stars. Hence, anjatences between . X
the stars from the two stellar populations glfould be real remt confirmed by Ryde et al. 2009). The agreement is extended to

; other a-elements in the upcoming study by Alves-Brito €t al.

due to unknown systematidfects. (2010). However, the first confirmation that the Bulge and the

The first thing that can be taken away from Figl 10 is that, éiick disc have similar abundance patterns based on dvead st
sub-solar metallicities, the abundance trends for the®@digarf came from _Bensby et al. (2000b,a), and with this study it now
stars are very similar to those of the thick disc stars. Thiel soappears well established that the Bulge and the thick dige ha
lines shown in the figures indicate the median abundance ratiad, to some degree, similar histories.
as a function of metallicity for thick disc stars. Even thboube
appearance of the abundance trends at sub-solat]Bee very Before interpreting the apparent agreement between the
similar between the Bulge and the thick disc, it is also ewideBulge and thick disc abundance trends, it is important togec
that for many elements the Bulge stars appear to be slighthg m nise that the MDFs for the thick disc and the Bulg#etiin the
enhanced than the median thick disc. The Bulge stars seetn toaverage as well as width of their MDFs. The metallicity dimtr
cupy the upper envelope of the thick disc abundance trermdls. Rion for the thick disc peaks at [[FH] ~ —0.6 (e.g., Carollo et al.
of this apparent shift in the abundance trends between tbe #009), and its metal-rich tail likely reach solar metaties
populations could be due to that the thick disc sample iskate (Bensby et al. 2007). Stars with [Ad] > 0 that can be kinemat-
ically selected, and hence will unavoidably be mixed, to sonically classified as thick disc stars, are heavily biasedeioriy
degree, with kinematically hot thin disc stars (see Benslajle to the high-velocity tail of the thin dis¢ (Bensby et al. 2p07
2007). The median thick disc line that we show in FEigl 10 wilEven though the average metallicity of the Bulge and theeshap
then be slightly too low. However, thigfect should only be im- of its MDF is under debate (see Sddt. 5) it is clear that it span
portant when approaching solar metallicities, and we doaseghe full range of metallicities of the thick disc, and in atiloh
shift between the Bulge and the thick disc at lower/Hleas reaches very high, super-solar [A¢ Hence, the agreement, as
well, where the kinematic confusion between the thin anckthiregards the abundance trends, between the Bulge and thke thic
discs should be negligible. However, the shift is not foreddl disc can currently only be established for sub-solar nietidis.
ements, and it is small, on the order of 0.05dex or less. Mofae comparison that can be made at super-solgH[Hs be-
microlensing events will help us to clarify if this shift isal or tween the Bulge stars and thin disc stars (dashed lines ifB)g
not. that reach similar high metallicities. As the abundancedsan

The [BaFe] trend is flat and slightly under-abundant co
pared to the Sun for all [FHl].

7.2. Comparisons to the Galactic thick disc
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Fig.[10 show, the agreement between the Bulge and the thin di&d Tes:s than the Sun, the normalisation is usually done to an-
at [Fe/H] > Ois good. Looking at, e.g., the [Nee], [Ni/Fe], and other standard star, such as, eud.eo. This could partly explain
[Ba/Fe] trends, which are not simply flat at the highest/Hje the levels of the abundances, progressing from our dwarg,sta
the Bulge stars nicely extend the trends that are seen for tbethel Fulbright et al.| (2007) giants, and to the Lecureut.et a
nearby thin disc stars. However, Epstein etlal. (2009) foand(2007) giants.
[Ba/Fe] value noticeably below the disc for OGLE-2009-BLG-  Looking closer at the Lecureur efldl. (2007) data it appears
514S. The Ba lines are strong and very sensitive to the micrass if there is a very well defined lower envelope just above the
turbulence parameter, and therefore measuring the aboeslafhick disc trend, and on top of that a large scatter of statB wi
of another heavy element, such as La, would be a useful chegkgher abundance ratios, spreading upwards. We suspethitha

With this study where we compare Bulgvarf stars with might be due to line blending, and possibly lack of accurate ¢
discdwarf stars, and with the recent studies|by Melendez et &uum points, in the extremely crowded spectra that meétal-
(2008) and_Alves-Brito et al. (2010), all using internallgre giants have. The lower envelope that is seen ifi the Lecuteilir e
sistent methods, it appears clear that the Bulge and thik d{2007) is what could be expected if blending is the case. A-num
abundance trends are similar. The agreement between tge Bwer of stars that have less (or very few) blends forming thie we
and the thick disc means that conclusions from recent thieor¢ehaved lower envelope of the trends, while others are more
cal works, developed under the assumptions that the abuadagttected, leading to randomly increased equivalent widthd, an
trends in the Bulge and thick disc ardfdrent, may not be valid. hence randomly increased abundances.

We caution that the comparisons that we do and that have
been done by others are between the Bulge stars close to the
Galactic centre and thin and thick disc stars in the vicioftthe ~7.4. No Na-O anti-correlation
Sun, i.e., at a distance of approximately 8 kpc from the Giglac

centre. In order verify a possible connection between thgdu studied so far is not present for field stars (€.g., Carrétd e

and the Galactic thick (and thin) disc(s) we need disc stefim- 2009). Theref f th ¢ striki its f
ples much closer to the Bulge, say at 4kpc from the Galacfig > )- terel o(rzed();)ne 0 " eN mé))s ?” Ingl ;_esutﬁ rt?]m
centre. At that distance the contamination of Bulge stara in ecureur et gl L ) was the Na-O anti-correlation thay

: : ; found for their Bulge giants, and they claim it is probably an
disc stellar sample should be small, allowing us to directign- . .
pare the popula?ions. If, for instance, the sta?r formatimnlbgc]en effect of the Bulge chemical evolution. However, Figl 12f(
more rapid in the inner disc than in the Solar neighbourhood,pane).ShOWS the Na-O plot fqr our microlensed dwarf stars and
in the outer disc, we should expect the “knee” in thelement there is no Na-O anticorrelation present. Insteadfigversus
abundance trends at higher [A&than what we see in the SolarlO/F€l is flat. Given the large spreads that Lecureur et al. (2007
neighbourhood. Then that could explain the apparent stilyifitt see for Na, Mg, and Al (see FifL.111) it appears likely thatrthei

in the abundance trends between the Bulge and the thick Origgults are fiected by systematic errors (blending presumably).
in the Solar neighbourhood that we see. However, no suchi inne

disc sample is currently available. 7.5. Metallicity dependent oxygen yields

The Na-O anti-correlation that has seen in all globulartehss

In Fig.[12 (ight pane) the evolution of [@Mg] vs [Mg/H] is
shown, which reveals a very tight correlation. Our resulberf
It should be noted that some recent studies of Bulge giarg stinicrolensed dwarfs have significantly less scatter thaodie-
claim that the Bulge is enhanced in theelements with respect Sponding values for Bulge red giants (e.g. Lecureur et €./20
to the stars of the Galactic disc. For instarice, Rich & OgigliEulbright et al. 2007; Alves-Brito et al. 2010) presumahiedo
(200%5) compare their Bulge giants to nearby thin disc giarff3e lesser influence of blends and better determined sfedtar
and find the Bulge ones to be more enhanc¢ed; Zoccali et@meters. The dwarf-based slope is also slightly shalldiaem
(2006); [ Fulbright et a1.(2007) ard Lecureur et al. (2007 finfor the giants. A declining trend in [@1g] towards higher metal-
their Bulge giants to be more enhanced than comparison sdiity is expected with traditional metallicity-dependesuper-
ples of nearby thin and thick disc dwarf stars. In contrds, t Novae yields such as those of Woosley & Weaver (1995) but our
recent study by Meléndez etl&l. (2008), and the upcomirdystuslope is steeper, which may signal an metallicity-depeoeén

by|Alves-Brito et al. [(2010), compare Bulge giants with rsar trodyced for example by mass-loss.in massive stars (g.g:iMae
thick disc giants, and find the Bulge and thick disc abundan&892; Meynet & Maeder 2002) as discussed by McWilliam et al.

trends to be similar. (2008) and Cescutti et al. (2009). These findings are bastton
In Fig. @1 we compare [N&e], [Mg/Fe] and [AJFe] !ncreased Wolf-Rayet stellar V\{indfmiency at higher metallic-

between our microlensed Bulge dwarfs, the giants froffy that removes a larger fraction of He and C before they are

Fulbright et al. [(2007) and Lecureur et al. (2007), and thitlSo converted to O and thus decreasing the O production butrigavi

neighbourhood thin and thick disc dwarfs from Bensby ébe Mg-yieldlargely unaltered. The similarity betweenBwdge

al. (2003, 2005, and in prep.). It is evident that the giarasnf and disc results implies that these metallicity-dependente-

Lecureur et al.[(2007) are much more enhanced in Na, Mg, a@gynthesis yields are a general feature but also arguessagai

Al than any of the other comparison samples, with our dwagtbstantial dferences. in the initial mass function (IMF) be-

stars having lower abundances, lthe Fulbright et al. (20i@ntg tween the two populations.

having intermediate abundances, and.the Lecureur et &./{20

giants having the highest abundances. The higher abunslahce

the giant stars might be due to the way these abundances hgvehe origin of the Galactic bulge

been normalised to the Sun. For dwarf stars with spectraistyp

similar to the Sun, the normalisation is straightforwatds just To summarise our observations, we find that the stars with hig

to analyse the Sun in the same way and then subtract the [ggFe] and low-metallicity in the Bulge are old, but the stargwi

lar abundance. However, for giants, having vetffiedent logg:s  high metallicities and solar (or subsolan)/fFe] ratios span a

7.3. Comparisons to Bulge giants
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Fig.12. [Na/Fe] versus [@Fe] (Left pane) and [QMg] versus [MgH] (Right panélfor our microlensed dwarf stars (filled circles),
the giants from Fulbright et al. (2007) (open squares), thetg from Lecureur et al. (2007) (asterisks), and thick diwarf stars
in the Solar neighbourhood (Bensby et al. 2003, 2005, anddp.p(small open circles).

range of ages from 10 Gyr to 3 Gyr. What does this mean fproducing Type la SNe, while other 10 Gyr stars were forming
the origin of the Bulge? out of gas that had just been enriched with Type 1l SNe. Old,
The old age, high d/Fe] population can be explainedlow [a/Fe] stars are found in the dwarf spheroid galaxies, but
through the standard chemical pattern in systems domirtmgtedaccreting a Sagittarius-like object would not explain ta&grn,
Type Il SNe that is common to all stellar systems. That tHgecause the lowfFe] stars in Sagittarius have too low metallic-
high [e/Fe] ratio persist to [F&#H] > —0.6 indicates that star ities (e.g./ Venn et al. 2004). In the simulations of Rahitale
formation proceeded veryfficiently in the event(s) that cre- (2009), the bulges experience a series of mergers over adperi
ated the Bulge. Such events could be early mergers of subhf=5 Gyr, leading to populations of "old”, "intermediate” and
los which drive @icient star formation as well as contributing’young” stars. The distributions of [M&e] for these populations
their own high fr/Fe] and low [F¢H] stars (Rahimi et al. 2009), do show some old stars with low [Vige], (as well the expected
or early fragmentation of the disc into clumps of stars ansl gahift to low [Mg/Fe] for the younger stars) but they caution that
which then rapidly merge to form the Bulde (Immeli el al. Zp04their code suppresses mixing among gas particles, leadliag t
These results may also be consistent with the secular evdificially high abundance ratio dispersions. Nonetheléss, is
tion of the disc, depending on the age-metallicityHe] relation what we see in our data, so perhaps the Galaxy found a way
present in the inner disc. In the modeld of Schonrich & Bihndo suppress mixing as well, maybe with a merger history dif-
(2009), the inner disc is composed of stars that have old adetent than the two caseslin Rahimi et al. (2009), where two of
and higher §/Fe] at the same [F#] than stars formed in the the subclumps that merged hadfeient starting times for star
thin disc in the Solar neighbourhood. Some of these innar dirmation relative to today.
stars then migrate outwards to form the local thick disc.sThu Finally, the younger, lowd/Fe] and high metallicity stars
it would not be surprising that the Bulge-fuffed up inner show that star formation persisted in the components tteat cr
disc) stars should be chemically similar to the local thigdcd ated the Bulge. These stars are seen in the disc fragmentatio
(=migrated inner disc) stars, which is exactly what we semodels of Immeli et al. (2004), where, for the cold gas model
The model by Schonrich & Binnay (2009) requires a number ttiat agrees with the turnover in the/Fe] vs. [F¢H] diagram,
assumptiorngpproximationgparameterisation of the migration30 % of the baryons are not rapidly converted to stars. Idstea
and heating processes, and is tuned to explain the thickidisdow level star formation occurs for several Gyr and produzes
the Solar neighbourhood, so observational evidence (sidls- peak in the [MgFe] histogram of the Bulge at [Mére] = —0.2.
ing) of the nature of the inner disc is, once again, importarithis kind of stars are also seen in the models of Rahimilet al.
Our results are not in agreement with the models of Immelilet §2009) where new stars formed after mergers at later times ar
(2004) where the gas cools legE@ently and the instability that polluted with Type la ejecta as well. Finally, depending ba t
forms the bar sets in at later times, because those modelEprestar formation of the thick disc, these stars may be presghat
a decline in ¢/Fe] starting at much lower metallicities (see theicomponent and then used to make the Bulge.
Figure 10). To distinguish further among these models, the inner disc
The solar {/Fe] and high metallicity stars that span a rangef the Galaxy needs to be better characterised observéjiona
of ages are more of a puzzle. The old stars imply that parteof tm addition, more Bulge dwarfs with accurate ages, mettéic
Bulge got a head start on its chemical evolution, so that stineand abundance ratios would help clarify whether the ageaspre
Gyr old stars were formed from a population that was alreads/confined to the higher metallicities and whether the dltbes
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[a/Fe] stars are as old as the lower metallicity higfHe] stars. Based on these results and conclusions we speculate on the
Finally, the elements produced in Type la SNe are not the ordyigin of the Bulge and we must conclude that it is still pgorl
chemical evolution "clock” available, and measuring elatse constrained.

producedin AGB stars (C, N and s-process), for example,avoul
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Table 5. Elemental abundance ratios, errors in the abundance ratidshumber of lines used, for 13 of the 15 microlensed dwarf

19

stars.
[FeH] [O/Fef [NaFe] [MgFe] [Al/Fe] [SiFe] [CaFe] [TiFe] [CyFe] [NiFe] [Zn/Fe] [Y/Fe] [BaFe]
OGLE-2009-BLG-076S -0.72 0.50 0.11 0.36 0.30 0.24 0.34 0.30 - 0.07 - —0.07
MOA-2009-BLG-493S -0.70 0.43 0.13 0.37 0.28 0.18 0.17 0.34 0.01 0.04 0.25 —0.07
MOA-2009-BLG-133S -0.64 0.47 0.13 0.39 0.28 0.19 0.21 0.26 -0.01 0.06 — - -0.19
MOA-2009-BLG-475S -0.52 0.33 - 0.25 0.23 0.18 0.14 0.33 - 0.07 - —-0.18
MACHO-1999-BLG-022S -0.49 — 0.01 0.35 0.31 0.25 0.18 0.25 -0.03 0.00 — 0.01 0.15
OGLE-2008-BLG-209S -0.30 0.34 0.08 0.34 0.24 0.20 0.18 0.29 0.05 0.05 0.160.08 0.05
MOA-2009-BLG-489S -0.18 0.18 -0.01 0.24 0.12 0.07 0.09 0.16 0.04 0.01 0.17-0.05 -0.07
MOA-2009-BLG-456S 0.12 -0.12 -0.03 0.09 0.08 -0.01 0.00 0.08 -0.06 -0.03 -0.03 - -0.08
MOA-2008-BLG-311S 0.36 -0.27 0.12 0.03 0.08 0.05 0.00 0.04 -0.01 0.12 0.06 0.11 -0.15
MOA-2008-BLG-310S 0.42 -0.27 0.08 0.08 0.10 0.02 -0.03 0.09 0.05 0.06 -0.03 0.06 0.03
OGLE-2007-BLG-349S 0.42 -0.14 0.15 0.05 0.09 0.12 -0.06 0.02 -0.03 0.11 0.11 -0.12 -0.13
MOA-2008-BLG-099S 0.44 -0.10 0.05 0.04 -0.02 0.00 -0.05 -0.01 -0.16 -0.02 0.05 -0.04 0.00
OGLE-2006-BLG-265S 0.47 -0.25 0.14 0.13 0.08 0.06 -0.05 -0.06 -0.07 0.07 -0.05 0.02 -0.08
O[Fe/H] O[O/Fe] O[Na/Fe] O[Mg/Fe] OI[AlI/Fe] O[Si/Fe] O[Ca/Fe] O[Ti/Fe] O[Cr/Fe] O[Ni/Fe] Olzn/Fe] O[Y/Fe] O[Ba/Fe]
OGLE-2009-BLG-076S 0.07 0.17 0.04 0.06 0.05 0.06 0.05 0.03 -0.09 - — 0.10
MOA-2009-BLG-493S 0.14 0.51 0.07 0.10 0.08 0.19 0.30 0.08 100. 0.17 0.38 - 0.18
MOA-2009-BLG-133S 0.17 0.62 0.13 0.21 0.07 0.12 0.36 0.06 160. 0.15 - - 0.51
MOA-2009-BLG-475S 0.17 0.39 — 0.09 0.09 0.10 0.18 0.08 — 0.15 - - 0.31
MACHO-1999-BLG-022S 0.14 - 0.07 0.13 0.10 0.13 0.13 0.24 40.1 0.10 0.19 0.31 0.12
OGLE-2008-BLG-209S 0.06 0.22 0.07 0.10 0.04 0.08 0.12 0.08 .090 0.07 0.18 0.20 0.08
MOA-2009-BLG-489S 0.11 0.25 0.12 0.07 0.05 0.09 0.12 0.08 060. 0.08 0.09 0.34 0.10
MOA-2009-BLG-456S 0.09 0.21 0.05 0.08 0.05 0.07 0.10 0.05 090. 0.08 0.17 - 0.09
MOA-2008-BLG-311S 0.07 0.18 0.12 0.09 0.05 0.04 0.11 0.10 070. 0.05 0.13 0.19 0.11
MOA-2008-BLG-310S 0.08 0.16 0.10 0.09 0.07 0.05 0.10 0.08 060. 0.05 0.13 0.23 0.09
OGLE-2007-BLG-349S 0.08 0.19 0.15 0.14 0.08 0.07 0.12 0.07 .050 0.04 0.10 0.17 0.08
MOA-2006-BLG-099S 0.10 0.20 0.11 0.10 0.04 0.07 0.11 0.11 080. 0.06 0.10 0.30 0.10
OGLE-2006-BLG-265S 0.06 0.17 0.11 0.10 0.05 0.06 0.11 0.07 .06 0 0.06 0.43 0.23 0.08
O[Fe/H] O[O/H] O[Na/H] O[Mg/Hl O[AI/H]  O[Si/H]  O[CaH]  O[Ti/H]  O[Cr/H]  O[Ni/H]  O(zn/H]  O[Y/H]  O[Ba/H]
OGLE-2009-BLG-076S 0.07 0.10 0.05 0.06 0.05 0.05 0.10 0.08 —-0.06 - - 0.11
MOA-2009-BLG-493S 0.14 0.38 0.09 0.16 0.07 0.06 0.43 0.13 070. 0.05 0.26 - 0.18
MOA-2009-BLG-133S 0.17 0.46 0.05 0.36 0.18 0.06 0.52 0.12 070. 0.04 - - 0.36
MOA-2009-BLG-475S 0.17 0.23 - 0.17 0.13 0.08 0.31 0.14 - 0.07 - — 0.21
MACHO-1999-BLG-022S 0.14 — 0.14 0.23 0.06 0.06 0.25 0.16 10.1 0.08 0.10 0.22 0.15
OGLE-2008-BLG-209S 0.06 0.16 0.11 0.15 0.07 0.03 0.17 0.06 .060 0.03 0.16 0.16 0.08
MOA-2009-BLG-489S 0.11 0.15 0.13 0.14 0.07 0.03 0.21 0.09 070. 0.04 0.06 0.29 0.09
MOA-2009-BLG-456S 0.09 0.14 0.07 0.12 0.09 0.04 0.15 0.10 140. 0.04 0.15 - 0.10
MOA-2008-BLG-311S 0.07 0.12 0.17 0.14 0.10 0.06 0.17 0.07 060. 0.04 0.07 0.13 0.07
MOA-2008-BLG-310S 0.08 0.10 0.14 0.13 0.09 0.04 0.15 0.08 050. 0.05 0.08 0.21 0.12
OGLE-2007-BLG-349S 0.08 0.13 0.19 0.18 0.08 0.04 0.17 0.09 .070 0.06 0.10 0.17 0.12
MOA-2006-BLG-099S 0.10 0.11 0.18 0.18 0.08 0.05 0.20 0.07 060. 0.07 0.09 0.25 0.09
OGLE-2006-BLG-265S 0.06 0.12 0.14 0.14 0.07 0.04 0.14 0.08 .070 0.04 0.43 0.21 0.08
Nrer No Nna Nmg Na Nsi Nca Nri Ner Nni Nzn Ny Nga
OGLE-2009-BLG-076S 57 3 1 5 4 15 10 2 - 11 - 2
MOA-2009-BLG-493S 80 3 1 6 6 19 10 5 2 21 1 — 4
MOA-2009-BLG-133S 68 2 1 4 6 17 10 4 1 15 - — 3
MOA-2009-BLG-475S 53 1 - 5 3 12 9 2 - 14 - - 3
MACHO-1999-BLG-022S 97 - 3 1 2 7 16 14 2 21 - 2 3
OGLE-2008-BLG-209S 146 3 4 5 7 27 19 36 10 40 3 4 4
MOA-2009-BLG-489S 114 3 2 6 6 27 13 16 6 37 3 2 4
MOA-2009-BLG-456S 91 3 2 5 6 26 11 7 3 33 3 — 2
MOA-2008-BLG-311S 118 3 4 5 5 26 17 14 9 36 1 2 3
MOA-2008-BLG-310S 122 3 4 4 7 27 17 22 13 42 1 4 3
OGLE-2007-BLG-349S 103 3 4 3 3 23 18 24 9 39 3 5 4
MOA-2006-BLG-099S 119 3 4 4 4 25 18 30 12 37 3 5 4
OGLE-2006-BLG-265S 92 3 4 2 3 23 16 13 8 30 2 2 3

 No abundances are given for MOA-2009-BLG-259S as the eimdte stellar parameters were too large, and for OGLE-ZBI0B-514S we only redeteremined

stellar parameters and [fF§. Abundance ratios for OGLE-2007-BLG-514S can be fourBmstein et &l. (2009).

 Note that the abundance ratios for oxygen have been codréat®lLTE effects according to the empirical formula given in Bensby =(24104).
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