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ABSTRACT

Based on high-resolutiorR(~ 42 000 to 48 000) and high signal-to-nois/l ~ 50 to 150) spectra obtained with UVR&T, we
present detailed elemental abundances (O, Na, Mg, Al, SITICEr, Fe, Ni, Zn, Y, and Ba) and stellar ages for 12 new mamsed
dwarf and subgiant stars in the Galactic bulge. Includirgyiaus microlensing events, the sample of homogeneouslysed bulge
dwarfs has now grown to 26. The analysis is based on equivaieth measurements and standard 1-D LTE MARCS model stella
atmospheres. We also present NLTE Li abundances based esylitihesis of théLi line at 670.8 nm. The results from the 26
microlensed dwarf and subgiant stars show that the bulgalieéy distribution (MDF) is double-peaked; one peakfk¢[H] ~ —0.6
and one at [FAH] ~ +0.3, and with a dearth of stars around solar metallicity. Thiim icontrast to the MDF derived from red giants
in Baade’s window, which peaks at this exact value. A simjgaificance test shows that it is extremely unlikely to havetsa gap

in the microlensed dwarf star MDF if the dwarf stars are drdmem the giant star MDF. To resolve this issue we discussraéve
possibilities, but we can not settle on a conclusive satufar the observed flierences. We further find that the metal-poor bulge
dwarf stars are predominantly old with ages greater thanytOu@hile the metal-rich bulge dwarf stars show a wide ranfages.
The metal-poor bulge sample is very similar to the Galatticktdisk in terms of average metallicity, elemental abundatrends,
and stellar ages. Speculatively, the metal-rich bulge [aiom might be the manifestation of the inner thin disk.df the two bulge
populations could support the recent findings, based onmdties, that there are no signatures of a classical bulgéhatthe Milky
Way is a pure-disk galaxy. Also, recent claims of a flat IMF1ia bulge based on the MDF of giant stars may have to be revasestib
on the MDF and abundance trends probed by our microlensed etass.

Key words. Gravitational lensing: micro — Galaxy: bulge — Galaxy: fation — Galaxy: evolution — Stars: abundances

1. Introduction [Gadotii 2000). Being a major component of nearby galaxies an
. . . alaxy populations and a primary feature that classifiemxigs,

Almost. 60 % .Of all stfallar mass in massive gaIaX|es In the I(g'is cI)(/egr ?hat understandri)ng thgorigin and evolution dfjbs

cal Universe is contained in bulges and elliptical galaxees., is integral to the theory of galaxy formation. The centrat o

Send offprint requests to: T. Bensby, e-mailtbensby@astro.lu.se  OUr own Milky Way harbours a central bulge which enables us
* Based on observations made with the European SouthdfhStudy such astellar system in a detail impossible for ahgro
Observatory telescopes (84.B-0837, 85.B-0399, and 88520 This galaxy (e.g.. Kormendy & Kenniclitt 2004 for a review of bidge
paper also includes data gathered with the 6.5 m Magellassepes in general). For instance, the next closest bulge stellategy
located at the Las Campanas Observatory, Chile, and daimedtat is that of the Andromeda galaxy which is more than a hundred
the W.M. Keck Observatory, which is operated as a scientditier- times more distant. In spite of its “proximity” and the mars-d
ship among the California Institute of Technology, the msity of tailed spectroscopic and photometric studies during thieftav
California and the National Aeronautics and Space Adnmialiin. decades, the origin and evolutionary history of the Gatdmtige
** Tables 4 and 5 are available in electronic form at the CDS V|8 still poorly understood. Its generally very old stellappla-
anonymous ftp tocdsarc.u-strasbg. fr (130.79.128.5) or via  {jon metal-rich nature, and over-abundancas-efements (e.g.,

http://cdsweb.u-strasbg. fr/cgi-bin/qgcat?]/A+A/XXX/AXX. [McWilliam & Richl 1994: [Zoccali et dl[ 2006" E!I|b|ﬁ|ghI et al
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[2007; Meléndez et al. 2008; Bensby et al. 2010c) are camistthick disk stars (e.g., Melendez etlal. 2008; Bensby etGil02;
with a classical bulge formed during the collapse of the grotAlves-Brito et al[ 2010). Alsd, Bensby et al. (2010b) presdn
galaxy and subsequent mergers, which would have resultedhe first clear detection of Li in a bulge dwarf star, showihgtt
an intense burst of star formation (e.g., White & Rees 197@e bulge follows the Spite plateau (Spite & Spite 1982). The
Matteucci & Brocato 1990; Ferreras ef al. 2003; Rahimi et ahost striking result to date from microlensed dwarf startia
2010). Alternatively, the boxpeanut-like shape of the bulgethe metallicity distribution function (MDF) for dwarf starand
suggests an origin through dynamical instabilities in asaay giant stars in the Galactic bulgefldirs. I Bensby et al. (2010c)
established inner disk (e.g., Maihara et al. 1978; Combak etwe found that the bulge MDF appeared bimodal for the dwarf
[1990;[Shen et al. 2010). Such secular evolution could possiars, with a paucity at the metallicity where the MDF based o
bly explain the recent discovery of chemical similarities- b giant stars in Baade’s window from Zoccali et al. (2008) meak
tween the bulge and the Galactic thick disk as observed in tbaderstanding this discrepancy is vital when studying rene
solar neighbourhood_(Meléndez et al. 2008;_Alves-Britalet galaxies where dwarf stars can not be studied, where we bave t
2010;/Bensby et al. 2010c; Gonzalez et al. 2011), through tredy on the integrated light from all stars, which is domathby
action of radial migration of stars (Sellwood & Binhey 2002giant stars.
\Schonrich & Binney 2009; Loebman etal. 2011). These results illustrate that observations of dwarf stews p
The metallicity distribution function of the bulge, infed vide unique information on the evolution of the bulge. For ex
from photometric and spectroscopic studies of red giamsstaample, the microlensed bulge dwarf stars will have an impor-
peaks around the solar value with a significant fraction pesu tant impact on the modelling of the bulge, in particular relga
solar metallicity stars and a low-metallicity tail extendidown ing recent suggestions that the initial mass function (INF)
to at least [FfH]~ -1 (e.g., Sadler et al. 1995; Zoccali et althe bulge needs to be fiérent from that in the solar neigh-
[2003)2008; Fulgﬂgm_e_t_HTgIQIm). Indeed, there are anmgle i bourhood in order to explain the MDF based on red giant
cations that the Bulge should harbour substantially moreimne stars (Cescutti & Matteucti 2011). Additionally, combigithe
poor stars (e.g., Bensby eflal. 20110b). In fact, the verydtests, dwarf abundances and kinematics with numerical studies, e.
should any have survived to the present day, may well prefer&Rahimi et al. [(2010), points to the possibility of disentkmgy
tially be found in the central regions of Milky Way-type gala different formation scenarios for the bulge, e.g. secular gersu
ies (e.g. Wyse & Gilmofe 1992; Brook et al. 2007; Tumlinsomerger origin.

). Unfortunately, the high stellar densities in thegleudnd In this paper we report the most recent findings from our on-
its generally high metallicity makes finding such stellanétors  going project on the chemical evolution of the Galactic lkulg
from the earliest cosmic epochs very challenging althowyh s as traced by dwarf and subgiant stars that have been observed
eral large-scale spectroscopic surveys of the Bulge aremtly whilst being optically magnified during microlensing ewvent
underway, which may discover some of these extremely otd st&dding eleven new events, and a re-analysis of MOA-2009-
(e.g./Howard et al. 2009). BLG-259S, the sample now consists of in total 26 microlensed

Studies of the detailed chemistry of the bulge have so fdwarf and subgiant stars in the bulge that have been homoge-
mainly used intrinsically bright stars (as in the referesmieove). neously analysed.
However, results based on spectra from giant stars areiviat tr
to interpret as evolutionary processes erase some of the abu . .
dance information. Also, their relatively cool atmosplsmesult 2- Observations and data reduction

in spectra rich in lines from molecules, which arefidult 0 The twelve (11 new and one re-analysis) microlensing events
analyse (e.gl. Fulbright etlal. 2006). The spectra of dwarss presented in this study were all discovered by the MOA mi-
on the other hand, even metal-rich ones, are fairly §trfng-ht crolensing alert systdhe.g./Bond et dl. 2001). Most stars were
ward to analyse and are the best tracers of Galactic chemiggkeryed on the night when the microlensing events peakeld, a
evolution (e.g., Edvardsson etlal. 1993). The maffidilty with 35 close to peak brightnesan() as possible (the light curves
observing dwarf stars in the bulge is their faintn@és-(19-20,  are shown in FidZl1). Exceptions are MOA-2009-BLG-174S and
[Feltzing & Gilmore 2000), impeding spectroscopic obséovet  \j0A-2011-BLG-058S which were observed one day ahead of
under normal circumstances. To obtain a spectrum of high qUgeak brightness as the full Moon would be very close on the
ity (R 2 40000 andS/N > 75) of a bulge dwarf star would pight of the predictedynay. As can be seen in Fifll 1, the bright-
require, even if using the largest 8-10 meter telescopelbl@ nesses for most events were almost constant, or only slowly
today, an exposure time of more than 50 hours. Microlensing arying, when the spectroscopic observations were caoted

fers the unique opportunity to observe dwarf stars in thegdul The event that showed most variation during the observa-
In the event that the bulge dwarf star is lensed by a foregfoufions is MOA-2010-BLG-285S: fromt ~ 14.3 at the start of
object, its brightness can increase by a factor of sevenad hyhe 2 nour exposure tb ~ 133 at the end, i.e., it more than
dred, making it possible to obtain, in 1 to 2 hours, a spectrufigupled its brightness during the observations. Furthezntiois

of sufficiently high resolution an8/N, adequate for an accuratemjcrolensing event has a binary lens and the UVES observa-

detailed elemental abundance analysis. tions were carried out during, or very close to, a caustis®ro
By observing microlensed dwarf stars in the bulge seveigly. |n[Bensby et al.[(2010b), where we presented the first re-

recent studies have given a new perspective on the chemigats for MOA-2010-BLG-285S and reported its Li abundance,
properties of the bulge (Johnson et al. 2007, 2008; Coheln etge showed that even though the three UVES exposures not only
2008/ 2009, 2010; Bensby etlal. 2009a.b, 2010b.c; Epsteih etyiffered in magnification, but also in magnification across the
2010). Main findings so far include the first age-metallicittellar surface, the jointfEect is an even magnification across
relation in the bulge which shows that metal-poor stars afige stellar surface. Hence, the final co-added spectrumighou
generally old, but metal-rich ones have a wide range of aggst be arected. As the model light curve for this event requires

(Bensby et al. 2010c). In addition, abundance ratios for 114 gnore analysis, which will be published elsewhere, the liginve
ements studied in the bulge dwarfs at sub-solar metadgiti

are in excellent agreement with the abundance patternsah [0 ' https://it019909.massey.ac.nz/moa/alert/index.html
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Fig. 1. Light curves for the twelve new microlensing events. Eadt phs a zoom window, showing the time intervals when the
source stars were observed with high-resolution speaptty. In each plot the un-lensed magnitude of the sourcessitso given

(Is)-

in Fig.[d currently only contains the observed data points a5 and 150. Reductions were carried out with the UVES pipelin
no model fit. Due to a possible planet detection in the leres, ttBallester et al. 2000), version 4.7.8, using the gasgardface.
model light curve for MOA-2010-BLG-523S also needs more .
analysis, and therefore also only have observed data pioints  The UVES data were complemented with data for two stars
Fig.[J. MOA-2011-BLG-034S is an event with a binary lens angbserved in 2009. MOA-2009-BLG-259S was observed with the
the microlensing model needs more work. Hence, we have clHRES-R spectrograph (Vogt etlal. 1994) on the Keck telessop
rently noAmx, Te, of model curve (but only the observed dat@n Hawaii. The slit was 0.86 arcsec wide, giving a spectrsd re
points in Fig[1) for MOA-2011-BLG-2011-034S. olution of R = 48000, a wavelength coverage from 3900 to

_ 8350 A, with small gaps between the orders beyond 6650 A. The

Ten of the twelve events were observed in 2010 and ZO%ijgnal-to-noise ratio iS/N ~ 110 per pixel around 6400A.

with the UVES spectrograph (Dekker et al. 2000) on the VeRyetails of the reduction procedure can be found in Cohenl et al
Large Telescope as part of our ongoing Target of Opportun ). Actually, an analysis of MOA-2009-BLG-259S wastfirs
(ToO) program. They were observed with a 1.0 arcsec wide slitasented ih_ Bensby etlal. (2010c). However, that analyais w
and dichroic #2, giving spectra with a resolutionRk 42000 pased on a spectrum that was obtained with UVES and when
and a spectral coverage between 3760-4980A (blue ccd)-568fly the UVES blue arm was available due to maintenance work
7500 A (lower red ccd), and 7660-9460 A (upper red ccd). A fean the red arm. That spectrum had a very limited blue wave-
tureless spectrum of a rapidly rotating B star (either HRI64# |ength coverage and as bulge stars are heavily reddendsp it a
HR 7830) was obtained each time. This spectrum was usedhtfd poor 8N. As a result only a few Feand Far could be
divide out telluric lines in the bulge star spectrum. Thenalg measured and the stellar parameters were poorly congdraine
to-noise ratios at 6400 A are listed in Table 1 and range twawith large uncertainties. Hence,[in Bensby étlal. (2010&)AM
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Table 1. Summary of the twelve microlensing events in the Bulge priskin this studi.

Object RAJ2000 DEJ2000 | b Te Trax Anax Tobs Exp. S/N Spec. R
[hh:imm:ss]  [dd:mm:ss] [deg] [deg] [days] [HJD] [MJD] [s]
MOA-2009-BLG-174S 18:02:07.70-31:25:26.40 -0.34 -434 65 4963.8147 1100 4962.314 9000 95 MIKE 42000
MOA-2009-BLG-259S 17:57:57.50-29:11:39.00 1.15-245 62 5016.7674 204 5016.395 1800 110 HIRES 48000
MOA-2010-BLG-037S 18:05:17.93-27:56:13.21 3.04-323 92 5289.4614 19 5284.308 7200 35 UVES 42000
MOA-2010-BLG-049S 18:05:07.02-26:46:12.79 4.04-2.63 12 5263.7554 110 5263.289 7200 90 UVES 42000
MOA-2010-BLG-078S 17:52:01.65-30:24:25.63 -0.64 -1.95 30 5285.8370 22 5285.303 7200 40 UVES 42000
MOA-2010-BLG-167S 18:11:27.37-29:41:02.54 2.16 -526 65 5380.8834 22 5380.129 4740 100 UVES 42000
MOA-2010-BLG-285S 17:56:48.16-30:00:39.47 0.32-264 42 4354.7421 390 5354.087 7200 150 UVES 42000
MOA-2010-BLG-311S 18:08:49.98-25:57:04.27 5.17-296 19 5365.1937 540 5365.001 4800 55 UVES 42000
MOA-2010-BLG-446S 18:07:04.25-28:03:57.77 3.12-364 20 5413.8937 61 5413.125 7200 70 UVES 42000
MOA-2010-BLG-523S 17:57:08.87-29:44:58.40 0.58-258 20 5432.6283 290 5431.997 7200 150 UVES 42000
MOA-2011-BLG-034S 18:10:12.23-27:32:02.39  3.92-3.99 - 5638.62 — 5639.317 7200 45 UVES 42000
MOA-2011-BLG-058S 18:09:00.36-29:14:12.66 2.30-457 17 5646.92 90 5645.320 7200 45 UVES 42000

Notes." Given for each microlensing event is: RA and DE coordinai@9Q0) read from the fits headers of the spectra (the direatiere the telescope pointed
during observation); galactic coordinatésiidb); duration of the event in dayd £); time when maximum magnification occurebhfx); maximum magnification
(Amax); time when the event was observed with high-resolutiorctspgraph Tops); the exposure time (Exp.), the measured signal-to-naiserr per pixel at
~6400 A (S/N); the spectrograph that was used (Spec); the spectralitiesp(R).

Table 2. Stellar parameters and radial velocities for the 12 newohétised dwarf stars.

Object Tesr logg & [Fe/H] NFer, Fen Ur

[K] [cos] [kms™] [km/s]
MOA-2010-BLG-285S 6064 129 420+ 0.23 185+ 0.38 -1.23+0.09 53,12 +46.0
MOA-2010-BLG-078S 523% 135 360+ 0.31 130+ 0.29 -0.99+0.15 54, 3 +52.3
MOA-2010-BLG-167S 5444 58 400+ 0.14 117+ 011 —-0.59+ 0.05 118, 17 -794
MOA-2010-BLG-049S 5738 58 420+ 0.12 095+0.11 -0.38+0.06 96, 14 -1167
MOA-2010-BLG-446S 6324 123 450+ 0.19 157+ 0.17 -0.37+0.08 69, 8 +56.5
MOA-2010-BLG-523S 525@ 98 400+ 0.23 210+ 0.24 +0.10+ 0.07 54,11 +97.3
MOA-2009-BLG-174S 562@ 65 440+ 0.12 123+ 011 +0.13+ 0.05 121,17 -214
MOA-2011-BLG-034S 546% 67 410+ 0.15 087+0.14 +0.13+0.06 84,11 +127.0
MOA-2009-BLG-259S 4953 93 340+0.24 102+ 011 +0.37+ 0.05 72,11 +815
MOA-2011-BLG-058S 526@ 75 400+ 0.16 067+0.14 +0.39+ 0.05 63, 10 -1397
MOA-2010-BLG-311S 5464 108 380+ 0.26 129+ 0.19 +0.49+0.11 58, 11 +44.4
MOA-2010-BLG-037S 5745 95 400+ 0.26 151+ 0.20 +0.56+ 0.10 56, 13 -84

Notes.” Given for each star is:fiective temperatureTgyg); surface gravity (log); microturbulence parametet;); [Fe/H]; number of Fe and Far lines used in the
analysis; radial velicity ).

2009-BLG-259S was excluded when discussing the metallitable 5. Measured equivalent widths and calculated elemental
ity distribution and abundance trends of the microlensddebu abundances for the 12 new microlensed dwéarfs.
dwarf stars. The first metallicity result, based on this HERRE

spectrum, was presented in Cohen et al. (2010). For consiste Element 2 X star 1 star 10
it has here been re-analysed with the same methods as foeall t Al V] W, eX) W, e(X)

other events.

MOA-2009-BLG-174S was observed with the MIKE spec-
trographl(Bernstein et Al. 2003) on the Magellan Clay telpsc
at the Las Campanas observatory in Chile. A 0.7 arcsec Widor each line we give the lagf value, lower excitation energy/),
slit was used giving a spectrum wikh~ 42 000 and continuous equivalent width (;), absolute abundance (le¢X)). The table is only
coverage between 3500 to 9200 A. The signal-to-noise pet pirvailable in electronic form at the CDS via anonymous ftp to

at 6400 A is around 95. Reductions were made with the Carne§fgarc-u-strasbg. fr (130.79.128.5) orvia
python pipelinE. ttp://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/XXX/AXX.

In total we are now in possession of high quality spectra for
26 microlensed dwarf and subgiant stars in the bulge. '[able31
lists the details for the twelve new events, while the datdtie ™

other 14 events can be found.in Bensby ét al. (2010c).

Analysis

3.1. Stellar parameters and elemental abundances

Stellar parameters and elemental abundances have been de-
termined through exactly the same methods as in our previ-
ous studies of microlensed bulge dwaifs (Bensby et al. 2009b

2 Available athttp://obs.carnegiescience.edu/Code/mike
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Table 3. Stellar ages and a comparison of colours afielotive temperatures as determined from spectroscopy acrdlersing
techniques for all 26 microlensed dwarf stars. The lowet gfthe table includes the stars from Bensby ét al. (2010c).

Object Tt M logL Age -lo +lo0 (V-)o My -lo +lo0 M M{" (V1) T Comments

[KI Mo Lo [Gyr] [Gyr] [Gyr] [mag] [mag] [mag] [mag] [mag] [mag] [mag] [K]

MOA-2010-BLG-285S 6064 0.81 0.04 116 74 133 0.63 4.80 83.5.06 4.18| 484 0.58 6283
MOA-2010-BLG-078S 5231 0.84 0.75 127 5.0 155 0.86 3.04 32.8.45 2.18| 1.86 0.85 5259 very high DR
MOA-2010-BLG-167S 5444 0.87 0.34 140 8.6 151 0.79 4.03 13.6..11 3.24| 278 0.72 5678
MOA-2010-BLG-049S 5738 0.88 0.16 11.7 9.7 13.3 0.70 4.46 04.14.84 3.76| 2.74 0.69 5785 some DR
MOA-2010-BLG-446S 6327 1.06 0.23 32 14 47 056 411 381454 355| - - — abitof DR, corrupt CMD
MOA-2010-BLG-523S 5250 0.99 0.26 13.1 55 132 0.86 4.29 03.64.67 3.43| - 0.77 5510 abitof DR
MOA-2009-BLG-174S 5620 0.98-0.05 8.7 38 9.7 0.73 499 462 512 42&57 071 5703
MOA-2011-BLG-034S 5467 0.96 0.17 11.6 8.0 13.2 0.77 4.46 53.8.86 3.69 0.67 5720
MOA-2009-BLG-259S 4953 1.21 0.79 3.0 18 7.7 1.00 3.038 209893 2.03| 295 0.82 5366
MOA-2011-BLG-058S 5260 0.97 0.34 127 6.4 131 085 4.08 73.4.66 3.23| 3.36 0.82 5366
MOA-2010-BLG-311S 5464 1.09 039 49 31 91 078 392 281504 3.14| 3.21 0.75 5568 high DR
MOA-2010-BLG-037S 5745 1.25 049 44 29 55 0.69 3.63 298304 2.94| 3.61 0.80 5421

OGLE-2009-BLG-076S 5877 0.84-0.04 116 7.0 13.1 0.67 500 4.26 517 4B3.24 0.70 5752
MOA-2009-BLG-493S 5457 0.74-0.41 131 43 131 0.79 583 559 6.11 5p481 0.70 5752 someDR
MOA-2009-BLG-133S 5597 0.81-0.24 12.1 5.0 159 0.74 554 470 577 4B@&24 0.71 5715 double clump sightline
MOA-2009-BLG-475S 5843 0.85-0.08 8.7 4.5 123 0.68 510 4.12 533 44230 0.62 6070 someDR
MACHO-1999-BLG-022S 5650 0.88 0.36 13.1 7.0 134 0.73 3.97493 470 3.24| - - -
OGLE-2008-BLG-209S 5243 0.93 0.38 8.6 53 127 086 3.96 43.3.11 3.10] 257 0.76 5542
MOA-2009-BLG-489S 5643 0.93-0.09 116 6.1 128 0.73 497 433 522 4p844 0.88 5200 high DR
MOA-2009-BLG-456S 5700 1.00 0.05 87 49 99 071 459 4.00904 4.88| 281 0.69 5773
OGLE-2007-BLG-514S 5635 1.06 0.16 6.4 42 9.6 0.73 4.49 38387 3.76| 441 0.73 5634 high DR, binary peak
MOA-2008-BLG-311S 5944 1.17 0.18 29 11 35 064 437 4.06514 3.73| 3.98 0.69 5767 abitof DR
MOA-2006-BLG-099S 5741 1.10 0.04 33 15 50 070 4.66 435874 3.96| 3.86 0.77 5508 veryhigh DR
MOA-2008-BLG-310S 5704 1.09 0.07 49 3.0 6.3 071 4.69 4.04764 3.98| 3.51 0.72 5664 Janczak et al. (2010)
OGLE-2007-BLG-349S 5229 0.95 0.15 13.1 9.6 139 0.87 4.58344.530 3.71| 421 0.81 5393 abitof DR
OGLE-2006-BLG-265S 5486 1.04 0.10 87 54 95 0.78 4.65 4200 3.87|3.64 0.71 5696

Notes.” Column 2 gives the spectroscopic temperature; col. 3 thiersteass (inferred from ischrones); col. 4 the luminositfgrred from isochrones), col. 5 the
stellar age (inferred from isochrones); cols. 6 and 7 thigira lower and upper age limits; col. 8 the “spectroscopabars, based on the colour—[IF8—Teg
calibrations by Casagrande et &l. (2010); col. 9 the alesbluhagnitude based on the spectroscopic stellar parametdss16 and 11 the 1-sigma lower and upper
limits on My; col. 12 the absoluté magnitude based on spectroscopic stellar parameterst I the absoluté magnitude based on microlensing techniques;

col. 14 the ¥/ — I)o colour based on microlensing techniques; col. 15 the iafedfective temperatures using the colour-fe- T calibrations by

[. (2010); col. 16 Comments: DR standsffereintial reddening.

Table 6. LTE Li abundances and NLTE corrections fromween abundances from Fand Far lines, and the microtur-

[Lind et al. 2009). bulence parameters by requiring that the abundances fram Fe
lines are independent of line strength.
Object loge(Li)ire  Ante  Ter K] [Fe/H] An error analysis, as outlined In_Epstein et al. (2010), has

been performed for the microlensed dwarf stars. This method
takes into account the uncertainties in the four obsergathigt
were used to find the stellar parameters, i.e. the unceytaint

OGLE-2006-BLG-2655 0.96 +0.08 5486 +047
OGLE-2007-BLG-3495 0.89 +0.11 5229 +042
MOA-2008-BLG-3113 2.23 +0.01 5944 +0.36

MOA-2010-BLG-049S 143  +007 5738 -038 the slope in the graph of Feabundances versus lower excita-
MOA-2010-BLG-2855 2:21 _0:05 6064 _1:23 tion potential; the un_certainty of the slope in_ the_ graph_ef F
MOA-2010-BLG-523S 164 +010 5250 +0.09 abundances versus line strength; the uncertainty in tfereince

between Feand Far abundances; and the uncertainty in the dif-
 Full set of stellar parameters and elemental abundances for ference between Input and output metallicities. The metisal

OGLE-2006-BLG-265S, OGLE-2007-BLG-349S, and MOA-2008B311s ~ accounts for abundance spreads (line-to-line scatter)etisag/
are given if_Bensby et Al (2010c). how the average abundances for each element reacts to shange

in the stellar parameters. Compared to Epsteinlet al. [204®)

used Ca lines to constrain the microturbulence parameter, we

: use the same Rdines that were used for thefective tempera-

rzw.oBsgig’e\gec;ﬁ:iI?’?e%di\a/\;i?hl-tﬁepIar;)?)-sp;;alll\(ﬂa,lb\rlg%c?lcs;t re. Although the variables are not fully indepe_ndentythm
G fason [ 1975 Edvardsson et al, 1 ~Asplund et ly weakly_ cqrre}ated. Thus the total error bar is domidédag
[1997). (For consiétenc th . ' 9_9_3,_SD_MI ; the uncertainties in the slopes.

: y with our previous analyses, weicoat ) ) _
to use the old MARCS models. As shownmet al. Stellar parameters and error estimates are given in Table 2,
2008, the diferences between the new and old MARCS mod@/emental abundance ratios in Table 4, and measured eepiival
els are very small for our types of stars, i.e. F and G dwa#dths and abundances for individual lines in TeHle 5.
stars.) Elemental abundances are calculated with the Wppsa We have also determined NLTE Li abundances in 6 of the 26
EQWIDTH program using equivalent widths that were meanicrolensed dwarf stars through line profile fitting of the 1
sured by hand using the IRAF task SPLOTédEtive temper- resonance doublet line at 670.8 nm. The 1-D NLTE corrections
atures were determined from excitation balance of aburetanare taken from Lind et al[ (2009). The Li line was not detected
from Fer lines, surface gravities from ionisation balance ben the remaining 20 stars, and the spectra are not fifcgnt
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Table 4. Elemental abundance ratios, errors in the abundance ratidsnumber of lines used, for the 12 new microlensed dwarf
stars.

[FeH] [O/Fe]’ [Na/Fe] [MgFe] [Al/Fe] [SiFe] [CaFe] [Ti/Fe] [CyFe] [Ni/Fe] [ZrFe] [Y/Fe] [BaFel

MOA-2010-BLG-285S -1.23 055 —-0.06 Q042 030 Q30 Q035 038 -0.01 -0.08 028 039 022
MOA-2010-BLG-078S -0.99 065 -0.02 Q47 025 Q35 026 034 - 0.00 - - 0.32
MOA-2010-BLG-167S -0.59 056 Q07 Q043 033 Q022 023 034 Q007 Q03 Q14 007 -0.18
MOA-2010-BLG-049S -0.38 036 -0.05 028 028 Q14 025 031 002 Q001 023 01 013

MOA-2010-BLG-446S -0.37 021 Q10 Q032 023 Q18 Q025 034 —— 0.05 — —— —-0.06
MOA-2010-BLG-523S ao 025 Q19 Q14 033 -0.01 Q17 Q022 016 Q00 -0.24 — -0.18
MOA-2009-BLG-174S a3 -003 -0.03 Q09 -0.04 Q03 002 Q08 004 -003 -0.05 -0.03 -0.04
MOA-2011-BLG-034S a3 -011 Q02 Q03 Q007 Q07  -0.01 Q05  -0.02 Q03 Q03 —— -0.14
MOA-2009-BLG-259S ®B7 003 Q42 Q036 035 Q10 Q17 Q14 011 Q18 041 038  -0.07
MOA-2011-BLG-058S 0.39 -0.12 0.20 0.11 0.05 0.08 0.00 0.00 0.10 0.13 0.28 —0.12
MOA-2010-BLG-311S 9 024 026 024 018 Q08 Q13 Q07 003 Q14 Q14 — -0.13
MOA-2010-BLG-037S ®6 -040 031 Q16 Q010 Q08  -0.04 Q14 006 013 -023 - -0.10

O[Fe/H] O[O/Fe] O[Na/Fe] O[Mg/Fe] O[Al/Fe] O[Si/Fe] O[Ca/Fe] OUTITi/Fe] OU[Cr/Fe] OU[Ni/Fe] 0O[zn/Fe] O[Y/Fe] O[Ba/Fe]

MOA-2010-BLG-285S (D95 026 Q05 Q07 Q07 Q07 Q006 Q12 019 Q11 Q10 024 021
MOA-2010-BLG-078S as 049 Q10 Q13 012 Q17 Q19 Q05 —— 0.15 — —— 0.14
MOA-2010-BLG-167S @®5 019 Q09 Q08 004 Q06 Q09 Q07 Q007 Q06 Q14 020 Q09
MOA-2010-BLG-049S 6 018 Q15 Q006 003 Q05 Q10 Q09 009 Q06 Q10 021 Q08

MOA-2010-BLG-446S 8 018 Q05 006 007 Q05 Q07 Q003 —— 0.09 — —— 0.24
MOA-2010-BLG-523S ®7 022 Q13 Q12 Q10 Q08 Q15 Q11 Q008 Q07 Q13 - 0.11
MOA-2009-BLG-174S ®5 Q15 Q08 Q07 Q05 Q04 Q09 Q07 Q005 Q05 Q12 026 Q11
MOA-2011-BLG-034S 6 019 Q003 Q009 006 Q006 Q10 Q07 004 Q006 Q014 —— 0.10
MOA-2009-BLG-259S ®5 024 Q022 Q19 Q10 Q08 Q020 Q09 Q07 Q06 Q14 Q057 Q020
MOA-2011-BLG-058S ~ 0.04 048 009 009 010 006 010 010 080. 0.05  0.09 - 005
MOA-2010-BLG-311S Q1 027 012 019 014 Q09 016 Q09 Q08 Q09 Q17 -—- 028
MOA-2010-BLG-037S Q0 029 016 018 011 007 Q12 010 012 Q09 024  —— 028
NFer No NNa Nimg Nay Ns;i Nca Nri Ner Nni Nzn Ny NBa
MOA-2010-BLG-285S 53 3 1 6 3 13 10 15 3 11 2 3 4
MOA-2010-BLG-078S 54 2 1 4 4 16 10 2 —— 9 — —— 2
MOA-2010-BLG-167S 118 3 2 6 6 23 15 25 9 33 3 3 4
MOA-2010-BLG-049S 96 3 2 7 6 25 13 13 2 34 3 2 3
MOA-2010-BLG-446S 69 3 2 5 5 19 10 3 - 15 - - 3
MOA-2010-BLG-523S 54 3 2 4 6 20 11 2 5 25 1 — 3
MOA-2009-BLG-174S 122 3 4 4 7 27 18 16 12 34 1 3 3
MOA-2011-BLG-034S 84 3 2 5 6 23 11 6 2 30 1 — 3
MOA-2009-BLG-259S 64 3 3 3 3 17 11 13 13 29 1 2 2
MOA-2011-BLG-058S 63 2 2 5 6 24 12 6 5 30 1 - 3
MOA-2010-BLG-311S 58 3 2 5 6 27 10 6 5 26 1 — 3
MOA-2010-BLG-037S 56 3 2 5 6 25 11 6 3 25 1 — 3

 Note that the abundance ratios for oxygen have been codrémt®lLTE efects according to the empirical formula giveri_in Bensby =(24104h).

quality to estimate interesting upper limits. The methoduse is determined from an isochrone age probability distriouti

to determine Li abundances is fully described in Bensbylet 4APD):

(2010b) where we presented the Li abundance in MOA-2010- L

BLG-285S. The Li abundances are listed in Tdble 6. dP(age)= Z p(Ter,l0g g, [Fe/H], T, G, M) , L
A(age) e

where A(age) is an adopted step in age from the grid of

3.2. Stellar ages and absolute magnitudes isochrones and:

p o expl-(Ter — T)?/2(ATer)?] X

The determination of stellar ages has been greatly improved ~ €xPl-(logg — G)?/2(Alogg)?] x (2)
relation to our previous work, by the use of probability dis-  exp[-([Fe/H] — M)?/2(A[Fe/H])?] .

tribution functions. Furthermore, the Yonsei-Yale isaumies

(Demarque et al. 2004) have been calibrated to reproduce theThe errors in the derived stellar parametex3 4, etc.) are
solar age and solar mass for the input solar stellar parametested in Table€R2. The sum in EJ(1) is made over a range of
(Tex/ log g/[Fe/H] = 5777K/4.44/0.00). This is described in isochrone ages and in principle all valuesTofG, M. In prac-
detail in a forthcoming paper (Melendez et al., in prep.sHort, tice, the contribution to the sum from isochrone pointshart
for a given set of “observed” stellar parameteligg( log g, away thanTes = 3ATe, €tc., is negligible. Therefore, the sum
[Fe/H]) and theoretical isochrone pointsfiigctive temperature is limited to isochrone points within a radius of three tintles

T, logarithm of surface gravits, and metallicityM), the age errors around the observed stellar parameters. The pidpabi
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Fig.2. The 12 new microlensed stars plotted on thenhanced isochrones fram Demarque et al. (2004). Eaclf satahrones
have been calculated with the same metallicity arehhancement as derived for the stars. In each plot the lgndisl represent
isochrones with ages of 5, 10, and 15 Gyr (from left to rigbptted lines are isochrones in steps of 1 Gyr, ranging frobGyr

to 20 Gyr. Error bars represent the uncertaintie$dpand logg as given in Tabl€]2. Note that ages reported in Teble 3 need not
coincide exactly with the ages that may be redddirectly from the figures. The age determinations are basegdrobability
distribution functions and is described in S€gt. 3.

distributions are normalised so thgtdP = 1. The most prob- orthree are on the verge of ascending the giant branch. Tike la
able age is obtained from the peak of the distribution white 1ones have just left the subgiant branch, and should betentad
limits are derived from the shape of the probability digitibn. by the internal mixing processes that occur further up orgthe
Similar formalisms allow us to infer the stellar mass, absol ant branch (see, e.g., Pinsonneault 1997, for a review omgix
magnitudes, and luminosities. in stars).

For three very old stars>( 12 Gyr), both the peak and the  The masses and luminosities presented in Table 3 will yield
upper error bar of the APD are not well defined. In those casa$physical’ logg, computed from the fundamental relationship
we adopted as the age the average of the APD peak and the that relates luminosity, stellar mass, arteetive temperature
dian of the solutions, and the upper error bar was adoptetkeas (see, e.g., Eq. (4) in Bensby eflal. 2003). Because a statlvgth
scatter of the solutions. The probability distributions fieass, best-fit age may not lie exactly at the spectroscopicallysue=d
absolute magnitudes, and luminosities are all well behaved Tes and logy, the the physical and spectroscopic dog agree

Using the new improved age determination method we hat/dthin 0.03:+ 0.09 dex, rather than exactly, see Fiy. 4.

re-determined the ages for all 26 stars. The ages, absoageim Probabilistic age determinations like ours are known to
tudes, and luminosities are reported in Table 3, andFigo®ish sufer from systematic biases mainly related to the sampling
the twelve new microlensed dwarf stars together with the-relof isochrone data points (e.g., Nordstrom etlal. 2004, rthei
vant Y2 isochrones. As can be seen, a majority of the stars &ect. 4.5.4). Bayesian methods have been developed te tackl

either main sequence turrffstars or subgiant stars, while twothese problems (e.q., Pont & Eyer 2004; Jgrgensen & Lindegre
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1 [ MOA-2009-BL(5-489S Temperature from microlensing techniques
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Fig. 3. Synthesis of the Hl line at 6563 A for the three stars that show large deviati@is/ben the spectroscopiffective tem-
peratures and theffective temperatures based on microlensing technique®r@as spectra are shown with black lines, and the
synthetic spectra with blue lines. Left-hand side showsymhetic profiles based on spectroscopic temperaturethamht-hand
side the profiles based on temperatures from microlensafmiques. The microlensing temperature for MOA-2010-BRG:S is
the one based on the origin® £ 1) colour (i.e.Ter = 4750 K). Note that no attempts to match individual lines heestmade. The
composition of the model atmospheres are simply scaled [wéf] relative to the standard solar composition by Grevessé et

).

3.3. Effective temperatures from microlensing techniques

T T T T T T T

T 04 f As in[Bensby et al. (2010c) we confront thffextive tempera-
® - 1 tures derived from spectroscopic principles with thoseuded
@ 02 .. ® . 7 from microlensing technique 04). The mianete
. - * o % N . o o ] ing method assumes that the reddening towards the miceaens
g U R AR 7 source is the same as the reddening towards the red clump, and
3 *. * . that the red clump in the Bulge hag< 1), = 1.08 (Bensby et al.
S-0z n [2010t) andM, = —0.15 (David Nataf, private communica-
; " tion). The de-reddened magnitude and colour are then dkrive
5704 | | | | | | L from the dfsets between the microlensing source and the red

o4 0z o o0z o4 o086 o8 clump, in the instrumental colour-magnitude diagram (CMD)

logL [Lo) As the lenses for the MOA-2010-BLG-285S and -523S events

likely are binaries, and need more work, no absolute magni-
Fig. 4. Comparison between out spectroscopic surface gravitigsles could be estimated for these stars. Also, the-(1)g
and the “physical” log that can be computed from the lumi-colour for MOA-2010-BLG-446S could not be determined be-
nosities and stellar masses inferred from isochrones. @n awause there are too few clump stars close to this star in the
age the physical log:s are 0.03 dex higher (with a dispersion otolour-magnitude diagram. From the colourfE T calibra-
0.09dex). tions by Casagrande et &l. (2010) we can determine which tem-
peratures the\( — 1) colours correspond to. The absolute de-
reddened magnitudes and colours and thecéive temperatures
are given in Tablg]3.
[2005;| Casagrande et'al. 2011) but we do not follow this ap- Even though the féective temperatures from microlensing
proach and therefore our ages could be in principle furtimer i techniques and spectroscopic principles are in reasoagbte-
proved. Nevertheless, our current age determination isistamt ment, there are three events for which th&eatences are dis-
with our previous work on thifthick disk stars so, in a relative turbingly large; more than 400 K for MOA-2009-BLG-259S and
sense, our discussions regarding the ages of our sam@eastar MOA-2009-BLG-489S, and more than 700K for MOA-2010-
still reliable. BLG-311S (Fig.[ba). Note that stellar parameters for MOA-
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ously taken withl band on the SMARTS ANDICAM camera at

T e T the 1.3 m CTIO telescope. We then converted from instrunhenta
8OO (q " o) E (I1-H)to (V-1) by constructing &1 H colour-colour diagram for
w00 b : b B field stars, which is analogous to the technique for optiour
- X i F 4 1 transformationsl (Gould E!%Ia{: 2010). Now we find a colour of
N .- e . N (V = I)o = 0.75 for MOA-2010-BLG-311S, which is in good
g C o® " F . o | agreement with the “spectroscopic” value of 0.78. Note, how
—400 [ ’ ] ever, that this method cannot be blindly applieé/id transfor-
[ mbo92s ] mations because (at the depth of the SMART®and images)
_800 - ] the colour-colour diagram is constructed from giants arta su
T+ giants, while the transformation applies to dwarfs. Adxfitilly,
045 . there is a giant-dwarf bifurcation of thélH colour-colour re-
L 1 lations for ¢ — K)o > 3 (Bessell & Breit 1988), which corre-
= 02 o . sponds to{ — 1) > 1.3 (see, in particula al. 2006).
£ mb0s2s ® * ° 1 Nevertheless, since most microlensed dwarfs (including th
B L P O GO o ® one), have bluer colours than this limit, the method can lisua
I - : ° L ] ] be applied, if necessary.
I 02 - [ mboosso . For the 24 microlensed dwarf stars that have microlens-
i ..,.,S?m 1 ing (V = I)o colours, including the revised colour for MOA-
04 | | L 2010-BLG311S, we find that our spectroscopic temperatuiees a
4800 8200 800 8000 80 + 217K lower than the ones based on the coloupifffe
T, [K] Ter relationships (see Fidll 5a). Note that the colours for the

previous microlensing events lin Bensby €t al. (2010c) were e
Fig.5. (a) Difference between the spectroscopic temperatufé8ated under the assumption that the red clump in the bulge
and the temperatures from microlensing techniques versus #S ¥ —1)o = 1.05. Hence, those colours have been adjusted
fective temperature, and (b) thefidirence betweenV(— 1), (0y @dding 0.03mag) and newfective temperatures were de-
colours determined from microlensing techniques and tiese t€rmined. For clarity, all 26 events are listed in Table 3eTh
can be determined from the spectroscopic temperatureg usisagrande ethl. (2010) calibrations can also be used to see
the IREM calibration by Casagrande ef al. (2010). The avera%ﬁ@at (Vv — 1) colours the spectroscopidfective temperatures
differences aréATer) = —80K with a dispersion of 217K, orrespond to. I_:or the new stars these_ are listed in '[able_3,
and(A(V — 1)o) = 0.026 with a dispersion of 0.073mag. Theand the comparison betweep photometrlc and “spectrostcopic
three stars that show largest deviations between micrioigns(Y — o colours are shown in Fig]5. On average the spectro-
and spectroscopic parameters are marked. For MOA-2010-BLE§CPIC colours are in good agreement with the ones from mi-
311S (mb10311) the original values are shown with openesicl crolensing techniques being only slightly lower (th&elience

and the corrected value with filled circles (connected wita t i 0.02+ 0.07 mag, see Figl 5b). o
original values by a dash-dotted line). This difference is due to that we now use the calibrations

by [Casagrande etlal. (2010), while we_in Bensby k{al. (2010c)
used the ones by Ramirez & Meléndez (2005). If we were to
2009-BLG-489S were published in_Bensby et al. (2010c). Tse the Ramirez & Meléndez (2005) calibrations théedénce
check the temperatures for these stars, and get a third opieuld be 000 + 0.06 mag. This means that th¥ - 1)o value
ion, we calculate synthetic spectra for ther Hine wing pro- for the bulge red clump that was revised from 1.05 to 1.08 in
files with the latest version (v2.1 oct 2010) of the Specinpgc Bensby et al. (2010c) could be revised back again to 1.06.
Made Easy (SME) tooll (Valenti & Piskundv 1996) using the
latest 1-D LTE plane-parallel MARCS model stellar atmo-
spheres [(Gustafsson et al. 2008), and line data from VAL$G Results
i [.199%; Kupka etlal. 1999). In Hify. 3 we show th T
observed line profiles and synthetic line profiles for thenied #1. The metallicity distribution
Ha line for these three stars, using both the spectroscopie teim Fig.[6a we show the MDF for our sample of 26 dwarf stars
peratures (left-hand side plots) and the temperatures fmém in the bulge. Since the typical error in [fF§ is about 0.1 dex,
crolensing techniques (right-hand side plots). We seettigt we choose a bin size for the histogram of 0.2 dex. This ensures
synthetic spectra based on spectroscopic temperaturesitele that any feature that we detect in the distribution is not tue
the wings of the it line almost perfectly, while the spectra basedrror statistics, i.e., features that could originate frive mea-
on temperatures from microlensing techniques clearly do reurementuncertainties are suppressed by the size of eadhidi
match the observed wing profiles. note that this MDF appears bimodal with peaks af Hie~ —0.6
We could not find anything that was obviously wrong wittand~ +0.3 dex, and a gap of only two stars at [iF§ ~ —0.1. In
the photometry of MOA-2009-BLG259S and MOA-2009-BLG¥ig.[@b, for comparison, we show the MDF for 204 RGB stars in
489S, although dierential reddening is noticeable in the field ofhe bulge from Zoccali et al. (2008). Given that the MDF faz th
MOA-2009-BLG-489S (Nataf, private communication, se@al€RGB stars only has one prominent peak (although asymmetric)
Table[3). However, for MOA-2010-BLG-311S there was onlyhere is a significant fierence between the RGB and the dwarf
one highly-magnified point, so theY — 1) colour could not be star MDFs. A Kolmogorov-Smirnov test between the two dis-
robustly estimated by the standard techniques uséd by Yalo etributions yields ap-value of 0.11. Even though this is not low
(2004). In an alternative attempt to determine tfe-( ) colour enough to reject the null-hypothesis that the MDFs are drawn
for MOA-2010-BLG-311S we first determined the instrumentdfom the same distribution, under the commonly used limit of
(I -=H) colour, making use of thiel-band data that are simultane-0.05, it is low enough to warrant further investigation.
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Fig. 7. Top panelshow ages versus [f4] for the now in to-
Fig.6. a)MDF for our 26 microlensed dwarf stars in the bulgetal 26 microlensed dwarf and subgiant stars in the BulggsSta
b) MDF for 204 RGB stars in the bulge, from_Zoccali et alwith [Fe/H] > 0 are marked with black circles and stars with
@).c) The significance for the failure of reproduce a gafi-e/H] < 0 with grey circles.Bottom panelshows age his-
vs. position of a gap in the dwarf star MDF (see explanation fagrams for the metal-rich stars (hatched histogram) artdlme
Sect[Z1). poor stars (grey histogram).

4.2. Ages and metallicities

Figure[Ta shows the age-metallicity diagram for the 26 mi-
] ) o _crolensed dwarf and subgiant stars. At sub-solar met#ieci
The most prominent dierence is the deficiency of stars inne stars are predominantly old with ages between 9 and 13 Gyr

the dwarf S_tar MDF, S|_tuated a_|mOSt where the RGB MDF peali%ee F|gD7b), and no apparent trend of increasing or de'ngeas
The question v.ve.ask is: what is the probability of obta!nlngs ages with [FgH] is seen. The average age and dispersion is
a deficiency, similar to the one in the dwarf star MDF, if 26'sta 11 0 + 2.9 Gyr. This is similar to what is found for thick disk
are drawn randomly from the RGB MDF? To answer this quegwarfs at the same metallicity in the solar neighbourhoagl (e
tion, we construct a simple significance test. First, we d2&w [Eyhrmanli 1998 Bensby etal. 2007).
stars in the RGB sample, we assume the RGB MDF to be reyays, except MOA-2010-BLG-446S at [fF4] = —0.37, seem to
resentative of the complete underlying MDF. Next, we chéck haqye the same age within the errorbars. If we exclude this sta
the sample of 26 randomly drawn stars has a deficiency of stg{g average age becomes74 1.7 Gyr, indicating that the age
in the MDF at [F¢H] = x. We define the deficiency of stars ingpread in metal-poor population is indeed very small. Reiggr
the MDF as a gap with two stars or less in a metallicity ranggoa-2010-BLG-446S, we do not rule out the possibility that i
of 0.3 dex (see Fig. 5a). The gap in Fig. 6 spans about 0.4 dgXan interloper from the Galactic disk.
However, given that the typical error in [fF§ for the dwarfstars  The stars at super-solar metallicities on the other hane sho
is about 0.1dex, we use a range of 0.3dex. We iterate this pgogide range of ages from the youngest disk, being only a few
cess 1B times. We define the significance as the fraction of ifs;jjion years old, to the oldest halo, as old as the Univesse (
erations that fail to reproduce a gap in the randomly geedrairig.[7). The average age and tlispersion is % + 3.9 Gyr for
dwarf star MDF. Finally, we sample over the position of thp.gathe stars at super-solar [fF4.
x, from [Fe/H] = —2to [Fe/H] = +1 in steps of 0.1 dex. If the ages are weighted by the inverse squares of theirerror

Figure 5¢ shows our result from the test. As can be seen, the average ages and tlispersions become®: 3.4 Gyr for the
existence of a gap of stars in the dwarf star MDF at/fije= metal-rich stars, and 172+ 1.5 for the metal-poor stars &+
—0.1 is unlikely. This indicates that the gap in the MDF is mog.2 Gyr when including MOA-2010-BLG-446S).
likely not caused by low number statistics. Additionallye wan
the test with a gap range of 0.2 and 0.4 dex and found that4i
did not dfect the result significantly. Given the possibility of
systematic fisets in [F¢H] for giants and dwarfs, how would aIn order to further investigate whether our microlensed rdwa
shift in the giant MDF &ect the significance level as a functiorand subgiant stars are indeed in the Bulge, we have compared
of [Fe/H]? As we sample over all [FFE] in the test above, the the absolutd magnitudes obtained from the microlensing pho-
only effect of shifting the giant MDF is a shift of the significanceaometry with the absolute magnitudes obtained from thetspec
curve in Fig[®6 by the same amount. scopic stellar parameters.

5. Absolute magnitudes
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The spectroscopic absolute magnitudes were obtained with

the same methods and the same set of isochrones employed to? [T~ T 1 T T
determine the ages (see S€¢t. 3). The absolute magnituahes fr
the microlensing techniqué/, ,iens, Were obtained by compar-
ing the instrumental magnitude of the microlensing source, . 1 -
linstr.s, With the instrumental magnitude of the bulge red clump, 2 I
linstr.cdump, @Ssuming that the absolute magnitude of the clump i
M cump = —0.15, i.e.

Ml,ylens = Iinstr,s - Iinstr,clump -0.15 (3)

This means that th®l; ,iens Will exactly equalM, source if:

AM, (ulens — @pec
o
T
—e—
——

—e—i

—e—

o

o

PRI BT SRR A SRR R

1. The instrumental clump centroid is correctly measured. -
[Clump centroids are probably accurate to about 0.1mag. _o vt iyl
This is the typical measured ftkrence in the clump cen- 0.6 0.7 0.8 0.9 t 1.1 1.2 1.3
troids of diferent data sets of the same field and then trans- Mass  [Mo]

formed from one to another.] . . .
2. The instrumental source magnitude is correctly measurgépc' ri'k;rnh;ndﬁgfﬁrﬁeub:S'[V\;%nf';g?nasbsggt]rtgzgn'tu\?eeéljggel
[In most cases this is extremely accurate (of order 0.02 m% ng d P Py
ss (derived from spectroscopy). Error bars represenirihe

orless) ] rtainties in the spectroscopic values
3. The extinction towards the source is the same as the mggn P P ’

extinction towards the clump. [Most fields have modest dif-
ferential extinction. There is very little systematic biake
random error due to fferential extinction is probably less

identified above. We add this in quadrature to the (asymn)etri

than 0.05 mag.] errors shown in Fid.]8, and evalugtéas a function of assumed

. . } _ i 2 _

4. The absolute magnitude of the bulge clumMgaumy = OLocr We findAM; = ~0.10+ 0.15, withxf,, = 1248 for 21
—0.15. [Note: M, gump = —0.25 is the value that usually hasdegrees of freedom. The fact that the mean is withindf zero
been used in bijligmg microlensing studies. However, recimp"es that the sample is consistent with being entireuwdr
studies indicate that it probably is incorrect, and showdd rom bulge stars. Since” is less than the number of dof, there

is no evidence for scatter beyond that due to measurement er-

—0.15 (D. Nataf, private communication).] A ; ; S
5. The source is at the same distance as the clump. [The souf@&S (Which includes our estimate of a 0.15 mag dispersion in
are certainlynot at the same distance as the clump. Th Stances relative to the clump). Of course, this does noteor

are thought to be in the bulge, and therefore at a range at all of our sources are in bulge: there could be disk inter
' Lgpers. However, the fact that microlensing models pla@e th

distances similar to the range of distances of clump sta . _ X :

However, the sources must be behind the lenses. Thus?YfrWhelm'ng majority of lensed sources in the bulge, coredi

the latter are in the bulge (thought to be about 60% of len ith the demonstrated consistency betwee_nM1ede_term|ned

ing events) then the former must be preferentially towar rom spectra_and those determined from mlcrolen5|_ng (based
assumption that they have the same mean distance as the

the back of the bulge. Hence, on these grounds alone .
would expect them to be of order 0.1 mag behind the clum 19€ clump) strongly supports a bulge location for the gree
rity of our sources.

However, from Fig[Ill it is clear that the spectroscopic san?
ple is drawn preferentially from positive longitudes, whic
constitute the near side of the Galactic bar, which has @slap 4. Colour-magnitude diagram

of roughly Q1 mag deg'. We take this as indicating a strong__ ) ) ]

bias towards brighter sources (which then require less maggure[® shows our stars in the HR diagram. We consider the
nification to enter our sample). Of coursethin any given Metal-poor and metal-rich stars separately, and we inatigde
line of sight, this bias is working on a much narrower baséeddened colours z_ind apsolute magnitudes estimated Igirect
line, i.e., the intrinsic dispersion in the bulge depth, othi from the spectra (filled circles, see Sdcil3.2) as well asifro
is order 0.15 mag. We therefore estimate that the two biadg§ micro-lensing technique (open circles, see Secl. 31

approximately cancel out, and that there is an intrinsie di§vo values are connected for each star by a dotted line (note
persion of source distances of 0.15mag.] that 4 stars do not have microlensing values, see Table &). Th

metal-poor stars (Figl9a) are spread from the main-sequence

Figure[8 shows the fierence between the absollitmagni- the bottom of the red giant branch. The age of the population o
tudes from the two methods versus stellar mass (as detetmitteese stars is younger if we consider the magnitudes andrsolo
from spectroscopy). The spectroscopic values are on awerdgrived by micro-lensing techniques (between 5 and 10 Gyr),
higher by—0.13 mag (with a dispersion of 0.56 mag). The errawhile, if we use the spectroscopically determined colourd a
bars represent the uncertainties in the spectroscopievaiven magnitudes, the age is about 5 Gyr larger with a very nicely de
though the individual points appears to be basically comisisat fined sub-giant branch. Regradless of thesierBncesi it is clear
the 1o level, there is a tentative trend in the sense that the spétat we are dealing with a population that is old.
troscopic values are higher for low masses while microtemsi  For the metal-rich stars (F[d 9b) the situation is somewhat
values are higher for high masses. different. Here we have no stars that have evolveticsently

To formally evaluate the significance of thefdrence be- to trace the sub-giant branch. Additionally, the specwpgand
tween the microlensing and spectroscopic estimatdd,ofwe  micro-lensing techniques yield rather similar resultsdbmost
first estimate an error of 0.2 mag in the microlensiigvalues, all stars. The stars are clustered in the tufiregion and there
which is the quadrature sum of the 5 enumerated error sourseems to be both rather young stars (5 Gyr with very littlerroo
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I (a) O ulens techniques
L @ spectroscopy

1 (b) O wlens techniques
1 \°/ @ spectroscopy

K giants [Meléndez et &l._2008) and later [by Alves-Britolét a
(2010) and Gonzalez etlal. (2011). Recently it has been shown
that this similarity also holds when comparing bulge gidats
with K giant stars from the thick disk in the inner parts of the

Galaxy (Bensby et al. 2010a).

=
4f . 4.5.2. Rapid enrichment and time scale for SNla in the bulge
s b .S o/ T stoes: (/150 The high level olv-element abundances relative to Fe are signa-
- w.sl tre/)--08 | I wl tresi)=103 | tures of rapid star formation where massive stars, whicte hav
05 06 07 08 00 105 08 07 08 05 1 short lifetimes, are the main contributors of chemical @mi

V-1),

V—=I),

ment of the interstellar medium when they explode as core col

lapse SNe produce and expel large amounts-efements (see,
Fig. 9.(a) and (b) show the(— 1)o versusM, colour-magnitude e.g.,Ballero etal. 2007b). This will result in high/Fe] ratios
diagram using values from microlensing techniques (open citt low [FgH], and we see this for the microlensed dwarf stars
cles) and spectroscopy (filled circles). (a) shows the stat[Fe/H] < —0.4. Once low- and intermediate-mass stars starts
with [Fe/H] < 0 and (b) the stars with [Fel] > 0. Each to play a significant role in the chemical enrichment, tigiou
CMD also show the Y isochrones (1, 5, 10, and 15 Gyr)the explosions of SNla, which produce relatively little bét-

from [Demarque et al. (2004). For the metal-poor sample teéements, there will be a downturn (knee) in tagHe]-[FeH]
isochrones have [Fél] = —0.6 and for the metal-rich sampleabundance plot. This is what we see for the microlensed bulge

[Fe/H] = +0.3. The spectroscopic and microlensing values havkarfs at [F¢H] ~ —0.4. This means that the star formation
been connected with a dashed line for each star (4 stars doinothe bulge continued for at least as long as it takes for the
have microlensing values). SNla to contribute significantly to the build-up of elements
Estimates of the SNla time scale depends on the type of envi-
ronment and ranges from a few hundred million years to 1-2
for a large change) up to stars as old as 10 Gyr. There are q@iiion years (e.g.,_ Matteucci & Rec¢hi 2001). In Fig. 7 weese
a few stars that potentially cluster around the 1 Gyr isogei@s that the bulge dwarfs with sub-solar [Fg§ predominantly have
well. ages around 10 Gyr, and the lack of an age-metallicity aeiati
In summary, when we consider the high and low metallicitior the metal-poor dwarfs (Sef_#.2) could indicate thateSN
stars as two stellar populations, and study their locati@niHR  started to contribute to the chemical enrichment soon aftar
diagram, we see that the metal-poor population is fairljv&d formation started in the bulge. Even though the internal-mea
and includes essentially older stars, whilst the metdi-popu- surement errors in the old stars of the sample is still qaitgd
lation is less evolved and tentatively includes some ratbeng  to be constraining timescales of 100 Myr versus 1 Gyr, thiddo
stars. mean that the timescale for SNla in the bulge was short. If not
the stars with [FAH] just above the knee would have been sig-
nificantly younger than those on the plateau, but they arefmot
short time-scale of a few hundred million years for SNla isfd
4.5.1. Similarities to the Galactic thick disk for elliptical galaxies while the time-scale in the disksspiral
. . alaxies are a few billion years (elg., Matteucci & ReccliP0
lljrotm the Ianalyjls Og .OGtLEt'ZOO.St'hBLG'Z?S)"S.’.;Nht')crl‘ was T iven the similarities we see between the metal-poor bubge a
Irst microlensed subglant star with a metaflicity belowasp tE}e thick disk it is worthwhile to mention that the thick digk

4.5. Abundance trends

we got the first hint from a chemically un-evolved star thq e solar neighbourhood shows a possible age-metallielgy r

the metal-poor parts of the bulge might be similar to thoseq&l n (Bensby et 4l. 20045; Haywdbd 2006; Bensby Et al. 2007)
the Galactic thick disk (Bensby etial. 2009b)..in Bensby et ith the stars that are more metal-rich than the knee haygeg a

(2010t) where the sample was expanded to 15 microlensgd; 4rq 1 10 2 Gyr younger than those more metal-poor than the

dwarflandtrs]u::)ﬂiant stalrs, OUIbOfI Whi.Cht 7 had ﬁkt; ?elrti osition of the knee. Now, we have only 1-2 microlensed dwarf
was ciear that tn€ metal-poor buige, in terms of both eleaeng;, s \yith—0.4 < [Fe/H] < 0, and it might well be, once we

abundance ratios as well as stellar ages, is similar to th&G@ 1,6 5 |arger sample, that those stars turn out to be, ongezera
thick disk. With this study we add another five stars with su ounger than the more metal-poor ones. Also note that tisere i

solar metallicities, and another seven with super-soldatie i - ;

> ' . ossibility that the lack of an age-metallicity relaticyutd be

ities. The updated abundance plots are shown in[Fig. 10 an@ﬁe to a lot of mixing (either caused by the bar, or caused dy th

is clear that the new stars further strengthens the SityilBg- 0 qing of sub-clumps). Such mechanisms have been proposed
tween the m_etal-poor bulge and the Galac_tlc thick disk as see to be responsible for both the observed age-velocity mand

the solar neighbourhood. The agreement is almost perfeatifo he absence of age-metallicity relation in the solar nedginb

the a-elements and (_)nly for th_e tweprocess elements Ba an ood (e.g/, Minchev & Famaéy 2010).
Y are there some discrepancies, and then for only one or two

stars at the lowest [Ad]. Given the error bars and the fact that

it is only 1-2 stars, it is diicult to judge if the diterences for 4.5.3. The metal-rich bulge

Ba and Y are real. We also note the large dispersion ifiH&h

at high metallicities, which most likely is caused by thetthat Regarding the metal-rich bulge, most stars seem to follav th

the Zn abundances for a majority of the stars are based on oimgnds as outlined by the thin disk as seen in the solar neighb

one spectral line. hood. However, there are two stars that have elevated aboeda
The similarity between the bulge and the local thick diskatios that stand out: MOA-2010-BLG-523S at [FH§ = +0.09

abundance trends was actually first recognised from studiesand MOA-2010-BLG-259S at [Fél] = +0.37. From TableR we
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T. Bensby et al.: Chemical evolution of the Galactic bulgé&rased by microlensed dwarf and subgiant stars. IV.

Fig. 10.Filled bigger circles show the abundance results for 25 ef26 microlensed dwarf and subgiant stars in the Bulge (only
stellar parameters were determined for the star from Epsteal. 2010 that we analysed.in Bensby et al. 2010c). Thisk aid
thin disk stars frorTi_LB_e_nsb;LQtJhL_Zﬂ)ﬂl?L._ZDOS and in pree.shown as small circles red and blue circles, respectma%error

bars represent the total uncertainty in the abundancesratid have been calculated according to the prescript I

(2010), see Sedfl 3.
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see that these are two of the more evolved stars in the sample.

order to investigate whether the unusually high Na abunenc
in MOA-2010-BLG-523S and MOA-2009-BLG-259S for their

metallicities could be due to the assumption of LTE, we have

performed 1D non-LTE calculations followi
for the four employed Nalines. We find that while the non-LTE
effects are significant{0.1 dex) they are essentially the same in

all our targets as well as in the Sun, leaving our derived LTE-

based [N#-e] ratios unfiected. Non-LTE can thus not explain

the atypical Na abundances of these two stars. Another-possi

Galactic latitude

-6
6

O;
N )
o

o
-0

2

0

bility could be that the stellar parameters for these stegea
roneous. In order to bring down the [Nr] ratio from+0.19
to zero for MOA-2010-BLG-523S, and to bring down [iRe]
ratio from+0.4 to +0.2 for MOA-2009-BLG-259S, we need to
increase theféective temperatures with more than 500K or in=;
crease the surface gravities byl dex. As the current temper- g
atures of 5250K and 4953 K well reproduce the wing profilest
of their He lines, it is unlikely that erroneoudfective temper- "
atures are responsible for the high abundance ratios thaewe
for some elements in this star. Also, both of these starsimave
than 10 Fer lines measured and the FEemn ionisation balances
are well constrained, making a shift of 1 dex in surface dyavi
unlikely. For now we have to accept the fact that these tws sta
show elevated levels for some elements that does not agtiee wi . . . _
the other microlensed bulge dwarf stars at similayiffe _Flg. 11. Posm_ons, radial velocities, and metaII|C|t|es for thew_no

Notable is that the uprising trends of/Fe] with [FegH] at I total 26 microlensed dwarf and subgiant stars. Grey esrcl
very high metallicities that are seen for the disk stars fanyn Mark stars that have [fFe] < 0 and black circles those that
elements, e.g., [N&e], [Al/Fe], and in particular the iron-peakhave [F¢H] > 0. The curved line in (_a) shoyvs the outline of thg
element [NiFe], is also present in the microlensed bulge dwarggut.hern Bulge based on observatlons.wnh the (?OBE satellit
(see FigLID). (Weiland et all 1994), and the concentric dotted lines st t

We furthermore note that some of the characteristics 8fgular distance from the Galactic centre irirftervals.
MOA-2009-BLG-259S and MOA-2010-BLG-523S (high Na
and Al) seem typical of second generation globular clus-
ter stars (e.gl, Carretta et al. 2009). Stars resemblingutdo surveys of the bulge, for instance the BRAVA survey, which ob
cluster second generation stars have been found in the heg$ved and determined radial velocities for several thudiga
(Martell & Grebel 2010) and their eventual presence in tHgéu ants (Howard et al. 2008). They found velocity dispersi@mgr
might gauge the role that globular clusters had, through ld8g between 80- 120 kms* at these galactic longitudes.
ing stars anfbr disintegrating in the formation of the bulge.
However,ll_(_gﬁim have not analysed O, Ng,
Mg, and Al, so it is still to be proved whether their sample in-
deed originated from globular clusters. Also, a connectitth  As we reported ih Bensby etldl. (2010b), MOA-2010-BLG-285S
the globular cluster O-Na anti-correlation for MOA-2009B- s the first metal-poor dwarf star for which Li has been chearl
259S and MOA-2010-BLG-523S is unlikely given that their Ogetected in the Galactic bulge. It has a Li abundance which is
Na, Al, and Mg abundances are all high (and several other efgHy consistent with what is seen in other metal-poor dwarf
ments too for one of the two stars). stars in the Galactic disk and halo at thiteetive temperature
and metallicity (e.g.._Meléndez etlal. 2010). Figlré 12evsh
that the star lies on the metal-rich end of the Li Spite platea
(Spite & Spite’ 1982). Combined with its old age, MOA-2010-
Figure[T1a shows the positions on the sky for the full sampBL-G-285S is an excellent confirmation that the bulge did not
of microlensed dwarf stars in the bulge. They are all locateshdergo a large amount of Li production or astration in itdiea
between galactic latitudes2°® to -5°, similar to Baade’s win- est phases.
dow at (, b) = (1°, —4°). The reason why most stars are located The Li abundances in the other five more metal-rich dwarf
at positive galactic longitudes and negative latitudesiated stars, in which it could be measured, show a wide range,
to the extinction/ geometry of the bulge. As shown in, e.g.most of them significantly lower than the Li Spite plateau.
Kerins et al.[(2009), the optical depth, based on starsgkeri MOA-2008-BLG-311S, which has a higher temperatuirg: (=
in these regions and therefore the chances for microlerieingg944 K) than the other metal-rich stars, is the one with the
occur is higher here. Also, MOA and OGLE have so far mainlyighest Li abundance. Most likely, the Li in these metahric
surveyed the bulge at negative latitudes as these are segfonstars represent abundances that were obtained by depdietion
lower extinction. ing their main-sequence lifetimes from higher initial vedu

We find that there is essentially nofigirence in the veloc- Observations of intermediate-age solar-metallicitysstasth in
ity distributions between the metal-poor and metal-ricmsa clusters such as M67 (e. tal. 1999) and in the field
ples (see Fid_11b). The average velocities are almosti@ént (e.g./Baumann et Al. 2010) show that they have a large range o
219+ 987 and 197 + 1090 kms* for the two samples. The Li values, which can be explained by a range of ages, masses,
high velocity dispersion is typical for what has been sedarige  and initial rotation values.
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.7. Lithium abundances in the bulge

4.6. Positions and radial velocities
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we have further investigated the bulge membership of the mi-
crolensed bulge dwarfs. In Seci. 4.3 we determined the atasol
magnitudes of the microlensed dwarfs and compared them to
those that can be determined from microlensing technidues.
find that the two are in agreement at better than eunteasure-
ment error of 0.15mag. This is consistent with the expemtati
(based on Galactic microlensing models) that the overwimgim
majority of microlensed sources towards these lines oftsigh

in the bulge.

.o -
eyt e e

log e(Li)
N

5.2. Baade’s window not representative?

ok

-3 -2 -1 0 Could it be that the region towards Baade’s window is not rep-
[Fe/H] resentative for the Bulge, not even other close-by regiand,
that this is the reason for the discrepant MDFs from the RGB
L L A and microlensed dwarf star samplés? Zoccali et al. (2008) fin
) R different MDFs in their fieldsi = -4°, -6°, and-12°) and
claim that there is a vertical metallicity gradient in theldmi
ThelZoccali et 8. (2008) RGB comparison sample is located in
Baade’s window, which indeed is a very small region of the
Galactic bulge. The 26 microlensed dwarf stars have a wider
spread inl and b. However, their average distance from the
Galactic centre coincides very well with Baade’s windowe(se
Fig.[11). Also Brown et &l. (2010) used WFC3 photometry and
two-colour plots to derive MDFs for 4 fields in the bulge in-
Eoo . cluding some close to the Galactic plafe=< —2.15°, -2.65°,
5000 5500 6000 6500 7000 —-3.81°, and-4.72°). They found that K-S tests ruled out the pos-
T [K] sibility that they were drawn from the same distributioneyh
were working in reddening-free measurements, and while not

; ; d as spectroscopy, obviously, it is a possible cortibma
Fig.12. (a) Li abundance versus [f¢], and (b) versusTes. as goo ok ; .
The large circles indicate the microlensed bulge dwartedis of MDF variations across the bulge. Interesting, some off the

in Table[. The ages of the stars have been coded by the size%l?i’:S look quite mc(ejtal-richd(thcl;lljgh thiy Qad issues congrni
the circles as indicated in (a). Comparison data (small this) their zero-point) and more double-peaked.

log €(Li)
0

@ @b

come from_Meléndez et al. (2010), Lambert & Reddy (2004),
and Ghezzi et all (2010a,b). 5.3. Strong gradients in the bulge?

The RGB comparison sample in Baade’'s window from
The only other detections of Li in the Galactic bulge argoccali et al.|(2008) is located 4rom the Galactic plane as well
from observations of RGB and AGB stars (eet ak from the Galactic centre, while our microlensed dwarfssta
[2009) in which the atmospheric Li abundance have been dltergange 2-5° from the Galactic plane and-%° from the Galactic
Dwarf and subgiant stars withffective temperatures greatercentre (see Fig._11). Would it be possible that there areigmési
than about 5900K are the only reliable tracers of Li (e.goresentin the metal-rich bulge population that are noteuiakp

Weymann & Sealis 19655; Boesgaard & Tripicco 1986). by the RGB sample in Baade’s window? Possibilities include:
— There are two co-existing bulge populations - one metakpoo
5. Why are the dwarf and giant MDFs different? and one metal-rich. However, there is a very steep spatial

. . , abundance gradient in what we pick up as the metal-rich
The MDF is a key observable used to constrain chemical evolu- 4yarf population, and at the distance of Baade’s window the
tion models (e.gl. Chiappini etlal. 1997: Kobayashi et a060 [Fe/H] is much lower than close to the plane or close to the
Therefore it is important to discuss in detail theéfeliences in Galactic centre. Hence. the metal-rich stars can not be seen
the MDFs of dwarf and giant stars in the bulge. If the gap inthe ;, ihe RGB sample fron’w Baade’s window.

dwarf MDF is real and if the bulge MDF truly is bimodal, why _ There is a number density gradient in the metal-rich popu-
does the giant MDF not show this bimodality? Below we discuss |ation meaning that at the distance of Baade’s window the

several possibilities in detail. number of very metal-rich stars has dropped and is very low.
Hence, the metal-rich population is missing in the RGB sam-

5.1. The microlensed dwarf stars are not in the bulge? ple.

InBensby et al.[(2010c) we explored in detail whether the niBabusiaux et al. (2010) use the Zoccali €t al. (2008) data and

crolensed dwarf and subgiant stars are located in the Belge they find a metal-rich and a metal-poor population. They men-
gion, or in the disk on either this side or the far side of thégBu tion that the metal-rich group seems to drop out as they move
We concluded then that the combination of kinematics, aslowaway from Baade’s window, perhaps supporting the second pos
magnitude diagrams and microlensing statistics makeglitiyi sibility wherein the number density of metal-rich stars o
likely that the microlensed dwarfs that we are studying aeem quickly. From the same stellar sample_Gonzalezletal. (2011)
bers of a stellar population that belong in the Bulge. In¢higly show that these two populations separate also in thgiFd]
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ratios. However, the fields they are considering are locatedshown in Fig[IBb. It should be cautioned that the spectrd use
b = -4°, -6°, and-12°, is a significantly larger range than thaby (Zoccali et al.[(2008) have lower resolutions and lo\8¢N
covered by the microlensed dwarf stabs£ —2°, to —6°, see than the spectra used by Bensby et al. (in prep.), and that the
Fig.[17) within which the fect should be less dramatic. We alsatellar parameter determination methodology iedent ggrav-
note the claim by Rich et al. (2007), which is based on IR speity is not a spectroscopically tuned paramete et
troscopy, that there is no metallicity gradient in the inbalge ). Additionaly, and most important, the Zoccali t2008)
(bl < 4°). sample consists of giants while the Bensby et al. (in pregozgh
analysed dwarf and subgiant stars. However, it is likely tha
stellar parameters are less well determined when the disigw
scatter is higher.

The analysis of giants is morefficult than that of dwarf stars. ~ The total MDF curve shown in Fi. 13c is then the sum of
This is because blending is severe for giants, caused by tife Gaussians for all 204 RGB stars, normalised to unit drea.
lower efective temperatures, which will result in spectra witlis interesting to see how the large uncertainties smeatd e
stronger lines from neutral elements and a lot of molecinasl and especially, now showing a less steep dri@bthe metal-
The blending will become even more severe for metal-rictsstarich end. The question now is what happens if the same type
which could be the reason for spuriously high abundance @f-uncertainties are added to the sample of microlensedfdwar
tios in some studies (see, elg., Lecureur 8t al. 2007). @egar Stars? Can itamount for an erasure of the gap such that thé dwa
problems in the analysis of solar-metallicity gia . MDF resembles the RGB MDF?
(2009) reported that their standard analysis of giant staspen Assigning each star in the microlensed dwarf sample an un-
clusters results in a much narrower metallicity distribot{with ~ certainty given by the dashed line in Higl 13b, we then costr
a total spread betweenfirent clusters of only about 0.1 dex)rormalised gaussian for each of the 26 microlensed dwat.sta
than that obtained using dwarf stars, which show that thereTihese are merged to form a new MDF for the microlensed dwarf
a cluster-to-cluster spread in metallicity about 2.5 tirhigher Sample, and is shown in Fig.113d. Although the double-pehk st
than that found using giants. The problem seems to be retateds present, it is clear that it has been smeared out. Howtheer,
blends by atomic and molecular lines, as the use of the bhbyi double-peak remains. Hence, we can not blame uncertainties
Hekker & Melénd€dz (2007), which has been checked for blendBe giant analysis to be the sole source for the discreparfviD
results in a total metallicity spread derived from opentgugi- unless the error consists in a compression of th¢HFealues
ants similar to that derived from dwarfs (Fig. 1@%& dsee discussion earlier).
[2009). Thus, standard analysis of giant stars may resultama
pression of the MDF for metallicities around solar or higlper- 5
haps erasing the metallicity gap we have found in the MDF of
the bulge. A certain degree of contamination in the RGB sample in Baade’
The RGB star spectra of Zoccali el dl. (2008) have a reseindow is expected. Based on the Besancon model of the @Galax
lution of R ~ 20000, whilst our microlensed dwarf stars ar¢Robin et all 2003), Zoccali et al. (2008) estimated a coittam
observed withR ~ 40000 to 60000. That blending might betion of 10— 15% in their RGB sample in Baade’s window, di-
a problem in metal-rich giants can be seen in Eig. 13a whieided more or less equally between foreground thin disksstar
shows how the line-to-line dispersion of the Fe abundanmes focated 2— 5kpc from the Sun, and thick disk stars located
thelZoccali et al.[(2008) RGB sample in Baade’s window vamyithin the bulge. The estimation of the thick disk contantiom
with [Fe/H], reaching dispersions of 0.5 dex, and in some casisshased on the assumption in the Besancon model that tte thi

5.4. Uncertainties in the analysis?

5. Disk contamination in RGB sample?

even higher. disk follows an exponential radial distribution that pe#akshe
To better account for the large dispersions seen in the R&Rlactic centre. As also stated in Zoccali etlal. (2008 sélwn-

sample we have in Figute113c constructed an alternative MEdminations are poorly determined as we know very littleuabo
for the RGB sample. Instead of plotting a standard histograthe stellar populations in the inner Galactic disk, and retssky
each star is represented by a normalised Gaussian, definedhaithing about possible thin and thick disk stellar popoledi

the specific mean value and error in [Agfor each star. It would within the bulge. We therefore find it worthwhile to investig
have been be good if we had error estimates similar to the ofesv much contamination is actually needed for the micratdns
that were calculated in Selt. 3 for the microlensed dwadfistie dwarf MDF and the Baade’s window RGB MDF to agree.

only information we have from Zoccali etlal. (2008) is theslin ~ The bulge has a radius of about 1.5kpc (Rattenburylet al.
to-line dispersion for each of the 204 stars in Baade’s windd@007), meaning that the foreground disk stars, if they aratkxd
and that in average 60-70 Fknes have been used to determinén front of the Bulge, should be located, at most, approxatyat
the stellar parameters and [Fg However, Bensby et al. (in 6 kpc from the Sun. Baade’s window is locatethat —4°, which
prep.) have performed an error analysis foIIoe at this distance from the Sun translates into a verticahdist of
(2010) for 703 F and G stars (dwarfs, subgiants, and a hand400 pc. Assuming that the inner disk contains both a thin and
ful of low-luminosity giants.). It is found that the calctéa er- a thick disk (see first results In_Bensby etlal. 2010a), and tha
rors in [FgH] correlate with the line-to-line dispersion of thethey have similar scale heights as in the solar neighbouthoo
Fer abundances. As the analysis of a majority of the 703 stdlss is a distance from the plane where the thin disk is dotina
have used many more Fknes than the 60-70 that Zoccali ef aling. Hence, it is likely that if the giant sample is contaneth
(2008) have used, we select a subsample df00 stars from with foreground stars, it should presumably be by thin diakss

the 703 stars that have 100 or less kees measured and used  Assigning each star an uncertainty in [Ag given by the

in the analysis. We then perform a simple linear regressen lilashed curve in Fi§. 13b, we create two normalised MDFs: one
tween the line-to-line dispersion and the error in/fdor those for the bulge (green dashed curve in Figl 13f.) and one for the
stars. This regression line has a constant of 0.044 and a sfopdisk (olive coloured dashed curve in Hig] 13f.). The norsedi
0.50, allowing us to transform the line-to-line dispersianto bulge MDF is based on the 26 microlensed dwarf stars, and the
estimated errors in [El] for the 204 RGB stars. This plot is normalised disk MDF on the disk stars from the re-calibratio
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Fig. 13. (a) Line-to-line dispersion of Reabundances for the 204 RGB stars fiom Zoccali &t al. (2008)T ke estimated random
errors of the 204 RGB stars from Zoccali et al. (2008). Dasteedline represents the running median (extrapolated aeitsie
data limits); (c) The MDF for the 204 RGB stars. The blue lis@ismoothed version where each star is represented by ai@auss
having with a width equal to the estimated random error agslio (b); (d) The MDF for the microlensed dwarf stars. Theddine

is a smoothed version where each star is represented by ai@austh a width as given by the dashed line in (b); () shoas h
the sum of the minimum residual between a joint disk GCS arwlat@nsed dwarf MDF and the RGB MDF vary with the shift of
the GCS disk sample. For each value, the fraction of the GEISMDF is shown. The minimum sum of residuals is reached when
the disk GCS MDF is shiftedt0.075 dex, and when the fraction of GCS disk MDF is 57 %. The MD#tthe smeared MDFs for
the RGB sample in Baade’'s window (f) The smoothed MDFs forRI&B sample (red dash-dotted line), the microlensed dwarf
sample (green long-dashed line), the GCS2011 disk samipte ¢oloured short-dashed line). The solid blue line shtvesmix of

the MDFs from the GCS2011 disk sample and the microlensedfdample that best match the RGB MDF. All MDFs have been
normalised to unit area (hendkon the ordinates are arbitrary numbers).

of the Geneva-Copenhagen Survey by (Casagrandeé et al. 2011Js such a high foreground contamination of the RGB sample

hereafter GCS2011). In the solar neighbourhood the disk MD&alistic? If 50 to 60% of the bulge RGB samples are actually

peaks slightly below solar (e.g., Casagrande ket al.|2014}h& foreground disk stars, this might be visible in the kinewatf

Galactic disk is likely to exhibit a shallow metallicity gia the RGB sample. However, the velocity dispersiof Xis sim-

ent (e.g.| Maciel & Costa 2010; Cescutti etlal. 2007, andrrefélar in the RGB sample and in the microlensed dwarf sample.

ences therein) the disk closer to the bulge would therefave h Also stars with disk kinematics would introduce a metatici

a slightly higher average metallicity. We will thereforale the dependent bias in the RGB sample, since the foreground con-

shift of the GCS2011 MDF as a free parameter. tamination only is significant near solar metallicity (betm

[Fe/H] of —0.3 and +0.1). However,| Babusiaux etlal. (2010)

We then construct a joint MDF from the smeared out dwaf®und no sign of disk kinematics within that metallicity gen

star MDF and the smeared out GCS2011 disk MDF, with varjrurthermore, the BRAVA survey RGB stars should also presum-

ing fractions of the two (from O to 1 in steps of 0.1). Then wably be contaminated by foreground disk stars. Howevergthe

compare this mixed MDF with the Baade window RGB MDFS good agreement between thelistribution of the microlensed

(as given in Fig[I3a) and determine for which mixture the sufiwarfs and that of the BRAVA giants.

of the residuals is minimised. This procedure is done for sev

eral diferent metallicity shifts of the GCS2011 disk MDF. Th o

results are shown in giﬂ3e which shows how the minimuar5ﬁ6' The magnification puzzle

sum of the residuals changes with the degree of contammatia (Cohen et al.|(2010) a peculiar relation between maximum

for eleven diferent shifts of the GCS2011 MDF. The lowest valmagnification Anax) and [F¢H] was discovered. Using 16 mi-

ues are achieved for a shift of approximately.075 dex of the crolensing events available at that time it was demonstrate

GCS2011 MDF and a mix of 57% GCS2011 and 43 % dwaittfiat a very strong correlation between metallicity and mmaum

MDF. As can be seen in Fif. 1L3f, the mixed bulge-disk MDFagnification existed. Several possible explanations gieemn,

and the RGB MDF are similar and agree quite well. Note thatt all had to be rejected, leaving the puzzle unsolved. Matk,

the exact shift of the GCS2011 disk MDF seems to be of littiedditional data points in hand, we again look at this issisecan

importance. All shifts suggest a disk contamination fiactbf be seen in Fid 14 it is evident that most of the events with the

50 to 60 %. highest magnifications have super-solar metallicitiesl tat
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Table 7. Properties for the metal-rich and metal-poor bulge sub-

5 U s S B S S R samples.
a0 Q@ < © .
L # ° # i Metal-poor bulge Metal-rich bulge
ol © ] [Fe/H] <0 [Fe/H] >0
T @ ) N 12 14
o -0.4 o ] [Fe/H] -0.60+0.30 032+ 0.15
— . Age 117 + 1.7 Gyré 7.6 +3.9Gyr
—08 + ] Uy 22+ 99 kms? 20+ 109 kms?
% ] [a/Fe] 029+ 0.06 008+ 0.05
12 (> ]
[ ) ) | ) ) ) | ) ) ) L] Notes.T The values given in the table are the mean values and theiciassd
0 400 800 1200 dispersions. Also, note that theelement abundance is here defined as the
A mean of the Mg, Si, and Ti abundances.

# Excluding MOA-2010-BLG-446S. If this star is included theseage age

Fig. 14. [Fe/H] versusAnay. Grey circles mark the new stars anghange to 12+ 2.9 Gyr
black circles the stars in Bensby et al. (2010c).

estimate of the foreground disk contamination is at least fo
lower magpnification events dominate at sub-solar mettéigi times as high as what the Besangon model used by Zoccali et al
However, the new data points (grey circles) appears to weak8008) predicts, and is hard to digest. Given that the kndgge
the relation as we now have high-magnification events at I the inner disk is very poor, and also the fact that the redde
metallicities and low-magnification events at high met#ties, g is uncertain and often very patchy, it is clear that it ésw
combinations that were not presentLinLQh_en_bﬂ_a_L_@OlO).qAﬁﬁCU't to get a handle on the disk contamination in the RGB
Spearman rank test between Hpand Amax NOW gives a cor- Sample.
relation of 0.42 and a significance that it deviates from zdro
0.033. A Spearman correlation of zero indicates that trer®i
tendency for [FAH] to either increase or decrease whgh in-
creases. This means that we can not rule out the null hypsthesom our studies of 26 microlensed dwarf and subgiant stars w
that the two properties are uncorrelated. So, even thowgk t8  find that the bulge MDF is bimodal, and Table 7 summarises the
still a statistical significance that the two parameterscaree- properties of the two sub-populations. The metal-poor $amp
lated, it is weaker than in_Cohen ef al. (2010) who found a sifias an average metallicity of [Rd] ~ —0.60 + 0.30, which is
nificance of 0.005, i.e. strongly correlated. More micrsieg in perfect agreement with the mean metallicity that is fotord
events are needed in order to resolve whetheAthg puzzle is  thick disk stars at the solar circle ([Ad] = —0.6,[Carollo et all.
real or not. [2010). The metal-rich sample shows a very high-metallieitg
In any case, assuming that it is real — how would that afarrow, MDF peaking at [Fé1] = +0.32 + 0.16. The metallic-
fect the microlensed dwarf star MDF? Since all stars observigy dispersion in the metal-poor sample is twice the disperis
so far, without exception, has turned out to be either mabak the metal-rich one. For the metal-poor bulge we find that atmo
or metal-rich, the only fect would probably be that the rela-a|| stars are old with ages in the range 9-13 Gyr, while thessta
tive sizes of the two peaks change. The most likely scenariogf the metal-rich population have ages that span from thesld
that we are missing more low-magnification events than higbtars of the Galactic halo-(12 Gyr) to the youngest stars of the
magnification events. If so, that would mean that the metatalactic disk. These age and metallicityffdiences indicate that
poor peak is under-estimated. The gap around solar métallige bulge consists of two distinct stellar populations; rietal-
ties would probably persist. To investigate what tife&s might poor bulge and the metal-rich bulge, respectively. Furtioee
be on the results regarding a possible foreground contdimina we find that the abundance trends of the metal-poor bulge is
of the RGB sample, we repeat the analysis shown in[Efy. Igilar to those of the Galactic thick disk as seen in thersola
with two times as many stars in the metal-poor peak of the niieighbourhood, i.e., enriched fFe] ratios signalling a forma-
crolensed dwarf stars MDF. This results in that the bestfibi8 tijon on short time-scales. The presence of a “knee” indhi&¢§]
found for a mix of 65 % disk stars from GCS2011 (now shiftegpundance plot, coupled with the lack of an age-metalligty
0.125dex) and 35 % microlensed dwarf stars. Thus, ifAh& lation, could favour a short time-scale for SN a in the bulge
— [Fe/H] puzzle is real, and should be accounted for, the posgihe similarity between the metal-poor bulge and nearbykthic
ble foreground contamination of the RGB sample could be evgk abundance trends are also seen in studies of giant stars
higher. e.g., Meléndez et al. 2008; Alves-Brito et lal. 2010; Rytale
) and now this similarity has also been seen betweerbulg
5.7 Conclusion giants and inner Galactic disk giants, 3 to 5kpc from the Sun
(Bensby et al. 2010a, 2011). The abundance trends of thé-meta
In summary, we find no definitive answer to why the bulge MDFch population partly resemble those of the thin disk ingbkar
look different depending on if it is based on RGB stars or mireighbourhood. We see ndldirence in the radial velocity distri-
crolensed dwarf stars. Abundance analysis of dwarf starsris butions of the two populations, both show the same high vigloc
tainly coupled to smaller errors and uncertainties thahdhgi- ~ dispersions that is expected for a bulge population (Eﬁ%ﬁ%
ant stars. Also, the resolution aBdN of the microlensed dwarf ).
star spectra are higher than for the RGB stars in Baade’'somind ~ The observational constraints above points to that theyMilk
Furthermore, statistics show that the microlensed dwargstre Way has a bulge with a complex composition of stellar pop-
highly likely to be located in the Bulge region. However, ouulations. The similarities between the metal-poor bulgé an

6. The origin of the bulge
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the thick disk suggest that they might be tightly connectedf giant stars by Fulbright et al. (2006). Ballero et al. (26D

Possible scenarios could be that the metal-poor bulge fdrnmgiggested for the bulge an IMF much flatter than in the solar
from an old Galactic disk (secular evolution, evidence s neighbourhood, i.e., an IMF skewed towards high mass stars,

lar origins of bulges have been seen in many external gaaxi® explain the MDF of bulge giants al. (2003) and
e.g. Genzel et al. 2008), that the metal-poor bulge and lthe Eulbright et al.[(2006).

disk formed simultaneously (but separately), or that théaine
poor bulge and the thick disk are indeed the same populati
Simulations have also shown that it is possible for thickslis

A more recent model by Cescutti & Mattedcci (2011), us-
now the spectroscopic MDF of giant stars/by Zoccali ét al.
), also favours a flat IMF to reproduce the peak of the MDF

and bulges to form together by rapid internal evolution iR umf bulge giants. However, those conclusions may have to-be re
stable, gas-rich, and clumpy disks (Bournaud &t al. 2008ighv vised in view of our new MDF based on microlensed dwarf stars.
further could explain the similarities between the Gatabtiige Our MDF has two well-defined peaks, one that we associate with
and the thick disk. Furthermore, from aféirential analysis of a metal-poor old bulge, and another one at super-solar licetal
K giants at Galactocentric radii 4, 8, and 12 et #ties associated with a younger population. Hence, the IMF n

) found that it is likely that the scale-length of thiekdisk  |onger has to be flat to explain a single peaked solar metgllic
is shorter than that of the thin disk. This has consequerwes fIDF that was made in 0.5 Gyr, as in the Cescutti & Matteucci
the relative fractions of thin and thick disk stars in the&&4t (2011) models. To reproduce the bimodal nature of the bulge
plane, implying that in the bulge region the two disks shouliDF, probably a normal IMF can be used for the metal-poor
be equally present at low galactic latitudes. Interesyintiie bulge, while contributions from Type la SN can probably ex-
26 microlensed bulge stars divide about equally into being @lain the younger metal-rich peak.
ther metal-poor or metal-rich (see Fig. 6). Could this méwt t  Notice that our MDF is still poorly sampled (only about two
what we are seeing is a bulge solely made up of thin and thiglarfs per metallicity bin), thus, in order to provide evemfér
disk stars, and that the metal-rich peak in the microlenségeb constraints on chemical evolution models, it is importanat
dwarf MDF is a manifestation of the inner thin disk? The thifeast double the sample of microlensed bulge stars obsatved
disk is known to show a strong metallicity gradient (see,,e.gigh resolution and higs/N. This will provide tight constraints
(Cescutti et dl. 2007), and if interpolated (linearly) to thége on our galactic bulge, and on a broader context will also have
region it would reach [F&H] > +0.5. Alinear relationship all the jmportant consequences on the modelling of external gegaxi

way to the bulge is unlikely, but the strong gradientindésahat (e.g.[Ballero et al. 2007a)
the average metallicity could end up at, or around, the rietal

icty that we see for the metal-rich peak of the microlensedrfiw

MDF ([Fe/H] ~ +0.3). The lack of a radial gradient in the thick8 Summary
disk could be explained through radial migration that hagd ha”
time to wash out abundance gradients in this old populaEon. With the twelve events presented in this study the sampéediz
the much younger thin disk, radial migration has not had ghoumicrolensed dwarf and subgiant stars in the Galactic buége h
time to act, and a radial metallicity gradient is still pres@hese grown to 26. All stars have been observed with high-resmfuti
findings could support the results from the BRAVA survey whicspectrographs on 8-10 m class telescopes, which has allasved
claim that there is no evidence of a classical bulﬁh%ti ettd determine detailed elemental abundances for many etsmen

2010), but that the Milky Way is a pure-disk galaxy. The formarhe following results and conclusions can be drawn with the
tion of the bulge from a two-component stellar disk has régen current sample.

been modelled by Bekki & Tsujimato (2011). We note that also

IBabusiaux et al| (2010) find evidence for two bulge goguﬁﬁjo 1. The MDF based on the microlensed dwarf and subgiant stars
Their results are based on the metallicities f t is bimodal with one peak at [Fel] ~ —0.6, one peak at
(2008), now complemented with kinematics, and they find that [Fe/H] ~ +0.3, and with essentially no stars around solar
the metallicity gradient along the bulge minor axis obserg [Fe/H]. Thisis in stark contrast to the MDF provided by giant

et al.[(2008) can be related to a varying mix a metdl-r  stars in Baade’s window which peaks at this exact location.
population with average metallicity of [Fel] = +0.13 thathas 2. A statistical test shows that it is unlikely to have a gap in
bar-like kinematics and a metal-poor population with agera  the MDF based on the microlensed dwarf stars if the mi-
metallicity of [Fe/H] = —0.3 that has thick disk-like kinematics.  crolensed sample and the giant sample ffom Zoccaliet al.
Regarding the metal-rich bulge we find a wide range of stellar (lm) have been drawn from the same under|ying popu-
ages. As also discussedLin Babusiaux etal. (2010), thisris co |ation. We find no definitive answer to why the two distri-
sistent with a stellar population with old stars from theenn  putions look diferent. Possible explanations include: large
disk that have been re-distributed by the central bar, amubeh uncertainties in the ana|ysis of the giant stars (espg(ﬂaﬂ
young stars have formed in star bursts triggered by the &entr metal-rich ones); a higher level than predicted contarionat
bar. of foreground disk giant stars in the giant sample (maybe as
high as 60 %); low number of microlensed dwarf stars, the
difference will go away once more microlensing events have
been observed; a mix of all above.
The MDFs based on the microlensed bulge dwarfs and on r&d The metal-poor bulge is very similar to the Galactic thick

7. Implications for the bulge IMF

giants in Baades window are clearlyférent. This has impor-

disk in terms of mean metallicity, elemental abundance

tant consequences for chemical evolution models, as the MDF trends, as well as stellar ages. The metal-rich bulge is com-

strictly constrains which kind of models are plausible. bBr-p
ticular, the peak of the MDF depends on the slope of the Initia
mass function (IMF). The chemical evolution model of thegaul
bylBallero et al.[(2007b) is based on the photometric MDF of gi
ant stars by Zoccali et al. (2003) and on the spectroscopi& MD

plicated, resembling the thin disk in terms of abundance ra-
tios, but the thin disk does not show a wide range in ages.
These findings could be evidence of the co-existence of
two distinct stellar populations within the bulge, each ethi
might have its own formation scenario.
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4. Combining

the similarities between the metal-po®@ensby, T., Zenn, A.R., Oey, M. S., & Feltzing, S. 2007, AfGB,6.13

bulge and the thick disk with additional evidence frongernstein, R., Shectman, S. A., Gunnels, S. M., Mochnackig 3they, A. E.
I (201 1) and Shen et a (2010) we speculat%oo& in Proceedings of the SPIE, Volume 4841, ed. M. lye & AMF

oorwood, 1694-1704

that the_ bulge is purely made from _the st(_allar disk, yvhere t@gsse”’ M. S. & Brett, J. M. 1988, PASP, 100, 1134
metal-rich bulge would be the manifestation of the innem thigoesgaard, A. M. & Tripicco, M. J. 1986, ApJ, 302, L49

disk. The origin of the metal-rich bulge population mighBond, I. A., Abe, F., Dodd, R. J., et al. 2001, MNRAS, 327, 868
also be coupled to the Galactic bar, including old stars frof¢urnaud, F., Eimegreen, B. G., & Martig, M. 2009, ApJ, 70T, L

the inner disk scattered by the bar and younger stars whds

formation was triggered by the bar.

ok, C. B., Kawata, D., Scannapieco, E., Martel, H., & GibsB. K. 2007,
pJ, 661, 10
Brown, T. M., Sahu, K., Anderson, J., et al. 2010, ApJ, 7289 L1

5. Li abundances were presented for six of the microlenseskollo, D., Beers, T. C., Chiba, M., et al. 2010, ApJ, 712 69
stars. One star is located on the Spite plateau/ffife= Carretta, E., Bragaglia, A., Gratton, R. G., etal. 2009, A&RS, 117
-1.23and |Og(L|) — 216), indicating that the Splte mateauCasagrande, L., Ramirez, I., Meléndez, J., Bessell, MAsglund, M. 2010,

A&A, 512, A54

might be universal. The other five stars are all metal-riah @R asagrande. L., Schonrich, R., Asplund, M., et al. 2011AAB30, A138

show evidence of Li depletion due to their lowefeztive
temperatures.

Cescutti, G. & Matteucci, F. 2011, A&A, 525, A126
Cescutti, G., Matteucci, F., Francois, P., & Chiappini2007, A&A, 462, 943

6. The new events presented in this study have weakened @h@ppini, C., Matteucci, F., & Gratton, R. 1997, ApJ, 47657

recently discovered, and un-explaindg,.-[Fe/H] puzzle.
We now have stars at high [ that have lowAnax and

Cohen, J. G., Gould, A., Thompson, I. B., et al. 2010, ApJ, 48
Cohen, J. G., Huang, W., Udalski, A., Gould, A., & Johnsom\.J2008, ApJ,
682, 1029

stars at low [FgH] that have lowAna More events are Cohen, J. G., Thompson, I. B., Sumi, T., et al. 2009, ApJ, 689,
needed to reveal the true nature of this puzzling relation. Combes, F., Debbasch, F., Friedli, D., & Pfenniger, D. 19904, 233, 82

7. The recent claims hy Cescutti & Matteudci (2011) of a ve

flat IMF in the bulge is not supported by the MDF and abun-

dance trends as probed by our microlensed dwarf stars.

kker, H., D’Odorico, S., Kaufer, A., Delabre, B., & Kotrigki, H. 2000, in
Proc. SPIE Vol. 4008, p. 534-545, Optical and IR Telescop&umentation
and Detectors, Masanori lye; Alan F. Moorwood; Eds., ed. yé. & A. F.
Moorwood, 534-545

8. Lastly, using the new colour-temperature calibration B¥emarque, P., Woo, J.-H., Kim, Y.-C., & Yi, S. K. 2004, ApJ 551667

|Casagrande et al. (2010) and the now in total 26 microle

ing events, we find that the colour of the bulge red clump

(V = 1)o = 1.06.

rfeng, S., DePoy, D. L., Gaudi, B. S., et al. 2006, ApJ, 642, 842

vardsson, B., Andersen, J., Gustafsson, B., et al. 1983, &75, 101
stein, C. R., Johnson, J. A, Dong, S., et al. 2010, ApJ, 0P
Feltzing, S. & Gilmore, G. 2000, A&A, 355, 949
Ferreras, I., Wyse, R. F. G., & Silk, J. 2003, MNRAS, 345, 1381
Fuhrmann, K. 1998, A&A, 338, 161
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