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Why dwarf stars?

• Very little, if any, changes in the composition 
of the atmosphere over time

• Spectra are “easy” to analyse

• For stars close to the turn-off, ages can be 
determined

• Large samples of dwarf stars in the solar 
neighbourhood to compare with
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Fig. 10.— Top row: 2D histograms of the entire population for which proper motions are
available, color coded by star-counts (left), mean proper motion µl (middle) and latitudinal

proper motion dispersion !l (right), following the approach first presented in Kuijken & Rich
(2002). Bottom row: the unbinned CMD (left), histograms of µb (middle) and !b (right).

Dotted line: mean-bulge isochrone. The polygon in the leftmost pair of panels gives the
region in the CMD corresponding to the kinematic tracer stars. In the unbinned CMD, 20%
of stars are plotted for clarity.

VTO ~19-20

Clarkson et al. (2008 ApJ 684 1110)

But …bulge dwarfs are faint
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Micro-lensing to the rescue

http://ogle.astrouw.edu.pl/
http://www.phys.canterbury.ac.nz/moa/

4 T. Bensby et al.: Chemical evolution of the Galactic bulge as traced by microlensed dwarf and subgiant stars. II.
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Fig. 1. Light curves for the eight new microlensing events. The photometry comes from the surveys indicated by their names (MOA
or OGLE), except for MACHO-1999-BLG-022S that has data from from both OGLE (circles) and binned MACHO data (crosses).
Each plot has a zoom window, showing the time intervals when the source stars were observed with high-resolution spectrographs.
In each plot the un-lensed magnitude of the source star is also given (IS).

4.4.5. Typical signal-to-noise ratios per pixel at 6400Å are given
in Table 1.

The light curves for the seven microlensing events (includ-
ing OGLE-2009-BLG-076S from Bensby et al. 2009a) observed
with UVES in 2009 are shown in Fig. 1, in which we have also
indicated the time interval during which they were observedwith
high-resolution spectrographs. Positions, amplifications, times
of observation, and exposure times are given in Table 1.

2.2. Los MACHOs

Cavallo et al. (2003) presented the first detailed elemental abun-
dance study of microlensed dwarf stars in the Bulge. Their
analysis was of a “preliminary” nature, so we decided to re-
analyse the stars that they classified as either dwarf or sub-
giant stars. There are four such stars: MACHO-1997-BLG-
045S, MACHO-1998-BLG-006S, MACHO-1999-BLG-001S,
and MACHO-1999-BLG-022S.

The observations of these stars were carried out from 1997
to 1999 with the HIRES spectrograph on the Keck I telescope on
Hawaii. By using a 1.148” wide slit and a 2x2 binning, spectra
with a resolution of R ! 29 000 were obtained. These data were
obtained when the HIRES detector had only a single CCD chip.
The data are now publicly available and we gathered science and
associated calibration files from the Keck Observatory Archive4.

The data reduction was carried out using the LONG and
ECHELLE contexts of the MIDAS5 software. Because the bias

4 Available at http://koa.ipac.caltech.edu
5 ESO-MIDAS is the acronym for the European Southern

Observatory Munich Image Data Analysis System which is developed
and maintained by the European Southern Observatory.

level is changing on a time scale of a few minutes, we used the
over-scan region to compensate for the observed variations and
to bring all the raw data to an e!ectively homogenised bias level.
Master calibration frames were created by averaging the rele-
vant frames obtained close in time to the science observations.
The data were then bias, dark and background-illumination sub-
tracted using standard procedures of the ECHELLE context. The
orders were traced directly on the science images and a 5-pixel
window was used to extract the object spectra. Sky spectra were
extracted from two smaller windows on both sides of the ob-
ject window. Flat-field and wavelength calibration spectra were
extracted using the exact same windows as the one used for ob-
ject and sky extraction. The science and sky spectra were then
flat-fielded and sky subtracted. Finally, because of little or no
overlap between the orders, the wavelength calibration was per-
formed individually for each order. In total, 27 orders were ob-
served yielding an e!ective wavelength coverage from 4670 to
7180Å, although with some gaps between the orders.

Only two of these four stars could be analysed. The re-
duced spectrum for MACHO-1997-BLG-045S was not of su"-
cient quality to allow for any measurements of equivalent widths
or line synthesis necessary for a proper abundance analysis,
and MACHO-1999-BLG-001S appears to be a spectroscopic bi-
nary. Also, as MACHO-1999-BLG-006S turned out to be a low-
luminosity giant after our re-analysis (log g ! 2 " 3), the results
for this star will be presented together with the other similar low-
luminosity giant stars observed at ESO in a subsequent study.
The light curve for MACHO-1997-BLG-022S is shown in Fig. 1
and event data given in Table 1.

• Transient phenomena

• Target-of-Opportunity 
program on UT2/VLT 
(P82 – P90; PI: SF)

• 20 ≤ Amax ≤ 1000 

• 54 microlensed dwarfs 
observed, 47 with VLT

An event
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Results

• Bensby et al. (2012, in prep.) 
• Bensby et al. (2011 A&A 533  A134)
• Bensby et al. (2010 A&A 521 L57)
• Bensby et al. (2010 A&A 512  A41)
• Epstein et al. (2010 ApJ 209 447)

• Bensby et al. (2009 ApJ 699 L174)
• Bensby et al. (2009 A&A 499 737)
• Cohen et al. (2008 ApJ 682 1029)
• Johnson et al. (2008 ApJ 685 508)
• Johnson et al. (2007 ApJ 655 L33)

Based on data from the following papers:
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Li in the Bulge
T. Bensby et al.: Chemical evolution of the Galactic bulge as traced by microlensed dwarf and subgiant stars. IV.

Fig. 9. Li abundance versus [Fe/H]. The filled circle indicates the mi-
crolensed bulge dwarfs listed in Table 5. Comparison data (small dots)
come from Meléndez et al. (2010), Lambert & Reddy (2004), and
Ghezzi et al. (2010a,b).

5.4. Positions and radial velocities

Figure 8a shows the positions on the sky for the full MBD sam-
ple. They are all located between galactic latitudes !2" to !5",
similar to Baade’s window at (l, b) = (1",!4"). The reason why
most stars are located at positive galactic longitudes and negative
latitudes is related to the extinction / geometry of the bulge. As
shown in, e.g., Kerins et al. (2009), the optical depth, based on
stars, is higher in these regions and therefore the chances for mi-
crolensing to occur is higher here. Also, MOA and OGLE have
so far mainly surveyed the bulge at negative latitudes.

We note that the stars with sub-solar [Fe/H] are so far essen-
tially only found at positive longitudes. However, statistics are
still quite low, and from the full sample of 26 microlensed dwarf
stars it is only three stars that have negative longitudes, and all
three have super-solar [Fe/H]. Generally, the metal-rich stars are
spread over all observed longitudes. No clear distinction in lati-
tude can be seen between the metal-poor andmetal-rich samples.

Furthermore, we find that there is essentially no di!erence in
the velocity distributions between the metal-poor and metal-rich
samples. The average velocities are almost identical, 21.9± 98.7
and 19.7 ± 109.0 km s!1 for the two samples. The high velocity
dispersion is typical for what has been seen in large surveys of
the bulge, for instance the BRAVA survey which observed and
determined radial velocities for several thousand giants (Howard
et al. 2008). They found velocity dispersions ranging between
80 ! 120 km s!1 at these galactic longitudes.

5.5. Lithium abundances in the bulge

As we reported in Bensby et al. (2010b), MOA-2010-BLG-285S
is the first metal-poor dwarf star for which Li has been clearly
detected in the Galactic bulge. It has a Li abundance which is
fully consistent with what is seen in other metal-poor dwarf stars
in the Galactic disk and halo at this e!ective temperature and
metallicity (e.g., Meléndez et al. 2010). Figure 9 shows that the
star lies on the metal-rich end of the Li Spite plateau (Spite &
Spite 1982). Combined with its old age, MOA-2010-BLG-285S
is an excellent confirmation that the bulge did not undergo a large
amount of Li production or astration in its earliest phases.

The Li abundances in the other five more metal-rich dwarf
stars show a wide range, most of them significantly lower than
the Li Spite plateau. MOA-2008-BLG-311S, which has a higher
temperature (Te! = 5944K) than the other metal-rich stars, is
the one with the highest Li abundance. Most likely, the Li in
these metal-rich stars represent abundances that were obtained
by depletion during their main-sequence lifetimes from higher
initial values. Observations of intermediate-age solar-metallicity
stars both in clusters such as M67 (e.g., Jones et al. 1999) and in
the field (e.g., Baumann et al. 2010) show that they have a large
range of Li values, which can be explained by a range of ages,
masses, and initial rotation values. Several of the bulge dwarf
stars are more metal-rich than most stars in the disk samples, so
Li has obviously not been destroyed, at least in some of the bulge
dwarfs, some of which have higher [Fe/H] than any of the solar
neighbourhood stars analysed for Li.

The only other detections of Li in the Galactic bulge are from
observations of RGB and AGB stars (e.g., Gonzalez et al. 2009)
in which the atmospheric Li abundance has been altered. Dwarf
and subgiant stars with e!ective temperatures greater than about
5900K are the only reliable tracers of Li (e.g.,Weymann& Sears
1965; Boesgaard & Tripicco 1986).

6. Why are the dwarf and giant MDFs different?

The MDF is a key observable used to constrain chemical evolu-
tion models (e.g., Chiappini et al. 1997; Kobayashi et al. 2006).
Therefore it is important to discuss in detail the di!erences in
the MDFs of dwarf and giant stars in the bulge. If the gap in the
dwarf MDF is real and if the bulge MDF truly is bimodal, why
does the giant MDF not show this bimodality? Below we discuss
several possibilities in detail.

6.1. The microlensed dwarf stars are not in the bulge?

In Bensby et al. (2010c) we discussed in detail whether the mi-
crolensed dwarf and subgiant stars are located in the Bulge re-
gion, or in the disc on either this side or the far side of the Bulge.
We then concluded that the combination of kinematics, colour-
magnitude diagrams and microlensing statistics makes it highly
likely that the microlensed dwarfs that we are studying are mem-
bers of a stellar population that belong in the Bulge. However, if
they are not in the bulge, this implies that there is a really metal-
rich disk somewhere, which has not been found either.

6.2. Baade’s window not representative?

Could it be that the region towards Baade’s window is not rep-
resentative for the Bulge, not even other close-by regions, and
that this is the reason to the discrepant MDFs from the RGB and
microlensed dwarf star samples? Zoccali et al. (2008) find dif-
ferent MDFs in their fields (b = !4", !6", and !12") and claim
a metallicity gradient. The Zoccali et al. (2008) RGB compari-
son 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 in l and b. However, their average dis-
tance from the Galactic centre coincides very well with Baade’s
window (see Fig. 8) Also Brown et al. (2010) used WFC3 pho-
tometry and two-color plots to derive MDFs for 4 fields in the
bulge including some close to the Galactic plane (b = !2.15",
!2.65", !3.81", and !4.72"). They found that K-S tests ruled
out the possibility that they were drawn from the same distribu-
tion. They were working in reddening-free measurements, and
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Spite plateau

• First clear detection of Li in the bulge

• Metal-poor part of the bulge follows the 
Spite plateau

Bensby et al. (2010 A&A 521 L57)
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Abundance trends

Bensby et al. (2012, in prep)Size = Age

Oxygen

Nickel

Oxygen

Chromium

Magnesium
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Abundance trends
54 dwarf stars in the bulge

700 disk dwarf stars near the Sun
Kinematic thick disk
Kinematic thin disk

• Large span in [Fe/H]; follows the thick disk trend

Bensby et al. (2012, in prep)

Melendez et al. (2008 A&A 484 L21), Alves-Brito et al. (2010 A&A 513  A35), 
Gonzalez et al. (2011 A&A 530  A54)

Talk given at ESO@50, Garching, 2012, S Feltzing



Bulge MDFs

Bensby et al. (2012, in prep)

54 MBDs

166 RGB in BW (Hill et al.)

220 RC in BW (Hill et al.)

1813 RC in ARGOS survey 
(Ness et al. in prep.)

Generalised MDFs
Early results indicated 
MDFdwarfs ≠ MDFgiants

x-positions of
5 Gaussians
from Ness et al.

l = +5°, 0°, –5°
b = –5°

(l,b) = (1°,–4°)

l  ~ +7° to –6°
b ~ –1° to –5°
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Ages

Large spread

All old

Bensby et al. (2012, in prep)
Nataf & Gould (2012 ApJL 751 L39)
Lind et al. (2011 A&A 527  A148)
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Summary
• Micro-lensed dwarf stars have proved a fruitful 

tool for studying the Galactic Bulge

• Elemental abundance trends are very tight with 
no broad [α/Fe] spread as in the S.N.

• No high abundances at large [Fe/H], consistent 
with most recent RGB/RC studies

• There are not only old stars in the bulge but 
also younger stars. Consistent with van Loon et 
al. 2003, Cole & Weinberg 2002,                     
Uttenthaler et al. 2007.

van Loon et al. 2003 MNRAS 338 857
Cole & Weinberg 2002 ApJ 574 L43
Uttenthaler et al. 2007 A&A 463 251
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What remains?

• Age – metallicity plot needs better 
statistics for conclusive results

• Given that α-elements are somewhat 
enhanced relative to the thick disk trends 
an exploration of timescales using r/s-ratios 
would be worthwhile

• Amax – [Fe/H] correlation remains 
unexplained
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A few extra slides

Talk given at ESO@50, Garching, 2012, S Feltzing



Where?
54 micro-lensed dwarf 
and subgiant stars 
Baade’s window    
Innermost three fields 
of AAOmega survey 
(Ness et al.)
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[Fe/H] – Amax
T. Bensby et al.: Chemical evolution of the Galactic bulge as traced by microlensed dwarf and subgiant stars. V.

Fig. 16. [Fe/H] versus Amax for the microlensed bulge dwarf and sub-
giant stars.

Fig. 17. Y2 isochrones for two di!erent metallicities ([Fe/H] = !0.6
and +0.3, respectively) and three di!erent ages (5, 10, and 15Gyr, re-
spectively).

5. A conglomerate of stellar populations
Evidence for multiple stellar populations in the bulge has been
seen in several studies.

5.1. Interpolating the solar neighbourhood

MDF of the solar neighbourhood Casagrande et al. (2011)
MDF of the thick disk Carollo et al. (2010)

MDF of the inner disk Bensby et al. (2010a)
MDF of the outer disk Bensby et al. (2011b)
Radial migration Loebman et al. (2011)
Show HR-diagrams for the metal-poor and the metal-rich

sample such as in MBD4 (but without microlensing parame-
ters). The metal-rich stars fall in the same region as the metal-
poor ones, but the metal-rich isochrones make them young. The
would not be visable in Christian Johnsons HR diagrams.....

6. Summary
Other findings include:

– The colour of the bulge red clump is (V ! I) = 0.10.
– The RGB and dwarf star MDFs are essentially in agreement.
– The bulge is likely to contain at least two stellar populations;
one metal-poor and one metal-rich.

– The metal-poor bulge population is all old
– The metal-rich bulge population show a wide range of stellar
ages with the most prominent peak around 4-5Gyr.

– The metal-poor bulge population might have abundance
trends slightly di!erent fromwhat is observed in the Galactic
thick disk, indicating a somewhat higher star formation rate
in the bulge compared to the nearby thick disk.

– The metal-rich bulge
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