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Commonly used in GCE studies:
Edvardsson et al. (1993), Fuhrmann papers, 
Reddy papers, Bensby papers,.....and many 

more....

Reliable tracers of the chemical 
composition of the gas cloud they formed 
from: Long life times (>10 Gyr) and their 

atmospheres remain intact.

It is possible to estimate stellar ages of 
individual stars from isochrones

Studies showed that Bulge giants and 
nearby disk dwarf stars showed very 

different abundance trends.
Need to compare dwarfs with dwarfs...

Why dwarfs and subgiants?

Fulbright et al. (2007)
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Dwarf stars in the 
Galactic bulge have 

V~19-20, 

An instrument such as 
UVES on VLT/UT2 would 
require around 50 hours 
to get a decent high-res 

spectrum (S/N>50, 
R>40000)

(might have problem with 
the TAC...)

Clarkson et al. (2008)

Dwarf stars in the Galactic bulge are faint
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A star can brighten by factors of several hundreds during a microlensing event

Microlensing

If the star reaches I~15 a 2 hour exposure with UVES gives S/N>50 

Earth Compact 
object

Lensed 
background star
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OGLE and MOA

Bulge fields currently monitored by OGLE-IV

OGLE-IV on Las Campanas has so far detected 1818 microlensing events 
towards the Galactic bulge in 2013

MOA in New Zealand has detected 635 microlensing events in 2013
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Amax ~ 100

Microlensing
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UT 13:17  (blue arrow)
Light curve prediction from 
Andy Gould

UT 13:46 (green arrow)
ToO trigger sent to Paranal

UT 01:00 (red line)
Observation with UVES at VLT 
starts, 2 hour exp. time

(The object peaked at I=13.8 at 
UT05:00 at airmass>5 .....)

HJD

Latest event three days ago: OGLE-2013-BLG-1793

ToO triggering
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ToO program with UVES on VLT

Slit viewer image with 
1.0 x 8 arcsec slit covering the object 
during UVES observations on Aug 6

Image taken at CTIO on 
July 24 (12 days before 
UVES observations)

OGLE-2013-BLG-1259
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REDL + REDU
5700Å-9300Å

S/N =80-120
Teff = 5708 K
logg = 3.90
[Fe/H] = +0.33

Based on 
90 FeI & 
13 FeII lines

(The BLUE spectrum 
(3600-4800Å) is 
usually unusable due 
to the high extinction)

Latest event three days ago: OGLE-2013-BLG-1793

Ni I

Ni I

Ca I

Si I

Ti I

Fe I

Ni I

Ni I

Ba II

Si I
Si I

Fe II

Fe I

ToO triggering
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A short history of the microlensed MDF
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#1 OGLE-2006-BLG-265S

Johnson et al., 2007, ApJ, 655, L36

• [Fe/H]=+0.56 - most metal-rich dwarf star ever!
more metal-rich than any of the giants stars studied in the Bulge

• Solar-type alpha-element abundances, i.e. [alpha/Fe]~0
Possibly inconsistent with the high alpha abundances seen in giants, however, 
no giant as metal-rich

Could OGLE-2006-BLG-265S be a fluke?

Zoccali et al. (2008) 
red giants in BW
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#2 MOA-2006-BLG-099S

Johnson et al., 2008, ApJ, 685, 508

• [Fe/H]=+0.36 - more metal-rich than any M giant observed in the Bulge

• [alpha/Fe] similar to what is found in Bulge giants at same metallicity

At the very high end of the giant MDF!

what was wrong? .......giants?  ........dwarfs?  .......?

Zoccali et al. (2008) 
red giants in BW
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#3 OGLE-2007-BLG-349S

Cohen et al., 2008, ApJ, 682, 1029

• [Fe/H]=+0.51

• No enhancement in any of the alpha-elements

• Suggests that the Bulge is much more metal-rich than previously thought!

Zoccali et al. (2008) 
red giants in BW
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#4 OGLE-2008-BLG-209S

Bensby et al., 2009, A&A, 499,737

• [Fe/H]=-0.33 

• Look, there are metal-poor microlensed dwarf stars in the bulge!
(even though this was a sub-giant).

• [alpha/Fe] similar to what was found in Bulge giants and nearby thick disk 
stars at the same metallicity

Zoccali et al. (2008) 
red giants in BW
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#5-6 OGLE-2008-BLG-310S & -311S

Cohen et al., 2009, ApJ, 609, 66

• [Fe/H]=+0.41 and +0.26

• 40000 random draws of 6 stars from the Zoccali et al. (2008) sample of 500 
giants and in only 0.4% of the cases the drawn sample is as metal-rich as the 
sample of 6 microlensed bulge dwarfs

• Advocates for a very metal-rich MDF for the Bulge and that the most 
luminous metal-rich giants are missing as they lose their entire atmosphere 
before reaching the RGB tip........

Zoccali et al. (2008) 
red giants in BW
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This is when our ToO program with UVES/VLT starts
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Position on the sky

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

Positions reflect the areas 
that are currently being 

moniteroed by MOA and 
OGLE

Distributed 2-5 degrees 
below the plane (or 

~150-750 pc below the 
plane, assuming a distance of 

8 kpc to the GC)

58 bulge dwarfs from
Bensby et al. (2013, A&A, 549, A147)
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MDF - comparison to other studies

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

58 bulge dwarfs from
Bensby et al. (2013, A&A, 549, A147)

166 red giants in BW from 
Hill et al. (2011)

220 red clump giants in BW from
Hill et al. (2011)

1813 red clump giants from
Ness et al. (2012)

363 red giants from
Uttenthaler et al. (2012)

glat

-2 - -5

-4

-4

-5

-10
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Vertical dotted lines mark the peaks identified by Ness et al. (2012)

The peaks from ARGOS

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

The peaks in the generalised 
dwarf MDF coincide well 
with the peaks from the 
ARGOS study.
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15 more targets have so far 
been observed in 2013. 

...and so far, the peaks seem 
to persist, or even become 
more well-defined.......

Vertical dotted lines mark the peaks identified by Ness et al. (2012)

Current status of microlensed dwarf MDF
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But where are the metal-rich stars in the ARGOS data?

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

?
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Ages

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

A significant fraction of younger stars
A&A 549, A147 (2013)

Fig. 14. a) and b) show the MDFs when the microlensed dwarf sample
is split into stars farther from the plane (|b| ! 3), and closer to the
plane (|b| < 3), respectively. c)–d) the MDFs when sample is split into
stars farther from the centre (|l| > 2), and closer to the centre (|l| " 2),
respectively. The curved lines represent generalised histograms.

the two subsamples have been drawn from the same underlying
distribution.

4.4. Stellar ages

Figure 15 shows the age–metallicity diagram for the microlensed
bulge dwarfs. The metal-poor stars below [Fe/H] ≈ −0.4 are
consistently old with ages around 10 to 12 Gyr. The metal-rich
stars on the other hand show a large dispersion, with ages rang-
ing from a few billion years up to ∼13 Gyr.

The varying age distribution is further highlighted in Fig. 16
which shows the summed age distribution functions (ADF) from
the individual stars in different metallicity bins (an ADF for
an individual star include all possible ages from the isochrones
that are encompassed by the uncertainties of the stellar pa-
rameters). The summed ADF of the most metal-rich popula-
tion ([Fe/H] > 0.3) is dominated by young stars and peaks
around 3−4 Gyr with a long tail towards higher ages. The ADF
of the most metal-poor stars ([Fe/H] < −0.5) is on the other
hand dominated by stars older that 10−12 Gyr. The ADF for
the stars with −0.5 < [Fe/H] < 0 shows a mixed age struc-
ture with a broad peak around 5−9 Gyr. The ADF for the stars
with −0.5 < [Fe/H] < 0 divides into two peaks, one coinciding
with the metal-rich ADF (∼4 Gyr) and one coinciding with the
metal-poor ADF (10−12 Gyr).

Fig. 15. Age versus [Fe/H] for the microlensed dwarf sample.

Fig. 16. Sums of individual age probability distribution functions for the
microlensed dwarf sample for four metallicity bins (as indicated).

4.5. On the presence of young stars in the bulge

The microlensed dwarf sample signals the existence of a signif-
icant fraction of low- and intermediate age stars in the bulge.
As deep colour magnitude diagrams of the Galactic bulge (e.g.,
Holtzman et al. 1993; Ortolani et al. 1995; Feltzing & Gilmore
2000; Zoccali et al. 2003; Clarkson et al. 2011; Brown et al.
2010) show a faint red turn-off, indicative of an exclusively old
and metal-rich population, this is a surprising result. For in-
stance, the Clarkson et al. (2011) study of blue stragglers con-
cluded that no more than 3% of the bulge population could be
younger than 5 Gyr. In our sample of microlensed dwarf stars 13
out of 58 stars (23%) have ages lower than 5 Gyr. However, if the
claimed age uncertainties are taken into account, we only have
3 stars out of 58 (∼5%) that within 1σ have an age lower than

A147, page 16 of 26

58 bulge dwarfs from
Bensby et al. (2013, 
A&A, 549, A147)

Tuesday, September 17, 13



Ages

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

Summing up the individual age probability distributions in 
different [Fe/H] bins

A&A 549, A147 (2013)

Fig. 14. a) and b) show the MDFs when the microlensed dwarf sample
is split into stars farther from the plane (|b| ! 3), and closer to the
plane (|b| < 3), respectively. c)–d) the MDFs when sample is split into
stars farther from the centre (|l| > 2), and closer to the centre (|l| " 2),
respectively. The curved lines represent generalised histograms.

the two subsamples have been drawn from the same underlying
distribution.

4.4. Stellar ages

Figure 15 shows the age–metallicity diagram for the microlensed
bulge dwarfs. The metal-poor stars below [Fe/H] ≈ −0.4 are
consistently old with ages around 10 to 12 Gyr. The metal-rich
stars on the other hand show a large dispersion, with ages rang-
ing from a few billion years up to ∼13 Gyr.

The varying age distribution is further highlighted in Fig. 16
which shows the summed age distribution functions (ADF) from
the individual stars in different metallicity bins (an ADF for
an individual star include all possible ages from the isochrones
that are encompassed by the uncertainties of the stellar pa-
rameters). The summed ADF of the most metal-rich popula-
tion ([Fe/H] > 0.3) is dominated by young stars and peaks
around 3−4 Gyr with a long tail towards higher ages. The ADF
of the most metal-poor stars ([Fe/H] < −0.5) is on the other
hand dominated by stars older that 10−12 Gyr. The ADF for
the stars with −0.5 < [Fe/H] < 0 shows a mixed age struc-
ture with a broad peak around 5−9 Gyr. The ADF for the stars
with −0.5 < [Fe/H] < 0 divides into two peaks, one coinciding
with the metal-rich ADF (∼4 Gyr) and one coinciding with the
metal-poor ADF (10−12 Gyr).

Fig. 15. Age versus [Fe/H] for the microlensed dwarf sample.

Fig. 16. Sums of individual age probability distribution functions for the
microlensed dwarf sample for four metallicity bins (as indicated).

4.5. On the presence of young stars in the bulge

The microlensed dwarf sample signals the existence of a signif-
icant fraction of low- and intermediate age stars in the bulge.
As deep colour magnitude diagrams of the Galactic bulge (e.g.,
Holtzman et al. 1993; Ortolani et al. 1995; Feltzing & Gilmore
2000; Zoccali et al. 2003; Clarkson et al. 2011; Brown et al.
2010) show a faint red turn-off, indicative of an exclusively old
and metal-rich population, this is a surprising result. For in-
stance, the Clarkson et al. (2011) study of blue stragglers con-
cluded that no more than 3% of the bulge population could be
younger than 5 Gyr. In our sample of microlensed dwarf stars 13
out of 58 stars (23%) have ages lower than 5 Gyr. However, if the
claimed age uncertainties are taken into account, we only have
3 stars out of 58 (∼5%) that within 1σ have an age lower than
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58 bulge dwarfs from
Bensby et al. (2013, 
A&A, 549, A147)
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Ages

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

Young and metal-rich stars occupy the same region in 
the HR diagram as old and metal-poor stars

Bensby et al. (2013, 
A&A, 549, A147)

An apparent old turn-off
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Abundance trends

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

58 bulge dwarfs from
Bensby et al. (2013, A&A, 549, A147)
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Abundance trends

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

T. Bensby et al.: Chemical evolution of the Galactic bulge as traced by microlensed dwarf and subgiant stars. V.

Fig. 27. Abundance trends for the α-elements Mg, Si, Ca, and Ti. Left-hand-side panels show [X/Fe] versus [Fe/H], and right-hand panels show
[Fe/X] versus [X/H]. Filled grey circles mark the microlensed bulge dwarfs and the red and blue circles are nearby thick and thin disk dwarf stars,
respectively (from Bensby et al. 2003, 2005, and in prep.).

evolution, and hence pushed the “knee” to higher metallicities.
What we see in the bulge is a “knee” that starts to decline per-
haps 0.1 dex higher in [Fe/H] than seen in the nearby thick disk.

5. Discussion

The first microlensed dwarf stars that were studied provided
a real surprise, an MDF heavily skewed to super-solar metal-
licities and significantly different from what had been found
from giants (Johnson et al. 2007; Cohen et al. 2008). The dif-
ference was somewhat elevated by the very first of our VLT
ToO observations from which we found many of the microlensed
dwarfs to have super-solar metallicities. But as the number of
microlensing events grew we started to also get metal-poor
dwarfs in larger numbers, and a clearly bi-modal MDF emerged
(Bensby et al. 2010b, 2011). That MDF was still very different

from the best MDF from high-resolution spectra of a represen-
tative sample of bulge giants (Zoccali et al. 2008). A recent re-
analysis of the Zoccali et al. (2008) data by Hill et al. (2011)
and further increased number statistics of the microlensed dwarf
stars has changed this, and there is now good agreement be-
tween the overall appearance of the MDFs traced by microlensed
dwarfs and the giant stars in the Galactic bulge (see Figs. 12
and 13).

The MDF is an important constraint to models of galac-
tic chemical evolution (e.g., Matteucci & Francois 1989). The
MDF of the Galactic bulge is best probed through the detailed
elemental abundances of stars. Most studies use the intrinsi-
cally bright red giant stars for this. The first studies showed a
metal-rich population with a somewhat broadened distribution
of [Fe/H]. Coupled with the high α abundances this pointed to

A147, page 23 of 26

T. Bensby et al.: Chemical evolution of the Galactic bulge as traced by microlensed dwarf and subgiant stars. V.

Fig. 27. Abundance trends for the α-elements Mg, Si, Ca, and Ti. Left-hand-side panels show [X/Fe] versus [Fe/H], and right-hand panels show
[Fe/X] versus [X/H]. Filled grey circles mark the microlensed bulge dwarfs and the red and blue circles are nearby thick and thin disk dwarf stars,
respectively (from Bensby et al. 2003, 2005, and in prep.).

evolution, and hence pushed the “knee” to higher metallicities.
What we see in the bulge is a “knee” that starts to decline per-
haps 0.1 dex higher in [Fe/H] than seen in the nearby thick disk.

5. Discussion

The first microlensed dwarf stars that were studied provided
a real surprise, an MDF heavily skewed to super-solar metal-
licities and significantly different from what had been found
from giants (Johnson et al. 2007; Cohen et al. 2008). The dif-
ference was somewhat elevated by the very first of our VLT
ToO observations from which we found many of the microlensed
dwarfs to have super-solar metallicities. But as the number of
microlensing events grew we started to also get metal-poor
dwarfs in larger numbers, and a clearly bi-modal MDF emerged
(Bensby et al. 2010b, 2011). That MDF was still very different

from the best MDF from high-resolution spectra of a represen-
tative sample of bulge giants (Zoccali et al. 2008). A recent re-
analysis of the Zoccali et al. (2008) data by Hill et al. (2011)
and further increased number statistics of the microlensed dwarf
stars has changed this, and there is now good agreement be-
tween the overall appearance of the MDFs traced by microlensed
dwarfs and the giant stars in the Galactic bulge (see Figs. 12
and 13).

The MDF is an important constraint to models of galac-
tic chemical evolution (e.g., Matteucci & Francois 1989). The
MDF of the Galactic bulge is best probed through the detailed
elemental abundances of stars. Most studies use the intrinsi-
cally bright red giant stars for this. The first studies showed a
metal-rich population with a somewhat broadened distribution
of [Fe/H]. Coupled with the high α abundances this pointed to

A147, page 23 of 26

Maybe slightly faster enrichment than 
the nearby thick disk....

Red=nearby thick disk,    Blue=nearby thin disk

58 bulge dwarfs from
Bensby et al. (2013, A&A, 549, A147)
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Recent theoretical calculations of the dis- 
tance to microlensed sources, assuming a 
constant disc density and an exponential 
bulge, show that the distance to the sources is 
strongly peaked in the Bulge, with the 
probability of having D < 7 kpc very small 
(Kane & Sahu 2006)

Comparing spectroscopic absolute 
magnitudes with microlensing absolute 

magnitudes compare well and are consistent 
with uncertainties in the spectroscopic log g

Are the microlensed dwarfs in the bulge?

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

in Baade’s window are more likely to be at the far side of the
bulge than the near side for reasonable values of a1 and a2.

If lensed stars are indeed predominantly on the far side of the
bulge, then this provides us with a useful tool for studying the
Galactic structure at the far side of the bulge. Radial velocity
measurements from spectra of microlensed sources combined
with the measured timescale of the events may be used as a

unique probe into the three-dimensional kinematics of the far
side of the bulge.

2.4. Effect of the Galactic Bar

We have so far neglected the effect of the Galactic bar.
The Galactic bar, however, is known to exist both from infrared
and microlensing observations (Paczyński et al. 1994; Gerhard
2001; Hammersley et al. 2000). A number of photometric and
dynamic indications also point out the presence of the Galactic
bar (Binney et al. 1991;Whitelock et al. 1991;Weinberg 1992).
The effect of the bar is not only obvious from the microlensing
observations, but its inclination might be essential to account
for the optical depth observed in at least some of the lines of
sight (also see Binney et al. 2000). Furthermore, the inclination
of the major axis of the bar with respect to the line of sight, as
independently determined from the microlensing observations,
is consistent with the inclination of !15" determined from the
earlier infrared observations. So a natural question to ask is,
how does the presence of the Galactic bar affect the analysis
presented here? In particular, what is the effect of the Galactic
bar on the spectroscopic observations, both in terms of extinc-
tion and kinematics?

Fig. 6.—Probability that a given microlensed source is at a distance Ds as a function of Ds , for values of a2 ranging from a2 ¼ a1 to a2 ¼ 10. This has been
calculated for (a) a1 ¼ 1, (b) a1 ¼ 2, (c) a1 ¼ 5, and (d ) a1 ¼ 10 with the restriction, as expected from physical grounds, that a1 < a2.

TABLE 3

Variation of Instantaneous Probability of Microlensing with Extinction
a2 for an Exponential Density Model and a1 ¼ 1

a2

Af (7)Nobs(7)/Ntot

(10$6)

Af (8)Nobs(8)/Ntot

(10$6)

Af (9)Nobs(9)/Ntot

(10$6)

1.0..................... 0.48 2.02 6.07

2.0..................... 0.56 2.35 3.52

3.0..................... 0.60 2.51 2.52

4.0..................... 0.62 2.62 1.97

5.0..................... 0.64 2.70 1.62

6.0..................... 0.65 2.76 1.38

7.0..................... 0.66 2.80 1.20

KANE & SAHU758 Vol. 637

The ratio of the stellar number density at the central 
part of the bulge to the stellar density in the near side of 
the bulge is a1, and to the far side of the bulge is a2.

T. Bensby et al.: Chemical evolution of the Galactic bulge as traced by microlensed dwarf and subgiant stars. V.

Fig. 5. a) Difference between microlensing colours and the spectro-
scopic colours versus spectroscopic Teff . b) Difference between the
absolute I magnitudes from microlensing techniques and from spec-
troscopy versus stellar mass (derived from spectroscopy). Error bars
represent the uncertainties in the spectroscopic values. The microlens-
ing values used in the plots are based on the assumption that the bulge
red clump has (V− I)0 = 1.06 and MI = −0.12. Stars with Teff > 5500 K
are marked by filled circles, otherwise by open circles.

Fig. 6. Differential reddening versus the absolute value of the difference
between microlensing colours and spectroscopic colours. The differen-
tial reddening values for the individual sight lines are taken from Nataf
et al. (2012). Stars with Teff > 5500 K are marked by filled circles,
otherwise by open circles.

3.3. Comparisons to the Balmer Hα line

To further check the effective temperatures of the microlensed
dwarf stars we have calculated synthetic spectra with the SME
(Spectroscopy Made Easy, v. 2011-12-05, Valenti & Piskunov
1996) for the 32 new microlensing events. Figure 8 shows

Fig. 7. a) Filled black circles mark the spectroscopic values, open cir-
cles microlensing values. Dash-dotted blue line show the Casagrande
et al. (2010) Teff-colour transformation, dashed green lines the Green
et al. (1987) transformation (for three different log g), and the solid
red lines the Lejeune et al. (1998) transformation (for three different
log g). b) Differences between Casagrande et al. (2010) and Lejeune
et al. (1998). c) Differences between Green et al. (1987) and Lejeune
et al. (1998). The markers in b) and c) show the differences that should
be applied to the microlensed dwarfs if the Casagrande et al. (2010) and
Green et al. (1987) trandformations had been applied instead of the one
from Lejeune et al. (1998).

comparisons of the synthetic Hα line profiles to the observed
Hα line profiles the spectroscopic temperatures (blue lines).
There is generally very good agreement between synthetic and
observed spectra for the spectroscopic effective temperatures.
Hence, we believe that the effective temperatures we have de-
termined should be good.

For the 55 stars that have (V − I)0 colours from microlens-
ing techniques we calculate effective temperatures using the
Casagrande et al. (2010) Teff-colour calibration. These temper-
atures are on average 105 K higher than the spectroscopic ones.
If we restrict ourselves to stars with (spectroscopic) Teff > 5500
the spectroscopic temperatures are on average higher, but only
by 10 K. The dispersion in both cases is around 230 K.

Figure 8 also shows synthetic spectra based on tempera-
tures from the microlensing (V − I)0 colours (red dashed lines).
It is clear that the microlensing temperatures produce spectra
that do not match for a few cases (e.g., MOA-2011-BLG-090S
and MOA-2012-BLG-410S). The Hα wing profile for the star
with the largest colour discrepancy between spectroscopic and
microlensing temperature, MOA-2009-BLG-259S, is shown in
Fig. 3 of Bensby et al. (2011). From that figure it is clear that
the spectroscopic temperature is the better match. However, this
star has Teff = 4915 K and log g = 3.3, which is in a region
where the Teff-colour calibrations appear to be very uncertain

A147, page 11 of 26
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Are the microlensed dwarfs in the bulge?

Chemical evolution in the Universe: the next 30 years, Castiglione della Pescaia, September 17, 2013

T. Bensby et al.: Chemical evolution of the Galactic bulge as traced by microlensed dwarf and subgiant stars. V.
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Fig. 1. Light curves for the first 16 of the 32 new microlensing events. 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).

graph of Fe  abundances versus reduced line strength; the un-
certainty in the difference between Fe  and Fe  abundances;
and the uncertainty in the difference between input and output
metallicities. The method also accounts for abundance spreads
(line-to-line scatter) as well as how the average abundances for
each element reacts to changes in the stellar parameters (see also
comments in Bensby et al. 2011).

Figure 4 shows the location in the log g − Teff plane, for
all 58 stars in the microlensed bulge dwarf sample over-plotted
on the α-enhanced isochrones from Demarque et al. (2004). A
majority of the stars are located either on the main-sequence

turn-off or the subgiant branch. Three or four stars have started to
ascend the giant branch but not far enough to have the chemical
composition of their atmospheres altered. The fact that most of
the stars are either turn-off or subgiant stars, and that the uncer-
tainties in the stellar parameters are well-constrained with usu-
ally small uncertainties, means that it is possible to determine
relative ages accurately. Stellar ages, masses, luminosities, ab-
solute I magnitudes (MI), and colours (V − I) were estimated
from Y2 isochrones (Demarque et al. 2004) by maximising
probability distribution functions as described in Bensby et al.
(2011).
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Dark limbening effects: the surface of the star is differentially magnified

“Finite source effects can be important in observations of gravitational microlensing of 
stars. Near caustic crossings, for example, some parts of the source star will be more 
highly magnified than other parts. The spectrum of the star is then no longer the same as 
when it is unmagnified, and measurements of the atmospheric parameters and 
abundances will be affected..... We find that ignoring the finite source effects for the more 
extreme case results in errors in Teff < 45 K, in log g of <0.1 dex, and in ξ of <0.1 km s
−1 . In total, changes in equivalent widths lead to small changes in atmospheric 
parameters and changes in abundances of <0.06 dex, with changes in [Fe i/H] of <0.03 
dex. For the case with a larger source-lens separation, the error in [Fe i/H] is < 0.01 dex.“ 

Johnson et al (2011).

Are the spectra affected by the microlensing event?
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Cylindrical rotation  (BRAVA survey)  => none, or very small contribution of a 
classical bulge component

+
Ages and abundances a mixture of what is seen in other Galactic components

+
Multiple components seen in MDF

=>
Maybe the bulge should be viewed as a “region” of the Milky Way rather than a 

“stellar population”.  

i.e.

The bulge region is a conglomerate of the Galactic stellar populations residing in 
the inner parts of the Galaxy.

What is the Galactic bulge?
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The observing strategy, which is to trigger on events expected to be brighter than 
about I=15, makes the sample slightly biased toward young and metal-rich stars.
The bias is not strong enough to account for all metal-rich and young stars (see 

discussion in Bensby et al. 2013 for further details) 

Other issues....
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