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ABSTRACT

We present a detailed elemental abundance study of 90 F and G dwarf, turn-off, and subgiant stars in the Galactic bulge. Based on
high-resolution spectra acquired during gravitational microlensing events, stellar ages and abundances for 11 elements (Na, Mg, Al, Si,
Ca, Ti, Cr, Fe, Zn, Y and Ba) have been determined. Four main findings are presented: (1) a wide metallicity distribution with distinct
peaks at [Fe/H] = —1.09, —0.63, —0.20, +0.12, +0.41; (2) a high fraction of intermediate-age to young stars where at [Fe/H] > 0
more than 35% are younger than 8 Gyr, and for [Fe/H] < —0.5 most stars are 10 Gyr or older; (3) several episodes of significant star
formation in the bulge has been identified: 3, 6, 8, and 11 Gyr ago; (4) tentatively the “knee” in the a-element abundance trends of the
sub-solar metallicity bulge is located at a slightly higher [Fe/H] than in the local thick disk. These findings show that the Galactic bulge
has complex age and abundance properties that appear to be tightly connected to the main Galactic stellar populations. In particular,
the peaks in the metallicity distribution, the star formation episodes, and the abundance trends, show similarities with the properties
of the Galactic thin and thick disks. At the same time, the star formation rate appears to have been slightly faster in the bulge than
in the local thick disk, which most likely is an indication of the denser stellar environment closer to the Galactic centre. There are
also additional components not seen outside the bulge region, and that most likely can be associated with the Galactic bar. Our results
strengthen the observational evidence that support the idea of a secular origin for the Galactic bulge, formed out of the other main
Galactic stellar populations present in the central regions of our Galaxy. Additionally, our analysis of this enlarged sample suggests
that the (V — I)y colour of the bulge red clump should be revised to 1.09.
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1. Introduction

How spiral galaxies like our own Milky Way form and evolve
into the complex spiral structures that we see today is a very
active research field in contemporary astrophysics. Bulges are
massive major components of many spiral galaxies (e.g. Gadotti
2009) and have for a long time been regarded as the oldest com-
ponents of spiral galaxies (e.g. see review by Wyse et al. 1997),
formed during the initial monolithic collapse era of galaxy for-
mation (Eggen et al. 1962), or merging of clumps within the
disk at high red-shift (e.g. Noguchi 1999; Bournaud et al. 2009).
However, the picture of how our Milky Way bulge formed and
evolved has in recent years undergone a dramatic change. It
is now widely believed that the bulge is a boxy peanut-shaped
(e.g. Dwek et al. 1995; Wegg & Gerhard 2013) pseudo-bulge of
a secular origin (Kormendy & Kennicutt 2004) rather than being
a classical spheroid. This means that the formation of the bulge
occurred later and most likely from disk material. Observations
of high-redshift galaxies have revealed similar indications that
their bulges also formed at later times. Using data from the
3D-HST and CANDELS Treasury surveys, van Dokkum et al.
(2013) found that galaxies with Milky Way-like masses built
most of their stellar masses at redshifts z < 2.5 and that the
overall star formation had almost ceased by z ~ 1. During the
same redshift interval, between 1 < z < 2.5, the star-forming
activity in the inner 2 kpc of central regions of these galaxies in-
creased by a factor of about 2.5, indicating that the bulges were
not fully assembled at high redshifts. An interpretation of these
results is that the bulges and disks in these galaxies formed and
evolved in parallel, and possibly that the bulges originated out
of disk material. These discoveries and theoretical interpretation
render the previous general consensus that bulges are the old-
est components of spiral galaxies uncertain. However, as very
distant galaxies cannot be resolved to reveal all the intricate de-
tails that a spiral galaxy possesses, such as barred bulges, spi-
ral arms, and different intertwined stellar populations, one must
rely on the overall integrated properties, making it difficult to
tell how the bulges and disks that form in parallel are con-
nected. As the Milky Way is the only spiral galaxy for which
large numbers of individual stars can be resolved and studied
in great detail, and may serve as a benchmark galaxy when
constraining theoretical models of galaxy formation and evolu-
tion, it is therefore important to have as a complete picture as
possible of the Milky Way (Freeman & Bland-Hawthorn 2002;
Bland-Hawthorn & Gerhard 2016).

The first detailed abundance studies of red giants in the
Milky Way bulge showed very high a-enhancement even at
super-solar metallicities, indicating a very fast chemical en-
richment in the bulge McWilliam & Rich 1994; Zoccali et al.
2006; Fulbright et al. 2007; Lecureur et al. 2007). At the same
time photometric studies seemed to show that the bulge had an
old turn-off (Zoccali et al. 2003; Clarkson et al. 2008). Together
with other spectroscopic data showing that it contained a verti-
cal metallicity gradient (Minniti et al. 1995; Zoccali et al. 2008),
all these results fitted very well into the picture of the Galac-
tic bulge being a very old population originating from the ini-
tial collapse of the proto-galaxy and subsequent mergers, that
is the scenario for a “classical bulge” (e.g. White & Rees 1978;
Matteucci & Brocato 1990; Ferreras et al. 2003; Rahimi et al.
2010).

This picture started to change when the Meléndez et al.
(2008) study of red giants in the bulge found a-enhancements
that were lower at solar metallicities, and that the abundance
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trends more followed what was observed in the nearby thick
disk. Alves-Brito et al. (2010) then re-analysed the stars from
Fulbright et al. (2007), using their actual equivalent width mea-
surements, and found the a-enhancement at solar metallicities
to be at solar levels, and again that the abundance trends in-
deed seem to agree quite well with the thick disk. Solar [«/Fe]
ratios were also seen in the first very metal-rich ([Fe/H] >
+0.3) microlensed dwarf stars in the bulge (Johnson et al. 2007,
2008; Cohen etal. 2008, 2009). Subsequent studies of mi-
crolensed bulge dwarf stars have further strengthened the sim-
ilarities between the (sub-solar metallicity) bulge and the thick
disk (Bensby et al. 2010b, 2011a), although Bensby et al. (2013)
saw a tendency of the bulge a-element trends to be located
closer to the upper envelope of the thick disk trends, possi-
ble hinting towards a slightly faster chemical enrichment in
the bulge. Later studies of red giants in the bulge have gen-
erally also found the abundance trends to be similar to the lo-
cal thick disk (Ryde et al. 2010, 2016; Ryde & Schultheis 2015;
Gonzalez et al. 2011, 2015; Jonsson et al. 2017), and some of
them also tend to place the bulge abundance trends closer to
the upper envelope of the thick disk trends (Johnson et al. 2014;
Jonsson et al. 2017).

The median of the metallicity distribution of the bulge has,
from high-resolution spectroscopic studies, been found to be
metal-rich, peaking at or slightly above solar metallicities (Rich
1988; Fulbright et al. 2006; Zoccali et al. 2008; Hill et al. 2011;
Johnson et al. 2013, 2014). Several studies have also found ver-
tical metallicity gradients in the bulge (e.g. Zoccali et al. 2008;
Sans Fuentes & De Ridder 2014). This has often been inter-
preted as a signature of a classical bulge formed through dis-
sipative processes (but see Martinez-Valpuesta & Gerhard 2013
who show that this is also possible through disk instabilities).
However, later studies have shown that the metallicity dis-
tribution (MDF) of the bulge is a composite of two MDFs
and that the relative strengths of the different components are
dependent on Galactic latitude, that is the distance from the
Galactic plane (Babusiaux et al. 2010, 2014; Gonzalez et al.
2013; Rojas-Arriagada et al. 2014, 2017; Massari et al. 2014,
Zoccali et al. 2017; Schultheis et al. 2017), meaning that the ob-
served gradient is just the manifestation of different stellar popu-
lations with different scale-heights. This has been taken one step
further by Ness et al. (2013a) who identified up to five gaussian
peaks in the bulge MDF, representing all Galactic stellar pop-
ulations and a separate bar population, and showing that the
strengths of the peaks vary with Galactic latitude. The up to five
components were also seen in the Bensby et al. (2013) sample
of 58 microlensed dwarfs, with very good alignment with the
Ness et al. (2013a) peaks.

The age of the Galactic bulge has been widely debated
in the last few years. While photometric studies have claimed
that the bulge should be a genuinely old stellar population (e.g.
Zoccali et al. 2003; Clarkson et al. 2008), studies based on ages
on individual stars, have claimed that the bulge at super-solar
metallicities may contain as many as 50% stars of young or inter-
mediate ages, less than about 7 Gyr (Bensby et al. 2011a, 2013).
The main reason these young stars are not seen in the colour—
magnitude diagrams could be because the photometric studies
have no metallicity information on the stars, and intermediate
age metal-rich isochrones and old metal-poor isochrones are es-
sentially indistinguishable from each other (Bensby et al. 2013;
Haywood et al. 2016), resulting in an apparent old turn-off. It is
clear that not many stars have very low ages (around or less than
about 1 Gyr), but how large fraction of young to intermediate-
age stars (4—8 Gyr) can hide in the turn-off region?
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Fig. 1. Positions on the sky for the microlensed dwarf sample. The bulge contour lines based on observations with the COBE satellite are shown
as solid lines (Weiland et al. 1994). The dotted lines are concentric circles in steps of 2°. OGLE-2013-BLG-0911S that is excluded from the final

bulge sample (see Sect. 4) is marked by a lightgrey circle.

Another recent major finding is that the Galactic bulge
rotates as a cylinder (Howard et al. 2009; Kunder et al. 2012;
Zoccali et al. 2014; Ness et al. 2016). This has been interpreted
as the Milky Way being a pure-disk galaxy with no or a very
small classical component (Shen et al. 2010). Small classical
bulges might however be lost in the secular evolution (Saha
2015).

As seen, our picture of the Galactic bulge has changed rather
dramatically over the last decade. Many of the new results come
from studies of evolved red giant stars. However, compared to
the many detailed studies of the Solar neighbourhood that utilise
the intrinsically much fainter dwarf and turn-off stars, the anal-
ysis of the rich giant spectra is more challenging, and is usually
associated with larger uncertainties in stellar parameters and ele-
mental abundance ratios. In addition, while stellar ages can eas-
ily be estimated from isochrones for dwarf and turn-off stars, it
is very difficult for giant stars due to the crowding and overlap
of the isochrones on the red giant branch. Hence, the studies of
microlensed dwarf, turn-off, and subgiant stars play an important
role in the mapping and understanding of the age and abundance
structure of the enigmatic inner region of our Galaxy.

The current study presents new high-resolution spectro-
scopic observations of 33 microlensed dwarf and subgiant stars.
However, one of these is excluded from the final bulge sample as
it was deemed likely to be located outside the bulge region (see
Sect. 4). Adding the first 58 microlensed dwarfs that were orig-
inally published in Cavallo et al. (2003), Johnson et al. (2007,
2008), Cohen et al. (2008, 2009), Bensby et al. (2009b, 2010b,
2011a, 2013), Epstein et al. (2010), the sample now consists of
90 dwarf and subgiant stars in the bulge that have been homoge-
neously analysed in a consistent manner.

2. Stellar sample and data analysis
2.1. Observations

Main-sequence, turn-off, and subgiant stars at a distance 8 kpc
from the Sun in the direction of the Galactic bulge have appar-
ent V magnitudes in the range 18-20 (e.g. Feltzing & Gilmore
2000) and are too faint to observe with high-resolution spec-
trographs under normal conditions. Obtaining a spectrum with
S /N =~ 50 would require more than 50 h of integration time even
with an instrument such as UVES on the VLT. However, during
gravitational microlensing events the brightnesses of the back-
ground source stars can increase by factors of several hundred.
It is then possible to achieve high-resolution and high S/N spec-
tra during 2 h (or even shorter) exposures. However, microlens-
ing events are random events and can happen essentially any-
where and anytime. Due to the unpredictability of microlensing
events we have therefore since ESO observing period P82 (start-
ing in October 2008) been running Target-of-Opportunity (ToO)
programmes with UVES (Dekker et al. 2000) on the ESO Very
Large Telescope on Cerro Paranal, allowing us to trigger obser-
vations with only a few hours notice.

To identify potential targets we utilised the early warn-
ing systems from the MOA (Bondetal. 2001) and OGLE
(Udalski et al. 2015) projects that survey the Galactic bulge ev-
ery night. Figure 1 shows the positions on the sky for the 91 mi-
crolensing events towards the Galactic bulge that were observed
(including OGLE-2013-BLG-0911S that is excluded from the fi-
nal bulge sample, see Sect. 4). All but three stars are located at
negative Galactic latitudes, between approximately two and five
degrees from the plane, and within 6 degrees of the Galactic cen-
tre in longitude. As discussed in our earlier papers, the locations

A89, page 3 of 34


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730560&pdf_id=1

A&A 605, A89 (2017)

Table 1. Summary of the 33 microlensed microlensing events towards the Galactic bulge that are new in this study (sorted by observation date)’.
Note that OGLE-2013-BLG-0911S is excluded from the final bulge sample (see Sect. 4).

Object RAJ2000 DEJ2000 1 b Tg Tmax  Amax Tobs Exp. S/N Spec. R
[hh:mm:ss] [dd:mm:ss] [deg] [deg] [days] [HID] [MID] [s]
MOA-2013-BLG-063S 17:45:13.33 -33:29:50.26 -3.94 -2.30 70 6353.00 48 6353.298 7200 20,30 UVES 42000
MOA-2013-BLG-068S 17:54:21.86 —31:11:39.95 —-0.97 -2.78 52 6361.97 41 6361.312 7200 30,50 UVES 42000
MOA-2013-BLG-299S 18:07:43.23 -27:48:50.10 3.41 -3.64 38 6421.09 290 6420.372 4200 35,55 MIKE 40000
OGLE-2013-BLG-0692S 18:16:06.66 —-27:11:06.00 4.86 —4.98 20 6428.57 21 6428.199 7200 40,60 UVES 42000
OGLE-2013-BLG-0446S 18:06:56.18 —-31:39:27.20 -0.05 -5.34 78 6446.05 3300 6445.248 7200 160,220 UVES 42000
OGLE-2013-BLG-0835S 17:52:59.39 -29:05:57.10 0.69 -1.47 10 6449.97 18 6450.258 7200 18,55 UVES 42000
MOA-2013-BLG-402S 18:03:00.14 -29:54:24.42 1.08 -3.76 36 6463.23 11 6462.312 7200 25,60 UVES 42000
OGLE-2013-BLG-1114S 17:54:24.40 -28:56:32.10 0.98 -1.65 71 647495 135 6474.244 7200 20,40 UVES 42000
MOA-2013-BLG-524S 18:02:29.65 -33:06:32.20 —-1.78 -5.23 10 6501.59 30 6501.009 7200 25,45 UVES 42000
OGLE-2013-BLG-1147S 18:08:39.19 -26:40:44.80 4.51 -3.28 53 6506.75 37 6506.165 7200 30,40 UVES 42000
MOA-2013-BLG-517S 18:13:36.42 -27:43:22.83 4.12 -4.74 39 6508.21 21 6507.087 7200 40,45 UVES 42000
OGLE-2013-BLG-1259S 18:10:23.34 -27:58:45.60 3.55 -4.24 25 6511.42 74 6510.970 7200 90,120 UVES 42000
OGLE-2013-BLG-1015S 17:52:48.18 —35:00:51.40 -4.44 —-4.43 60 6533.37 48 6532.026 7200 80,100 UVES 42000
OGLE-2013-BLG-0911S 17:55:31.98 -29:15:13.80 0.84 -2.02 101 6537.32 207 6536.985 7200 70,110 UVES 42000
OGLE-2013-BLG-1793S 17:54:04.69 -29:38:04.10 0.35 -1.94 20 6548.67 21 6548.038 7200 75,125 UVES 42000
OGLE-2013-BLG-1768S 17:52:26.58 —31:36:43.80 —1.54 -2.64 21 6553.64 24 6553.000 7200 20,45 UVES 42000
OGLE-2013-BLG-1125S 17:53:27.01 -29:47:34.10 0.14 -1.90 52 6563.56 10 6560.996 7200 45,70 UVES 42000
MOA-2013-BLG-605S 17:58:42.88 —-29:23:53.60 1.06 -2.70 21 6573.06 13 6571.994 7200 42,65 UVES 42000
OGLE-2013-BLG-1868S 18:05:35.56 —-30:53:06.50 0.49 -4.72 27 6578.89 37 6577.989 7200 50,85 UVES 42000
OGLE-2013-BLG-1938S 17:46:01.89 —34:12:31.50 —4.46 -2.82 8 6581.02 77 6579.985 7200 45,85 UVES 42000
OGLE-2014-BLG-0157S 17:58:16.85 —-33:46:18.80 -2.79 -4.78 35 6730.83 95 6733.320 7200 40,60 UVES 42000
MOA-2014-BLG-131S 17:59:02.50 -31:01:54.70 -0.33 -3.57 36 6750.88 500 6750.313 7200 35,55 UVES 42000
OGLE-2014-BLG-0801S 17:54:02.42 -32:35:31.60 -2.21 -3.43 13 6806.55 102 6806.197 7200 70,120 UVES 42000
OGLE-2014-BLG-0953S 18:08:52.98 —-27:16:04.10 4.02 -3.60 18 6814.44 27 6814.209 7200 25,35 UVES 42000
OGLE-2014-BLG-0987S 18:16:53.61 -25:31:31.00 6.41 -4.35 32 6829.10 35 6828.253 7200 35,50 UVES 42000
OGLE-2014-BLG-1122S 18:05:55.57 -29:40:56.30 1.69 -4.39 22 6838.30 23 6838.112 7200 30,45 UVES 42000
OGLE-2014-BLG-1469S 17:56:07.54 -30:57:13.00 -0.57 -2.99 9 6864.55 15 6864.005 7200 40,55 UVES 42000
OGLE-2014-BLG-1370S 17:55:42.33 —31:53:34.30 —-1.43 -3.38 57 6866.73 670 6866.127 7200 110,150 UVES 42000
OGLE-2014-BLG-1418S 18:14:47.62 -26:24:3890 5.40 -4.35 69 6901.49 88 6901.023 7200 95,130 UVES 42000
OGLE-2014-BLG-2040S 17:55:59.48 -31:16:35.80 -0.86 -3.12 30 6959.14 36 6958.986 6600 15,35 UVES 42000
OGLE-2015-BLG-0078S 17:55:30.69 -27:57:36.50 1.95 -1.37 27 7089.88 55 7089.281 7200 15,60 UVES 42000
OGLE-2015-BLG-0159S 17:43:38.53 —-35:05:12.10 -5.47 -2.85 41 7093.99 19 7092.311 9000 25,50 UVES 42000
MOA-2015-BLG-111S 18:10:56.89 -25:01:37.88 6.21 -2.93 27 711241 300 7112271 7200 25,40 UVES 42000

Notes. ¥ Given for each microlensing event is: RA and Dec coordinates (J2000) read from the fits headers of the spectra (the direction towards
which the telescope pointed during observation); Galactic coordinates (/ and b); duration of the event in days (7g); time when maximum magnifi-
cation occured (7', ); maximum magnification (An.y); time when the event was observed with high-resolution spectrograph (7s); the exposure
time (Exp.), the measured signal-to-noise ratios per pixel at ~6400 A (on the UVES REDL spectrum) and at ~8000 A (on the UVES REDU
spectrum) (S/N); the spectrograph that was used (Spec); the spectral resolution (R).

of the microlensing events is due to the observing strategy of the
bulge areas covered by MOA and OGLE surveys.

Our goal has been to observe and obtain high-resolution
spectra of the targets as close to peak brightness as possible, and
to observe targets that reach at least / ~ 15 during the observa-
tions. Figure 2 shows the light curve for one of the targets (the
light curves for all new events are shown in Fig. B.1). In the plot
the time interval when the spectroscopic observation was car-
ried out has been marked (see inset in the plot). Generally, we
were able to catch many objects very close to peak brightness.
For one of the events, MOA-2013-BLG-605S shown in Fig. 2,
the light curve marks the discovery of the first Neptune analogue
exoplanet or super-Earth with a Neptune-like orbit (Sumi et al.
2016). The observations and microlensing light curves for the
previous 58 stars are shown in our previous papers (Bensby et al.
2009b, 2010b, 2011a, 2013).

The UVES ToO observations were carried out with a 1”” wide
slit which means that the spectra have a resolving power of
R =~ 42000 and should have a minimum signal-to-noise ra-
tio of around S/N ~ 50—60 and in the UVES 760 nm setting
(according to the UVES exposure time calculator) for a star
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that brightens to at least / = 15. However, sometimes the ob-
served microlensing light curve does not follow the predicted
one, meaning that the obtained spectra could be better or worse
than anticipated. Also, observing conditions (poor seeing and
clouds) have affected the quality of some of the observations.
Hence, the signal-to-noise ratios vary between S /N =~ 15 for the
poorest ones and up to S /N = 200 for the best ones (see Table 1).

The ToO observations with VLT have been augmented
with a few observations obtained with the MIKE spectrograph
(Bernstein et al. 2003) on the 6.5-m Magellan Clay telescope on
Las Campanas, or the HIRES spectrograph (Vogt et al. 1994) on
the Keck telescope on Hawaii. Of the 33 new stars presented
in this study, 32 stars were observed with UVES and one star
with MIKE. More information about the observations and data
reduction of the previous 58 targets, and with those instruments,
can be found in our previous papers (Johnson et al. 2007, 2008;
Cohen et al. 2008, 2009; Bensby et al. 2009b, 2010b, 2011a,
2013)

The overwhelming majority of the real-time alerts that
triggered the spectra analysed here were a by-product of the
search for extra-solar planets by the Microlensing Follow Up
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Fig. 2. Example light curve for OGLE-2013-BLG0605S, one of the new
targets (light curves for the other new targets can be found in Fig. B.1).
The plot has a zoom-in window, showing the time interval when the
source star was observed with UVES. The un-lensed magnitude of the
source star is also given (Is).

Network (uFUN, Gould et al. 2010), which focused on high-
magnification events because these are exceptionally sensitive
to planets (Griest & Safizadeh 1998) and are also accessible to
amateur-class telescopes (e.g. Udalski et al. 2005). The timely
identification of these events required about 700 h of highly spe-
cialised labour per year, which could not have been justified
for this spectroscopic programme alone. Hence, as microlens-
ing planet searches have evolved towards “pure survey mode”,
especially with the advent of the OGLE-IV survey and the Ko-
rea Microlensing Telescope Network (Kim etal. 2016), with
UFUN essentially discontinuing operations, the source of spec-
troscopic alerts has likewise disappeared. For this reason, this
paper presents the final results of our project. That is, the project
was made possible by the relatively brief overlap, when VLT
ToO capability had already been achieved and before microlens-
ing alerts were superseded by new microlensing technology.

2.2. Data reduction

Data reductions of the 32 UVES spectra were carried out with
the UVES pipeline (Ballester et al. 2000) versions 4.9.0 through
5.0.7, depending on when the stars were observed. The MIKE
spectrum was reduced with the Carnegie Observatories python
pipeline!. All spectra have resolving powers between R =
40000-90000 (see Table 1). Information about the data reduc-
tions for the first 58 microlensing events can be found in our
previous papers (Bensby et al. 2009b, 2010b, 2011a, 2013).

2.3. Stellar parameters and elemental abundances

The methods to determine fundamental stellar parameters, de-
tailed elemental abundances, uncertainties and errors, are fully
described in Bensby et al. (2013 and 2014). Briefly, we use
standard 1D plane-parallel model stellar atmospheres calcu-
lated with the Uppsala MARCS code (Gustafsson et al. 1975;
Edvardsson et al. 1993; Asplund et al. 1997). (For consistency

1 Available at http://obs.carnegiescience.edu/Code/mike
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Fig. 3. Distribution of the uncertainties in T, log g, and [Fe/H] for the
microlensed dwarf sample.

with our previous analyses, we continue to use the old MARCS
models. As shown in Gustafsson et al. (2008), the differences be-
tween the new and old MARCS models are very small for our
types of stars, mainly F and G dwarf and subgiant stars.) Ele-
mental abundances are calculated with the Uppsala EQWIDTH
program using equivalent widths that were measured by hand
using the IRAF? task SPLOT. Effective temperatures were de-
termined from excitation balance of abundances from Fel lines,
surface gravities from ionisation balance between abundances
from FeI and Fe 11 lines, and the microturbulence parameters by
requiring that the abundances from FeI lines are independent of
line strength. In all steps, line-by-line NLTE corrections from
Lind et al. (2012) are applied to all FeT lines.

The error analysis follows the method outlined in Epstein
et al. (2010), and is summarised in Bensby et al. (2013). This
method takes into account the uncertainties in the four observ-
ables that were used to find the stellar parameters: the uncer-
tainty of the slope in the graph of FeI abundances versus lower
excitation potential; the uncertainty of the slope in the graph of
Fe1 abundances versus line strength; the uncertainty in the dif-
ference between Fel and Fe Il 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. Figure 3 shows the distri-
butions of the uncertainties in T, log g, and [Fe/H]. Typical er-
rors are around or below 100K in Teg, 0.1-0.2 dex in log g, and

2 IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National Sci-
ence Foundation (Tody 1986, 1993).

A89, page 5 of 34


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730560&pdf_id=2
http://obs.carnegiescience.edu/Code/mike
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730560&pdf_id=3

A&A 605, A89 (2017)

' ' ' ' Fe/H]
2 03
30f 9 |
& 0.0
B
8 8 4-0.3
— 3.5F @ & |
& 88 89 06
- ] 88 ’
5 8 o8 o,
= 88 8B & -0.9
40t 8 8 29 .
® W L8388 &
®e ) -1.2
o ®eo s RN
Q @ _
o teo o saaty 1 e
-1.8
6500 6000 5500 5000 4500
T [K]

Fig. 4. The empty circles show the stellar parameters before applying
the empirical corrections from Bensby et al. (2014) and the coloured
circles the parameters after the corrections. The values before and after
the corrections are connected with solid lines. On average the effective
temperatures change by —9 + 12 K and the surface gravities by —0.01 +
0.04. The colours represent [Fe/H], as shown by the colour bar on the
right-hand side.

0.05-0.15 dex in [Fe/H]. The median values are 94 K, 0.15 dex,
and 0.13 dex, respectively.

In the Bensby et al. (2014) study that contains 714 nearby
F and G dwarf and subgiant stars, analysed in the exact same
way as the current sample of microlensed bulge dwarf stars,
it was discovered that our methodology that utilises Fe ionisa-
tion and excitation balances to determine 7. and log g results
in an apparently flat lower main sequence. The reason for this
behaviour is currently unclear, and Bensby et al. (2014) applied
small empirical corrections to the temperatures and surface grav-
ities. These corrections have now been applied to all stars in the
current sample and we have re-calculated abundances and stel-
lar ages based on the corrected parameters. Figure 4 contains
a Hertzsprung-Russell diagram with both the corrected and un-
corrected effective temperatures and surface gravities shown. On
average the effective temperatures change by —9 + 12 K and the
surface gravities by —0.01 + 0.04 dex after applying the correc-
tions. These corrections are very small but have been applied to
all stars for consistency with the 714 F and G dwarf stars anal-
ysed in Bensby et al. (2014). Table A.1 contains updated param-
eters, abundances, ages, etc. for all 91 stars (including OGLE-
2013-BLG-0911S that is excluded from the final bulge sample,
see Sect. 4), and supersedes the tables from previous papers.

2.4. Age determinations

As in our previous studies stellar ages, masses, luminosi-
ties, absolute / magnitudes (M;), and colours (V — I) have
been estimated from Y? isochrones (Demarque et al. 2004) by
maximising probability distribution functions as described in
Bensby et al. (2011a). The estimations have been updated for all
stars using the corrected stellar parameters (as described above
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Fig. 5. Ages estimated from Bayesian method versus ages as deter-
mined from our age probability distribution methods. The stars have
been colour-coded according to their effective temperatures (as shown
by the colour bar on the right-hand side). The error bars indicate the
upper and lower age estimates from the two methods. OGLE-2013-
BLG-0911S that is excluded from the final bulge sample (see Sect. 4) is
marked by a yellow circle.

and illustrated in Fig. 4). The individual age probability distribu-
tions are shown in Fig. C.1 for all stars.

For the stellar ages we have also used another method,
the Bayesian estimation from isochrones as described in
Jgrgensen & Lindegren (2005b). The probability distribution
function of an individual star’s age, or so-called G function, is
calculated by combining the likelihood function of the associ-
ated observed data (T, logg, and [Fe/H]) with a prior proba-
bility density of the model parameters (initial stellar mass, chem-
ical composition Z, and age). This combination is then integrated
with respect to the initial mass and Z, resulting in the G function.
As a prior, we assumed no knowledge of the metallicity distri-
bution or star formation rate, but we did assume a Salpeter IMF
for masses greater than 1 M. The isochrones used were from
the @-enhanced Yonsei- Yale models (Demarque et al. 2004), and
we made use of the interpolator provided with the grid®. The es-
timated ages are the most probable ages from the G functions,
and the confidence intervals quoted are the range of values for
which the normalised G function is above a value of 0.6. This
corresponds to 1o~ for Gaussian errors. The individual G func-
tions are shown in Fig. C.1.

Figure 5 shows a comparison between the Bayesian ages as
described above and the ages as determined from probability dis-
tribution functions. The agreement is overall good, with some
scatter, but no clear systematic offsets or trends. A striking ex-
ample is MOA-2014-131S that with the age probability distribu-
tion method was old, around 13 Gyr, but that with the Bayesian
method is below 1 Gyr. Looking at the G function and the age
probability distribution function for this star (first plot on the top
left-hand side in Fig. C.1) it is clear that the age for this star is
hard to estimate and that it could have essentially any age. This
could be due to that it is located below the turn-off, on the lower

3 http://www.astro.yale.edu/demarque/yyiso.html
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Fig. 6. Hertzsprung-Russell diagrams for the microlensed dwarf sample, split into six metallicity bins (as indicated in the plots). In each subplot one
set of isochrones is shown (with ages 1, 5, 10, and 15 Gyr delineated), representing the mean metallicity in the range indicated. The isochrones are
calculated with the @-enhanced Yonsei-Yale models from Demarque et al. (2004). The stars have been colour-coded according to their metallicity
(as shown by the colour bar on the right-hand side). MOA-2014-BLG-131S (mb14131) has been identified in the [Fe/H] > 0 subplot on the lower
right-hand side. OGLE-2013-BLG-0911 that is excluded from the final bulge sample (see Sect. 4) is marked by a yellow circle.

main-sequence, where the isochrones are very close and ages
are difficult to estimate (see Fig. 6, where MOA-2014-131S has
been marked out on the lower right-hand side). From Fig. C.1
(top left panel) it appears however more likely that it is older,
more in line with the age estimated from the age probability dis-
tribution method.

In summary we find that the age probability distribution
functions are very similar to the G functions (Fig. C.1) and they
provide very similar ages (Fig. 5). As the Bayesian method cur-
rently does not provide stellar masses, absolute magnitudes, and
colours for the stars, we will keep using the ages from the age
probability distribution function method to be internally consis-
tent. Our ages have also been verified to be in good agreement
with the age estimation method by Valle et al. (2015).

2.5. Sample age estimation

The individual ages from the Bayesian method will be used to es-
timate the sample age distribution, using the code and techniques
of Jgrgensen & Lindegren (2005a) and Jgrgensen (2005). This
code takes the individual G functions of all 90 stars (as described
above), and uses that information to predict a total distribution of
their ages combined. The only new prior introduced at this stage
is the assumption that the star formation history of the sample
is a non-negative and smooth function; aside from that it is left
free to adapt to the data. A range of possible distributions are
created by finding the most-likely distribution statistically, and
then varying this within some small allowed degree of statistical
error. Within this variation a minimum is found that corresponds
to the least complicated form of the distribution. In practice, a
function H is added to the original distribution which penalises

more complicated distributions, and then the total function is
minimised. The end product is the most likely age distribution
of the sample, given a smooth star formation history. The results
of this method are further examined in Sect. 7.2.

3. Consistency checks
3.1. Hertzsprung-Russell diagrams

Figure 6 shows Hertzsprung-Russell diagrams in six metallic-
ity bins for the microlensed bulge dwarf sample. The spectro-
scopic effective temperatures and surface gravities categorise
them mainly as turn-off and subgiant stars, and a few have started
to ascend the giant branch. As these stars are low-luminosity gi-
ants that have just left the subgiant branch they should still have
retained their natal chemical compositions as the major inter-
nal mixing processes occur further up on the giant branch (e.g.
Pinsonneault 1997). It should also be mentioned that age esti-
mates are still possible for the low-luminosity giants, since the
isochrones have not yet fully converged.

As our method to determine stellar parameters is purely spec-
troscopic and independent of the distance to the stars this shows
that the underlying assumptions on how to select and observe un-
evolved low-mass stars in the Galactic bulge is sound and works
well.

3.2. Balmer wing line profiles

The wings of the Ha Balmer line are sensitive to the effective
temperature and provides an independent way of checking the
determined effective temperature of for instance a reddened star
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Fig. 7. a) Difference between microlensing colours and the spectro-
scopic colours versus spectroscopic T.q. b) Difference between the
absolute / magnitudes from microlensing techniques and from spec-
troscopy versus stellar mass (derived from spectroscopy). Error bars
represent the uncertainties in the spectroscopic values. ¢) The differ-
ence between the spectroscopic T.q and the temperature based on the
microlensing colours and the Casagrande et al. (2010) T.g—colour cali-
bration. The microlensing values used in the plots are based on the as-
sumption that the bulge red clump has (V — 1)y = 1.06 and M; = —0.12.
The stars have been colour coded according to their surface gravities (as
shown by the colour bar on the right-hand side).

(e.g. Cayrel et al. 2011). Figure D.1 shows comparisons between
synthetic He line profiles to observed He line profiles based on
the spectroscopic temperatures (blue lines) for the 33 new stars
(similar plots are shown for the other stars in previous papers).
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. The synthetic spectra were calculated
with MARCS model atmospheres (Gustafsson et al. 2008) us-
ing the SME package (Spectroscopy Made Easy, v. 2011-12-05,
Valenti & Piskunov 1996).

3.3. Microlensing parameters

The (V —I)o colour and the M; magnitude can be estimated from
microlensing techniques assuming that the reddening towards
the microlensed source is the same as towards the red clump in
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Fig. 8. Difference between microlensing colours and the spectroscopic
colours versus the amount of differential reddening based on the maps
by Nataf et al. (2013). The microlensing values used in the plots are
based on the assumption that the bulge red clump has (V — ), = 1.06
and M, = —0.12. The stars have been colour coded according to their
surface gravities (as shown by the colour bar on the right-hand side).

the same field, that (V — I)y and M; of the bulge red clump is
known, and (for M) that the distance to the source and the red
clump is the same (Yoo et al. 2004). The de-reddened magnitude
and colour of the source can then be derived from the offsets be-
tween the microlensing source and the red clump in the instru-
mental colour-magnitude diagram. The microlensing values for
M; and (V — I) given in Table A.1 are based on the assumption
that the bulge red clump has (V — I)o = 1.06 (as determined in
Bensby et al. 2011a) and M; = —0.12 (Nataf et al. 2013).

For 5 of the events we could not estimate microlensing
colours and magnitudes due to lacking photometric observa-
tions, but for the other 86 events, Figs. 7a and b show compar-
isons between the spectroscopic (V — I)g colours and M; mag-
nitudes to those determined from microlensing techniques. In
Bensby et al. (2013) wherein we analysed 58 targets, there was a
significant slope present between the colour difference, A(V —1),
and the spectroscopic Teg. With larger numbers, this is no longer
the case. There are, however, two stars with larger discrep-
ancies in the (V — I)¢ colours than the rest, about —0.4 mag.
These are OGLE-2013-BLG-1768S (with T ~ 4850K and
logg = 3.5) and OGLE-2015-BLG-0078S (with Teg = 5068 K
and log g = 3.1) and they have been marked in Fig. 7a.

For the 86 stars that have (V — I)y colours from mi-
crolensing techniques we calculate effective temperatures using
the Casagrande et al. (2010) Teg—colour calibration. Figure 7c
shows the difference between the two temperatures versus spec-
troscopic T.g. The microlensing temperatures are on average
85 K higher than the spectroscopic ones. If we restrict ourselves
to stars with (spectroscopic) Teg > 5500 K the microlensing tem-
peratures are on average still higher, but only by 20 K. The dis-
persion in both cases is around 280 K. Figure D.1 also shows
synthetic spectra of the Hao Balmer line based on temperatures
from the microlensing (V — I)y colours (red dashed lines). It is
clear that the microlensing temperatures produce synthetic spec-
tra that overall also match the observed spectra well, but in a few
cases they clearly do not. As for example in the case of OGLE-
2013-BLG-1768S, whose (V — I)q colour which is almost 500 K
below the spectroscopic determination, the synthetic line profile
is too narrow compared to the observed spectrum (fifth plot from
the top in the third column of Fig. D.1).

The bulge is known to have patchy and irregular reddening.
Nataf et al. (2013) measured reddening and differential redden-
ing for more than 9000 sight lines towards the bulge. Figure 8
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shows the difference in the (V — I)q colours versus differential
reddening and there appears to be no preference for large differ-
ential reddening values with the colour difference. It is however
clear that OGLE-2015-BLG-0078S which is one of the two stars
with the largest deviations in (V —1), also is located along a sight
line that has the largest differential reddening among the stars
in the sample, and for OGLE-2013-BLG-1768S the differential
reddening is relatively large, around 0.14 mag. This indicates
that differential reddening can to some extent be the cause for
the discrepancies between the microlensing and spectroscopic
(V = I)g colours.

At the time of observations it was difficult to obtain good
V-band observations of OGLE-2013-BLG-1768S, for three rea-
sons: it is intrinsically red, it is highly reddened (see above), and
it was not very bright at peak brightness (see Fig. B.1). Hence,
for OGLE-2013-BLG-1768S the microlensing colour is deemed
uncertain, and it will not be used below when re-determining
the colour of the bulge red clump. For OGLE-2015-BLG-0078S
the colour is also deemed uncertain, due to the very high dif-
ferential reddening (see above), and it will also be left out the
re-determination of the red clump colour. In addition, OGLE-
2013-BLG-09118S is left out, but for very different reasons (see
Sect. 4). This leaves us with 83 stars that have good colour mea-
surements.

The difference between the spectroscopic and the microlens-
ing colours for these 83 stars is +0.03 + 0.07 mag (1o stan-
dard deviation), and for the absolute magnitudes it is —0.17 +
0.69 mag (1o standard deviation). As the microlensing colours
have been estimated assuming that the colour of the bulge red
clump is 1.06, this means that the colour of the bulge red
clump could be slightly adjusted. By bootstrapping the sample
(83 stars) 10000 times we get a distribution of differences in the
(V — I colour with a mean value of +0.03 mag, with a stan-
dard error of the mean of 0.01 mag. Hence we suggest that the
(V = I)o colour of the bulge red clump should be revised to 1.09.

4. Are the microlensed dwarfs in the bulge?

A question that has often been brought up is whether the mi-
crolensed dwarfs that have been observed are located in the bulge
or not. If the stars had a distance of about 8 kpc from the Sun,
this would mean that they would lie between 280-700 pc below
the plane, and up to 800 pc on either side of the Galactic centre.
Of course, the stars do not all have a distance of exactly 8 kpc
from the Sun, but there are a series of different indicators that
support the conclusion of them being located in the bulge, and
not in the disk in front of the bulge, or in the disk far behind the
bulge. We have addressed these questions in our previous papers
and summarise three main arguments again.

Firstly, Nair & Miralda-Escudé (1999) estimate that about
15% of the microlensing events towardsthe Bulge could have
source stars belonging to the disk on far side of the bulge,
more than 3 kpc away from the Galactic centre. On the other
hand, more recent theoretical calculations of the distance to mi-
crolensed sources, assuming a constant disk density and an ex-
ponential bulge, show that the distance to the sources is strongly
peaked in the bulge, with the probability of having D < 7kpc
very small (Kane & Sahu 2006). Secondly, stars in the bulge
have been observed to have higher radial velocities and veloc-
ity dispersions than those in the Galactic disk. The radial ve-
locities measured for the microlensed dwarfs (see Fig. 19) are
fully consistent with other studies of large samples of bulge stars

(e.g. Kunder et al. 2012; Ness et al. 2013b). Thirdly, microlens-
ing analysis yields the baseline colour and magnitude completely
disentangled from any blended light. These quantities identify
the stars as turn-off and subgiant stars at the approximate dis-
tance of the bulge. The spectroscopic parameters that are deter-
mined in a distance independent way are consistent with this pic-
ture. The alternative would be if some stars were actually giant
stars in the disk on the other side of the bulge, that could have the
same un-lensed magnitudes as intrinsically fainter dwarf stars in
the bulge. We investigated this in detail in Bensby et al. (2011a),
when the sample consisted of 26 stars, and found strong sup-
port for a great majority of the sample being located within the
bulge. In Bensby et al. (2011a) the spectroscopic values of the
absolute / magnitudes were on average —0.13 mag higher (with
a dispersion of 0.56 mag) than the microlensing ones. Based on
the current sample, we now find that the spectroscopic ones are
higher by —0.17 mag (with a dispersion of 0.68 mag), see Fig. 7b,
which is quite similar as before. The reasoning in Sect 4.3 in
Bensby et al. (2011a) should hold also for the present sample,
meaning that a great majority are located within the bulge.

However, for one star, OGLE-2013-BLG-0911S, we have
indications that it is part of the disk population. First, the mi-
crolensing event OGLE-2013-BLG-0911 shows strong finite
source effects, and from these we can estimate the source-lens
relative proper motion to be about 0.3 mas/yr. This is about 10
times slower than typical. Since the probability of measuring
M < Wo scales as ,ug (for a given population), this is extremely
small. However, the proper motions of disk-source events are ex-
pected to be much slower (none have ever been measured to our
knowledge) because the observer, lens, and source are all in the
disk, hence all moving approximately the same speed. Second,
OGLE-2013-BLG-0911S got a lot of observations in the V band
and has a very secure colour measurement of (V — I)g = 0.49
(assuming that the source is in the bulge, and that it is behind as
much dust as the red clump). The colour based on the spectro-
scopic analysis gives (V — Iy = 0.71 (OGLE-2013-BLG-0911S
is the star that shows the largest difference at T.¢ = 5785K
in Fig. 7). Hence, the microlensing parameters appear to be in-
consistent with this star being a solar-type star with [Fe/H] =
+0.47. Third, OGLE-2013-BLG-0911S shows a galactocentric
radial velocity of —35kms™! (heliocentric radial velocity of
—46kms™"), which is consistent with a disk star. It does how-
ever not rule out the possibility of it being a bulge star as the
bulge velocity distribution does have a large dispersion.

These observations could be indirect evidence for a disk-
source and disk-lens microlensing event. As it is likely that the
source is located outside the bulge region we will leave it out
of the sample from now on (as it was also left out of the sam-
ple when re-determining the colour of the bulge red clump in
Sect. 3.3). An important consequence of this microlensing event
is that it shows that we are able to identify a disk source when
we see one.

5. The magnification-metallicity relation

When the microlensed bulge dwarf sample contained about
16 stars, Cohen et al. (2010) discovered that there was a strong
correlation between the brightness magnification and the spec-
troscopic metallicity. At that time no resolution to the mys-
tery could be found. In Bensby et al. (2013) with a sample of
58 microlensed bulge dwarfs we investigated this further and
found that the microlensed dwarf sample probably was biased
towards metal-rich and younger targets. The level of that bias
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Fig. 9. [Fe/H] versus 1/A. for the microlensed dwarf sample. The
stars have been colour coded according to their ages (as shown by the
colour bar on the right-hand side). The top panel shows the cumulative
distributions for stars younger than 7 Gyr (dashed blue line) and older
than 7 Gyr (red solid line).

was however not enough to resolve the issue of the apparent
Amax — [Fe/H] relation.

Now with 90 microlensed dwarf stars in hand we investi-
gate the existence of this relation again. The bottom panel in
Fig. 9 shows the 1/An.x — [Fe/H] plot. The underlying distri-
bution of microlensing events should be roughly uniform in this
quantity, meaning that any deviations from a straight line will
show our intrinsic bias towards high magnification. As can be
seen this is not the case, the stars appear to be uniformly dis-
tributed. However, the metal-rich stars are on average younger,
as can be seen from the colour-coding. The upper panel shows
the cumulative 1/A .« distributions for stars older than 7 Gyr and
for stars younger than 7 Gyr. A two-sided Kolmogorov-Smirnov
test gives a KS-statistic of D = 0.16 (the maximum vertical dis-
tance between the two distributions) and a p-value of 0.56, hence
we cannot reject the hypothesis that they have been drawn from
the same underlying population.

Doing the two-sided KS-test for only the 58 stars that were
published in Bensby et al. (2013) gives D = 0.31 and a p-value
of 0.11. This means that the differences have become signifi-
cantly smaller now with the larger sample of 90 stars, and it
might well be possible that they would disappear completely if
we had an even larger sample.

6. Metallicity distribution

Figure 10 shows the metallicity distribution of the 90 mi-
crolensed bulge dwarf and subgiant stars, both as a regular his-
togram and as a generalised one representing the sum of the in-
dividual Gaussians for all stars (where the central locations of
the Gaussians are the measured metallicities, and the widths of
the Gaussians are the estimated uncertainties). The regular his-
togram shows a wide distribution, ranging from [Fe/H] ~ -2
to +0.5 dex, with a prominent peak at super-solar metallicities,
and then a tail towards lower metallicities. There appears to
be structure in the regular histogram. As the microlensed stars
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Fig. 10. The MDF for the microlensed dwarf sample, now in total
90 stars, both as a regular histogram (grey shaded) as well as a gen-
eralised histogram (curved blue line).

have a range of uncertainties in [Fe/H] (from about 0.05 dex to
about 0.2 dex, and a few up to 0.4 dex, see Fig. 3c), which is de-
pendent on the quality of the spectra, it is difficult to choose a
good representative value for the bin size. The appearance of the
regular histogram is therefore very sensitive to the binning. By
showing the MDF as a generalised histogram, where each star
is represented by a Gaussian, making a MDF that is indepen-
dent of the bin size, this problem is circumvented. The gener-
alised histogram is shown as the solid blue line in Fig. 10 and a
lot of structure is revealed, with several peaks in the metallicity
distribution.

Testing whether the peaky nature of the MDF seen in Fig. 10
is real and whether the peaks can be claimed to be statistically
significant are very difficult tasks. We will start by estimating
the locations of the peaks, and their uncertainties. To do that
we re-sample the observed metallicity distribution 10 000 times.
In each re-sampling both the [Fe/H] values and their associated
errors (Fig. 3c) are re-sampled individually, so that new com-
binations, and duplications, are created. New generalised his-
tograms are then created that are used to identify peaks using
the Python algorithm scipy.signal.find peaks cwt (SciPy
version 0.14.0) in each of the 10 000 bootstrapped distributions.
Figure 11b shows a few examples. For each bootstrapped distri-
bution between 3 and 7 peaks are identified by the Python rou-
tine. Their locations are shown in the histogram in Fig. 11c.

The distributions of the detected peak positions are used to
estimate the locations of the peaks in the MDF and their uncer-
tainties. The five metal-rich peaks are located at the following
metallicities:

[Fe/H]; = +0.41 + 0.06, (1
[Fe/H], = +0.12 + 0.04, )
[Fe/H]3 = —0.20 + 0.06, 3)
[Fe/Hls = -0.63 + 0.11, 4)
[Fe/H]s = —1.09 + 0.08. 5
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Fig. 11. a) The observed metallicity distribution with the positions of
the detected peaks marked out. b) Examples for 15 bootstrapped metal-
licity distributions. In each of the distributions the positions of the de-
tected peaks are marked by circles. ¢) The distribution of all detected
peak locations in 10 000 bootstrapped samples.

For each metallicity peak we give the mean value and the one-
sigma dispersion around the mean. Even though we have two
weak peaks at the lowest metallicities between —2 < [Fe/H] <
—1.5 (see Fig. 11c) we refrain from giving locations for them as
they are based on very few stars in that metallicity range of the
microlensed dwarf sample.

Based on intermediate resolution spectroscopy of red gi-
ant stars from the ARGOS survey, Ness et al. (2013a) identi-
fied five Gaussian components in the bulge MDF. The metal-
licity distribution based on the ARGOS b = —5° is reproduced
in Fig. 12. The ARGOS peaks are located at [Fe/H] =
+0.21 (A), -0.17(B), -0.61 (C), —=1.10(D) and —1.60(E), as
indicated by vertical blue lines in Fig. 12. Ness et al. (2013a) as-
sociated the peaks different stellar populations: A — a thin boxy,
peanut-shaped bulge; B — a thicker boxy, peanut-shaped bulge;
C — the pre-instability thick disk; D — the metal-weak thick disk;
and E — the stellar halo. Three of the peaks in the microlensed
dwarf MDF, given by Eqs. (3)-(5), align very well with AR-
GOS peaks (B, C, and D) while there appears to be an offset for
the most metal-rich peak (+0.21 dex for ARGOS peak A ver-
sus +0.41 dex for the microlensed peak, Eq. (1)). This offset is
most likely because the ARGOS metallicity distribution is com-
pressed at the metal-rich end due to the lack of calibration stars at
these high metallicities (Melissa Ness, priv. comm.). Regarding
the metal-poor ARGOS peak E at —1.60 dex, we do have indica-
tions of a peak in that metallicity range as well, but as mentioned
above, we refrain from claiming a peak here due to the low num-
ber statistics in the microlensed sample at these metallicities. In
addition to the ARGOS peaks we have one peak at +0.12 dex
(Eq. (2)), that might be less significant as it is not as clearly de-
tected in all cases as the other peaks seen in Fig. 11c.

Given the agreement between our peaks and the peaks
claimed by Ness et al. (2013a), whose study is completely dif-
ferent from ours, and that is based on a twenty times larger sam-
ple, we find that it is unlikely that the detected peaks are just
Poisson noise from an underlying smooth distribution. We are
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Fig. 12. Metallicity distribution based on the 1845 giant stars in the b =
—-5° fields from the ARGOS survey (Ness et al. 2013a). The metallicity
distribution is shown as both a regular histogram as well as a generalised
histogram (assuming an uncertainty of 0.13 dex for all stars, Melissa
Ness priv. comm.). The vertical blue lines indicate the locations of the
Gaussian peaks (A to E) claimed by Ness et al. (2013a), and the vertical
red dashed lines indicate the locations of the peaks in the MDF based
on the microlensed dwarfs (Egs. (1)—(5)).
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Fig. 13. Age versus [Fe/H] for the microlensed dwarf sample. The stars
have been colour-coded according to their level of a-enhancement (as
shown by the colour bar on the right-hand side).

somewhat uncertain about the peak at [Fe/H] = +0.12 as it was
not as clearly detected in our bootstrapped distributions as the
other peaks. It was also not detected by Ness et al. (2013a), but
that might be due to issues with the metallicity calibration at the
high metallicity end in the ARGOS data. ARGOS did also de-
tect a peak at —1.6, which we actually also see in the microlensed
distribution, so that one might also be real. However, due to the
limited sample size of the microlensed sample, we only have
two stars with metallicities below [Fe/H] = —1.5, and we cannot
claim a significant peak there.

7. Ages
7.1. Age-metallicity relation

Figure 13 shows the age-metallicity diagram for the current sam-
ple of 90 microlensed bulge dwarfs. A great majority of the
metal-poor stars below [Fe/H] =~ —0.5 have old ages around
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Fig. 14. The fraction of stars younger than 5 Gyr and 8 Gyr, respectively,
at different metallicities. The thick blue and red lines represent the mean
values from 10000 age-metallicity distributions where individual ages
and metallicities have been re-sampled using the [Fe/H] uncertainties
and the individual age probability distributions (see text for more de-
tails). The shaded areas show the formal errors of the mean (1-sigma
dispersion divided by VN).

or greater than 10 Gyr. At higher metallicities the stars span a
wide range of ages, the youngest being around 1 Gyr, and the
oldest ones as old as the metal-poor stars in the sample. Espe-
cially at high metallicities there appears to be a large fraction
of young to intermediate-age stars. Figure 14 shows that frac-
tion of stars younger than 5 Gyr and younger than 8 Gyr, respec-
tively, as a function of metallicity. The relationships are based
on 10000 samples of 90 stars, where in each sample each star
was given a metallicity randomly drawn from a normal distribu-
tion defined by the metallicity and uncertainty of that star, and
an age randomly drawn from that star’s age probability distribu-
tion function (see Appendix C). For each sample of 90 stars the
fraction of young stars in 0.2 dex wide metallicity bins were cal-
culated and the relationships shown in Fig. 14 represents the av-
erage values (solid lines), and formal errors of the means (shaded
regions), from the 10 000 samples. It is clear that the fractions of
younger stars increase drastically with metallicity. At metallic-
ities lower than about [Fe/H] ~ —0.7 the formal errors of the
means increase dramatically as well. This is due to the low num-
ber of stars in our sample in this regime. Hence, the fractions
here should be taken lightly, they are most likely overestimated.

The high-metallicity regime ([Fe/H] > 0) shows a clear
dominance of young and intermediate-age stars, the low-
metallicity bin ([Fe/H] < —0.5) is dominated by old stars, while
in the intermediate-metallicity bin (—0.5 < [Fe/H] < 0) shows a
wider and flatter distribution with no preferred age range. For
these three metallicity bins the fraction of stars younger than
8 Gyr are about 65%, 45%, and 25% respectively.

Based on the un-predictability and random nature of mi-
crolensing events, one naively believes that the microlensed
bulge dwarf sample should be a completely un-biased sample.
However, as demonstrated in Bensby et al. (2013), the adopted
observing strategy seems to favour young and metal-rich stars.
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Fig. 15. a) A histogram of the estimated ages. The solid line shows the
sum of all individual age probability distribution functions. b) A his-
togram based on the ages from the Bayesian method, and the lighter
shaded under the solid blue line shows the sum of individual age G func-
tions. ¢) The sample age distribution determined using the method
described in Sect. 2.5. The peaks show episodes of significant star
formation.

This has to do with the fact that in order to trigger spectro-
scopic follow-up observations, we required that the estimated
peak magnitude of the source star should be at least I ~ 15,
which lead to a slight bias towards metal-rich and young stars as
these are intrinsically brighter than old and metal-poor stars. In
Bensby et al. (2013) it was concluded that the fraction of young
and metal-rich could be over-estimated by up to 50%. Conserva-
tive estimates of the fraction of young stars in the three metallic-
ity bins are therefore 35%, 20%, and 9%, respectively. Still, even
when including this bias, more than one third of the metal-rich
bulge population is younger than about 8 Gyr.

Clarkson et al. (2011) found that at most 3.4% of the bulge
population could be genuinely young (less than 5 Gyr). For the
microlensed sample we find that 26% of the total sample is
younger than 5 Gyr. Reducing this percentage due to the observa-
tional bias that favours young and metal-rich stars, we estimate
that the fraction of stars younger than 5 Gyr in the microlensed
sample could be around 15%. Hence, there is still a factor of
4 to 5 discrepancy between our estimate and the Clarkson et al.
(2011) estimate of so called genuinely young stars in the bulge.

7.2. Sample age distribution

Figure 15a shows the age distribution for the full sample of
90 microlensed bulge dwarf stars. The sample spans a wide
range of ages with no clear dominant age. The youngest stars
are around 1-2 Gyr and then there is flat distribution up to the
oldest stars around 12 Gyr. There might be some structure in the
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Fig. 16. Star formation episodes for the five peaks in the MDF. For
each metallicity peak, stars within 20 of the mean metallicity given by
Egs. (1)-(5) were selected. The metallicities are indicated in the top left
corner of each subplot.

age histogram, with two or maybe three groups of stars with dif-
ferent ages, but, again, as any structure in a regular histogram
is highly dependent on the binning of the data no structure can
be claimed. Also shown in Fig. 15a is the sum of the individ-
ual age probability distribution functions (see Appendix C) as a
solid line, but this reveals no further information, except a very
wide age distribution.

Figure 15b shows again the age distribution, but using the
Bayesian ages determined in Sect. 2.4, with the sum of the in-
dividual G functions (see Appendix C) shown as the solid blue
line. Again, this reveals no further information except that the
age distribution is very wide and spans essentially all possible
ages. The main point here is to show that the distribution of the
Bayesian ages is very similar to the distribution of our adopted
ages, as the Bayesian ages will be used below in an attempt to
reveal if there are any major episodes of star formation in the
bulge.

The star formation history of the bulge is investigated
using the Bayesian method described in Jgrgensen (2005),
Jgrgensen & Lindegren (2005a). Instead of individual ages, this
code uses the available information from all individual G func-
tions in order to estimate the likely periods of star formation
in the history of the Galactic bulge. Figure 15¢ shows the re-
sults, and several peaks can be seen; at about 11, 8, 6, and 3 Gyr
ago. These peaks, through estimating the likely ages of the dis-
tribution as a whole, can be interpreted as representative of when
there were significant episodes of star formation. The sharp spike
at about 5 Gyr is most likely due to a one star with narrow age
uncertainties, and cannot be claimed as significant.
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Fig. 17. Metallicity distribution for different age bins (as indicated in
the plots).

Figure 16 shows the same analysis but for different sub-
sets of stars that have metallicities within 20 of the metallicity
peaks given by Egs. (1)—(5). The two metal-poor peaks show
age peaks around 11 Gyr (Figs. 16d and e), the metallicity peak
at +0.41 dex shows no clear age peak but rather an extended bi-
modal distribution in the range 2 to 8 Gyr (Fig. 16a). The metal-
licity peak at +0.12 dex is interesting as it shows a clear age peak
at 8 Gyr (Fig. 16b). The ages seen for the metallicity peak at
—0.20dex are hard to interpret, one very old and some much
younger (Fig. 16c). An interpretation of these peaks will be dis-
cussed in Sect. 11.4.

7.3. Metallicity distributions for different age bins

The previous sections have shown that the bulge MDF has struc-
ture and that it most likely is composed of several metallicity
peaks (Fig. 11 and Egs. (1)—(5)), that appear to have different
age distributions (Fig. 16). At the same time, when considering
the whole sample, four different age peaks are revealed (bottom
panel of Fig. 15). Are the metallicity distributions for these age
peaks consistent with what we have seen so far? Figure 17 shows
the metallicity distributions for stars that have individual ages
centred around the four age peaks in Fig. 15. A metal-rich dis-
tribution is dominating for the two youngest age bins, while the
two oldest age bins show a wide range of metallicities. The same
information could have been read from the age-metallicity dia-
gram in Fig. 13, but now the age bins are centred on the peaks
found in Fig. 15.

7.4. Summary of age results

In summary, the microlensed dwarf and subgiant sample shows
that the Galactic bulge contains a significant fraction of young
and intermediate age stars. In general, the stars at low metal-
licities are old, while the metal-rich stars show a wide range of
ages. At least 18% of the stars, at all metallicities, appear to be
younger than 5 Gyr. At super-solar metallicities more than 35%
are younger than 8 Gyr. In addition we find that the bulge most
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Fig. 18. Left-hand side: Galactic latitude versus Galactic longitude. In the top plot the markers have been colour-coded based on the metallicities
of the stars, and in the bottom plot based on the ages of the stars. Stars at positive latitudes are marked by squares and stars at negative latitudes
by circles. In each plot four regions have been marked out. The age and metallicity distributions for these regions are shown in the plots on the
right-hand side. Right-hand side: the camulative metallicity and age distributions for the stars located within regions I-IV as indicated in the plots

and illustrated in the plots on the left-hand side.

likely has had four episodes of significant star formation. A first
estimation is that they happened 3, 6, 8, and 11 Gyr ago. Whether
these episodes can be associated with major episodes in the other
main Galactic stellar populations needs to be investigated, and is
further discussed in Sect. 11.4.

8. Variation of ages and metallicities with position

Based on N-body and star-forming simulations Debattista et al.
(2017) found that the fraction of young stars were different at
positive and negative longitudes, depending on whether the far-
or near-side of the Bulge was considered. The near-side showed
an excess of old stars at negative longitudes, while the far-side
showed an excess of old stars at positive longitudes. This differ-
ence is attributed to the population of the X-shaped bar, that is
believed to contain a higher fraction of young- to intermediate-
age stars. From our vantage point the near-side bar is located at
positive longitudes, and the far-side bar at negative longitudes.
The question is if this longitudal age-asymmetry is present in
the microlensed sample?

The probabilities of microlensing events towards the Galac-
tic bulge favours events where the source stars are on the far-side
of the Galactic centre (see Sect. 4). Hence, our sample should
contain a higher relative fraction of stars in Galactic bar at posi-
tive longitudes (where the bar is mainly on this side of the Galac-
tic centre), than at negative longitudes. If the bar has a higher
fraction of younger stars, we should then see a higher fraction of
younger stars at negative longitudes than at positive longitudes.
Then it might also be likely to expect the metallicities to be on
average higher at negative longitudes?

The panels on the left-hand side of Fig. 18 show the lo-
cations of the sample in Galactic coordinates, with the stars
being colour-coded based on either metallicity (top panel) or
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age (lower panel). The plots also indicate four different re-
gions (I-IV) for which the cumulative metallicity and age distri-
butions are shown in the panels on the right-hand side of Fig. 18.

The cumulative age and metallicity distributions shown in
Fig. 18 are different at negative and positive longitudes. The stars
at positive longitude stars (region III, red lines) are metal-poorer
and older than the stars at negative longitudes (region IV, green
lines). As most stars in the sample are likely to be located on the
far-side of the Galactic centre, this means that the ones at neg-
ative longitudes (that are then in the bar) do have higher metal-
licities and younger ages than those at positive longitudes (that
are beyond the bar). This means that the apparent longitudal age-
and metallicity asymmetry seen in the microlensed sample can
be attributed to the Galactic bar.

The range in latitude is too short to reveal if there are any
vertical abundance gradients, but we do see that the sub-sample
closest to the plane (region I, blue line) is somewhat younger
that the sample farthest from the plane (region II, orange line).
This is in agreement with the finding by Ness et al. (2014) who
showed that the existence of young stars in the bulge is a natural
outcome of its internal evolution, and the most likely place to
find them is closer to the plane.

9. Radial velocities

Heliocentric radial velocities were determined from measure-
ments of the doppler shift of 10—15 Fel lines that have ac-
curate laboratory wavelengths from Nave etal. (1994). The
lines are distributed over the whole wavelength range of the
spectra, and the precisions of the estimated radial velocities
are 0.1-0.2 kms~!, which for the purposes of this study is
negligible. Figures 19a and b shows the galactocentric radial
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Fig. 19. Galactocentric radial velocity versus Galactic longitude and
absolute latitude. The dashed blue lines represent the running velocity
dispersion and the solid red lines the running median radial velocity
(calculated in bin widths of 2° in / and 1° in b). The shaded regions
represent the errors in velocity (calculated as o/ VN — 1) and errors in
dispersion (calculated as o/ V2 N).

velocities* as a function of Galactic longitude and latitude, re-
spectively. Each plot contains lines that represent the running
median values (red lines) and the running velocity dispersions
(dashed blue lines).

The velocity dispersion (blue dashed line) appears to de-
crease slowly with increasing distance from the plane (|b|), which
is not very clear from the figure. However, by splitting the sam-
ple in two latitude bins (closer or farther than 3 degrees from the
plane) the velocity dispersion is 120kms~! for the low-latitude
sample and 89kms~! for the high-latitude sample, meaning
a significantly higher velocity dispersion closer to the plane.
The median velocity (red line) tend to show a slight decrease,
45kms~! and 9kms™! for the low- and high latitude samples,
respectively. There are essentially no differences in these trends
or values whether we consider the whole sample, or if the sam-
ple is split into a low-metallicity and a high-metallicity sample
(not shown in the figure).

The velocity dispersion with Galactic longitude appears to
show its largest values closer to the Galactic centre (I = 0),
with slightly decreasing values for greater /. Again, this does not
come out very clearly in the plots, but by plotting in longitude
bins (closer or farther than 2 degrees from the Galactic centre
direction) we find that the velocity dispersion is 120kms~! for
-2 <1 <2, 9kms™! for! > 2, and 80kms™! for I < =2,
and that is significantly lower in the outer samples than for the
sample closer to the Galactic centre. The median velocity is
positive at positive longitudes and negative at negative longi-
tudes (+36kms™! for I > 2, +28kms~! for -2 < [ < 2, and
—~18kms~! for [ > 2). Again, there appear to be no significant
differences whether we split the sample based on the metallici-
ties, or not (not shown in figure).

4 We correct our measured heliocentric radial velocities to the Galactic
centre using the relation vgc = vy ac +232 sin(!) cos(b) +9 cos(l) cos(b) +
7 sin(b) (obtained from http://leda.univ-1yonl. fr) which takes
the motion of the relative to the local standard of rest (LSR), and the
motion of the LSR relative to the Galactic centre, into account.

Williams et al. (2016) found that the velocity dispersion for
stars with super-solar metallicities drops steeply with latitude,
from about 100 kms™! at b = —4° to about 50 kms~! at —10°,
while the stars with sub-solar metallicities only show a shallow
decline. Our data span a shorter range in latitude and are located
slightly closer to the plane. In Fig. 19 the velocity dispersion has
been indicated, and we see indeed that it is lower for the part
of the sample that is farther from the plane. However, we do
see about the same decrease for metal-rich as well as for metal-
poor stars. Our sample is significantly smaller than the more than
2000 giants in Williams et al. (2016).

We have also checked the velocities and velocity dispersions
versus metallicity and age, respectively. We see no difference
in velocity or velocity dispersion between young and old stars.
Also, there are no trends of the median velocity nor velocity dis-
persion with age. The stars younger than 7 Gyr have a median
velocity of 20 kms™! with a dispersion of 107 kms~!, while the
stars older than 7 Gyr have a median velocity of 32 kms™!' with
a dispersion of 104 kms~'.

In all, and even though the sample is much smaller, the
kinematics of the microlensed bulge dwarfs are consistent with
what has been found from other surveys such as BRAVA
(Kunder et al. 2012) and ARGOS (Ness et al. 2013b) that each
contain several thousands of stars.

10. Elemental abundances
10.1. Abundance trends

Figures 20-23 show the abundance trends with Fe as the ref-
erence element for the 90 bulge dwarfs. The stars have been
colour-coded based on their estimated ages (redder is older, bluer
is younger), and the background stars are Solar neighbourhood
thin and thick disk dwarf stars from Bensby et al. (2014). Again
we point out that these stars have been analysed using the ex-
act same methods as used for the microlensed bulge dwarfs. In
general we find that the microlensed bulge dwarfs follow well-
defined abundance trends.

10.1.1. a-elements Mg, Si, Ca, and Ti

The a-elements are useful tracers of Galactic chemical evolution
as they are believed to mainly come from one type of source,
core-collapse supernovae (e.g. Arnett 1996; Woosley & Weaver
1995), even though some of them might have significant con-
tributions from low-mass stars as well (e.g. Thielemann et al.
2002). Characteristic features in the [a/Fe] — [Fe/H] diagram
are the @-enhanced plateau at low metallicities, due to fast en-
richment from massive stars, that starts to decline once the
enrichment from low-mass stars becomes significant, creating
the “knee” in the [a/Fe] — [Fe/H] diagram. The location of
this knee depends on the relative roles of SNII and SNIa, and
will shift to higher metallicities for higher star formation rates
(Matteucci & Greggio 1986).

The abundance trends for the a-elements (Mg, Si, Ca, and
Ti) show the typical signature of fast chemical enrichment, that
means starting out at an enhanced [«/Fe] level representing the
enrichment from short-lived massive stars. At [Fe/H] ~ —0.5
there is a downturn in the [a/Fe] ratio due to the enrichment
from low- and intermediate mass stars that produce none or very
little of the a-elements. At sub-solar [Fe/H] the bulge dwarfs
tend to follow the same trends as can be seen for nearby thick
disk stars. However, at the same time it appears as if the bulge
abundance ratios are somewhat closer to the upper envelope of
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Fig. 20. Abundance trends with Fe as reference element for the microlensed dwarf sample. The stars have been colour coded according to their
ages (colour bar on the right-hand side). Grey circles in the background are the Solar neighbourhood dwarf stars from Bensby et al. (2014).

the abundance trends defined by the local thick disk. This will be
further investigated in Sect. 10.2.

10.1.2. Light odd-Z elements Na and Al

Sodium and aluminium are light odd-Z elements that appear to
come from several sources. Na is partly made in massive stars, in
the C-burning phase (e.g. Woosley & Weaver 1995), and partly
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from low-mass stars through the Ne-Na and Mg-Al cycles and
mixed to the surface when ascending the red giant branch (e.g.
Karakas 2010). Al is made in C and Ne burning in massive stars
(e.g. Arnett & Thielemann 1985), but can also come from the
Mg-Al cycle in massive AGB stars (e.g. Doherty et al. 2014).
Even though aluminium is a light odd-Z element it has
been found to more or less behave as the a-elements, that is
with a flat @-enhanced plateau at lower metallicities and then
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Fig. 21. Abundance trends with Fe as reference element for the microlensed dwarf sample. The stars have been colour coded according to their
ages (colour bar on the right-hand side). Grey circles in the background are the Solar neighbourhood dwarf stars from Bensby et al. (2014).

a knee at which the enhancement declines towards solar val-
ues. This was first noted by McWilliam (1997) and has since
then been observed in several studies of the Galactic disk (e.g.
Edvardsson et al. 1993; Bensby et al. 2014). As can be seen in
Fig. 21 this also holds for the bulge.

Sodium has a different behaviour, being slightly enhanced
at sub-solar metallicities, after which it rises rather strongly
at super-solar metallicities. The bulge data shows the same
trends as seen for the Solar neighbourhood stars. As discussed
by McWilliam (2016) there appears to be a zig-zag trend of
[Na/Fe], which suggests Na made by massive stars with a metal-
dependent yield. The trend of [Na/Fe] first goes up with [Fe/H],
since only massive stars are making Na and Fe, but then when
SNIa start to make a significant impact, the [Na/Fe] starts to de-
cline with [Fe/H]. Finally, when the SNII/SNIa ratio has reach
quasi-equilibrium, then [Na/Fe] begins to rise again. This quali-
tative picture is consistent with the [@/Fe] decline driven by time
delay of SNIa with respect to SNII and the SFR.

In general the observed trends for Na and Al are poorly
matched by chemical evolution models, and the outcomes are
very sensitive to the adopted stellar yields. Especially the strong
rise in [Na/Fe] at super-solar metallicities cannot be reproduced
by the models (e.g. Romano et al. 2010). Smiljanic et al. (2016)
used data from the Gaia-ESO survey to investigate the behaviour
of Na and Al and found that the chemical evolution models of
the two elements could not be simultaneously matched to the
observations.

The outcome from the microlensed bulge dwarfs does not
add further information to the origin and evolution of Na and Al,
besides that the bulge shares the abundance trends observed in
the local thin and thick disks. Also, similar as for the a-elements,
the [Al/Fe] trend appears to be located at the upper envelope of
the thick disk trend (see Sect. 10.2 for further discussion).

10.1.3. Iron-peak elements Cr, Ni, and Zn

Chromium and nickel show extremely well-defined abundance
patterns, scaling more or less perfectly with Fe (although with a
slight upturn at super-solar [Fe/H] for Ni), and in full agreement
with the trends seen in the Solar neighbourhood. In the Solar
neighbourhood sample it is seen that the [Ni/Fe] is separated for
the thin and thick disks at sub-solar metallicities with the thick
disk being slightly more enhanced. Even though the separation
between the thin and thick disks is less than about 0.05 dex we
see that the bulge dwarfs essentially fall on top of the thick disk
sequence, again highlighting the similarities between the thick
disk and the metal-poor bulge.

Zn is one of the most important elements for supernova
physics (Nomoto et al. 2013) and is also an important element
for studies of distant damped Lyman « systems as Zn is not de-
pleted onto dust (e.g. Kobayashi et al. 2006). It is believed to be
produced in both massive stars as well as low mass stars (e.g.
Nomoto et al. 1997b,a; Mishenina et al. 2002). The bulge data
does not appear to reveal any new insights into the origin of Zn.
It is, however, consistent with the results seen for the a-elements
in the sense that the metal-poor bulge stars follow the local thick
disk trends. An important observation is that Zn does not scale
directly with Fe, and can therefore not be used as a direct proxy
for Fe in studies of the distant Universe. The somewhat large
scatter in the [Zn/Fe]-[Fe/H] plane is most likely due to that the
Zn abundances for the bulge stars are based on the analysis of a
single Zn1 line.

10.1.4. Neutron-capture elements Y and Ba

Y and Ba are slow neutron-capture (s-process) elements that
mainly are made in AGB stars (e.g. Karakas & Lattanzio 2014).
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Fig. 22. Abundance trends with Fe as reference element for the microlensed dwarf sample. The stars have been colour coded according to their
ages (colour bar on the right-hand side). Grey circles in the background are the Solar neighbourhood dwarf stars from Bensby et al. (2014).

The [Y/Fe] and [Ba/Fe] trends in Fig. 23 show good agreement
between the bulge and the local disks. Both elements more or
less appear to follow Fe, although with a larger scatter than in
the disk. It should be noted that Ba shows large NLTE effects
for stars with effective temperatures larger than about 6100 K
(e.g. Korotin et al. 2011). These have been marked with crosses
in both the disk sample and in the bulge sample in Fig. 23. It is
specially around solar metallicities that the Ba abundances are
enhanced due to this.

10.2. The location of the a-knee

The vertical location of the [@/Fe]-plateau is an indicator of the
initial mass function (IMF) and the horizontal location of the
down-turn (the “knee”) an indicator of the star formation rate
(SFR) (e.g. McWilliam 1997). Hence, if real, the slight vertical
offset in [a/Fe] between the bulge and the local thick disk could
mean that the bulge IMF is different from that of the local disk
and most other Galactic populations. However, observations of
resolved stellar populations and integrated properties of distant
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galaxies have shown that there are no significant variations in
the IMF, and that the IMF most likely can be considered to be
universal (e.g. Bastian et al. 2010). Hence it is unlikely that the
IMF would be the cause for the apparent offset seen between the
bulge and nearby thick disk. Another explanation could there-
fore be that the SFR has been different in the bulge compared
to the disk. This would manifest itself as a horizontal shift of
the [a/Fe]-knee towards higher [Fe/H] for the bulge abundance
trends.

To investigate if the [a/Fe]-knee for the metal-poor bulge
stars is located at a higher metallicity than for the (local) thick
disk or not, Fig. 24 shows the generalised [a/Fe] distributions
for Mg, Si, Ca, and Ti, in two different [Fe/H] intervals; —1 <
[Fe/H] < —0.5 and —0.5 < [Fe/H] < —0.1, referred to as the
“plateau” and “downturn” regimes, respectively. The blue lines
represent the microlensed bulge dwarf sample, and the red lines
the local thick disk stars from Bensby et al. (2014), here selected
as those stars that have lower age estimates greater than 8 Gyr.
To simulate horizontal shifts of the [a/Fe]-knee, the metallic-
ities of the local disk sample have been shifted by +0.20 dex,
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shown by red dotted and dashed lines, respectively, in Fig. 24.
The right-hand side of the figure shows how the a-enhancement
differences between the microlensed dwarf stars and the local
thick disk vary for metallicity shifts between —0.3 to +0.3 dex.
The difference is defined as the distance between the peak val-
ues of the blue and read distributions (as illustrated for a few
examples in the plots on the left-hand side).

In the plateau regime the bulge sample shows slight a-
enhancement offsets of 0.03—0.05 dex in Mg, Si, and Ca, and of
about 0.09 dex in Ti. To put the thick disk and bulge plateaus at
the same level, shifts of about 0.1-0.3 dex are needed in the Mg,
Si, and Ca cases. For Ti we cannot put the two populations on the
same a-enhancement level on the plateau, no matter how much
the metallicity is shifted. In the case of the downturn regime,
positive metallicity shifts of about 0.08 dex are needed for Mg
and Ca, while negative shifts of about —0.05 dex are needed for
Si and Ti. These inconsistent results shows that it will be diffi-
cult to put strong claims that the bulge has experienced a much
faster enrichment history than that of the thick disk. Mg and Si
appears to indicate that it is the case, while Ca and Ti give inde-
cisive results.

Another possibility could be that the [Fe/H] scale of the
bulge dwarfs is offset compared to the Solar neighbourhood
stars, even though they have been analysed in the same way. If
that were the case there would most likely also be an offset in the
[Ni/Fe] and [Cr/Fe] trends between the bulge and the local disk.
Actually, there appears to be a slight negative offset of around
0.01-0.02 dex for Cr and a positive offset of about 0.03 dex for
Ni. Both are more or less constant for different metallicity shift.
As they do not both have either a positive or negative offset it
is unlikely that there is an overall offset in [Fe/H]. The reason
the off'sets we see are hence unclear, but could be due to the fact

that the microlensed bulge dwarf spectra in general have lower
S/N than the thick disk dwarfs analysed in Bensby et al. (2014),
and that the analysis is based on a lower number spectral lines.
This could be investigated further, but is outside the scope of the
present paper.

We conclude that the [a/Fe]-knee appears to be located at
a slightly higher metallicity than in the local thick disk. This
result is however inconclusive and needs further confirmation
with larger samples.

10.3. [a/Fe] as a proxy for age?

In the Solar neighbourhood F and G dwarf stars show a rel-
atively tight relation between the enhancement of a-elements,
for example [Ti/Fe] or [Mg/Fe], and age (Haywood et al. 2013;
Bensby et al. 2014). This fact has been used to assign an old age
to stars with a high [a//Fe] ratio and a younger age to stars with
lower [a/Fe] ratios. However, in the plots of [a/Fe] versus age
there are always a few stars that do not follow the trend, no-
tably there are some stars with young age but high [a/Fe] and
some stars with high age and low [a/Fe]. A recent example of
this are the high-«, but young stars found in two studies using
masses from asteroseismic studies to obtain ages for the stars
(Chiappini et al. 2015; Martig et al. 2015). Recent radial veloc-
ity studies by Yong et al. (2016) and Jofré et al. (2016) argue that
these stars are instead blue stragglers, meaning they are binary
stars that have gained mass via mass transfer. The higher mass
make them look younger than they are. If this is the cause of the
young ages seen in the local studies of stars that are clearly not
in binaries remains to be verified.

Figure 25 shows for the microlensed bulge stars the four
alpha-elements Mg, Si, Ti, and Ca relative to Fe as a function of
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age. We see essentially the same type of structures in this figure
as seen in local samples; however, the number of stars in differ-
ent regions of the plot might differ. Overall the microlensed stars
show that stars with iron abundances at solar or higher values
have low [Ti/Fe] at ages 0-7 Gyr, stars with low [Fe/H] in the
same age range instead have high [Ti/Fe]. This compares well
with what is seen in local sample (which is shown in the plot).
At higher ages we find that more than two-thirds of our stars
have high [@/Fe] and low [Fe/H]; but there are also stars with
high age and low [Ti/Fe] and super-solar metallicities.

The microlensed bulge dwarf sample and its similarity to
that of larger samples in the Solar neighbourhood appears to
point to; a) overall there is a trend such that older stars have
higher [@/Fe] abundances and lower [Fe/H]; b) these properties
are universal; c) there are stars at all ages of all metallicities
and a-enhancements, in fact at high ages there can be a non-
negligible fraction of super-solar metallicity stars. These last
points weaken the usage of [«/Fe] as a proxy for age.

10.4. [Y/Mg] as proxy for age?

Recently a number of studies have looked at the relation be-
tween various elemental abundances and stellar age for turn-
off stars and subgiant stars (e.g. Nissen 2015; Tucci Maia et al.
2016; Spina et al. 2016). These studies of Solar neighbourhood
stars have used spectra with very high signal-to-noise ratios,
and by selecting only stars with very similar stellar parameters
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(essentially solar-like) they have achieved remarkable precision
in both elemental abundances and age determinations. A ma-
jor finding from these studies is the very tight relation between
[Y/Mg] and age for stars with thin disk kinematics and solar tem-
perature and surface gravity. If the relation is universal, then this
provides an interesting way to obtain stellar ages without having
to compare the stellar parameters to isochrones or evolutionary
tracks.

In a recent paper, Feltzing et al. (2017) challenged the uni-
versality of this relation. Using a much larger sample of stars,
albeit with somewhat lower signal-to-noise ratios in the stellar
spectra but covering a much wider range in [Fe/H] they showed
that the [Y/Mg] with age trend is a function of [Fe/H]. This can
be understood from the nucleosynthesis of the three elements
involved. Magnesium is a so called a-element and is mainly
produced in core collapse supernovae, while iron is produced
also in the SNIa. This means that once the SNla start to con-
tribute the ratio of [Mg/Fe] will go down, this is the classical
knee seen in all plots of a-elements (e.g. Bensby et al. 2004;
Hayden et al. 2015). Yttrium, on the other hand, is produced
through the s-process, which occurs in asymptotic giant branch
stars. These are stars in the mass range of 1 to 8 solar masses.
This means that the release of yttrium will increase with time as
the lower mass stars will contribute at a later time. Thus younger
stars have higher yttrium content than older stars and as the
magnesium content does not increase as much, the [Y/Mg] ra-
tio would become a clock. However, the production of yttrium
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Fig. 25. a-abundances versus age for the microlensed dwarf sample.
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Bensby et al. (2014).

depends on the amount of seeds available, which in this case is
iron. This means that when the iron content in the stars go up,
the production of yttrium is much enhanced.

Figure 26 shows a comparison of the data from Bensby et al.
(2014) used by Feltzing et al. (2017) and the data from the
micro-lensed dwarf stars. Overall the bulge stars follow the trend
found in the Solar neighbourhood, that on average the older stars
have lower [Y/Mg]. The spread in [Y/Mg] in the Solar neigh-
bourhood at a given age (especially between about 4—-6 Gyr) is
due to the range of [Fe/H] at those ages (compare Fig. 1 in
Feltzing et al. 2017). On average the more metal-rich and young
bulge dwarf stars also have the larger [Y/Mg] values and vice
versa for the metal-poorer, young stars. We note that three so-
lar metallicity stars in the bulge sample appears to have anoma-
lously high [Y/Mg] for their age. If this is a true feature of the
bulge or just statistical errors remains to be investigated. One

Chemical evolution of the Galactic bulge as traced by microlensed dwarf and subgiant stars. VI.

Age [Gyr]

Fig. 26. [Y/Mg] versus age for the microlensed dwarf sample. The stars
have been colour coded according to their metallicities (as shown by the
colour bar on the right-hand side). The grey circles in the background
are the Solar neighbourhood F and G dwarf stars from Bensby et al.
(2014).

way to investigate this could be to obtain ages from asteroseis-
mic data for red giant branch stars in the bulge and compare their
[Y/Mg] in same way. This would then also need to be normalised
to studies in the Solar neighbourhood where the stars can be ob-
served with high signal-to-noise ratio spectra.

To conclude, we find that on average the bulge stars appear
to show the same trends as observed for Solar neighbourhood
stars and also indicating, as outlined in Feltzing et al. (2017),
that although the general trend of [Y/Mg] is a declining function
of age, there is a second parameter (Fe) that removes this as a
useful age indicator for dwarf stars.

11. Discussion
11.1. The metallicity distribution of the Milky Way bulge

The first spectroscopic observations of the source star during
a microlensing event was carried out by Lennon et al. (1996)
who used the EMMI spectrograph at the ESO NTT telescope.
The spectrum of 96-BLG-3 had a resolving power of about
1100 and they derived a very high metallicity in the range
+0.3 to +0.6 dex. Next Minniti et al. (1998) observed a main se-
quence star in the Galactic bulge, using Keck as a “15 m tele-
scope” while the target was magnified approximately 2.5 times.
These studies opened up new possibilities to study the chemi-
cal composition of the Galactic bulge, and was soon followed by
Cavallo et al. (2003) who presented the first detailed analysis of
six microlensed stars, a mix of dwarf stars and giants. The spec-
tra had a resolving power that is somewhat lower than what is
considered as useful for detailed high-resolution spectroscopic
abundance analysis, and the signal-to-noise ratios were also on
the low side. Hence they could only make some overall esti-
mates on the metallicities and deduce only a few individual abun-
dances. The first detailed abundance analysis, using spectra of
high-resolution and high signal-to-noise (R ~ 40 000, S /N > 50)
was presented by Johnson et al. (2007). They found a very high
metallicity at [Fe/H] = +0.56, at that time the most metal-rich
star ever observed. The subsequent two events by Johnson et al.
(2008) and Cohen et al. (2008) also turned out to be very metal-
rich, with both being more metal-rich than [Fe/H] > +0.30.
These results were in stark contrast with the results from the
giant star studies, which showed a metallicity distribution that
peaked around solar values, although with long tails (e.g. Rich
1988; Zoccali et al. 2008). The giant studies generally contained
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Fig. 27. Illustration on how the microlensed bulge dwarf MDF has
evolved between the papers published so far. The lowest black his-
togram includes the first 6 stars from Johnson et al. (2007, 2008),
Cohen et al. (2008, 2009), Bensby et al. (2009b), and in the decreasing
shades of grey the next histograms include, 9 stars from Bensby et al.
(2010b), 11 stars from Bensby et al. (2011a), 32 stars from Bensby et al.
(2013), and the final almost white histogram the 32 new stars from this
work, now in total 90 stars.

several hundreds of stars, but as the analysis of dwarf stars are
considered to be easier due to less crowded spectra, and with
smaller uncertainties, it was suggested that perhaps the metal-
rich giants in the bulge for some unknown reason were miss-
ing, and that the bulge is much more metal-rich than previously
thought. Bensby et al. (2009b) analysed the first microlensed
dwarf at sub-solar metallicities, a subgiant at [Fe/H] = —0.33,
showing that the bulge actually does contain stars of lower metal-
licities. The same year Cohen et al. (2009) added another two
events to the collection of now six microlensed bulge dwarfs and
both of them were, again, extremely metal-rich. By randomly
drawing six stars from the sample of more than 200 red giants
from Zoccali et al. (2008) and Cohen et al. (2008) showed that
it is extremely unlikely that the MDFs from microlensed bulge
dwarf stars and bulge red giants represent the same underlying
bulge MDF. An explanation that was brought forward was that
the metal-rich red giant stars were missing due to strong stellar
winds. The MDF at this time, consisting of five stars at super-
solar [Fe/H] and one a sub-solar, is shown as the lowest gen-
eralised histogram in Fig. 27. Shortly thereafter Bensby et al.
(2009a) presented the analysis of a second metal-poor bulge
dwarf, now at [Fe/H] ~ —0.86, again showing that there truly
exist metal-poor dwarf stars in the bulge. Bensby et al. (2010b)
then added a few events, several of them at sub-solar [Fe/H]
and re-analysed all previous events in order to have them anal-
ysed in a consistent manner. The sample now consisted of in
total 16 events and the MDF they presented was clearly bi-
modal with a lack of stars at solar metallicities (the next gen-
eralised histogram in Fig. 27). Bensby et al. (2011a) added an-
other 10 events, now in total 26 events, and found indications of
a bi-modal MDF, with no stars at solar metallicities. This was
changed with the next paper, Bensby et al. (2013), that added
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another 32 events for a total 58 events, and where a substantial
fraction actually had solar or around solar [Fe/H]. The MDF was
wide, and indications of multiple components, similar to the ones
claimed by Ness et al. (2013a) started to emerge. With this last
addition of 32 more events, to a total of 90 microlensed dwarf
and subgiant stars in the bulge, the peaks in the MDF are even
more pronounced, and by looking at the generalised histograms
in Fig. 27, one can see that they appear to have been present
more or less from the start, just becoming better defined as the
data sample has grown in size. The first few microlensing events
all turned out to be very metal-rich, and the first 26 events had
no stars with solar metallicities, most likely due to low number
statistics, and demonstrates that it is dangerous to draw conclu-
sions based on small samples.

11.2. The age distribution of the Milky Way bulge

The Galactic bulge has for a long time been viewed as a gen-
uinely old, if not the oldest, stellar population of the Milky
Way. The main piece of observational evidence has been the ob-
served red colours of the turn-off in the colour-magnitude dia-
grams (e.g. Terndrup 1988; Renzini 1994; Kuijken & Rich 2002;
Zoccali et al. 2003; Clarkson et al. 2008; Valenti et al. 2013;
Gennaro et al. 2015). As demonstrated in Bensby et al. (2013)
an old turn-off will be apparent if metallicity information for the
stars are lacking; old and metal-poor isochrones (10—12 Gyr and
[Fe/H] ~ —1) and intermediate-age and metal-rich isochrones
(4-5 Gyr and [Fe/H] > 0) are essentially indistinguishable from
each other (see also Haywood et al. 2016), and therefore the
whole population will be estimated to be old. With the advent
of the possibility of determining ages of individual stars in the
bulge from the spectroscopic observations of microlensed dwarf,
turn-off, and subgiant stars, we have seen that the bulge is not
a genuinely old stellar population. While it appears to be so at
metallicities below [Fe/H] < —0.5, at higher metallicities there
is a wide range of ages, and at super-solar metallicities the young
to intermediate age stars actually seem to be in majority (see
Fig. 13). The age determinations of the microlensed dwarf stars
in Bensby et al. (2010b, 2011a, 2013) have been re-confirmed
by Valle et al. (2015), and in this study we have further shown
that our age determination method and the Bayesian method by
Jgrgensen & Lindegren (2005b) give very similar results.

Other reasons for the discrepancies between the ages of the
microlensed stars and the photometric colour-magnitude dia-
gram studies have been proposed. One is that the bulge should
be significantly more enriched in He than the other Galactic stel-
lar populations (Nataf & Gould 2012). We investigated this in
Bensby et al. (2013) and found that there were small effects on
the derived ages, but far from being sufficient to make any sig-
nificant changes.

Additional observational indications of young components
in the bulge are shown by the excess of very bright stars in
the inner bulge, interpreted as coming from young star-forming
regions near the Galactic centre (Lopez-Corredoira et al.
2001); AGB stars (van Loonetal. 2003; Cole & Weinberg
2002; Uttenthaler et al. 2007); long-period Mira variables
with ages around 5 Gyr that follow the bar structure in
the bulge (Groenewegen & Blommaert 2005; Catchpole et al.
2016); around Terzan 5 two turn-off ages, one metal-poor ma-
jor population at 11 and one metal-rich minor at 4.5 Gyr
(Ferraro et al. 2016). Young stars in a predominantly old bulge
tend to lie closer to the plane (Ness et al. 2014). Additional ar-
guments for and against an old Galactic bulge can be found in
the review by Nataf (2016).
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11.3. Elemental abundance trends of the Milky Way bulge

The elemental abundance trends of the Galactic bulge have in
many studies been shown to be similar to those of the local
thick disk for sub-solar metallicities. This was first recognised
by Meléndez et al. (2008), and has since then been further ver-
ified in studies of both red giants (e.g. Alves-Brito et al. 2010;
Ryde et al. 2010; Gonzalez et al. 2011; Jonsson et al. 2017) as
well as dwarf stars (see Figs. 20-23, and Bensby et al. 2009b,
2011a, 2013). In Bensby et al. (2013), Johnson et al. (2014) and
Jonsson et al. (2017) there were indications that the match be-
tween the bulge and the local thick disk [e/Fe] — [Fe/H] trends
were not perfect, but that the bulge trends tended to placed closer
to the upper envelope of the thick disk trends. With the enlarged
sample of microlensed dwarf stars in this study it appears as if
the level of a-enhancement is slightly higher in the bulge than
in the thick disk. If it is real, the offset would indicate that the
star formation rate has been slightly faster in the bulge than in
the thick disk. This would not surprising since the stellar envi-
ronment is much denser in the inner parts of the Milky Way.
However, as demonstrated in Fig. 24 and discussed in Sect. 10.2
the evidence for this signature are inconclusive. But also other
studies have found indications of an offset between the bulge
and thick disk [a/Fe] abundance trends (Johnson et al. 2014,
Jonsson et al. 2017), so we do not reject the hypothesis.

Bensby et al. (2010a) found that the abundance trends of the
inner disk were similar to the ones in the Solar neighbourhood
(apart from a lack of low-a stars for [Fe/H] < —0.1 in the inner
disk, but seen in the local thin disk). Bensby et al. (2011b) fur-
ther showed that the outer disk seemed to be void of stars with a
thick disk abundance pattern. This was interpreted as being due
to the thick disk having a very short scale-length compared to
the thin disk. A short scale-length of the thick disk relative to
the thin disk means that the fraction of thick disk stars should
increase strongly as one gets closer to the Galactic centre, at the
expense of the fraction of thin disk stars that should decrease
for shorter galactocentric radii. This could explain why there are
essentially no stars at sub-solar [Fe/H] in the bulge with low a-
enhancements (compare the thin disk stars in Figs 20 shown by
small grey circles).

The abundance trends for the inner and outer disks seen
by Bensby et al. (2010a, 2011b) have later been confirmed by
other larger surveys such as for example, Hayden et al. (2015)
who used APOGEE data to trace the abundance pattern through-
out the Galactic disk at different Galactocentric radii and differ-
ent heights above or below the Galactic plane. Looking at their
[a/Fe] abundance trend for the stars located 0—0.5 kpc from the
plane, it appears as though the location of the [a/Fe]-knee is
at approximately the same position at the different Galactocen-
tric radii spanning the inner disk (4—8 kpc). Hence, there appears
to be no gradual change in the knee location with galactocen-
tric radius that potentially could match a possible slight shift (of
about 0.1 dex) in the [@/Fe]-knee that tentatively is suggested by
the microlensed dwarf stars. It should be noted that the abun-
dance structure close to the plane as a function of Galactocentric
radius is poorly constrained, and the APOGEE data might not
have the accuracy to reveal a gradual change in the location of
the [a/Fe]-knee of the order of 0.01 dex/kpc. More data is clearly
needed to probe the high-extinction inner regions of the Galactic
plane.

The metal-rich parts of the bulge abundance trends more or
less agree with what is observed in the solar neighbourhood.
Whether this means that the metal-rich parts of the bulge can be
directly associated with the thin disk is unsaid. If there is a thin

disk component in the bulge it is clearly lacking the metal-poor
parts down to about [Fe/H] ~ —0.8 that have been observed in
the thin disk in the Solar neighbourhood (e.g. Adibekyan et al.
2011; Bensby et al. 2014). This could be due to strong radial
metallicity gradient that has been observed for the a-poor disk
population, located at [Fe/H] = —0.4 for 13 < Rz < 15kpc,
at [Fe/H] ~ 0 at Ry = 8kpc, and at [Fe/H] ~ +0.4 for
3 < Rg < 5kpc (see lower panels of Fig. 4 in Hayden et al.
2015).

11.4. What is the Milky Way bulge?

As discussed above, during the last decade our view of the
Galactic bulge has changed dramatically: the metallicity distri-
bution appears to be the composite of two or even more peaks;
it is not uniquely old — at super-solar metallicities maybe up
to about 50% of the stars could be younger than 7-8 Gyr; the
a-enhancements at high metallicities have been shown to be at
solar-like levels, something that now also is supported by stud-
ies of red giant stars. Also, star counts have shown that there is
a bar (Stanek et al. 1994) that now is known to be x-shaped (e.g.
Nataf et al. 2010; McWilliam & Zoccali 2010; Saito et al. 2011,
2012). Furthermore, the bulge is where the highest density of the
oldest stars are expected to be found (Tumlinson 2010). These
are halo stars that are in the bulge, but not of the bulge. As the
density of stars in the bulge is very high, the relative fraction of
halo stars is very low and they are difficult to find (Howes et al.
2014, 2015). A major finding is that the bulge has cylindrical ro-
tation (Howard et al. 2009), which leaves very little room for a
classical bulge component (8%, Shen et al. 2010).

The above observations points to that the bulge should not
be regarded as a unique stellar population, but rather a region
of the Milky Way that contains a mixture of the other Galac-
tic stellar populations (after all the central region of the Galaxy
is where all the major stellar populations overlap). This ques-
tion of overlapping disk populations in the bulge has recently
been addressed by Di Matteo et al. (2014) who associated var-
ious parts and populations of the Galactic disk with the bulge
metallicity components found by Ness et al. (2013a) using the
ARGOS survey data. Components A ([Fe/H] = +0.21) and B
([Fe/H] = —0.17) originate from the (thin) disk, with the A pop-
ulation being formed on average closer to the Galactic centre
than the B population. Component C ([Fe/H] = -0.61) is as-
sociated with the old thick disk, and the minor components D
([Fe/H] = —1.10) and E ([Fe/H] = —1.60) perhaps to the halo
and (or) a small classical component.

The current study confirms the existence of these metallicity
peaks, and tentatively adds another peak at [Fe/H] = —0.17. The
two metal-poor peaks show age peaks around 11 Gyr (Figs. 16d
and e), and it is tempting to associate these age and metallicity
peaks with the stellar halo and thick disk. The metallicity peak
at +0.41 dex shows no clear age peak but rather an extended ir-
regular distribution in the range 2 to 8 Gyr (Fig. 16a). Possibly
this can be associated with the thin disk, that could have under-
gone variations in star formation history. The metallicity peak
at +0.12 dex is interesting as it shows a clear age peak at 8 Gyr
(Fig. 16b). This is the time in the history of the Milky Way that
has been associated with a transition between the thick and thin
disk eras. Could this peak be a sign of a significant episode of
star formation caused by a major event about this time, such
as a major merger? The ages seen for the metallicity peak at
—0.20dex are hard to interpret, one very old and some much
younger (Fig. 16c). This is also a region of the metallicity regime
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where thin and thick disk stars largely overlap, and hence that
might be why there are duality in the ages here as well.

In summary, all of these observations shows that the Milky
Way bulge has a very complicated structure and composi-
tion but taken together they clearly point to a formation
scenario for the Galactic bulge through secular evolution in
which a bulge and bar forms from buckling instabilities in
the disk (e.g. Combes et al. 1990; Kormendy & Kennicutt 2004;
Athanassoula 2005; Ness et al. 2012). However, maybe a more
realistic possibility includes several scenarios. For instance, a
low-mass classical bulge could have been lost in subsequent sec-
ular evolution (Saha 2015), and mixed scenarios has also been
observed in other galaxies (e.g. Prugniel et al. 2001), and is pre-
dicted from theoretical models (e.g. Tsujimoto & Bekki 2012;
Grieco et al. 2012). An interesting observation is that of Milky
Way-like galaxies in the high-redshift Universe, that has shown
that the central regions (the bulges) form and evolve in lockstep
with the disks (van Dokkum et al. 2013), which matches very
well the current understanding for a secular origin of the Milky
Way bulge.

12. Summary

Using gravitational microlensing as Nature’s magnifying glass
we have obtained high-resolution spectra for a total of 91 dwarf,
turn-off, and subgiant stars in the Galactic bulge. This has al-
lowed us to study the Galactic bulge at a level of detail that
has previously not been possible. In addition to high-precision
abundances we have been able to estimate individual ages for all
91 stars, which currently form the only bulge sample with ages
for individual stars. One of the targets, OGLE-2013-BLG-0911S
is most likely not located within the bulge region and has been
excluded from our final bulge sample (see Sect. 4). This object
is important as it demonstrates that we are able to identify a disk
target located outside the bulge region when we see one. Hence,
our findings based on the final sample of 90 microlensed bulge
dwarfs are:

1. We have shown that the bulge metallicity distribution is
very wide and that the underlying population does not have
a smooth distribution, but is dominated by several peaks.
We identify five peaks at [Fe/H] = +0.41, +0.12, —0.20,
—0.63, and —1.09. Four of these peaks align with the peaks
found in the ARGOS survey (Ness et al. 2013a). The peak at
[Fe/H] = +0.12 was not seen in the ARGOS data.

2. We find that the bulge has a very wide age distribution. At
metallicities below [Fe/H] ~ —0.5 essentially all stars are
older than 10 Gyr. At higher metallicities the stars span all
possible ages, from the youngest at around 1 Gyr, to the old-
est around 12—-13 Gyr. The fraction of young stars (<8 Gyr)
increases with metallicity. Below [Fe/H] =~ —0.5 essen-
tially all stars are old, below solar but more metal-rich than
—0.5 dex, the fraction is around 20%, and above solar metal-
licity more than one third of the stars are younger than 8 Gyr.

3. We have found first indications that the star formation his-
tory of the bulge shows several peaks, with major episodes
about 11, 8, 6, and 3 Gyr ago. The two oldest ones could be
associated with the two major disk populations, the onset of
the thick and thin disks, while the younger ones could pos-
sibly be associated with the younger parts of the thin disk in
connection with the Galactic bar.

4. The knee in the bulge [a@/Fe] — [Fe/H] abundance trends
appears to be located at slightly higher [Fe/H], about
0.1 dex, than what is observed in the local thick disk. If the
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metal-poor bulge is connected to the thick disk, this means
that the star formation rate was faster in the inner parts of the
thick disk. This finding is tentative and needs further confir-
mation.

5. We suggest that the (V — I)q colour of the bulge red clump
should be revised to 1.09.

These findings, together with other findings such as the cylindri-
cal rotation (Kunder et al. 2012), points to a secular origin for
the Galactic bulge. It cannot completely rule out a small contri-
bution of a classical bulge, which may be that the stellar halo
is present also in the bulge region. The bulge is quite likely to
be a conglomerate of stellar populations, meaning that it is not
a unique stellar population on its own, but the central region of
the Milky Way where all the other populations also reside and
widely overlap. Due to buckling instabilities in the early phases
of the history of the Milky Way, the Galactic bar was formed out
of disk material.

We now believe that our sample is a statistically significant
sample. In order to truly resolve new features in the age, metal-
licity, and abundance trends and distributions, we think that the
sample needs to be increased by a factor of at least 5 to 10. Al-
though the microlensing surveys themselves have substantially
improved the last years and if significant efforts were put in,
high-mag events could be alerted at perhaps double the rate that
we found them. However, these efforts are currently unavailable.
Hence, with these 90 microlensed dwarf and subgiant stars in the
bulge we have ended our observing campaign in its current form.
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Appendix A: Additional tables

We are providing two additional tables. The first table
(Table A.2) gives the equivalent widths and elemental abun-
dances for individual lines in all stars as well as in the Sun. The
second table (Table A.1) gives the results, radial velocities, ages,
abundance ratios, uncertainties, and microlensing parameters for
the full sample of 91 stars (including OGLE-2013-BLG-0911S
that is excluded from the final bulge sample, see Sect. 4). Details
on both tables are given below.

Table A.1. Description of the data table for the full sample of 91 stars.

Column Parameter Unit Description

(€)) Nr Internal numbering of star
(2) Name Name of microlensing source
3) RAJ2000 [hhmmss] Right ascension (J2000)

4) DEJ2000 [ddmmss] Declination (J2000)

(@) ) [deg] Galactic longitude

(6) b [deg] Galactic latitude

7 Te [days] Duration of the event

8) T'max [HID] Time of maximum magnification
) Amax Maximum magnification

(10)  Tobs [MJD] Time when observed

(11)  Exp. [s] Exposure time

(12) S/N S /N per pixel at 640 nm

(13)  Spec. Spectrograph that was used

(14) R Spectral resolving power

(15) Teg [K] Effective temperature

(16)  e(Ter) [K] Effective temperature uncertainty
(17) logg [cgs] Surface gravity

(18) e(logg) [cgs] Surface gravity uncertainty

19 & [kms™'] Microturbulence parameter

20)  €(&) [kms™'] Microturbulence uncertainty

(21)  [Fe/H] Tron abundance normalised to Sun
(22)  €[Fe/H] Iron abundance uncertainty

(23) N(Fel) Number of Fe I lines

(24) N(Fell) Number of Fe II lines

25) o(Fel) Fe I line-to-line scatter

(26) o(Fell) Fe II line-to-line scatter

Q27 o [kms~!] Heliocentric radial velocity

28) g [kms~!] Galactocentric radial velocity
29 M Mg Stellar mass

30) M) Mo Lower limit on stellar mass

G M) Mo Upper limit on stellar mass

(32) Age [Gyr] Stellar age

(33)  Age() [Gyr] Lower limit on stellar age

(34) Age(u) [Gyr] Upper limit on stellar age

35)  (V-=I) [mag] Colour from spectroscopy

(36) (V-D)o(l) [mag] Lower limit on colour

37  (V-Do(u) [mag] Upper limit on colour

38) My [mag] Abs. magnitude from spectroscopy
39) My [mag] Lower limit on abs. mag.

40) My(u) [mag] Upper limit on abs. mag.

@41 My, [mag] Absolute mag. from microlensing
42) (V-Do,, [mag] Colour from microlensing

(43) T: & [K] Effective temp. from microlensing
(44) [Na/Fe] [Na/Fe] abundance ratio

(45)  €[Na/Fe] Uncertainty in abundance ratio
(46) N(Na) Number of Na lines used

@47) o([Na) Na line-to-line scatter

(48)—(51) Mg
(52)~(55) Al
(56)~(59) Si

(60)~(63) Ca
(64)~(67) Ti

(68)=(71) Cr
(72)~(75) Ni
(76)~(79) Zn
(80)~(83) Y

(84)~(87) Ba

Same as Cols. 40—43 but for Mg
Same as Cols. 40-43 but for Al
Same as Cols. 40-43 but for Si
Same as Cols. 40—43 but for Ca
Same as Cols. 40-43 but for Ti
Same as Cols. 40-43 but for Cr
Same as Cols. 40-43 but for Ni
Same as Cols. 40—43 but for Zn
Same as Cols. 40-43 but for Y
Same as Cols. 40—43 but for Ba

Notes. The table is only available at the CDS.

Table A.2. Measured equivalent widths and calculated elemental abun-
dances for all 91 microlensing events (including OGLE-2013-BLG-
09118 that is excluded from the final bulge sample, see Sect. 4) and
the Sun.

Sun Star 1 Star 91
eX) W, eX) --- W, eX)

Element A X1
[A] [eV] W,

Notes. For each spectral line we give the wavelength, the log gf value,
the lower excitation energy (x;), the equivalent width (W,), and the ab-
solute abundance (log €(X)). The table is only available at the CDS.

A89, page 27 of 34



A&A 605, A89 (2017)

Appendix B: Microlensing light curves
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Fig. B.1. Light curves for the 33 new microlensing events (including OGLE-2013-BLG-0911S that is excluded from the final bulge sample,

HJD - 2456500

HJD - 2456500

HJD - 2456500

see

Sect. 4). 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 ().
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Fig. B.1. continued.
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Appendix C: Age probability distributions and G functions
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Fig. C.1. Red histograms: individual age probability distribution functions that were used to estimate the ages for all 91 stars. The estimated age
is indicated by the red circle. The figures also show the individual G functions (blue lines) for the alternative age determination method, and the
estimated ages from this method are marked by blue circles. Each plot contains the name of the target, and the plots have been sorted by estimated
age (low to high).
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Fig. C.1. continued.
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Fig. C.1. continued.
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Fig. C.1. continued.
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Appendix D: Balmer line wing profiles
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Fig. D.1. Comparison between synthetic spectra based on the spectroscopic temperatures (full blue lines) and temperatures from microlensing
techniques (dashed red lines) to the observed He line profiles at 6563 A for the 33 new stars. The stars are sorted by metallicity. Similar plots can
be found for the other 58 stars in Bensby et al. (2011a, 2013).
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