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ABSTRACT

We analyze a high-resolution spectrum of a microlensed G dwarf in the Galactic bulge, acquired when the star was
magnified by a factor of 110. We measure a spectroscopic temperature, derived from the wings of the Balmer lines,
that is consistent with the photometric temperature, derived using the color determined by standard microlensing
techniques. We measure ½Fe/H� ¼ 0:36 � 0:18, which places this star at the upper end of the bulge giant metallicity
distribution. In particular, this star is more metal-rich than any bulge M giant with high-resolution abundances. We
find that the abundance ratios of � and iron-peak elements are similar to those of bulge giants with the same metallic-
ity. For the first time, wemeasure the abundances of K and Zn for a star in the bulge. The [K/Mg] ratio is similar to the
value measured in the halo and the disk, suggesting that K production closely tracks � production. The [Cu/Fe] and
[Zn/Fe] ratios support the theory that those elements are produced in Type II SNe, rather than Type Ia SNe. We also
measured the first C andN abundances in the bulge that have not been affected by first dredge-up. The [C/Fe] and [N/Fe]
ratios are close to solar, in agreement with the hypothesis that giants experience only canonical mixing.

Subject headinggs: Galaxy: abundances — Galaxy: bulge — Galaxy: evolution — gravitational lensing —
stars: abundances

Online material: color figures, machine-readable table

1. INTRODUCTION

The Galactic bulge underwent an intense burst of star forma-
tion early in the formation of the Galaxy, leading to a very differ-
ent stellar population and chemical evolution history than found
in the Milky Way disk or halo (e.g., Ortolani et al. 1995; Zoccali
et al. 2003;McWilliam&Rich 1994). In particular, massive stars
may dominate the pollution at almost all metallicities, leading
to unique abundance patterns (e.g., Lecureur et al. 2007). Similar
events are thought to mark the formation of other galactic spher-
oids, making the bulge stellar population a template for interpret-
ing extragalactic observations. As a result of its unique formation
history in the Galaxy, the bulge has been the subject of intensive
study.

The detection of RRLyrae stars (Baade 1946) first indicated that
the bulge contained old stars. With deeper photometry, the main-
sequence turnoff (MSTO) of the bulge was detected. Terndrup
(1988) found a mean age of 11–14 Gyr for stars in Baade’s win-
dow, with a negligible fraction of stars with ages<5Gyr. Photom-
etry reaching more than 2 mag below the MSTO with the Hubble
Space Telescope confirmed the generally old nature of the bulge
(Ortolani et al. 1995; Holtzman et al. 1998), although Feltzing &
Gilmore (2000) included a reminder that a youngmetal-rich pop-
ulation has MSTO colors and luminosities similar to an older,
more metal-poor population. Therefore, deriving ages reliably
from photometry of the MSTO requires adequate knowledge
of the bulge metallicity distribution function (MDF), specifically
for the MSTO stars. However, because of the faintness of those

stars, the measurement of the bulge MDF has historically relied
on giants.
Since the discovery of bothMgiants andRRLyrae stars, it has

been known that the bulge giants span a wide range in metallic-
ity. Low-dispersion spectra provided the first quantitative mea-
sure of theMDF (Whitford&Rich 1983; Rich 1988). Sadler et al.
(1996) measured indices from low-dispersion spectra of 268 K
giants (both red clump stars and first-ascent giants) to derive a
meanmetallicity5 h½Fe/H�i ¼�0:11,with a dispersion of 0.46 dex.
Recalibration by Fulbright et al. (2006) based on high-resolution
spectra of 15 stars in common with the Sadler et al. (1996) sam-
ple reduced the mean metallicity to�0.22. Ramı́rez et al. (2000)
measured h½Fe/H�i ¼ �0:21 from low-dispersion near-infrared
spectra for 72 M giants in the inner bulge.
Zoccali et al. (2003) measured both the MDF of the bulge and

the age of the stars using deep photometry of the bulge in the
optical and near-infrared wavelengths. They constructed theMK

and (V � K )0 color magnitude diagram for a low-reddening win-
dow at (l; b) ¼ (0:277;�6:167). Because the slope of the red
giant branch (RGB) in these colors depends on the metallicity,
RGB stars with different metallicities fall on different parts of the
color-magnitude diagram. They could therefore use their photom-
etry to derive the MDF of 503 giants by comparing the positions
of bright (MK < �4:5) RGB stars with globular cluster fiducials
of known metallicity. After correcting for small biases in their
MDF caused by their magnitude cutoff, they find an MDF with
a peak at ½M/H� ¼ �0:1, a marked decrease at ½M/H� ¼ �0:2,
and few stars with ½M/H� < �1. Adopting the metallicities de-
rived from the giants for the MSTO dwarfs, they estimated that
the bulge is coeval with the halo and argued that the lack of stars
above the prominentMSTOof the bulge ruled out a significantly
younger population. Thesemeasurements of the bulge giantMDF
can be improved bymetallicitymeasurements fromhigh-dispersion

1 This paper includes data gathered with the 6.5 m Magellan Telescopes lo-
cated at Las Campanas Observatory, Chile.

2 Department of Astronomy, Ohio State University, 140 West 18th Avenue,
Columbus, OH 43210; jaj@astronomy.ohio-state.edu, gaudi@astronomy.ohio-
state.edu, gould@astronomy.ohio-state.edu.

3 Solar-Terrestrial Environment Laboratory Nagoya University, Nagoya, Japan;
umi@stelab.nagoya-u.ac.jp.

4 Institute for Information and Mathematical Sciences, Massey University,
Auckland, New Zealand;i.a.bond@massey.ac.nz.

5 We adopt the usual spectroscopic notation that ½A/B� � log10(NA /NB)?
log10(NA /NB)�.
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measurements of many stars in several fields throughout the bulge.
Recently, A. Lecureur et al. (2008, in preparation) and Zoccali
et al. (2008) have obtained a total of �1000 spectra of K giants
at R � 20;000 in four bulge windows. They confirm the metal-
rich nature of the bulge, with very few stars observed below
½Fe/H� ¼ �1 dex.

With such a metal-rich population having been reached so
quickly after star formation began, the bulge is expected to have
a distinct chemical evolution compared to other Galactic popula-
tions, such as the halo or the disk. For example, the contributions
of longer lived polluters, such as Type Ia supernovae (SNe) or
low-massAGB stars, should be small. Indeed,McWilliam&Rich
(1994) measured high [�/Fe] ratios in giants, in particular, high
[Mg/Fe] for [Fe/H] values up to solar, arguing for little Type Ia
SNcontribution of Fe compared to the thick or thin disks. Fulbright
et al. (2007) confirmed the overall enhancement in [Mg/Fe] and
strengthened the conclusion of McWilliam & Rich (1994) that
the other� abundance ratios do not track [Mg/Fe] exactly. [O/Fe],
[Si/Fe], [Ca/Fe], and [Ti/Fe] begin to decrease around ½Fe/H� ¼ 0,
while [Mg/Fe] does so at supersolar [Fe/H]. Fulbright et al. (2007)
suggested that metallicity-dependent Type II SN yields could ex-
plain the different behaviors of the �-elements. McWilliam et al.
(2007) explained the low [O/Mg] ratios in metal-rich bulge giants
through a different metallicity-dependent mechanism: Wolf-Rayet
winds leading to less effective O production in metal-rich massive
stars. By ½Fe/H� � 0:2, all the [� /Fe] ratios have begun to decline,
probably indicating the introduction of large amounts of Fe from
Type Ia SNe (e.g., Cunha & Smith 2006).

Several studies have looked at the abundances of the light
elements Na and Al in the bulge, two elements whose production
should depend on the metallicity of the massive stars that ex-
ploded as Type II SNe. Cunha & Smith (2006) measured Na in
sevenK andMgiants and found the predicted increase in [Na/Fe]
and [Na/O] in the most metal-rich stars. Lecureur et al. (2007)
found supersolar [Al /Fe] at all metallicities and, for ½Fe/H� > 0,
enhanced [Na/Fe] compared to the ratios in disk stars. Interest-
ingly, at higher metallicities the scatter in [Al/Fe] and [Na/Fe]
increased and became larger than could be explained by observa-
tional errors. Interpreting the Na and Al abundances as the result
of Type II SN production may be problematic. The surface abun-
dances of Al and Na have been shown to be increased by large
amounts of internal mixing in metal-poor globular cluster stars
(e.g., Shetrone 1996), where the products of proton-capture reac-
tions deep inside the star are mixed up to the surface, leading to
enhancements in these two elements. However, Lecureur et al.
(2007) argued that the C and N abundances in the giants they
studied were consistent with only mild mixing and, therefore,
that the high Na and Al had to be due to the overall chemical
evolution of the bulge. Cunha & Smith (2006) also found evi-
dence for mild mixing in giants, affecting C andN, but not O, Na,
or Al.

Finally, there is little information on the neutron-capture ele-
ments in the bulge. The absorption lines for these elements are
concentrated in the blue part of the optical spectrum, where the
crowding from Fe, CN, and other lines is severe. Near-IR spectra
have essentially no lines of these elements.While there are a few
lines of Ba in the red, these lines in metal-rich giants are so satu-
rated that reliable measurements are very difficult. As a result,
only the neutron-capture element Eu has published results so far.
McWilliam & Rich (1994) found ½Eu/Fe� > 0 in bulge giants,
which is likely because of the production of Eu in the r-process.
Measuring additional neutron-capture element abundances would
test this idea, because the r-process is better at making some ele-
ments (e.g., Eu) than others (e.g., Ba).

Our knowledge of the metallicity and abundance ratios of
bulge stars has generally been confined to the bright giants, which
are usually the only ones accessible to high-resolution observa-
tions. But studying the dwarfs has several advantages. Their
abundances of the elements such as C and N are unaffected by
dredge-up processes on the giant branch. We can measure ele-
ments, such as S and Zn, that are not measured in giants, because
the hotter temperatures of the dwarfs decrease the strength of CN
and increase the strength of certain atomic lines. In addition, it is
critical to know themetallicity of stars at theMSTO to accurately
measure the ages from their color and luminosity. Finally, indi-
vidual ages can be assigned to dwarf stars near the turnoff.

Microlensing, when a gravitating body passes in front of a back-
ground (or source) star, can magnify the source by many orders of
magnitude, making bulge dwarfs bright enough to be observed
at high spectral resolution with current technology. Minniti et al.
(1998) presented the first high-resolution spectrum of a bulge dwarf.
Cavallo et al. (2003) gave preliminary abundances for six stars,
including three bulge dwarfs, observed when they were magni-
fied by factors A < 30.

The advent of large surveys to identify and follow-up micro-
lensing events, such as the Microlensing Observations in Astro-
physics (MOA) collaboration,6 the Optical Gravitational Lens
Experiment (OGLE),7 the Microlensing Follow Up Network
(�FUN),8 and the Probing Lensing Anomalies Network
(PLANET),9 provides an even better opportunity to observe bulge
dwarfs. These groups systematically search for high-magnification
(A > 100) events. During these high-magnification microlensing
events, it is possible to obtain high-resolution, high signal-to-noise
ratio spectra of faint stars with a huge savings in observing time:
a factor A ; 100:4�m, where A is the magnification and�m is the
number of magnitudes below sky of the unmagnified star. In
Johnson et al. (2007), we reported the detailed abundances for a
highly magnified bulge dwarf, OGLE-2006-BLG-265S, which
from a 15 minute exposure at magnification A�135 was shown
to be one of the most metal-rich stars ever observed. It also pro-
vided the first measurements of S and Cu in the bulge. Here we
present a high-resolution spectrum of the bulge G-dwarf MOA-
2006-BLG-99S, taken at magnification A ¼ 110.

Finally, we respond to the challenge: ‘‘Ask not what micro-
lensing can do for stellar spectroscopy—askwhat stellar spectro-
scopy can do for microlensing.’’ There is one important way that
the spectroscopic study of bulge dwarfs can benefit microlens-
ing. Whenever a source approaches or transits a ‘‘caustic’’ ( line
of infinite magnification) caused by the lens, one can measure �,
the ratio of the angular source radius to angular Einstein radius
� ¼ �� /�E, from the microlens light curve. Then �� is inferred
from the dereddened color and magnitude of the source to yield
�E ¼ �� /�, which in turn provides important constraints on the
lens properties. Because spectroscopy is not normally available
for these microlensed sources, the dereddened color and magni-
tude are estimated by comparing the source position on an instru-
mental color-magnitude diagram with that of the clump and then
assuming that the bulge clump is similar to the local clump as
measured by Hipparcos (Yoo et al. 2004a). This procedure un-
doubtedly suffers some statistical errors and could suffer system-
atic errors as well. For example, the bulge clump may have a
different color from the local one. High-resolution spectra of an
ensemble of microlensed bulge sources will test this procedure

6 See http://www.massey.ac.nz/~iabond /alert.
7 See http://www.astrouw.edu.pl/~ogle /ogle3/ews /ews.html.
8 See http://www.astronomy.ohio-state.edu /~microfun /.
9 See http://planet.iap.fr/.
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for both statistical and systematic errors. For OGLE-2006-BLG-
265S, the standard microlensing procedure yielded (V � I )0 ¼
0:63 � 0:05, whereas Johnson et al. (2007) obtained (V � I )0 ¼
0:705 � 0:04 from high-resolution spectroscopy. This difference
hints at a possible discrepancy, but only by repeating this proce-
dure on a number of dwarfs can this be confirmed.

2. OBSERVATIONS

MOA-2006-BLG-99 was alerted as a probable microlensing
event toward the Galactic bulge (R:A: ¼ 17h54m10:99s, decl: ¼
�35�130038:00 [J2000.0]; l ¼ �4:48, b ¼ �4:78) by MOA on
2006 July 22. On July 23, MOA issued a further alert that this
would be a high-magnification event, with A > 100. Intensive
photometric observations were then carried by several collabora-
tions, including �FUN, primarily with the aim of searching for
planets (Mao&Paczyński 1991; Griest & Safizadeh 1998; Udalski
et al. 2005; Gould et al. 2006). Results of that search will be
presented elsewhere. The event actually peaked on July 23 (HJD
2,453,940.349) at A max � 350. One of us (B. S. G.) happened
to be at the Clay 6.5 m Telescope at the Magellan Observatory
when he received the flurry of�FUN e-mails describing this event.
He then interrupted his normal program to obtain a 20minute ex-
posure of this event at the beginning of the night, just after peak,
when the magnification was A ¼ 215. Unfortunately, the atmo-
spheric transparency was poor, and the observation had to be
interrupted after 1089 s when the cloud cover became too thick.
Conditions cleared several hours later, and he obtained two 20min-
ute exposures centered at UT 02:09:36 and UT 02:30:34 July 24,
when the magnification was A ¼ 113 and 107. We base our re-
sults on these higher quality spectra.

The observations of MOA-2006-BLG-99 were made using
the Magellan Inamori Kyocera Echelle (MIKE) double spectro-
graph (Bernstein et al. 2003) mounted on the Clay telescope on
Las Campanas. with seeing of 0.700–1.000. We used the 1.000 slit,
which produces R � 25;000 on the blue side and R � 19;000 on
the red side.

3. DATA REDUCTION

The data were reduced using the MIKE Python data reduction
pipeline (D. Kelson 2007, private communication), with the ex-
ception of the bluest orders containing theCH andCN lines,which
were reduced using the IRAF10 echelle package. The bias and
overscanwere subtracted. The wavelength calibrationwas derived
fromTh-Ar data. Flat fields were taken through a diffusor slide to
create ‘‘milky flats’’ that made the orders sufficiently wide to get
good flat fields along the edges of the orders of the data frames.
Parts of orders with overlapping wavelength coverage were co-
added together before analysis. These overlap regions are larger
for the bluer parts of the spectrum. Over the wavelength region
in which individual lines were measured (5300–8000 8), the
signal-to-noise ratio (S/N) is �30. The CN and CH band head
regions had lower S/N (S/N � 10).

4. ABUNDANCE ANALYSIS

We analyzed both the spectrum of MOA-2006-BLG-99S and
the spectrum of the Sun (Kurucz et al. 1984) using the same set
of lines, line parameters, and model atmosphere grids. We used
TurboSpectrum (Alvarez & Plez 1998), a one-dimensional LTE
code, to derive abundances. TurboSpectrum uses the recent treat-
ment of damping fromBarklem et al. (2000).We interpolated the

model atmosphere grid of ATLAS9 models11 updated with new
opacity distribution functions (Castelli &Kurucz 2003). The abun-
dances of most elements were determined from analysis of the
equivalent widths (EWs). The EWs for both MOA-2006-BLG-
99S and the Sun are presented in Table 1. We restricted the anal-
ysis to lines with EW 	 150m8. The EWswere measured using
SPECTRE12 (C. Sneden 2007, private communication). We com-
pared synthetic with observed spectra to determine abundances
for lines that were blended, for lines that had substantial hyper-
fine splitting, and for C and N that were measured from CH and
CN lines, respectively. Table 1 lists the transition probabilities
(i.e., log g f values) and sources for all the atomic lines used in
the analysis. The atomic parameters for the other lines used in the
spectral synthesis are fromT.Masseron (2007, private communi-
cation), and aremainly derived from theVALDdatabase (Piskunov
et al. 1995). We did not use lines that were severely blended, so
our choices for neighboring lines are not critical. We used the
solar atlas of Moore et al. (1966) to check for blending with tel-
luric features and eliminated the few lines that were affected.
The line lists for CH and CN are from B. Plez (2006, private

communication). The effect of hyperfine splitting (HFS) was in-
cluded for Sc, Mn, Cu, and Ba. The HFS constants were taken
from the sources listed in Johnson et al. (2006). HFS information
was not available for the Na or Al lines, so neither this study nor
the literature studies we use for comparison can correct for those
effects. However, the EWs of the lines in the giants (Fulbright
et al. 2007) and MOA-2006-BLG-99S are very similar, and the
slightly higher resolution of the former study should also help
compensate if the lines in the giants are stronger. Therefore, the
comparison between [Na/Fe] and [Al/Fe] values forMOA-2006-
BLG-99S and the literature values is robust, but the absolute val-
ues of these abundance ratios for all studies have a systematic
error. The O i triplet is affected by non-LTE effects. However, the
corrections are small for high-metallicity dwarfs (e.g., Gratton
et al. 1999) and our relative comparison to the Sun should com-
pensate for part of this effect. If we adopt the formula of Bensby
et al. (2004) we could expect a NLTE correction of �0.08 dex
larger than the Sun forMOA-2006-BLG-99S because of its lower
gravity and higher metallicity; however, we do not correct our

10 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

TABLE 1

Line Parameters and Equivalent Widths

Ion

Wavelength

(8) E.P. log g f

EWstar

(m8)
EWsun

(m8) Source

O i .............. 7771.941 9.15 0.370 101.5 70.2 1

O i .............. 7774.161 9.15 0.220 86.7 60.1 1

O i .............. 7775.390 9.15 0.000 71.1 47.4 1

Na i............. 5682.633 2.10 �0.710 148.1 96.9 2

Na i............. 5688.194 2.10 �0.400 150.6 118.7 2

Na i............. 6154.226 2.10 �1.570 60.9 35.9 2

Na i............. 6160.747 2.10 �1.270 82.3 55.8 2

Mg i............ 5711.088 4.33 �1.870 140.6 112.7 2

Mg i............ 7387.689 5.75 �1.270 141.2 70.6 2

Al i ............. 7836.134 4.02 �0.650 93.1 54.2 2

Notes.—Table 1 is published in its entirety in the electronic edition of theAstro-
physical Journal. A portion is shown here for guidance regarding its form and
content.

References—(1) VALDdatabase, Piskunov et al. 1995; (2) Bensby et al. 2003;
(3) Smith & Raggett 1981; (4) Pickering et al. 2001; (5) Johnson et al. 2006 and
references therein

11 See http://kurucz.harvard.edu /grids.html.
12 See http://verdi.as.utexas.edu /spectre.html.
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O abundances for this amount because the uncertainties in our
atmospheric parameters make this an estimate, not an exact num-
ber. In general, our comparison with the Sun should also compen-
sate for effects such as solar granulation (e.g., Asplund et al. 2000),
because these are both dwarfs with similar atmospheric parameters.

4.1. Atmospheric Parameters

We measured a TeA ¼ 5800 � 200 K using the wings of the
H� and H� lines (Fig. 1). Our uncertainty in the temperature is
based on the uncertainty in this fit, in particular the uncertainty in
the level of the continuum. We considered the continuum out to
�10 8 from the hydrogen lines. Temperatures derived from the
Balmer lines for metal-rich dwarfs show good agreement with
temperatures derived from the infrared flux method and from the
V � K colors (Mashonkina et al. 1999; Barklem et al. 2002). For
MOA-2006-BLG-99S, we compared the temperature derived from
the Balmer lines with that derived from excitation equilibrium
of the Fe i lines. The temperature derived from the Fe i lines was
very uncertain because the abundances derived from individual
lines were poorly determined due to the inadequate S/N of the
spectrum. The excitation equilibrium favored a higher tempera-
ture (+200 � 300 K). Next, we measured the microturbulent ve-
locity, �, by ensuring that the abundances derived from the Fe i
lines do not depend on their reduced EW. Our best-fit value was
� ¼ 1:5 km s�1. Changing � by �0.3 km s�1 gave marginal fits
to the data, and we adopt that as our uncertainty in �. The gravity
was measured by ionization balance for Fe i and Fe ii and for Ti i
and Ti ii. As a sanity check, in Figure 2 we compare the atmo-
sphere parameters for MOA-2006-BLG-99S, OGLE-2006-BLG-
265S, and the Sun to the parameters from the Yonsei-Yale (Yi
et al. 2001; Demarque et al. 2004) isochrones. Finally, the metal-
licity of themodel atmosphere, [M/H],was set equal to the [Fe/H]
given by the Fe i lines. Because the log g of the model atmosphere
affects the [M/H] and the [M/H] affects the abundances (and there-
fore the log g measurement), we iterated to find a solution for
which Fe i and Fe ii were equal and the [M/H] of the model was
equal to [Fe i /H].

Using standardmicrolensing techniques (e.g., Yoo et al. 2004a),
�FUN determined that the dereddened color and magnitude of

the source were (V� I )0 ¼ 0:69� 0:05; I0 ¼18:17� 0:10. The
error is due to possible differential reddening between the micro-
lensed source and the red clump, which is assumed to have the
same (V � I )0 ¼ þ1:00 as the localHipparcos clump. If (as seems
likely) the source lies at approximately the galactocentric distance,
then its absolute magnitude isMV ¼ 4:5 and its radius is 1.2 R� .
That is, it is a solar-type star. We combined the �FUN color and
the Ramı́rez & Meléndez (2005) color-temperature relation (an
update of the Alonso et al. 1996 relation) to derive an estimate of
the temperature of 5806 � 200 K. This photometric temperature
agrees with the temperature from the Balmer lines. For OGLE-
2006-BLG-265S, the spectroscopic and photometric tempera-
tures were different, suggesting possible systematic errors in esti-
mating the dereddened color and magnitude of the source star.
As outlined in the Introduction, quantifying any systematic errors
is important for obtaining the most accurate information about
microlensing events, and additional data will be crucial for quan-
tifying any systematic error.

4.2. Error Analysis

Our uncertainties are 200 K for TeA and 0.3 km s�1 for �. The
distribution of EWs and excitation potential for the Fe i lines
were sufficiently uncorrelated that � did not depend on TeA. Our
measurements of TeA and � therefore did not depend on accurate
assessments of the other model atmosphere parameters, namely,
log g and [M/H]. Our measurement of log g and [M/H], on the
other hand, depended strongly on the other model atmosphere pa-
rameters. Because we set the gravity by ionization equilibrium,
log g depends on TeA, �, and [M/H], as well as the abundance
measured from the Fe i and Fe ii lines. Therefore, the uncertainty
in log g depends on the uncertainties in those quantities. The un-
certainty in [M/H], in turn, depends on the uncertainty in TeA,
log g, and �, as well as the scatter in the abundance given by
different Fe i lines for a particular model atmosphere. The stan-
dard error of the mean for the gravity derived from the 35 Fe i
lines for a single model atmosphere was 0.04 dex, and for the

Fig. 1.—Fits to the H� line for three different temperatures: 5600, 5800, and
6000 K. The atmosphere with TeA ¼ 5800 K is the best fit to the hydrogen lines. Fig. 2.—Position of MOA-2006-BLG-99S (square), OGLE-2006-BLG-265S

(circle), and the Sun (triangle) in the H-R diagram.We also show isochrones from
Yi et al. (2001). The solid lines show isochrones for ½Fe/H� ¼ 0:385 and for ages
2, 3, 4, 5, and 7 Gyr. The dashed line shows a 5 Gyr isochrone for a solar metal-
licity. [See the electronic edition of the Journal for a color version of this figure.]
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4 Fe ii lines was 0.14. We adopt 0.04 dex as the uncertainty from
EW and log g f errors for Fe i for inclusion in the [M/H] uncer-
tainty. Adding the Fe i and Fe ii uncertainties in quadrature gives
us 0.15 dex as our uncertainty in the difference between the Fe i
and the Fe ii log �13 values arising from the EW and oscillator
strength uncertainties. The total uncertainty in log g is 0.66 dex
and in [M/H] is 0.21 dex.

We ran the Fe i and Fe ii EWs through a series of models:
�200K,�0.3 km s�1,�0.3 dex for log g, and 0.13 dex in [M/H]
(smaller because of the limits of the Kurucz grid ), and calcu-
lated the difference in Fe abundance with these different model
atmospheres.

Finally, we calculated uncertainties using modified equa-
tions (A5) and (A20) from McWilliam et al. (1995). The uncer-
tainty due to the line-to-line scatter (�rand) is, in general, the rms
of the abundances (�rms) derived from individual lines divided
by Nlines � 1. For the C and N abundances, we adopted 0.2 dex
as �rand because of the low S/N in these band heads. The values
adopted for elements measured from a single line are listed in
Table 2 and vary depending on the S/N in the region. The �rand

value for Zn was set equal to 0.10 because the two lines gave co-
incidentally good agreement. We considered the covariance be-
tweenTeA :log g,TeA :[M/H], log g:[M/H], � :log g, and � :[M/H].
The covariances were calculated by a Monte Carlo technique. For
example, to calculate the covariance between TeA and log g, we
first found @ log g/@TeA and noted the remaining scatter that was
caused by uncertainty in �, etc. Next, we randomly picked 1000TeA
from a Gaussian distribution with a � of 200K. We used the de-
rivative to calculate log g and then added an extra random�log g
drawn from a Gaussian distribution with a � equal to the uncer-
tainty from non-TeA causes. We calculated the covariance using
these 1000 TeA-log g pairs. A similar calculation was done for
the other covariances. The final uncertainty includes �rand and the
uncertainties due to the atmospheric parameters, including the
covariances.

5. RESULTS

In Table 2 we summarize the abundances measured for 17 ele-
ments in MOA-2006-BLG-99S. We include both log � and its
error, as well as [X/Fe] and its error. We also give our measure-
ments of the solar abundances, which we will use to calculate
ratios. For reference, we include the Grevesse & Sauval (1998)
solar abundances in the final column.

5.1. Metallicity

Wemeasure ½Fe/H� ¼ 0:36 � 0:18 forMOA-2006-BLG-99S.
In Johnson et al. (2007) we measured ½Fe/H� ¼ 0:56 � 0:19 for
the dwarf OGLE-2006-BLG-265S. The stars that are microlensed
are unbiased inmetallicity. The criterion for spectroscopic follow-up
is that the unmagnified source be faint enough to be a bulge dwarf,
regardless of color. Therefore, especially considering the large and
variable reddening toward the bulge, we are not biased in our high-
resolution follow-up toward high-metallicity sources. The high
metallicities of these two dwarfs is surprising given that work on
giants has indicated an average metallicity near solar. In Figure 3
we compare the metallicity distribution function (MDF) of the
two dwarfswith severalMDFs based on studies of giant stars. The
MDF of Rich et al. (2007), which is based on high-resolution
analysis ofM giants and should be biased toward the highest me-
tallicity objects, lacks any giants as metal-rich as these dwarfs.
This is particularly notable, since the work of Sadler et al. (1996)
on K giants with low-dispersion spectra shows some extremely
metal-rich stars. A complicating factor is the possible presence
of a metallicity gradient in the bulge. In Figure 4 we compare the
metallicities of the dwarfs with MDFs derived by Zoccali et al.
(2008) from high-resolution spectra for giants in three bulge fields:
4�, 6�, and 12� away from the Galactic center. The inner field is
more metal-rich than the outer. However, these two dwarfs are
located 6.5

�
(MOA-2006-BLG-99S) and 4.9

�
(OGLE-2006-BLG-

265S) away from the Galactic center, and therefore gradients can-
not explain their anomalously high metallicities.
These results hint that theMDFs of the bulge giants and dwarfs

may be different. Whether this is true can be established by more

TABLE 2

Abundances

Solar

Ion log � �� [X /Fe i]a �½X=Fe i� �rms Nlines Meas. GS98

C (CH)................. 8.8 0.26 0.04 0.22 0.20 . . . 8.4 8.52

N (CN)................. 8.2 0.56 �0.06 0.43 0.20 . . . 7.9 7.92

O i ........................ 9.09 0.11 �0.16 0.22 0.33 3 8.89 8.83

Na i....................... 6.69 0.13 0.09 0.16 0.12 4 6.24 6.33

Mg i...................... 8.18 0.21 0.16 0.25 0.17 2 7.66 7.58

Al i ....................... 6.98 0.16 0.11 0.22 0.10 1 6.51 6.47

Si i ........................ 7.98 0.10 0.06 0.13 0.10 12 7.56 7.55

K i ........................ 5.60 0.28 0.14 0.29 0.20 1 5.10 5.12

Ca i ....................... 6.58 0.29 �0.09 0.16 0.23 9 6.31 6.36

Sc ii ...................... 3.25 0.31 �0.30 0.23 0.13 3 3.19 3.17

Ti i ........................ 5.25 0.23 �0.05 0.17 0.27 4 4.94 5.02

Ti ii ....................... 5.18 0.36 �0.22 0.28 0.20 1 5.04 5.02

Mn i...................... 5.62 0.13 �0.09 0.12 0.08 3 5.34 5.39

Fe i ....................... 7.81 0.18 0.36 . . . 0.25 35 7.45 7.50

Fe ii ...................... 7.81 0.28 �0.18 0.19 0.25 4 7.63 7.50

Ni i ....................... 6.61 0.10 0.02 0.09 0.26 19 6.23 6.25

Cu i....................... 4.40 0.23 �0.01 0.20 0.10 1 4.05 4.21

Zn i ....................... 4.63 0.23 �0.28 0.21 0.10 2 4.55 4.60

Ba ii ...................... 2.25 0.43 �0.61 0.32 0.20 1 2.50 2.13

a [X /Fe i] given for all species except Fe i, where [Fe i /H] is given.

13 log �(A) � log10(NA /NH)þ 12:0.
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observations of bulge dwarfs and by resolution of the discrepan-
cies among theMDFs derived for giants, particularly between the
low-dispersion and high-dispersion studies. Because the micro-
lensed dwarfs are found at a range of distances from the Galactic
center, comparison of the giant and dwarf MDFs also depends
on measuring the metallicity gradient (and the size of deviations
from that gradient) in the bulge. Ideally, theMDF for giants in the
same field as the microlensed dwarf would be measured.

5.2. Comparison with Isochrones and the Age
of MOA-2006-BLG-99S

With our measurements of TeA, log g, and [Fe/H] from spec-
troscopy, we can compare the position of MOA-2006-BLG-99S
on the Hertzsprung-Russell (H-R) diagram with theoretical iso-
chrones (Fig. 2). We use the Yonsei-Yale isochrones (Yi et al.
2001; Demarque et al. 2004) with ½Fe/H� ¼ 0:385, ½�/Fe� ¼ 0
for comparison. The best-fit age for this star is�5Gyr. Instead of
log g, we can also use the I-band magnitude to plot the star on the
H-R diagram. We adopt a distance of 8.5 kpc, placing this dwarf
on the far side of the bulge, its most likely position because the
optical depth for lensing is larger there. Figure 5 shows that a
similar age is obtained. Indeed, shifting the position of MOA-
2006-BLG-99S in the vertical direction, by changing its distance
or luminosity, has little effect on the young age that we derive for
this star, because, at this metallicity, there should be no stars this
hot with ages 
6 Gyr. However, the uncertainty in the tempera-
ture combined with the effect that changing the temperature has
on the derived metallicity produce large uncertainties in the age.
Ifwe instead adopt theTeA on the lower edge of our range (5600K),
the metallicity calculated from the Fe i lines drops to ½Fe/H� ¼
0:20 dex. Using isochrones of this metallicity, the new TeA gives
an age of �9 Gyr. Improvements in the accuracy of tempera-
tures are needed to get better age constraints for bulge dwarfs,
but, in principal, ages can be measured for individual stars near
the MSTO.

5.2.1. Mixing in Giants in the Bulge

As stars move up the giant branch, they pass through first
dredge-up, which brings upmaterial that has been affected by the
CN process. The C and N abundances measured in giants no

Fig. 4.—MDF for MOA-2006-BLG-99S and OGLE-2006-BLG-265S com-
pared to the MDF derived by Zoccali et al. (2008) from high-dispersion spectra
of giants in three fields: Baade’s window at 4�, and a 6� and a 12� field. The frac-
tion of the two-bulge-dwarf sample has been scaled down from 0.5 to fit clearly
on the graph. The average metallicity of the bulge giants decreases with distance
from the Galactic center. The dwarfs are 4.9

�
and 6.5

�
away from the center,

making their high metallicities even more surprising.

Fig. 3.—MDF for MOA-2006-BLG-99S and OGLE-2006-BLG-265S com-
pared to theMDF fromSadler et al. (1996) whichwasmeasured onK andMgiants,
and to theMDFs of Ramı́rez et al. (2000), Rich &Origlia (2005), and Rich et al.
(2007) for M giants. The MDF of the dwarfs is shifted to higher metallicities
compared to the M giants, which is surprising since the most metal-rich stars
should end their red giant phase as M giants rather than K giants.

Fig. 5.—Position of MOA-2006-BLG-99S (square) in the H-R diagram
(MI -TeA). The value ofMI was calculated using the I0 magnitude and assuming a
distance of 8.5 kpc. The TeA is the temperature from the Balmer lines. We also
show isochrones from Yi et al. (2001). The solid lines show isochrones for
½Fe/H� ¼ 0:385 and for ages 2, 3, 4, 5, and 7 Gyr. [See the electronic edition of
the Journal for a color version of this figure.]
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longer represent the original C and N endowments of the stars,
although C+N will remain constant as long as only material pro-
cessed in the CN cycle, and not the ON cycle, is mixed to the sur-
face. Cunha & Smith (2006) and Cunha et al. (2007) measured C
and N in giants in the bulge. They found that the giants lie to the
N-rich side of the line defined by the C/N ratio of the Sun (Fig. 6).
Cunha et al. (2007) concluded that a small amount of mixing had
occurred in the giants. This conclusion is only valid if the orig-
inal abundances in the giants lie close to the line. Otherwise, if
the bulge dwarfs have nonsolar C/N ratios, the C/N ratios mea-
sured in bulge giants could imply either no mixing (and a N-rich
original composition) or substantial mixing (and a C-rich original
composition). The abundances of C and N forMOA-2006-BLG-
99S are also plotted in Figure 8 and show that the assumption of
Cunha et al. (2007) is justified and that the expected amount of
mixing has occurred in the giants.

5.3. Lithium

Li has been created since the big bang by stellar nucleosyn-
thesis and by cosmic-ray spallation. A Li abundance for a star in
the bulge, measuring how fast Li was made in the early Galaxy,
would be very interesting. However, most stars no longer have
the same amount of Li on their surfaces as was present in their
natal gas clouds. Li is easily burned during pre-main-sequence
andmain-sequence phases of stars and is either destroyed through-
out the convective envelope during the RGB phase or (for a brief
time) created in the star itself and dredged up. We have no detec-
tion of Li in this star, only a 3 � upper limit of log �(Li)¼1:84 dex
based on a 	2 fit to the data (see Johnson et al. 2007 for more
details). In Figure 7 we show this upper limit compared with Li
measurements in open cluster stars having a range of ages, as
well as field stars from Lambert & Reddy (2004). We also include
the upper limit from OGLE-2006-BLG-265S. Lower values can

be expected in field stars because of astration on the main-
sequence and because they are often older than the clusters fea-
tured in Figure 7 and were formed out of gas that had not been
polluted by as much Li. Figure 7 shows that the Li upper limits
in the bulge dwarfs are consistent with the upper limits in field
dwarfs. A dwarf with TeA > 7000 K is probably needed to mea-
sure the amount of Li produced by spallation in the bulge.

5.4. Chemical Evolution of the Bulge

The bulge has a different star formation history than the halo/
disk. The ratios of Type II /Type Ia pollution or Type II /AGB star
pollution at a given [Fe/H] are therefore different as well, and the
abundance ratios reflect this.We compare the abundances for both
MOA-2006-BLG-99S and OGLE-2006-BLG-265S with bulge
giants and field stars in the thick/thin disk and halo taken from
literature sources.

5.4.1. Carbon and Nitrogen

For many elements, observing red giant stars in the bulge is an
effective method of measuring their abundances. However, as
shown in x 5.2.1, internal mixing on the RGB alters the abun-
dances of C and N. The abundances of C and N that we measure
in MOA-2006-BLG-99S therefore represent the first observa-
tions of the primordial C and N produced by the chemical evo-
lution of the bulge.
MOA-2006-BLG-99S has ½C/Fe� ¼ 0:04 � 0:22 and ½N/Fe� ¼

�0:06 � 0:43 (Fig. 8). The solar values of [C/Fe] and N/Fe]
show that C and N production kept pace with the Fe production
in the bulge. There are many sources of C in the universe (e.g.,
Gustafsson et al. 1999). Type II SNe and AGB stars certainly
contribute substantial amounts of C andN; the roles of novae and
Wolf-Rayet stars are less clear. These contributions, whatever
they are, track the production of Fe in the chemical evolution
of the bulge. Finally, we attempted to measure the 12C/13C ratio,
which is sensitive to the source of C, being low for low-mass
AGB stars and high for Type II SNe. We could only set an un-
interesting limit (12C/13C > 1) on this very interesting number.

5.5. Sodium and Aluminum

The abundances of Na and Al are elevated in bulge giants
(McWilliam & Rich 1994; Lecureur et al. 2007) compared to
disk stars. Metal-rich Type II SNe are predicted to produce more
of the odd-Z elements such as Na and Al than metal-poor Type II
SNe and could potentially be the explanation of the difference
between the bulge and the disk. In Figure 9 we show the [Na/Fe]
and [Al/Fe] value for MOA-2006-BLG-99S and OGLE-2006-
BLG-265S. These two unmixed stars are on the lower end of the
scatter seen in the giants. This could be a hint that the larger
[Na/Fe] and [Al/Fe] values seen in giants are due to internal mix-
ing, but because the dwarf values fall within the scatter outlined by
the giants, more measurements of dwarf stars are needed before
any differences in the distribution of [Na /Fe] and [Al /Fe] in
dwarfs and giants can be inferred.

5.6. The � Elements

Figure 10 shows the [O/Fe], [Mg/Fe], [Si/Fe], and [Ca/Fe]
for MOA-2006-BLG-99S compared with halo stars, thin and
thick disk stars, and bulge giants. Themetallicity of MOA-2006-
BLG-99S is in the range of metallicities measured for bulge
giants, allowing direct comparison of [� /Fe] ratios between
dwarfs and giants. The agreement is good, as both the giants and
the dwarf have [� /Fe] below the high [� /Fe] values of the more
metal-poor (½Fe/H� 	 0) stars. This decline in all [� /Fe] ratios

Fig. 6.—C and N abundance of MOA-2006-BLG-99S ( filled red square)
compared with giants in the bulge. Open green triangles show old giants from
Cunha & Smith (2006), and filled blue triangles show young supergiants from
Cunha et al. (2007). The open black circle shows the position of the Sun, and the
straight solid line marks where C/N ratio is solar. The curved line represents
constant C+N. The C and N abundances in the giants can be explained by con-
version of some C to N in CN processing from the solid line. The data for MOA-
2006-BLG-99S show that the solid line is a reasonable representation of the
‘‘primordial’’ (unaffected by internal mixing) C/N ratio in the bulge.
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suggests that Fe from Type Ia SNe is being added and that the
moremetal-rich stars formed sufficiently later to have this ejectum
in their gas.

5.7. Potassium

K is an odd-Z element and is predicted in nucleosynthesis
models to be underproduced relative to the �-elements in metal-
poor SNe. There are few measurements in the literature, and
those that exist show the opposite trend of increasing [K/Fe]
with decreasing [Fe/H] (Gratton & Sneden 1987; Chen et al.
2000; Cayrel et al. 2004). However, the only K line available for
study in most stars, the resonance line at 7698 8, is affected by
non-LTE effects, and these corrections have not yet been applied
to large samples. Zhang et al. (2006) derived NLTE corrections
for each star in their sample. The [K/Fe] values were still super-
solar at low metallicities, with the thin disk stars showing a
drop in [K/Fe] for ½Fe/H� 
 �1. The [K/Fe] ratios in the thick
disk stars remain high. However, the [K/Mg] ratios showed
much smaller variations among the different Galactic popula-
tions. They argued that the constant [K/Mg] ratio (½K/Mg� ¼
�0:08 � 0:01) in the stars indicated that the nucleosynthesis of
K is closely coupled to that of the �-elements, which is some-
what surprising given the theoretical predictions.

We measured the 7698 8 line in MOA-2006-BLG-99S and
the Sun.We alsomeasured theK abundance inOGLE-2006-BLG-

265S using TurboSpectrum and the model atmosphere described
in Johnson et al. (2007). The [K/Fe] wemeasure for OGLE-2006-
BLG-265S is �0:08 � 0:20. Figure 11 compares the results for
the bulge to the Zhang et al. (2006) results. We applied no NLTE
correction, but assumed that the LTE abundances in the Sun and
MOA-2006-BLG-99S would be affected by the same amount.

The [K/Mg] values are 0:07 � 0:23 for MOA-2006-BLG-
99S and 0:12 � 0:27 for OGLE-2006-BLG-265S; the [K/Mg]
abundance is still within a narrow range, even in this very differ-
ent chemical evolution history.

5.8. Iron-peak Elements

The abundances for Ti, Sc,Mn, andNi are shown in Figure 12.
McWilliam&Rich (1994) found that [Ti/Fe] behaves like [O/Fe]
in the bulge, with supersolar [Ti /Fe] ratios for many stars, fol-
lowed by [Ti /Fe] decreasing to solar for ½Fe/H > 0. The abun-
dance of Ti is also enhanced in halo stars, leading it to be classified
as an ‘‘�-element’’ for observational purposes. In MOA-2006-
BLG-99S, [Ti /Fe] is close to solar, in line with the �-elements
discussed above. The ratios of [Sc/Fe] and [Ni/Fe] are observed
to be close to solar for a wide range of populations: halo, thick
and thin disk, and bulge. The data for MOA-2006-BLG-99S
show that abundances in this bulge dwarf agree with this picture.

For ½Fe/H� < �1:5 in the Galactic halo/disk, there is a plateau
at ½Mn/Fe� � �0:5 (McWilliam et al. 1995, 2003). Because

Fig. 7.—TeA vs. log �(Li) for the Hyades and M67 from Balachandran (1995) and for field stars from Lambert & Reddy (2004) compared with the upper limit for
MOA-2006-BLG-99S andOGLE-2006-BLG-265S. The bulge dwarf Li limits are consistent with disk stars, which is not surprising given the age and temperature of these stars.
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Type Ia SNe have not polluted the most metal-poor stars in the
Galaxy, we can derive the ratio of Mn/Fe produced in (metal-
poor) Type II SNe from this plateau. [Mn/O] starts to rise before
[O/Fe] starts to drop in the disk. Because the drop in [O/Fe] sig-
nals the onset of substantial Type Ia SN contribution, the rise in
Mn relative to O cannot be due to Type Ia SNe, but rather to
increased production of Mn by more metal-rich Type II SNe
(Feltzing et al. 2007). McWilliam et al. (2003) also measured
Mn in 13 stars in the Sagittarius dwarf galaxy. These stars have
substantial Type Ia SNe contributions to their gas, but [Mn/Fe]
values about 0.2 dex below the trend seen in the Galactic disk,
providing additional evidence that metal-rich Type II SNe are
responsible for Mn production. The near-solar [Mn/Fe] values
for MOA-2006-BLG-99S and OGLE-99 are also in support of
this idea, because they were seen in an environment that had
many Type II SNe occur, unlike the Sagittarius stars.

5.9. Copper and Zinc

The percent of Cu and Zn production to be ascribed to differ-
ent nucleosynthesis sites (e.g., Type II SNe, AGB stars, Type Ia
SNe) is uncertain. The observations show that ½Cu/Fe� � �1 at
the lowest metallicities and then rises to solar by ½Fe/H� � �0:8
(e.g., Mishenina et al. 2002). [Zn/Fe], on the other hand, has
supersolar values at the lowest metallicities and then decreases
to closer to solar (e.g., Mishenina et al. 2002). Matteucci et al.
(1993) used new weak s-process calculations and available SN
models to argue that approximately two-thirds of the Zn and Cu
production in the universe is due to Type Ia SNe. The rest of the
Zn is from a primary process in massive stars, while the Cu comes
from a secondary (=metallicity-dependent) process in massive
stars. Using this model and a chemical evolution model for the
bulge, Matteucci et al. (1999) predicted that both [Cu/Fe] and
[Zn/Fe] would be �0.2 at ½Fe/H� ¼ 0:3. The SN models avail-

able to Matteucci et al. (1993) did not include important effects,
such as detailed calculation of neutron-capture elements beyond
Fe. Bisterzo et al. (2005) used updated results and considered
Zn and Cu production by neutron-capture in the O-rich parts of
Type II SNe (‘‘weak sr-process’’). In their analysis, Cu is mostly
produced in this weak sr-process, a secondary process. A small
amount of primary Cu is made as radioactive Zn in the inner
regions of Type II SNe. Zn production is also due to massive star
nucleosynthesis, but here there is a large primary production in
the �-rich freeze out in Type II SNe, which is supplemented at
higher metallicities by a secondary contribution from the weak
sr-process. Bisterzo et al. (2005) find no need for contributions to
Cu and Zn from Type Ia SNe or AGB stars.
The measurements of [Cu/Fe] and [Zn/Fe] in MOA-2006-

BLG-99S (Fig. 13) support the Bisterzo et al. (2005) model and
argue against the production of large amounts of Zn in Type Ia
SNe. Because the abundance of Cu is dominated by a secondary
process, the solar [Cu/Fe] at ½Fe/H� ¼ 0:36 and the supersolar
value at ½Fe/H� ¼ 0:56 are the result of copious Cu production in
metal-rich Type II SNe. However, the primary production of Zn
and the smaller secondary contribution is not sufficient to keep
up with the Fe from both Type II SNe and Type Ia SNe. The ob-
servations also show again that the chemical evolution of Zn is
separate from Fe.

5.10. Barium

The [Ba/Fe] for MOA-2006-BLG-99S falls considerably
below the solar value (½Ba/Fe� ¼ �0:61, Fig. 14). It falls in the
range not seen in other parts of Galaxy, except for the metal-poor
halo.We note that we could onlymeasure one line of Ba inMOA-
2006-BLG-99S, and the solar valuewemeasure is themost discrep-
ant from the solar value in Grevesse & Sauval (1998). However,
even if the Grevesse & Sauval value is used, the [Ba/Fe] for
MOA-2006-BLG-99S is still subsolar (½Ba/Fe� ¼ �0:24). If we

Fig. 8.—[C/Fe] and [N /Fe] for MOA-2006-BLG-99S ( filled black square)
compared to bulge giants ( filled blue circles; Rich et al. 2007; Rich & Origlia
2005; Cunha & Smith 2006) and disk dwarfs (open red triangles; Reddy et al.
2006, 2003; Bensby & Feltzing 2006; Carretta et al. 2000). The low [C/Fe] val-
ues for the bulge giants are the result of internal mixing. The [C/Fe] and [N /Fe]
values inMOA-2006-BLG-99S, on the other hand, are the result of the pollution
of the gas of the bulge by previous generations of stars. The solar ratios for these
elements impose constraints on the inefficiency of C andN production in the bulge.

Fig. 9.—[Na /Fe] and [Al /Fe] for MOA-2006-BLG-99S and OGLE-2006-
BLG-265S ( filled black squares) compared to bulge giants ( filled blue circles;
Fulbright et al. 2007; Lecureur et al. 2007; Cunha & Smith 2006) and field stars
(open red triangles; Reddy et al. 2006, 2003; Bensby et al. 2003; Chen et al.
2003). The dwarfs fall within the distribution of [Na /Fe] and [Al / Fe] values
seen in the giants, but at the lower edge of that distribution.

JOHNSON ET AL.516 Vol. 685



use the solar value of Ba [log �(Ba) ¼ 2:39] reported in Johnson
et al. (2007) OGLE-2006-BLG-265S has a ½Ba/Fe� ¼ �0:28.

The paucity of Ba in the halo stars is explained by the fact that
the r-process is the only available channel for producing the
heavy elements in the early universe, and the r-process is not an
efficient producer of Ba. It is tempting to ascribe the low Ba in
MOA-2006-BLG-99S to the same cause, especially in light of
the high [Eu/Fe] measurements in bulge giants byMcWilliam&
Rich (1994). Stellar populations dominated by Type II SNe and
r-process production should have high [Eu/Fe] and [Eu/Ba]
before Type Ia SNe and AGB stars eventually add Fe and Ba to
the ISM. Whether the Ba deficiency in MOA-2006-BLG-99S
can be explained by a lack of contributions from AGB stars

depends on the relative timescales of Type Ia SN pollution and
AGB pollution and whether the low [� /Fe] values in MOA-
2006-BLG-99S are the result of Type Ia pollution. If we assume
that Type Ia SNe have contributed significantly to the abun-
dances ofMOA-2006-BLG-99S, which is reasonable, then AGB
pollution must trail Type Ia SN production. The evidence on this
point is mixed. Simmerer et al. (2004) saw, in addition to a wide
range at any given metallicity, a rise in the [La/Fe] ratios at
½Fe/H� > �2. Because La, like Ba, is mostly due to the s-process,
this would indicate that the s-process from AGB stars is added
before Fe from Type Ia SNe causes the [�/Fe] ratios to turn over.
On the other hand, Meléndez & Cohen (2007) argued based on
the isotope ratios of Mg that 3–6 M� stars did not start con-
tributing to the halo until ½Fe/H� 
 1:5, at the same time or later
than the Type Ia SNe. The [Ba/Fe] measured in OGLE-2006-
BLG-265S is closer to the solar value, and suggests that by
½Fe/H� ¼ 0:5 the bulge had reached the same point in chemical
evolution as the solar neighborhood, with substantial amounts
of Ba supplied by the s-process in AGB stars balancing the iron
supplied by Type Ia SNe. Ba abundances for bulge stars with a
wide range of metallicity would help clarify the origin of the Ba
abundance in the bulge.

6. CONCLUSIONS

The results for MOA-2006-BLG-99S demonstrate the unique
information that can be obtained from high-resolution spectra
of microlensed dwarfs in the bulge. Because microlensing is
not biased in metallicity, we can measure the MDF of the bulge
main-sequence stars when sufficient number of highly magni-
fied bulge dwarfs have been observed with high-dispersion
spectrographs. The two dwarfs we have studied so far both have

Fig. 10.—[O/Fe], [Mg/Fe], [Si /Fe], and [Ca /Fe] for MOA-2006-BLG-99S and OGLE-2006-BLG-265S ( filled black squares) compared to bulge giants ( filled blue
circles; Fulbright et al. 2007; Rich et al. 2007; Rich&Origlia 2005; Lecureur et al. 2007; Cunha& Smith 2006) and field stars (open red triangles; Reddy et al. 2006, 2003;
Bensby et al. 2003, 2004, 2005; Chen et al. 2003). The [� /Fe] ratios in MOA-2006-BLG-99S agree well with the values measured in giants of similar metallicity.

Fig. 11.—[K/Fe] forMOA-2006-BLG-99S andOGLE-2006-BLG-265S ( filled
black squares) compared to field stars (open red triangles; Zhang et al. 2006).
The [K /Fe] values in the dwarfs fall in the range seen in the disk stars.
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½Fe/H� > 0:30, which makes them more metal-rich than any of
the M giants observed at high-resolution. If the temperature and
metallicity measured for MOA-2006-BLG-99S are accurate, then
this star is younger than the bulk of the bulge population.
For many elements, the abundance ratios we measure in

MOA-2006-BLG-99S are not surprising. The iron-peak and
�-elements (O, Mg, Si, Ca, and Ti) fall on the trend observed in
the bulge giants. The solar values for the [� /Fe] ratios suggest
that Type Ia SN ejecta are responsible for some of the Fe, which

Fig. 13.—[Cu /Fe] and [Zn /Fe] for MOA-2006-BLG-99S and OGLE-2006-
BLG-265S ( filled black squares) compared to field stars (open red triangles;
Reddy et al. 2003, 2006; Bensby et al. 2005; Chen et al. 2004). The Matteucci
et al. (1999) models predict ½Zn/Fe� � 0:2 for high-metallicity stars in the bulge.
Therefore, the low [Zn /Fe] disagrees with the theory that Zn is produced in large
amounts of Type Ia SNe. The solar and supersolar [Cu /Fe] values in the bulge are
consistent with either Type Ia SN production ormetal-rich Type II SN production.

Fig. 12.—[Sc/ Fe], [Ti / Fe], [Mn /Fe], and [Ni / Fe] for MOA-2006-BLG-99S and OGLE-2006-BLG-265S ( filled black squares) compared to bulge giants ( filled
blue circles; Rich et al. 2007; Rich & Origlia 2005; Cunha & Smith 2006) and field stars (open red triangles; Reddy et al. 2003, 2006; Feltzing et al. 2007; Bensby et al.
2005; Chen et al. 2003).

Fig. 14.—[Ba /Fe] for MOA-2006-BLG-99S and OGLE-2006-BLG-265S
( filled black squares) compared to field stars (open red triangles; Reddy et al.
2003, 2006; Bensby et al. 2005; Chen et al. 2003). [Ba /Fe] shows the largest
deviation from the trends seen in the disk stars of any element studied in this
paper. This low Ba value is consistent with the idea that the r-process is the
dominate producer of heavy elements in the bulge. It also puts constraints on
s-process contributions to Ba (and the accompanying C and N contributions)
from AGB stars.

JOHNSON ET AL.518 Vol. 685



would be expected if these metal-rich stars were part of a younger
population in the bulge. The [C/Fe] and [N/Fe] ratios are also
�0, suggesting that AGB stars have also begun to contribute
these light elements to offset the contribution of Fe from Type Ia
SNe. It is therefore unexpected to find ½Ba/Fe� � �0:5. Such
low [Ba/Fe] values, when found in the halo, imply that only
Type II SNe and the r-process have polluted the gas, and not the
s-process from AGB stars.

The C and N abundances we measure in MOA-2006-BLG-
99S are unaffected by any mixing or dilution and therefore are
the result of the chemical evolution of the bulge. Comparing the
total amount of C+N to that measured in bulge giants, we con-
clude that only mild mixing, as expected in theoretical models,
has occurred in the bulge. This agrees with the assertions by
Lecureur et al. (2007), Zoccali et al. (2006), andMcWilliam et al.
(2007) that the O, Na, and Al abundances in bulge giants should
not have been affected by mixing. The [Na/Fe] and [Al/Fe] ra-
tios for MOA-2006-BLG-99S fall on the lower end of the values
seen in bulge giants of this metallicity. The [Na/Fe] and [Al/Fe]
ratios in giants are marked above all else by large scatter and
more abundance ratios in dwarfs are needed before a comparison
of scatter can be made.

We can use our measurements of the abundances of K, Cu,
and Zn, rare for bulge stars, to exploit the different star formation
history of the bulge to study the nucleosynthesis sites of these
elements. The supersolar [Cu/Fe] and subsolar [Zn/Fe] values
agree with the model of Bisterzo et al. (2005) and the production
of these two elements predominantly in Type II SNe. The chem-
ical evolution of K is more difficult to understand, because the

[K/Mg] value in the bulge is similar to that in the metal-poor
halo, although the production of K should be enhanced in metal-
rich SNe.

Finally, we note that the standard microlensing technique of
estimating the intrinsic color and magnitude of the source star by
using the offset from the position of the red clump can be tested
by deriving a temperature and gravity from the spectrum. For
MOA-2006-BLG-99S, the photometric and spectroscopic temper-
atures agree very well, although the agreement was considerably
less good for OGLE-2006-BLG-265S.

In summary, the abundances inMOA-2006-BLG-99S provide
unique information about the formation and evolution of the bulge.
Larger samples of dwarfs observed in this way would allow the
derivation of the dwarf MDF and the trends in abundance ratios
over a wide range of metallicity. By taking advantage of micro-
lensing events in the bulge,we can achieve this goalwith amodest
amount of telescope time.
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