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Abstract

Using modern isochrones with customized physics and carefully considered statistical techniques, we recompute the age
distribution for a sample of 91 microlensed dwarfs in the Galactic bulge presented by Bensby et al. and do not produce
an age distribution consistent with their results. In particular, our analysis finds that only 15 of 91 stars have ages
younger than 7 Gyr, compared to their finding of 42 young stars in the same sample. While we do not find a
constituency of very young stars, our results do suggest the presence of an ~8 Gyr population at the highest
metallicities, thus contributing to the long-standing debate about the age—metallicity distribution of the Galactic bulge.
We supplement this with attempts at independent age determinations from two sources of photometry, BDBS and Gaia,
but find that the imprecision of photometric measurements prevents reliable age and age uncertainty determinations.
Lastly, we present age uncertainties derived using a first-order consideration of global modeling uncertainties in addition
to standard observational uncertainties. The theoretical uncertainties are based on the known variance of free parameters
in the 1D stellar evolution models used to generate isochrones, and when included, result in age uncertainties of 2-5 Gyr
for this spectroscopically well-constrained sample. These error bars, which are roughly twice as large as typical literature

CrossMark
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values, constitute realistic lower limits on the true age uncertainties.

Unified Astronomy Thesaurus concepts: Galactic bulge (2041); Stellar ages (1581); Stellar evolutionary

models (2046)

1. Introduction

The star formation history of the Galactic bulge remains a
challenge, with age constraints on significant mass components
of the population still ranging from 1 to >10Gyr. The
underlying cause of this controversy is that the range in stellar
metallicity, the large intrinsic depth of the bulge, severe
crowding, high reddening, spatial distribution, and the inter-
vening disk population all conspire to make it extremely
difficult to constrain the age and age—metallicity relationship
for the bulge. Even the advent of Gaia parallaxes has not made
a significant impact: while Gaia data can remove stars in the
foreground, the parallaxes are not sufficiently precise to give
good age constraints on stars at bulge distances of ~8 kpc.

Unlike the case for globular clusters, the bulge also has
significant physical depth, as much of the mass is in a bar with a
major axis ~20°-30° from the line of sight toward (I, b) = (0, 0)
(e.g., Stanek et al. 1997; Wegg & Gerhard 2013; Simion et al.
2021). While a detailed discussion of the history of the age
controversy for the bulge may be found in various review
articles, e.g., Rich (2013) and Barbuy et al. (2018), we offer a
brief overview here.

® STScI Lasker Fellow.
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The star formation history of the bulge remains an important
problem even in the era of direct, high-redshift observations of
galaxy formation and evolution. No high-redshift galaxy’s
evolution can be traced to the present day, but the Milky Way
preserves all the stars that ever formed in our Galaxy.
Metallicities derived from deep photometry (Johnson et al.
2020) and spectroscopy (e.g., Zoccali et al. 2008; Johnson et al.
2013; Ness et al. 2013) show a strong tendency for metal-rich
stars to be concentrated toward the plane. Hence, if there is any
age—metallicity relationship, there is an implied age gradient
with presumably younger, more metal-rich stars concentrated
toward the plane. Further, for ages =8 Gyr, the differences in
main-sequence turnoff (MSTO) morphology are sufficiently
subtle that the spatial depth, reddening, metallicity spread, and
contamination by the foreground population blur color—
magnitude diagrams (CMDs). Yet, this age regime likely
traces the processes that led to the formation of the bar and
might therefore reveal the progression of the formation of the
bulge. Given the enhanced a-elements measured for bulge
giants (e.g., Gonzalez et al. 2011; Johnson et al. 2014; Bensby
et al. 2017; B17 hereafter; Rojas-Arriagada et al. 2020) and the
rapid—if not explosive—star formation history this implies, it
is possible that the strong gradient of abundance with latitude
lacks a corresponding age gradient. It is just as possible that
there is an age gradient, if the bulge/bar formed more slowly,
or if other dynamical processes contributed to its formation. A
fundamental tension is that age determinations based on
photometry nearly always find a uniformly old bulge, while
those based on spectroscopy find evidence of a broad age
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dispersion (Clarkson et al. 2008; B17; Renzini et al. 2018).
However, current ages are simply too coarse to tell definitively.

Despite 30 years of Hubble Space Telescope (HST)
observations, the age and star formation history of the bulge
remain open problems. For the reasons stated above, and due
also to significant trends in abundance with Galactic latitude,
HST photometry of the MSTO still fails to give the kind of age
precision that characterizes, e.g., the local disk, or globular
clusters. Overall, there is currently a debate between those who
analyze CMDs of the bulge (often foreground-subtracted or
proper motion—cleaned; e.g., Clarkson et al. 2008; Renzini
et al. 2018) giving an ~10 Gyr age, and analyses of individual
microlensed dwarfs, which argue for a metal-rich component of
the bulge as young as 1-5Gyr (B17). As stellar evolution
models have advanced and observations improve, we now
revisit the ages computed for microlensed dwarfs to explore
whether this schism in the age/star formation history derived
using these different methods remains.

The deep imaging of HST offered compelling evidence of a
predominantly old stellar population. Ortolani et al. (1995)
compared the luminosity function of stars in Baade’s window
against those of the bulge globular clusters NGC 6528 and
NGC 6553 and found that the bulge was compatible in age with
these clusters while possessing an age spread no larger than
about 10%. Further results by Zoccali et al. (2003), Valenti
et al. (2013), and more recently by Renzini et al. (2018) with
HST treasury data, seemed to confirm that the bulge is largely
composed of old stars with little evidence supporting a young
component.

As was first shown by Kuijken & Rich (2002), one may use
the proper motion in / to veto members of the foreground disk.
This method was elegantly applied in Clarkson et al.
(2008, 2011) to argue that the bulge is a stellar population
dominated by a roughly solar metallicity, >10 Gyr component.
This analysis of CMDs would appear to settle the matter of the
age, but that is not the case.

A series of papers has advanced the case for a young/
intermediate-age population in the bulge based on the analysis
of dwarf spectra serendipitously experiencing microlensing
(Bensby et al. 2011, 2013, 2014, 2017). Such events can
brighten a source by upwards of an order of magnitude, making
possible high-resolution spectroscopy of dwarfs otherwise too
faint to observe. As summarized in B17, the derived [Fe/H],
log g, and T result in strikingly young ages—around 1-5 Gyr
—especially for metal-rich stars. Their work finds that ~70%
of the stars with [Fe/H] > 0 are <8 Gyr. The broad implication
of these age estimates is that much of the population that
constitute the bar, with —0.5 < [Fe/H] < 4-0.5, is younger than
8 Gyr, and that non-negligible portions are younger than 5 Gyr.
As these ages are in direct conflict with the results from MSTO
studies, it is of the utmost importance to evaluate these
conclusions carefully using the most current isochrones, the
most appropriate statistical methods, and meticulous considera-
tion of all sources of uncertainty (and, when available, actual
photometry).

In this study, we perform an independent reanalysis of the
spectroscopic parameters presented in B17 using modern,
customized stellar models and a combination of statistical
techniques including maximum likelihood methods, y* fre-
quentist approaches, and Monte Carlo (MC) simulations. For
the bulk of our analysis, we use modern isochrones taken
directly from the publicly available Modules for Experiments
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in Stellar Astrophysics (MESA) Isochrones and Stellar Tracks
(MIST) database (Choi et al. 2016). We supplement this with
explorations using isochrones computed with the Yale Rotating
Stellar Evolution Code (YREC; Demarque et al. 2004), to
mimic B17’s method more closely, and custom isochrones built
with the 1D stellar evolution program MESA. In all cases, our
analysis of the spectroscopic parameters produces an age—
metallicity distribution consistent with the presence of an age
gradient in the bulge, but notably inconsistent with the age
results of B17.

As an independent check, we also attempt to perform age
derivations from photometric subsamples of the same popula-
tion using the Blanco DECam Bulge Survey (BDBS; Johnson
et al. 2020; Rich et al. 2020) and Gaia EDR3 (Gaia
Collaboration et al. 2021). While we can produce an age—
metallicity distribution visually consistent with the absence of
an age gradient—and almost totally bereft of young stars—in
both cases, our attempts to compute observational age
uncertainties reveal that the photometric parameters are simply
too imprecise to provide meaningful estimates of either the
ages or their uncertainties. Nonetheless, we include a detailed
photometric analysis (see Appendix A) with the hope that it
serves as both a cautionary tale and useful guide to others
performing photometric age determinations.

We discuss the details of our age determination algorithm at
length, and while our explicitness in this regard is not typical of
similar analyses, our transparency serves to underscore the
dangers of “black box” modeling results. Though machine
learning and similar techniques are undoubtedly powerful,
overinterpretation of results is more common when the internal
workings of the algorithm or method are obscured from
the user.

We conclude our analysis by performing age determinations
that account for observational as well as theoretical (i.e.,
modeling) sources of uncertainty, where first-order estimates of
the theoretical uncertainty contributions are determined by
quantifying the effects of physically justified variations in the
free parameter choices. While studying the impact of, for
example, variations in the degree of a-element enhancement in
stellar models is common in more careful analyses, this is the
first time that variations in the convective mixing length in
Mixing Length Theory (MLT), anpt, have been propagated
into MIST isochrones. The age uncertainties derived using this
appr-adaptive grid of isochrones are state-of-the-art and
constitute a significant advancement, in terms of realism and
accuracy, in the arena of global age uncertainty estimates.

This paper is organized as follows: in Section 2, we discuss
the sample of the microlensed dwarfs and their potential to
resolve bulge age tensions. In Section 3, we discuss our choice
of isochrones, the key differences between MIST and YREC,
and the effects of a-element enhancement. In Section 4, we
detail our age determination algorithm and present the resulting
age and age—metallicity distributions for the spectroscopic data,
supplemented by age uncertainties discussed in Section 5. In
Section 6, we discuss the spectroscopic results in context, and
in Section 7, we present realistic age error estimates based on
modeling uncertainties. We compare our age—metallicity
distribution to HST results in Section 8. We summarize our
results and discuss their implications in Sections 9 and 10. For
completeness, we apply our age determination technique to
BDBS and Gaia photometry in Appendix A, taking care to
discuss the shortcomings of these results and the reasons why
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these, and all, photometric age determinations should be
approached with caution.

2. Ages of the Microlensed Sample

The microlensed sample described in detail by Cohen et al.
(2008, 2010) and Bensby et al. (2010, 2011, 2013, 2014, 2017)
is a rare and powerful tool. Microlensing produces brightness
magnification of 10-1000x, enabling the inference of spectro-
scopic parameters for subdwarf stars that would normally be
much too faint for most instruments to detect. In microlensing
conditions, it is possible to perform high-resolution spectrosc-
opy with 8 m class telescopes on these targets, thus providing
measurements of their physical parameters—effective tempe-
rate and surface gravity—directly and independently of
distance. A sample of microlensed bulge stars, then, has the
potential to provide robust fundamental parameters for stars in
this region. Given the implications the bulge age distribution
carries for its star formation history, the origin of the bulge, and
the formation history of the Galaxy itself, stellar ages are of
particular importance.

Recently, age determinations for the sample of 91 micro-
lensed stars in the bulge were conducted by B17. Their analysis
concluded that the Galactic bulge has complex age and
abundance properties; in particular, that the peaks in the bulge
metallicity distribution, star formation episodes, and the
abundance trends suggest the Galactic bulge/bar may be an
inner extension of the Galactic thin/thick disk. They also found
that the star formation rate appears to have been faster in the
bulge than in the local thick disk, which indicates a denser
stellar environment closer to the Galactic center.

In sum, their results support the idea of a secular origin for
the Galactic bulge, suggesting the bulge was built up slowly
from existing stellar populations in the central region of the
Galaxy. The primary piece of evidence for these assertions
is B17’s finding of a large numbers of young stars, which
implies prolonged star formation in the region.

The bulge, however, has long been understood to be old, and
an overabundance of young stars in this region calls into
question our understanding of the formation history of the
Galaxy and of galaxy evolution mechanisms more generally.
An old bulge implies that the bulge assembled first, which is
consistent with several chemical enrichment model fits to the
observed [Fe/H] and [alpha/Fe] distributions (e.g., Ballero
et al. 2007; Grieco et al. 2012; Matteucci et al. 2019). Further,
our knowledge of the chemical distribution of the Galaxy is not
consistent with recent star formation episodes in this region,
which is in conflict with the fact that younger stars must have
been formed more recently. Alternatively, if the young stars did
not form there, we must then explain how younger stars moved
into the region.

There is a known tension in the literature between age
determinations from photometry, which produce a uniformly
old bulge (e.g., Ortolani et al. 1995; Zoccali et al. 2003;
Clarkson et al. 2008; Valenti et al. 2013; Renzini et al. 2018;
Bovy et al. 2019; Hasselquist et al. 2020), and age
determinations from microlensing, which produce a very broad
age distribution (e.g., Bensby et al. 2013, 2017). However, age
determinations from stellar models are difficult and sometimes
unreliable. Often, they are plagued by inappropriate statistical
techniques, out-of-date physical assumptions in the models,
and inadequate treatment of uncertainties in both observations
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and models. The first step toward resolving this tension, then, is
to examine rigorously the age determination process itself.

3. Choice of Isochrones

For the bulk of our analysis, we use nonrotating isochrones
from the modern and publicly available MIST database (Choi
et al. 2016). The stellar tracks underlying these models are
computed with MESA (Paxton et al. 2011, 2013, 2015, 2018,
2019). The models adopt the solar abundance scale of
Asplund et al. (2009), the OPAL opacities of Iglesias &
Rogers (1996), a default value for the convective mixing
length parameter of appr=1.82 with the MLT (Boehm-
Vitense 1979) prescription of Henyey et al. (1964), photo-
sphere tables based on the 1D model atmospheres of Kurucz
(1970) as surface boundary conditions, and a small degree of
core convective overshoot, f,,s = 0.016. The models include
the effects of diffusion on the main sequence, where diffusion
is modeled via five representative elemental species (Thoul
et al. 1994). The key physical assumptions made in MIST are
summarized in Table 3 of Choi et al. (2016) and discussed in
further detail throughout.

We begin by refitting B17’s sample directly. Figure 1
provides a reproduction of B17’s Figure 6, with the panels
divided according to the same metallicity bins, as indicated in
the upper left-hand caption. Each panel contains four MIST
isochrones with ages 1, 5, 10, and 15 Gyr shown in dotted,
dotted—dashed, dashed, and solid lines, respectively. The
metallicities assigned to the isochrones are the median of each
bin: from metal-poor to metal-rich, [Fe/Hli,, = —1.8, —1.4,
—1.0, —0.6, —0.2, and the most metal-rich bin shows [Fe/
H]=+40.2 and +0.3. Darker colored tracks indicate higher
metallicites (purple for highest, yellow for lowest), as shown on
the color bar.

A side-by-side comparison of Figure 1 with B17’s Figure 6
already suggests some discrepancy. In general, the MIST
isochrones are hotter (left-shifted) relative to the observations
than are the isochrones in B17. If all physical assumptions in
both sets of models were identical, this would translate to the
prediction of older ages for the same stars with MIST. The
choices of physics are, of course, not identical. Differences in
the models’ treatment of abundances, in particular, complicates
the physical picture.

We control for the impact of differences in the choice of
modeling physics in two ways: first, we examine the choice of
isochrone basis by comparing results computed with MIST to
results computed with the Yonsei—Yale (hereafter abbreviated
YY; Demarque et al. 2004) isochrones, the models used
in B17. Second, we compare results from MIST isochrones
with simulated a-element enhancement to those without.

3.1. YY versus MIST

The version of the YY isochrones used in B17 date back to
2003, making them nearly 15 yr older than MIST. They also
constitute a sparser theoretical data set, as the number of
parameter variations covered by the publicly available YY grid
is smaller, and the metallicity resolution lower, than in MIST’s
case. Despite this, the YY isochrones were among the first to
incorporate the effects of helium and a-element enhancement
carefully (Demarque et al. 2004).

Figure 2 shows a selection of the 2004 Y'Y isochrones (dotted
lines) overlaid on a selection of MIST isochrones (solid lines)
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Figure 1. Reproduction of B17’s Figure 6 but using MIST isochrones. Metallicity bins are the same as in B17.

with similar metallicities for a range of ages. Curves with similar
colors are similar metallicities, with the same color scale used in
Figure 1.

For fixed age and metallicity, the Yale isochrones generally
predict cooler temperatures compared to the MIST isochrones
—which is what we should expect based on the comparison of
Figure 1 to B17’s Figure 6—but this relationship inverts, or
becomes ambiguous, near the base of the red giant
branch (RGB).

There is noticeable discrepancy in the locations of the MSTO
regions in the 2 and 5 Gyr panels. Since the majority of stars in
the B17 sample fall exactly in this region, especially those stars
identified as young, we should expect a nontrivial difference
between the ages predicted by MIST and the ages predicted by
Yale, all else being equal.

It is well known that the choices of modeling physics have a
large effect on the MSTO and base of the RGB (e.g., Joyce &
Chaboyer 2018a), as the isochrones demonstrate. The key
differences in modeling physics between MIST and YY can be
summarized as follows:

1. Choice of solar abundance scale: YY uses the abundances
of Grevesse & Sauval (1998), which place the solar
metallicity at Z = 0.020, whereas MIST uses the scale of
Asplund et al. (2009), which places the solar metallicity
at Z=0.014;

2. Atmospheric boundary conditions: YY uses a gray model
atmosphere, whereas MIST uses photosphere tables
based on 3D atmosphere simulations;

3. Treatment of diffusion: YY includes the effects of
diffusion throughout, whereas MIST only uses diffusion
on the main sequence; and

4. Mixing length: the YY stellar tracks adopt a value of
apmpt = 1.743 for the convective mixing length, whereas
the MESA models use oyt =1.82.

Among the first three, the difference in the solar abundance
scale will dominate. Regarding point 3, we note that the
incorporation of diffusion will not affect the evolution beyond
the main sequence, but it is worth mentioning this difference in
the isochrone databases given that many of our targets are not
necessarily more evolved than the upper main sequence. We
defer a discussion of point four until Section 7. For a more
comprehensive comparison of the assumptions made in these
and other stellar evolution programs, see Table 3 of Tayar et al.
(2022).

3.2. Effects of o-element Enhancement

Although there is no way to request isochrones with a
particular degree of a-enhancement, or [«/Fe], from the
publicly available MIST database directly, a-enhancement can
be approximated in the models by rescaling the baseline
abundance, [Fe/H]o, to a new value [Fe/H]escalea that
encapsulates the relative increase in global metallicity imparted
by larger numbers of a-capture elements. This is done by
computing an array of global metal mass fractions, Z,
associated with a densely sampled grid of ([Fe/H], [«/Fe])
combinations. This dictionary can then be used to find an
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Figure 2. A selection of MIST and Yale isochrones are shown for a selection of ages: 2, 5, 10, and 14 Gyr. MIST models are shown in dots, Yale with solid lines.

Models of similar color have similar metallicities.

appropriate pair ([Fe/H]uescaleds [@/Fe] =0) for any input
combination of ([Fe/H], [«/Fe]). Since this relation defines
parameter pairs as equivalent according to their production of
the same Z, the choice of solar scale will affect this
relationship.

We adopt an a-element enhancement distribution for the
isochrones according to the functions

[alpha/Fe] = +0.3 for [Fe/H] < —0.3,
[alpha/Fe] = —[Fe/H] for — 0.3 < [Fe/H] < 0, and
[alpha/Fe] = 0 for [Fe/H] > 0,

which are based on the consistently observed [«/Fe] versus [Fe/
H] trends reported by numerous authors (e.g., Gonzalez et al.
2011; Johnson et al. 2014; B17; Rojas-Arriagada et al. 2020).
This produces the rescaled [Fe/H] values given in Table 1.

The difference between a-enhanced and standard MIST
isochrones can be seen in Figure 3. The primary effect of
including a-element enhancement is to shift the isochrones
rightward toward cooler temperatures (redder colors) for
equivalent ages and baseline metallicities. This appears similar
to the difference between the MIST and YY isochrones.
Howeyver, the reason for the difference in this case is that, as
metallicity increases, stars maintain the same reaction rates at
lower temperatures. The number of donor electrons increases in
the atmosphere, which causes an increase in the continuous
opacity and a subsequent decrease in the surface temperature.
The isochrones constructed from such models will therefore
skew cooler, but their evolution also lags behind isochrones
without «-enhancement. When «a-enhancement is handled
properly, the age predictions will increase.
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Table 1
Rescaled Isochrone Metallicities Accounting for a-element Enhancement

[Fe/H] [a/Fe] Rescaled [Fe/H]
—-2.0 +0.3 —1.787
-19 +0.3 —1.687
—1.8 +0.3 —1.587
—-1.7 +0.3 —1.487
—1.6 +0.3 —1.387
—1.5 +0.3 —1.287
—1.4 +0.3 —1.187
—-1.3 +0.3 —1.087
—-1.2 +0.3 —0.987
—1.1 +0.3 —0.887
—1.0 +0.3 —0.787
—-0.9 +0.3 —0.687
—-0.8 +0.3 —0.588
-0.7 +0.3 —0.486
—0.6 +0.3 —0.384
—-0.5 +0.3 —0.285
—-0.4 +0.3 —0.184
—0.35 +0.3 —0.137
—0.32 +0.3 —0.108
—-0.3 +0.3 —0.088
—0.26 +0.26 —0.077
—0.2 +0.2 —0.060
—0.1 +0.1 —0.037
0 to +0.5 0.0 original [Fe/H]

Figure 4 is a reproduction of Figure 1 using a-enhanced
MIST isochrones. They provide a slightly better visual fit to
the B17 sample and are more reflective of real a-abundance
trends with metallicity. They are also most similar in
composition to the abundances assumed in the YY isochrones
used in B17’s analysis, while still being up-to-date and
adopting the most modern physical conventions. We proceed
using the a-enhanced MIST isochrones as the basis for our
quantitative age determinations.

4. Age Determinations and Statistical Analysis

Though it is straightforward to fit an isochrone to an
observation “by eye,” it is much more difficult to construct a
mathematically rigorous definition of a best-fitting model. This
is especially true in a situation where:

1. Many observations are plausibly consistent with a large
number of isochrones (i.e., the isochrone falls within the
star’s 1o uncertainties);

2. The isochrones are discretely spaced in age and
metallicity and thus limited in resolution; and

3. The models contain their own intrinsic uncertainties that
are both difficult to quantify and highly variant over
different parameter regimes—a point to which we will
return in later discussion.

To deal with these issues, we apply a combination of known
statistical techniques to estimate the age and observational age
uncertainty for each star according to an appropriate basis of
isochrones. Our method incorporates elements of maximum
likelihood analysis, MC simulations, and a frequentist approach
to the goodness-of-fit/ x> (see, for instance, Joyce &
Chaboyer 2018b; Murphy et al. 2021; Tang & Joyce 2021).
The chosen isochrone basis constitutes a set of candidate
hypotheses against which we test our stars. In all cases, the

Joyce et al.

MIST isochrones range in age from 0.5 to 20 Gyr, sampled at a
resolution of 0.5 Gyr, and in metallicity from [Fe/H] = —2.0 to
[Fe/H] = +0.5, sampled at a resolution of 0.1 dex. We permit
ages above the formal age of the universe (13.5 Gyr; Ade et al.
2016) for consistency with B17’s lack of upper bound on their
own age determinations, and the standard MIST database
permits ages up to 20 Gyr.

For each of B17’s targets, we measure the goodness-of-fit
between the star and every point along each isochrone.
Restricting to the appropriate evolutionary regime (we may
confidently exclude the pre-main sequence and the RGB above
the RGB bump, for example), the number of points along a
particular isochrone is 220.'

The goodness-of-fit for each theoretical-observational pair is
determined according to a x? statistic, given by

2 (0; — 1;)?
Xfor i DoF — Z - 3 &)

O

where o; are the values derived from observations, #; are the
values assumed in the models (theory), and o; are the
observational uncertainties. The number of degrees of freedom
(DoFs) is equal to the number of terms i in the summation,
which determines the distribution of the x* scores. This metric,
which ultimately underlies our claim that an isochrone of
particular age is more or less consistent with a measurement,
depends strongly on the number of independent'' observations,
the uncertainties in the observations themselves, and the
uncertainties implicit in, e.g., distance when a transformation
from apparent to absolute magnitude is required. It is therefore
crucial that we carefully consider the definitions of the
constituent uncertainty terms in each case.

Explicitly, in the case of B17’s sample, there are three data
sources and their associated uncertainties: the error in log g, the
error in the effective temperature Ty, and the error in [Fe/H]
(abbreviated below asZ, the convention for representing
metallicity in stellar models). As these are already physical
coordinates and the uncertainties are reported directly, this x>
definition is straightforward

»  (ogg, —logg) | (Lo — Tiwt)? | (Zo — Z))*
Bl7 = 3 + 5 + 3 )
Ulogg,o JTe“,o 0Z.0
(2)

as are the definitions for 0iog 4,0, 07,0, and 0z, We note that
this statistic applies equal weighting to uncertainties in T,
log g, and metallicity.

Fits to photometric data, on the other hand, are more
complicated; they must take into account not only the
uncertainties in the apparent magnitudes for the star in each
filter used to build the CMD, but uncertainties in the distance to
the star, extinction, and observational instrumental systematics.
Further, the relationship among these quantities and appropriate
relative weightings are not obvious. Definitions of the

10 We note, however, that this restriction was removed when custom
isochrones were used in the fits due to the modified evolutionary trajectories
of the underlying tracks caused by, e.g., very low assumptions for the
convective mixing length; see Section 7. A test comparing age determinations
when using a restricted evolutionary domain on the isochrones to those using
an unrestricted domain produced a shift toward older ages of less than 1%.
' Observations are not strictly independent, but we must make this
assumption for the sake of practicality.
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Figure 3. Isochrones at a small range of metallicities and their a-scaled counterparts are shown for ages of 2-5 Gyr, as indicated. Isochrones that take into account a-
element enhancement are indicated on these four panels by dashed lines. A solid line of the same color indicates the same isochrone without a-enhancement. In the
case of the isochrone with [Fe/H] = 0.5, no a-enhanced counterpart exists due to the global metallicity upper limit of +0.5 imposed by the MIST database. The most
visible effect of including a-element enhancement in the isochrones is to shift the isochrones toward cooler temperatures, but the net effect of increased metallicity is
that stars with equivalent temperatures and luminosities have lower masses, translating to slower evolution and an increase in the inferred age as a function of [Fe/H].

uncertainty terms appropriate for the photometric analyses
conducted here are discussed further in Appendix A.

For each star S in the B17 sample, we compute an agreement
statistic, or “score,” comparing T s, log gg, and Zg to each of
220 evolutionary points x 40 ages x 29 metallicities for a total
of 255,200 instances of T, and log g, in Equation (2). Like
age, [Fe/H] (aka Z,) is fixed per isochrone, so Z, does not vary
over the set of evolutionary points. This algorithm thus returns
the relative likelihoods of all candidate age—metallicity
hypotheses (isochrones) for S.

We then construct a definition of the weighted average age
through which each age hypothesis is penalized according to its

likelihood: Each score Xﬁ, n=1,...,255200 has a relative
likelihood, p,,, given by the probability density function (PDF)
for the x? distribution with three DoFs. We caution that this
association implicitly assumes the three variables log g, T,
and [Fe/H] are independent and normally distributed. Though
this is not strictly true (we note, for instance, that log g may
more closely follow a log normal distribution, and any
parameters derived from the same observational source—in
this case, spectroscopy—are correlated by definition), we
confirm that this is a reasonable enough approximation via MC
simulations, discussed in detail in Section 5 and the Appendix.
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Figure 4. Same as Figure 1 but using a-enhanced MIST isochrones.

The weighted average age of star S is given by

2 ontnD
fg = —2—=, 3)
S S

where 1, is the age of the isochrone hosting log g,, Tesr, and Z,,
P, is the value of the x* PDF at the score for that hypothesis
given by Equation (2), and # is the total number of candidate
hypotheses considered. The MIST-based age we report for a
star therefore represents the weighted average over all age
solutions, with the most consistent age fits weighted highest.

4.1. Comparison to Other Methods in the Literature

Bensby et al. (2011) briefly describe how they form a
probability distribution for the age estimates as a weighted
average of “probabilities,” which are products of the normal
density functions comparing the observed parameters for a star
to those of a suite of isochrones. This is similar to our method:
both assume the observed parameters come from independent
normal random variables, for example, though in our case the
weights are the values of the density function for the x?
distribution with three DoFs. However, Bensby et al. (2011)
relegate a more detailed discussion of their method to J.
Meléndez et al. (in preparation), which we were unable to find,
and B17 refer only to their 2011 paper regarding their use of
the same method. While we do find some discussion of a
seemingly similar method in Meléndez et al. (2012), it is
unclear how they define their 1o uncertainties. We speculate
that, rather than fitting their derived distribution to a normal

distribution, they extend their estimates outwards to collect
lo’s worth of points assuming normality and do so in either
direction independently, which could be the cause of their
highly asymmetric error bars. However, this is not stated
explicitly, so we are unable to make a more rigorous
comparison at this time.

In some capacity, Bensby et al. (2011) derive their 1o error
estimates from the shapes of the distributions they find. We
instead use MC resampling for two reasons. First, this requires
no additional assumptions, whereas they must make some
assumptions about these shapes. Second, through random
resampling, we are able to incorporate model uncertainties (see
Section 7), which they did not take into account.

Various other methods have been used to estimate stellar
ages using a suite of isochrones. Angus et al. (2019) used
Markov Chain Monte Carlo random walks based on Foreman-
Mackey et al. (2013) to find the parameter region with the best-
fitting isochrones. We found this inappropriate for our data, as
our larger uncertainties mean too broad a range of isochrones
offering plausible fits, which would lead to random walkers
ending up in local minima as an artifact of the discrete
isochrones. Similarly, Creevey et al. (2022) used a combination
of Gaia DR3 photometry, spectroscopy, and BaSTI isochrones
to derive ages for millions of stars, but their method is more
suited to targets in the solar neighborhood and has limited
utility for stars with nonsolar metallicities (see also Kordopatis
et al. 2023). Sanders & Das (2018) obtained age estimates for
~3 million stars from Gaia and spectroscopic data using a
Bayesian method that calculates a weighted average over
isochrones due to Burnett & Binney (2010). Our method is
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similar in principle, and it would be worthwhile to compare our
method to theirs in future work. Their method more readily
accounts for the nonuniform spread of their isochrone grid, but
we do not expect our lack of consideration for this feature to
make a significant difference given that we tested the
sensitivity of our results to the input isochrone grid and
increased its age and metallicity resolution as needed.

Another machine-learning method is The Cannon (Ness
et al. 2015), used for example by Ho et al. (2017), Hasselquist
et al. (2020), and Sit & Ness (2020) to estimate ages for large
numbers of stars based on training data derived from APOGEE
and other surveys. Our target, however, is a small number of
individual stars for which we can make direct inferences, so
this method is not ideal for our situation. We also prefer to
avoid machine-learning techniques in general, as they can still
suffer from the same sensitivities to input (i.e., training sets) as
any other flawed method, but these sensitives are obscured by
“black box” usage, leading to overconfidence in the results.
Any age determinations for imperfect data will inevitably be
biased, whether by the training sample, the method, the priors,
or data incompleteness and other problems. Though our
method is not without its shortcomings and questionable-but-
necessary assumptions, it is clearly defined, reproducible, and
its limitations are not obscured by a black box.

4.2. Ages according to the Basic MIST Isochrones

The age distribution resulting from the application of our
method to 91 B17 targets is given in Figure 5. The most
striking feature of the distribution shown in the upper panel of
Figure 5 is the strong peak at an age of approximately 13 Gyr.
While some stars with ages below 8 Gyr are identified, only
four stars are found to have ages below 5 Gyr, and we find none
with ages less than 3 Gyr. On the contrary, B17’s age
distribution, constructed from the same data and overlaid in
red in the lower panel of Figure 5, shows a nearly uniform
distribution of ages between 0.5 and 14.5 Gyr.

4.3. Ages according to Yale Isochrones

We test the hypothesis that the Yale isochrones should
produce older ages, presented in Section 3, by applying the
algorithm presented here to the publicly available set of 2003
Yale isochrones. In this case, the range of ages available is
reduced to 0.5-20Gyr in increments of 1Gyr (half the
resolution of the MIST grid), and there are eight metallicities
available spanning [Fe/H] = —1.7 to +0.6. The resulting age
distribution is shown in Figure 6.

First, we note that the mean of the Yale-based age
distribution is younger than MIST’s by a non-negligible
1.3 Gyr. Second, we observe a larger number of young stars
(below 5 Gyr) detected and a significantly diminished high-age
tail above 12 Gyr in the Yale distribution. There is also a more
prominent peak around 6 Gyr than in Figure 5. However, per
the lower panel of Figure 6, the shape of the Yale distribution
still differs noticeably from the distribution presented by B17;
it is much closer to the distribution found with MIST.

4.4. Ages with c-enhanced MIST Isochrones

We quantify the effects of a-element enhancement on stellar
ages by recomputing the distribution presented in Figure 5
using the set of a-enhanced MIST isochrones described in
Section 3.2. Figure 7 shows the resulting distribution.

Joyce et al.

The impact on the median age is small, producing an overall
shift toward older ages of about 1%: roughly 10.8 Gyr (no a-
enhancement) versus 10.9 Gyr (with a-enhancement). How-
ever, the effect on the age bin near 8-9 Gyr is substantial and
makes more apparent one of the key differences between the
age distribution derived in B17 and the ones derived presently:
where B17 find a three-]i)eaked distribution—or, arguably, a
near-uniform distribution'>~with an overabundance of young
stars near 3 Gyr, fits with the age determination algorithm
presented here reveal a distribution with one prominent peak
around 13 Gyr, a subordinate peak around 8 Gyr (particularly in
the fits of MIST isochrones with a-enhancement and Yale
isochrones) and a clear, monotonic decrease in count
below 8 Gyr.

The shift of the distribution toward older ages, particularly
for the oldest and most metal-poor stars that make up the most
a-enhanced population, is consistent with our expectations. We
proceed with our analysis by adopting the «-basis MIST
isochrones as the default physical configuration.

4.5. The Age—Metallicity Distribution

Figure 8 compares the age—metallicity distribution found with
MIST (a-enhanced basis) to the distribution reported in B17 as
well as to the age—metallicity relation from Haywood et al. (2016).
The upper left panel shows age versus [Fe/H] for the three data
sets. The purple diamonds (MIST) suggest a characteristic broken
power law, with ages roughly constant below [Fe/H] = —0.5 but
declining with increasing metallicity above [Fe/H] = —0.5. The
red circles (B17), on the other hand, show a large degree of age
scatter at all but the lowest metallicities, and it would be difficult
to claim that a broken power law describes the data. A comparison
between our new MIST-based age-metallicity relation and the
relation from Haywood et al. (2016) (green stars) shows that the
present work extends the population of old (>10 Gyr) bulge stars
to higher [Fe/H] than is predicted by the Haywood et al. (2016)
model. Our results are in better agreement with the age—metallicity
relation from Bernard et al. (2018; see also their Figure 10).

The remaining three panels break the distribution into
metallicity histograms: the upper right shows the youngest age
bin, <7.0 Gyr, the lower left shows 7 << 10, and the lower
right shows ¢ > 10 Gyr. The youngest and intermediate panels
provide a clear picture of where the distributions differ most:
first, there is a large discrepancy in the number of young stars
identified at all—this is most apparent in the <7 Gyr panel,
where B17 report 42 of 91 stars with ages less than 7 Gyr
(nearly 50%), as compared to our finding of 15 young stars
(16%). Second, though the intermediate-age panel shows
similar numbers of stars identified in this age range by both
MIST and B17, these are spread across a much larger range in
metallicity in B17’s case. The distributions in the oldest panel
are reasonably consistent, though MIST finds that fully two-
thirds (66%) of the stars have ages >10Gyr compared
to B17’s 40%.

Figure 9 presents this relationship another way: binned
average age is shown as a function of metallicity, with the
number of stars in each bin annotated. The data show an
increase in age dispersion with increasing metallicity, which is
not consistent with (primarily photometry-based) claims that

2 A Kolmogorov—Smirnov test confirms that B17’s distribution is in fact
consistent with a uniform distribution: the null hypothesis cannot be rejected at
the 5% level.
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Figure 5. Upper: the age distribution computed using MIST isochrones and the
algorithm described in Section 4. Lower: two histograms overlaid, comparing
the ages presented in B17 (transparent red bars, foreground) to ages derived
using MIST isochrones and the same logg and 7.¢ measurements (purple bars,
background).

stellar ages display no metallicity dependence. However, this
trend also does not suggest a large constituency of very young
stars. Another feature apparent in the upper left panel of
Figure 8 is the size of the age uncertainties reported by B17
relative to MIST’s, with the MIST age uncertainties being
significantly reduced relative to those presented in B17. We
move now to a rigorous discussion of the calculation of the age
uncertainties presented here.

5. Age Uncertainty Analysis

The method described in Section 4 produces an age estimate
for a star according to a particular basis of isochrones.
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Figure 6. Upper: the panel shows the ages of 91 B17 targets computed using
the age determination algorithm described in this manuscript, but instead
adopting a basis of 2003 Yale isochrones instead of MIST isochrones. These
were the isochrones used in B17’s original age determinations and adopt
different physical assumptions than MIST. Lower: same the as left, but with
the B17 distribution overlaid, as in previous figures. Though the presence of a
larger number of young stars is clear, the shape of the Yale-based age
distribution is still not consistent with the distribution presented in B17.

However, it does not provide a straightforward way of
estimating the uncertainty in the fg of Equation (3) due to
limitations in our knowledge of the observational data set.'?

13 Though formal statistics provides a standard definition for the variance in
Equation (3), the validity of that definition hinges on features that our algorithm
and data set cannot satisfy: first, that #,, ..., t, be normally distributed—they
are not, as these are a set of uniformly spaced candidate ages. Second, all
contributing uncertainties must be dimensionless and log-free. They are not,
and in some cases we do not have enough information to convert them to the
appropriate coordinates.
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Figure 7. Upper: same as Figure 5, but assuming the «-enhancement
distribution of Table 1 in the MIST isochrones. Lower: the red foreground
histogram shows the results from B17 overlaid on the histogram in the left
panel.

Therefore, to estimate the variance (1o error) in g, we use an
MC technique inspired by discussion in Angus et al. (2019) and
thoroughly detailed in Andrae (2010).

To find the observational age uncertainty for star S, we adopt
as our starting assumption the effective temperature, gravity,
metallicity, 1o temperature uncertainty, lologg uncertainty,
and lo [Fe/H] uncertainty reported for S by B17. From these,
we construct three independent normal distributions with
densities

“

1 2 2
x) = e~ =7/ 20 ,
/ o2
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defined by
M = ];ff,S$ o = UTeff_y
p = loggg, 0 = Ologg,s
p= Zs, 0=o0z o)

for the temperature, log g, and [Fe/H], respectively.

In MC resampling, we repeat the age determination 100
times. We calculate the weighted average for one star using 100
independent samples of the parameters T, log g, and [Fe/H]
from the distributions of Equation (5) in place of logg,, Tefr.0,
and Z,, respectively, in Equation (2), but always use the B17
uncertainties. This gives a spread of age estimates that we
could have seen if B17’s measurements had varied according to
their uncertainties; an example is given for MOA-2013-BLG-
402S in Figure 10, and similar histograms for all stars can be
found in the Appendix. The distribution in Figure 10 has a
standard deviation (root variance) of o= 1.83 Gyr for MOA-
2013-BLG-402S. In general, this technique gives our estimate
of the standard error (1o uncertainty) in our age estimate, fs.

We note that as the number of MC trials increases, the
distribution of the age estimates should approach a normal
distribution with a mean equal to our age estimate,'* tg = 10.62
in the case of MOA-2013-BLG-402S. We see good agreement
(Usimutaed = 10.66 versus tg = 10.62, within 0.5%) at 100 trials.

It is important to note that a valid age determination
technique must be basis-invariant; that is, it must work
independently of the color-magnitude or brightness—temper-
ature system in which the isochrone fits are performed. Our
technique satisfies this requirement, as demonstrated through
its application to photometry, described in Appendix A.

6. Comparison of Age Determinations

Table 2 summarizes all age determinations: the MIST-based
ages according to the default and a-enhanced isochrone bases
as well as the BDBS-based and Gaia-based photometric ages
discussed in Appendix A. The age determinations from B17 are
reproduced for comparison. All ages and uncertainties are in
Gyr; [Fe/H] and its uncertainty (in dex) are taken from B17
and adopted in all age determinations for all data sets, physical
and photometric. Where observations for a particular star are
not available in a given photometric systems, the entry is
marked “NA.” Membership in either or both of the BDBS and
Gaia gold samples is indicated with markers at the end of the
star’s name. In all four systems, the age uncertainties are
estimated via the MC technique described in Section 7 using
100 trials.

The two most important caveats on results thus far are the
following:

1. In all cases discussed previously, the age uncertainties are
computed using observational sources of error only; and

2. The error bars are only physically meaningful in the
spectroscopic cases.

Point (2) is discussed in the Appendix; we elaborate on point
(1) in the next section.

Among the spectroscopic determinations, the ages derived
according to default and «a-enhanced isochrone bases are
consistent with each other. For a given star, the differences

14 1f the variables in the y° definition are indeed normally distributed, then the
mean of the MC age distribution, i3,¢, should approach the predicted age, s, as
the number of trials increases.
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Figure 8. Upper left: age vs. metallicity using logg, 7., and the a-enhanced basis of isochrones, corresponding to the distribution shown in Figure 7. Upper right:
histogram showing the distribution of metallicities [Fe/H] for the population of stars with ages less than 7.0 Gyr according to the ages determined in the current work
(blue, solid borders) and B17 (red, dashed borders), respectively. Lower left: same as upper right, but for an intermediate age distribution as indicated. Lower right:
same as left, but for stars with ages greater than 10 Gyr according to the two age determinations, respectively. In all histogram panels, “MIST ages” refers to the ages

determined according to the a-element enhanced basis of isochrones.

between them range from about 5%-10%. Though this
difference is not necessarily negligible, it is eclipsed by nearly
a factor of two in the observational age uncertainty, which
hovers around 1-2 Gyr, or roughly 20%. This finding suggests
that careful consideration of abundances in the models may not
be worthwhile given existing spectroscopic precision, but such
considerations could become important in light of modest
observational uncertainty reductions. Age uncertainties of this
order are consistent with other estimates for subgiants and early
RGB stars in the literature (e.g., Tayar et al. 2022), but they are
not comparable to the upper and lower age limits quoted
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by B17. However, the relationship between the age and
uncertainty estimation method presented here and the one used
to derive the upper and lower age bounds in B17 is unclear (per
the discussion in Section 4.1).

7. Modeling Uncertainties

While a comprehensive analysis of modeling systematics in
MESA and MIST is beyond the scope of the current study, we
must make an effort to avoid the most prominent flaw in all
stellar age determinations: incomplete, or completely absent,
consideration of theoretical uncertainties.
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Figure 9. Ages derived with MIST a-enhanced isochrones are shown as a
function of metallicity. Ages represent the average age within the corresp-
onding metallicity bin, where each metallicity bin spans 0.2 dex. The
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and fourth quartiles are the upper and lower segments, respectively. Points
without dispersions correspond to bins in which there is only one age
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Figure 10. A MIST-based age distribution simulated from 100 MC trials in
physical coordinate (logg, Tef) for the target MOA-2013-BLG-402S is shown.
The variance (second moment, o°) of this distribution provides a reasonable
estimate for the age uncertainty.

As mentioned in Section 4, the isochrones themselves adopt
a complex network of physical assumptions, each of which
has its own associated uncertainty. This patchwork of
parameters is highly covariant, and the sum of their effects
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is difficult to quantify. While some sources of modeling
uncertainty have been studied extensively, such as metallicity
and abundance assumptions, atmospheric boundary condi-
tions, convective overshoot, and treatment of diffusion (e.g.,
Feiden 2015; Choi et al. 2018; Joyce & Chaboyer 2018a;
Tayar et al. 2022), these considerations are not typically
applied to more than one idealized observational target at a
time. Further, there are many additional sources of modeling
uncertainty that are neglected entirely; in many cases, this is
due to poor or nonexistent constraints on the values of free
parameters. A prime example of such a case is the convective
mixing length, ann . More than a decade of research shows
that (1) inappropriate choices for anyt can impart huge
inaccuracies to model-derived fundamental stellar parameters,
and (2) that the appropriate choice mixing length is dependent
on metallicity, evolutionary stage, and probably mass
(Trampedach et al. 2014; Tayar et al. 2017; Joyce &
Chaboyer 2018a, 2018b; Viani et al. 2018; Tang &
Joyce 2021; Cinquegrana & Joyce 2022).

Yet, the de facto approach in stellar modeling and isochrone
construction is to adopt a fixed, solar value with no further
exploration. As Figure 11 makes clear, this is not acceptable.

Figure 11 shows a suite of isochrones computed with the
same MESA version and physical settings used in MIST, but
with variations in ayy  permitted. In the upper left panel, the
metallicity (Z=0.0142;roughly solar) and age (10 Gyr) are
identical for every isochrone; the only difference is in the value
of the mixing length adopted in its constituent stellar tracks,
indicated by color. The mixing length values range from 0.4 to
2.3. These choices are physically justified, as some magneti-
cally active M dwarfs have been found to be fit best by mixing
lengths as low as ayppt=0.4 Hp (e.g., Mann et al. 2015;
Ireland & Browning 2018), and values above 2.0 Hp are
common in fits to solar-like stars.

The effects are striking, particularly in terms of effective
temperature: in the evolutionary region most pertinent for these
observations—the MSTO and subgiant branch—the range in
T induced by varying aygt alone is more than 1500 K. Just
above this, on the early RGB, it balloons to 2000 K (the danger
of using the RGB for age determinations for precisely this
reason has, at least, been noted in Joyce & Chaboyer 2018a). In
terms of logg, the variation is at least Alogg = 0.5. In the
lowest-valued cases, below about aypgr= 1.2, the models
show the development of a convective core, indicated by the
hooked feature at the MSTO.

In the remaining three panels, the span in mixing length is
truncated at a lower value of apr= 1.4 to capture more
realistically the range of values appropriate for subgiant and
early RGB stars (which are not fully convective). The B17
data set is shown overlaid. Even with a more conservative
estimate of the variance in this parameter, the spread in the
H-R diagram cannot be ignored. The two right-hand panels
show the same age assumption but different metallicities: [Fe/
H] = 0 (solar) on top versus [Fe/H] =~ —0.5 underneath. Here
we can see clearly that adjustments to the mixing length (that
are well within reason) will comparably or more significantly
impact age determinations than metallicity variations of 0.5
dex. Comparing instead the lower two panels, which have the
same metallicity assumption but different ages, we find that a
difference of appr=14 versus ayr=2.3 is nearly
equivalent, in terms of shifts in T.¢, to an age difference
of 5 Gyr.
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Table 2
Age Summary

Name [Fe/H] B17 Age MIST Age ...a-enhanced ...Model Err. BDBS Age Gaia Age
1 MOA-2009-BLG-174S 0.11 £ 0.08 6.4737 8.9+2.0 93420 93440 93414 100+ 1.2
2 MOA-2009-BLG-259S 0.34 +0.19 1.585 72424 78424 78+38 NA NA
3 MOA-2010-BLG-167S * —0.60 + 0.05 1294133 153+ 1.7 154+ 1.7 154 +3.8 95+15 NA
4 MOA-2010-BLG-311S 0.51 £0.19 3.6°77 7.6+2.7 7.7 +2.7 77433 105+ 1.0 NA
5 MOA-2010-BLG-446S —0.40 + 0.08 3.1+ 51412 49+12 49420 NA NA
6 MOA-2010-BLG-523S * 0.06 + 0.14 3.3182 74425 75425 75+38 89+18 NA
7 OGLE-2011-BLG-0950S % 0.33 +0.10 2.4+38 34411 33411 33416 71416 83422
8 OGLE-2011-BLG-0969S * —1.57£0.25 1164437 136+ 1.1 134+ 1.1 134+1.5 101+ 1.4 NA
9 MOA-2011-BLG-034S 0.11 +0.15 1245134 138+ 1.9 146+19 14.6 +2.8 8.0+ 18 NA
10 MOA-2011-BLG-058S 0.37 £ 0.25 10.154%° 136+ 1.9 13.8+ 1.9 13.8+28 115410 NA
11 OGLE-2011-BLG-1072S 0.36 +0.12 4854 82423 82423 82434 NA NA
12 MOA-2011-BLG-090S —0.26 +0.05 143559 174+ 1.1 174+ 1.1 17.4 +2.7 123+ 1.1 NA
13 MOA-2011-BLG-104S —0.85+0.15 11.673%° 134412 133+ 1.2 13.34+1.8 NA NA
14 OGLE-2011-BLG-1105S 0.00 £ 0.17 491193 9.7+19 99+ 1.9 99+29 NA NA
15 MOA-2011-BLG-174S —0.18 + 0.09 3.5592 55+ 1.0 50+ 1.0 50425 95+ 1.7 NA
16 MOA-2011-BLG-191S 0.26 +0.14 3.878¢ 8.0+ 3.1 8.1+3.1 8.14+4.1 NA NA
17 MOA-2011-BLG-234S + —0.02 + 0.08 6.475§ 81418 83+18 83430 6.0+24 6.8 422
18 MOA-2011-BLG-278S 0.52 4+ 0.39 1027136 123415 127415 127418 NA NA
19 OGLE-2011-BLG-1410S 0.22 4+ 0.37 6.571%! 107 + 1.6 108 + 1.6 10.8 +2.4 NA NA
20 MOA-2011-BLG-445S 0.26 + 0.31 8.21%! 107+ 1.8 1.1+18 11.1+£28 105415 NA
21 MOA-2012-BLG-022S 0.42 +0.09 34734 51+13 50+ 1.3 50422 NA NA
22 OGLE-2012-BLG-0026S 0.50 4 0.44 6.573%4 1.0+ 15 1.1+15 11.1+£25 NA NA
23 MOA-2012-BLG-187S * —0.74 + 0.08 116455 155+ 1.4 155+ 1.4 155+22 98+ 18 NA
24 MOA-2012-BLG-202S % —0.15 £ 0.13 14.753%° 147413 146+ 13 14.6 £ 2.1 9.0+15 74420
25 OGLE-2012-BLG-0211S —0.03 £ 0.08 7.811%° 125422 129422 129435 8.7+ 1.6 NA
26 OGLE-2012-BLG-0270S —0.84 +0.13 11.6113° 136+ 1.2 135+ 1.2 13.54+2.0 NA NA
27 MOA-2012-BLG-291S 0.16 & 0.24 14.775%° 151412 152412 152421 8.6+ 18 NA
28 MOA-2012-BLG-391S —0.24 +0.07 6.771%8 13.0+27 127 +2.7 127435 NA NA
29 MOA-2012-BLG-410S —0.14 £ 0.07 6.1+}12 122 +3.0 121430 121+39 NA NA
30 OGLE-2012-BLG-0521S 0.09 +0.15 560443 102426 107 £26 10.7 £3.7 NA NA
31 MOA-2012-BLG-532S % —0.55+£0.21 11.671%° 127+13 124413 124+ 1.6 9.6+ 1.6 NA
32 OGLE-2012-BLG-0563S —0.66 + 0.07 87416 129+ 1.9 129+19 129 +3.6 90+ 18 NA
33 OGLE-2012-BLG-0617S * —0.14 £+ 0.09 12.644%° 130+ 1.9 127+19 127432 93415 NA
34 OGLE-2012-BLG-0816S —0.10 4+ 0.14 1.67%¢ 6.3+3.2 6.3+32 6.3+34 121+1.1 NA
35 OGLE-2012-BLG-1156S —1.89 +0.25 131553 135+ 1.1 134+ 1.1 134416 NA NA
36 OGLE-2012-BLG-1217S —0.41 £ 0.07 102443 132+ 1.8 13.1+1.8 13.1+3.1 107412 NA
37 OGLE-2012-BLG-1274S 0.07 4 0.04 8.2724 93+ 1.1 9.4+ 1.1 94+32 9.1+ 1.7 NA
38 OGLE-2012-BLG-1279S * —0.62 + 0.06 1164128 142+ 1.8 142+ 1.8 142+35 100+ 1.3 NA
39 OGLE-2012-BLG-1526S % —0.24 £+ 0.06 9.55 %6 129 +24 127 +2.4 127 +3.6 954 1.7 NA
40 OGLE-2012-BLG-1534S —0.15+0.04 6.3113 8.6 +£0.9 83409 83432 NA NA
41 MOA-2013-BLG-063S 0.47 +0.14 2,633 37+ 14 3.6+ 14 3.6+ 18 NA NA
42 MOA-2013-BLG-068S —0.27 £ 0.05 3.8713 81426 8.1+26 81445 NA NA
43 MOA-2013-BLG-299S —0.48 +0.11 131733 142+ 1.4 140 + 1.4 14.0 + 2.1 92414 94413
44 MOA-2013-BLG-402S 0.20 + 0.25 537143 102+ 1.8 10.6 + 1.8 10.6 +2.8 79420 NA
45 OGLE-2013-BLG-0446S 0.40 + 0.08 55713 70+ 12 70+ 12 70+25 43425 NA
46 MOA-2013-BLG-517S —1.08 +0.15 1024137 129+ 1.4 128 + 1.4 128+ 1.6 10.1+ 1.6 NA
47 MOA-2013-BLG-524S —1.01 £0.26 1025437 123412 122+12 122+1.5 NA 103+ 1.0
48 MOA-2013-BLG-605S —0.17 £+ 0.09 8.37138 11.9 +2.0 113420 11.3+5.0 9.6+ 1.5 8.6+ 1.7
49 OGLE-2013-BLG-0692S % 0.15+0.19 4.1%3% 8.6+24 92424 92438 9.6+ 1.4 92420
50 OGLE-2013-BLG-0835S 0.53 +0.25 5.871%° 105+ 1.6 103+ 1.6 103 +£2.0 NA NA
51 OGLE-2013-BLG-0911S 0.47 4 0.09 40137 51409 51409 51422 NA NA
52 OGLE-2013-BLG-1015S 0.36 £ 0.07 6.4782 8.0+ 14 8.0+ 1.4 8.0+3.5 NA NA
53 OGLE-2013-BLG-1114S 0.42 +0.19 16533 33+ 1.8 35418 354+ 1.7 NA NA
54 OGLE-2013-BLG-1125S —0.12 4+ 0.07 10.35)3¢ 113+1.4 109 + 1.4 109 +3.8 NA NA
55 OGLE-2013-BLG-1147S 0.29 4 0.09 4143 54419 54419 54426 107 + 1.4 9.9+ 14
56 OGLE-2013-BLG-1259S —0.21 £ 0.06 9.571%6 13.0+24 12.8 +2.4 12.8 £ 4.1 71422 8.1+18
57 OGLE-2013-BLG-1768S 0.11 £0.25 11.053%7 112413 112413 112+ 1.6 NA NA
58 OGLE-2013-BLG-1793S 0.32 4+ 0.07 54178 74420 74420 74433 NA NA
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Table 2
(Continued)

Name [Fe/H] B17 Age MIST Age ...a-enhanced ...Model Err. BDBS Age Gaia Age
59 OGLE-2013-BLG-1868S * 0.38 & 0.07 53798 6.0+ 1.1 6.0+ 1.1 6.0 +2.5 96+ 14 95+ 1.6
60 OGLE-2013-BLG-1938S + —0.41 £ 0.09 14.612%° 129418 129+1.8 129+ 4.6 90+ 18 87413
61 MOA-2014-BLG-131S 0.29 + 0.34 13.113%° 132409 132409 132413 9.1+1.9 NA
62 OGLE-2014-BLG-0157S *+ —0.5240.10 14.045%° 137+1.9 137419 13.7+38 100+ 1.1 103412
63 OGLE-2014-BLG-0801S 0.55 +0.34 124553 101+ 1.4 9.7+ 14 9.7+26 94+16 NA
64 OGLE-2014-BLG-0953S —0.13£0.12 6.251%3 13.3+24 134+24 134 +£3.0 NA NA
65 OGLE-2014-BLG-0987S 0.23+0.16 10.1+128 13.1 +2.1 13.4 +2.1 13.4+2.6 244+ 1.6 NA
66 OGLE-2014-BLG-1122S % —0.32 4 0.06 14.649%° 16.9 4 1.3 169413 169+28 93+1.6 NA
67 OGLE-2014-BLG-1370S 0.43 £0.29 11.673%3 13.8+ 1.2 141412 141426 NA NA
68 OGLE-2014-BLG-1418S 0.44 +0.14 8.37097 10.14+ 1.8 10.1 4+ 1.8 10.1 +£3.5 89+ 1.9 9.8+0.9
69 OGLE-2014-BLG-1469S —0.70 £ 0.08 7.97122 127422 127422 127435 NA NA
70 OGLE-2014-BLG-2040S 0.19 £+ 0.17 6.413% 82+ 1.9 8.9+ 1.9 89+28 NA NA
71 OGLE-2015-BLG-0078S —0.55£0.15 43+1L6 105+ 1.6 102+ 1.6 102 +2.9 NA NA
72 MOA-2015-BLG-111S 0.07 +0.14 6.674%7 11.9+2.38 122428 122+3.6 NA NA
73 OGLE-2015-BLG-0159S % 0.36 +0.13 3793 71424 71424 71436 79421 NA
74 MOA-2010-BLG-037S 0.55 4 0.20 42182 58+18 59+1.8 59+2.1 NA NA
75 MOA-2010-BLG-049S —0.40 £ 0.07 12.3743%¢ 159+ 1.6 159+ 1.6 159432 9.6+ 1.3 NA
76 OGLE-2009-BLG-076S —0.72 +0.11 11.67533 144+15 144415 144423 102+ 1.5 NA
77 MOA-2010-BLG-078S —1.00 + 0.34 14.675%° 120+ 1.3 119+ 1.3 11.9+15 NA NA
78 MOA-2006-BLG-099S 0.44 +0.21 3.5779 65+ 19 6.7+19 6.7 +2.7 NA NA
79 MOA-2009-BLG-133S % —0.69 + 0.07 14.65%° 152+ 1.0 151+ 1.0 151+ 1.9 113+ 14 NA
80 OGLE-2008-BLG-209S %t —0.31 4 0.09 721122 120422 117422 11.7 + 3.4 9.1+16 11.0+1.3
81 OGLE-2006-BLG-265S 0.46 £ 0.19 8.7+1%! 10.7 £2.0 11.0 +2.0 11.0 £3.1 79419 NA
82 MOA-2010-BLG-285S %+ —1.21£0.10 11.65453* 151412 151412 151+ 1.7 112+ 1.4 934 1.1
83 MOA-2008-BLG-310S 0.41 +0.11 4982 70+ 1.5 70+ 1.5 70+28 14412 NA
84 MOA-2008-BLG-311S 0.35 £ 0.08 0.973% 29408 2.6+0.8 26+1.7 121+ 1.1 NA
85 OGLE-2007-BLG-349S 0.42 £+ 0.26 13,1483 13.8+ 1.1 140+ 1.1 14.0+£22 NA NA
86 MOA-2009-BLG-456S 0.13 +0.10 g.7+1L! 9.7+2.1 10.4 + 2.1 10.4 +3.4 53428 NA
87 MOA-2009-BLG-475S —0.5240.20 8.71%° 119415 114+15 11.4+2.1 NA NA
88 MOA-2009-BLG-489S —0.21 +0.07 13.654%8 163+ 1.4 15.8 + 1.4 15.8+38 NA NA
89 MOA-2009-BLG-493S —0.74 £ 0.15 13.143%° 137407 13.4+0.7 134412 NA NA
90 OGLE-2007-BLG-514S 0.29 +0.23 6.47103 89+ 1.8 9.8+ 1.8 98425 NA NA
91 MACHO-1999-BLG-022S —0.49 +0.17 131513 149415 145415 1454+ 2.1 110415 NA

Note. All ages are shown in Gyr. “MIST Age” refers to the refitting of B17’s own physical coordinates (7, logg) in the present analysis. The % symbol indicates
membership in the BDBS gold sample; { indicates membership in the Gaia gold sample. We strictly emphasize that the uncertainties reported for the photometric
results (BDBS, Gaia) are not physical (see the discussion in the Appendix); they are simply the results of simulations performed with insufficiently precise
observational constraints. Only the uncertainties associated with spectroscopic age determinations should be interpreted as physical, and only those that further
account for modeling uncertainties should be taken as meaningful lower limits on real age uncertainties.

Based on these order-of-impact arguments, we perform a
simplified estimate of the total age uncertainty through the
inclusion of theoretical terms motivated by Figure 11. In a new
set of MC simulations, we adopt the same definitions for Xz
and tg given in Equations (2) and (3), respectively, and sample
from the same distributions in observational parameters given
in Equation (5), but we introduce an additional term accounting
for variation in the isochrones. In each MC simulation, we
sample normal distributions given by

p=0, (52)

0 = OT.rms

nw=0, o= Olog g, (5b)
uniformly shifting the entire basis of isochrones horizontally by
a random sample of Equation (54) and vertically by a random
sample from Equation (5b). The rest of the algorithm proceeds

as normal. The values adopted for the order-of-magnitude
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theoretical uncertainties in each direction are og,, = 200 K
and 0yogg, = 0.17 dex, representing approximately one-third of
the spanstﬁs shown in the H-R diagrams of Figure 11. As these
choices are based on mixing length arguments alone, these
numbers should be taken to represent lower limits on the true
degree of model variation. While a rigorous estimate of the
total model uncertainty is beyond the scope of this paper,
uncertainty in oyt is likely to dominate, so this is not an
unreasonable first-order approximation.

The results of these simulations are given in the “model err”
column of Table 2. For a given star, the typical increase from
the observational age uncertainty to the global age uncertainty
is 1-2 Gyr, thus putting the true age uncertainties anywhere
between 2 and 5 Gyr. These are not only more realistic, they are
realistic lower limits.

15 The span is taken to represent a 3¢ spread, as a crude approximation.
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Figure 11. As an example, the intrinsic temperature scatter among custom isochrones (computed with MESA models) due to ad hoc assumptions about convection
(choice of mixing length, ant) is at least half of the nearly 2000 K temperature span shown here near the MSTO region and base of the subgiant branch.

8. Comparison with HST Data

As discussed in Section 1, most HST analyses have
concluded that the bulge is uniformly old with a small age
spread, typically finding a mean age of ~10-11Gyr and a
spread of ~1-2 Gyr (e.g., Kuijken & Rich 2002; Clarkson et al.
2008; Brown et al. 2010; Clarkson et al. 2011; Gennaro et al.
2015; Renzini et al. 2018). In contrast, Haywood et al. (2016)
note that the MSTOs of HST CMDs are too narrow in color to
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be compatible with a population that simultaneously possesses
a large metallicity spread and a small age spread. Haywood
et al. (2016) instead claim that incorporating an age—metallicity
relation that forces metal-rich stars to be progressively younger
reduces the MSTO color spread and resolves the tension
between photometric and spectroscopic studies finding dis-
crepant age distributions.

However, the age—metallicity relation adopted by Haywood
et al. (2016), which follows Bensby et al. (2013), includes a
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Figure 12. Left: a proper motion—cleaned HST CMD of the low-atitude SWEEPS field using data from Calamida et al. (2015) is shown with a set of MIST isochrones
spanning ages of 2-13 Gyr and with [Fe/H] = 0 over plotted. We find that the bulge MSTO is bracketed by ages of ~6-13 Gyr, and that stars younger than 4 Gyr are
too blue and bright to be compatible with the data. Note that most of the stars brighter and bluer than the nominal MSTO are known to be blue stragglers (Clarkson
et al. 2011). Right: similar isochrones are shown that represent our derived age—metallicity relation (Figure 9). Since our age—metallicity relation restricts the youngest
stars to those with [Fe/H] > 0, the younger ages, which push stars bluer, are offset by the increased metallicity, which drives stars redder, such that the breadth of the
expected MSTO is reduced without producing the large contingent of bright, blue main-sequence stars seen in Haywood et al. (2016).

significant number of stars younger than 5 Gyr. As a result,
Barbuy et al. (2018) pointed out that the Haywood et al. (2016)
age—metallicity relation produces too many bright, blue MSTO
stars to be compatible with the observed CMDs. Their age—
metallicity relation also contrasts with ours presented in
Figure 9, which is much flatter, contains only a small number
of stars <6 Gyr in age, and has a median age of ~8 Gyr for the
most metal-rich bin. Both Haywood et al. (2016) and the
present study agree that the bulge is “predominantly old,” but
our work strongly removes the youngest age bins. As a result,
Figure 12, which shows a proper motion—cleaned HST CMD of
the low-latitude SWEEPS field described in Calamida et al.
(2015), illustrates that our derived age—metallicity relation is
more compatible with the observations. The mild slope of the
age—metallicity relation found here retains the benefit of
reducing the MSTO color spread but does not include such
young ages as to generate a large contingent of unobserved
bright, blue stars. Therefore, Figure 12 reinforces our earlier
conclusion that the bulge is bracketed by ages of ~6-13 Gyr,
and that no appreciable fraction of stars have ages <4-5 Gyr.

9. Implications of Our Derived Ages

The application of multiple approaches to age determination
has not relieved the tension between isochrone-derived ages
and ages derived from analysis of HST CMDs with proper-
motion cleaning (Clarkson et al. 2008; Renzini et al. 2018) or
foreground subtraction (Zoccali et al. 2003), though our new
age—metallicity relation may help improve compatibility
between some of these methods (see Section 8). Figure 8
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illustrates a sharp break in the derived age dispersion at [Fe/
H] ~ —0.5, with more metal-rich stars spanning a range from
12 to 13 Gyr in age, and being in the mean ~3 Gyr younger
than their metal-poor counterparts. In agreement with Bernard
et al. (2018), we find that most bulge stars are old (>10 Gyr) or
of intermediate (>5-8 Gyr) age; however, we do not find any
stars <3 Gyr old and the prevalence of intermediate-age stars
rises sharply for [Fe/H] > 0.3. We cannot find any aspect of
our analysis or the isochrone physics that would lead to a
systematic derivation of younger ages at high metallicity. In
contrast to B17, our analysis gives an increase in intermediate-
age stars that is clearly pronounced at high metallicity; we
conclude this is an actual physical aspect of our sample.

We may find some support for the age range at high
metallicity from other observations. Catchpole et al. (2016) find
that long-period Mira variables (attributed to intermdiate age
populations) tend to follow the bar structure, while short-period
(older) Miras do not. Hasselquist et al. (2020) use a large
sample of APOGEE data to argue that a large fraction of the
bulge—at least half their sample—is old (>8 Gyr), and that the
population of young (2-5 Gyr) stars they do find is strongly
constrained to the Galactic plane. The present work, along with
Marchetti et al. (2022), do not confirm the presence of such
young stars. However, we note that Marchetti et al. (2022) does
not sample inside b ~ —3%5, where young stars may be more
prevalent. On the other hand, the B17 sample analyzed here
shows no significant correlation between age and Galactic
latitude.

It is difficult to age date populations of late-type stars such as
SiO masers from their bolometric luminosities (uncertain also
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due to distance), but there are indications of a widespread
population of luminous SiO masers that follow the bulge/bar
population kinematics (Trapp et al. 2018). However, the most
luminous late-type stars are extremely concentrated to the
Galactic center (Blommaert & Groenewegen 2007). This work
and our foreground cleaning of disk stars from the Galactic
bulge (Marchetti et al. 2022) argue strongly against a
significant population of main-sequence progenitors younger
than 3 Gyr. Considering the lack of main-sequence progenitor
candidates, we conclude that no substantial population of
massive, evolved AGB stars is present in large numbers in the
bulge.

Studies of galaxy morphology (Sheth et al. 2008) find that
the fraction of barred galaxies decreases strongly with redshift,
dropping from 0.6 at z=0.1 to 0.3 at z = 0.8. The evolution of
bar fraction is striking in that it occurs at relatively low redshift.
This suggests that the formation of bars in spiral galaxies may
be a relatively recent phenomenon that took place within the
last 5-10 Gyr.

Dynamical models (e.g., Shen et al. 2010) have long found
that the formation of bars from a massive stellar disk occurs
rapidly in just a few rotation times. Such a scenario would
appear at first to be in stark disagreement with an age range for
stars in the bar, and would especially challenge a scenario in
which stars of higher metallicity are more concentrated to the
plane. It is possible that once the bar forms, gas flows support
additional star formation from the enriched gas, with the
younger, more metal-rich population observed closer to the
plane. Martinez-Valpuesta & Gerhard (2013) advance a
scenario in which the initial disk has a radial metallicity
gradient that, after the bar forms, is mapped into a comparable
vertical metallicity gradient. Their model preserves the basic
premise of a rapid buckling of the bar while allowing for an
observed metallicity gradient. The present-day region of the bar
closest to the Galactic center, however, shows negligible
evidence of a metallicity gradient (Johnson et al. 2020).

The chemistry of the bulge offers some additional support
for this age—metallicity relationship. The trend of [«/Fe] versus
[Fe/H] is clearly toward scaled solar with increasing
metallicity (e.g., Gonzalez et al. 2011; Johnson et al. 2014),
consistent with Type Ia supernovae having the time to
contribute enough iron to force this trend. However, similar
trends are seen in the thick disk, for which the evidence for an
extended formation history is less compelling, and the long
timescales needed for Type I supernovae to pull [a/Fe] toward
solar-scaled composition (Tinsley 1979; Greggio et al. 2008;
Maoz et al. 2010) may not be available.

In conclusion, our new ages do not find support for a
population of young, massive stars in the bulge (age <3 Gyr).
However, the tension between the ages of microlensed dwarfs
derived from spectroscopic analysis and isochrone fitting (and
also via photometric isochrone fits) and proper motion—cleaned
HST-based CMDs remains unresolved. The new, more care-
fully computed ages point toward a growing likelihood that the
most metal-rich stars in the bar are younger than their more
metal-poor counterparts. This conclusion looks increasingly
attractive as new evidence accumulates for a progressive
concentration of metal-rich stars toward the plane. However,
we emphasize that while a number of disparate approaches
point toward support for modestly younger ages or a wider age
dispersion in the bar, all age determination methods face
challenges in precise measurements for stars older than ~5
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Gyr; additional robust measurements are needed. While
challenging, it would be desirable to construct proper-motion-
separated HST-based CMDs that are also segregated by
metallicity, to confirm whether the metal-rich population shows
evidence of a greater age dispersion. The work by Renzini et al.
(2018) is a good first step in this direction, and we envision
building on their methods to provide more granular examina-
tions of the age-metallicity relation in the bulge. It will be
important to find new approaches to test the age dispersion of
the bulge/bar population, as there are important implications
for the formation and evolution of the bulge/bar.

10. Summary

We present new age determinations of the Milky Way bulge
microlensed dwarf sample presented in B17 by combining their
spectroscopic  stellar parameters with out-of-the-box and
custom modern MIST isochrones and carefully considered
statistical analysis techniques. We also include an analysis of
the impact that various error sources have on the derived ages,
such as: the choice of isochrone grid (MIST versus YY),
including (or not) metallicity dependent a-element enhance-
ment, and reasonable variations in the mixing length parameter.
The newly derived ages are then combined with the previously
published [Fe/H] values to construct an updated age—
metallicity relation for the bulge.

The full microlensed dwarf sample analyzed here has a mean
age of about 11 Gyr and a spread of ~3.5 Gyr. We find a
dominant old peak near 13 Gyr and a secondary peak near
8 Gyr, but we do not find any younger local maxima in the
bulge age distribution. Our newly derived mean age is nearly
3 Gyr older than the mean age presented in B17, and unlike
the B17 results, we do not find any appreciable population of
stars <5 Gyr in age. The strong reduction in the number of
young bulge stars is most clearly illustrated when comparing
our results against those in B17 for stars <7 Gyr in age. The
latter finds that nearly 50% of their sample is younger than
7 Gyr while we find only 16%. Similarly, we find 66% of the
microlensed sample have ages >10 Gyr while B17 find only
40%. Therefore, our derived age distribution is both more
strongly weighted toward older stars and has a sharper cut-off
on the young end compared to the B17 distribution. These
results are robust against variations in the assumed [«/Fe]
ratios and choice of stellar isochrone grid as we find nearly the
same distributions, modulo some small-scale zero-point shifts,
when purely solar-scaled compositions are used and when
adopting the YY grid used by B17.

In addition to deriving ages using the spectroscopic
parameters, we crossmatched the B17 sample against stars
observed in the g and i bands with the BDBS and with the Gaia
EDR3 database. In the former, we found 51 stars in common,
while in the latter, we found 17 matches. In both photometric
cases, we included all dominant error sources in the MC fitting
procedure and found mean ages of ~9—10 Gyr and spreads of
~1-2 Gyr, which is about 1-2 Gyr younger than the spectro-
scopic sample but with a much more narrow distribution.
Interestingly, our photometric age distribution for individual
stars closely matches those found in the literature when fitting
cleaned MSTOs in bulge CMDs. However, further analysis
showed that the combined effects of photon noise, distance,
bulge membership, and small-scale reddening uncertainties
were too large to provide any meaningful results from
isochrone fitting. Instead, when using only photometry, the
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fitting procedure simply trended toward the median of the
isochrone grid, thus providing no useful information on the age
distribution (see Appendix A).

We investigated the age sensitivity to the MIST isochrone’s
adopted mixing length, which is one of the most significant
sources of uncertainty in stellar models, especially near the
MSTO. Simply changing a1 between 1.4 and 2.3, which are
all plausible values for low-mass stars in the parameter space
analyzed here, added at least 1-2 Gyr to the global age
uncertainty. Modifying this parameter alone increases the lower
limit of the age uncertainty of an individual star to between 2
and 5 Gyr, thus showing that the age uncertainty values from
many previous works are likely severely underestimated.

In order to investigate further the discrepancies between
photometric and spectroscopic age distributions of bulge
MSTO stars, we applied the age—metallicity relation derived
here from spectroscopy and overlaid the resulting isochrones
onto a proper-motioned-cleaned HST CMD of the bulge
SWEEPS field. A previous analysis by Haywood et al. (2016)
suggested that the bulge must have a significant age dispersion,
rather than being uniformly old, because a purely old bulge that
also has a large metallicity spread would yield too broad of an
MSTO to match the observations. However, the age—
metallicity relation adopted by Haywood et al. (2016), which
follows the results of Bensby et al. (2013), includes a
substantial number of stars younger than 5 Gyr in age. As a
result, their simulated CMD produces a prominent plume of
bright, blue stars that are not observed in the cleaned CMDs.
However, we found that applying our new age—metallicity
relation, which has very few stars <5 Gyr in age and is on
average older, is able to reduce the color spread at the MSTO to
the expected levels while avoiding the production of much
younger, brighter stars that are clearly not present in the data.
Therefore, we conclude that the bulge is bracketed by ages of
about 6-13 Gyr with little room for a significant contingent of
younger stars.
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Appendix A
Age Fits Using Photometric Systems

As an independent check on our age determinations
from B17’s own measurements, we attempt to derive ages
from colors and magnitudes for those B17 sources which also
have photometry from the BDBS (Rich et al. 2020; Johnson
et al. 2020) and/or Gaia EDR3 (Gaia Collaboration et al.
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2021). Among B17’s 91 stars, we find 51 that have reliable
BDBS g- and i-band photometry and 16 that have reliable G,
Bp, and Rp Gaia photometry. Within these, especially well-
determined targets are selected for “gold samples,” described
below.

A.1. BDBS Photometry

The BDBS survey is a deep, UV-optical Dark Energy
Camera (DECam) imaging campaign spanning >200 contig-
uous square degrees of the southern Milky Way bulge. The
survey reaches below the MSTO along most sight lines, and
includes photometry in the DECam ugrizY bands that are
calibrated to the Sloan Digital Sky Survey (SDSS) (x) and
PanSTARRS (grizy) systems (Tonry et al. 2012). Nearly 250
million unique point sources are included in the BDBS catalog,
along with a 1’x1’ reddening map spanning || <10° and
b > —10°. Details regarding the project goals, performance,
and early science results are presented in Rich et al. (2020) and
Johnson et al. (2020).

Crossmatching the BDBS catalog with the microlensed
sample presented in B17, we find 60 stars in common. Stars
that were not crossmatched either reside outside the BDBS
footprint or were in a very crowded region where we could not
be certain that the correct star was identified. Among the 60
crossmatched targets, nine were removed due to poor
photometry or unavailability of distances. Among the remain-
ing 51 candidates, we further identified a set of 18 stars as
belonging to a “gold sample.” These stars were selected as
having higher quality photometric measurements. Specifically,
the gold sample BDBS stars were observed a minimum of three
times, were not located in high background regions, and did not
include any measurements with peculiar image shape
parameters.

CMDs showing the absolute, dereddened magnitudes and
colors for 51 BDBS targets against MIST isochrones are
presented in Figure 13. Panels show ages ranging from 2 to
13.5 Gyr. Metallicities are assigned to the stars from B17
directly and indicated for both data and isochrones according to
the color bar.

To fit models to BDBS photometry, the MIST isochrones
must be converted to the PanSTARRS color—magnitude system
for consistency with the BDBS i- and g-band filters, and the
observations must be shifted into an absolute magnitude
system, which requires knowledge of the distance and
extinction. Where these transformations are possible (i.e.,
where sufficiently reliable distance and reddening information
is available), Equation (1) still holds as the appropriate
definition of x?. The analog of Equation (2) for BDBS, Gaia,
or any photometric fit is then

2
XBDBS
_ (color, — color)?> | (mag, — mag,)? N Z, — Z,)?
O%olor,o Ufnag,o U%,o
(A1)

However, unlike in the fits to B17’s physical coordinates, the
(erms Ocolor,o aNd Opae o are composite uncertainties. The full
definition of color, G — 1, is actually (g —A,) — (i — A;), where
A, and A; are the extinctions in those bands, respectively.
However, we also note that the extinction estimates are based
on a reddening map that aimed to minimize the infrared color/
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Figure 13. MIST isochrones in the PanSTARRS color basis are shown against BDBS photometry in / vs. G — L.
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account for possible variations or errors in the reddening laws,
such as changes in the total-to-selective extinction ratio.
Further, there is an uncertainty in both g and i due to
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Figure 14. Age histograms in the style of Figures 5 and 7 but with ages derived from BDBS photometry. Left: the full intersection of the B17 and BDBS target lists
for which complete photometric and distance information was available, totaling 51. The age distribution according to B17 for the same subset of stars is overlaid in
pink. Right: same as the left panel, but for the gold sample containing 18 members. The ages for the same 18 stars according to B17 is overlaid in pink.

instrumental systematics. Therefore, the uncertainty in color as
a whole is given by

2
Ucolor,o

= \/Jz‘z—band + Uzr—band + o-zzég + 0-2Al- + O-iz,sys + oé,sys’
(A2)
with 0;4,s=0.03 mag and o, =0.02 mag (Johnson et al.
2020). Similarly, o, must incorporate uncertainty in the i-

band magnitude, A;, instrumental systematics in i, and
uncertainty in the distance modulus, DM

P P ) 3
Omag.o = \/Uifband + 0a t Oisys T ODM- (A3)

For each star’s line of sight, we calculated the distance at
which the bulge density distribution reaches a maximum. We
adopt the bulge parametric model described in Simion et al.
(2017) (Model E) which provided the best fit to the infrared
Vista Variables in the Via Lactea (VVV; Minniti et al. 2010)
survey. The dispersion encompasses the 0.16-0.84 density
fractions and is typically ~1.5 kpc.

Since the Gaia EDR3 parallaxes are insufficient for deriving
accurate distances for faint bulge stars, the second set of
distances is estimated from a sample of 2.6 million red clump
stars described in Johnson et al. (2022). The red clump distance
map covers sight lines between |/|==+10° and b < —3°25 and
encompasses a large fraction of the microlensed dwarf sample.
For microlensed stars residing inside the red clump map, a
mean distance and dispersion were calculated from all red
clump stars that had a similar (A[Fe/H] < 0.1 dex) metallicity
and were within a 0°5 radius. Microlensed stars that reside
outside the red clump map were excluded from further analysis
due to insufficient distance information.

The presence of both data sets allows us to fit as many
BDBS targets as possible. Due to the effects on the uncertainty
terms, and therefore on the y” and p scores, stars that do not
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have distances according to either map cannot be fit and are
removed from the sample.

One of the largest error sources for a given star is the
uncertainty in the extinction-correction factors for the BDBS g
band (A,) and i band (A4;). We deredden the BDBS photometry
following the approach described in Johnson et al. (2020). We
employ a high-resolution E(J — Ks) dust map computed using
the VVV survey. The (J — Ks) color dispersion og(,_ gy, caused
by the extinction correction was propagated to the Pan-
STARRS photometry using the photometric transformations
outlined in Johnson et al. (2020).

Using definitions (A1), (A2), and (A3) in the calculation of
x* and p, we compute ages for 51 BDBS targets. The resulting
distribution is shown in Figure 14.

To understand this distribution—in particular, its narrowness
—Iet us return briefly to the CMDs in Figure 13, where we see
that the observational error bars from the BDBS photometry are
much larger relative to the spacing of the isochrones than in
analogous Figures 1 and 3. Given the larger number of
constituent uncertainty terms embedded in the photometric
Ocolor aNd 0y, definitions (and the well-established difficulty
of making photometric age determinations for this reason), it is
not surprising that this is the case. It follows, then, that a star
adopting these 1o color and magnitude uncertainty definitions
will intersect with a much larger number of isochrones,
therefore achieving good (or over-fit) x> scores for several
hundreds of evolutionary points spanning a large range of ages
and metallicities. The resulting age distribution should there-
fore reflect the weakly constrained star’s plausible consistency
with nearly any model, thus yielding a sharply peaked
distribution near the median of the trial ages (10.25 Gyr for
ages 0.5-20 Gyr) and low variance, as shown.

What the sensitivity of the photometric ages to the set of
input age candidates (i.e., grid of isochrones) really tells us is
that the stars are not well enough constrained through
photometry alone to be discerning among models. Much more
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Table 3
Sources with Reliable Gaia Photometry

Joyce et al.

Name Gaia Source ID [Fe/H] [Fe/H] Error B17 Age B17 Lower Age Limit B17 Upper Age Limit
1 OGLE-2013-BLG-0692S 4052447161630182400 0.15 0.19 4.10 3.30 9.80
2 MOA-2012-BLG-202S 4064990283016815744 —0.15 0.13 14.70 8.50 99.90
3 MOA-2011-BLG-234S 4064581887363003520 —0.02 0.08 6.40 2.90 8.60
4 OGLE-2011-BLG-0950S 4043354643038544256 0.33 0.10 2.40 1.60 3.60
5 OGLE-2014-BLG-0157S 4042474694255127168 —0.52 0.10 14.00 7.40 99.90
6 OGLE-2013-BLG-1938S 4041757847027545984 —0.41 0.09 14.60 6.50 99.90
7 OGLE-2008-BLG-209S 4050303698056121728 —0.31 0.09 7.20 5.00 12.20
8 MOA-2010-BLG-285S 4056277031255698304 —1.21 0.10 11.60 8.10 13.40

Note. The Gaia source IDs and fundamental parameters as reported by B17 are shown for eight crossmatched Gaia targets determined to have reliable photometry as

described in Appendix A.2.
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Figure 15. Same as Figure 9, but using the ages derived from BDBS
photometry. The axes are on the same scale in both panels for direct
comparison. In both cases, there is a trend toward younger ages at higher
metallicities, though the age spread is significantly smaller in the photometric
case. We emphasize once again that the age spread and age dispersions are
smaller in this case not because the photometric ages are more reliable, but
because the photometric uncertainties are not precise enough to discern
between age hypotheses.

precise brightness, distance, and reddening measurements
would be necessary to produce truly valid, input—agnostic age
determinations using the method presented here.'® A further
consequence of insufficient observational precision is unreli-
able age uncertainties. The MC calculations redetermine a
star’s age across variations in its observed parameters, but if the
observational uncertainties are so forgiving that good fits are
found across all isochrones regardless of changes to the central
values of color and magnitude (the values substituted for color,
and mag, in Equation (Al)), the age determination will not
change much from trial to trial. This produces an output
distribution with low variance because the limiting factor on
age variation is the maximum and minimum of the isochrone
grid rather than the observational error bars. As such, age

16 This statement is likely true for any similar statistical method as well.
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determinations made using this should be
approached with caution.

The distribution clearly bears no resemblance to the near-
uniform distribution of the B17 ages for the same subsample
(reduced from 91 to the 51 stars for which we have BDBS
measurements), shown overlaid in pink, but neither does it
resemble the MIST age determinations for the microlensed
coordinates shown in Figure 7. However, this distribution is
typical of other photometrically derived age distributions for
this region in the literature (e.g., Gennaro et al. 2015).

When the age determination algorithm is applied to the
BDBS gold sample only (lower panel of Figure 14), we find an
even sharper distribution, with lower variance, and starker
disagreement with the B17 age determinations for the
equivalent subsample. Though the problems associated with
small number statistics should not be discounted when the
sample is reduced to 18 candidates, it is worth noting that the
mean of the distribution does increase when the only most
reliable BDBS targets are fit. The lower panel of Figure 14 also
makes clear that the stars being classified as young or
intermediate-age by the MIST and BDBS photometry are not
the same as those being classified as young by B17.

However, we wish to make clear that a direct comparison
between the spectroscopic and photometric age distributions
is not strictly valid given the caveats regarding the
photometric uncertainties discussed above. It is not surpris-
ing, then, that there is tension between the age distributions
derived from photometry and those derived from microlen-
sing and spectroscopy; the impact of uncertainties cannot be
ignored.

A comparison between Figures 15 and 9 underscores this
point. The average binned age is shown as a function of
metallicity, with number of stars in each bin annotated, for the
BDBS photometry. While both data sets show an increase in
age dispersion with increasing metallicity, the photometric data
are consistent with the claim that the stellar ages display no
metallicity dependence. This is clearly not the same story told
by the spectroscopic data. A naive interpretation of this
discrepancy is that there is some fundamental tension between
the data collection methods; but, in reality, this is once again
explained by photometric imprecision in absolute magnitudes,
driven particularly by distance and small-scale reddening
variations along with the extreme crowding of low-latitude
bulge fields. The age spread and age dispersions are smaller in
the photometric case because the photometric uncertainties are
of the same order as the entire ranges in color and magnitude
covered by the isochrones.

photometry
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Figure 16. Same as Figure 13, but for Gaia photometry.

A.2. Gaia Photometry

Nonetheless, it is worthwhile to repeat this exercise with an
orthogonal photometric data set. We crossmatch the B17
sample with Gaia EDR3, finding a total of 17 stars with Gaia
photometry and colors. We correct the apparent G-band
magnitudes using the formula provided by Riello et al.
(2021). To select a sample of stars with reliable Gaia
photometry, we also correct the photometric flux excess factor
following the approach described in Riello et al. (2021). The
corrected excess factor C is computed comparing the
integrated flux in the Ggp and Ggrp bands to the one in the
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G band, and it is therefore a measure of the consistency of the
photometry in the different bands. We then estimate the
corresponding uncertainty o+ as a function of (corrected) G
magnitude using Equation (18) in Riello et al. (2021). We find
a total of eight stars that satisfy the condition C* < 50+, and
their identifiers are reported in Table 3. Gaia EDR3 parallaxes
and proper motions are available for a subset of five stars. Even
though Gaia EDR3 parallaxes for these faint stars are not
precise enough to determine reliable individual distances, for
one of the targets, OGLE-2013-BLG-0692S, the reported
parallax @ = (2.75 £ 0.84) mas might indicate that the star is
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Figure 17. Left: the same as Figure 14, but for the intersection of the B17 and Gaia target lists examining only those stars selected according to the description in
Section A.2. This is the “Gaia gold sample.” Right: same as the left panel, but for the entire intersection of the B17 and Gaia target lists. This totals 16 stars after the
removal of Gaia stars with either (1) bad photometry or (2) for which two independent distance determinations with uncertainties were not available.

a foreground star and therefore does not belong to the bulge.
This is further confirmed by Gaia EDR3 proper motions. For
each of the five stars, we compute its probability to belong
kinematically to the bulge based on its Galactic proper motions
(fex> ), which we determine by fitting the distribution in
proper motion for all the stars within 075 from the center of the
fields presented in Marchetti et al. (2022). By this metric, we
find OGLE-2013-BLG-0692S to be the only star with a
probability marginally lower than 50% of belonging to the
bulge, Ppuge =0.48. We include it our gold sample and fits
regardless.

Distances are once again provided by Johnson et al. (2022)
and Simion et al. (2017), with extinction uncertainties in the BP
and RP filters calculated as described in Appendix A.1. A lack
of reliable distance reduces the full crossmatched sample from
17 to 16 targets, while the gold sample includes eight targets.
The color and magnitude uncertainty definitions for the Gaia
targets are given by

2

Ucolor,o

= Jodp + okp + 02, + 04y (A4)

and

Omag,0 = \/UZG,band + 01246 + O'ZDM, (AS)
respectively. In this case, the analogs of the instrumental
systematics terms (€.g., 0; ) used in Equations (A2) and (A3)
are the Gaia zero-point offsets per filter (G, Bp, and Rp), which
are already folded into the definitions of 0G_pang, oBp, and ogrp.

Figure 16 shows the CMDs for all 16 available Gaia targets
with uncertainties defined according to Equations (A4) and (AS).
The MIST isochrones are transformed into the UBV(RI)c/
2MASS /Kepler/Hipparcos/Gaia (DR2/EDR3)/Tess photo-
metric system. As in the BDBS CMDs of Figure 13, we see
that the 1o observational uncertainties for most stars overlap
with nearly the entire set of isochrones (horizontal error bars)
and cover a similarly wide expanse of evolutionary time and
theoretical brightness (vertical error bars).
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We perform the age determinations as in previous sections.
The resulting distributions for the entire sample (left panel)
and gold sample (right panel) are shown in Figure 17, with
the Gaia/MIST ages shown in dark red and the histograms
built from B17 overlaid. Qualitatively, we observe once again
the narrowness of the MIST-based distributions compared to
the equivalent subsamples in B17, though we reiterate the
point made in Appendix A regarding the impropriety of
claiming robust photometric ages for stars with such large
uncertainties—and whose age determinations display such
clear model-dependence—in the first place. Further, the small
number of targets in both cases makes meaningful statistical
inferences difficult: there is no apparent relationship between
the Gaia/MIST ages and equivalent B17 ages across the two
samples.

Appendix B
Comparison of Photometric Age Determinations

While the age uncertainties quoted in Table 2 for the
photometric fits are the true, numerical results of MC
simulations, they should not be interpreted as meaning
anything beyond this. Neither BDBS nor Gaia photometric
data are precise enough that the age determination algorithm
can distinguish between candidate ages.

The two photometric ages are typically inconsistent with
their spectroscopic counterparts but consistent with each other.
Both of these features speak once again to the unreliability of
these photometric age determinations and, in particular, their
sensitivity to the input age grid. The fact that the photometric
age “uncertainties” are on par with, or lower than, the
spectroscopic age uncertainties for the same star should not
be misinterpreted either: the photometric age variance over 100
MC simulations is low because the trial age determinations are
always near the median of the input grid, which is always the
same, regardless of parameter variations.
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Appendix C

Results of MC Error-bar Simulations Figures 18, 19, and 20 show histograms computed from 100

For each star fit according to each of the three sets of MC uncertainty simulations for MIST-based age determina-
observational parameters, we provide the age histograms tions according to spectroscopic coordinates, BDBS photo-
generated from the MC simulations of their uncertainties. metry, and Gaia photometry, respectively.
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