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ABSTRACT

The center of our disk galaxy, the Milky Way, is dominated by a boxy/peanut-shaped bulge. Numerous studies of
the bulge based on stellar photometry have concluded that the bulge stars are exclusively old. The perceived lack
of young stars in the bulge strongly constrains its likely formation scenarios, providing evidence that the bulge is
a unique population that formed early and separately from the disk. However, recent studies of individual bulge
stars using the microlensing technique have reported that they span a range of ages, emphasizing that the bulge
may not be a monolithic structure. In this Letter we demonstrate that the presence of young stars that are located
predominantly nearer to the plane is expected for a bulge that has formed from the disk via dynamical instabilities.
Using an N-body + smoothed particle hydrodynamics simulation of a disk galaxy forming out of gas cooling inside
a dark matter halo and forming stars, we find a qualitative agreement between our model and the observations of
younger metal-rich stars in the bulge. We are also able to partially resolve the apparent contradiction in the literature
between results that argue for a purely old bulge population and those that show a population comprised of a range

doi:10.1088/2041-8205/787/2/1L19

in ages; the key is where to look.
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1. INTRODUCTION

The boxy/peanut-shaped bulge of the Milky Way was re-
vealed in the star counts from the Two Micron All Sky Sur-
vey (Lopez-Corredoira et al. 2005) and more recently has been
mapped in detail across the inner extent using red clump stars
(Wegg & Gerhard 2013). It has been proposed that small boxy
or peanut-shaped bulges form via internal evolution of the disk
(Combes & Sanders 1981). As the disk becomes unstable, it
forms a rotating bar which buckles and heats the disk verti-
cally (Raha et al. 1991). The orbits of the stars originally in
the bar are extended vertically into orbits which now define the
boxy/triaxial /peanut-shaped bulge. A number of properties of
the bulge of the Milky Way have recently been shown to be con-
sistent with the generic properties of N-body models that form
a bulge via internal evolution from the redistributed stars of the
disk. These include the kinematics of stars in the bulge (Howard
et al. 2008; Kunder et al. 2012; Ness et al. 2013b) and the
X-shaped profile (McWilliam & Zoccali 2010; Nataf et al.
2010), which provide important observational constraints on
models of formation (Shen et al. 2010; Ness et al. 2012; Li &
Shen 2012; Gardner et al. 2014). Another important observa-
tional constraint on the formation of the bulge is stellar ages.

Studies of the color-magnitude diagrams of several fields
in the bulge have shown that the best isochrone fits support
a purely old (>10 Gyr) stellar population (e.g., Ortolani et al.
1995; Zoccali et al. 2003; Sahu et al. 2006; Clarkson et al. 2008;
Brown et al. 2010; Valenti et al. 2013). This has been interpreted
as evidence for a classical bulge population, formed rapidly at
early times and before the disk, via mergers or dissipational

collapse processes (Ortolani et al. 1995; Zoccali et al. 2003).
Recent studies interpret different signatures of formation in the
boxy/peanut morphology and the stellar ages and metallicities
to argue for a composite bulge. These studies (e.g., Babusiaux
et al. 2010; Hill et al. 2011) conclude that dissipational collapse
formation has played an important role in the formation of
the bulge, in addition to the dynamical instability processes.
Disk galaxies with no bulges or with relatively small boxy or
peanut-shaped bulges like the Milky Way are quite common
(Lutticke et al. 2004) and their formation route in the context
of the evolution of the universe is critical for our understanding
of galaxy formation (e.g., Barentine & Kormendy 2012). To
constrain the formation processes of the Milky Way and interpret
the signatures of formation, including ages, comparisons to
models of individual galaxies are key.

2. AGES OF INDIVIDUAL BULGE STARS

The old stellar ages reported from the photometric studies
seem at odds with the studies that exploit microlensing events
of the dwarf and subgiant bulge stars, which uniquely allow
ages of individual bulge stars to be determined. The microlens-
ing studies have demonstrated that the more metal-rich stars in
the bulge ([Fe/H] > —0.4 dex) show a range in stellar ages from
3—-12 Gyr, as shown in Figure 1 (Bensby et al. 2011, 2013).
This figure also shows our simulation’s stellar distribution in
[Fe/H]-age space. These younger stars are not expected to be
present for a classical bulge population, formed rapidly at early
times and before the disk, via dissipational or merger processes.
If the bulge formed via internal disk instabilities rather than


http://dx.doi.org/10.1088/2041-8205/787/2/L19
mailto:ness@mpia.de

THE ASTROPHYSICAL JOURNAL LETTERS, 787:L19 (6pp), 2014 June 1

0.5f

0.0r

—0.5¢

[Fe/H]

—1.0F

—1.5¢

-2.0
0

10

6 8
Age [Gyr]
Figure 1. Age-metallicity diagram of the 58 microlensed bulge dwarfs (Bensby
etal. 2013) and an extra 22 dwarfs observed to date as part of their ongoing target
of opportunity program. Note the metal-rich stars show a distribution in ages
and metal-poor stars are all old. The 22 new observations will be published in T.
Bensby et al. (2014, in preparation). The color map is the age—[Fe/H] density
distribution of stars in the simulation over the (I, b) range of the observations.

(A color version of this figure is available in the online journal.)

mergers, however, younger stars should be present due to ongo-
ing star formation in the plane.

In this Letter, we compare the age distribution of the mi-
crolensed dwarf stars, which show a range of ages, to a high
mass resolution simulation that includes star formation, as de-
scribed in Section 3. We examine the stellar age distribution of
the model as a function of height from the plane and [Fe/H] in
Section 4 and test the apparent contradiction that exists between
the range of ages reported from the microlensing studies and the
old population suggested by the photometric studies.

3. THE GALACTIC MODEL

Interpreting the observational data requires models that in-
clude star formation. Until now, such predictions have come
from semi-analytic models or from cosmological simulations
which generally do not yet reach a resolution to resolve boxy/
peanut-shaped structures. Here we use a self-consistent dissipa-
tional collapse simulation that is a higher mass resolution ver-
sion of previous models (Roskar et al. 2008), with 107 stars and
a spatial resolution of 50 pc. In this model, a hot gas corona in
a Navarro—Frenk—White (Navarro et al. 1997) dark matter halo
cools under self-gravity and forms a disk galaxy with a small,
weakly triaxial bulge. The evolution of this model in isolation
thus reflects internal processes only as there are no interacting
companions during the evolution. The model was presented in
Gardner et al. (2014) and the evolution of its nucleus will be pre-
sented in D. R. Cole et al. 2014 (in preparation). For this Letter
the model is studied after evolving for 10 Gyr. We emphasize
that this model was not designed to match the Milky Way and
our analysis is qualitative. However, we find a remarkable quali-
tative agreement with a number of observational signatures. We
have scaled the model (by a factor of 1.2) to match the bar size
to that of the Milky Way of about 3.5 kpc (Robin et al. 2012) and
placed the bulge at 8 kpc away from the Sun, at an angle of 27°
with respect to the line of sight (Wegg & Gerhard 2013). The
model is shown in Figure 2 with the Sun placed at y = —8 kpc.
It qualitatively reproduces the observed kinematic profile that
is generic to models of bulges formed via internal evolution of
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Figure 2. Mass surface density of the model projected onto the x—y, x—z,
and y-z planes as indicated. Note the boxy shape and X-structure in the y—z
projection at right.

(A color version of this figure is available in the online journal.)

the disk (Shen et al. 2010; Ness et al. 2013b) as well as the
X-shaped profile that is seen in the Milky Way (Gardner et al.
2014).

4. COMPARISON TO OBSERVATIONAL DATA

The resolution of our model is much higher than in previous
models, and includes gas and stellar chemistries not previously
employed in such studies, so this is the first time structure can
be studied in such detail. We wish to investigate the distribution
of stellar ages in the model at different heights from the plane
and at different metallicities to understand if there are young
stars in the bulge and, if so, where they are concentrated. A
direct comparison of the age—[Fe/H] distribution of individual
stars shown in Figure 1 with the simulation requires defining the
selection function of the microlensed dwarf stars, which is quite
uncertain. Bensby et al. (2013) conclude that they oversample
the metal-rich stars by about 50%. However, the comparison
of the line-of-sight density distribution of the simulation with
no selection function implemented, with the observations in
Figure 1, already shows that the general trend in the age—[Fe /H]
space of the observations is broadly matched by the simulation.
There is a wide range of ages at high metallicities and the
age range narrows sharply at lower metallicities. For this
comparison, stars are taken from the model across the (/, b)
range of the observations and within the inner 3 kpc. To show
these distributions in the same figure, the simulation is scaled in
age (to the oldest stars in the observational data of 14.7 Gyr) and
in metallicity (to set the mean metallicity of the thin disk at the
Sun to [Fe/H] = —0.25; Gilmore et al. 1995). The simulation
shows a narrower age range compared to the observations. The
relative density is different between model and observations,
with a far lower density of young metal-rich stars compared
to the microlensed dwarfs, but these details are sensitive to the
selection function.
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Figure 3. Median age of stars in the inner R < 3 kpc of the simulation showing three slices in height, |z|, from the plane, from top to bottom of |z] < 0.14 kpc,
0.14 kpc < |z| < 0.42 kpc, and 0.42 kpc < |z| < 0.85 kpc. The color scale is the normalized median age. The sub-panels represent stars of different metallicity bins:
(a) [Fe/H] < —0.5, (b) —0.5 < [Fe/H] < 0, (c) [Fe/H] > 0. The density contours are shown to indicate the distribution of the stars in each bin. The percentage of

stars in each metallicity bin is indicated in each sub-panel.
(A color version of this figure is available in the online journal.)

In order to understand the qualitative distribution of ages, we
now examine different slices in height across the inner region
of the simulation.

Figures 3 and 4 show the median age and age dispersion for
the face-on projections of the simulation out to a radius of R
< 3 kpe, at three slices in height, |z|, from the plane. An age
scale normalized to the current age (=10 Gyr) of the simulation
is used. The surface density contours illustrate the extent of the
bar. These |z|-slices intersect the center of the bulge at latitudes
of |b| < 1°,1° < |b| < 3°, and 3° < |b| < 6° from the plane
at the center of the bulge. At each height different metallicity
ranges are shown in the three sub-panels of (a) [Fe/H] < —0.5,
(b) —0.5 < [Fe/H] <—0, and (c) [Fe/H] > 0.

4.1. The Age Distribution
of Stars Across Latitude

Looking at Figure 3, it is clear that according to the model
(1) the young stars are strongly concentrated very close to the

plane, (2) there is a sharp transition between young and old
stars in the bulge with latitude and distinct transitions in the
age distribution with longitude, and (3) the oldest stars become
more centrally concentrated at larger heights from the plane.
The model predicts that a few degrees can make the difference
between observing a predominantly old population of stars or a
population with a range of stellar ages in the inner galaxy due to
these steep gradients in the age distribution in the bulge/bar and
surrounding disk. Nearest to the plane around the inner region,
the stars will have the largest age range, so both young and
old stars will be present. The regions around the center of the
bulge and ends of the bar show the most homogeneously young
population. In this simulation the youngest stars are located
along the edges of the bar in a thin nuclear disk which is not
present at earlier times. The youngest stars in the nuclear disk
in the plane (ages < 3 Gyr) are not what we compare to the
microlensed dwarf observations and we have tested our model
at earlier times before this disk formed and verify that similar
to this snapshot, there are young stars heated from the disk to
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Figure 4. Age dispersion of stars in the inner R < 3 kpc of the simulation with the same slices in |z| and [Fe/H] bins as Figure 3.

(A color version of this figure is available in the online journal.)

higher latitudes in the bulge, and that there is a broader range
of ages for the metal-rich stars whereas the metal-poor stars are
predominantly old. Our comparison of the stellar ages in the
model to the microlensed dwarfs is informed by the middle and
bottom panels of Figures 3 and 4. The top panels show that the
trend of old stars at low [Fe/H] and a range of ages at high [Fe/
H] continues to the plane, with decreasing ages moving closer
to the plane for the metal-rich stars, and old stars even in the
plane for the metal-poor stars.

This distribution of stars including the youngest population
in the plane, driven by the evolution of the bar, is similar to the
star formation regions seen in barred disk galaxies in general
(Kormendy & Kennicutt 2004).

The old population at the very center of the model formed
early from a thick disk and the younger stars are from ongoing
star formation in the plane associated with the dynamical for-
mation processes. This recent star formation happens naturally
without any tuning. The star formation history is partly driven
by the gas inflow to the center and related to how strong the bar
is at any particular time.

According to these figures, a median old stellar population is
expected to be observed for most fields in the bulge, located even
a few degrees from the plane. Although a somewhat younger
mean population of stars is present at the ends of the bar,
including at 3° < |b| < 6°,itis difficult to isolate this population
observationally for stars integrated along a given line of sight.
Only photometric observations that target the near end of the
bar close to the plane (I ~ 12°, |b| < 3°) should reveal a slightly
younger mean population compared to the inner longitudes.
The photometric studies that report old isochrones as the best-
fit models to fields at (I, b) = (+1°,—229) (Ortolani et al. 1995),
(+023,—622) (Zoccali et al. 2003), (+1°25,—2265) (Sahu et al.
2006), and (+1023,—422), (—6°8, 4°7) (Valenti et al. 2013) are
consistent with the predictions of this model.

4.2. The Age Distribution of Stars Across [Fe/H]

To study the age distribution as a function of metallicity in the
model, we now examine the three metallicity ranges as shown
in Figures 3(a)—(c) and 4(a)—(c), individually. There is clearly
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Figure 5. Top panels show the location on the sky of the 80 microlensed bulge dwarfs with the metallicity intervals (a)—(c) as indicated on the top of each panel.
The colors represent ages > 80% of the maximum age (red), 60% < ages < 80% (yellow), and ages < 60% of the oldest stars. The bottom panels show the total
normalized age distribution of targets selected at these (/, b) positions in the simulation. The percentage of stars in each age bin are shown in each sub-panel.

(A color version of this figure is available in the online journal.)

a different age distribution for the most metal-rich versus the
most metal-poor stars.

The model shows that at a given height from the plane, the
more metal-rich stars will be, on average, younger than the more
metal-poor stars and that there is an age gradient with distance
from the plane for the metal-rich stars. The age gradient is
shallower at larger heights and the age distribution becomes
increasingly older and has a smaller age dispersion farther
away from the plane. For the metal-rich stars in sub-panels
(b) and (c), with [Fe/H] > —0.5, the predominantly younger
stars are concentrated to the plane and extend to the innermost
bulge at the highest metallicities. There is also a wide dispersion
in age nearest to the plane, where both young and old stars will
be observed.

The young population we refer to when we compare to the
microlensing results is seen in the regions of the observations
in the middle and bottom panels of Figures 3 and 4. The age
distribution of the metal-rich stars extends from ages < 50%
to >90% of the oldest stars in the simulation. For the metal-
poor stars, [Fe/H] < —0.5, the model ages are on the order of
80%—-100% of the maximum ages. We stress that these are not
very young (<1 Gyr) stars.

For the metal-poor stars, [Fe/H] < —0.5, shown in panel (a),
the model predicts that an old population is expected in the
bulge, with younger stars located near the ends of the bar. Old
stars of comparable ages to the bulge stars are also located in the
nearby surrounding disk. This is an important prediction of the
model: a metal-rich star within |b| < 6° from the plane in the
bulge and the nearby surrounding disk can have a range of ages,
with preferentially younger stars at the highest metallicities and
lower latitudes, but a metal-poor star in the bulge, regardless
of latitude, will almost always be old. Observationally, the
metallicity limit between these regimes in the Milky Way
appears around [Fe/H] &~ —0.4 (see Figure 1). The top panels of
Figure 5 show the (I, b) of the microlensed dwarf sample, as a
function of metallicity and color coded by age, normalized to a
maximum age of 13.6 Gyr. The bottom panels of Figure 5 show
the corresponding age distribution for stars at these locations in
the simulation normalized to an age of 10 Gyr. Figure 5 shows
that although the number of youngest stars in the microlensed
dwarf sample are not reproduced, with far fewer stars at the

youngest ages in the model compared to the data, the observed
metal-poor stars are all old and present at low and high latitudes
and the dispersion in the ages of the stars increases as a function
of [Fe/H], in agreement with the distribution seen in the model.
From comparing the age distribution for all stars as a function
of metallicity, it is clear that studies of individual stars are
necessary to test the range of ages of stars in the inner Galaxy.

5. CONCLUSION

Multiple channels of evidence including the kinematics
(Kunder et al. 2012; Shen et al. 2010; Ness et al. 2013a), the
X-shaped morphology (McWilliam & Zoccali 2010; Nataf et al.
2010; Ness et al. 2012; Li & Shen 2012), and now ages, as
we have demonstrated in this Letter, indicate that the bulge of
the Milky Way is in large part, if not entirely, formed as part
of the evolution of the disk. This is at odds with the merger
formation scenario predicted by early semi-analytic models and
a significant problem for the assumption that the bulge must
have been accreted (Guo et al. 2011; Zavala et al. 2012; Cooper
et al. 2013), given that Milky Way type galaxies are common
in the universe. Our results demonstrate that merger processes
are not necessary to form the old bulge population that has
been previously associated with a classical bulge in simulations
(Doménech-Moral et al. 2012; Obreja et al. 2013) and early
bulge-forming dissipational collapse in the Milky Way (Zoccali
et al. 2003; Babusiaux et al. 2010; Hill et al. 2011). This result
is important as it demonstrates that old stars are not unique to
a classical bulge and younger stars that are distributed nearer
to the plane and metal-rich stars spanning a range of ages are
a signature of a bulge formed via internal evolution processes.
Our analysis is qualitative and our simulation is not designed
to match the Milky Way and is suitable for a generalized com-
parison to disk galaxies. Observations of other disk galaxies
have also shown that photometry and spectroscopy can reveal
different results for stellar ages (e.g., MacArthur et al. 2009)
and the generic signatures in the stellar ages we report in this
Letter inform the overall picture in the internal evolution of disk
galaxies (e.g., Kormendy & Kennicutt 2004; Sellwood 2014).
Our results do not exclude any contribution of a merger event
but simply demonstrate that old stars need not exclude a purely
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internal origin and younger stars in an otherwise old bulge are
a natural outcome of internal evolution in the Milky Way. Our
results are in agreement with the bulge formation as a dynamical
process from the disk at early times reported by Guedes et al.
(2013) whereby the majority of stars are old. In our analysis,
we show that the presence of the young stars near the plane
in the simulations is an important aspect of bulge formation
via disk evolution, and one that matches well the observations
(Bensby et al. 2013). Thus the observed ages of stars within the
Milky Way bulge can be explained within the context of internal
formation and dynamical processes, consistent with other lines
of evidence supporting a bulge largely forming from the disk.
The key question we now endeavor to resolve, with respect to
the Milky Way bulge as a signature of the Galaxy’s formation,
is what fraction of stars, if any, are part of a merger remnant?
Mapping the age distribution of the bulge as a function of / and
b and performing further quantitative analyses that our team is
preparing, examining key regions highlighted in this Letter, and
further comparisons to models in the spirit of this Letter, are
critical to interpret observations and understand the formation
of the Milky Way.
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