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Setting the stage

• The hope is that elemental abundances will help to 
differentiate between (at least some of) these scenarios


• Barbuy et al and McWilliam review the current status of 
observations and chemo/dynamical models

AA56CH06_Barbuy ARI 24 August 2018 11:6

A second method makes use of the observed MLTD (timescale distribution of microlensing
events). The timescale of each event depends on the square root of the lens mass, as well as on
the relative distances and velocities of the lens and the source. Then, with a dynamical model
providing these distances and velocities statistically, the lens mass distribution and then IMF can
be inferred from the MLTD (Han & Gould 1996, Calchi Novati et al. 2008). Using the MLTD of
∼3,000 microlensing events from the OGLE-III survey (Wyrzykowski et al. 2015) and an accurate
dynamical model from Portail et al. (2017a), Wegg et al. (2017) measured the distribution of
lens masses in the Bulge and inner disk and from this inferred the IMF down to brown dwarf
masses. For a broken power-law parameterization they obtained αms = 1.31 ± 0.10|stat ± 0.10|sys

and αbd = −0.7 ± 0.9|stat ± 0.8|sys in the main sequence and brown dwarf regimes, where the
systematic errors cover the range 0−100% in the binary fraction for unresolved lenses. These
values, and equivalent results obtained for a log-normal IMF, are again similar within uncertainties
to local disk values from Kroupa (2001) and Chabrier (2003). In summary, the IMF in the Bulge
and inner disk is indistinguishable from that measured locally, despite these being regions where
the stars are predominantly 10 Gyr old and formed on a fast α-element enhanced timescale.

4. MODELS FOR THE CHEMODYNAMICAL PROPERTIES
OF THE BULGE
The modeling of the Bulge has seen enormous progress in recent years, mainly owing to the large
body of complex observational data (both in the local and high-redshift Universe) combined with
evolution in the tools used for N-body and hydrodynamical simulations. The data and models have
suggested six (most probably mixed) scenarios for general Bulge formation in galaxies (see recent
reviews by Somerville & Davé 2015, Babusiaux 2016, Bournaud 2016, Brooks & Christensen
2016, Shen & Li 2016, Naab & Ostriker 2017, Nataf 2017), namely:

! Primordial collapse where the Bulge and the thick disk form early on simultaneously (also
referred to as the in situ scenario) via strong gas accretion.

! Bulge formation by hierarchical merging of subclumps, prior to the disk formation.
! Merging of early thick-disk subclumps, migrating to the center and forming the Bulge.
! Major merger hypothesis, where disk galaxies result from major mergers of gas-rich galaxies.
! Formation of the Bulge from the disk through a bar instability (secular evolution).
! Formation of a Bulge component triggered by the accretion of dwarf galaxies.

Ideally one would like to predict the dynamics and chemical abundances of Bulge stars within
all of these scenarios and compare them with observations in the Bulge. In practice, we still lack
such complete models and large unbiased samples of genuine Bulge stars. Despite these difficulties,
the theoretical descriptions of Bulge formation and evolution have seen advances thanks to the
parallel efforts made by using classes of models that do not treat the full problem but concentrate
on specific aspects (just as it happens with the data).

In this section, we discuss what we have learned from chemical evolution models (Section 4.1),
from nonevolutionary chemodynamical models (Section 4.2), from inhomogeneous chemical
models (Section 4.3), from evolutionary chemodynamical models (Section 4.4), and from self-
consistent chemodynamical models in the cosmological framework (Section 4.5).

Historically the above listed scenarios for bulge formation have been grouped in essentially two
main families (see Section 1 for a brief description of early theoretical work on bulge formation),
namely, those forming ClBs and those involving disk evolution and forming pseudobulges (disky
and B/P bulges). As will become clear through Section 4, early bulge-formation scenarios that
once were considered to form only ClBs can also lead to the formation of pseudobulges on short
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Elemental abundances in 
the Galactic Bulge area

2 McWilliam

disks, and then ask how the evolution of these systems could
have produced the measured composition differences.

2 A FEW IDEAS IN CHEMICAL EVOLUTION

The idea that the chemical composition of the Galaxy has
evolved over time sprang from the identification of metal-
poor stars by Chamberlain & Aller (1951) and the theoreti-
cal predictions of Hoyle (1946), who proposed that element
synthesis occurred in stars and supernova explosions.

The Simple model of chemical enrichment (e.g., Schmidt
1959; Searle & Sargent 1972) assumed zero metal starting
point, gas in a closed box, consumed by multiple generations
of star formation; each generation locked-up some gas in the
form of low-mass stars and returned gas enriched in metals
from massive stars. The return of metals was assumed to
occur instantaneously and the interstellar gas immediately
homogenised.

Upon complete consumption of the gas in this model, the
metallicity distribution function (henceforth MDF) has a pre-
dictable mean and standard deviation. In particular, the mean
metallicity of the final MDF is equal to the ratio of the mass
of metals produced to mass of gas locked-up in dwarf stars
per generation; this parameter is called the yield (Searle &
Sargent 1972). For systems that lose gas or metal-rich ejecta,
the yield is lowered; for systems that over-produce low-mass
stars the yield is also lowered, whilst for systems that under-
produce low-mass stars or over-produce high-mass stars, the
yield is increased. In such situations, we often refer to the
effective yield. Early comparison of the MDF predicted from
the Simple model with metallicity measurements of G-dwarf
stars (e.g., Schmidt 1963) showed that the MW disk has
fewer metal-poor stars than expected; this lacuna was called
‘The G-dwarf Problem’. The G-dwarf problem is thought to
be due to infall of fresh material (e.g., Larson 1972; Pagel
1989) during the chemical evolution of the MW disk.

The Simple model provides a tight age–metallicity rela-
tion, linear for a constant star-formation rate, which occurs
when not much of the gas has been consumed.

The factor of two enhancement in [X/Fe] for even-
numbered light elements in metal-poor stars of the Galac-
tic halo, has been known for over 50 yr (e.g., Wallerstein
1962; Wallerstein et al. 1963; Conti et al. 1967). Initially,
it was thought that these elements (e.g., O, Mg, Si, S, Ca,
Ti) were produced in the α-process, suggested by Burbidge
et al. (1957), by successive addition of α particles. Although
alpha-capture in massive stars accounts for 16O and some
24Mg, the remaining 24Mg is produced by carbon burning,
whilst Si, S, and Ca are thought to be produced during ex-
plosive oxygen burning in core-collapse SNII events (e.g.,
Woosley & Weaver 1995, abbreviated WW95). Thus, ‘alpha
element’ is not a very appropriate name.

Tinsley (1979) suggested that the observed decline of the
[O/Fe] ratio with increasing [Fe/H] (from halo to disk) was
due to the delayed addition of iron from Type Ia supernovae
(henceforth SNIa), whose progenitors are ≤8 M⊙, to an

Figure 1. Matteucci & Brocato (1990) predicted that the knee in the trend of
[O/Fe] with [Fe/H] depends on the SFR: High SFR systems, like bulges and
elliptical galaxies, should show enhanced [O/Fe] to high [Fe/H], whilst the
low SFR dwarf galaxies show reduced [O/Fe] relative to the Solar vicinity.
Also shown is the direction of the [O/Fe] plateau with an enhanced fraction
of massive stars, marked as IMF, which over-produce oxygen.

oxygen-rich composition produced by more massive stars.
These massive stars end as core-collapse supernovae (hence-
forth SNII) with O/Fe yields that increase with progenitor
mass (e.g., WW95). A small, but useful, idea is that the
frequency of SNIa declines with delay time roughly 1/τdelay;
most SNIa occur promptly, in less than 2 Gyr, with a long tail
out to 10 Gyr (see Maoz, Sharon, & Gal-Yam 2010; Greggio,
Renzini, & Daddi 2008).

Matteucci & Brocato (1990, henceforth MB90) produced
a marvellous sketch of the expected [O/Fe] trend with [Fe/H]
for stellar systems with different star-formation rates (hence-
forth SFR). Since infall time scales with 1/

√
ρ, where ρ is the

mass density, dense systems collapse more quickly, and have
a higher SFR than low-density or loose systems. Thus, at high
SFR, expected for bulges and giant elliptical galaxies, MB90
predicted that [O/Fe] remains high to much higher [Fe/H]
than than low SFR systems like the solar vicinity or dwarf
galaxies. This idea of MB90 provides a useful prediction
for the composition of the Galactic bulge, that can constrain
the bulge SFR and formation timescale. Figure 1 shows a
representation of the MB90 [O/Fe] prediction, and also the
sense of the effect due to increased fraction of massive stars.
Remarkably, the low [O/Fe] ratios predicted by MB90 for
dwarf galaxies is verified (e.g., Shetrone, Côté, & Sargent
2001; Shetrone et al. 2003), although some dwarf galaxies
show low [O/Fe] due to IMF modification (e.g., McWilliam,
Wallerstein, & Mottini 2013).

These simple ideas provide a framework for understand-
ing evolution of the Galactic bulge, compared to the solar
neighbourhood, by the study of the detailed chemical compo-
sition. We may hope to learn how much time it took chemical

PASA, 33, e040 (2016)
doi:10.1017/pasa.2016.32
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Elemental abundances in 
the Galactic Bulge area
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some of the results of the different modeling approaches. Details on these models can be found in
Section 4.

3.3.1. α elements. The so-called α elements include elements with nuclei having multiples of
the alpha (α) particle (He nuclei). The α elements observed in the Bulge are O, Mg, Si, and Ca.
For Ti, see Section 3.3.3. Among these, O and Mg are produced during hydrostatic phases of
high-mass stars, whereas Si and Ca are produced mostly by a combination of pre-explosive and
explosive burning in CCSNe, also called supernovae type II (SNII), with smaller contributions
from supernovae of type I (SNIa).

3.3.1.1. Oxygen. Oxygen abundances as a function of metallicity are one of the most robust
indicators on the process of Bulge star-formation rate (hereafter SFR) and chemical evolution,
clearly more so than the other α elements, especially because in this case no contribution from
SNIa is expected (e.g., Friaça & Barbuy 2017). Woosley et al. (2002) described the nucleosynthesis
processes in massive stars.

Zoccali et al. (2006), Lecureur et al. (2007), and Fulbright et al. (2007) found Bulge oxygen-
to-iron abundances slightly higher than those found for thick-disk stars by Bensby et al. (2004).
This would suggest that the thick-disk and Bulge components did not share the same chemical-
enrichment history (or IMF). On the other hand, Meléndez et al. (2008) and Alves-Brito et al.
(2010) examined a sample of thick-disk and Bulge giants, covering the same stellar parameter space,
and found no difference between the two samples. So far it is not clear if there is a systematic shift
between the oxygen-to-iron abundances in the Bulge and thick disk, as discussed below.

Figure 5 shows [O/Fe] versus [Fe/H] in Bulge giants. The C, N, and O abundances from
Zoccali et al. (2006) and Lecureur et al. (2007) are replaced by revised calculations carried out by
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Figure 5
[O/Fe] versus [Fe/H]: literature abundances for bulge stars. Chemodynamical evolution models with formation timescale of 2 Gyr, or
specific SFR of 0.5 Gyr−1, are overplotted. Solid lines, r < 0.5 kpc; dotted lines, 0.5 < r < 1 kpc; dashed lines, 1 < r < 2 kpc; and
long-dashed lines, 2 < r < 3 kpc. A typical error bar is given in the upper right corner. In the abundance plots, we adopt ± 0.18 as a
typical uncertainty in metallicities [Fe/H] and ± 0.15 in logarithmic abundance ratios [X/Fe].
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Giants are tricky

0.3 dex

0.3 dex Munoz et al 2018 A&A 620 A96 
Caretta et al 2001 AJ 122 1469 

Origlia et al. 2005 MNRAS 356 1276

Zoccali et al. 2004 A&A 423 507 

Schiavon et al. 2017 MNRAS 466 1010 

We all do our best but 
it remains difficult to 
get consistent results 
between studies

➡ Single “source” is 

your best option 

0.1 dex between methods  
Liu, Ruchti, Feltzing, Primas 2017 A&A 601 A31

The example of NGC6528 – one of the most metal-rich globular clusters

[Fe/H]
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SNR - so important
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• How much of perceived scatter in elemental abundance 
trends is just low SNR results?

Liu, Ruchti, Feltzing, Primas 2017 A&A 601 A31

Red giant stars in NGC 6528 - each symbol is one star 
One, Two, Three exposures combined
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Two recent examples 
of self-consistent bulge chemical evolution 

studies 
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Dwarf: Sun [Fe/H]=0

Giant: Arcturus [Fe/H]= –0.5

• Spectra are “easy” to analyse, at least easier than even 
moderately metal-poor giants.

• Ages can be “easily” derived.

Why dwarf stars?

Wavelength

Log(Teff)
Lo

g 
g

Mg triplet region
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ToO program at VLT with UVES
Period Observed Awarded
P82 (2008)  2 2
P83 7 8
P84 4 4
P85 10 10
P86 2 3
P87 10 10
P88 3 4
P89 15 15
P90 5 5
P91 15 15
P92 4 5
P93 8 8
P94 (2014) 5 5
Total: 88 94

Successful analyses
Keck 6


10
Magellan 10
VLT 75
Total: 91

Target-of-Opportunity program on UVES/VLT 

P82 – P94; PI: Feltzing

Keck and Magellan access through collaboration

20 ≤ Amax ≤ 1000
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Bensby et al. 2017 A&A 605 A89 

μ-lensing

• Self-consistent comparison between bulge dwarf stars 
and solar neighbourhood stars


• Bulge fits upper envelope of thick disk

• Careful studies of giants have shown the same

Vun-μ ~19-20

[Fe/H]

[M
g/

Fe
]

Age (Gyr)
Old

Young

e.g. Jönsson et al. 2017 A&A 598 A101
Presented at Stars without borders, Ljubljana, by Sofia Feltzing (Lund), June 2019



Giants from APOGEE 
NIR spectra
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Two bulge sequences?
A. Rojas-Arriagada et al.: The bimodal [Mg/Fe] versus [Fe/H] bulge sequence as revealed by APOGEE DR14
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Fig. 4. Upper panels: Distribution of close-to-the-plane bulge stars (RGC  3.5 kpc, |z|  0.5 kpc) in the [Mg/Fe] vs. [Fe/H] plane. Points are
color coded according to their total empirical uncertainty defined as the sum in quadrature of the respective abundance measurement errors. Black
squares highlight a subsample of stars for which relatively good-quality distance estimations (also indicating RGC  3.5 kpc) are available from the
Gaia DR2 Bayesian distance catalog of Bailer-Jones et al. (2018). A shaded vertical area highlights the metallicity range (�0.3  [Fe/H]  0.15
dex) in which stars are selected to plot their [Mg/Fe] ratio histogram in the right panel. The best (bimodal) Gaussian mixture, as estimated from
an analysis of Gaussian mixture models is displayed with a blue line. Lower panel: Gaussian kernel estimation of the data (open black points)
displayed as a density colormap, with a set of density contours as black lines.

given metallicity, but rather suggests the existence of a bimodal-
ity, with two parallel sequences at di↵erent [Mg/Fe] levels merg-
ing at supersolar metallicity. To further characterize this, in the
right panel of Fig. 4 we display the histogram of [Mg/Fe] for the
stars in the metallicity range highlighted with the shaded green
area in the left panel (�0.3  [Fe/H]  +0.15 dex, where the
presence of the parallel sequences is visible). A clear bimodality
in their density distribution confirms the presence of these two
sequences with [Mg/Fe] ⇠ 0.05 and 0.25 dex. To further assess
the statistical significance of the observed bimodality, we ran a
Gaussian mixture models algorithm (GMM) over this sample
testing models from one to ten components. The data are well
explained by a two-component solution as obtained from both
the Bayesian and Akaike information criteria used for model se-
lection. The selected model is overlaid with a blue line. Finally,
in the lower panel of Fig. 4 we display a Gaussian kernel estima-
tion of the data to highlight the density structure. A set of con-
tour lines is set for visual aid. From this panel, we can see how
the low-Mg/metal-rich overdensity seems to be the locus where
two sequences overlap: a sequence connecting this overdensity
with that associated to the metal-poor MDF peak, and the sparse
short sequence running at lower Mg abundance, as also seen in
the contour line profiles.

It is worth emphasizing here that the presence of the parallel
low-↵ sequence persists even if we adopt a more stringent cut
in RGC to define our sample of 2.5 or even 2 kpc (or if in an
equivalent way, we limit the longitude range of our sample).

To perform this analysis, we selected magnesium because
it is a very reliable element for performing chemical cartog-
raphy. In fact, magnesium lines are strong enough to guaran-
tee robust abundance determinations from spectra. They are, in
addition, prone to only small nonlocal thermodynamic equilib-
rium (NLTE) e↵ects/corrections, which can become important
only at low metallicity (Asplund 2005), well below the metal-
licity range explored here. In addition, magnesium enrichment
is largely dominated by core-collapse supernova (CCSN), in the
sense that the yield from SN Ia is substantially small compared
with that from massive stars (Romano et al. 2010; Rybizki et al.
2017, and references therein). Therefore, magnesium production
can be thought of at first approximation as being due to a single
nucleosynthetic channel.

In principle, the availability of several other chemical ele-
ments measured in APOGEE would o↵er us the opportunity
to check the observed sequence structure, in particular using
the whole set of ↵-elements (especially Si and Ca). Unfortu-
nately, the detailed examination of the behavior of measured
abundances in APOGEE DR14 by Zasowski et al. (2019) has
revealed the presence of abundance trends with temperature for
several elements. This latter study provides a detailed descrip-
tion of the trends and caveats concerning the use of elemen-
tal abundances produced by the ASPCAP pipeline for 11 ele-
ments. Of importance for our purposes, magnesium abundances
are found to show no correlation with temperature across the
entire metallicity range explored here. Similarly, Jönsson et al.
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Fig. 4. Upper panels: Distribution of close-to-the-plane bulge stars (RGC  3.5 kpc, |z|  0.5 kpc) in the [Mg/Fe] vs. [Fe/H] plane. Points are
color coded according to their total empirical uncertainty defined as the sum in quadrature of the respective abundance measurement errors. Black
squares highlight a subsample of stars for which relatively good-quality distance estimations (also indicating RGC  3.5 kpc) are available from the
Gaia DR2 Bayesian distance catalog of Bailer-Jones et al. (2018). A shaded vertical area highlights the metallicity range (�0.3  [Fe/H]  0.15
dex) in which stars are selected to plot their [Mg/Fe] ratio histogram in the right panel. The best (bimodal) Gaussian mixture, as estimated from
an analysis of Gaussian mixture models is displayed with a blue line. Lower panel: Gaussian kernel estimation of the data (open black points)
displayed as a density colormap, with a set of density contours as black lines.

given metallicity, but rather suggests the existence of a bimodal-
ity, with two parallel sequences at di↵erent [Mg/Fe] levels merg-
ing at supersolar metallicity. To further characterize this, in the
right panel of Fig. 4 we display the histogram of [Mg/Fe] for the
stars in the metallicity range highlighted with the shaded green
area in the left panel (�0.3  [Fe/H]  +0.15 dex, where the
presence of the parallel sequences is visible). A clear bimodality
in their density distribution confirms the presence of these two
sequences with [Mg/Fe] ⇠ 0.05 and 0.25 dex. To further assess
the statistical significance of the observed bimodality, we ran a
Gaussian mixture models algorithm (GMM) over this sample
testing models from one to ten components. The data are well
explained by a two-component solution as obtained from both
the Bayesian and Akaike information criteria used for model se-
lection. The selected model is overlaid with a blue line. Finally,
in the lower panel of Fig. 4 we display a Gaussian kernel estima-
tion of the data to highlight the density structure. A set of con-
tour lines is set for visual aid. From this panel, we can see how
the low-Mg/metal-rich overdensity seems to be the locus where
two sequences overlap: a sequence connecting this overdensity
with that associated to the metal-poor MDF peak, and the sparse
short sequence running at lower Mg abundance, as also seen in
the contour line profiles.

It is worth emphasizing here that the presence of the parallel
low-↵ sequence persists even if we adopt a more stringent cut
in RGC to define our sample of 2.5 or even 2 kpc (or if in an
equivalent way, we limit the longitude range of our sample).

To perform this analysis, we selected magnesium because
it is a very reliable element for performing chemical cartog-
raphy. In fact, magnesium lines are strong enough to guaran-
tee robust abundance determinations from spectra. They are, in
addition, prone to only small nonlocal thermodynamic equilib-
rium (NLTE) e↵ects/corrections, which can become important
only at low metallicity (Asplund 2005), well below the metal-
licity range explored here. In addition, magnesium enrichment
is largely dominated by core-collapse supernova (CCSN), in the
sense that the yield from SN Ia is substantially small compared
with that from massive stars (Romano et al. 2010; Rybizki et al.
2017, and references therein). Therefore, magnesium production
can be thought of at first approximation as being due to a single
nucleosynthetic channel.

In principle, the availability of several other chemical ele-
ments measured in APOGEE would o↵er us the opportunity
to check the observed sequence structure, in particular using
the whole set of ↵-elements (especially Si and Ca). Unfortu-
nately, the detailed examination of the behavior of measured
abundances in APOGEE DR14 by Zasowski et al. (2019) has
revealed the presence of abundance trends with temperature for
several elements. This latter study provides a detailed descrip-
tion of the trends and caveats concerning the use of elemen-
tal abundances produced by the ASPCAP pipeline for 11 ele-
ments. Of importance for our purposes, magnesium abundances
are found to show no correlation with temperature across the
entire metallicity range explored here. Similarly, Jönsson et al.
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RGC<3 kpc and |z| < 0.5 kpc

• High-alpha as expected

• Second sequence - p.m. indicate associated with bar

• Different ages? Compare μ-lensed stars (?)

[Mg/Fe]

0.05 0.2

RGC<3 kpc  
|z| < 0.5 kpc

[Fe/H]

[M
g/

Fe
]
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When do bulge stars form?
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When do bulge stars form?

AA52CH10-Madau ARI 4 August 2014 10:30

brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)

Redshift

lo
g 
ψ 

 (M
    

ye
ar

–1
 M

pc
–3

)

lo
g 
ψ 

 (M
   y

ea
r–1

 M
pc

–3
)

–0.4

–0.8

–1.2

–1.6

–2

–0.8

UV

IR

–1.2

–1.6

–2

–0.8

–1.2

–1.6

–2

–2.4
0 1 2 3 4 5 6 7 8

Lookback time (Gyr)
0 2 4 6 8 10 12

a

b

c

Redshift
0 1 2 3 4 5 6 7 8

Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.
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μ-lensed ages
T. Bensby et al.: Chemical evolution of the Galactic bulge as traced by microlensed dwarf and subgiant stars. VI.

Fig. 15. Age versus [Fe/H] for the microlensed dwarf sample. The stars
have been colour-coded according to their level of α-enhancement (as
shown by the colour bar on the right-hand side).

bin shows a clear dominance of young and intermediate-age
stars, the low-metallicity bin is dominated by old stars, while
in the intermediate-metallicity bin shows a wider and flatter dis-
tribution with no preferred age range. To evaluate the observed
fraction of young stars (here defined as those that have ages
younger than 8 Gyr) in more detail, the sample is bootstrapped
10 000 times, and each time the fraction of young stars in each
metallicity bin is calculated. For the three metallicity bins the
fraction of young stars (< 8 Gyr) are 75 %, 42 %, and 19 % re-
spectively.

Even though the observations are supposed to be completely
random we found in (Bensby et al. 2013) that the adopted ob-
serving strategy seems to favour young and metal-rich stars, in
the sense that the fraction of young and metal-rich could be over-
estimated by up to 50 %. Conservative estimates of the fraction
of young stars in the three metallicity bins are therefore 35 %,
20 %, and 9 %, respectively. Still, more than one third of the
metal-rich bulge population is younger than about 8 Gyr.

Clarkson et al. (2011) found that at most 3.4 % of the bulge
population could be genuinely young, i.e. less than 5 Gyr. For the
microlensed sample we find that 26 % of the sample is younger
than 5 Gyr. Reducing this percentage due to the observational
bias that favours young and metal-rich stars, we estimate that
the fraction of so called genuinely young stars in the microlensed
sample is between 15 % (as not all young stars have super-solar
[Fe/H]). Hence. there is still a factor of 4 to 5 discrepancy be-
tween our estimate and the Clarkson et al. (2011) estimate of so
called genuinely young stars in the bulge.

7.2. Sample age distribution

Figure 17a shows the age distribution for the full sample of 91
microlensed bulge dwarf stars. The sample spans a wide range of
ages with no clear dominant age. The youngest stars are around
1-2 Gyr and then there is flat distribution up to the oldest stars

Fig. 16. The sum of individual age probability distribution functions
in three different metallicity ranges. The vertical lines mark the ages of
individual stars.

around 12 Gyr. There might be some structure in the age his-
togram, with two or maybe three groups of stars with different
ages, but, again, as any structure in a regular histogram is highly
dependent on the binning of the data no structure can be claimed.
Also shown in Fig. 17a is the sum of the individual age proba-
bility distribution functions (lighter shaded region under solid
orange line), but this reveal no further information, except a very
wide age distribution.

Figure 17b shows again the age distribution, but using the
Bayesian ages determined in Sect. 2.4, with the sum the individ-
ual G functions shown as the solid blue line. Again, this reveals
no further information except that the age distribution is very
wide and spans essentially all possible ages. The main point here
is to show that the distribution of the Bayesian ages is very sim-
ilar to the distribution of our adopted ages, as the Bayesian ages
will be used below in an attempt to reveal the major episodes of
star formation in the bulge.

The star formation history of the bulge is investigated using
the Bayesian method described in Jørgensen (2005); Jørgensen
& Lindegren (2005a). Instead of individual ages this code uses
the available information from all individual G functions in or-
der resolve structures in the star formation rate that cannot be re-
vealed by the distribution of individually estimated stellar ages.
Figure 17c shows the results, and several peaks can be seen; at
11, 8, 6, and 3 Gyr. These peaks should not be interpreted as rep-
resentative of the underlying age distribution, but rather when
there were significant episodes of star formation. The two spikes
at about 4 Gyr and 5 Gyr are most likely due to a few stars with
narrow age errors, and can most likely not be claimed significant.

Figure 18 shows the same analysis but for different sub-
sets of stars that have metallicities within 2σ of the metallicity
peaks given by Eqs. (1)-(5). The two metal-poor peaks show age
peaks around 11 Gyr (Figs. 18d and e), the metallicity peak at
+0.41 dex shows no clear age peak but rather an extended bi-
modal distribution in the range 2 to 8 Gyr (Fig. 18a). The metal-
licity peak at +0.12 dex is interesting as it shows a clear age peak
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C/N ages for APOGEE

Schultheis et al. 2017 A&A 600 A14

A&A 600, A14 (2017)
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Fig. 12. Age distribution of stars in BW using the formula of
Martig et al. (2016). Only sources with 4000 < Te↵ < 5000 K, 1.8 <
log g < 3.3, [M/H] > �0.8, �0.25 < [C/M] < 0.15, �0.1 < [N/M] <
0.45, �0.1 < [(C + N)/M] < 0.15, and �0.6 < [C/N] < 0.2 were
taken into account. From a bootstrap analysis on generalized histograms
(kernel 1.5 Gyr), mean trends (solid and dashed grey lines), and error
bands to the ±2� level (shaded coloured areas) are derived for metal-
rich and metal-poor stars (cut at [Fe/H] = �0.1 dex) as percentiles of
the 600 bootstrap resamplings.

of the metal-rich and metal-poor samples, computing median
trends (solid and dashed grey lines) and error bands (shaded ar-
eas) at the ±2� level from percentiles.

The peak of the distribution of metal-poor stars is about
⇠10 Gyr, with a decreasing tail toward younger ages. This
compares well with the mean bulge age as estimated from
photometric data (Zoccali et al. 2003; Clarkson et al. 2008,
Valenti et al. 2013). On the other hand, the generalized dis-
tribution of metal-rich stars shows a flatter distribution, with
two overdensities of young and old stars. This seemingly bi-
modal age distribution for metal-rich stars is comparable with
the results of Bensby et al. (2013), who found from their sam-
ple of dwarf and subgiant microlensed stars that while metal-
poor bulge stars are uniformly old, metal-rich bulge stars span
a broad range of ages (2�12 Gyr), with a peak at 4�5 Gyr. Re-
cently, Haywood et al. (2016) concluded, from deep HST data
in the SWEEPS field, that a certain fraction of young stars is
necessary to reproduce the observed colour-magnitude diagram
(CMD). In their model, about 50% of the stars have ages greater
than 8 Gyr, suggesting that there might be a fraction of young
stars in their CMD. If we extrapolate their results to BWs, ac-
cording to their model we would expect 35% of the stars to
be younger than 8 Gyr. We find a very similar fraction to that
seen in Fig. 12. However, their model reports that metal-rich
stars with [Fe/H] > 0.0 are all younger than 8 Gyr, while our
small sample suggests that metal-rich stars can be either young
or old. We also note that the younger population exhibit, on
average, less ↵-element enhancement than the old population
(alphamean = 0.126 for ages < 6 Gyr and alpha = 0.215 for
ages > 6 Gyr). Overall, our age distributions derived from chem-
istry seem robust, despite the sample size, and constitute an inde-
pendent verification of results suggested from isochrone fitting
to fundamental parameters (Bensby et al. 2013) and photomet-
ric data (Haywood et al. 2016). However, we want to stress that
the ages derived from [C/N] abundances have to be considered

with caution. As discussed by Martig et al. (2016), the absolute
scaling of the derived ages might be slightly o↵. This leads, for
example, to underestimated ages of old stars, as shown in their
Fig. 11. In addition, owing to our small sample of stars, more
data are clearly necessary to better constrain the bulge age dis-
tribution and its metallicity dependence.

8. Individual chemical abundances

Compared to the 15 individual elemental abundances determined
in DR12 (Holtzman et al. 2015), the DR13 results include seven
new elements: P, Cr, Co, Cu, Ge, Rb, and Nd; in total, DR13
includes elemental abundances for the 22 elements C, N, O, Na,
Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Co, Ni, Cu, Ge, Rb, Y, and
Nd. However, we only discuss the abundances for 11 of these
elements in this section. The reasons for the exclusion of the
other 11 elements are as follows:

– We do not include C and N abundances because a giant star
which ascends the giant branch deepens the convective enve-
lope and the star experiences the first dredge-up. This means
that CNO-processed material containing a lot of N but de-
pleted in C is brought to the surface. This is nicely shown in
Fig. 1 of Martig et al. (2016). It also turns out that the depth
of the convective envelope and the amount of CNO-cycling
in the core depends on the mass of the star, a fact that we use
to get ages for the stars in our Sect. 7. This means that giants
cannot be used to trace the galactic chemical evolution of C
and N: the abundances simply do not reflect the abundances
of their birth. This is shown in the lower panel of Fig. 2 in
Martig et al. (2016).

– The spectral lines used to determine the P abundances are
generally very weak in the type of giants observed in BW.
Holtzman et al. (in prep.) caution that these lines are weak
and uncertain, while Hawkins et al. (2016) derive only upper
limits in their independent analysis of APOGEE spectra. We
therefore exclude this element in the discussion below.

– The abundance-trend of S for the BW stars is very scattered
as compared to our sample of local disc stars, possibly be-
cause the S abundance is in principle derived from a single,
blended line, and higher S/N than the already high S/N of the
BW spectra are needed to trace this element with certainty.
We therefore exclude this element in the discussion below.

– The DR13 abundance trends of Ti in the local discs do
not resemble the expected ↵-element trends found in many
other works. The reason for this behaviour is described in
Hawkins et al. (2016), as possible 3D/NLTE-e↵ects in the
Ti I lines used in DR13. We therefore exclude this element
in the discussion below.

– The abundance trend of V in the BW stars is very scattered.
The V abundances are mainly determined from two lines, of
which one is quite weak but the other is of suitable strength.
It is possible that the V abundance trend in the bulge would
be less scattered if the weak line were to be excluded in the
analysis. We also note that Hawkins et al. (2016) derive a
di↵erent V trend for their independent analysis of a subsam-
ple of APOGEE-spectra. For these reasons, we exclude this
element in the discussion below.

– The Cu, Ge, Rb, Y, and Nd abundances are all determined
from few, often single, weak and blended lines. We therefore
exclude these elements in the discussion below.

To conclude, we discuss the abundances of the following 11 el-
ements in this section: O, Na, Mg, Al, Si, K, Ca, Cr, Mn, Co,
and Ni.

A14, page 10 of 14
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T. Bensby et al.: Chemical evolution of the Galactic bulge as traced by microlensed dwarf and subgiant stars. VI.

Fig. 25. ↵-abundances versus age for the microlensed dwarf sample.
The stars have been colour coded according to their metallicities (as
shown by the colour bar on the right-hand side). The grey circles in
the background are the Solar neighbourhood F and G dwarf stars from
Bensby et al. (2014).

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

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

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

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

Figure 26 shows a comparison of the data from Bensby et al.
(2014) used by Feltzing et al. (2017) and the data from the micro-
lensed dwarf stars. Overall the bulge stars follow the trend found
in the Solar neighbourhood, that on average the older stars have
lower [Y/Mg]. The spread in [Y/Mg] in the Solar neighbour-
hood at a given age (especially between about 4-6 Gyr) is due
to the range of [Fe/H] at those ages (compare Fig. 1 in Feltzing
et al. 2017). On average the more metal-rich and young bulge
dwarf stars also have the larger [Y/Mg] values and vice versa for
the metal-poorer, young stars. We note that three solar metallic-
ity stars in the bulge sample appears to have anomalously high
[Y/Mg] for their age. If this is a true feature of the bulge or just
statistical errors remains to be investigated. One way to inves-
tigate this could be to obtain ages from asteroseismic data for
red giant branch stars in the bulge and compare their [Y/Mg] in
same way. This would then also need to be normalised to studies
in the Solar neighbourhood where the stars can be observed with
high signal-to-noise ratio spectra.

To conclude, we find that on average the bulge stars appear
to show the same trends as observed for Solar neighbourhood
stars and also indicating, as outlined in Feltzing et al. (2017),
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Summary
• Much progress in the observational picture - but we 

need to remain observant to not over interpret the 
data (ie interpreting the noise as signal)


• Compare only elemental abundance trends of same 
type of stars 


• Avoid low SNR

• Gaia has already started to change also this field 

future releases will add much more

• Upcoming surveys such as APOGEE-S and 4MOST 

will add further depth to the study of the Bulge region
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