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Conflicting evidence

• Bulge morphology implies prolonged 
evolution from secular instabilities

M. Zoccali et al.: Galactic bulge iron abundance 183

Table 3. Stellar parameters and iron abundance of all the program stars.

QFa ID OGLE-ID RA Dec V V − I log g Vt Teff [Fe/H] σb Cluster?
Baade’s window

0 2 423342 18:03:50.00 –29:55:45.20 16.36 1.805 1.99 1.3 4650 0.46 0.38 –
0 3 423323 18:03:48.39 –29:56:27.10 16.10 1.846 1.59 1.5 4200 –0.48 0.18 –
0 4 412779 18:03:43.18 –29:59:40.10 15.91 1.667 1.93 1.5 4850 –0.37 0.18 –
2 5 412803 18:03:46.14 –29:58:30.00 16.40 2.083 1.52 1.3 4000 0.51 0.34 –
0 6 423359 18:03:47.03 –29:54:49.20 16.17 1.768 1.92 1.4 4650 –1.23 0.23 –

... ... ... ... ... ... ... ... ... ... ... ... ...
a QF is a subjective quality factor, classifying stars into good (0), bad (2) and intermediate (1), according to how unique/degenerate the convergence
into the final model atmosphere proceeded.
b Line-to-line dispersion around the mean [Fe/H].

Fig. 7. The raw IDF (thick histogram) compared with the IDF corrected
for color bias, according to method i) (shaded histogram) and method
ii) (thin histogram) discussed in Sect. 2.1.

As mentioned before, for the Baade’s Window field two in-
dependent (but homogeneous) sets of data are available: the 204
giants discussed here, and another ∼200 red clump giants ob-
served within the guaranteed time reserved to the FLAMES
French consortium. The latter, extensively discussed in a com-
panion paper (Lecureur et al. 2008), have been reduced in a very
similar way as the present data, and Fig. 8 shows the comparison
between the IDFs of the two samples. Although some differences
seem to be present between the two distributions4 Note that the
smaller amount of metal poor stars in the clump IDF is expected,
since metal poor stars would not be found in the red clump but
on the blue side of the horizontal branch (HB). However, there
are really few metal-poor stars even in the giant IDF (only 6 out
of 204 stars have [Fe/H] < −1.0) hence we consider this bias
rather negligible. Therefore, in the following discussion the two
sets will be combined and the quoted Baade’s Window IDF will
result from the independent analysis of a total of ∼400 stars.

4 As discussed in Lecureur et al. (2008), the analysis of the clump
stars has been done with an automatic procedure, based on the same
prescriptions followed here in a manual way. A discrepancy as large as
that shown in Fig. 4, can be expected between the two IDFs, for the
same reason, and it is still small when compared to the total uncertainty
presented above: in fact, the means of the two distributions agree within
0.06 dex.

Fig. 8. Comparison between the IDF of Baade’s Window as derived
from giant and red clump stars, the latter from Lecureur et al. (2008).

Figure 9 shows the comparison with some of the previous de-
terminations of the IDF of bulge fields. The left panel compares
the present IDF (shaded) with the photometric one by Zoccali
et al. (2003), both relative to the field at b = −6◦. The two IDFs
are different, especially at high metallicity, possibly due to the
lack of calibrating template red giant branches for solar metal-
licity and above. At the opposite end of the IDF, the less promi-
nent metal poor tail with respect to Zoccali et al. (2003) can
be ascribed to an innate limit of the photometric method, as the
RGB color becomes less and less sensitive to [Fe/H] at decreas-
ing metallicity, hence even small color errors imply large errors
in the derived [Fe/H]. The right panel shows the comparison with
the spectroscopic IDF for Baade’s Window from Fulbright et al.
(2006), as obtained from the recalibration of the Sadler et al.
(1996) IDF. It can be seen that in both cases the present spec-
troscopic IDF is appreciably narrower than previous results. In a
sense, this is consistent with our effort at reducing the errors on
individual measurements. However, Fig. 9 also shows as a solid
histogram the 27 stars that were actually measured by Fulbright
et al. (2006) at high spectroscopic resolution. Those are the stars
that were used to recalibrate the Sadler et al. (1996) IDF obtained
from low resolution spectra. It can be appreciated that none of
the 27 stars has [Fe/H] > 0.5, despite their selection of 3 stars
with [Fe/H] ≥ 0.5 in Sadler et al. (1996). The discrepancy at the
metal rich end is in a region where the Fulbright et al. calibration
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Fig. 24. 10 Gyr isochrones (Cassisi & Salaris 1997) for the two ex-
tremes of the bulge MD are overplotted on the CMD.

two 10 Gyr isochrones spanning the full metallicity range of the
bulge are overplotted to the bulge CMD, assuming the same
distance and reddening for both of them. This illustrates that
the wider dispersion affecting the bulge CMD (compared to
the HST/NICMOS CMD of NGC 6528) can be well accounted
by the bulge metallicity dispersion, also taking into account the
∼0.13 mag 1-σ dispersion due to the distance distribution along
the line of sight.

According to recent attempts to determine the relative ages
of Galactic globular clusters the bulk of clusters are coeval
within a ±1.5 Gyr uncertainty, with only the most metal rich
ones in the sample appearing to be slightly younger than the
others (Rosenberg et al. 1999; Salaris & Weiss 2002). However,
these studies do not extend to the high-metallicity clusters of
the bulge. For example, Rosenberg et al. assign to 47 Tuc an
age 1.2±1.2 Gyr “younger” than that the bulk of the halo glob-
ular clusters. Salaris & Weiss (2002) assign to the same cluster
an age of 10.7 ± 1.0 Gyr, compared to 11.7 ± 0.8 Gyr for the
prototypical metal poor cluster NGC 7078 (M 15). On the other
hand, Ortolani et al. (2001) date NGC 6528 at 13 ± 3 Gyr from
the value of ∆JHB

TO .
It is clear that, within the uncertainties of the currently

available data and dating methods, no appreciable age differ-
ence has been unambiguously detected between the bulk of
bulge field stars and the globular clusters of either the bulge
or the halo. On the other hand, the absolute age of the clus-
ters remain more uncertain than the formal error bars sometime
quoted by individual authors. Just to mention one example, the
age of the globular cluster 47 Tuc has been recently estimated
to be 12.5 ± 2 (Carretta et al. 2000), 13 ± 2.5 Gyr (Zoccali et al.
2001b), and 10.7 ± 1.0 Gyr (Salaris & Weiss 2002), the differ-
ence being partly due to a difference in the cluster distance and
partly to the use of different sets of models.

Fig. 25. Comparison of the bulge CMD with two younger isochrones
of 3 (left panel) and 5 Gyr (right panel). Two models are plotted
in each panel, both referring to the same age. The reddest curve in
each panel is for solar metallicity, while the one on the blue side is
for [M/H] = −1.3.

Significantly younger ages can be excluded, as shown in
Fig. 25, where 3 and 5 Gyr isochrones of both solar and
[M/H] = −1.3 metallicity are overplotted on the bulge CMD.
After the submission of this paper, during the refereing process,
we became aware of the paper by Cole & Weinberg (2002), in
which the Authors argue that the bulk of the stellar population
of the Galactic “bar” formed less than 6 Gyr ago, with an age of
∼3 Gyr being favored. As they state “the main sequence turnoff
of a 3 Gyr old population should be readily traceable along the
Galactic bar from V ≈ 17 at the near end to V ≈ 19 at the far
end”. Note that the Galactic component called “bar” in Cole &
Weinberg (2002) has a mass of 2×1010 M% and therefore is not
a minor component, but rather the whole population of the sys-
tem called here “the bulge”. As evident from Fig. 26, no such
intermediate age population is actually detected in the present
data.

The region in the CMD just above the main sequence
turnoff is so devoid of stars that very few, if any, blue strag-
glers stars (BSS) may be present in the field (see, e.g., Fig. 24).
Among Galactic globular clusters, Ferraro et al. (1995) esti-
mate an average frequency of ∼1 BSS every 103 L% of bolo-
metric light of the parent cluster, but with very large cluster
to cluster variations that are not merely statistical fluctuations.
Scaling from the SOFI-LARGE field, the SOFI-SMALL field
samples ∼177 000/4.6 & 38 000 L%, and one would expect to
recover ∼38 BSSs, if the bulge has the same BSS frequency
as the average globular cluster. Clearly it has not. The bulge
is far less productive of BSSs than a typical globular cluster,
indicative that the cluster environment favors the formation of
binaries with the right separation for producing BSSs. Most
likely this is due to the dynamical processes that are germaine
to the clusters.

A. Lecureur et al.: Oxygen, sodium, magnesium, and aluminium as tracers of the galactic bulge formation 809
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Fig. 6. [O/Fe] (from Zoccali et al. 2006) and [Mg/Fe] against [Fe/H]
for our sample of bulge giants (red circles) compared with the thin
disk (black squares) and the thick disk samples (blue triangles) from
Reddy et al. (2006) and Bensby et al. (2004, 2005). The black upwards
and downwards pointing triangles are Arcturus and µLeo, respectively.
In the [O/Fe] panel, only Bensby et al. (2004) [OI] measurements are
shown. Notice the clear separation between the thin disk, thick disk, and
bulge stars.

0.29 dex for [Fe/H]> 0, with a range of [Na/Fe] from −0.1 to
almost +1.0. To make sure this effect is real, we investigated
possible measurement errors, in particular since at the metal-rich
end, internal uncertainties are larger due to the presence of weak
CN lines in most of the wavelength domain. However, we could
find no source of random uncertainty that could amount to such
a large factor: observational errors are of 0.18 dex in the mean in
the supersolar metallicity regime, and of stellar parameters un-
certainties, temperature has the most impact on [Na/Fe] with an
effect of +0.1 dex for an increase of 200 K. We shall return to
this point in Sect. 6. We find high [Al/Fe] ratios for all stars of
the sample, ∼+0.5 for stars with [Fe/H] < 0, and a larger dis-
persion around the same mean value for [Fe/H] > 0. Within un-
certainties, this is compatible with the constant overabundance
of [Al/Fe] ∼ 0.3 found by McWilliam & Rich (2004), although
once again our larger sample allows us to see the high dispersion
at high metallicities.

5.2. Comparison to the galactic disks

Also displayed in Figs. 6 and 7 together with our results for
bulge stars are abundances of the galactic thin and thick disks
from the studies of Reddy et al. (2006) and Bensby et al. (2004,
2005). Thanks to the good agreement between these works,
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Fig. 7. [Na/Fe] and [Al/Fe] ratios against [Fe/H] for our sample.
Symbols as in Fig. 6.

no symbol distinction was made between the stars of these sam-
ples. Note that for oxygen, we chose to restrict our comparison
to the Bensby et al. (2004) data points based on the [OI] lines
only, to make sure that no systematics hampers the comparison
(see Zoccali et al. 2006, for a detailed description of the system-
atics corrections applied to ensure that our work is on the same
scale as the galactic disks points). Note that the weak [OI] line
could not be measured in our two most metal-poor stars; simi-
larly, Bensby et al. (2004) data points also stop around −0.9 dex,
the [OI] line being intrinsically weaker in the main-sequence
stars of their sample.

As illustrated by Fig. 6, the bulge stars have O and Mg abun-
dances distinct from those of galactic thin and thick disks (cf.
Zoccali et al. 2006, for the case of oxygen). In particular, for
[Fe/H] > −0.5, bulge [Mg/Fe] values are higher than those of
thick disk stars, which in turn are higher than those of thin disk
stars. This effect is similar for Al (Fig. 7), where the separation
between thin disk, thick disk, and bulge is even wider. These
tightly correlated O, Na, Mg, and Al enhancements suggest that
(relatively) massive stars played a dominant role in chemical
enrichment of the bulge, thus strengthening the conclusion by
Zoccali et al. (2006) – based on oxygen alone – that the bulge
formed on a shorter timescale compared to the galactic disks.

On the other hand, as illustrated by Fig. 7, for [Fe/H] < 0.0,
no clear separation is apparent between the [Na/Fe] ratios of thin
disk, thick disk, and bulge stars. For [Fe/H] > 0, the [Na/Fe]
trend increases strongly in the bulge stars; Bensby et al. (2004)
also found an increase of [Na/Fe] in the disk, but of a much
smaller amplitude. Therefore, despite the dispersion, a clear

• Bulge populations imply rapid formation (see also Ferreras et al. 2003)

bulge giants

Zoccali et al. (2003) Zoccali et al. (2008) Lecureur et al. (2007)

Old Metal-rich Alpha-enhanced

Boxy, peanut-shaped



New 
paradigm 
emerging

• IFU observations of z~2 galaxies reveal large, rotating, gas-rich, disks 
(Genzel et al. 2008; Forster Schreiber et al. 2009)

• Gas-rich & clumpy disks prone to instabilities that can drive bulge 
formation faster & earlier than traditionally associated with secular 
processes (Immeli et al. 2004; Elmegreen et al. 2009)

Velocity fields from SINS H-alpha IFU survey (Forster Schreiber et al. 2009)
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Program Goals
• Map the detailed star-formation history of the 

Galactic bulge in four distinct windows

• Calibrate a new HST photometric system for stellar 
population studies, using star clusters

• Measure accurate temperatures and metallicities for 
tens of thousands of stars in each bulge field, 
including 11 exoplanet hosts

• Calculate stellar mass function of a pure bulge 
population as a function of metallicity and position 

• Obtain proper motions in each field for bulge/disk 
decomposition and kinematics



Deep HST bulge observations already exist
- why do we need new ones?

• Observations did not provide 
wide wavelength coverage

• Bands could not distinguish the 
effects of reddening, age, and 
metallicity

• Different fields observed in 
different bands

• Most fields have single-epoch 
observations (no proper 
motions)

No. 1, 2000 INITIAL MASS FUNCTION OF GALACTIC BULGE 421

FIG. 3.ÈObserved color-magnitude diagram of the 780 stars in the
NIC2 Ðeld. The isochrone for a solar metallicity, 10 Gyr old population
(solid line ; S. Cassisi et al. 2000, in preparation) is shown. The labels on the
left indicate the values of absolute distance modulus and reddening taken
from the literature (Rich et al. 1998), while the values on the right quote the
corresponding quantities in the infrared bands, adopted for this compari-
son. The shift to redder colors of the isochrone at J D 20.5 is(M

J
D 5.75)

caused by the appearance of opacity from water and molecular hydrogen.

constructed by adopting the most updated input physics,
such as stellar opacities, equation of state, and outer bound-
ary conditions (see S. Cassisi et al. 2000, in preparation for
more details). We adopt here the absolute distance modulus
and reddening of this region of the Galactic bulge, as mea-
sured by Rich et al. (1998) : and(m[M)0 \ 14.38
E(B[V ) \ 0.41. By assuming the extinction isR

V
\ 3.1,

which can be converted to the correspondingA
V

\ 1.27, A
Jand by means of the relations given by Cardelli,A

HClayton, & Mathis (1989) : andA
J
\ 0.282A

V
A

H
\

The isochrone shown in Figure 3 refers to solar0.190A
V
.

metallicity ([Fe/H] \ [a/Fe] \ 0) and an age of 10 Gyr.
The model is a satisfactory match to the general shape of
the observed MS; in particular the position of the bend at
J D 20.5 is well reproduced, even if its strength(M

J
D 5.75)

seems to be a little overestimated. This feature also provides
a good check of the zero point of the photometric cali-
bration and the adopted distance and reddening.

The present NICMOS data provide too sparse a sam-
pling of the turno† area to properly address the issue of the
age of the bulge stellar populations. This will be attempted
in a future paper, combining our NICMOS data with deep
WFPC2 observations of the same Ðeld, as well as wide Ðeld
V and I observations taken at the ESO/MPIA 2.2 m tele-
scope (M. Zoccali et al. 2000, in preparation).

4. THE LUMINOSITY FUNCTION

In order to obtain the stellar LF of our Ðeld, particular
attention was devoted to estimating the completeness of our
sample. Standard artiÐcial-star tests were carried out on the
NIC2 Ðeld, in the same way as described in detail by Piotto
& Zoccali (1999). We performed 10 independent tests, by
adding about 70 stars each time, with magnitudes in the

range 20 \ J \ 25. Visual inspection of the star-subtracted
image ensured that our photometry was complete for
brighter magnitudes. The artiÐcial stars were arranged in a
spatial grid such that the separation between the centers of
each star pair was 2 PSF radii plus 1 pixel. This allowed us
to add the maximum number of stars without creating over-
crowding. In addition, the position of each star in the grid
was randomly located inside 1 pixel so as to prevent the
centers of all the artiÐcial stars from falling on the same
position within a pixel, which would have biased their prob-
ability of being detected. The artiÐcial stars were added on
each individual J and H image. It should be noticed that the
stars must be added in the same position on the sky ; there-
fore their coordinates must be di†erent in di†erent frames,
following the frame-to-frame coordinate transformations
calculated from the original photometry. A high precision is
required in this process in order to be able to measure the
artiÐcial stars with the same photometric accuracy as the
original ones. We then ran the same photometry procedure
used for the original photometry : star Ðnding was per-
formed on the median of all the star-added images, and then
ALLFRAME was used for the simultaneous photometry of
all the frames. The same selection criteria used for the orig-
inal stars were applied to the output list of the artiÐcial star
tests.

The completeness correction obtained in this way was
applied to the LF obtained from the CMD of Figure 3. This
procedure also automatically compensates for the di†er-
ences of the total integration time across the 22A.5 ] 22A.5
Ðeld. It is worth noting that the scatter in the color of the
stars on the right of the main sequence, for J [ 21, is also
present in the CMD for the artiÐcial stars, which indicates
that the e†ect is spurious. Visual inspection of these stars on
the image revealed that they are all located on the left side
of the Ðeld, where scattered light from a few very bright
objects is also present. Some of them could be residual noise
spikes, but some are likely to be real stars whose magnitude
has been enhanced because of the proximity of brighter
stars. The fact that these objects are present only on the
right side of the main sequence indicates that such an e†ect
is stronger for the H magnitudes, a likely result of the
poorer PSF in the H band. The way in which we applied the
completeness correction (i.e., determining the completeness
fraction as a function of the recovered magnitude of the
artiÐcial stars, instead of the input magnitude) automati-
cally takes into account the e†ect of the migration of the
stars toward brighter magnitudes ; therefore we did not
impose any further selection on the CMD of Figure 3. The
resulting J-band LF is shown in Figure 4 ; it is very smooth
over the whole range from the bin at J \ 18 (turno† region)
to the faint limit at J \ 24. Also shown, as a dotted histo-
gram, is the raw LF, without completeness correction. In
the determination of the IMF, we did not use the Ðrst two
bins, which, according to our model, correspond to evolved
stars, nor the very last bin (J \ 24.25) because its complete-
ness is D30%. The second to last bin, at J \ 24, is complete
at 46%.

Since the Ðeld is located at low Galactic latitude, con-
tamination by disk stars cannot be neglected. We o†er an
estimate of this contamination using the Kent (1992) model
for the K-band luminosity distributions of the disk and
bulge. If the LFs of the disk and bulge have the same form
as the observed LF in our Ðeld, scaled for distance and
stellar density, then we Ðnd that about 11% of the stars in

estimated to be 0.42% (Sahu et al. 2006). The 6Y14 true detected
planets then imply an extra uncertainty of perhaps a factor of 2,
since the planet frequency consistent with observations depends
on not only the fraction of true planets but also the actual period,
radius, transit phasing, and host brightness of each planet.

We ask if the subpopulation of five planet host candidates with
periods less than 1 day (the ‘‘ultraYshort-period planets,’’ or
USPPs; Sahu et al. 2006) themselves are preferentially located in
the disk or bulge. Here there is no obvious correlation between
period and membership: two USPPs fall within the 1 ! ellipse of
the best-fit disk, three fall within the 1 ! ellipse of the best-fit
bulge, and all are within 2! of the best-fit bulge. Thus, the USPPs
do not show any preferred kinematic association compared to the
non-USPP candidates; the best that can be said is that the USPPs
as a family are unlikely to all be disk objects.

9. SUMMARY AND CONCLUSIONS

We have measured proper motions for >180,000 objects
within the Sagittarius low-reddening window toward the bulge
[(l; b) ¼ (1:65"; #2:65")] and used them to extract a clean-bulge
sample of 15,323 objects, a sample roughly a factor of 4 larger
than that afforded by WFPC2 across a 6 yr interval (Kuijken &
Rich 2002). This clean-bulge sample contains perhaps 31 con-
taminants from both disk and halo, making it the purest bulge
population ever isolated. Constructing a median stellar sequence
from this bulge sample, we find that an 11 Gyr isochrone best
represents the bulge population, with most of the variation along
the bulge subgiant branch falling within the range ½Fe/H % ¼
0:0 & 0:4 and age 11 & 3 Gyr. Use of this sample to inform

bulge age studies, in conjunction with extensive completeness
tests, will be the subject of future reports. Work along these lines
is particularly exciting when we consider the parallel NICMOS
observations we have undertaken, for which similar selection
should be possible and which brings the possibility of tracing the
bulge IMF to the neighborhood of the hydrogen-burning limit.

Fig. 20.—Proper-motionYselected bulge objects (x 7.1), using similar mean
proper-motion criteria to Kuijken & Rich (2002) but with a 6 ! detection re-
quirement imposed. This CMD was divided into bins and the median computed
(diamonds); below the MSTO the uncertain binary fraction causes an artificial
apparent age effect, so we focus on the region above the MSTO for comparison.
An "-enhanced, solar-metallicity isochrone at 11 Gyr represents the median se-
quence well above the turnoff. Also shown are sequences at metallicity ½Fe/H% ¼
(#1:009; #0:226;þ0:491) and ages (8, 10, 14) Gyr to bracket the bulge popu-
lation above theMSTO. Also shown is a very young, very metal-poor population
(dotted line).

Fig. 21.—Top: Proper motions of the 16 SWEEPS candidates. Bottom: Same
as the top panel, except the candidates are marked with their orbital periods. The
orbital periods of the ultraYshort-period transit planet candidates are given in
italics. The 1 and 2 ! contours of the stellar distributions of bulge (red, right) and
disk (blue, left; see also x 8) are overplotted. There is an apparent clumping of ob-
jects within the 1! ellipse of the disk population; furthermore, SWEEPS-04 (blue
box; period 4.2 days), known to lie in a likely disk-dominated region of the CMD,
falls close to the mean-disk proper motion.

CLARKSON ET AL.1132 Vol. 684
 HST/NICMOS - Zoccali et al. (2010)

HST/ACS - Sahu et al. (2006), Clarkson et al. (2008)



Main sequence = clock
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CMD also indicates metallicity
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With only 2 bands, it is 
difficult to disentangle 
age and metallicity in a 

highly reddened 
environment like the 

bulge
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WFC3 Filters

500 1000 1500
wavelength (nm)

0.0

0.1

0.2

0.3

0.4

0.5

0.6
th

ro
ug

hp
ut

C V

Sun

I

J H

500 1000 1500
wavelength (nm)

0.0

0.1

0.2

0.3

0.4

0.5

0.6
th

ro
ug

hp
ut

Brown et al. (2009, AJ, 137, 3172)



Reddening-free indices of temperature & metallicity

• Temperature index using:  V  J  H

[t] = (V - J) - (J - H) E(V-J) / E(J-H)

[t] = (V - J) - 5.8 (J - H)

• Metallicity index using:  C  V  I

[m] = (C - V) - (V - I) E(C-V)/E(J-H)

[m] = (C - V) - 0.9 (V - I)

Brown et al. (2009, AJ, 137, 3172) 10



Reddening-free indices of temperature & metallicity
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Reddening-free indices of temperature & metallicity
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Reddening-free indices of temperature & metallicity
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2MASS image
(Skrutskie et al. 2006)

Field
l

(deg)
b
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Rmin
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AV

(mag)

Stanek’s Window 0.25 -2.15 0.32 2.6

SWEEPS 1.25 -2.65 0.43 2.0
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SWEEPS CMD
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SWEEPS CMD (motions in disk direction)
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SWEEPS CMD (motions opposite disk direction)
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All fields (UV/optical)
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All fields (IR) Brown et al. (2010, ApJL, sub.)
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Bulge stars on upper main sequence
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Bulge stars & isochrones on upper main sequence
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Metal-rich exoplanet hosts in SWEEPS field
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Implied metallicities for bulge fields
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Bulge fields and metallicities
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Implications
• Bulge is dominated by old (10 Gyr) stars at all positions

• Bulge exhibits declining metallicities at increasing radius

• Preliminary analysis of bulge consistent with

- Classical dissipative collapse, or 

- Early, rapid evolution driven by instabilities in a gas-rich 
clumpy disk

• Inconsistent with secular processes traditionally associated 
with peanut-shaped bulge

• Exoplanets preferentially found at high metallicity in bulge 
(as in solar neighborhood; Fischer & Valenti 2005)

• Exoplanets may preferentially form in metal-rich 
environment


