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ABSTRACT
The Blanco Dark Energy Camera (DECam) Bulge survey is a Vera Rubin Observatory (LSST) pathfinder imaging survey,
spanning ∼200 deg2 of the Southern Galactic bulge, −2◦ < b < −13◦ and −11◦ < l < +11◦. We have employed the CTIO-4 m
telescope and the DECam to image a contiguous ∼200 deg2 region of the relatively less reddened Southern Galactic bulge, in
SDSS u + Pan-STARRSgrizy. Optical photometry with its large colour baseline will be used to investigate the age and metallicity
distributions of the major structures of the bulge. Included in the survey footprint are 26 globular clusters imaged in all passbands.
Over much of the bulge, we have Gaia DR2 matching astrometry to i ∼ 18, deep enough to reach the faint end of the red clump.
This paper provides the background, scientific case, and description of the survey. We present an array of new reddening-corrected
colour–magnitude diagrams that span the extent of Southern Galactic bulge. We argue that a population of massive stars in the
blue loop evolutionary phase, proposed to lie in the bulge, are instead at ∼2 kpc from the Sun and likely red clump giants in the
old disc. A bright red clump near (l, b) = (+ 8◦, −4◦) may be a feature in the foreground disc, or related to the long bar reported
in earlier work. We also report the first map of the blue horizontal branch population spanning the Blanco DECam Bulge Survey
field of regard, and our data do not confirm the reality of a number of proposed globular clusters in the bulge.

Key words: surveys – Hertzsprung-Russel and colour-magnitude diagrams – Galaxy: bulge – globular clusters.
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1 INTRODUCTION

1.1 Survey motivation

The goal of Blanco DECam bulge survey (BDBS) is to use the
Dark Energy Camera (DECam; Flaugher et al. 2015) to produce an
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optical multiband map of the Galactic bulge South of the Galactic
plane, where extinction is significantly lower and more uniform
than in the North. The Northern bulge still can be studied, and our
team is proposing to do so. However, the lower extinction of the
Southern bulge has meant that nearly all spectroscopic and imaging
surveys have focused on that region. Hence, this pathfinder survey
emphasizes the Southern bulge.

The VVV survey has mapped the bulge and disc in the near-
infrared, however, BDBS uses optical colours including the u and
Y bands. These choices result in a uniformly calibrated optical data
set obtained with a single instrument. Further, the colour baseline
enables far superior metallicity estimates, compared with infrared
surveys. The ultimate science aim is to also exploit the Gaia data
base and other approaches to separate the foreground disc population
from the bulge. In Johnson et al. (2020), we report metallicities for red
clump (RC) giants from the (u − i)0 colour and we ultimately aim to
statistically subtract the foregound disc population so that the bulge
main-sequence turn-off (and population age) can be constrained over
the full field. Hence, there is the real possibility of mapping the
metallicity and age as a function of position in the bulge, including the
X-structure. This will provide important constraints on the formation
history of the bulge.

Galaxy bulges and spheroids account for most of the light from
luminous galaxies, and any understanding of galaxy evolution must
include comprehension of their formation process (e.g. Rich 2013;
McWilliam 2016; Barbuy, Chiappini & Gerhard 2018). The bulges
hosted by disc galaxies appear to be divided into spheroidal bulges
and those that are barred or disc-originated or ‘secular’ Kormendy &
Kennicutt (2004); the evidence strongly suggests our bulge is disc-
originated (see e.g. Shen et al. 2010). In principle, the Galactic bulge
should be the calibrator for studying bulges across cosmic time,
but the high extinction, extreme crowding, superposition of stellar
populations along the line of sight, and an intrinsically complex
environment, render the bulge observationally complicated. Since
2000, observations have conclusively shown that the majority of
mass in the bulge is in the bar, e.g. (Shen et al. 2010), but many
problems in the formation and chemical evolution of the bulge remain
both unsolved and debated. Nonetheless , the Milky Way bulge is
∼100 times closer than the nearest bulge hosted in a comparable
galaxy, M31. Consequently, it is possible to measure proper motions,
radial velocities, compositions, and eventually parallaxes for stars
spanning the HR diagram from dwarfs to giants; such observations
are unlikely to be possible for decades, in the bulge of M31.

The grasp of the the DECam represents a dramatic advance in
imaging area over prior facilities, and is within striking distance of the
LSST capabilities. At the time the survey was conceived, the authors
appreciated that many significant problems in the bulge required
uniformly calibrated photometry spanning a wide area. Further, such
photometry should include the UV/optical colours that were not
observed in the VVV study. Optical colours would offer the prospect
of a wide colour baseline that is better applicable to the derivation
of photometric metallicities. As was shown in the early work of
Frogel, Whitford & Rich (1984), the infrared J − K colour has an
insufficient baseline to yield good enough constraints on metallicities
to make meaningful conclusions about the distribution function. Our
aim is to use the photometry of millions of stars to replace the coarse
metallicity map derived from J − K photometry (Gonzalez et al.
2012) with maps employing the wider colour baseline of an optically
derived metallicity distribution function, spanning as much of the
bulge/bar as possible.

Several specific, significant developments motivated this survey.
First, the discovery of an X-shaped structure in the Southern Galactic

bulge (McWilliam & Zoccali 2010; Nataf et al. 2010) revealed
especially clearly in the analysis of Wegg & Gerhard (2013).
Widespread, yet widely varying claims for multimodality in the
bulge abundance distribution is a second driver. Multimodality was
first reported by Hill et al. (2011), and claims for multimodality
in the distribution of [Fe/H], with consequent interpretation, have
blossomed (see e.g. table 2 and fig. 4 in Barbuy et al. 2018).
The most extreme claim for multimodality is presented in Bensby
et al. (2017), which argues for five distinct peaks in the abundance
distribution. One might reasonably expect such an extended and
complicated star formation history to be problematic, even in terms
of the relatively limited observations to date. If due to multiple
starbursts, one might reasonably expect to find the more metal rich
populations to be strongly enhanced in s-process elements that would
be produced in multiple generations of asymptotic giant branch
stars; no such enhancements are observed in the bulge (Johnson
et al. 2014; McWilliam 2016). Ness et al. (2013) also argues for
five peaks of varying amplitude in the bulge metallicity distribution,
with more metal-rich stars concentrated towards the plane. Their
analysis presents a deconvolution of the metallicity distribution into
multiple Gaussian peaks that attempts to describe components of the
bulge metallicity distribution that vary with varying amplitudes as a
function of distance from the plane.

There is also some significant range of opinion on how populations
in the bulge are spatially distributed. In addition to Ness et al.
(2013), Zoccali et al. (2017) finds a sharp demarcation in the spatial
distribution at [Fe/H] ∼ 0; more metal-rich stars are confined strongly
to the plane, while stars with [Fe/H] < 0 are found to follow
a spheroidal distribution. The physical cause for such a dramatic
change in spatial distribution at the somewhat arbitrary point of
solar metallicity is not immediately obvious. On smaller scales,
Schultheis et al. (2019) argue that the central 50 pc experiences
a spike in the fraction of stars with [Fe/H] > 0. One of the key
science goals of BDBS is to apply the photometric metallicities
derived for millions of stars to test these and similar conclusions,
which have been drawn from a range of spectroscopic surveys that
have relatively modest numbers of stars with derived abundances.
Further, by spanning a large area, we are able to include the lower
extinction areas of the bulge and to match significant numbers of
our stars to the Gaia DR2 catalogue (Gaia Collaboration, Brown et
al. 2020). As described here and in Johnson et al. (2020), BDBS
also attains the main-sequence turn-off. With future proper motion
cleaning or foreground population subtraction, we may also be able
to use the main-sequence turn-off to map the age of the bulge
as well.

The age of the bulge has been controversial for decades. Early
constraints came from the presence of RR Lyrae stars (Baade 1951)
linking at least part of the bulge population to old, metal-poor
globular clusters. The early discovery of large numbers of M giants
in the direction of the Galactic centre as described in Blanco (1965)
led to a prescient classification of the bulge at the landmark 1957
Vatican symposium on Stellar Populations as ‘old disc’ population.
As described earlier, Victor and Betty Blanco used the capabilities
of the CTIO 4 m telescope to study the Mira variable population in
landmark early bulge studies. The earliest CCD photometry from the
4 m telescope was obtained as the results of proposals by the author
in the early 1980s; Terndrup, Rich & Whitford (1984), Terndrup
(1988) revealed an apparently old main-sequence turn-off in the
Plaut −8◦ field, but were significantly confused by the foreground
disc population; a plausible old main-sequence turn-off was detected
only at the higher latitude −8◦ and −10◦ fields where foreground
contamination is an issue. The problem of the serious overlap of the
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foreground disc and the bulge main-sequence turn-off was finally
solved by statistically subtracting the disc population. Ortolani et al.
(1995) used this approach along with HST photometry and direct
comparison with the luminosity function of the globular cluster NGC
6553 to make a convincing case for an old bulge population. Clarkson
et al. (2008), following Kuijken & Rich (2002), subsequently used
proper motion separation to reveal clearly an old main-sequence turn-
off in a low latitude bulge field. Renzini et al. (2018) employed the
same method to show that the luminosity functions of both metal-
poor and metal-rich stars in the bulge are most consistent with a
10 Gyr old population. Analysis of the VVV survey data supports
further an old Galactic bulge (Surot et al. ), yet the age problem
remains, with significant tension between the main-sequence turn-
off measurements and derived ages for microlensed dwarfs.

While the cumulative evidence from studies of the luminosity
function and proper motion cleaned main-sequence turn-off are
compelling, analysis of microlensed bulge dwarfs appears to tell a
different story. Bensby et al. (2017) reports photometric ages for 99
microlensed dwarfs in the bulge, and ∼ 50 per cent of those above
Solar metallicity are found to be younger than 8 Gyr based on a
self consistent spectroscopic analysis from high-resolution spectra.
Such a significant population of intermediate age, metal-rich stars
might be expected to spawn significant numbers of luminous evolved
stars. The bulge hosts a large population of Mira variables with
period >400 d; these are attributed to an intermediate age population
(Catchpole et al. 2016). However, the demarcation between old
and intermediate age populations at the 400 d period mark is not
clearly derived from any definitive theoretical underpinning or
unequivocally accepted observation and inferences on population
age might be metallicity dependent.

Although the optical colours we use in BDBS are more sensitive
to reddening, they are also more sensitive to age and metallicity;
consequently the wide field optical survey of BDBS is an excellent
complement to the pencil beam surveys of HST. We believe that
the metallicity sensitivity may give us a different perspective on the
overall age problem, compared to the infrared age derivation based
on VVV (Surot et al. 2019).

BDBS is not the first wide field optical survey of the bulge.
In addition to the wide field surveys of Pan-STARRS (Chambers
et al. 2016) and DECaps (Schlafly et al. 2018), there has been the
pioneering work of Saha et al. (2019) in Baade’s Window. However,
we emphasize that the power of our study is that it covers the
full range of optical passbands and spans essentially the range of
galactic latitude and longitude comprising the Southern bulge, hence
including much of the bulge’s mass (see e.g. Launhardt, Zylka &
Mezger 2002). Our field of regard includes the complete footprints of
many major spectroscopic surveys, beginning with the Bulge Radial
Velocity Assay Rich et al. (2007), Kunder et al. (2012) and ARGOS
(Ness et al. 2013; figs 1–3). Further, we have taken pains to calibrate
the full range of the stellar population from the lower main sequence
to red giant branch (RGB) tip, and we employ point spread function
(PSF)-fitting in the photometry. The details of these advances are
given in the companion paper (Johnson et al. 2020).

1.2 Early survey science papers

Our team is pursuing a set of early survey science that is based on
the data set as it currently stands, without complete reductions for
the Sgr Dwarf or off-axis disc fields. We have calibration images
for the Sgr Dwarf spheroidal, and the off-axis disc fields will be
used to statistically correct for contamination by the foreground disc
population, important for studies of the age of the bulge.

Paper I (this paper) gives an overview of the survey and early
science results, while Paper II (Johnson et al. 2020) reports on a
new method to derive metallicity from RC giants using the (u −
i)0 colour, and illustrates the use of the BDBS data set to explore
globular clusters. The candidate dwarf galaxy FSR1758 is shown
to be globular cluster. Paper III (Johnson et al. in preparation) will
address the spatial structure of the RC giant population as a function
of metallicity. The BDBS collaboration is engaged in preparing
papers on the 26 globular clusters in the BDBS footprint (presented
next in Table 2) and kinematics, based on the cross-match between
BDBS and Gaia DR2. Our goal is to undertake a public data release
sometime in 2021.

1.3 Historical background

After the commissioning of the Cerro Tololo 4 m telescope (now
the Blanco Telescope), Victor and Betty Blanco carried out a series
of pioneering surveys of the Galactic bulge and Magellanic clouds
using photographic plates at the prime focus. The advent of red-
sensitive Kodak IV-N plates allowed for the first time an investigation
of the evolved RGB using access to wide field, near-infrared
imaging. Further, the prime focus allowed very low resolution slitless
spectrosopy (grism) to record low-resolution spectra of all of the late-
type stars in a 45 arcmin diameter field. These observations revealed
a bulge dominated by late M giants and devoid of carbon stars; the
latter were discovered in abundance throughout the lower metallicity,
intermediate age Magellanic clouds (Blanco, Blanco & McCarthy
1978; Blanco & McCarthy 1983; Blanco & McCarthy 1984; Blanco
1987).

The Johnson R, I photometry from the CTIO 4 m Kodak IV-N
photographic plates provided the input catalogue for subsequent
spectroscopic investigations that founded the new era of bulge
research (Whitford & Rich 1983; Rich 1988). The precise pho-
tometry and spectral classifcations by Blanco, McCarthy & Blanco
(1984) also made possible a flood of successor Galactic bulge
and Magellanic cloud science; the late-type stars discovered and
identified would fuel many other significant infrared photometric
investigations, the most notable (for the bulge) was the infrared study
of the bulge RGB, Frogel & Whitford (1987).

Betty Blanco undertook the first survey of Galactic bulge RR Lyrae
stars since that of Baade (1951), also using 4 m CTIO prime focus
photographic plates (Blanco 1984, 1992; Blanco & Blanco 1997).
Because the Galactic bulge at δ = −30◦ transits at CTIO and is
therefore observable for 8 h in a night, Blanco’s analysis was not
affected by the aliasing that plagued Baade’s observations from Mt.
Wilson, so her study remained the best study of bulge RR Lyraes
until the era of large microlensing surveys. Her work produced a
modern catalogue of RR Lyrae variables in bulge fields at −4◦

and −6◦. It is worth recalling that the magnitudes were measured
using an iris photometer, one star and epoch at a time; positions
measured painstakingly with a measuring engine and then plate
solved.

The BDBS memorializes and honours the visionary scientific
contributions of Victor and Betty Blanco, and for Victor Blanco’s
role as Director of the Cerro Tololo Interamerican Observatory. It
is noteworthy that the very survival of CTIO depended not only on
the successful construction and commissioning of the 4 m and other
telescopes, but also the delicate navigation of CTIO as an institution
through turbulent political times (Blanco 2001). The work of Victor
and Betty Blanco also opened a new era of stellar populations studies,
especially in the Galactic bulge. Many of the significant advances in
Galactic bulge research from 1988 to the 1990s were enabled by the
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precise spectral classifications and carefully measured astrometric
positions for the bulge M giants undertaken by the Blancos. Although
Arp (1965) had produced the first colour–magnitude diagram (CMD)
of the field towards NGC 6522 at (l, b) = (1, −4); the combination
of photometric uncertainties, reddening, and variation in metallicity
rendered the CMD very difficult to interpret. Blanco’s unpublished R,
I photometric CMD and resulting RGB that made possible selection
of spectroscopic targets, and the subsequent advances based on that
early work.

We now stand at the threshold of a new era of very large
spectroscopic and photometric surveys. Some, such as APOGEE
(Majewski et al. 2017) and VVV (Minniti et al. 2010), are complete
or in advanced stages. The Rubin Observatory (LSST; Ivezić et al.
2019) will see its first light in a few years. The VLT MOONS infrared
surveys (Cirasuolo et al. 2014) and 4MOST (de Jong et al. 2016)
optical surveys will also commence in the next few years.

Examining the vast range of work ongoing or contemplated in the
Galactic bulge, we realized that an optically calibrated, deep, wide
field, point spread function-fit photometric data set does not exist for
the bulge. BDBS provides that survey and is also a pathfinder for
science that may eventually be feasible in the area of Milky Way
science, using LSST.

2 OBSERVATIONS AND SURVEY STRATEGY

Most of our observations were executed in the course of CTIO
programs under PI R. M. Rich. 2013A-580 (2013 June 1–6 and July
14–16), 2014A-529 (2014 July 14–22). As described in Johnson
et al. (2020), the only observing run under photometric conditions
was 2013 June 1–6. However, because of the survey design in which
all field edges overlap, we are able to calibrate the full data set.
Table 1 (online) gives a detailed journal of observations. In total,
we have ∼ 250M sources in g and r. We have matched BDBS
with Gaia DR2, yielding 74 791 629 matches with a mean value
of ∼0.12 arcsec and σ = 0.15 arcsec. The smaller number of Gaia
matches is due to the limiting magnitude of Gaia DR2, and the high
source density in the Galactic bulge.

Our exposure times reflect a desire to reach a roughly uniform
depth in all passbands, and usually were 3 × 75 s. However, the less
sensitive u band received deeper imaging with exposure times of
150 s. For much of the field, we also acquired special sets of 6 × 30 s
exposures arranged in 30 arcsec radius hexagons. These will be used
to push the astrometric solution fainter than the limit of Gaia DR2
matching, which is currently limited to i ∼ 18 mag. At present,
much of our field has a 7 yr baseline. A series of short exposures
were acquired for all of the fields, some as short as 0.75 s. These
enable us to calibrate the brightest red giants in each field. A detailed
discussion of exposure time choices and the calibration strategy is
given in the companion paper Johnson et al. (2020).

We chose to invest extra effort in calibrating the DECam Y to the
Pan-STARRS y and DECam u to the SDSS u bands; we accomplished
this by imaging the SDSS Stripe 82 regions under photometric
conditions and covering a range in secz. The y band is useful because
it is our reddest band at nearly 1 μm, so it is an excellent ‘bridge’ to
the infrared as we plan to match with the GLIMPSE, WISE, and MSX
data sets. Photometry in the ultraviolet has a long history in its use
as a constraint on stellar abundance – see e.g. Eggen, Lynden-Bell &
Sandage (1962). More recently, Ivezić et al. (2008) took advantage
of the u band in deriving metallicities of disc stars. In our case, the u
band has proven valuable for metallicity derivation (see Johnson et al.
2020, Paper II), and we are optimistic that it will prove useful in con-

straining age and stellar populations. The blue band photometry will
be useful for matching our data set to GALEX and Chandra imagery.

The reduction of the DECAM images employed a modified version
of DAOPHOT and at this point in the project, we have not done artificial
star tests. To do such would vastly increase the computational and
bookkeeping scale of the project beyond what is feasible at this
time.

2.1 Calibration and reddening correction

Although a complete, detailed, description of our photometric cal-
ibration and reddening corrections is given in sections 2 and 3 of
Johnson et al. (2020), we provide an overview here. Several factors
made the final photometric calibration of this data set especially
challenging. Only a subset of data was obtained in photometric
conditions, hence the absolute calibration had to be transferred from
the fields with absolute calibration to those fields imaged under non-
photometric conditions; this was a challenging procedure due to the
large numbers of individual images in our campaign.

When conditions were photometric, we obtained images of the
Stripe 82 SDSS calibration field at a range of airmass and at
regular intervals, during photometric nights. Atmospheric extinction
corrections were applied to all calibration and science instrumental
magnitudes using the airmass values provided in the image headers
and the extinction coefficients provided by NOAO. For the ugriz
filters, the Stripe 82 instrumental magnitudes were matched to the
calibrated AB photometry from SDSS (Alam et al. 2015), while the
Y-band data were matched to the UKIRT Infrared Deep Sky Survey
Large Area Survey (Lawrence et al. 2007).

2.1.1 Reddening

It is well known that the reddening towards the bulge is high and
spatially complex; we address this problem by adopting the high-
resolution 1 arcmin × 1 arcmin reddening map derived in section 3
of Simion et al. (2017) from the VVV survey, following the lower
resolution sampling approach used in Gonzalez et al. (2011). The
RC giants in the VVV are used to build a reddening map of higher
sampling than that of the original survey, by comparing the mean
colour of the RC stars observed in each field with that of the RC pop-
ulation in Baade’s window (l, b) = (0.9◦, −3.9◦). While this approach
provides a relatively high spatial resolution reddening correction, it
does so only over the footprint of the VVV survey, |l| < 10◦; −10◦ <

b < +5◦) and consequently we do not presently reddening correct our
fields with b < −10◦. We hope in the near future to develop a similar
approach to Simion et al. (2017) by employing our BDBS izY band
to reddening correct our complete data set. The transformations from
the Vista system to 2MASS and individual total extinction corrections
for each of our filter bandpasses are given in section 3.4 of Johnson
et al. (2020), where the reddening is as given in Green et al. (2018);
these values were derived using disc and bulge stars. We adopt the u
band total extinction for Rv = 3.1 as given in table 6 of Schlafly &
Finkbeiner (2011). At this time, we are not undertaking a study of
the reddening law and its variation across the field.

2.2 Survey footprint characteristics

Fig. 1 shows our final survey footprint superimposed on an optical
image of the Galactic bulge (Mellinger 2009). As ours is an optical
survey, we avoid regions of high extinction in the plane and at b >

0◦. However, if maps of the extinction can be produced, the Northern
bulge is potentially accessible using the techniques described herein
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Table 1. Journal of Observationsa.

Date RA (2000) Dec. (2000) Exp (sec) Mag Data set ID

2013-06-01 279.308417 −35.712611 75.0 i c4d 130601 045903 ooi i v2
2013-06-01 272.349083 −31.435111 100.0 i c4d 130601 042434 ooi i v2
2013-06-01 279.240875 −35.644000 75.0 r c4d 130601 045500 ooi r v2
2013-06-01 279.074750 −33.984028 75.0 r c4d 130601 054112 ooi r v2
2013-06-01 279.238208 −35.715806 1.0 Y c4d 130601 051921 ooi Y v2
2013-06-01 270.887000 −30.036556 100.0 i c4d 130601 071751 ooi i v2
2013-06-01 272.348833 −31.436167 100.0 r c4d 130601 042224 ooi r v2
2013-06-01 130.752833 −0.006333 20.0 Y c4d 130601 230540 ooi Y v2
2013-06-01 279.237458 −35.712500 75.0 z c4d 130601 050448 ooi z v2
2013-06-01 270.891500 −30.023250 30.0 r c4d 130601 040406 ooi r v2

aAbridged; full table is in electronic form.

and in our companion paper (Johnson et al. 2020). The two fields
that are detached from the main footprint are chosen to fall in the
main body of the Sagittarius dwarf spheroidal galaxy. These were
originally observed under non-photometric conditions and we have
only recently obtained calibration images in photometric conditions;
photometry of these fields will be reported in a future paper.

Planning to eventually employ statistical subtraction of the fore-
ground disc population, we also added five additional fields intended
to sample the disc population at l = −30◦ spanning −2◦ < b <

−8◦; these are also shown in 1. We use the approximate (l, b) for
these fields and approach successfully advanced in Ortolani et al.
(1995) and Zoccali et al. (2003). The control fields are designed to
sample the foreground disc in regions where the bulge makes little
contribution, and to provide a sample for statistical subtraction when
we address the age of the bulge.

As Shapley (1918) first noted, most of the globular clusters in
the Milky Way are found towards the Galactic centre. The BDBS
field includes 26 globular clusters; these will be used to provide
RGB templates to calibrate metallicities across the bulge, and their
properties will be studied as well, using our data set. It is also note-
worthy that maps of the X-structure, especially those in Saito et al.
(2011) and Wegg & Gerhard (2013), show that the bulge X-structure
is most prominent for |l| < 1◦. Our footprint is designed to overlap
the full extent of the X-shaped bulge. Table 2 below gives a list
and salient properties of globular clusters that fall within the BDBS
footprint.

We now consider how our survey overlays the infrared light
of the bulge. The infrared map (Fig. 2) of Launhardt et al. 2002
shows that most of the 2 μm luminosity of the Galactic bulge is
encompassed in a ± 10◦ boundary in Galactic longitude and latitude.

Figure 1. The BDBS footprint including the extension placed on the core of the Sgr dwarf spheroidal galaxy, superimposed on a grey scale map of the Milky
Way from Mellinger (2009). The field enclosed in yellow is fully reduced and calibrated. Other fields are illustrated, but they are not yet reduced. The two joined
white circles are chosen to sample the core of the Sagittarius dwarf spheroidal galaxy. The fields indicated in blue were selected to sample fields in the disc, to
be used for eventual statistical subtraction of the foreground disc population.
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