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The first year of observations of the
Galactic Bulge in the Vista Variables in
the Via Lactea (VVV), one of ESO’s pub-
lic surveys with the VISTA telescope,
have yielded a deep, near-infrared,
multi-colour (Z,Y,J,H,Ks) photometric
coverage of over 320 square degrees.
Results based on this impressive data-
set are presented, showing the global
properties of the Bulge. Extinction

has been mapped using the magnitude
and colour of the red clump, revealing
a large amount of small-scale structure.
This extinction map has been used to
de-redden the VVV stellar photometry
to study the Bulge morphology from
the absolute magnitude of the red
clump and to derive photometric metal-
licities from the colour of red giant
branch stars. The VVV survey continues
to obtain multi-epoch data to investi-
gate the variable stars in the Bulge.

The Galactic Bulge: An obscured past

The study of the central components of
disc galaxies is a key step towards
understanding the formation and evolu-
tion of spiral galaxies. The shape of

the bulges embedded in galactic discs
provides an important constraint on

the different processes driving the history
of galaxy assembly. The correlation be-
tween the structural properties of bulges
and the properties of their stellar popu-
lations — namely the age and chemical
abundances of bulge stars — has be-
come an important factor in characteris-
ing the past history of the host galaxies,
and is a basic ingredient for modern gal-
axy evolution models.

The main complication of such studies

in external galaxies is the impossibility

of resolving individual stars in the dense
inner bulge regions. The Bulge of the
Galaxy on the other hand, located at
nearly 8 kpc, allows individual stars to be
resolved and the detailed properties of
the Bulge stars to be obtained. However,
this possibility comes at a high price:

we need to overcome the strong inter-
stellar extinction due to the dust and gas
across the intervening Disc of the Galaxy,
so that we can cover homogeneously,
and with a high spatial resolution, an
enormous area on the sky. We also need
to disentangle the stars in the Bulge
from those distributed in the Disc along
the line of sight towards the Bulge.

Until recently, spectroscopic and photo-
metric studies had to base their efforts
on investigating particular regions to-
wards the Bulge that were not strongly
affected by extinction, for example, the
well-known Baade’s Window. Studies

in these regions provided important clues
about the age, chemical abundances
and morphology of the Bulge and they
shared one common conclusion: the
Bulge is much more complicated than
previously thought, and thus the need for
a global, deep and homogeneous study
is undeniable.

Our group of investigators, led by Dante
Minniti and Phil Lucas, accepted the
challenge and using VISTA, the world’s
most powerful infrared survey tele-
scope, started the Vista Variables in the
Via Lactea ESO public survey.

The VVV survey

The VVV survey observations are carried
out using the 4-metre VISTA telescope
located on Cerro Paranal (Emerson et al,,
2004), which, coupled with the high-
sensitivity infrared camera VIRCAM, has
the capacity to overcome the heavy
extinction of the Galactic Plane in order
to reach Bulge stars up to a limiting mag-
nitude of Ks ~ 18 mag, with a median
seeing of ~ 0.9 arcseconds. Furthermore,
the high efficiency of VISTA allowed us

to complete a set of single-epoch, multi-
band observations of the entire Bulge
region of ~ 320 square degrees using Z,
Y, J, H and Ks filters within less than

two Bulge observing seasons. Figure 1
shows the distribution of tile images
across the Bulge area covered. Each tile
is the result of six exposures (known as
pawprints) used to cover a field of 1.48 by
1.18 degrees in size (Arnaboldi et al.,
2007). The Bulge survey area consists of
196 of these tiles distributed as shown

in Figure 1. Descriptions of the observing
strategy, survey goals and first results
are available from Minniti et al. (2010) and
Saito et al. (2010). The first data release
article, DR1 (Saito et al., 2012), describes
the survey products in detail.

The final catalogue of the Bulge, as seen
by the VVV survey, has a total of more
than 84 million sources (Saito et al., 2012)
and yielded a magnificent composite
image of the Bulge area (ESO Release
es01242). Based on this dataset, we were
able to study the global properties of the
Galactic Bulge for the first time. An illus-
trative example is the VVV Bulge colour-
magnitude diagram (CMD) shown in Fig-
ure 2, which, together with the VVV Disc
CMD, are the largest CMDs to date. The
CMDs yield important information about
the Galaxy, showing the fingerprint of its
structure and content.

The solution to the reddening problem

Towards the Bulge of the Galaxy, inter-
stellar extinction effects are not only very
strong, but also highly variable on small
scales. As a result, sequences in colour—
magnitude diagrams (see Figure 2)
become very hard to identify and the
properties of the Bulge stellar populations
cannot be accurately characterised.
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Extinction maps with enough resolution
to successfully correct observations for
reddening have so far been restricted to
only a handful of Bulge regions. The only
available extinction maps with enough
coverage were those from Schlegel et al.
(1998). However, these maps are only
reliable in regions further from the plane
of the Galaxy, meaning that no global
studies could be carried out that included
Galactic latitudes |b| < 4°.

In order to trace the effect of Galactic
extinction, the main requirement is

to identify a standard candle in the field,
which is homogeneously distributed
across the Bulge, with a high enough
density to construct a high-resolution

All flags

173.1 M + sources
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reddening map. When metal-rich giant
stars ignite helium in their cores they con-
centrate at a relatively fixed position in
the CMD known as the red clump (RC).
Their average magnitude and colour are
well known and have only a small and
quite well understood dependence on
internal population factors, such as age
and metallicity, therefore becoming the
ideal tracer for an external factor such as
reddening.

In the Bulge, the RC is located at an ap-
parent magnitude of Ks ~14 in low
extinction regions, but it can reach up to
Ks ~ 17 mag in the highly reddened inner-
most Bulge areas. The VVV survey is

the first survey that provides photometry

Stellar flag

84.0 M + sources

deep enough to reach the RC magnitude
across all the Bulge regions. In Gonzalez
et al. (2012) we measured the (J-Ks)
colour of RC stars using a Gaussian fit to
the colour distribution in a grid of vary-
ing spatial resolution dependent on the
density of RC stars. The mean colour of
RC stars was related to the intrinsic col-
our of Bulge RC stars in order to derive
E(J-Ks) reddening values for each res-
olution element and to finally construct
the high-resolution reddening map of the
Bulge. We chose the grid size to maxim-
ise the resolution of the map, while hav-
ing at least 200 stars in each resolution
element necessary for an accurate mean
colour estimate. The final resolution of
our reddening map is 2 by 2 arcminutes
for—4° < b < +4°, 4 by 4 arcminutes for
-7°< b< -4"and 6 by 6 arcminutes for
b<-7°

The complete map is shown in Figure 3,
where both the general extinction pat-
terns and the small-scale features are
clearly traced. A web-based tool, the
BEAM calculator, has been made availa-
ble to the community?, from which the
reddening values of our map can be
retrieved. The map has already been
used not only for studies of the Bulge
stellar populations, but also for studies on
the extinction law, Bulge globular clusters
and X-ray sources. We have used it to
produce a complete set of reddening-
corrected VVV catalogues, which can be
used to study the Bulge stellar popu-
lations in great detail and with the wide
coverage provided by the survey.

Figure 2. Ks vs. (J-Ks) colour-magnitude diagram
for the VVV Bulge area. The left-hand panel shows
the CMD for all point sources found with J, H and Ks
photometry, a total of 173 150 467 sources. The
right-hand panel shows only stellar sources found

in the three bands, a total of 84 095 284 sources.
The white arrow shows the reddening vector, which
strongly affects the shape of the observed Bulge
CMD.
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The Bulge morphology

One of the most common techniques
used for studying the morphology of the
Bulge has been the red clump method
(Stanek et al., 1997). In this technique, the
observed mean RC magnitude, corrected
for extinction, is compared to the known
intrinsic mean magnitude of the RC stars
(M,s = —1.55 mag for the Bulge popula-
tion) in order to derive the distance to the
observed population. With our new high-
resolution reddening map, we were able
to apply this method at very low latitudes
in the innermost regions of the Bulge,
where it was not possible to measure it
before, and to compare it to the outer
Bulge regions.

Figure 4 shows the mean distance to

the Bulge population, as traced by the
RC stars, as a function of Galactic longi-
tude at two different latitudes b = —1°

and b = -5 (respectively 150 and 700 pc
below the Galactic Plane). The distribu-
tion of Bulge stars clearly follows a down-
ward trend with distance to the Sun for
increasing Galactic longitude, tracing the
position angle of the Galactic bar. Signifi-
cant differences are observed between
the distribution of stars at both latitudes,
and in particular the inner Bulge shows a
flattening of the slope between longitudes
|=-4"and /= +4"

These results advanced our understand-
ing of the Bulge; the Galactic models
were put to the test shortly afterwards in
order to reproduce these observations.
Gerhard & Martinez-Valpuesta (2012)
compared their model to our results, find-
ing that an axisymmetric concentration

of stars in the inner Bulge is the cause for
the different profiles that trace the bar
position angle at low and high latitudes in
Figure 4. Most importantly, the overall
profiles shown in Figure 4 are fully con-
sistent with a model of a boxy bulge
formed as a result of buckling instabilities
of the originally thin Galactic bar.

Figure 3. The complete high-resolution map of the
Galactic Bulge. Ak, values saturate the colour scale
at Axs = 1.5 mag in this visualisation, in order to
show better the extinction variations across the
whole area. The central regions of the Bulge have
Ags values extending to ~ 3.5 mag (corresponding to
Ay ~ 30 mag).

Solving the mystery of the Bulge
metallicity gradients

If there is one property of the Bulge that
has been very well established by obser-
vations, it is the presence of a metallicity
gradient along its minor axis (Zoccali et
al., 2008; Johnson et al., 2011). The cylin-
drical rotation and morphology of the
Bulge (Shen et al., 2010), the chemical
similarity between Bulge and thick Disc
stars (Gonzalez et al., 2011) and the sug-
gested population of intermediate-age
stars found in the Bulge (Bensby et al.,
2013), have strongly pointed towards a
secular evolution origin for the Bulge.
However this conclusion is challenged by
the presence of the metallicity gradient
along the Bulge minor axis, which has
always been considered to be a property
of merger-built systems.

The need for a more general view of
these gradients has increased but, unfor-
tunately, a complete spectroscopic
coverage of the Bulge, with the required
resolution for such a study, remains in-
feasible. However, the colour of red giant
branch stars in reddening-corrected
CMDs, constructed using absolute mag-

Distance from the Sun (kpc)

Figure 4. Distances
derived using the RC
method as a function

of Galactic longitude

at two fixed latitudes.
Values for latitude b = -1°
are shown as black
open circles, and as red
filled circles for b = -5,
Models for the corre-
sponding latitudes are
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shown as thick lines in
the respective colours.
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nitudes, can be used to derive a photo-
metric metallicity value by interpolation
between globular cluster ridge lines of
known metallicities. Although the photo-
metric metallicities for individual stars are
expected to have relatively large uncer-
tainties, the average metallicity distribu-
tion for a sample of stars in a given field is
a reliable proxy for the mean metal con-
tent, and it resembles strongly the mean
metallicity derived spectroscopically (e.g.,
Valenti et al. 2007; Johnson et al. 2011).

Therefore, in Gonzalez et al. (2013) we
used our reddening-free VVV catalogues
to measure distances towards different
Bulge lines of sight and produce a set of
CMDs in the absolute plane from which
we derived mean photometric metallici-
ties. The end product was the first com-
plete metallicity map of the Bulge, shown
in Figure 5. We observe a radial metal-
licity gradient of ~ 0.28 dex/kpc and the
clear domination of Solar metallicity stars
in the inner Bulge. The observed metal-
licity map was recently also reproduced
by a boxy-bulge formation model show-
ing that, although other components
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might still be present, the general proper-
ties of the Bulge are fully consistent with
a formation scenario where the Bulge

is formed from the buckling instabilities of
the Galactic bar (Martinez-Valpuesta &
Gerhard, 2013).

Outlook

Great advances have now been made in
our understanding of the Bulge proper-
ties, thanks to the general view provided
by the multi-band products obtained
during the first year of VVV observations.
However, the revolution does not stop
here. The VVV survey keeps accumulat-
ing data — it is now in the middle of its
variability campaign. The multi-epoch
observations in Ks-band, will allow us to
further characterise the Bulge to a unique
level of detail by, for example, study-

ing the 3D morphology of the Bulge using
RR-Lyrae variables and using proper
motions for the bulge-disc decontamina-
tion required to derive stellar ages from
the Bulge turn-off magnitude measured
in decontaminated CMDs.

Figure 5. The complete metallicity map of the Galac-
tic Bulge produced using the interpolation of (J-Ks),
colours of RGB stars between globular cluster ridge
lines, with a resolution of 30 by 40 arcminutes.
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' BEAM calculator: http:/mill.astro.puc.cl/BEAM/
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