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ABSTRACT

We present the first stellar density profile of the Milky Way bulge that reaches latitude b = 0◦ . The profile was derived by counting red
clump stars within the colour-magnitude diagram that was constructed using the new PSF-fitting photometry from VISTA Variables
in the Vía Láctea (VVV) survey data. The new stellar density map covers the area between |l| ≤ 10◦ and |b| ≤ 4.5◦ with unprecedented
accuracy, allowing the stellar kinematics from the Giraffe Inner Bulge Spectroscopic Survey (GIBS) to be linked to the stellar mass
density distribution. In particular, the location of the central velocity-dispersion peak from GIBS matches a high over-density in the
VVV star count map. By scaling the total luminosity function (LF) obtained from all VVV fields to the LF from Zoccali et al.(2003),
we obtain the first fully empirical estimate of the mass in stars and in remnants of the Galactic bulge. Within (|b| < 9.5◦ , |l| < 10◦ ), the
Milky Way bulge stellar mass is 2.0 ± 0.3 × 1010 M .
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1. Introduction
Core helium-burning red clump (RC) stars are useful distance indicators, because their magnitude changes slowly and smoothly
with age and metallicity, and is predicted very accurately by stellar evolution models (e.g., Salaris & Girardi 2002). The RC is
also a bright and distinct feature in the colour-magnitude diagram (CMD) of intermediate-to-old stellar populations, hence
easy to identify. This makes it a powerful tracer of the Milky
Way (MW) bulge structure. In particular, RC stars have been
extensively used to trace the bar position, orientation and scale
parameters (see the review of Gonzalez & Gadotti 2015, for a
complete list of references), as well as to uncover the presence
of a peanut (X-shape) in the outer bulge (McWilliam & Zoccali
2010; Nataf et al. 2010; Saito et al. 2011).
The infrared photometry from the VISTA Variables in the
Vía Láctea (VVV) ESO public survey (Minniti et al. 2010) has
been used by Wegg & Gerhard (2013) to constrain the first
3D density model of the bulge. Their model was rather poorly
constrained close to the plane because the DR1 catalogues (Saito
et al. 2012) used in that study are based on aperture photometry,
which suffers strongly from incompleteness because of the high
level of crowding in the region |b| ≤ 0.5◦ .
?
Based on observations taken within the ESO/VISTA Public Survey
VVV under the programme ID 179.B-2002 (PI: Minniti).

Here we present the first stellar density map that reaches all
the way to the centre of the MW bulge, using RC star counts
from new VVV catalogs that are based on PSF-fitting photometry. We directly compare the stellar density with kinematics, and
derive the first fully empirical estimate of the stellar mass of the
bulge.

2. Observation and data reduction
Our data are part of the VVV survey that covers ∼180 sq. deg
of MW bulge between |l| ≤ 10◦ and |b| ≤ 4.5◦ contiguously.
A detailed description of the global survey, and of the multiband observations completed within the first two years (used in
this study), can be found in Minniti et al. (2010) and Saito et al.
(2012), respectively.
Unlike most previous studies that are based on
DR11 VVV data, we performed PSF-fitting photometry
with the DoPHOT code (Schechter et al. 1993; Alonso-García
et al. 2012) on each of the 16 chips in the images, both in J
and Ks , and for this study we retrieved the stacked pawprint
images from the CASU pipeline2 , following Alonso-García
et al. (2015).
1
2

Catalogs obtained from aperture photometry on individual tiles.
http://casu.ast.cam.ac.uk/
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Fig. 1. Completeness map of the RC peak magnitude (K0RC ) across the
bulge.

The photometric catalogues of the individual chips were calibrated and astrometrized to the VISTA system. The six pawprint
catalogs that cover a VISTA tile were combined into tile catalogs
and the magnitudes of stars, which were detected multiple times,
weight-averaged.
The photometric completeness was estimated via artificial
star experiments. For each tile, stars were randomly added to
chip#12 only, assuming that the stellar density in this chip was
representative of the whole tile. A more detailed description
of the PSF photometry and completeness experiments for the
whole VVV survey area is the subject of a forthcoming paper
(Alonso-Garcia et al., in prep.). DoPHOT allowed us to obtain
photometry with a typical error <0.05 down to J ∼ 18 and
Ks ∼ 17 in most of the bulge area. As expected, in the faint
(Ks > 17) magnitude regime, the completeness of the catalogs
can vary significantly across the bulge area, being less complete
for tiles closer to the plane, where both crowding and extinction are more severe. However, in the magnitude range of interest for the present work, i.e., K0 ≤ 14, the derived catalogs are
more than 70% complete, with the exception of a few fields (see
Fig. 1).

3. Analysis and results
We aim to investigate the 3D structure and symmetry of the inner bulge in detail, by tracing the stellar density from RC star
counts. To build an RC-based stellar density map, we needed to
address two main issues that relate to the observing strategy that
was adopted by VVV when surveying the bulge area. The first
is that there is a non-negligible overlap (∼10%) between adjacent tiles. We therefore cross-correlated adjacent tiles to eliminate double detections. The second issue is that the centers of
the tiles are not symmetric with respect to the plane (b = 0◦ ),
nor to the bulge projected minor axis (l = 0◦ ). Hence we resampled the bulge area analysed here with a new uniform grid
of tiles, hereafter called fields, each with a 1◦ × 1◦ area that is
centred at integer values of both latitude and longitude between
−9.5◦ ≤ l ≤ 10.5◦ and |b| ≤ 4.5◦ . This allows us to directly
and consistently compare fields that are located symmetrically
around the bulge projected axes without the need for interpolations on stellar density or completeness.
The catalogs were corrected for extinction by applying the
reddening map of Gonzalez et al. (2011b) and adopting the
Nishiyama et al. (2005) extinction law. From the de-reddened
catalog of each field, stars lying on the red giant branch (RGB)
were selected using a variable color cut aimed at excluding stars
in the bright (K0 ≤ 15) main sequence of the foreground disk,
with a typical color (J − K)0 ∼ 0.3. We then used RGB stars
to derive the K0 luminosity function (LF), corrected this for incompleteness, and measured the RC mean magnitude (K0RC ) by
following the prescription of Stanek et al. (1997). As such, the
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Fig. 2. K0 LF (black histogram) for representative fields along the
Galactic plane, after subtracting the contribution from the RGB stars.
The red solid line shows the best fit to each LF, while the dashed lines
identify the individual Gaussian fits to the RC (blue) and to the additional fainter peak (gray).

RGB LF was fitted with a second-order polynomial, together
with a Gaussian to account for the peak of RC stars. In addition,
as done by Nataf et al. (2011), Gonzalez et al. (2011b) and Wegg
& Gerhard (2013), a second Gaussian was included in the fit to
account for the presence of a second peak, which is less populated and fainter than the RC (Fig. 2). The position and relative
intensity of the second peak is broadly consistent with the expected position of the RGB bump (Sweigart et al. 1990; Wegg
& Gerhard 2013). However, as Gonzalez et al. (2011b), we noticed that the magnitude difference between the bulge RC and
this faint peak is not constant close to the Galactic plane, as one
would expect if it were a stellar evolutionary feature. The present
data allowed us to map both the magnitude and the density of this
second peak with respect to the bulge RC, and will be the subject
of a forthcoming paper.
3.1. The RC density map

By using the total number of RC stars detected in all the fields,
normalized to the their maximum value across the whole area,
we derive the stellar density map shown in Fig. 3. As expected,
the map clearly shows a boxy/peanut bulge, with an increase of
star counts towards the center. The coloured circles on top of the
grayscale map show the GIBS fields (Zoccali et al. 2014), where
radial velocities were measured for 200−400 individual RC stars
per field. The symbols are colour-coded according to the radial
velocity dispersion measured in each of them. It is clear that the
velocity dispersion follows the density of RC stars, and hence,
the mass density. Therefore, the present map confirms the presence of a high stellar density peak in the central ∼150 pc, although the peak is more axisymmetric than the one extrapolated
using the GIBS fields (see their Fig. 11).
In general, the vertical extent of the isodensity contours is
larger at positive longitude, as expected for a bar that has its close
side at positive longitude. This effect was previously noted by
Alard (2001) using 2MASS photometry, although limited to |b| ≥
2◦ . The high quality of the VVV PSF-fitting photometry allows
us to map the stellar density of the innermost bulge regions (|b| ≤
1.5◦ ) for the first time. The maximum density of stars is found
in the region |l| ≤ 1◦ and |b| ≤ 0.5◦ , and, as shown by the 0.8 and
0.7 isodensity curves, appears slightly asymmetric with respect
to the bulge’s minor axis. The central asymmetry becomes more
noticeable as we progressively move outwards. In fact, as shown
in Fig. 4, in the region between |l| ≤ 5◦ , |b| ≤ 2◦ we find that
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Fig. 3. Density map in the longitude-latitude
plane based on RC star counts. Star counts
have been normalized to the maximum (Max).
Solid contours are isodensity curves, linearly
spaced by 0.1× Max deg−2 . The fields observed
by GIBS are shown as circles, whose colors
follow the measured velocity dispersion (σ in
km s−1 ) in that given field.

Fig. 4. Stellar density profile across the longitude, at fixed latitudes.
Filled symbols with dotted lines show star counts at negative latitudes,
while empty symbols and solid lines refers to positive latitudes.

the counts are systematically higher at b < 0. The additional
overdensity along the Galactic plane at l ∼ −7◦ is also present in
the GLIMPSE 4.5 µm map (Churchwell et al. 2009). Finally, as
discussed before, the absolute density of the central field and the
field at (−7◦ , 0◦ ) should be taken as a lower limit because these
are the only two fields for which the completeness corrections at
K0RC are larger than 50% (Fig. 1).
3.2. A fully empirical estimate of the bulge stellar mass

In what follows we present a fully empirical estimate of the stellar mass of the bulge within the VVV area. We use the empirical
initial mass function (IMF) measured by Zoccali et al. (2000)
(recently confirmed by Calamida et al. 2015) in a HST/NICMOS
field at (0, −6◦ ), integrated to yield the mass contained in that
field, and scale it to the whole bulge using the ratio of RC stars.
The field of view (FoV) of NICMOS is too small to sample
evolved stars, but a complete LF in a larger area (∼80 × 80 ;
from NTT/SOFI), including the NICMOS field, is presented in
Zoccali et al. (2003). The scaling factor between NICMOS and
SOFI (×609) is simply the ratio of the FoV areas, given that they
sample the same bulge region. From this scaling factor, we can
derive the mass contained in the SOFI field. Finally, to obtain the
total stellar mass in the VVV area, we measure the scaling factor
between the number of RGB+RC stars in the whole VVV area
and in the SOFI field.

In practice, the LF for the VVV catalogues was restricted to
the RGB at the RC level (K0RC ±1.5 mag) where the completeness
is high (and thus the correction small) across the whole bulge
area. Because the RC magnitude varies across the fields, as a
result of the bar orientation, we measured the RC position in
each field individually and counted stars within ±1.5 mag of the
peak. This procedure enabled us to obtain a spatial mass profile
in 1◦ bins (Fig. 5). In the small region, where the RC is split
because of the X-shape of the bulge (|l| < 4◦ , for b < −5◦ ), we
use the mean value of the two RCs. This is accurate enough for
our purpose, which is just to find a normalization factor between
the RGB in the SOFI and in the whole VVV area. Furthermore,
we can assume symmetry around the Galactic plane to extend
our mass estimate to the ∼squared region, – hereafter VVV –
|l| < 10◦ and |b| < 9.5◦ (∼2.8 × 2.7 kpc, assuming a distance
to the Galactic center of 8 kpc). In other words, the number of
RGB+RC stars for b > 4.5◦ , outside the VVV area, is assumed
to be equal to that at b < −4.5◦ . Finally, since the LF from the
SOFI field was decontaminated of disk stars (amounting to 18%
within ±1.5 mag around the RC), the number of RGB+RC stars
in VVV was also reduced by this quantity. The ratio between
the total number of RGB+RC stars within ±1.5 mag from the
RC in VVV vs. SOFI is 58624.
In Zoccali et al. (2000) the IMF was integrated using the observational data for main-sequence stars (from the turnoff down
to 0.15 M ) and different assumptions for the IMF above 1 M
and below 0.15 M . From recent determinations of the IMF of
massive stars (see Bastian et al. 2010, for a review), we assume a Salpeter IMF (α = −2.35) above 1 M and a power
law with a slope of α = −0.3 in the substellar regime. With the
same initial-to-final-mass relation as in Zoccali et al. (2000), we
found 570 M in the NICMOS field, hence 570 × 609 × 58 624 =
2.0×1010 M in VVV . This is the mass in stars and remnants of
the Galactic bulge in the region |b| < 9.5◦ , |l| < 10◦ . It assumes a
uniform disk contamination (at the level of 18% close to the RC)
across the whole bulge area. While this assumption is accurate
for fields close to (0, −6◦ ), it is likely an overestimate for regions
closer to the Galactic plane, and an underestimate for outer regions3 . Currently, an accurate estimate of the disk-to-bulge fraction for the inner few kpc of the Galaxy is not yet available.
However, by adopting a smoothly varying disk contamination
from 20% at b = ±9◦ down to 5% at b = ±2◦ , and then back
to 20% at b = 0◦ where the thin disk might become significant
3

The disk contamination in three fields at different latitudes was estimated in Zoccali et al. (2008) using the Besançon model. At (0, −6◦ )
it is very close to 20%, in Baade’s Window it is significantly smaller,
while at (0, −12◦ ) is larger (cf., their Table 4).
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regions, and derive the first purely empirical estimate of the
bulge stellar mass by scaling the observed RC stellar density
map with the observed bulge LF from Zoccali et al. (2000),
Zoccali et al. (2003). We measure the mass in star and stellar
remnants of the Galactic bulge as 2.0 ± 0.3 × 1010 M . Previous
bulge mass estimates, all model-dependent, span a considerable
range from 6.1×109 (Robin et al. 2012) to 1.6×1010 M (Nesti &
Salucci 2013; Sofue 2013; Portail et al. 2015). A possible reason
why our result, although compatible within the quoted errors, is
larger than the mass estimated by dynamical models (e.g. Portail
et al. 2015) is because our sampled volume is not limited along
the line of sight. In addition, the kinematics used so far to constrain the models, do not extend to the innermost bulge regions
(|l| ≤ 1◦ and b = −1◦ , −2◦ ), where a velocity dispersion peak
was found (Zoccali et al. 2014).

Fig. 5. Stellar mass profile across latitude in each field for fixed longitudes. Filled symbols with dotted lines represent b < 0, empty symbols
with solid lines to b > 0 fields. The lower part of the plot has an expanded y-axis, for a better display of the high negative latitude fields.
The number counts at b = 0◦ are rather noisy, especially at negative longitudes, owing to the higher extinction, hence higher incompleteness in
those fields. The purple line includes a mild smoothing from which the
central point was excluded, to avoid flattening the peak.

again (e.g., Dékány et al. 2015), the total mass would only increase by 7%. Other systematic error sources, such as the slope
of the IMF above 1 M and below 0.08 M , or the initial-to-final
mass, are estimated as follows. A generous ±0.3 dex variation of
the assumed IMF slope changes the total mass by less than 12%.
We further assume that small gradients on the bulge’s dominant
stellar populations do not change the number ratio between RC
and main-sequence stars by more than a few percent. In summary, a conservative total uncertainty amounts to 15%, which
yields a total bulge mass within VVV of 2.0 ± 0.3 × 1010 M ,
including disk contamination, extrapolation of the IMF, mass of
the remnants, and stellar population gradients.

4. Conclusions
We have used the VVV J and Ks single-epoch data to derive
accurate PSF-fitting photometry in the bulge region between
−9.5◦ ≤ l ≤ 10.5◦ and |b| ≤ 4.5◦ . The photometric accuracy
of the catalogs, which include modest incompleteness corrections (the result of crowding and extinction) allowed us to build
the first density profile of the inner bulge towards the Galactic
plane by means of RC star counts. We found a good agreement
between the measured RC density distribution and the velocity
dispersion map provided by the GIBS survey. In particular, the
central high σ-peak at |l| ≤ 2◦ and |b| ≤ 3◦ in the derived velocity
dispersion curve is well matched by a high stellar density peak
in the central ∼150 pc. This tight link between the stellar density
profile and the velocity dispersion map confirms that the flattening of the K0RC trend with longitude, for |l| ≤ 4◦ , (Nishiyama et al.
2005; Gonzalez et al. 2011a) is more likely the result of an inner
compact and axisymmetric spheroid rather than the presence of
a nuclear bar (Gerhard & Martinez-Valpuesta 2012).
We further exploit the depth and high quality of the
new VVV photometry that also extends to the innermost bulge
L6, page 4 of 4
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