
A	
  deeper	
  wider	
  view	
  	
  
of	
  the	
  Milky	
  Way	
  bulge	
  

Marina	
  Rejkuba,	
  Oscar	
  Gonzalez	
  
ESO,	
  Garching	
  



Outline	
  
•  Tracing	
  the	
  bulge	
  with	
  RC	
  stars	
  
•  High	
  resoluEon	
  exEncEon	
  map	
  of	
  the	
  Bulge	
  
•  MW	
  bar	
  orientaEon	
  and	
  inner	
  bar	
  flaJening	
  
•  Complete	
  Metallicity	
  map	
  of	
  the	
  bulge	
  	
  

–  BEAM	
  calculator	
  

•  Based	
  on	
  the	
  PhD	
  project	
  by	
  Oscar	
  Gonzalez	
  
	
  
Gonzalez,	
  O.	
  A.,	
  et	
  al.,	
  2011,	
  A&A,	
  534,	
  3	
  
Gonzalez,	
  O.	
  A.,	
  et	
  al.,	
  2011,	
  A&A	
  LeJ,	
  534,	
  14	
  
Gonzalez,	
  O.	
  A.,	
  et	
  al.,	
  2012,	
  A&A	
  543,	
  13	
  
BEAM	
  Calculator:	
  hJp://www.eso.org/~ogonzale/BEAMEC/calculator.php	
  	
  
(hJp://mill.astro.puc.cl/BEAM/calculator.php)	
  	
  



be presented in a separate paper (Pietrzyński et al. 2003).
Here we use photometry obtained with the ESO NTT on
two nights for three fields in the LMC and two fields in the
SMC to study the magnitudes of red clump stars in these
galaxies. Basic information on the data is given in Table 1.
Observations, reductions, and calibrations of these
Magellanic Cloud data were performed in the same manner
as for the data obtained for the Fornax and Carina dwarf
galaxies. The accuracy of the derived zero points for the two
NTT observing nights was better than 0.03 mag. It is worth-
while noting that the instrumental systems at both the NTT
and the VLT are identical, which obviously helped us to
obtain very homogenous data for all four galaxies discussed
in this paper.

3. MEAN K- AND J-BAND RED
CLUMP MAGNITUDES

The near-infrared K versus J!K color-magnitude dia-
grams around the red clump region are shown in Figure 1
for our four target galaxies. The relatively large number of
red clump stars found in our four fields in Fornax (see Table
1) allowed us to derive their mean K-band magnitudes indi-
vidually for each field in this galaxy. We did this by selecting
the stars with K-band magnitudes in the range from 18.3 to
20.3 mag and J!K colors in the range from 0.3 to 0.85 mag

and deriving the histogram of their K-band magnitudes in
bins of 0.06 mag for each field. Then function (1), which
consists of a Gaussian component representing the red
clump stars distribution and a second-order polynomial
function approximating the stellar background, was fitted
to the data following a procedure originally introduced by
Paczyński & Stanek (1998):
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The same procedure was applied for deriving the mean
red clump star magnitudes in the J band. The results are
presented in Table 2. It can be appreciated that the four
independent measurements of the mean J- and K-band red
clump magnitudes obtained on the two different observing
nights are in very good agreement. We therefore decided to
merge the data in order to improve the statistics. The fits of
function (1) to the histograms of the K and J magnitudes
of red clump stars from the combined data are displayed
in Figure 2. The corresponding results of hKi =
19.215 & 0.013 and hJi = 19.687 & 0.014 were finally
adopted as the mean K- and J-band apparent magnitudes of
red clump stars in the Fornax dwarf galaxy.

Fig. 1.—K, J!K near-infrared color-magnitude diagrams for the LMC, SMC, Carina, and Fornax. Data have been combined from the different fields
observed in each galaxy (see Table 1).
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Fig. 2. J,H and Ks magnitudes differences between VVV catalogs and
2MASS for stars. Dashed horizontal lines show the mean difference
between both catalogs in the range denoted by the solid vertical lines

range 13>Kvvv >12 for all three bands were used as zero points
to be applied to the magnitudes in the VVV catalogs in order
to obtain photometry fully consistent with 2MASS. The mag-
nitude range used for the calibration is based on the fact that
2MASS photometry is very accurate for our purpose down to a
magnitude of K2mass ∼13 and therefore this range ensures that
the differences are not affected by larger errors in the photom-
etry or saturation. This procedure was carried on independently
and zero points were calculated on each VVV tile catalog. Once
calibrated, stars brighter than Ks∼12 from 2MASS were used to
complete the bright end of our final VVV catalog. These cata-
logs, corrected from saturation and calibrated to 2MASS zero
points were used for all the analysis. For this reason, we here-
after refer to the usual J,H,Ks magnitudes corresponding to the
2MASS photometric system. Figure 3 shows the final (J,J-Ks)
CMD for a 20x20 arcmin region using the final catalog for field
b278 as an example.

3. Relative reddening values

Extinction values are calculated following a procedure based in
the use of the colors of the bulge red clump (RC) to obtain red-
dening values according to that of a reference field with known
extinction. In order to obtain the properties of a reference RC
population we have analyzed one of the fields in the spectro-
scopic analysis of Zoccali et al. (2008). We have measured the
color of the red clump in a 10x10 arcmin region centered in
l=1.14 and b=-4.18 (hereafter Baade’s Window) for which we
have adopted a reddening value of E(B-V)=0.55 as in Zoccali
et al. (2008). Figure 4 shows the observed CMD for this region
and the (J-Ks) color histogram for which we find a mean value of
(J-Ks)BW

RC =0.96 based on a Gaussian fit to the color distribution.
By following this same procedure in any region of the Bulge, the
extinction E(B-V) of that region can be related to that of Baade’s
Window by the following equation:

E(B − V) = E(B − V)BW − ∆(J − Ks)RC/(0.87 − 0.35) (1)

where E(B − V)BW is the extinction in Baades window and
∆(J − Ks)RC is the difference between the color of the RC in
Baade’s Window (J-Ks)BW

RC and the observed color of the RC

Fig. 3. Final observed (J-Ks,Ks) CMD for the tile b278 once calibrated
and completed with 2MASS photometry.

Fig. 4. Right panel shows the observed color magnitude diagram for a
10x10 arcmin region centered in Baade’s Window and a selection box
corresponding to the red clump. Left panel shows the color distribution
of these red clump stars.

in each field (l,b) (J-Ks)lb
RC as obtained from the Gaussian fit.

For our procedure we adopted the standard extinctions transfor-
mations from Cardelli et al. (1989) of Ak = 0.35 · E(B − V),
AH = 0.59 · E(B − V) and AK = 0.87 · E(B − V).

We are able to use this technique in all bulge fields covered
by the survey as VVV photometry reaches the RC even in those
highly extincted regions. We have divided each VVV field into
smaller subfields of ∼6x6 arcmin in order to: i) Use small regions
in which we minimize the effects of differential reddening and ii)
have enough stars in the subfield to populate the RC with good
enough number statistics to accurately trace the RC.

A fully de-reddened CMD of the field b306 is shown in
Fig 5. The effect of differential reddening is clearly observed
and is consistent with the reddening vector, also shown in the
figure, for a 0.5 magnitude difference in E(B-V). We have car-
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Gonzalez et al.: Detection of the inner Galactic bar traced by the VVV survey

Fig. 1. K-band extinction map in Galactic coordinates showing the fields analyzed in this study. The 28 VVV tiles cover longitudes between
−10◦ < l < 10◦ and latitudes −1.4◦ < b < −0.4◦, and 0.7◦ < b < 1.7◦.

2. The data

For this study we use the near-IR JK photometry from the VVV
public survey1. A detailed description of the survey and the data
can be found in Minniti et al. (2010). In particular, the photo-
metric calibration and dereddened magnitudes were calculated
as described in Gonzalez et al. (2011) and therefore are only
shortly described here. Multiband catalogs were produced by a
crossmatch of sources between single band catalogs produced
at the Cambridge Astronomical Survey Unit (CASU) using the
STILTS code (Taylor 2006). For this work we analyzed a total
of 28 tiles, containing about 30 million measured sources, which
cover the survey region between −1.4◦ < b < −0.4◦ and +0.7◦ <
b < +1.7◦ at longitudes between −10◦ < l < 10◦ (Fig.1). The
photometric calibration was obtained by crossmatching sources
of VVV with those of 2MASS flagged with best quality pho-
tometry. This produced the final VVV J, H and Ks photometric
catalogs fully consistent with the 2MASS photometric system.
The calibrated VVV tile catalogues were then dereddened and
used to build the luminosity functions for each of the tiles.

3. Analysis and results

The extinction correction was done following the prescriptions
described in Gonzalez et al. (2011). However, for the present
analysis, we have adopted the Nishiyama et al. (2009) extinction
law, where Ak = 0.528 · E(J − Ks) instead of the standard values
from Cardelli et al. (1989), as the latter does not seem to be con-
sistent with observations in the high reddening regions analyzed
here. Therefore, the dereddened Ks0 magnitudes were obtained
as:

Ks0 = Ks + 0.528[(J − Ks)0 − (J − Ks)] (1)

where we use the mean intrinsic RC color for the bulge of
(J−Ks)0 = 0.68 as measured in Baade’s Window (Gonzalez et al.
2011). Note that by following the procedure in Gonzalez et al.
(2011) we obtain reddening values in subfields of 6 × 6 arcmin
instead of assigning individual extinction values to each star as
in N05. Because of the effect of the broad bulge metallicity dis-
tribution (e.g. Zoccali et al. 2008; Bensby et al. 2011), a single
intrinsic RC color cannot be adopted for all stars but to the mean
of the observed RC color distribution in small subfields where
the effects of differential extinction are minimized. Therefore,
our procedure allows us to obtain dereddened Ks magnitudes
while keeping the imprints of the original bulge stellar popu-
lation. Figure 1 shows the final extinction map and the field cov-
erage for this study.

We applied a color cut (J −Ks)0 > 0.4 to select the region of
the color-magnitude diagram (CMD) dominated by bulge giants

1 http://vvvsurvey.org

and avoiding contamination from disk stars. Using the dered-
dened Ks0 magnitudes of bulge giants we then built the luminos-
ity function for each tile and followed the method introduced by
Stanek et al. (1996) to measure the RC mean magnitudes in or-
der to trace the mean distance of the bulge population. The base
of the luminosity function was fitted with a second order poly-
nomial and a Gaussian fit was then applied to measure the RC
mean magnitude. Therefore the final fitting function is described
by:

N(Ks0 ) = a + bKs0 + cK2
s0
+

NRC

σRC
√

2π
exp
[ (KRC

s0
− Ks0 )2

2σ2
RC

]
(2)

The results of the Gaussian fits for each RC are listed in
Table 1. Two main features in our procedure differ from previous
similar studies of the Galactic bar using RC giants. As described
before, we do not apply individual extinction corrections to each
star. Instead, we attempt to maintain the color properties of bulge
stellar population by obtaining reddening values in small sub-
fields. Also, we include an additional Gaussian fit for a peak in
the luminosity function, distinct from the RC, which is centered
at Ks0 ∼ 13.7. N05 mention the detection of this additional peak
at a dereddened magnitude K0 ∼13.5 but they only performed
Gaussian fits up to a magnitude where the RC is unaffected by
this peak. Nataf et al. (2011) presented its detection, based on
optical OGLE data, and identified it as an anomalous red giant
branch bump (RGBb). In Gonzalez et al. (2011) the peak was
observed using the VVV photometry up to b = −4◦. For larger
distances from the plane the detection of this peak becomes dif-
ficult due to the split of the RC (McWilliam & Zoccali 2010).
However we point out that, while the magnitude of the RC be-
comes brigther toward positive longitudes according to the bar
orientation, the Ks0 magnitude of this additional peak changes in
the opposite direction. This is not expected if such feature cor-
responds to the RGBb. A possibility could be that it instead cor-
responds to RC stars from a more distant population. Assuming
an intrinsic RC magnitude of MK = −1.55, the observed fainter
RC peak would be at ∼ 11.2 kpc from the Sun. Further discus-
sion on this point, such as the number counts of the RC with re-
spect to those of the secondary peak cannot be addressed in this
work due to possible incompleteness at the magnitudes where
this peak is observed, in particular for regions affected by high
reddening and crowding. However, we assume here that the RC
mean magnitudes remain reliable as long as the additional peak
is included in the fitting procedure, independently of its origin.
Figure 2 shows the results for the fits to the Ks,0 distribution of
RC stars in representative fields of the regions studied in this
work.

Figure 3 shows the measured location of the Galactic bar
as obtained from the dereddened Ks0 magnitude of the RC at
b = ±1◦, compared with those of N05 for b = +1◦. For this we
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