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VVV: VISTA Variables in the Vía Láctea!
Near-IR time-domain photometric survey of the Galactic bulge and inner disk!
! PI: Dante Minniti, Chile! co-PI: Philip Lucas, UK
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VVV:! 520 square degrees!
! ! 2000 hours!
! ! 7 years
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Galactic bulge
inner disk

VVV:! 520 square degrees!
! ! 2000 hours!
! ! 7 years

ZYJHKs atlas (single epoch)!
up to ~100 epochs in Ks!
1 billion objects, 1 million variables

VISTA PUBLIC SURVEYS



Galactic bulge
inner disk

VVV:! the first and only near-IR time-domain survey of the ! !
! ! bulge and southern disk

VISTA PUBLIC SURVEYS



VISTA (Visible and Infrared Survey Telescope for Astronomy)

4.1 m telescope 

f / 3.25 

1.5 sq. deg. FOV



VIRCAM (VISTA InfraRed Camera)



Data	
  Volumes	
  produced	
  by	
  CASU
Jim	
  Emerson



WFIRS2014 Conference                                                              Pasadena, CA, November 18, 2014                                             I. Dékány, Millennium Institute for Astrophysics

Credit: ESO

VVV AND 2MASS
VVV builds on the 2MASS legacy: Science cases given by 2MASS

2MASS IMAGE OF THE MILKY WAY

vvvsurvey.orgThe photo album of the
MW is not complete yet!!!

VVV is calibrated by 2MASS!
VVV system != 2MASS system

WFIRST can build on the VVV legacy: Science cases from VVV
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Main differences with   
2MASS

VVV AND 2MASS

2MASS covers the whole 
sky,  VVV only 1.3%	


!
VVV has higher resolution 
(0.34”/pix)	


!
!
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Main differences with   
2MASS

VVV AND 2MASS

2MASS covers the whole 
sky,  VVV only 1.3%	


!
VVV has higher resolution 
(0.34”/pix)	


!
VVV is deeper (Ks<18)	



VVV limiting magnitudes vvvsurvey.org

Ks

R. Saito, M. Hempel et al. 2012
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Main differences with   
2MASS

VVV AND 2MASS

2MASS covers the whole 
sky,  VVV only 1.3%	


!
VVV has higher resolution 
(0.34”/pix)	


!
VVV is deeper (Ks<18)	


!
VVV has 5 filters	


(ZYJHKs)	


!
VVV is a time-domain	


survey (in Ks)	


!
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What is the 3-D 
structure of the 

Milky Way

VVV Goal



How did it form

VVV Goal
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STARS 
BULGE 
CMD

R. Saito et al. 2012
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METALLICITY MAP
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BULGE MAPPING
A double red clump is seen along !
different directions towards the bulge.!
This is present in 2MASS and VVV data.!
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BULGE MAPPING

	
  Saito	
  et	
  al.	
  2011,	
  AJ

The Astronomical Journal, 142:76 (6pp), 2011 September Saito et al.

Figure 3. Density maps showing the structures traced by the RC near the Galactic plane, i.e., as seen from above, in slices of different latitudes (see labels). Individual
lines of sight, at a given longitude, are represented by vertical strips, which are then merged together to form each panel. The central strip in each panel corresponds
to l = 0◦ with a cross marking the Galactic center (assuming R0 = 8 kpc). The panel at b = −4◦ also shows the Galactic bar as traced by Rattenbury et al. (2007;
white dots) fitting the RC in OGLE-II data. The label at the bottom of each panel lists the peak value of the density histogram in that particular section of the 3D map.
Contour plots may help the eye in regions of low density contrast. Thin white lines are lines of constant Y coordinate.

at a given Galactic latitude. The region within |b| < 3.◦5 is
excluded from the analysis, so the innermost sections are at
b = +4◦ and b = −4◦, in the middle row panels. A cross
marks the Galactic center, assuming a distance of 8 kpc (e.g.,
R0 = 8.00 ± 0.6 kpc; Ghez et al. 2008). The Sun would be
at (l, X) = (0◦, 0), below and outside the limits of the plots.
The map in each panel is constructed merging 17 vertical color
strips for the fully sampled sub-panels, each showing the RC
star density along a given line of sight, at a given longitude
(x-axis). Contour lines mark equal density levels, in steps of 5%
from the peak intensity. The section at b = +4◦ has a vertical,
black strip due to a dust lane that prevents us to reach the RC in
2MASS, in this part. Due to the opening of the cone of view, we
see nearby things more expanded in the sky, than far away ones.
In order to show the distortion introduced by this effect, we also
show diagonal thin white lines at constant Y linear coordinate.

The color scale has been normalized in each panel so that
the peak density of that section is yellow. This stretching of
the scale allows us to trace the shape of the bulge even far away
from the plane, where stellar densities are much lower, but might
give the wrong impression that the total number of bulge stars
at |b| = 4◦ is the same as it is at |b| = 8◦, which is clearly not
the case. To clarify this, the peak value of the density histogram
(corresponding to the lightest yellow) is listed at the bottom of
each panel.

Two overdensities can be seen in each panel: one closer to
the Sun, at positive Galactic longitudes, and a more distant
one, at negative longitudes. Moving away from l = 0◦ to

larger longitudes, one of the two structures gradually disap-
pears, leaving just the bright one at positive longitudes, and
the faint one at negative longitudes. The two overdensities
get closer to each other for sections closer to the Galactic
plane, and they almost completely merge already at b = −4◦

(Baade’s Window). This is the section that has been studied
extensively in the past, and the structure that one sees here is
consistent with a single, elongated overdensity, i.e., the bar.
Clearly, only for lines of sight along the l = 0◦ axis, i.e., in the
central, vertical strip of each section, and only for |b| > 4◦ we
intercept both overdensities, resulting in a double RC.

Interestingly, in this map the far side of the X fades faster than
the near side, when moving away from the Galactic plane. In
the next section we will investigate whether this is a real feature
or an artifact of our data analysis. Let us concentrate, here, on
the 3D shape of the Galactic bulge in a qualitative way.

The panel at b = −4◦ also shows the Galactic bar, as traced
by Rattenbury et al. (2007) using OGLE-II data for stars at a
similar latitude. In the work of Rattenbury et al. the derived bar
was arbitrarily shifted in distance so that its center would be
at 8 kpc. The angle between the structure we find and the line
of sight is clearly the same as that of the Rattenbury’s bar. The
center of structure, at b = −4◦, is ∼7 kpc away from the Sun
(see below).

In Figure 4, each panel shows a vertical section of the density
map, parallel to l = 0◦ axis, at a given longitude. The X–b
plane passing from l = 0◦ is in the central, middle panel. The
Sun would be at (X, b) = (0, 0◦), outside each panel, on the left.

3

The Milky Way bulge is X-shaped.!
Two independent datasets and analyses (2MASS, VVV).!
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BULGE MAPPING
The Milky Way bulge is X-shaped.!
Two independent datasets and analyses (2MASS, VVV).!

	
  Saito	
  et	
  al.	
  2011,	
  AJ



BULGE MAPPING
The peanut-shaped bulge formed from the disk via buckling instability.!

theory: see, e.g., Wegg & Gerhard (2013)!
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BULGE MAPPING
Red clump (RC) and RR Lyrae stars trace different populations.
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8 Gonzalez et al.: Reddening and metallicity maps of the Milky Way Bulge

Fig. 10. Left panels: Comparison of the photometric (hashed histogram) and spectroscopic (red dotted histogram) MDFs along the
Bulge minor axis at b = −4◦, −6◦ and −8◦. The average [Fe/H] and dispersion σs are also shown for all MDFs. Right panels:
CMDs in the absolute plane of the fields located along the minor axis at b = −4◦, −6◦ and −8◦ with overplotted the empirical RGB
templates. Thick black circles refer to the stars used to derive the photometric MDFs.

with the expectation from the metallicities and gradient observed
by Zoccali et al. (2008). To check the reliability of our photo-
metric metallicity distribution functions (MDFs), we compare
the MDFs from our photometric method in ∼ 30′ × 30′ fields
with those from spectroscopic studies of Zoccali et al. (2008) at
b = −4◦ and b = −6◦ and of Johnson et al. (2011) at b = −8◦.

Figure 10 shows the remarkable agreement for the mean pho-
tometric (hashed histograms) and spectroscopic (red dotted his-
tograms) MDFs. The metallicity gradient is clearly observed in
our data, and the shape of the photometric distributions resem-
ble very well those from spectroscopic studies. The dispersion
values in the photometric [Fe/H] distributions are larger than
the spectroscopic ones. This may be produced by a combina-
tion of factors. In particular, our method relies on extrapola-
tion for stars with metallicities larger than 0.35, the value of
the most metal-rich template corresponding to the open cluster
NGC6791. This could generate a metal rich tail with no reli-
able abundances and which might increase the dispersion. On the
other hand, the metal-poor tail has a possible disk contamination
which could end up also increasing the dispersion of our distri-
butions. However, we do not exclude that such metal-poor stars
could actually belong to the bulge. Altogether, we demonstrate
that our metallicity determinations are as reliable in the mean as
the high resolution spectroscopic studies. This presents a power-

ful tool to trace how metallicity varies not only in discrete fields
along the minor axis, but all across the outer bulge. Figure 11
shows a map of mean metallicity in bins of ∼ 0.4◦ × 0.4◦ and
it confirms the metallicty gradient along the minor axis. These
maps are restricted to |b| > 3◦ as the upper RGB in our dataset
corresponds to 2MASS photometry which is limited by crowd-
ing at inner regions. In the future paper wewill present the metal-
licity maps of the entire VVV bulge area for |b| > 3◦.

6. Conclusions
We used the VVV survey data to investigate the properties of
the Galactic bulge along the minor axis. Within this bulge re-
gion there have been several spectroscopic studies which we
use to validate our method. The method is based on the use
of properties of the red clump giants. The RC color is used to
derive the reddening map along the minor axis extending from
−8◦ < b < −0.5◦. These regions suffer from high extinction and
variations on very small scales are observed. Therefore a consis-
tent bulge reddeningmap obtained from a homogenous tracer all
across the bulge, from the innermost crowded and extinct regions
to the outer parts is very valuable. Our results for the extinction
also show good agreement with maps published by Dutra et al.
(2003), and Schultheis et al. (1999).

Zoccali	
  et	
  al.	
  2008,	
  A&A	
  
Gonzalez	
  et	
  al.	
  2011,	
  A&A

RR Lyrae!
age > 10 Gyr

RC!
age < 10 Gyr
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BULGE MAPPING
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Combined OGLE + VVV (I + Ks) distance analysis of !
bulge RR Lyrae stars.!
Advantage: accurate distances and reddenings !
on a star-by-star basis by precise PL-relations.!
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Combined OGLE + VVV (I + Ks) distance analysis of !
bulge RR Lyrae stars.!
Advantage: accurate distances and reddenings !
on a star-by-star basis by precise PL-relations.!
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BULGE MAPPING
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Combined OGLE + VVV (I and Ks) distance analysis of !
bulge RR Lyrae stars.!
Advantage: accurate distances and reddenings !
on a star-by-star basis by precise PL-relations.!
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BULGE MAPPING

Dékány	
  et	
  al.	
  2015,	
  in	
  prep.

Up next:!
extended I+Ks analysis of !
OGLE-IV sample.!
Near-IR data extraction !
almost complete.

Up next: !
explore the rest with VVV.!
Challenge: !
identifying RR Lyrae n the near-IR.!
Time-series analysis underway, !
automatic classifier ready.

8 A. A.

Fig. 2. Spatial distribution of RR Lyr stars in the OGLE fields toward the Galactic bulge. In the
upper panel points of different colors represent individual RR Lyr stars of different mean magnitudes.
Lower left panel: surface density map of RR Lyr stars. White circles indicate the positions of globular
clusters likely hosting RR Lyr stars. Lower right panel: spatial distribution of the mean apparent
(V − I) colors of RR Lyr stars, that increase toward the Galactic plane due to dust extinction.

Soszynski et al. (2014)



BULGE MAPPING

Samland	
  &	
  Gerhard	
  2003,	
  A&A	
  
Obreja	
  et	
  al.	
  2013,	
  ApJ	
  
Saha	
  &	
  Gerhard	
  2013,	
  MNRAS	
  

The old (> 10 Gyr) bulge is not X-shaped and not even barred.!
The Milky Way has a composite bulge:!
!
! BOXY PEANUT + SPHEROID!

The MW formed first inside-out, then grew a boxy peanut shaped bulge.
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A split red clump is seen along the reddening vector towards the bulge.

THE GREAT DARK LANE

A&A proofs: manuscript no. aa24056-14

Milky Way bulge at intermediate latitudes; we call this feature1

the “great dark lane” of the Milky Way bulge.2

This article is organized as follows: in Sect. 2 we present3

the CMD for 157 million stars in 300 sq. deg. of the bulge, dis-4

cussing the RC split into two color components, blue and red,5

and the spatial distribution of the great dark lane. Section 36

presents a more detailed exploration of one field at (l, b) =7

−0.6◦,−1.9◦ which shows a mean color difference of ∆AKs =8

1.79 for red and blue RC components. This deep pencil-beam9

study allows us also to explain why this feature has not been10

seen previously in optical CMDs. Section 4 presents our inter-11

pretation of the small difference in magnitude of the RC seen in12

our CMDs as a geometric effect. Finally, Sect. 5 discusses some13

of the implications for studies of galactic structure, bulge stellar14

populations, and microlensing experiments.15

2. Color-split in the red giant clump of the Galactic16

bulge17

By updating the work of Saito et al. (2012), we have merged18

all ZYJHKs VVV bulge catalogs that appear in the CASU119

database as v1.3 “completed” data, covering 300 sq. deg, from20

−10◦ < l < 10◦, −10◦ < b < 5◦. These data come from21

196 bulge tiles that contain 239 million sources (with detection22

in any filter), 157 million of these are stellar sources, with stellar23

flag in at least two of the five filters (stellar flag denotes good-24

quality unblendend sources). For the ten tiles for which “com-25

pleted” data were not available, we used “executed”, “aborted”26

and data without a flag.27

The resulting Ks vs. (Z − Ks) CMD is shown in Fig. 1. Only28

good-quality (flag −1) stellar sources in both Z and Ks-band fil-29

ters were included in the construction of the CMD, which con-30

tains a total of about 70 million sources. These unprecedented31

VVV data allow us to analyze the large-scale spatial variations32

of this CMD and the effects of reddening (e.g., Saito et al. 2012).33

The effect of the interstellar extinction on the CMD is evi-34

dent: it spreads the RC stars along the reddening vector by more35

than 3 mag in (Z − Ks). Although this effect is expected, Fig. 136

shows that this re-distribution of RC stars in color is not contin-37

uous but, instead, presents two clear overdensities that split the38

RC into a blue and a red component (we use this convention to39

avoid confusion).40

The mean observed (Z − Ks) color difference between these41

two RCs is 0.55 ± 0.03 magnitudes. If this color difference is42

purely due to reddening, this is equivalent to E(B − V) = 0.6543

and AV = 2.01 mag, using the ratios E(Z−Ks) = 1.18×E(B−V)44

and E(J−Ks) = 0.50×E(B−V) (Catelan et al. 2011), correspond-45

ing to a very dark feature indeed. A similar double-color RC is46

observed in the Ks vs. (J−Ks) CMD (e.g., Saito et al. 2012), but47

the separation between the blue and red RC is best appreciated48

with the longer color baseline provided by the (Z − Ks) color.49

To evaluate this and to map the different spatial distribu-50

tion of these sources, we adopted the following boundaries for51

the two components of the red clump (RC): a blue RC with52

12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0, and a red RC53

with 12.8 < Ks < 13.5 and (Z − Ks) > 2.1. The spatial distri-54

bution of blue and red components of the RC are shown sepa-55

rately in Fig. 2. The spatial distribution of the red component56

has almost specular edges unlike the bluer RC. Figure 2 shows57

that the great dark lane stretches across the whole bulge, above58

and below the plane. The distribution of stars affected by the59

1 http://casu.ast.cam.ac.uk/vistasp/

Fig. 1. Ks vs. (Z−Ks) color–magnitude diagram of 66 million stars from
300 sqdeg in the bulge. This Hess CMD is very useful because it reveals
in an unprecedented way very faint features, the complexity of the pop-
ulation, the effects of reddening, and the range of magnitudes and colors
throughout the whole Milky Way bulge. Particularly interesting is the
double peak of the red giant clump at Ks ∼ 13.2 mag, separated by
∆(Z − Ks) = 0.55 mag. This is an evidence of the great dark lane across
the Milky Way bulge. Completeness in the inner regions only becomes
a problem for Ks > 16 mag. The reddening vector is associated with
an extinction of E(B − V) = 1, based on the relative extinctions of the
VISTA filters, and assuming the extinction law of Cardelli et al. (1989).
Contour lines mark density levels in steps of 2% from the highest den-
sity. The source density is indicated in the vertical bar on the right, in
units of 106 sources mag−2.

dark lane is homogeneous and not patchy, with a sharp transi- 60

tion at latitudes |b| < 4◦. It extends for many square degrees in 61

Galactic longitude, from l = −10◦ to l = +10◦. Unfortunately, 62

although the VVV maps extend in longitude from l = 350◦ to 63

l = 295◦, they only cover a narrow strip along the plane for 64

latitudes −2.25◦ < b < +2.25◦, which prevents us from investi- 65

gating its extension in longitude. 66

Assuming a smooth stellar density distribution for the bulge 67

(Wegg & Gerhard 2013), the marked split in the color distribu- 68

tion of the RC suggests that there must be a region in the bulge 69

where stars are affected by a dust feature that is optically much 70

thicker than the dust affecting the stars in the blue RC compo- 71

nent. We would otherwise expect a smooth color transition be- 72

tween RC stars for regions that are differently affected by extinc- 73

tion. Furthermore, if this dust feature was located in the middle 74

of the bulge population, we would see RC stars from the blue and 75

red components mixed across the bulge. In contrast, we see that 76

the two components are spatially distributed in specific regions 77

of the bulge. These properties lead us to conclude that there is 78

an optically thick dust feature with sharp, clearly marked edges 79

that is located in front of the bulge. We name this dust feature 80

the great dark lane of the Milky Way bulge. We note that ac- 81

cording to the Galactic latitudes up to which the dark lane ex- 82

tends (|b| < 4◦), the projected distance from the plane would be 83

∼400 pc, at a mean distance of 6 kpc (i.e., at the near side of the 84

bulge). 85

Article number, page 2 of 5

66 million stars

D. Minniti et al.: Milky Way Demographics with the VVV Survey. III.

Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 2. Left panel: spatial distribution of stars in the blue RC with 12.8 < Ks < 13.5 and 1.5 < (Z − Ks) < 2.0. Right panel: spatial distribution of
stars in the red RC with 12.8 < Ks < 13.5 and (Z −Ks) > 2.1. These stars trace the location of the bulge dark lane. The innermost dark region with
−1 < b < +1 is populated by much more reddened RC giants and thus is affected by completeness. The source density is indicated in the vertical
bar on the right, in units of 103 sources deg−2.

3. Point spread function fitting photometry of a field1

at (l, b = –0.6◦, –1.9◦)2

The photometry by CASU is aperture photometry, therefore it3

may be limited by crowding in the inner regions, even though4

the effect is expected to be minor for stars at the RC level and5

more significant for fainter stars. To confirm that this great dark6

lane feature is real and to quantify the effect produced, we de-7

cided to obtain deeper point spread function fitting (PSF) pho-8

tometry in a representative inner field – VVV tile b305 – located9

at (l, b) = −0.6◦,−1.9◦. The right and middle panels of Fig. 310

show the deep Ks vs. (J − Ks) and Y vs. (Z − Y) CMDs for one11

chip of this tile obtained with PSF photometry using DoPhot12

(Schechter et al. 1993; Alonso-García et al. 2012). This field was13

selected because it can be interpreted unambiguously: it crosses14

the edge of the dust lane that contains stars of both blue and red15

RC components.16

Again, the Ks vs. (J − Ks) RGB in this field is split into two17

well-defined branches, and two red giant clumps can be identi-18

fied. The separation can be easily measured when the red giant19

clump is split into color by ∆(J − Ks) = 0.30 ± 0.03 mag. If this20

color jump is interpreted as only due to the effect of extinction21

from an intervening cloud along the line of sight, this is equiva-22

lent to ∆(B − V) = 0.57 ± 0.06, and ∆(AV ) = 1.78. These values23

are similar to the values obtained using the whole Ks vs. (Z−Ks)24

CMD in Sect. 2.25

In contrast, the disk main sequence in this field is well de-26

fined in the Ks vs. (J − Ks) CMD, somewhat broad because of27

foreground differential reddening, but clearly not bimodal like28

the RGB. This indicates that these disk stars lie predominantly29

in the foreground of the great dust lane.30

The mean reddening for the region located at −0.68 < l <31

−0.52, −1.98 < b < −1.82 was measured by Gonzalez et al.32

(2011) to be E(B−V) = 1.46 using the reddening law of Cardelli33

et al. (1989). There is evidence that the reddening law varies in34

the inner regions (e.g., Nishiyama et al. 2009), but choosing a35

different reddening law does not affect our results. Taking this36

value as mean reddening, the extinction varies from an average37

of E(B − V) = 1.18 for the bulge stars that are unaffected by38

the great dark lane to an average of E(B − V) = 1.75 for the39

stars located behind it. This total extinction only applies to this40

particular field b305. Even though we see the coherent split of41

the RGB across the whole bulge, this may vary in distance, and 42

a finer 3D mapping for the extinction is warranted (e.g., with 43

individual RR Lyrae discovered by the VVV survey). 44

Many of the inner fields have been mapped by the mi- 45

crolensing experiments in optical passbands (Alcock et al. 2000; 46

Udalski et al. 2002). However, such a split clump has never been 47

reported, which seems to contradict our findings. The reason for 48

this becomes evident in the bluer Y vs. (Z − Y) CMD, which is 49

closer to optical (MACHO, OGLE) CMDs of the same stars in 50

the left panel of Fig. 3. The RGB in the Y vs. (Z−Y) CMD is very 51

broad, and the red giant clump extends along the direction of the 52

reddening vector, but at these wavelengths the differential ex- 53

tinction blurs the split color of the RGB, which instead appears 54

as a single wide branch, with a color spread of about 0.5 mag. 55

This color scatter is real and not an effect of larger photometric 56

errors in the ZY passbands, because the photometry in all these 57

bands is better than 0.02 mag at the level of the red giant clump. 58

In the central panel of Fig. 3 we selected the stars with 59

Ks magnitudes that include the RC as 13.0 < Ks < 13.6, and plot 60

the color−color diagram for this bulge field in the right panel of 61

Fig. 3. The stars are aligned following the reddening vector. The 62

red clump bimodality is in (J − Ks), but not in (Z − Y), and at 63

the same time the foreground main sequence is unimodal. This 64

explains why this was not noticed in the previous optical CMDs 65

that mapped the inner bulge region, such as the photometry of 66

the microlensing experiments. Figure 3 shows the advantage of 67

having ZYJHKs passbands in the VVV survey: there are fea- 68

tures in the CMDs that can be ambiguous or missing when we 69

only inspect single CMDs. 70

4. Geometric effect and metallicity 71

An interesting aspect of Fig. 1 is the similar Ks-band magnitude 72

of the the blue and red RCs, with a distribution flatter than that 73

expected by the corresponding reddening vector. 74

The mapping of the RC stars across the Milky Way bulge 75

has been used by several authors to trace the geometry of the 76

bar and its splitting into an X-shaped structure (e.g., Gerhard 77

& Martinez-Valpuesta 2012; Saito et al. 2011, 2012). These re- 78

sults demonstrate that the RC magnitude varies with longitude 79

across the bulge in the sense that at positive longitudes the RC 80
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Fig. 3. Data from PSF photometry. Left: Y vs. (Z − Y) CMD of one chip of the tile b305 centered at (l, b) = −0.6,−1.9 showing no double clump at
more optical wavelengths due to extinction. Middle: Ks vs. (J − Ks) CMD for the same stars showing the double clump due to extinction. This is
the observed CMD, it is not dereddened. Right: (Z − Y) vs. (J − Ks) color−color diagram for stars with clump giant magnitudes 13.0 < Ks < 13.6.
The reddening vector in each panel is associated with an extinction of E(B − V) = 1, based on the relative extinctions of the VISTA filters, and
assuming the extinction law of Cardelli et al. (1989).

is brighter than at negative longitudes. Moreover, the RC mag-1

nitude also varies with Galactic latitude, since the projected dis-2

tance of the Galactic bar changes when measured at higher val-3

ues of b (e.g., Saito et al. 2011; Gerhard & Martinez-Valpuesta4

2012).5

At a given value of Galactic longitude, the red RC, which6

is affected by the dust lane, is constrained to regions at low |b|.7

On the other hand, the blue RC, which is unaffected by the dust8

lane, comes from regions at higher |b| (farther from the plane).9

Thus, the magnitude of the clumps varies with the projected dis-10

tance of the bar – at high |b| (responsible for the blue RC) the11

bar is projected farther away than in the Galactic plane (the red12

RC, at low |b|). This effect is stronger at negative longitudes and13

prevents the blue and red RC following the reddening vector.14

We clarified this effect by slicing two bulge regions, one at15

positive longitudes +2◦ < l < +6◦ and another symmetric region16

at negative longitudes (−6◦ < l < −2◦). Figure 4 shows the Ks17

vs. (Z − Ks) CMDs for the region around the RC position for18

both regions. While the difference in color between the blue and19

red RC for both regions is consistent with the presence of a thick20

dust lane, the position in magnitude changes in all cases because21

of the projection effect.22

If the bimodal RGB and RC are not a result of extinction,23

we have to search for alternative explanations. One possibility24

is that there are two stellar populations with different metallic-25

ities. The large majority of the stars in the bulge have metal-26

licities of −0.7 < [Fe/H] < +0.2 (e.g., Zoccali et al. 2008;27

Gonzalez et al. 2013). Based on the isochrones of Girardi et al.28

(2000), the mean absolute magnitude of red clump stars varies29

from MK = −1.306 mag ([Fe/H] = −0.68 and Z = 0.004) to30

MK = −1.571 mag ([Fe/H] = +0.2 and Z = 0.03).31

In principle, since all these stars are present in all fields, the32

difference in metallicity produces a spread in Ks-magnitude of33

the RC (width) of about ∆Ks ∼ 0.27 mag. However, to pro-34

duce a shift in the mean magnitude of ∼0.27 mag in ∆Ks one35

would need a shift of about ∼1 dex in the mean magnitude of the36

RC stars in the redder and in the bluer clump.37

Gonzalez et al. (2013) have recently produced a full metal-38

licity map for the Galactic bulge. The l < 0◦ region is more39

metal poor, and for this region the average magnitude of the40

clump would be fainter than for l > 0◦. However, the red RC,41

which is the component affected by the dust lane, is constrained42

to |b| < 3◦. Both the l > 0◦ and l < 0◦ parts of the bulge have43

Fig. 4. Ks vs. (Z − Ks) color–magnitude diagrams for the region around
the red clump position. In the top panel we show data for −6◦ < l < −2◦,
in the bottom panel data for the region +2◦ < l < +6◦. The dashed lines
mark the slope of reddening vectors based on the relative extinctions
of the VISTA filters, and assuming the extinction law of Cardelli et al.
(1989). Contour lines mark density levels in steps of 5% from the high-
est density.

a similar metallicity for |b| < 3◦. The RC magnitude of the red 44

RC therefore probably purely depends on distance and extinc- 45

tion. Given a similar extinction in the positive and negative l, the 46

only difference in ∆Ks of the red RC for +l and −l is then due to 47

distance/projection. 48

In absence of extinction, purely due to sampling different 49

|b| (assuming that the only difference is metallicity), the blue 50

RC should be fainter than the red component. The difference 51

in metallicity between the positive and negative latitude of the 52

bulge between |b| < 3◦ and |b| > 3◦ for l > 0◦ is ∆[Fe/H] ∼ 0.2 53

and is larger ∆[Fe/H] ∼ 0.4−0.5 for l < 0. This might contribute 54

to the different slope between the the blue and red RC. 55

The value of the shift in ∆Ks on the blue RC (comparing to 56

red RC) due to a metallicity effect alone would be ∼0.08 mag for 57

l > 0◦ and ∼0.13 mag for l < 0◦. Therefore, there is a mixture 58
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NGC1365: two nested bars with two arms

HST OPTICAL

theory: see, e.g., Athanassoula (1993, MNRAS)
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(Pre-2MASS) Ptolemy et al. (150)
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L. G. Hou et al.: The spiral structure of our Milky Way Galaxy 477

Table 1. The parameters of the best fitting models: the initial radius, Ri, the start azimuthal angle, θi, and the pitch angle, ψi, for the ith arm.

Model R1 θ1 ψ1 R2 θ2 ψ2 R3 θ3 ψ3 R4 θ4 ψ4 Z
(kpc) (◦) (◦) (kpc) (◦) (◦) (kpc) (◦) (◦) (◦) (◦) (kpc)

For distribution of tracers with R0 = 8.5 kpc and Θ0 = 220 km s−1

2-arm model 4.2 147 5.3 4.0 297 5.2 0.47
3-arm model 3.8 40 7.8 3.6 195 9.9 4.0 303 7.5 0.45
4-arm model 3.7 40 9.6 4.5 205 10.7 4.4 290 11.4 3.9 309 8.7 0.35
For distribution of tracers with R0 = 8.0 kpc and Θ0 = 220 km s−1

2-arm model 4.0 151 5.1 3.9 315 5.0 0.43
3-arm model 3.6 40 8.0 3.5 195 9.6 3.9 303 7.4 0.41
4-arm model 3.6 40 9.2 3.7 205 12.5 4.2 290 11.1 3.8 309 8.4 0.33

Fig. 4. The spiral structure of HII regions and GMCs (R0 = 8.5 kpc and
Θ0 = 220 km s−1) is overlaid on the HI map (Levine et al. 2006).

than the size of a GMC, but we can delineate the spiral struc-
ture more clearly. A different value of σ in a suitable range
(e.g. 50−400 pc) produces a similar figure. In the fourth Galactic
quadrant, three arm-like structures exist in this region. The
Carina arm (l ∼ 290◦) is very clear. The other two arm-like
structures correspond to the Crux (l ∼ 318◦) and the Norma
arm (l ∼ 333◦), respectively. In the first quadrant, both HII re-
gions and GMCs also seem to show three arm-like structures,
the Sagittarius arm in the middle (l ∼ 40◦), the Scutum arm
inside (l ∼ 25◦) as well as the Perseus arm on the outer side
(x ∼ 8 kpc, l ∼ 60◦). These arms are clear in Watson et al.
(2003) and Sewilo et al. (2004) from HII region distributions
and in Solomon et al. (1987) from the distribution of molecular
clouds. There may be another arm-like segment in the far outer
Galaxy traced by GMCs. In the second and third Galactic quad-
rants, no obvious structure can be identified from the distribution
of the main tracers.

In Fig. 4, we overlay our data onto the HI map of Levine
et al. (2006), which was obtained with the solar parameters of
R0 = 8.5 kpc, Θ0 = 220 km s−1. In the HI distribution, there are
3 obvious arm-like structures in the third and fourth quadrants.
The Carina arm overlaps with the most inner arm-like struc-
ture in the HI distribution, and the Perseus arm may be linked
to the intermediate arm-like structure, which can be matched in

our 3-arm, 4-arm, and polynomial logarithmic arm models. The
counterpart for the outer arm-like structure in the HI map is dif-
ficult to identify, but most likely there are one or two spiral arms
beyond the Perseus arm.

It is not clear whether the spiral structure of the Milky Way
is of logarithmic nature. Canonically, the two, three or four log-
arithmic arms have been used to fit the tracer data and to model
the grand design of our Galaxy. We will try to fit these conven-
tional models to the data, and we also present the polynomial
logarithmic arm model with varying pitch angle. In addition
to fitting the model to the tracer distribution, it is important to
compare the tangential directions of modelled spiral arms to the
observed tangents (see Englmaier & Gerhard 1999; Bronfman
1992; Vallée 2008).

In Sect. 3.3, we also show the distribution of tracers for spiral
arms by taking the kinematic distances estimated by using the ro-
tation curves with two sets of solar parameters, R0 = 8.0 kpc and
Θ0 = 220 km s−1 and the recent determination of R0 = 8.4 kpc
and Θ0 = 254 km s−1 from Reid et al. (2009).

3.1. The logarithmic arm models

The logarithmic-arm model describes the ith spiral arm with:

ln
r
Ri
= (θ − θi) tanψi. (5)

Here, r, θ are the polar coordinates centered at the Galactic cen-
ter, Ri is the initial radius (in kpc) at the start azimuthal angle θi
for the ith arm, and ψi is the pitch angle of the arm. The θ starts at
the positive x-axis and increases counterclockwise. We consider
the expression:

Z =
1

∑
Bi

∑
Bi

√
(xi − xt)2w2

xi
+ (yi − yt)2w2

yi
(6)

for all tracers; here xi and yi are Cartesian coordinates of the
tracer, xt and yt are the coordinates of the nearest point from all
spiral arms to the tracer. wxi and wyi are weighting factors for
the location uncertainty of xi and yi, respectively, and Bi is the
weighting factor related to the excitation parameters of HII re-
gions or the masses of GMCs. The best spiral arm model should
be able to minimize the parameter Z.

We assume that each arm always has its own pitch angle in
the 2-, 3-, 4-arm models and fit them to the data (see also Naoz
& Shaviv 2007). By searching for the best parameters of each
arm, Ri, θi and ψi in reasonable ranges, to find the minimized Z,
we obtained the best spiral arm models as listed in Table 1.
Three best-fitting models together with the data are plotted in
Fig. 5. The tangential directions of arms in all models are listed
in Table 2.

Velocity mapping (HI, HII, CO, masers, …)!
Drawback: kinematic assumptions, blind towards GC, GAC
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Fig. 9. The best-fitting polynomial logarithmic-arm model for R0 =
8.0 kpc andΘ0 = 220 km s−1, plotted on the data distribution (top panel)
and the color brightened-tracer image (bottom panel) of tracers.

For most of tracers in our work, we use their kinematic dis-
tances derived from the rotation curves. Gómez (2006) found
that the error bars are significantly large for objects at the po-
sitions of spiral arms. This pitfall cannot be overcome until ac-
curate distances of a large sample of HII regions are measured,
e.g. by triangulation of radio masers (e.g. Xu et al. 2006; Reid
et al. 2009). A large project is being carried out with the VLBA
to directly measure distances of a large sample of massive star
formation regions by trigonometric parallaxes (see Reid et al.
2008) with accuracies approaching∼10 µas. Published results of
several examples show systematically smaller distances than the
kinematic distances. They will probably obtain hundreds of mea-
surements over 10 years for the brightest HII regions covering all
the Galactic disk, and the final grand design of our Milky Way
will be greatly improved. However, at present, the picture shown
in Fig. 10 is the best approximate description of Galactic spiral
structure.

Acknowledgements. We thank the referee for instructive comments, and
Dr. Mark Reid for providing the Fortran code for the estimation of kinematic
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Stellar tracers!
(Cepheids, YOC, 
OB stars, …)!
!
Drawback: limited 
to near side!
!
BUT: VVV

DDO Cepheid database

VVV
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THE OTHER SIDE OF THE MW.
VVV Galactic Cepheid Program (VGCP): up to A(V)~50

SO FAR:!
analysis of ~35 million light-curves in -2º < b < 2º , -70º < l < 10º!
~5 % of the low-latitude are searched for Cepheids!
~400 candidates found!
problem: confusion with type II Cepheids (due to near-IR light-curves)!
solution: spectroscopic follow-up!
~80 best targets proposed for FIRE/Baade, X-Shooter/VLT!
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THE OTHER SIDE OF THE MW.
VGCP Proof of Concept: The Twin Cepheids
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separation = 18.3’’!
b=0º!
A(Ks)=3.2 mag, A(V)=32 mag!
d=11.4 kpc!
< 1pc from the Galactic plane!
must be type I!
must be in OC

Dékány et al. (2014, ApJL, submitted)
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VVV AND MICROLENSING

VVV was originally not designed for ML. 

BUT: high-cadence program has been 
proposed for the inner bulge 

VVV will search for reddened bulge 
microlensing events, and produce a 
map of the optical depth, tracing 
the 3D bulge mass distribution. 

!
The near-IR advantage: 

I, J and Ks-map event rates for 
sources with K<17. 

Contours = 17.5, 35, 52.4 per 
sq.deg. per year.

 E. Kerins et al. (2008)
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Candidate Microlensing events from the VVV Survey!
serendipitous discoveries!
proof of concept that allows us to explore the parameter space covered and plan 
future strategies!
complementary to optical surveys

N>200

István Dékány, Dante Minniti, Roberto Saito: ML search!
Eamonn Kerins: DIA pipeline development

Minniti, Dekany et al. 
(2014, A&A, 
submitted)
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VVV AND WFIRST

VVV for WFIRST:!
!
! provide science cases!
! input catalogs for followup!
!
! extended time baseline!
! QSOs!
! extended ML timescale!
!
WFIRST for VVV:!
!
! recalibration!
! deblending!
! more epochs!
!

VVV:! the first and only near-IR time-domain survey of the 
! ! ! ! bulge and southern disk!
!
This provides basic synergies with WFIRST:!
VVV is pioneering for WFIRST!
VVV lets us learn now how to use massive Galactic data 
VVV prepares us to surf the WFIRST data tsunami


