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ABSTRACT

Context. A number of recent papers have claimed the discovery of an X-shape structure in the bulge of our Galaxy in the population
of the red clumps.

Aims. We endeavor to analyze the stellar density of bulge stars in the same regions using a different stellar population that is char-
acteristic of the young bulge (S5 Gyr). Particularly, we use FO-F5 main-sequence stars with distances derived through photometric
parallax.

Methods. We extract these stars from extinction-corrected color-magnitude diagrams in the near-infrared of VISTA-VVV data in
some bulge regions and calculate the densities along the line of sight. We take the uncertaintity in the photometric parallax and the
contamination of other sources into account, and we see that these errors do not avoid the detection of a possible double peak along
some lines of sight as expected for a X-shape bulge if it existed.

Results. Only a single peak in the density distribution along the line of sight is observed, so apparently there is no X-shape structure
for this population of stars. Nonetheless, the effects of the dispersion of absolute magnitudes in the selected population might be
an alternative explanation, although in principle these effects are insufficient to explain this lack of double peak according to our
calculations.

Conclusions. The results of the present paper do not demonstrate that previous claims of X-shaped bulge using only red clump stars
are incorrect, but there are apparently some puzzling questions if we want to maintain the validity of both the red-clump results and

the results of this paper.
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1. Introduction

A number of recent papers have claimed the discovery of an
X-shape structure in the bulge of our Galaxy (Nataf et al.
2010, 2015; McWilliam & Zoccali 2010; Saito et al. 2011; Wegg
& Gerhard 2013). All of these studies base their conclusions on
the analysis of red clump star counts along different lines of sight
in the region |£] < 10°, 5° < |b| < 10°. In this region, these
studies find a double peak in the star counts along the line of
sight, which they associate with a double peak in the density
distribution and hence a structure of X-shape. This split of red
clump is evident for stars with [Fe/H] > —0.5 (Ness et al. 2012;
Rojas-Arriagada et al. 2014). But this implication is not straight-
forward since the red clumps stars do not have a unique narrow
peak in its luminosity function. As a matter of fact, the distance
between the two density peaks in the putative X-shape struc-
ture corresponds to a distance modulus of 0.5-0.7 mag (Wegg
& Gerhard 2013, Fig. 1), where distance between the two peaks
increases with height from the plane. This is approximately the
difference of the magnitudes of the two peaks of the luminosity
function in the luminosity function (Girardi 1999; Bovy et al.
2014; Wegg & Gerhard 2013, Fig. 1; Nataf et al. 2015, Fig. 1).
Also, Lee et al. (2015) believes the X-shape may be wrong be-
cause it is very likely that the double peak is a manifestation
of multiple populations: the helium-enhanced second-generation
stars placed on the bright red clump, which is about 0.5 mag
brighter than the normal red clump that originated from first-
generation stars. Gonzélez et al. (2015), however, counter that
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the scenario proposed by Lee et al. (2015) is not possible. Any-
way, this coincidence of a difference of about 0.5 mag may cast
some doubt on the validity of the results obtained only through
red clump stars.

Here we endeavor to analyze the stellar density of bulge
stars in the same regions using a different stellar population with
an age that is typical of this putative structure. Particularly, we
use FOV-F5V stars with distances derived through photometric
parallax.

2. Near-infrared photometric data of VISTA-VVV

The VISTA variables in the Via Lactea (VVV) is an Euro-
pean Southern Observatory (ESO) public survey with the 4.1 m
VISTA (Visible and Infrared Survey Telescope for Astronomy)
telescope at Cerro Paranal (Minniti et al. 2010; Saito et al. 2012).
This telescope performs observations in the Z, Y, J, H, and Ks
near-infrared bands toward the Galactic bulge and part of the
disk, covering a total area of 562 square degrees. In this work,
we use stars with magnitudes of the data from Data Release 2
(DR2). We take the default aperture corrected magnitudes with
2.0 arcsec diameter.

We use the photometry in filters J and H. These filters are
suitable given the low extinction even in Galactic bulge regions.
We select some regions within |{| < 10°, —10° < b < —6° of
VISTA-VVYV survey; VISTA-VVYV does not cover the positive
latitudes over +5 deg. Given that the feature we want to observe,
a single or double peak in the density along the line of sight,
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Table 1. Fields of VISTA-VVYV used for the analysis.

Gal. long., lat. (J2000)  (An)
2.31°,-6.50° 0.136
-5.23°, -7.50° 0.107
-5.54°, -8.50° 0.073
-6.16°, -9.50° 0.063
2.00°, —6.50° 0.139
—-1.24°,-7.50° 0.122
—1.24°, -8.50° 0.083
-1.28°, -9.50° 0.071

Notes. All regions are circles of angular radii equal to 0.5 deg centered
in the given coordinates. Extinction Ay calculated from Schlegel et al.
(1998).

would be repeated in the different directions, we select a few
representative regions with lower extinction. We select circular
regions of radius 0.5° centered in Galactic coordinates (¢, b) with
b =-6.5°,-7.5°,-8.5°,-9.5° and ¢ such that reddening is min-
imum in Schlegel et al. (1998) extinction maps; we select first
within 2° < |[£] < 10° and second within |£| < 2°. The selected
regions are given in Table 1.

We adopt the approximation that in these off-plane regions
the Schlegel et al. (1998) cumulative extinction applies to all
of the stars with heliocentric distance r > 4 kpc, which corre-
sponds to a height below the Galactic plane that is larger than
450 pc, where we can consider the amount of dust negligible.
For lower r stars, the extinction would be lower, but we do not
use the density for stars with » < 4 kpc. We assume extinction
ratios Ay = 0.51XE(B-V), E(J—-H) = 0.29x E(B-V) (Schlafly
& Finkbeiner 2011). We also neglect the contamination of galax-
ies, whose density is much lower than the density of stars within
the present ranges of magnitudes and coordinates.

3. Method of stellar density determination

The simplest method of determining the stellar density along a
line of sight in the disk is by isolating a group of stars with
the same color and absolute magnitude M within a extinction-
corrected color magnitude diagram (CMD). This allows the lu-
minosity function to be replaced by a constant in the stellar
statistics equation and the differential star counts for each line

of sight, A(m) = V) can be immediately converted into den-

sity p(r), o
plr(m)] = WWA(’”) (D
r(m) — 10[111—M+5]/5’

where w is the area of the solid angle in radians and r is the
distance in parsecs.

For this work we select the sources between FOV and F5V.
They are bright enough to be observed in the bulge fields and
their typical ages are lower than 5 Gyr. Earlier types (O, B, A)
would not be as suitable as these sources, since they would be-
long to a younger population and, moreover, they have a large
variation of absolute magnitude with color. Later types (late F,
G, K, M) are faint to be observed at the most distant part of the
bulge and, moreover, they would have a high giant contamina-
tion for the redder cases.
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3.1. Ages

The red clumps are a population that extends over a wide range
of ages and it is difficult to determine their ages since their
infrared colors are almost independent of the age. We know
that a metal-poor old population belongs to a classical bulge
(Babusiaux et al. 2010; Dékany et al. 2013; Gonzélez et al.
2015), and the putative X-shaped pseudo-bulge, if it exists, has
an age range that depends on the orbital families making the X,
and also on the formative history of the galaxy (Athanassoula
2016).

Zoccali et al. (2003) claim that no trace is found for any star
younger than 10 Gyr. They base their conclusion in the analy-
sis of optical and near-infrared CMDs once they are decontami-
nated from foreground disk stars. This result contradicts other
papers that reveal the existence of younger stars in the bulge
(e.g., Cole & Weinberg 2002; Hill et al. 2011; Bensby et al.
2011, 2013; Nataf 2016; Catchpole et al. 2016). The problem in
Zoccali et al. (2010) may be the interpretation of diagrams, such
as their Fig. 25, as a total absence of 3—5 Gyr stars; there is a gap
of FO-F5V starsat J — H = 0.2, J = 16.5 (H = 16.3) once the
disk is substracted, but this is because that is in the outskirts of
the bulge in which the heliocentric distance is 6 kpc. The bulge
becomes important at H = 17.0 (J = 17.2), where the heliocen-
tric distance is 8 kpc, and with this magnitude at J — H = 0.2, we
find many stars both in Fig. 25 of Zoccali et al. (2003) and in our
Fig. 1. The gap affects turn-off stars more than main-sequence
stars of 3—5 Gyr stars, and there are few of these stars in Zoccali
et al. CMDs simply because they are much less abundant than
other populations (giants or dwarfs) and their covered area is
very small.

Clarkson et al. (2011) constrain the number of young stars
(<5 Gyr) to be less than 3.4% of the total number of stars in
the bulge. Even if this result were correct, it does not contradict
our results. As a matter of fact, we obtain a maximum density of
~1073 star/pc® of FO-F5V stars in the line of sight at £ = 2.3°,
b = —6.5° (Fig. 6, top left), whereas the total maximum density
of stars (for instance, with the boxy bulge of Lépez-Corredoira
et al. 2005) in this line of sight is 0.4 star/pc3, which means that
observed FO-F5V stars are only around 1/400 of the total num-
ber of bulge stars. There are other stellar types with ages lower
than 5 Gyr, for instance, main-sequence stars with types O, A,
B, but their number is lower. In any case, our analysis of CMDs,
such as the one shown in our Fig. 1, clarifies that there is a sig-
nificant amount of stars with J/ — H ~ 0.2 and H between 16.5
and 18.0 and this cannot be due to foreground disk stars because
these colors indicate that they should be FO-F5V and their ap-
parent magnitudes should be much lower. Blue stragglers in the
bulge (Clarkson et al. 2011) of the same color are brighter than
FO-F5V stars and they should be at My around 16.5 (see Fig. 25
of Zoccali et al. 2003), which supposes a negligible contamina-
tion at regions away from the bulge (r < 6 kpc). The only possi-
ble ways to posit a possible contamination is that their intrinsic
color is wrong and, therefore, they are not FO-F5V stars, or that
the theoretical predictions of their color were wrong.

3.2. Magnitudes and completeness

Covey et al. (2007) gives the magnitudes of any stellar type,
which we use here. Covey et al. (2007), however, give 2MASS
magnitudes (Vega calibrated) and there is some small dif-
ference with VISTA-VVV magnitudes (also Vega calibrated).
Using the Hewett et al. (2006) formulas to convert 2MASS
into WFCAM(UKIDSS) magnitudes, and using the relations to
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Fig. 1. Example of extinction-corrected CMD in the region £ = —6.2°,
b = 9.5°. The plot represents the number of stars in bins of 0.01 mag
in color and 0.1 mag in H magnitude. The extinction was assumed to
be the same for all stars: the total cumulative one along the line of sight
given by Schlegel et al. (1998); this is not correct for the nearby sources
but, since we analyze only sources with r > 4 kpc, the use of this CMD
is here appropriate. The selected FO-F5V stars are within 0.15 < (J —
H) < 0.23.

convert WECAM into VISTA magnitudes', we derive for main-
sequence stars as follows:

Jvista = Jomass — 0.084(Jomass — Homass) ()
- 0~021(H2MASS - Ks,2MASS) + 0.005
Jvista — Hyista = 0.940(Jamass — Hamass) 3)

—0.071(Hamass — KS’QMASS) +0.024.

With these transformations and using Table 3 of Covey et al.
(2007), for solar metallicity we obtain for VISTA filters that the
FOV-F5V stars have a range of absolute magnitudes My = 2.25
to 2.56; we assume an average (Mpy) = 2.40. The range of in-
trinsic colors of these stars would be J — H between 0.06 and
0.23, Values of J — H < 0.14 are also present in some A dwarfs
so we restrict J — H between 0.15 and 0.23 to minimize their
contamination. In Fig. 1, we give an example of how we select
these stars.

The given absolute magnitudes make the sources approxi-
mately my < 17.8 + Ay within 12 kpc, where Ay is the ex-
tinction in the filter H. The completeness limit of our survey is
around this limit. Nonetheless, regions with lower b toward the
Galactic center are more crowded so the completeness limit is
lower. We do not think it matters if we lose some sources be-
cause we investigated the shape of the density along the lines of
sight and a small number of unobserved stars would only make
the amplitude of the density smaller, but it would not modify its
shape. In any case, we also estimate the effect of incompleteness
in the counts A(m) by assuming the following correction based
on an extrapolation of the counts from the range of magnitudes
that we know are complete:

“

Acorr Fo-5v(mu) = Aro-sv(mp)
Aexlrap.,J [my + (J — H)ol Aexlrap.,H(mH)
Al stars,s[mp + (J — H)ol ’ Aall stars, 7(Mpr)

xMax(

1 Available: http://casa.ast.cam.ac.uk/surveys-projects/

vista/technical/photometric-properties

10000

Differential star counts

1000
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Fig. 2. Example in the region £ = -6.2°, b = 9.5° of VISTA-VVV
counts of all stars fitting in the range 15.0-16.5 in J and H, and its
extrapolation to other magnitudes.

where (J — H)y = 0.19 is the average color of the FO-F5V pop-
ulation; and Acxyrap.,s/a(my/m) is the extrapolation of the fit to the
counts of all stars between 15.0 < m/5 < 16.5 for the filter J, H
of function type log,, A(/m) = a+bm. The fit is very good in that
range 15.0 < my/y < 16.5 (an example is shown in Fig. 2), but
the extrapolation may introduce some inaccuracy due to some
departure of this function type and the scattering of colors. This
correction only gives an estimation of the effect of the incom-
pleteness, providing a more accurate result for the outgoing den-
sity an estimate without such a correction.

3.3. Contamination due to photometric errors

A variation of the distribution is derived from the effect of the
photometric errors, because of, for example, either instrumental
noise or confusion of sources. The effect is twofold: there is a
variation in the apparent magnitude my of each source and there
is a variation in the color (J — H) of this source. The first effect
does not produce an important change in the density distribu-
tion, rather it results in a very small shift in the position of the
peaks. The second effect is more severe since small variations
of colors are related to large variations of absolute magnitudes.
And the error in these colors is conspicuous. For instance, in the
region £ = =5.2°, b = —7.5° at distance r = 8 kpc, the rms of
the color due to error in the magnitude is ~ 0.08. This means
a significant number of stars that we count within the range
0.15 < (J—H) < 0.23 stars have colors away from this range and,
vice versa, that some stars that truly have 0.15 < (J — H) < 0.23
are not counted because they are placed away from that range
with the photometric errors. Since the measured density is pro-
portional to the measured stars counts through Eq. (1), the varia-
tion of these counts modifies the observed density. A calculation
of this effect is carried out as follows: the observed density with
photometric errors pP™t°™ is related to the density without pho-
tometric errors p" " through

.23 dC]

1
0.08 V270 (r) fojs m

0.15 g oo ge?
de; Apz, e 200 4+ de; Apz, e 2007
- 0.

00 23

)phot.err. zpno err.(r) +

p(r (5

X

3
Apay1 = p™ () (:—?) #(c2) = p™ T (r)e(cr),

(Mpg(cj)=2.40)
5

o(ci)) = pIMu(c)l; ri=rx1007 5,
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where ¢ is the observed color (J/ — H) and ¢; is the real color
(J = H), o(r) is the error of (J — H) for stars of our selected
stars (with My ~ 2.40) at distance r. The variable ¢(Mpg) is the
luminosity function in the H-band for bulge stars, which we take
from a fit of the Zoccali et al. (2003) luminosity function in the
range, where we take ¢(Mp) = ¢o X 3.04M1; and My(c) is the
absolute magnitude of main-sequence stars as a function of their
color, which we take from a fit to Covey et al. (2007, Table 3)
magnitudes and colors, i.e.,

Mpy(c) = —0.10636 + 10.368¢ + 19.23¢* — 5.5335¢3 (6)

—375.3¢* + 830.03¢° — 489.99¢°.

Equation (5) indicates that the density without corrections
(o™ °™) is modified to give the correct density (pPM" °™) by
adding a term that is the integration over all of the values of
the measured color range c; between 0.15 and 0.23 of the ex-
change of stars due to photometric error with true color less than
0.15 (the first integral within the square bracket) and those with
true color that are larger than 0.23 (the second integral within
the square bracket), assuming Gaussian dispersion in the photo-
metric error. The factor Ap, | gives the difference of star density
between true color ¢, and measured color ¢, including the fac-
tor proportional to 7 in the counts. It is the excess/deficit of den-
sity multiplied by luminosity function, Ap, ;, which produces the
variation of observed density with respect to the real density. If
we had Ap, 1 = 0Vc¢; Ve, Vr, we would have no variation of den-
sity p. Also, for each distance r, if Ap, | had a linear dependence
with ¢, for a given c; then, by symmetry, the excess of the stars
that would be gained from one side of the color range would
be lost by the same amount on the opposite side. The nonlinear
dependence of Ap; (ca|c) results in variations, i.e., in the case
when the net gain of stars is different from the total loss. In our
case, given that the luminosity function ¢ increases strongly with
absolute magnitude and My is monotonously increasing with ¢
(from Eq. (6)), most of the contribution of the variations comes
from the integral within ¢, > 0.23, i.e., the exchange of col-
ors between the FO-F5V stars and types later than F5, which are
more numerous. In Fig. 3, we show the transformation of the
density for the same region at £ = —5.2°, b = —7.5°. The effect
is significant; we note however that the peaks are still clearly
observed.

3.4. Dispersion of absolute magnitudes

We also take the effecto of the dispersion of absolute magnitudes
into account, i.e., the variation of the absolute magnitudes with
respect to the used value of My = 2.4. This has two compo-
nents: (1) the variation of the mean My due to the variation of
the color from J — H = 0.15 to 0.23 and (2) the dispersion of
absolute magnitudes for a fixed color. The possibility that some
of these stars might indeed be binary systems (Siegel et al. 2002)
is included within this second component.

The two mentioned variations of absolution magnitude are
calculated as follows:

1. According to Covey et al. (2007), the maximum variation of
average My of FO-5V stars with respect to the central value
of 2.40is AMpy = 0.15 mag. Assuming the same contribution
of stars for each color, the smoothing that it produces can be
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Fig. 3. Example of the effect of the errors in the photometry in a density
distribution as given by Eq. (5). The example of px_snape is taken from
the predictions of the X-shape bulge of Eq. (9) at £ = =5.2°, b = -7.5°.
The rms o (r) is the average of errors of H magnitudes (extinction cor-
rected) in this VISTA-VVYV fields for stars in the field with the cor-
responding apparent magnitude of distance r and absolute magnitude
My = 2.40.

roughly calculated as
r+Ar 7\3
Px.smooth—1(r) ~ f dr’ (;) pX—shape(r,) @)

—Ar
In(1
Ar = n(10)

I‘AMH.

2. Moreover, we should smooth the curve again by performing
a convolution with the distribution of absolute magnitudes
around the average value. Assuming a Gaussian distribution
of absolute magnitudes,

pX,smooth—Z(r) =

1 °°d r\3 7(f—r’2)2
, " 4 207

V270, Af()‘ ' (r’) PX smooth—1(r")e
®)

In Fig. 5, the effect of this smoothing is illustrated. The example
PX-shape 18 taken from the density distribution with photomet-
ric errors correction in Fig. 3, and we set the value of oy, =
0.19 mag. We derive this dispersion of 0.19 from Bilir et al.
(2008) in two ways. First, we derive the dispersion in the dif-
ference between near-infrared absolute magnitude derived from
HIPPARCOS and the same absolute-magnitude from Bilir et al.
(2008, Eq. (4)), including color dependence. Second, we derive
the dispersion that we measure in the distribution of HIPPARCOS
data for a given (J — H) = 0.18-0.20, that is illustrated in Fig. 4;
the value of the average My is 2.57 instead of 2.40, but this does
not matter, since this change in the average results in a shift in
distance of the counts, but not its smoothing.

The effect of the contamination plus dispersion of magni-
tudes, given by Eqgs. (5), (7), and (8) is very conspicuous and
reduces most of the amplitude of the peaks, but nevertheless the
two peaks are distinguished and the distribution is different from
a pure single peak distribution.
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Fig. 4. Distribution of absolute magnitudes in filter H for extinction-
corrected HIPPARCOS data of dwarf stars within 0.18 < (J — H)y < 0.20
(taken from Bilir et al. 2008).
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Fig. 5. Example of the effect of smoothing in a density distribution due
to the dispersion of absolute magnitudes, given by Egs. (7) and (8). The
example of the density distribution with photometric errors correction
in Fig. 3; we set the value of oy, = 0.19.

3.5. Effect of metallicity variations

As said previously, we are tracing a population that is younger
than 5 Gyr, so no very low metallicity stars are expected in the
bulge and the approximation of solar metallicity is acceptable.
The average metallicity in the Baade window of the bulge pop-
ulation is [Fe/H] = —0.11 = 0.04 (Sadler et al. 1996); there is a
gradient of metallicity with the height (Tiede et al. 1995; Kunder
et al. 2012, —0.4 dex/kpc) or with radius (e.g., according to mod-
els by Martinez-Valpuesta & Gerhard 2013: of —0.26 dex/kpc).

A variation of d[itl/"m ~ 1 mag dex ! at the blue end (as it is
the case of F2-F5V stars) is expected (Juri¢ et al. 2008, Fig. 1).
The variation of color is negligible. For instance, from Tables 3
and 5 of Covey et al. (2007), we see that F5V stars have the same
g — z = 0.27 either for [Fe/H] = 0 or [Fe/H] = —0.30 and the
variation for near-infrared colors is expected to be even smaller
given that larger variations of colors are shown toward bluer fil-
ters. Therefore, the color selection should not be affected by the
metallicity change, although its absolute magnitude should be af-
fected. A maximum deviation of —0.5 dex in the metallicity with

respect to the solar value is expected. This deviation is given by
the age-metallicity relation for stars with less than 5 Gyr (Car-
raro et al. 1998), or derived from a radial gradient along the ma-
jor axis of —0.26 dex/kpc (Martinez-Valpuesta & Gerhard 2013)
with a maximum Galactocentric distance of ~2 kpc. This de-
viation of —0.5 dex would produce an error of the distance of
the stars of $25%. The shape of the density distribution along
the line of sight may also be affected, making thicker or thinner
the peaks, but not removing some of the two possible peaks or
producing new peaks where there were no peaks. In a putative
double-peak structure, because of an X-shaped bulge, each peak
may have a small shift. The most important factor would stem
from the difference of Az = 0.33—0.50 kpc, using the model
given by Eq. (9) for an X-shape bulge, in the used range of
Galactic latitudes. This would result in a reduction in the sep-
aration of both peaks of 0.13—0.20 mag, which is much lower
than the expected separation of peaks of 0.5-0.7 mag., so this
effect could not screen the double peak if it were real.

3.6. Effect of the extinction uncertainties

Furthermore, we have the uncertainty in the extinction. We as-
sume that most of the extinction stems from the local disk. With
extinctions of (Ag) < 0.15 mag, E(J — H) = 0.57Ay and a rela-
tive uncertainty of the reddening of ~10% (Schlegel et al. 1998;
Mortsell 2013), we derive relative errors of A(J — H) S 0.0086
for each region; negligible variation of color. With a % ~ 2.1
(computed from Covey et al. 2007 table, between FOV and
F5V stars), we compute uncertainties in AMy < 0.018, negli-

gible too.

4. Results

The results of the line-of-sight density for the directions given
in Table 1 are shown in Fig. 6. All the lines of sight present a
single peak associated with the bulge that is wider and flatter for
lower latitudes. A simple inspection by fitting the centroids of
these peaks to Gaussians shows a distance around 8 kpc, as ex-
pected for the center of the bulge. If we take the lines of sight
with the six regions with b < —7.5° (the position of the cen-
troid of the other two lines of sight is too inaccurate because of
the large incompleteness corrections) we observe some slightly
higher distances at lower Galactic longitude (see Fig. 7), as ex-
pected for a barred structure. In Fig. 7 we also show a compari-
son with the expected values in the model of ellipsoidal bulge by
Lépez-Corredoira et al. (2005). The theoretical value of the max-
imum density along the line of sight does not follow the major
axis of the Galactic bulge; we calculate this value using Eq. (10)
of Lopez-Corredoira et al. (2007, Appendix A). Unfortunately,
the lines of sight are very few and the error bars of the centroids
of the density are not small enough to determine the angle of
the triaxial bulge or other characteristics of its shape accurately,
which is not the purpose of this paper, but at least the data show
consistency with what is expected.

4.1. Comparison with models

We can compare our results with the expected results in an
X-shaped bulge or a boxy bulge. We evaluate the density
p(x,y,z), where x is the projection along the major axis of
the bulge, y is the projection perpendicular to the major axis
in the plane, and z is the distance from the plane. We set the
angle between the major axis and line Galactic center-Sun as

A66, page 5 of 9


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527074&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527074&pdf_id=5

A&A 593, A66 (2016)

1=2.3%, b=-6.5" 1=5.2°, b=-7.5"
1.5-03 T 6.0e-04 = T *
1.0e-03 4.0e-04
7, o
2 &
g 5
z 2
a a
5.0e-04 2.0e-04
— uncorrected L uncorrected |
. corrected of incompleteness . corrected of incompleteness
0.0e+0! . | . | . | . 0.0e+ . | . | . | .
© 4?000 6000 8000 10000 12000 © 04?000 6000 8000 10000 12000
T (pe) r(pe)
1=-5.5", b=-8.5" 1=-6.2°,b=-9.5"
T T T T T T T T T T
3.0e-04 — —
3.0e-04— B
2.0e-04
2 20004 kN
2 2
= o
1.0e-04
1.0e-04
corrected L — uncorrected B
r orrected of incompleteness B -+ corrected of incompleteness
0.0e+00 L : L : | 0.0e+0) L L |
© 5000 6000 8000 10000 12000 © L?OOO 6000 8000 10000 12000
r (pc) r(pc)
1=2.0°, b=-6.5" 1=-1.2° b=-75"
T T T T T T T T T T
L | 8.0e-04 — B
9.0e-04 —
6.0e-04
Ty 7y
2 6.0e-04 = &
2 £ 4.0e-04
a a
3.0e-04 — 2.00-04
d of incompleteness
0.0e+0) | | | 0.0¢+0 | | |
000 6000 8000 10000 12000 000 6000 8000 10000 12000
r (pe) r(pe)
1=-1.2°, b=-8.5" 1=-13°,b=9.5"
40004 T E 3.0e-04 [ ‘ g
3.0e-04
2.0e-04
% %y
2 2
E 2,004 g
o =
1.0e-04
1.0e-04 — —
uncorrected L uncorrected i
L . corrected of incompleteness | . orrected of incompleteness
O+ . | . | . | .  Oe- . | . | . | .
0.0 04?000 6000 8000 10000 12000 0.0e 0?000 6000 8000 10000 12000
r(pe) r(pe)

Fig. 6. Density along different lines of sight for FO-F5V stars. The solid line stands for the density derived from the star counts through Eq. (1)
and the dashed line furthermore includes the estimated correction of incompleteness of counts given by Eq. (4).
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Fig. 7. Distance of the centroid of the peaks by fitting Gaussian profiles
to the plots of Fig. 6 in comparison with the theoretical prediction using
Eq. (10) of Lépez-Corredoira et al. (2007) with elliptical bulge model
of Lopez-Corredoira et al. (2005).

a = 27° (Lépez-Corredoira et al. 2005; Wegg & Gerhard 2013).
We assume in all cases a distance to the Galactic centre of
Ry = 8000 pc.

X-shaped: we cannot find in the literature a simple analytical
expression to evaluate the density. We use a formula that re-
produces approximately the density profiles given by Wegg
& Gerhard (2013, Fig. 12) as follows:

PX—shape (X, ¥, 2) = po X €Xp (_ 70“:)1[)0) X exp (—32|§|pc) )
52 . 53 ’
x [1 +3 % exp[— (W()pc) ]+ 3% eXp[_(IOOOpC) ]]
y 2
s1 = Max [2100pc, my

$2 = 4J(x = 1.52) + y?
53 = +/(x+ 1.52)% + 2.

Boxy: we adopt the boxy-bulge model obtained from inversion
of stellar star counts by Lopez-Corredoira et al. (2005) as
follows:

e (%)4 N (()Zj)4)1/4

740 pc

PBoxy (X, Y,2) = po X exp|— (10)

The stars studied in this paper constitute a small part of the whole
bulge, only around 4% of the bulge stars. Anyway, recognizing
the X-shape in a small number statistics would be possible if it
were real because we have a density in the maxima of the peaks
of 23 x 107* star pc~3, which is equivalent at the distance of the
center of the Galaxy to 217000 starmag~' (using Eq. (1)). In
the plot in Fig. 6, we use a binning of Ar = 500 pc, which is
equivalent to Am = 0.14 mag, and so we have 22300 stars per
bin, which gives a very small Poissonian relative error.

In Fig. 8, we plot an illustrative example of the density dis-
tribution for both models at z = 1 kpc. The predictions of these
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Fig. 8. Density of the bulge at z = 1000 pc in the two models: X-shaped
(top), boxy (bottom).

two models for the lines of sight of Table 1 are given in Fig. 9.
We do not include the disk here, only the density of bulge stars
is included. We also include the effect of the photometric errors,
contamination, and dispersion of absolute magnitudes.

The comparison between Figs. 6 and 9 points out that the
two peaks predicted by the X-shaped bulge are not reproduced
by the observations, whereas the predictions of the boxy bulge
resemble the data better. There are some lines of sight where it
is not possible to distinguish the predictions of both models, but
some directions at least show such a distinction, and the models
with one single peak resemble the observations better than the
models with two peaks. A disk model is not included here. This
model would increase the counts in the wings of the single peak,
but for the center of the bulge the contribution of the disk would
be negligible in these off-plane regions.

The distance of the maximum of the single peak is ob-
served coincident with the prediction, including the convolution.
McWilliam & Zoccali (2010) use a value of the red clump ab-
solute magnitude, of Mgy = —1.44, which is fainter than the
usual accepted value at around —1.6 or —1.7. This produces the
effect of a higher distance and thereby creates the unique ef-
fect of X-shape structure centered in the Galactic center. Saito
et al. (2011) use the same distances derived for the two peaks by
McWilliam & Zoccali (2010), therefore they are implicitly using
the same fainter calibration and overestimated distances. Wegg
& Gerhard (2013), however, appropriately reproduce the double
peak around a Galactic center with the usual Galactocentric dis-
tance and Mg = —1.72. Anyway, any difference in the assumed
absolute magnitude of the red clump simply causes systematic
offsets in the distance. This does not undermine the result that is
obtained independently by different authors.
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Fig. 9. Model predictions of density of X-shaped and boxy bulge for the same lines of sight of Fig. 6. Only the bulge is represented; the disk is not
included. The convolved curves correspond to the convolution of the density due to photometric errors, contamination, and dispersion of absolute

magnitudes of Egs. (5), (7), and (8).
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5. Discussion and conclusions

We do not observe a double peak in the bulge density along the
lines of sight within |€] < 10°, —=10° < b < —6° for FO-5V stars.
The dispersion of absolute magnitudes may dilute part of the
distinction of these two peaks but at least in some lines of sight
such a distinction should be observed if the two peaks existed,
and this is not the case here. We tentatively interpret this fact as
an absence of X-shape in the young bulge. Dékany et al. (2013)
or Gran et al. (2016) have also observed that a different tracer,
RR Lyrae, does not yield an X-shaped bulge, but they attribute
this to a very old population, assuming that the X-shaped bulge
is only observed in a relatively younger population. As a matter
of fact, the existence of RR Lyrae stars in the bulge reveals to us
the existence of stars that are older than 10 Gyr and are a ma-
jority (Rich 1993; Zoccali et al. 2003; Clarkson et al. 2011). A
pure pseudo-bulge or pure classical bulge, however, is ruled out
by the observations of the stellar populations (e.g., Babusiaux
et al. 2010). Therefore, if the old population is not X-shaped
and the young population is not X-shaped either, one may won-
der when this putative X-shape is formed. If we assumed that
the results of this paper are correct and there is a non-X-shaped
bulge in the population of <5 Gyr, and knowing that the older
population with low metallicity is also non-X-shaped, it would
cast doubt upon the possible existence of a third population of
intermediate-old age and metal rich with X-shape. The problem
of this scenario is that, apart from the fact that three bulges have
never been observed in any galaxy and or in any simulation,
there is not a plausible explanation for the formation of a new
structure of the bulge after the formation of an X-shaped bulge.
While not all of the stars of the X-shaped bulge must be young,
one would expect that the stars that are younger than the for-
mation of the X-shaped bulge would have an X-shaped density
distribution if that bulge existed. Nonetheless, one may wonder
whether there is the possibility that young stars were formed out
of gas accreted long after the X-shape was formed by buckling.
Also, it is not clear in which way the vertically thick bar compo-
nent might interact with the thick disk or with the environment.
The results of the present paper do not demonstrate that previous
claims of X-shaped bulge using only red clump stars are incor-
rect, but there are apparently some puzzling questions if we want
to maintain the validity of both the red-clump results and the re-
sults of this paper.

Could the second peak of the analysis of density with red
clumps be due to an artefact in the contamination of the lumi-
nosity function? In the double-peak detection of the red clumps,
the difference of the distance moduli of both peaks is around
the same as the difference of both clump peaks in the luminosity
function: a difference of 0.5—0.7 mag, which makes the case sus-
picious. This distance between the two red clumps slightly de-
creases toward the Galactic plane (McWilliam & Zoccali 2010),
but this does not prove anything in favor of an X-shaped struc-
ture. This variation of the distance modulus might be due to the
vertical metallicity gradient that varies the difference of absolute
magnitudes between the two red clumps, although Wegg et al.
(2013) find their results of double peak to be consistent with a
small metallicity gradient for the red clump, and therefore this
would not account for the decreasing separation. In any case,
this is only a tentative explanation for the red clump double peak
to be further explored.

A recent claim by Ness & Lang (2016) to have directly ob-
served the X-shaped structure in the infrared image of the bulge
depends on the disk model that is subtracted in the plane region.
In the region away from the plane, it looks a peanut shape, that

could be reproduced by other models of the bulge without an
X shape. In any case, these putative wings of the X shape are
in the tangential direction, and not along the line of sight as ob-
served by the red clump, so this dubious result cannot confirm
the conclusion of the red clump X-shape either. A defence of the
X-shaped bulge hypothesis in the Milky Way needs some other
independent proof using a standard candle that is different from
red clump giants but is of similar age.
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