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Fig. 7. Projected density distribution for RRab (circles) and GCs
(triangles) from Harris (2010) and Baumgardt & Hilker (2018). The
colours of the RRab distribution are the same of Fig. 1. The black semi-
dashed line shows the best fit with a slope mGCs = �1.59 ± 0.060 for
4.0� < R < 30.0� .

Fig. 8. Cumulative distribution for GCs from Harris (2010) and
Baumgardt & Hilker (2018) (triangles) and RRab (circles). The half-
population radius for the GCs population is RH GCs = 11.9� (RH GCs =
1.75 kpc).

One immediate conclusion that can be drawn from the com-
parison between Fig. 6 and Fig. 8 is that the GCs appear to follow
the RRab distribution, rather than the more concentrated distri-
bution of RC in the outer region. Regretfully, the GCs are small
in numbers, and their sample is incomplete in the inner bulge
(Ivanov et al. 2005, 2017; Borissova et al. 2014; Barbuy 2016a;
Minniti et al. 2017). Therefore, RC become more suitable com-
parison targets as they are very numerous in the regions explored
here.

Table 2 summarises the results for the fitting procedure ob-
tained for the RRab, RC and GCs along with the radius at half
maximum density and the half-population radius.

6. The Bulge-Halo transition region

In this context it is interesting to explore how smooth is the bulge
halo transition at R = 2�3 kpc (R = 14� �20�), and the interplay
of the bulge with both the ⇠ 107 M� NSC (Schödel et al. 2014)
and the supermassive black hole (MBH = 4.14⇥106 M�; Gravity
Collaboration et al. 2018) at the centre of our Galaxy. To be more
specific, we aim to investigate whether a jump in the number of
old stars or a change of slope in the density law is present in the
transition between these regions.

We find from Fig. 3 that the bulge-halo transition region be-
tween 2 and 3 kpc is smooth, without a jump in the RRab number
density or a significant change in slope of the density power law.
A more complex behaviour than that suggested by the smooth
density distributions of RRab and RC is detected by inspecting
the ratio between the number densities of RC and RRab as func-
tion of the projected Galactocentric distance R (Fig. 9).

We find a central concentration of RRL inside R  4.0�
(⇠ 0.58 kpc) where the rate constantly decreases as we approach
to the centre meaning that the RRL density distribution grows
faster than the RC in the innermost region. Then there is a nar-
row plateau for the main bulge out to R ⇠ 5.2� (⇠ 0.75 kpc)
after which the ratio tails o↵ until R ⇠ 16.5� (⇠ 2.46 kpc) where
this ratio becomes constant again. The bulge RC giants dominate
in the region (R < 5.2�) (⇠ 0.75 kpc), where the NRC/NRRab is
five times larger than the outer value. The distributions of RC
and RRab appear to have a similar behaviour in the halo, out-
side of R ⇠ 24� where the asymptotic ⌃RC/⌃RRab ratio is more
or less constant, with ⇠ 80 RC stars per RRab. The RC distribu-
tion diminishes in the outer regions, as does the RRab distribu-
tion. From Fig. 9 we claim that the bulge/halo transition covers
the range from ⇠ 1 kpc until ⇠ 2.4 kpc. This transition corre-
sponds approximately to the change in slope of the projected
density distribution shown in Fig. 2 and Fig. 3 at R = 1.17 kpc
(R = 8.0�). The main e↵ect that cause the ⌃RC/⌃RRab to decrease
steeply as we approach the Galactic plane and centre, i.e. inside
(R < 5.2�) (⇠ 0.75 kpc) is that although the RRab and RC distri-
butions change slopes at about R = 2.2� becoming flatter in the
inner regions, the RRab distribution shows a steeper slope than
the one for RC stars. Additionally there are external e↵ects that
might contribute to the ratio variance such as the the presence of
disk RC stars that rapidly increases at these low latitudes and the
fact that while the RC density profile is well determined in this
inner region, we caution that the RRab number counts are quite
uncertain as we approach the Galactic centre, where optical sur-
veys are more incomplete. Therefore a deeper survey with the
Nancy Roman Space Telescope is needed, as advocated in the
next Section.

It appears that the presence of the Sgr dwarf galaxy does not
a↵ect much the results. On one side, this is part of the halo and
it is visible as a wide peak at R ⇠ 23� of the RRab projected
density distribution shown in Fig. 3, Fig. 5 and Fig. 7. On the
other side, it is easy to take into account this contribution just by
doing a magnitude cut as the Sgr RRL are far behind the bulge
(at 25 kpc compared with 8 kpc on the mean).

The shape of the ⌃RC/⌃RRab ratio applying the flattening fac-
tor remains similar but the distribution shifts further out indi-
cating that the results are quite robust against such a flattened
model.
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Fig. 1. Map of the total sample of RRab stars used in this work. The
red and green circles are the RRab discovered using VVV1 and VVV2
catalogues, respectively. The blue circles are from OGLE catalogue and
the grey circles are from Gaia DR2. The irregular pattern for the Gaia
catalogue is a consequence of its spinning and precessing pattern of
observation in the sky (a.k.a. the Gaia scanning law, see e.g., Boubert et
al. 2020).

in Section 3. We discuss the presence of a bar in the RRab
projected density distribution in Section 4. In Section 5 we
compare the distribution with RC stars and GCs. The bulge-halo
transition is discussed in Section 6. Section 7 discuss the role
of the Nancy Roman Space Telescope (formerly WFIRST) in
improving these results and the conclusions are presented in
Section 8.

2. Catalogues and method

For our RRab analysis we used four catalogues from di↵erent
surveys; i) near-IR VVV catalogues of Contreras Ramos et al.
(2018) (VVV1), ii) those of Dékány et al. (2018); Majaess et al.
(2018); and private comm., iii) the optical catalogues of OGLE
(Soszyński et al. 2014) (OGLE), and iv) Gaia DR2 (Clementini
et al. 2019) (Gaia) with projected Galactocentric distance R <
30.0�. The total number of stars is NRRab = 64, 850. Table 1
summarises the information of the above catalogues. In Fig. 1 we
display the projected spatial distribution of the RRab population
used in this analysis.

From Fig. 1 it is clear that the final sample is not homoge-
neous and is a↵ected by: observation patterns especially in the
Gaia catalogue, structures such as the Sgr dwarf galaxy (black
circle) and completeness, especially in the Galactic plane and
centre. These factors were taken into account in the following
analysis to obtain the final projected density distribution.

The first step of the analysis consisted in computing the den-
sity of stars for di↵erent areas. For this we produced a grid of
equally spaced angles and variable radius using planar polar co-
ordinates (⇢, ✓) , where ⇢ =

p
l2 + b2 is the projected Galacto-

centric distance (R) and ✓ = tan�1(b/l). The grid consisted of 16
angles and a variable number in radius depending on the cata-
logue coverage.

Due to the strong dependence of completeness with latitude,
instead of radial annuli we used squares. We scanned the whole

area counting stars within squares centered in every point of the
grid and subsequently dividing by their area. The square size (s)
increases by a factor �s as we move away from the Galactic
centre. The values for s and �s depend on two variables; (1) the
area covered by the catalogue, with bigger squares for catalogues
covering wider areas and (2) the distance from the Galactic cen-
tre, with smaller squares in the innermost areas. The ⇢ increases
by a factor �⇢ proportional to the area covered by the survey.
The main objective for this selection of the sizes is to include a
significant sample of stars within the areas to obtain a reliable
value for the density which varies considerably among the dif-
ferent catalogues and in the di↵erent areas within them.

Assuming that the VVV2 catalogue follows a similar com-
pleteness map to the obtained using VVV PSF photometry, the
number of counts for VVV1 and VVV2 catalogues were cor-
rected by incompleteness using the map of Valenti et al. (2016).
For this we interpolated the values for the completeness factor
( fc) obtained from Valenti et al. (2016) that go from 0 to 100
according to the percentage of completeness. We used the com-
pleteness factor of the centre of each square so the corrected
number of stars is Ncorr = (Nstars/ fc) ⇥ 100.

We skipped the analysis of the angles near the Galactic plane
because they are more incomplete. For the VVV2 and OGLE
catalogues, the area with positive latitudes was used just to com-
pute the density close to the Galactic plane (b < 4�), but we
mostly used the area of negative longitudes that is more com-
plete. For the OGLE catalogue we limited our analysis to the re-
gion with b > �10� to avoid the Sgr dwarf galaxy. For the Gaia
catalogue, we used the map of duplicated sources (Gaia Collab-
oration 2018) to compute the density within areas less a↵ected
by the irregular sky coverage of this survey observing campaign.
Here we used areas with positive longitudes, although these are
a↵ected by the presence of the Sgr dwarf galaxy. Therefore, dur-
ing the fitting of the data, the area of the distribution containing
the Sgr dwarf galaxy was not considered.

Finally, the projected radial density for every catalogue was
obtained as the angular average of the density at a specific R. The
errors for each value of R corresponds to the standard deviation
assuming a normal distribution and are a↵ected by the number
of angular bins used in calculating the mean density.

There are di↵erent ways of normalising di↵erent surveys.
Rather than normalising to one single region (e.g. Baades win-
dow), we chose to normalise the di↵erent distributions so that
they smoothly fit each other in the overlap regions. In doing
so, this scaling is less prone to incompleteness or systematics,
and ensures better statistics. For this we compared the number
of counts in a set of control fields located in overlapping ar-
eas at a specific latitude and variable longitude. The average of
the set corresponds to the completeness between two catalogues.
Here we included the completeness correction for VVV1 and
VVV2. Assuming OGLE as the most complete catalogue, the
comparison with the VVV2 catalogue in the control field cen-
tred at (l, b) = (0�,�6�) gives a 78% completeness for the lat-
ter catalogue. For the VVV1 we obtained a 35% completeness
according to the control field located at (l, b) = (0�,�1.35�).
For the Gaia catalogue we used the control field located at
(l, b) = (0�,�8.5�) with a result of 35% and 27% completeness
compared with VVV2 and OGLE catalogues respectively. We
scaled the density profile by these factors and computed a uni-
fied density profile covering the whole range from 0.2� to 30.0�.

There are several reasons why the Gaia catalogue is the most
incomplete one. In crowded regions of the Galactic bulge, apart
from being a↵ected by extinction and crowding, Gaia spacecraft
data rate download is limited. In the whole area, the main lim-
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【goal】 RRL星の分布をMW全体にわたって明らかにする→MW形成史に制限を与える。

【originality】 MWバルジ内でのRRL星の分布を調べた。

GAゼミ@201029  佐藤 元太

【コメント】

・RRabの観測(バルジ外も含む)は今後どの程度なされる展望なのか?

【logic】

RRL; 脈動星で、距離の指標星として有名。光度曲線の形でab型・c型・d型に分けられる。ここではab型
星のみに着目した(他の変光星との違いが顕著=コンタミの恐れが小さいから)。
データカタログはVVV・OGLE・Gaia DR2で、バルジに属するRRab星を64,850個を抽出して使用した。
その星々の観測位置は図1に示されている。
・RRLの投影密度分布は図3のようになる。フィッティング関数は表2のように三段階冪乗則で表現される。

バルジとハローの境界はR=2.2°あたりで、滑らかに接続されている。
・比較のためRed Clumpとglobular clustersの密度分布も示した。(図5と図7)。

RC→RRabと比べて、中心部の密度プロファイルの冪が浅いが、端と中央で密度が3桁違う(RRabは2桁)。
RRabの相対的な中心集中度はRCより大きい。

GC→密度プロファイルの冪はRRabのものと近い値になる。

[Fe/H]の多寡で分布を二分すると、metal richな分布の方はRRabより急な冪になる。
中心集中度はRRLよりかなり小さい

・本研究で見積もられた銀河中心領域(NSC, R<4.2pc)内のRRabは168個、Dong et al. (2017)よりも非
常に多い。→その領域内での質量の18%はGCの降着・合体に由来する。
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Fig. 2. Projected density distribution of RRab stars. The colour coding
is the same of Fig. 1. The solid black line shows the power law fit for the
innermost area of R < 2.2�. The black semi-dashed line and black dot-
ted line show the power law for 2.2� < R < 8.0� and 8.0� < R < 30.0�,
respectively. The open circles are the expected location of Sgr dwarf
galaxy (R > 23�) so these data points are not included in the fitting pro-
cedure. Radius at half maximum density R⌃ RRab < 1.7� (R⌃ RRab < 0.25
kpc). The top axis shows the distance in kiloparsecs. The conversion
from degrees to kiloparsecs is made assuming that the distance to the
Galactic centre is R� = 8.33 kpc from Dékány et al. (2013).

Fig. 3. Projected density distribution of RRab stars in logarithmic scale
together with the log-linear fits. The colour coding is the same of Fig. 1.
The solid black line shows power law fit for the innermost area of R <
2.2� with a slope of mRRab[1] = �0.94 ± 0.051. The black semi-dashed
line shows the best fit for 2.2� < R < 8.0� with a slope mRRab[2] =
�1.50 ± 0.019. The best fit for 8.0� < R < 30.0� corresponds to the
black dotted line with slope mRRab[3] = �2.43 ± 0.043.

4. Is there a bar in the RRab distribution?

The projected density distribution of RRab is very concentrated
indeed, with radius at half maximum density R⌃ RRab < 0.25 kpc.
A surprising di↵erence arises when comparing the RRL surface
distribution in the sky with the distribution along the line of
sight. We measure FWHM ⇠ 0.5 kpc for the surface distribu-
tion. On the other hand, Pietrukowicz et al. (2015) find a larger

Fig. 4. Normalised cumulative distribution of RRab stars. The colour
coding is the same of Fig. 1. Fifty per cent of the sample is contained
within RH RRab = 6.8� (RH RRab = 0.99 kpc).

line of sight FWHM = 2.1 kpc. We can suggest two explana-
tions for this significant di↵erence.

The first is based on that the RRL distribution being truly
triaxial, with axial ratios (2.0, 1.0, 0.66) with the axes pointing
along the Galactic x, y, z axes, which seems a fortunate coinci-
dence, though not impossible. If this is the case, given that the
bulge-halo transition is quite smooth, it would be interesting to
know if the halo itself is as elongated, continuing the same shape.
The second explanation is that the line of sight distribution may
be artificially inflated by the distance errors due to heavy extinc-
tion in the inner regions for example.

The real answer is probably due to a combination of both
e↵ects, and this remains as an unsolved issue that clearly needs
further study.

5. Comparison with Red Clump giants and Globular

Clusters

We have also compared the RRab projected density distribu-
tion with the distributions of (1) the RCs obtained from the
VVV near-IR photometry (Alonso-García et al. 2018) and from
2MASS (Cutri et al. 2003), and (2) of the Galactic GCs from the
catalogues of Harris (2010) and Baumgardt & Hilker (2018).

To obtain the VVV RC sample, we used the reddening-
corrected Wesenheit magnitude, defines as

Wks
= Ks � 0.428 (J � Ks). (3)

The RC sample is obtained selecting the stars within the area of
the CMD limited by 11.5 < Wks

< 13 and 0.7 < (J � Ks) < 4.5.
Then, the VVV RC catalogue was corrected by incompleteness
using the map of Valenti et al. (2016).

The projected density distribution and cumulative distribu-
tion were obtained following the same procedure described in
detail in Section 2. For the RC sample of the 2MASS catalogue
we computed the density profile in three angular directions; to-
wards positive latitudes, negative latitudes and towards ✓ = 0.78
rad (✓ = 45�) counting from the first quadrant of Galactic coordi-
nates (l, b) where both, longitude and latitude are positive. There-
fore, the 2MASS RC catalogue consists of the stars in those di-
rections, used as representative samples of the entire area.
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Fig. 5. Projected density distribution for the RC population (triangles)
and RRab (circles). The colours show the di↵erent catalogues used. The
red and purple triangles correspond to the VVV and 2MASS surveys,
respectively. The colours of the RRab distribution are the same of Fig. 1.
The solid black line shows the power law fit for the innermost area of
R < 2.2� with a slope of mRC[1] = �0.64 ± 0.133. The black semi-
dashed line shows the best fit for 2.2� < R < 6.5� with a slope mRC[2] =
�1.66 ± 0.100. The best fit for 6.5� < R < 30.0� corresponds to the
black dotted line with slope mRC[3] = �3.41 ± 0.075.

The number of RC sources for the 2MASS and VVV cata-
logues are N = 4, 351, 918 and N = 19, 982, 084, respectively.
The catalogues of GCs contain in total N = 101 objects within
R < 35�.

Fig. 5 shows both, the RC and RRab (of Fig. 3) density pro-
file. The red and purple triangles correspond to the VVV and
2MASS surveys, respectively. In the range of distances consid-
ered here, the RRab density increases towards the centre by two
orders of magnitude, while the density of RCs does so by more
than three orders of magnitude.

The RC projected density distribution follows a triple power
law; in the outer region the distribution follows ⌃RC[2] /
R

1.66±0.100 and ⌃RC[3] / R
�3.41±0.075 for 2.2� < R < 6.5� and

6.5� < R < 30.0�, respectively. For the central part (R < 2.2�)
the distribution follows a power law ⌃RC[1] / R

�0.64±0.133.
The radius at half maximum density is R⌃ RC < 1.6� (R⌃ RC <

0.24 kpc). As for the RRab distribution, R⌃ RC is computed using
the linear fit for the density profile. If the density profile follows
a power law in the innermost area, the density at half maximum
would be even closer to the Galactic centre. The radius at half
maximum density for the RC distribution is slightly smaller than
the value obtained for the RRab distribution (R⌃ RRab < 1.7�),
however from the density profile we find that the RC follow
a shallower power law (⌃RC[1] / R

�0.64±0.133) than the RRab
(⌃RRab[1] / R

�0.94±0.051) in the inner region of the Galactic bulge
(R < 2.2�).

Fig. 6 shows the normalised cumulative distribution of RC
compared with that of the RRab population. The distribution of
RC shows a clear convergence at ⇠ 10�, while the RRab keeps
rising outward. The half-population radius for the RC stars is
RH RC = 4.2� (RH RC = 0.61 kpc) that is nearly half of the value
obtained for the RRab distribution (RH RRab = 6.8�). Therefore
we prompt that the RC stars are more concentrated than the
RRab in the mean but in the central R < 2.2� the RRab popu-
lation is more peaked.

Fig. 6. Cumulative distribution for the RC (triangles) and RRab (cir-
cles) populations. The colours show the di↵erent catalogues used. The
red and purple triangles correspond to the VVV and 2MASS surveys,
respectively. The colours of the RRab distribution are the same of
Fig. 1. The half-population radius for the RC population is RH RC = 4.2�
(RH RC = 0.61 kpc).

Regarding GCs, Fig. 7 shows the GCs density profile com-
pared to the RRab profile. The GCs sample follows a power
law ⌃GCs / R

�1.59±0.060 for 4.0� < R < 30.0�, which is sim-
ilar to the RRab projected density distribution in the region
2.2� < R < 8.0� (⌃RRab[2] / R

�1.50±0.019) and shallower than
the slope of the RRab distribution within 8.0� < R < 30.0�
(⌃RRab[3] / R

�2.43±0.043). It was earlier recognised that the pro-
jected density distribution of inner halo RRL stars is similar to
that of the GCs (e.g Frenk & White 1980, 1982; Minniti 1995).

We separate the GCs sample into two groups according to
their metallicity, considering that the metallicity distribution of
GCs in the bulge is clearly bimodal (Minniti 1995; Barbuy et al.
1998; Cote et al. 2000; Fan et al. 2008; Forbes & Bridges 2010).
We find that the density profile for GCs with [Fe/H] > �1.1 dex
is ⌃GCs> / R

�1.98±0.117 while for the more metal poor ([Fe/H] <
�1.1 dex) GCs it is ⌃GCs< / R

�1.32±0.079.
The more metal poor GCs follow a shallower distribution

than the one obtained for the complete sample similar to the dis-
tribution for the RRab population in the same region (⌃RRab[2] /
R
�1.50±0.019 and ⌃RRab[3] / R

�2.43±0.043), while the metal rich GCs
follow a steeper law more consistent with the distribution of the
bulge RC (⌃RC[2] / R

�1.66±0.100 and ⌃RC[3] / R
�3.41±0.075).

The cumulative distribution for GCs compared with the
RRab is shown in Fig. 8. Both distributions follow a similar
behaviour. The half-population radius for the GCs population
is RH GCs = 11.9� (RH GCs = 1.75 kpc). This value is signifi-
cantly larger than the value obtained for the RRab distribution
(RH RRab = 6.8�). This means that the GCs are less centrally
concentrated than RRab stars. We confirm that this behaviour
continues to the inner regions of the Galactic bulge, using the
compilation of Harris (2010) and Baumgardt & Hilker (2018).
These results do not change if we add the tens of new bulge GCs
candidates discovered recently (e.g. Minniti et al. 2017; Palma
et al. 2019).

There are N = 83 GCs within R < 30.0� in the catalogues of
Harris (2010) and Baumgardt & Hilker (2018). This means that
there are roughly N ⇠ 800 field RRab stars per GCs in the whole
region.
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Table 1. Catalogues used for this work with their numbers of RRab stars and radial coverage in projected Galactocentric distance for each catalogue
in degrees and parsecs.

Survey Number of stars Radius coverage Radius coverage
(�) (kpc)

VVV1 960 1.7 0.24
VVV2 14,882 10 1.46
OGLE 27,480 8 1.17
Gaia 21,528 30 4.80
Total 64,850 30 4.80

Table 2. Column 1: type of objects; col. 2: fitting formulas for the density profiles with (column 3) their ranges radius; col. 4: half maximum
density radius (R⌃) and (col. 6) half-population radius (RH).

Type Fitting Law (⌃ /) Radius range half-density radius (R⌃) half-population radius (RH)
(�) (�)

RRab R
�0.94±0.051 0� < R < 2.2� >1.7 >6.8

R
�1.50±0.019 2.2� < R < 8.0�

R
�2.43±0.043 8.0� < R < 30.0�

RCs R
�0.64±0.133 0� < R < 2.2� >1.6 >4.2

R
�1.66±0.100 2.2� < R < 6.5�

R
�3.41±0.075 6.5� < R < 30.0�

GCs R
�1.59±0.66 0� < R < 30.0� >11.9

GCs [Fe/H] > �1.1 dex R
�1.98±0.117 0� < R < 30.0�

GCs [Fe/H] < �1.1 dex R
�1.32±0.079 0� < R < 30.0�
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