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Abstract
In this concluding work of the series, a sample of selected ∼ 20,000 type-ab RR Lyrae stars from a total of 39,617 sources
of the old bulge at distances r < 3.5 kpc from the Galactic Centre (GC) identified in the Vista Variables in the Vía Láctea
survey (VVV) via the latest sample of the VIrac VAriable Classification Ensemble (VIVACE) pipeline is leveraged. As a
model of the bulge, an oblate spheroid of stars with two major perpendicular axes a and b situated in the Galactic plane and
a minor axis c perpendicular to this plane is adopted. The spatial distribution of stars is approximated by a standard power
law with constant flattening and truncations at the lower and upper limits while allowing for the Sun’s distance from the GC
r0, the power-law index α, and the oblateness q = c/a to be free parameters. Our estimate of the distance is r0 = 8.15 ± 0.04
kpc. The implied r0 is almost the same for 1.5 < rmax < 3.5 kpc, while the |α| and q values are varying systematically with
increasing truncation radius rmax in the ranges 1.56 − 2.66 and 1.0 − 0.76. A weighted average and weighted uncertainty
associated with all our measurements of r0 in the series is also taken, r0 = 8.2 ± 0.1 kpc. We argue that the ensuing result
may be among the most robust indirect estimates that exist, as certain of the findings are tied to passbands of the Optical
Gravitational Lensing Experiment (OGLE) RR Lyraes and globular clusters, and to near-infrared passbands of the VVV Type
II Cepheids and VIVACE-VVV RR Lyraes. The distribution of stars within ≈ 3 kpc from the GC is spherical-like, q ≈ 1. The
average power-law indexes derived from the distribution of bulge RRab and inner halo globular clusters are nearly identical.
This pertinent result demonstrates that the old bulge and inner halo form a continuous subsystem, and the bulk of the bulge
objects represents the inner extension of a centrally concentrated, almost axisymmetric halo in the Galaxy.

Keywords Galaxy: fundamental parameters · Galaxy: kinematics and dynamics · Galactic bulge · Galactic halo · Galaxy:
structure

1 Introduction

Accurately measuring the distance between the Sun and the
Galactic Centre (GC) r0 is important for defining all kine-
matic distances in the Milky Way and most estimates of the
gravitational and luminous mass of both the system and ob-
jects within the system as well as extragalactic distances
(e.g. Genzel et al. 2010). In reality, the exact value of r0

is still not certain (e.g. Leung et al. 2023), although Bland-
Hawthorn and Gerhard (2016) have obtained an overall best
estimate of the Sun’s distance from independent determina-
tions of r0 available to the end of 2015

r0 = 8.2 ± 0.1 kpc.

Such a value of r0 was obtained by computing the standard
error of the weighted mean and the unbiassed standard er-
ror of the weighted mean of measurements for various sam-
ples of objects and then considering possible correlations
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between some of the measurements. Camarillo et al. (2018)
have provided a value of

r0 = 8.0 ± 0.3 kpc

(2σ error) by compiling 28 independent measurements
available to the end of 2018. Exploiting Very Long Base-
line Interferometry (VLBI) unprecedented accurate paral-
laxes with accuracies typically about ±0.02 μas (e.g. Reid
2022), Reid et al. (2019) obtained

r0 = 8.15 ± 0.15 kpc

by modeling the space motions of approximately 200 molec-
ular masers associated with very young high-mass stars. Do
et al. (2019) and GRAVITY Collaboration (2019) derived

r0 = 7.946 ± 0.050 (stat. error) ± 0.032 (syst. error) kpc

and

r0 = 8.178 ± 0.013 (stat. error) ± 0.022 (syst. error) kpc,

respectively, using direct long-spanning for more than two
decades measurements of the motion of the S2 star orbiting
the Milky Way’s supermassive ≈ 4 × 106M� black hole Sgr
A∗, which is expected to be very close to being at rest in the
GC (Genzel et al. 2010).1 Removal of optical aberrations
effect in GRAVITY Collaboration measurements brings the
estimate of the Sun’s distance of

r0 = 8.275 ± 0.091 (stat. error) ± 0.033 (syst. error) kpc

(GRAVITY Collaboration 2021). Especially notice the ∼
5σ disagreement between Do et al. (2019) and GRAV-
ITY Collaboration (2021) estimates. The VLBI Exploration
of Radio Astrometry Collaboration (VERA Collaboration
2020) direct measurements of trigonometric annual par-
allaxes of 99 strong maser sources distributed across the
Galaxy yielded

r0 = 7.920 ± 0.160 (stat. error) ± 0.300 (syst. error) kpc.

(There are many different methods to measure r0, which
may be divided into direct and indirect ones. See Genzel
et al. (2010) and Bland-Hawthorn and Gerhard (2016) for an
explanation of the difference between direct and indirect es-
timates of r0.) Iwanek et al. (2023) determined the distance
to the GC

r0 = 7.66 ± 0.01 (stat. error) ± 0.39 (syst. error) kpc,

1Do et al. (2019) and GRAVITY Collaboration (2019) exploited the
exact same object, although with different data sets. The two groups
also differ in the astrometric reference system they employ.

examining the spatial distribution of 65,981 Mira variable
stars discovered by the Optical Gravitational Lensing Ex-
periment (OGLE) survey. Leung et al. (2023) estimated the
Sun’s distance using the kinematics of stars in the Galactic
bar region derived from APOGEE DR17 and Gaia EDR3
data supplemented with spectrophotometric distances from
the astroNN neural-network method,

r0 = 8.23 ± 0.12 kpc.

Next, the old Galactic bulge origin, size, and orientation
parameters are also still being disputed. We support a model
of a ‘classical bulge’ that looks almost identical to slowly ro-
tating, pressure-supported elliptical galaxies (Dékány et al.
2013; Kormendy 2016), populated by � 10 Gyr old objects
deficient in the heavy elements (Valenti et al. 2016; Simion
et al. 2017). The bulge is roughly 5 to 7 kpc in diameter and
contains a small part of the visible mass of the system (Gon-
zalez and Gadotti 2016; Navarro et al. 2021). This is the
exact opposite of the so-called ‘boxy and X-shaped bulge’
(or ‘disk pseudobulge’) which is very probably formed from
the Galactic thin disk via dynamical instabilities during the
slow (‘secular’) evolution of the system (Saito et al. 2011;
Kormendy 2016; Ness and Lang 2016; Semczuk et al. 2022;
Iwanek et al. 2023). In particular, spiral-driven instabilities
may drive gas inflow to enhance central star formation lead-
ing to secular growth of pseudobulges in rapidly rotating,
rotationally-supported galactic disks (Yu et al. 2022). The
principal conclusion derived from the aforementioned ef-
forts is that the old bulge and inner halo may form a con-
tinuous subsystem, and the bulk of the bulge objects may
represent the inner extension of a centrally concentrated and
almost axisymmetric halo (see Griv et al. 2021, and discus-
sion therein).2

RR Lyrae stars are excellent tracers of the oldest stellar
populations and standard candles to measure the distance to
stellar systems composed prevalently by an ancient, metal-
poor stellar population that plays a crucial role in several
astrophysical circumstances. The small scatter in RR Lyraes
mean absolute magnitudes make them rather accurate dis-
tance indicators with which distances can be determined at a
±5% level precision or even better (e.g. Medina et al. 2023).
Generally, these variable, low-mass, giant A2-F6 type, and
kinematically hot stars do not trace a strong bar-like struc-
ture in the direction of the bulge at Galactocentric distances
r < 3 kpc. This is likely because the triaxial perturbing po-
tential field of the bar only weakly affects an older popula-
tion with high random (turbulent) velocities (Alcock et al.
1998; Dékány et al. 2013; Kunder et al. 2016; Griv et al.

2The chemical and kinematic as well as density distribution results sug-
gest that the Galactic halo has two distinct components, particularly,
the inner halo and outer halo, with a break radius of ≈ 30 kpc (e.g. Liu
et al. 2021).
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Fig. 1 Spatial distribution of all
Ntotal = 39,617 RRab used in
this work in a Cartesian (X, Y ,
Z) coordinate system centered
on the GC, with the Sun at
(−8.15, 0, 0.015) kpc

2020). Age-old stars do not trace a strong bar but obey a
rather spheroidal distribution (see also Minniti et al. 2017;
Prudil et al. 2019; Grady et al. 2020, for a discussion of the
problem). To emphasize it again, unlike interstellar gas in
the plane of the Galaxy, young and intermediate-age metal-
rich stars (Binney et al. 1991; Babusiaux and Gilmore 2005;
Bovy et al. 2019; Queiroz et al. 2021; Deka et al. 2022;
Iwanek et al. 2023), these typically metal-poor stars do not
trace a prominent bar. In addition, the impact of the bar’s po-
tential would expectedly be seen at lower Galactic latitudes,
whereas our sample of objects is specifically at |b| higher
than 1.5◦ (see Sect. 2 below for an explanation).

In this connection, Molnar et al. (2022) recently pub-
lished the VIrac VAriable Classification Ensemble (VI-
VACE) catalog, which features variable stars extracted from
the Vista Variables in the Vía Láctea (VVV) variability sur-
vey with the advanced VISTA 4-m telescope in Paranal. The
VVV Survey is an ESO public survey scanning the Galac-
tic bulge and adjacent section of the southern mid-plane in
the near-infrared (see Minniti et al. 2010; Saito et al. 2012;
Surot et al. 2019, for details). Comparison with OGLE data
obtained with the 1.3-m Warsaw telescope at the Las Cam-
panas Observatory suggests completeness of the VIVACE-
VVV catalog of around 90% for the fundamental-mode (or
type-ab) RR Lyrae stars. As a demonstration of the poten-
tial of the catalog within the high extinction regions of the
Galaxy, the spatial and kinematic properties of stars within
the Galactic inner disk and bulge regions have been in out-
line studied. As a step forward, the aim of the present study
is to draw upon the catalog to enhance the characteriza-
tion of the bulge and relevant parameters associated with
the Sun’s position within the system under question. Actu-
ally, this paper is the closing of a series of publications with
similar methods and goals but based on different data sets
(Griv et al. 2020, 2021, 2022). In the series, we present the
space distributions of sources with ages larger than (compa-
rable to) 10 Gyr – RR Lyrae stars, Type II Cepheid stars, and
globular clusters – occupying the almost nonrotating, that is
to say, primarily pressure-supported bulge and halo in the
Galaxy.

We will evaluate here the value of r0 and make conclu-
sions about the genesis of the bulge by using a contemporary
sample of objects. Specifically, the spatial distribution of VI-
VACE RR Lyraes identified toward the central Galaxy will

be rated using near-infrared photometry from the VVV sur-
vey. As a model of the bulge, an oblate spheroid of stars with
two major perpendicular axes a (directed towards us) and b

situated in the Galactic plane and a short axis c perpendic-
ular to the plane is adopted. Comparing the new findings
to existing determinations based on less extensive yet di-
verse samples of RR Lyraes, Type II Cepheids, and globular
clusters is an ideal way to assess systematics. The VIVACE-
VVV sample contains a total of 39,617 sources. The new
results tied to deliberately chosen ∼ 20,000 RR Lyraes are
robust determinations including the Sun’s distance from the
GC and the density profile. Finally, we will make an exam-
ination and conclusion of all the work we have done in the
series.

The study is divided as follows. In Sect. 2 the observa-
tional data are described. The results of model calculations
are presented in Sect. 3. Our main consequences are sum-
marised in Sect. 4. The selection of the observational ma-
terial and the numerical method are briefly outlined in Ap-
pendixes A and B, respectively.

2 Observational data

The distance of a star from the GC is evidently

r2 = (r0 − d cosb cos l)2 + d2 cos2 b sin2 l + (d sinb + z0)
2,

(1)

where r0 = 7.7−8.3 kpc (Do et al. 2019; GRAVITY Collab-
oration 2019; Reid et al. 2019; VERA Collaboration 2020;
Iwanek et al. 2023; Leung et al. 2023) and z0 = 10 − 25 pc
(Bland-Hawthorn and Gerhard 2016; Karim and Mamajek
2017; Bennett and Bovy 2019; Griv et al. 2021).

Figure 1 relays the spatial distribution of all Ntotal =
39,617 RRab (Appendix A) in a Cartesian XYZ frame (the
X-axis points to the GC, the Y -axis points to the direction
of the Galactic rotation, and the Z-axis points to the North
Galactic Pole). An axisymmetric distribution around the GC
in the central part of the system is apparent. The sample stars
fill mainly the bulge region between the Galactocentric dis-
tances ≈ 0.054 kpc and ≈ 4 kpc (assuming the location of
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Fig. 2 Normalized cumulative distribution for all RRab

the Sun is r0 = 8.15 and z0 = 15 pc; equation (1)). The clos-
est star to the GC is thus located at r ≈ 0.05 kpc. Curiously,
the closest candidate globular cluster to the GC is situated
at a distance of about 0.4 kpc from the GC, that is, much
farther away from the GC than RRab (Minniti et al. 2021).
Note that the sample has stars beyond the bulge sampling
the disk in the fourth Galactic quadrant.

The normalized distribution of all RRab is shown in
Fig. 2. A convergence at r = rconv ≈ 3 kpc is seen. The half-
population radius for these objects is rhp ≈ 1 kpc. Interest-
ingly, the radius containing half of the Type II Cepheids pop-
ulation from the VVV survey by Braga et al. (2019) is also
rhp ≈ 1 kpc (Griv et al. 2021). In sum, the typically metal-
poor RR Lyraes and Type II Cepheids are almost equally
concentrated.

The distribution of all RRab with respect to b is shown in
Fig. 3. It is important to notice that the stars of the sample
cover almost all bulge areas, excluding the |b| � 1.5◦ belt.
As the extinction gets larger toward the Galactic mid-plane
it forces the survey to its faint limit to pick up stars, and
the uncertainties increase, and consequently, the probabili-
ties in ‘successful’ classification schemes tend to decrease
as a result. At |b| � 1.5◦, extinction by interstellar dust con-
centrated mostly along the mid-plane draws the apparent
magnitudes of sources beyond the faint detection limit of
the VVV survey, causing the completeness of the sample to
drop essentially (cf. Dékány et al. 2013; Griv et al. 2020;
Pietrukowicz et al. 2020; Griv et al. 2021; Navarro et al.
2021). The VIVACE-VVV RR Lyrae stars observations at
|b| > 1.5◦ are, however, almost not affected by dust extinc-
tion. This is why only the high-latitude RRab attract our at-
tention.

Fig. 3 Distributions of all RRab with respect to the Galactic latitude b

The cone-like volume with data in Fig. 1 is confined ver-
tically to less than about 2.5 kpc near the GC. Therefore,
increasing r to values r > 2.5 kpc does not increase the ver-
tical range of data. As a consequence, the analysis is tied to
high latitude (|b| > 1.5◦) objects restricted within the bulge
region, say, of r = rmax = 3.5 kpc and the coordinate re-
gion given by equation (A.1), imposing a probability cutoff
p > 0.9. We estimated that less than ≈ 10% of stars are lo-
calized beyond rmax = 3.5 kpc. The contribution of these
distant objects to the likelihood function L (equation (B.4)
in Appendix B) does not significantly impact the conclu-
sions.

Figure 4 highlights a distribution of selected N = 24,308
RRab with respect to the l and b. The concentration of stars
towards the GC is clearly seen. The figure conveys that the
sample of objects populates nearly the entire axisymmetric
bulge, excluding regions close to the GC and mid-plane.

The distributions of all and selected RRab with respect to
distances d and r are shown in Fig. 5. As is apparent from
Fig. 5, for two samples of stars – full and selected ones –
the spatial distribution has approximately the same proper-
ties. The stars exhibit a centrally concentrated distribution
towards the GC, and the spatial density of objects ρ in the
range 1 < r < 6 kpc can be described approximately by the
standard power law with a constant flattening

ρ ∝ rα, (2)

where the power-law index α < 0.
In the spirit of Harris (1996), Keller et al. (2008), and

Mateu and Vivas (2018), we explore here the most basic
model assuming that the spatial distribution of RRab is al-
most spherically symmetric (see Figs. 1 and 4), that is to
say, a = b � c (see equations (B.1) and (B.3)). Sesar et al.
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Fig. 4 Distribution of selected 24,308 RRab with respect to l and b

Fig. 5 Distribution of all RRab (upper panels) and selected RRab (bot-
tom panels) with respect to distances d and r (assuming r0 = 8.15 kpc
and z0 = 0.015 kpc)

(2013), Pietrukowicz et al. (2015), Hernitschek et al. (2019),
Posti and Helmi (2019), and Navarro et al. (2021) have al-
ready used similar spheroidal models slightly flattened in
the vertical direction (a model has a = b and flattening de-
scribed by the value of oblateness q ≡ c/a � 1).

3 Results of modeling

The parameters of a power-law density model are deter-
mined by a statistical method. The method of analysis
(the modified Rastorguev et al. (1994) maximum likelihood

method) is not significantly different from the previous work
(Appendix B). For the uncertainties the effect of observa-
tional errors was taken into account. The results of distribu-
tion modeling of these stars for adopted bulge’s radii rmax by
using the method are given in Table 1.3 As is seen, the main
result – the value of the Sun’s distance – changes slightly
with variations of rmax in the range 1.5 − 3.5 kpc. More-
over, changes in the value of the probability cutoff in the in-
terval 0.85 < p < 0.95 do not affect our main conclusions.
We decided that approximately r0 = 8.1 ± 0.1 kpc, within
rmax = 3.5 kpc. Our indirect determination of r0 of about 8.1
kpc is consistent with findings from Bland-Hawthorn and
Gerhard (2016), Camarillo et al. (2018), Do et al. (2019),
Reid et al. (2019), VERA Collaboration (2020), GRAV-
ITY Collaboration (2021), Iwanek et al. (2023), and Le-
ung et al. (2023). This distance is somewhat lower, but not
significantly different, from values of r0 = 8.28 ± 0.14 kpc
and r0 = 8.35 ± 0.10 kpc derived from the distributions of
16,221 OGLE RR Lyraes and 715 VVV Type II Cepheids in
our previous works (Griv et al. 2020, 2021). Yet, the value
of r0 of about 8.1 kpc is notably lower than the 1986 IAU
standard r0 = 8.5 kpc (Kerr and Lynden-Bell 1986).

Thus, the r0 values for fits with rmax = 1.5 − 3.5 kpc are
practically equal. But clearly in Table 1, the parameters α

and q are sensitive to the choice of rmax. The α and q val-
ues are varying systematically (and significantly!) with in-
creasing rmax. An increase of |α| from 1.56 to 2.66 and a
decrease of q from 1.0 to 0.76 with the cut-off radius rmax is
clearly seen. In conjunction with this, Navarro et al. (2021)
have identified about 60 thousand type-ab RR Lyraes from
the innermost regions of the Galaxy to the halo in the VVV,
OGLE-IV, and Gaia DR2 catalogs and about 4 million red
clump stars (RCs) in the 2MASS catalog.4 The density dis-
tribution of RR Lyraes and RCs was fitted by three power
laws over three radial intervals r < 0.3 kpc, 0.3 < r < 1.17
kpc, and 1.17 < r < 4.8 kpc and r < 0.3 kpc, 0.3 < r < 1.0
kpc, and 1.0 < r < 4.8 kpc (assuming r0 = 8.33 kpc), re-
spectively. An increase of |α| from 0.94 to 2.43 (for the sam-
ple of RR Lyraes) and from 0.64 to 3.41 (for the sample of
RCs) with the cut-off radius rmax was already detected.

Remarkably, the average power-law index derived here
from the VIVACE-VVV distribution of bulge stars, i.e. <

α >	 −2.2, is comparable to that inferred from the in-
ner halo (r < 25 kpc) globular clusters of Baumgardt and
Vasiliev (2021) investigated by Griv et al. (2022). Such a
value of < α > is not too far from the value derived by
Navarro et al. (2021) for the radial interval 1.17 < r < 4.8

3As we found, the z0 values for fits with rmax = 1.5 − 3.5 kpc are
about 0 − 2 pc with substantial errors. It is impossible for that reason
to understand which z0 is correct. We adopted the constant value z0 =
0.015 kpc in calculations (cf. Griv et al. 2022).
4RCs are low-mass, early K class red giants in the Hertzsprung-Russell
diagram at around 5000 K in the stage of core helium-burning.
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Table 1 The parameter set with maximum probability inferred from
the VIVACE-VVV RRab of Molnar et al. (2022). Columns 1 to 5 high-
light the following: the adopted cut in the data set rmax, number of

selected objects N inside rmax in the sample, Sun’s distance r0, power-
law index α, and the oblateness q = c/a

rmax (kpc) N r0 (kpc) α q

1.5 16,665 8.15 ± 0.05 −1.56 ± 0.02 1.0 ± 0.01

2.0 20,662 8.14 ± 0.04 −1.95 ± 0.02 0.99 ± 0.01

2.5 22,551 8.15 ± 0.04 −2.25 ± 0.03 0.96 ± 0.01

3.0 23,641 8.15 ± 0.03 −2.49 ± 0.03 0.85 ± 0.01

3.5 24,308 8.16 ± 0.04 −2.66 ± 0.03 0.76 ± 0.01

kpc. In the spirit of Alcock et al. (1998), the result derived
here implies that the old bulge and inner halo form a contin-
uous subsystem and the bulk of the bulge objects represents
the inner extension of a centrally concentrated, almost ax-
isymmetric halo in the Galaxy. This was already suggested
in the previous papers of the series. The novel feature here
is that it is confirmed in a truthful way by using a new,
accurate sample of the bulge’s stars. Such a hypothesis is
consistent with a spherical-like bulge component originat-
ing from an early, ∼ 10 Gyr ago, fast mass assembly, as
suggested by numerous cosmological simulations (Brooks
and Christensen 2016; Pérez-Villegas et al. 2017; Rojas-
Arriagada et al. 2017; Rey et al. 2023). Kunder et al. (2020)
and Pietrukowicz et al. (2020) have advanced a similar idea
in interpreting the radial velocities of 2768 RR Lyraes to-
ward the southern bulge and the photometric metallicities of
almost 91,000 RR Lyraes toward the bulge and halo, respec-
tively.

In the following, we use rmax = 2.5 kpc for the cut in the
data set (because here the volume containing more than 90%
of the selected data is not much stretched along the line of
sight; see Fig. 1). The Sun is therefore

r0 = 8.15 ± 0.04 kpc

distant from the GC. The power-law index and the oblate-
ness are

α = −2.25 ± 0.03

and

q = 0.96 ± 0.01,

correspondingly. The distribution of selected RRab has the
shape of an oblate spheroid with three axes of its symmetry
of almost the same length. One concludes that the distribu-
tion of old stars within r < 3 kpc from the GC is spherical-
like, q ≈ 1.5

5In sharp contrast to our results, Pietrukowicz et al. (2015) have ob-
tained a ratio of a : b : c ≈ 1 : 0.5 : 0.4 by exploring RR Lyraes from
the OGLE-III sample located only within the central ≈ 1 kpc.

Fig. 6 The normalized likelihood L for selected 23,641 RRab of an
original sample within rmax = 3 kpc relative to parameters r0 and α

It is important to note that our result of the Sun’s distance
is independent of the Do et al. (2019), Reid et al. (2019),
VERA Collaboration (2020) as well as GRAVITY Collab-
oration (2021) direct estimates. As for us, making use of
these ∼ 20,000 stars with VIVACE-VVV photometric in-
formation leads to one of the most accurate indirect estima-
tions of r0 relying on the secondary calibration (i.e. a period-
luminosity relationship).

In Fig. 6 the normalized likelihood is compared to r0

and α for selected 23,641 stars of an original sample within
the distance rmax = 3 kpc (assuming q = 1). A well-defined
maximum of L with respect to r0 and α is clearly seen from
the calculation, which backs a robust determination of the
unknown quantities.

4 Summary

Our previous publications on the determination of morphol-
ogy of the pressure-supported classical bulge in the Galaxy,
composed primarily of Population II stars and globular clus-
ters is revised. A maximum likelihood statistical method in
the three-dimensional parameter space for stars is employed
to derive r0, α, and q of the bulge of the system by ex-
ploring N ∼ 20,000 RRab identified in the recent Molnar
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et al. (2022) VIVACE-VVV catalog. Their spatial distribu-
tion is approximated by a standard power law with a con-
stant flattening and truncations at the lower rmin ≈ 0.05 kpc
and upper rmax ≈ 3.5 kpc limits while allowing for the posi-
tion of the Sun in the system, the power-law index, and the
oblateness to be free parameters. The following results are
obtained:

(i) The implied Sun’s distance is almost the same for
all rmax in the range 1.5 − 3.5 kpc. The distance is r0 =
8.15 ± 0.04 kpc. Apparently, this value is one of the most
accurate indirect, relying on the period-luminosity relation-
ship estimations of r0 as various classes of objects and wave-
lengths are used. This is a key result of the work. Yet, the
value of r0 ≈ 8.1 kpc is notably lower than the 1986 IAU
standard r0 = 8.5 kpc. The finding is consistent with recent
estimates ranging between 7.7 − 8.3 kpc (Camarillo et al.
2018; Do et al. 2019; GRAVITY Collaboration 2019; Reid
et al. 2019; VERA Collaboration 2020; Leung et al. 2023;
Iwanek et al. 2023). The parameters α and q are, however,
sensitive to the choice of rmax.

(ii) Thus, the r0 values for fits with rmax = 1.5 − 3.5 kpc
are almost equal, while the |α| and q values are varying sys-
tematically with increasing rmax in the ranges 1.56 − 2.66
and 1.0 − 0.76, correspondingly.

(iii) The distribution of old RRab within ≈ 3 kpc from
the GC has the shape of an oblate spheroid with three per-
pendicular axes of its symmetry of almost the same length.
The value of oblateness q ≈ 1.

(iv) The average power-law indexes derived from the dis-
tribution of bulge RRab and inner halo globular clusters are
fairly identical. This appropriate result demonstrates that the
old bulge and inner halo form a continuous, undivided sub-
system, and the bulk of the bulge ancient objects represents
the inner extension of a centrally concentrated, almost ax-
isymmetric halo in the system. The bulge extends, corre-
spondingly, out to the inner halo. Such an idea is consistent
with an old bulge component originating from an early, ∼ 10
Gyr ago, fast mass assembly, as suggested by cosmological
simulations.

(v) And, suitable changes in the truncation radius rmax

and the probability cutoff p in the VIVACE classification
scheme do not affect our main conclusions.

All in all, the data analyzed provides constraints on r0, α,
and q . The present communication discontinues a series on
the distribution of objects in the old bulge of mostly ancient
stars and globular clusters. The results cited here are gener-
ally consistent with our previous determinations (Griv et al.
2020, 2021, 2022). Extension of this work may be provided
by studying the spatial distribution of VIVACE-VVV Type
II Cepheids and globular cluster candidates (Palma et al.
2019; Obasi et al. 2021; Garro et al. 2022) identified toward
the central Galaxy.

We take a weighted average and weighted uncertainty as-
sociated with all our indirect determinations of r0 made in

the series of four papers with appropriate observational data,
and use that to argue that the ensuing result may be among
the most robust estimates that exist, as certain of the findings
are tied to optical passbands of OGLE RR Lyraes and glob-
ular clusters, and near-infrared passbands of VVV Type II
Cepheids, VVV and VIVACE-VVV RR Lyraes. As a result,
spatial distribution modeling of variable stars and globular
clusters yields a mean of

r0 = 8.2 ± 0.1 kpc.

In practice, such a value of the Sun’s distance from the GC
can be therefore finally advised.

In closing, an accurate determination of r0 is hampered
by countless second-order weak effects (see Majaess 2010,
for a discussion). As an example, stars closer to the mid-
plane may have nearer distances owing to blending and per-
haps more spurious photometry. The latter implies that one
will have a preferential sampling of stars on the near side
of the bulge, rather than deeper in. Another bias that exists
(there are many) is if there is indeed a bar-like or triaxial
bulge distribution in the data, oriented at an angle θ ≈ 20◦
along the Sun-GC line, with axis ratios ≈ 1 : 0.3 : 0.2 and
a scale-length of ≈ 1.5 kpc, and the near end of the bar
pointing towards positive l (Babusiaux and Gilmore 2005;
Wegg and Gerhard 2013; Pietrukowicz et al. 2015; Deka
et al. 2022; Iwanek et al. 2023; Lucey et al. 2023). Then
we preferentially sample those stars at positive l, i.e. closer.
As well, the assumed form of the observed profile which is
given by equation (2) is almost certainly inadequate for any
class of tracers spanning the entire Galaxy, from the bulge to
the halo. A much better model would be a broken power law
with a sharp break at some variable radii (e.g. Navarro et al.
2021) or a smoothly varying power-law index, such as in the
well-known Sérsic (1963), Einasto and Haud (1989), and
Zhao (1996) models. An exponential profile for the bulge
region would also naturally result in an increasing |α| (lo-
cal logarithmic slope) with increasing rmax (Molnar et al.
2022, Fig. 20 therein) (cf. Table 1). For the bulge model,
any density distribution with a maximum in the centre will
lead to a similar L function shape with a well-defined maxi-
mum as shown in Fig. 6. The distance r0 should be probably
re-calculated for all possible density profiles (broken power-
law, Sérsik, . . . ). A posteriori comparison of the model with
the data would be desired. Also, the uncertainty in the RRab
period-luminosity relation and extinction coefficients might
contribute to the uncertainty in the distance to the GC. Fu-
ture studies can lend insights into the issues raised here.

Appendix A: Selection of the observational
material

The VVV maps parts of the bulge and southern plane in five
deep near-infrared passbands (ZYJHKs), where extinction
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effects are lower than at optical wavelengths (e.g. Majaess
et al. 2016). VVV observations foster the detection of RR
Lyraes and Type II Cepheids point sources that would other-
wise be obscured in the optical. The VVV bulge survey area
covers ≈ 315 deg2 within Galactic longitudes l and latitudes
b (not to be confused with the axis b of the observed bulge’s
ellipsoid)

−10.0◦ ≤ l ≤ +10.4◦ and − 10.3◦ ≤ b ≤ +5.1◦. (A.1)

Heliocentric distances d to a VIVACE sample of to-
tal Ntotal = 39,617 type-ab RR Lyraes (RRab) were eval-
uated via Monte Carlo simulations following the approach
adopted by Majaess et al. (2018). Specifically, the MKs and
(J − Ks)0 functions inferred from LMC stars are MKs =
(−2.66 ± 0.06) logP + (−1.03 ± 0.06) and (J − Ks)0 =
(0.31 ± 0.04) logP + (0.35 ± 0.02). A LMC reddening
and distance modulus of E(B − V ) = 0.13 ± 0.02 and
μ0 = 18.43 ± 0.03 were assumed (Majaess 2010; Majaess
et al. 2011), in addition to a color-excess ratio and ex-
tinction law of E(J − Ks)/E(B − V ) = 0.48 ± 0.01 and
AKs /E(J − Ks) = 0.49 ± 0.02 (Majaess et al. 2016). Min-
niti et al. (2018) corroborated the extinction law adopted and
obtained AKs /E(J − Ks) = 0.484 ± 0.040.

Following Majaess (2010) and Majaess et al. (2018), we
accept for individual statistical errors of d an average value
equal to ±4%. Notice the rather accurate stellar distances
and the substantial number of objects in the sample. The dis-
tances were paired with l and b for all RRab exhibiting prob-
abilities of p > 0.85 in the VIVACE classification scheme
(see Molnar et al. 2022, for an explanation).

Appendix B: Numerical method

An ellipsoid of bulge objects with normalized perpendicular
axes of symmetry a (and a ≡ 1) directed to the Sun and b in
the Galactic plane and an axis c perpendicular to this plane
is observed. Ellipsoidal isodensity contours for the system
are expressed as

x2

a2
+ y2

b2
+ z2

c2
= 1, (B.1)

where (x/a, y/b, z/c) are the Cartesian coordinates centred
on the GC. The most general case of a triaxial ellipsoidal
system a �= b �= c is considered. The observed distribution
function of N objects is simply

f (xs, ys, zs) = A(r0, α, z0, a, b, c)rα, (B.2)

where (xs, ys, zs) are the coordinates of objects, A is the
normalization factor, and the data points are independent of
each other. In the case of ellipsoidal distribution of objects

within the region rmin ≤ r ≤ rmax, the normalization factor
is given by

A = α + 3

4πabc

1

rα+3
max − rα+3

min

. (B.3)

We write the likelihood function as

L(r0, . . . , c) =
N∏

i=1

f (ri; r0, . . . , c), (B.4)

and find numerically the six parameter values r0, α, z0, a,
b, and c that maximize the likelihood. In the calculation,
ri and A were re-evaluated according to equations (1) and
(B.3), respectively, for a given r0 at each reference to equa-
tion (B.4). Each of the parameters of the system in our stud-
ies were estimated using the maximum likelihood method
allowing other parameters to vary.
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