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ABSTRACT

Context. The Galactic centre is hazardous for stellar clusters because of the strong tidal force in action there. It is believed that many
clusters were destroyed there and contributed stars to the crowded stellar field of the bulge and the nuclear stellar cluster. However, the
development of a realistic model to predict the long-term evolution of the complex inner Galaxy has proven difficult, and observations
of surviving clusters in the central region would provide crucial insights into destruction processes.
Aims. Among the known Galactic globular clusters, VVV CL002 is the closest to the centre, at 0.4 kpc, but has a very high transverse
velocity of 400 km s−1. The nature of this cluster and its impact on Galactic astronomy need to be addressed with spectroscopic follow
up.
Methods. Here we report the first measurements of its radial velocity and chemical abundance based on near-infrared high-resolution
spectroscopy.
Results. We find that this cluster has a counter-rotating orbit constrained within 1.0 kpc of the centre, and as close as 0.2 kpc at the
perigalacticon, confirming that the cluster is not a passerby from the halo but a genuine survivor enduring the harsh conditions of the
tidal forces of the Galactic mill. In addition, its metallicity and α abundance ([α/Fe]'+0.4 and [Fe/H] =−0.54) are similar to those
of some globular clusters in the bulge. Recent studies suggest that stars with such α-enhanced stars were more common at 3–6 kpc
from the centre around 10 Gyr ago.
Conclusions. We infer that VVV CL002 was formed outside but is currently falling down to the centre, showcasing a real-time event
that must have occurred to many clusters a long time ago.

Key words. stars: abundances – globular clusters: general – Galaxy: nucleus

1. Introduction

Although more than 200 globular clusters have been found
to exist today in the Galaxy, there is plenty of evidence sug-
gesting that many others have been destroyed by various evo-
lutionary and dynamical processes, including dynamical fric-
tion, shocking by disk and bulge, tidal disruption, and so on
(Leon et al. 2000; Murali & Weinberg 1997; Gnedin & Ostriker
1997; Baumgardt & Makino 2003; Moreno et al. 2022). A sig-

nificant number of these dynamical processes are stronger
in the deep potential well of the inner Galaxy. Numerical
simulations have revealed that the supermassive black hole
Sagittarius A* (Ghez et al. 2008; Genzel et al. 2010) can very
efficiently grind clusters, and is a place where globular clusters
could be rapidly demolished (Arca-Sedda & Capuzzo-Dolcetta
2017; Navarro et al. 2023). In order to address the process of
globular-cluster disruption, it is crucial to understand not only
clusters that have been destroyed but also surviving globular
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clusters. Searches for globular clusters in the inner Galaxy are
incomplete because of high levels of interstellar extinction and
heavy source crowding. Still, recent near-infrared (NIR) sur-
veys have revealed dozens of candidate clusters in the inner
bulge (Moni Bidin et al. 2011; Borissova et al. 2014). Neverthe-
less, confirmation of member stars and detailed characterisation
of cluster properties require infrared spectroscopic observations
due to the high level of interstellar extinction near the centre.

VVV CL002 is a relatively low-luminosity globular cluster
(MK = −7.1 mag, MV = −4.6 mag, Minniti et al. 2021) discov-
ered at 1.1 deg from the Galactic centre during the VISTA Vari-
ables in the Via Lactea (VVV) survey (Moni Bidin et al. 2011).
The distance measured with the red clump places VVV CL002
at the closest point to the centre of any known cluster, at 0.4 kpc,
and an additional surprise is its high transverse velocity, of
namely 400 km−1, which was inferred from the proper motion
(PM) (Minniti et al. 2021). Some RR Lyr variables with such
high velocities found in the bulge were later found to be halo
objects (Kunder et al. 2020). Whether or not VVV CL002 is an
interloper from the halo passing near the Galactic centre remains
unclear. If, instead, it remains near the centre, we need to con-
sider how it is surviving without being tidally disrupted. Spec-
troscopic observations are required to answer these questions.

2. Observation and data analysis

2.1. Target selection

As VVV CL002 is embedded in the crowded stellar field, select-
ing good targets for follow-up spectroscopic observations is a
crucial step. In particular, cluster membership determination is
very difficult in such a crowded field (Fig. 1). The line-of-sight
contamination of stars in various groups increases at low lat-
itudes, and accurate 6D information (position, radial velocity,
and PM) is vital to judging membership. Based on the VVV
photometry and PMs in the updated VIRAC2 database (Smith
et al., in prep.), we selected a few candidate red giant branch
(RGB) candidates (Fig. 2), including the two stars that we finally
observed. To this end, we initially selected the four bright-
est RGB stars with high probability of membership according
to the photometric and astrometric data. The main criteria for
the selection of this sample were: (1) Stars within 0.1 mag of
the mean RGB ridge line in the NIR colour–magnitude diagram
(CMD); (2) stars with PMs within 0.1 mas yr−1 from the mean
GC PM; (3) stars that appeared unblended in the optical and
NIR images; and (4) stars brighter than J = 14.2 mag. Two out
of these four main selected targets were successfully observed
(Table 1). The remaining two targets could not be observed due
to time and weather constraints during our observing run. These
are Gaia ID 9327562004074, with Ks = 11.87 mag and J−Ks =
2.22 mag; and Gaia ID 9327562025638, with Ks = 11.90 mag
and J − Ks = 2.24 mag, which would also be prime targets for
future spectroscopic observations. The PMs of candidate mem-
bers of VVV CL002 show a large offset from the bulk of bulge
field stars, which indicates the large transverse velocity of the
clusters, of namely ∼400 km s−1 (Minniti et al. 2021). Although
some contaminants remain, stars selected by the PM show the
RGB and red clump expected for a globular cluster.

2.2. Observation

On June 10, 2023, we used the WINERED spectro-
graph (Ikeda et al. 2022; Matsunaga et al. 2023) attached
to the Magellan Clay telescope in Chile to obtain high-

Fig. 1. Near-infrared image of the field around VVV CL002 made
with VVV images in the JHKs-band filters, indicating the target
red giant stars A (VIRAC2 ID=9327562027332) and B (VIRAC2
ID=9327562015390). The field covers 4′ × 3′, oriented along Galac-
tic coordinates, with latitude increasing upwards and longitude to the
left. The globular cluster is located at the centre of this image, which
also illustrates the overwhelming density of field stars.

resolution spectra of VIRAC2 ID=9327562027332 and VIRAC2
ID=9327562015390. WINERED is a NIR high-resolution spec-
trograph covering 0.90–1.35 µm (z′, Y , and J bands), with a res-
olution of R = λ/∆λ = 28 000 with the WIDE mode (Ikeda et al.
2022). The raw spectral data were reduced with the WINERED
Automatic Reduction Pipeline (WARP1, version 3.8). We con-
firmed that the broadening width in the final spectra is as small
as 12 km s−1, which can be explained by the combination of the
instrumental resolution (10.7 km s−1) and a typical macroturbu-
lence of about 5 km s−1. These stars at J ' 13.5 mag are the
brightest among a few targets that were selected as candidate
members. However, at this magnitude they are still challenging
for high-resolution spectroscopy in the infrared, and our spectra
– with 1200 s exposures for each star – are of moderate qual-
ity. While the signal-to-noise ratios are S/N = 30–50 in the
J band, they are 15–20 in the Y band (shorter wavelengths)
because of severe interstellar extinction. Therefore, our anal-
ysis relied mainly on the J-band part of the spectra (Fig. 3).
The spectra of the two stars show a striking resemblance to
each other (Fig. 3), with the same absorption lines appearing at
the same wavelengths and exhibiting very similar depths. This
already indicates that the two target stars are red giants with very
similar characteristics, belonging to a common stellar group,
VVV CL002.

2.3. Measurements of radial velocities

We measured radial velocities using the cross-correlation tech-
nique, involving the model synthetic spectra and telluric absorp-
tion spectra (Matsunaga et al. 2015). For this analysis, we
include some Y-band echelle orders together with J-band orders,
in which telluric lines and stellar lines are well mixed. We
obtained almost identical velocities for the two stars (Table 1),
strongly supporting the membership to VVV CL002 combined
with the PMs (Fig. 2).

1 https://github.com/SatoshiHamano/WARP/
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Fig. 2. Illustration of the target selection from VVV CL002. Panel a: field surrounding the cluster, panel b: proper motion diagram. Panel c: NIR
colour–magnitude diagram. The field stars are plotted with the black points, while stars located inside the selection circles (orange) in panels a and
b are indicated by green circles. Some of these stars in green were selected as spectroscopic targets based on panel c, and we observed the two red
giants indicated by red diamonds.

Fig. 3. Spectra for the two red giant members of the globular cluster VVV CL002. Star A (VIRAC2 ID=9327562027332) is shown in blue and
star B (VIRAC2 ID=9327562015390) in green. Three representative parts containing absorption lines used for abundance measurements (Mg, Si,
and Fe) and other lines are presented together with model spectra synthesized with Teff = 4100 K, log g = 1.5, and [Fe/H] =−0.54 (black). The
spectrum of Arcturus (orange) is also shown for comparison, shifted to the appropriate velocity to match the spectra of the target stars. Arcturus
(Teff = 4280 K, [Mg/H] =−0.2, [Si/H] =−0.2, [Fe/H] =−0.5) is a prototype red giant observed with the same setup (Fukue et al. 2021). We note
that all the spectra appear very similar to each other. Absorption lines marked ⊕ are telluric lines, which are only seen in the two target stars but
not in Arcturus for which a telluric correction was performed.
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Table 1. Observed target stars and mean globular cluster parameters.

Parameter Star A Star B Mean

ID (VIRAC2) 9327562027332 9327562015390
RA (J2000) 17:41:06.65 17:41:04.94
Dec (J2000) −28:50:23.1 −28:50:44.4
Ks (mag) 11.25 11.21
J − Ks (mag) 2.20 2.25
Vhelio (km s−1) −27.3 ± 0.2 −27.3 ± 0.2 −27.3 ± 0.1
VLSR (km s−1) −17.0 ± 0.2 −17.1 ± 0.2 −17.1 ± 0.1
[Fe/H] −0.68 ± 0.37 −0.39 ± 0.41 −0.54 ± 0.27
[Mg/H] −0.26 ± 0.19 −0.14 ± 0.12 −0.19 ± 0.10
[Si/H] −0.12 ± 0.29 −0.02 ± 0.25 −0.07 ± 0.19

Fig. 4. Spectroscopic line-depth ratio temperatures estimated with line
pairs taken from Taniguchi et al. (2018). The solid and dashed lines
indicate the temperature and its error used for measuring the chemical
abundances of the two stars.

2.4. Measurements of chemical abundances

In spite of the limited S/N, we are able to measure the abun-
dances of Fe, Mg, and Si. First, we estimated the effective tem-
perature based on line-depth ratios (Taniguchi et al. 2018). We
were able to measure the ratios of 6–7 line pairs taken from
Taniguchi et al. (2018) as illustrated in Fig. 4. Adopting an error
of 200 K, we use the approximate value of the temperatures,
Teff = 4100 K, for both stars in the following analysis. It is
impossible to determine other stellar parameters due to the lim-
ited quality of the current spectra. Considering the similarity to
Arcturus, we used the following parameters: log g = 1.5, and the
microturbulent velocity ξ = 1.5 km s−1 (Fukue et al. 2021).

We then determined the chemical abundances by fitting
model spectra to individual absorption lines isolated from tel-
luric lines and other strong stellar lines. Measurements were
successfully obtained for about ten Fe I lines, seven Si lines,
and four Mg lines, leading to the abundances listed in Table 1.
The errors in the [X/H] values for individual stars are given by
the combination of the standard deviations of the line-by-line
abundances and the systematic errors caused by uncertainties in
stellar parameters such as Teff . The line-by-line random errors
dominate the total errors in all cases; that is, the three elements
in the two stars. Among the systematic errors, that from the log
g uncertainty tends to be the largest source of error, of namely
0.6–0.9 dex in [X/H], but the Teff uncertainty has the highest
impact on [Si/H], of namely ∼0.1 dex. The trends in the sys-
tematic errors are similar to those found for Arcturus (Fig. 7
in Fukue et al. 2021), but the errors in each stellar parameter,

especially logg, are significantly larger for our targets. Finally,
we took weighted means and their errors of the [X/H] values of
the two stars to discuss the chemical abundances of the cluster
(Table 1). We obtained almost identical velocities and common
chemical abundances within the errors for the two stars (Table 1).
Such close agreement is unexpected for field stars in the bulge
characterised by a large velocity dispersion and a wide metal-
licity distribution (Recio-Blanco 2018; Zasowski et al. 2019;
Schultheis et al. 2020; Geisler et al. 2021; Queiroz et al. 2021).
In addition, the spectra of these two stars are similar to the high-
S/N spectrum of the prototype red giant Arcturus ([Mg/H] =
−0.2, [Si/H] = −0.2, [Fe/H] = −0.5; Fukue et al. 2021), sup-
porting the metallicities and the α enhancement of our two stars.
There are absorption lines of some other elements seen in the
obtained spectra, as indicated in Fig. 1. It would be valuable to
measure the abundances of such elements, but we limited our-
selves to the three elements (Fe, Si, and Mg) for which a simple
analysis with the limited-S/N spectra was sufficient. For exam-
ple, the number of useful Ca lines is more limited than those of
Mg because of blends by telluric lines and stellar lines, and also
because only a few lines have moderate depths with the limited
S/N values. Ti tends to be affected by non local thermodynamic
equilibrium. Measuring C and/or N abundances with CN would
require CO and OH lines together, but none of these lines are
available in the WINERED range.

3. Cluster orbit

We computed the orbit of VVV CL002 using the 3D barred
Galaxy steady-state potential model of the GravPot16 code
(Fernández-Trincado et al. 2022). We ran the orbital simula-
tion considering different bar pattern speeds, Ωbar = 31, 41,
and 51 km s−1 kpc−1 (Sanders et al. 2019). For VVV CL002,
we obtained 10 000 orbits, adopting a simple Monte Carlo
resampling, where the uncertainties in the input coordinates
(α, δ), PMs, radial velocities, and distance errors were ran-
domly propagated as 1σ variations in the Gaussian Monte
Carlo resampling. Figure 5 shows the computed orbits using
Ωbar = 41 km s−1 kpc−1, displayed as probability densities of
orbits projected on the equatorial Galactic plane (left panel),
and height above the plane z versus Galactocentric radius in
kiloparsecs (right panel). The lighter colours indicate the more
probable regions of space that are travelled more frequently by
the simulated orbits. According to the result of this calcula-
tion, VVV CL002 has a retrograde orbital configuration of rela-
tively high eccentricity (e = 0.69±0.22), with perigalactocentric
and apogalactocentric distances well inside the Galactic bulge
at Rperi = 0.19 ± 0.21 kpc and Rapo = 1.04 ± 0.29 kpc, respec-
tively, and with moderate vertical excursions from the Galactic
plane (|Zmax| = 0.35 ± 0.09 kpc). It is important to note that with
any adopted heliocentric distance, our simulations confirm that,
kinematically, VVV CL002 now belongs to the bulge, and is not
merely a halo globular cluster in a very eccentric orbit passing
by the inner bulge.

4. Discussion

The radial velocity we obtained allows us to put strong con-
straints on the full 3D motion of the cluster. We calculated
10 000 orbits of VVV CL002 by adopting a Monte Carlo
resampling with the uncertainties in input parameters, such
as distance, radial velocity, and PM taken into account. We
find that VVV CL002 has a retrograde orbital configura-
tion of relatively high eccentricity (e = 0.69 ± 0.22), with
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Fig. 5. Orbit computed for VVV CL002 (black line), overlaid on the probability densities of orbits projected on the Galactic plane (left) and height
above the plane z versus Galactocentric radius (right). Lighter colours indicate more probable regions of space that are more frequently sampled
by the simulated orbits.

Fig. 6. [Mg/Fe] versus [Fe/H] (left) and [Si/Fe] versus [Fe/H] (right) for the globular cluster VVV CL002 (red circle) compared with the abundances
of other known globular clusters indicated by green circles (Mészáros et al. 2020; Carretta et al. 2009; Dias et al. 2016; Recio-Blanco 2018;
Barbuy et al. 2018, 2021; Geisler et al. 2021; Schiavon et al. 2024) and bulge field stars indicated by small dots (Abdurro’uf 2022; Queiroz et al.
2023). The globular cluster mean abundances with their respective errors are all from mid- and high-resolution optical and IR spectroscopy from
the literature as compiled by Garro et al. (2023). A few representative globular clusters that show abundances similar to those of VVV-CL002 are
also marked with crosses and are labelled for comparison.

perigalactocentric and apogalactocentric distances of Rperi =
0.19 kpc and Rapo = 1.04 kpc (Fig. 5), well inside the bulge.
The retrograde motion is not unique, as a few other retro-
grade globular clusters exist that have endured the harsh den-
sity of the Galactic bulge (Romero-Colmenares et al. 2021;
Pérez-Villegas et al. 2020; Garro et al. 2023). However, the orbit
of VVV CL002 is tighter than the orbits of all other known glob-
ular clusters (Pérez-Villegas et al. 2020). No globular cluster is
expected to survive over its lifetime (>10 Gyr) in such proximity
to the Galactic centre (Gnedin et al. 2014).

In order to unveil the mysterious history of this cluster, its
chemical abundance plays an essential role. The abundances of
the two stars agree within the errors, giving an estimate of the
cluster metallicity of [Fe/H] =−0.54 ± 0.27, which is consis-
tent with a previous photometric determination ([Fe/H] =−0.4;

Moni Bidin et al. 2011), and [α/Fe]'+0.4 (Table 1). The high
α enhancement is connected to rapid chemical evolution domi-
nated by core-collapse supernovae rather than type Ia supernovae
(Sharma et al. 2021). This confirms that VVV CL002 is an old
globular cluster formed together with other clusters and field
stars present today in the Galactic bulge (Fig. 6), rather than a
younger open cluster or the remains from an (already disrupted)
dwarf galaxy (Hughes et al. 2020). Furthermore, using a state-
of-the-art technique to estimate stellar birth radii (Rbirth) within
the Galaxy (Minchev et al. 2018), recent studies demonstrated
that stars with relatively low metallicity (among bulge stars) and
high α enhancement were formed predominantly in the outer
parts of the Galaxy, that is, with Rbirth of 3–6 kpc (Lu et al. 2022;
Ratcliffe et al. 2023). This leads us to suggest a scenario where
VVV CL002 was formed at a relatively large Rbirth and has
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recently started to fall towards the centre. This cluster is probably
doomed to continue spiralling into the inner parsecs before being
destroyed in the not-so-distant future. This cluster sheds light
on the intriguing survival and migration mechanisms of globular
clusters, whereas many less-characterised globular clusters and
candidates are within a couple of kiloparsecs from the centre.
Demand is high for NIR high-resolution spectroscopy of such
clusters, which has so far been hampered by severe interstellar
extinction.
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