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ABSTRACT

In order to characterize 22 new globular cluster (GC) candidates in the Galactic bulge,
we present their colour-magnitude diagrams (CMDs) and K-band luminosity func-
tions (LFs) using the near-infrared VVV database as well as Gaia-DR2 proper motion
dataset. CMDs were obtained, on one hand, after properly decontaminating the ob-
served diagrams from background/foreground disc stars and other sources. On the
other hand, CMDs were also obtained based upon star selection in proper motion
diagrams. Taking into account our deep CMDs and LFs analyses, we find that 17 out
of 22 new GC candidates may be real and should therefore be followed-up, while 5
candidates were discarded from the original sample. We also search for RR Lyrae and
Mira variable stars in the fields of these new GC candidates. In particular, we confirm
that Minni 40 may be a real cluster. If confirmed by further follow-up analysis, it would
be the closest GC to the Galactic centre in projected angular distance, located only
0.5 deg away from it. We consider that it is very difficult to confirm the physical reality
of these small, poorly-populated bulge GCs so in many cases alternative techniques
are needed to corroborate our findings.
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1 INTRODUCTION

Globular clusters (GCs) are among the oldest objects
known in the Milky Way (MW). They are believed to be
the survivors of a larger population of primordial Galactic
* E-mail: tali@Qoac.unc.edu.ar star clusters, most of which have been destroyed by different
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dynamical processes (Fall & Rees 1977, 1985). The most
important destruction processes are dynamical friction,
tidal disruption by the interaction with the MW potential,
i.e., strong gravitational shocks (e.g., Minniti et al. 2018b,
for instance) and evaporation that depend on the cluster
masses, positions, and orbital parameters (e.g., Baumgardt
& Makino 2003; Lamers et al. 2005; Trenti et al. 2010; Rossi
& Hurley 2015; Wang et al. 2016). This is important to
investigate in order to compare with other galaxies like the
Magellanic clouds where large numbers of clusters can be
studied. In particular, dynamical friction and tidal disrup-
tion are more severe in the inner regions of the MW. The
GCs were presumably dragged and destroyed preferentially
in the inner regions of the Galactic bulge, deep in the
potential well, where the stellar density is very high. The
present distribution of GCs is fairly concentrated towards
the Galactic centre, following a steep spatial density law
o 7733 (e.g., Zinn 1985; Minniti 1995). Recent observational
studies indicate that a few field stars in the inner Galaxy
share chemical anomalies patterns similar to those found
in GC stars (Recio-Blanco et al. 2017; Fernandez-Trincado
et al. 2017; Schiavon et al. 2017; Ferndndez-Trincado et al.
2019a,b,c), suggestive that these are ancient fossil remnants
of destroyed stellar clusters. This is why we have labelled
the Galactic bulge the “elephant graveyard” (Minniti et al.
2017a), and are now conducting a comprehensive search for
the remnants of these GCs. Such debris may be expected
to be present as short streams, or as the remaining small
cores of larger objects (Minniti et al. 2018b). However,
finding new GCs is very tricky in these regions due to the
effects of reddening, both absolute and differential, and
to high stellar density (Valenti et al. 2007; Alonso-Garcia
et al. 2012). The best way to recognize them is to use
near-IR (NIR) observations because the bright red giants
peak their emission and the interstellar clouds become more
transparent in this spectral region. Another way to spot
them is through high resolution NIR spectroscopy surveys
like APOGEE (Majewski et al. 2017).

The attempts to identify hidden Galactic GCs have
lately been succesful, i.e. 37 new GCs were discovered only
in the past couple of years, namely: SagittariusIl (Laevens
et al. 2015; Mutlu-Pakdil et al. 2018), Kim3 (Kim et al.
2016), FSR1716 = VVV-GCO05 (rediscovered by Minniti
et al. 2017b; Contreras Ramos et al. 2018), Minni 01 to 22
(Minniti et al. 2017c), DES-1 (Luque et al. 2016), Gaia?2
(Koposov et al. 2017), RLGC1 and RLGC2 (Ryu & Lee
2018), Camargo1102 (Bica et al. 2018; Camargo 2018),
Camargo 1103 to 1109 (Camargo 2018; Camargo & Minniti
2019), and FSR 1758 (Barba et al. 2019). While some of
them are located in the MW halo, most of the new ones
(33 out of 37) are located towards the Galactic bulge.
Indeed, taking into account the newly confirmed GCs and
candidates, the number of known GCs in the Galactic bulge
has almost doubled in the last few years. The discovery
of these new GCs represents an advance in this field of
research, since it is important for future studies on the age
and chemical composition of the oldest stars, the formation
and evolution of the MW, the dynamics of stellar systems,
the distance scale, the interstellar medium, the stellar
evolution, and the Galactic structure, among other issues.

Based on a search for overdensities in the red giant
(RG) stars selected using Wesenheit CMDs (Minniti et al.
2017¢), we recently reported the discovery of 22 new GC
candidates in the MW. Later on we extended the search
for more GC candidates using different GC tracers, such
as the concentration of RR Lyrae and Type 2 Cepheid
variable stars in the bulge fields (Minniti et al. 2017a). The
clustering of horizontal branch (HB) stars traces GCs of
all metallicities since metal-rich GCs will predominantly
have red clump (RC) stars and the metal-poor ones will
predominantly have a blue HB without a RC, while the
concentration of RR Lyrae stars should indicate mostly
metal-poor GCs. However, because the bulge fields are very
crowded and reddened regions, it is important to secure
the confirmation of bonafide GCs using deep CMDs, for
example. The NIR VVV Survey PSF photometry is now
publicly available (Alonso-Garcia et al. 2018), allowing us
to make a deep photometric study of many of the new bulge
GC candidates. Here we present the deep NIR CMDs of
22 newly published candidates, together with their CMDs
based on Gaia-DR2 proper motion (PM) studies, with the
aim to confirm the best GC candidates and discard the bad
ones. In Figure 1 we superimposed, on the MW image, the
known catalogued GCs (yellow squares), the 22 recently
discovered candidates (Minniti et al. 2017c) in orange
circles, and the 22 new GC candidates (red circles) studied
in this work among the total sample of newly discovered
candidates.

2 NEAR-IR CMDS OF GLOBULAR CLUSTER
CANDIDATES

In order to find the missing GCs, one needs to explore
the complex region of the Galactic bulge, but the high
stellar density and extinction of these regions make the
search for new GCs confusing. The VISTA Infrared Camera
(VIRCAM) at the 4m VISTA telescope at the ESO Cerro
Paranal Observatory (Emerson & Sutherland 2010) is the
ideal instrument for such a search, because it is optimized
for wide field NIR observations. The VVV Survey has been
mapping the MW bulge using this instrument since the year
2010 (Minniti et al. 2010; Saito et al. 2012). The extended
VVVX Survey is expected to last until approximately the
year 2020, completing a total of about 400 observing nights.
We use observations from the VVV Survey reduced at
the Cambridge Astronomical Survey Unit (CASU) with
the VIRCAM pipeline v1.3. The PSF photometry used to
build the deep NIR CMDs was performed with DoPhot
(Schechter et al. 1993), following Alonso-Garcia et al. (2015,
2018).

Given the photometric depth of the VVV images (the
limiting magnitude in the specified tiles spans up to Ks = 18
mag.) and their spatial resolution (0.34 arcsec/pixel), the
VVV imaging are prime data tools to search for stellar over-
densities even at a distance as far as 16 kpc, hence including
regions across the whole MW bulge. However, detecting
new GCs in these regions is still complicated. Indeed, the
observed GC candidate overdensities are only a few sigma
at best above the field star density. The searches for new
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Figure 1. VVV NIR image of the MW bulge (https://www.eso.org/public/news/eso1242) and the currently known population of GCs.
Yellow squares represent the catalogued GCs, orange circles the 22 recently discovered candidates (Minniti et al. 2017c), and red circles

the new GC candidates discovered and among those the selected

GCs were made using two complementary techniques: 1.
Seeking overdensities of RC stars that are numerous in
metal-rich GCs. The first VVV GC, located in a very dense
and reddened region of the bulge (Minniti et al. 2011),
was discovered using this technique. 2. Searching for tight
groups of RR Lyrae variable stars, which are characteristic
of metal-poor GCs. The first VVV GC discovered using
this technique is VVV-GC-005 (Minniti et al. 2017b), also
known as FSR1716 (Froebrich et al. 2007), located in a
very dense and reddened region of the MW plane (Minniti
et al. 2017b; Contreras Ramos et al. 2018).

Twenty two new GC candidates discovered using NIR
VVV Survey photometry are presented in Table 1. Using
catalogues from OGLE and VVV, those candidates were
recognized by searching for RR Lyrae overdensities and
for type 2 Cepheids to trace the unknown metal-poor
GCs in the bulge (Minniti et al. 2017a). This table lists
in succession the GC identification, the equatorial coor-
dinates (J2000), the tile ID, the numbers of RR Lyrae
and Mira stars within 5 arcmin of each cluster centre,
the corresponding absorption in the Ky band obtained
with the BEAM calculator which is based on the VVV
data (Gonzalez et al. 2012) and has a typical error of
Tag, ~ 0.10 mag, our outcome analysis, the GC used as
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sample studied in this work.

comparison, and the estimated heliocentric distances in
kpc. The CMDs of the GC candidate fields were centred
on the coordinates given by Minniti et al. (2017a). Those
CMDs were decontaminated by a statistical procedure (see
Palma et al. 2016; Minniti et al. 2017b, 2018a) in order
to discriminate the background/foreground fields from the
observed cluster CMDs (Figures 2-3, black circles on the left
panels). Briefly, the procedure consists in selecting about
4 to 6 circular background fields per cluster, of the same
area and about 15 arcmin away, on average from its centre
(Figures 2-3, grey circles on the right panels), and having
similar reddenings and stellar densities. The stars that
fall in the same intervals of colour and magnitude of the
background CMDs are subtracted from the cluster CMD.
The resulting decontaminated CMDs are shown in the right
panels of Figures 2-3 using blue filled circles. A couple of
known, bona fide, well-populated bulge GCs (NGC 6642
and NGC6637) are also shown for comparison purposes
in the top panels of Figure 3. These clusters were selected
because of their well defined CMDs and well studied nature
as a canonical metal-poor ([Fe/H] —-1.19 = 0.14) and
metal-rich ([Fe/H] = —0.59 + 0.07) GCs (Nataf et al. 2013).
The CMDs for the new GC candidates reveal populated red
giant branches (RGBs) in the GCs, which in some cases
appear tighter than those of their respective comparison
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regions (Minni30 and Minni34, for example) and in other
cases they do not (as Minni24, for instance). Figure 3
show that some of the candidates, however, do not have
well defined RGBs and are indistinguishable from the
typical Galactic bulge population, so they could be mere
windows in the dust distribution towards the bulge, or
simply asterisms (see e.g., Moni Bidin et al. 2011). For
some of the clusters, we can clearly see a well defined red
clump (RC) in the cluster RGBs, which appears to be more
compact than the typical bulge field RC. In some of the
statistically subtracted CMDs there is still some remnant
from foreground disc sequence. However, if the statistical
subtraction is run inversely (Field - GC region) we find that
the decontaminated CMDs have no stars left.

We measured differentially the heliocentric distances of
the possibly real GC candidates with respect to the selected
comparison clusters (NGC6624 and NGC6637), which
were also observed and analyzed in the same way in the
VVV Survey. We adopted for the comparison clusters the
following distances given by Harris (2010): Dygcesa = 6.8
kpc and Dygcesz7 = 8.8 kpe, with a typical error of
op ~ 1.5 kpc.

Figure 4 shows the luminosity functions (LFs) for the
cluster area, field, and decontaminated cluster, respectively.
We use the decontaminated cluster LF's in order to measure
the cluster heliocentric distances, after applying a colour
cut to select RGs, thus avoiding foreground main sequence
stars of the Galactic disc. The standard deviation of the
decontaminated LF distribution is 1.3 on average. The
colour cuts for the individual clusters vary according to
their intestellar extinctions, being typically J—Kg ~ 0.8-1.2
mag. We note that some clusters (e.g. Minni 36, Minni44)
have substracted LFs that are consistent with about zero
within the errors.

Columns 8 and 9 of Table 1 list our final assessment
of the GC candidates taking into account both decontam-
ination methods, where the bad candidates are labelled as
NO and discarded. On the other hand, the good candidates
are labelled as YES, and in the cases where there is some
doubt (e.g., a wide RGB, low number of stars in the LF,
etc.) the candidates are labelled as YES? or NO?. These
doubtful cases should be subjected to further study.

3 VARIABLE STARS: RR LYRAE AND MIRAS

We performed a search for RR Lyrae and Mira stars
located within 5 arcmin of the GC candidate centres using
coordinates and periods from the Optical Gravitational
Lensing Experiment (OGLE; Soszyniski et al. 2011, 2013).
OGLE provided us with observed V and I magnitudes,
oscillation periods and Fourier phases. We follow the
procedure described by Pietrukowicz et al. (2015) to obtain
the RR Lyrae distances. Briefly, we obtained the absolute I
and V-band magnitudes (M, My ) by applying the period-
luminosity-metallicity relation from Catelan et al. (2004).
Metallicities injected in that equation were determined
using the period and Fourier phases derived from the

OGLE light curves following Smolec (2005). After that,
distances can be straight forwardly obtained through the
classical distance modulus relation I — My = 5log(d) -5+ Ay,
where A; = 0.7465E(V — I) + 1.37E(J — Ks) and E(J — Kj)
was obtained from Gonzalez et al. (2012) extinction maps,
for each RR Lyrae star. For Mira variable stars, we have
performed a procedure similar to that used for the RR Lyrae
stars, without estimating metallicities. The resulting stars
had their coordinates cross-matched with the 2MASS point
source catalogue (Skrutskie et al. 2006). In this way, we
obtained Ks-band magnitudes for the Mira stars. We note
that these magnitudes have not been phase corrected so an
intrinsic dispersion is to be expected. In order to derive the
heliocentric distances of our GC candidates, we first calcu-
lated their absolute magnitudes using the relation given by
Whitelock et al. (2008): Mg, = —-3.51(logP — 2.38) — 7.25,
where Mg is the absolute Ks-band magnitude, P the
pulsation period in days, and —7.25 the zero-point of the
Period-Luminosity (Kj) relation. Then, the classic distance
modulus equation was used to find the heliocentric distances.

Figure 5 shows the results of those distances derived
using both kinds of variable stars. Clearly, not all these
variable stars are members of the clusters. The distance
estimates exhibit several spatial concentrations of two or
more stars in some selected cases. The probability to find a
chance grouping of 2 or more stars in areas that are used
for statistical decontamination is discussed in Minniti et al.
(2018a). Among those, two RRLyrae stars that grouped
together spatially could be observed in Minni 24, Minni 25,
Minni 28, Minni 30, Minni 33, Minni 34, Minni 37, Minni 38,
Minni 39, Minni40 and Minni43. Of these, the majority
are deemed to be good star cluster candidates, except for
Minni 25 and Minni43 that have been discarded (Table 1).

4 PROPER MOTION ANALYSIS

As a second method to decontaminate the candidate CMDs
we used PM data based on identifying overdensities in the
(p1, pp) plane. For that purpose we search for Gaia-DR2
data (Gaia Collaboration et al. 2016, 2018) which provide
PMs across the whole sky for about 1.3 billion point
sources, although is limited in fields with high extinction.
The sources from Gaia-DR2 were first matched with the
VVV-DR2 data at Vizier/CDS, i.e. the standard CASU
aperture data. From the obtained catalogue a second match
was done using the PSF data provided by Alonso-Garcia
et al. (2018), in order to clean the data up using the
following criteria: the sources should appear in 2 epochs
in at least 3 of the 5 filters. PM in RA and DEC were
transformed into Galactic coordinates. Thus the sources
in the final catalogue are those appearing in Gaia-DR2,
VVV-DR2 CASU data and VVV PSF photometry. No
constrains were taken for the PMs or Parallaxes. Figure
6 show the results obtained within a radius of 2 arcmin
of the observed GC candidate region. Upper panels show
the selected overdensity region and its corresponding CMD
in the lower panels. Selections in the (yj, up) plane have
ranges of 2.8 < y; < 5.2 mas/yr and 2.6 < uj, < 4.7 mas/yr.
Some GC candidates show an appropriate CMD in both
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Figure 2. CMDs of the regions within 2 arcmin for the seventeen candidates deemed to be possible real GCs. Left panels show the GC
candidate fields. In the right panels, the background comparison field CMDs are shown in grey circles while CMDs decontaminated after
applying a statistical procedure are shown in blue filled circles.
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Field NGC 6642

Figure 3. CMDs of the regions within 2 arcmin of the GC candidate. The reference clusters NGC 6642 and NGC 6637 are shown at the
left of the top panels. The remaining CMDs show the candidates deemed not to be real GCs.

decontamination methods, such as Minni23 and 28. Other
candidates exhibit a good decontaminated CMD only by
applying one of the two methods, such as Minni 28, 32 and
41 in the PM selection procedure, and Minni 30, 33, 34, 37,
38 and 40 in the statistical decontamination one. It looks
more certain that the CMDs of the GC candidates Minni 25,
27, 36, 43 and 44 show CMDs that do not correspond to a
GC nature.

5 DISCUSSION

It is complicated to confirm the physical nature of small,
poorly-populated GCs in the inner bulge regions, so in
many cases alternative techniques should be used. In order
to refine the physical parameters of these new objects,
more powerful instruments to measure radial velocities
and chemical composition are needed to follow them up.
The majority of the likely good new GC candidates in the
Galactic bulge appear to be small and intrinsically faint in
comparison with the GCs that were already known (e.g.
Minniti et al. 2017¢; Ryu & Lee 2018; Camargo 2018). It
seems reasonable to speculate that these newly discovered
GC candidates may be the debris of larger clusters that
have been or are being eroded by the MW tidal field, which
make them harder to pick kinematically and difficult our
intent on proving or disproving their existence.

One interesting question is how far into the MW
substructure a discrete, extended object like a GC can
survive. We can use GCs as probes to explore this question.
Tidal limitation is important and becomes dominant as the
distance to the Galactic centre decreases. We are examining
here the innermost candidates in which crowding is severe
so that they are the most difficult to study. According
to the catalogue of Harris (2010), the closest GCs to the

Galactic centre are HP1, NGC6522 and NGC6528 at
Rg = 0.5,0.6 and 0.64 kpc, respectively. These GCs are
located in the Galactic bulge, at heliocentric distances of
7.7,7.9, and 8.2 kpc, respectively. Minni40 may be the
new record holder for being the closest GC to the Galactic
centre, at projected Galactocentric angular distance of
0.5 deg. However, the GC distances have large associated
errors, especially in the bulge region. In fact, their distances
could be as uncertain as 0.5 up to 1.5 kpc. Therefore, it
is preferable to inspect the projected angular distances.
The previous record holders were Ter1, Ter6 and Pal6,
located at 2.62,2.59 and 2.75 deg, respectively, from the
Galactic centre. Assuming Ry = 8.3 kpc (Dékédny et al.
2013), these angular distances are equivalent to projected
Galactocentric distances of Rg = 379,375 and 398 pc,
respectively. However, these three clusters are located in
front of the Galactic bulge, at heliocentric distances of
6.7,6.8, and 5.7 kpc, respectively. Consequently, their real
Galactocentric distances are Rg = 1.6,1.5, and 2.6 kpc,
respectively, according to the catalogue of Harris (2010).
With a heliocentric distance D=6.1 kpc, Minni40 may be
very close to being among the top record holders as the
closest GC to the Galactic centre, with Rg = 2.2 + 1.5
kpc. The extinction values Ag = 0.46 and Ay = 3.93 mag
from Gonzalez et al. (2012) using Nishiyama extinction
law (Nishiyama et al. 2009) are not so extreme in the field
of this cluster so that its Galactocentric distance should
be reliable. Spectroscopic parallax is a possibility for an
independent distance estimate to confirm Minni40 as the
closest GC to the Galactic centre (e.g. Dias et al. in prep.).

6 CONCLUSIONS

We have presented the CMDs for 22 newly discovered
GC candidates in the Galactic bulge. The deep NIR

MNRAS 000, 1-11 (2019)
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Figure 4. Luminosity functions (LFs) showing for each cluster (from top to bottom): the cluster area, the background field, and the
decontaminated cluster, respectively.

PSF photometry from the VVV Survey allowed us to located within the Galactic bulge, at heliocentric distances
differentially decontaminate the NIR, CMDs of these GC 6.1 < D < 10 kpc. We have explored CMDs and LFs of
candidates. We used Gaia-DR2 PM dataset to search for the GC candidates, in order to identify which of them are
overdensities in the PM plane in each of the GC candidate most likely to be true GCs. We conclude that it is very
regions. Based on these analyses, we could discard in all difficult to confirm the physical reality of bulge GCs, and
certainty 5 out of the 22 objects as not real GCs, namely, in many cases other alternative techniques are needed to
Minni 25, 27, 36, 43 and 44. On the other hand, our best corroborate our findings. There are at least two RR Lyrae
candidates turned out to be Minni23 and Minni28. We stars clustering spatially for the GC candidates Minni 24,
also compare the decontaminated CMDs with those of the Minni 25, Minni 28, Minni 30, Minni 33, Minni 34, Minni 37,
well known GCs NGC6642 (metal-poor) and NGC 6637 Minni 38, Minni 39, Minni40 and Minni43. There appears
(metal-rich), in order to estimate their reddenings and to be at least two Mira variable stars clustering spatially for
distances. Many of the new GC candidates appear to be the GC candidates Minni 30, Minni 33, Minni 36, Minni 39
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Figure 5. Distances measured using individual RR Lyrae (black circles) and Mira (light-blue circles) variable stars in the fields of the

GC candidates. On average, assuming that they

are all field stars, the RR Lyrae distances appear to be systematically shorter than the

Mira distances. This is because the brightest Miras (with Ky < 11 mag) are saturated in the VVV photometry.

and Minni40. In addition, we find the closest GC in angular
projection to the Galactic centre, Minni40, located at a
projected angular distance of only 0.5 deg from the Galactic
centre. Those clusters that have been shown here as likely
real, should be followed-up with other techniques in order
to secure their classification and refine their physical
parameters, as discussed by Minniti et al. (2018a). The
follow-up could be done with spectroscopy as well as in
the future with long baseline VVVX data we might get
astrometric signature for some of the clusters.
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Table 1. New globular cluster candidates discovered using NIR VVV Survey photometry. The table lists the GC identification, equatorial
coordinates (J2000), tile ID, numbers of RR Lyrae and Mira stars within 5 arcmin of each cluster centre, Ky band absorption, our outcome
analysis, PMs in Galactic coordinates, the comparison GC, and estimated heliocentric distances in kpc.

1D RA2000 DEC2000 tile NRR NMira Ag;“ CMDyccont (15 1) CMDpp  Comp. Dist.¢
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Minni25  265.9887 -33.9416 b302 8 3 0.32 NO (-6.9, 40.3) NO N6642 —
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Minni27  267.9595 -33.8665 b275 12 1 0.29 NO? (-6.1, -0.3) NO? N6642 —
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Minni36  268.9833 -29.9706 b305 9 10 0.24 NO (-3.3,-0.4) NO? N6642 —

Minni37  269.0145 -29.5806 b306 19 8 0.23 YES (-1.6, -0.4) YES? N6642 8.8 kpc
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