University of
Hertfordshire UH

Citation for the published version:
Lucas, P., & Minniti, D. (2018). Confirmation of a New Metal-poor Globular Cluster in

the Galactic Bulge. The Astrophysical Journal, 866(1), [12]. DOI: 10.3847/1538-
4357/aadd06.

Document Version: Accepted Version

Link to the final published version available at the publisher:

https://doi.org/10.3847/1538-4357/aadd06

© 2018 The American Astronomical Society. All rights reserved.

General rights

Copyright®© and Moral Rights for the publications made accessible on this site are retained by the
individual authors and/or other copyright owners.

Please check the manuscript for details of any other licences that may have been applied and it is a
condition of accessing publications that users recognise and abide by the legal requirements
associated with these rights. You may not engage in further distribution of the material for any
profitmaking activities or any commercial gain. You may freely distribute both the url
(http://uhra.herts.ac.uk/) and the content of this paper for research or private study, educational, or
not-for-profit purposes without prior permission or charge.

Take down policy

If you believe that this document breaches copyright please contact us providing details, any such
items will be temporarily removed from the repository pending investigation.

Enquiries

Please contact University of Hertfordshire Research & Scholarly Communications for any enquiries at
rsc@herts.ac.uk



DRAFT VERSION JUNE 11, 2018
Preprint typeset using IATEX style AASTeX6 v. 1.0

CONFIRMATION OF A NEW METAL-POOR GLOBULAR CLUSTER IN THE GALACTIC BULGE *

DANTE MINNITIV?? | E. F. SCHLAFLY *°, TALI PALMAS, JUuAN J. CLARIA®, MAREN HEMPEL", JAVIER ALONSO-GARCiA® 2,
EDpuaArRDO BicaA?, CHARLES BoONATTO?, VITTORIO F. BRAGA?, GISELLA CLEMENTINI'® ' ALESSIA GAROFALO!® ' MAatias
GOMEZ', VALENTIN D. Ivanov'?, PuiLLie W. Lucas'®, Joyce PuLLEN?, RoBERTO K. Sarro!, LeEicn C. Smrtu'!?

1Departament0 de Fisica, Facultad de Ciencias Exactas, Universidad Andrés Bello, Av. Fernandez Concha 700, Las Condes, Santiago, Chile.
2Instituto Milenio de Astrofisica, Santiago, Chile.
3Vatican Observatory, V00120 Vatican City State, Italy.
4Lawrence Berkeley National Laboratory, One Cyclotron Road, Berkeley, CA 94720, USA
5Hubble Fellow
6 Observatorio Astronémico, Universidad Nacional de Cérdoba, Laprida 854, Cérdoba, Argentina.
"Pontificia Universidad Catélica de Chile, Instituto de Astrofisica, Av. Vicunia Mackenna 4860, Santiago, Chile.
8Unidad de Astronomia, Facultad Cs. Bésicas, Universidad de Antofagasta, Avda. U. de Antofagasta 02800, Antofagasta, Chile.
9Departarnent0 de Astronomia, Universidade Federal de Rio Grande do Sul, Porto Alegre, Brazil.
LOINAF-Osservatorio Astronomico di Bologna , Via Gobetti 93/3, 1-40129 Bologna, Italy
11Dipartimento di Fisica e Astronomia, Universit di Bologna, Via Gobetti 92/3, 1-40129 Bologna, Italy
12Europeam Southern Observatory, Karl-Schwarszchild-Str. 2, D85748 Garching bei Muenchen, Germany.
13 Centre for Astrophysics Research, University of Hertfordshire, College Lane, Hatfield AL10 9AB, UK.
1Z’LDepaLrtarnento de Fisica, Universidade Federal de Santa Catarina, Trindade 88040-900, Florianépolis, SC, Brazil.
B Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge, CB3 OHA, UK.

ABSTRACT

We use deep near-IR photometry of the VISTA Variables in the Via Lactea (VVV) Survey and deep
DECam Plane Survey (DECaPS) optical photometry to confirm the physical reality of the candidate
globular cluster (GC) Minni 22, located in the Galactic bulge. This object, detected as a high density
region in our maps of bulge red giants, is now confirmed as a real GC based on the optical and near-
IR color-magnitude diagrams. We also recover 3 known fundamental mode (ab type) RR Lyrae stars
within 2 arcmin of the cluster center. The presence of RR Lyrae stars seems also to confirm Minni 22
as a bonafide old and metal-poor globular cluster. We estimate a cluster reddening E(J — Ks) = 0.6
mag, and determine its heliocentric distance D = 7.4 £ 0.3 kpc. The optical and near-IR color-
magnitude diagrams reveal well-defined red giant branches in all cases, including a red giant branch
bump at Ks = 13.30£0.05 mag. The comparison with theoretical isochrones yields a mean metallicity
of [Fe/H] = —1.3+0.3 dex, and age of t ~ 11.2 Gyr. This is a good example of a new low luminosity
(My = —6.2 mag) GC found in the central bulge of the Milky Way. After discussing the different
ways to confirm the existence of bulge GC candidates, we find that one of the best methods is to use
the CMDs from the combination of the DECaPS + VVV photometries.

Keywords: Chemical abundances — Galaxy: bulge — Galaxy: evolution

1. INTRODUCTION: HOW TO CONFIRM A GLOBULAR CLUSTER?

Globular clusters (GCs) are certainly very interesting astronomical objects because they represent the oldest pop-
ulations of our Galaxy. Part of them have survived dynamical destruction processes, they have unique structural
parameters, chemical compositions reflecting the first generation of stars, and their age distribution teaches us about
the formation of the Milky Way. GCs can be used to develop and test models of stellar evolution and nucleosynthesis.
However, they are relatively rare, containing about 2% of the stars in the halo of our Galaxy (Suntzeff, Kinman & Kraft
1991). The identification of new GCs (even low-luminosity ones) would allow to improve significantly our knowledge of

2 Based on observations collected at the European Organisation for Astronomical Research in the Southern Hemisphere under ESO
programmes 179.B-2002 and 298.D-5048.
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the Galactic GC population. The importance of the discovery of still another GC should not be minimized. In fact, the
Galactic GCs are much less numerous than the open clusters, for example, fewer than 200 of them are known to date
in the entire Galaxy. Therefore, any new discovery is important, as each GC is a treasure in itself, allowing a variety
of studies in the fields of dynamics, chemical composition, stellar populations, stellar evolution, stellar variability, etc.

The metal-poor GCs in the Galactic bulge, in particular, are very interesting because they may represent the oldest
stellar systems in our Galaxy (e.g., Barbuy et al. 2006, 2009). However, searching for GCs in the Galactic bulge
is a hard task, and new Galactic GCs in this region are very difficult to find due to both high stellar density and
interstellar extinction. New cluster candidates identified in images by using visual inspection or automatic detection
algorithms should exhibit a significant overdensity above the background. They should also be seen both in the optical
and near-IR images, although this criterion should be less strict in the presence of high (background and foreground)
stellar contamination. They should be more or less round, although this criterion can be relaxed in the presence of
differential reddening. Also, at the distance of the Galactic bulge, the GC sizes (half light radii) should be between 1
and 10 arcmin (White & Shawl 1987, Chen & Chen 2010).

Furthermore, confirming the presence of a GC in the Galactic bulge is also difficult. There is probably not a unique
recipe to decide that a candidate is a real GC. For example, it is very different to confirm a GC located in the Galactic
halo from confirming a cluster located in the inner bulge. The requirements for the GCs located in the bulge should
be much more stringent given the large and differential extinction and the high foreground and background stellar
contamination. To confirm the physical reality of a GC, one or a few of the following methods can be used:

1) Building a CMD and determining the cluster luminosity function (LF) to detect the features and sequences typical
of GCs, such as the red giant branch (RGB), the turn-off (TO), the horizontal branch (HB), the red clump (RC) and
the bump in the red giant branch (RGBB). This is a very powerful method, but in case of severe foreground and
background contamination (like in the bulge or in low latitude disk fields), a decontamination method is recommended
to statistically subtract the background from the CMD and from the LF (e.g, Bonatto et al. 2007; Palma et al. 2016).
However, this procedure requires deep (passed the main-sequence TO) and high quality data (with small photometric
errors and high spatial resolution).

2) Using photometry from independent datasets preferably in different passbands (e.g., a new IR cluster candidate
can be confirmed with optical photometry and viceversa). However, in case of very high interstellar extinction, the
confirmation by optical photometry would be practically impossible.

3) Adjusting theoretical isochrones to the observed CMDs or comparing these CMDs with those of known GCs of
similar metallicities.

4) Detecting and using RR Lyrae variable stars that are representative of old and metal-poor stellar populations.
These stars are frequently found not only in metal-poor GCs but also in the Galactic halo and bulge. They are
excellent reddening and distance indicators. The presence of RR Lyrae variable stars in a stellar cluster guarantees
that this is a GC. In the bulge fields, the concentration of RR Lyrae stars has to be larger than the background (the
bulge RRL density varies from 80 to 440 RRL/deg? from Pietrukowicz et al. 2015), and they have to be located at
similar distances to be considered members of the same GC. Nevertheless, this method cannot be used for metal-rich
GCs, which generally do not contain RR Lyrae variables.

5) Using proper motions (PMs) astrometrically or radial velocities (RVs) spectroscopically. The measurements of
PMs and/or RVs can be used to decontaminate the CMDs to confirm the features and sequences typical of GCs. It is
clear that this technique is only capable of helping if one can tell bulge PMs (or RVs) from GC PMs (or RVs), which
depend on the cluster mean motion, and therefore in some cases it may require more precision than is so far available.

6) Determining spectroscopically individual stellar abundances that yield the chemical footprint typical of GCs.
This last method is costly in telescope time since it requires high dispersion spectroscopy and relatively high SNR.

It is worth pointing out that many of these techniques are vulnerable to the effects of variable extinction and
reddening in similar ways, and accordingly they are not really independent tests. For example, dust-related concerns
will affect techniques 1, 2, 3, and —to a lesser extent— 4.

In this work we explore several of these procedures in order to confirm the physical reality of one of the bulge GC
candidates recently discovered by Minniti et al. (2017). We selected cluster Minniti 22 (Minni 22, for short) as one of
the best candidates because of the presence of RR Lyrae variable stars in its field, as discussed below. Minni 22 turns
out to be a new GC that is not listed in any of the previously known GC catalogs. In particular, in order to confirm
Minni 22 as a real GC, we combine here data from two large surveys of the Galactic plane: the DECam Plane Survey
(DECaPS) optical data (Schlafly et al. 2017) with the VISTA Variables in the Via Lactea (VVV) Survey near-IR data
(Minniti et al. 2010).



2. THE GLOBULAR CLUSTER MINNI 22

We use data from the VVV Survey (Minniti et al. 2010; Saito et al. 2012) acquired with the VIRCAM camera at the
VISTA 4 m telescope at the ESO Paranal Observatory (Emerson & Sutherland 2010) between years 2010 and 2016,
and reduced at the Cambridge Astronomical Survey Unit (CASU) with the VIRCAM pipeline v1.3 (Irwin et al. 2004).
The PSF photometry adopted to build the deep near-IR, CMDs was made with DoPhot, following Alonso-Garcia et
al. (2015).

We also exploit the data obtained by the DECaPS Survey, which is a grizY-band optical survey of the southern
Galactic plane (Schlafly et al. 2017). This survey was carried out using the Dark Energy Camera at the 4 m telescope
of the Cerro Tololo Inter-American Observatory. The DECaPS optical photometry is very deep, reaching past the
main-sequence turn-off at the distance of the bulge for moderate reddenings E(B—V) ~ 1.5 mag. Typical photometric
depths are 23.7, 22.8, 22.3, 21.9 and 21.0 mag in the grizY-bands, respectively, with a seeing of around 1 arcsec. The
DECaPS Survey covers the highly reddened regions of the Southern Galactic plane with 5 > [ > —120 deg and |b| < 4
deg, including the cluster studied here.

Minniti et al. (2017) discovered 22 new GC candidates in the Galactic bulge using density maps made after
performing appropriate cuts in the Wesenheit near-IR CMD. To seek confirmation of these clusters, we started by
choosing the best candidate. First, we selected the clusters that have RR Lyrae stars within 1 arcmin from their
respective centers. These clusters are: Minni 9, 11, 12, 20, and 22. They all have 1 RR Lyrae star within 1 arcmin.
However, there is only one cluster, Minni 22, which has 2 RR Lyrae stars within 1 arcmin. Further inspection revealed
that this cluster has 3 RR Lyrae type ab stars within 2 arcmin of its center. As it will be discussed below, the
magnitudes —and therefore the distances— of the RR Lyrae stars are consistent with cluster membership, which made
Minni 22 the prime object whose real GC nature is investigated.

Minni 22 is located at Equatorial coordinates RA = 17 : 48 : 51.4, DEC = —33 : 03 : 40 (J2000), and Galactic
coordinates [ = 356.8283 deg, b = —2.7285 deg, in VVV tile b289, at an angular distance of about 4.5 degrees from
the Galactic center. In Figure 1, we show a density map of red giants (selected following Minniti et al. 2017) covering
a field of view of 11 x 12 sq. arcmin of this cluster. This map clearly shows an overdensity in the cluster region.
This detection has a significance of 11.0 according to the test of Koposov et al. (2007). A similar overdensity of red
giants is seen in the maps of the optical sources in the DECaPS images. Other overdensities are not real because
they correspond to saturated stars. After a test to confirm those false positives of similar significance, we
eliminated the more saturated stars and indeed we confirmed that the only real over density was at
the cluster location.

Minni 22 is one of the smallest clusters found by Minniti et al. (2017), with a radius r ~ 1 arcmin. A finding chart
of 3.8 x 3.8 sq. arcmin centered on Minni 22 is shown in Figure 2. Due to the high density of background sources, the
cluster can be barely seen in the optical and near-IR images. Therefore, its size is poorly defined, but it is certainly
in the low end of the size distribution for Galactic GCs (White & Shawl 1987, Chen & Chen 2010).

3. RR LYRAE AND OTHER VARIABLE STARS IN MINNT 22

There are 3 RR Lyrae type ab (RRab) stars in the field of Minni 22, located within 2 arcmin of its center. These
RRab variables, listed in Table 1, were recently detected by the Optical Gravitational Lensing Experiment (OGLE)
Survey (Pietrukowicz et al. 2015). Table 1 presents star identifications, photometry in the various filters (VI from
OGLE and ZYJHK from VVV) and distance moduli. The OGLE light curves needed to be phase corrected
in order to interpolate the sample to the J-band. However, after this correction neither the mean
magnitudes nor the results changed. All 3 RRab stars have a relatively narrow spread in periods, magnitudes
and colors, indicating that they have similar reddenings and that they are all located at approximately the same
distance. The average RR Lyrae surface density in the region is found to be 0.07 RRab/sqarcmin in
the surrounding field, while the RR Lyrae density centered in the cluster is 3.5 times higher, that is,
0.24 RRab/sqarcmin. Despite the small statistics sample, there is a significant RR Lyrae excess. In
order to be more quantitative, the periods are slightly different, with P3;37 = 0.51 days, typical of an 0ol population,
P3178 = 0.59 days, typical of an Oo-intermediate population, and Psa58 = 0.62 days, typical of an 0oll population.
Therefore, the Oosterhoff class of this cluster is uncertain (Oosterhoff 1939, see also Catelan & Smith 2015). We note
that the total color ranges are A(I — Ks) = 0.16, A(J — Ks) = 0.26, and A(V — I) = 0.16. These ranges are narrow
enough, except for A(J — Ks), which can be explained considering that there are numerous multiple observations in
the Ks-band, while the J-band is the result of a single epoch observation.

We list the distance moduli of the 3 RR Lyrae in the last column of Table 1, computed using the PLZ relation from
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Muraveva et al. (2015). Based on these distance moduli, we estimate their mean value to be (m — M)y = 14.3 £ 0.08,
equivalent to D = 7.3 £ 0.3 kpc. A different PLZ relation from Navarrete et al. (2017) yields a slightly larger mean
distance modulus (m — M)y = 14.40 £ 0.08 or D = 7.6 & 0.3 kpc. Therefore, we adopt a mean RRab distance of
D = 17.4+0.3 kpc. However, in order to quantify the possible differences, if we consider only OGLE-BLG-RRLYR-3181
and 3178 (the closest), m — M = 14.25 + 0.08 from Muraveva et al. (2015), and 14.35 + 0.08 from Navarrete et al.
(2017) are obtained. If we consider only OGLE-BLG-RRLYR-3181 and 3258 (with periods of 0.58 and 0.62 days),
m — M = 14.35 £ 0.07 from Muraveva et al. (2015), and 14.44 £ 0.07 from Navarrete et al. (2017) are yielded.

Figure 3 shows the location of the 3 newly discovered RR Lyrae stars superimposed on the CMD of the bulge RRab
stars from Pietrukowicz et al. (2015). This figure implies that the 3 RRab stars listed in Table 1 are slightly brighter
on average (and are therefore located closer) than the bulk of the RRab variable stars in the bulge. Considering the
known RR Lyrae stars in the bulge, we can estimate the expectation for 3 RRab stars to fall within a 2 arcmin radius
and to have similar distance moduli (JA(m — M)p| < 0.1 mag). Poisson statistics and Montecarlo simulations yield a
very low probability of this occurrence (P < 1%). Consequently, the fact that the tight group of 3 RR Lyrae stars lie
at consistent distances is the most convincing proof that we are dealing with a real GC.

There is another RR Lyrae type ¢ (RRc) candidate in the field of Minni 22, with period P = 0.25906458 days, located
at about 2 arcmin away from the cluster center. This is OGLE-BLG-RRLYR-3266, situated at RA = 17 : 49 : 01.31,
DEC = —33: 02 : 11.7(J2000). This object, however, is much too faint to be a cluster member. With measured
magnitudes V = 19.64, I = 17.49, J = 15.88, and Ks = 15.14, it should be much more distant than Minni 22. We
then classify this RRc star as a background variable star.

There are also a couple of Mira variable stars located ~ 3 arcmin due South, and ~ 3 arcmin due East from the cluster
center, respectively. These Miras are 2MASS J17490219-3302189 and OGLE-BLGLPV-47292, and they may also be
associated with the cluster. These stars, unfortunately, are too bright (Ks < 8), and appear saturated in the VVV
and in the DECaPS images. Although these Mira stars in the CMD are not located far from the cluster
RGB, this fact in itself is not enough to confirm cluster membership. Consequently, radial velocities
are needed. In addition six variable stars are also found within 2 arcmin of the GC center, that are classified
as semirregular variables. These stars are: OGLE-BLGLPV-47165, OGLE-BLGLPV-46992, OGLE-BLGLPV-47119,
OGLE-BLGLPV-48550, and OGLE-BLGLPV-46147. Like the Mira stars, these variables also appear saturated in the
VVV and DECaPS§ images so, based on our photometric data, they could not be confirmed as cluster members.

4. NEAR-IR CMDS AND COMPARISON WITH KNOWN GCS

Figure 4 shows the near-IR, CMD for the GC Minni 22 compared with the CMDs of the known Galactic GCs NGC
6642 and Djorg 1. Minni 22 is close in projection (17.5 arcmin away) to the GC Djorg 1 that is located at Galactic
coordinates | = 356.67 deg, b = —2.48 deg in the VVV tile b303. Minni 22 is located in the bulge at D = 7.4 kpc,
while Djorg 1 is at D = 12.0 kpc (Harris 2010). Hence, both clusters are physically unrelated.

According to the CMDs, cluster Minni 22 appears to be significantly reddened with E(J — Ks) = 0.6 mag. From
existing maps, we obtain a near-IR extinction Agxs = 0.47 mag, adopting the field extinction of Schlafly & Finkbeiner
(2011) that use the extinction curve from Fitzpatrick (1999). For comparison, from the color excess maps by Gonzalez
et al. (2012), and assuming the extinction law by Alonso-Garcia et al. (2017), the extinction is Axs = 0.26 mag
in this field. The choice of extinction is one of the major sources of error in the distance determination made here.
These differences arise from the various methods used, and also from the slope of the adopted extinction law (e.g. the
extinction slope of Alonso-Garcia et al. (2017) is steeper than those of Cardelli et al. 1989 and the Fitzpatrick (1999),
producing therefore less infrared extinction per optical extinction). Nonetheless, the interstellar extinction for Minni
22 is clearly smaller than that of GC Djorg 1 (Ax = 1.58 mag). That is why the near-IR, CMD of Minni 22 looks
cleaner than that of Djorg 1, which is also a metal-poor GC with [Fe/H| = —1.58 dex (Valenti et al. 2010, Harris
2010).

Minni 22 appears to be metal-poor based on the morphology of the CMD, which is very similar to that of the known
GC NGC 6642 with [Fe/H] = —1.3 £ 0.2 dex (Minniti 1995, Barbuy et al. 2006, Kim et al. 2006, Valenti et al. 2010,
Harris 2010), as shown in Figure 4. We note that even if the metallicity is not the only factor shaping the CMD of a GC,
it is the major one and that, for our purposes, it is fine to neglect other factors like Helium abundance, rotation, etc.
Using the CMDs, we can measure the heliocentric distances differentially with respect to selected comparison clusters
also observed by the VVV Survey. We adopted a distance Dygcesae = 8.1 kpce for the comparison cluster NGC 6642
(Harris 2010). Figure 4 shows that the RGBB of Minni 22 has a similar magnitude to the RGBB of NGC 6642. The
RGBB in the near-IR CMDs of Minni 22 is well defined. Its mean magnitudes and colors are: Ksrgpp = 13.30£0.05,
J—Ks=1.2240.02, and Y — Ks = 2.07 £ 0.03. The RGBB of NGC6642 has Ksrgpp = 13.20 £ 0.10 mag (Kim et
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al 2006). Even though Minni 22 (with Ag, = 0.47 mag) is more reddened than NGC 6642 (with Axs = 0.12 mag),
we can conclude from the CMDs of Figure 4 that these two clusters should both be located in the Galactic bulge,
consistent with the distance measured using the RR Lyrae, D = 7.4 £+ 0.3 kpc.

5. COMPARISON WITH THEORETICAL ISOCHRONES

It is important to test if there is consistency between the theoretical isochrones for different combinations of optical
and near-IR CMDs. This is the case for cluster Minni 22, where we have found that the isochrone for an old and
metal-poor population fits well all the different CMDs.

Figure 5 shows the near-IR CMD for the GC Minni 22 compared with three selected PARSEC theoretical isochrones
(Bressan et al. 2012; Marigo et al. 2017) *. The isochrones correspond to an age of ¢t = 11.2 Gyr, and the metallicities
are z = 0.0001, 0.0008, and 0.02, from left to right. These isochrones were shifted in order to fit the cluster RGB. The
three RR Lyrae type ab stars members of this GC are also indicated (yellow squares), and they are fainter and bluer
than the RGBB in this CMD, as expected if they lie in the extended HB of the cluster.

We cannot accurately measure the cluster metallicity using the slope of the RGB (as prescribed by Valenti et al.
2004) because there are few stars and the upper part of the RGB is saturated in our photometry. However, the fit to
the theoretical isochrones gives a good indication of its metallicity.

We decided to apply a statistical decontamination procedure in order to obtain a cleaner CMD. The diagrams of the
GC region as well as those comparison fields can be seen in Figure 6, in the upper left and right panels, respectively.
Based on these CMDs, we calculate the contamination statistics for each CM space bin and select a portion of sources
at random to be cluster members as a function of this. The resulting decontaminated near-IR CMD of Minni 22 can be
seen in the bottom-left panel, and it reaches the main-sequence turn-off at K's ~ 16.7 mag. Clearly, the background
region has more differential extinction than the cluster region. This effect varies depending on what
control region we choose. However, as revealed by the extensive comparisons made using numerous
a dozen fields at different locations, the same effect is found in all surrounding background regions.
Despite the higher spread in reddening, when the CMD of the cluster is superimposed over that of the
background, the main CMD features seem to be well correlated with nearly similar extinctions.

We then fitted the Bressan theoretical set of isochrones, which offer the benefit of varying the metallicity in almost
a continuous way. The isochrone that best fits the decontaminated CMD is for Z = 0.00095 and log t = 10.05,
and therefore we adopt the cluster metallicity of [Fe/H] = —1.3 + 0.03 dex, and an age t = 11.2 Gyr. Caution
with metallicity degeneracy should be taken, pending spectroscopic metallicity determinations. We also
analyzed the luminosity function and found that the clump is well defined at Ks = 13.30 4+ 0.05 mag. Based on the
comparison with the isochrone fittings, we conclude that Minni 22 is an old and metal-poor GC, consistent with the
presence of the RR Lyrae variable stars.

The decontaminated CMDs also allow us to estimate the GC total luminosity. Simply coadding the fluxes of the
stars yields total apparent magnitudes Jiotq; = 7.6 and KSiorqr = 6.4 mag. Correcting for absorption (Agxs = 0.47)
we obtain Ksy = 5.9 mag. The intrinsic mean optical near-IR color of GCs in the Milky Way and M31 is known
to be (V — K)o = 2.2+ 0.1 mag (e.g. Grasdalen 1974, Cohen 1993). Adopting this value (and ignoring the small
difference between the K and Ks-bands), we obtain a total optical magnitude V5 = 8.1 mag, and absolute magnitude
of My = —6.2 mag for a distance of D = 7.4 kpc. We are aware that this is a very uncertain estimate, and so we
conservatively adopt an error of o ~ 0.5 mag, because the absolute magnitude depends not only on the distance but
also on the extinction and on the statistical decontamination of the CMD. In conclusion, we find that Minni 22 is a
low luminosity Galactic GC.

6. OPTICAL PHOTOMETRY WITH DECAM AND GAIA

We matched the VVV near-IR stellar sources to the optical DECaPS sources from Schlafly, et al. (2017). Because
these are crowded fields, we matched the stellar positions to within 0.6 arcsec (larger match tolerances like 1 arcsec lead
to too many duplicate sources). Figure 7 shows the optical r vs g—r and i vs r—i CMDs based on DECam photometry
for Minni 22 as well as the CMDs for a 12 arcmin sq. field compared with a small 2 sq. arcmin field centered on the
cluster. This figure also presents the r vs g —r and ¢ vs r —i CMDs for the cluster region in comparison with PARSEC
theoretical isochrones. The RGBB is clearly seen in all the CMDs constructed using the DECam photometry for the
different combinations of the grizY filters (no u-band photometry is available).

I Throughout the text, we use the PARSEC v1.28 isochrones for DECam ugrizY (ABmags) + VISTA ZY JHKs (Vegamags) from
hitp : //stev.oapd.inaf.it/cgi — bin/cmd.



From the optical CMDs, the measured RGBB using DECaPS photometry (Schlafly, et al. 2017) yields the following
mean AB magnitudes: rrapp = 18.2, graep = 20.6, irges = 17.1, zrgpp = 16.3, and Yraepp = 16.0 mag, and
mean colors: g — rrge = 2.4, g —iraB = 3.5, 9 — Yrapp = 4.6, r —iggpp = 1.08, © — zrgpp = 0.75, and
z — Yrepp = 0.34 mag. For Ksrapp = 13.30 mag from the VVV photometry, the optical-infrared colors of the
RGBB are: g — Ksgrapp = 7.5, i — Kspragpp = 4.0 mag.

We have also fitted the Bressan et al. (2012) isochrones, adding the fits to the combined optical near-IR. CMDs of
Figs. 7 and 8. Figure 8 shows optical-IR CMDs compared with theoretical isochrones. The DECaPS photometry of
Schlafly et al. (2017) in itself is deeper than the main-sequence turn-off. Unfortunately, the combination of optical
near-IR. CMD barely reaches the main sequence turn-off. In this case, the fits can only be used to rule out younger
ages but they cannot be used to measure the cluster age accurately. The isochrone in the CMD (g — K, Ks)
has an insignificant offset from the main locus, which depends on the distance, extinction and color, as
well as on the particular reddening law adopted. All of our CMDs are consistent with an age of ¢ > 10 Gyr,
as suggested by the presence of RR Lyrae stars.

The large wavelength baseline helps to discriminate the background field stars. Note that the DECam photometry is
in AB magnitudes, while the VVV photometry is in Vega magnitudes. The PARSEC isochrones used here correspond
to these magnitude scales.

Given the quality of the combined optical and near-IR data, we conclude that at present the best way to confirm
these objects as GCs are CMDs based on DECaPS + VVV photometry.

The Gaia space mission also obtained optical photometry of the region in the broad G-band (Perryman, et al. 2001,
Jordi et al. 2010, Gaia Collaboration 2016 “). Again, because these are crowded fields, we matched the stellar positions
to within 0.6 arcsec. In Figure 9, we compare the near-IR Ks vs G — Ks CMD for Minni 22 with the corresponding
optical near-IR CMD. Both CMDs look similar, although the effect of differential reddening can be more clearly
observed in the optical photometry. This results in a wider disk main sequence and cluster RGB. As shown in Figure
9, the Gaia photometry is not as deep as the DECam photometry, which reaches the cluster TO. This figure, however,
illustrates that Gaia would be able to obtain PMs for the cluster red giants.

7. VVV PROPER MOTIONS

The PM vector diagram can be used to decontaminate the CMDs of the GCs in the Galactic bulge (see Libralato et
al. 2015, Contreras Ramos et al. 2017). Recently, Smith et al. (2017) made a full astrometric catalogue of the VVV
survey (VIRAC), measuring PMs for stellar objects in the VVV near-IR images down to Ks ~ 17 mag, including the
region of Minni 22. Their PMs have a median uncertainty of o = 0.67 mas/yr in the 11 < Ks < 14 mag range that
includes the RGB of Minni 22. Such accurate PMs are very useful to separate bulge stars from foreground stars in the
Galactic disk (Smith et al. 2017).

The PM vector diagram shown in Figure 10 for the 2’ x 2’ region of this GC shows that the mean cluster motion
is not very different from that of the bulk of the bulge field stars. In spite of that, the PMs still provide a useful way
of cleaning the CMDs in the Galactic bulge direction because the foreground disk stars exhibit an asymmetric drift.
The PM cleaned CMD, shown in the right panel of Figure 10, exhibits a tighter RGB and a prominent RGBB. The
location of these GC main features match the location of the features seen in the CMDs obtained using the statistical
background decontamination (Figure 6). Unfortunately, however, the PM selection does not reach the same depth
as the VVV CMDs in these fields, which go as far as 1.5 mag deeper, down to the MS turn-off. The PM errors
increase as the magnitudes become fainter, as shown in Fig. 5 of Smith et al. (2017). Only the most
accurate measurements were used (with reliable flag = 1), thus eliminating the faintest sources. Also,
the cluster CMD in Figure 10 appears to show best a blue HB component similar to that of the comparable template
GC NGC6642 (Figure 4), which further corroborates the metal-poor GC nature of Minni 22.

8. CONCLUSIONS

Based on different lines of evidence, such as combined optical and near-IR photometry, the presence of RR Lyrae
and the PM of cluster stars, we conclude that Minni 22 is a genuine bulge GC. Although this might be considered
overkill, it is however necessary to confirm the physical reality of a new GC candidate due to a variety of troubles that
arise when seeking GCs in the bulge direction, such as high interstellar extinction, foreground and background stellar
contamination and crowding.

2 We consider Gaia DR1 data. The future DR2 data will be more complete, particularly in the bulge regions where detections are
sometimes thrown because of buffer filling.
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A summary of the cluster parameters is given in Table 2. The near-IR CMD of the GC Minni 22 is similar to
that of the metal-poor Galactic GC NGC 6642. The optical CMDs also look like metal-poor GC. The best fit with a
theoretical stellar isochrone yields an age of ¢ = 11.2 Gyr, and a metallicity [Fe/H] = 1.3 dex, Minni 22 hosts three
RR Lyrae. This fact not only indicates its GC nature but also that it corresponds to metal-poor stellar populations.
We point out that although the co-existence of multiple RR Lyrae within a small volume is a valid confirmation of GC
status, it is not a pre-requisite (not all GCs host RR Lyrae). The presence of RR Lyrae also indicates that this is an
old cluster (with age > 10 Gyr). We determine for the GC Minni 22 an accurate distance D = 7.4 + 0.3 kpc from the
RR Lyrae type ab stars. PMs have also been used to clean the cluster RGB to verify the position of its RGBB and to
confirm the presence of an extended HB. We also estimate that this is a low luminosity Galactic GC, with My = —6.2
mag.

This is the first IR GC candidate that has been confirmed with optical DECaPS grizY and Gaia G-band photometry.
Based on this study, we conclude that one of the most powerful ways to confirm new GC candidates in the Galactic
bulge is to use a combination of optical and near-IR photometries.

The successful confirmation of Minni 22 as a genuine GC indicates that many of the new candidates being discovered
in the Galactic bulge (Minniti et al. 2017) are probably also real GCs. Is Minni 22 representative of a new population
of low luminosity old GCs in the bulge? Are we seeing the core of a dissolving/disrupted GC? These questions remain
open, and Minni 22 might well be a good candidate for a low luminosity dissolving cluster in the innermost part of
our Galaxy.
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Table 1. RR Lyrae type ab in the Globular cluster Minni 22.

ID

RA2000 DEC2000

long. lat. Period (d) Vv I J Ks

(me)()

OGLE-BLG-RRLYR-3181
OGLE-BLG-RRLYR-3178
OGLE-BLG-RRLYR-3258

17:48:49.38 -33:03:03.0 356.8336 -02.7171 0.51239463 19.57 17.08 15.08 14.33

17:48:49.02 -33:02:52.1

356.8355 -02.7144 0.58989198 19.40 16.92 15.23 14.36

17:49:00.30 -33:03:35.7 356.8454 -02.7545 0.62030367 19.27 16.94 15.36 14.35

14.23
14.35
14.32

Table 2. Measured Parametes for the Globular Cluster Minni 22.

Parameter Value Error Comment
RA(J2000) 17:48:49 30 arcsec  center from the density map of red giants
DEC(J2000) -33:03:03 30 arcsec  center from the density map of red giants

radius 2.0 arcmin
Ak, 0.47 mag
(m —M)o 14.30 mag
Distance 7.4 kpc
Age ~11.2 Gyr
[Fe/H| —1.3 dex
My —6.2 mag

0.5 arcmin
0.05 mag
0.08 mag
0.3 kpc
1.0 Gyr
0.3 dex
0.5mag

extension of RRab members

estimated from Schlafly & Finkbeiner (2011)
PLZ relations from Muraveva and Navarrete
mean distance of RRab

from the PARSEC isochrones

isochrones and presence of RRab

coadded stars in the decontaminated CMD
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Figure 1. Density map of red giants covering a field of view of 11 x 12 sq. arcmin of the cluster Minni 22, including the
detections in all ZY JH Ks bands. The VVV pixel scale is 34 arcsec, and the 2D histogram uses bins of 100 pixels, both in
x and y. The black circle with 2 arcmin diameter indicates the cluster position. Many of the other over densities are not real
because they include saturated stars.
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Figure 2. Near-IR color finding chart made from JHKs images, showing a 3.8 x 3.8 sq. arcmin centered on the cluster Minni 22.
The circle with radius 7 = 1 arcmin marks the approximate size of the cluster. The white arrows show the location of the three
cluster RRLyrae (see Table 1). The yellow arrow shows the position of a Mira variable star. This finding chart is oriented in
Galactic coordinates [, b, and the red arrows in the upper right show the orientation of Equatorial coordinates RA, DEC.
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Figure 3. CMD for Galactic bulge RR Lyrae type ab from Pietrukowicz et al. (2015), showing the location of the three RRab

cluster members. This figure shows that their distance is consistent with the peak of the bulge RRab distribution. The density
scale is arbitrary.
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Figure 4. Near-IR CMD for the globular cluster Minni 22 (left) along with the comparison clusters NGC6642 (middle) and
Djorgl (right). These have been obtained from PSF photometry on the VVV Survey images following Alonso-Garcia et al.
(2015). Note the resemblance of Minni 22 with NGC6642, that shows an extended HB and a clear RGBB.
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Figure 5. Near-IR CMD for the globular cluster Minni 22 compared with three selected PARSEC theoretical isochrones
(Bressan et al. 2012, Marigo et al. 2017). The isochrones shown correspond to an age of ¢ = 11.2 Gyr, and metallicities
z = 0.0001, 0.0008, and 0.02, from left to right. These isochrones have been shifted in order to fit the cluster RGB. The three
RRab found to be cluster members are plotted with big yellow squares.
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Figure 6. Near-IR CMD for a 2 arcmin sq. field centered in the globular cluster Minni 22 (top left) compared with a
background field of similar area located 5 arcmin away (top right). The statistically decontaminated CMD (bottom left) and
the Ks-band luminosity function (bottom right) clearly show the RGBB of the cluster. The shifts made for the isochrone
fittings were: E(J — Ks) = 0.69, A(Ks) = 0.35 and DM = 13.9 mag.
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Figure 7. Optical CMDs based on DECam photometry for the globular cluster Minni 22. The top panels show the r vs g — r
CMD for a 12 arcmin sq. field (left), for a 2 sq arcmin field centred on the cluster (middle), and the same compared with the
PARSEC theoretical isochrone of age ¢t = 11.2 Gyr and metallicity [Fe/H = —1.3] dex (right). The bottom panels show the
respective i vs 7 — i CMDs for the same regions. The RGBB is clearly seen in the CMDs made using the DECam photometry.
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Figure 8. Optical near-IR CMDs for a 12 x 12 sq. arcmin. field (top panels) compared with a 2 arcmin radius field centred on
the globular cluster Minni 22 (bottom panels). The optical photometry comes from the DECaP$ survey (Schlafly et al. 2017),
and the near-IR photometry from the VVV Survey (Minniti et al. 2010, Saito et al. 2012). The rightmost panels show the
optical near-IR CMDs for the globular cluster Minni 22 compared with PARSEC theoretical isochrones of age t = 11.2 Gyr and
and metallicity [Fe/H = —1.3] dex (right).
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Figure 9. Near-IR CMD (left) compared with the optical near-IR CMD (right) for the globular cluster Minni 22. The optical
photometry comes from Gaia and the near-IR photometry from the VVV Survey. Unfortunately, the Gaia photometry is not
as deep as the DECam photometry that reaches the cluster turn-off. However, this figure illustrates that Gaia would be able to
obtain PMs for the cluster red giants.
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Figure 10. Left panel: Ground based PMs measured using VVV Survey images (see Smith et al. 2017). The Minni 22 cluster
RR Lyrae from Table 1 are plotted in blue. Middle panel: Near-IR, CMD for a 2arcmin sq. field centered in the GC Minni 22
for all the stars with measured PMs. Right panel: Near-IR CMD for the same region but using only PM selected stars (stars
inside the grey circle in the left panel). The PM selection efficiently cleans the RGB and eliminates most foreground disk stars,
but loses stars near the main sequence TO region.



