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ABSTRACT

Context. The census of Galactic globular clusters (GCs) is still mptete, and about ten new objects are supposed to awaitdisco
hidden behind the crowded and reddened regions of the Galadtje and disk.

Aims. We investigated the nature of three new GC candidates, dised in the frames collected by the Vista Variables in the Vi
Lactea (VVV) near-infrared survey. They will be called VVM.002, VVV CL003, and VVV CL004.

Methods. We studied the results of PSF near-infrared photometry i data for the three objects and their surrounding elds,
the proper motion information available in the literatungl awhen possible, we derived the cluster parameters by sraamalibrated
indices measured on the color-magnitude diagrams.

Results. The evidence demonstrates that VVV CL002 is a newly dis@jesmall, moderately metal-rich ([8€] 0:4) Galactic
GC. ltis located at a Galactocentric distance of @.B kpc, and it could be one of the nearest GC to the Galaatiecedts character-
istics are more similar to those of low-mass, Palomar-liks@an of more classical, old, and massive bulge GCs. VVV(Q3Lif the
rst star cluster discovered in the Galactic disk on the agfgoside of the center with respect to the Sun, at a Galattdcelistance
of 5 kpc. Its high metallicity ([FeH] 0:1) and location point to an open cluster, but a GC cannot brided. VVV CL004,
on the contrary, is most probably only a random clump of diars, as indicated by both its low statistical signi canceldy the
impossibility to distinguish its stars from the surrourglield population.

Conclusions. We claim the detection afy a new Galactic GC, deriving an estimate of its basic pararsgt) a stellar aggregate,
probably an open cluster, in the disk directly beyond theaGlid center; andi) an overdensity of stars, most probably an asterism.

Key words. Galaxy: bulge — globular clusters: general — globular eisstindividual: (VVV CL002, VVV CL003, VVV CL004) —
Surveys

1. Introduction etal. 2011), and Mercer5 (Longmore et al. 2011). The fanfily o

: N Galactic GCs is thus steadily increasing, although therteuere
The census of Galactic globular clusters (GCs) is still Mo ¢ e G candidates is not always easy to unveil, and some ob-
plete, because distant objects can easily hide behind the

V . .
crowded and highly reddened stellar elds in the directidthe fects are still debated (see, for example, Froebrich e08R).

Galactic bulge and disk. Indeed, Ivanov et al. (2005) egBaha GICS aregl%;lbj(?[_cts, V‘_llt‘r?S.e agi.r?n(gef.gq{m aboué_?(ﬁlf to
that there should be 1@ undiscovered GCs hiding in the innef1€ary one Hubble ime. Their spatial distribution, andirthe
Milky Way. The advent of the new generation of extensive Su%hysmglchewqal properties, thus bear information about the
veys such as SDSS (Abazajian et al. 2009), 2MASS (Skruts glactic formation and evolution processes. However, toey

I . uously loose mass along their entire lifetime, becaddmth
et al. 2006), and GLIMPSE (Benjamin et al. 2003) permltt%tg;gernal processes such as Galactic tidal stress, andahtares

g ; : ch as stellar evaporation (Meylan & Heggie 1997; Gnedin &
compilation of the Harris (1996) catalog included seven neggtriker 1097). The identi cation and the study of low-mass

GCs not present in the February 2003 version, but seven m ; . . .
objects have been proposed in the last years: SDSS#825p oS in the Galactic bulge can therefore provide new informa-
(Sakamoto & Hasegawa 2006), FSR 584 (Bica et al. 200 n aboqt both its formauqn a_nd chemical _enrlchment Iisto
FSR 1767 (Bonatto et al. 2007), FSR 190 (Froebrich et r_’ld the tidal forces governing its dense environment.

2008a), P eiderer 2 (Ortolani et al. 2009), VVV CL001 (Miini  In this paper, we analyze three new cluster candidates dis-
covered in the VISTA Variables in the Via Lactea (VVV) Public

? Based on observations gathered with ESO-VISTA telescome (p Survey, which is gathering near-IR data of the Galactic @algd
posal ID 172.B-2002). inner disk (Minniti et al. 2010; Saito et al. 2010; Catelarakt
Correspondence tembidin@astro-udec.cl 2011). This survey is scanning the central regions of théyMil
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Way with unprecedented depth and extension, thus gengratin
the ideal database to search for missing GCs in the innex¢ala
Following the nomenclature introduced by Minniti et al. {20
and Borissova et al. (2011), the objects under study hetdwil
called VVV CL002, VVV CL003, and VVV CL004.

2. Photometric data
2.1. The cluster candidates

VVV CL002, VVV CL003, and VVV CL004 were identi ed

as previously unknown stellar overdensities by visual &tsipn

of the three-bandJ; H, Ks), color composite frames produced
by the VVV survey. Table 1 reports, for each object, the corre
sponding VVV elds and the J2000 coordinates of their center
as determined ir3.1. Figure 1 shows the three objects inkqe
band stacked tiles downloaded from the Vista Science Aechiv
websité (VSA). VVV CL002 and VVV CL003 look like loose
and low-mass, Palomar-like GCs, although VVV CL003 is less
clear because it is embedded in a very crowded stellar eld.
VVV CL004, on the contrary, does not show a clear concen-
tration of faint stars, but only a local overdensity of a fenight
objects.

2.2. Data reduction and photometry

After the discovery, we retrieved from VSA the stacked im-
ages of the individual 2048048 pixel exposures containing
the three candidate clusters. The quantity of frames useddh
band is indicated in Table 1. The ective exposure time of the
H- andKs-band images was 8s, while it was 244JirThe frames

in the Y andZ bands, included in the observation plan of the
VVV survey, were not available at the time of the investiga-
tion. The data were acquired on 2010 April 7 to 14, with the
VIRCAM camera mounted on the VISTA 4m telescope at the
Paranal Observatory (Emerson & Sutherland 2010), and eguc
at the Cambridge Astronomical Survey Unit (CASWith the
VIRCAM pipeline v1.0 (Irwin et al. 2004). During the observa
tions the weather conditions fell within the survey's coasits

for seeing, airmass, and Moon distance (Minniti et al. 2040yl
the quality of the data was satisfactory.

Stellar photometry was performed with the DAOPHOT Il
and ALLFRAME codes (Stetson 1994). After the construction
of the point spread function (PSF) for each frame and an ini-
tial pro le- tting photometry, all the images of the same jelst
were matched to create a combined frame, where the master lis
of star-like sources was created. PSF tting of this magtsr |
was then performed on each single exposure. The instruimenta
magnitudes were transformed into the 2MASS photometric sys
tem by means of the 2MASS stars found in each eld. For each
frame, the 2MASS sources were rst identi ed in our catalog,
then the list was cleaned of objects which, in our photombtsg
a detected source nearer thd® 2and fainter by less than 3.88
magnitudes. We thus excluded the stars whose 2MASS aper-
ture photometry could have been contaminated by nearby un-
detected sources by more than 0.03 magnitudes. We alsedimit
the selection of calibration stars in the ranggass=11.5-13,

.

AR Homass=10-11, andKawasss=9.5-11, to avoid both stars heavily
Fig.1.5° 5° Iogarlthm|c grey-scal&s-band images from the vy Saturated in VVV data and the fainter end of the 2MASS survey,

archive, centered on the three candidate clusters (frorerupplower Where systematic errors can be signi cant (see below). Betw
panel: VVV CL002, VVV CL003, and VVV CL004). North is up and 70 and 490 stars met all the criteria in each frame. The @alibr

East is to the right. The white circles, centered on the ddrigluster T
center, indicate the half-light radius estimated for eagjedt. https/horus.roe.ac.uksa
2 https/casu.ast.cam.ac.lk
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Table 1.Coordinates of the center of the three GC candidates, anéMiiedata used in the present investigation. The classi@a{{GG= globular
cluster, OG open cluster, NE not a cluster) resulting from our investigation is givenhe tast column.

ID RA dec I b VVV eld frames classi cation
hh:mm:ss deg:mm:ss deg deg
VVV CL002 17:41:06.30 28:50:42.3 359.5586 0.8888 b347 22 H,4 K GC
VVV CLO03 17:38:54.56 29:54:25.3 358.4047 0.7298 b346 22 H, 4 K oc?
VVV CLO04 17:54:31.91 22:13:37.8  6.7900 1.7179 b352 44 H,4 K NC

our J magnitudes in the VVV CL002 stellar eld are compared

oa | to the corresponding quantity in the VSA catalog. The sant da
FJ showing a systematic derence when compared to 2MASS (up-
0= F per panel of Figure 2), do not reveal any trend in this ploarap
0F from an expected mismatch for stars in the saturation regime
ool (3 125), where the VSA aperture photometry underestimates
Coa E the stellar brightness. We conclude that this systematsebre-
[ ects an intrinsic di erence between 2MASS and VVV data.
0.4 |- 3 We believe it is due to the relative shallowness of the foramet
5 02 [ = its poorer pixel scale, which leads to an overestimate ofkye
£ ob ] background, especially in crowded elds, and thus an overly
4 E ] faint magnitude estimate for faint stars. A more detailealsis
£ 02 E is beyond the scope of this paper, and it will be presented in a
0.4 [ E future study (Mauro et al. 2011 preparation.
04 b E VVV CL003 was found in frames acquired with the chips
F ] #12 and #16 of the VIRCAM camera. The latter chip is never
02 E correctly at- elded because of short-timescale variat$oof its
0 . quantum e ciency?. We found that the PSF photometry result-
—0z2[ E ing from this chip was unreliable, because of large zeravpoi
oa b E variations on the CCD. We nally decided to exclude these
' 8 1*6 frames, and only the exposures collected with chip #1Zdist

in Table 1, were used. Unfortunately, the object fell on tigee
of this detector, where the photometric results are of loyue-
. . . ity, and the cluster center was only19°%from the border. Only
Fig. 2. Magnitude di erence between 2MASS and our photometry fogaf of the surrounding eld was therefore available for treal-

all the stars in common, as a function of 2MASS magnitudehérstel- - - -
) . ysis, and we estimated by eye that we have studied only about
lar eld of VVV CL002. From top to bottom:], H, andKs magnitudes. three-fourths of the candidate cluster.

Mamass

tion equations were in the formpyass M=A+B (3 Kg)amass, 3. Results

wherempuass andm are the 2MASS and instrumental magnig_ 1. Cluster center

tudes, respectively, and A and B are constants. The color ter

is in general negligible, being of the order of few hundredthiVith the nal photometry of the three cluster candidates,rere

of magnitude. In Table 2 we give the average coints A Vised the location of their centers, rst estimated by eykisT
and B for each pair of osets collected within a few minutescalculation was aected by a smooth background of numerous
of each other, and the rms of the points around the tted relfgint eld sources, that shifted the barycenter of the stetlis-
tion. The nal calibrated photometry was checked studying t tribution toward the center of the region selected for thewea
magnitude di erence with respect to the 2MASS catalog. Thedation. Cuts in the color-magnitude diagrams did not hebp, b
residuals showed no trend with color, but a systematiedince cause either the distribution of cluster and eld stars wias s
was found for the fainter stars in all the bands and elds. As dlar (VVV CL002 and VVV CL004, see Figure 6), or the pho-
example, the results of this comparison for VVV CL002 and i@metric information was not reliable (VVV CLO03, seg.2).
stellar eld is shown in Figure 2, but very similar plots wesb- However, ifr is the position of the center of the stellar distribu-
tained for the other two cluster candidates as well. The magse tion, andN is the number of stars, we can write

and dispersed negative values indicate the 2MASS staramcent X

inated by undetected sources. The agreement is satigfdotor r N = r; = r¢Ng + riNg; (1)

the brighter stars, but in the faintest.5 magnitudes the bulk i

of the distribution curves upward to positive values, iadiicg

that the stars are fainter in the 2MASS catalog than in our phwherer; is the position of thé-th star, and the subscripts *, f, and
tometry. This feature was found identical even when perfiogm c refer to all, eld, and cluster stars, respectively. Afsémple
PSF photometry of VVV data with the DoPhot code (Schechtalgebra, considering th&d = N¢ + N¢, and that the center of
et al. 1993), and when comparing the 2MASS magnitudes with
the VVV aperture photometry downloaded from VSA, whose3 httpJ/casu.ast.cam.ac.lskirveys-projectsistatechnicalknown-
catalogs agree well with our results. As an example, in Edur issues
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Table 2. Average calibration coecients for each pair of contiguous
0 sets.

date uT Iter A B rms
mag mag

1 VVV CL002 - chip 12

2010-04-07 7:17.28 H 0.17 0.03 0.013 0.011 0.057

2010-04-07 7:20:46 K 0:47 0.02 0:060 0.009 0.061
n 2010-04-07 7:24:40 J 0.64 0.02 0.0090.008 0.053
1 2010-04-14 9:32:23 K 0:56 0.02 0:028 0.008 0.052

| VVV CL003 - chip 12

2010-04-07 6:52:54 H 0.23 0.02 0:014 0.010 0.053

2010-04-07 6:56:11 Kg 0:561 0.016 0:017 0.007 0.058

- 2010-04-07 7:01:.05 J 0.55 0.02 0.0390.008 0.041

] 2010-04-14 9:06:35 Kg 0:559 0.014 0:019 0.006 0.053
VVV CL004 - chip 5

2010-04-11 5:41:06 H 0.278 0.015 0:048 0.010 0.033

1 2010-04-11 5:44:13 Kq 0:554 0.009 0:025 0.006 0.036

- 2010-04-11 5:48:40 J 0.592 0.011 0.0390.008 0.032
VVV CL004 - chip 9

2010-04-11 5:40:12 H 0.230 0.010 0:014 0.007 0.028

2010-04-11 5:43:20 K 0:563 0.010 0:014 0.007 0.032

2010-04-11 5:47:.07 J 0.622 0.011 0.0200.007 0.030

Fig. 3. Comparison between odrband magnitudeX,;) and the VSA
aperture photometry cataloghka), for stars in the stellar eld of
VVV CL002. The grey line indicates the zero-déirence between the
two photometriesJysa=Jour)-

radius P, therefore the probability of detecting one or more such
an overdensity in the whole survey due to random eld uctua-
tionsis 98%, and about four similar objects should be expected.
Hence, the statistical signi cance of VVV CL004 is low, ciasgt

o o ) serious doubts on its nature as a true stellar cluster.
the distribution of eld starsi;) coincides with the center of the

area incIch)ied in the calculationg], the previous relation yields:
i(ri
fc=Trot Hi (2)  After the determination of the cluster center, we calculdte
f . . .
stellar density (number of stars per arcf)iim concentric rings

This formula was used to nd the position of the centers of thgetween the circles of radiu$@ N and 05 N + 0% (with
three objects. The total number of eld stafg] was estimated N=0,1,2,3...). The resulting radial pro les of the stellamgiy
from the average stellar density in regions farther th3fidn  are shown in Figure 4, where the error bars are given by the
the initial by-eye center position. To limit the in uence tdn-  Poissonian noise. The eld density level, indicated by atetbt
dom uctuations of the stellar distribution, the calcutatiwas |ine, was calculated betweef8land 2 from the center, i.e. be-
repeated in 360 areas of @adius, whose centers were equallyond the clusters' tidal radii determined below. All thegrob-
spaced on a circle of¥® radius around the initial guess. The rejects show a clustering of stars in the central region. Therin
sults di ered by less than®dwith an rms of only 83, and they most bin shows a sudden increase of the density in all cases,
were averaged to obtain the nal cluster center, giveninddb but this value is not very trustworthy because it corresgdnd

To cover a larger eld for VVV CLOO3, the stellar countsa circle of only &1 radius. On the other hand, the possibility
were performed including the data collected with chip #1&f photometric incompleteness in the most crowded regiostmu
As already noted, these data are not suitable for photometrye taken into account in the following analysis. If the cagal
though they are still good enough for star count purposes.  were incomplete in the inner part of the cluster candidates,
statistical signi cance of the detected stellar overdgnsiould
be underestimated, and the decontaminated color-magnitiid
agrams would be relatively de cient of stars, mainly at fain
Following Koposov et al. (2007), we can estimate the statistnagnitudes. However, we detect between 80 and 100 stars in th
cal signi cance of the stellar overdensities from the numbie inner @1 of the three clusters, that is 225 times the area covered
stars detected in excess to the local background, whosemandy a circle of diameter equal to the FWHM of the PSEED
uctuations are assumed Poissonian. We detected 6965istar3 his indicates that the three objects are not excessivelyaed,
the inner circle of radius’of VVV CL002, while the eld den- and the incompleteness should not be very severe.
sity level can account only for 5744 objects: an overdensfity ~ The radial pro les of VVV CL002 and VVV CL003 are very
stars at the 10.9level is thus present in this area. Analogouslgimilar, smoothly falling o at increasing distance into an ex-
5193 stars are detected for VVV CL003, against a eld expetended tail. On the contrary, the density of VVV CL004 drops
tation of 4313, and the overdensity is signi cant at thel@vel. more abruptly, but the cluster limit is not immediately esid,
The quantity of stars detected in excess of the eld exp&giat because of strong density uctuations. All these conclasiare
within 1° from the center of VVV CL004 is lower (400), and con rmed and better evidenced by the radial pro les of the cu
the statistical signi cance is4.5 . The 520 square degrees covimulative fraction of stars, presented in Figure 5. Thesewal-
ered by the VVV survey can be divided int&00, 000 circles of culated counting the stars detected within a given radind, a

3.3. Radial density pro le

3.2. Signi cance of the stellar overdensity
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subtracting the number of expected eld stars, estimated be
tween 8 and 2 from the center. This range was also used to
derive the total number of cluster stars, used to normaliee t
curve. The resulting pro les show that VVV CL002 extends out
to 1% from the center, and its half-light radius, i.e. the ra-
dius containing half of the detected stars,is r0%75. The ap-
parent size of VVV CL003 is probably smaller, as it fades into
the eld density between % and 6 from the center, and its
half-light radius is §  0%. The angular size of VVV CL004 o

is more uncertain, because the eld density is patchy and bot
the density pro le and the cumulative fraction of stars uet
ate strongly. The radius where the density merges into the e
continuum is unclear, probably comprised betwe&arid 17,
while r,  0935. The radial density pro le of the three objects
was tted with a King (1966) pro le, and the results are over- 3000
plotted on the observational data in Figure 4. For VVV CL003,
this procedure returned a very good t of the data, with altida
diusry = 1°8 and a central concentratiar= log (r:=r¢) = 0:56,
wherer. is the core radius. The density pro le of VVV CL004
is also satisfactorily reproduced by the tted functiondathe
cluster parameters thus derived are 1%7 andc = 0:75. On the
contrary, the routine failed to return physically reasdagia- ,
rameters for VVV CL002, because the density betwe®radd d (aremin)

1% is too high, causing, to diverge. A shallower slope of the

density pro le indicates the presence of tidal tails (Képpt al. Fig- 4. Radial pro le of the stellar surface density for the threaster
2010b), and the cluster may be losing stars along its orht. Wand@atgs. The dotted I|ne§ show the estimated eld lawvkile the
therefore estimated = 1% from the point where Ngd)/Ny=1  Curve indicates the best- tKing pro le.

in Figure 5, then a King pro le of xed tidal radius was tted

to nd ¢ = 0:65. Similar problems were found with a Wilson

(1975) pro le, calculated from the energy distribution fiion

through the code of Sollima et al. (2009): tting both the trah I VWY CLOO2
decay ¢ 0%) and the enhanced tail was impossible. In this 1
case the tting routine converged, but to a very high tidalivs
(c=0.68,r; = 4%), and the resulting t was unsatisfactory. We
found that a EFF power-law (Elson et al. 1987) ts the obsdrve
pro le well, with central density (=5630 stars, normalization
radiusa = 46, and power 0.086 ( =0.17). The tting routine
likely underestimates the uncertainties associated titbitput,
because it does not take into account any source of systeernati
ror, mainly the de nition of the background level. We coresid
that the width of the bins of the density pro le {0 is a bet-
ter estimate of the errors on the core, half-light, and tiddii.
Indeed, we found that these quantities can vary up’tof®m
the given values when derent but still reasonable assumptions
on the background level were adopted.
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3.4. Color-magnitude diagrams

The color-magnitude diagrams (CMDs) of the three objeas ar 1
shown in the left panels of Figure 6, where the cluster stgs a ~ © Y. ! o p
overplotted on the photometry of a nearby comparison stella d (aremin)

eld. The cluster area of VVV CL002 and VVV CL004 was

!'m.'ted to a circle of radius equ_lal o the half-light rqdlusrnln- Fig. 5. Cumulative fraction of cluster stars as a function of diseftom
imize the background contamination. The comparison eldWane center. The eld and the half-light levels are indicaith full and

an annulus of the same center and area as the cluster, amd igBged lines, respectively.

radius of P8, i.e. just outside the cluster tidal radius. A similar

de nition of cluster and eld areas for VVV CL003 was com-

plicated by the fact that its photometric catalog lackedrte

quired symmetry about the center. We adopted as clustereginspection of the Schlegel et al. (1998) maps. We noticed-ho

a circle of radius 5, but part of this area fell outside the CCDever, that the CMD of the cluster area presents two well-dd n
The de nition of the comparison eld was also complicated bered giant branches (RGBs): a narrow and well-populated bne a
cause VVV CL003 is found in a region acted by a very strong (3 Kg) 2, and a broader RGB about 0.5 magnitudes redder.
reddening gradient. In fact, the interstellar extincti@migs by The bluer sequence was found in all studied areas, always ver
upto E(B V) 2 overthe 180f the chip, as con rmed by similar in terms of quantity of stars, width, and magnitudithe
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red clump, although shifted to dérent colors. The other RGB
component, on the contrary, was not observed outsit&from LW clooz [V cLoos decontaminated |
the cluster center. We therefore concluded that the blueB RG f e T .4
represents the eld population, and we searched for a reigion SR ﬁ f
the vicinity of the cluster where the color of this featurénco 0] . _ L.
cided with that observed in the cluster area. The adoptadmeg Pl ' r
had the same shape and dimension as the de ned cluster area, ’ " ' CF
but o set P toward the North-West, i.e. perpendicularly to the
Galactic plane toward increasing Galactic latitude. Pathe
object could still fall in this area, but its density shoulel \eery o
low at this distance. In Figure 7 we show the color-color dia-
grams of the three objects and their comparison elds. This p
was restricted to stars brighter thag=45, to highlight the color
di erences at the RGB level, as the increased photometriserror
blur them for fainter stars.

As already noted, the CMD of VVV CL003 shows two dis-
tinct RGB sequences, and the redder one is not observed in the
surrounding stellar eld. In the comparison eld, some si
ual cluster stars are also visible, not observed at largtaces
from its center. On the contrary, the CMDs of VVV CL002
and VVV CL004 show no immediately clear dirence with
their comparison eld, except for the enhanced number afsta [wwowes 1 v CL008 deconsarminated
Further inspection reveals that the cluster RGB of VVV CL002 I . 1 . |
is on average bluer than the eld population. This is seeméwve 10 - - + .- -
the color-color diagrams, where cluster stars of VVV CLOER a F R T 1
0 setto slightly bluer colors with respect to the eld popidat r “ T
We found no color gradient that can explain this behaviohi t r PO
whole 10° 1(Parea covered by our photometry, although the #r R T .. l

@

reddening pattern is probably variable on a small scalejdis i .'fj ,
cated by some highly reddened stars found in both cluster and * :"
comparison elds. VVV CLO04 is less clear than the other two + ‘ "'V‘:f'. -
objects. Its color-color diagram contains more red staae the Sors,
surrounding eld, but this is a simple consequence of thdaig i e
number of stars in the upper (redder) RGB of the cluster area. T Tt ’
Indeed, although some bright {&K11-13) red stars without eld .
counterparts are observed, the CMD of VVV CL004 shows no 1 )
clear peculiarity with respect to the eld, except for beimaich 1
richer in brighter stars, as well as in faint red stars. 1 L .

J-K,
3.5. Statistical eld decontamination
The CMDs of Figure 6 are strongly contaminated by eld stars, B [VVV CLoo4 | VWV CL004 decontaminated |
and so we applied a statistical procedure to isolate the clus I T 1
ter CMDs. The code written for this purpose was based on the .
method of Gallart et al. (2003). In brief, a metric was de ried 10 . ~ :
theKs-(J Kg) plane as: - j ..,

q I .
d= (Ksa Ksp)?+t(k (3 KoJa (3 Kon)? 3) ]
wherek is an arbitrary coe cient weighting a dierence in color < .-
with respect to a dierence inKs. The code scanned the list of o 7
stars in the comparison eld and, for each object, found tern -
est star (smalled) in the CMD of the cluster area. This source Sesee .,:»-'-‘.: .
was rejected as a contaminating eld star if its distado@as A 5.;‘-;,.'&;,-.’.‘ "
smaller than an arbitrary threshalg,y, otherwise the star in the ',,‘f-‘ "i . ‘
comparison area was agged as an “object without a counter- 7 -‘_,.".
part”. In the rst case, the list of stars in the cluster areasw EA
|

updated after the rejection, before proceeding to the rexy e
in the list.

The choice of the parameteds.x andk is not completely
free of arbitrariness. Gallart et al. (2003) us#h,=0.3 mag- Fig. 6. Left panels CMDs of the three cluster candidates (black dots)
nitudes, and we found this is a good choice in our case al$@d their comparison elds (gray dots}ight panelsCMDs after sta-
preventing the association between two stars with a very diistical subtraction of the eld contaminants.
ferent position in the CMD. The same authors adoed in
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regions. In general, the cleaning procedure left some wasid
eld contamination, that decreased when choog)rgmaller ar-
eas, thus reducing the number of contaminating stars to-be re
moved, andi) a comparison eld closer to the cluster center,
thus minimizing the eects of a dierent local reddening. In
both cases, the lower level of residual contamination cartteea
cost of a poorer derived CMD, because cluster members were
also excluded. Nevertheless, these choices are justi el be-
cause our aim is to unveil the behavior of the cluster CMDJevhi
the true number of stars in the @irent CMD branches (i.e. the
detailed luminosity function) is of lesser importance. &y
the cluster area adopted in the decontamination procedure o
VVV CL002 and VVV CL004 was a circle of radiu§®and 03,
respectively, slightly smaller than their half-light radihe inner
0% from the center was also excluded. The comparison elds
were annuli of equal area as the cluster region, with inner ra
dius of 9 in the case of VVV CL002 and@ for VVV CL004.
The cluster density is very low at these distances, and & lo
of cluster stars in the resulting CMDs should be limited. @& t
contrary, the areas of VVV CL003 and its comparison eld were
de ned as inx3.4 (two circles of & radius, o set by £) because
the strong underlying reddening gradient and the positidhe
cluster at the edge of the CCD gave no freedom for exploring
. . . di erent choices. Even for VVV CL003 the inner region with
Fig. 7. Color-color diagrams of the three cluster candidates Kofiats) 9 from the center was excluded.
and their comparison elds (gray dots). The plot was regddo Stars e gecontaminated CMDs of the three cluster candidates
brighter than K=15. The arrow in the right panel shows the dwecnorare shown in the right panels of Figure 6. In all the casesa cle
of the reddening vector. . A . .
evolutionary sequence of stars is visible, with a clumpyavétr
due to some underpopulated regions, and many highly sedtter
stars mainly at the fainter end of the diagrams. These feaane

their optical photometry, thus giving a dominant role to aset probably an artifact of the decontamination procedure:mthe
in color. Their choice was dictated by the need to remove-foreluster and eld CMDs are very similar, and the sample is sta-
ground contaminants distributed in a wide range of distancdstically small, stars in crowded regions of the CMD are &nor
with only limited variations of reddening. In our case, or theasily matched with a eld counterpart than the objects aevi
contrary, the patchy and locally variable structure of ted-r ing due to high random error or higher dirential reddening.
dening makes a color et between cluster area and compafs a consequence, the algorithm could over-subtract stamng a
ison eld more likely than a dierence in magnitude. Moreover the stellar sequence and under-subtract them in the wintyeof
(J Kg) is more sensitive than th& band to interstellar absorp- color distribution, while still subtracting the expectedaunt of
tion, and even a dierent distance can act the stellar color in eld contaminants, as indicated by the quantity of clustad a
our case, as we are observing through the dense clouds ofyngratched eld stars given before.
inner Galaxy. In conclusion, a much lower value koghould
be appropriate in our study. In fact, we explored thee@s
of this choice through repeated trials, searching for tHeeva
that returned a clearer CMD and a smaller fraction of compatn the presence of non-uniform, spatially variable reddgnit
son eld stars resulting without counterpart. We found thath is instructive to investigate the CMDs where the color and:ma
the residual contamination in the product CMDs and the quamitude are substituted by reddening-free indices. In Eguwe
tity of unmatched eld stars decreased withandk 2 was show the decontaminated CMDs of the three objects, overplot
clearly preferred. Only negligible changes were observhdrw ted on their comparison eld, with the indices = (J H)
the scaling factor was varied in the rangel-2, and we - 147 (H Kg) andmy = Kg 122 (J H) in place of the
nally adopteck=1.6. The unmatched eld stars thus decreasemblor and magnitude. These quantities were de ned by Catela
to 2% for VVV CL004, below the Poissonian noise, while itet al. (2011) assuming the Cardelli et al. (1989) relatiamiken
was 10% for VVV CL002 and VVV CL003, i.e. about 3—4 extinction in di erent bands, and#A/E(B V)=3.09 (Rieke
times the Poissonian noise. However, the decontaminatdds<CM8 Lebofsky 1985). We also experimented with analogous in-
of VVV CL002 and VVV CL003 contain 453 and 211 stars, redices derived assuming the near-IR extintion law for the-cen
spectively, well matching the expectation of 454 and 25@caisj tral Galactic regions (Nishiyama et al. 2009), but they led t
resulting from the stellar counts of Section 3.3. Hence,dise the same general conclusions. Unfortunately, the errcg @md
contamination procedure worked satisfactorily. my blurs the resulting diagram, being about three times larger
In the decontamination procedure, drent choices of the than that in § Kg) and K respectively, due to propagation
cluster and eld areas necessarily led to dient sets of removed of errors. The average uncertainty on these indices is @haut
stars. However, all the features observed in the resultM®€& mag down tony=10, 0.15 mag atny=12, and it increases ex-
such as sequences and clumps, were observed in all cases vgoerentially at fainter magnitudes. Thus most of the informa
the cluster center was not changed. The innermost regiahg oftion is erased. Moreover, while zeroing theeets of redden-
three objects were excluded from the calculation, because ing, the indices also strongly limit the ect of other parameters,
photometric catalogs could be incomplete in the most crawdsuch as age or metallicity. For example, we veri ed througi-s

3.6. Reddening-free indices
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Fig. 8. Reddening-free CMDs of the three eld decontaminated clus-
ter candidates (black dots), overplotted to their compariglds (grey
dots).

thetic isochrone experiments that the RGBs of two stellgoupo
lations of the same age but dirent metallicity, with [FeH]=0.0
and 1.5, would form two nearly parallel sequences separated
by less than ¢ 0.2. This, combined with the large errors,
causes two dierent populations to be dicult to distinguish.
Nevertheless, Figure 8 shows that the cluster sequencedsire
than the eld in VVV CL003. For VVV CL002 the dierence
is less evident, but both a linear and a quadratic t of thearpp
RGB (my 12.5) are between 0.01 and 0.04 magnitudes bluer in
the cluster than eld. Then, the color dérences between these
objects and their surrounding elds are not due toetiential
reddening alone.

Figure 8 does not reveal much about VVV CL004, because
eld and cluster sequences already overlapped in dhel{s)-Kg
plane. It can be noted, however, that some red stars in therupp
RGB (Ks = 11 13, see Figure 6) agree with the eld locus in
thecs-my diagram, indicating that some dérential reddening is
present even in the direction of this object.

3.7. Proper motions

The information about proper motion of stars in the eld of

an observed stellar overdensity is a very powerful tool &r-cl

ify its nature, especially if combined with the photometiata

(e.g., Carraro 2005; Pavani & Bica 2007). As a matter of fact,

study of new cluster candidates lacking an analysis of thpgr

motions, would seem incomplete. Unfortunately, it progide

real information for our three objects, because availalsie d

are scarce, and at the estimated distancd® kpc, seex3.9-

x3.10) a too high precision is required to detected an apgioéei

di erence with the eld population. For example, the UCACRgigq. 9. Distribution of proper motions in the cluster area (full glatith
(Zacharias et al. 2010) and NOMAD (Zacharias et al. 2004) cakror bars) and in the comparison eld (small grey dot$per panel
alogs, contain only 2 and 11 stars, respectively, in theritifef VvV CL002; Upper panel VVV CL0O03; Lower panel VVV CL00A4.
VVV CL002.
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The proper motions of stars in the direction of VVV CLOO3ution of the stars withs 17 located withij (J Kg)j 0.07
and VVV CL004 and in their surrounding elds, drawn from therom the isochrone plotted in Figure 12, which ts the de@nt
PPMXL catalog (Roeser et al. 2010), are compared in the midated cluster sequence with the parameters derived.Br The
dle and lower panel of Figure 9. The cluster stars were takessulting density map is shown in the upper panel of Figure 10
within 0% (VVV CL003) and 5 (VVV CL004) from the cen- where each® 2%pixel is assigned the average density in the
ter, and the comparison eld was de ned as an annulus betwe2@® 20°°square centered on it. The local overedensity associ-
2% and 9. Clearly, this comparison is inconclusive, and the awated to the cluster is clearly visible at (x,¥250,750). The pro-
erage value in the cluster and eld area do notatiby more cedure was then repeated shifting the same isochrone by 0.14
than 1 mas yr* in both components. According to our stellamagnitudes toward the red. The map is shown in the lower panel
counts, only 11% and 13% of the stars in the selected regiofithe same Figure, where the cluster overdensity is batisly v
should be members of VVV CL0O03 and VVV CL004, respedble, lost in the patchy structures of the eld. A random ocver
tively. Attempting to isolate cluster members of VVV CLOO3ensity of stars should, on the contrary, be observed in eny r
through the 2MASS photometry given in the PPMXL catalogyion of the CMD where the eld is found. This demonstrates
only three stars compatible with the cluster sequence canthat VVV CL002 is not a simple uctuation of the eld density.
identi ed. Still, we could be in the presence of a narrow, deep window in

The proper motions of stars withir’®from the center of the interstellar clouds, where a higher quantity of stansae-
VVV CL002 are o set with respect to the comparison eld, asrage bluer because less reddened, would be found. However,
shown in the upper panel of Figure 9. Only 4.4 cluster merthe presence of a similar color set even in the reddening-free
bers ( 20%) are expected among the 22 entries of the PPM)XXMD argues against this hypothesis. Therefore, VVV CL002
catalog, and its very hard to assess the signi cance of the and VVV CL003 are most likely two new stellar clusters.
served behavior. As an exercise, we will check if thisset Even VVV CL004 is a simple case, because all the evidence
is compatible with the detection of the peculiar movement gbint to a random uctuation of eld stars. In fact, local ste
VVV CL002. Assuming the escape velocity from the Galactitar clustering is not very signi cant, its stars are photdrically
bulge ( 600 kms!, Lamb et al. 1996) as an upper limit forindistinguishable from the eld population, and its radign-
the tangential velocity, the proper motion of stars at 7.8 kpsity pro le, although well tted with a King pro le, is rathe
from the Sun should not exceed 17 mas'yie will there- peculiar. Nevertheless, VVV CL004 could still be an operselu
fore restrict the calculation to the stars wjth 20 mas yr! ter remnant (OCR), a dynamically evolved cluster in the last
because, considering the average err@ fnas yr'), the clus- stage before dissolution. OCRs should appear as small group
ter stars should not be found outside this range. The averadedright stars, depleted of the fainter Main Sequence abjec
values are (; )=( 2.8, 0.5) and (0.8,3.0) for the cluster (de La Fuente Marcos 1997, 1998), as can be observed in the
and eld stars, respectively. In the cluster area we canewriteld decontaminated CMD of VVV CL004.

Nt = Nf ¢ + N; ¢ for both components of proper motion, In the following section we will estimate the physical pa-
where the subscripts andc denote the eld and cluster mem-rameters of VVV CL002 and VVV CL003. The results are
bers, respectively, ardis the number of stars. We haMg=12, summarized in Table 3. A similar analysis is not presented fo
and assumind\N.=5, Ni=7, we obtain ( ; )=( 7.7,3.0) for VVV CL004, both because the object is most probably not a real
cluster stars, that translates into a heliocentric tanglerglocity —cluster, and because the stars in the decontaminated CMbaare
of 300kms?at7.5kpc. This is somewhat high, but an acceptew and dispersed for a reliable estimate. The most satisfac
able value. The observed behavior of proper motions in the eisochrone t of the VVV CL004 CMD is shown in Figure 12.
of VVV CL002 can therefore re ect the presence of a comovinty was obtained assuming [Bd] = 1.1, [=Fe] = +0:30,
group of stars. (m M)x.=15.4,EJ K;)=0.82, and an age of 7.5 Gyr. It is not
the only solution, anyway, and other similar ts can be obai
with a very di erent set of parameters.

The transformations of Grocholski & Sarajedini (2002) were
Although the observed radial density pro les are well repraiSed to link the theoretica{ values to the observeds mag-
sented by the King law typical of stellar clusters, and thed-st hitudes. We relied on key photometric quantities measured o
lar overdensity associated with VVV CL002 and VVV CL003he decontaminated CMDs, through the calibrations of Malen
is statistically highly signi cant, we will not rely on stelr €t al. (2004b) and Ferraro et al. (2006, hereafter FO6). tn pa
counts alone to conclude about the nature of the three cltisular, FO6 de ne two sets of equations, for disklo-like and
ter candidates, because they can sometimes be misleading (2ulge-like objects, depending on the assumed trend of the
for example, Villanova et al. 2004; Moni Bidin et al. 2010)enhancementwith metallicity. In fact, theelements abundance
Unfortunately, the proper motions do not provide usefubinf a ects the location and curvature of the RGB, which are bet-

3.8. The nature of the cluster candidates

mation at this regards. ter described as a function of the so-called global meisllic
The case of VVV CL003 is straightforward, because théM=H]) which, for [FesH] 1, can be expressed as
cluster sequence in the CMD is clearly distinct from the el =H] = [Fe=H] + log (0:638f + 0:362) @)

one, hence this object cannot be only a uctuation of the el
stellar density. The redder putative cluster sequenceatdsen Where f is the -elements enhancement factor (Salaris et al.
ascribed to a local uctuation of reddening, because in thk993). This relation, however, breaks down with increasing
case the extinction would be higher: a lack of stars would thinetallicity (VandenBerg et al. 2000; Kim et al. 2002).
be expected, instead of the observed signi cantly higheltest
counts. The reddening-free CMD also supports this cormtusi

The signi cance of the stellar overdensity detected in the d3'9' VVV CL00Z parameters
rection of VVV CL002 is the highest among the three candiFhe decontaminated CMD of VVV CL002 shows a clump of
dates. As a further proof that the cluster and eld starsioate stars atKks 14. We interpret this as a signature of the clus-
from di erent populations, we derived the spatial density distitier's horizontal branch red clump. Following the prescops
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at the upper limit of the metallicity range considered by F06
and its red clump is therefore expected to be brighter, ais ind
cated by the theoretical values tabulated by Salaris & @irar
(2002). In fact, Alves (2000) report a mean value 0.2 mag-
nitudes brighter than F06 for their solar-metallicity efhm-
ple. We nally adopted M= 1:50 0:15 which, as shown
by Table 1 of Salaris & Girardi (2002), encompasses the the-
oretical expectations for stars at [ = 0:4 in the age in-
terval from 1 to 11 Gyr. We thus obtain the apparent distance
modulus (m M)k, = 15:34 0:21. From Equation 3.4 of FO6,
it follows that the apparent magnitude at the unreddeneat col
(J Kg)p=0.7 isKs=13.52. The observed color at this magni-
tude was obtained with a linear t of the cluster RGB, res&
to the rangeKs=13-14 to limit the e ects of the RGB curva-
ture. The comparison of this value with the expectation fdt n
reddening gave B( Kg) = 1:50 0.15. The uncertainty asso-
ciated to the t returned a too small error @.03 magnitudes),
while the reddening of Galactic GCs is usually uncertaintto a
least 10% (see, for example, the discussion in Harris 199H) 2
version). The error on B( Ks) was therefore arbitrarily xed
to the more realistic value given above. The reddening agree
well with the value obtained by horizontally shifting a PGBU
isochrone (Valcarce 2011; Valcarce et al. 20ihIpreparation,
with the required metallicity, -enhancement, and apparent dis-
tance modulus, to nd the best t of the observed RGB. Through
the transformations of Cardelli et al. (1989), the derivexdiden-
ing translates into | V)=2.88 0.29, A, = 1:02 0.10, im-
plying a true distance modulus (rW)y=14.32 0.23 and a dis-
Fig. 10. Upper panel Spatial density of stars withs 17 lo- tance &7.3 0.9 kpc. Had we used the mean intrinsic color of
cated withinj (J  K¢)j  0:07 from the isochrone of Figure 12 for the red clump proposed by Lopez-Corredoira et al. (2002), w
VVV CL002. The coordinates are given in pixels, and the dgrisiin - would have obtained B( Kgs) = 1:46 0.15, in good agree-
units of stars per arcminLower panel same as the upper panel, buiment with our estimate, but in this case the nal isochrone t
with an isochrone shifted 0.14 magnitudes toward the red. of the cluster CMD s of lesser quality. Schlegel et al. (1898
maps give EB  V)=3.47 in the direction of VVV CL002, but
this higher value should not be surprising, because it sefer
the total Galactic absorption, while the cluster shoulddoated
of Kuchinski & Frogel (1995) and Kuchinski et al. (1995), weonly half way to the end of the absorbing gas column. In any
linearly tted the upper RGB from 0.6 mag above the clumgase, the corrections proposed by Bonifacio et al. (2008 gi
up to the brightest stars, obtaining a slope @&110. The t E(B V)=2.29, a value incompatible with our results.
is shown in Figure 6. This value is very similar to the slope At a distance of 7.3 kpc, the tidal and half-light angular
of the RGB of NGC 6528 (Ferraro et al. 2000) and Liller Xadii of VVV CL002 (x3.3) translate into the physical dimen-
(Valenti et al. 2010), two metal-rich bulge globular clusten- sions 3.8 0.5 and 1.6 0.3 pc, respectively. From the estimated
riched in -elements (FFe] +0:30). NGC 6528 is the bulge distance and the Galactic coordinat&és), assuming a solar
GC richest in iron, with [FeH] estimates in the range0.1- Galactocentric distance R8 kpc, we also derived the distance
+0.1 (Zoccali et al. 2004; Origlia et al. 2005; Carretta et afrom the Galactic centerdgg=0.6 0.8 kpc, and the height above
2009), while Origlia et al. (2001) report [Bd] = 0:30 for the Galactic plane=113 12 pc.
Liller 1. For VVV CL002 we used the FO6 equations for bulge The cluster age was determined by tting the lower part
systems, because of its location very close to the Galaetie cof the decontaminated CMD with a PGPUC isochrone with
ter (see later), obtaining [MH] = 0:16 0:20 and, assuming the metallicity, -enhancement, distance modulus, and redden-
[=Fe] = +0:30, [FeH] = 0:4 0:2 from Equation (4). The ing determined before. In Figure 12 we show this t, with two
errors were derived from the uncertainties in the equat@n® ¢ isochrones of dierent age. We found that a young agé 6
stants estimated by Ferraro et al. (2000), which dominae tyr) was requiredto tthe feature ak¢; (J Kg))  (17;2). This
error budget when compared to the uncertainties in the erivclump of stars, closely resembling the cluster's sub-gimanch
slope. Had we used the equations for disho objects, we would (SGB) and upper turn-q was always observed when varying
have obtained [MH] = 0:24 and [FeH] = 0:45, consistent the cluster area and the comparison eld in the decontanoinat
with the adopted values. procedure. However, we regard this age estimate as uncertai
The mean magnitude and color of the stars in the red clurbpcause it completely relies on stars at the fainter end ioflieu
of VVV CLO02 areKs = 13:80 0:15and( Kg) =2:17 0:04, agram, but it can be regarded as a lower limit: had the cluster
where the rms of the measurements are taken as uncertaintieseen younger, the SGB would have been brighter, and thus more
the average values. The absolute magnitude of the red cluohparly observed in our photometry. Deeper data unveiliveg t
weakly depends on the age and metallicity of the stellar pojprno region are required to con rm these results. It must also
ulation. FO6 propose Mo= 1:40 and a conservative error tobe remembered that we used isochrones wit0. 245, but a
take this e ect into account, but still their calibration is moredi erent helium abundance canext the age estimate, because
suited for intermediate metal-poor, old clusters. VVV CR0® stars with higher helium content evolve faster.
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The cluster distance, and all the other distance-depepdent
rameters such asdg, z, and the physical size, depends on the as- o
sumed absolute magnitude of the red clump. As an independent
test of our results, we estimated the distance modulusrdn-
tially with respect to 47 Tucanae ([Bd] = 0.7, Gratton et al.
2003), and NGC 6528 ([F&l] 0), assuming the photometry
by Valenti et al. (2004a) to derive the shift in color and mag-
nitude between them and VVV CL002, and the Cardelli et al. I ‘ 1, oo
(1989) extinction coe cients. Despite the derent metallicity . . .
of the two comparison clusters, the resulting distance rusdu K
di ers by only one tenth of magnitude in the two cases. We ob- o . .
tain(m M)o=14.16, and a distance=6.8 kpc. that agrees within P'g' 11.Luminosity function of RGB stars in VVV CL00S.
errors with our estimate. The dérence is due to the old age of
the two comparison clusters (10-11 Gyr, Gratton et al. 2003;

Ortolani et al. 2001): the distance modulus derived witk &m-
pirical method is 0.16 magnitudes lower than what we preslipu
obtained, and Salaris & Girardi (2002) predict that the Hedp
of a population of similar age and [Bd] = 0:4 would be 0.12— _
0.15 magnitudes fainter than our assumption. We thus cdacl ranch red plump, b.UI We warn that the subsequent analysis is
that, although the two estimates agree well, a distanceestay ased on tf_us detection, that is not clear beyond any doubt.
about 0.5 kpc should be preferred if VVV CL002 is an old GC.  Repeating the same procedures used for VVV CLOG2),

We estimated the total luminosity of the cluster integmatinthe slope of the upper RGB, estimated with the t shown in the
the ux collected within increasing apertures up to the kide ~ r1ght panel of Figure 6, is 0.117. This value is lower than the
dius, and subtracting the expected eld contribution. Theam slope of any of the 27 Galactic GCs studied by Ferraro et al.
surements were performed with SExtractor (Bertin & Arnouf®000) and Valenti et al. (2004b, 2010), indicating a highahe
1996) on the stacked tile in th& band, because many satucontent. The location of VVV CLO03 in the Galactic disk odtsi
rated stars prevented a reliable estimate inKgéand frame. the bulge (see below) led us to adopt the FO6 calibrationifr d
We thus found a total magnitudie; = 125 0.2, and from the Objects and no -enhancement, obtaining ] = [Fe=H] =
mean cluster colorY K) = 2:3 0.1 and the apparent dis- 0:1 0:2.Forthe absolute magnitude ofthe red cIur_np,W_e opted
tance modulus, we obtain M = 5:1 0.3, which translates for the value proposed by Alves (2000), given the high mietall
into My = 34 0.3 assuming the synthetic colors of an oldfy derived from the RGB slope. We thus obtained an apparent

stellar population calculated by Leitherer et al. (1999). distance modulus (mM),,=16.58 0.12,EQ K) = 1:48 0.15
from Equation 2.4 of FO6, and B( V)=2.85 0.29. Using the

calibration of Lépez-Corredoira et al. (2002), we would/éa
3.10. VVV CLOO3 parameters obtained E) Kg)=1.46. On the contrary, Schlegel et al. (1998)

The interpretation of the decontaminated CMD of VvV cLoo§Ve EB V)=3.34 in the direction of VVV CLO03. As in the

must take into account the problems that its photometry pfeSe of VVV CLO02, this value is too high compared with our

sented. The diagram reveals a clear sequence of starsctisysimates, while the corrections of Bonifacio et al. (20@ace
from the eld population, resembling a cluster RGB. A sparsi (00 much, returning B V)=2.19. However, the resolution
group of highly reddened stars is also visible to the righthi of the Schlegel et al. (1998) maps is too low for this region of

sequence. Many of them overlap with the cluster RGB in tHEe sky of strong reddening gradients, and it is not surpgisi
reddening-free CMD, and are probably the result ofedéen- that their average value in the resolution element doesaint ¢
’ jde with the local absorption. It could also be that thetrela

tial reddening, whil t probably f d -
2 redcening, wire some are mos: probably foregroun COngV/E(B V)=3.1, required to transform the reddening in dif-

dwarfs, as they still keep their redder color even in Figure X .
On the bluer side, a residual contamination is found. Theee i 'ereént bands through the relations of Cardelli et al. (1989)ot

lack of stars fainter thakis=16, probably due to the fact that al-valid in this highly obscured part of the sky.

most all the cluster area falls in the CCD border, where tha da The reddening in the infrared bands implies¢,A =
were collected in only one of the two jittered exposures fagn 1:01 0.10, a true distance modulus (i#)0=15.57 0.16, and

a frame. The cluster RGB and the redder objects are visible fodistance €13 1.0 kpc. With simple geometrical arguments
any de nition of cluster and eld area, provided that thetéat Dbased on thelp) coordinates given in Table 1, we obtain the
is not more distant than 2&om the center, while the residualGalactic heightz=166 14 pc, and the Galactocentric distance
contamination may change in color and quantity of stars oegpe Rec=5.0 1.0 kpc. At a heliocentric distance of 13 kpc, the an-

n. of star
L S e e
T RN NI

—_
o

too red, partially overlapping and erasing the cluster guiite
will therefore assume this group of stars is the clusterzomtal

ing on the location of the comparison eld. gular size of VVV CL003 translates into the physical quaedit
A dense group of stars in the cluster RGB is foun&t15. It = 6:8 0.4pcandg=2:3 0.4 pc.
This feature is more easily observed plotting the histogrétie An age estimate for VVV CL003 is impossible, because the

distribution of stars along the sequence, as shown in Figgire CMD does not reach the SGB. We found that the observed RGB
In this plot we considered only stars within 0.2 magnitudes could be satisfactorily tted with isochrones of virtuatiyny age,
color from the RGB ridge line, de ned as the isochrone pldttealthough lower values required a progressively highereedd

in Figure 12. Unfortunately, the eld and cluster RGBs aresel to match the observed sequence. For example, an isochrone of
in this part of the CMD, and the behavior of this feature (an2l Gyr better tted the cluster CMD if E] Kg)=1.56 is as-
even its detection) strongly depends on the choice of the- cosumed. This is not necessarily a reason to prefer an older age
parison eld. However, an enhanced residual contaminatjpn for VVV CL003, because it could simply re ect the fact thagth
peared at the same magnitude and a bluer color when the clur@b relation used to estimate the reddening was calibratetto

in the RGB was not found, indicating that the eld RGB wastellar populations.
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Table 3. Derived parameters of the two cluster candidates.
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very close to the Galactic center, VVV CL002 is therefore tnos
likely a GC.

VVV CL002 VVV CL003 So far, HP 1 is the closest known GC to the Galactic cen-
O 0.75 0.10 0.60.1 ter (Rec =0.5 kpc Barbuy et al. 2006), and only six GCs have
' (pC) 16 03 2304 been discovered in the inner 1 kpc (Harris 1996). VVV CL002,
e (%) 1.8 0.1 1.80.1 with an estimated Galactocentric distance of 0.7 kpc, isefloee
M Eplc) 0362 8'26 06586 8"211 one of the innermost Galactic GCs. Curiously, the densityl@r
¢ = log (rc) i ', i of VVV CL002 suggests the presence of tidal tails, a behavior
(m M)o 14.32 023  15.570.16 . . .
d (k more easily observed when the cluster is close to the pardgal

pc) 7.3 0.9 13.0 1.0 . , . )
ticon (Kiipper et al. 2010a). If the connection between! tigits

Rac (kpc) 0.7 0.9 5.0 1.0 _ - h :
z(pc) 113 13 166 14 and perigalacticon was con rmed even for objects subjethéo
EQ Ky 1.50 0.15 1.48 0.15 intense stress of the inner Galaxy, then the cluster orhitavoe
EB V) 2.88 0.29 285 0:29 con ned to the very central region of the Galaxy.
[M=H] 0:16 0:2 01 02 VVV CL002 has a global metallicity close to NGC 6528
[Fe=H] 04 02 01 02 and Liller 1, as indicated by the slope of the upper RGB. These
My 3.4 03 - two objects are also bulge GCs very close to the Galactiecent
Age (Gyn) 6.5 - (Rsc=0.6 and 0.8 kpc, respectively; Valenti et al. 2010; Feltzing

VVV CL002

VVV CLO03

VVV CL004

8 e

gl e by v by

Y S PR L

15 2 25
J-K,

2 2.5
J-K,

0.5 1 1.5

J-K,

& Johnson 2002) and, as in the case of VVV CL002, their
stars also are barely distinguished from the backgroungebul
population in the CMD (Davidge 2000). However, the similar-
ity cannot be drawn further, because their appearance s ver
distinct. In Figure 13 we show a visual comparison between
the three objects, wits-band images from the VSA archive:
VVV CLO002 is clearly sparser and less massive, resembling a
Palomar-like object more than a highly concentrated bul@e G
such as NGC 6528 and Liller 1. In fact, our estimate of its to-
tal luminosity is 3.5 magnitudes fainter than these two objects
(Webbink 1985; Peterson & Reed 1987; van den Bergh et al.
1991; Mallen-Ornelas & Djorgovski 1993). VVV CL002 is more

a ne to moderately metal-rich, low-mass, and sparse GCs such
as Whiting 1 and Palomar 1, whose physical size are compara-
ble (r=1.9 and 1.5-2.2 pc, respectively; Harris 1996; Rosenberg
et al. 1998). These two objects are relatively young (Rosenb

et al. 1998; Carraro 2005), and are only slightly more metal-
poor (Carraro et al. 2007b; Monaco et al. 2011), although the
are one magnitude brighter (Harris 1996). Palomar 12 also ha
a similar young age (Stetson et al. 1989; Geisler et al. 2007)
but has a lower metallicity (Cohen 2004), and it is physicall
larger (Harris 1996). It is worth noting that both Whiting dda
Palomar 12 are associated with the Sagittarius dwarf splaro
galaxy (Irwin 1999; Carraro et al. 2007b; Law & Majewski
2010), while the extragalactic origin of Palomar1 has been r
peatedly proposed although never proven (e.g., Crane et al.

Fig. 12. Decontaminated CMDs of the three clusters, with the besp003; Frinchaboy et al. 2004; Belokurov et al. 2007).

tting PGPUC isochrones dg ned in the text overplotteq. Thero-age VVV CL003 is surely a physical cluster of stars, located

Culated with the hoium abundances.245. For VWV CLOG2, wo 1 the Galactic disk beyond the center, outside the bulge, at

isochrones at 6.5 Gyr (thick curve) and 8.5 Gyr (dashed ¢uave (.Balallctocentrlcdlstance of5 kp_c. Its high metallicity asgosi-

shown. tion in the Galaxy are more typical of an open cluster, algioa
GC cannot be excluded. Deeper photometry, reaching attheast
cluster SGB two magnitudes fainter than the limit reachetth wi
our data, is needed to estimate its age and, thus, bettéfyclar

The high interstellar reddening gradient and the problamattS nature. Interestingly enough, to our knowledge it is tise

photometric datax?2.2) prevented a reliable estimate of the clustellar cluster ever discovered on the “dark side of the Géla
ter total luminosity. I.e. the Galactic disk on the other side of the center. ThenOpe

Cluster Databadg WEBDA, Mermilliod 1996) has no entry in
the direction of the bulge more distant than a few kpc.

VVV CL004 is most probably only an asterism, and as such
it deserves no further attention. Nevertheless, the pitiggibf
The age of VVV CL002 is uncertain, but the proposed lowetn OCR remains open, and this kind of object is of great inter-
limit of 6.5 Gyr, its subsolar metallicity, and its heightae the est, because we are still lacking observational evidenadaeof
Galactic plane, twice the scale height of young objectshiJodast stages of the cluster dynamical evolution. In fact, @@Fre
2005), argue in favor of an old cluster. On the other hand| Frivery elusive and easily confused with random eld uctuat®
(1995) showed that old open clusters are completely absent. i
the inner 7 kpc from the Galactic center. Because of its location* http//www.univie.ac.awebda

4. Discussion and conclusions
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Fig. 13.2% 2% logarithmic grey-scal&s-band images of (from left to right) NGC 6528, Liller 1, and VMCL002, from the VVV archive.

North is up and East is to the right.

and, despite a large list of candidates (e.g., Pavani & B0y 2

Friel, E. D. 1995, ARA&A, 33, 381

Bica et al. 2001), only one genuine OCR has been to date spgéhchaboy, P. M., Majewski, S. R., Crane, J. D., et al. 2004], 602, L21

troscopically con rmed (NGC 1901, Carraro et al. 2007a).

Froebrich, D., Meusinger, H., & Davis, C. J. 2008a, MNRAS3 3845
Froebrich, D., Meusinger, H., & Scholz, A. 2008b, MNRAS, 32698
Gallart, C., Zoccali, M., Bertelli, G., et al. 2003, AJ, 1252
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