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ABSTRACT

We have derived from VIMOS spectroscopy the radial velocities for a sample of 71 stars
selected from CFHT/Megacam photometry around the Galactic globular cluster NGC 7492.
In the resulting velocity distribution, it is possible to distinguish two relevant non-Galactic
kinematic components along the same line of sight: a group of stars at (v,) ~ 125km s~! which
is compatible with the velocity of the old leading arm of the Sagittarius tidal stream, and a
larger number of objects at (v,) ~ —110kms~' that might be identified as members of the
trailing wrap of the same stream. The systemic velocity of NGC 7492 set at v, ~ —177 kms~!
differs significantly from that of both components, thus our results confirm that this cluster is
not one of the globular clusters deposited by the Sagittarius dwarf spheroidal in the Galactic
halo, even if it is immersed in the stream. A group of stars with (v,) ~ — 180 km s~! might be

comprised of cluster members along one of the tidal tails of NGC 7492.

Key words: Galaxy: formation — globular clusters: individual — Galaxy: halo —.

1 INTRODUCTION

The accretion of the Sagittarius (Sgr) dwarf galaxy (Ibata,
Gilmore & Irwin 1994) and the stellar tidal stream that its disrup-
tion has generated around the Milky Way (e.g. Martinez-Delgado
et al. 2001; Newberg et al. 2002; Majewski et al. 2003; Belokurov
et al. 2006; Koposov et al. 2012; Huxor & Grebel 2015; Navar-
rete et al. 2017) represent one of the best examples of ongoing
accretion of satellite galaxies in the Local Universe. Such events
contribute to the host galaxy halo not only with stars but also with
globular clusters (GCs; e.g. Leaman, VandenBerg & Mendel 2013;
Zaritsky, Crnojevi¢ & Sand 2016).

Indeed, substantial evidence of the accretion of GCs in the Milky
Way has been gathered in recent years. In the case of Sgr, at least
four globulars are found in its main body (M 54, Arp 2, Terzan 7
and Terzan 8; Da Costa & Armandroff 1995) and a few halo GCs
have been associated with the stream across the sky (e.g. Dinescu
et al. 2000; Bellazzini, Ferraro & Ibata 2002; Palma, Majewski &
Johnston 2002; Martinez-Delgado et al. 2002; Bellazzini, Ferraro &

* E-mail: jcarballo@astro.puc.cl

Ibata 2003; Carraro 2009; Forbes & Bridges 2010; Dotter, Sarajedini
& Anderson 2011; Sbordone et al. 2015). Bellazzini et al. (2003)
estimated that ~20 per cent of halo GCs beyond Rg = 10 kpc might
be clusters formed in the interior of Sgr and later accreted by our
Galaxy, while Law & Majewski (2010b, hereafter LM 10b) proposed
alist of nine of these systems spatially and kinematically compatible
with the predicted path of the stream (Law & Majewski 2010a,
hereafter LM 10a).

NGC 7492 is a poorly studied halo GC located at a heliocentric
distance of d = 26.2kpc (COté, Richer & Fahlman 1991), with
Galactic coordinates (€, b) = (53.39°, —63.48°). Although its pro-
jected position and distance seem to be compatible with that of the
LM10a model along the same line of sight, this cluster has a low
probability of being associated with the Sgr tidal stream, because on
the predicted differences in angular separation, heliocentric distance
and radial velocity (LM10b). Carballo-Bello et al. (2014) unveiled
an underlying system at the same heliocentric distance as of the clus-
ter with wide-field photometry and suggested that at least a fraction
of those stars belong to Sgr (see also Mufioz et al. 2017a). However,
the stellar overdensities reported around NGC 7492 (Leon, Meylan
& Combes 2000; Lee et al. 2004) and, more importantly, the tidal
tails unveiled by Navarrete, Belokurov & Koposov (2017, hereafter
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Figure 1. First and second panels from the left: Megacam CMDs corresponding to the stars in the catalogue at distances r < 1.5 arcmin and r > 11 arcmin
from the centre of NGC 7492, respectively. The isochrone fitting shows that the underlying main-sequence observed in the second panel seems to be associated
with a stellar system at d;y ~ 26 kpc. The yellow solid line corresponds to a £ ~ 12 Gyr and [Fe/H] ~ —1.8 population while the blue one corresponds to
t ~ 10 Gyr and [Fe/H] ~ —1.5. Third panel from the left: same CMD for stars with > 11 arcmin, where the target stars in Fields 1 and 2 are overplotted as
blue squares and red diamonds, respectively. Right-hand panel: distribution of the target stars around NGC 7492 using the same colour code to identify the
fields observed. The approximate field of view of VIMOS has been overplotted as reference.

N17) in Pan-STARRS 1 survey data, may complicate the analysis
of the underlying stellar system.

In this paper, we derive kinematic information for a sample of
stars in the surroundings of NGC 7492 to assess whether this GC
may have formed in Sgr and subsequently been accreted by the
Milky Way.

2 OBSERVATIONS AND METHODOLOGY

Our targets for spectroscopy have been selected from the pho-
tometric catalogues generated in a Megacam@CFHT and Mega-
cam@Magellan survey of all outer Galactic halo satellites (Muiioz
etal. 2017a). The colour-magnitude diagram (CMD) for NGC 7492
and those objects beyond 1.2 times the King tidal radius (r,) of the
cluster are shown in Fig. 1. We use a value of r; as derived by
Carballo-Bello et al. (2012; r, = 9.2 arcmin). As pointed out by
Carballo-Bello et al. (2014), a remarkable population of stars is
found surrounding the cluster at large distances from its centre with
a main-sequence (MS) morphology similar to that of the GC, in the
range 20 < g < 24 and 0.2 < g — r < 0.9. However, the small
area covered around the cluster in that study prevented them from
reaching a conclusion about the nature of the underlying system. We
selected targets in a box with 0.2 < g — r < 0.65 and 16 < g <22 for
stars with angular distances greater than 11 arcmin from the centre
of NGC 7492, including as well turn-off (TO) stars of the underly-
ing population and fore/background Milky Way objects. Two fields
containing 71 stars were selected for targeting, with a total number
of 31 and 40 stars observed in the fields 1 and 2, respectively (see
Fig. 1).

Spectroscopic observations have been performed in service mode
using the VIsible MultiObject Spectrograph (VIMOS) mounted at
the 8.2 m Very Large Telescope (Cerro Paranal, Chile) with the same
set-up used by Carballo-Bello et al. (2017). The mid-resolution

grism and the filter GG475 allowed a spectral coverage from 5000
to 8000 A with a resolution R = 580. Spectra are the result of a
single exposure of 1740s with an average signal-to-noise ratio of
34, which have been extracted using the ESO RerLEX pipeline for
VIMOS. We estimated the instrumental flexure by performing a
second-order correction of the wavelength calibration based on the
position of several sky lines. The resulting offsets were removed
from the individual spectra. We repeated this process iteratively
until the shifts were negligible.

Radial velocities were derived by cross-correlating our normal-
ized spectra with a list of templates smoothed to the resolution of
our results. The sample of templates used was compiled by Pickles
(1998) and we only considered MS or subgiant stars ranging from
O to M spectral types in this procedure. The final radial velocity
value was adopted from the template providing the best correlation
coefficient. Radial velocities have been then corrected for the Earth
motion relative to the heliocentric rest frame by using the IRAF task
RVCORRECT and their errors have been estimated from the amplitude
of the cross-correlation peak, using the prescriptions of Tonry &
Davis (1979). A mean error value of (0,,) ~ 45kms~! was found.

3 RESULTS AND DISCUSSION

We have visually matched the cluster CMD shown in Fig. 1
with a Dotter et al. (2008) isochrone with t = 12 and [Fe/H] =
—1.8, as appropriate to NGC 7492 (Coté et al. 1991; Cohen &
Melendez 2005; Forbes & Bridges 2010). The adopted Galactic
extinction values are A, = 0.12 and A, = 0.08, as derived from
the Schlafly & Finkbeiner (2011) extinction maps. The resulting
heliocentric distance of NGC 7492 is d = 26.5 &= 1.5kpc, which
is in good agreement with the estimate found for this cluster by
Coté et al. (1991) and with the one derived by Figuera Jaimes et al.
(2013) within the errors. As for the hypothetical underlying system
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Figure 2. Projected path of the Sgr stream (up), heliocentric distance (mid-
dle) and radial velocity (bottom panel) as predicted by the LM 10a model for
d@ < 50kpe. The grey and black points are model particles corresponding
to those stars accreted before (leading) and during the last (trailing) 1.5 Gyr,
respectively. The red triangle represents the position of NGC 7492 on those
planes.

beyond r = 11 arcmin from the GC centre, it presents an MSTO-
magnitude similar to that of the cluster, which suggests that this
stellar system and the cluster lie at the same heliocentric distance.
Together with extra-tidal cluster members, the Sgr tidal stream is
the main suspect of being responsible for the presence of those
stars around NGC 7492, as proposed by the numerical simulations
obtained by LM10a and Pefiarrubia et al. (2010, hereafter P10). In
Fig. 2, we show the projected position, heliocentric distance and
expected radial velocity for that stream, according to the LM10a
model for Sgr orbiting in a triaxial Galactic potential. Indeed, dif-
ferent sections of the stream seem to cross the area of the sky where
NGC 7492 is located. This would indicate that both cluster and tidal
stream are spatially coincident. We fitted the CMD with the same
isochrone used by Carballo-Bello et al. (2014) for Sgr (¢ = 10 Gyr,
[Fe/H] = —1.5) and obtained a distance of dr ~ 26.8 & 1.7kpc.
We thus confirm that NGC 7492 is immersed in the Sgr tidal stream.

In order to check whether some of our target stars could lie
on a tidal feature originating from NGC 7492, we generated
two-dimensional density maps to search for tidal structures. We
performed a matched filter analysis following the description intro-
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Figure 3. Density map of NGC 7492 stars as derived from the matched
filter analysis, where North is up and East is to the left. The density contours
displayed correspond to the number of standard deviations o = [1, 1.5, 2,
3, 5, 10, 20, 30, 50, >50] above the mean background level. The target
stars are overplotted as orange circles (v, < —160kms~1), blue triangles
(=150 < v, [km s1< —90), green squares (80 < v, [ km s 1< 150) and
small grey squares (rest of stars). The red line indicates the King tidal radius
of NGC 7492.

duced by Rockosi et al. (2002) and widely used for the detection of
extratidal features in Galactic GCs (e.g. Grillmair & Johnson 2006;
Balbinot et al. 2011, N17). The central 1 arcmin of NGC 7492 were
considered to derive the number density of stars in the CMD, while
those stars beyond r = 25 arcmin from the cluster centre were used
to sample the fore/background stellar populations. The CMD bin
sizes used to compute those number densities were §g = 0.1 and
8(g — r) = 0.05 mag.

NGC 7492 is a member of the group of ‘tidally affected’ GCs,
according to the classification by Carballo-Bello et al. (2012), so
this cluster might be importantly distorted by its interaction with
the Milky Way. We now focus on the density map generated using
the procedure described above (see Fig. 3). Most of NGC 7492’s
stars seem to be contained within the King tidal radius, which is
almost fully filled by cluster members. Our density contours also
show the presence of minor overdensities beyond ry, with a signif-
icance between lo and 20 above the median background density.
The orientation of these elongations, tentative tidal tails emerging
from the cluster, is similar to that of the tails unveiled by N17 in
Pan-STARRS1 survey data for NGC 7492. Moreover, their density
contours for NGC 7492 show that this cluster would populate most
of the Megacam field of view, with stars likely associated with the
cluster found up to distances of 0.5 deg from its centre. Given our
relatively small field of view, it is difficult to obtain a proper estimate
of the contribution of fore/background populations to our density
maps so we are not able to reproduce Navarrete’s results with the
same level of confidence. Even so, our NGC 7492 isopleths may be
used as a reference to establish the nature of the stars observed with
VIMOS for this work.

We have overplotted the position of the spectroscopic targets in
the resulting density map shown in Fig. 3. Both groups of stars
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Table 1. ID, Field, position, radial velocities and signal-to-noise ratio of
the spectra obtained for the stars included in this sample. A full version of
this table is included as supplementary material in electronic format.

Star ID  Field R.A. Dec v, oy, S/N
(hh:mm:ss)  (dd:mm:ss) (kms~!) (kms™!)
1 F1 23:07:43.6 —15:16:53.7 71 60 37
2 F1 23:07:38.0 —15:26:18.0 136 53 33
3 F1 23:07:544 —15:24:37.3 —87 38 49
4 F1 23:07:34.6 —15:15:41.2 0 52 16
5 F1 23:08:01.3 —15:21:39.9 15 39 55
6 F1 23:07:01.0 —15:17:21.2 —306 39 9
7 F1 23:07:33.0 —15:25:00.8 —219 47 8
8 F1 23:07:40.2 —15:25:09.0 44 56 16
9 F1 23:06:58.5 —15:16:37.1 3 53 13
10 F1 23:07:02.5 —15:21:13.0 12 54 38

(fields 1 and 2) are coincident in projected position with the stellar
overdensities revealed by the matched filter technique. In particular,
field 2 lies along the stellar arm unveiled by N17, so a contribution
of cluster stars in our results is expected. However, even if stars
belonging to NGC 7492 are observed, the presence of the multiple
wraps of Sgr predicted by the numerical simulations around this
GC should be reflected in our radial velocity distribution.

The derived radial velocities are shown in Table 1. The histogram
of velocities for the target stars was constructed using a bin size of
20kms~! and was then smoothed with a boxcar average with a
width of three bins. The result is shown in Fig. 4. It is possible
to distinguish at least three components in the heliocentric radial
velocity distribution, with peaks with approximate mean velocities
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of v, = —110, 0 and 125kms™ ', in descending order of number
of stars. In order to identify the group of stars likely associated
with the Milky Way stellar populations, we compare our results
with the distribution obtained using the Besancon synthetic model
(Robin et al. 2003). We performed 100 simulations using the de-
fault parameters for the position in the sky of NGC 7492 and using
a solid angle equivalent to 2 deg?>. We randomly modified the ve-
locities by adding values consistent with our mean observational
error. The velocity distribution was derived by only including those
synthetic stars in the same colour-magnitude range as of the target
stars and using the same bin size. The distribution predicted for
Milky Way stars along this line of sight is arbitrarily scaled and
overplotted in Fig. 4 and confirms that the central group of stars
around v, ~ Okms~! is composed of target objects that are likely
members of the Galactic disc and halo.

As for the remaining kinematic components, we derive the distri-
bution of velocities for particles in the P10 and LM10a models for
the Sgr tidal stream in an area of 2deg x 2 deg around the cluster
position. The predicted signature of the stream along this line of
sight is overplotted in Fig. 4. Both numerical simulations predict a
concentration of stars around v, ~ 110-130 km s~! belonging to the
leading arm of the stream (according to the LM10a classification).
This wrap of Sgr is predicted to be composed of stars with accre-
tion times 7, > 1.5 Gyr and might be connected with the same
wrap detected in the surroundings of Whiting 1 by Carballo-Bello
et al. (2017). We thus confirm the detection of an old leading arm
in the Sgr tidal stream, which is still detectable via multi-object
spectroscopy over a wide field of view and located at d ~ 26 kpc.

The peak observed at v, ~ —110kms~! may be associated
with the second component of Sgr predicted in this region of the

8 L | : | | .IObserved | g 16
r I Besanc¢on ]
r I BIPR10 model (L) | 18 F
6 __ : LM10 model (L) __
L | LM10 model (T)
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Figure 4. Left: radial velocity distribution obtained for the sample of stars around NGC 7492 (black solid line). The blue area represents the velocities for Sgr
stars according to P10, while the yellow and orange areas correspond to the leading and trailing arms of Sagitarius, respectively, as proposed by the LM10a
model. The grey area corresponds to the expected velocity distribution of Milky Way stars along the same line of sight as NGC 7492, as predicted by the
Besancon model. Grey, blue and orange areas have been arbitrarily scaled for better visualization. The dashed vertical line indicates the radial velocity of the
GC measured by (Cohen & Melendez 2005). Right: Megacam CMD corresponding to stars beyond 11 arcmin from the centre of NGC 7492. The black solid
line represents the isochrone for a stellar population with # ~ 10 Gyr and [Fe/H] ~ —1.5 at the same heliocentric distance that NGC 7492. Stars satisfying
v, < —160, =150 < v, < —90 and 80 < v, < 150kms~!, are overplotted as orange circles, blue triangles and green squares, respectively.
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sky. Following the nomenclature used by LM10a, a more recently
accreted (f,ec < 0.5 Gyr) trailing arm section of the stream should be
found around NGC 7492 at a similar heliocentric distance but with
(v,) ~ =50kms~!. Therefore, an important difference is found be-
tween our detection of the trailing arm of Sgr and the prediction
made by the LM10a model. Given that no other halo substructure
has been reported in this region, our results could be used to bet-
ter constrain the orbital path (and kinematics) of the stream. The
projected position in the sky for the stars found in both velocity
peaks suggests that the stellar populations that we have identified
as leading and trailing arms are found in both fields with no sig-
nificant differences in their distribution (see Fig. 3). Although the
model predicted more leading arm stars in this region of the sky,
our histogram shows that the contribution of Sgr trailing arm stars
is comparatively more important in our sample.

We also confirm that NGC7492’s radial velocity (v, =
—176.9kms~!; Cohen & Melendez 2005) differs significantly from
that of the Sgr tidal streams along this line of sight as previously
predicted by LM 10b. This indicates that NGC 7492 is immersed in
the Sgr tidal remnants but with a radial velocity that implies inde-
pendent origins for both stellar systems. A few stars are found in
our velocity distribution around the Cohen’s velocity for the cluster,
which was derived from the high-resolution spectra of four red-giant
branch stars and is the measurement of reference in the literature
for the kinematics of this globular. The position in the sky of the
observed stars with v, < —160kms~! in the CMD is consistent
with that of the isochrone corresponding to NGC 7492 (see Fig. 4).
Moreover, those stars seem to be concentrated in field 2, which is
located along the stellar arm unveiled by N17. Therefore, our results
may confirm the findings of N17 about the presence of tidal tails in
the field around this cluster. However, given the uncertainties of our
velocities arising from the chosen instrumental set-up, it is not pos-
sible to either unequivocally associate those stars with NGC 7492
or estimate the number of cluster stars that are contributing the peak
corresponding to the Sgr trailing arm.

4 CONCLUSIONS

We have derived radial velocities for a sample of 71 stars around
the GC NGC 7492 and distributed among two VIMOS fields. Our
velocity distribution shows three peaks: Milky Way stars, Sgr lead-
ing and trailing arms members. These halo substructures seem to
be located at the same heliocentric distance as that of NGC 7492.

The Sgr streams are found at (v,) ~ —110 and 125kms~', with
predicted accretion times #,.. < 0.5 and >2 Gyr, respectively. Ac-
cording to the LM10a model, the latter represents a new detection
of the old leading arm previously reported in a similar study with
the same instrumental set-up. As for the detection at negative ve-
locities, it could correspond to a section accreted during the last
0.5 Gyr according to the numerical simulations available for the
stream. Both components present a kinematical signature different
from that of the GC, which may support an independent origin for
NGC 7492, even when it is immersed in Sgr. A small number of
stars at v, ~ —180km s~ in our results seems to be associated with
NGC 7492 members located along the tidal tail recently discovered,
which is also revealed by our Megacam photometry.
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