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ABSTRACT
We report the results of a systematic photometric survey of the peripheral regions of a sample
of 14 globular clusters in the outer halo of the Milky Way at distances dGC > 25 kpc from the
Galactic Centre. The survey is aimed at searching for the remnants of the host satellite galaxies
where these clusters could originally have been formed before being accreted on to the Galactic
halo. The limiting surface brightness varies within our sample, but reaches µV, lim = 30�
32 mag arcsec�2. For only two globular clusters (NGC 7492 and Whiting 1; already suggested
to be associated with the Sagittarius galaxy), we detect extended stellar populations that
cannot be associated with either the clusters themselves or with the surrounding Galactic
�eld population. We show that the lack of substructures around globular clusters at these
Galactocentric distances is still compatible with the predictions of cosmological simulations
whereby in the outer halo the Galactic globular cluster system is built up through hierarchical
accretion at early epochs.

Key words: methods: observational � techniques: photometric � stars: Population II �
globular clusters: general � Galaxy: halo � Galaxy: structure.

1 INTRODUCTION

According to the most widely accepted cosmological model, the
concordance �-cold dark matter (�CDM) model (Planck Collabo-
ration 2016) galaxies like the Milky Way are mainly formed by the
hierarchical assembly of smaller subsystems (Pillepich, Madau &
Mayer 2015; Rodriguez-Gomez et al. 2016, and references therein).

A typical late accretion event would involve a dwarf satellite
that is progressively disrupted by the tidal pull exerted by the par-
ent galaxy. The stripped material (gas/stars/clusters/dark matter) is
placed on orbits similar to that of the original satellite, hence form-
ing tidal tails that may form multiple �lamentary wraps around the
parent galaxy (see Law, Johnston & Majewski 2005). Accretion
events in the inner halo at high redshift completed tens of orbits dis-
tributing their remnants homogeneously in space, while satellites
accreted more recently and at large Galactocentric distances are
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expected to leave compact remnants. Gas-rich mergers constitute
also the reservoir from which a homogeneous component of the
halo could form in situ in the densest central region of the Milky
Way. Models of galaxy formation predict that the haloes of Milky
Way-like galaxies should therefore be characterized by a superposi-
tion of stellar populations from these substructures with a degree of
discreteness that increases towards large Galactocentric distances
(Bullock & Johnston 2005; Cooper et al. 2010).

The tidal features left by the hierarchical formation process
should be still observable in the outer halo and their detection pro-
vides an observational test of the �CDM paradigm. For this reason,
in recent years huge observational efforts have been carried out
to search for overdensities in large-scale photometric surveys like
the Sloan Digital Sky Survey (SDSS; Abazajian et al. 2009), the
Two-Micron All Sky Survey (2MASS; Skrutskie et al. 2006), and
Pan-STARRS (Chambers et al. 2016). Truly spectacular examples
have been observed both within the Milky Way, i.e. the case of the
Sagittarius dwarf galaxy and its giant tidal stream (Ibata, Gilmore
& Irwin 1994; Majewski et al. 2003) and the ��eld of streams�
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(Belokurov et al. 2006), in M31 (Ibata et al. 2001; McConnachie
et al. 2009) and also in nearby galaxies (see Mart·�nez-Delgado et al.
2010; Duc et al. 2015). Studies devoted to the quanti�cation of the
amount of substructures in the halo have been performed by Bell
et al. (2008), Starkenburg et al. (2009), Xue et al. (2011), and Janesh
et al. (2016), who indeed �nd that the halo is highly structured with
an increasing clumpiness at large Galactocentric distances.

The outskirts of globular clusters (GCs) are among the best places
to look for remnants of the ancient satellites predicted by the �CDM
theory. Indeed, in the classical Searle & Zinn (1978) scenario of the
formation of the Galaxy, at least part of the outer halo GCs (at
Galactocentric distances dGC > 8 kpc) formed in dwarf galaxies
that were later accreted by the Milky Way. This hypothesis is based
on the absence in the group of GCs populating the outermost Galac-
tic halo of the clear metal abundance gradient observed in the inner
Galaxy. An updated view of this evidence comes from the distribu-
tion of GCs in the age-metallicity plane (Mar·�n-Franch et al. 2009;
Forbes & Bridges 2010; Leaman, VandenBerg & Mendel 2013):
GCs located at distances dGC > 15 kpc tend to populate a separate
branch of this diagram, away from the locus of nearby GCs. More-
over, these clusters exhibit peculiar kinematical properties (large,
energetic orbits of high eccentricity), larger core radii, a higher
speci�c frequency of RR Lyræ stars (Mackey & Gilmore 2004),
and most of them are distributed along an inclined disc that en-
compasses the Galaxy, together with the dwarf spheroidals and the
ultra-faint dwarfs (Keller, Mackey & Da Costa 2012; Pawlowski,
P�amm-Altenburg & Kroupa 2012). The extra-Galactic origin of
these clusters is also invoked to explain the bimodal metallicity
distribution of GCs observed in both spiral and elliptical galaxies
(C�ot·e, Marzke & West 1998; C�ot·e et al. 2000; Kravtsov & Gnedin
2005; Renaud, Agertz & Gieles 2017). However, these trends do not
provide a clear-cut proof of the origin of these GCs. On the other
hand, if these clusters did form within larger stellar systems, they
are expected to be surrounded by stellar populations of their host
galaxy, over a wide �eld. Remarkably, recent studies have revealed
the presence of streams in the surroundings of a few GCs in the
inner halo (Mart·�nez-Delgado et al. 2002; Bellazzini et al. 2003;
Carballo-Bello et al. 2018a). In particular, the Sagittarius galaxy,
the most prominent accretion event in the Milky Way, is expected to
contribute to the Galactic GC system with 5÷9 clusters, lying today
along its orbital path (Law & Majewski 2010a). Among them, the
presence of the Sagittarius stellar population has been found in the
surroundings of NGC 7492 and Whiting 1 (Carballo-Bello et al.
2014), at Galactocentric distances dGC > 25 kpc. The same sce-
nario seems to be con�rmed in M31 where all GCs beyond 30 kpc
from the centre appear to be associated with streams (Mackey et al.
2010; Veljanoski et al. 2014).

In this paper, we use deep wide-�eld photometric observations of
a sample of 14 Galactic GCs populating the distant halo of the Milky
Way (at distances dGC > 25 kpc) to investigate the possible presence
of stellar populations arising from their hypothetical progenitor
hosts. In Section 2, we describe the observational material and
the adopted data reduction techniques. In Section 3, we describe
the methodology used to detect overdensities and the results of its
application to our sample. Section 4 is devoted to the comparison
of our results with a set of cosmological simulations. We discuss
our results in Section 5.

2 OBSERVATIONAL MATERIAL

The GCs of our data base were selected among those populat-
ing the outer halo of the Milky Way at Galactocentric distances

dGC > 25 kpc. Among the 19 GCs listed in the Harris catalogue
(Harris 1996, 2010 edition) in this distance range, we excluded two
GCs at low Galactic latitude |b| < 10� (Pyxis and Pal 2) because
of the severe effect of differential reddening affecting their colour-
magnitude diagrams (CMDs), two GCs (NGC 5824 and Pal 15)
because their tidal extent exceeds the �eld of view of our data (see
also Myeong et al. 2017; Kuzma, Da Costa & Mackey 2018), and
one GC (Ko 1) because of its sparse number of stars, which did not
allow us to perform our analysis. The �nal sample hence consists of
14 GCs located in both hemispheres covering a range of distances
of 25 < dGC/kpc < 125 from the Galactic Centre.

The photometric data set consists of a set of images collected
with the imagers Megacam [mounted at the CFHT (Canada�France
Hawaii Telescope in Mauna Kea, Hawaii)] and Megacam (mounted
at the Magellan II-Clay Telescope in Las Campanas, Chile) as a
part of a project aimed at the characterization of Galactic GCs
(Mu�noz et al. 2018). This survey presents unprecedented photo-
metric data quality for describing an almost complete sample of
outer halo satellites, which was already used in many published
works (see e.g. Bradford et al. 2011; Sollima et al. 2011a,b; Santana
et al. 2013; Carballo-Bello et al. 2015). The camera Megacam
at CFHT is a prime focus mosaic camera consisting of thirty-six
2048 × 4612 pixel CCDs (a total of 340 megapixels), covering a
0.�96 × 0.�94 square degree �eld of view with a pixel-scale of 0 .��187
per pixels (Boulade et al. 2003). Observations were performed in
queue mode during semesters 2009-A, 2009-B, and 2010-A mostly
in photometric conditions. The average seeing was �0 .��8. Clus-
ters in the Southern hemisphere were observed using the Mega-
cam camera at Magellan, which is composed of 36 closely packed
CCDs assembled in an 18 432 × 18 432 pixels array. The CCDs
have 13.5 µm square pixels that subtend 0 .��08 at the f/5 focus,
yielding a 25 arcmin × 25 arcmin �eld of view. The average seeing
of these observations was �0 .��9. For each cluster, multiple images
were observed through the Sloan g� and r� �lters, placing the cluster
close to the centre of the camera �eld of view. The log of the obser-
vations, including exposure times, number of exposures, and overall
�eld of view for each target cluster is listed in Table 1. Standard
photometric reduction (bias subtraction, �at-�eld, etc.) was carried
out using the IRAF1 task CCDPROC.

The photometric analysis was carried out using the PSF (point
spread function)-�tting algorithm of the DAOPHOT/ALLFRAME package
(Stetson 1994) . The brightest and most isolated stars were used to
construct a model PSF and to link PSF and aperture magnitudes.
Images were aligned and stacked to construct a high signal-to-noise
image where the source detection was performed. The photometric
analysis was then done on the individual images and the result-
ing magnitudes were averaged. For the objects in common with
the SDSS-DR7 catalogue (Abazajian et al. 2009), the instrumental
magnitudes were calibrated using the stars in common, selecting
the ones with 18 < rsdss < 21.5 and 18 < gsdss < 22 to avoid both
saturated and large photometric uncertainty stars. The objects that
lay outside the SDSS footprint were calibrated using the average
extinction terms, zero-points, and the colour-terms determined for
the GCs overlapping the SDSS imaging area and that were observed
with the same instrument under the same observing conditions. To
limit the contamination from background galaxies, whose location
in the CMD partly overlaps the locus of the MS of a halo stellar

1 IRAF is distributed by the National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
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Table 1. Summary of observations.

Name Telescope Filter Nexp texp FoV
(s) (deg2)

Pal 13 CFHT g 6 360 0.98
r 6 360 0.98

NGC 7492 CFHT g 6 120 0.94
r 6 120 0.94

Clay g 5 90 0.21
r 5 180 0.21

Whiting 1 CFHT g 6 300 0.95
r 6 300 0.95

NGC 6229 CFHT g 6 90 0.91
r 6 90 0.91

AM 4 Clay g 5 90 0.21
r 5 180 0.21

Koposov 2 CFHT g 6 500 0.94
r 6 500 0.94

NGC 5694 CFHT g 6 60 0.95
r 6 60 0.95

NGC 7006 CFHT g 6 240 0.95
r 6 240 0.95

Pal 14 CFHT g 6 680 0.95
r 9 680 0.95

NGC 2419 CFHT g 6 450 1.02
r 6 450 1.02

Eridanus CFHT g 6 270 0.94
r 6 270 0.94

Pal 3 CFHT g 6 270 0.98
r 6 270 0.98

Clay g 5 90 0.21
r 5 180 0.21

Pal 4 CFHT g 6 440 0.96
r 6 440 0.96

AM 1 Clay g 5 90 0.21
r 5 180 0.21

population, we removed all stars with a sharpness parameter
|S| > 0.3. This value was chosen to include the bulk of bona-�de
cluster MS stars selected within �(g � r) < 0.1 about the MS ridge
line and located within R < rlim. This criterion has been found to
provide the best compromise between completeness and contam-
ination with a better discrimination power than other considered
alternatives (e.g. PSF-�tting versus aperture magnitude, etc.).

The (g � r) � g CMDs of the 14 GCs of our sample are shown
in Fig. 1. They sample the cluster population from the tip of the red
giant branch to some 1�4 mag below the main-sequence (MS) turn-
off depending on the cluster distance, reaching a typical magnitude
limit of g � 25.5. At large distances from the centres of the clusters
the stellar populations of the Galactic �eld dominate, showing a
fairly homogeneous distribution of stars in the blue portion of the
CMD (at g � r < 1; composed of the superposition of disc/halo up-
per MS stars at different heliocentric distances) and a red plume (at
g � r > 1; composed of low-mass MS dwarfs). In a few clusters (e.g.
NGC 7492, Whiting 1), an overdensity of stars in the blue region of
the CMD resembling a MS feature is apparent. At faint magnitudes
(at g > 24 and g � r < 0.6), a large number of background galaxies
contaminate the CMD. Arti�cial star experiments were performed
on the science images of NGC 2419 and NGC 7006 indicating a
completeness level > 80 per cent at g � 24 in both clusters, with a
sharp decrease at fainter magnitudes.

3 METHOD

The CMDs shown in Fig. 1 were used to detect any possible overden-
sity of stars compatible with that produced by the stellar population
of a surrounding remnant.

In the following analysis, magnitudes were dereddened using
the reddening predicted by Schla�y & Finkbeiner (2011) and the
extinction coef�cients by Schlegel, Finkbeiner & Davis (1998).

To avoid the contamination from the stars of the GC itself, we
only considered in our analysis stars located beyond a limiting ra-
dius rlim, where the cluster contribution vanishes. For this purpose,
we selected stars within three times the colour standard deviation
about the MS ridge line and counted the number of selected objects
in concentric annuli. The density pro�le was then derived by divid-
ing the number counts by the area of each annulus. Number densities
were then converted into magnitudes and scaled to match the surface
brightness pro�le of Trager, King & Djorgovski (1995). For those
clusters not included in the Trager et al. (1995) sample, we adopted
the best-�tting King (1966) models provided by Carballo-Bello
et al. (2014, Whiting 1 and AM 4), Ibata et al. (2011, NGC 2419),
and Harris (1996, Eridanus), which were normalized to match the
integrated V magnitude listed in the Harris (1996) catalogue. The re-
sulting surface brightness pro�les are shown in Fig. 2. In all clusters
the pro�les show the typical declining trend and �atten at a value
beyond which the Galactic contribution dominates over the clus-
ters� stellar population. For different choices of rlim, we performed
a �2 test by selecting radial bins at projected distances R > rlim. We
chose rlim as the minimum distance beyond which the associated
�2 is compatible with a constant density at the 99.8 per cent con-
�dence level. The mean surface brightness calculated at distances
R > rlim was then assumed to be an upper limit for the surface
brightness of the hypothetical underlying remnant (µV, max). Indeed,
this approximate limit depends on a number of assumptions. For
example, a direct number count/surface brightness conversion was
assumed, neglecting possible differences in the stellar content of
the sampled population (e.g. age, metallicity, mass function, etc.).
However, the cluster and its hypothetical host galaxy are expected
to be characterized by similar (old and metal-poor) stellar popu-
lations at the same mean heliocentric distance (although with a
larger spread for the remnant) and are affected by the same dust
extinction, thus sharing the same location in the CMD. Note that
while any stellar population with a surface brightness brighter than
µV, max would have produced a plateau at a surface brightness level
larger than observed, the estimated background level could have
been spuriously increased by (i) residual contamination from unre-
solved galaxies, (ii) Poisson �uctuations hampering the detection
of any declining trend at low number counts, and (iii) the contri-
bution of the remnants of other disrupted satellites lying along the
line of sight to the GC. The adopted values of rlim and µV, max for
the analysed GCs are listed in Table 2. The derived background
surface brightnesses lie in the range 29.4 < µV, max < 31.7 mag
arcsec�2 depending on the sampled area and the cluster distance,
and have typical uncertainties of �0.5 mag arcsec�2.

Contamination from background galaxies has been signi�cantly
reduced by the strict cut in the sharpness parameter described in
Section 2. While this criterion is effective in removing extended
objects at bright magnitudes, it cannot avoid some residual con-
tamination at faint magnitudes (g > 24) where the uncertainties in
the stellar pro�le determination produce an overlap between stars
and galaxies also in the sharpness parameter domain. Moreover,
because of such a strict criterion, many faint stars at g > 24 are
removed causing a drop of the photometric completeness. Because
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