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ABSTRACT

We report on observations of two newly discovered globular clusters in the outskirts of M31
made using the Gemini Multi-Object Spectrograph (GMOS) instrument on Gemini North.
These objects, PAndAS-7 (PA-7) and PAndAS-8 (PA-8), lie at a galactocentric radius of
≈87 kpc and are projected, with separation ≈19 kpc, on to a field halo substructure known as
the South-West Cloud. We measure radial velocities for the two clusters which confirm that
they are almost certainly physically associated with this feature. Colour–magnitude diagrams
reveal strikingly short, exclusively red horizontal branches in both PA-7 and PA-8; both also
have photometric [Fe/H] = −1.35 ± 0.15. At this metallicity, the morphology of the horizontal
branch is maximally sensitive to age, and we use the distinctive configurations seen in PA-7
and PA-8 to demonstrate that both objects are very likely to be at least 2 Gyr younger than
the oldest Milky Way globular clusters. Our observations provide strong evidence for young
globular clusters being accreted into the remote outer regions of M31 in a manner entirely
consistent with the established picture for the Milky Way, and add credence to the idea that
similar processes play a central role in determining the composition of globular cluster systems
in large spiral galaxies in general.

Key words: globular clusters: general – galaxies: individual: M31 – galaxies: haloes – Local
Group.

1 IN T RO D U C T I O N

It has long been recognized that some fraction of the globular clus-
ters in the Milky Way halo have very likely been accumulated via the
accretion and destruction of their satellite host galaxies, rather than
having formed in situ. However, much of the observational support
for this picture is circumstantial rather than direct. In their semi-
nal paper, Searle & Zinn (1978) showed that halo clusters outside
the solar circle exhibit no abundance gradient with Galactocentric
radius, and further that the horizontal branch (HB) morphologies
for these objects (taken as a proxy for age) show little correlation
with abundance. They postulated that the outer globular clusters did
not form during the initial collapse of the Galaxy but originated in
smaller ‘protogalactic fragments’ that were subsequently accreted
into the Galactic potential well, even long after the formation of the
central regions of the Milky Way was complete.

⋆ E-mail: dougal@mso.anu.edu.au

Modern studies with vastly improved data sets still support this
scenario. It is now known that a wide variety of properties commonly
associated with globular clusters in the outer parts of the Milky Way,
such as their ages (measured directly from precise main-sequence
turn-off photometry), kinematics, HB morphologies, spatial loca-
tions, luminosities and sizes, are consistent with an external origin
(see e.g. Zinn 1993; Mackey & Gilmore 2004; Mackey & van den
Bergh 2005; Marı́n-Franch et al. 2009; Dotter et al. 2010; Forbes &
Bridges 2010; Dotter, Sarajedini & Anderson 2011; Keller, Mackey
& Da Costa 2012). Under the assumption that age is the domi-
nant second parameter controlling HB morphology, Zinn (1993)
labelled the ensembles of globular clusters with red and blue HBs
at given [Fe/H] as the ‘young’ and ‘old’ halo systems, respectively.
That young halo clusters typically have ages several Gyr younger
than old halo members has now been explicitly demonstrated (e.g.
Dotter et al. 2010, 2011), and it is these objects, with their charac-
teristic diffuse structures and frequently retrograde orbits, that are
the strongest candidates for having been accreted into the Milky
Way.

C© 2012 The Authors
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282 A. D. Mackey et al.

The ‘smoking gun’ for the accretion scenario was the discovery
of the disrupting Sagittarius dwarf (Ibata, Gilmore & Irwin 1994)
and the recognition that at least four remote Galactic globular clus-
ters (M54, Arp 2, Terzan 7 and Terzan 8) are in fact members of this
galaxy caught in the midst of their arrival into the Milky Way halo
(Da Costa & Armandroff 1995; Ibata, Gilmore & Irwin 1995). It has
been shown more recently that at least one young halo globular clus-
ter widely separated from the main body of Sagittarius on the sky,
Palomar 12, also once belonged to that galaxy (Martı́nez-Delgado
et al. 2002; Cohen 2004); furthermore, a handful of additional clus-
ters are strong candidates for being ex-members (e.g. Bellazzini,
Ferraro & Ibata 2003; Forbes & Bridges 2010; Law & Majewski
2010).

If a significant fraction of remote Milky Way globular clusters
have indeed been accreted, it might be expected that the outskirts of
these objects would be an excellent place to search for the remnants
of their host galaxies. However, despite a significant investment of
effort (e.g. Sohn et al. 2003; Martı́nez-Delgado et al. 2004) and
a few tantalizing recent hints (e.g. Olszewski et al. 2009; Sollima
et al. 2012), no such streams have yet been definitively identified.
To date, the handful of clusters arriving along with the Sagittarius
dwarf represent the only direct evidence for the accretion scenario;
all else remains circumstantial. In particular, despite the compelling
properties of the young halo ensemble, it is not clear to what extent
these objects are representative of the entirety of the accreted pop-
ulation – several of the Sagittarius clusters are old halo members,
and indeed a number of the clusters seen in the Large Magellanic
Cloud and the Fornax dSph would also be classified as such (e.g.
Mackey & Gilmore 2004; Mackey & van den Bergh 2005).

M31 is of vital importance in providing a unique external system
for addressing the above problems; it is the only other large galaxy in
which globular clusters may be resolved into individual stars. Wide-
field surveys conducted by our group, including, most recently, the
Pan-Andromeda Archaeological Survey (PAndAS; McConnachie
et al. 2009), have uncovered a wealth of streams and substructure in
the M31 field halo (see also Ferguson et al. 2002; Ibata et al. 2007),
along with a large number of remote globular clusters with projected
radii in the range ≈15–145 kpc (Huxor et al. 2005, 2008; Huxor
et al., in preparation). We have previously demonstrated that there
is a striking correlation between the number of tidal streams seen
in the M31 halo and the positions of many of the globular clusters
(Mackey et al. 2010a); now that the PAndAS footprint is complete,
it has become clear that this association apparently holds across the
entire M31 halo beyond ≈30 kpc (Mackey et al., in preparation).
The unavoidable conclusion from these observations is that much
of the outer M31 globular cluster system (�80 per cent) has been
assembled via the accretion of cluster-bearing satellite galaxies, just
as has long been suspected in the Milky Way.

We have embarked on a detailed observational programme aimed
at measuring (i) radial velocities for, and (ii) the resolved properties
of, remote M31 globular clusters, especially those projected on to
tidal streams and overdensities. These observations will confirm (or
refute) individual associations between clusters and substructures,
and allow us to explore in detail the characteristics – in particular the
metallicities, HB morphologies and structures – of accreted M31
globular clusters for direct comparison with Milky Way subsystems
such as the young and old halo ensembles.

In this paper we report on some of the first results of this work.
We have targeted two newly discovered M31 globular clusters from
the PAndAS survey, PAndAS-7 and PAndAS-8 (Huxor et al., in
preparation), with imaging and spectroscopic observations using the
Gemini Multi-Object Spectrograph (GMOS) instrument on Gemini

North. Assuming the usual M31 distance modulus of (m − M)0 =

24.47, PA-7 and PA-8 lie at projected galactocentric radii of 86 and
88 kpc, respectively, and are separated by a distance of 81.7 arcmin
≈18.6 kpc. Both project on to a field halo substructure known as
the South-West (SW) Cloud, as shown in Fig. 1 (see also Mackey
et al. 2010a).

So far, little is known about either the target clusters or the SW
Cloud. Based on the PAndAS discovery images, both PA-7 and
PA-8 appear subluminous, with MV ≈ −4.9 and −5.3, respectively.
With (V − I)0 ∼ 1.0, they are also mildly redder than other globular
clusters at similar radii [which typically have (V − I)0 ≈ 0.9 as
in e.g. Huxor et al. 2011]. The SW Cloud was first described by
McConnachie et al. (2009), and is one of the more diffuse substruc-
tures identified in the M31 halo to date. Density maps constructed
using different photometric cuts (such as Fig. 1; see also Richard-
son et al. 2011) indicate that it must be predominantly composed
of stars with [Fe/H] � −1. No kinematics have yet been measured
for the SW Cloud; however, Lewis et al. (2012) describe a large
spur of H I gas extending from the central parts of M31 to very
nearly overlap with this stellar substructure. While any link be-
tween the two remains circumstantial, we note that the H I velocity
is ∼ −470 km s−1, with width ≈200 km s−1.

In what follows, we describe our data acquisition and reduction
(Section 2), the results inferred from radial velocity measurements
and the cluster colour–magnitude diagrams (CMDs; Section 3) and
the implications for our understanding of accretion processes in
assembling both M31 and the Milky Way globular cluster systems
(Section 4).

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

2.1 Imaging and photometry

We imaged PA-7 and PA-8 over a number of nights in 2008 Au-
gust and September, as indicated in Table 1, using GMOS at the
8.1-m Gemini North telescope on Mauna Kea, Hawaii. The data
were obtained in queue mode via programme GN-2008B-Q-22 (PI:
Mackey) during clear, photometric conditions and under excellent
seeing (0.4–0.65 arcsec).

The GMOS imager (Hook et al. 2004) is comprised of three ad-
jacent 2048 × 4096 pixel CCDs separated by gaps of ∼2.8 arcsec,
and has a field of view (which does not cover the full CCD package)
of 5.5 × 5.5 arcmin2. To take advantage of the high-quality condi-
tions, we employed unbinned imaging, resulting in a plate scale of
0.0727 arcsec pixel−1. We obtained our observations in the GMOS
g′ and i′ filters, which are similar, but not identical, to the g and i

filters used by the Sloan Digital Sky Survey (SDSS), and the g′ and
i′ filters employed by the MegaCam imager on the Canada–France–
Hawaii Telescope (CFHT). We took six images with the g′ filter and
five with the i′ filter, arranged in a 3 × 2 dither pattern with a step
size of 5 arcsec designed to eliminate the gaps between the CCDs
and provide continuous coverage of our field. Exposure durations
were 600 s per image for the g′ filter and 480 s per image for the i′

filter.
We reduced our data using the GMOS software package in IRAF.

Appropriate bias and flat-field images obtained as part of the stan-
dard GMOS baseline calibrations were downloaded from the Gem-
ini science archive and then applied to each exposure using the
GIREDUCE task. The three CCD frames in a given exposure were
next mosaicked into a single frame using the GMOSAIC task, and
the five or six mosaicked frames for a given filter were then com-
bined into a single image using the IMCOADD task.
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Young globular clusters in the M31 halo 283

Figure 1. Spatial density map, excised from the final PAndAS footprint, of stellar sources possessing luminosities and colours consistent with being metal-poor
RGB stars ([Fe/H] � −1.4) in the M31 halo. North is up and east is to the left. The two dashed circles represent projected galactocentric radii of 30 and 130 kpc
(2.◦2 and 9.◦6). Globular clusters are marked with red points. In the inner regions of M31 these come from the RBC (Galleti et al. 2004); outside ≈30 kpc almost
all have been discovered from our wide-field surveys, including PAndAS. The two clusters on which we focus in this paper, PA-7 and PA-8, are labelled. These
project on to the SW Cloud, indicated with arrows. A third cluster, not studied here, also sits on this field substructure – this is PA-14, to the south-east of PA-8.
Also notable in the field of view are the narrow North-West Stream, the Giant Stream to the south and two tangential streams to the east (see Ibata et al. 2007;
McConnachie et al. 2009).

Table 1. Log of imaging and spectroscopic observations of the two target clusters and two velocity reference clusters.

Cluster Coordinates (J2000.0) Filter or Number of Total exposure Dates Image quality
name RA Dec. grating frames (s) observed (arcsec)

PAndAS-7 00 10 51.3 +39 36 00.0 g′ 6 3600 2008-08-11, 2008-09-05 0.40–0.60
i′ 5 2400 2008-08-11, 2008-08-31 0.55–0.65

R831 6 5400 2010-07-20 ≤0.75

PAndAS-8 00 12 52.4 +38 17 48.0 g′ 6 3600 2008-09-03 0.50–0.55
i′ 5 2400 2008-09-03 0.40–0.50

R831 6 5400 2010-07-20, 2010-08-15 ≤0.75

G1 00 32 46.5 +39 34 40.7 R831 9 1350 2010-07-20 ≤0.75

MGC1 00 50 42.5 +32 54 58.8 R831 9 1800 2011-08-02 ≤0.75

Fig. 2 shows the central 1 × 1 arcmin2 regions of our combined
2400-s i′-band images of the two clusters. Stellar objects in the im-
age of PA-7 have a full width at half-maximum (FWHM) ≈7.8 pix-
els, or 0.57 arcsec, while those in the image of PA-8 have an FWHM
≈6.2 pixels, or 0.45 arcsec. Although crowding precludes precise
photometry in the innermost regions of both clusters, each has a
sufficient number of individual members surrounding its centre to
produce a usable CMD.

We performed photometric measurements on our combined im-
ages following a procedure identical to that which we previously
applied to GMOS imaging of the exceptionally remote M31 glob-
ular cluster MGC1 (Mackey et al. 2010b). In brief, we fit a point

spread function (PSF) model to each combined image using the
stand-alone versions of DAOPHOT II and ALLSTAR II (Stetson 1987).
For any given image we began by conducting a first pass of object
detection with DAOPHOT, and selected ∼75 relatively bright, isolated
stars from the list of detections to construct an initial PSF. Previous
experience with MGC1, along with some additional experimenta-
tion on our present set of observations, showed that a ‘penny2’ PSF
model (Gaussian core plus Lorentzian wings) varying quadratically
across the GMOS field of view provided excellent results. We iter-
atively removed from the PSF list any stars with an error in their
fit of more than three times the average, redefining the model each
time.
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284 A. D. Mackey et al.

Figure 2. Central 1 × 1 arcmin2 thumbnails from our combined 2400s i′-band GMOS images of PAndAS-7 (left) and PAndAS-8 (right). The image quality
is 0.57 and 0.45 arcsec, respectively. North is up and east is to the left. Long-slit positioning and orientation is indicated.

After reaching convergence (at which point there were still typi-
cally �60 stars defining the PSF), we used ALLSTAR to subtract from
the image any stars neighbouring those in the PSF list. We then used
the now completely isolated PSF stars on this subtracted image to
recalculate and further refine the PSF model. Next, we applied this
model to the original image using ALLSTAR and subtracted all known
stars. This subtracted image was then run back through DAOPHOT

in order to find faint objects missed in the first detection pass. Fi-
nally, we took the original image and our final PSF model and used
ALLSTAR to perform photometric measurements on the complete list
of detected objects.

In order to eliminate non-stellar objects and stars with poor
photometry, we passed the resulting list of measurements through
several quality filters based on parameters calculated by ALLSTAR.
Specifically, we filtered objects by the χ2 of their PSF fit, their
estimated photometric error and their measured sharpness relative
to the PSF model. Both clusters lie at moderately low Galactic lat-
itude (b ∼ −20◦), resulting in plenty of foreground stars scattered
across both GMOS fields that allowed us to define, in each filter,
suitable ranges in these parameters as a function of magnitude for
well-measured point sources.

To calibrate our photometry, we decided to depart from the proce-
dure we applied to our previous observations of MGC1. Instead of
using the baseline Gemini calibration imaging of one standard field
(containing ∼5 stars) per cluster per night, we cross-matched our
list of stellar detections against the PAndAS catalogue in order to
derive suitable transformations from instrumental Gemini/GMOS
magnitudes on to the CFHT/MegaCam photometric system. We
excised circular regions of radius 15 arcsec about each cluster to
avoid problems associated with crowding; across the PA-7 field
we matched 131 stars, while in the PA-8 field we matched 109
stars. This large number of stars, covering a wide range of colours
0.0 � (g − i)CFHT � 4.0, allowed for a more robust transformation
than we were able to achieve for MGC1 by employing four standard
stars to calibrate our photometry on to the SDSS system.

An example of our transformation procedure is shown in Fig. 3.
As noted previously, the GMOS g′ and i′ filters are similar, but

not identical, to the g′ and i′ filters employed by CFHT. To a first
approximation, we found both the g- and i-band transformations to
be linear. However, some experimentation revealed a mild deviation
at the faint end for both filters, which we accounted for by adding
a small exponential term at faint magnitudes. The necessity of this
additional term is not evident to the eye in Fig. 3, but was readily
identified after, for example, trying to match globular cluster fiducial
sequences to the CMDs for PA-7 and PA-8 (Section 3.2).

As in Fig. 3, plots of the resulting residuals revealed that fur-
ther small corrections involving (g′ − i′)Gemini were required. The
implied form of these was consistent across the g- and i-band pho-
tometry for both clusters – a constant offset at blue colours, moving
linearly to another constant offset at red colours.

In summary, our final transformations took the form

mtrans = αm′ + β + η(m′) − χ (c′) . (1)

Here, m′ is the instrumental GMOS g′ or i′ magnitude and c′ is
the instrumental (g′ − i′) colour, mtrans is the final transformed
magnitude on the calibrated (PAndAS) CFHT/MegaCam scale, α

and β are coefficients defining the linear term and η(m′) and χ (c′)
are the exponential and colour terms, respectively:

η(m′) =

{

0 if m′ < δ,

γ (m′ + δ)ǫ if m′ ≥ δ,

χ (c′) =

⎧

⎨

⎩

κ1 if c′ < κ3,
(κ2−κ1)
(κ4−κ3) (c′ − κ3) + κ1 if κ3 ≤ c′ ≤ κ4,

κ2 if c′ > κ4 .

The coefficient δ represents the cut-on magnitude for the exponential
term, while κ3 and κ4 are the blue and red colours of the knees in
the colour term. We list the derived coefficients for each of our
photometric transformations in Table 2. As in Fig. 3, application of
these transformations resulted in rms residuals at a level of a few
×0.01 mag across the full range of colours in both filters.

The MegaCam i-band filter broke in 2007 June and was replaced
in 2007 October; these two filters are not identical at a level of

 at T
h

e A
u

stralian
 N

atio
n

al U
n

iv
ersity

 o
n

 M
arch

 1
3

, 2
0

1
3

h
ttp

://m
n

ras.o
x

fo
rd

jo
u

rn
als.o

rg
/

D
o

w
n

lo
ad

ed
 fro

m
 



Young globular clusters in the M31 halo 285

Figure 3. An example of the photometric transformation from instrumental Gemini/GMOS magnitudes to the calibrated (PAndAS) CFHT/MegaCam
photometric system, for PA-7 i-band observations. The leftmost panel shows the relationship between i′Gemini and iCFHT. The transformation is nearly linear,
except for a small exponential term that is required for faint detections. The solid line represents the linear + exponential relationship; the dotted line is the
linear relationship only. The middle panels show the resulting residuals as a function of the instrumental i′Gemini magnitude and (g′ − i′)Gemini colour. In the
upper of these panels the solid points are for the blue half of the detections and the open points for the red half; in the lower panel for clarity we plot only
detections possessing uncertainties on the residuals �0.05 mag. Both panels show that a small colour term is required – we employ a simple prescription as
marked (dashed line). The rightmost panels show the residuals after the full transformation has been applied; these are centred on zero with rms of a few
×0.01 mag. In the central and rightmost panels we shade the region spanned by the cluster CMDs – although to avoid crowding uncertainties we excised most
cluster members from the matched detection lists before deriving the transformations.

Table 2. Coefficients for transforming our instrumental Gemini/GMOS photometry into the CFHT/MegaCam system.

Cluster and Linear term Exponential term Colour term
passband α β γ δ ǫ κ1 κ2 κ3 κ4

PAndAS-7 g band 1.0081 9.5523 0.0214 13.0 1.1072 0.000 0.000 – –
PAndAS-7 i band 1.0073 9.8127 0.0238 12.0 0.2743 0.025 −0.050 1.80 3.60

PAndAS-8 g band 1.0080 9.5789 0.0260 13.3 0.3417 −0.030 0.020 1.00 1.80
PAndAS-8 i band 1.0001 9.7305 0.0338 12.0 0.4752 0.025 −0.020 1.60 2.80

up to ±0.1 mag across the full colour range (e.g. McConnachie
et al. 2010). The PAndAS imaging covering PA-7 and PA-8 was
taken in late 2006, and our transformations are hence to the original
MegaCam i-band system.

2.2 Spectroscopy

We obtained long-slit spectra of PA-7 and PA-8 with Gemini/GMOS
on two nights in 2010 July and August with the aim of measuring
radial velocities for these two faint clusters. The data were obtained
in queue mode as part of programme GN-2010B-Q-19 (PI: Mackey)
during clear conditions and with seeing better than 0.75 arcsec, as
outlined in Table 1. We employed the R831 grating operating at
central wavelengths near 8500 Å, in combination with a 0.75-arcsec
slit width and the RG610 blocking filter, to obtain a (measured)
resolution R ≈ 3150 around the Ca II triplet at 8498, 8542 and
8662 Å. We binned the CCD by a factor of 2 in both directions to
achieve a spatial resolution of 0.1454 arcsec pixel−1 and a dispersion
of 0.68 Å pixel−1. PA-7 is a loosely aggregated cluster with no well-
defined core, so we placed the slit on the brightest central red giant
member and oriented it at a position angle of 167◦ east of north
in order to cover the next brightest giant plus at least one fainter

member. For PA-8 we oriented the slit at a position angle of 28◦

east of north in order to cover the unresolved cluster core and the
brightest resolved red giant member. Positioning of the slit for both
targets is indicated in Fig. 2.

For each cluster we obtained six 900-s exposures, split into two
groups of three observed at central wavelengths of 8450 and 8500 Å.
This strategy served to fill the wavelength coverage gaps between
the three GMOS CCDs as well as mitigating the effects of hot
pixels and bad columns. Within each group the three exposures
were dithered by ±15 arcsec along the slit in order to fill the gaps
created by the stabilizing bridges on the GMOS long-slit mask, to
further mitigate the impact of any detector defects and to help reduce
systematics during the subtraction of atmospheric emission lines.
We bracketed each group of three science frames with arc lamp
exposures to ensure an accurate wavelength calibration. Flat-field
images were taken for each central wavelength setting.

In addition to PA-7 and PA-8, we observed the very bright and
concentrated M31 globular clusters G1 and MGC1 to serve as ra-
dial velocity templates. G1 is listed with a velocity Vr = −332 ±

3 km s−1 in the Revised Bologna Catalogue (RBC, V4.0; Galleti
et al. 2004), while Alves-Brito et al. (2009) measured Vr = −355 ±

2 km s−1 for MGC1 from a high-resolution spectrum. As outlined in
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286 A. D. Mackey et al.

Table 1, our observations of G1 were obtained in 2010 July as part
of the same programme (GN-2010B-Q-19) under which PA-7 and
PA-8 were targeted, while our spectra of MGC1 were obtained in
2011 August as part of programme GN-2011B-Q-61 (PI: Mackey).
For both clusters we employed an identical set-up to that described
above for PA-7 and PA-8, except that the slit was centred on the
unresolved core of each target. The brightness of the two clusters
necessitated shorter individual exposure durations of 150 s for G1
and 200 s for MGC1. We obtained nine frames for each target, split
into three groups of three observed at central wavelengths of 8450,
8500 and 8550 Å. As before, within each of these groups the three
exposures were dithered by ±15 arcsec along the slit, and each
group was bracketed with arc lamp exposures.

As with the imaging data, we reduced our spectroscopic obser-
vations using the GMOS package in IRAF. For a given cluster, we
first created normalized flat-fields for each of the central wavelength
settings using the GSFLAT task. These normalized flat-fields were
then applied to the science frames, along with an appropriate bias
image from the Gemini archive, using the GSREDUCE task. We
also ran GSREDUCE on the arc lamp exposures, but did not apply
flat-fields to these frames. Next, we ran GSWAVELENGTH on the
reduced arcs in order to establish a wavelength calibration at all
points along the slit for any given science frame, and then applied
these calibrations and rectified the science frames with GSTRANS-
FORM. We carefully examined the positions of the sky lines on each
frame to check that the calibration was accurate, particularly near
the object spectrum and the Ca II triplet. We applied GSSKYSUB
to perform a sky subtraction on each of the calibrated science expo-
sures, and then extracted 1D object spectra from the sky-subtracted
frames using the GSEXTRACT task. This step was straightforward
for the two reference clusters – for each one we simply extracted
the spectrum of the bright unresolved core. For PA-8 we extracted
the spectrum of the unresolved core as well as that of the bright red
giant member we also placed on the slit. For PA-7 we attempted to
extract spectra for all three of the red giants we placed on the slit;
however, only the brightest had sufficient signal to provide a usable
spectrum.

Finally, we corrected each extracted spectrum to the heliocentric
frame using the IRAF tasks RVCORRECT and DOPCOR, and then
median combined the individual exposures of a given target into a
final spectrum using the SCOMBINE task. Best results, including
cosmic ray removal, were achieved by scaling the input spectra to a
common flux level and then, when combining them, weighting each
by its median flux value and applying a sigma-clipping rejection
algorithm.

Fig. 4 shows our combined spectra in the region of the Ca II

triplet for PA-7, PA-8 and the two reference clusters; each has been
normalized using the IRAF task CONTINUUM. We estimate that in
this part of the spectrum the signal-to-noise ratio is ≈7 per resolution
element for PA-7 and ≈20 per resolution element for PA-8. Even
so, the Ca II lines are clearly visible in both cases – their positions
suggest that both PA-7 and PA-8 have larger blueshifts than either
template cluster.

3 R E S U LT S A N D A NA LY S I S

3.1 Radial velocities

We used the IRAF task FXCOR to determine radial velocity estimates
for PA-7 and PA-8 by cross-correlating their spectra against those of
the template clusters G1 and MGC1 (see e.g. Tonry & Davis 1979).
Because of the presence of strong telluric absorption features at

Figure 4. Combined normalized spectra around the Ca II triplet for PA-7 and
PA-8, bracketed by our two velocity template clusters G1 and MGC1. The
vertical dotted lines indicate the positions of the Ca II lines in the spectrum
for G1. Note that PA-7 and PA-8 are clearly blueshifted with respect to these
lines.

several different places within our spectral coverage, as well as
the presence of non-zero residuals from the sky subtraction, we
chose to cross-correlate just the region covering the Ca II triplet with
an ∼50 Å buffer at either end (i.e. ∼8450–8700 Å). This worked
well for PA-8, producing a strong isolated cross-correlation peak;
however, for PA-7 the results were poor. We traced the problem for
PA-7 to the Ca II line at 8662 Å which falls in a crowded region
of sky emission. Due to the low signal-to-noise ratio of the source
spectrum, residuals from the sky subtraction skewed the shape (and
position) of this Ca II line. By restricting the cross-correlation region
to the Ca II lines at 8498 and 8542 Å (i.e. adopting the range ∼8450–
8570 Å), we circumvented this problem. We verified that using just
this region for PA-8, we were able to reproduce the velocity obtained
from using all three Ca II lines to better than the uncertainty on that
measurement.

Our results are as follows: for PA-7 we obtained a heliocentric ra-
dial velocity Vr = −433 ± 8 km s−1, where the uncertainty includes
the quoted errors on the velocities of the reference targets. The
height of the cross-correlation peak, against either template, was
≈0.5, while the Tonry & Davis (1979) R parameter was ≈30 – both
indicating a sound match between the target and reference spectra.
For PA-8 we found Vr = −411 ± 4 km s−1, with a cross-correlation
peak of height ≈0.8, and R ≈ 49 – indicating a high-quality match
between the spectra.

These two velocities fall quite close together and are rather dif-
ferent from the systemic M31 velocity of −301 km s−1, suggesting
that PA-7 and PA-8 are likely to be associated with the underlying
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Young globular clusters in the M31 halo 287

SW Cloud rather than being two unrelated members of the M31
halo. Ultimate verification of this association will require velocity
measurements for stellar members of the tidal substructure; for now
we use a simple statistical test to quantify the significance of our
result.

By measuring velocities for a large number of stars at a variety of
different positions in the M31 halo, Chapman et al. (2006) estimated
the (1D) halo velocity dispersion to decrease with projected radius
R as

σv(R) = 152 − 0.90

(

R

kpc

)

km s−1 . (2)

Extrapolating a small amount beyond their outermost field at R ≈

70 kpc suggests that the velocity dispersion of the M31 halo at radii
comparable to PA-7 and PA-8 (R ∼ 87 kpc) should be σ v(R) ≈

70 km s−1. Under the assumption that remote M31 globular clusters
share the global kinematics of the metal-poor field halo, we ask
how likely it is that two independent objects, not members of any
accreted substructure, should have velocities at least as far away
from the M31 systemic velocity as observed for both PA-7 and PA-
8, but within a similar margin of each other. We used a simple Monte
Carlo model to address this question – we generated a very large
number (�106) of globular cluster pairs with velocities randomly
drawn from a Gaussian distribution of width 70 km s−1 centred on
VM31 = −301 km s−1, and counted the number of times that (i)
both clusters had velocities |Vr1,2 − VM31| ≥ 100 km s−1 and (ii) the
difference between them was |Vr1 − Vr2 | ≤ 30 km s−1. We found
this to be a very unusual configuration, occurring just ≈1.5 per
cent of the time. Note that the bounds adopted here are somewhat
conservative to allow for the uncertainties in our radial velocity
measurements, meaning that this probability is best treated as an
upper limit.

This simple test indicates that PA-7 and PA-8 are almost cer-
tainly not unrelated members of the M31 halo, consistent with our
observation that these two clusters are projected directly on top of
the SW Cloud and strongly suggestive that they are both associated
with this substructure.

3.2 Metallicity and age constraints

CMDs for PA-7 and PA-8 are displayed in Fig. 5. Our photometry
reaches to g ≈ 27 and i ≈ 26, just over 1 mag below the typical HB
level for globular clusters at the M31 distance and reddening. The
CMDs are sufficiently well populated to discern the locus of the red
giant branch (RGB) and the position and morphology of the HB. For
both clusters, the latter feature is particularly striking, being very
short and exclusively red – in fact, more of a red clump than a typical
globular cluster HB. In this respect the CMDs bear considerable
resemblance to those for many of the young halo globular clusters
found in the outskirts of the Milky Way, such as Palomar 3, Palomar
4 and Palomar 14, Pyxis, Eridanus and AM-1 (e.g. Stetson et al.
1999; Hilker 2006; Dotter, Sarajedini & Yang 2008a; Dotter et al.
2011). These particular objects possess ages several Gyr younger
than the oldest members of the Galactic system (e.g. Marı́n-Franch
et al. 2009; Dotter et al. 2010). Given this, it is quite possible that
both PA-7 and PA-8 are also young globular clusters, and we assess
the likelihood of this below.

The first point to note is that crowding and incompleteness do not
affect the observed HB morphology for PA-7 and PA-8, i.e. we do
not believe that there are blue HB stars in these clusters that were
preferentially missed during the photometric measurements. A by-
eye inspection of the detected objects indicates that all stars at this
brightness level in the vicinity of the clusters were photometred.
A few were discarded due to crowding issues, but none of these
was significantly bluer than the HB stars with good measurements.
As further evidence of this point, we direct the interested reader
to our observations of the M31 halo cluster MGC1 (Mackey et al.
2010b), which we took with GMOS under very similar atmospheric
conditions. Crowding and incompleteness is more of a problem in
this luminous compact cluster, yet we still clearly detect stars all
along its blue HB.

We estimated the metallicity, foreground reddening and distance
of PA-7 and PA-8 by overplotting fiducial sequences from several
Galactic globular clusters on their CMDs. For a given comparison
cluster we measured the vertical shift required to align the HB level
with that of either PA-7 or PA-8, along with the horizontal shift
required to align the colour of the RGBs at the HB level. This

Figure 5. CMDs for PA-7 and PA-8. Typical photometric uncertainties are as indicated. The upper RGB stars circled in red are those for which we obtained
useful long-slit spectra (note that for PA-8 we also observed the unresolved cluster core).
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288 A. D. Mackey et al.

horizontal shift gives the difference in colour excess between the
two clusters; when combined with the vertical shift this then yields
the difference in distance modulus. Since the shape of the upper
RGB is strongly sensitive to [Fe/H], the fiducial sequence most
closely tracing this feature indicates the cluster metallicity.

Because the colour of the RGB at HB level is sensitive to age as
well as [Fe/H] (and also, indeed, to [α/Fe]) we attempted, as far as
possible, to adopt fiducial sequences for Galactic clusters possessing
red HB morphology. Clem, Vanden Berg & Stetson (2008) provide
fiducial sequences for four globular clusters and one open cluster in
the CFHT/MegaCam filter system, while An et al. (2008) provide
sequences for 17 globular clusters and three open clusters in the
SDSS filter system. Since our final photometry for PA-7 and PA-8
is calibrated to the MegaCam system, ideally we would have used
the Clem et al. (2008) clusters as our templates. Unfortunately,
however, a small amount of testing revealed that of their sample,
only M71 was in any way close to PA-7 and PA-8 in terms of [Fe/H]
and HB morphology.

The sample of An et al. (2008), on the other hand, possesses
a number of red HB clusters with [Fe/H] comparable to that for
PA-7 and PA-8. Of particular relevance here are the outer halo
objects Palomar 3 and Palomar 4. Since the SDSS photometric
system is slightly different from the CFHT/MegaCam system, it
was necessary to apply suitable transformations to the An et al.
(2008) fiducials before comparing them to our CMDs. We used the
appropriate equations from the online documentation describing the
MegaPipe pipeline reduction process for MegaCam imaging:1

gMC = gSDSS − 0.153 (gSDSS − rSDSS),

iMC = iSDSS − 0.085 (rSDSS − iSDSS). (3)

We also desired a more metal rich template cluster than Pal 3 or Pal
4. In the An et al. (2008) sample, only M71 fits the bill; however,
employing this cluster as a template was a complex procedure. M71
is relatively nearby, meaning that its more luminous RGB members
are saturated in SDSS images. The An et al. (2008) fiducial is
consequently truncated at a level just brighter than the HB. To
circumvent this issue we adopted the M71 sequence from Clem et al.
(2008). Unfortunately, these authors do not provide HB fiducials for
their clusters, or a public archive of their photometry. Therefore, we
had to merge the An et al. HB photometry on to the Clem et al. RGB
fiducial. In principle this simply requires the straightforward use of
equation (3) as in Mackey et al. (2010b); however, An et al., when
comparing their photometry to that of Clem et al., found a significant
disagreement for M71 (note that all other clusters matched to a level
better than ∼2 per cent). They ascribe this discrepancy to substantial
uncertainties in their zero-points for the M71 SDSS imaging. To
correct for this, we tested a grid of zero-point offsets in gri. Each
combination of offsets was applied to the full An et al. M71 fiducial,
which was then transformed using equation (3). We located the set of
offsets producing the best match between this transformed sequence
and that of Clem et al., and then applied this to the An et al. HB
photometry to properly transform it on to the Clem et al. M71
scale.

The results of our template alignment are presented in the upper
panels of Fig. 6. Based on the shape of the upper RGB, Palomar 3
is clearly more metal poor than our M31 objects, while M71 is
considerably more metal rich. The 2011 update of the Harris (1996)
globular cluster catalogue lists [Fe/H] ≈ −1.6 and −0.8 for these
two objects, respectively. Palomar 4, on the other hand, provides

1 http://www2.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/megapipe/docs/filters.html

an excellent upper RGB fit for both PA-7 and PA-8, indicating
that they both share a similar metallicity to this globular cluster.
The Harris catalogue lists [Fe/H] ≈ −1.4 for Pal 4, commensurate
with the value of [Fe/H] = −1.41 ± 0.04 (statistical) ± 0.17 (sys-
tematic) measured from high-resolution spectroscopy by Koch &
Côté (2010). However, other publications suggest it may be slightly
more metal rich than this – for example, the calcium triplet work
of Armandroff, Da Costa & Zinn (1992) which returned a value
[Fe/H] = −1.28 ± 0.20, or photometric studies from Hubble Space

Telescope (HST) imaging which find [Fe/H] ≈ −1.3 (e.g. Stetson
et al. 1999; Dotter et al. 2011). Here we adopt [Fe/H] = −1.35 for
Pal 4, and hence PA-7 and PA-8, but recognize a likely systematic
uncertainty of ±0.1 dex in this quantity. Based on the quality of our
photometry and the separation between the fiducial sequences of our
template clusters, we estimate a statistical uncertainty of ±0.15 dex
on our best-fitting metallicity for PA-7 and PA-8.

The Harris catalogue lists a small colour excess E(B − V) = 0.01
for Pal 4 and an intrinsic distance modulus (m − M)0 = 20.18. Based
on the vertical and horizontal shifts required to align the template
fiducial with our photometry, the implied colour excess and distance
modulus for PA-7 are E(B − V) = 0.11 ± 0.02 and (m − M)0 =

24.47 ± 0.07. For PA-8 we find E(B − V) = 0.12 ± 0.02 and (m −

M)0 = 24.58 ± 0.07. Note that in deriving these quantities we have
employed the extinction coefficients from Stoughton et al. (2002),
specifically that Ai = 2.086 E(B − V). Our quoted uncertainties
reflect only the precision with which we are able to align the fiducial
sequences with our photometry – i.e. the uncertainties are obtained
directly from those associated with the measured horizontal and
vertical shifts.

Our measured colour excesses are in good agreement with pre-
dictions from the reddening maps of Schlegel, Finkbeiner & Davis
(1998): E(B − V) = 0.09 and 0.11 for PA-7 and PA-8, respectively.
Similarly, our distance moduli match quite well the canonical M31
value (m − M)0 = 24.47 (e.g. McConnachie et al. 2005). It is pos-
sible, at marginal significance, that PA-8 could be up to ∼0.1 mag
more distant than PA-7. This would imply a significant depth of
up to ≈40 kpc to the SW Cloud along the line of sight. However,
we must bear in mind the 1σ random uncertainties of 0.07 mag on
each of the distance measurements, and that these do not include
any systematic components due to, for example, the photometric
calibrations, transformation of the Pal 4 fiducial to the MegaCam
photometric system, etc. It is therefore safe to say the distance
estimates are consistent with each other, although it would not
be surprising if there were a mild line-of-sight extension to the
SW Cloud.

The distinctive HB morphology observed for our two M31 clus-
ters provides an upper limit to their ages. To demonstrate this we
consider the recent work of Dotter et al. (2010, 2011) who, using
HST photometry, investigated HB morphology in nearly half the
known Galactic globular clusters as a function of their other proper-
ties (in particular their ages and metal abundances). We reproduce
one of the key results of this work (fig. 11 from Dotter et al. 2011)
in Fig. 7. This shows the relationship between a cluster’s age, HB
morphology and [Fe/H]. HB morphology is parametrized using two
different metrics. The first, introduced by Dotter et al. (2010), is the
difference �(V − I) between the median colour of stars on the HB
and the median colour of stars on the RGB at the HB level. The
second is the commonly used ratio (B − R)/(B + V + R) (e.g. Lee,
Demarque & Zinn 1994), where B (alternatively, R) represents the
number of HB stars lying towards the blue (red) part of the instabil-
ity strip and V the number of RR Lyrae variables (i.e. the number
of HB stars lying on the instability strip).
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Young globular clusters in the M31 halo 289

Figure 6. Galactic globular cluster fiducial sequences overplotted on the CMDs for PAndAS-7 and PAndAS-8. These have been aligned using the level of the
HB and the colour of the RGB at the HB level, as described in the text. The upper panels show results for three fiducial sequences of different metallicity:
Palomar 3 with [Fe/H] = −1.6, Palomar 4 with [Fe/H] = −1.35 and M71 with [Fe/H] = −0.8. The lower panels show the fiducial sequence and HB for
Palomar 4 only, which provides a good fit to the PA-7 and PA-8 CMDs. Note that in both cases the Pal 4 HB extends further to the blue and has a bluer median
colour than the M31 cluster.

Irrespective of which HB metric is considered, it is clear that
in the metallicity range −1.6 � [Fe/H] � −1.0, the morphology of
the HB correlates strongly with the cluster age. The oldest objects in
the Galactic system have very blue HBs; those several Gyr younger
have very red HBs; and there is a relatively smooth transition in
between. This metallicity range is the ‘sweet spot’ for sensitivity
to age – in more metal rich clusters the HB morphology is driven
predominantly by [Fe/H] such that it is exclusively red irrespec-
tive of age, while in more metal poor clusters the correspondence
with age is less clear as only very old systems are observed with
[Fe/H] < −1.6. Note that while there is some evidence that addi-
tional parameters – such as the central density of a cluster or its
helium abundance – may also affect HB morphology; in general,
these appear to be considerably less influential than both [Fe/H] and
age (e.g. Dotter et al. 2010).

At [Fe/H] ≈ −1.35, our two M31 clusters fall directly in the
region where the HB is most strongly sensitive to cluster age.

Their very red HB morphologies indicate that they are likely to
be at least ∼2–3 Gyr younger than the oldest Galactic globulars. To
demonstrate this explicitly we derive the parameters �(V − I) and
(B − R)/(B + V + R) for both objects. The latter metric is straight-
forward – all HB stars are red so the HB-type converges to −1.0.
Although we do not explicitly know the position of the instability
strip on the CMD, the HB-type of Pal 4 is also −1.0 (e.g. Mackey
& van den Bergh 2005), and the lower panels of Fig. 6 show that all
HB stars in our two M31 clusters are redder than the bluest stars on
the Pal 4 HB.

To calculate �(V − I) for a given cluster, we drew a box around
the HB and calculated the median colour of the stars within it.
Note that because we observed only a small number of HB stars
(≈10) in each system, the median colour is somewhat sensitive,
at a level of roughly ±0.03 mag, to the precise boundaries of the
isolating box. In principle, we should have followed a similar pro-
cedure to determine the median colour of the RGB at the HB level;
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290 A. D. Mackey et al.

Figure 7. Age as a function of metallicity and two different HB morphology metrics for a sample of ≈70 Galactic globular clusters, after Dotter et al. (2010,
2011). The location of PA-7 and PA-8 is indicated with a black point.

however, we possessed too few RGB stars for this calculation to be
reliable. Instead, we adopted the colour of the best-fitting (shifted)
Pal 4 fiducial at the HB level, and conservatively assumed a total
uncertainty of ±0.05 mag on the difference between this quantity
and the median colour of the HB. These two measurements gave us
the quantity �(g − i), which we converted to �(V − I) using the
transformation procedure outlined by Martin et al. (2006; see also
Ibata et al. 2007; Huxor et al. 2008). For PA-7 we measured �(V −

I) = 0.14, and for PA-8 we found �(V − I) = 0.12. Both values
are smaller than that seen for Pal 4, �(V − I) = 0.183 (Dotter et al.
2010), consistent with the lower panels in Fig. 6.

Plotting the two HB metrics on Fig. 7 confirms that PA-7 and
PA-8 lie in a region inhabited only by Galactic globular clusters
with ages at least 2 Gyr younger than those for the oldest members
of the Milky Way system.

While this argument provides an upper bound to the ages of PA-7
and PA-8, it says nothing about how young these objects could be.
To investigate this we fit Dartmouth isochrones and synthetic HBs
(Dotter et al. 2008b) of different ages to our CMDs. We assume
[Fe/H] = −1.35 and an α-element abundance equivalent to that ob-
served for Palomar 4 – i.e. [α/Fe] ≈+0.4 (Koch & Côté 2010). Note
that our results are rather insensitive to the precise value adopted
for the latter parameter.

Based on the level of the isochrone subgiant branches, our faint
detection limits of (g, i) ∼ (27.0, 26.0) formally correspond to a
minimum age of ≈2 Gyr for PA-7 and PA-8. However, the implied
distance moduli and foreground reddening levels necessary to cor-
rectly align such young isochrones on the cluster CMDs suggest that
their ages are, in all probability, significantly greater than this. Fig. 8
explicitly demonstrates this result. We plot isochrones ranging in
age from 2.0 to 12.5 Gyr, shifted according to the best-fitting dis-
tance moduli and foreground extinction values derived above from
aligning the Palomar 4 fiducial. Because the colour of the RGB at
the HB level is mildly sensitive to age in the sense that younger clus-

ters have somewhat bluer RGB positions, applying these shifts does
not lead to the youngest isochrones (or indeed their corresponding
HB models) being well aligned; significantly larger values of E(B −

V) and (m − M)0 would be necessary to correct this. In numerical
terms, aligning the 2.0-Gyr isochrone on the PA-7 CMD implies
E(B − V) = 0.16 and (m − M)0 = 24.7, and for PA-8 E(B − V)
= 0.17 and (m − M)0 = 24.8. These foreground reddening levels
are significantly greater than those predicted by the Schlegel et al.
(1998) maps; note, however, that such a discrepancy is not out of the
question (see e.g. Mackey et al. 2010b). More problematic would
be the coincidence of this discrepancy with the unusually large im-
plied distance moduli, which would place the clusters, respectively,
≈90 and 130 kpc behind the central disc of M31. Arguably a more
satisfactory resolution is achieved by adopting an age in the range
≈6–10 Gyr, in which case both E(B − V) and (m − M)0 are much
more consistent with expected values.

Isochrones with age 12.5 Gyr can be aligned nicely with the
CMDs if, in both cases, E(B − V) is about 0.02 mag smaller and (m −

M)0 about 0.1 mag smaller than our previous best-fitting values.
These are certainly within the bounds of acceptability; however,
as discussed previously the observed HB morphologies of our two
M31 clusters exclude such an old age (Fig. 7).

4 D ISCUSSION

The measurements presented here for PA-7 and PA-8 represent a
new step in improving our understanding of the assembly of the
outer haloes and globular cluster systems of M31 and the Milky
Way. As discussed in Section 3.1, the velocities of these objects are
sufficiently similar to each other, and, given their large projected
galactocentric radii, sufficiently different from the M31 systemic
velocity that it is very likely that they are not independent clusters
but rather physically associated with the underlying SW Cloud
(although with the caveat that to establish the link directly it will
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Young globular clusters in the M31 halo 291

Figure 8. Dartmouth isochrones and synthetic HBs overplotted on the CMDs for PA-7 and PA-8. The models have [Fe/H] = −1.35 and [α/Fe] = +0.4, and
a variety of ages as indicated. For illustrative purposes (see text) they have been shifted according to the foreground extinction levels and distance moduli
derived from aligning the Palomar 4 fiducial. For clarity we do not plot a synthetic HB for the 10–12.5 Gyr isochrones; this falls somewhat fainter (�0.1 mag)
than the cluster HB levels.

require velocities for stellar members of this overdensity). Collins
et al. (2009) have previously shown that the extended M31 cluster
HEC12 (also sometimes called EC4) shares a common velocity
with the underlying halo feature known as Stream C. Apart from
this, our measurements for PA-7 and PA-8 represent the strongest
confirmation to date that some remote M31 halo globular clusters
are members of stellar substructures – despite this commonly being
assumed to be the case as a result of the statistically significant
correlation between the spatial positions of many such objects and
a number of the field halo substructures (Mackey et al. 2010a).

In this context the resolved properties of PA-7 and PA-8
take on added significance. We have shown that both have
[Fe/H] = −1.35 ± 0.15 and both possess a strikingly red HB
morphology for this metallicity that implies their ages must be
at least ∼2 Gyr younger than the oldest Galactic globular clusters.
With such characteristics PA-7 and PA-8 would be unambiguously
classified as members of the ‘young halo’ subsystem in the Milky
Way. Perina et al. (2012) have recently demonstrated that many halo
globular clusters in M31 exhibit an even stronger second parameter
effect than do the young halo clusters in the Milky Way. They at-
tribute this to the M31 objects having formed ∼1–2 Gyr later than
their Milky Way counterparts, which is entirely consistent with our
conclusions for PA-7 and PA-8.

As discussed in the introduction to this paper, there is a wealth of
circumstantial evidence that the young halo population of globular
clusters has been accreted into the outer Galaxy from now-defunct
satellite systems; however, direct observations of this process in
action are limited to a handful of members and ex-members of
the Sagittarius dwarf. Our measurements provide new, independent
evidence for close analogues of Galactic young halo clusters being
accreted into the halo of a large spiral galaxy, in a manner entirely
consistent with our understanding of the origin of the outer parts of
the Milky Way globular cluster system.

The complementary viewpoint is also interesting. If we accept
a priori that the available evidence renders the accretion picture

largely correct for the Milky Way (despite very few clusters having
been directly associated with stellar streams), then our observations
of PA-7 and PA-8 are significant in that they explicitly demonstrate
that objects with very similar, if not identical, properties to the ac-
creted members of the Galactic system are also being accreted into
M31. In fact, combined with the results of Mackey et al. (2010a)
and Perina et al. (2012), our results suggest that this process has oc-
curred on a grand scale in M31. This would add credence to the idea
that such processes play a key role in determining the composition
of globular cluster systems in large spiral galaxies in general. It is
of considerable interest to extend our study to include resolved ob-
servations of a more statistically robust number of globular clusters
lying on (and off) a wide variety of M31 substructures in order to
test how far the similarities with the outer Galactic globular cluster
system stretch.

A number of authors (e.g. Marı́n-Franch et al. 2009; Dotter
et al. 2010, 2011; Forbes & Bridges 2010) have demonstrated
that the age–metallicity relation (AMR) for Galactic globular
clusters exhibits two distinct loci – one at almost constant old
age (≈13–13.5 Gyr) and a second branching to younger ages at
[Fe/H] � −1.5. The younger branch is composed mainly of young
halo clusters including several of those associated with the Sagit-
tarius dwarf. It is interesting to consider PA-7 and PA-8 in this
setting. Our measured [Fe/H] ≈ −1.35 places these two objects
just above the branch point on the Galactic globular cluster AMR.
At this metallicity, Galactic globular clusters are seen with ages up
to ∼3.5 Gyr younger than the oldest members of the system (see
e.g. Fig. 7). As discussed in Section 3.2, we formally constrain the
ages of PA-7 and PA-8 to lie in the range ∼2.0–11.0 Gyr; however,
in all likelihood they have ages older than ≈6 Gyr. Thus, it is quite
possible that these two objects fit well with the younger branch of
the Galactic globular cluster AMR, in which case their galaxy of
origin – the progenitor of the SW Cloud – should have had a cluster
enrichment history similar to those satellite galaxies which have
deposited their members in the outer Milky Way.
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On the other hand, it is also possible that PA-7 and PA-8 have
younger ages than any known Galactic globular cluster at their
metallicity, in which case the implied cluster enrichment history
of the SW Cloud progenitor would be comparatively rather slow,
perhaps akin to that seen in the Small Magellanic Cloud. Note that
a handful of globular clusters with ages as young as ≈6–9 Gyr
are seen in the Milky Way (e.g. Palomar 1 and Palomar 12 and
Terzan 7); however, these objects are all considerably more metal
rich than PA-7 and PA-8, with −0.9 � [Fe/H] � −0.5. At least
two (Pal 12 and Ter 7) are associated with the Sagittarius dwarf.
To more accurately constrain the ages of PA-7 and PA-8, and thus
learn something about the cluster AMR of their host galaxy, would
require observations approaching their main-sequence turn-offs on
the CMD – which at present can only be achieved with HST. Failing
this, multicolour broad-band integrated photometry could be used
to place less stringent constraints on the ages of these two objects.

5 SU M M A RY A N D C O N C L U S I O N S

In this paper we have presented spectroscopy and CMDs for two
newly discovered globular clusters in the remote halo of M31. These
two objects, PA-7 and PA-8, project on to a field substructure known
as the SW Cloud, leading previous authors (e.g. Mackey et al.
2010a) to suggest that they have probably been accreted into the
M31 system. We measure radial velocities of Vr = −433 ± 8 km s−1

for PA-7 and −411 ± 4 km s−1 for PA-8. These are rather similar to
each other, especially given their moderately large separation from
the M31 systemic velocity. Based on the known velocity dispersion
of metal-poor stellar populations in the outer parts of the M31
halo, we used a simple Monte Carlo model to show that observing
velocities similar to those for PA-7 and PA-8 is rather unlikely
if these objects are completely independent, with a probability of
�1.5 per cent. This result reinforces the link between PA-7, PA-8
and the SW Cloud and provides strong evidence that these clusters
have indeed been accreted into the M31 halo.

Our CMDs indicate that both PA-7 and PA-8 have metallicities
[Fe/H] = −1.35 ± 0.15. A reference fiducial for the remote Galactic
globular cluster Palomar 4 provides an excellent fit to the RGBs in
both clusters. From the horizontal and vertical shifts necessary to
correctly align the Pal 4 sequence, we derive foreground extinctions
consistent with those predicted by the reddening maps of Schlegel
et al. (1998) and distance moduli commensurate with the canonical
M31 distance. PA-8 is up to ∼0.1 mag (≈40 kpc) more distant than
PA-7 at marginal significance; if this observation is correct, then it
implies a moderate line-of-sight depth to the SW Cloud that could,
in future, be used to help constrain the geometry of the orbit of its
progenitor galaxy.

The most striking aspect of the PA-7 and PA-8 CMDs is the ex-
tremely short, red HB morphology exhibited by both clusters. In
the Galactic halo, clusters with similar [Fe/H] and HB morphology
are exclusively �2 Gyr younger than the oldest members of the
system. This implies that PA-7 and PA-8 are very likely to have
similarly young ages. Formally, our lower age limit for both clus-
ters is ≈2 Gyr; however, we provide circumstantial arguments that
they are probably �6 Gyr in age. Our observations provide strong
evidence for young globular clusters being accreted into the halo
of a large spiral galaxy, in a manner entirely consistent with our
picture for the assembly of the outer Milky Way globular cluster
system. These results further add credence to the idea that such pro-
cesses play a central role in determining the composition of globular
cluster systems in large spiral galaxies in general.
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