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A B S T R A C T 

M31 hosts a rich population of outer halo ( R proj > 25 kpc) globular clusters (GCs), many of which show strong evidence 
for spatial and/or kinematical associations with large-scale tidal debris features. We present deep Hubble Space Telescope 
photometry of 48 halo GCs, including 18 with clear ties to stellar streams and 13 with potential associations. Using the colour–
magnitude diagrams (CMDs), we quantify the horizontal branch (HB) morphologies and employ new empirical relationships, 
calibrated on Milky Way (MW) GCs, to consistently derive metallicities and line-of-sight extinctions. We find a remarkable 
correlation between HB morphology and the presence of substructure: GCs with very red HBs are almost e xclusiv ely associated 

with substructure, while ‘non-substructure’ GCs have extended blue HBs. This provides the first direct evidence that red HB 

halo clusters originate from satellite accretion, a notion introduced nearly 50 yr ago from MW studies which has remained 

unconfirmed until now. In addition to a more metal-rich tail, the substructure GC sample also contains a few clusters with very 

low metallicities and red HBs, unlike any objects known in the MW. We suggest these are recently accreted young clusters, 
supporting the growing evidence that M31 has experienced a more prolonged accretion history than the MW. 

Key words: globular clusters: general – galaxies: formation – galaxies: haloes – galaxies: individual (M31) – Local Group. 
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 I N T RO D U C T I O N  

osmological structure formation occurs hierarchically, wherein
ark matter haloes and the galaxies that form within them grow
ia merger and accretion events in which they ‘cannibalize’ dwarf
atellites. Such mergers are expected to produce an abundance of
hase–space substructure in galactic stellar haloes (e.g. Bullock &
ohnston 2005 ; Panithanpaisal et al. 2021 ). A significant fraction of
lobular clusters (GCs) found in stellar haloes are also likely to have
riginated in dwarf satellite galaxies that have since been accreted, a
otion first proposed by Searle & Zinn ( 1978 ) in their seminal study
f the GC population of the Milky Way (MW) halo. As a result, GCs
ssociated with halo substructure present an excellent opportunity to
tudy the accretion history of galaxies (e.g. Amorisco 2019 ; Hughes
t al. 2019 ). 
 E-mail: g.r.mcgill@sms.ed.ac.uk 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
The challenge with this approach is identifying which halo GCs
ormed in situ and which have been accreted. Aside from the
agittarius dwarf (Bellazzini et al. 2020 ), there is no unambiguous
vidence (yet) of a MW GC embedded in a coherent tidal stream from
 disrupted dwarf galaxy, so more indirect methods are required. Over
he last decade, a rich data set has emerged for MW GCs, including
etailed ages (e.g. VandenBerg et al. 2013 ), orbital information (e.g.
assari, Koppelman & Helmi 2019 ), and chemistry (e.g. Horta et al.

020 ). Ho we ver, this richness means that there are many ways to
efine in situ and accreted GC samples, and unfortunately, different
ethods do not al w ays lead to the same designations (e.g. Kruijssen

t al. 2019 ; Malhan et al. 2022 ). Furthermore, even when studies
gree that a particular GC has been accreted, the identity of the
utative host galaxy progenitor is often debated (e.g. Massari 2025 ).
The situation is far more straightforward in M31, where there is
uch more direct evidence for GC accretion. With data from the
an-Andromeda Archaeological Survey (PAndAS; McConnachie
t al. 2018 ), which mapped o v er 400 de g 2 of sk y surrounding
31, striking spatial and kinematic correlations have been observed
© 2025 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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etween metal-poor outer halo substructures and GCs (Mackey et al. 
010 ; Huxor et al. 2014 ; Veljanoski et al. 2014 ; Mackey et al. 2019a ).
hese correlations have been mapped over projected radii ranging 

rom 25 to 150 kpc, but there is also tentative evidence that accretion
ignatures exist at smaller radii as well (Lewis et al. 2023 ). 

A comprehensive analysis of the association between 92 outer 
alo GCs in M31 and underlying substructure was carried out by 
ackey et al. ( 2019a , hereafter M19 ). They used a combination

f local density and kinematic criteria to categorize each cluster 
s ‘substructure’, ‘non-substructure’, or ‘ambiguous’. Specifically, a 
density percentile value’, ζMP , was assigned to each GC, defined 
s the fraction of the metal-poor field halo at the projected radius of
he cluster which is denser than the region local to the cluster. This
riterion alone allowed rejection of the possibility of no correlation 
etween GCs and substructure at the 99.95 per cent significance 
alue. Folding in other considerations based on kinematics, these au- 
hors identified 32 ( ≈ 35 per cent) clusters that had a high likelihood
f being associated with underlying substructure (‘substructure’), 35 
 ≈ 40 per cent) that showed no evidence for any association (‘non-
ubstructure’), and 25 where the data were ambiguous (‘ambiguous’). 
ackey et al. ( 2019b ) analysed the kinematics of the outer halo GCs,

nding that the ‘substructure’ GCs rotate perpendicular to the ‘non- 
ubstructure’ GCs, and argued that this was evidence of two major 
ccretion epochs in M31. Based on the number of GCs associated 
ith the ‘substructure’ rotational component, they estimated the mass 
f the most recently accreted progenitor to be 2 × 10 11 M �, hence a
airly significant accretion event. 

In this Letter, we present deep Hubble Space Telescope ( HST ) ob-
ervations of 48 GCs in the outer halo of M31, of which 18 have clear
ssociations with stellar streams and an additional 13 are classified as
aving potential associations. From the colour–magnitude diagrams 
CMDs), we quantify their red giant branch (RGB) and horizontal 
ranch (HB) morphologies and employ new empirical relationships 
Mackey et. al, in preparation) to derive measurements of metallicity 
nd line-of-sight extinction. With this analysis, we aim to compare the 
roperties of ‘substructure’ and ‘non-substructure’ GCs. In Section 2 , 
e describe the observations and data reduction, and in Section 3 , we
etail the methodology. Section 4 discusses the results and observed 
orrelations between HB morphology and the degree of association 
ith substructure. Section 5 compares the o v erall M31 sample to the
W GC population, and Section 6 summarizes the key conclusions. 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

ST observations were obtained for 48 GCs in the halo of M31,
f which 46 were observed with the Advanced Camera for Surv e ys
ide Field Channel (ACS/WFC) and 2 with the Wide Field Camera 

 UVIS Channel (WFC3/UVIS), as part of the following programs: 
ST -GO-12515, GO-13774, GO-13775 (PI: Mackey) and GO-10394 

PI: Tanvir).11 of the GCs within this sample were analysed previ- 
usly by Mackey et al. ( 2006 , 2007 , 2013b ), Perina et al. ( 2012 ), and
anvir et al. ( 2012 ); ho we ver, the imaging data for these have been re-
educed using the latest calibrations and consistently photometered 
ith the rest of the sample via the impro v ed methodology described
elow. Each GC was observed via three dithered exposures in each 
f the F 606 W and F 814 W filters, with typical total integration times
f 2270 and 2570 s, respectively. 
The positions of the observed clusters are shown in Fig. 1 , coloured

ccording to their association with the underlying substructure in the 
alo, as determined by M19 . The white points indicate the outer halo
Cs for which HST observations have not been obtained. Our sample 

ontains approximately half of all known GCs in the outer halo 
 R proj > 25 kpc) of M31 and, while incomplete, spans a wide a range
f magnitudes ( −9 . 09 � M V � −4 . 06 mag), sizes (2 . 2 � r h � 35 . 8
c), and projected radial distances (out to R proj ∼ 140 kpc) and is
xpected to be representative of the overall population. The inset 
anels in Fig. 1 show thumbnails of four GCs within the sample
HEC7, PA06, PA45, and B514). These highlight the diversity of 
C morphologies and sizes in M31, including sev eral v ery diffuse

nd extended clusters (Huxor et al. 2005 , 2011 , 2014 ; Mackey et al.
013b ). 
For each cluster, we photometered the images using the DOLPHOT 

hotometry software (Dolphin 2000 , 2016 ) and followed the basic
rocedure described by Mackey et al. ( 2013b ). DOLPHOT performs
oint spread function (PSF) fitting using model PSFs especially 
ailored to the rele v ant camera. The software provides a variety of
hotometric quality parameters for each detection; we selected those 
bjects classified as stellar, with valid photometry in all input images,
nd global sharpness and crowding parameters falling within con- 
erv ati ve magnitude-dependent limits, empirically determined for 
ach target. Detection completeness was determined using artificial 
tar tests. We generated ∼ 10 5 artificial stars per target, broadly 
ollowing the distributions of high-quality stellar detections on the 
mage and the CMD. These were added to the images and then
hotometered, one by one, using in-built DOLPHOT functionality. 
tars were considered reco v ered if their measured positions were
ithin a pixel of the input position and if they passed the quality

uts imposed on the photometry for real stars. We associated 
 completeness value with each high-quality stellar detection by 
onsidering the ratio of reco v ered to input artificial stars possessing
adial positions and CMD locations comparable to the real star under
onsideration. Typical 50 per cent completeness levels were found 
o be 27.5 mag in F 606 W and 26.8 mag in F 814 W , corresponding to

2 –3 magnitudes below the flat part of the HB. A full description of
he observations and photometry, including a comprehensive analysis 
f the GC properties, will be presented in a future publication (McGill
t al., in preparation). 

 M E T H O D O L O G Y  

luster stars were separated from the field by imposing a radial cut.
he choice of radius does not strongly affect the results presented
ere; it was determined on a case-by-case basis, with tighter cuts
pplied to clusters projecting on denser background fields (which 
ypically sit at smaller projected radii from the centre of M31). The
adii used ranged between 8 and 40 arcsec. 

Fig. 2 shows the CMDs for the four example GCs highlighted
reviously in Fig. 1 . These illustrate the variety of HB morphologies
ithin the sample, ranging from extended blue HBs to exclusively 

ed clump HBs. The example of PA45 (shown in the bottom panels)
lso highlights the sparse CMDs of the faintest and most diffuse
bjects. Nevertheless, it can be seen from Fig. 2 that the CMDs are
f very high quality, with a 50 per cent completeness level of 27.5
ag in F 606 W , and thus the properties of their RGBs and HBs can

e confidently inferred. 
The panels on the right of Fig. 2 illustrate the methodology used to
easure the metallicity, [Fe/H], and the line-of-sight dust extinction, 
( B − V ), for each cluster. This involves the measurement of

everal indices which are calibrated via empirical relations derived 
y Mackey et al. (in preparation) using observations of 47 MW
Cs from the ACS Globular Cluster Treasury surv e y (GO-10775;
arajedini et al. 2007 ) and a smaller extension programme GO-
1586, (GO-11586; Dotter, Sarajedini & Anderson 2011 ). The key 
rinciple is to exploit the dependence of the upper RGB curvature
MNRASL 542, L60–L66 (2025) 
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Figure 1. M31 GCs on a density map of metal-poor RGB stars from the PAndAS Surv e y (McConnachie et al. 2018 ). GCs analysed herein are indicated by 
colour symbols according to their association with substructure (M19). The white points indicate the known outer halo GCs in M31 that were not included in 
the HST sample. Inner and outer dashed circles correspond to radii of 25 and 150 kpc, respectively. The inset panels show 40 × 40 arcsec thumbnails for four 
example GCs. 
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n the cluster’s metallicity. Automated peak-finding algorithms are
mployed to determine the HB magnitude, V HB , and the RGB colour
t this magnitude, C RGB . A polynomial is then fit to the upper
GB, anchored at ( C RGB , V HB ). The curvature of the upper RGB

s quantified by the difference in magnitude across a defined colour
nterval (either δC = 0 . 2 or δC = 0 . 3) to the red of this anchor point,
hich is then used to infer [Fe/H]. Line-of-sight dust reddening,
( B − V ), is determined from the measurement of C RGB . Mackey

t al. (in preparation) demonstrated that this methodology reproduces
he assumed literature values of the MW calibration sample very well,
ith a mean offset of −0 . 029 dex. 
Finally, we note that for the most metal-poor GCs, precisely deter-
ining metallicity is difficult due to the upper RGB slope becoming

ncreasingly insensitive to metallicity in this regime. Furthermore, the
pacing of the metal-poor RGB fiducial tracks becomes comparable
o or smaller than the photometric errors. For nine of the M31 GCs,
he metallicity determined using the abo v e method was formally
elow the limit of the calibration sample ( −2 . 5 � [Fe/H] � −0 . 4).
iven the large uncertainties associated with these metal-poor GCs,
 metallicity floor of [Fe/H] = −2 . 5 was imposed, and we present
nly an upper limit on their metallicities, taken to be the upper 1 σ
ncertainty associated with the measurement. 
The HB morphology was also quantified via the dimensionless HB

ndex defined by Lee, Demarque & Zinn ( 1994 ) as ( B − R) / ( B +
 + R), where, B is the number of blue HB stars, R is the number
f red HB stars, and V is the number of stars in the instability strip.
ith this definition, a positiv e HB inde x represents an extended blue
NRASL 542, L60–L66 (2025) 

E

B, while a ne gativ e HB inde x implies a red HB. The HB index
f the GCs shown in Fig. 2 is labelled in the left-hand panels. To
easure this index, the CMDs were dereddened using the value of
( B − V ) determined previously, and a selection box was chosen

o enclose the HB. The blue, red, and ‘variable’ stars were then
ounted (weighted by completeness), with blue stars defined here as
hose with C ≤ 0 . 2 mag, red stars as C ≥ 0 . 4, and ‘variable’ stars
s those lying between these colour limits, where these limits were
hosen such that the resulting HB index measurements are consistent
ith those presented in Mackey & van den Bergh ( 2005 ) for a MW

ample (see Fig. 4 ). The uncertainties on the HB index were derived
ssuming Poisson statistics. 

 PROPERTIES  O F  T H E  H A L O  G L O BU L A R  

LUSTERS  

he left panel of Fig. 3 presents our metallicity and line-of-sight
xtinction, E( B − V ), measurements. A wide range of metallicities
n the sample can be seen, ranging from [Fe/H] ∼ −0 . 8 down to the
mposed metallicity floor of [Fe/H] = −2 . 5, with the metallicities of
he nine GCs hitting this floor shown as upper limits. The metallicity
istributions are similar for ‘substructure’ and ‘non-substructure’
Cs. Ho we ver, the substructure sample exhibits a more extended
etal-rich tail, whereas only one non-substructure cluster (PA33)

s more metal-rich than [Fe/H] ∼ −1 . 3, and this is with a large
ncertainty. As expected, we see no correlation between [Fe/H] and
( B − V ). 
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Figure 2. CMDs of four example GCs. Cluster name, classification (where 
S = substructure, N = non-substructure, and A = ambiguous), projected 
radius and HB index are listed in the upper left-hand corner of the left-hand 
panels. Key measurements are highlighted in the panels on the right: the HB 

magnitude, V HB , is indicated by a solid horizontal line; the RGB colour at 
this magnitude, C RGB , is likewise indicated by a solid vertical line, see labels 
in the top right-hand panel. The upper RGB polynomial fit is indicated by 
the red curve, and the two vertical dashed lines represent the δC = 0 . 2 and 
δC = 0 . 3 intervals, respectively, with δC = 0 . 3 labelled explicitly. 
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Mackey et al. ( 2006 , 2007 , 2013b ) analysed 11 HST observations
n the present sample. By aligning the fiducial stellar sequences of five

W GCs presented by Brown et al. ( 2005 ) with the observed HBs
nd RGBs, they simultaneously estimated E( B − V ) and [Fe/H].
ompared with our measurements, the metallicities of Mackey 
t al. ( 2006 , 2007 ) are systematically more metal-poor, with a mean
ifference of ∼ −0 . 4 dex, while their E( B − V ) estimates are ∼ 0 . 05
ag higher on average. Due to the nature of fitting E( B − V ) and

Fe/H] simultaneously, if the reddening is o v erestimated, then the
ppropriate fiducial will be misaligned on the CMD and positioned 
edder and fainter than the RGB stars, causing them to appear
luer by comparison and thus leading to an underestimation of the
etallicity. Thus, the systematic differences are likely due to their 
ethod fa v ouring higher E( B − V ) and lo wer [Fe/H] v alues, as well

s the inherent uncertainty involved in interpolating between such a 
mall set of fiducials. Similarly, the metallicity estimated for PA48 
y Mackey et al. ( 2013b ) is also more metal-poor than measured
erein; ho we ver, in this case, the values agree within their respective
ncertainties. 
Detailed abundance measurements via high-resolution integrated 

ight (IL) spectroscopy have previously been presented for several 
Cs in the outer halo of M31. Colucci, Bernstein & Cohen ( 2014 )
resent metallicities for two GCs in our present sample, which are
n good agreement with our values. 6 GCs from our sample were
lso analysed by Sakari et al. ( 2015 ) and we find our metallicities
re 0.37 dex lower on average, though this effect is less prominent
t the metal-rich end. Additionally, Sakari & Wallerstein ( 2022 )
se IL spectroscopy of the Calcium-II triplet (CaT) to estimate 
etallicity of 13 of the GCs analysed herein, and we find that, on

verage, our values are 0.15 dex more metal-poor. Finally, the CaT
etallicities presented by Usher, Caldwell & Cabrera-Ziri ( 2024 ) for

6 GCs in our sample are in excellent agreement with our results,
ith a mean difference of −0 . 005 dex. We also note that four GCs
itting the imposed metallicity floor are included in the analyses of
akari et al. ( 2015 ), Sakari & Wallerstein ( 2022 ), and Usher et al.
 2024 ). Encouragingly, these GCs are all found to have spectroscopic
etallicities of [Fe/H] � −2 . 0, supporting the case for these clusters

eing genuinely very metal-poor. 
The right-hand panel of Fig. 3 presents absolute magnitude, taken 

rom Huxor et al. ( 2014 ), against the measured HB index. A large
pread in HB morphology is apparent in the outer halo, but what is
mmediately striking is the difference between the HB morphologies 
f those clusters that are and are not associated with substructure.
emarkably, all but one of the clusters with red HBs (defined
ere as HB index < −0 . 5) have either strong or potential links to
ubstructure. The only exception to this is PA38, with an HB index
 −1 . 0, which is a particularly faint ( M V = −4 . 50) and extended

 r h = 24 . 4 pc) cluster (Huxor et al. 2014 ) lying at a projected radius
f 92 kpc in the outer halo. 
Additionally, in Fig. 3 , we see potential evidence that GCs with

ed HBs are fainter on average than those with blue HBs, with a mean
agnitude of −6 . 0 mag for red HB GCs, compared to −7 . 3 mag for
Cs with blue HBs. Indeed, a two-sample Kolmogoro v–Smirno v test
ives a probability of ∼ 0 . 1 per cent that these samples were drawn
rom the same underlying distribution. Ho we ver, this ef fect may
tem from a slight bias within the ‘non-substructure’ sample. While 
ur ‘non-substructure’ GC sample spans the full magnitude range of 
nown non-substructure GCs in the outer halo, the fainter peak of the
imodal luminosity distribution (Huxor et al. 2014 , M19 ), located
t M V ≈ −5 . 4 ( M19 ), is not particularly well sampled in this study.
his, in combination with the observation that non-substructure GCs 
MNRASL 542, L60–L66 (2025) 
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Figure 3. Left: [Fe/H] against E( B − V ), as derived in this study. Right: absolute magnitude, M V , taken from Huxor et al. ( 2014 ) against HB index, measured 
in this study. All clusters are coloured by classification (S = substructure, N = non-substructure. and A = ambiguous). 

Figure 4. Metallicity versus HB morphology. Left: M31 GCs, coloured by association with substructure (S = substructure, N = non-substructure, and A = 

ambiguous). MW GCs are plotted as light grey circles. Right: MW GCs are presented as circles coloured by cluster age, Ruprecht 106 and Crater are shown as 
square symbols. 
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xhibit blue HB morphologies, may explain why blue HBs GCs
ppear brighter on average. 

 C O M PA R I S O N  TO  T H E  M I L K Y  WAY  

ig. 4 illustrates the relationship between metallicity and HB mor-
hology. The M31 GCs analysed here are shown in the left panel,
hile the right panel shows a sample of MW GCs, where their
etallicities are taken from the spectroscopic measurements made

y Carretta et al. ( 2009 ). 1 These metallicity measurements were used
o calibrate the empirical relationships derived by Mackey et al. (in
reparation), so the MW and M31 GC metallicities are on the same
cale and can be directly compared. HB indices for MW GCs are
ak en from Mack ey & van den Bergh ( 2005 ), and, as mentioned
reviously, the method for quantifying HB morphology herein was
NRASL 542, L60–L66 (2025) 

efined such that these results are consistent. 

 With the exceptions of Ruprecht 106 (Dotter et al. 2011 ; Villanova et al. 
013 ) and Crater (Kirby, Simon & Cohen 2015 ; Weisz et al. 2016 ), highlighted 
s square symbols. 

(  

e  

y  

W  
In the left panel, the difference between the ‘substructure’ and
non-substructure’ GCs is again highlighted, with ‘substructure’
lusters extending to slightly higher metallicities and dominating at
he reddest HB morphologies, compared to the near-e xclusiv ely blue
non-substructure’ GCs. Overall, the M31 sample broadly follows
he same trend between HB morphology and metallicity that is seen
n the MW. That is, the most metal-poor GCs typically exhibit blue
Bs while red HB GCs are generally more metal-rich. We note that

he M31 sample appears to lack the most metal-rich tail seen in
he MW population, ho we ver, this is almost certainly an artefact of
ur sample containing only outer halo GCs, while the MW sample
ontains metal-rich bulge clusters. 

In their seminal study of the MW GC population, Searle & Zinn
 1978 ) used the spread in HB morphologies at a given metallicity to
rgue for a prolonged period of accretion in building up the Galactic
uter halo. This notion has been reinforced through many later studies
e.g. Zinn 1993 ; Mackey & van den Bergh 2005 ), with compelling
vidence put forth for red-HB outer halo GCs having somewhat
ounger ages (e.g. Stetson et al. 1999 ; Dotter et al. 2010 , 2011 ;
eisz et al. 2016 ). This can be seen in the right panel of Fig. 4 ,
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here MW GCs are coloured according to their main-sequence turn- 
ff ages derived by VandenBerg et al. ( 2013 ). While this is highly
uggestive of these clusters being late arrivals, the ‘smoking gun’ 
f GC accretion in the MW halo has been difficult to obtain. In
31, tantalizing evidence of an association between red-HB GCs 

nd recent accretion was previously presented by Mackey et al. 
 2013a ), who imaged PA07 and PA08, two GCs associated with
he South-West Cloud (see Fig. 1 ), with the Gemini Multi-Object 
pectrograph and characterized their CMDs. Through comparison 

o MW GCs with the same (red) HB morphology and metallicity, 
ackey et al. ( 2013a ) concluded that both of these ‘substructure’
Cs were likely to be at least 2 Gyr younger than the oldest clusters
bserved in the MW. Using our much larger sample of M31 GCs,
hich probes a broader range of halo substructures, we provide the 
rst incontro v ertible evidence that red-HB halo GCs are accreted. 
A previous analysis of the HB morphology of M31 halo GCs was

resented by Perina et al. ( 2012 ), who found that they had redder HBs
t a given metallicity than their MW counterparts. They interpreted 
his as suggestive that these GCs are, on average, 1 Gyr younger than
hose found in the halo of the MW. While such a global difference
etween the two populations is not as evident in our larger study
hich focuses e xclusiv ely on the outer halo, we do confirm that

ome M31 outer halo GCs have considerably redder HBs than their 
W counterparts at the same metallicity. 
The red-HB GCs clearly originated in one or more satellite 

rogenitors that presumably underwent more extended star formation 
istories before being accreted on to the M31 halo. Knowledge of
he ages of these clusters would therefore be extremely valuable 
or constraining the time-scale on which these accretion events took 
lace. Unfortunately, precise ages are not available for any of the 
31 GCs in our sample. Crude ages of 19 of these GCs were

ecently estimated by Usher et al. ( 2024 ) who used stellar population
odel fits to integrated light photometry from PAndAS, invoking a 
etallicity prior from the near-infrared CaT spectral feature. While 

hey find marginal evidence that the ‘substructure’ and ‘ambiguous’ 
Cs are slightly younger on average than those of the smooth halo

11.3 Gyr versus 12.4 Gyr), this difference lies within their significant 
easurement uncertainties ( ∼ 2 Gyr). 
Fig. 4 shows that there are three M31 outer halo GCs with red

Bs and very low metallicities ([Fe/H] ≤ −1 . 8), highlighted with a
haded region. These objects have no counterparts in the MW, with 
he closest MW cluster in this parameter space being Crater – a much
ounger (7.5 Gyr) cluster at a Galactocentric radius of ∼ 145 kpc 
hich has been hypothesized to have been accreted (Weisz et al. 
016 ). Notably, all three of the unusual M31 GCs have links with
ubstructure. Two have strong associations: PA45 is associated with 
he o v erlapping re gion of streams C and D, and PA18 is part of
ssociation 2 (an o v erdensity of 11 tightly grouped GCs first noted
y Mackey et al. 2010 ). PA15 has potential links to the north-west
tream. Given their low metallicities and very red HBs, it is tempting
o speculate that the y hav e been donated by one or more low-mass
atellites that remained actively star forming until rather recently. 
ndeed, the absence of such objects in the MW supports the growing
vidence that M31 has experienced a much more extended accretion 
istory, with a significant event occurring in the last few Gyr (Bernard
t al. 2015 ; Hammer et al. 2018 ; Mackey et al. 2019b ). 

It is worth briefly acknowledging the possibility that these metal- 
icities may be underestimated. The empirical relationships that we 
ave adopted to determine metallicities were calibrated using mostly 
ld Galactic GCs with enhanced α-abundances relative to solar 
[ α/Fe] ≈ + 0 . 4) and so the metallicities of GCs whose properties
eviate from these could be underestimated. Using theoretical 
sochrones from the Bag of Stellar Tracks and Isochrones (BaSTI) 
ata base (Pietrinferni et al. 2021 ), Mackey et al. (in preparation)
stimate that for a cluster with [ α/Fe] ≈ 0 . 0, the metallicity may be
nderestimated by as much as ∼ 0 . 3 dex. Ho we ver, when applied
o Rup 106, which has a similarly old age to the calibration GCs
ut with a lower abundance of α-elements ([ α/Fe] ≈ 0 . 0; Villanova
t al. 2013 ), the metallicity determined by this methodology is in
greement with the values from spectroscopy, suggesting that, in this 
ase at least, the effect of a reduced α-abundance alone may not be
s significant as suggested by theoretical isochrones. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this Letter, we have presented deep HST observations of 48 GCs
n the halo of M31, of which 18 have strong links to tidal debris
eatures and 13 have potential associations. From the CMDs, we 
uantify the HB morphology and employ a new methodology, based 
n empirical relationships calibrated with MW GCs, to consistently 
erive measurements of the metallicity and line-of-sight extinction. 
e find the remarkable result that GCs with red HBs (HB index
 −0 . 5) are almost e xclusiv ely linked to substructure. While ‘sub-

tructure’ and ‘ambiguous’ GCs exhibit a range of HB morphologies, 
ll ‘non-substructure’ GCs are found to have extended blue HBs. 
e interpret these results as the first direct evidence that red-HB
Cs in galactic haloes are accreted, supporting the scenario initially 

uggested by Searle & Zinn ( 1978 ) from MW studies several decades
go. Additionally, we find three GCs with extremely red HBs and
ery low metallicities, unlike any known objects in the MW, which
ould be examples of rather young GCs, which have been accreted
ecently from low mass satellites. 

The sample analysed in this study contains only half of the known
Cs in the outer halo of M31 and obtaining observations of the

emaining outer halo cluster population will be crucial for confirming 
ur results. In addition, it will be extremely important to obtain deep
ain-sequence turn-off photometry to establish the precise ages of 

he accreted red HB GCs and confirm the hypothesis that they are
oung. Our future work will present similar analyses of the GC
opulations of Local Group dwarf galaxies to understand how the 
ccretions of such objects might contribute to haloes of the MW and
31, and to search for counterparts to the very metal-poor red HB
Cs identified in this work. 
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