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Figure 12. Syntheses of the 6645 A Eun line. Grey regions show areas with uncertain HFS, while purple regions indicate uncertain molecular features. The
red lines show the best fit, while the green and blue lines show =10 uncertainties. PAO6 and PA56 have only upper limits for the Eu i1 abundance.

GCs, Pal 1, and Pal 12. The high [Ba/Eu] ratios in dwarf galaxies
are typically interpreted as an excess of s-process over r-process
elements. Its moderately high [Ba/Eu] ratio indicates that PA17 has
received chemical contributions from AGB stars.

[Eu/a] is another popular chemical tagging indicator since dwarf
galaxy stars and GCs have higher [Eu/o] ratios than MW stars
and GCs at a given [Fe/H] — this has been interpreted as a sign of
an additional r-process site (e.g. Letarte et al. 2010) or a top-light
IMF (e.g. McWilliam et al. 2013). Figs 14(top) and (bottom) show
the [Eu/Ca] ratios (which serve as [Eu/«] indicators) in different
environments. Again, only upper limits are available for PAO6 and
PAS54. In general the clusters are in agreement with the MW and
dwarf galaxy field stars and GCs, with the exception of PA56, which
has a high [Eu/Ca], similar to M 15 — again, this is likely a signature
of star-to-star Eu variations.

5 DISCUSSION

The detailed abundances of stars are dictated by the chemical com-
position of the interstellar medium in their host galaxy. Chemical
comparisons between the PAndAS GCs and the field stars and GCs
associated with other galaxies therefore provide clues about the na-
ture of a GC’s birth environment, such as whether a cluster formed in
a massive galaxy or a dwarf galaxy. Chemical comparisons can also
determine if the GCs are chemically similar to particular galaxies,
streams, or other GCs. If these GCs originated in dwarf galaxies, the
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abundances in this paper can therefore be used to infer the nature of
the dwarfs that are currently being accreted into M31’s outer halo.

5.1 Individual clusters: a summary

5.1.1 PAndAS clusters with [Fe/H] >—1.5

The more metal-rich clusters all have higher metallicities than ex-
pected given their large projected distances from the centre of M31.
However, each GC has a unique chemical signature.

PAI7. Without HST photometry, PA17’s abundances are more
uncertain than the other GCs; however, the high [Na/Fe] ratio sug-
gests that PA17 is a ‘classical’ GC (under the Carretta et al. 2009a
definition) with signs of a Na spread (and therefore probably an O
spread as well). PA17 is the most metal rich of the target clusters,
at [Fe/H] ~ —0.9. Despite the lack of HST photometry, systematic
errors in [Fe/H] are likely to be <0.2 dex. PA17’s metallicity alone
indicates that it formed in a fairly massive galaxy — its unusual lo-
cation far away in the outer halo (R ~ 54 kpc; Huxor et al. 2014)
suggests that it formed in a dwarf galaxy like the LMC or Sgr.

PA17’s low [Ca/Fe] and high [Mg/Ca] and [Ba/Eu] ratios indi-
cate that PA17 is more chemically similar to the LMC stars and
clusters than to those associated with the MW (and presumably to
those in M31), even when systematic offsets are considered. As
discussed earlier, the [«/Fe] and [Ba/Eu] ratios indicate whether a
cluster formed in an environment enriched by Type Ia supernova
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Figure 13. Top: comparisons of PAndAS clusters (red stars) to MW field
stars and dwarf galaxy field stars. Points and references are as in Fig. 5(a).
The dashed red line shows the r-process-only limit from Burris et al. (2000).
Bottom: comparisons of PAndAS clusters (red stars) to MW field stars and
GCs from the MW, M31, and various dwarf galaxies. Points and references
are as in Fig. 7(b).

and AGB star products. Combined with its metallicity, PA17’s de-
tailed chemical abundance ratios therefore indicate that it formed
in a galaxy which had sufficient mass to have a fairly high star for-
mation rate or to populate the high-mass end of the IMF. However,
its high [Mg/Fe] (and possibly its high [Na/Fe]) indicates that PA17
may have been enriched in ejecta from the most massive stars. As
discussed in Sections 4.2 and 4.3 this suggests that PA17’s pro-
genitor galaxy had more massive stars than a typical dwarf (i.e. it
had a top-heavy IMF), was enriched by supernova ejecta from a
rapidly rotating massive star, and/or was uniquely enriched from
the products of a supernova due to inhomogeneous mixing in the
host galaxy.

Ultimately, PA17’s integrated abundances are chemically distinct
from those of the metal-rich Galactic GC 47 Tuc, and are similar
to Pal 1, the intermediate-age LMC clusters, and the accreted Sgr
clusters Pal 12 and Ter 7.

HI10 and H23. H10 and H23 are the third and second most metal-
rich GCs in the sample of PAndAS GCs, respectively. Based on the
same arguments as for PA17, this indicates that the clusters likely
originated in LMC- or Sgr-like dwarf galaxies. Unlike PA17, H23’s
chemical abundance ratios are indistinguishable from MW field
stars and clusters and M31 GCs at the same [Fe/H]. H10’s [Ca/Fe]
is mildly low while its [Mg/Ca] and [Eu/Ca] ratios are mildly high
— this [Ca/Fe] ratio could indicate that H10 formed in a dwarf
galaxy with a knee in the [Ca/Fe] versus [Fe/H] relationship near
[Fe/H] ~ —1.5, similar to LMC intermediate-aged clusters.
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Figure 14. Top: comparisons of PAndAS clusters (red stars) to MW field
stars and dwarf galaxy field stars. Points and references are as in Fig. 5(a).
Bottom: comparisons of PAndAS clusters (red stars) to MW field stars and
GCs from the MW, M31, and various dwarf galaxies. Points and references
are as in Fig. 7.

5.1.2 PAndAS clusters with [Fe/H] <—1.5

It is more difficult to tag metal-poor GCs ([Fe/H] < —1.5) with
chemical abundances, since the chemistries of metal-poor stars in
dwarf galaxies and massive galaxies are not always significantly
different. The analysis is further complicated by potential star-to-
star Na, Mg, Ba, and Eu variations within the GCs.

PA53 and PA56. These clusters are fairly close to each other in
projection, and have very similar radial velocities and metallicities;
it is therefore possible that these clusters are physically associated
with one another and were accreted from the same dwarf. Their
discrepant Mg, Ba, and Eu ratios do not preclude the possibility
that they are related, as the integrated abundances may be affected
by star-to-star variations within the clusters. Both GCs are slightly
enhanced in Na (with [Na/Fe]~0.4), which is likely a signature of
the Na/O anticorrelation. PAS56 also has a very low [Ba/Eu] (below
the r-process-only yields), similar to M 15, which supports the idea
that it may have star-to-star heavy element variations. Both clusters
are metal poor ([Fe/H] ~ —1.7) and have [Ca/Fe] ratios slightly
lower than the MW field stars, similar to the Fornax field stars.

PA54. Although PA54 is extremely close to PA53 in projection,
their discrepant radial velocities imply that these clusters are not
likely to be associated, nor is PA54 likely to be associated with
PAS56. However, PA54 has very similar abundance ratios as PAS53
and PAS56, even with only upper limits on [Eu/Fe]. This indicates
that PA54 may have formed in similar conditions.

PA06. PAOG is the most metal-poor PAndAS GC in this analysis,
though it is still more metal rich than the Galactic GC M15. Again,
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PAO06’s high [Na/Fe] indicates the presence of a Na/O anticorrelation
— additionally, its low [Mg/Fe] hints at a Mg/Al anticorrelation.
PAO6 is similar to the metal-poor GCs in the MW (particularly
M15) and in the dwarf galaxies: it is metal poor and o-enhanced.
The weakness of its spectral lines means that only an upper limit
can be obtained for Eu 1.

5.2 Comparisons with M31 halo stars

The presence of streams in the metal-poor density map of M31’s
outer halo (see Fig. 1) implies that some metal-poor (i.e. low-mass)
dwarf galaxies are currently being accreted. The chemical ratios of
PAO6, PA53, PA54, and PAS6 are all consistent with an accretion
origin in at least one metal-poor dwarf galaxy. None of these GCs
has been associated with streams based on their positions. Given
their lack of association with any streams, if PAO6 and PA54 were
accreted from dwarf satellites they may be remnants of ancient
accretion events; Ibata et al. (2014) estimate that ~58 per cent of the
metal-poor halo ([Fe/H] < —1.7) resides in a ‘smooth” component,
which may include these GCs.

Recall that PA53 and PA56 are located near the eastern cloud.
Their similar kinematics and chemical compositions hint that PAS3
and PAS56 are associated with each other — however, the numbers
of stars around the clusters (Mackey et al., in preparation), their
metallicities, and their detailed chemical abundances indicate that
PAS53 and PAS56 were also likely associated with the dwarf galaxy
that created the Eastern Cloud. In this case, the Eastern Cloud must
turn back towards M31, encompassing PA53. This further suggests
that the Eastern Cloud’s progenitor must have been massive enough
to form GCs, though not sufficiently massive to produce a significant
metal-rich stellar population.

The presence of the metal-rich Giant Stellar Stream (GSS), the
associated H1 gas, the outer halo stellar mass, and the number of
metal-rich GCs in the outer halo indicate that M31 likely experi-
enced a minor merger with a Sgr or LMC-mass galaxy (e.g. Fardal
et al. 2013; Lewis et al. 2013; Bate et al. 2014). Ibata et al. (2014)
find that 86 per cent of the most metal-rich stars ([Fe/H] 2 —0.5)
in the outer halo are associated with substructure from an accreted
companion. Though this number decreases with metallicity, the
fraction of accreted stars still remains high: 78 per cent of the stars
in PA17’s metallicity bin (—1.1 < [Fe/H] < —0.5) are expected to
be associated with coherent, accreted structures, while 58 per cent of
the stars in H10 and H23’s metallicity bin (—1.7 < [Fe/H] < —1.1)
are expected to be in streams. It is therefore likely that these compar-
atively metal-rich GCs were associated with dwarf satellites. H23
has been tentatively linked to a stream near the GSS (Stream D; see
Veljanoski et al. 2014) based on its position, though its kinematics
indicate that such an association is unlikely; neither H10 nor PA17
has been linked to any visible stellar streams, though HST imaging
of fields around H10 and H23 reveals extremely metal-rich popula-
tions of field stars, suggesting that the GCs may be located on low
surface brightness streams (Richardson et al. 2009).

H10 is located near the SW cloud, an overdensity of stars to the
south-west of M31.'® With photometry, Bate et al. (2014) estimate
that the cloud hosts a metal-rich population ([Fe/H] ~ —1.3), and

16 Note that though PA17’s proximity to PA14 hints at an association with the
SW Cloud, its drastically different radial velocity (—260km s~") from PA14
(—363 km s~'; Veljanoski et al. 2014) and high [Fe/H] (—0.93 compared to
—1.30; Mackey et al. 2013) make it unlikely that PA17 was associated with
the SW Cloud progenitor.
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that the progenitor galaxy was a fairly bright dwarf (My ~ —12,
which is slightly fainter than Fornax and Sgr). Three GCs (PA7,
PA8, and PA14) appear to be kinematically associated with each
other and with the SW Cloud (Mackey et al. 2013, 2014; Bate et al.
2014; Veljanoski et al. 2014). The SW Cloud does extend to the
south-east, and H10 lies at the end of this extension (see fig. 2
in Bate et al. 2014). H10’s radial velocity (—352 km s~') agrees
with the stream’s radial velocity and that of the GCs, and even
agrees with the velocity gradient noted by Bate et al. (where the
northernmost GC, PA7, is moving towards the MW faster than PA8
and PA17). Furthermore, H10’s [Fe/H] ~ —1.4 agrees very well
with the cloud and its GCs, and its detailed abundances support the
idea that it could have originated in a dwarf galaxy with the mass
of Fornax or Sgr. Thus, it is likely that H10 is associated with PA7,
PAS, PA14, and the SW Cloud.

As mentioned above, H23 has been spatially associated with
Stream D based on its position, though its velocity disagrees with
the other GCs in the stream. Its metallicity, [Fe/H] = —1.1, now
further suggests that H23 is not likely to be associated with that
stream, since Stream D is primarily composed of metal-poor stars
with [Fe/H] < —1.1 (Ibata et al. 2014). It is more likely that H23
came from the progenitor of the GSS, along with PA17. Fardal et al.
(2013) perform N-body simulations to reproduce the GSS and other
stellar debris. These simulations indicate that a massive progenitor
was accreted during multiple orbits, culminating in a recent final
accretion (~760 Myr ago). Many of the metal-rich PAndAS GCs
might have been stripped early on, and may no longer be associated
with any bright, coherent substructure. Given their metallicities and
other chemical abundances, it is possible that H23 and PA17 both
formed in the GSS progenitor. If H23 and PA17 were born in the
same dwarf galaxy, their [Ca/Fe] ratios clearly imply a ‘knee’ at
[Fe/H] ~ —1.1 to —1.3, similar to the LMC stars and clusters.

6 CONCLUSIONS

This paper has presented integrated Fe, Na, Mg, Ca, Ti, Ni, Ba, and
Eu abundances of seven outer halo M31 GCs, five of which were
discovered in the PAndAS. These detailed IL chemical analyses of
PAndAS clusters have identified GCs in an extragalactic system that
may have been accreted from dwarf galaxies. Detailed investigations
of the chemical abundance ratios of individual targets such as this
are only possible with high-resolution spectroscopy.

The PAndAS cluster abundances suggest that these outer halo
M31 GCs may have been accreted from multiple dwarf galaxies:

(i) The metal-rich GC PA17 is chemically more similar to the
LMC stars and clusters than to MW field stars and clusters,
suggesting that it originated in an LMC-like dwarf galaxy. H23’s
abundances are indistinguishable from MW field stars and clusters,
though its metallicity and location suggest it may have originated
in a massive dwarf galaxy. PA17 and H23 may have been accreted
along with the progenitor of the metal-rich GSS.

(i1) The intermediate-metallicity GC H10 has a location, metal-
licity, and radial velocity that agree well with the SW Cloud and its
GCs, which may have originated in a Sgr- or Fornax-sized progeni-
tor (Bate et al. 2014). H10’s chemical abundance ratios support the
suggestion that it may have formed in a dwarf galaxy.

(iii) PAS53, PA54, and PA56 have abundances and metallicities
that are more typical of an intermediate-mass dwarf galaxy like
Fornax. This suggests that they are currently being accreted from at
least one metal-poor dwarf galaxy and could be associated with one
or more of the coherent, metal-poor streams observed in PAndAS.
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Based on their chemistries and radial velocities PA53 and PAS6
could be associated and are likely to have been accreted from the
dwarf galaxy that created the Eastern Cloud. Despite its proximity
in projection, it is unlikely that PA54 is associated with either PAS3
or PAS6.

(iv) PAO6’s metallicity makes it a difficult target for chemical
tagging analyses, since the chemistries between dwarf and mas-
sive galaxies have likely not had sufficient time to diverge at
[Fe/H] ~ —2. Several of its integrated abundances do not agree
with MW or dwarf galaxy stars, suggesting that strong star-to-star
chemical variations are present in the cluster.

Thus, this chemical tagging analysis is consistent with the ob-
servation that M31’s outer halo GC system is being built up by
accretion of dwarf satellites. In addition, this detailed abundance
analysis provides additional information on the nature of these pro-
genitor systems that is, at present, very difficult to obtain from the
field populations.
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Table Al. Galactic GC RGB slopes.

Cluster [Fe/H] RGB slope

M92 —2354+0.05 —11.429 £ 1.172
M15 —233+0.05 —11.765 + 1.238
M53 —193+£0.05 —10.929 £+ 1.077
NGC 5286 —1.70+£0.05 —10.870 = 1.066
M2 —1.66 + 0.05 —9.346 £+ 0.799
M13 —1.58 £0.05 —9.217 £ 0.778
M3 —1.50 £ 0.05 —9.091 + 0.758
M5 —1.33 +£0.05 —8.299 + 1.181
NGC 1261  —1.27 +£0.05 —7.937 + 1.087
NGC 1851 —1.18 £0.05 —7.491 £ 0.976
NGC 6362 —1.07 +£0.05 —6.557 £ 0.760
47 Tuc —0.76 £ 0.05 —3.766 £+ 1.031
NGC 6652  —0.76 + 0.05 —4.090 + 1.187
M69 —0.59 £ 0.05 —3.883 + 1.086
NGC 5927 —0.29 +0.05 —7.491 £ 0.595

References: cluster [Fe/H] ratios are from Carretta
et al. (2009b).

APPENDIX A: RGB SLOPE VERSUS
METALLICITY: A CALIBRATION WITH
GALACTIC GLOBULAR CLUSTER
OPTICAL CMDS

It is well established that the slope of a cluster’s RGB is corre-
lated with cluster metallicity (e.g. Sarajedini 1994). This appendix
discusses the calibration of RGB slope versus [Fe/H], utilizing
high-quality HST CMDs of Galactic GCs from the ACS Survey of
Galactic Globular Clusters (Sarajedini et al. 2007; Anderson et al.
2008)."7 For this calibration 15 Galactic GCs with high-quality
CMDs and well-populated RGBs that span a wide range in [Fe/H]
were selected; priority was given to clusters with low foreground
reddening. Using the original F606W and F814W HST magnitudes,
the distance moduli from VandenBerg et al. (2013) were used to
overplot clusters, and distance moduli and reddening values were
adjusted so that cluster HBs overlapped. The average RGB colours
were then determined at two magnitudes (My = 0 and —2), and
RGB slopes were calculated. These points are shown in Fig. Al,
while the slopes are listed in Table A1.

Uncertainties in RGB slope were estimated based on the un-
certainties in colour at the two magnitudes. The metal-poor clus-
ters have small uncertainties in RGB colour, though this translates
into large uncertainties in slope because the RGBs are steeper. The
metal-rich clusters have very uncertain RGB colours, but because
the RGBs are flatter the uncertainty in slope is much lower. Note
that at higher [Fe/H] (= — 0.7) a linear fit to the RGB is no longer
a good approximation to the actual shape of the RGB — thus, this
calibration is likely to break down at the metal-rich end.

For each cluster the [Fe/H] ratios from Carretta et al. (2009b) were
adopted; [Fe/H] uncertainties of 0.05 dex were assumed. Fig. A2
shows the relationship between RGB slope and cluster [Fe/H]. The
linear least-squares fit to the points is shown with the solid line,
while the dashed lines show the uncertainty in the fit. The trend
is clear: metal-poor GCs have steeper RGBs than more metal-rich
GCs. Non-standard chemical abundance mixtures (in e.g. C, N,
O, or a-elements like Mg or Si) can affect the shape of the RGB
(e.g. Salaris, Chieffi & Straniero 1993; VandenBerg et al. 2012),

17 http://www.astro.ufl.edu/~ata/public_hstgc/
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Figure Al. F606W, F814W photometry of Galactic GC RGBs, from the ACS Globular Cluster Survey (Sarajedini et al. 2007; Anderson et al. 2008). The

cluster HBs were aligned, and the colours at two magnitudes (My = 0 and —2,

shown as the horizontal dashed lines) were determined for each cluster; these

values are shown as red crosses. The clusters are offset in the plot, and are ordered by metallicity (from Carretta et al. 2009a).

Table A2. PAndAS GC RGB slopes.

Cluster [Fe/H] RGB slope

PAO6 —2.06£0.10 —12.0482 + 2.658
PA54 —1.84 £0.10 —11.173 £ 1.405
PA56 —1.73 £0.10 —10.811 4 2.982
PA53 —1.64 £0.10 —10.526 + 1.238
HI10 —1.40 £0.10 —8.621 £ 0.813
H23 —1.12+£0.10 —7.353 £ 1.268

References: cluster [Fe/H] ratios are from the
[Fe 1/H] abundances in Table 6.

which would affect where a cluster falls in the plot. The adopted
[a/Fe] ratio is particularly important: the qualitative effects of [«/Fe]
on the F606W, F814W RGB slope are illustrated in Fig. A3 using
the Victoria—Regina isochrones from VandenBerg et al. (2014) and
the colour transformations of Casagrande & VandenBerg (2014).
Fig. 3(a) shows that at a given [Fe/H], clusters with [or/Fe] =0
have steeper RGBs than clusters with [«/Fe] = 4-0.4; this offset
is greater at higher metallicity. Furthermore, Fig. 3(b) illustrates
that the slope difference can be mimicked by lowering [Fe/H] by
0.3 dex while maintaining [or/Fe] = +0.4 (note that in Fig. 3b the
dotted isochrones have been shifted by 0.02 mag so that both the
«a-enhanced and o-normal isochrones can be seen). The blue dot—
dashed line in Fig. A2 shows the effects of lowering [«a/Fe] by
0.4 dex, which is approximated by lowering the [Fe/H] by 0.3 dex
(also see Salaris et al. 1993).

The RGBs of the PAndAS clusters are shown in Fig. A4,
while the RGB slopes and spectroscopic metallicities are shown

0.5

-2.5 T
=16 -12 -10 -8 -6 -4 -2 0 2

RGB slope

-14

Figure A2. RGB slope versus [Fe/H] for the Galactic GCs. Slopes are
determined using the points in Fig. Al; slope errors were estimated based
on the uncertainties in these RGB colours.

in Fig. 4(b) and Table A2. The photometric uncertainties, sparse-
ness of the CMDs, and difficulties in determining distance mod-
uli (particularly for PA56) make the RGB slopes more uncertain
for the PAndAS clusters, compared to the Galactic GCs. How-
ever, all PAndAS GCs agree with the MW RGB slope relation
in Fig. A2 within their errors. This relationship illustrates that
the spectroscopic metallicities are consistent with the observed
RGB slopes in the HST CMDs. All of the clusters in Fig. 4(b)
lie above the MW relation closer to the low [w/Fe] value, hint-
ing at the possibility of low [«/Fe] ratios in the PAndAS targets.
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Figure A3. Victoria—Regina F606W, F814W isochrones from VandenBerg et al. (2014). Left: metal-poor ([Fe/H] = —1.7, in blue) and metal-rich ([Fe/H] =
—1.0, in red) isochrones at two different values of [a/Fe]. The solid lines show [«/Fe] = +0.4, while the dashed lines show [«/Fe] = 0.0. Isochrones with low
[a/Fe] have steeper RGB slopes at a fixed metallicity. Right: isochrones illustrating that the steeper slopes from [« /Fe] = 0.0 isochrones can be reproduced
by lowering [Fe/H] by 0.3 dex while maintaining [« /Fe] = +0.4. The dashed lines show the same isochrones as in Fig. 3(a), while the dotted lines show
isochrones with [«/Fe] = +0.4 and A[Fe/H] = —0.3 dex. The dotted isochrones are offset by +0.02 mag so that both isochrones can be seen. This shows
that an [Fe/H] offset of —0.3 dex can be used in the RGB slope calibration to approximate the effects of lower [o/Fe].
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Figure A4. F606W, F814W HST photometry of PAndAS GCs, from
Mackey et al. (in preparation). The cluster HBs were aligned, and the colours
at two magnitudes (My = 0 and —2, shown as the horizontal dashed lines)
were determined for each cluster; these values are shown as red crosses. The
clusters are offset in the plot, and are ordered by metallicity.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Table 3. The line list (http://mnras.oxfordjournals.org/lookup/suppl/
doi:10.1093/mnras/stv020/-/DC1).

Please note: Oxford University Press is not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.
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