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What Can we Learn from Globular Clusters?
• How GCs form still unclear, but characterizing 

their age, orbits, metallicities can constrain 
whether some formed in-situ in the MW or 
were accreted (e.g., Côté et al. 1999).

• The in-situ GCs can provide insight into the 
chemical enrichment and peak SF epoch of 
their host galaxy.

• Similarly, any accreted GCs represent 
remnants of the hierarchical merger process 
which built up the host galaxy stellar halo.

• A census of the GC population within a galaxy 
offers a unique window into both baryonic 
processes (SF, chemical enrichment) and the 
dark matter driven accretion history in galaxies 
of many masses and types

ESO



What Can we Learn from Globular Clusters?

• One of the best tools is to look at the GC 
formation times with an age-metallicity plot
• Large disagreement in the literature over 

the years as to the relative (let alone 
absolute) ages of GCs in the MW (e.g., 
Rosenberg et al. 1999, VandenBerg 2000, 
Salaris & Weiss 2002, De Angeli et al. 2005)
• Age studies used inhomogeneous 

photometry, metallicity measurements, 
variety of techniques...
• However most studies implied that GCs are 

extremely old with little variation.
• Gold standard arrived with homogenous 

HST treasury program of GC photometry
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Fig. 7.— A comparison of the CMD of M5 with isochrones for the indicated chemical

abundances when an apparent distance modulus of 14.38 and a reddening corresponding to

E(B � V ) = 0.038 are assumed. The solid curve represents an 11.5 Gyr isochrone, which

provides the best fit to the cluster subgiants (notably those within the dotted rectangle),

once it has been corrected by �(color) = �0.025 mag, while dashed loci represent isochrones

that di↵er in age by ±0.5 and ±1.0 Gyr. The latter have also been arbitrarily shifted to the

observed TO color: they will provide equally good fits to the turno↵ region of the observed

CMD if the adopted distance modulus is appropriately adjusted.

VandenBerg et al. 2013



Past HST MW GC Age Metallicity Relations
• Marin-French et al. (2009) AMR showed co-eval population of old 

globular clusters at all metallicities.

• The very small spread in ages (~0.5 Gyr) also implied that GC 
formation was quite rapid.

• Models to explain this typically invoke reionization to truncate the 
formation of GCs - but younger GCs associated with the Sgr dSph 
complicated this (e.g., Beasley et al. 2002).
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Figure 13. Age–metallicity relation using the CG-metallicity scale (a and b) and normalized ages vs. galactocentric distance (c and d). In a, clusters associated
with Sagittarius, Monoceros, and Canis Major have been marked, together with multiple stellar population clusters. In b, GGCs with rGC < 10 kpc are represented
with open circles, while those with rGC > 10 kpc are plotted with filled circles. A least-squares fit to the young group’s age–metallicity relation is also plotted.
In c, Sagittarius, Monoceros, and Canis Major’ clusters are also marked. Finally, d shows the same as c, but here ages of clusters in the young group have been
age–metallicity “corrected” using the age–metallicity relation shown in b. See text for details.

effect of the Milky Way disk warp (an ubiquitous property of all
massive galaxies). In addition, Momany et al. (2006) have shown
that also the Monoceros Ring seems to reflect the signature of
another Galactic disk property; the flaring (the increase in scale
height as a function of Galactocentric distance) of the outer disk.

Figures 13(a) and (b) show the age–metallicity relation, using
the CG-metallicity scale.14 Sagittarius, Monoceros, and Canis
Major’s clusters have been marked. It is interesting that, for
metallicities higher than [M/H] = −1.4, all of Sagittarius,
Monoceros, and Canis Major’s accreted clusters fall in the young
group, with the exception of NGC 5286, and they follow the
same age–metallicity relation as the rest of the young group’s
clusters. This result suggests a different origin for the old and
young groups of clusters. It is worth mentioning that there is a
number of clusters, other than the Sagittarius, Monoceros, and
Canis Major, clusters among the young sample.

14 Because the results are equivalent to those using the ZW-metallicity scale,
we only consider the CG scale after this point.

Another interesting question is related to the recent discovery
that GGCs are not simple single stellar populations. The
high-mass and multiple stellar populations of ωCen has led to
speculation that it is the remnant nucleus of an accreted Milky
Way satellite galaxy (Lee et al. 1999; Villanova et al. 2007). But
ωCen is not a unique case. NGC 2808 (Piotto et al. 2007),
NGC 1851 (Milone et al. 2008), NGC 6388 (Piotto 2008),
and NGC 6441 (Caloi & D’Antona 2007) are four massive
clusters hosting multiple stellar populations. Freeman (1993)
suggested that GGCs form as the nuclei of dwarf galaxies
in the early universe, and are accreted as their host galaxies
merge onto larger structures. In this context, these peculiar
GGCs would be good candidates to be the remnants of accreted
satellites. Multiple population clusters have been also marked in
Figure 13(a).

We note that multiple stellar population clusters have broad-
ened MSTOs, and at least a fraction of the stars in these clusters
have rather anomalous chemical compositions. For this reason,
we should be hesitant in adopting their relative ages obtained in

Marin-French et al. 2009



New MW GC Age Metallicity Relation

• New AMR shows two 
parallel sequences, 
each with significant 
age range, but offset 
at all ages by ~0.6 dex 
in [Fe/H].

• No longer required to 
shut off GC 
formation, and 
reignite it in 
preferred 
environments.

• Likely problematic to 
have both sequences 
of GCs form in-situ.

4 Leaman, VandenBerg, & Mendel

Figure 2. (Left panel) Age versus metallicity for the Milky Way GCs from VandenBerg et al. (2013) shown as the black filled circles.
Six additional outer halo GCs presented in this work are shown as the open squares, and the metal rich cluster NGC 6791 from Brogaard
et al. (2012) is plotted as the open circle. The bifurcation of the AMR into two “arms” is notable even down to the youngest ages.
The right panel shows the AMR only for GCs which have phase space information. The points are colour coded by their probability of
belonging to the disk or halo as described in the text. Blue circles indicate clusters which are more likely associated with the MW disk,
pink filled points the disk clusters determined by eye simply by virtue of their metal rich o↵set in the AMR. Notably, the disk clusters
span the full range of ages, but occupy the more metal-rich arm of the two distinct AMR sequences.

to consider GCs in the context of their host environment, in
this case the MW. We therefore use GC phase space data
from the compilation maintained by D. Casetti (and refer-
ences provided therein; e.g., Casetti-Dinescu et al. 2007)2

to classify globular clusters as either disk or halo popula-
tions using the probabilistic classification scheme described
below.

For each GC i we can estimate the probability that it
is associated with either the MW disk or halo as:

p(D, H|xivi) / P (xi, vi|D, H)P (D, H) (1)

where P (xi, vi|D, H) is the likelihood of observing the
phase-space coordinates xi, vi (xi ⌘ Xi, Yi, Zi, vi ⌘

Ui, Vi, Wi) given the (known) kinematics of a particular sub-
component and P (D, H) is the prior probability for GCi to
be associated with that component. In all cases we have
assumed a uniform prior probability of membership. This
analysis assumes that the kinematics of the MW GCs and
field stars follow similar kinematic profiles - which holds in
the general sense as far as di↵erentiating halo- from disk-like
orbits for old populations. Dynamical friction, while altering
the orbits of accreted stars and GCs from dwarf galaxies, will
not introduce strong systematic uncertainties in this classi-
fication as the GC stars are incorporated during cases of
disruption, contributing to the observed halo velocity distri-
bution.

We describe the stellar density profiles of the Milky Way
thin disk, thick disk, and halo using equations (22)–(24) of
Jurić et al. (2008), with the best-fitting parameters for the
various scale lengths and density normalizations also taken
from that work (their Table 10). We assume that the stellar

2
http://www.astro.yale.edu/dana/gc.html

halo of the MW extends to 150 kpc (Deason et al. 2012), and
following Pritzl, Venn & Irwin (2005), introduce a softening
parameter a = 20/⇢0 in order to keep the halo density finite
in the inner regions. The velocity ellipsoids are taken to be
Gaussian with the mean values and the dispersions for the
thin disk, thick disk, and halo adopted from Table 3 of Venn
et al. (2004) and references therein.

There is substantial evidence (see the review paper by
Rix & Bovy 2013) suggesting that the MW thick disk is not
a distinct component (i.e., separate from the thin disk), but
rather represents a continuous extension of the thin disk.
For example, Bovy et al. (2012b,a) showed that the struc-
tural (scale heights and lengths) and dynamical properties
of “mono-abundance” populations in the MW disk smoothly
change with chemical composition, therefore implying that
the MW has a single disk with a continuum of properties.
For this reason, we do not make a distinction between thin-
and thick-disk systems, but simply classify them as mem-
bers of the disk distribution in our calculations. Taking,
pdisk = pthin +pthick, we assume the probability of a cluster
belonging to either the MW disk or halo as:

log(p
disk

/p
halo

) >
= 0 : (for the disk)
<
= 0 : (for the halo). (2)

Moreover, we do not separate the halo populations as
young (YH) or old (OH) as in the study by Mackey & van
den Bergh (2005). The classifications in that work are based
on the horizontal branch type as a function of metallicity,
assuming that age is the main second parameter control-
ling the HB colour; however, the influence of possible he-
lium enhancements on that metric complicates such divi-
sions (see e.g., Gratton et al. 2010). Regardless, the halo
clusters are canonically thought to have been accreted —

c
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Separating In-situ and Accreted GCs
• Assume stellar 

density profile and 
velocity ellipsoid for 
MW halo and disk 
components (Juric et 
al.), determine GC 
membership via  
Bayesian inference

• Phase-space data 
indicates that GCs 
with disk-like orbits 
(in-situ) occupy the 
more metal rich arm, 
while (accreted) halo 
GCs the metal poor 
arm.  

6 Leaman, VandenBerg, & Mendel

Figure 4. AMR of the MW GCs divided into the halo clusters and disk clusters, as determined from their orbital and phase space
characteristics. Overlaid as the pink contours is the AMR from MW thin disk stars (Casagrande et al. 2011) which show good agreement
with the disk GCs. The AMRs for dwarf galaxies of M⇤ ⇠ 107�9 from Leaman et al. (2013) and references therein are also overlaid,
and the close agreement with the halo GCs suggest that they likely formed from dwarf galaxies of such masses and were accreted during
the formation of the MW halo. Right panel shows the full range of age and metallicities, with the six new halo clusters shown as black
squares, as well as a predictions for the AMR of the MW bulge GCs shown as the dashed green region (see §7.3).

bital properties, but also overlap with the data for MW thin
disk stars (the density contours which are shown as magenta
lines): the latter were derived from the updated analysis
(Casagrande et al. 2011) of the Geneva-Copenhagen Survey
(Nordström et al. 2004).

Having identified those clusters which are most likely
associated with the disk of the MW, an obvious interpre-
tation of the metal-rich arm of the split AMR is that it
contains GCs that formed in-situ in the disk. It should be
noted that the disk clusters are not simply the most metal-
rich clusters, but the most metal-rich ones at any given age
— and that they span the full range of ages encompassed
by the halo clusters. The slopes of the AMR sequences are
steep enough that it is not possible to make a simple cut at
constant [Fe/H]& �1.5 and have a “clean” sample of disk
clusters.

If we assume that GCs metallicities trace the metallici-
ties of their hosts when the bulk of stars formed, then a plau-
sible interpretation of the o↵set between the metal-rich disk
and the metal-poor halo AMRs follows from consideration of
the galactic mass-metallicity relation (MMR). The o↵set in
the GC AMR is approximately 0.6 dex in metallicity, which,
given the slope of the MMR3 (Tremonti et al. 2004; Gallazzi
et al. 2005; Lee et al. 2006; Kirby et al. 2011), translates into
a di↵erence in stellar mass of approximately � log M⇤ ⇠ 2
dex. Since the MW disk has a mass of ⇠ (3± 1)⇥ 1010M�
Robin et al. (2003); McMillan (2011), this implies that the
halo GCs are described by an AMR that is representative of

3 We note that the slope and di↵erential shape of both the
gaseous and stellar MMR in the mass range of interest are nearly
identical (Lee, Bell & Somerville 2008; Kirby et al. 2011)

a galaxy with a stellar mass of a few ⇥107�8
M�.

4 This sug-
gests that the halo GCs would have formed in dwarf galaxies
comparable to the SMC, WLM, or even the LMC and Sagit-
tarius.

This is empirically illustrated in Figure 4, where the
AMRs for the MW thin disk, as well as those that have
been derived for three dwarf galaxies are overlaid5 on the GC
AMRs. The dwarf galaxy AMRs, which come from spectro-
scopic measurements of individual RGB stars, were compiled
and presented by Leaman et al. (2013) and the data origi-
nally analyzed in the studies of Cole et al. (2005); Pompéia
et al. (2008); Carrera et al. (2008a,b); Leaman et al. (2009);
Parisi et al. (2010); Leaman et al. (2012).

The disk clusters tend to coincide with the metal poor
edge of the MW thin disk AMR. This is likely because of the
well known impact of radial migration (Sellwood & Binney
2002; Roškar et al. 2008) in scattering the disk AMR to
higher metallicities at a given age — as well as the fact
that we are considering clusters from the entire disk and
some may be more closely linked to a metal poor “thick”
disk component than the pure thin disk AMR. In addition
the (Casagrande et al. 2011) ages were derived using stellar

4 We note that the relative di↵erence in specific SFR (Karim
et al. 2011) and metallicity (Zahid et al. 2013) between two galax-
ies of di↵erent mass stays roughly constant with time (back to
redshift 3) as they evolve — at least for masses similar to the
MW and the LMC.
5 We do not show the Sagittarius AMR due to the extreme dif-
ficulty in selecting clean, representative samples of RGB stars in
this object, however the AMR given by Law & Majewski (2010)
follows a similar shape and lies between that of the LMC and
SMC.

c
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Progenitor Galaxy Masses for Accreted GCs

• Offset of sequences a 
result of the mass 
difference of the GC’s 
progenitor (dwarf) 
galaxies.  This effect 
due to the mass-
metallicity relation 
for galaxies.

• With this picture we 
can assign each 
accreted halo GC a 
progenitor galaxy of a 
given mass.

 
We indeed found that a small fraction of inner halo stars show light element abundance anomalies that are 
only found in second-generation stars observed in GCs [6,7]. GC formation models suggest that a second 
stellar generation can only form in fairly massive >104 M

!
 clusters. It should be outnumbered by a much 

more numerous first generation of which a large fraction was lost to the Galactic stellar halo (e.g., {R11}). 
Since the chemical abundance patterns of the first generation stars do not stand out from the halo stars – as 
expected in the above host accretion scenario – we propose two different, complementary ways to investi-
gate the build-up of the stellar halo through GCs. 

Firstly, combining accurate parallaxes and proper motions of thousands of giant stars per GC from Gaia with 
radial velocities from ground-based spectroscopy, the distances and space motions of GCs can be meas-
ured to better than 1% {R17}. At the same time, GC stars lost to the halo disperse in configuration and veloc-
ity space separately, but are well conserved in phase-space. We can thus match in phase-space GC orbits 
and halo stars to uncover both second and first generation stars in the MW halo. Also, extending our earlier 
chemical-fingerprint approach to ongoing ground-based spectroscopic surveys such as the Gaia-ESO and 
AEGIS surveys, we can quantify the fraction of first to second generation stars lost as well as identify and 
track streams of GCs that got completely dissolved. 

Secondly, we combine the above Gaia astrometric and ground-based spectroscopic data of halo field giant 
stars with Hubble Space Telescope astrometric and photometric data of tens of thousands of main sequence 
stars per GC {R18}. The resulting combination of photometric, kinematic, and abundance measurements 
enhances the identification of second-generation stars, which in turn allow us to test the limiting GC mass for 
light element abundance variations. Next, comparing the internal dynamics of first and second generation 
stars enables the detection of phase-space signatures that act as fossil records of the formation process and 
thus directly test and constrain GC formation models. 

The proposed complementary employment of external and internal chemo-dynamics of GCs thus provides a 
unique way to uncover the complex build-up of the Galactic stellar halo.  

 
 
 
 
 
 
 
 
 
 

decreasing host halo mass

in-situ MW
 disk

NGC6441

He-enhanced
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1st generation

Figure 1: Globular Clusters as probes of the hierar-
chical build-up of the Galactic stellar halo. The age-
metallicity relation of GCs reveals two sequences. GCs 
on the more metal-rich branch have disk-like orbits and 
are believed to have formed in-situ in the MW disk. The 
mass-metallicity relations of galaxies imply that the 
metal-poor GCs were formed in lower-mass dwarf gal-
axies and then accreted, consistent with their typical 
halo-like orbits. The observed age-metallicity relations 
of LMC, SMC, and WLM (solid lines) provide further 
support for this hierarchical build-up (figure from {R6}). 

Figure 2: Multiple stellar popula-
tions in Globular Clusters. The col-
or-magnitude based on Hubble Space 
Telescope photometry of many thou-
sands of stars in the Galactic GC 
NGC6441 reveals a bi-modal main 
sequence. The blue side is populated 
by a second generation of stars be-
lieved to have formed from gas that 
was Helium-enriched by a first gener-
ation of stars (figure from {R13}).  



Accretion History for the MW

• Using subhalo mass function, stellar-
halo mass relation, various specific 
frequencies, can study whether the 
MW’s stellar halo and GC system 
can be self-consistently accreted

8 Leaman, VandenBerg, & Mendel

Figure 5. Cumulative stellar mass accreted by the Milky Way in
assembly of its stellar halo, plotted versus the cumulative number
of subhalos (dwarf galaxies) or GCs merged. Two subhalo mass
functions are shown, one from Giocoli, Pieri & Tormen (2008)
(solid black line bounding blue region), and one based on the
merger history of the MW-sized halos in the Aquarius Simulations
(Boylan-Kolchin et al. 2010) (black line bounding orange region).
These solid lines show the cumulative number of accreted dwarfs
by the MW. For various specific frequencies of GCs (dotted black
lines), it is possible to show the cumulative number of GCs that
were accreted in the same process. Observed number of halo GCs
in the MW and stellar halo mass for the MW is shown as the blue
point. While a fixed average SN ⇠ 7 for all the merging dwarfs
is possible, the dashed blue line shows that adopting a SN which
varies with mass as seen in observations of galaxies by Peng et al.
(2008), reproduces the MW system without any fine tuning. Red
dashed line shows the same Peng et al. (2008) SN relation, but
assuming the merger history of the Aquarius Simulations.

expected number of accreted dwarfs of stellar mass m⇤ as
given by equation (3) and the SHMR, and multiply the re-
sult of that calculation by the number of GCs belonging
to each dwarf of a given mass (which depends on a choice
for SN ). The cumulative total of this product provides esti-
mates of both the amount of stellar mass and the number
of GCs that are contributed by accreting dwarf galaxies to
the MW stellar halo. We repeat this for various fixed values
of SN as well as the mass dependent form of SN from Peng
et al. (2008) which is extrapolated to lower masses using

the SHMR of Leauthaud et al. (2012), as has been similarly
done in Spitler & Forbes (2009).

Figure 5 plots the cumulative stellar mass accreted by
the MW on the x-axis, versus the number of merged subhalos
or GCs on the y-axis. The solid black lines show the cumu-
lative mass growth of the MW stellar halo as the number
of mergers increases for the subhalo mass functions of equa-
tion (3) and the relations in Boylan-Kolchin et al. (2010).
The dotted lines indicate, for di↵erent specific frequencies,
how many GCs are accreted by the MW as its stellar halo
is assembled.

The blue dot indicates the observed values of the MW
stellar halo mass, and the number of halo GCs. We have
assumed that the ratio of disk to halo GCs seen in our sample
(Ndisk/Nhalo ⇠ 20–30%) is representative of the total GC
population of the MW. On the assumption that the Galaxy
has a total of Ntot = 150 GCs, of which 20 conceivably
belong to the bulge, we obtain NGC = 95 � 105 (the blue
cross value) for our estimate of the current number of halo
clusters.

At the observed stellar halo mass of ⇠ 109M�, Figure
5 indicates that the MW may have accreted ⇠ 25�35 dwarf
galaxies (as indicated by the intersection of a vertical line
at this mass with with the relevant solid black curve). The
Aquarius simulations predict a similar form for the growth
of the mass that is accreted by the MW, but suggest that
⇠ 2 times as many dwarfs were merged in order to add a
corresponding amount of mass. These dwarfs could easily
contribute enough GCs to account for the entire population
of the MW halo GCs, if they had, on average, a specific GC
frequency SN ⇠ 7. The dashed lines indicate how many GCs
would be produced as a function of the accreted stellar mass
if we used the mass dependent SN scalings from Peng et al.
(2008) for each of the two subhalo mass functions. The blue
line shows excellent agreement with the MW values while
the red line, which assumes the relations from the Aquarius
Simulation, would be consistent with lower values for the
MW stellar halo mass (or higher total numbers of halo GCs).
This could easily be the case if some fraction of the MW’s
stellar halo was formed in situ, and/or additional outer halo
GCs are discovered.

This self-consistent check on the accretion history of the
MW is jointly constrained by the number of observed GCs
in the halo, and its stellar mass. To first order this approach
seems to o↵er useful constraints, nevertheless there are some
obvious caveats; e.g., what fraction of stellar mass is fully
accreted, and how many GCs survive? However we note
that the observational constraints and relative fraction of
accreted stellar mass are in good agreement with the recent
results of Cooper et al. (2013) which tracked the assembly
of stellar mass in high resolution n-body and semi-analytic
simulations. In particular that work showed that MW sized
galaxies could accrete 1� 50% of their total (including disk
and halo) stellar mass, and this was enough to fully assemble
the stellar halo of the MW through mergers.

6 BIRTH ENVIRONMENTS OF THE
ACCRETED HALO GCS

To help identify which galaxies could be responsible for the
majority of the accreted GCs (instead of just the cumulative

c
� 2013 RAS, MNRAS 000, 1–16

Peng et al. 2008



Constraints on the Subhalo Mass Function

• Want to know not just how many 
total mergers, but how many of a 
given mass.

• Which were the most important for 
contributing mass to the halo?       
For contibuting GCs? (see also, 
Forbes & Bridges 2010; Mackey & 
van den Bergh 2005)

• Expectations from simulations: 
many more low mass mergers, but 
these only contribute a few percent 
of the GCs.

GC Assembly in the Milky Way 9

Figure 6. Top panel plots the number of accreted dwarfs of a
given stellar mass expected to contribute to the MW halo over
its buildup. Bottom panel plots, for various specific frequencies
of SN = 20, 10, 5, 1 (dotted black lines), what would be the total
number of accreted GCs from dwarfs of that mass. The blue and
red dashed lines show the mass-dependent SN relation from the
previous figure. Blue bands show for reference where the Local
Group dwarf galaxies would fall on these relations given their
observed stellar masses (McConnachie 2012).

number), Figure 6 plots the number of merged dwarfs as a
function of the stellar mass of the dwarf, along with the
total number of GCs which would be contributed by dwarfs
of that mass. As in the previous figure, the number of GCs
contributed by objects of a given stellar mass is defined as
NGCs,contributed(m⇤) = NGCs(m⇤) ⇥ Nmerged(m⇤), where
m⇤ is the stellar mass of the dwarf. The same curves of
various specific frequencies (20, 10, 5, 1, and the Peng et al.
(2008) SN relation for the two subhalo distributions) are
overlaid and we indicate where the three dwarf galaxies that
were considered in the AMR plots in the previous section
would fall on these curves.

These predictions are based on the assumed merger his-
tory from the simulations we consider, but suggest that if
the MW has experienced 3 WLM-sized mergers, they would
have contributed only a total of ⇠ 4 GCs, while one merger

Figure 7. Progenitor mass of the dwarf galaxies from which the
observed MW halo GCs could have formed, assuming the host
galaxies o↵set AMRs translate directly into a mass decrement
with respect to the MW disk. Top axis shows the numerical value
of the AMR o↵set based on the slope of the MMR. Black his-
togram shows the result of applying this analysis to the 43 GCs
classified as belonging to the MW halo. Red and blue dashed lines
show the expected GC contribution as a function of progenitor
mass using the two subhalo mass functions in the previous figures,
and magenta line using a fixed SN .

of an LMC-sized system would have contributed ⇠ 35 GCs7.
This is in close agreement with positions of the halo GCs
with respect to the AMRs of the LMC and WLM in Figure
4. Therefore it is plausible that most of the Halo GC system
came from ⇠ 6� 7 mergers of WLM- to LMC-sized dwarfs.
It is interesting to note that, while the absolute number
of merged dwarfs is di↵erent for the Giocoli, Pieri & Tor-
men (2008) or Boylan-Kolchin et al. (2010) subhalo mass
distributions, they both suggest that the GC systems were
primarily built from the 6-7 most massive mergers. We also
note the good agreement with the early estimates from Un-
avane, Wyse & Gilmore (1996), and again the simulations
of Cooper et al. (2010) who found that MW sized galaxies
could accrete 20 � 80% of their stellar halo mass from the
most massive progenitor dwarf galaxy in the mass range of
107 � 108.5.

6.1 Implied Masses of GC Progenitor Galaxies
from the Mass-Metallicity Relation and O↵set
AMR

A more direct comparison of the progenitor galaxy masses
of the MW halo GCs with these model predictions, is possi-
ble by again leveraging the mass-metallicity relation in con-
junction with the observed AMR. We begin by modelling
the metal-rich branch of the AMR (that associated with

7 While the LMC itself does not contain this many old GCs,
dwarfs of similar mass in Peng et al. (2008) show a wide range of
SN values.
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Constraints on the Subhalo Mass Function
• How do simulations 

compare with the 
distribution of progenitor 
masses implied by the halo 
GC AMR offsets. Model 
independent check.

• Excellent agreement with 
numerical simulations in a 
differential sense. 

• Rules out a constant 
specific frequency - implies 
that GC formation 
efficiency more closely 
linked to dark matter mass 
than stellar mass (also 
implied from different 
arguments by Georgiev et 
al., Spitler et al.)

GC Assembly in the Milky Way 9

Figure 6. Top panel plots the number of accreted dwarfs of a
given stellar mass expected to contribute to the MW halo over
its buildup. Bottom panel plots, for various specific frequencies
of SN = 20, 10, 5, 1 (dotted black lines), what would be the total
number of accreted GCs from dwarfs of that mass. The blue and
red dashed lines show the mass-dependent SN relation from the
previous figure. Blue bands show for reference where the Local
Group dwarf galaxies would fall on these relations given their
observed stellar masses (McConnachie 2012).

number), Figure 6 plots the number of merged dwarfs as a
function of the stellar mass of the dwarf, along with the
total number of GCs which would be contributed by dwarfs
of that mass. As in the previous figure, the number of GCs
contributed by objects of a given stellar mass is defined as
NGCs,contributed(m⇤) = NGCs(m⇤) ⇥ Nmerged(m⇤), where
m⇤ is the stellar mass of the dwarf. The same curves of
various specific frequencies (20, 10, 5, 1, and the Peng et al.
(2008) SN relation for the two subhalo distributions) are
overlaid and we indicate where the three dwarf galaxies that
were considered in the AMR plots in the previous section
would fall on these curves.

These predictions are based on the assumed merger his-
tory from the simulations we consider, but suggest that if
the MW has experienced 3 WLM-sized mergers, they would
have contributed only a total of ⇠ 4 GCs, while one merger

Figure 7. Progenitor mass of the dwarf galaxies from which the
observed MW halo GCs could have formed, assuming the host
galaxies o↵set AMRs translate directly into a mass decrement
with respect to the MW disk. Top axis shows the numerical value
of the AMR o↵set based on the slope of the MMR. Black his-
togram shows the result of applying this analysis to the 43 GCs
classified as belonging to the MW halo. Red and blue dashed lines
show the expected GC contribution as a function of progenitor
mass using the two subhalo mass functions in the previous figures,
and magenta line using a fixed SN .

of an LMC-sized system would have contributed ⇠ 35 GCs7.
This is in close agreement with positions of the halo GCs
with respect to the AMRs of the LMC and WLM in Figure
4. Therefore it is plausible that most of the Halo GC system
came from ⇠ 6� 7 mergers of WLM- to LMC-sized dwarfs.
It is interesting to note that, while the absolute number
of merged dwarfs is di↵erent for the Giocoli, Pieri & Tor-
men (2008) or Boylan-Kolchin et al. (2010) subhalo mass
distributions, they both suggest that the GC systems were
primarily built from the 6-7 most massive mergers. We also
note the good agreement with the early estimates from Un-
avane, Wyse & Gilmore (1996), and again the simulations
of Cooper et al. (2010) who found that MW sized galaxies
could accrete 20 � 80% of their stellar halo mass from the
most massive progenitor dwarf galaxy in the mass range of
107 � 108.5.

6.1 Implied Masses of GC Progenitor Galaxies
from the Mass-Metallicity Relation and O↵set
AMR

A more direct comparison of the progenitor galaxy masses
of the MW halo GCs with these model predictions, is possi-
ble by again leveraging the mass-metallicity relation in con-
junction with the observed AMR. We begin by modelling
the metal-rich branch of the AMR (that associated with

7 While the LMC itself does not contain this many old GCs,
dwarfs of similar mass in Peng et al. (2008) show a wide range of
SN values.

c
� 2013 RAS, MNRAS 000, 1–16

10 Leaman, VandenBerg, & Mendel

the in-situ disk clusters) as a linear fit between the points
([Fe/H], Age)=(�1.5, 13.0) and (�0.5, 10.75). From the near
constant o↵set in metallicity at all ages for the disk GCs
(and similar shape of the observed dwarf galaxy AMRs), we
can, to first order, assume that the slope of all of the AMRs
in this early epoch is invariant. Any dwarf galaxy will then
have an AMR that is simply o↵set in metallicity from the
disk AMR, by an amount which depends on the total stellar
mass of the dwarf.

For each halo GC, (the black dots in Figure 2), we com-
pute its metallicity o↵set from the disk AMR, �[Fe/H].
With the observed slope of the mass-metallicity relation
from Kirby et al. (2011), the value of �[Fe/H] for each GC
is transformed into a mass decrement from the MW disk,
thereby giving a coarse estimate of the mass of the progen-
itor galaxy in which that GC might have formed. This is
obviously most useful in a di↵erential sense, as the exact
shape of the AMR and disk mass as the MW evolves is not
precisely known.

Figure 7 displays the result of this analysis, wherein we
show the average distribution of implied progenitor dwarf
galaxy masses for all 46 MW halo GCs. This is essentially a
convolution of the subhalo mass function with the number of
GCs per dwarf galaxy of a given mass. The black histogram
represents the average distribution found from 50000 Monte
Carlo trials of this process, in which the observational errors
in age and metallicity for the GCs, as well as the errors on
the fit to the disk GC AMR were simultaneously incorpo-
rated.

To directly compare these to the expected distribution
from simulations of the MW accretion history, we compute
Monte Carlo realizations as follows. For a given trial we ran-
domly pick 50 dwarf galaxies to merge with the MW with
their distribution in masses weighted according to the sub-
halo mass function of Equation 3 (or Equation 7 of Boylan-
Kolchin et al. (2010)). We take a lower limit for the pro-
genitor galaxy mass as M⇤ = 105, as that is a mass close to
those of most GCs themselves, and the maximum progenitor
galaxy mass as M⇤ = 109, as we should not expect mergers
greater than the total MW stellar halo mass. The number
of GCs per progenitor galaxy is computed for each of the
50 dwarfs assuming either the Peng et al. (2008) SN , or a
fixed < SN > = 7, producing a predicted distribution of the
number of accreted GCs as a function of the mass of their
progenitor galaxy. This is repeated for 5000 trials, and the
mean and standard deviation of the distributions recorded
— which we show as the coloured curves in Figure 7.

There is good agreement between the black histogram,
which shows the estimated progenitor masses implied by the
o↵set AMRs, and these expectations from n-body simula-
tions of the MW’s assembly. Dwarfs with masses 6 106M�
contribute only a few percent of the total MW halo GCs,
with the contribution increasing until a maximum contri-
bution is reached, from dwarfs of ⇠ 108.5M�. Notably, the
predicted distribution when assuming a constant SN for all
dwarf galaxies results in far too many GCs from high mass
progenitors. This would suggest that there needs to be at
least some variation in the SN values of the accreted system
— therefore the mass dependent variation of SN observed

in the Virgo cluster sample of Peng et al. (2008) may be
representative of many systems8 .

The distribution of implied progenitor masses shown by
the black histogram allows us to study how many significant
progenitor dwarfs built up the total stellar halo and GC
system following the definition in Cooper et al. (2013)

Nsig =
(⌃m⇤,progenitor)

2

⌃m2
⇤,progenitor

. (4)

We find a value of Nsig = 11, in good agreement with that
work which showed that MW sized stellar halos can be built
up by ⇠ 10 significant progenitors in some cases. Impor-
tantly, our semi-empirical estimate of Nsig is completely in-
dependent of an assumed subhalo mass function, as the pro-
genitor masses are calculated solely from the o↵set AMR,
and provides a unique comparison to such simulations. We
note however that the exact distribution of the progenitor
masses is somewhat sensitive to the relative shape of the
MW and dwarf galaxy AMRs. Assuming no pre-enrichment
in the MW disk AMR would lead to a suppression of the
lowest mass progenitors in the histogram, but would still
not produce a peak at the very highest masses.

6.2 Correlations between the Properties of GCs
and their Implied Progenitor Galaxies

To further illuminate the link between the MW GC system
and the host galaxies of accreted halo GCs, Figure 8 plots
the implied progenitor galaxy masses versus several struc-
tural and orbital properties of the globular clusters. The disk
GCs are shown as the magenta points and in this exercise
are placed at a progenitor mass close to that of the MW
disk. Linear least squares fits are shown as dotted lines, and
in all cases are computed based solely on the halo clusters.

One noticeable trend is that the mass of a GC and its
central density (traced by Vesc and �0) are correlated with
the mass of the galaxy in which the GC was born. While
speculative, these correlations may provide an explanation
as to why GCs with the highest Vesc and �0 in V13 tended
to show the strongest evidence for helium abundance en-
hancements (as inferred from the relatively steep slopes of
their subgiant branches in the observed CMDs). This result
is particularly puzzling, as the present-day cluster masses
should not be predictive of past masses and their capabil-
ity, or not, to retain the ejecta from a primordial stellar
generation and to produce second-generation stars with sig-
nificant He abundance variations. Figure 8 suggests that the
most massive, densest clusters may form predominantly in
the highest mass dwarf galaxies (although a range in Vesc

and �0 is apparent at any progenitor mass, suggesting per-
haps that even within a single dwarf, GCs and molecular
cloud mass may have a dependence on local environment;
e.g., Meidt et al. 2013).

Therefore, when they are accreted by the MW, those

8 We note also that the di↵erential distribution of progenitor
masses we recover using the Spitler & Forbes (2009) relations
is nearly identical to what we find using the Peng et al. (2008)
formalism. However as the former relation requires an assumption
on the mass of individual GCs it provides little leverage on the
total number of GCs accreted (i.e. Figure 5 and 6).
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consistent with 
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in terms of progenitor 
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appropriate.  Tests of 
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Figure 8. Structural and orbital properties of the MW halo GCs as a function of the mass of their progenitor dwarf galaxies. Magenta
points represent the MW disk GCs. Dotted lines are linear least squares fits to solely the halo GCs. Blue dashed lines show predicted
orbital decay as a function of dwarf galaxy mass due to dynamical friction (see text).

GCs would be embedded in a much larger dark matter and
baryonic envelope which could mitigate the e↵ects of tides
and ram pressure, perhaps allowing them to retain ejecta
from their first generation of stars.

The correlation between concentration parameter (c =
log10(rt/r0); Harris 2010) and progenitor mass in the top
right panel of Figure 8 is particularly interesting in light
of the correlation between GC size and colour (or metallic-
ity) seen in the MW and many extragalactic GC systems
in giant ellipticals (e.g., Larsen et al. 2001). As the corre-
lation persists over many radii within individual galaxies,
Larsen et al. (2001) suggested that this may reflect a pri-
mordial correlation which is setup in the birth of the GC.
They suggested that perhaps the most compact GCs form in
the largest gas clouds (which would be found in the largest
galaxies) preferentially. This interpretation would seem to
be supported by the trend in the top right panel of Figure
8, and would suggest that the correlation exhibited between
concentration and colour or metallicity is a consequence of
the lower mass progenitor systems in which preferentially
low metallicity systems (of a given age) are found.

The bottom two right-hand panels of Figure 8 show that
there is also a trend for GCs with the lowest host galaxy
masses to be found at larger Galactocentric distances. This
correlation may arise as a consequence of the orbital decay
of a dwarf galaxy as it is accreted onto the MW. Galaxies
with the highest masses (and the GCs they host) will prefer-

entially sink to the centre of the MW via dynamical friction.
This e↵ect is enhanced further when the mass growth of the
MW is taken into account or for more eccentric orbits9. We
note, however, that there is no strong evidence from simu-
lations for systematic variations in the radius as a function
of the progenitor mass (Wang et al. 2011).

An order of magnitude estimate for the varying impact
of dynamical friction on dwarfs of di↵erent masses can be es-
timated from the analytic expressions given in Zhao (2004).
These formulae for dynamical friction consider both tidal
stripping of the accreted satellite, and growth of the MW
halo over time, and the change in orbital radius with time
is characterized by 2-parameter functions of the form:

�r(t) '
2⇡Gtf

(tf � ti)Vf
mi[1�(1�(

mf

mi
)1/n)]n

Z tf

ti

tn�pdt (5)

We compute this quantity for dwarfs of initial mass mi =
106, 107, 108, 109, and track the dwarfs orbital decay from
ti = 4 Gyr to tf = 13 Gyr where the remnant accreted
dwarf mass is reduced to mf = 105. We then compare the
relative orbital decay for each of the di↵erent mass dwarfs,

9 However as shown by van den Bosch et al. (1999), there is no
total evolution in orbital eccentricity, which likely explains why
the slopes of the pericentric and apocentric radii relations are so
similar.
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• Can use the Bullock & 
Johnston (2005) and 
Font et al. (2008) n-
body+SAM simulations 
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specific frequency 
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a simulated MW with 
the accretion history 
most similar to what we 
infer based on the 
MW GCs?
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Figure 1. Cumulative globular cluster accretion histories for the 11 halo realization from Bullock & Johnston (2005). The number of
GCs per luminous subhalo has been computed assuming a mass dependent specific frequency which scales with the stellar to halo mass

ratio of the subhalo. Right panels show the di↵erential distribution of GCs accreted as a function of time in each halo, with 1 Gyr bins.

accreted with into the MW halo). Following L13, we esti-
mate the plausible mass of a dwarf galaxy that the accreted
halo GCs were hosted in, by leveraging the morphology of
the recently derived age-metallicity relation in VandenBerg
et al. (2013), and the mass-metallicity relation for galaxies
(e.g., Lee et al. 2006; Kirby et al. 2013). We refer the reader
to L13 for the exact methodology and caveats, however we
stress here that this estimate of the GC host galaxy masses
are useful primarily in a di↵erential sense.

Given the stochasticity of the 11 halo realizations, ob-
servational constraints in addition to the distribution of GC
accretion times are necessary in order to select a simulated
halo accretion history which may resemble the MW. One
such constraint is the semi-empirical distribution of pro-
genitor masses for the 43 MW halo GCs in L13. For the
simulated subhalos (each with an associate number of GCs;
Section NN) Figure 2 shows the final number distribution of
GCs, binned by their host progenitor galaxy mass. The ob-
served distribution from L13 is shown as the blue histogram
in each of the 11 halo realizations, and provides an easy com-
parable to select merger history realizations which may be
the most representative of the MW. Halos 7, 12, and 5 show
good agreement in the distribution of GC progenitor mass
subhalos, and we focus on these simulation realizations as
representative mass assembly histories for the MW.

4.1.3 Constraining the time of subhalo accretion

Figure 3 shows all subhalos in the 11 halo realizations plot-
ted in various parameter spaces. The separation of the sub-
halos in the T

Accretion

� M⇤ plot into two sequences is the
result of reionization producing a time delay in gas accre-

tion/cooling (and consequently, star formation) in low mass
subhalos. Therefore the upper sequence of simulated subha-
los in this parameter space represents subhalos which con-
tinued to form stars prior to, and throughout reionization.

In the top left panel we have also overlaid the 10 MW
GCs in this study for which ages and estimated progenitor
masses exist from L13 (see Section NN). The ages of the GCs
(red squares) are their age of formation, which reasonably
should be equal to or greater than the time of accretion of
their host - the latter the case if the GC was formed at early
times in its subhalo and the subhalo not accreted to the MW
until several Gyrs later2.

Therefore the delay between the GCs birth epoch in
a subhalo, and the time until that subhalo is accreted,
is unknown. However for three clusters, NGC 1261, 5466,
and 5024, their age-M

prog

combinations place them near
the boundary of the “reionization-survivor” subhalo dis-
tribution. This suggests that these GCs may be systems
which were born just prior to accretion of their host galaxy,
and therefore the range of possible subhalos they may have
formed from in the simulations is more highly constrained.
We colour code these subhalos throughout Figure 3 for clar-
ity, as they o↵er useful markers of the accretion properties
of halo GCs and their host galaxies.

In Figure DEBRIS (JUERGEN TO MAKE), we show
the simulated stellar density maps for the particular sub-
halos (GIVE NUMBERS TO JUERGEN) which we suggest
are the most representative of the progenitor galaxies (based

2 We assume in this exercise that the GCs we consider can not

form after their hosts are accreted into the Milky Way halo
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Figure 2. Distribution of GC progenitor galaxy masses in each

of the 11 halo simulations (black histograms). Shown for compari-
son as the blue histogram is the semi-empirical observed distribu-

tion of GC progenitor galaxy masses for 43 MW GCs studied in

Leaman, VandenBerg & Mendel (2013) from their age-metallicity
relationship. Notably, the simulated halos 7, 12 and 5 show good

agreement with the MW sample.

on their mass and small delay between GC age and subhalo
accretion time) for NGC 1261, 5466 and 5024.

[HERE GOES A PARAGRAPH AND FIGURE ON
ANY OTHER GC SYSTEMS WE WANT TO HIGH-
LIGHT AND SHOW DENSITY MAPS FOR]

4.1.4 On the mass and accretion time of the Sagittarius
dSph and its GCs

Of particular interest is interpretation of the Bullock &
Johnston (2005) simulations in the context of the accreting
Sagittarius dSph. There have been numerous studies (Law
& Majewski 2010 and references therein) debating which
halo GCs show phase space data consistent with the stel-
lar streams of this disrupting dwarf, with Law & Majewski
(2010) suggesting that between 5-9 GCs could plausibly be
associated with the galaxy. Given the relationship between a
host galaxy’s luminosity and its number of GCs explored in
Section NN, we may ask what such a GC population would
imply for the original mass/luminosity of Sagittarius.

Figure 3. Luminous mass, dark matter mass and accretion time
for all of the subhalos in the 11 simulated halos (black points).

Red squares show the ages and inferred progenitor masses for 10

GCs in common between this study and Leaman, VandenBerg
& Mendel (2013). Three clusters which have ages which strongly

constrain their likely host galaxy subhalos are colour coded. The

likely range of masses for subhalos representative of the Sagittar-
ius dSph are also coloured in blue (See section NN).

To be conservative we assume that Sagittarius had be-
tween 5 � 14 GCs initially (the upper limit increased over
Law & Majewski (2010)’s estimate in order to take into ac-
count the possible disruption of GCs during accretion to the
MW). This number of GCs implies an initial Sagittarius pro-
genitor mass between 7.4⇥107 6 M⇤ 6 3.4⇥108M�. This is
in good agreement with the estimate provided by Niederste-
Ostholt, Belokurov & Evans (2012), who computed the to-
tal progenitor system luminosity as a sum of the luminosity
in the present day stellar streams/arms of Sagittarius and
found M⇤ = 2.4⇥ 108M�

In Figure 4 we show how the implied Sagittarius pro-
genitor mass falls within the full distribution of simulated
subhalo accretion times and masses. While the number of
GCs associated with Sagittarius implies a relatively narrow
range of host galaxy masses, it is clear that subhalos within
that mass range are accreted over a wide range of epochs in
the 11 halo realizations.

To get a better constraint on the likely time of accretion
for a Sagittarius progenitor, we consider the impact that the
accretion of a 108M� satellite would have on the thickness
of the MW disk. To estimate the disk heating generated
by subhalos in the lifetime of a MW like galaxy, we utilize
the n-body and analytic results from Benson et al. (2004).
They o↵er a parameterization of the fractional vertical disk
heating due to subhalo accretion, as a function of various
parameters - including what the mass of the largest subhalo
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Figure 2. Distribution of GC progenitor galaxy masses in each

of the 11 halo simulations (black histograms). Shown for compari-
son as the blue histogram is the semi-empirical observed distribu-

tion of GC progenitor galaxy masses for 43 MW GCs studied in

Leaman, VandenBerg & Mendel (2013) from their age-metallicity
relationship. Notably, the simulated halos 7, 12 and 5 show good

agreement with the MW sample.

on their mass and small delay between GC age and subhalo
accretion time) for NGC 1261, 5466 and 5024.

[HERE GOES A PARAGRAPH AND FIGURE ON
ANY OTHER GC SYSTEMS WE WANT TO HIGH-
LIGHT AND SHOW DENSITY MAPS FOR]

4.1.4 On the mass and accretion time of the Sagittarius
dSph and its GCs

Of particular interest is interpretation of the Bullock &
Johnston (2005) simulations in the context of the accreting
Sagittarius dSph. There have been numerous studies (Law
& Majewski 2010 and references therein) debating which
halo GCs show phase space data consistent with the stel-
lar streams of this disrupting dwarf, with Law & Majewski
(2010) suggesting that between 5-9 GCs could plausibly be
associated with the galaxy. Given the relationship between a
host galaxy’s luminosity and its number of GCs explored in
Section NN, we may ask what such a GC population would
imply for the original mass/luminosity of Sagittarius.

Figure 3. Luminous mass, dark matter mass and accretion time
for all of the subhalos in the 11 simulated halos (black points).

Red squares show the ages and inferred progenitor masses for 10

GCs in common between this study and Leaman, VandenBerg
& Mendel (2013). Three clusters which have ages which strongly

constrain their likely host galaxy subhalos are colour coded. The

likely range of masses for subhalos representative of the Sagittar-
ius dSph are also coloured in blue (See section NN).

To be conservative we assume that Sagittarius had be-
tween 5 � 14 GCs initially (the upper limit increased over
Law & Majewski (2010)’s estimate in order to take into ac-
count the possible disruption of GCs during accretion to the
MW). This number of GCs implies an initial Sagittarius pro-
genitor mass between 7.4⇥107 6 M⇤ 6 3.4⇥108M�. This is
in good agreement with the estimate provided by Niederste-
Ostholt, Belokurov & Evans (2012), who computed the to-
tal progenitor system luminosity as a sum of the luminosity
in the present day stellar streams/arms of Sagittarius and
found M⇤ = 2.4⇥ 108M�

In Figure 4 we show how the implied Sagittarius pro-
genitor mass falls within the full distribution of simulated
subhalo accretion times and masses. While the number of
GCs associated with Sagittarius implies a relatively narrow
range of host galaxy masses, it is clear that subhalos within
that mass range are accreted over a wide range of epochs in
the 11 halo realizations.

To get a better constraint on the likely time of accretion
for a Sagittarius progenitor, we consider the impact that the
accretion of a 108M� satellite would have on the thickness
of the MW disk. To estimate the disk heating generated
by subhalos in the lifetime of a MW like galaxy, we utilize
the n-body and analytic results from Benson et al. (2004).
They o↵er a parameterization of the fractional vertical disk
heating due to subhalo accretion, as a function of various
parameters - including what the mass of the largest subhalo

c� 2012 RAS, MNRAS 000, 1–6



• Method 2:
Use the 
photometrically 
constrained mass of 
the Sagittarius 
progenitor (i.e., 
Niederste-Ostholt et 
al. 2012) to tag 
similar subhalos in 
the simulations.  See 
what the typical 
accretion times were 
for the likely ‘Sgr.’ 
subhalos.

Observational Tests of the Accretion Time?4 Author

is relative to the host galaxy mass. Specifically:

h = 0.16

✓
f
mass

0.1

◆✓
f
max

0.01

◆⇣ ⌘
z

0.3

⌘✓
M

halo

1012

◆2

⇥
✓

V
s

200kms�1

◆�1 ✓ R
d

3.5kpc

◆�1 ✓ r
orb

200kpc

◆�1

⇥
✓

M
d

5⇥ 1010

◆�1 ✓ t
Gyr

◆
(1)

We stress that this is not the heating from the most mas-
sive satellite alone, but rather treats the cumulative heating
self-consistently from all the satellites in the subhalo mass
function up to the most massive subhalo with mass ratio
f
max

.
As a limiting case, for each of the simulated subhalos we

compute the disk heating that would be produced given their
mass ratio (f

sub

= M
sub

/M
MW

) at time of accretion assum-
ing they were the most massive subhalo (i.e. f

sub

= f
max

).
This disk thickening amount is shown along the y-axis of Fig-
ure 5, which plots the increase in the MW disk scale height
(as computed by Equation 1) as a function of the satellite
accretion time. For reference, we show curves from subha-
los with mass ratios of 1, 5, and 10% of the MW. The large
range spanned by the subhalos in the y-axis illustrates that
even for a given accretion time, there is significant variation
in the mass ratios of the subhalos (which translates into a
variety of disk scale height increases).

Observationally, Bovy et al. (2012) have shown that the
MW disk scale height (and scale length) varies smoothly as a
function of chemical abundance, with high [↵/Fe] (old) stars
having larger scale heights and smaller scale lengths than
the low [↵/Fe] stellar populations in the MW disk. The sys-
tematic variation of the structural scale properties of these
“mono-abundance” populations o↵ers a useful constraint in
understanding the accretion time for subhalos during the
MW buildup. To explicitly trace the MW scale height as
a function of age, we use the associated MW SPH simu-
lations from Stinson et al. (2013), which have been shown
to accurately reproduce the variation of scale height with
abundance from Bovy et al. (2012), but can be expressed as
a function of stellar age.

The red boxes show the scale heights for the MW disk
populations as a function of age from these studies. The gen-
eral form of the increase in scale height with stellar age is
well reproduced by the disk heating curves of Benson et al.
(2004), with a curve corresponding to the largest subhalo
having a mass ratio of f

max

= 10% providing a good fit.
However, as discussed in Benson et al. (2004), there is likely
an equal contribution of disk heating from stellar scattering
o↵ of giant molecular clouds - therefore the exact contri-
bution of heating solely from subhalo interactions may be
better fit by only a maximum mass ratio of f

max

= 5%. For
our current study the results are not dependent on this issue
however.

The data points for the MW disk scale heights represent
the maximum amount that the stars of that age could have
been dynamically heated due to subhalo interactions during
the MW’s accretion history. Therefore simulated subhalos
which lie above this curve represent objects which had too
high of a mass ratio at that epoch of accretion and would
have been more destructive to the disk than is observed.

In the case of the subhalos within the mass range of the

Figure 4. Distribution of subhalo masses and accretion times

from the 11 simulated halo realizations. The blue points represent
plausible progenitor subhalos for the Sagittarius dSph as inferred

from the number of GCs likely associated to Sagittarius currently

(5-14; top axis). While the mass range is rather narrow, there is
a large range of accretion times exhibited in the simulations for

these subhalos.

Sagittarius progenitor system, this plot suggests that they
only could have been accreted relatively recently (. 8 Gyr
ago). This is consistent with the limit imposed by requiring
Sagittarius to be accreted after its youngest GCs formed
(which have ages ⇠ 7 Gyr). Conversely, the points repre-
sentative of the progenitor systems hosting the three GCs
discussed in Section NN (NGC 1261, 5466, and 5024) have
valid (not violating the disk heating constraints) realizations
which are 10-13 Gyrs.

If these constraints on accretion time for the GC pro-
genitor hosts are reasonable, it would naturally explain why
a recently accreted Sagittarius shows clear tidal debris and
stellar streams, while the progenitor systems of the other
GCs, which were accreted & 10 Gyr ago are nearly unde-
tectable due to the subsequent mixing of their disrupted
stars in the chaotic buildup of the MW stellar halo.

This is clearly evident in contrasting Figure DE-
BRISOLD, with Figure DEBRISSAG, the latter subhalos
showing clear stellar over-densities in the simulated sky
maps.

[PUT FIGURE OF LIKELY SAG PROGENITOR
SUBHALO DENSITY MAPS HERE].
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Figure 5. Milky Way disk vertical scale height as a function of age of the stellar population (and alternatively the accretion time of
a given subhalo). Equation 1 (see Benson et al. 2004) provides an analytic formulation for the amount of disk heating produced by all

subhalos up to a maximum mass (M
sub,max

), as a function of time. Curves for maximum mass subhalos with mass ratios of 1%, 5% and

10% are shown as dashed lines. The simulated subhalos from Bullock & Johnston (2005) have been placed on this diagram by using their
mass ratios and time of accretion along with the aforementioned equation to compute the disk heating assuming they were the most

massive subhalo. Observed Milky Way vertical scale heights from Bovy et al. (2012); Stinson et al. (2013) are shown in red, and provide

a limit below which valid subhalo accretion events must lay. Notably, this requires a merger of . 7 Gyr ago for Sagittarius, which is
consistent with the age range of its associated GCs (top bar). The three GCs from Figure 3 shown as coloured points conversely require

late time accretions, explaining the non-detection of clear tidal debris around these systems.

5 CONCLUSION
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• Further insight 
possible by 
comparing with 
semi-analytic 
models

• Additional 
constraints from 
more massive 
galaxies, will help 
clarify the trends 
with host galaxy 
mass.
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Figure 14. Age-metallicity distribution of model clusters from all 20
halos, with the best-fit parameters of Model 1. Each blue dot rep-
resents one model GC. The labeled percentage levels represent the
fraction of GCs enclosed within the corresponding contour. Redshift
corresponds to the cluster formation epoch.

Tonini (2013) proposed a model for metallicity bimodal-
ity based on the observed number of clusters as a function
of galaxy mass. She adopted the merger scenario and used
Monte Carlo sampling to build merger trees for the progeni-
tor galaxies. She suggested that the origin of GC bimodality
is related mainly to the galactic MMR and hierarchical mass
assembly history. Using our model, we reach a similar con-
clusion that the merger history plays a key role. However,
to separate the red and blue peaks, the Tonini (2013) model
requires a very strong evolution of MMR, such that [Fe/H]
increases by 0.5 dex at high mass (M⇤ ⇠ 1011.5 M�) and up
to 1.5 dex at low mass (M⇤ ⇠ 109 M�), between z = 3.5 and
z = 0. The available observations discussed in Section 2.4 sup-
port much smaller changes of [Fe/H] at a given stellar mass.

Our model also relies on the evolution of MMR, but the
evolution we need is more moderate (⇡ 0.3 dex). The key
to separating the metal-poor and metal-rich subpopulations in
our model is mainly due to the differentiation of cluster hosts.
The metal-poor GCs come preferentially from the early merg-
ers among small halos with lower metallicity, while the metal-
rich GCs come from the late mergers between massive halos,
which in turn have higher metallicity.

To demonstrate this effect, we select two halos with the
highest and lowest mass (6.9 ⇥ 1013 M� and 2 ⇥ 1012 M�,
respectively) and separate their GC systems by the merger
epoch in which they were produced. Figure 13 shows the re-
sult for the best-fit parameters of Model 1. Although the dy-
namical destruction significantly reduces the number of sur-
viving clusters, the shape of the metallicity distribution does
not change much from that imprinted at birth. On the other
hand, the merger events that produced the clusters leave a
clear mark. The metal-rich GCs are mainly produced by the
most recent merger between massive halos, while the collec-
tion of early mergers among less massive halos contributes
the bulk of the metal-poor clusters.

6.1. Age-metallicity Relation

Figure 15. Age-metallicity relation of Galactic GCs (filled circles
with error-bars; from Leaman et al. 2013 and other sources, see
the text) and extragalactic GCs (open squares; from Georgiev et al.
2012). Overlaid contours are the same as in Figure 14, for our model
clusters.

Absolute ages of GCs can be determined using isochrone
fitting of the H-R diagram, which requires resolved obser-
vations of individual stars. Until recently, the age measure-
ments of Galactic GCs did not show a significant correlation
between age and metallicity (e.g. Forbes & Bridges 2010).
New deep HST/ACS data reveal some intriguing trends of de-
creasing age with increasing metallicity (Dotter et al. 2011;
VandenBerg et al. 2013; Leaman et al. 2013). In our model
we have the full formation history of all GCs, which allows
us to investigate any possible age-metallicity trends. Fig-
ure 14 shows a stack of all model GCs within the 20 halos
in the fiducial Model 1. Although the majority of clusters are
old, there is a significant tail of metal-rich clusters that are
younger by up to 5Gyr. The bulk of metal-poor clusters are
formed as early as redshift z = 4-6, but the metal-rich clusters
are formed over an extended epoch continuing to z ⇡ 1. This
shape of the age-metallicity distribution is one of the robust
predictions of our model.

Hints of the age-metallicity relation were already present
in the MG10 model (see their Figure 8). Here we quantify
it with larger samples of clusters, multiple independent re-
alizations of the mass assembly history, and better galactic
scaling relations. Figure 15 compares the model relation with
the existing age measurements of the Galactic GCs, collected
by Leaman et al. (2013). We also add clusters from three
nearby early-type galaxies with photometrically derived ages
Georgiev et al. (2012). Despite the large scatter and individ-
ual observational errors, the model trend is supported by these
data remarkably well.

A thorough interpretation of this plot requires further study.
It is likely that the turnover of the age-metallicity relation
from the old metal-poor clusters to the younger metal-rich
clusters occurs at different metallicity in galaxies of differ-
ent mass. For example, in the MG10 model tuned for the
Galactic GCs, the turnover is around [Fe/H] ⇡ -0.8, whereas
in our current model tuned for massive elliptical galaxies it
is around [Fe/H] ⇡ -0.4. In addition, the ages of the extra-
galactic clusters are determined with a different method and

Li & Gnedin 
(2014)



• Can start to apply this to 
observational constraints of 
outer halo GCs and extra-
tidal GC stars.  Carballo-
Bello et al. 2014, and other 
surveys show that extra-
tidal debris is sometimes 
not detected, even to low 
surface brightness limits.

• Is this consistent with 
CDM halo assembly?
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Figure 10. CMDs corresponding to the clusters Whiting 1, NGC1261, NGC1851 and NGC1904 (middle column) and to those objects
beyond rbg from the cluster centre (right column). A map showing the distribution of the stars in the catalog with respect to the cluster
centre is also included (left), where rbg is indicated by a red line.

that Whiting 1 might be the youngest GC among the clus-
ters already associated with that dSph (⇠ 1Gyr younger
than the intermediate–age GCs Arp 2, Ter 7 and Pal 12, al-
ready associated to Sgr). This would indicate that Sgr was

able to form GCs during a period of 6Gyr as pointed by
Carraro et al. (2007).

NGC5634 is one of the closest clusters to the plane
that contains the orbit of the Sgr dSph (L10) and stream
stars were identified by Majewski et al. (2003) in that line-

c� 2014 RAS, MNRAS 000, 1–??

Carballo-Bello et al., 2014



• What are the mass 
regimes, and accretion 
times where we expect 
satellites to be dispersed, 
or coherent in position? 
velocity? phase space? 

• Over time, dynamical 
mixing can wash out LOS 
observational signature for 
old  (> 6 Gyr) events.

Longevity of Accretion Signatures



• With GAIA,  
possible to use full 
6-D phase space 
information to 
construct integrals 
of motion 

• These are 
conserved 
quantities and 
therefore subhalos 
should maintain 
coherence in this 
parameter space.

• Can be powerful 
when coupled with 
unique chemical 
tracers.

Longevity of Accretion Signatures

 

Finding lost stars in phase-space:  Stripped stars very quickly disperse in configuration space, so that initial 
overdensities soon become too faint to detect against the background of the other halo stars. Only with ho-
mogenously calibrated deep wide-field imaging surveys such as SDSS and Pan-STARRS it has become 
possible to uncover some of the resulting faint streams, but only those for which the progenitor had numer-
ous stars or got stripped relatively recently. Accreted stellar systems remain longer 'visible' in velocity space, 
as nicely illustrated by our recent kinematic detection of a stellar stream within the M31 dSph companion 
Andromeda II [1]. However, the best way to find stripped stars and their host or even completely dissolved 
stellar systems is in phase-space, because the integrals of motion or equivalent the actions should be con-
served both for bound and unbound stars. 

This is illustrated in Figure 5 from {R20} where a simulation of shredded satellite galaxies shows that while 
the stripped stars are completely dispersed on the sky, when plotted as function of two (approximate) inte-
grals of motions the different progenitor satellites can be identified. We will follow {R21} in transforming ob-
served three-dimensional positions and velocities into actions for a given Milky Way gravitational potential. 
We will vary the gravitational potential within the ranges allowed by observational constraints, even though 
applications to high resolution, fully cosmological simulations suggest that changes in the gravitational poten-
tial do not strongly affect the recovery of substructures in phase-space (e.g., {R22}).  

In this way, we propose to match GCs and halo stars in phase-space to identify the halo stars that likely be-
longed to the same GC progenitor. For field stars, spectroscopically identified second-generation candidates 
will be our starting point. Field stars of the same metallicity but with “normal” light element abundances, yet 
matching the phase-space location of second-generation stars, will be considered first-generation candidates 
that may have come from the same disrupted GC.  

If a GC was originally hosted by a dwarf galaxy, we expect to also find stars from the shredded dwarf galaxy 
nearby in phase-space, but with different metallicities than the GC due to self-enrichment in the progenitor 
galaxy. Moreover, as GCs are dynamically significantly colder than their more massive host galaxies, halo 
stars stripped from a GC will be distributed closer to the GC in phase-space than halo giants from the shred-
ded host galaxy. Similarly, halo stars matched in phase-space will project on tidal streams on the sky, with 
the GC stream being thinner and having a lower stellar velocity dispersion than the one of the shredded host 
galaxy. Through re-constructing streams, we can thus not only infer the fraction of halo stars coming from 
GCs and from a possible shredded host galaxy, but also infer their distribution in the Galactic halo.   

At the same time, GCs coming from the same shredded host dwarf galaxy will remain close in phase-space 
even though they may end up in completely different locations on the sky. This provides a novel way to over-
come the over-counting of accreted dwarf galaxies that hosted multiple surviving GCs.  

 
 

 

 
 
Figure 5: Simulation of satellites disrupted in a 
Milky-Way-like galaxy. Top: Distribution on the sky 
(l,b) of the stellar particles located inside a sphere of 
2.5-kpc radius centered at 8 kpc from the Galactic 
centre. Right: Corresponding distribution as function 
of two (approximate) integrals of motion. Different 
colors represent different satellites (from {R20}). 

Gomez et al., 2010



Summary
• New age dating analysis has revealed GC populations in the MW with 

significant age ranges - relax assumption that all GCs are old and coeval.

• Bifurcated AMR and kinematic information allow for separation into 
accreted/in-situ GCs. Age spreads and metallicity offset requires 
accretion origin for the more metal poor sequence from dwarf galaxies.

• Begin to constrain the total number, and number by mass of dwarfs that 
merged with the MW and compare to simulations of galaxy assembly.

• Correlations between progenitor galaxy mass and GC properties may 
shed light on GC formation mechanisms.

• Interpretive picture applied to Sag. and N-body simulations suggests it 
could have been too destructive to MW disk if it merged > 7 Gyrs ago.

• Next steps - use analytic merger histories to apply this to MW (with 
additional stellar stream info), M31, more distant galaxies.

• Need joint kinematic/chemical analysis of data and SAM+n-body to 
recover information on the oldest merger events.



Age Determinations of GCs

• Compile spectroscopic metallicities, higher order elemental abundances 
together with distance moduli, and reddening estimates.

• These allow you to fit isochrones to GCs to explore age-dependent 
morphological portions of the colour-magnitude diagram

• Not so simple... almost every portion of the CMD varies with age, 
metallicity, elemental-abundances, Helium, and colour-temperature 
relations.

• In addition the choice of stellar evolutionary model will influence your 
determination.  Model ingredients can differ and impact the isochrone 
morphology - most importantly the inclusion of metals diffusion, 
convective mixing treatment, radiative levitation, atmospheric boundary 
conditions, even interpolation methods from the theoretical to observed 
planes.



Age Determinations of GCs

• What you want...

– 93 –

Fig. 13.— Similar to the previous figure; in this case, the CMDs of globular clusters that have

�1.00 > [Fe/H] � �1.50 have been fitted by ZAHB loci and isochrones for the appropriate

metallicities.

•  Deep colour 

magnitude diagram 

(reflects the current 

luminosity and 

temperature of the star, 

i.e. its evolutionary state)

•   Isochrone (describes 

the evolutionary position 

for stars of different 

mass at a common age 

and metallicity)



Relative MS Fitting Method
• How to get it...?
• Marin-French et al. presented the 

relative MS Fitting method in their 
large analysis of the HST treasury 
photometry of MW GCs.  
• Advantage is that it is distant 

independent, but relies on matching 
GCs at the lower MS and RGB.
• These features have a dependence on 

cluster [Fe/H], alpha-elements, 
treatment of convection, colour-
temperature relations...
• Authors removed metallicity 

dependence by linking clusters of 
similar metallicity.  Fine until [Fe/H] 
scale changes...

No. 2, 2009 GLOBULAR CLUSTERS RELATIVE AGES 1503

Figure 3. Examples of MS-fitting for the −1.3 ! [Fe/H]CG < −1.1 metallicity group. The reference cluster is NGC 6981 (dashed line). Each cluster MRL (solid line)
has been fitted to the reference cluster in the magnitude intervals [(MTO

F606W −2.5) < MF606W < (MTO
F606W −1.5)], and [(MTO

F606W +1.5) < MF606W < (MTO
F606W +3.0)]

(shaded regions).

isochrones. In particular, D07 isochrones with similar metallic-
ity and different ages were superimposed on the same CMD.
Based on visual inspection, these two particular regions were
found to have little dependence upon cluster age, and were
adopted as the optimum intervals for the MS-fitting procedure.
These regions are shaded in Figure 3. This fitting procedure pro-
duces unequivocal results, with no degeneracy between distance
modulus and reddening.

The MS-fitting provides relative MSTO magnitudes for
clusters inside each metallicity group. In order to calculate
relative MSTOs between two consecutive metallicity groups,
we applied the MS-fitting technique between the corresponding
reference clusters. This was repeated for every two adjacent
metallicity groups, producing a unified sample of relative MSTO
magnitudes for all the analyzed clusters.

In order to compare relative MSTO measures to model
predictions, we had to calculate the absolute magnitudes of
the turnoffs. As the relative MSTO magnitudes are known,
the MSTO absolute magnitude is only needed for one cluster.
We chose the well-measured NGC 6752 cluster, adopting a
subdwarf-based distance modulus of (m−M)V = 13.24±0.08
from Gratton et al. (2003). We calculate an MSTO magnitude
of MTO

F606W = 4.02 ± 0.08 for NGC 6752.
We performed similar calculations using the NGC 0104 and

NGC 6397 distance moduli listed in Gratton et al. (2003) of

(m − M)V = 13.50 ± 0.08 and 12.58 ± 0.08, respectively. We
calculate MSTO absolute magnitudes of MTO

F606W = 4.03±0.08
and MTO

F606W = 3.77 ± 0.08 for NGC 0104 and NGC 6397,
respectively. As the relative MSTOs are known, NGC 6752’s
MSTO absolute magnitude can also be derived independently
from NGC 0104 and NGC 6397 (3.72 ± 0.08 and 3.86 ± 0.08,
respectively). The mean of the three NGC 6752 MSTO absolute
magnitude determinations is MTO

F606W = 3.87 ± 0.15, and we
adopt this as the final MSTO zero point.

We note that any error in the MSTO magnitude zero point
would affect absolute age determination, but not relative age
measurements. For this reason, the zero point uncertainty is not
taken into consideration during relative age determination.

Using the adopted zero point, we calculate MSTO absolute
magnitudes for our entire sample, which are listed in Column 4
of Table 4. The listed uncertainties are determined in following
section.

5. MSTO UNCERTAINTIES

Several effects must be taken into account when deriving the
uncertainty associated with the measured MSTO magnitudes
(MTO

F606W ). Among these, we address the cluster differential
reddening, the binary fraction and total number of cluster
stars. The total number of stars affects the MSTO magnitude

Then use difference in MSTO 
magnitude as proxy for age.  However 

the magnitude is sometimes also 
poorly defined as the TO can be nearly 

vertical



New Age Derivations

• Use MSTO colour as anchor point - morphology around turnoff 
independent of age, metallicity, alpha abundance, mixing/diffusive 
treatments

• SGB fitting easily yields best fit age

• Errors not any more precise, but robust to systematics.

– 83 –

Fig. 3.— As in the left-hand panels of the previous plot, except that isochrones for a range

in [Fe/H], instead of age, are intercompared. The table lists the di�erences in the turno�
magnitudes of the isochrones for [Fe/H] values � �2.20 relative to that of the isochrone

for [Fe/H] = �2.40. Note that the portions of the isochrones that are contained within the

dashed box are morphologically nearly identical, though there is some dependence of the

slope of the subgiant branch on [Fe/H], with the lowest metallicity isochrone having the

steepest slope.

– 85 –

Fig. 5.— As in the previous three figures; in this case, a 12 Gyr isochrone for the chemical

abundances specified in the top left-hand corner (the solid curve) are compared with those

for higher Y (11.3 Gyr, dotted curve), lower [↵/Fe] (13.5 Gyr, short-dashed locus), a smaller

value of the mixing-length parameter by 0.255 (12 Gyr, dot-dashed curve), and one in which

di↵usive processes have been neglected (13.3 Gyr, long-dashed locus), as indicated. Di↵erent

ages have been assumed in order that all of the isochrones have approximately the same

turno↵ luminosity.

– 87 –

Fig. 7.— A comparison of the CMD of M5 with isochrones for the indicated chemical

abundances when an apparent distance modulus of 14.38 and a reddening corresponding to

E(B � V ) = 0.038 are assumed. The solid curve represents an 11.5 Gyr isochrone, which

provides the best fit to the cluster subgiants (notably those within the dotted rectangle),

once it has been corrected by �(color) = �0.025 mag, while dashed loci represent isochrones

that di↵er in age by ±0.5 and ±1.0 Gyr. The latter have also been arbitrarily shifted to the

observed TO color: they will provide equally good fits to the turno↵ region of the observed

CMD if the adopted distance modulus is appropriately adjusted.



Progenitor Galaxy Masses for Accreted GCs

• Offset of sequences a 
result of the mass 
difference of the GC’s 
progenitor (dwarf) 
galaxies.  This effect 
due to the mass-
metallicity relation 
for galaxies.

• With this picture we 
can assign each 
accreted halo GC a 
progenitor galaxy of a 
given mass.

6 Leaman, VandenBerg, & Mendel

Figure 4. AMR of the MW GCs divided into the halo clusters and disk clusters, as determined from their orbital and phase space
characteristics. Overlaid as the pink contours is the AMR from MW thin disk stars (Casagrande et al. 2011) which show good agreement
with the disk GCs. The AMRs for dwarf galaxies of M⇤ ⇠ 107�9 from Leaman et al. (2013) and references therein are also overlaid,
and the close agreement with the halo GCs suggest that they likely formed from dwarf galaxies of such masses and were accreted during
the formation of the MW halo. Right panel shows the full range of age and metallicities, with the six new halo clusters shown as black
squares, as well as a predictions for the AMR of the MW bulge GCs shown as the dashed green region (see §7.3).

bital properties, but also overlap with the data for MW thin
disk stars (the density contours which are shown as magenta
lines): the latter were derived from the updated analysis
(Casagrande et al. 2011) of the Geneva-Copenhagen Survey
(Nordström et al. 2004).

Having identified those clusters which are most likely
associated with the disk of the MW, an obvious interpre-
tation of the metal-rich arm of the split AMR is that it
contains GCs that formed in-situ in the disk. It should be
noted that the disk clusters are not simply the most metal-
rich clusters, but the most metal-rich ones at any given age
— and that they span the full range of ages encompassed
by the halo clusters. The slopes of the AMR sequences are
steep enough that it is not possible to make a simple cut at
constant [Fe/H]& �1.5 and have a “clean” sample of disk
clusters.

If we assume that GCs metallicities trace the metallici-
ties of their hosts when the bulk of stars formed, then a plau-
sible interpretation of the o↵set between the metal-rich disk
and the metal-poor halo AMRs follows from consideration of
the galactic mass-metallicity relation (MMR). The o↵set in
the GC AMR is approximately 0.6 dex in metallicity, which,
given the slope of the MMR3 (Tremonti et al. 2004; Gallazzi
et al. 2005; Lee et al. 2006; Kirby et al. 2011), translates into
a di↵erence in stellar mass of approximately � log M⇤ ⇠ 2
dex. Since the MW disk has a mass of ⇠ (3± 1)⇥ 1010M�
Robin et al. (2003); McMillan (2011), this implies that the
halo GCs are described by an AMR that is representative of

3 We note that the slope and di↵erential shape of both the
gaseous and stellar MMR in the mass range of interest are nearly
identical (Lee, Bell & Somerville 2008; Kirby et al. 2011)

a galaxy with a stellar mass of a few ⇥107�8
M�.

4 This sug-
gests that the halo GCs would have formed in dwarf galaxies
comparable to the SMC, WLM, or even the LMC and Sagit-
tarius.

This is empirically illustrated in Figure 4, where the
AMRs for the MW thin disk, as well as those that have
been derived for three dwarf galaxies are overlaid5 on the GC
AMRs. The dwarf galaxy AMRs, which come from spectro-
scopic measurements of individual RGB stars, were compiled
and presented by Leaman et al. (2013) and the data origi-
nally analyzed in the studies of Cole et al. (2005); Pompéia
et al. (2008); Carrera et al. (2008a,b); Leaman et al. (2009);
Parisi et al. (2010); Leaman et al. (2012).

The disk clusters tend to coincide with the metal poor
edge of the MW thin disk AMR. This is likely because of the
well known impact of radial migration (Sellwood & Binney
2002; Roškar et al. 2008) in scattering the disk AMR to
higher metallicities at a given age — as well as the fact
that we are considering clusters from the entire disk and
some may be more closely linked to a metal poor “thick”
disk component than the pure thin disk AMR. In addition
the (Casagrande et al. 2011) ages were derived using stellar

4 We note that the relative di↵erence in specific SFR (Karim
et al. 2011) and metallicity (Zahid et al. 2013) between two galax-
ies of di↵erent mass stays roughly constant with time (back to
redshift 3) as they evolve — at least for masses similar to the
MW and the LMC.
5 We do not show the Sagittarius AMR due to the extreme dif-
ficulty in selecting clean, representative samples of RGB stars in
this object, however the AMR given by Law & Majewski (2010)
follows a similar shape and lies between that of the LMC and
SMC.

c
� 2013 RAS, MNRAS 000, 1–16

Decreasing Host Mass
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• In addition to 
stars from the 
host dwarf 
galaxy, can we 
associate 
multiple GCs 
from the same 
host?  

• Possibly, but 
need to 
combine 
kinematics 
and chemistry  

Longevity of Accretion Signatures



• Orbital properties 
consistent with 
dynamical friction 
operating on GCs 
which came from 
highest mass 
progenitors

• This, and correlations 
of GC mass/density 
with the progenitor 
mass suggests the 
interpretation of AMR 
in terms of progenitor 
host mass may be 
appropriate.  Tests of 
Mprog-MGC correlation?

12 Leaman, VandenBerg, & Mendel

allowing for comparison with the right hand panels of Figure
8.

A reasonable reproduction of the observational data is
found for a mass loss parameter value of n = 1.01 (corre-
sponding to a near linear case, suitable for isothermal dwarf
galaxy models) and qualitatively reproduces the trend of ra-
dius versus dwarf galaxy progenitor mass seen in the right
hand panels of Figure 8. We also show the formulation given
in Cote, Marzke & West (1998) which has a milder slope due
to the fact that it doesn’t incorporate mass loss for the host
systems or growth of the MW.

A further correlation between the orbital properties of
GCs of similar progenitor mass is shown in Figure 9. The
cluster progenitor masses are computed for each cluster for
50000 Monte Carlo trials, with the errors on age, metal-
licity and disk AMR incorporated as described previously.
For each trial the clusters are grouped by progenitor mass
and the orbital properties of the clusters in each mass bin
are recorded. The panels in Figure 9 show that over many
realizations the GCs from di↵erent progenitor masses tend
to show common and distinct orbital properties. The GCs
from the highest mass clusters again show properties that
are consistent with having been operated on by dynami-
cal friction. The mild separation of clusters by their pro-
genitor mass in Figure 9 provides some support that our
simple estimates for progenitor mass are physically consis-
tent with their phase space properties in this context. We
stress however that there are relatively large, yet unquan-
tified systematic errors associated with the derived orbital
quantities used in this Figure. Similarly, the particular sep-
arations by progenitor mass in this Figure are not expected
to be a generic prediction for all galaxies, as the variety in
merger history is large; however more detailed orbital mod-
els of individual GCs in the MW or external galaxies could
continue to explore such clustering of GCs in phase space in
this way.

7 DISCUSSION

7.1 What Controls the Range in GC Ages in the
MW

It is well known that the MW GC population shows a sharp
truncation in their relative ages, with no GCs younger than
⇠ 8 Gyr (van den Bergh 2000). The in-situ disk clusters, and
even the more metal-rich of the halo clusters (which would
have come from the most massive accreted dwarf galaxies)
have GCs that span the first 2� 4 Gyr of the MW’s history.
The more metal poor GCs (corresponding to the lower mass
WLM-sized dwarfs) do not contain similarly young clusters
(note the deficit of points around �2.0, and 11.25 Gyr in
Figure 2)10.

Indeed WLM itself, with a stellar mass of ⇠ 5⇥107M�,
has only one old GC, while the LMC and SMC, and particu-
larly Sagittarius are known to have extended cluster AMRs
of 3 Gyrs or more (Glatt et al. 2008; Law & Majewski 2010;

10 The notable exception is Ruprecht 106 at [Fe/H]= �1.78 and
10.75 Gyr in this plot, however as discussed in §2 the metallicity
of this cluster is particularly uncertain, with Dotter, Sarajedini
& Anderson (2011) favouring a value of [Fe/H]= �1.5.

Figure 9. Monte Carlo simulations of orbital properties for MW
halo GCs. Bottom left panel shows histogram of progenitor masses
after 50000 trials where the cluster progenitor masses are com-
puted taking into account errors on their age, metallicity and
AMR of the MW disk. The histogram bins are colour coded by
mass, and the other three panels show the 1� contours, and me-
dian distribution values (crosses) of each mass bin for various
orbital parameter spaces. There is a clear tendency for the GCs
to separate by progenitor mass in their orbital properties. Lines
in the top left and bottom right panels show expectations for the
impact of dynamical friction from (van den Bosch et al. 1999).

Colucci et al. 2011). This could be an indication that less
massive dwarfs, which exhaust their gas reservoirs quickly
(perhaps due to the e�cient SNe induced blowout of gas
from their shallow potential wells), form GCs for only a short
interval of time. Alternatively, it may be the case that their
SF e�ciencies are so low, or that they are more suscepti-
ble to reionization (e.g. Strader, Brodie & Forbes 2004) so
that few stars (and GCs), are able to form before they are
accreted.

A complementary picture could be that the lowest mass
dwarfs, in which relatively few GCs formed due to reasons
given above, were accreted earlier by the MW. This would
e↵ectively truncate their cluster AMR sooner than in the
case of higher mass dwarfs which were accreted at later times
by the MW, and therefore had time to form GCs over a
longer epoch. This is supported by simulations of MW-sized
halos, where the average accretion time of low-mass dwarfs
is found to occur earlier by ⇠ 4 Gyr (Boylan-Kolchin et al.
2010). If massive GCs are necessarily formed in very intense
starbursts (Elmegreen, Malhotra & Rhoads 2012) or massive
GMC collisions (Furukawa et al. 2009), it could simply mean
that these conditions are not found in dwarf galaxies or the
MW (which shows a relatively quiescent SFH).

Such a scenario might also explain why the MW is de-
void of GCs younger than ⇠ 8 Gyrs, with even the most
metal-rich halo GCs having older ages. In order to have an
increasingly longer GC formation epoch, a dwarf would re-
quire both a late time accretion to the MW and be a com-
parable fraction of the MW mass. As such high-mass merg-
ers are increasingly unlikely in CDM cosmologies, the lack
of GCs younger than ⇠ 8 Gyrs may simply be telling us
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