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The merger history of the Galaxy has been traced back firmly to a redshift of

2 (10 billionyears ago). While evidence for the existence of at least one more
substantial merger before this time has been presented, its interpretation

is yettobe fully established. Here we show that the population of globular
clusters around the Galaxy depicts three distinct age-metallicity sequences,
one associated with the progenitor of the Milky Way, one with the merger
with Gaia-Sausage-Enceladus 10 billion years ago and a third intermediate
sequence associated with at least one merger that we estimate took place
about 1.8 billion years before Gaia-Sausage-Enceladus. This discovery

has been possible thanks to exquisite Hubble Space Telescope data and
sophisticated analysis that enables very precise relative age determination of
globular clusters. The newly identified sequence reveals that this merger took
place withan object of a similar stellar mass to that of Gaia-Sausage-Enceladus
(=5 x 10°® stellar masses, M,,) that deposited most of its mass in the inner 6 kpc
of the Milky Way. The identification of a third merger eventin the inner Galaxy
putstorest earlier debates and, honouring previous works, we name the
progenitor system Low-energy-Kraken-Heracles, or LKH for short.

According to the currently favoured cosmological framework, large
galaxies like the Milky Way have grown through time, atleastin part, via
mergers with smaller systems. Our knowledge of the history of events
that contributed to the assembly of our Galaxy has greatly improved'
thanks to the advent of the Gaia mission®and large spectroscopic sur-
veys (forexample, Apache Point Observatory Galactic Evolution Experi-
ment (APOGEE)?, Galactic Archaeology with HERMES (GALAH)*). The
mostrecent merger, still ongoing, is the one with the Sagittarius dwarf
galaxy’, which fell in about 6 billion years (Gyr) ago®. Before this, the
most massive merger known to be experienced by the Milky Way was
with the Gaia-Sausage-Enceladus (GSE) dwarf galaxy”®, which ended

about 10 Gyr ago®"°. Owing to the high mass ratio of this event (about

1:4to1:5), thisled to the development of the thick disk as we see it today,
both through dynamical heating and enhanced star formation®"',
Afew other accretion events have also taken place between these two
important mergers (that is, between 6 and 10 Gyr ago), all involving
smaller dwarf galaxies™ .

Reconstructingwhat happenedinthe earliest phases of the Milky
Way’s life, more than 10 Gyr ago, is definitely more challenging. As we
proceed backwards in time, the mass of our Galaxy must have been
smaller and more comparable to that of the accreting building blocks".
As a result of this and the extremely short evolutionary timescales,
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Fig. 1| Chrono-dynamical properties of our sample of 39 GCs. Left: distribution
inthe £, versus J/,dynamical space of the 39 GCs with homogeneous age estimate
(filled symbols; Methods). GCs are colour-coded according to their association
(with membership probability >50%) with GSE, the Milky Way (MW) or the

LKH as determined by our Bayesian chrono-dynamical analysis. Uncertainties
arederived as the 16th and 84th percentiles of each parameter distribution

n [M/H]

computed over 200 orbits. Middle: corresponding distribution in the £, vs
space. Uncertainties are computed in the same way. Right: distributionin the
age-metallicity plane. The relative age scale along the y axis is defined by setting
the age resulting from the isochrone fit of the oldest GC (¢,,, = 14.48 Gyr) as zero.
Uncertainties on age and [M/H] are computed as described in detail in ref. 34. The
legend in the right panel applies to all panels.
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Fig.2| AMR modelfits. Left: fit to the GSE GCs. Middle: fit to the LKH GCs. Right:
fit to the in situ Milky Way GCs. The individual GC members of the three samples
are selected as described in Methods. Error bars are as in the right-hand panel of
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Fig.1. Theredline corresponds to the fit with the maximum a posteriori (MAP)
value, while the blue line represents the median fit. The grey curves show the 500
individual models with the highest posterior probability from the MCMC run.

the properties of theinfant Milky Way and those of the merging systems
could be difficult to distinguish either dynamically or chemically” .
The very short mixing timescales (driven in part by chaos in the inner
Galaxy induced by the rotating bar) imply that some of the dynamical
memory must have been erased”. Furthermore, because of the intri-
cacies of modelling chemical evolution, state-of-the-art cosmological
hydrodynamical simulations currently provide limited guidance onall
ofthe chemical elements that could potentially be used to distinguish
the early building blocks from one another'””,

The currentunderstandingis that the earliest phases of the Milky
Way evolution are represented by dynamically hot**, chemically
unevolved®?* stellar populations, concentrated in the inner 3 kpc
of the present-day Galaxy?. These populations are probably a mix of
stars borninthe main progenitor (in situ) and of stars borninbuilding
blocksaccreted early on, but the dispute over their originis not settled
yet. Attempts to observationally isolate the in situ population from
the accreted building blocks have yielded debated results so far, with
cross-contamination being the major challenge. Using a compilation
of literature age estimates, agroup of globular clusters (GCs) with low
orbital energy (hereafter the Low-energy group), concentrated within
6 kpcof'the Galactic centre, wasidentified and presumed to be related
to an accretion event®. Subsequently, these GCs were interpreted as

being associated with the Kraken merger event”, an entity that had
been predicted” using cosmological numerical simulations on the
basis of the number of GCs with unknown origin along the branch of the
age-metallicity relation (AMR) populated by accreted systems. How-
ever, theaccreted origin of these GCs has been contested on the basis
of chemo-dynamical arguments®>*°. Similarly, the search foraccreted
stars in the inner Galaxy led to the identification of a metal-poor and
chemically unevolved population, which was named Heracles®. How-
ever, its originis also debated”-*?, as the stars’ chemical properties are
notexclusive of accreted populations and may be foundinearlyinsitu
populations aswell (atleast in the elements considered thus far andin
the metal-poor regime). A more recent analysis* thatalso considered
the spatial distribution of the Heracles stars nonetheless seems to
provide further support for the presence of an accreted population.

The difficulty of differentiating the in situ population from that
accreted in the earliest phases of the Milky Way evolution*** suggests
that more informationis needed. Crucially, chronological information
canbeusedtosequencetheeventsthat took placeinthe proto-Galaxy.
Whilerelative ages are difficult to determine accurately and precisely
forindividual stars, itis possible to do so for star clusters®**,

Here we homogeneously analyse a sample of 17 GCs in the inner
Galaxy, where the debris of the earliest accretion events should be
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Fig. 3| AMR insimulated Milky Way analogues. Median trends (solid lines) for the AMR of the main progenitor (black), a GSE-like merger (cyan) and an LKH-like event
(red) in three Milky Way analogues of the Auriga Level-4 simulations are shown. Left: Auriga halo 14. Middle: Auriga halo 16. Right: Auriga halo 20.

located®. These GCs have been observed with the Hubble Space Tele-
scope (HST) inthe F606W and F814W optical bands, and 15 of these have
been dynamically associated with the Low-energy group in previous
works?**¥. Using our recently developed highly sophisticated analysis,
weare able to determine extremely precise relative GC ages with typical
errors of afew hundred millionyears® (see ‘Age estimates’ in Methods
for details). The increase in precision is due to the minimization of
systematic errors, driven in previous works by the heterogeneity of
datasets and methodologies, as well as amore sophisticated treatment
of each cluster’s photometry.

With our analysis of these 17 GCs, this brings the total number of
GCs with homogeneous age determinations to 39 (refs. 34,38-40).
Besides the Low-energy group, we expect* this sample to also con-
tain in situ GCs and some associated with GSE. To robustly deter-
mine the most likely number of progenitors required to describe this
chrono-dynamical dataset, we fitted a Bayesian model with multi-
ple components (each representing a progenitor system) using the
dynamic nested-sampling package dynesty (version 3.0.0)*’. We
assumed that each progenitor follows an AMR, described using asim-
ple chemical evolution model* (see ‘AMR models’ in Methods for
details). We also assumed that the associated GCs are clustered in terms
of their Jacobi energy (E)), (average) vertical action/, and (average)
circularity n=_L,/L,(E), where L, is the vertical angular momentum and
Eis energy (see Methods for a justification of this choice of dynami-
cal quantities). To compute these, we used a Galactic mass model
thatincluded a rotating bar**** and computed the averages over 200
orbits. The distribution of clusters was taken as amixture of KStudent’s
t-distributions, where Kis to be determined, and corresponded to the
number of progenitors. This statistical approach allowed us to identify
distinct chrono-dynamical groups while properly accounting for obser-
vational uncertainties and model evidence. By adopting flat priors on
the characteristic parameters of the AMR, we estimated the Bayesian
evidence (logZ) for different cases with K= 2,3 and 4 separate progeni-
tors. We found that the case with the strongest evidence was the one
with three progenitors. In comparisontoit, the two-progenitor case has
AlogZ=15.3,andis therefore decisively disfavoured according to both
the scales by Jeffreys* and by Kass and Raftery*°. The four-progenitor
case instead has AlogZ= 2.2, and is thus strongly and moderately dis-
favoured, respectively, according to the two scales.

Figure 1 shows the distribution of the 39 GCs in our sample in
dynamical space (left and middle) and in the age-metallicity plane
(right panel), colour-coded by their membership as determined by our
statistical analysis in the most favoured case with three components.
It is immediately evident that there is an intermediate population of
GCs (red symbols) that follows an age-metallicity sequence that is well

separated from that traced by GSE GCs (cyan symbols) and the in situ
GCs(black symbols). These12 GCs (out of the 15in our sample initially
associated withthe Low-energy group) are confined within 6 kpc of the
Galactic centre. Hence, most of the ‘low-energy’ GCs must have formed
inanenvironment thatis neither GSE nor the Milky Way and, given their
distinct dynamical properties, it follows that this population of GCs is
necessarily part of anindependent merger event.

While the above statistical analysis allows us to identify the pres-
ence of three distinct populations of GCs (see ‘Statistical analysis and
characterization of the progenitors’ in Methods for details), to more
accurately constrain the properties of their progenitor systems we
fitted the AMR of the three groups separately, using the GCs with a
high-probability (p >50%) of membership. As before, we used asimple
chemical evolution model*, with parameters depending on the stellar
mass of agalaxy”, the time at which star formation started and the time
at which it ended, which we took to represent the galaxy’s accretion
time (see Methods for details). Figure 2 shows the individual fits of the
three AMRs. From the comparison between GSE GCs and the interme-
diate population of GCs, we find that the merger eventidentified here
has a stellar mass consistent with that of GSE within the uncertainties.
Moreover, its accretiontimeis ~1.8 Gyr earlier than GSE. These relative
measurements are robust, and are anchored to absolute values by tak-
ing astellar mass of -5 x 108 solar masses (M) and an accretion time of
t,. = 10.5 Gyr (ref. 48) as a reference for GSE’.

It follows that we have identified a very significant merger event
that took place ~12.3 Gyr ago (at redshift z > 4) with a mass ratio that
must have been higher than that of the GSE event” (that s, >0.2-0.3).
The estimated stellar mass for these two progenitors is in agreement
with the host stellar mass-GC metallicity relation*’, according to which
a galaxy this massive (with an absolute magnitude in the B band* of
My ~-17.5) should host a GC system of mean metallicity [M/H] ~ -1.4.

This early and massive merger has characteristics that could link
it to the putative accreted Heracles stellar population, which is also
restricted to the inner Galaxy®. While this region of the Galaxy prob-
ably contains debris from all of the mergers that took place inthe early
stages of formation of the Milky Way, our identification may be seen
as a clean selection extending to low metallicity of the most massive
contributor to the Heracles’ accreted sub-population. Nonetheless,
we cannot rule out the presence of other (presumably less massive)
progenitors without GCs or progenitors whose GCs have been fully
disrupted. As the members of this progenitor stem mostly from the
Low-energy group?, later associated with the putative Kraken”, we
name the progenitor Low-energy-Kraken-Heracles (LKH).

This identification of a massive event that occurred during the
early evolution of the proto-Galaxy from the intricate sequence of
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mergers and in situ star formation thus settles the debates mentioned
earlier.Moreover, our study establishesthe AMR as a tracer thatis able
to distinguish the main progenitor of our Galaxy, namely the build-
ing block that evolved at the highest rate, in the metal-poor regime
([Fe/H] < -1.6).

Our conclusions are strongly supported by cosmological simula-
tions, which typically predict between one and four substantial merg-
ers in the history of a Milky Way-like galaxy*. Furthermore, the three
AMRsidentified inour work are in fact remarkably well reproduced by
several Milky Way analogues of the Auriga simulations®, as shown in
Fig.3.Inthe three simulated galaxies represented in Fig. 3 (Aul4, Aul6
and Au20), the median AMRs defined by the stars are shown for the
main progenitor, a GSE-like merger (defined as the largest accretion
event that occurred between 2.5 Gyr and 5 Gyr from the start of the
simulation) and an LKH-like event (defined as the largest event within
the first 2.5 Gyr). The AMRs in the simulations follow a global trend
that is in good agreement with observations, in particular showing
a clear separation among the AMRs of the three progenitors of a few
hundred million years at any metallicity, which qualitatively matches
the separation observed with the GCs analysed in this article. Future
precise stellar ages for large samples of stars in the inner Milky Way,
particularly measurements from asteroseismology missions such as
PLAnetary Transits and Oscillations of stars (PLATO)** or those derived
with CMD-fitting techniques using Gaia data, willbe key to unravel the
series of events that took place in the first billion years of the Milky
Way’s lifein even greater detail.

Methods

Age estimates

Therelative ages of all of the clusters analysed in this work were deter-
mined with the strictly homogeneous method developed within
the Cluster Ages to Reconstruct the Milky Way Assembly (CARMA)
project®?*%>%*_All of the details have been extensively described in
paperloftheseries®. Here we remark that the precision that we achieve
is due to the minimization of the sources of systematic errors, which
inturnisachieved throughthe adoption, for all of the CARMA GCs, of:
(1) homogeneous HST photometry in the F606W and F814W bands, cor-
rected for differential reddening® and decontaminated from field stars
viaproper-motion-based membership*¢; (2) the most up-to-date stellar
evolution models from the Bag of Stellar Tracks and Isochrones (BaSTI)
database®*® and (3) the same Markov chain Monte Carlo (MCMC)-based
isochronefitting technique, which provides estimates of the age, global
metallicity [M/H], distance and colour excess E(B - V), all on the same
homogeneous scale. We note that our age estimates should not be
interpreted on an absolute scale, because it is well known that every
set of theoretical models has a different absolute scale based on the
adoptedinput physics. Inthis sense, GC ages older than the age of the
Universe should not raise concern. They should beinterpreted bearing
inmind that they could beinaccurate, but highly precise, whichis what
isimportant for all of the results presented here.

We determined age estimates in the CARMA framework for
17 GCs, namely: 15 originally associated with the Low-energy group
and 2 dynamically interpreted as in situ. The photometry for most of
these GCs comes from the public database of the HUGS project>***. The
astro-photometric catalogues of NGC 6256, NGC 6401 and NGC 6453
are from another source®. Finally, the photometry of NGC 4372 was
obtained with the same codes and methods used for the other GCs®
by working onimages from GO-15982 (PI, M. Reinhart).

The result of the isochrone fit is summarized in Supplementary
Table1. Anexample of anindividualfitis presented in Supplementary
Fig.1. Asasanity check, we compared the values of the free parameters
that we obtained from the isochrone fit with existing literature
estimates. The comparisonis shownin Supplementary Fig. 2, and dem-
onstrates that the mean difference (solid grey lines) is always consist-
ent with zero within1o (dashed grey lines). Literature colour excesses

E(B-V),and distance moduli DM, are from the Harris catalogue®,
but the same good consistency is found when considering distance
estimates from other works®. The global metallicity [M/H],.swas com-
puted starting from the [Fe/H] values of the Harris catalogue, and trans-
formed according to the equation®* [M/H] = [Fe/H]+log(0.694 x 10
Fel 1+ 0.306), where [a/Fe] indicates the alpha-element abundance ratio,
and using a relation*®* between [Fe/H] and [a/Fe].

Important effort has been devoted to the determination of
the relative ages of Milky Way GCs in the past®°®. To compare the
uncertainty in our age estimates with previous works, we used the
samples by Dotter et al.*” and by VandenBerg et al.*, as they deter-
mined GC relative ages using the photometry in the same F606W
and F814W HST filters adopted here. Given that the precision of the
GC age depends on GC properties such as distance or reddening, we
only compared GCs in common with the two works. Of the 17 GCs
for which we provide a CARMA age, 12 are in common with the Dot-
ter sample and 12 (not strictly the same ones) with the VandenBerg
sample. Our uncertainties are on average a factor of 3.5 better than
the former (amean error of 0.26 Gyr versus 0.91 Gyr) and afactor 1.6
better than the latter (a mean of 0.26 Gyr versus amean of 0.43 Gyr).
While some of the sources of errors affecting our estimates and those
in these works should in principle be similar, the most notable dif-
ferences are the following: (1) our CMDs were always corrected for
differential reddening and decontaminated from field stars using
proper motions measurements; (2) when a particular GCs is known
to host stellar populations enriched iniron, helium (Y) or C+N+0O
(which also affect the photometryin optical bands, contrarily to the
standard multiple population phenomenon), we removed the chemi-
cally peculiar stars using HST UV photometry; (3) we corrected our
theoretical models for temperature-dependent extinction; (4) we
did not fix the GC metallicity, distance or reddening, but instead left
them as free parametersin the fit.

AMR models

Thesimple chemical evolution model** enables an AMR to be inferred
under relatively straightforward assumptions. For a constant
star-formation rate (SFR), the age tis related to the metallicity as:

tx) =ty + At x exp [—1%] 1)

where x =[M/H] is the metallicity, p is the effective chemical yield (in
units of Z,) and At = t; - t;denotes that star formation started ¢; billion
years ago and ended after atime interval ¢; - ¢, where ¢, > ¢.. Inthe case
of an exponentially declining SFR (that is, <exp(=f¢), where § is the
coefficient of the exponential function), the age and metallicity are
related through:

t(x) = t; — 10°/(Bp) 2)

when the star-formation timescale is much longer (that is ¢, > ;).
Inthe opposite case, it canbe shown that equation (2) reduces to equa-
tion (1). For the Milky Way, which is the progenitor that endured star
formation the longest, we adopted an exponentially declining SFR,
henceequation (2). For theaccreted systems, as both fand tare small,
we adopted equation (1). We remark that in our analysis we adopted
t;as the indicator for the merger accretion time. Although such an
assumptionis not novel”, it has been shown thatadelay of 0.5-1.5 Gyr
might occur between the end of GC formation and the conclusion of
anaccretion event®®. However, this does not affect our reconstructed
merger timeline, as it relies on the relative comparison between the ¢;
valuesinferred for each different progenitor.

We assumed the effective chemicalyield p to be constant over time
and to be proportional to the stellar mass of the progenitor*’ according
totherelation*:
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M 0.4
p= o.oos(m) ) 3)
The value of the coefficient in equation (3) was determined to better
represent the yield of the progenitor systems of the Milky Way, where
type lasupernovae did not have the time to contribute significantly*.
As such, itis a factor of 2 smaller than the original value describing
present-day dwarf galaxies®.

Statistical analysis and characterization of the progenitors

As described in the main text, we determined the most likely number
of progenitors in our dataset using chrono-dynamical information®
and employing the dynamic nested-sampling package dynesty. This
isdone through a stepwise procedure as follows:

(1) Toanchorthe AMR of the in situ and GSE progenitors, we
first selected a few clusters with homogeneous chemo-chrono-
dynamical properties that in the literature are consistently and
unambiguously associated with either of these progenitors. We
assigned NGC 5927, NGC 6304, NGC 6352, NGC 6388, NGC 6441
and NGC 6496 (according to previous work***°) and NGC 6218,
NGC 288, ES0452-11 and NGC 6362 (based on previous analy-
sis*) to the in situ component, whereas NGC 362 and NGC 1261
were assigned to the GSE component™.

(2) We assumed that each of the multiple components/progeni-
tors follows an AMR and is clustered in the dynamical space
described by the separable parameters (£, J;, n). E;is preferred
to the more often used £, because the latter is not an integral of
motion for many of the clusters in our sample because of the
Galactic bar. Furthermore, we preferred to replace the tradi-
tional L, with n because £, is already related to L, (F,=E-Q,L,,
where Q, is the bar rotation speed) and 1 contains information
on both the eccentricity of the orbit and its sense of rotation.
Finally, /, is sensitive to complementary information (as is the
angular momentum perpendicular to the vertical one, L,) on
an orbit, such as to vertical position and velocity, and although
(like p) it is not fully conserved, it is an action and we do ac-
count for its variation in our analysis.

Concerning the AMR, we used flat priors on the progeni-
tor mass M,, ¢, t;and (whenever necessary) g, enforcing the
constraint ¢, — t;> 1 Gyr. We did not sample the yield parameter
p directly but instead obtained it from M, using equation (3),
which therefore implies a non-flat prior on p. Each of the
dynamical parameters was modelled as a one-dimensional Stu-
dent’s t likelihood (with a number of degrees of freedom v =4)
centred on the mean value of each component, and with a scale
given by the sum in quadrature of the measurement uncertain-
ties and the intrinsic dispersion. Clustering was implemented
directly in the total likelihood through a K-component mixture.

(3) We computed the Bayesian evidence for the cases with two,
three and four components.

We found that the most likely case is the one that includes three
progenitors. We tested that this resultis robust to the choice of the GCs
anchoredinstep (1).Infact, by reducing these to the six most metal-rich
ones, the Bayesian evidence continues to favour K=3 over K=2 deci-
sively (AlogZ=12.9) and over K =4 more moderately (AlogZ=2.1).
At the same time, our Bayesian mixture analysis provided the values
for the AMR parameters, as well as the posterior membership prob-
abilities for each component. This allowed us to define the samples
of GCs belonging to each progenitor as those with a membership
probability of >50%:

« insitu component: other than those assigned initially, the
analysis added NGC 4372, NGC 6205, NGC 6397, NGC 6401,
NGC 6656 and NGC 6752

» GSE component: already included NGC 362 and NGC 1261, fur-
ther encompasses NGC 1851, NGC 2298, NGC 2808, NGC 6341,
NGC 5897, NGC 6779, NGC 6809, NGC 7089 and NGC 7099;

* LKH component: NGC 4833, NGC 5286, NGC 5986, NGC 6093,
NGC 6121, NGC 6144, NGC 6254, NGC 6256, NGC 6453,

NGC 6535, NGC 6541 and NGC 6681

We note that there is significant overlap between the original
Low-energy group and LKH, as 91% of its GCs (10 out of 11) are in com-
mon*. Moreover, we tested that these associations are robust to the
inclusion of asmall (200-Myr) intrinsic spread of theindividual AMRs.
Additional or improved age measurements might cause some GC
associations to change, especially those of the GCs that are at the
boundaries of the three populations in the chrono-dynamical space.
Using bootstrapping, we have, however, tested that the existence of
the three AMR sequences is robust to such changes, asis the derivation
of their properties.

We used this list of likely members of each progenitor to character-
izethesebetter. Although our Bayesian mixture model had fitted AMRs,
itused all clusters simultaneously and hence provides less strict con-
straints on their properties. Therefore, to characterize each progenitor
interms of M, (through p) and t;, we MCMC fitted each individual AMR
using priorsinformed by the 5D nested-sampling posterior. For M, we
adoptedlognormal priors, whereas for ¢, t;and (whenever applicable)
B, weusedwide, flat priors. Specifically, for the mass of GSE we adopted
InM, ~N(u,0%) with (u, o) = (20, 1), corresponding to a median
M, = 5x108 M, and a 1o scatter of almost a factor of three around the
median. For LKH we assumed the same prior, motivated by the 5D
nested-sampling posterior, which favours a mass of a similar order of
magnitude. The star-formation times ¢, and t;were regulated by uniform
priors within fixed bounds. In particular, we used ¢; € [; min, trmax] and
fre [[f,min’ tf,max] , with ([i,min’ L mins tf,max) =(8,8,15)Gyr . When Sampled
(linear AMR), Bwas assigned a wide uniform prior within fixed bounds
€[0.01, 2.00]. The likelihood function was assumed to be Gaussian in
both metallicity and age, and defined as:

N N
Ing =37 InN (2051250, 02,) + 3, Inv (e |emodel 02 + 02 ) (4)

n=1 n=1
where 23> and 2% are the observed metallicities and ages, with meas-
urement uncertainties g, ,and o, ,, respectively, and z'®are latent ‘true’
metallicities sampled in the MCMC. The model prediction ¢m°%'is given
by the adopted AMR parametrization evaluated at z{¢and parameters
(p, t;, t) (or (p, t;, B) for the exponentially decaying SFR form). Here
InV(x|u, 6*) denotes the full Gaussian log density. The age variance
includes an additional intrinsic-scatter term, added in quadrature to
the observational uncertainty, for which we adopted a weakly

informative prior.

For each dataset we ran an MCMC sampler with n,,..s = 128, per-
forming nge.,s=20,000iterations and discarding the first 25% as burn-in.
Weinitialized all walkers with scattered starting points to ensure broad
coverage of the parameter space. The mass scaling parameter of each
walker was set by uniformly drawing atest mass alongits previous range
and mapping it to p, whereas ¢, and ¢; were offset from their lower
bounds by small Gaussian perturbations. We assessed the MCMC con-
vergence using the Gelman-Rubin (R) diagnostic, effective sample size
(ESS) and autocorrelation analysis. All of the parameters yielded R
values <1.01, ESS >10° and first-lag autocorrelation <|0.04|, proving
good chain mixing and highly efficient sampling.

The results of the AMR model fit are summarized in
Supplementary Table 2, and interpreted in the main text. The corre-
sponding corner plots are shown in Supplementary Figs. 3-5.

Data availability
Most of the GC photometric catalogues analysed here are available
throughthe HUGS project portal at https://archive.stsci.edu/prepds/
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hugs. Those that are not present in that repository are available upon
request from the corresponding author or R.E.C. (rc1273@physics.
rutgers.edu). GC age estimates and dynamical associations are avail-
able at https://www.oas.inaf.it/en/research/m2-en/carma-en.

Code availability

The code employed to perform the statistical analysis and to fit the
AMRs with theoretical models is provided in Supplementary Code 1.
The code used to performtheisochrone fit hasbeen developedinthe
context of the CARMA** and Hubble-Missing Globular Cluster Survey*°
projects, and will be released at the projects conclusion. Interested
readers should contact the corresponding author.
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