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ABSTRACT

We present a new scheme for the classification of the in-situ and accreted globular clusters (GCs). The scheme uses total energy
E and z-component of the orbital angular momentum and is calibrated using the [Al/Fe] abundance ratio. We demonstrate that
this classification results in two GC populations with distinct spatial, kinematic, and chemical abundance distributions. The
in-situ GCs are distributed within the central 10 kpc of the Galaxy in a flattened configuration aligned with the Milky Way
(MW) disc, while the accreted GCs have a wide distribution of distances and a spatial distribution close to spherical. In-situ and
accreted GCs have different [Fe/H] distributions with the well-known bimodality present only in the metallicity distribution of
the in-situ GCs. Furthermore, the accreted and in-situ GCs are well separated in the plane of [Al/Fe] — [Mg/Fe] abundance
ratios and follow distinct sequences in the age—[Fe/H] plane. The in-situ GCs in our classification show a clear disc spin-up
signature — the increase of median V, at metallicities —1.3 < [Fe/H] < —1 similar to the spin-up in the in-situ field stars. This
signature signals the MW’s disc formation, which occurred ~11.7—12.7 Gyr ago (or at z &~ 3.1—-5.3) according to in-situ GC
ages. In-situ GCs with metallicities of [Fe/H] 2 —1.3 were thus born in the MW disc, while lower metallicity in-situ GCs were
born during early, turbulent, pre-disc stages of the evolution of the Galaxy and are part of its Aurora stellar component.

Key words: stars: kinematics and dynamics —Galaxy: abundances —Galaxy: globular clusters —Galaxy: evolution— Galaxy:

formation — Galaxy: structure.

1 INTRODUCTION

The Milky Way offers an uninterrupted view of the time evolution
of a single galaxy, thus providing us with a useful benchmark for
the theory of galaxy formation (e.g. see Bland-Hawthorn & Gerhard
2016, for a review). In the hierarchical structure formation scenario
(Peebles 1965; Peebles & Yu 1970), galaxy evolution is driven by
the formation of in-situ stars in the main progenitor (Eggen, Lynden-
Bell & Sandage 1962) and accretion of stars from the smaller galaxies
that merge with it (Searle 1977). Globular clusters (GCs) have long
been used to elucidate the early phases of the Milky Way’s formation,
in particular the relative importance of the in-situ formation and
the accretion of sub-galactic fragments (e.g. Searle & Zinn 1978;
Coté et al. 2000; Forbes & Bridges 2010; Leaman, VandenBerg &
Mendel 2013; Myeong et al. 2018; Massari, Koppelman & Helmi
2019). However, the origin of clusters themselves was until recently
rather uncertain, with ideas of their formation spanning from the
Jeans fragmentation in the early intergalactic medium (Peebles &
Dicke 1968), formation predominantly in the cores of dwarf galaxies
(Searle & Zinn 1978; Peebles 1984), thermal instability in the halo
gas of the MW progenitor (Fall & Rees 1985), gas compressions due
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to shocks in the primordial molecular clouds (Gunn 1980; Murray &
Lin 1992; Harris & Pudritz 1994; Burkert, Brown & Truran 1996),
gas compression produced during major mergers (Schweizer 1987;
Ashman & Zepf 1992, 2001).

Our understanding of globular cluster formation was revolution-
ized by the high-resolution observations with the Hubble Space
Telescope (HST). Early HST observations confirmed efficient for-
mation of compact GC-like objects in merging galaxies during their
final galaxy collision stage (e.g. Whitmore et al. 1993; Whitmore &
Schweizer 1995; Holtzman et al. 1996; Whitmore et al. 1999; Zepf
et al. 1999). However, subsequent observations of a wider range of
galaxies showed that globular clusters form as part of regular star
formation in galaxies where gas and star formation surface densities
are sufficiently large (e.g. see Krumholz, McKee & Bland-Hawthorn
2019; Adamo et al. 2020, for reviews).

Indeed, models in which GC formation was implemented as part of
aregular star formation during gas-rich phases of galaxy evolution in
the hierarchical cosmological framework have proved quite success-
ful in matching basic observed properties of GC populations (e.g.
Coté et al. 2000; Beasley et al. 2002; Coté, West & Marzke 2002;
Kravtsov & Gnedin 2005; Muratov & Gnedin 2010; Kruijssen 2015;
Choksi, Gnedin & Li 2018; Choksi & Gnedin 2019; Kruijssen et al.
2019b; Chen & Gnedin 2022; Reina-Campos et al. 2022b; Chen &
Gnedin 2023), although some discrepancies still remain, for example
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in Reina-Campos et al. (2019) model GCs are systematically younger
compared to observations. It is thus now generally acknowledged that
GCs are tracing star formation in galaxies, albeit at specific epochs
when conditions conducive for their formation exist (e.g. Kruijssen
2015; Choksi, Gnedin & Li2018; Reina-Campos et al. 2022b). Thus,
for example, the Milky Way has not been forming globular clusters
for the past ~8 — 10 Gyrs, while it formed most of its in-situ stellar
population during these epochs.

Furthermore, the number of GCs scales approximately linearly
with the total halo mass (see Spitler & Forbes 2009; Hudson, Harris &
Harris 2014; Harris, Blakeslee & Harris 2017; Forbes et al. 2018;
Burkert & Forbes 2020; Dornan & Harris 2023), while stellar mass
of galaxies with luminosities L < L, scales much faster, M, o My’
where o ~ 1.5—2.5 depending on M, (e.g. Kravtsov, Vikhlinin &
Meshcheryakov 2018; Nadler et al. 2020). This means that the
number of GCs per stellar mass increases with decreasing M, and
accreted dwarf galaxies contribute proportionally more GCs to the
host galaxy than field stars.

In the Milky Way globular cluster formation is biased towards
earlier epochs when its main progenitor experienced larger accretion
and merger rates and was generally considerably more gas-rich.
GCs can thus be a useful probe of the Galaxy evolution and merger
history during these early epochs. However, this requires a way to
differentiate GCs that were born in-situ in the main MW progenitor
and GCs that were accreted as part of other galaxies. The earliest
efforts to identify accreted and in-sifu clusters were based on the
metallicity and spatial distribution of GCs. Zinn (1985, see also Zinn
1996 for review) divided clusters by metallicity at [Fe/H] = —0.8
and argued that such division resulted in GC populations with distinct
spatial and kinematic properties. For example, it was claimed that
the metal-richer Galactic GCs likely originated in the MW disc as
supported by the small scale height of their vertical distribution and
a substantial rotational velocity (Zinn 1985).

The existence of a significant population of disc GCs gives us a
chance to pin down the epoch of formation of the MW disc. When
reliable cluster ages have become available, a number of studies used
GC distribution in the age—metallicity (AM) plane and their chem-
ical element ratios to identify in-situ and accreted sub-populations
(Marin-Franch et al. 2009; Forbes & Bridges 2010; Leaman, Van-
denBerg & Mendel 2013; Recio-Blanco 2018). In particular, these
studies demonstrated the existence of two distinct AM sequences:
a shallower one corresponding to older in-situ GCs and a steeper
one containing younger clusters that were argued to be accreted with
other galaxies. Following the works by e.g. Zinn (1985) and Dinescu,
Girard & van Altena (1999), Leaman, VandenBerg & Mendel (2013)
identified a number of old in-sifu GCs with disc-like kinematics.

Earlier studies used available kinematic information to aid in-
situ/accreted classification (e.g. Dinescu, Girard & van Altena 1999),
but such information was quite limited until the advent of the
Gaia satellite (Gaia Collaboration et al. 2016). Inspired by ideas
proposed by Helmi & de Zeeuw (2000), Myeong et al. (2018)
were the first to use GC orbital properties based on the Gaia Data
Release 2 astrometry to identify a large group of clusters accreted
together. Subsequently, Massari, Koppelman & Helmi (2019) relied
on distributions of GCs in the age—metallicity plane as guidance
to come up with a number of criteria that use spatial distribution
and kinematical properties of GCs measured by Gaia to classify
almost all of the MW GC:s into in-situ and accreted subpopulations.
Some of their criteria relied on traditional cuts used in previous
studies, such as a cut on the maximum Z coordinate to identify
‘disc’ clusters. Although reasonable, such criteria left a significant
fraction of clusters with ambiguous/uncertain classification and these
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clusters were putatively assigned to new accreted structures (e.g. the
‘low-energy group’) or known dwarf galaxies or streams. Some of
these GCs were also argued to be a remnant of the putative massive
dwarf galaxy that merged with the MW progenitor around z > 2
(Kruijssen et al. 2019b, 2020). Thus, similarly to the early studies,
in the recent classification attempts, a large fraction of the low-
metallicity GCs with non-disc kinematics has been attributed to the
accreted halo. Lately, there have also been attempts to re-assess
some of the principles on which the above classification schemes
are based. For example, Callingham et al. (2022) propose to use a
more objective approach using a multi-component mixture model
instead. More drastically, Pagnini et al. (2023) argue that tidal
debris from massive mergers can sink and radialize (see Vasiliev,
Belokurov & Evans 2022) in the host galaxy to create a pile-up of
GCsin integrals-of-motion space, thus rendering individual accretion
events indistinguishable.

Most recently, it was realized that in-sifu born stars and stars in
dwarf galaxies are distinct in their distributions of the aluminium-
to-iron, [Al/Fe], and sodium-to-iron ratios (Hawkins et al. 2015;
Das, Hawkins & Jofré 2020). We used this finding in Belokurov &
Kravtsov (2022) and Belokurov & Kravtsov (2023) to identify and
study kinematic and chemical properties of the MW’s in-situ stellar
and GCs populations. The latter study showed that [Al/Fe]-based
classification at intermediate metallicites results in a fairly distinct
distribution of the in-situ and accreted stars and GCs in the space of
total energy E and L, angular momentum and this can be used in the
in-situ/accreted classification of the entire stellar and GC populations
(see Horta et al. 2020, for comparison). Note that the classification
proposed by Belokurov & Kravtsov (2023) is not dissimilar to the
idea of the ‘critical energy’ introduced in Myeong et al. (2018) to
segregate Galactic GCs into distinct groups.

In this study we use the [Al/Fe]-calibrated in-situ/accreted
classification in the £ — L, plane to demonstrate that such
classification results in the GC populations with distinct spatial,
kinematic and chemical abundance distributions. We also show
that the in-situ GCs in this classification show a clear disc spin-up
signature (a rapid, high-amplitude increase in the median azimuthal
velocity) that signals MW’s disc formation and which was previously
identified in the in-situ stars.

The paper is organized as follows. In Section 2, we describe
the sample of GCs and their properties assembled from different
sources. In Section 3, we summarize the in-situ/classification method
of Belokurov & Kravtsov (2023) and its underpinnings. We present
distributions and statistics of the classified in-situ and accreted GC
populations in Section 4 and discuss differences from previous
classification schemes in Section 5. We summarize our results and
conclusions in Section 6. Finally, in the Appendix A we describe
the data on chemical abundances from the literature that was used
to complement APOGEE measurements. The Appendix B presents
results of the FIRE-2 simulations demonstrating the boundary
between accretion and in-sifu-dominated regions in the energy-
angular momentum plane. Appendix C describes an alternative way
to measure the spin-up metallicity of GCs using a functional fit
to the individual V4 and [Fe/H] of clusters. Finally, Appendix D
presents the table of the MW GCs with in-situ/accreted classifications
according to the method presented in this paper.

2 SAMPLE OF THE MILKY WAY GLOBULAR
CLUSTERS

Our globular cluster catalogue is based on the 4th version of the
GC database assembled by Holger Baumgardt. More specifically,
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we use (i) the table with masses and structural parameters' and
(ii) the table with GC kinematics and orbital parameters?, the latter
table is used not only for the GCs’ phase-space coordinates but
also for the orbital eccentricities (computed with the published peri-
centric and apo-centric distances). The resulting catalogue, once
the two tables are cross-matched and merged, contains 165 Milky
Way GCs.

Mean cluster motions are based on Gaia EDR3 (Gaia Collab-
oration 2021; Lindegren et al. 2021) data (see Vasiliev & Baum-
gardt 2021 for details on the analysis of the Gaia EDR3 data).
This version uses the V-band luminosities derived in Baumgardt,
Sollima & Hilker (2020) and the GC distances derived in Baum-
gardt & Vasiliev (2021). Details of N-body models are described
in Baumgardt (2017) and Baumgardt & Hilker (2018). Details
on the stellar mass functions can be found in Baumgardt et al.
(2023).

The catalogue is augmented with metallicities published by Harris
(2010) and other literature sources. GC ages used in this study are
from VandenBerg et al. (2013) who build a homogeneous sample of
age measurements based on HST photometry. We note however, that
the cluster age and metallicity measurements in the VandenBerg et al.
(2013) sample do not show the in-situ and accreted GC branches as
distinct as the measurements in e.g. the Forbes & Bridges (2010)
compilation. Total energy and the vertical component of the angular
momentum L, for individual clusters used in the in-situ/accreted
classification below are computed using the assumptions about
the Galaxy described in the beginning of Section 2 of Belokurov
et al. (2023). The GCs in our catalogues are matched by name to
160 objects with tentative progenitor hosts published by Massari,
Koppelman & Helmi (2019). Five objects published by Massari,
Koppelman & Helmi (2019), namely Koposov 1, Koposov 2, BH
176, GLIMPSE 1 and GLIMPSE 2 are omitted. GLIMPSE 1 and
GLIMPSE 2 are highly extincted and thus their properties are not
constrained. Koposov 1, Koposov 2, and BH 176 may be mis-
classified open clusters (see Davoust, Sharina & Donzelli 2011;
Paust, Wilson & van Belle 2014). Therefore, only 155 out of 165
GCs in our catalogue have progenitor assignments in Massari,
Koppelman & Helmi (2019).

3 CLASSIFICATION OF ACCRETED AND
IN-SITU STARS AND CLUSTERS

Our method of classification of GCs and MW stars into in-situ and
accreted clusters was presented in Belokurov & Kravtsov (2023).
Here, we review the key details of the method relevant for this study.

The method is based on classification of stars and clusters using
the [Al/Fe] ratio. Hawkins et al. (2015) showed that [Al/Fe] have
very different typical values in dwarf galaxies and in the Milky
Way and argued that this difference can be used to distinguish the
accreted and in-situ halo components (see also Das, Hawkins &
Jofré 2020). The difference arises because Al yield has a strong
metallicity dependence and MW progenitor and dwarf galaxies that
merge with it and contribute stars to the accreted halo component
evolve at very different rates (see e.g. Kobayashi et al. 2006). The
MW progenitor evolves fast and reaches metallicities required for
efficient Al production much earlier than dwarf galaxies that form

ISee  https://people.smp.ugq.edu.au/HolgerBaumgardt/globular/parameter.
html.

2See  https:/people.smp.uq.edu.au/HolgerBaumgardt/globular/orbits_table.
txt.
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their stellar population at a much slower pace. As a result, stars
born in the Milky Way exhibit a rapid increase in [Al/Fe] around
—1.5 < [Fe/H] < —0.9 and there is a gap in the Al abundance at the
same [Fe/H] between MW progenitor and dwarf galaxies that merge
with it.

We use this fact as the basis for our classification. Specifically,
BK?22 classify stars with APOGEE’s [Al/Fe] > —0.075 as in-situ
and those with [Al/Fe] < —0.075 as accreted, which is supported by
the fact that the observed surviving massive MW dwarf satellites typ-
ically have [Al/Fe] < —0.1 (Hasselquistet al. 2021). At metallicities
[Fe/H] < —1.5 the difference in typical values of [Al/Fe] between
MW progenitor and accreted dwarfs becomes small and a clear
[Al/Fe]-based classification becomes unreliable. Our classification
is thus based on a two-step approach.

In the first step, we use the [Al/Fe]-based classification in the
metallicity range —1.4 < [Fe/H] < —1.1, where it is most reliable,
with the threshold separating in-sifu and accreted clusters assumed to
be [Al/Fe] = —0.075. As shown in fig. 2 of Belokurov & Kravtsov
(2023, see also discussion in their section 3.2) the in-situ and accreted
components classified in this way, separate quite well in the plane of
total energy E and the z-component of the angular momentum L, .
This separation can be well described by the following L,-dependent
boundary in energy:

L, <—-0.58: E=-13,
—0.58 < L, <0.58: E=-14+ 0.3L§,
L,>058: E=-1325 +0.075L§, 1)
where E is in units of 10> km? s=2 and L. is in units of 10> kpc kms~".

It is worth noting that although the form of this boundary is derived
as an accurate empirical approximation to the boundary between
regions of the E—L, space dominated by the in-situ and accreted
populations in the [Al/Fe]-based classification, a qualitatively sim-
ilar boundary shape among the regions of the E—L, space that is
dominated by these components is found in the FIRE-2 simulations
of MW-sized galaxies (see Appendix B).

In Belokurov & Kravtsov (2023), we showed that this boundary
does a good job of separating objects into in-situ and accreted
components with a high accuracy (2 95 per cent) comparable to
the classification accuracy achievable with the best machine learning
algorithms. Moreover, we have also tested that adding metallicity or
Galactocentric distance to the classification with machine learning
methods does not improve the accuracy.

Although this boundary is obtained using [Al/Fe] ratio within a
limited range of metallicities, we assume that the same boundary
Evouna(L;) is applicable in the entire metallicity range. Therefore in
the second step, all GCs with total energies below the Epouna(L;)
boundary defined in equation (1) are classified as in-situ and those
above as accreted. Fig. 1 shows E and L, distributions of the MW
GCs classified as accreted (red) and in-situ (blue) along with the
boundary Eyouna(L;) used for classification. A sizeable fraction of
the accreted GCs were likely brought into the MW during the Gaia
Sausage/Enceladus event (GS/E, Belokurov et al. 2018; Helmi et al.
2018; Myeong et al. 2018). In what follows, we examine distribution
of various GC properties in the components classified using the
boundary shown in Fig. 1.

Out of 164 Galactic GCs with measured metallicities (BH 140
does not have a metallicity estimate currently) considered in this
study, 106, or ~2/3 are classified as in-situ and 58 as accreted.
Classification for individual clusters is presented in the Table D1 in
Appendix D.
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Figure 1. Distribution of the 165 MW GCs in the plane of total energy E and
angular momentum L. The line indicates the boundary separating the in-situ
clusters (blue/purple) below the line and accreted clusters (red/orange) above
the line.

4 RESULTS

In what follows we will consider distributions of various properties
of the in-situ and accreted GCs in our classification from their
spatial distributions to the distributions of their metallicity, age, and
kinematic properties.

4.1 Spatial distribution

Fig. 2 shows spatial distribution of the in-sifu (blue/purple) and
accreted (red/orange) MW GCs classified using method described
above in Section 3 (see Fig. 1). The left panel shows the absolute
value of z coordinate (in the coordinate system where MW disc is
in the x—y plane) as a function of galactocentric distance in the disc
plane R = (x> 4+ y*)"2. It shows clearly that the two populations are
well segregated in both z and R with most of the in-situ classified
clusters located at |z|] < 3 kpc and R < 10 kpc. The distribution
of the accreted clusters, on the other hand, is much more extended.
Although one could argue that such segregation is largely defined
by the fact that classification of clusters is done using total energy
boundary, the fact that the in-situ clusters have different |z| and R
ranges shows that it does not simply classify clusters within a given
limiting galactocentric distance.

Indeed, as can be seen in the middle panel of Fig. 2 the distribution
of in-situ clusters is quite flattened in the z-direction around the x—y
plane of the MW disc. The distribution of the accreted clusters, on
the other hand, is fairly isotropic. The right panel does not show a
similar flattening in the in-situ GC distribution in the x—y projection
indicating that it can be characterized as an oblate ellipsoid or a thick
disc. As we will discuss below in Section 4.5, the discy flattened
distribution is even more pronounced for the in-sifu clusters with
[Fe/H] > —1.

The figure shows that the two classified populations have very
distinct spatial distributions. Notably, similar two populations are
identified if we use the OPTICS clustering algorithm (Ankerst
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et al. 1999) and reachability curves® to identify clusters in the 3D
distribution of GCs, which again indicates good segregation of the
in-situ and accreted populations in space.

4.2 Distribution in the age—[Fe/H] plane

Fig. 3 shows distributions of the in-sifu (blue) and accreted (red)
MW GCs in the age-metallicity plane using clusters that have
age estimates (VandenBerg et al. 2013). The circles show the
individual GCs, while the lines are the median of the binned
distributions obtained using different radial range for bin placement.
This is done to estimate the effect of bin placement choice on
the result. Specifically, we shift all bin edges to the right in
small increments from their original locations up to the shift equal
to the bin size and reconstruct histograms for the new edges.
We then estimate the median of all the histograms obtained for
individual shifts and 68 per cent region of histograms around the
median.

The figure shows that our classification in the total energy and
angular momentum L, selects distinct sequences of clusters in
the age—metallicity plane with a rather small overlap. The in-situ
clusters are predominantly older by 0.5 Gyr at a given metallicity for
[Fe/H] < —1.5 and by =1 Gyr at larger metallicities. Conversely,
the in-situ clusters have larger metallicities by ~0.3—0.5 dex at a
given age. The two sequences overlap somewhat only for the oldest
and lowest metallicity clusters.

The two sequences in the age—metallicity space identified by
our classification in the E—L, plane were identified previously
(see discussion in e.g. Forbes & Bridges 2010). Notably, Lea-
man, VandenBerg & Mendel (2013) identified a clear sequence
of GCs born with disc-like kinematics down to [Fe/H] ~ —1.3
(see also Recio-Blanco 2018). As we discuss below, the kine-
matics of these GCs is consistent with their disc origin. Our
classification shows that these clusters are a part of the ‘in-situ
sequence’ that extends to metallicities of [Fe/H]~ —2.3. This
is consistent with the model-based interpretation of Kruijssen
et al. (2019a).

It is worth noting that the in-situ sequence in Fig. 3 has a sharp
turnover to lower ages at [Fe/H] ~ —1. Although this metallicity
is similar to the metallicity of the disc spin-up that we will discuss
below, this turnover is likely not directly related to disc formation but
reflects the general form of the age—metallicity relation of MW-sized
galaxies. Indeed, galaxy formation models generally predict such
turnover exactly at [Fe/H] ~ —1 (see e.g. the middle panel of fig.
14 in BK22), which marks the transition from the fast to slow mass
accretion regime of evolution.

The grey-shaded vertical rectangular area in the figure shows the
range of metallicities —1.3 < [Fe/H] < —0.9 which corresponds
to the disc spin-up exhibited by the in-siftu MW stars estimated in
BK22. As shown in BK22, before the spin-up the average angular
momentum of Galaxy’s stellar populations is low; during the spin-up
phase the median azimuthal velocity increases rapidly to high values
(see also Chandra et al. 2023; Semenov et al. 2023; Dillamore et al.
2024). The horizontal gray rectangular area shows the corresponding
approximate range of cluster ages of ~11.7—12.7 Gyr (i.e. lookback
spin-up time) consistent with the estimate of Conroy et al. (2022).
This range of disc formation lookback times corresponds to the range
of redshifts z &~ 3.07—5.3 for the Planck cosmology. Although this

3For examples of application of the OPTICS algorithm see https://scikit-
learn.org/stable/auto_examples/cluster/plot_optics.html.
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Figure 2. Spatial distribution of the in-situ (blue) and accreted (red) MW GCs classified using method described in Section 3 (see Fig. 1). The left panel shows
the absolute value of z coordinate (in the coordinate system where MW disc is in the x—y plane) as a fraction of galactocentric distance in the disc plane R =
(x® + y»)2. The middle and right panels show spatial distributions of the in-situ and accreted GCs in the x—z and x—y plane. The figure shows that the two
populations have very distinct spatial distributions. Note that the distribution of the accreted clusters is fairly isotropic, while the distribution of in-situ clusters

is flattened around the x—y plane of the MW disc.
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Figure 3. Distribution of 54 MW GCs classified as in-situ (blue) and accreted
(red) by our classification method that have age and [Fe/H] estimates by
VandenBerg et al. (2013). The circles show the individual GCs, while the
lines are the median of the binned distributions (see the text for details). The
shaded rectangular areas indicate the spin-up range of metallicities and the
corresponding approximate range of the stellar age (i.e. lookback spin-up
time).

range is fairly broad, the result indicates that Milky Way formed
its disc earlier than a typical galaxy of similar stellar mass both in
observations (Simons et al. 2017) and galaxy formation simulations
(Belokurov & Kravtsov 2022; Semenov et al. 2023; Dillamore et al.
2024).

4.3 Metallicity distributions of ir-situ and accreted GCs

Metallicity distributions of the in-situ and accreted GCs are shown in
Fig. 4 along with the metallicity distribution of the entire GC sample.
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Figure 4. Distribution of [Fe/H] of the MW GCs (solid magenta histogram),
in-situ GCs (blue histogram) and accreted GCs (red histogram) in our
classification. Note that bimodality in the metallicity distribution is only
present in the in-situ GCs.

The distributions of the in-situ and accreted GCs in our classification
are clearly different with accreted GCs having mostly metallicities
[Fe/H] < —1. At the same time, at these low metallicities there is
a significant overlap of the accreted and in-sifu clusters and they
clearly do not separate neatly in metallicity, as envisioned in the
classification of Zinn (1985).

Remarkably, Fig. 4 shows that only the distribution of in-situ GC
metallicities is bimodal, while accreted clusters have a distribution
with a single peak at [Fe/H] < —1.6. The origin of the bi-modality in
the metallicity distribution is still debated. Traditionally, bimodality
is thought to be produced by a combination of metallicity evolution of
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Figure 5. Tangential velocity of the in-situ (blue) and accreted (red) GCs
as a function of their metallicity [Fe/H]. The solid lines show the median
of the bootstrap resamples of the original GC sample, while shaded areas
show their 1o scatter. The dashed line shows the corresponding median
Vg as a function of metallicity for the in-situ MW stars, as estimated by
(Belokurov & Kravtsov 2022). Downward gray arrow indicates the range of
metallicities in which MW disc spin-up was identified for these stars. The
figure shows that the in-situ MW GCs in our classification also exhibit a clear
spin-up feature at the same metallicity range of [Fe/H] € [—1.3, —0.9] as the
in-situ stars.

galaxies and gas-rich mergers (e.g. Ashman & Zepf 1992; Muratov &
Gnedin 2010; Li & Gnedin 2014; Valenzuela et al. 2023).

The gas-rich mergers can of course also imprint bimodality in
the in-situ GC population by inducing a starburst in the MW
progenitor. However, such bi-modality may be imprinted in the
[Fe/H] distribution even without mergers by the same transition
from the fast to slow mass accretion regime that produces the sharp
turnover in the age—[Fe/H] sequence of the in-sifu clusters discussed
above. After the Galaxy transitions to the slow accretion regime at
[Fe/H] ~ —1 clusters born with a broad range of ages have similar
metallicities, which creates a peak at high metallicities (see El-
Badry et al. 2019). Conversely, clusters born during the early fast
accretion regime have a narrow range of ages and broad distribution
of metallicities, which peaks at metallicities corresponding to the
time when the MW progenitor’s star formation rate was at its
maximum.

4.4 Milky Way disc spin-up traced by in-situ GCs

Fig.5 shows the tangential velocity of the in-situ (blue) and accreted
(red) GCs as a function of their metallicity [Fe/H]. The solid lines
show the median of the bootstrap resamples of the original GC
sample, while shaded areas show their 1o scatter. The dashed line
shows the corresponding median Vj; as a function of metallicity for
the in-situ MW stars, as estimated by Belokurov & Kravtsov (2022).
Although the number of clusters per bin is fairly small and exact form
of the median V, curve depends on the number of bins used, in the
Appendix C we show that a similar result is obtained if a parametric
‘soft step’ function is fit to the distribution of individual [Fe/H] and
Vy values.

In-situ versus accreted MW globular clusters
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The figure shows that the in-situ MW GCs in our classification
also exhibit a clear spin-up feature at the same metallicity range of
[Fe/H] € [—1.3, —0.9] as the in-situ stars of the Milky Way. The
fact that metal-rich ‘disc’ GCs ([Fe/H] > —0.8 in the Zinn 1985
classification) exhibit large net rotation is well known (Armandroff
1989). Fig. 5, however, shows that the process of the MW disc
formation is imprinted in its in-situ GC population at metallicities
[Fe/H] 2 —1.3. This implies the in-situ GCs at this wide range of
metallicities were formed in the MW disc after its formation and
retained corresponding kinematics (see also Leaman, VandenBerg &
Mendel 2013; Recio-Blanco 2018).

Conversely, the in-situ GCs with metallicities [Fe/H] < —1.3
were born during turbulent pre-disc stages of MW evolution and are
thus a part of the Aurora stellar component of the Galaxy identified
in Belokurov & Kravtsov (2022, see also Conroy et al. 2022; Rix
et al. 2022).* Interestingly, the Aurora clusters show net rotation
with the median V;, ~ 50 km/s. This net velocity is similar to the
typical median velocity of the in-sifu stars at the pre-disc metallicites
in simulations of MW-sized galaxies (Belokurov & Kravtsov 2022;
Semenov et al. 2023; Dillamore et al. 2024). However, the non-zero
median V,, does not imply that these stars and GCs were born in a disc.
In fact, they were generally born in very chaotic configurations (see
fig. 10 in Belokurov & Kravtsov 2022). Nor does it necessarily mean
that GCs were born with such net rotation. As shown by Dillamore
et al. (2023), its origin maybe in the trapping of these old GCs by
rotating bar that forms during latter stages of the MW disc evolution.

Fig. 6 shows distributions of the tangential velocity V,, for the
in-situ (blue) and accreted (red) MW GCs. The upper panel shows
distribution for the low-metallicity GCs with [Fe/H] < —1, while
the lower panel shows the distribution for GCs with [Fe/H] > —1.
The figure shows that V, distributions of low- and high-metallicity
clusters are quite different. The distribution for the low-metallicity
clusters has a single peak, with that of the accreted clusters centered
at Vy ~ 0km s~!, while distribution for the in-situ clusters centered
at V, ~ 50 km s™! as noted above.

The V,, distribution of the high-metallicity in-situ clusters is very
skewed with a significant fraction of clusters coherently rotating with
Vs ~ 200 km s™!, while a tail of the in-situ GCs has V; < 0. Note
that V,, distributions of the low- and high-metallicity in-situ GCs is
very similar to the distribution of tangential velocities of the MW’s
in-situ stars in fig. 6 of Belokurov & Kravtsov (2022) at similar
metallicities. In particular, in-sifu stars also exhibit a tail towards V4
< 0 and a similar tail can be seen in the distribution of in-situ stars
in simulations of the MW-sized galaxies (see Appendix B).

Finally, Fig. 7 shows velocity anisotropy defined as

_054—092

2
207

=1 2
as a function of metallicity [Fe/H] for the accreted (red) and in-situ
(blue) GCs. Different lines correspond to the estimates obtained
using different placements of the metallicity bins in the range
spanned by the GCs. It shows that velocity anisotropy of the accreted
clusters is close to isotropic at the lowest metallicity and has a
moderate radial anisotropy at metallicities [Fe/H] ~ —1.7 =~ —0.7.
The in-situ GCs, on the other hand, have a nearly isotropic velocity
distribution at [Fe/H] < —1.3, but the distribution changes sharply
at lower metallicities where the distribution has a clear tangential
anisotropy.

4Named after Aurora — the Latin name of the goddess of dawn Eos in Greek
mythology.

MNRAS 528, 3198-3216 (2024)
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Figure 6. Distributions of the tangential velocity Vy for the in-situ (blue)
and accreted (red) MW GCs. The upper panel shows distribution for the
low-metallicity GCs with [Fe/H] < —1, while the lower panel shows the dis-
tribution for GCs with [Fe/H] > —1. The figure shows that Vy distributions
of low- and high-metallicity clusters are quite different. Distribution for the
low-metallicity clusters has a single peak, with that of the accreted clusters
centred at Vg ~ 0 km s~!, while distribution for the in-sifu clusters centered
at V, ~ 50 kms~!. The V; distribution of the high-metallicity in-situ clusters
is very skewed with a significant fraction of clusters coherently rotating with
Vg ~ 200 km s~!, while a tail of the in-situ GCs has V;, < 0 kms~!.

4.5 Comparisons of the low- and high-metallicity in-situ
clusters

Given qualitative changes that MW progenitor clearly underwent
at [Fe/H] = —1 both due to the transition from the fast to slow
mass accretion regime and due to the formation of the disc, it
is interesting to consider differences in properties of the in-situ

MNRAS 528, 3198-3216 (2024)
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Figure 7. Velocity anisotropy of the MW GCs defined as § =1 — (oqf +
092)/ (20,2) as a function of metallicity [Fe/H] for the accreted (red) and in-
situ (blue) GCs. Different lines correspond to the estimates obtained using
different placement of metallicity bins in the range of metallicities spanned
by the GCs.

GCs with [Fe/H] < —1 and [Fe/H] > —1 straddling this transition
metallicity.

Fig. 8 shows the x—z, x—y, and y—z projections of the spatial
distribution of in-sitru GCs with metallicities [Fe/H] < —1 and
[Fe/H] > —1. The figure shows that the distribution of high-
metallicity in-situ GCs is somewhat more flattened around the z = 0
plane than the distribution of low-metallicity clusters consistent with
their formation in the disc.

Interestingly, we also find that 11 clusters in the metallicity range of
the first peak in the metallicity distribution —1.5 < [Fe/H] < —1.3
(shows as dark purple points) are distributed in a rather narrow
filament or prolate ellipsoid with a small c/a axes ratio. Although
the number of objects is too small to make definitive conclusions,
we speculate that the formation of these clusters could have been
induced in the MW progenitor by the tidal forces and/or gas
accretion associated with the early stages of the GS/E merger. This
process thus could be responsible for both an overall burst of star
formation in the MW progenitor and burst of GC formation that
produced the low-metallicity peak in the metallicity distribution
of in-situ clusters (see Fig. 4). Indeed, one can generally expect
that the maximum initial mass of the forming GCs scales with
star formation rate (Maschberger & Kroupa 2007) and initial in-
situ GC masses estimated by Baumgardt & Makino (2003) at
metallicities —1.5 < [Fe/H] < —1.3 do reach values of log oM
> 6.5 larger than maximum initial masses for neighbouring metal-
licity ranges. In fact, all of the other MW GCs with such large
masses are among in-situ clusters at [Fe/H] > —1 near the sec-
ond peak in their metallicity distribution. It is also notable that
accreted GCs do not show such increased maximum M;,; at any
metallicity.

Fig. 9 shows comparisons of the radial number density profiles,
tangential velocity, and 3D velocity dispersion profiles of the in-
situ GCs with metallicities [Fe/H] < —1 (blue) and [Fe/H] < —1
(green). The lines show the median profiles of bootstrap samples
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Figure 8. Projections of the spatial distribution of GCs classified as in-situ in different ranges of metallicity: blue points show clusters with [Fe/H] < —1, of
these clusters in the metallicity range of the first peak in the metallicity distribution, —1.5 < [Fe/H] < —1.3, shown by points of purple colour, green points
show GCs with [Fe/H] > —1. The figure shows that the distribution of high-metallicity in-situ GCs is more flattened around the z = 0 plane than the distribution
of low-metallicity clusters. It also shows that 11 GCs in the metallicity range —1.5 < [Fe/H] < —1.3 are distributed in a rather narrow filament or prolate

ellipsoid with a small c¢/a axes ratio.
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Figure 9. Profiles of number density (left panel), median tangential velocity (middle panel) and 3D velocity dispersion (right panels) of the in-situ GCs
with metallicities [Fe/H] < —1 (blue) and [Fe/H] < —1 (green). The lines show the median profiles of bootstrap samples while shaded regions show standard
deviation of the median profiles of the bootstrap samples. The left panel shows that radial distribution of the high-metallicity in-situ clusters is more concentrated,
while the right panel shows that velocity dispersion of the high-metallicity GCs is considerably lower than that of the low-metallicity in-situ clusters. The middle
panel shows that high-metallicity in-situ GCs population exhibits coherent rotation with V4 (r) reminiscent of a rotation curve, while low metallicity in-situ GCs

also show coherent net rotation with a much smaller value of ~~50 km s~

while shaded regions show the standard deviation of the median
profiles of the bootstrap samples.

The figure shows that the radial distribution of the high-metallicity
in-situ clusters is more concentrated, while their velocity dispersion
is considerably lower than that of the low-metallicity in-situ clusters.
This is because higher metallicity clusters formed within a relatively
compact MW disc, while [Fe/H] < —1 clusters formed during
chaotic pre-disc stages of evolution and were likely dynamically
heated both by mergers and by feedback-driven inflows and outflows.
As we noted above, they were also likely affected by the Milky Way
bar which induced a small net V,, ~ 50 km s ! velocity (see Dillamore
et al. 2023a).

Likewise, the V,(r) profile comparisons in the middle panel
shows that high-metallicity in-situ GCs population exhibits coherent
rotation with V,(r) reminiscent of a rotation curve, while low
metallicity in-situ GCs also show coherent net rotation but with a

much smaller value of ~50 km s~!, in agreement with the change of

V, as a function of [Fe/H] in Fig. 5.

5 DISCUSSION

5.1 Comparison with previous classifications

As noted in Section 1, a number of previous studies devised methods
to classify accreted and in-situ GCs using properties of GCs. The
study most relevant for comparison with our classification method is
Massari, Koppelman & Helmi (2019) because it uses similar cluster
properties for classification and we thus focus on the comparison
with their classification here.

All of the GCs we classify as accreted (58 in total) are also
classified as accreted by Massari, Koppelman & Helmi (2019).
However, their study classifies only 61 GCs (or &~ 40 per cent of their
sample) among our in-situ sample as in-situ. The rest are classified

MNRAS 528, 3198-3216 (2024)
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Figure 10. Zoom-in on the low-E portion of the E — L, plane. Small blue
(orange) filled circles mark the locations of in-situ (accreted) GCs according
to our classification. Filled (empty) squares are accreted (in-situ) clusters
assigned to the GS/E merger by Massari, Koppelman & Helmi (2019). Large
filled circles mark those GCs that are classified as in-situ in our method
but as the ‘low-energy group’ by Massari, Koppelman & Helmi (2019).
Diamonds are in-situ clusters without a well-defined classification in Massari,
Koppelman & Helmi (2019). Grey curves give maximal L, at a given E.
Orange contours give the location of the GS/E tidal debris isolated in the
Gaia DR3 data by Belokurov et al. (2023). For comparison. horizontal grey
lines mark energy levels of the circular orbits at 2 and 4 kpc.

as accreted or undetermined. Below we focus on these low-energy
objects and discuss observational clues to their origin.

Fig.10 zooms in on the portion of the E—L, space just below the
in-situ/accreted decision boundary where we indicate the assignment
adopted by Massari, Koppelman & Helmi (2019). Only 61 of 107
classified as in-situ in our method (small blue-filled circles) formed
in the MW according to Massari, Koppelman & Helmi (2019): they
classified 25 of these clusters as ‘the disc’ (M-D, following their
designation) and 36 as ‘the bulge’ (M-B).

The other 46 in-situ clusters in our classification are classified
by Massari, Koppelman & Helmi (2019) as follows. 24 clusters
(large blue circles) are assigned to the ‘low-energy group’, which
was later interpreted to be a signature of an accretion event at z ~
1, sometimes referred to as Kraken (Kruijssen et al. 2019b, 2020)
or Koala (Forbes 2020). Note that the latter two works show good
agreement with the classification presented in Massari, Koppelman &
Helmi (2019) but unfortunately cannot be considered as independent
lines of evidence as both base their analysis on the GC group
assignment of Massari, Koppelman & Helmi (2019) to begin with.
Note that Horta et al. (2021) present chemo-dynamical evidence for
the debris of an ancient massive accretion event they call Heracles
based on the APOGEE data, however the direct connection between
Kraken/Koala and Heracles has not been established. There are also
8 GCs assigned by Massari, Koppelman & Helmi (2019) to the GS/E
merger, but classified as in-situ in our scheme; these are marked with
empty orange squares. Finally, there are 14 GCs with undetermined
classification in Massari, Koppelman & Helmi (2019), marked with
orange diamonds: these either have ‘?” or ‘XXX’ for the possible
progenitor or were not included in their catalogue (7 out of 14).

MNRAS 528, 3198-3216 (2024)

To gain a better perspective on the chemo-dynamic properties of
these various GC groups, Fig. 11 shows cluster orbital eccentricity
(computed with the pericentre and apocentre estimates from the H.
Baumgardt database, see Section 2) as a function of metallicity in
\/ L2+ L% —the
component of the angular momentum perpendicular to L, — in the
middle panel, and the distribution of the GCs (where abundance
measurement is available) in the plane of [Mg/Fe] and [Al/Fe] in
the right panel. Here we have included several literature values that
were corrected to the APOGEE abundance scale, as described in
Appendix A. The GCs with non-APOGEE measurements of [Al/Fe]
and [Mg/Fe] from the literature include NGC 1261 (Marino et al.
2021), Rup 106 (Brown, Wallerstein & Zucker 1997), NGC 4833
(Carretta et al. 2014), NGC 5286 (Marino et al. 2015), NGC 5466
(Lamb et al. 2015), NGC 5927 (Mura-Guzman et al. 2018), NGC
5986 (Johnson et al. 2017¢c), NGC 6139 (Bragaglia et al. 2015),
NGC 6229 (Johnson et al. 2017a), NGC 6266 (Lapenna et al. 2015),
NGC 6355 (Souza et al. 2023), NGC 6362 (Massari et al. 2017),
NGC 6402 (Johnson et al. 2019), NGC 6440 (Origlia, Valenti &
Rich 2008), NGC 6522 (Ness, Asplund & Casey 2014), NGC 6528
(Mufioz et al. 2018), NGC 6584 (O’Malley & Chaboyer 2018), NGC
6624 (Valenti, Origlia & Rich 2011), NGC 6864 (Kacharov, Koch &
McWilliam 2013), and NGC 6934 (Marino et al. 2021).

Recently, we showed that in-situ and accreted GCs separate well
in the space of [Mg/Fe]-[Al/Fe] (Belokurov & Kravtsov 2023).
In addition, at [Fe/H]>—2 the in-situ stars have higher values of
[Mg/Fe] compared to those accreted (Belokurov & Kravtsov 2022).
This trend, however, is blurred by the internal GC evolution where Mg
can be destroyed to make Al. As a result, clusters may end up having
lower values of [Mg/Fe]. Nevertheless, the anomalous chemistry
is betrayed by their elevated [Al/Fe] ratio. Thus, in the plane of
[Mg/Fe]-[Al/Fe] GCs can move diagonally from top left to bottom
right, as indicated by the black dashed line. While the chemical
plane of [Al/Fe] and [Mg/Fe] appears to work well to separate the
GCs into two distinct groups, it would be beneficial to explore the
use of elemental abundances not affected by the cluster’s secular
evolution. In connection to this, most recently, other chemical tags
have been proposed to pin down the origin of the Galactic GCs. For
example, Minelli et al. (2021) advocate the use of Sc, V, and Zn for
metallicity [Fe/H] > —1, while Monty et al. (2023, in preparation)
show that Eu can be used as a strong tag of the GS/E GCs. We
note that recently there have been other attempts to isolate chemical
differences between pre-classified in-situ and accreted MW GCs (see
e.g. Horta et al. 2020).

Only two GCs classified as GS/E in our scheme (NGC 288 and
NGC 5286) lie in the top right corner of the [Mg/Fe]-[Al/Fe] plane
shown in the right panel of Fig. 11. For both of these clusters recent
chemical abundance measurements indicate that these clusters are
probably not associated with the GS/E merger (see Monty et al.
2023). There is an additional cluster, NGC 6584, which lacks a clear
progenitor but is deemed to be accreted (Massari, Koppelman &
Helmi 2019; Forbes 2020); it is classified as accreted in our scheme.

Four GCs classified as in-situ in our scheme using the E —
L, boundary lie in the bottom left corner of the [Mg/Fe]-[Al/Fe]
plane dominated by accreted clusters (although three are close to the
nominal boundary). Assuming all four are indeed misclassified and
were accreted, the fraction of accreted clusters among GCs classified
as in-situ by our scheme can be classified as &~ 4/39 ~ 10 per cent,
where 39 is the number of in-situ GCs above the dashed line in the
[Mg/Fe]-[Al/Fe] plane.

Focusing on the ‘low-energy group’ of globular clusters (large
blue circles), it is difficult to see how these objects can be a part of

the left panel, eccentricity as a function of L, =
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Figure 11. Orbital and chemical properties of in-situ and accreted GCs. Left: Orbital eccentricity as a function of metallicity. Middle: Eccentricity as a function
of L component of the angular momentum. Right: [Mg/Fe] vs [Al/Fe] for GCs with available abundance measurements (see Appendix A for comparison
between APOGEE and literature values). Small blue/purple (red/orange) filled circles mark the locations of in-situ (accreted) GCs according to our classification.
Filled (empty) squares are accreted (in-situ) clusters assigned to the GS/E merger by Massari, Koppelman & Helmi (2019). Large filled circles mark those
GCs that are classified as in-situ in our method but as the ‘low-energy group’ by Massari, Koppelman & Helmi (2019). Diamonds are in-situ clusters without a

well-defined classification in Massari, Koppelman & Helmi (2019).

a single accretion event. These 24 GCs do not cluster together in
any of the orbital properties considered. Instead, they span a large
range of E, L, L, and eccentricity. This is in stark contrast with
the GS/E highlighted with filled orange squares: these GCs have a
narrow range of eccentricity and L, . In terms of L., the low-energy
group GCs appear to have an extent similar to the GS/E members.
This, however, is an illusion: the available range of L, is a strong
function of energy and drops with decreasing E. For the energy level
of the clusters labelled as the ‘low-energy group’, the L, range is
less than half of that at the level of the GS/E GCs. Therefore, the
relative L, dispersion of these GCs is larger by more than a factor of
2. These clusters also have a clear net prograde motion with a mean
Vs A~ 60 km s~! similar to the bulk of the in-situ GCs and typical of
the Aurora population.

In terms of their chemistry, all 10 (out of 24) of the ‘low-energy
group’ GCs with available abundance measurements lie with the rest
of the in-situ clusters in the [Mg/Fe]-[Al/Fe] plane shown in the
right panel of Fig. 11. We conclude that there is no strong evidence
in favour of a distinct low-energy group of clusters because in every
property considered, these clusters span the range typical of in-situ
GCs.

Note that the main reason these clusters were classified as accreted
by Massari, Koppelman & Helmi (2019) is because they are located
outside of the nominal ‘bulge’ radius of 3.5 kpc. However, this
adopted size is rather arbitrary because the peanut bulge of the
Milky Way has a radial extent of ~1.5 kpc, while at larger distances
stellar distribution is arranged into a prominent bar (see e.g. fig. 1
in Wegg, Gerhard & Portail 2015; Barbuy, Chiappini & Gerhard
2018a). Incidentally, in our catalogue, 14 out of the 24 GCs assigned
to the low-energy group by Massari, Koppelman & Helmi (2019)
have Galactocentric distances smaller than 3.5 kpc (also see Fig. 10).

Let us now briefly consider the 8 GCs (highlighted with open
orange squares) classified as in-sifu in our scheme, but associated
with the GS/E event by Massari, Koppelman & Helmi (2019). First,
we note that none of these GCs are assigned to GS/E in either the
original study of Myeong et al. (2018) or the expanded analysis of
Myeong et al. (2019). On the other hand, we classify as accreted all
clusters assigned to GS/E by Myeong et al. (2018) and 18 (of 21) in

Myeong et al. (2019). Similarly, all 19 GCs classified by Limberg
et al. (2022) as belonging to GS/E are deemed accreted here. As
Fig. 10 illustrates, the density of the GS/E stellar component drops
abruptly below E = —1.4 x 10° km? s~2. Most of the eight alleged
by Massari, Koppelman & Helmi (2019) GS/E GCs lie outside of the
orange contours and thus have values of total energy lower than the
bulk of the GS/E’s tidal debris.

Another concern is that five out of eight GCs have positive L,.
As discussed in Belokurov et al. (2023), the GS/E debris cloud has
an apparent tilt in the E, L, space such that the higher energy stars
show net prograde motion. The net prograde motion of the eight
suggested low-energy GCs is counter to this trend. While the high-
energy GS/E GCs all have high orbital eccentricity, i.e. 0.8 < e < 1,
the additional low-energy candidate objects have significantly lower
and more varied eccentricities, i.e. 0.3 < e < 0.8. Unfortunately,
we have chemical information only for two out of eight clusters and
these particular objects are both consistent with being a part of the
in-situ population.

Finally, nothing makes the 14 GCs with uncertain progenitor
(marked with orange diamonds) stand out from the rest of the in-situ
clusters. These span a very broad range of E, L., and L, . Chemical
information is available for only one object from this group and it
places it in the in-situ dominated region.

Malhan et al. (2022) presented classification of the Milky Way’s
GCs and streams using estimates of their total energy and actions
using Gaia EDR3 kinematic measurements. All but one of the ac-
creted structures these authors identify lie above the in-situ/accreted
boundary we use and thus would also be classified as accreted by our
method. One of their identified systems, Pontus, lies just below our
classification boundary in the in-sifu region. We note, however, that
as shown by Dillamore et al. (2022) dynamical effects of the Milky
Way bar can create horizontal clustering of stars and other dynamical
traces in the general vicinity of the E — L, region where Pontus is
identified. It remains to be seen whether chemical abundances of this
system are consistent with its accreted or in-situ origin.

Sun et al. (2023) presented a classification scheme for in-situ
and accreted GCs that largely follows the approach of Massari,
Koppelman & Helmi (2019). In particular, similarly to Massari,
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Koppelman & Helmi (2019) these authors identify the in-situ GCs
using ‘disc’ and ‘bulge’ populations but defined using a different set
of criteria involving spatial and kinematic properties from the Gaia
DR3 measurements by Baumgardt & Vasiliev (2021). These criteria
identify 45.3 percent GCs as formed in-situ and 38.4 percent as
accreted, with the remaining 16.3 percent were deemed to have
uncertain origin. Thus, although the approach is similar to Massari,
Koppelman & Helmi (2019) different criteria used to identity in-situ
clusters resulted in a higher in-situ GC fraction. Callingham et al.
(2022) build a multicomponent model of Galactic GCs — similar to
a Gaussian Mixture — in the space of integrals of motion, metallicity
and age. This is currently the only truly unsupervised attempt in
the literature aimed at creating an objective and unbiased clustering
scheme for the Galactic GCs. While in principle this method can be
used to create GC groups in a fully automated fashion, as the authors
acknowledge, in practice there is a substantial overlap between low-
energy GCs. As a result, Callingham et al. (2022) are forced to
initialise their groups with classifications from the literature (e.g.
Massari, Koppelman & Helmi 2019). Even with the addition of
this prior, separating low-energy GCs is hard and Callingham et al.
(2022) end up with an overmassive ‘Kraken’ group which appears
to violate the MW stellar halo mass constraint (see e.g. Deason,
Belokurov & Sanders 2019; Mackereth & Bovy 2020). The biggest
difference between the Sun et al. (2023), Callingham et al. (2022),
and our classifications is in that the former assign ‘Kraken’ low-
energy clusters to the accreted component. As we discussed above,
however, there is no clear evidence that these clusters are a distinct
grouping that can be clearly associated with an accretion event.

5.2 Comparison with models and implications for GC
formation

While detailed comparisons with models of GC formation are beyond
the scope of this study, here we will discuss general comparisons
focusing on the fraction of accreted clusters estimated in our
classification and in the models. We will also present comparisons
with statistics of the in-situ and accreted stellar particles in the FIRE-
2 simulations of the MW-sized haloes (Hopkins et al. 2018a; Wetzel
et al. 2023) and discuss the implications of these comparisons for
models of GC formation and evolution.

As we noted above, &1/3 of surviving GCs in our classification
are accreted. This is lower than in some of the recent models of
GC formation. For example, the model of Chen & Gnedin (2022)
predicts for MW-sized hosts the ratio of the number of accreted to
in-situ surviving GCs of ~2/1 to 3/1. The number of in-siru GCs
that form in the MW progenitor in their model is actually larger
than the number of accreted clusters that ever formed, but many
more in-situ clusters get tidally disrupted compared to the accreted
clusters and the number of surviving clusters is thus dominated by the
accreted GCs. The results of the model are thus quite sensitive to how
tidal disruption of clusters is modelled. For example, in the previous
version of this model (see Fig. 6 in Choksi & Gnedin 2019) with a
different disruption model predicted population of the surviving GCs
was dominated by the in-situ clusters.

E-MOSAIC GC formation model predicts that the mean 52 +
1 percent of the surviving GCs were born in-situ (Keller et al.
2020), although further analyses showed that the ex situ fractions
vary non-negligibly from object to object and have a range of ~
37 £ 11 per cent which is similar to the fraction in our classification
(Kruijssen et al. 2019a; Trujillo-Gomez et al. 2021). Trujillo-Gomez
et al. (2023), on the other hand, find median accreted fraction of
~ 60 per cent in the same E-MOSAIC model, but with substantial
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scatter around it; the different fractions in different E-MOSAIC
analyses are due to different selection of GC samples indicating
sensitivity of the accreted fraction to details of selection. Generally,
the accreted fraction is expected to have a significant scatter due
to different assembly histories of objects of the same halo mass.
Their model also predicts that the fraction of surviving clusters is
approximately the same among accreted and in-situ clusters. We thus
see a significant variation among GC models in what they predict for
the accreted and in-situ GC populations and their survival.

Overall, galaxy formation models predict that the accreted fraction
of stellar population is very small in galaxies of M, < 10'° Mg, but
increases rapidly for larger masses reaching accreted fractions of
A 20-50 per cent for galaxies with M, ~ 10'' My, (e.g. Qu et al.
2017; Clauwens et al. 2018; Pillepich et al. 2018; Davison et al.
2020). However, these fractions refer to the total masses of accreted
and in-situ populations at all radii.

As we saw, our classification implies that GC population within
galactocentric distance of 10 kpc is dominated by in-situ clusters.
We estimated the mass fraction of accreted stellar particles within
such galactocentric distance in the seven MW-sized objects from
the FIRE-2 simulation suite (Hopkins et al. 2018a; Wetzel et al.
2023) and find that fi..(< 10kpc) = m, aec/My1or ranges from 2
to 7 percent in 5 out of 7 galaxies, and reaches 13 percent and
25 per cent in the other two systems. Overall, therefore, simulations
predict that stellar population of MW-sized galaxies within the central
10 kpc is dominated by the in-situ stars.

We have carried out another comparison, which is aimed to be
more directly related to the accreted fraction of GCs. Namely, we
examined distributions of several properties of stellar particles in
the FIRE-2 simulations of the MW-sized galaxies m12b, ml2c,
ml2f, ml2i, ml2m, ml2r, and ml2w but weighted or se-
lected so as to match metallicity distributions of the in-situ and
accreted MW GCs. Fig. 12 shows a comparison of the radial number
density profiles of in-situ and accreted stellar particles in the FIRE-2
objects weighted in this way to the number density profiles of the
in-situ and accreted GCs in our classification. The density profiles
of stellar particles constructed this way are normalized so that
the number density profile of the in-situ particles approximately
matches the number density profile of in-situ in amplitude. The same
normalization factor is used for both the in-situ and accreted stellar
particles.

Fig.12 shows that the number density profiles of in-situ and
accreted stellar particles match the relative amplitude and shapes
of the corresponding density profiles of the MW GCs quite well.
The match is especially good for three objects — m12f, ml2r,
ml2b — that have in-situ age-[Fe/H] stellar sequences closest to the
corresponding sequence of in-situ GCs (see fig. 13 in Belokurov &
Kravtsov 2023). The in-situ star particles are more centrally con-
centrated, while accreted particles have a much more extended
distribution. This is generally found in models of GC evolution
(Chen & Gnedin 2022; Reina-Campos et al. 2022a), but here we
see a remarkable match of both shapes and relative amplitudes of the
observed profiles.

Fig.13 shows comparisons of the number density, median tan-
gential velocity Vy, and 3D velocity dispersion o34 profiles of in-
situ stellar particles with [Fe/H] < —1 and [Fe/H] > —1 with the
corresponding profiles of the in-situ MW GCs. The metallicity trend
in the number density profile is reproduced quite well. The metallicity
trend in the V; profile is also qualitatively reproduced.

The match of the relative amplitude and shape of the GC number
density profiles of in-situ and accreted GCs by the stellar particle
number density profiles in Fig. 12 indicates that simulations capture
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Figure 12. Number density of in-situ (blue) and accreted (red) GCs as a
function of their galactocentric distance r. The shaded regions show the
scatter around median profiles in the bootstrap samples of the MW GCs,
while the blue and red lines show the number density of stellar particles
from the FIRE-2 simulations of the MW-sized hosts (namely, objects m12f,
ml2i, ml2m, ml2w, ml2r, ml2b, ml2c).Thein-situ andaccreted
stellar particles are weighted such that their metallicity distribution matches
that of the in-sifu and accreted MW GCs, as described in the text. The three
objects, m12f, ml2r, ml2b, that are closest in age—metallicity relation
to the MW GCs (see fig. 13 in Belokurov & Kravtsov 2023) are shown by the
stronger lines, while the other objects are shown by the thinner lines.

realistically formation of stars and their dynamics. Assuming this is
the case, the match implies that GC formation is a part of regular star
formation in the MW progenitor. However, given that the metallicity
distribution of GCs is different from that of the MW in-situ stars,
GC formation was confined only to certain periods of the Galaxy
evolution. These periods likely reflected periods of high gas accretion
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either when MW progenitor halo was still in the fast accretion regime
or during spikes in the gas accretion rate in the slow accretion
regime. One of such spikes could have been associated with the
GS/E merger 210 Gyr ago. This merger proceeded for a while and
could have affected formation of stars and GCs with metallicities
between [Fe/H] =~ —1.5 and —0.5.

The good match of the observed GC and simulated stellar number
density profiles also implies that disruption of GCs should not
have a strong distance dependence, otherwise radial distribution of
GCs would be different than the radial stellar particles that are not
subject to disruption. This is in general agreement with models of
GC formation and evolution (Keller et al. 2020; Gieles & Gnedin
2023). Likewise, the agreement of the in-sifu number density profiles
at different metallicities indicates that tidal disruption should not
have a strong metallicity dependence, which agrees with the model
results of (see fig. 15 of Keller et al. 2020, and O. Gnedin private
communication).

Recently, there has been a number of efforts to include explicitly
the formation and evolution of massive gas clumps in high-resolution
hydro-dynamical simulations of the Milky Way disc. For example,
Clarke et al. (2019) show that ~100 of well-resolved gas clumps with
masses between 3 x 107 and 10'°Mg, can form in the early Milky
Way. Most massive of these can sustain prolonged star formation and
migrate through the inner regions of the Galaxy leaving a distinct
imprint on the disc’s chemical, structural and kinematic behaviour
(see also Beraldo e Silva et al. 2020; Debattista et al. 2023; Garver
et al. 2023). The massive, early formed gas clumps described in the
above models appear to be a natural progenitor of the population of
Galactic disc’s globular clusters discussed here.

It is interesting to note that mass of the stellar halo of our
Galaxy is only 1.4 + 0.4 x 10° M, (Deason, Belokurov & Sanders
2019), while in-situ stellar mass of our galaxy is &~ 6 x 10'° Mg
(e.g. Licquia & Newman 2015). The overall fraction of accreted
stars in our Galaxy is thus f,.c = 2 per cent, while the fraction
of accreted GCs in our classification by number is much larger:
58/107 =~ 54 per cent. By mass, the mass fraction in surviving
accreted GCs is &~ 40 per cent, although if we estimate the mass
fraction of accreted clusters using the initial GCs masses in the
in-situ and accreted clusters estimated by Baumgardt & Makino

250 300 -
. 250 |
10~
R =
i 2 200
& &
‘% 10-2 Z 150 -
—— [Fe/H]<-1 100
—— [Fe/H]>-1
10—3 L 1 1 1 1 1 50 1 L 1
2 4 6 8 2 4 6 8 2 4 6 8
7 (kpc) 7 (kpc) 7 (kpc)

Figure 13. The radial profiles of the in-situ MW GCs of low ([Fe/H] < —1) and high ([Fe/H] > —1) metallicity shown in Fig. 9 above compared with the
corresponding profiles of in-situ stellar particles from the FIRE-2 simulations of the MW-sized galaxies of the same metallicity ranges. In computing these
in-situ stellar particles are weighted such that their metallicity distribution matches that of the in-situ MW GCs, as described in the text. The figure shows
that the in-situ stellar particles in simulations match the radial density profile and profile of the tangential velocity, as well as their changes between low- and
high-metallicity samples. The trend is also reproduced for the velocity dispersion, but velocity dispersions in simulations are generally considerably higher than

for MW GCs, except for the dispersion in the object m12r.
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(2003) the initial accreted mass fractionis & 20 per cent. Regardless
of how we estimate the accreted fraction, it is at least ten times
larger than the overall accreted mass fraction in the MW’s stellar
population.

It is likely that this is due to a combination of factors. First, MW
stopped forming in-situ GCs 2 10 Gyr ago (see ages in Fig. 3), while
it continued to accrete GCs and form in-situ stars. Secondly, the
number of GCs scales almost linearly with halo mass over more than
five orders of magnitude in galaxy stellar mass with ngc = Mgcs/Mp
~ 3 x 1073 (see Spitler & Forbes 2009; Hudson, Harris & Harris
2014; Harris, Blakeslee & Harris 2017; Forbes et al. 2018; Dornan &
Harris 2023), although it is somewhat uncertain at the smallest masses
and may deviate from linearity in that regime (Bastian et al. 2020;
De Lucia et al. 2023). Galaxy stellar mass scales, on the other
hand, scales non-linearly in the dwarf galaxy regime (e.g. Nadler
et al. 2020). Thus, dwarf galaxies bring proportionally more GCs
compared to stars when they merge with the MW.

5.3 Caveats

As we noted before, the use of a categorical boundary almost
certainly will misclassify some accreted objects with energies below
the boundary and vice versa. This needs to be kept in mind when
considering individual GCs. Eventually, as reliable chemical element
ratios and orbital parameter estimates become available for more
clusters, it should be possible to refine the classification presented
here. For example, the w Centauri and NGC 6273 clusters are
classified as in-sifu clusters by our method but are likely to be
remnant nuclear star clusters of accreted galaxies due to their large
metallicity spread (e.g. Pfeffer et al. 2021). We mark the clusters
that have some indications of being misclassified in comments in
Table D1 in Appendix D.

Overall, our estimates indicate that the fraction of accreted clusters
among those we classified as in-situ is likely < 10 per cent (or
fewer than 15 clusters). First, we do not see evidence of a significant
sub-population of these clusters with distinct chemical and orbital
properties. Secondly, the number density profiles of in-situ and
accreted stellar particles that match the corresponding profiles of the
GCs in our classification have relative amplitudes that correspond to
< 10 per cent of accreted stellar particles at » < 10 kpc. Third,
detailed analyses of galaxy formation simulations indicate that
MW’s halo and disc form earlier than most objects of similar mass
(Dillamore et al. 2024; McCluskey et al. 2024; Semenov et al.
2023). Dillamore et al. (2024) recently showed that such systems
also have smaller than average fraction of accreted stars. Thus, it is
very unlikely that the fraction of accreted GCs in the MW is high,
especially in the central 10 kpc from the Galaxy centre.

6 SUMMARY AND CONCLUSIONS

We use the [Al/Fe]-calibrated in-situ/accreted classification in the
E—L, plane introduced in Belokurov & Kravtsov (2023) to demon-
strate that such classification results in two GC populations with
distinct spatial, kinematic and chemical abundance distributions. The
specific results presented in this paper and their implications are as
follows.

(1) Just under two thirds of the currently known GCs in the Galaxy
are classified by us as in-situ. This implies that the GC accreted
fraction &~ 35 per cent is much lower than some previous estimates
(see e.g. Massari, Koppelman & Helmi 2019; Forbes 2020) but not in
strong tension with others (e.g. Malhan et al. 2022; Sun et al. 2023).
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(ii) Fig. 2 shows that our classification results in GC samples with
qualitatively different spatial distributions. In-sifu clusters are located
mainly at < 10 kpc from the centre of the Galaxy, while accreted
clusters are mainly located at larger distances. The distribution
of accreted clusters is almost spherical, while in-situ clusters are
distributed in a flattened configuration aligned with the MW disc.

(iii) Our classification splits the clusters into two distinct se-
quences in the age—metallicity plane (Fig. 3) with in-situ GCs tracing
the evolution of metallicity as a function of time of our Galaxy.

(iv) The accreted and in-situ clusters have different distributions
of metallicities (Fig. 4). Most accreted clusters have [Fe/H] < —1
and distribution of metallicities has a single peak at [Fe/H] ~ —1.6.
Metallicity distribution of the in-situ clusters spans a much wider
range of [ — 2.3, 0] and has two peaks centered at [Fe/H] ~ —1.4
and [Fe/H] ~ —0.7. The weak bi-modality of the overall metallicity
distribution of the MW GCs is thus entirely due to the in-situ clusters.

(v) We show that the in-situ GCs in our classification show a clear
disc spin-up signature — the increase of median V; at metallicities
[Fe/H] ~ —1.3 = —1 similar to the signature exhibited by the in-situ
stars of the Milky Way.

(vi) This feature signals MW’s disc formation and the fact that it
is also present in the kinematics of the in-sifru GCs means that most
GCs with metallicities of [Fe/H] 2 —1.3 were born in the Milky Way
disc, while lower metallicity GCs were born during early, turbulent,
pre-disc stages of the evolution of the Galaxy and are part of the
Aurora stellar component of the Milky Way.

(vii) Ages and metallicities of in-situ GCs and the spin-up metal-
licity range indicate that MW’s disc formed ~11.7—12.7 Gyr ago or
at z ~ 3.1-5.3.

(viii) We explicitly show radial and velocity distributions of the
Aurora clusters and higher metallicity in-situ clusters are different
(Section 4.5 and Fig. 9).

(ix) We show that the accreted and in-situ GCs are well separated
in the plane of [Al/Fe] — [Mg/Fe] abundance ratios.

(x) We show that the radial distribution of the in-situ and accreted
GCs is very similar to the radial distribution of the in-situ and
accreted stellar particles in the FIRE-2 galaxy formation simulations
if particles are selected to have metallicity distribution similar to that
of the MW GCs. This indicates that MW globular clusters are born
as part of the normal star formation in the MW progenitor but during
epochs most conducive for their formation.

The classification method presented in this paper is meant to be
applicable broadly to the entire GC population of the Milky Way. It
is based only on the total energy and L, angular momentum because
these are some of the very few quantities that are available for the
entire GC sample. It is clear thus that the method is unlikely to
be 100 percent accurate. Nevertheless, we estimate that not more
than ~ 10 per cent of the clusters classified as in-situ in our method
may actually be accreted. This classification can of course be refined
further using additional formation for individual clusters, such as
[Al/Fe] and [Mg/Fe] abundance ratios, as it becomes available. For
example, @ Centauri and NGC 6273 clusters are likely misclassified
by our method as in-situ, given the evidence for large metallicity
spread in these systems which implies that they have likely been
nuclear star clusters in accreted galaxies (e.g. Pfeffer et al. 2021).
We indicate GCs that may be misclassified by our method in the
comments column of Table DI, in which our classification for
individual clusters is presented.

The presented classification should be useful for testing models
of globular cluster formation in the cosmological context. We stress,
however, that recent analyses of galaxy formation simulations in
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comparisons with the kinematics of the in-sifu stars of the Milky
Way indicate that MW’s halo and disc form earlier than most objects
of similar mass (Belokurov & Kravtsov 2022; Dillamore et al. 2024,
McCluskey et al. 2024; Semenov et al. 2023). Dillamore et al. (2024)
recently showed that galaxies that undergo a GS/E-like merger and
which form disc as early as the Milky Way have much smaller than
average fractions of accreted stars. Thus, care should be taken when
comparing models with specific MW GC sample and its accreted and
in-situ subpopulations.
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APPENDIX A: COMPLEMENTING APOGEE
GLOBULAR CLUSTER CHEMISTRY WITH
LITERATURE VALUES

We have compiled a sample of Galactic GCs with measurements of
[Mg/Fe] and [Al/Fe] available both in APOGEE DR17 and in prior
spectroscopic studies. This includes NGC 362 (Carretta et al. 2013b),
NGC 1851 (Carretta et al. 2011), NGC 2808 (Carretta 2015), NGC
3201 (Marino et al. 2019), NGC 4590 (Lee, Carney & Habgood
2005), NGC 5272 (Sneden et al. 2004), NGC 6121 (Carretta et al.
2013a), NGC 6273 (Johnson et al. 2017b), HP 1 (Barbuy et al. 2016),
NGC 6388 (Carretta & Bragaglia 2023), NGC 6553 (Montecinos
et al. 2021), NGC 6558 (Barbuy et al. 2018b), NGC 6569 (Johnson
et al. 2018), NGC 6715 (Carretta et al. 2010), NGC 6723 (Crestani

3213

et al. 2019), NGC 6752 (Yong et al. 2005), NGC 6809 (Rain
et al. 2019), and NGC 7089 (Yong et al. 2014). In the literature,
where abundance measurements are available for individual stars we
calculate median [Mg/Fe] and [Al/Fe], otherwise we use published
mean values.

Fig. Al compares APOGEE DRI17 (x-axis) and literature (y-
axis) median/mean values of [Al/Fe] (first two panels) and [Mg/Fe]
(second two panels). Compared to APOGEE DR17, literature values
(based on spectroscopic studies mostly in the optical wavelength
range) are higher by 0.24 dex for [Al/Fe] and by 0.15 dex for
[Mg/Fe]. We subtract these constant offsets (computed as medians
of the residuals for each element) from the available literature values
to bring them on the same scale with APOGEE DR17.

APPENDIX B: DISTRIBUTION OF ACCRETED
TO IN-SITU FRACTION IN SIMULATED
GALAXIES

Fig. B1 shows the ratio of accreted stellar mass to in-situ stellar
mass, Myee/Miy.sin, in different regions of the total energy-angular
momentum space £ — L, in three MW-sized galaxies (ml12c,

ml2w, ml2f)fromthe FIRE-2 suite. The galaxiesml2candml2w
are selected because they are close to the Milky Way in the halo and
stellar mass and have the distribution of stars in the E — L, similar to
the Milky Way. They also have different fractions of accreted stars.

The top row of panels shows results for stellar particles of all
metallicities, while the bottom row shows results for stellar particles
with [Fe/H] < —1 only. The colour represents the logarithm of
Mace/Min_siys @S shown on the side colourmap using the divergent
colourmap to delineate the transition from the accretion-dominated
to the in-situ dominated regions better. This boundary is delineated
by the white to faint blue colour.

Although the boundary in the top row varies from object to
object in detail, reflecting different evolution pathways and merger
histories, qualitatively the boundary is similar to that adopted in our
classification based on the [Al/Fe] ratio of the MW stars. Specifically,
the boundary is quite flat and is at E &~ —1.3 x 10°km?/s at
L, <2000 kpckm/s and increases in energy with increasing L, at
L, > 2000 kpc km/s.

Comparing bottom and top panels for simulationsm12c and m12w
shows that the boundary between the accretion and in-situ dominated
regions in the E — L, plane can depend on metallicity. However, we

1.0 0.6 -
0.8
g 0.6 y 04 °l
E = 6F
£ 04 =
= 0.2 |
= 02 = 4
0.0 0.0 2r
_o2 L . 0 . . . . oL
0.0 0.5 1.0 -0.5 0.0 0.5 00 02 04 06 -0.5 0.0 0.5

[Al/Fe]apocrr [Al/Fe] apocer — [Al/Fe]oiner

[Mg/Fe]apockr [Mg/Fe]apocer — [Mg/Fe]oer

Figure A1. Comparison of the chemical abundance values for several MW GCs with measurements both by APOGEE and from other previously published
studies. First panel: [Al/Fe] from literature (y-axis) versus [Al/Fe] in APOGEE DR17 (x-axis). Solid line shows 1:1 relation. Second panel: Distribution of
differences between [Al/Fe] values based on the APOGEE DR17 and literature. Vertical solid line shows the median offset used to place the literature values on
the common scale with APOGEE. Third and Fourth panels: Same as the first two panels but for [Mg/Fe].
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Figure B1. The ratio of accreted stellar mass to in-situ stellar mass, macc/miy-gim, in different regions of the total energy-angular momentum space E — L, in
three MW-sized galaxies (m12c, ml2w, ml2f) from the FIRE-2 suite. The fop row of panels shows results for stellar particles of all metallicities, while
the bottom row shows results for stellar particles with [Fe/H] < —1 only. The colour represents the logarithm of mgcc/min-siny, as shown on the side colourmap
using the divergent colourmap to delineate the transition from the accretion-dominated to the in-sifru dominated regions better. This boundary is delineated by

the white to faint-blue colour.

300

spin-up

MW

in-situ

accreted GCs

—2.0 —1.5 —1.0 —0.5

[Fe/H]

0.0

Figure B2. The disc spin-up traced by in-situ globular clusters similar to Fig. 5, but using results of the regression fits of the functional form given by equation
(C1) as described in the text of Appendix C. The blue-solid lines shows median of the fits for individual GC bootstrap samples, while blue shaded region shows
the region containing 68 per cent of the best fit bootstrap functions at each [Fe/H]. As in Fig. 5, blue dashed lines shows median V, for in-situ stars of the Milky
Way, as measured in Belokurov & Kravtsov (2022). The red solid line and shaded region show the corresponding results for the accreted GCs. The blue and red
dotted lines show medians for the bootstrap samples in the coarse bins shown in Fig. 5.

MNRAS 528, 3198-3216 (2024)

20 Joquieoaq 0z Uo 1sanb Aq | L6581 ./86 | €/2/82SG/AI0IME/SEIUW/ W0 dNo"d1WapEo.//:SA)Y WOy papeojumod



note that for the MW analysis carried out in Belokurov & Kravtsov
(2023) and in this work the boundary is actually calibrated most
reliably at the metallicities of —1.5 < [Fe/H] < —1.

APPENDIX C: DISC SPIN-UP WITH GLOBULAR
CLUSTERS USING FITTING INSTEAD OF
BINNING

As an alternative to binning and estimating median and its uncertainty
using coarse bins, as was done in Section 4.4, we model the trend of
Vg with x = [Fe/H] using the sigmoid function that has the shape of
a ‘soft step’:

Vhigh
exp (—[10x + xgp]) + 1

where Vo, and Viig, are smallest velocity at metallicities below the
spin-up and Vy;g, is the velocity increase from Vi, to the maximal
velocity at metallicities larger than the spin-up [Fe/H]. The bias
parameter Xy, determines the metallicity at which spin-up occurs.
The factor of 10 in equation (C1) controls the width of the step and
was fixed in the fits to minimize degeneracies between parameters.
Specifically, we carry out the minimal absolute distance regression
using metallicities and Vj values for individual GCs and find the
best-fitting parameters Viow, Vhigh, Xsp minimizing the cost function:

S(X)= + Viow, (Cl)

Ngc

C= Z Is(x) = x;]. (C2)
i=1

This type of regression approximates the median trend of the data
points.

We carry out such regression for 1000 bootstrap resamples of the
original GC samples and plot the median and 68 per cent range of
the best-fitting functional fits to the bootstrap samples of the in-
situ and accreted samples as solid lines in Fig. B2. Note that we
only use accreted clusters with [Fe/H] < —1 in the fit as there are
only 3 accreted clusters in our classification at higher metallicities,
which makes the fit unconstrained at these higher metallicities. The
figure compares results obtained by this method with the medians
obtained using bootstrap samples in coarse bins shown in Fig. 5
and shows that both methods produce similar results. We conclude
therefore that detection of spin-up at [Fe/H] &~ —1.3 +~ —1 in in-situ
GCs is robust.

APPENDIX D: LIST OF GC CLASSIFICATIONS

Table D1 presents the list of globular clusters used in this study and
their classification using our method (1 is in-sifu, 0 is accreted). The
last column provides comments for individual clusters that may be
misclassified by this method, where NSC stands for the Nuclear Star
Cluster based on the analysis of Pfeffer et al. (2021) and where we
used analysis of element abundance ratios presented in Section 5.1
to indicate the in-situ (accreted) clusters with the ratios similar to
those of accreted (in-situ) systems.

In-situ versus accreted MW globular clusters

3215

Table D1. The names of the globular clusters used in this study and their
classification using our method (1 is in-situ, 0 is accreted).

Cluster name In-situ/accreted (1/0) Comments
2MASS-GCO01 1

2MASS-GC02
AM 1

AM 4

Arp 2

BH 140

BH 261

Crater

Djorg 1

Djorg 2

E3

ESO 280-SC06
ESO 452-SC11
Eridanus

FSR 1716
FSR 1735
FSR 1758
Gran 1

Gran 2

Gran 3

Gran 5

HP 1

IC 1257

IC 1276

IC 4499
Laevens 3
Liller 1

Lynga 7

NGC 104
NGC 1261
NGC 1851
NGC 1904
NGC 2298
NGC 2419
NGC 2808
NGC 288

C 000000~~~ 00RO R R~ R PO~ —~ O RO R,RRP RO, —~OO0 O —

[Al/Fe] and [Mg/Fe]
consistent with in-situ, see
Fig. 11
NGC 3201
NGC 362
NGC 4147
NGC 4372
NGC 4590
NGC 4833
NGC 5024
NGC 5053
NGC 5139
NGC 5272
NGC 5286

likely NSC/accreted

SO~ OO, O O OO

[Al/Fe] and [Mg/Fe]
consistent with in-situ, see
Fig. 11
NGC 5466
NGC 5634
NGC 5694
NGC 5824
NGC 5897
NGC 5904
NGC 5927

— o O o oo

[Al/Fe] and [Mg/Fe]
consistent with being
accreted, see Fig. 11
NGC 5946
NGC 5986
NGC 6093
NGC 6101
NGC 6121

—_ O = =
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Table D1 - continued

NGC 6139
NGC 6144
NGC 6171
NGC 6205
NGC 6218
NGC 6229
NGC 6235
NGC 6254
NGC 6256
NGC 6266
NGC 6273
NGC 6284
NGC 6287
NGC 6293
NGC 6304
NGC 6316
NGC 6325
NGC 6333
NGC 6341
NGC 6342
NGC 6352
NGC 6355

— e e O e e e b e b e e e b e e O e e = e

NGC 6356
NGC 6362
NGC 6366
NGC 6380
NGC 6388

NGC 6397
NGC 6401
NGC 6402
NGC 6426
NGC 6440
NGC 6441
NGC 6453
NGC 6496
NGC 6517
NGC 6522
NGC 6528

— e e e = O e

NGC 6535
NGC 6539
NGC 6540
NGC 6541
NGC 6544
NGC 6553
NGC 6558
NGC 6569
NGC 6584

[ S N

NGC 6624
NGC 6626
NGC 6637
NGC 6638
NGC 6642
NGC 6652

— e e e

likely NSC/accreted

[Al/Fe] and [Mg/Fe]
consistent with being
accreted, see Fig. 11

[Al/Fe] and [Mg/Fe]
consistent with being
accreted, see Fig. 11

[Al/Fe] and [Mg/Fe]
consistent with being
accreted, see Fig. 11

[Al/Fe] and [Mg/Fe]
consistent with in-situ, see
Fig. 11

Table D1. (continued). The names of the globular clusters used in this study
and their classification using our method (1 is in-situ, 0 is accreted). The last
column provides comments for individual clusters that may be misclassified
by this method. NSC = Nuclear Star Cluster based on the analysis of Pfeffer
etal. (2021).

Cluster name In-situ/accreted (1/0) Comments
NGC 6656
NGC 6681
NGC 6712
NGC 6715
NGC 6717
NGC 6723
NGC 6749
NGC 6752
NGC 6760
NGC 6779
NGC 6809
NGC 6838
NGC 6864
NGC 6934
NGC 6981
NGC 7006
NGC 7078

— O O OO = —, O ==, O - m -

Shows enhanced [Eu/Fe]
and may be accreted (see
Monty et al. in preparation)

NGC 7089
NGC 7099
NGC 7492
Pal 1

Pal 10

Pal 11

Pal 12

Pal 13

Pal 14

Pal 15

Pal 2

Pal 3

Pal 4

Pal 5

Pal 6

Pal 8
Patchick 126
Pyxis

Rup 106
Sagittarius II
Terzan 1
Terzan 10
Terzan 12
Terzan 2
Terzan 3
Terzan 4
Terzan 5
Terzan 6
Terzan 7
Terzan 8
Terzan 9
Ton 2

UKS 1
VVV-CL001
VVV-CL160
Whiting 1
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