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Abstract

The Milky Way’s stellar halo is thought to be partly made up of the debris of past merger
events. In merging with the Milky Way, these systems can also bring in their own globular
clusters (GC). NGC 3201 is a GC on a retrograde orbit in the Galactic halo, which likely
has an accreted origin. Dodd et al. [2024] propose a possible connection between NGC
3201 and the accreted substructure ED-3, that was identified in the solar neighborhood
(Dodd et al. [2023]), based on their similar orbits and proximity in integrals of motion
space. To further research the connection between the two, we performed test-particle
simulations, using AGAMA, of a dwarf galaxy-like system orbiting in a Milky Way po-
tential with a range of characteristics that could represent ED-3. Particularly, we consider
three different masses (5 x 10°, 10%, 5 x 10® M) and 2 different sizes (r = 0.25, r = 0.02
kpc, corresponding to a dwarf galaxy and massive GC progenitor, respectively) for the
ED-3 progenitor, which we study for three integration timespans (5 Gyr, 7.5 Gyr and 10
Gyr) and different progenitor centerings. We compare the overlap in velocity space, the
overlap in integrals of motion space, and the ratio of N(v, > 0)/N (v, < 0) between the
simulated particles that are in a local volume at the present day and the ED-3 data.

Our analysis suggests that NGC 3201 cannot be the core of ED-3, as recentering the
progenitor to NGC 3201’s past orbit does not provide a good match with the observed
ED-3 data. Instead, when recentering to an ED-3 star, we find that a dwarf-like system
(r = 0.25 kpc) with a mass of 5 x 10% M, and integration time of 10 Gyr provides a good
match, as also the N(v; > Ogjp,) /N (v, < 0)ip, ratios are similar. Similar results are found
for a massive globular cluster-like system (r = 0.02 kpc) with mass of 5 x 10° M, and
integration time of 7.5 Gyr. In both cases, simulated particles are found in the proximity
of NGC 3201 in position and velocity space. These findings suggest a connection between
ED-3 and NGC 3201 by having the same tidally disrupted progenitor.
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1 Introduction

1.1 Anatomy of the Milky Way

The Milky Way galaxy, of which a schematic representation is shown in Figure 1 is a
barred spiral galaxy with a central bulge, a thin and thick stellar disk, and a diffuse stellar
halo [Bland-Hawthorn and Gerhard, 2016]. The Milky Way houses an approximate 10!,
stars, while it’s mass is roughly 10'> M, [Watkins et al., 2019].

The thin disk, 350 pc mean scale height
[Carroll and Ostlie, 2007] and 3.5 kpc
scale length [Sparke and Gallagher, 2007]
hosts the galaxy’s spiral arms, which are
regions of higher density. These arms are
sites of active star formation, populated by
young, bright stars, star clusters, and re-
gions of gas and dust known as molecu-
lar clouds. The Sun is located within the
thin disk, approximately 8.2 kpc from the
Galactic Center [McMillan, 2017]. It re-
Galactc conter sides in a Local Arm [Vallée, 2018], situ-
ated close to the Orion Arm, between two
of the Milky Way’s larger spiral arms, the
Sagittarius Arm and the Perseus Arm.

Figure 1: Simplified diagram showing the
main components of the Milky Way, namely
the bulge (circle in the center), halo (large
circle with blue outline), and think and thick The thick disk is more extended vertically
stellar disks. Also the position of the Galac- and contains older stars with lower metal-
tic Center and Sun are indicated. Repro- [icity, while also less densely populated
duced from CalPoly [2025]. than the thin disk [Bensby and Feltzing,

2009]. Enclosing the entire galaxy is the

stellar and dark matter halo, a roughly
spherical region that contains ancient stars, globular clusters, dwarfs, and dark matter
[Forbes and Bridges, 2010]. The Milky Way’s dark matter halo extends far beyond the
visible components of the Milky Way [Battaglia et al., 2005]. The halo also hosts stel-
lar streams—remnants of smaller galaxies and globular clusters that have been tidally
disrupted by the Milky Way [Price-Whelan et al., 2019].

1.2 Accretion

Accretion is a fundamental process in formation of galaxies, where larger galaxies grow
by gravitationally capturing and assimilating smaller galaxies, along with their stars, gas,
and dark matter. This phenomenon is crucial to the Milky Way’s evolution, as shown
by its interactions with numerous dwarf galaxies and the presence of globular cluster
populations. These systems, with stellar masses ranging from 10* M, to 10° M., (from
GCs [Bragaglia et al., 2017] to DGs [Liu et al., 2015]). One example is the Sagittarius
Dwarf Spheroidal from Figure 2 that shows signs of past interactions. From accretion
events like this, stellar streams are formed, such as the Sagittarius Stream, that are relics
of disrupted dwarf galaxies [Martinez-Delgado et al., 2001].
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#»  Sagittarius dwarf galaxy

Milky Way

8 billion years ago 5.7 billion years ago 3 billion years ago
First Sagittarius passage

1.9 billion years ago 1 billion years ago Current situation
Second Sagittarius passage Third Sagittarius passage

Figure 2: Accretion and disruption of the Sagittarius dwarf galaxy into the Milky Way,
illustrating how the Sagittarius Stream formed over time. Reproduced from European
Space Agency (ESA) [2020].

Globular clusters, dense groups of ancient stars, that bear the mark of accretion. Some
were formed within the Milky Way, while others were accreted from captured galaxies,
as suggested by their distinct metallicities and kinematics. Globular clusters are among
the oldest known stellar populations in the Galaxy, their ages often exceeding 1010 years,
and are thought to have formed during the early stages of the Milky Way’s life [Jimenez,
1998]. There are approximately 150—160 known globular clusters in the Milky Way [Har-
ris, 2010].

For example, the Sagittarius Dwarf Spheroidal Galaxy, which is currently being tidally
disrupted, has already lost stellar mass to form the Sagittarius Stream — a vast structure
that wraps around the Milky Way multiple times [Majewski et al., 2003]. As can be seen
in Figure 2, multiple passes have been made around the MW since it’s accretion process
started.

Together, globular clusters, dwarf galaxies, and tidal remnants paint a vivid picture of the
Milky Way’s hierarchical growth, driven by the accretion and merging of smaller sys-
tems. By studying these objects and structures, we can trace the galaxy’s evolution from
its earliest times to its current state. The combination of observational data, such as that
provided by Gaia, and other large-scale surveys, combined with simulations of galaxy
formation, allows for a more complete understanding of processes that shaped the Milky
Way, revealing not only its structure, but also its connections to the broader universe.

1.3 NGC 3201 and ED-3
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Figure 3: IoM (top row) and velocity (bottom row) space of local halo stars, in light
grey. A number of halo substructures are shown by colored markers, with ED-3 being
shown in orange. Stars for which chemical abundances have been derived are shown with
outlined darker symbols. The position of NGC 3201 is shown as a green star, showing the
proximity to ED-3 in IoM space. Reproduced from Dodd et al. [2024]

More than 50 % of GC’s in the MW
are of extra-galactic origin, with 35 % of
those being associated to known merger
events, as suggested by Massari et al.
[2019]. One of these presumably merger
acquired GC’s is NGC 3201, which is a
prominent globular cluster spanning 8.26
pc half-mass radius [Baumgardt, Accessed
2025]. NGC 3201 is classified as a rel-
atively low-concentration globular cluster
with a distinctive low central stellar den-
sity compared to other globular clusters
[Webb et al., 2005]. Because of its ret-
rograde motion, it has been suggested that
NGC 3201 could have an extragalactic ori-
gin and may have been accreted into the
Milky Way from a nearby dwarf galaxy
Sariya et al. [2017].

Figure 4: NGC 3201 as a color compos-
ite image. Observed using the WFI instru-
ment on the ESO/MPG 2.2-m telescope at La
Silla. Reproduced from Observatory [2021]

Research indicates that NGC 3201 is inhomogeneous, with different stellar populations
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found at varying distances from its center. This feature is rare among globular clusters,
and NGC 3201, along with Messier 4, is one of only a few clusters that display such in-
homogeneity. The stars in the outer regions tend to be hotter and more massive than those
near the center, which have a cooler, redder hue [Kravtsov et al., 2010].

The ED-3 substructure is one of six groups of ED stars found as possible merger candi-
dates. It is composed of 16 member stars with a bimodal distribution in z-velocity space.
Located in the solar neighborhood, it shares similarities with the globular cluster NGC
3201 in several ways, particularly in their orbital dynamics and Integrals of Motion (IoM)
characteristics. It was discovered due to the clump-like formation shown in Figure 3 in
the Dodd et al. [2023] study. Particularly, it was shown in Dodd et al. [2024] that ED-3
(orange in Figure 3) lies very close and tight with NGC 3201 in the space of [oM pa-
rameters, shown with the green star, which suggests a possible connection between the
two.

1.4 A possible association between ED-3 and NGC 3201

Figure 5 shows the orbit of NGC 3201 and ED-3 stars integrated backward and forward
for 0.5 Gyr. While they do not show overlap directly, they are similar, suggesting an as-
sociation. The green shading emphasizes sampled orbits of NGC 3201 and how the orbit
of the globular cluster overlaps with ED-3 stars highlighted in blue and red after some
revolutions. The v, > 0 ED-3 star (shown in blue) shows overlap with the trailing arm
of NGC 3201, although three radial revolution away from NGC 3201, whilst the vz < 0
star (shown in red) overlaps with the trailing arm. The Gjoll stream [Ibata et al., 2019,
Hansen et al., 2020] has also been associated with NGC 3201 but it does not overlap with
ED-3. The connection between ED-3 and NGC 3201, while kinematically linked, cannot
be fully explained by originating as tidal stream debris of the globular cluster. This is also
supported by the much broader metalicity distribution of ED-3, than that of NGC 3201, as
1s shown in (Figure 6 and Figure 7). This suggests that ED-3 originated from a disrupted
dwarf galaxy.

Chemical comparisons of the stars in ED-3 and NGC 3201 were performed by Dodd et al.
[2024] by examining light-element abundances, such as [Mg/Fe], [Na/Fe], and [Al/Fe],
where ED-3 members were found to have lower values in all of these ratios. In compar-
ison to NGC 3201, ED-3 has a similar [Mg/Fe] spread, while [Na/Fe] and [Al/Fe] show
smaller dispersion. While ED-3 stars are, on average, bluer and exhibit a lower metallic-
ity than NGC 3201 stars, there is some overlap in the populations, especially in stars with
higher metallicities as seen in Figure 6. NGC 3201’s light element spread suggests the
presence of multiple stellar populations, the lack of such a spread for ED-3 suggests that
ED-3 is not the tidal debris from the globular cluster.

The goal of this thesis is to investigate the following questions:

1. Is there any relationship between globular cluster NGC3201 and ED-3 substructure?

2. What are the conditions in which the observations and relation can be reproduced?
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Figure 5: The orbits of ED-3 stars (shown in grey) and NGC 3201 (shown in green) were
integrated backward and forward for 0.5 Gyr. The orbits of ED-3-3089 (red), having
v, < 0 and ED-3-2449 (blue), having v, > 0 are shown to illustrate their different orbital
phases. The shaded region around NGC 3201’s orbit shows 100 orbits that were randomly
sampled with errors in observations, which were integrated for 1.5 Gyr. It aligns with
the orbit of ED-3 stars after multiple revolutions. Brown points show the Gjoll stream,
overlapping with NGC 3201°s trailing orbit, green arrow indicates NGC 3201’s velocity

direction. Reproduced from Dodd et al. [2024].
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[2024].
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2 Methodology

2.1 Short description

The goal of this project is to establish the existence of a link between NGC 3201 and
ED-3. For this purpose, initial conditions for a dwarf galaxy-like system that could rep-
resent ED-3 will be created, in order to perform forward integrations in time to deduce if
recreating ED-3 and NGC 3201 kinematics is possible. We will integrate orbits for three
timespans namely, 5 Gyr, 7.5 Gyr and 10 Gyr and we will consider 3 different masses, 5
x 10° Mg, 10° M, and 5 x 10° M., and 2 different sizes (20 pc and 250 pc) of the pro-
genitor of ED-3. We will then investigate the most fitting integration time and mass for
the simulation of the progenitor star cluster that mimics best ED-3 and, if possible, NGC
3201 motion and positions simultaneously. For each of these cases the process will be the
same, we run orbit integrations of different initial conditions. The dwarf is composed of
10* particles and is embedded within a Milky Way potential. We place the progenitor of
ED-3 on the same orbit and integrate forward in time. AGAMA (Action-based Galaxy
Modelling Architecture) is used throughout, due to its versatility for stellar and galactic
modelling [Vasiliev, 2019].

2.2 Initial properties: ED-3 progenitor

To set the size and mass of the progenitor of ED-3, we use the mass-metalicity relation
described in Kirby et al. [2013],

([Fe/H]) = (—1.69) + (0.30) log (1()1;4—1\4@) : (1)

Since ED-3’s median metalicity is equal to -1.73 dex, see Figure 7, it implies a mass of
approximately 10° M, for the system.

Following this, we can set the radius of the system, for which we use the observed My -
ry 2 relation from Tolstoy et al. [2009]. We assume the progenitor to be a Local Group
Dwarf, identified by the open blue and green pentagons in Figure 8.

Given the ratio ALL** =2.5, as referenced in Armandroff and Da Costa [1986], the luminosity

of a system of 10%M, will be 4 x 10°L.,. Using the relation between absolute magnitude
and luminosity,

L
My =M, o —2.5log,, (L—V) )
O]

this results in an approximate My = -9. Figure 8 shows that this V-band magnitude corre-
sponds to the faint tail end of dwarf galaxies and yields a value of log(r| 2) = 2.4, resulting
in a scale radius of 0.25 kpc for the progenitor. We have also considered a system of a
radius of 20 pc, which would represent a massive extended star cluster, therefore located
close to NGC 2419 in Figure 8.
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Figure 8: Relationship between structural properties of Local Group dwarf galaxies and
other objects: My against half-light radius (ry ). Local Group dwarf galaxies are rep-
resented as open pentagons, with blue indicating systems containing gas and green for
systems without gas. Reproduced from Tolstoy et al. [2009]

2.3 AGAMA

AGAMA (Action-based Galaxy Modelling Architecture) provides advanced tools for or-
bit integration and modeling gravitational potentials, essential for studying stellar dy-
namics and galaxy evolution. Its high-accuracy numerical integrators allow precise orbit
computations in both static and time-dependent potentials, enabling the modeling of dy-
namic systems. AGAMA supports a wide range of potential functions, including spherical
models (e.g., Plummer [Plummer, 1911] and Hernquist [Hernquist, 1990]), axisymmetric
and triaxial forms (e.g., Miyamoto-Nagai[Miyamoto and Nagai, 1975]), and composite
potentials that combine multiple components such as disk, bulge, and halo for realistic
galaxy simulations. AGAMA’s orbit libraries and customizable routines are ideal for con-
structing phase-space structures such as tidal streams [Vasiliev, 2019].

For the MW potential, we will be using the McMillan potential (from McMillan [2017]).
This potential is composed of multiple components: Ppyige, Pehin disk

Dihick disk, PHI gas disks PHII gas disk » Pdark matter as seen in McMillan [2017]. In the initial-
ization of AGAMA, agama.setUnits (mass=1, length=1, velocity=1) was used
to instruct the library to take Galactic units as standard, meaning the values are 1 Mg, 1
kpc and 1 km/s.

To generate a progenitor for ED-3, we also use AGAMA. We assume the system follows
a Plummer profile, inserted into the MW potential, that follows the distribution,
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GM

where a is the scale radius, for a simplified, spherically symmetric potential. The self-
consistent Plummer model has an associated distribution function (DF) from which the
velocities are determined. In the case of a Plummer model with a scale radius of 0.25
kpc and a total mass of 5 x 10° M, the total velocity dispersion is 6, = 5.03 km/s
(Ox,0y,0; = 2.91 km/s). For the model with a scale radius of 0.02 kpc and the same
mass, the total velocity dispersion is 6, = 17.78 km/s (6, = 10.31,6, = 10.18,6, = 10.29
km/s). Using the DF, AGAMA creates an object from which 10* particles are sampled,
simulating positions and velocities for the progenitor. The dataset is centered on the pro-
genitor, and Figure 9 histograms of the spatial and velocity distributions of the initial
configuration.

In practice, to draw a distribution function from the given potential, the class
agama.DistributionFunction is used. Class agama.GalaxyModel (pot, df) allows
for creation of a galactic type object, according to the input potential and distribution
function, allowing for 6D spatial and velocity coordinates to be extracted. In this case, the
variables are Plummer potential and Quasispherical distribution. The function gm. sample
(N_particles) returns two arrays, one Nx6 array of positions and velocities, followed
by a 1D, N length array of individual masses for each point source in the simulation.

2.4 Backwards orbit integration

The starting point is creating a backwards trial orbit of a single star and for simplicity and
for testing purposes we use the Sun. Once the orbit has been computed backward in time,
the last coordinates are used as a starting point for a forward integration back to present
time. This is done by creating a function orbint, that takes as input the initial 6D condi-
tions, the total integration time, and time steps. The orbit data results come in the form of
a 6D array, 3 coordinates for position and 3 for velocity, and they are visualized in mul-
tiple projections (x-y, x-z, y-z, and R-z planes). Following this, the ED-3 dataset [Dodd
et al., 2023] is loaded and run through the same process as before, integrating backward
in time and forward, in order to map the path of the 16 stars, observe patterns and possible
deviations from the initial expectations. Once the trial method is validated and considered
robust, the next step is to transform NGC 3201°s coordinates [Baumgardt, Accessed 2025]
from the ICRS to the Galactocentric frame, using astropy.coordinates.SkyCoord, for
compliance with the ED-3 dataset [Dodd et al., 2023].

Initially, the chosen point to center the progenitor was on the orbit of NGC 3201, but
as we shall see in the next section, once the simulation was completed, the results were
suboptimal. Therefore, the decision was made to change the approach and center the
distribution on one of the ED-3 stars located in a more densely populated area, in terms
of its other members. In this case, the choice was made for the ED-3 star index 4, re-
ferred to as ED-3-4 hereafter. The distribution is then shifted to the backward integrated
coordinates of this star, for centering on ED-3-4, at 10 Gyr, 7.5 Gyr, or 5 Gyr back in time.
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Figure 9: Initial distribution of the simulated dwarf containing 10* particles of the same
mass. This representation shows the unshifted coordinates for the distribution in 6D space.

2.5 Angular Momentum and Energy

Given that the ED-3 substructure was identified as a clump in IoM space, we compute the
angular momentum and energy for every particle of the simulated system to further ana-
lyze its properties in connection to NGC 3201 and their possible common progeny. Using
np.column_stack to compute the position and velocity array (uncorrelated for simplic-
ity) vectors, the angular momentum (including the perpendicular component) is calculated
using the cross product of position array r and velocity array v. Then it is split into it’s (x,
v, z) components, along with the perpendicular angular momentum component, according
to these formulas,

L=rxv “)

L= (Lx>LyaLz) o)

Ly =\/L2+L2. (6)

To compute the potential energy, the AGAMA potential function, p.potential (positions)
is used, with p representing the Galactic potential and positions being the positions at
present time for all sources in x, y, z coordinates. Kinetic energy is calculated using the
function,

1
KE = 5v2, (7

that takes as variable the 3D velocity array of each object.
Scatter plots with errors for ED-3 are made for three representations, namely, E-L;, Lyeyp-

L;, E-Lyerp. By convention, the sign of the angular momentum was flipped, such that
prograde orbits have L, > 0.
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3 Analysis

Previous work has explored the association between globular clusters and streams (see
Chang et al. [2020]), although not for ED-3 and NGC 3201. Here we will analyze and
discuss different time periods of integration and different masses for the progenitor of
ED-3, in order to determine the timeline of accretion into the Milky Way.

Two different centering points were used for the orbit integration process namely, NGC
3201 and star ED-3-4. These cases will be evaluated in order to determine the best over-
lap between the simulated points and observed data (ED-3 and NGC 3201). Each of the
cases will be illustrated using two phase space plots showing positions and velocities (see
Figures 10 and 12 for examples). The observed ED-3 stars split into two groups with
positive and negative v, velocities, with a ratio of N(v; > 0)/N(v, < 0) = 7. All of the
ED-3 substructure members have negative vy, with most stars having positive v,. All plots
shown are in Galactocentric Cartesian coordinates. In all figures, grey points are the sim-
ulated particles, orange points correspond to the candidates within a radius of 2.45 kpc
from the Sun (solar neighborhood), green points show the ED-3 stars, and the red star
represents NGC 3201.

3.1 NGC 3201 centering
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Figure 10: Results of the integration of a system of » = 0.25 kpc, mass 5 x 10® M, for a
period of 5 Gyr, centered on the orbit of NGC 3201. Top panels - positions, bottom panel
- velocities.
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Figure 11: Results of the integration of a system of r = 0.25 kpc, mass 5 x 10 M, for
a period of 10 Gyr, centered on the orbit of NGC 3201. Top panels - positions, bottom
panel - velocities.

We first analyze the results of centering the progenitor of ED-3 on the orbit of NGC 3201.
Apparent in the top panels of all the following figures showing positions is the small vol-
ume that the ED-3 points are constrained in, which reflects that all ED-3 stars are located
within 2.45 kpc from the Sun (solar neighborhood).

Firstly, the 5 x 10® M, and 5 Gyr case of Figure 10 reveals that while there are some can-
didates within the solar neighborhood, this integration time is too short to provide enough
mixing and spread of simulated points for a reasonable number of stars to lie within the
specified radius represented by the orange points. Secondly, the NGC 3201 centering does
not result in good overlap with the ED-3 stars (green points) in the x-y plane of the posi-
tions plot. The stream-like structure has negative offset in v, compared to ED-3 members,
such that only part of the stream overlaps with the solar neighborhood, and consequently
ED-3. Although the overlaps in the x-z and y-z plane appear reasonable considering the
location of the main stream that was simulated, the velocity plot associated provides fur-
ther information on the incompatibility of this centering.

The bottom panels of Figure 10 reveal an almost non-existent overlap in all three veloc-
ity projections, with all the candidates (orange points) being found offset from the ED-3
member stars. Also, no simulated points are found with very large and negative v, the
only candidate being at v, = —100 km/s, whereas there are 2 ED-3 stars with v, = "-150
km/s.
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The case of NGC 3201 centering with 10 Gyr integration period and 5 x 10® M, is
shown in Figure 11. Although this case shows a small but reasonable number of simu-
lated candidates within the 2.45 kpc volume from the Sun, the velocity space projections
of Figure 11 show that the observed ED-3 members have more negative v, velocities than
the counterparts in the simulations. Furthermore, their positive v, are higher, while there
are no simulated particles with negative v, values present in this case. Also, Figures 10
and 11 show that simulated particles are never able to match ED-3’s v, < 0 component
either.

Despite the negative results, a conclusion that can be drawn from this section is that the
5 Gyr orbit integration period is inadequate for this study, due to the insufficient mixing
and spread of the simulated points in the given timespan. This leads to a mostly single
stream-like structure, which does not overlap with the locations in phase space of the ED-
3 group, not in v; > 0, nor in v; < 0. In comparison, the higher integration time and mass
case shows a much more reasonable spread and mixing of points, for the purposes of this
study. Therefore, the 5 Gyr case will not be taken into account in the work that follows.

3.2 ED-3 Centering with r| , = 0.25 kpc

In this section, we will explore the results obtained from centering the progenitor on ED-
3-4’s orbit.
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Figure 12: Results of the integration of a system of » = 0.25 kpc, mass 5 x 10° M, for a
period of 7.5 Gyr, centered on the orbit of ED-3-4. Top panels - positions, bottom panel -
velocities.
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Figure 13: Results of the integration of a system of r = 0.25 kpc, mass 10° M, for a
period of 7.5 Gyr, centered on the orbit of ED-3-4. Top panels - positions, bottom panel -
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For the case with a scale radius of r = 0.25 kpc and 7.5 Gyr integration period, we show
three different masses for the system, 5 x 10° Mg (Figure 12), 10° M, (Figure 13) and
5 x 10® M, (Figure 14). All three cases present very similar characteristics, the stream
structure is clearly visible, both in position and velocity space, indicating a lack of mixing
and spread of simulated particles. However, they show a longer stream structure and
higher diffusion (width of stream) than in the 5 Gyr case shown for NGC 3201. This is
further accentuated by the near absence of candidate stars (orange) in the negative v, area
of velocity space, where only one or two simulated particles are found, respectively, with
a similar trend for the most negative v, stars, not being reproduced. Therefore, a 10 Gyr
integration period will be inspected.
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Figure 15: Results of the integration of a system of r = 0.25 kpc, mass 5 x 10°> M, for a
period of 10 Gyr, centered on the orbit of ED-3-4. Top panels - positions, bottom panel -
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Figure 16: Results of the integration of a system of r = 0.25 kpc, mass 10° M, for a
period of 10 Gyr, centered on the orbit of ED-3-4. Top panels - positions, bottom panel -
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In the case of a 10 Gyr integration time span, the results are improved for all masses
considered. All three masses yield good agreement, as can be seen in Figures 15, 16, 17.
The main difference between these results and those presented earlier in this section is the
number of candidates in the v, < 0 area, and consequently the degree of phase mixing.
When using a 10 Gyr integration period we are able to reproduce the data. The lower
mass progenitors, shown in Figure 15, 16, each indicate four possible candidates, with
v, < 0 within the r = 2.45 kpc solar neighborhood and N (v, > 0) /N (v, < 0) i = 40 for
both, whilst the largest shows twelve candidates with N(v; > 0)gjm /N (v, < 0)gim = 8.75.
Stream-like structures can still be observed in all three cases, but the spread and mixing
of simulated points is vastly improved from previous integration periods, especially in
the most massive system, as expected from the relation between integration time to de-
gree of phase mixing and diffusion discussed in Koppelman et al. [2018]. Alongside this,
the number of wraps of the simulation is increased, demonstrated by the almost disk-like
shape of the particles in the x-y position panel in Figure 17, as well as the diffusion of the
streams, indicating slightly better mixing.
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Figure 18: Projections in y-vy, z-vz space of the r = 0.25 kpc, 5 x 10° M, 10 Gyr case.

The 10 Gyr integration time with a mass of 5 x 10® M, seems to reproduce the ED-3
data the best for the ratio N(v; > 0)gim/N(v; < 0)sim = 8.75. To further emphasize this
decision, a plot of y-vy, z-vz projections has been computed in Figure 18. Grey points
represent all particles of the progenitor system, orange points are the candidates within
the 2.45 kpc local volume of the progenitor, green points show ED-3 stars and the red star
symbol is NGC 3201. The left panel shows that the globular cluster as being separated
from the group of ED-3 and candidates, while the left panel showcases the separation be-
tween the main v, > 0 group and the v, < 0 area. In the latter panel, the 2 ED-3 member
stars are observed to be in close proximity to the negative v, candidates, the rest being
more negatively offset in v,.
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3.3 ED-3 centering with r; , = 0.02 kpc
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Figure 19: Results of the integration of a system with r; , = 0.02 kpc of mass 5 x 106 M,
for a period of 7.5 Gyr, centered on the orbit of ED-3-4. Top panels - positions, bottom
panel - velocities.

We therefore also investigated a progenitor with a scale radius of 20 pc (massive GC),
and a mass of 5 x 105 M. We show the results of integrating for 7.5 and 10 Gyr (Fig-
ures 19, 20), yielding a good mixing in all panels of the two figures. The 7.5 Gyr case
shows a very good overlap in both v, > 0 and v, < 0 with a ratio of N(v; > 0)gn, /N (v, <
0)sim = 5.75, with simulated particles close to both ED-3 stars. The 10 Gyr option, al-
though less simulated particles overlap with ED-3 in the positive v, area, shows a greater
number of candidates for the v, < 0 ED-3 group, having a ratio of N(v, > 0)gm/N(v, <
0)sim = 1.82. While maintaining the same mass and integration time conditions as previ-
ous results from Section 3.2, the smaller scale radius of 0.02 kpc allows for more mixing
in both position and velocity space. This is evidenced by the more diffuse stream-like
structures seen in the panels of the phase-space plots.
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Figure 20: Results of the integration of a system with ry ;, = 0.02 kpc of mass 5 x 10° M.,
for a period of 10 Gyr, centered on the orbit of ED-3-4. Top panels - positions, bottom
panel - velocities.

3.4 Distribution in IoM
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Figure 21: ToM of ED-3, NGC 3201 and simulation: r = 0.25 kpc, 10 Gyr - 5 x 10° M.
Orange - simulated stars with a local volume of r = 2.45 kpc, green - ED-3, red star -
NGC 3201. Error bars are shown for ED-3 in all three projections.

Ancient accretion events can be detected through the leftovers of their progenitors (de-
bris) by observing clumps in the [oM. The advantage of using IoM is that all the wraps in
phase space fold over effectively into a single structure in the loM. NGC 3201 and ED-3
are very close in this space, as is illustrated in Figure 3.
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We build on these results by focusing only on these two objects, offering a zoomed in view
of their properties, including errors in all three coordinates, presented in Figure 21. This
Figure also shows the particles for the most massive case in this study (r = 0.25 kpc). Sim-
ilar structures are observed in the first and last panel, namely the lines formed by local vol-
ume stars at approximately E;,; = —1.19 x 10° km? s~2 and ranges of —2.6 < L, < —2.35
x 10° kpc km s~! and —1.45 < Lperp < —1.25x 103 kpc km s~!. Each of these lines are
representations in IoM space of different stellar streams moving in different directions,
with respect to each other. The error bars of ED-3 bring certain stars within very close
range of each other, indicating the possibility of similar structures to the lines described
earlier, particularly in the E;,;, — L; and E;,; — Lperp plots. Tightness can be observed in
all three projections, indicating a fairly strong connection between ED-3 and NGC 3201,
as well as a reasonable reproduction of these two using the simulated candidates, con-
sidering the proximity of orange points to the globular cluster and ED-3. The range of
values for L, and L., are consistent with results from Dodd et al. [2024] and Dodd et al.
[2023].

3.5 Is there a link between ED-3 and NGC 3201?
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Figure 22: Overlap candidates in positions, with velocity correspondence: r = 0.02 kpc,
10 Gyr - 5x 105 M.

To discern whether or not NGC 3201 and ED-3 could be associated, we determine whether
any of its simulated particles have phase-space coordinates similar to those of the progen-
itor of ED-3. Therefore, figures similar to the previous ones is made, except this case
gives a zoomed-in view of the positions of simulated particles close to the globular clus-
ter. This is shown in Figure 22. In the upper panels of Figure 22, only particles within 1
kpc from the coordinates of NGC 3201 in all directions are shown. In the bottom panels
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of Figure 22, the candidates identified previously are plotted in velocity space to relay in-
formation about their connection with NGC 3201. We note the lack of overlap with NGC
3201 in the velocity panels. Due to there being no candidates in NGC 3201’s immediate
vicinity, it is unclear whether ED-3 and NGC 3201 originate from the same progenitor
with a mass of 5 x 10 M, and 10 Gyr integration time.
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Figure 23: Overlap candidates in positions, with velocity correspondence: r = 0.02 kpc,
7.5 Gyr-5x 10° M.,

We also further analyze the option of a r = 0.02 kpc, 7.5 Gyr and 5 x 10 My, (mas-
sive GC) progenitor in the same fashion. Even though this case has a ratio of N(v, >
0)sim/N(v; < 0)gim = 5.75, further from the ED-3 ratio than the dwarf progenitor case, it
does show closer candidates in the velocity space panels of Figure 23, compared to Fig-
ure 22.

For both progenitor cases, simulated particles are found in the 1 kpc volume of NGC
3201. Their velocity space distances are 11.83 km/s for the dwarf galaxy progenitor and
15.85 km/s in the case of the massive globular cluster. NGC 3201’s velocity errors are
relatively small, with values of d, y = 1.50, d(,,) = 0.28 and d,) = 0.58 km/s. Therefore,
the previously mentioned particles do not reside within the volume given by the errors
in velocity, although considering the small difference in velocity, it remains a possibility
that either of these particles can reproduce NGC 3201.
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4 Conclusion

Given the proximity in integrals of motion space and similar orbits of ED-3 and NGC
3201, [Dodd et al., 2024] suggested that these two structures might be connected. A
quantitative method was developed to analyze their possible connection. Starting from
initial conditions of ED-3-like progenitors, orbit integration is performed for progenitors
of different masses (5 x 10°,10%, 5 x 106 M), integration times (5, 7.5 and 10 Gyr), two
radii (r = 0.25, r = 0.0.02 kpc), and centering points (NGC 3201 and ED-3-4). Velocities
are compared with ED-3. Finally, angular momentum and energy plots are analyzed, in
combination with ratios (N(v, > 0)/N(v, < 0)) and distances of closest simulated par-
ticles (in position and velocity) to NGC 3201. This is done in order to determine what
progenitor conditions, if any, reproduce the observed values of ED-3 and NGC 3201.

Within the limits of the experiment done here, one can conclude that NGC 3201 is not
the core of the ED-3 progenitor, as there is insufficient overlap between ED-3 and the
simulated particles, as is shown in Section 3.1, Figure 10. To summarize, only the tails of
the ED-3 velocity distribution overlap. Therefore, centering on ED-3 stars is considered
to be the next best possibility. Star ED-3-4 was selected as it yielded the most overlaping
simulated particles with ED-3 data in 6D phase-space and IoM (see Section 3.2).

Inspection of the different cases indicates that an integration time of 10 Gyr, mass of
5 x 10® M, and scale radius of r = 0.25 kpc is the most fitting reproduction of ED-3
(Figure 17), based on the velocity distribution and ratio of N(v, > 0)/N(v, < 0) of the
simulated progenitor. This ratio entails N(v; > 0)m/N(v; < 0)sim = 8.75, while ED-
3’s ratio is 7. The second closest option having good overlap in velocity space and
N(v; > 0)gim/N(v; < 0)gim = 5.75, is the 7.5 Gyr, 5 x 10® M, case, for a massive GC
progenitor (Figure 19).

For both cases, simulated particles in the proximity of NGC 3201 were selected (see Fig-
ures 22 and 23). The closest particles are within 1 kpc and ~ 11.83 km/s, 15.85 km/s for
the dwarf galaxy and massive GC, respectively. This implies that, within the constraints
of this experiment, the connection between NGC 3201 and ED-3 is possible. Further-
more, it is likely that ED-3’s progenitor is a dwarf galaxy or massive GC.
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