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Abstract

We present a novel method to differentiate stream-like and shell-like tidal remnants of stellar systems in galactic halos using
the density-based approach of the clustering algorithm AstroLink. While previous studies lean on observation, phase-space,
and action-space based criteria for stream and shell determination, we introduce AstroLink’s ordered-density plot and cluster
identification as a viable tool for classification. For a given data set, the AstroLink ordered-density plot reveals the density-based
hierarchical clustering structure from which the resultant clusters are identified as being statistically significant overdensities.
Using simulations of sub-halo disruptions in an external potential to generate samples of tidal structures, we find that the
curvature of the ordered-density plot is positive for stream-like structures and negative for shell-like structures. Comparisons
with more standard classification techniques reveal strong agreement on which structures typically fit into stream-like and
shell-like categories. Furthermore, we investigate the properties of clustered stream and shell samples in radial phase space
and energy-angle space. Given the sensitivity of stellar tidal structures to their host dark matter halos, the identification and
subsequent classification of these structures provide exciting avenues of investigation in galactic evolution dynamics and dark
matter structure formation.
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1. Introduction Carretero et al., 2024). The sensitivity of tidal remnants
to the potentials of their host galaxies makes them an ex-
cellent probe of dark matter halos (Bovy, 2016; Bonaca
& Hogg, 2018; Errani et al., 2015a; Law et al., 2010).
The inherent dependence on eye classification of these

Low Surface Brightness (LSB) structures emphasise the

Galaxies are surrounded by a dynamic array of smaller
stellar structures, each following often complex orbits.
Our very own Milky Way serves as an example with the
Large Magellanic Cloud (LMC; Alves, 2004), globular
clusters (Harris, 2010) and other dwarf satellites (Battaglia

et al., 2013), occupying the surrounding space. The life
of these smaller stellar structures can be fleeting with the
gravitational forces of the host galaxy tearing apart these
objects, leaving behind tidal remnants that eventually
fade into the background density. This process of accre-
tion underpins the currently prevailing posit that galaxies
form and grow hierarchically (Subramanian et al., 2000;
Rodriguez-Puebla, 2024). Naturally, such tidal remnants
contain a wealth of information about the host galaxy
and its history of evolution.

These remnant structures are primarily classed into
stellar streams and shells. Streams are typically char-
acterised by leading and trailing arms attached to the
remaining core of the disturbed satellite. Though, more
disrupted streams appear as a line of particles with no ob-
vious core remnant. Shells appear as concentric circular
arcs with a sharp density drop off at a certain radius. In-
termediate structures that may also appear are sometimes
placed into more niche classifications including umbrel-
las, tails and other structures (Martinez-Delgado et al.,
2010; Hendel & Johnston, 2015; Miiller et al., 2019; Miro-

need for automated codes for detection and classification
of structures (Duc et al., 2015; Tal et al., 2009). In this pa-
per, we introduce a tidal structure classification method
using AstroLink (Oliver et al., 2024a). With it, we demon-
strate the ability to divide structures into two major cat-
egories, stream-like and shell-like structures. This paper
serves as a proof of concept, intended to support and
guide subsequent work.

The structure of this paper is as follows: In Section 2,
we provide an overview and background on stellar streams
and shells. Section 3 describes the simulation—AstroLink—
analysis pipeline. The classification method and cluster-
ing results are presented in Section 4, along with valida-
tion of the identified structures in both radial and action
space. In Section 5, we discuss our classification with
results from the literature and present our conclusions,
outlining potential directions for future work.

2. Background
Dark matter (DM), a mysterious substance that dom-
inates the gravitational action of the Universe, has re-
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mained an intense topic of discussion since its initial dis-
covery in the early twentieth century. Although there
are anomalies and unanswered questions (Peebles, 2024),
the popular sentiment currently is that our Universe is de-
scribed by the ACDM paradigm (Blumenthal et al., 1984).
DM interacts predominantly through gravity, with negli-
gible coupling to baryonic matter otherwise. Adding to
this, its gravitational influence typically only becomes ap-
parent at scales of order ~kpc. As a result, it follows
that, any baryonic structures that respond sensitively to
the underlying gravitational potential serve as valuable
tracers of their host dark matter halos.

Tidal structures arise from the gravitational disrup-
tion of subhalos such as dwarf galaxies and globular clus-
ters under the influence of the significantly deeper poten-
tial wells of their host galaxies. Streams, shells, umbrellas,
plumes, tails are many of the named tidal structures that
can be formed in various stages of the accretion process
(Helmi, 2020; Cooper et al., 2010). Tidal structures are
predominant in early type galaxies (ETGs) where minor
and intermediate mergers are prevalent (Tal et al., 2009).
Surveys suggest that around 10-20% of nearby massive
ellipticals show clear tidal debris (Atkinson et al., 2013),
although the true fraction may be even higher, hidden
below detection limits.

2.1 Stellar Streams and Shells

Stellar streams are long thin trails of stars and typically
possess a small dense core, the non-disrupted remains of
the original sub-halo and a leading and trailing stream
of particles (Bullock & Johnston, 2005; Amorisco, 2015;
Mancillas et al., 2019; Valenzuela & Remus, 2024). More
disrupted streams however, will not show an obvious arms
and core remnant formation, and instead appear more as
a single stream of particles.

Another distinct archetype of tidal structures are stel-
lar shells, interleaved arcs formed around the host po-
tential. Shells are mostly aligned along the major axis
of prolate galaxies while oblate galaxies with shells are
azimuthally located near the equatorial plane (Dupraz
& Combes, 1986; Hernquist & Quinn, 1987). Typically,
shells are categorised into three distinct subtypes, de-
pendent on their spatial distribution properties (Prieur,
1990). Namely; Type I Shells: These are typically ob-
served on opposite sides of a galaxy when viewed face-
on, forming an aligned system. NGC 3923 in particular
exhibits this particular composition (Bilek et al., 2016;
Prieur, 1988). Type II Shells: Also referred to as all-
around systems, these shells form a nearly continuous
envelope around the host galaxy. NGC 474 is a prime
example of this configuration (Fensch et al., 2020; Bilek
et al., 2022). Type III Shells: The most ambiguous de-
scriptor of the options, type III represents shells without
clear alignment and thus often too vague to be confidently
classified. This allocation is reserved for structures such
as the interacting NGC 201-196 system.
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Differentiating stellar streams and shells is important
as it aids in understanding the merger history and prop-
erties of the progenitor. The presence of shells in galaxies
would imply the progenitor was more massive and radial
accretion while streams would follow a rather slow tangen-
tial accretion from less massive satellites. The morpholo-
gies of stream and shell like structures and the effect of
the host halo and disk mass is studied in (Dropulic et al.,
2024), where stream like structures were found to favour
low energy orbits. Several instances of constraining dark
matter masses of the host galaxy and the radial mass
profile can be seen in the works of (Errani et al., 2015b,
2023).

The observation and categorisation of tidal structures
in the local neighbourhood is a difficult affair. The galac-
tic disk, in particular, proves to be a significant hindrance.
Any streams or shells in the latter stages of accretion
are homogenised enough to be virtually indistinguishable
from the galactic disk. Adding to this, any structures
near the disk are masked by the noise created from the
stellar density of the disk (Martinez-Delgado et al., 2010;
Mihos et al., 2005). As a result, observations are typically
limited to tidal features that are still in the early to in-
termediate stages of disruption and located relatively at
higher latitudes from the disk.

Despite these difficulties, the detection of these LSB
structures has made remarkable progress in recent years,
largely thanks to deep wide-field surveys like the Sloan
Digital Sky Survey (SDSS; York et al., 2000), utilised pho-
tometric and spectroscopic telescopes to map a quarter of
the sky close to the North Galactic Cap. The photome-
try involved the imaging of the sky under u, g, r, i and z
filter bands (Fukugita et al., 1996) detecting wavelengths
from 3000A to 11000A. SDSS has been notably signif-
icant in detecting multiple substructures, including the
Sagittarius (Ibata et al., 2001; Belokurov et al., 2006), Or-
phan (Grillmair, 2006) and GD-1 (Grillmair & Dionatos,
2006) streams. Other relevant structures such as the tail
of the Paloma 5 stream (Odenkirchen et al., 2001), the
Monoceros ring (Newberg et al., 2002), and the Hercules-
Aquila cloud (HAC; Belokurov et al., 2007) were also
identified from the data release. Following the success
of the SDSS are other notable ventures, Dark Energy
Survey (DES; The Dark Energy Survey Collaboration,
2005), Gaia (Gilmore et al., 2012) and Southern Stellar
Stream Spectroscopic Survey (5’5 Collaboration; Li et al.,
2019). These have led to some notable findings; Orphan
and Chenab streams are concluded as being products of
a single progenitor (Koposov et al., 2019), as have AT-
LAS and Aliga Uma, making up the ATLAS-Aliga Uma
(AAU) stream. The disconnectedness of the latter has
been attributed to the effects of the Sagittarius dwarf and
Large Magellanic Cloud (LMC). A close interaction with
Sagittarius produced a kink resulting in the single stream
appearing as two. The effect was further exacerbated by
interaction with the LMC which produced a misalignment
in the stream track and proper motion giving the illusion
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of two separate entities. The HAC and VOD (Bonaca

et al., 2012) are two distinct structures that stemmed

from the same accretion event (Simion et al., 2019).
Numerical simulations of shell formations suggest that

these structures originate from minor merger events (Heisler

& White, 1990; Hernquist & Spergel, 1992) and provide
valuable insights into the orbital dynamics of accreted
stellar populations (Hendel & Johnston, 2015). The in-
cidence of shell galaxies in n-body simulations of mas-
sive galaxies (Mogoerst > 6 X 1012 M) is estimated to be
18 £ 3% (Pop et al., 2018).

3. Simulations and AstroLink

The study of tidal features has been significantly advanced
through numerical simulations, with the development of
clustering algorithms such as Subfind (Springel et al.,
2001), Velociraptor (Elahi et al., 2019), Halo-OPTICS
(Oliver et al., 2024b), and CluSTAR-ND (Oliver et al.,
2022) serving as prime examples. These advancements
are crucial in bridging the gap between theoretical mod-
els and real-world observations, particularly given the
rarity of shell structures and the even greater challenge
of observing them during their formation or evolution-
ary stages. Hendel et al. (2019) takes on an automated
approach in characterising stellar halos trained and vali-
dated using a simulated dataset. It also addresses obser-
vational scenarios and possible shortcomings with obser-
vation. They employ the algorithm alongside the charac-
terising system built using the morphology metric (Hen-
del & Johnston, 2015). Recent work by Khalid et al.
(2024) introduced a classification system based on the
visual characteristics of tidal structures and applied this
framework to classify structures identified in various cos-
mological simulations. This study reaffirmed that the
presence of these structures is not influenced by the sub-
grid physics of numerical simulations, indicating that they,
as expected, result from gravitational interactions. The
efficiency and timescale of this disruption and accretion
process are largely determined by the initial orbital and
structural properties of both the satellite and the host
halo. Numerical simulations has greatly enhanced the
ability of producing these structures and mimicking the
observations conditions of the host and satellite which
also aided in understanding of how galaxies grew overtime
by mergers supporting the hierarchical model (Johnston
et al.; 2008; Dupraz & Combes, 1986; Subramanian et al.,
2000).

3.1 Sub-halo and Host Potentials

Our analysis is conducted on a catalogue of tidal struc-
tures produced through the time evolution of synthetic
sub-halos. Here, we present a sample population of 8
unique structures. Several factors motivate the utilisation
of this idealised sample data set. There is intention here
to mimic a possible tidal structure population around a
galactic halo while preserving clarity in the structures
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formed. That is, the idealised population consist of com-
pletely disrupted sub-halos that form well defined struc-
tures. They are easily identifiable with visual inspection
and form an important point of comparison. We have cu-
rated the initial conditions and evolution times to produce
a range of streams and shells with slight differing charac-
teristics to obtain a baseline of the structures’ AstroLink
ordered density distribution. Table 1 lists out the mass
and evolution times for the initial sub-halos with further
detail provided in Section 4.

Table 1. Summary of the initial conditions for evolved sub-halos. Each
name corresponds to the final structure as seen in figure 1

Name Mass Evolution Initial
(M@) Time(Gyr)  Orbit
Stream1 107 4.2 Elliptical
Stream2 107 8.8 Elliptical
Stream3 107 10 Elliptical
Stream4 107 7.2 Elliptical
Stream5  10° 4.9 Circular
Stream6  10° 5 Elliptical
Shell 1 107 5 Radial
Shell 2 107 48 Radial

Ultimately, we aim to demonstrate a discernible dif-
ference in shell and stream like structures which may be
utilised to form the basis of a new classification method-
ology. This will be further discussed in Sections 3.2 and
4. The sub-halos orbit in a Milky Way-like potential and
evolved for varied time lengths. For this purpose, we
choose Plummer spheres for the sub-halo progenitors for
which the potential is given by

GMp
N

with total mass of the sub-halo Mp and scaling parameter
R which characterises the radius at the density fall off.

For numerical initialisation of the Plummer spheres,
we follow the methodology of Aarseth et al. (1974). This
provides unit spheres which we adjust for desired sub-halo
masses. We consider the particles to be dark matter-like
and equivalent to stellar particles as the main intention
is to serve as tracers of position-velocity distribution in
streams and shells. They fixed particle mass at 10 M.
Total mass is thus adjusted with particle number. We
employ progenitor masses of ~ 10 Mg and ~ 107 Me.
The majority of structures are in the order of 107 Mg
with the less massive sub-halos utilised for comparison in
formed structures. Phase space (3D position and 3D ve-
locity) conditions are arbitrary and adjusted for structure
formation.

The produced sub-halos are initialised and evolved via
parallelised N-body simulation code GADGET-4 (Springel
et al., 2021). We adopt the configuration of collisionless
particles due to the relative scale of our simulations. We

(1)

chlummer =
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model the host galaxy’s potential as a static potential
with a Milky Way-like spherical bulge-disk-halo frame-
work. Following the method of Guglielmo et al. (2014),
the three components are characterised as follows. The
bulge is defined as a Hernquist potential (Hernquist, 1990),

GMbulge
Thulge + T

(2)

(I)bulge =

For our purpose, we set radii scale r,yge = 0.7 kpc and

bulge mass Myyjge = 0.7 ¥ 1010 M. The disk is com-
prised of the Miyamoto-Nagai potential (Miyamoto & Na-
gai, 1975),

GMaisk
o 1/27
<R2 + (rdisk + /(2 + b2)) )

where b is the scale height which we set to a fifth of the
disk radius. Radii scale rqig = 3.5 kpc and the disk mass
is set at Myjg = 0.7 x 1010 Mg,

Finally, the encompassing DM halo is represented as

Dgisk (R, 2) = —

(3)

the typical Navarro-Frenk-White (NFW) potential, (Navarro

et al., 1997), defined as:

- GMiaio |, ( U 1> . (4)
r Thalo

The spherical halo’s virial radius is given by 1,410 = 280
kpc and mass My, = 1.3x 1012 M. The mass and radii
are derived from (Guglielmo et al., 2014). The parameter
values for the other components are taken from Bland-
Hawthorn & Gerhard (2016) and McMillan (2017).

In comparison to the composite model described in
(Bovy, 2015a), both frameworks adopt a three-component
bulge—disk 1-halo structure, with identical functional forms
for the disk and halo potentials. The Galpy implemen-
tation, referred to as MWPotential2014 (Bovy, 2015b),
employs a power law profile with the density profile expo-
nentially cut off at exponent of 1.8 and a radius cut of at
1.9 kpc. In contrast, the model adopted in this work fea-
tures a spherical bulge represented by a Hernquist profile,
as previously outlined. A comparison of the mass and ra-
dial parameters of the bulge, disk, and halo components
highlights that while the bulge masses are comparable,
the disk is more massive in the Galpy model, whereas the
halo mass is dominant in our presented model.

éhalo =

3.2 AstroLink

In order to identify and analyse the structures present
in our simulations, we employ AstroLink (Oliver et al.,
2024a) — the successor of Halo-OPTICS (Oliver et al.,
2024b) and CluSTAR-ND (Oliver et al., 2022). AstroLink
is a hierarchical density-based clustering algorithm that
identifies structures via their statistical distinctiveness
from noisy density fluctuations inherent within the data.
The data can be of any size and dimensionality, and sim-
ilarly AstroLink can find an arbitrary number of arbi-
trarily sized and shaped clusters — with the only working
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assumption being that it is meaningful to assess the sim-
ilarity of neighbouring points with a Euclidean (or Ma-
halanobis) distance. Compared to its predecessors and
to traditional halo-finders like AHF (Gill et al., 2004,
Knollmann & Knebe, 2009), AstroLink has been shown
to be better at finding infalling and disrupted satellite
remnants within simulated galaxies while also taking less
run-time (Oliver et al., 2024a; Oliver & Buck, 2024).

In short, the clustering process of AstroLink is as fol-
lows:

1. If the hyperparameter adaptive = 1 (default), As-
troLink will first transform the data so that it has
unit variance in each dimension. This removes the
unwanted effect of having differing units within the
data.

2. The local-density of each point in the (possibly trans-

formed) data is then computed using its kqen-nearest-

neighbours (kgen, = 20, default). The logarithm of
this quantity is then taken and rescaled so that log p €

[0, 1].

The data points are then connected together via their

kjink-nearest-neighbours in order of decreasing log p.

By default ki is determined automatically using kgen

and the dimensionality of the data. This step forms a

hierarchy of groups and the ordered-density plot — a

plot of log p vs an ordered-index as seen in Figure 2.

4. A model is then fit to the set of group prominences
— a measure of their overdensity — from which clus-
ters are identified as those groups that are S-sigma
outliers in this distribution. The default value of S is
calculated as the expected maximum sigma value of
Ngroups Samples drawn from the now-fitted model.

5. Finally, if the hyperparameter h_style = 1 (default),
a correction is applied to the hierarchy clusters by
incorporating some additional outlier overdensities —
producing the final hierarchy of clusters.

w

For more algorithmic details, we refer the reader to the
original science paper (Oliver et al., 2024a), as well as to
the AstroLink GitHub? page.

Although we do use AstroLink to identify tidal struc-
tures within this work, it is the AstroLink ordered-density
that is the more novel contribution to our method. Any
structure identifiable with AstroLink will appear as a con-
tiguous peak within the distribution of ordered-density.
The shape of this peak is directly related to the density
profile of the structure within the feature space of the
data (as estimated by step 2 above). Any structure whose
density profile is centrally concentrated with heavy tails,
or contrarily, flat with sharp boundaries, will appear as
such in the ordered-density plot. As such, the shape of
the region of the ordered-density plot that corresponds to
a cluster contains information about its morphology. We
apply this notion in Section 4.4 to differentiate between
stream-like and shell-like tidal structures.

ahttps://github.com/william-h-oliver /astrolink
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4. Results
4.1 6D Clustering

For the purpose of our analysis here, we present a compos-
ite tidal remnant population with distinct clusters iden-
tified via AstroLink. Figure 1 visualises the population
clustered in 6 dimensional (3D position and 3D velocity)
space. All structures in the tidal structure catalogue are
identified. The given labels are based on visual inspection
of the obtained clusters. The tidal structures depicted are
the result of sub-halos disrupted in a Milky Way-like po-
tential centred at the origin and as detailed in Section
3. For simplicity, we use the default AstroLink param-
eter settings to identify clusters which are expected to
be near-optimal in most cases. Noting that the param-
eters kqen and S have the largest effect on the output,
we have found that the results are robust to variations
in the ranges of [10,30] and [4,6] respectively. While
for smaller kge, and/or S the resulting clusters can be
noise-dominated and for much larger kqe, and/or S the
clusters can fail to be detected. Since AstroLink finds a

o

Qam 5

Shell 1

k- Stream 2

Shell 2

Figure 1. Particle distribution of composite tidal structure population in 3D
position space. Population is clustered with AstroLink in 6D (3D position
and 3D velocity) space. Each colour represents an independent cluster. No
sub-clusters are visualised. All clustering projections use AstroLink default
parameters kqen = 20 and S =‘auto’. Each separate structure is visually
classified here and is as labelled.

hierarchy of clusters, some streams are further segmented
into sub-clusters as a result of them containing signifi-
cant internal overdensities — however no two disrupted
subhaloes are found as a single cluster. In Figure 1, each
colour represents a distinct independent cluster and all
distinct structures are labelled. Here however, the lower
order sub-clusters are not shown as they are considered
sub-groups of the primary identified structures.
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The central disk-like structure on the z—y plane, ‘Shell
1’7, takes the form of a typical type 1 stellar shell system
with formations on either side of the axis. With an ini-
tial mass of 107 Mg, the shell’s sub-halo progenitor was
evolved for 5 Gyrs with an initial velocity of 200 km/s
directed away from the origin (i.e. the centre of the host
potential). We observe a separation between the primary
shell and a ‘trailing’ shell produced through the influence
of the host’s central bulge, coupled with the stronger in-
fluence of the halo and disk components near the centre.
Shell 2 is present well outside and away from the busy
regions of tidal system. Unlike the central shell system,
Shell 2 is not accompanied by any other shell substruc-
ture, categorising it as a Type 2 shell system. The veloc-
ity is primarily directed along a line through the origin.
However, unlike the central shell, the velocity of Shell 2 is
directed towards the origin with a bias in the z direction.

Ultimately, both structures were subjected to extreme
eccentric orbits near the core of the host potential sub-
jecting them to tidal shock. Consequently, the central
shell in particular, adopts a ‘fanned out’ particle distri-
bution with no discernible remains of the progenitor core.
As such, we end up observing the characteristic partial
spherical shell-like distribution. Notably, the radii of the
particle distribution is constrained with a sharp drop-off
dictated by the initial conditions. As expected, we find
that a greater radial distance and radial velocity leads to
a greater maximum shell radius ry;.

Besides the two shell structures, the remaining accom-
paniment of structures are thin curved arcs traditionally
classed as stellar streams. With a closer inspection, we
find that the graded orange-yellow structure, ‘Stream 1’
is perhaps the most typical stream-like structure. It pos-
sesses leading and trailing arms attached to a central
core that has yet to be completely disrupted. The three
sections of the stream are considered distinct, with As-
troLink identifying them as separate structures. The pro-
genitor originated with a mass of 107 Mg and a velocity
of 100 km/s aligned on a 45 degree offset towards the
origin from a radial path. At the present stage, it has
evolved for ~ 4 Gyrs.

Streams 2 and 4 were 107 M, satellites evolved for 8.8
and 7.2 Gyrs respectively, with initial velocities normal
to the host potential. Despite the longer time exposed to
disruption, both structures retain their primary stream
characteristics. Both structures display identifiable lead-
ing and trailing streams with a core region in the middle.
However, unlike the previously discussed stream, from
the perspective of AstroLink, Stream 4 is considered a
single structure without any significant internal clump-
ing. The stream also exhibits a degree of radial flatten-
ing of the arms near the central core akin to that of a
shell. AstroLink is able to distinguish between the core
and arms of Stream 2, with the arms being identified as
sub-clusters of the whole of the stream. The graded grey,
Stream 3 is structured similarly, with the arms consid-
ered as sub-clusters. Streams 5 and 6, originating from
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Figure 2. Ordered density plot of the composite tidal population clustered in 6D (3D position and 3D velocity) space. Each colour as labelled corresponds to
the cluster of the same colour presented in Figure 1. Highlighted green areas correspond to the structures presented in Figures 5, 6.

10° Mg sub-halo progenitors undertake a more complete
disruption with no clearly recognisable core remaining in
the streams. Both structures have evolved for ~ 5 Gyrs.

The orbits of each of these streams have low eccentric-
ity. None of them approach the central core of the poten-
tial and thus are not subjected to the same tidal shock
experienced by the shell progenitors. As a consequence,
the majority of the presented streams are able to preserve
a core remnant of their initial sub-halos. Furthermore,
the particle contents morph into thin trails along the or-
bit of the satellite as opposed to the dissipated partial
arcs of stellar shells. We note that the 107 M, progeni-
tor streams all possess a discernible core despite evolution
times ranging from 4—10 Gyrs. On the other hand, as ex-
pected, the smaller 10° Mg progenitor red streams have
their core completely disrupted.

A closer inspection may be conducted with the as-
sistance of AstroLink’s output. Figure 2 displays the
ordered-density plot attained from applying AstroLink
to the composite structure’s six-dimensional phase-space.
We note several remarkable features: First is the separa-
tion between the core and arms of the available streams.
The ordered index spanning from 0 — 100,000 represents
Stream 1. The first curve characterises the remaining core
fragment. The proceeding two curves identify the leading
and trailing stream arms respectively. Despite the sepa-
rate clusters, the three stream clusters are considered part
of the same density region. A sharp log p density drop off
proceeding the trailing arm cluster indicates a separation
of density regions between cluster groups.

The core and stream arm separation may be similarly
observed for Streams 2 and 3. However, as previously dis-
cussed, the separation is of lower order and the arms of
the streams are considered sub-clusters as opposed to in-
dependent structures. Although we observe a spike in the
density indicating a similar arm separation for Stream 3,
the density difference fails to reach the significance cutoff
for either a separate cluster or sub-cluster. Streams 5 and
6 are homogenised and display no distinct arm separation
from any remaining central core remnant.

The shell components of the tidal population exhibit
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smoother log p distributions. Presented in the first high-
lighted region in figure 2, we see Shell 1, which possesses
a second density sub cluster arising from the previously
discussed trailing shell segment. Shell 2, which contains
no such trailing structure, produces a smooth curve with
no secondary components.

Importantly, we note the dichotomy of the profile of
the ordered-density plots between streams and shells. The
shells exhibit a profile with negative curvature while the
streams possess a positive curvature. It must be acknowl-
edged however, that the separable core portions of the
streams possess a similar profile to that of a shell. Tak-
ing the curvature difference into account, we can indepen-
dently categorise ‘stream’-like and ‘shell’-like structures
entirely from the AstroLink produced ordered-density plot.
We will discuss this further in Section 4.4, with Figures
5, 6 providing a visualised cue of the difference as well
as a breakdown of the categorisation methodology. The
two structures presented correspond to the highlighted
ordered-density plot in Figure 2.

4.2 Radial Phase-Space

Figure 3 depicts the unclustered and 6D clustered radial
phase-space for the sample composite potential presented
in Section 4.1. We see that the overlapping structure pro-
files of the unclustered phase space are resolved through
the application of AstroLink.

Clustered in the blue shades of the central Shell 1
and the accompanying sub-cluster shell, we see a radial
velocity dispersion ranging between ~ —600 km/s to ~
+600 km/s, characteristic of a highly eccentric orbit with
close proximity to the host’s centre. That is, a greater
acceleration near the host potential centre produces the
large inward (negative) and outward (positive) velocity
distribution. However, the majority of particles (~ 70%
in the central shell) lie within a 100 km/s range from 0
radial velocity. This is attributed to the slowing down of
the particle distribution at they reach the radial peak of
the shell arc. We also observe the formation of multiple
‘strips’ in the distribution. This arises from the presence
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Figure 3. Unclustered and 6D clustered radial phase distribution of the tidal
composite population. All cluster colours match the corresponding struc-
tures in Figure 2.

of the trailing shell segment and formation of multiple
sub arcs in the overall shell.

Contrastingly, depicted by the streak of pink particles
seen ranging past a 200 kpc radius, Shell 2 exhibits a more
concentrated profile. It is worth pointing out that in spite
of the disparity in occupation area in radial phase-space,
both shell structures originate from equal mass progeni-
tors and the clusters contain similar particle counts. We
suppose that this is due to the difference in orbits be-
tween the two structures. Shell 2, although possessing an
eccentric orbit, does not cross the origin point as Shell 1
does. Consequently, the progenitor sub-halo does not ex-
perience the same tidal shock responsible for the ‘fanned
out’ particle spray experienced by the central shell. The
result is a longer disruption time for the outer shell. This
leads to a more consistent morphing of the sub-halo into
the visualised shell. In summary, despite both possessing
highly eccentric orbits, the shells form in two separate
ways; 1. spraying out from tidal shock by passing through
the centre, 2. a slower expansion from close orbit to the
centre.

Turning our attention to the stream-like structures,
we find that their radial phase-space profiles are more
consistent, exhibiting a ‘guitar pick’-like shape. Notably,
the radial velocity is more constrained with all but one
stream contained within 200 km/s from zero. The stream
lying outside this boundary corresponds to Stream 4 pre-
viously discussed in Section 4.1. Although the clustered
sample of Stream 4 (rose-brown particles) is seemingly
constrained, an inspection of the corresponding unclus-
tered profile shows an extension of the stream exceeding
300 km/s. Interestingly, it is the most ‘shell’-like stream
of the population, possessing flattened portions in the
stream arms that are reminiscent of radial fanning typi-
cally found in shells. In this context, it bears similarity to
the distribution of Shell 1. We also observe ‘feather’-like
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bifurcations in different sections of the ‘guitar pick’ shape
of several streams. This is particularly evident in the pro-
file of Stream 6 (red particles). This may be attributed
to the splintering of the core in to several smaller arms
which have yet to homogenise with the primary arms of
the stream.

Despite the presence of several differences between
the stream and shell structures, it would be difficult to
classify between the two without obvious markers. The
strongest indicator for each would be; a larger relative
radial velocity distribution for shells, and the guitar pick
shape for streams. However, as typified by Shell 2, the
difference would not be obvious. Any further deviation
from idealisation would further exacerbate the ambiguity.

4.3 Action-Angle Space

—20000

E(km?2s~2)

—80000 — = T — =
0 /2 n 3n/2 2n
o,

Figure 4. 6D clustered action-angle distribution of the tidal composite pop-
ulation. All cluster colours match the corresponding structures in Figure 1.

Action-angle variables provide a natural and compact
coordinate system for describing orbital motion in a grav-
itational potential. In this formalism, the actions are
integrals of motion that quantify the amplitude of oscil-
lations along each coordinate axis, while the angles rep-
resent the phase of the motion along those axes. In a
static, time-independent potential, the actions are con-
served quantities, and the angles evolve linearly with time
due to the separability of the Hamiltonian, we use the
Stackel approximation to compute the action and angle
variables for the dataset. The coordinate transforma-
tion was performed using Galpy (Bovy, 2015b; McMil-
lan, 2015; Sanders & Binney, 2014). From 1 most of the
higher mass shells and streams retain tighter and more
coherent features while the less massive streams produce
diffused structures. Shell 1 displays two distinct streaks
in energy, ranging from approximately —40,000 km?/s?
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to —60,000 km?/s2. Given the high number of particles in
this system, these features likely correspond to two phases
of accretion each giving rise to a sub-shell. The more
populated streak around —40,000 km?/s? corresponds to
the larger, later forming shell, while the streak around
—60,000 km?/s? is consistent with the earlier, less mas-
sive sub-shell observed in the spatial distribution (Fig-
ure 2). This multi-modal energy structure supports a
scenario in which shell 1 formed via multiple peri-centric
passages, leading to successive caustics. In contrast, Shell
2 exhibits a narrower energy distribution, suggesting the
entire structure was generated during a single accretion
event. The limited energy spread and compact appear-
ance in both configuration and angle space reinforce this
interpretation. Despite phase mixing, shells retain lo-
calised energy overdensities in angle space (Dong-Péez
et al., 2022). Among the streams, Stream 1 retains a dis-
tinct head—core—tail morphology in configuration space,
consistent with partial retention of its progenitor core.
This spatial structure is mirrored in action space (top
right corner of Figure 4), with its graded orange-yellow
is visible in sequence across the energy range —20,000 to
-30,000 km?/s? between ~ 37” and 27 range. Stream 2,
while detected as a single structure by AstroLink, also
exhibits a similar head-core-tail structure in action space
(left of Stream 1’s distribution) suggesting it is further
along in the disruption process. The remaining streams
display uniform narrow energy spreads indicating they
are well phase mixed and fully stripped, with no remnant
progenitor component. Their relatively constant energies
reinforce the nature of the progenitor’s orbit, with more
circular orbits producing narrower energy distributions
compared to shells, which exhibit a broader spread in en-
ergy (Amorisco, 2015; Fardal et al., 2015; Buist & Helmi,
2017; Sanderson et al., 2015).

4.4 Clustering Classification

With AstroLink, we gain a novel perspective of ‘stream’
and ‘shell’-like structures via the ordered-density plot.
As previously stated, the clustering was conducted in
6D phase-space and thus, the ordered-density properties
are influenced by both position and velocity components.
The ‘shell’ components of the tidal populations exhibit
a gradual drop in density, which appears as a negative
curvature in the ordered-density plot. Conversely, the
stream arms exhibit a sharper drop in density, which
is characterised by a positive curvature in the ordered-
density plot. The contrast in these density profiles arises

from the differing particle arrangements in shell and stream-

like structures within phase space. Although fully devel-
oped shells exhibit a radial concentration of particles near
their maximum shell radius, their greater angular parti-
cle dispersion results in a more gradual decline within the
ordered-density plot. In contrast, streams have a higher
particle concentration within the core remnant and arms,
with little particle distribution beyond. The consequence
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Figure 5. Classification breakdown of Stream 5 as depicted in the 6D cluster-
ing and ordered density profiles in Figures 1 and 2 respectively. The green
particle spread details the initial 25% of the ordered-density plot of this
structure. Blue point curve characterises the filtered Fourier curve of the
ordered-density plot. Red points are the position averaged values of the fil-
tered Fourier curve. The dashed line is a depiction of the concavity test via
a quadratic fit. Here we observe a positive concavity for the stream.

of this is a density peak followed by a sharp density drop-
off in the ordered-density plot. As such, the difference
in shell and stream composition becomes apparent when
viewed by their AstroLink ordered-density plot. Taking
into account this difference, we are able to visually iden-
tify the ‘stream’ and ‘shell’-like components solely with
the ordered-density distribution of the tidal remnant pop-
ulation.

To take it a step further, we attempt to isolate the
density curve and extract a reasonable approximation of
the changing gradient. The motivation here is to demon-
strate the ability to identify the quantity of ‘stream’ and
‘shell’-like components in a given tidal population with-
out the need for any form of visual or analytic inspection.
Serving as an example, we design a filtered concavity test
which may be applied to any specific AstroLink cluster.
The first step is to take a slice of the ordered-density
plot to ensure continuity without encountering density
spikes from noise or secondary structures. We take an ar-
bitrary cutoff at 4% to 25% index length for this purpose.
Given the inherent noise present in the data, we apply a
Fourier filter to the data slice profile, allowing the extrac-
tion of the underlying smoothed curve. A noise cutoff is
applied to the power spectrum with respect to the maxi-
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Figure 6. The same method as in Figure 5 applied to the partial ordered
density profile of Shell 1 from the 6D clusteringin Figure 1. Here we observe
a negative concavity.

mum spectra frequency fimax. We take the arbitrary cut-
off at 107° fiyax for general application across any given
ordered density slice. The filtered distribution is position
averaged and applied with a quadratic fit. We observe
positive concavity for ‘stream’-like structures and nega-
tive concavity for ‘shell’-like structures. Figures 5 and 6
highlight the end result of this process. From the totality
of the simulations we have conducted thus far, we find
no discernible correlation in the magnitude of concavity.
That is, streams vary in the magnitude of concavity but
are in general negative and vice versa for shells. Quan-
tifying the difference and application into less idealistic
structures remains as an avenue for future investigation.

The application of this method was able to accurately
classify all components of the composite tidal popula-
tion with the exception of the stream core clusters/sub-
clusters and Stream 6 which were categorised as ‘shell’-
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like structures. Despite the success, several limitations
must be addressed for any future iterations involving more
complex substructure presentations. Perhaps the most
difficult to overcome would be particle scarcity in any par-
ticular structure. A lower particle count inherently lacks
definition in the density profile, making them suscepti-
ble to misidentification. In such a case where the density
plot isn’t sufficiently defined, referencing radial and ac-
tion space distribution and visual inspection would need
to be employed. In a busier system involving background
noise and larger number of substructure, we would ob-
serve a ‘flatter’ logp profile. Once again, this leads to a re-
duction in defined curvature for any substructure profile.
In this case, a different measure of curvature may prove
successful. Instead of a Fourier filter, a rolling minimum
may be utilised. Essentially, for any identified cluster, the
minimum logp value is taken at increasing ordered index.
Although this method may bias out a significant amount
of data points, it may prove to be a better extraction of
curvature.

4.5 Substructure Clustering

Figure 7. AstroLink internal clustering of Shell 1 presented in figure 1. The
clustering is done in 6D space.

So far, we’ve had a clustering view from a broader per-
spective, identifying complete or near complete structure.
With the assistance of AstroLink, we are able to delve a
level deeper, investigating lower order substructure. To
this end, we individually isolate Shell 1 and Stream 3
and apply AstroLink in order to explore their internal
structure. The results are visualised in figures 7 and 8
respectively.

Firstly, looking at our shell sample, we see cluster-
ing of the primary shell and the accompanying trailing
segment. While the trailing segment is clustered as a sin-
gle smooth structure, the primary shell exhibits various
substructure. We are able to identify at least two major
overdensities within the structure, the largest of which is
the orange structure. This cluster forms the maximal arc
of the shell along with the blue cluster. The separation
between these two clusters is interesting and perhaps a
marker of their conditions as they pass through the host
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centre. The portion of the progenitor below the z—y 5. Discussion and Conclusions

plane would scatter and slingshot up along the z axis as Tidal remnants produced in merger events are gravita-
it passes the centre forming the distinct blue strip of par- tionally sensitive structures possessing a wealth of infor-
ticles. Conversely, the orange segment originates from mation in formation history and the nature of the ever
primarily from the progenitor component above the z—y esoteric DM. The identification and subsequent classifi-
plane. The asymmetry in distribution about the z axis is cation of these structures are an important first step in
most likely due to the influence of the galactic disk which progressing their exploration. In this work, we construct
is initialised with a one fifth flattening along the z axis. a synthetic tidal remnant population evolved from Plum-
We also observe a collection of smaller clusters surround-  mer spheres in an external Milky Way-like potential. The
ing the two major overdensities. The green substructure data set containing these populations is then clustered
stands out as it extends towards the positive z axis. Once with AstroLink and the resultant structures analysed in
again, its phase space distinctiveness is most likely the re- terms of their dynamical properties. We have then also in-
sult of incomplete phase mixing driven by the conditions troduced a unique classification methodology which takes

of the particle collection as they pass through the centre. advantage of the clustering algorithm AstroLink. We find
The particles may be stripped away at a slightly differ- that the unique ordered-density profiles computed with

ent times or possess slightly different initial conditions AstroLink contain information that can be used to sep-
which are exacerbated by the pass through the centre. It arate tidal ‘stream’-like structures from ‘shell’-like struc-
is worth appreciating the fact that we are able to cluster tures. Specifically, the ordered-density profile of ‘stream’-
in 6D space. Were the shell picked up as a 2D face on like structures has a positive curvature whilst ‘shell’-like
projection, we would lose dimensionality and any ability structures feature a negative curvature. As such, we have
to discern the separation of density regions. demonstrated that a filtered concavity test can be used

to reliably separate the two tidal structure types. Refer-
ring to the methods outlined in (Dropulic et al., 2024)
in 2 and (Hendel & Johnston, 2015), it is evident classi-
fication typically depends on the calculation of physical
parameters, which requires prior knowledge of the host
potential while this approach uses the 6D information of
the individual particles without needing information on
the host. The absence of line-of-sight velocities (LOSV)
does not significantly impact performance, as the key dy-
namical features are retained in 5D. Certain orientations
of streams or shells relative to the observer may result in
a reduced concavity signal, which could modestly impact
classification strength. However, such orientations rep-
resent a limited subset of the overall configuration space.
The ability to classify without the information of the host
Figure 8. AstroLink internal clustering of Stream 3 presented in figure 1. makes this method broadly applicable and compliment

Here, the unclustered particles are displayed as the black collection of par- the physical parameter based classification.
ticles. The clustering is once again done in 6D space.

Although we have applied our classification methodol-
ogy to a synthetic sample, we find motivation for real
world application in observational data studies. Most
of which must rely on visual classification. Johnston
et al. (2008) provided an early framework on morphologi-
cal classification that grouped halo features into “mixed”
(fully phase-mixed donuts), “shells/plumes” (localized rip-
ples), and “great-circle” streams. ETG’s contain vast
range of tidal remnants that have been newly discovered

los in i 8 It ] 1 v th tion i d or previously classed as structureless overdensity (Martinez-
cles I Figure o. 1L 18 uhclear why the Portion 1s consid- Delgado et al., 2010; Giri et al., 2023). The fraction of

ered a s.eparate to the rest of t.h.e ta%l. Most ll.kely, it is shells and streams being 28% and 21%, respectively (Duc
due to inhomogenous phase mixing in the region where ot al., 2015)

the remnant core is actively losing mass to the arm. The
relatively similar length in the tails indicates that the pro-
genitor had a symmetric encounter, i.e. the orientation of
the satellite’s orbital plane relative to the host’s potential
was aligned.

The arms of the stream wrap around the central host
albeit not completely. When we apply AstroLink to the
isolated structure we obtain separation in key features
not directly observed in the composite potential. From
this perspective, we are able to see the characteristic core
remnant from the progenitor along with the leading and
trailing arms. Interestingly, we lose a portion of a tail in
the clustering, displayed as the unclustered black parti-

Apart from visual classification there has been increased
application of machine learning for both supervised and
unsupervised classifications. Foremost are the binary clas-
sifiers that are able to distinguish between galaxies with
and without tidal features (Pearson et al., 2019; Dominguez
Sénchez et al., 2023). Desmons et al. (2024) developed a
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self supervised learning model capable of distinguishing
between galaxies with and without faint tidal structures.
This model achieved strong performance using only 600
labelled examples from the HSC-SSP (Aihara et al., 2019)
for training. Advancing this effort, Gordon et al. (2024)
employed a convolutional neural network (CNN) trained
on DECaLS (Dey et al., 2019) survey data to classify tidal
features in galaxies where the structures were not overly
irregular. Training the network on streams, shells arm
and diffuse structures that were visually classified prior,
the classifier was also used to predict the presence and
nature of tidal feature around each galaxy. Their median
results for each of the structures were above 97% of the
true features.

Over time, many observational surveys have provided
data on galaxies containing these low surface brightness
structures, which have been analysed to study not only
the structures themselves but also the haloes of satellites
and their host galaxies, shedding light on their histories.
Recently Fielder et al. (2025) presented a detailed inves-
tigation into the accretion history of NGC 300, a galaxy
with a mass comparable to that of the LMC. Their analy-
sis reveals a complex system of tidal substructures, com-
prising four distinct components: two prominent stellar
streams extending towards the northern and southern re-
gions of the host galaxy, and two shell-like structures
located on opposite sides of the central potential. The
authors attribute all four features to a single accretion
event involving one progenitor satellite, thereby demon-
strating that galaxies with LMC-like masses are capable
of producing rich and well-defined tidal morphologies.

With the advent of upcoming deep surveys such as
LSST and the release of Gaia DR4, the potential to un-
cover faint and distant galactic substructures at unprece-
dented levels of detail is rapidly increasing. However,
comprehensive analyses of individual galaxies especially
those requiring visual inspection of tidal features can be-
come prohibitively time consuming at large scales. In this
context, the use of a composite gravitational potential, al-
though idealised T , offers a valuable framework for sim-
ulating and studying the emergence of complex substruc-
ture in galaxy halos. Our application of the AstroLink
demonstrates both the prevalence of ‘busy’ subhalo en-
vironments and the algorithm’s efficiency in identifying
coherent stellar substructures. Moreover, the accompany-
ing classification scheme proves effective in distinguishing
between stream-like and shell-like features, offering a scal-
able and automated approach to dissect the morphology
of disrupted satellite debris across large datasets.

5.1 Future Work

With the progress made thus far, several avenues of poten-
tial future investigation open up for us. The next logical
progression step is the clustering of a more complex sub-
structure population. In this work, we have presented a
curated composite potential with ‘idealised’ tidal struc-
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tures. Thus, it far detached from a realistic population
that may encompass a particular galaxy halo. In partic-
ular, the absence of intermediate tidal structures which
are more ambiguously defined. These may include tidal
tails, umbrellas and other remnants which do not fall in
any specific category. The simulation and subsequent
AstroLink clustering of such a population would provide
an insight into the underlying density profile for such
structures. The discovery of any ordered-density features
unique to these structures may provide a more robust
classification system for tidal structure populations. We
may achieve this through the introduction of a flattened
host halo, breaking the spherical symmetry of the halo
potential (Bowden et al., 2016). This introduces preces-
sion to the sub-halo orbits, influencing the evolution of
their disruption.

Further improvement involves quantifying the classi-
fication metric, we plan to incorporate the Akaike Infor-
mation Criterion (AIC; Akaike, 1974) to determine the
largest fraction X of the ordered density profile within
each cluster for which a quadratic fit is statistically pre-
ferred over a cubic. This approach removes the need for a
user-defined threshold for X, thereby making the metric
selection process more deterministic and objective. We
plan to employ our metric to cosmological simulations
containing more realistic and incomplete information of
sub haloes. On the classification front, we aim to enhance
the current binary scheme using machine learning tech-
niques capable of identifying and categorising substruc-
tures in any given data sample. Given the sensitivity of
tidal structures to the DM halo potential, the identifi-
cation of substructure frequency would provide a novel
outlook of galactic formation dynamics and by extension,
dark matter.

Acknowledgments We are grateful for the feedback and
comments provided by the Gravitational Astrophysics group
in University of Sydney’s School of Physics. We are also

thankful to University of Sydney’s Artemis HPC and Physics

Cluster from the School of Physics for providing computa-
tional resources essential to this work. We are also grate-
ful for the insightful comments provided by the anony-
mous reviewer from PASA.

Funding Statement VE is supported by the University
of Sydney Postgraduate Award. SGB is supported by
Australian Academy of Technological Sciences and En-
gineering’s Elevate scholarship. WHO’s contribution to
this project was made possible by funding from the Carl-
Zeiss-Stiftung.

None

Competing Interests

Data Availability Statement The simulation data utilised
in this paper will be shared upon reasonable request to


https://doi.org/10.1017/pasa.2025.10077

12

the corresponding author. The AstroLink python pack-
age is readily available at https://github.com/william-h-
oliver /astrolink.

Ethical Standards The research meets all ethical guide-
lines, including adherence to the legal requirements of
the study country.

Author Contributions Conceptualisation: S.G.B; V.E.

Methodology: V.E; S.G.B; W.H.O. Data curation: V.E.

Data visualisation: V.E; S.G.B. Writing original draft:
V.E; S.G.B. All authors approved the final submitted
draft.

References

Aarseth, S. J., Henon, M., & Wielen, R. 1974, A&A, 37, 183
Aihara, H., AlSayyad, Y., Ando, M., et al. 2019, PASJ, 71, 114
Akaike, H. 1974, IEEE Transactions on Automatic Control, 19, 716
Alves, D. R. 2004, New A Rev., 48, 659

Amorisco, N. C. 2015, MNRAS, 450, 575

Atkinson, A. M., Abraham, R. G., & Ferguson, A. M. N. 2013, ApJ,
765, 28

Battaglia, G., Helmi, A., & Breddels, M. 2013, New A Rev., 57, 52

Belokurov, V., Zucker, D. B., Evans, N. W., et al. 2006, ApJ, 642,
L137

Belokurov, V., Evans, N. W., Bell, E. F., et al. 2007, ApJ, 657, L.89
Bilek, M., Cuillandre, J. C., Gwyn, S., et al. 2016, A&A, 588, A77
Bilek, M., Fensch, J., Ebrova, 1., et al. 2022, A&A, 660, A28
Bland-Hawthorn, J., & Gerhard, O. 2016, ARA&A, 54, 529

Blumenthal, G. R., Faber, S. M., Primack, J. R., & Rees, M. J.
1984, Nature, 311, 517

Bonaca, A., & Hogg, D. W. 2018, ApJ, 867, 101

Bonaca, A., Jurié, M., Ivezié, Z., et al. 2012, AJ, 143, 105
Bovy, J. 2015a, ApJS, 216, 29

—. 2015b, ApJS, 216, 29

—. 2016, Phys. Rev. Lett., 116, 121301

Bowden, A., Evans, N. W., & Williams, A. A. 2016, MNRAS, 460,
329

Buist, H. J. T., & Helmi, A. 2017, A&A, 601, A37

Bullock, J. S., & Johnston, K. V. 2005, ApJ, 635, 931

Cooper, A. P., Cole, S., Frenk, C. S., et al. 2010, MNRAS, 406, 744
Desmons, A., Brough, S., & Lanusse, F. 2024, MNRAS, 531, 4070
Dey, A., Schlegel, D. J., Lang, D., et al. 2019, AJ, 157, 168

Dominguez Sanchez, H., Martin, G., Damjanov, 1., et al. 2023, MN-
RAS, 521, 3861

Dong-Péaez, C. A., Vasiliev, E., & Evans, N. W. 2022, MNRAS, 510,
230

Dropulic, A., Shipp, N., Kim, S., et al. 2024, arXiv e-prints,
arXiv:2409.13810

Duc, P.-A., Cuillandre, J.-C., Karabal, E., et al. 2015, MNRAS,
446, 120

Dupraz, C., & Combes, F. 1986, A&A, 166, 53

Elahi, P. J., Cafas, R., Poulton, R. J. J., et al. 2019, PASA, 36,
e021

Errani, R., Navarro, J. F., Penarrubia, J., Famaey, B., & Ibata, R.
2023, MNRAS, 519, 384

Errani, R., Penarrubia, J., & Tormen, G. 2015a, MNRAS, 449, L46

—. 2015b, MNRAS, 449, L46

Fardal, M. A., Huang, S., & Weinberg, M. D. 2015, MNRAS, 452,
301

https://doi.org/10.1017/pasa.2025.10077 Published online by Cambridge University Press

Viraj Ekanayaka et al.

Fensch, J., Duc, P.-A., Lim, S., et al. 2020, A&A, 644, A164

Fielder, C. E., Sand, D. J., Jones, M. G., et al. 2025, ApJ, 982, L41
Fukugita, M., Ichikawa, T., Gunn, J. E., et al. 1996, AJ, 111, 1748
Gill, S. P. D., Knebe, A., & Gibson, B. K. 2004, MNRAS, 351, 399

Gilmore, G., Gaia-ESO Survey Team, et al. 2012, The Messenger,
147, 25

Giri, G., Barway, S., & Raychaudhury, S. 2023, MNRAS, 520, 5870

Gordon, A. J., Ferguson, A. M. N., & Mann, R. G. 2024, MNRAS,
534, 1459

Grillmair, C. J. 2006, ApJ, 645, L37
Grillmair, C. J., & Dionatos, O. 2006, ApJ, 643, L17

Guglielmo, M., Lewis, G. F., & Bland-Hawthorn, J. 2014, MNRAS,
444, 1759

Harris, W. E. 2010, arXiv e-prints, arXiv:1012.3224
Heisler, J., & White, S. D. M. 1990, MNRAS, 243, 199
Helmi, A. 2020, ARA&A, 58, 205

Hendel, D., & Johnston, K. V. 2015, MNRAS, 454, 2472

Hendel, D., Johnston, K. V., Patra, R. K., & Sen, B. 2019, MNRAS,
486, 3604

Hernquist, L. 1990, The Astrophysical Journal, 356, 359

Hernquist, L., & Quinn, P. J. 1987, ApJ, 312, 1

Hernquist, L., & Spergel, D. N. 1992, ApJ, 399, L117

Ibata, R., Irwin, M., Lewis, G. F., & Stolte, A. 2001, ApJ, 547,
L133

Johnston, K. V., Bullock, J. S., Sharma, S., et al. 2008, ApJ, 689,
936

Khalid, A., Brough, S., Martin, G., et al. 2024, MNRAS, 530, 4422
Knollmann, S. R., & Knebe, A. 2009, ApJS, 182, 608

Koposov, S. E., Belokurov, V., Li, T. S., et al. 2019, MNRAS, 485,
4726

Law, D. R., Majewski, S. R., & Johnston, K. V. 2010, in American
Astronomical Society Meeting Abstracts, Vol. 215, American As-
tronomical Society Meeting Abstracts #215, 321.03

Li, T. S., Koposov, S. E., Zucker, D. B., et al. 2019, MNRAS, 490,
3508

Mancillas, B., Duc, P.-A., Combes, F., et al. 2019, A&A, 632, A122

Martinez-Delgado, D., Gabany, R. J., Crawford, K., et al. 2010, AJ,
140, 962

McMillan, P. J. 2015, arXiv e-prints, arXiv:1507.07889
—. 2017, MNRAS, 465, 76

Mihos, J. C., Harding, P., Feldmeier, J., & Morrison, H. 2005, ApJ,
631, L41

Miro-Carretero, J., Gomez-Flechoso, M. A., Martinez-Delgado, D.,
et al. 2024, arXiv e-prints, arXiv:2409.03585

Miyamoto, M., & Nagai, R. 1975, Publications of the Astronomical
Society of Japan, 27, 533

Miiller, O., Rich, R. M., Roman, J., et al. 2019, A&A, 624, L6
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1997, ApJ, 490, 493
Newberg, H. J., Yanny, B., Rockosi, C., et al. 2002, ApJ, 569, 245

Odenkirchen, M., Grebel, E. K., Rockosi, C. M., et al. 2001, ApJ,
548, L165

Oliver, W. H., & Buck, T. 2024, arXiv preprint arXiv:2411.03229
Oliver, W. H., Elahi, P. J., & Lewis, G. F. 2022, MNRAS, 514, 5767

Oliver, W. H., Elahi, P. J., Lewis, G. F., & Buck, T. 2024a, MNRAS,
530, 2637

—. 2024b, MNRAS, 530, 2637

Pearson, W. J., Wang, L., Trayford, J. W., Petrillo, C. E., & van
der Tak, F. F. S. 2019, A&A, 626, A49

Peebles, P. J. E. 2024, arXiv e-prints, arXiv:2405.18307

Pop, A.-R., Pillepich, A., Amorisco, N. C., & Hernquist, L. 2018,
MNRAS, 480, 1715

Prieur, J. L. 1988, ApJ, 326, 596


https://doi.org/10.1017/pasa.2025.10077

Publications of the Astronomical Society of Australia

—. 1990, in Dynamics and Interactions of Galaxies, ed. R. Wielen,
72-83

Rodriguez-Puebla, A. 2024, arXiv e-prints, arXiv:2404.10801

Sanders, J. L., & Binney, J. 2014, MNRAS, 441, 3284

Sanderson, R. E.; Helmi, A., & Hogg, D. W. 2015, ApJ, 801, 98

Simion, I. T., Belokurov, V., & Koposov, S. E. 2019, MNRAS, 482,
921

Springel, V., Pakmor, R., Zier, O., & Reinecke, M. 2021, MNRAS,
506, 2871

Springel, V., White, S. D. M., Tormen, G., & Kauffmann, G. 2001,
MNRAS, 328, 726

Subramanian, K., Cen, R., & Ostriker, J. P. 2000, ApJ, 538, 528

Tal, T., van Dokkum, P. G., Nelan, J., & Bezanson, R. 2009, AJ,
138, 1417

The Dark Energy Survey Collaboration. 2005, arXiv e-prints, astro
Valenzuela, L. M., & Remus, R.-S. 2024, A&A, 686, A182
York, D. G., SDSS Collaboration, et al. 2000, AJ, 120, 1579

https://doi.org/10.1017/pasa.2025.10077 Published online by Cambridge University Press

13


https://doi.org/10.1017/pasa.2025.10077



