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1 Motivation and Scientific Justification

Galaxy formation is proposed by the A-cold dark matter
(ACDM) model to be a hierarchical process involving a se-
ries of merger events over cosmic time [1]. The debris
of the Milky Way’s accreted progenitors is therefore dis-
persed throughout the stellar halo, forming a fossil record
of these events. As a result, the halo serves as a crucial
benchmark against which simulations can be compared,
providing valuable constraints for refining current cosmo-
logical models [2]. The field of Galactic Archaeology seeks
to infer the Galaxy’s past states by decoding the chemo-
dynamical information hidden within datasets and isolating
stellar populations with unique evolutionary origins.

The new generation of astronomical surveys including
Gaia [3], APOGEE [4] and GALAH [5] have already driven
major advances in our understanding of the accreted and
in-situ components that occupy our stellar neighbourhood.
One of the most dominant is the ‘Gaia—Sausage/Enceladus’
(GS/E) [6, 7], a massive ancient merger that deposited sub-
stantial debris into the halo. Through gravitational disrup-
tion and gas pollution this event also induced the formation
of high-eccentricity in-situ populations, such as the ‘Splash’
[8] and the more recently discovered ‘Eos’ component [9].
Additionally, these surveys have enabled the isolation of an
even older pre-disk population, known as ‘Aurora’ [10].

Modern advancements in unsupervised machine learning
methodologies are being increasingly leveraged by the field
due to their ability to identify components both objectively
and autonomously. In this work, we use high eccentricity
samples from APOGEE and GALAH to replicate the unbi-
ased decomposition of the stellar halo presented by Myeong
et al. [9] and assess the reproducibility of their findings. We
then extend the analysis by comparing the datasets’ respec-
tive advantages and providing an new approach to cluster-
ing that improves both computational efficiency and stabil-

ity.

2 Methodology

This work employs Extreme Deconvolution (XD) [11], a
GMM based algorithm due to its capability of accounting for
heteroskedastic uncertainties. By allowing the Expectation-
Maximisation process to robustly account for the differ-
ent observational uncertainties present in APOGEE and
GALAH, XD is able to infer the underlying intrinsic struc-
tures. It therefore enables a fairer comparison of the resul-
tant distributions traced by each survey. To account for the
features which XD lacks in comparison to modern GMM

libraries we present a pipeline that enables automated op-
timisation via random initialisations, model selection us-
ing AIC or BIC and ‘error-aware’ cluster assignment. This
pipeline also supports multiple scaling schemes with corre-
sponding initialisation and transformations strategies.

Secondly, this project presents a new approach which
aims to decrease computational cost and sensitivity to ran-
dom initialisations by exploiting UMAP [12] for dimen-
sionality reduction. This pipeline preforms clustering in a
lower-dimensional embedding space before mapping the re-
sultant structures back to distributions in the original fea-
ture space. Finally, this approach supports an approximate
method for deconvolving the clusters’ covariance matrices,
with the aim of producing results comparable to those ob-
tained by XD.

Overall, these pipelines allow analysis to be robust and
unbiased through quantitative model comparison and re-
peat initialisations.

3 Key Findings

Firstly, by identifying four independent stellar populations
from both the APOGEE and GALAH datasets, with near
identical distributions to those presented in the original
work, we find strong support for the work’s claim of be-
ing unbiased, objective and reproducible. Additionally, de-
spite slight instabilities in APOGEE’s clustering, we are
able to robustly recover the trends that led to the paper’s
key conclusions. Namely, the GS/E’s significantly lower
[Al/Fe] abundances suggests it is the only accreted com-
ponent identified. Secondly, the Aurora population’s rapid
chemical evolution, coupled with its striking similarity to
the proposed Hercules population, helps verify the claim
an additional merger event is not necessarily required to
explain the Hercules ‘debris’.
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Figure 1. The chemo-dynamical distributions resolved by high dimensinal
XD in APOGEE (left) and GALAH (right), with 2 o uncertainties shown.



Chemo-Dynamical Decomposition of the Milky Way’s Halo

From both the increased clustering stability and compar-
isons of UMAP projections across various hyperparameters
(min_dist and n_neighbors), we conclude that GALAH’s
higher dimensionality enables greater isolation of the halo’s
substructures. This observation persists, albeit less strongly
when the GALAH dataset is restricted to an equivalent six-
dimensional feature space as APOGEE thus suggesting that
clustering with GALAH benefits from advantages beyond
its dimensionality. This is concluded to be a result of the
dataset’s stunted metallicity range excluding regions of sig-
nificant chemical overlap between Aurora and the GS/E de-
bris.

Finally, this work demonstrates that by applying cluster-
ing to a two-dimensional embedding of the GALAH data
we are able to achieve results comparable to that of the
high-dimensional analysis. Although the underlying struc-
tures are slightly less well-constrained, with uncertainties
on average 29.3% higher across all dimensions and popula-
tions, this approach achieves these results in just 0.04% of
the runtime (across 100 initialisation of all models with 0
to 10 Gaussian components). Beyond this substantial speed
up, the approach also shows greater sensitivity to identify-
ing chemically distinct subpopulations, successfully mak-
ing distinctions that could not be achieved in the original
GALAH analysis. This includes the separation of the GS/E’s
[a/Fe]-[Fe/H] plateau and knee as well as a potential split
in the Splash population that is previously unseen.
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Figure 2. The clusters identified within GALAH using reduced dimen-
sional pipeline showing distributions both in embedding space (left) and
feature space (right).

4 Recommended Next Steps

One of the results this paper presents which merits fur-
ther consideration in future work is the potential identifica-
tion of two Splash ‘sub-populations’. To determine whether
a genuine physical distinction exists between them, will
likely require comparisons to be made with simulations
suites. Additionally, this work suggests the future devel-
opment of non-linear dimensionality reduction techniques
capable of propagating uncertainties into the embedding
space as particularly promising.

5 Research Impact

With next-generation surveys such as WEAVE [13] and
4MOST [14] promising even larger and higher-dimensional
datasets, this study presents an updated and more scalable
methodology for implementing the analysis presented in
the original work. A hybrid approach is suggested for future
applications, balancing computational efficiency and stabil-
ity of clustering in reduced-dimensional space with the ac-
curacy and robust consideration of uncertainties offered by
Extreme Decovolution. This can be achieved by initialising
the high-dimensional XD pipeline with the results of the
low-dimensional clustering.
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