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ABSTRACT

The powerful combination of Gaia with other Milky Way large survey data has ushered in a deeper understanding of the
assembly history of our Galaxy, which is marked by the accretion of Gaia-Enceladus/Sausage (GES). As a step towards
reconstructing this significant merger, we examine the existence and destruction of its stellar metallicity gradient. We
investigate eight GES-like progenitors from the Auriga simulations and find that all have negative metallicity gradients
at infall with a range of —0.14 to —0.05 dexkpc~! against radius and —2.54 to —0.42 dex/10~>km?s~2 against the stellar
orbital energy. These gradients get blurred and become shallower when measured at z = 0 in the Milky Way-like host.
The percentage change in the radial metallicity gradient is consistently high (89-97 per cent), while the percentage
change in the energy space varies much more (17-70 per cent). We also find that the most massive progenitors show
the smallest changes in their energy metallicity gradients. At the same present-day galactocentric radius, lower metallicity
stars originate from the outskirts of the GES progenitor. Similarly, at fixed metallicity, stars at higher galactocentric radii
tend to originate from the GES outskirts. We find that the GES stellar mass, total mass, infall time, and the present-day
Milky Way total mass are correlated with the percentage change in metallicity gradient, both in radius and in energy space.
It is therefore vital to constrain these properties further to pin down the infall metallicity gradient of the GES progenitor

and understand the onset of such ordered chemistry at cosmic noon.
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1 INTRODUCTION

The Milky Way is our most detailed laboratory for understanding
the hierarchical formation of galaxies, owing to the wealth of
photometric, astrometric, and spectroscopic data we can gather
for its individually resolved stars. A deep image of the Milky
Way halo reveals a field of stellar streams (V. Belokurov et al.
2006; N. Shipp et al. 2018), depicting current evidence of dwarf
galaxies and globular clusters tidally disrupting due to the Milky
Way’s gravitational potential. Although these are systems that are
disrupting today, the Milky Way’s voracious eating habit is true
across time (A. J. Deason, Y.-Y. Mao & R. H. Wechsler 2016). From
small samples (N<100) of local stars i.e. dheio < 500 pc with
chemistry and kinematics, many works (e.g. P. E. Nissen et al.
2000; J. P. Fulbright 2002; P. E. Nissen & W. J. Schuster 2011; W.
J. Schuster et al. 2012) found that there are chemo-kinematically
distinct populations in the stellar halo that correspond to an in
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situ and an accreted origin. Further out in the halo (up to Rgc ~
100 kpc), there is a break in the stellar halo density profile (L.
L. Watkins et al. 2009; X.-X. Xue et al. 2015), which could be
explained by a large dwarf merger whose stars’ apocentres pile
up at 20 kpc (A. J. Deason et al. 2018). Further investigation into
this population with the advent of Gaia data (Gaia Collaboration
2018) mapping 10° stars in the Galaxy solidified that this was the
Milky Way’s last major merger that happened roughly 10 Gyr ago
(V. Belokurov et al. 2018; M. Haywood et al. 2018; A. Helmi et al.
2018). This dwarf progenitor, which ultimately altered the course
of our Galaxy’s history (V. Belokurov et al. 2020; A. Bonaca et al.
2020; R. J.J. Grand et al. 2020; I. Ciuci et al. 2022; A. M. Dillamore
et al. 2022; T. Buck et al. 2023; A. Merrow et al. 2024), has been
dubbed the Gaia-Enceladus/Sausage (GES).

It is undeniable how our own Galaxy’s evolution is intimately
entangled with the formation and eventual destruction of GES.
Therefore, to learn more about the assembly history of the Milky
Way, it is important to also understand the assembly of its
most significant merger. Consequently, many works have recon-
structed GES from the combination of large survey data and sim-
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ulations. R. P. Naidu et al. (2021) created a suite of N-body sim-
ulations and found that the best-fitting GES progenitor to the H3
survey data (C. Conroy et al. 2019) was accreted with a 15° incline
with respect to the Milky Way disc and a circularity of 0.5 (where
0 is perfectly radial). With this orbit, they also predict a double
break in the stellar halo profile due to the two apocentre pile-
ups of GES debris, which J. J. Han et al. (2022) later confirmed in
detail with the same observations. Recent work by A. Skuladottir
et al. (2025) agrees with this two-passage double-break scenario
and the authors find that possible remnants from the outskirts
of GES are less chemically evolved from detailed abundance ra-
tio measurements. Multiple works have also reconstructed the
star formation history of GES (e.g. F. Vincenzo et al. 2019; S.
Hasselquist et al. 2021; H. Ernandes et al. 2024), determining
the particular chemical evolution and history the GES progenitor
went through before it fully merged with the Milky Way.

An inevitable result of star formation and evolution is the
chemical enrichment of the galaxy. Part of this history is even-
tually locked up in the stellar atmospheres, which helps our
pursuit in chemically tagging stars to their origin (K. Freeman
& J. Bland-Hawthorn 2002). Indeed, many works have shown
that the bulk of GES stars are chemically distinct in different
elemental families compared to the Milky Way and its surviving
satellite population (e.g. C. R. Hayes et al. 2018; S. Buder et al.
2022; A. Carrillo et al. 2022). However, we can probe even more
deeply by investigating the metallicity gradient. The metallicity
gradient serves as a window as to how the chemistry locked up
in stars may be different at various galactic regions because of
the inflow and outflow of gas, the environment, morphology,
or star formation activity of the galaxy (F. Belfiore et al. 2017;
S. F. Sanchez 2020; F. J. Mercado et al. 2021). Specifically for
GES, it also aids in our knowledge of when a satellite of its size
could have started having this ordered chemistry, in contrast to
much earlier snapshots in time when galaxies were clumpier, less
ordered systems or proto-galaxies (D. Horta et al. 2024). This is
becoming especially important as we find more lensed systems
at higher redshifts (z> 1) for which we can measure metallic-
ity gradients to compare to (e.g. T. Jones et al. 2015; X. Wang
et al. 2017; M. Curti et al. 2020), albeit largely for gas instead of
stars.

Many works have indeed tried to unravel the metallicity gra-
dient of the GES progenitor. H. H. Koppelman, R. O. Y. Bos &
A. Helmi (2020) inferred a radial metallicity gradient of —0.064
dexkpc™! for a GES with M, ~ 10%6 M, using the relation for
local star-forming galaxies from I. T. Ho et al. (2015). We do note
that this GES M,estimate is on the higher mass end of values
in the literature. From their best-fitting model and mapping the
present-day angular momentum, L,, to the mean pre-merger lo-
cation of GES stars, R. P. Naidu et al. (2021) reconstructed the
stellar metallicity gradient of GES to be very weakly negative at
—0.016 dex kpc~!. This work in H3 was extended to the outer halo
(100 kpc) by V. Chandra et al. (2023), where they infer a similar
gradient measurement (—0.02 dex kpc~1) for the GES progenitor.
J. A. S. Amarante et al. (2022) further modelled the progenitor of
GES with N-body and smoothed particle hydrodynamics models,
resulting in self-consistent star formation and chemical evolu-
tion, and found that GES had a negative metallicity gradient in
place even before its first pericentric passage. G. Limberg et al.
(2022) used globular clusters from APOGEE DR17 (Abdurro’uf
et al. 2022) and measured a steeper gradient than R. P. Naidu
etal. (2021) at —0.04 dex kpc~!, with the assumption that Sequoia
is part of GES. These studies, as well as more recent works (e.g.
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A. Mori et al. 2024), argue that the proposed distinct origin of
more metal-poor retrograde substructures should be considered
more carefully, as they may just be the metal-poor outskirts of
the GES progenitor. S. Khoperskov et al. (2023) also reconstructed
the infall metallicity gradient of GES using APOGEE DR17 data
in combination with N-body simulations and the HESTIA hy-
drodynamical cosmological simulations (N. I. Libeskind et al.
2020). They similarly found a (more) negative metallicity gradient
of —0.1 dexkpc™' that ultimately gets destroyed and becomes
shallower at present-day by an order of magnitude. With next-
generation surveys aiming to map the more distant halo such
as DESI (A. P. Cooper et al. 2023), WEAVE (S. Jin et al. 2024),
and 4MOST (A. Helmi et al. 2019), we have access to more GES
stars at larger galactocentric radii, the prime discovery space that
allows for a more complete cartography of this satellite. From
the high-redshift end, analogues of the Milky Way with a GES-
like system nearby are predicted to be observable and within the
same field of view with James Webb Space Telescope (JWST) at
z =2 (T. A. Evans et al. 2022). It is therefore becoming more
important and possible to unearth detailed information about
the GES progenitor from both the local Universe and at higher
redshifts.

In this work, we use the Auriga hydrodynamical cosmological
zoom simulations of Milky Way-like haloes (R. J. J. Grand et al.
2017) to explore the metallicity distributions of GES-like systems
before and after they are engulfed by the Milky Way. We use a
subsample of haloes whose stars resemble the kinematics of GES
stars in the observations (A. Fattahi et al. 2019). Our analysis
is guided by the following key questions: (1) Would an ancient
satellite like GES already have ordered chemistry before it was ac-
creted? (2) How does an initial metallicity gradient get destroyed?
(3) Can we unwind the dynamical evolution of the GES stars
and retrieve the progenitor’s metallicity gradient? We attempt
to answer these questions and organize this paper as follows:
Section 2 desribes the simulation data, Section 3 compares pre-
merger and post-merger metallicity gradients of stars belonging
to GES, Section 4 outlines which merger properties affect the
destruction of the infall metallicity gradient, Section 5 shows the
implications of our results in the context of observational data
of similar mass galaxies, and Section 6 summarizes our main
takeaways.

2 SIMULATION DATA

We use the Auriga hydrodynamical simulations (R. J. J. Grand
etal. 2017), which include 30 high-resolution cosmological zoom-
in simulations of Milky Way-mass haloes. These haloes were
selected to have a virial mass of 1-2 x 10*2 My, from the dark
matter-only 100° Mpc? periodic box of the EAGLE project (R.
A. Crain et al. 2015; J. Schaye et al. 2015) and resimulated with
the AREPO code (V. Springel 2010). The cosmological param-
eters were adopted from Planck Collaboration XI (2014). This
work uses the Auriga Level 4 runs with mass resolution of ~
3 x 10°Mg, for the dark matter particles and ~ 5 x 10*M, for the
gas cells.

Auriga incorporates a comprehensive model for galaxy forma-
tion physics (refer to R. J. J. Grand et al. 2017 for more details).
This includes primordial and metal cooling, star formation and
stellar feedback, and chemical enrichment from core-collapse
supernovae, Type Ia supernovae, and winds from asymptotic gi-
ant branch stars. Auriga also includes a sub-grid model for the
interstellar medium, processes for black hole formation and feed-
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Table 1. Auriga haloes with GES-like systems as identified in A. Fattahi et al. (2019). The column titles are as
follows: (1) Auriga halo with a GES progenitor (2) GES progenitor M, (infall, peak) (3) GES progenitor total mass
Miotal (i-€. Mago; infall, peak) (4) Host’s peak M, (5) Host’s peak My, (6) Infall time (from big bang) of GES (7)
Half-light radius, Ry, of the progenitor at infall (8) GES disc-to-total mass ratio as calculated in M. D. A. Orkney
et al. (2023). In our analysis in Section 4, we use the infall M,and Mqg).

@ @) (©) @ ©) (6) @) ®
Halo GES M, GES Mgtal Host M, Host Mgtal Infall time Rhaif D/T
(10°Mp) (10"Mp) (10"Mp) (10*Mp) (Gyr) (kpc)
Au-5 3.42,3.83 0.76, 1.26 0.71 1.19 6.20 3.52 0.10
Au-9 1.76,1.88 0.70, 1.76 0.63 1.16 3.45 3.66 0.30
Au-10 0.92,0.97 0.34,0.39 0.62 1.02 5.92 4.40 0.77
Au-15 2.27,2.53 1.02,1.26 0.43 1.04 6.36 4.49 0.57
Au-17 0.37,0.38 0.22,0.33 0.79 1.02 2.68 1.86 0.20
Au-18 1.39,1.44 0.38,0.75 0.84 1.39 4.51 3.10 0.10
Au-24 2.40, 2.56 0.76, 1.09 0.77 1.57 4.99 3.72 0.48
Au-27 4.08, 4.08 0.77,1.72 1.03 1.85 4.21 3.89 0.57

.
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Figure 1. Density plots of Auriga GES progenitors in the XZ projection. Each subplot is labelled at the top with the GES-like halo in Auriga as
well as the disc-to-total mass ratio, D/T, from M. D. A. Orkney et al. (2023) and the infall time (from big bang) at the bottom. There is a diversity in the
shapes of these progenitors: some have rounder morphology, while others are flatter and more disc-like.

back, a uniform photoionizing UV background, and the effects of
magnetic fields.

We specifically use this simulation suite as A. Fattahi et al.
(2019) identified haloes in Auriga that contain a GES-like merger.
Here, we briefly describe this work but for more details, we refer
to A. Fattahi et al. (2019) and to M. D. A. Orkney et al. (2023) who
explored the diverse properties of Auriga haloes with such GES
progenitors.

In A. Fattahi et al. (2019), star particles were classified as ‘in
sitw’ if they were bound to the main progenitor of the Milky Way
analogue at their formation time, as determined by the SUBFIND
algorithm (V. Springel, N. Yoshida & S. D. M. White 2001). This
association is made at the snapshot immediately following their
birth. If the formation occurred at z > 3, the z = 3 association
is used. Star particles that are bound to the main halo at z =0
but were originally formed in a different halo were classified as
‘accreted’.!

Within the Auriga simulations, A. Fattahi et al. (2019) identi-
fied a subset of haloes containing accreted stars characterized by
high orbital anisotropy (8 > 0.8) and high metallicity ([Fe/H] ~
—1), similar to the GES observed in the Milky Way. The accreted
stars contributing to the highly anisotropic ‘sausage’ feature in
the V,-V,in the simulations is typically dominated by a single
progenitor. In most cases, this progenitor is the most massive

1From this definition, stars that formed from the gas stripped from the
satellite are considered in situ.

contributor to the halo, with a stellar mass of 10°-10'° My and
accreted 6-10 billion years ago. We use this subset of Auriga
haloes to explore the metallicity gradient evolution of GES. The
properties of these haloes are detailed in Table 1. We note that Au-
10 actually contains two GES-like mergers that happened around
the same time (see M. D. A. Orkney et al. 2023 for details) but we
consider only one of these progenitors, specifically the more mas-
sive of the two that fell in earlier, in our analysis. With this sample
of GES-like progenitors in Auriga and their snapshots through
time, we now investigate the distribution of the associated stars
and their metallicities.

3 PRE-MERGER VERSUS POST-MERGER OF
GES

We use the z = 0 snapshot to represent the post-merger GES rem-
nant in the simulations in order to be consistent with the observa-
tions. However, defining the pre-merger GES is more complex. To
ensure consistency across different haloes, we consider the pre-
merger GES at infall time (i.e. when the progenitor crosses the
virial radius of the host), as indicated in Table 1.

With the GES main progenitor established, we then translate
and rotate the orientation of the simulation box using the an-
gular momentum of these GES stars at infall, such that both
positions and velocities are centred on the GES progenitor. These
GES progenitors are shown in Fig. 1 in the X-Z orientation and
clearly exhibit a diversity in size and morphology as thoroughly
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discussed in M. D. A. Orkney et al. (2023). The authors have also
calculated the disc-to-total mass ratio (D/T) for these systems
based on the probability of a star particle belonging to the disc
or halo given its kinematics. We include this important physical
property in Table 1 as well as labels in Fig. 1 to emphasize the
range of ‘discy-ness’ the GES progenitor may have had. As short-
hand, we denote the GES progenitor in each Auriga halo with
a ‘G’ To highlight a few examples, Au-5G shows more pressure
support both in its morphology and D/T. Au-10G, on the other
hand, has a more flattened morphology in the z direction, which
is corroborated by the high D/T. Au-15G shows tidal disruption
as it fell in with another subhalo that it later merges with, and
both Au-24G and Au-27G exhibit similar signatures but to a lesser
degree. We note, however, that these disrupting features are more
easily identified in the morphology of progenitors with higher
D/T (i.e. D/T Z 0.50).

Defining the centre of the GES-like system through time needs
to be considered carefully to ensure that the pre- and post-merger
comparisons are as direct as can be. We therefore identify the
most bound star particles? at infall and use their centre of mass as
the centre of the GES at all snapshots, from infall to present-day.
In practice, this coincides with the centre of the GES progenitor
at infall for the pre-merger scenario and the centre of the host at
Z = 0 in the case of the post-merger.

3.1 Pre-merger GES properties

We take the discussion of the pre-merger picture of GES further
by going beyond its morphology and looking at its chemical prop-
erties. Specifically, we explore how the metallicity, [Fe/H], of a
star particle might trace different spatial and dynamical regions
of the GES progenitor before infall, giving us a potential tool to
reconstruct this significant merger.

The [Fe/H] is tracked in the simulations and scaled to Solar
values following M. Asplund et al. (2009). The [Fe/H] from the
simulations are noticeably higher compared to the GES in the real
Milky Way, and this is a known discrepancy (e.g. A. Fattahi et al.
2019; R. J. J. Grand et al. 2021; M. D. A. Orkney et al. 2023; A.
Carrillo et al. 2024). However, this has a minimal effect on this
work as we are assessing relative trends, i.e. the [Fe/H] gradient
with respect to radius or orbital energy, instead of absolute values.
We define the GES-centric radius, Rggs, as the cylindrical radius
of star particles post-translation and rotation. In addition, we cal-
culate the orbital energy> of each star particle by summing its ki-
netic and potential energy as given in the simulations. We derive
the kinetic energy from the re-oriented velocities centred on GES
but note that the potential is taken directly from the simulation
box. Therefore, the resulting value for the orbital energy may not
necessarily be negative, as one would expect for stars that are still
bound to the GES progenitor. For a more detailed discussion, see
R. J. J. Grand et al. (2024). In practice, the correction at a given
snapshot is a constant value of energy added to (or subtracted
from) all particles, hence the slope is not affected. We note that
our calculation for the orbital energy for both the pre-merger and
post-merger scenario is the same, allowing us to compare the two.

We now examine the pre-merger metallicity distribution of the
main progenitor of GES in Auriga as shown in Fig. 2. Here, we

2This number varies from halo to halo but it was ensured that N > 1000.
3When we say energy in this paper, we also mean the orbital energy i.e.
the sum of the kinetic and potential energies.
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highlight Au-5G and Au-15G but show the rest of the haloes in
Appendix A. In the first column, the XY projections coloured
by [Fe/H] visually shows how the distribution of [Fe/H] traces
that of the stellar material, and therefore also any morphological
disturbances they encounter. Specifically, Au-15G falls in with a
companion, which causes some disruption to the GES progenitor
as is evident in its morphology.

The [Fe/H] versus Rggs trends in the second column further
support this narrative. The undisturbed Au-5G has a more steeply
declining [Fe/H] with Rggs that becomes sparse and flattens out
at 11 kpc. The Au-15G system, on the other hand, is already
perturbed at infall by a companion,* showing a steep decline
in [Fe/H] with Rggs up to 6 kpc, but then stays constant and
stretches out to 16 kpc, until finally falling off again beyond this
distance. It is interesting to highlight this system because it gives a
glimpse of what will happen to the metallicity distribution of the
GES systems in the simulations when they get tidally disrupted
by the host i.e. a stretching and washing away of the original
metallicity gradient. In addition, for both progenitors showcased
(and in fact for the rest of the sample), the scatter in [Fe/H] is
largest in the centre and smallest in the outskirts, indicative of
the different star formation histories in these regions.

Lastly, the [Fe/H] gradients with orbital energy for Au-5G and
Au-15G are also both negative, with lower [Fe/H] for less bound
star particles. The [Fe/H] trend with energy for Au-15G shows
signatures of disruption (or at least non-uniformity), similar to
the gradient with Rggs. We fit a linear relationship to the median
trend of these GES infall [Fe/H] gradients in bins of Rggs and
energy, denoted as V[Fe/H]g,and V[Fe/H]g, , respectively. We
also fit an exponential function to the [Fe/H] gradient with Rggs
of the form [Fe/H] = AeP*Rees 4 C, and report the exponent,
B, as V[Fe/H]g,,,- All these fits are derived only for the stars
within 3Ry, to have a more direct comparison to observations,
especially at high redshifts. For now, we list these values in Table 2
but will further discuss them in Section 4, especially in the context
of the change in metallicity gradient with time.

From this exploration, regardless of the details of the halo -
when they fell in, their stellar and total mass, even the promi-
nence of the disc - it is undeniable that these GES-like pro-
genitors already had some semblance of ordered star formation
before they fell into their host galaxy, as reflected by their stellar
metallicity and their negative slopes against radius and energy.

3.2 Post-merger GES properties

‘We now fast-forward to the present day and show the z = 0 snap-
shot of the same haloes, Au-5G and Au-15G, in Fig. 3. The sub-
panels are ordered analogously to those of Fig. 2 but now centred
on the Milky Way-like hosts in the simulations. In addition, the
panels that show [Fe/H] versus galacto-centric distance, Rpost,
and present day orbital energy, are coloured by Rges and orbital
energy in the GES progenitor at infall, respectively. We note that
massive satellites like the GES could continue forming stars after
infall. To ensure we are comparing the same population, we are
only considering the stars that are cross-matched between infall
and present day.

Starting with the XY projection (first column), we can see
that the high-metallicity stars (i.e. [Fe/H] > —1) of the GES de-

4In a case like this, the most obviously massive and therefore dominant
progenitor linked with GES is chosen as the pre-merger system.
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Figure 2. Pre-merger picture of GES in Auriga. The sub-panels contain the XY projection of the GES progenitor coloured by the average [Fe/H]
along the z-axis in the first column where redder means higher [Fe/H], the 2D histogram of [Fe/H] versus Rggs in the second column, and the 2D
histogram of [Fe/H] versus orbital energy in the third column. The mean values of [Fe/H] are denoted with red circles for the trends against Rggs and
orbital energy, with the best-fitting linear (blue) and exponential (orange) relations overplotted. The fits are derived from the median trend of stars that
are within 3 x the half-light radius (purple dashed line). In both examples, Au-5G (top row) and Au-15G (bottom row), the GES progenitor shows the
existence of ordered star formation, with higher [Fe/H] in the most bound inner regions, which then decreases towards the less bound outskirts. The

scatter in [Fe/H] also decreases with increasing R. See Appendix A for the fits to the other six haloes.

Table 2. Metallicity gradient of GES-like haloes in Auriga at infall and present day. The columns are ordered as follows: (1) Auriga halo with a GES
progenitor, (2) slope of the linear fit to the infall [Fe/H] gradient with respect to Rggs up to 3 x the half-light radius, V[Fe/H]g,, (3) exponent of
the exponential fit to the infall [Fe/H] gradient with respect to Rggs up to 3 x the half-light radius, V[Fe/H]g, . (4) slope of the linear fit to the
infall [Fe/H] gradient with respect to orbital energy, V[Fe/H]g, ., (5) slope of the linear fit to the present-day [Fe/H] gradient with respect to Ryos,

V[Fe/H]r,. - (6) slope of the linear fit to the present-day [Fe/H] gradient with respect to orbital energy, V[Fe/H]g,,, . (7) percentage change in the

radial [Fe/H] gradient from infall to today, and (8) percentage change in the energy [Fe/H] gradient from infall to today.

@® @) 3) (€] ©) (6) 7 ®
halo V[Fe/H]g,, VIFe/H]ryq oy V[Fe/H]g, V[Fe/H]R oy V[Fe/H]g, 0, Avire/Hlg  Av[Fe/Hlg
(dexkpc™1) (exponent, kpc™!)  (dex/10~°km?s~2) (dexkpc™1) (dex/10°km?s™2)  (percent)  (per cent)
Au-5G —0.0876 £ 0.0110 —0.1852 + 0.0237 —1.0121 £ 0.2214 —0.0047 +£ 0.0006 —0.7396 £ 0.0954 94.7 26.9
Au-9G —0.0629 =+ 0.0062 —0.1275 £ 0.0242 —0.7619 £ 0.0653 —0.0059 + 0.0006 —0.4177 £ 0.0264 90.6 45.2
Au-10G —0.0463 £ 0.0056 - —2.5374 £ 0.4120 —0.0014 + 0.0003 —0.1710 £ 0.0333 96.9 93.3
Au-15G —0.0454 £ 0.0060 —0.1033 £ 0.0741 —1.9761 £ 0.2029 —0.0031 +£ 0.0007 —0.6076 £ 0.0529 93.1 69.3
Au-17G —0.1430 £ 0.0052 - —1.1924 £ 0.1679 —0.0048 + 0.0007 —0.3862 £ 0.0607 96.7 67.6
Au-18G —0.0922 £ 0.0022 —0.0347 £ 0.0078 —1.5840 £ 0.1544 —0.0049 + 0.0006 —0.4790 £ 0.0700 94.7 69.8
Au-24G —0.0522 £ 0.0092 —0.1869 £ 0.1390 —0.8302 £ 0.1166 —0.0036 + 0.0005 —0.4843 £ 0.0296 93.0 41.7
Au-27G —0.0531 £ 0.0020 —0.4221 £ 0.1634 —0.0060 + 0.0006 —0.3497 £ 0.0124 88.7 17.2
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Figure 3. Post-merger picture of the GES debris in the host galaxy. This figure is similarly arranged as Fig. 2 and shows the XY projection of the
GES debris at z = 0 coloured by [Fe/H] in the first column, the [Fe/H] versus Ry in the second column, and the [Fe/H] versus orbital energy in the
third column for Au-5G (top row) and Au-15G (bottom row), all with respect to the host galaxy at z = 0. The median values of [Fe/H] as a function of
Rpost and energy are marked with circles with the best-fitting linear trend overplotted (black solid line). The [Fe/H] versus Ry panel is coloured by
Rggs while the [Fe/H] versus present-day orbital energy panel is coloured by the orbital energy in the GES progenitor. Although the originally steeper
[Fe/H] gradient is washed away, some signature of it still remains as the [Fe/H] still declines with higher Ry and energy. Additionally, at a given Ry,
stars with lower [Fe/H] tend to have come from larger Rggs at infall. See Appendix A for the fits to the other six haloes.

bris dominate at any given region. This is largely due to these
stars being more prevalent as shown in the 2D histograms in
Fig. 2. However, there is still a slight gradient, with the more
centrally located GES stars having higher metallicity compared
to those farther out in the halo. This present-day gradient ap-
pears to be shallower compared to the GES-centric gradient in
Fig. 2, which more visibly shows that the outskirts have lower
[Fe/H].

None the less, a gradient still persists, which is more clearly
seen in the second column showing [Fe/H] versus Rpog. The
mean [Fe/H] in different Ry bins are shown with circles, high-
lighting the decrease in [Fe/H] with increasing Rpos. We also
fit a linear relationship to [Fe/H] versus Ry, and include this
obtained gradient, V[Fe/H]g ., in Table 2. It is worth noting that
although the original [Fe/H] gradient has been washed away, the
negative sign of the slope is retained. The stars may be phase-
mixed but which stars end up where is not random; those that
formed at smaller Rggs tend to be deposited at smaller Ry,
in agreement with and discussed in previous works (e.g. H. H.
Koppelman et al. 2020; R. P. Naidu et al. 2021; J. A. S. Ama-
rante et al. 2022). In addition, at the same Ry, the stars with
lower [Fe/H] tend to have come from larger distances within
the progenitor at infall. Both these trends seem to hold true

MNRAS 546, 1-21 (2026)

across all the haloes included in our sample, albeit to varying
degrees.

Lastly, we investigate the [Fe/H] versus orbital energy at
present day as shown in the last column of Fig. 3. We similarly
derive the orbital energy by summing the kinetic energy of stars
centred and oriented with respect to the host galaxy, and the
potential taken directly from the simulation box. Although the
resulting orbital energy is largely negative, as the GES stars are
now bound to the main halo, this is not always the case as seen
for Au-5G in Fig. 3. None the less, as discussed in the previ-
ous section, this should not affect our calculation of the energy
metallicity gradient. This is also coloured by the 16th to 84th
percentile of the orbital energy in the GES progenitor at infall
and the mean [Fe/H] in different energy bins shown with circle
symbols. Similar to the second column, there is a negative trend
in [Fe/H] with energy, wherein stars that are less bound to the
host have lower [Fe/H]. This pattern is consistent throughout the
rest of our sample and we quantify its slope, V[Fe/H]g,, , as listed
in Table 2. Both Au-5G and Au-15G indicate that stars that were
less bound to GES prior to the merger remain less bound to the
Milky Way-mass host in Auriga. However, this relationship is not
consistently observed in other haloes. For example, Au-10G and
Au-17G exhibit a more mixed distribution of GES infall orbital
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Figure 4. The evolution of the spatial distribution of GES stars with different infall orbital energies. We show Au-18G as an example but
emphasize that the rest of the GES progenitors in Auriga exhibit similar trends. First column shows the E — L, in the GES progenitor at infall with
the second (purple line) and 98th (orange line) percentiles marked. We use these demarcations to create our most bound and least bound samples,
respectively, which we trace through time. Columns 2-4 show the evolution of the spatial distribution of stars in these two samples, where the top row
shows the least bound stars and the bottom row shows the most bound stars. Column 2 portrays these different samples at infall centred on the GES
main progenitor (60 kpc on each side), Column 3 during the merger (200 kpc a side), and Column 4 as we see the debris today (200 kpc a side). The
star particles are coloured by their [Fe/H] values. Note that we centre on the GES progenitor at infall, but centre on the Milky Way-like host during the
merger and at z = 0 for ease of comparison.The surface density in grey are all scaled the same for Columns 2-4.

energies across present-day orbital energies (see Appendix A). We
also show in Appendix B what the present-day metallicity gradi-
ents are if we instead include all GES stars, instead of just the ones
that were present at infall. These measurements would be more
analogous to what is done in observations (e.g. S. Khoperskov
etal. 2023; G. E. Medina et al. 2025), though having precise stellar
ages and estimates for when the GES first fell into the Milky Way
would allow better comparison to our work. In general, these
measurements including all GES stars are steeper, both in radial
and energy trends, because of the additional star formation that
results in more metal-rich stars. Still, we proceed with compar-
isons to just the stars present at infall as their GES-centric radii
and corresponding orbital energies are more well-defined.

This exploration of the present-day [Fe/H] gradient with Ry
and energy have shown that the pre-merger properties of GES
could possibly be teased out from the data. The combination of
galactocentric radius and [Fe/H] at present-day is particularly
promising in deriving GES-centric radius at infall. On the other
hand, the link between present-day and infall orbital energies is
not as straightforward. In the next section, we explore stars with
different orbital energies in a sample GES progenitor in more
detail, both in terms of their chemistry and how they get stripped
over time.

3.3 The evolution of E — L, and [Fe/H] over time

We now investigate the properties of stars with different orbital
energies, E, in the GES progenitor, and follow the evolution of
their spatial distribution from infall all the way to z = 0. We
highlight this evolution for Au-18G in Fig. 4 as an example but
note that the other seven haloes show similar trends. The leftmost
panel shows the E — L, diagram for the GES progenitor from
which we selected the samples of most and least bound stars.
Using the distribution of orbital energy of GES stars before infall,
we consider the most bound stars to be those that fall under

the second percentile i.e. anything below the purple line. The
least bound stars are selected to be above the 98" percentile i.e.
anything above the orange line. Although the orbital energies are
positive, the relative trend of which stars are the most bound ver-
sus least bound is preserved. In the next three columns, we follow
the evolution of the spatial distribution of these same stars at
different snapshots in time: at infall (second column), during the
merger (third column), and phase-mixed today (fourth column),
all coloured by the star particle’s [Fe/H], and separated into the
least bound sample (top row) and most bound sample (bottom
row). The subpanels on the spatial distributions of stars show
surface densities in grey (all scaled the same) and encompass 60
kpc a side for the second column and 200 kpc a side for the third
and fourth columns. We note that the second to fourth columns
are mostly for illustrative purposes; therefore, for ease of com-
parison, we centre on the GES progenitor for the infall picture,
but centre on the Milky Way-mass host during the merger and
today.

At infall, the most-bound stars are more compact and spherical
in their spatial distribution compared to the least bound stars and
they also have higher metallicities. The more spatially extended
star particles for the least bound sample are more metal-poor and
appear to be experiencing tidal disruption.

During the merger, 0.8 Gyr after infall, we see a larger differ-
ence in how the most and least bound stars get stripped from
the progenitor. The stars from the least bound sample are dis-
tributed more widely in the galaxy while the most bound stars
have a narrower distribution that more closely follows the track
of the progenitor. The differences in the [Fe/H] also become more
apparent. For the least bound sample, the stars that are farther
out in the galaxy are the ones that are more metal-poor, while the
ones along the GES track are slightly metal-richer. This is similar
to what could be seen for the most bound sample. In fact, the core
of the GES progenitor is visibly compact and more-metal rich,
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and the arms emanating from it have stars that are slightly metal-
poorer than the core.

Lastly, we view the GES debris in the present-day, more than
9 Gyr after infall. Both the most bound and least bound material
is now fully phase-mixed and seen at all radii. However, there are
still some subtle differences between how the star particles settle
into the host galaxy. For both samples, the majority of the stars
are deposited within the inner regions (< 20 kpc), largely owing
to dynamical friction dragging the massive progenitor towards
the centre of the host (S. Chandrasekhar 1943). The least bound
sample have a higher fraction of stars in the outer halo of the
galaxy than the most bound sample, because these less bound
stars are stripped earlier in the disruption of the GES. Specifically,
50 per cent of the stars in the most bound population are in the
inner 20 kpc, while those in the least bound population are con-
tained within 32 kpc. The final column of Fig. 4 also shows that
the less bound GES stars have lower [Fe/H] overall compared to
the most bound stars, especially if we compare them at the same
distance from the host.

This investigation of the evolution of stars with different orbital
energies in the GES progenitor has shown that there are larger
differences at infall and during the merger, but these differences
become less distinct as the debris gets phase-mixed. However,
it is promising to see that indeed, at the same location in the
host galaxy, a GES star with lower [Fe/H] most likely had higher
orbital energy in the original progenitor. In addition, and per-
haps unsurprisingly, the GES stars that are found farther out in
the halo are lower in [Fe/H] and were less bound in the GES
progenitor. These results are indeed in agreement with earlier
works. For example, H. H. Koppelman et al. (2020) used N-body
simulations and showed that stars that were in different locations
in the progenitor end up with different dynamics as observed in
the host galaxy (see their figs 3 and 4). This was further supported
by the later work of J. A. S. Amarante et al. (2022) where they
employed smoothed particle hydrodynamics as well as N-body
models, and similarly found that GES stars (1) exhibit different
chemistry and (2) are sorted to different energies and angular
momenta at present day depending on where they were in the
progenitor. Recently, S. Buder et al. (2025) investigated how the
chemistry and dynamics of stars as measured today preserve
some spatial and temporal information of the GES progenitor be-
fore its destruction with a zoom-in cosmological hydrodynamical
simulation. Using NIHAO-UHD simulations (L. Wang et al. 2015;
T. Buck 2020), they similarly found that the more tightly bound
stars in the progenitor galaxy have a different star formation ef-
ficiency, have enriched chemistry, and get dispersed differently,
compared to those in the outskirts. As we likewise see in our
work, not all information is lost if we harness both chemistry and
dynamics.

In this section, we compared the pre-merger and post-merger
picture of the GES progenitors in Auriga by investigating their
morphology and how their stellar metallicities are distributed in
location and orbital energy. From our qualitative comparisons, it
seems encouraging that not all pre-merger properties are lost, as
they vaguely track the similar present-day properties, specifically
Rpost and energy. In the next section, we further examine this
and quantify the change in [Fe/H] gradient between the pre-
merger and post-merger snapshots, and investigate if the degree
to which the gradient changes could be due to other fundamental
properties of the merger event.

MNRAS 546, 1-21 (2026)

4 CHANGES IN THE GES METALLICITY
GRADIENT OVER TIME

‘We now examine the evolution of the simulated GES systems by
investigating the change in metallicity gradient for all the sample.
We first explore the relationship and differences between the pre-
merger versus post-merger radial and energy [Fe/H] gradients in
the simulations, and then interpret these trends in the context of
the GES merger properties.

4.1 Pre-merger versus post-merger [Fe/H] gradient

Fig. 5 highlights the changes in the radial and energy [Fe/H]
gradients over time. The values plotted here are the slopes to the
best linear fit, as the exponential fit does not apply to every halo
(e.g. Au-10G and Au-17G). The horizontal axis for the first two
rows (last row) shows the V[Fe/H]g, (V[Fe/H]g,,,) on the left
and the V[Fe/H]g, (V[Fe/H]g,,,) on the right. The vertical axes
for the top panels indicate the present-day metallicity gradients,
i.e. V[Fe/H]g,,,(left) and V[Fe/H]g,,, (right), while the middle
and bottom panels quantify the percentage change between the
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Figure 5. GES metallicity gradients in Auriga before and after
merging. The values plotted here are the slopes to the best linear fit. For
the top two rows, the x-axes show the infall [Fe/H] gradient with respect
to Rggs (left) and orbital energy (right), while the bottom row shows
these gradients as measured at present-day. The y -axes in the top panels
show the present-day radial (left) and energy (right) [Fe/H] gradients, and
those in the middle and bottom panels show the percentage change in the
radial (left) and energy (right) [Fe/H] gradients between infall and today.
The blue-shaded regions indicate the range of the percentage change for
the radial [Fe/H] gradient. There is surprisingly no correlation between
the initial and final metallicity gradients for both the radial and energy
trends (top row). However, the percentage changes against V[Fe/H]g, ;.
V|[Fe/H]r,,, and V[Fe/H]g,,,do seem to correlate. We quantify these
correlations in Section 4.1.
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pre-merger and the present-day [Fe/H] gradients. Here, a value
closer to zero indicates little difference between the pre-merger
versus post-merger (radial or energy) metallicity gradient. The
blue-shaded regions on the right panels show the range of per-
centage change in the radial [Fe/H] gradient. To identify the
strength of the trends, we also calculated their Pearson corre-
lation coefficients (CC) where a value of 0.5 to 1 means strong
correlation, 0 means no correlation, and —0.5 to —1 means strong
anticorrelation.

The top-left panel shows very little correlation between the
slope of the radial metallicity gradient today and at infall, with a
CC of —0.34. That is, knowing V[Fe/H]g,,, does not necessarily
tell us what V[Fe/H]g,, is. Intuitively, one might assume that
systems that had steeper gradients at infall had more of the gra-
dient to ‘preserve’, and would similarly have steeper gradients at
present day. But we argue that this is not too surprising given the
range in slopes for the pre-merger versus post-merger trends, as
well as the physical properties of these progenitors, which we dis-
cuss later in Section 4.2. The trend with energy (top-right panel)
seems to also have no correlation. The CC for V[Fe/H]g,,, versus
V[Fe/H]g,, is —0.26. However, from the figure, Au-10G seems
to be an outlier. Without this halo, there is a slightly positive
correlation, with a CC of 0.43. We note that Au-10 has another
progenitor that contributes significantly to the anisotropic feature
in Vs versus V; space, which falls in less than a Gyr after Au-10G
(M. D. A. Orkney et al. 2023). M. D. A. Orkney et al. (2023) show
that (see their fig. 6) Au-10G makes a —90° angle with respect
to the host’s disc, while the subsequent GES-like contributor
falls in at a 90° angle. The presence of this other merger washes
out the metallicity gradient even more, making Au-10G an out-
lier. Regardless, this trend in V[Fe/H] versus V[Fe/H]g,
highlights the important nature of energy in redistributing stars,
such that systems with steeper V[Fe/H]g, , also have steeper
V[Fe/H]g, -

The middle-left panel shows that the percentage change in
the radial metallicity gradient is moderately anticorrelated with
V[Fe/H]g, with a CC of —0.47. That is, there is a greater
change in the metallicity gradient for systems that originally
had steeper V[Fe/H]g, . Considering that Au-10G is an out-
lier due to the presence of another GES-like progenitor, the
CC between the percentage change in radial metallicity gradi-
ent versus V[Fe/H]g, , becomes even stronger at —0.76. In fact,
this anticorrelation is even more apparent if we consider in-
stead the absolute difference between the present-day and infall
slopes, with a CC of —0.99. We note, however, that the range in
V[Fe/H]g,, is —0.143 to —0.045 dexkpc™!, while the range in
V[Fe/Hlg,,, is —0.006 to —0.001 dexkpc™!, the former having
much more significant gradients than the latter. It would there-
fore follow that the largest change would occur for the steepest
gradients as those with shallower gradients at infall have less
of a gradient to be washed out. This is similarly the reason for
the strong anticorrelation in the percentage change in energy
metallicity gradient with V[Fe/H]g, ; (middle-right panel), where
the CC is —0.90. In addition, the percentage change for the en-
ergy metallicity gradient spans a wider range and reaches lower
values compared to that of the radial trend, highlighted as the
blue region. Some GES progenitors change energy metallicity
gradients very minimally (e.g. Au-27G), while some get almost
completely washed out (e.g. Au-10G). This wide range together
with the strong anticorrelation with V[Fe/H]g, .emphasizes fur-
ther that looking at the metallicity gradient with respect to
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energy is a more promising space to explore the past of the
GES.

Lastly, from the bottom-left panel, we see that systems with
shallower V[Fe/H]g,, tend to have the largest percentage
change in their gradients, with a CC of 0.64. On the other hand,
the trend in the percentage change against V[Fe/H]g, , is slightly
positive at 0.44, thought this is largely due to Au-10G. The cor-
relation between the present-day radial metallicity gradient and
its percentage change is a potential window to tracing back the
original metallicity gradient that the GES progenitor fell in with.

In the next section, we investigate how the properties of the
GES merger in the simulations drive the differences and trends
that we see with metallicity.

4.2 [Fe/H] gradient versus GES properties

4.2.1 GES radial [Fe/H] gradient

Fig. 6 explores the trends in V[Fe/H]g,,, V[Fe/H]g,,,, and the
percentage change in the radial metallicity gradient, V[Fe/H]g,
against the GES infall stellar mass, GES infall total mass, GES
infall time, GES D/T, and host total mass at present day from
left to right. We specifically compare against these merger prop-
erties as we presume that they would have a significant effect
on the metallicity gradient. We similarly calculate the CC for
these trends, which are indicated on the top of each subpanel.
The markers are coloured blue for positively correlated properties
(CC = 0.5), grey for zero to low correlation (—0.5 < CC < 0.5),
and red for negatively correlated properties (CC < —0.5). Though
we report these CC, we do caution that our small sample prohibits
us from making strong claims based on these numbers. We use
these mostly as a guide for our physical interpretation.

The infall radial metallicity gradients (and percentage change
in gradients) are correlated with the GES stellar mass and total
mass. The most massive GES progenitors have the shallowest
gradients at infall. These, in turn, have the smallest change in the
radial metallicity gradient.

The relationship between V[Fe/H]r and the mass of a galaxy
is still highly debated, with different observational works finding
these two properties to be correlated (e.g. F. Belfiore et al. 2017;
A. Franchetto et al. 2021) and anticorrelated (e.g. I. T. Ho et al.
2015; K. A. Lutz et al. 2021) in the same mass regime as the GES
progenitor. We discuss this in greater detail in Section 5.1. We
note that these works have also used various tracers i.e. stars, gas-
phase metallicity, and atomic gas (HI). We can also make a direct
comparison with other simulations. For example, S. Khoperskov
et al. (2023) used the HESTIA cosmological simulations as well
as 1000 N-body simulations to answer the same question we are
asking —- what was the GES progenitor’s metallicity gradient? Their
Fig. 6 shows that less massive progenitors have a larger scatter in
V[Fe/H]g, ., reaching steeper gradients at infall, similar to what
we are finding in this work. We posit that this strong correlation
between the V[Fe/H]g, and the GES stellar and total mass is
therefore a viable scenario.

With the relationship between the V[Fe/H]g, . and GES stellar
and total mass established, it is easier to make sense of the trends
in the change in V[Fe/H]g. The less massive progenitors have
shallower potential wells and so their stars can be more easily
stripped. The effect of washing away an existing metallicity gra-
dient would then be more pronounced for these systems, and they
would thus end up with the greatest change as shown in the third
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Figure 6. [Fe/H] gradients with radial distance as a function of merger property. Radial metallicity gradient at infall (V[Fe/H]g, ), at present-
day (V[Fe/H]g,, ), and the percentage difference (with respect to infall) between the current and infall radial metallicity gradients from top to bottom,
against the GES infall stellar mass (10°Mg,), GES infall total mass (101! M), infall time (Gyr), GES progenitor disc-to-total mass ratio, and the host peak
total mass (in 1012My,), from left to right. The Pearson CC are indicated at the top of each sub-panel, and the trends that are strongly correlated (CC >
0.5) and strongly anticorrelated (CC < —0.5) are coloured blue and red, respectively.

row. However, why the V[Fe/H]g,, itself shows little correlation
against the stellar and total masses is intriguing, but this could be
due to the stochastic nature of our small sample. We show later
in Section 4.2.2 that the masses do have a trend against the energy
metallicity gradient at infall and at present-day, lending more to
the physical interpretation of their relationship.

The infall times and the D/T are positively correlated with
both the V[Fe/H],, and V[Fe/H] This could be because
at later infall times, the progenitor is able to establish ordered
star formation across the whole galaxy and have an evolved disc,
leading to a shallower gradient at infall (see further discussion in
Section 5). This positive trend against the gradient is preserved
up to the present day. Lastly, the host’s present-day total mass
is negatively correlated with the percentage change in the radial
metallicity gradient. Considering that we find a similar trend for
energy, we therefore think this is physical and discuss this further
in the next section.

Rnow *

4.2.2 GES energy [Fe/H] gradient

In addition to the radial metallicity gradient, we also investigate
the [Fe/H] gradient with respect to energy at infall (V[Fe/H]g, ),
at present-day (V[Fe/H]g,,, ), and the percentage difference be-
tween them (per cent A in V[Fe/H]g), against different merger
properties in Fig. 7. We compare to the same properties as in Fig.
6 and similarly colour the markers based on their Pearson CC i.e.
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blue for positively correlated, red for negatively correlated, and
grey for no correlation.

Interestingly, the same exact panels are not necessarily illu-
minated between Figs 6 and 7. The trends against stellar and
total masses are especially more pronounced for infall, present-
day, and percentage changes in the energy gradients compared
to those against radius. This is because how a star gets stripped
and dispersed into the host galaxy is more directly related to
how bound it was to start with. Similar to the case for the radial
gradient, the more massive systems exhibit the shallowest gradi-
ents at infall. These most massive systems then end up having
the steepest gradients at present day. They also experience the
least change in the energy gradient between infall and present
day as their stars are more bound, driving this anticorrelation.
In addition, significantly massive progenitors compared to their
hosts (e.g. Au-5G and Au-27G, see fig. 6 in A. Fattahi et al. 2019)
are subject to more dynamical friction and therefore change to
their orbit. They plunge deeper into the galaxy in a shorter time-
scale, and as they lose stars in this process, this creates a steeper
gradient at present day compared to the less massive progenitors
with farther apocentres. We note that Au-15G falls in as a double-
system and seems to be an outlier; removing this GES progenitor
further strengthens the anticorrelation for the percentage differ-
ence in V[Fe/H]g versus GES stellar mass and total mass, with
CC of —0.89 and —0.87, respectively. We again emphasize that
the percentage change encompasses a huge range for the energy
metallicity gradient, which goes from ~17-70 per cent compared
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Figure 7. [Fe/H] gradients with orbital energy as a function of merger property. Metallicity gradient with respect to orbital energy at infall

(V[Fe/H]g,

inf

), at present-day (V[Fe/H]g,,, ), and the percentage difference (with respect to infall) between the current and infall energy metallicity

gradients from top to bottom. The columns are arranged similar to those in Fig. 6 with the points coloured blue to indicate strong correlation (CC > 0.5)

and red for strong anticorrelation (CC < —0.5).

to that of the radial metallicity gradient, which are much higher
at ~89-97 per cent.

It is also striking that the infall time is negatively correlated
(CC = —0.51) with V[Fe/H]g, ., which is opposite to the trend
we see against V[Fe/H]g, . However, both could be true at the
same time, as stars at the same radius can have different ener-
gies, and stars at the same energy can be at different radii. One
possible explanation for the anticorrelation between infall time
and V[Fe/H]g,, is that GES-analogues accreted more recently
have had more time to accrete lower mass systems as they have
spent more time as a ‘central’ system (S. Taibi et al. 2022). These
smaller accreted systems would have relatively lower metallicities
compared to the main GES galaxy (E. N. Kirby et al. 2013) and
due to their lower mass, they would be destroyed more easily and
dispersed into the GES stellar halo at higher energies. This can
altogether cause a steepening in the energy metallicity gradient.
Some other effects are most likely at play here but we note that the
hierarchical formation of galaxies would have a non-negligible
effect on this anticorrelation that we see. Overall, the trend for
infall time against V[Fe/H]g, seems to be driven by in situ star
formation while the trend against V[Fe/H]g,  is driven by the
galaxy’s assembly and merger history.

The D/T has a positive correlation with the present-day energy
metallicity gradient at CC = 0.57, similar to the case for the radial
trend. The fact that the same correlation exists for both radial and
energy gradients against D/T lends more weight to this property
in terms of the fate of GES, which we discuss in more detail in

Section 5. A stronger presence of a disc component in the GES
progenitor roughly results to a shallower metallicity gradient at
present day. Interestingly, Au-10G and Au-15G visually appear
to be outliers against V[Fe/H]g, ., and removing them results in
strong relationships against D/T, i.e. CC = 0.83 for V[Fe/H]g,,
CC = 0.56 for V[Fe/H]g,,,, and CC = —0.56 for the percent-
age change. Though the D/T and metallicity gradient for Au-
15G may be unreliably measured as it is falling in with another
system, it is less clear why Au-10G would be an outlier in this
space. It is even more intriguing that Au-10G has the shallowest
V[Fe/H]g, but the steepest V[Fe/H]g, ;. But as we noted earlier,
though the two are related, the likely mechanisms at play are not
exactly the same. We also reiterate that Au-10G is one the least
massive progenitors and it still follows the bulk trends against
stellar mass and total mass in the first two columns, given its steep
V[Fe/H]g, . It appears that this infall property of the progenitor
depends both on the mass and the morphology of the galaxy.
The host’s present-day total mass is positively correlated with
V[Fe/H]g,, with CC = 0.66, in that the more massive Milky
Way-like hosts in Auriga tend to have accreted GES progen-
itors that exhibit shallower V[Fe/H]g, . This could in part
be a consequence of the GES infall mass i.e. more massive
hosts typically accrete more massive GES systems and these
more massive systems tend to have shallower gradients. This
trend may also suggest a potential link between the V[Fe/H]g,
and the environment the GES progenitor is in (perhaps a re-
sult of assembly bias), though the exact reason would have to
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be explored further. With this strong positive correlation for
V[Fe/H]g,, versus host mass and the link to the progenitor
mass itself, it follows that the percentage difference in V[Fe/H]g
exhibits a strong negative correlation as the steepest gradients
(i.e. the lowest mass progenitors) would experience the greatest
change.

In this section, we explored the presence and destruction of the
GES metallicity gradient against different merger properties. We
found that each merger property we looked into has a potential
link, whether to the initial, final, or change in the metallicity
gradients both against radius and energy. The GES infall stellar
and total masses as well as the host’s present-day total mass are all
correlated with the percentage changes in the gradients, therefore
measuring their V[Fe/H]g,,, and V[Fe/H]g,,, at present day are
a window to their corresponding V[Fe/H]g,  and V[Fe/H]g, at
infall. Barring the outlier (Au-10G), the infall time is another
avenue to measure the present-day gradient to infer the one at
infall. The D/T for the GES progenitor is consistently correlated
with the present day [Fe/H] gradient in both radial and energy
space, where discier GES tends to have shallower gradients to-
day. Considering that Au-10G and Au-15G are outliers, this pos-
itive correlation with D/T seems to be already in place at infall.
Lastly, we found that the percentage change has a larger more
dynamic range (17-70 per cent) for energy than radius (89-97
per cent), highlighting the power of measuring [Fe/H] against
energy, though we note that the radial trends are observationally
easier to measure.

5 DISCUSSION

We have shown both qualitatively and quantitatively how the
metallicity gradient in GES-like progenitors in Auriga evolve
through time - from infall to the present day. These GES progeni-
tors have a negative metallicity gradient that existed before falling
into their respective hosts in agreement with previous and recent
works (H. H. Koppelman et al. 2020; R. P. Naidu et al. 2021; J. A.
S. Amarante et al. 2022; G. Limberg et al. 2022; V. Chandra et al.
2023; A. Mori et al. 2024; S. Buder et al. 2025; A. Skuladottir et al.
2025), and this negative gradient persists both against radius and
energy to today, though as a much weaker signature. More impor-
tantly, we found that different physical properties such as GES
stellar and total mass, infall time, disc-to-total mass ratio, and
host total mass could probe the changes in these gradients, which
could go from barely having changed (at 17 per cent difference) to
washing away almost completely (at 97 per cent difference). This
result suggests that accurately knowing the GES stellar and total
mass, its infall time, and the Milky Way total mass is a potentially
powerful probe into the chemical cartography of GES’s past. But
before we are able to jump back in time, we first discuss how the
metallicity gradients in the simulations compare to observations
of similar-mass galaxies, and how to approach reconstructing the
GES cartography from real Milky Way data.

5.1 Metallicity gradient in observations

To ensure a wider scope for comparison, we look at both gas-
phase and stellar metallicity gradients in the observations. Com-
paring to gas-phase metallicity is especially important at higher
redshifts where emission from gas is easier to measure than the
continuum from stars. We recognize that this is not a perfect com-
parison. Both observations and simulations (J. Lian et al. 2018; M.
A. Bellardini et al. 2021, 2022; D. Ibrahim & C. Kobayashi 2025)
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show that galaxies with steeper gas-phase metallicity gradients
tend to have steeper stellar metallicity gradients as well, but the
former is systematically shallower. However, at the mass regime
we are looking at, this systematic difference in the gradients be-
tween the gas and stars becomes less pronounced (see fig. 4 in J.
Lian et al. 2018). Stars are also affected by radial migration, so the
metallicity gradient of older stellar populations would be more
blurred out already compared to that of younger stars forming
out from the gas (N. Frankel et al. 2018). Gas dynamics may affect
the gas-phase metallicity gradient and therefore not necessarily
reflect the distribution of stars, and the sample itself would be
limited to those with measurable emission (and are therefore
largely star-forming). In addition, studies of metallicity gradients
focusing on systems with stellar masses similar to GES (i.e. ~
10° M,) are not largely sampled or are typically on the cusp of
statistically large surveys such as MaNGA (K. Bundy et al. 2015)
and CALIFA (S. F. Sanchez et al. 2012). Most importantly, we are
only able to compare to the radial metallicity gradient, which is
more easily measured than the energy metallicity gradient in ob-
servations. None the less, to anchor our results in the simulations
to the real Universe, it is necessary to compare to observations of
similar mass systems both at high and low redshifts.

5.1.1 High-redshift galaxies

We now look at high-redshift galaxies at 1 < z < 3 to more ac-
curately sample a GES-like progenitor before it merged with the
Milky Way. Gravitational lensing has been especially useful in
probing the metallicity gradients of high-redshift galaxies, pro-
viding us a spatially resolved view of galaxies that are otherwise
too small to observe. In addition, the samples from gravitationally
lensed works are unbiased, as the alignment of a lensing galaxy
in the foreground and the lensed galaxy in the background is
random.

To this effect, studies from the Grism Lens-Amplified Sur-
vey from Space (GLASS) survey using the Hubble Space Tele-
scope have been helpful in contextualizing our results in con-
trast to high-redshift observations. X. Wang et al. (2017) looked
at the gas-phase metallicity of star-forming galaxies in the 1 <
Z < 2 regime that were serendipitously magnified by the cluster
MACS1149.6+2223. They report a diversity in morphologies and
gradients (i.e. negative, flat, and positive) of galaxies that have a
mass range of 1037%° Mg,. Interestingly, they similarly find shal-
lower radial metallicity gradients at the higher mass end of this
range (as we see in our Fig. 6). They posit that such a correlation
may result from massive galaxies having more evolved discs with
star formation happening at all radii, flattening the metallicity
gradient. This is similar to what M. Curti et al. (2020) found
using the KMOS Lensed Emission Lines and VElocity Review
(KLEVER) Survey. However, this does not necessarily mean that
the disciest galaxies have the shallowest metallicity gradients (as
we see for Au-10G which seems to show the opposite). Both
the mass and the D/T should be high for a GES-like galaxy in
Auriga to have a shallower radial and energy metallicity gradient
at infall, such as the case for Au-24G and Au-27G. It is important
to note though that the GES progenitor likely has a lower (stellar)
mass than Au-24G and Au-27G based on observations (e.g. T. M.
Callingham et al. 2022; J. M. M. Lane, J. Bovy & J. T. Mackereth
2022; A. Carrillo et al. 2024). Other works from the GLASS survey
have also shown that galaxy interactions can affect the resulting
metallicity gradient. T. Jones et al. (2015) found a shallower slope
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for a lensed galaxy at z = 1.85 compared to isolated galaxies at
the same redshift because of interactions with a neighbouring
system. This is similar to what we see in Fig. 2 for Au-15G, which
falls into the host’s virial radius with another subhalo.

The JWST has further revolutionized our view of the spatially
resolved high-redshift Universe. Initial works from the MSA-3D
survey (M. Ju et al. 2025) using JWST NIRSpec estimated the gas-
phase radial metallicity gradients for galaxies with stellar masses
8.69 < log1o(M,/Mgy) < 11.20at 0.5 < z < 1.7 without the aid of
gravitational lensing. At the redshift that we are investigating
(i.e. z > 1), their sample of galaxies have negative and flat radial
metallicity gradients, with similar values to what we find in the
simulations. The authors note that the radial range over which
the gradient is measured also affects the resulting metallicity
gradient. They find that galaxies with higher stellar masses tend
to have more negative gradients. Although this is contrary to the
positive correlation that we see in Fig. 6, we do note that this trend
seems to be driven by systems that have M, > 10°M, in their
sample. Overall, the GES progenitors in Auriga exhibit reasonable
and consistent radial metallicity gradients with observations of
galaxies at similar mass and redshift ranges.

5.1.2 Low-redshift galaxies

As the GES is a destroyed dwarf satellite of the Milky Way, it is
important to compare the metallicity gradients of surviving satel-
lites in the Milky Way and the Local Group at large. Fortunately,
stellar metallicity gradient measurements are available for these
systems, making them more directly comparable to study. E. N.
Kirby et al. (2011) measured the stellar radial metallicity gradient
for eight Local Group dwarf galaxies, which they found to have
largely negative gradients similar to what we found in the sim-
ulations. R. Leaman et al. (2013) further showed that the dwarf
irregulars (dIrr) such as the LMC, SMC, and WLM (an isolated
dIrr) have shallower gradients compared to dwarf spheroidals
(dSph) like Fornax and Sculptor. They propose that this is because
the dIrr galaxies have higher angular momentum compared to
the dSph galaxies, which prevents chemically enriched gas from
getting funnelled easily into the central parts, therefore flatten-
ing the metallicity gradient. From the comparison to the D/T in
Figs 6 and 7, we can generally see the same correlation observed
in the Local Group i.e. our discier systems tend to have shallower
gradients. S. Taibi et al. (2022) extended their analysis to 30 Lo-
cal Group dwarfs in order to more statistically understand what
drives the stellar metallicity gradient. They find that the radial
metallicity gradient is shallower for more luminous and there-
fore more massive systems, similar to what we find in Auriga.
We note that their sample of galaxies has a lower mass range
than what we are looking at (i.e. M, ~ 10° to 10° M) although
there is overlap at the higher mass end. Among the Local Group
dwarfs that match the radial metallicity gradients in the simula-
tions, three are dwarf irregulars (SMC, IC 1613, Aquarius) and
three are dwarf spheroidals (Antlia II, Carina, Cetus). They find,
however, that when the radial metallicity gradient is measured
and scaled to the half-light radius, this correlation with mass
disappears. These studies show that what causes the slope of the
stellar metallicity gradient is not so straightforward, and, as we
have seen in the simulations, could be affected both by the mass
and the morphology of the system. None the less, the general
trends match in that the most massive satellites in the Local
Group - the ones more comparable to GES - have the shallowest
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gradients and have a similar range to the GES analogues in the
simulations.

It is worth noting that R. J. J. Grand et al. (2019) have explored
how metals are redistributed in the Milky Way-like central galax-
iesin Auriga and found that fountain flows are able to change low
angular momentum metal-rich material into high angular mo-
mentum material, therefore flattening the metallicity gradient.
Although investigating the exact cause of the metallicity gradient
at GES-mass scales is beyond the scope of this paper, it is worth
pointing out the importance that angular momentum likely plays
in shaping the metal distribution in galaxies, destroyed or intact,
central or satellite.

For completeness, we also compare to nearby (non-Local
Group satellite) galaxies, with the caveat that such samples of
galaxies would be the least comparable to the GES-like systems
in this work. This is because these samples tend to have central
galaxies with higher masses than our sample. I. T. Ho et al. (2015)
tried to alleviate this in their work by supplementing CALIFA
IFU data with observations of local galaxies with the Wide-Field
Spectrograph at the ANU 2.3m Telescope. This covers the mass
range of M, = 103~°M, which we can compare to our GES sam-
ple in Auriga. They found that the gas-phase metallicity gradi-
ent flattens with increasing mass at this regime (see their fig. 9)
although when scaled to the half-light radius, any trends with
stellar mass disappears, similar to what S. Taibi et al. (2022) found
for the stellar metallicity gradient in the Local Group. F. Belfiore
et al. (2017) used the SDSS-IV MaNGA IFU survey to explore
the trends in the gas-phase metallicity gradients of 550 nearby
galaxies. They find that the gradient actually steepens with stellar
mass, the opposite of what we find. However, in their lower mass
regime, which is comparable to our sample (at M, ~ 10°), they
measure shallow negative or flat gradients. Although the com-
parison is harder to make with these local galaxies because of
the aforementioned constraints on the mass range, the metallicity
gradients measured for GES in the simulations are largely in good
agreement with the observations.

5.2 Applications to the real Milky Way

In this work, we have investigated the pre- and post-merger
metallicity gradients of GES analogues in Auriga to ultimately
rewind time and reconstruct the GES progenitor from the real
data. Although we have determined that certain properties such
as stellar and total mass, infall time, and host mass are a window
to the initial metallicity gradient of GES, our analysis was done
fully knowing which stars came from GES and which did not.
This is simply not the case for the observations, especially for the
halo and even more so for the GES which spans a huge range in
different dynamical and chemical spaces, therefore being prone
to contamination. Of course, it is best to have both a pure and
complete sample that accurately represents the real metallicity
distribution of GES over a large range of Galactocentric radii.
However, purity comes at the expense of completeness (and vice
versa) and multiple works have shown the interplay of these two
quantities with different GES selection methods (e.g. S. Buder
et al. 2022; J. M. M. Lane et al. 2022; A. Carrillo et al. 2024).
For example, A. Carrillo et al. (2024) benchmarked observational
selection methods of GES using the Auriga simulations with
GES-like systems, and found that a selection of GES stars using
the action diamond method gives the most accurate stellar mass
estimate for the progenitor, even if it does not give the purest or
most complete sample. In addition, S. Buder et al. (2025) showed
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that the typical dynamical selection of GES stars in observations
that avoid contamination from in situ stars tend to miss the higher
metallicity core of the progenitor. It is therefore necessary to test
from the simulations which levels of purity and completeness
are good enough to still accurately reconstruct the GES progenitor
metallicity gradient in the observations. In addition, our analysis
could be extended with the use of mock data that takes into
consideration the selection function of Milky Way surveys. For
example, mock Gaia data from cosmological hydrodynamical
simulations have been produced such as ananke (R. E. Sanderson
etal. 2020) using FIRE-2 simulations (A. R. Wetzel et al. 2016) and
AuriGaia using Auriga simulations (R. J. J. Grand et al. 2018).
Other works have extended this effort and modelled the com-
bined selection function of Gaia and other spectroscopic surveys
such as APOGEE (e.g. F. Nikakhtar et al. 2021) and DESI (e.g. N.
Kizhuprakkat et al. 2024) in hopes of better translating between
simulation and observational results.

Although typically there is a single progenitor that dominates
the radial feature in V; versus V; in Auriga, we have seen in the
case of Au-10 (detailed more in M. D. A. Orkney et al. 2023)
that there could be two similar-mass progenitors that contribute
to this GES feature. We see that Au-10G consistently has the
shallowest metallicity gradient at present-day, both against radius
and energy. This does not seem to be a mere coincidence, but
an inevitable consequence of the other main GES-like contrib-
utor that fell in less than a Gyr after Au-10G does. This subse-
quent significant merger washes out the already flattened metal-
licity gradient even more. However, it remains an observational
challenge to determine this rare two-progenitor GES scenario,
given that they completely overlap in chemistry and dynamical
space.

Another consideration to make when applying this analysis
to the observed Milky Way data is the need for a large sample
of stars in the halo that reach larger Galactocentric distances.
The present-day metallicity gradient of GES is most likely sub-
stantially shallower than its pre-merger metallicity gradient, as
we have demonstrated in Fig. 5. To probe stars that were mostly
in the outskirts of the progenitor before it fell into the Milky
Way, we would need observations at >50 kpc (see Fig. 3) to
more accurately reconstruct the progenitor metallicity gradient
using a representative sample. Thankfully, many next-generation
large spectroscopic surveys such as DESI Milky Way Survey (A.
P. Cooper et al. 2023) and WEAVE (S. Jin et al. 2024) are ideal
for tackling this problem, providing velocities and metallicities
for distant stars that will enable us to get metallicity gradients
against distance and energy. In fact, using RR Lyrae stars that
extend up to 100 kpc in DESI, G. E. Medina et al. (2025) measured
a metallicity gradient for a selection of GES stars to be —0.005
dexkpc~!. This seems to be consistent with our measurements in
the simulations for GES-like progenitors (see Fig. 6). Other works
however (e.g. P. Das & J. Binney 2016; C. Conroy et al. 2019) found
that the stellar halo of the Milky Way as a whole is consistent with
aweaker metallicity gradient of —0.001 dex kpc~! or even none at
all. We tested if our measured gradients in the simulations would
flatten given observational uncertainties similar to that of the H3
survey (C. Conroy et al. 2019) i.e. 10 per cent for the distance and
0.05 dex for [Fe/H]. The radial metallicity gradients measured
with these uncertainties are all within the error in the original
linear fits aside from one halo (i.e. Au-27G). That is, the observa-
tional uncertainties in metallicity and distance do not flatten the
actual gradient, which is simply too shallow already to experience
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any more blurring. The discrepancy in gradient measurements in
the real Milky Way is likely due to the different selection functions
of these data sets, in addition to contrasting methodologies (i.e.
G. E. Medina et al. 2025 isolate the GES stars, whereas P. Das &
J. Binney 2016 and C. Conroy et al. 2019 do not). For example, K.
Malhan (2025) showed different radial gradient trends in [Si/Fe]
and [Mg/Fe] for GES stars versus metal-poor stars in the Milky
Way.

Lastly, a key result from this work is that by accurately know-
ing the GES stellar and total mass, its infall time, and the total
mass of the Milky Way - properties that we can measure from
observations — we can estimate how much the radial and energy
metallicity gradients have changed over time as we have shown
in Figs 6 and 7. It is therefore imperative to accurately determine
these properties as well to have better combined constraints in
reconstructing the distribution of metallicity across the GES pro-
genitor. To date, stellar mass estimates for GES have a huge range
between 1.5 x 108 Mg (J. M. M. Lane et al. 2023) to 5 x 10° M, (F.
Vincenzo et al. 2019). The total mass estimates are even harder to
determine, but have a range from 10'°~1 M, (V. Belokurov et al.
2018; P. Das, K. Hawkins & P. Jofré 2020). Although these stellar
and total mass ranges are well within the GES progenitors in
Auriga, narrowing them would be necessary for better constraints
on the progenitor. The GES progenitors in Auriga have a wider
range of infall times compared to the GES in the observations (e.g.
A. Helmi et al. 2018; A. Bonaca et al. 2020) but these estimates
do fall within our range in the simulations, making this a viable
parameter space in constraining the infall metallicity gradient.
Lastly, the present-day total mass of the host seems to show a
strong negative correlation with the energy metallicity gradient,
although the exact link is yet to be explored and beyond the scope
of this paper. None the less, better constraints on the total mass
of the Milky Way are needed for purposes that extend far beyond
the goal of this work, and this requires careful modelling from
the Galaxy rotation curve as pointed out by K. A. Oman & A. H.
Riley (2024).

5.3 Caveats

Although we explored in great detail the metallicity gradient of
possible GES progenitors, we acknowledge that this is but one
suite. We use the Auriga simulations because they have a largely
tested sample of GES-like progenitors (e.g. A. Fattahi et al. 2019;
T. M. Callingham et al. 2022; M. D. A. Orkney et al. 2023; A.
Carrillo et al. 2024), but it is worth exploring other cosmological
hydrodynamical simulations as well to confirm the robustness of
our results. For this, it would be better to compare the percentage
difference in the pre- versus post-merger metallicity gradients
between different simulations. The percentage difference would
presumably be less sensitive to the galaxy formation and chemical
enrichment recipes, and therefore better probe the dynamical
evolution of GES stars in the same way we are doing in this study.

In addition, Auriga has 30 Milky Way-like galaxies at Level 4
(with a baryonic mass resolution of 5 x 10*Mg,), and from this
sample, we selected eight galaxies that had a GES-like progenitor
from the work of A. Fattahi et al. (2019). We acknowledge that
this is a small sample and some trends are skewed by certain out-
lier progenitors such as Au-10G and Au-15G. Therefore, a larger
sample is necessary to more statistically determine the validity
and strength of the correlations between metallicity gradient and
GES properties.
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With regards to the radial and energy metallicity gradients, we
find that the radial metallicity gradient undergoes a much larger
change compared to the energy metallicity gradient. The former
is also generally shallower and therefore less discerning than the
latter. We therefore find similar trends as S. Khoperskov et al.
(2023) which used the energy metallicity gradient to determine
the GES progenitor’s metallicity gradient from APOGEE data.
However, we do note that the energy is dependent on the Milky
Way potential model and input observables (i.e. distance, veloc-
ities, positions), while the radial metallicity gradient is a more
direct measurement. In addition, although we perform a linear
fit, it does not fully capture the metallicity gradient at infall for
some of our progenitors. In fact, some of them are better fit by
an exponential function as shown in Fig. 2, where the gradient
climbs up more drastically towards the centre. However, not ev-
ery system is describable with an exponential fit at infall and
all haloes are best fit with a line at present day. Comparing a
linear fit at infall versus a linear fit at present day thus makes the
interpretation of the percentage change more tractable. For the
same reason, we have excluded the inner most region in fitting
to the energy metallicity gradient because of a slight plateau (or
even a turnover) as seen in Figs 2 and 3.

Lastly, exploring the gas content of the GES progenitors in
Auriga in detail is outside the scope of this work, but it is worth
investigating the interplay of the gas fraction, disciness, and the
resulting metallicity gradient for the GES progenitor.

6 CONCLUSION

We carried out this study to understand the pre-merger and post-
merger picture of the GES system using the Auriga hydrodynam-
ical cosmological zoom simulations. These GES-like progenitors
in Auriga have a variety of morphologies and disciness (Fig. 1,
see also M. D. A. Orkney et al. 2023), which is informative in
finding analogues at z ~ 2. We specifically investigated the stellar
metallicity gradient - its presence and destruction. In doing so, we
arrive at the following results:

(i) Negative metallicity gradients exist at infall against both
the GES-centric radius and the orbital energy of stars in the
GES progenitor (see Fig. 2), which range between —0.1430 and
—0.0454 dexkpc™! and —2.5374 and —0.4221 dex/10~°km?s~2,
respectively. The gradients we find in the simulations are in line
with observations of similar-mass galaxies (Section 5.1). We also
find that interactions with a nearby subhalo can lead to stretching
out the gradient, as seen in Au-15G. This ultimately happens to
all the progenitors once they get accreted onto their host galaxies.

(ii) Nevertheless, there remains a negative metallicity gradient
at present-day for the radial and energy trends (see Fig. 3) and
both are shallower (by an order of magnitude) than at infall with
arange of —0.0060 to —0.0014 dexkpc™! and —0.7396 to —0.1710
dex/10~°km?s~2, respectively.

(iii) At the present-day, where the GES stars get deposited in
the host galaxy is a valuable probe to its origin (see Fig. 3). At
the same galactocentric radius, lower [Fe/H] stars generally come
from larger GES-centric radii at infall. In addition, at the same
metallicity, stars deposited at larger radii also typically come from
larger radii in the progenitor. We find a similar trend for the
energy metallicity gradient.

(iv) Progenitors with the steepest present-day radial metallic-
ity gradients were washed out the least, while those with the
steepest infall energy metallicity gradients remain the steepest
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today (see Fig. 5). From the same figure, we see that the radial
metallicity gradient undergoes a much larger percentage change
from 89-97 per cent, while that for energy has a more dynamic
range from 17-70 per cent. The progenitors that conserve their
energy metallicity gradients the most tend to be the most massive.

(v) Lastly, we quantify the correlation between infall, present-
day, and percentage change in the radial (Fig. 6) and energy (Fig.
7) metallicity gradients against GES progenitor and merger prop-
erties. Interestingly, different properties are highly correlated for
the radial trend versus the energy trend. Exploring both spaces
would therefore be better for inferring the GES metallicity gradi-
ent at infall, especially as we get better constraints for the total
and stellar mass of GES, its infall time, and the total mass of the
Milky Way.

Altogether, our exploration provides a glimpse into the past
of this large building block of our Galaxy through leveraging
the data that we do have at present. Amid a list of caveats and
careful considerations for applying this to real Milky Way data,
we emphasize that examining the connection between the chem-
istry, positions, and energies of accreted stars with the progenitor
and host properties is a necessary step to reconstruct this most
significant merger before its eventual demise.
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APPENDIX A: POST-MERGER GRADIENTS OF
OTHER GES-LIKE HALOES IN AURIGA

Fig. A1 shows the pre-merger gradients and spatial distributions
for the rest of the haloes, following the discussion in Section 3.1.
All the GES progenitors we looked at in Auriga exhibit a negative
metallicity gradient both against radius and energy at infall. On
the other hand, Fig. A2 shows the post-merger gradients for the
rest of the haloes in our sample. We note specifically that Au-10G
and Au-17G have a less distinct mapping of infall time GES or-
bital energy to the present-day orbital energy, in contrast to Au-5G
and Au-15G in the right-most panels in Fig. 3. The trend against
radius is also more blurred but still present as seen in the centre
panel, such that lower [Fe/H] stars tend to originate from the
outskirts of the progenitor at infall. The most massive progenitors
i.e. Au-24G and Au-27G also have a less straightforward mapping
between the Rggs and Ry for the energy metallicity gradient,
where the outskirts are dominated by stars that were at lower en-
ergies at infall. However, their radial metallicity gradients are still
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Figure Al. Figure is similarly arranged as Fig. 2 but now includes the rest of the haloes. All of the GES progenitors exhibit a negative metallicity gradient
against both radius and energy.
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Figure Al. Fig. Al (continued).
consistent with those of Au-5G and Au-15G, in that the the GES

stars in the outskirts of the host were also once in the outskirts of
the progenitor.
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Figure A2. Figure is similarly arranged as Fig. 3 but highlights the rest of the haloes.
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Figure A2. Fig. A2 (continued).

APPENDIX B: POST-MERGER GRADIENTS FOR
ALL GES STARS

Following Section 3.2, we calculated the V[Fe/H]g,, and
V[Fe/H]g,, using all the GES stars, instead of just the ones
that existed in the progenitor at infall. Specifically, these stars
include those that formed later on in the progenitor after infall
as well as stars from a separate halo that the main GES progen-
itor later merged with but before its full disruption by the host.
With the gradient measurements at infall, we similarly calculate
the percentage change in the metallicity gradients as we did in
Section 4.1. These gradients and percentage changes are listed in
Table B1. Both present-day radial and energy metallicity gradients
are steeper when including all GES stars, as the stars that form
later generally have higher metallicities. This results in a smaller
difference between the infall and present-day gradients, therefore
also making the percentage change smaller than when consider-
ing just the stars at infall. We compare these percentage changes
between all GES stars versus those that existed at infall in Fig. B1.
It is interesting to note that the energy gradients actually became
steeper for Au-5G and Au-27G if we consider all the GES stars.
However, we caution once again that this is not as straightforward
of a comparison as considering the same star at infall and at
present-day.
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Table B1. Metallicity gradient of GES-like haloes at present day using all GES stars, instead of just
those that existed at infall. The columns are ordered as follows: (1) Auriga halo with a GES progen-
itor V[Fe/H]g,, (2) slope of the linear fit to the present-day [Fe/H] gradient with respect to Rpost,
V[Fe/H]R,,, (3) slope of the linear fit to the present-day [Fe/H] gradient with respect to orbital en-
ergy, V[Fe/H]g,,,, (4) percentage change in the radial [Fe/H] gradient from infall to today, and (5)

percentage change in the energy [Fe/H] gradient from infall to today.

@ )] (3) ) ©]
halo V[Fe/H]Rnow V[Fe/H]Enow AV[FE/HJR AV[Fe/HJE
(dexkpc™!) (dex/10~°km?s~2) (per cent) (per cent)
Au-5G —0.0076 + 0.0006 —1.1167 £ 0.2244 91.3 —10.3
Au-9G —0.0071 £ 0.0007 —0.5187 4+ 0.0380 88.7 31.9
Au-10G —0.0017 £ 0.0003 —0.2203 £ 0.0462 96.3 91.3
Au-15G —0.0062 £ 0.0010 —0.7895 4 0.0940 86.3 60.0
Au-17G —0.0068 £ 0.0010 —0.6605 £ 0.1459 95.2 44.6
Au-18G —0.0059 + 0.0007 —0.5312 + 0.0725 93.6 66.5
Au-24G —0.0045 + 0.0007 —0.6190 £ 0.0335 91.3 254
Au-27G —0.0082 £ 0.0008 —0.5967 4+ 0.0598 84.5 —41.4
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Figure B1. Comparing the percentage change in metallicity gradients when considering all GES stars versus only the stars that were present within 3
Rpaf at infall. The percentage change is systematically larger when considering just the stars that were present at infall, both for the radial and energy
metallicity gradients. The one-to-one correspondence is shown as the solid green line.
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