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ABSTRACT

Numerical simulations have become an indispensable tool in astrophysics. To interpret their results, it is critical to understand
their intrinsic variability, i.e. how much the results change with numerical noise or inherent stochasticity of the physics model.
We present a set of seven realizations of high-resolution cosmological zoom-in simulations of a Milky Way-like galaxy with
the Auriga galaxy formation model. All realizations share the same initial conditions and code parameters, but draw different
random numbers for the inherently stochastic parts of the model. We show that global galaxy properties at z = 0, including
stellar mass, star formation history, masses of stellar bulge and stellar disc, the radius and height of the stellar disc change by less
than 10 per cent between the different realizations, and that magnetic field structures in the disc and the halo are very similar. In
contrast, the star formation rate today can vary by a factor of 2, and the internal morphological structure of the stellar disc can
change. The time and orbit of satellite galaxies and their galaxy properties when falling into the main halo are again very similar,
but their orbits start to deviate after the first pericentre passage. Finally, we show that changing the mass resolution of all matter
components by a factor of 8 in the Auriga model changes galaxy properties significantly more than the intrinsic variability of
the model, and that these changes are systematic. This limits detailed comparisons between simulations at different numerical

resolutions.
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1 INTRODUCTION

Galaxies are complex systems governed by many different physical
processes that are often strongly coupled. Numerical simulations are
an indispensable tool to model these physical processes and their
interactions in detail to obtain a full picture of the formation and
evolution of galaxies. Cosmological simulations in particular are
critical, because they allow us to self-consistently model galaxies in
their full environment and over entire cosmic history (Vogelsberger
et al. 2020; Crain & van de Voort 2023).

Recent cosmological galaxy simulations produce galaxy popu-
lations generally consistent with observations (Vogelsberger et al.
2014; Schaye et al. 2015; Dubois et al. 2016; Springel et al. 2018;
Davé et al. 2019; Pakmor et al. 2023). Comparison with observations
usually focuses on ensemble averages between a population of
simulated galaxies and a population of observed galaxies. Ideally,
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this averages out galaxy-to-galaxy variability from selection effects.
Moreover, it also reduces the impact of variability intrinsic to the
simulations. However, the robustness of properties of simulated
galaxies is hard to judge for individual galaxies, and the intrinsic
variability is likely significant for many galaxy formation models
(Genel et al. 2019; Keller et al. 2019; Borrow et al. 2023).
Quantifying the impact of specific physical processes from sim-
ulations of a large number of galaxies at reasonable resolution is
computationally unfeasible, because every single box is expensive
already (Nelson et al. 2019; Villaescusa-Navarro et al. 2021). There-
fore, galaxy simulations focusing on the study of physical processes
by comparing simulations run with different physics models or
parameters usually only simulate a small number of galaxies with
a zoom-in approach. This way, they focus essentially all resolution
elements in one main galaxy of interest. They then simulate the same
galaxy multiple times with different physical models, for example, to
understand the impact of magnetic fields on galaxies (Pakmor et al.
2017; Whittingham et al. 2021, 2023) and the circumgalactic medium
(van de Voort et al. 2021), cosmic rays (Buck et al. 2020; Hopkins
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et al. 2020; Martin-Alvarez et al. 2023; Rodriguez Montero et al.
2024; Bieri et al. 2025), different supermassive black hole models
(see e.g. Irodotou et al. 2022), or the impact of systematic variations
of the assembly history of a galaxy (Davies, Crain & Pontzen 2021;
Davies, Pontzen & Crain 2022; Rey et al. 2023; Joshi et al. 2024).
Then, however, it becomes critical to understand the robustness of
the simulations for individual galaxies.

A fundamental source of variability for essentially all numerical
simulations is that floating-point operations do not commute. Rather,
the exact result will depend on the order of operations, for example,
the order in which various partial forces are added up to a total
force. Genel et al. (2019) showed that while these differences are
initially tiny, they can grow quickly for sufficiently chaotic systems.
Moreover, they demonstrated that even though a tiny change in the
simulation in one place will not change the properties of a large
population of galaxies very much, individual galaxies can eventually
look very different.

A much more important source of variability for galaxy forma-
tion simulations, which also significantly amplifies variability from
round-off errors, is stochastic operations built into the model, for
example, in the models for star formation of stellar feedback. Because
galaxy formation includes many physical processes that are strongly
coupled, any local deviation, for example, because a different set of
random numbers is drawn, will quickly propagate. Any change of
the random number seed (that changes the set of random numbers
used) or round-off errors (e.g. because we use a different number of
tasks or a different machine to run on) will produce equally valid
results for a given code and model. We can therefore use a set of
simulations of the same initial conditions with the same code and
model parameters, but different random number seeds, to quantify
the intrinsic variability of a simulation.

Despite the fundamental importance of galaxy physics studies,
little work has been done focusing on the intrinsic variability
of galaxy simulations. Keller et al. (2019) studied the intrinsic
variance in simulations of isolated dwarf galaxies and cosmological
simulations of Milky Way-like galaxies. Using different feedback
models, they ran pairs of dwarf galaxies with the same model and
resimulated a dwarf galaxy with one model 128 times. They found a
typical relative variation in stellar mass after 1 Gyr of 5-10 per cent,
with differences up to a factor of 2 in extreme cases. They also
evolved pairs of Milky Way-like galaxies with different feedback
models in a fully cosmological setting to z = 0.9. There, they found
significantly larger deviations in stellar mass compared to the isolated
dwarf galaxies, with persisting differences in stellar mass larger than
10 per cent. They also show that the galaxies can appear qualitatively
different.

Focusing on the impact of systematic modifications to the initial
conditions, Davies et al. (2021, 2022) ran nine realizations of one
cosmological zoom simulation with different random number seeds
for five sets of initial conditions to disentangle the intrinsic variability
of the EAGLE galaxy formation model (Schaye et al. 2015) from the
effect of modifying the initial conditions. They found that changing
the initial conditions and thereby the assembly history of a Milky
Way-like galaxy is a significantly bigger effect than the intrinsic
variability of the EAGLE model. They still found an intrinsic variation
of the stellar mass at z = 0 of up to a factor of 2 for one set of
initial conditions, and generally significant changes to the rotational
support of the disc of the main galaxy at z = 0.

Lastly, to quantify the variance from stochastic modelling of star
formation and feedback in the SWIFT-EAGLE model, Borrow et al.
(2023) ran 16 realizations of a 25 Mpc® cosmological box. The SWIFT
code is not deterministic anyway, as a result of its implementation of
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task-based parallelism that does not preserve the order or numerical
operations. That is, if the simulation is run again on the same machine
with the same number of tasks, it produces slightly different results.
Therefore, they did not need to change the random number seed,
because any initial deviation quickly changes the specific random
number used for future operations. They found that the stellar mass
even of well-resolved individual galaxies can vary by 25 per cent in
the SWIFT-EAGLE model.

In this paper, we analyse the intrinsic variance of the Auriga
galaxy formation model (Grand et al. 2017). Star formation histories
and satellite mass functions of our set of seven cosmological zoom
simulations of the same galaxy have already been shown in Grand
et al. (2021) to understand and quantify resolution effects on the
satellite population of a Milky Way-like galaxy. They found that
the stochastic variability at fixed resolution for the Auriga model
is significantly smaller than changes introduced by changing the
numerical resolution, and that the satellite population is robust to
stochastic variations as well. Here, we present a more general and
detailed quantitative analysis of the same seven simulations with a
focus on the central galaxy at z = 0.

2 SIMULATIONS

Our simulations are resimulations of the cosmological zoom-in
simulation Au-6 of the Auriga project (Grand et al. 2017). The
Auriga haloes are selected from the dark matter only simulation
box of the EAGLE project (Schaye et al. 2015). They are chosen to
have a halo mass of 102 < Ry < 2 x 102 Mg at z = 0 and also
fulfil a mild isolation criterion. Each halo’s particles are traced back
to the initial conditions to determine its Lagrangian region at high
redshift. The Lagrangian region is resampled at higher resolution and
augmented with an added safety buffer. The halo is then resimulated
with the higher resolution in the Lagrangian region and the rest of the
box is derefined to a much lower resolution. In this way, the zoom-in
simulation focuses almost all resolution elements on a single halo and
its environment, but keeps the large-scale structure, and in particular
tidal gravitational forces acting on the halo, in place.

The simulations are run with the moving-mesh magnetohydrody-
namics (MHD) code AREPO (Springel 2010; Pakmor et al. 2016;
Weinberger, Springel & Pakmor 2020). It solves gravity with a
combined tree and particle-mesh approach (Springel 2005; Springel
etal. 2021). Gas is evolved on a moving Voronoi mesh with a second-
order finite volume scheme (Pakmor et al. 2016). The Auriga galaxy
formation model adds the physical processes that are relevant for
the formation and evolution of galaxies. Specifically, it includes
radiative cooling in the form of primordial and metal line cooling
(Vogelsberger et al. 2013), an effective model for the interstellar
medium and the formation of stars (Springel & Hernquist 2003), an
effective model for galactic winds driven by stellar feedback, mass
return from stars via stellar winds and supernovae, and a model for
the seeding and growth of, as well as feedback from, supermassive
black holes (Grand et al. 2017).

The main source of intrinsic randomness in the Auriga model is
the formation of star particles and (galactic) wind particles. Both
remove some or all gas from a cell (in the second case, removing
the cell completely) to create a collisionless particle. They are both
realized stochastically, where the creation of a star particle models
star formation, and the wind particles are a model for the generation
of galactic winds from stellar feedback. In each time-step, each star-
forming cell has a non-zero probability to create a star particle or
a wind particle (Grand et al. 2017). To realize this probability, a
random number for each cell is drawn that determines whether the
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Table 1. Global properties of our galaxy in all seven realizations at z = 0. The columns show from left to right the mass of the halo Mg, i.e. the mass within
a sphere around the potential minimum of the halo where the mean density is 200 times the critical density of the universe, the stellar mass of the main subhalo
M, the stellar mass in the halo at a distance larger than S0kpc My g~ 50kpe, the star formation rate in the last Gyr M, Gyr» the maximum circular velocity Ve max.
the mass of the stellar disc Mgisc and bulge Mpuige, the scale radius Rgisc and height Hgisc of the stellar disc, the radial o, and vertical o, velocity dispersion in
the stellar disc at a radius of 8 kpc, and the total angular momentum of the stellar disc | L.|. The last three rows show the mean value, variance, and the variance
relative to the mean for all quantities over all seven realizations. Most properties vary by <10 per cent. Notably the stellar mass of the halo and the star formation

rate at z = O vary by ~30 per cent.

Realizations at standard resolution (L4)

Realization Maooc M, M*, R>50kpc Ml Gyr Ve max Misc Mbulge Riisc  Haisc Or oz [L|
(102 Mg) (10°Mg) (10°Msy) Moyr™) (kms™) (10°Mg) (10°Mg) (kpe) (kpe) (kms™') (kms™") (108 Mg kpekms ™)
0 1.05 5.66 0.39 37 213 0.42 481 39 085 496 405 6.5
1 1.04 547 0.78 1.6 211 042 413 41 088 503 407 5.7
2 1.03 5.09 0.43 2.1 200 0.42 418 52 093 465 382 6.8
3 1.03 5.32 0.46 16 203 042 433 48 088 450 378 6.9
4 1.05 5.39 0.72 33 206 0.44 422 47 089 477 398 6.4
5 1.04 542 0.41 24 206 043 454 47 087 466 385 6.9
6 1.05 5.36 0.46 2.0 209 0.39 445 40 091 468 405 59
Mean 1.04 5.39 0.52 24 207 042 438 45 089 475 394 6.5
o 0.01 0.17 0.16 0.8 4.6 0.02 024 05 003 19 1.2 0.5
o/mean (percent) 1.0 32 30.6 33.6 22 4.0 55 107 31 39 3.1 72

cell creates either particle or not. Once created, the wind particles
have a second set of random numbers drawn to determine their initial
direction of motion before they recouple to the gas mesh.

Additionally, the feedback of the supermassive black hole in the
low accretion rate mode (Grand et al. 2017) randomly places hot
bubbles in the circumgalactic medium; however, in the regime of the
Auriga galaxies, this type of feedback is usually subdominant (Grand
et al. 2017; Irodotou et al. 2022).

In addition to randomness introduced by the physics model, we
randomize the centre of the domain in every domain decomposition
to decorrelate and therefore reduce force errors (Springel et al. 2021).
The refinement also introduces randomness when deciding where to
exactly introduce a new mesh-generating point when a cell is split
(Springel 2010).

Importantly, the outcome of a simulation with the Auriga model
(and with AREPO in general) is deterministic. Therefore, rerunning
the same simulation again on the same machine with the same
parallel set-up and libraries will lead to identical results. To test the
intrinsic variance of the Auriga model in a controlled way, we thus
redo one simulation seven times, with identical initial conditions,
code, and model parameters, only changing the random number
seed in AREPO for every resimulation. We call these resimulations
different realizations of the same simulation. In this way, all seven
realizations are equally valid outcomes of the Auriga model for the
given initial conditions, and the differences between the different
realizations directly allow us to quantify the intrinsic variance of the
model. For the resimulations, we chose Au-6 of the Auriga project
(Grand et al. 2017) at the standard resolution L4 (i.e. with a baryonic
mass resolution of 5 x 10* Mg, and a dark matter mass resolution of
3 x 10° Mg). We resimulate Au-6 seven times, with identical initial
conditions, code, and model parameters. We only change the random
number seed in AREPO for every simulation.

3 GLOBAL PROPERTIES OF GALAXIES AND
THEIR HALO

We show a summary of the global properties of the main galaxy
and its halo in all seven realizations at z = 0 in Table 1. The total
mass of the halo is robust to 1 per cent. The stellar mass of the central
galaxy, and its decomposition into stellar bulge and disc components,

change by 5 per cent or less between the realizations. To define the
bulge and extended disc, we follow Marinacci, Pakmor & Springel
(2014) and fit a Sérsic profile for the bulge and an exponential profile
for the disc to the stellar surface density profile. Similarly, the size
and height of the stellar disc, as well as its total angular momentum,
vary only by ~10percent and the stellar velocity dispersions at a
radius of 8kpc, as a proxy of the dynamical state of the stellar
disc, only vary by less than 5 per cent between realizations. Here, we
compute the size and height of the stellar disc by fitting exponentials
to the radial and vertical profile of the stellar surface density. We
have used this scale radius to compute the stellar mass of the
disc.

Notably, the total stellar mass in the halo (at 50kpc < Rip <
Roooc) varies significantly. Here, we include satellite galaxies in the
total stellar mass in the halo. The variability arises due to differences
in the timing of satellite orbits between realizations which can
result in satellites being outside the cut radius of 50kpc in some
realizations, and inside in others. The other notable variance is in
the average star formation rate in the last Gyr, which varies by
~30 per cent around the mean value between the realizations.

For a first visual impression of the differences between the galaxies
formed in the different realizations, we show face-on and edge-
on stellar light projections at z = 0 in Fig. 1. We compute these
orientations from the angular momentum vector of the stellar disc.
The directions of the total angular momentum vectors of the stars in
the central galaxy deviate by less than 5° from the mean direction.
The galaxies look overall very similar. They have a similar size and
height, and are all dominated by young, blue stars in the outskirts.
They also visually have similarly sized bulges. Interestingly, the
internal structure of the stellar disc varies. In particular, R1 features
a prominent non-axisymmetric bar-like structure, while R2 looks
close to perfectly circular in the centre. The other realizations show
mild non-axisymmetric structures somewhere in between R1 and
R2. The formation of a bar in only one realization (R1) indicates
that there is intrinsic stochasticity in the dynamical properties of
this galactic disc, due to it being marginally bar-unstable (see e.g.
Sellwood & Debattista 2009). In contrast, preliminary tests show
that for systems that are highly bar-unstable (e.g. halo Au-18) bar
formation is robust in different random realizations of the same halo
(Fragkoudi et al., in preparation). Future detailed analysis of the
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10kpe

Figure 1. Stellar light projections of all seven realizations of Au-6 at resolution L4. All projections cover a 60 kpc x 60 kpc box for the face-on projections
and a 60 kpc x 30kpc for the edge-on projections. The galaxies all look very similar in colour and size. However, there is variation in their internal structure, in
particular in the strength of the non-axisymmetric bar-like structure in the centre and their spiral features.

stochasticity in cosmological simulations will lend further insight
into bar formation within the cosmological context.

All galaxies exhibit spiral structures, but they differ in detail. R6
features a clear inner two-armed spiral; the other galaxies show less
regular spiral structures. Overall, the global properties of the stellar
disc seem robust, but the detailed structural properties vary.

In Fig. 2, we show projections of the dark matter column density
convolved with the local dark matter velocity dispersion rendered
using a two-dimensional color map (Springel et al. 2005; Pakmor
et al. 2023) at z = 0. The projections are computed along the z-
axis of the simulation box, so that the orientation of the main halo
and the positions of the satellites are directly comparable. The main
halo looks very similar in all realizations with similar orientation
and elongation. Moreover, the most massive satellite and many of
the smaller satellites are present in all haloes, at similar positions.
We conclude that the dark matter and satellite haloes, including
their trajectories, are robustly modelled by our simulations. This
holds at least until satellites fall deeply into the main halo, similar
to simulations that only evolve dark matter and no baryons (see e.g.
Springel et al. 2008). The deviations in the positions of smaller haloes
relative to the main halo are caused by errors in the force calculation.
Those are directly exposed here, because we add a random shift
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vector to the global domain at every domain decomposition to
decorrelate force errors over time. This reduces the overall force
error (Springel et al. 2021), and also leads to different force errors in
the different realizations.

As a more quantitative measure of the matter distribution in the
halo at z = 0, we show circular rotation curves of all realizations in
Fig. 3 (top panel) and their deviation relative to the mean rotation
curve of all realizations (bottom panel). The rotation curve directly
measures the total enclosed mass at a given radius. Its overall shape
is very similar between realizations. The radius where the circular
rotation curve reaches its maximum varies only by a few kpc around
15kpe. The value of the maximum varies only by a few per cent,
from 195 to 215 km s~ In summary, the mass distribution in the halo
at z = 0 is very similar for all realizations, and only varies slightly
within the central galaxy.

To better quantify the difference in the stellar component of the
main galaxy, we show the star formation histories of all galaxies in
the top panel of Fig. 4, the relative deviation from the mean star
formation rate in its middle panel, and the time evolution of the
relative deviation of the stellar mass from the mean stellar mass in
the bottom panel. Here, we include all star particles bound directly to
the main halo at z = 0 (i.e. we exclude star particles bound to satellite
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Figure 2. Projections of dark matter surface density and velocity dispersion with a two-dimensional color map (Springel, Frenk & White 2006). All projections
cover a 500kpc x 500kpc box. The panels show all seven realizations of Au-6 at resolution L4. The properties of the main dark matter halo, as well as the

positions of the most massive and many smaller satellites, are very similar.
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Figure 3. Circular velocity curves computed from the total enclosed mass of
all seven realizations of Au-6 at resolution L4. The main difference is in the
value of the peak or plateau around 20 kpc. At larger radii, circular velocity
agrees on the per cent level.

galaxies). The star formation histories are essentially identical before
z =2 and very similar before z = 1. The initial deviation might be
connected to either a significant merger just before z =2 or the
formation of a disc. After z = 1, they oscillate around a mean level
of ~10Mg yr~! until z ~ 0.4 and then all decline steeply towards
z = 0. At this time, they have dropped by more than a factor of 5
to a mean star formation rate of only 2 Mg yr™!, with a significant
variance of 1 Mg yr~!. This variance is driven by differences in the
gas accretion rate on the galaxy. Even though the relative difference
at z = 0 is quite large, this has almost no effect on the total stellar
mass of the galaxy, because it is dominated by stars formed at earlier
times when the relative differences between the different simulations
are much smaller. The total stellar mass only deviates by the level of
a few per cent at all times.

4 PROPERTIES OF THE GALACTIC DISCS

Having established that the global properties of the main galaxy and
its halo at z = 0 are very similar for the different realizations, we
now focus in more detail on the internal properties and structure of
the main galaxy. We first show profiles of the stellar surface density
and their relative deviation from the mean profile over all realizations
in the left panels of Fig. 5. Here, we conservatively include all star
particles at a height |z| < 30kpc in the main halo, though the profiles
are completely dominated by the disc. The surface density profiles
are all very similar, in normalization as well as in shape, and for both
the bulge in the inner few kpc and the disc at larger radii.

To look at the full halo, we show cumulative stellar mass profiles of
all realizations in the right panels of Fig. 5. Consistent with Table 1,
we see that the total stellar mass in the halo is very similar. Notably,
in R1, the stellar mass is more concentrated in the very centre of the
galaxy. This central concentration is likely directly connected to the
bar (Fragkoudi et al. 2025) that is prominently featured only in this
realization (see Fig. 1).
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Figure4. Star formation histories of all seven realizations of Au-6 at standard
resolution L4 (top panel). They are essentially identical before z = 1. As the
star formation rates decline towards z = 0, their relative differences (middle
panel) increase, up to a deviation of ~50 per cent relative to the mean. The
total stellar mass deviates only by a few per cent over the whole evolution
(bottom panel).

We show stellar metallicity profiles and their relative deviation
from the mean profile in the left panels of Fig. 6. In the inner 15 kpc,
the stellar metallicity profile only deviates by a few per cent. At
larger radii, the deviation is significantly larger. In the very outskirts
of the stellar disc at 30 kpc, the stellar metallicity varies from 0.5 Z
to Zg. The deviation from the mean stellar metallicity profile (see
lower left panel of Fig. 6) in the outskirts strongly correlates with the
deviation from the mean stellar surface density profile (see lower left
panel of Fig. 5). Higher stellar surface density leads to higher stellar
metallicity and vice versa.

Having shown that the stellar discs are similar for the different
realizations, we next look at gas metallicity profiles at z = 0 in the
right panels of Fig. 6. The gas metallicity profiles have slightly larger
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scatter in the inner parts of the disc compared to the stellar metallicity
profiles, and slightly smaller scatter in the outer parts. The scatter is
still below 20 per cent at all radii.

‘We then look at the magnetic fields in the mid-plane of the disc at
z = 0 as a proxy to compare how similar the gas discs are. Magnetic
fields affect the gas dynamics and are an important tracer of the state
of the gas in both the disc (Pakmor, Marinacci & Springel 2014;
Pakmor et al. 2017, 2018, 2024; Whittingham et al. 2021, 2023) and
the circumgalactic medium (Pakmor et al. 2020; van de Voort et al.
2021). Note that this comparison is only really meaningful because
the stellar discs, which dominate the potential in the galaxy and
therefore the gas dynamics in the galaxy as well, are so similar.

‘We show the magnetic field strength profile in the disc in Fig. 7
(left panels) and in the full halo (right panels) at z = 0. The magnetic
field strength profiles in the discs are similar. At a given radius,
the magnetic field strength deviates by less than a factor of 2
around the mean profile. R1 is again an interesting outlier, which
has a significantly stronger magnetic field in the very centre of
the galaxy. This is likely a result of the higher stellar mass and
therefore deeper potential in the very centre of the galaxy, and
possibly also connected to the presence of a bar as discussed
above.

The magnetic field strength in the halo outside the galaxy, i.e.
at radii larger than R3p 2 30kpc, also agrees well for the different
realizations. Most of the realizations deviate less than 20 per cent
from the mean magnetic field strength profile. Notably, R4 has a
slightly lower magnetic field strength in the halo, but approaches the
mean profile at the edge of the halo.

In the Auriga galaxies, magnetic fields are quickly amplified
when the galaxy first forms at high redshift. This turbulent dynamo
saturates before a stable gas disc forms around z = 2 (Pakmor et al.
2017, 2024). The rotation in the gas disc then orders and further
amplifies the magnetic field. At z = 0, it is typically dominated by a
large-scale ordered field (Pakmor et al. 2018, 2024). Therefore, the
structure of the magnetic field at z = 0 can also provide important
diagnostics for the evolution of the galaxy and its gas disc.

We show slices of the magnetic field components in cylindrical
coordinates in the disc at z = O for all realizations in Fig. 8. As a first
impression, we see that all three components (azimuthal magnetic
field in the top row, radial magnetic field in the middle row, and
vertical magnetic field in the bottom row) show qualitatively similar
structures in all realizations. All galaxies feature large-scale ordered
azimuthal magnetic fields that are about three times stronger than the
radial and vertical magnetic fields.

Field reversals in the azimuthal field are rare; the galaxies only
have either zero or one field reversals. The sign of the ordered
field is not a robust outcome, however. This is not surprising, as
the equations of ideal MHD are agnostic about the sign of the
magnetic field. Therefore, either ordered configuration is physically
indistinguishable.

The vertical magnetic fields (shown in the bottom row of Fig. 8),
in contrast, are not ordered on large scales. They all show signs of
being wound up from an initial, chaotic, small-scale field. This leads
to a field that is ordered along the azimuth with many field reversals.
Its strength is also similar for all galaxies.

The radial magnetic field (middle row of Fig. 8) has an intermediate
structure. It shows some hints of large-scale ordering, but still has
most of the small-scale structure and many field reversals of the
vertical field. Its strength is also similar for all realizations. One
notable outlier is again R1, which has a significantly stronger radial
field in the centre of the galaxy, and shows the dipolar pattern
typically associated with bars.
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Figure 5. Stellar mass surface density (left panel) and cumulative stellar mass (right panel) for all seven realizations of Au-6 at resolution L4. The surface
density profiles are very similar in the inner part as well as in their slope in the disc. The total stellar mass in the full halo is very similar as well, but the

distribution in the halo varies somewhat between realizations.

5 SATELLITE GALAXIES

In addition to the central galaxy, a cosmological zoom-in simulation
also contains a number of smaller galaxies, some of them satellites of
the main galaxy. The latter are interesting in and of themselves and
as a diagnostic for the galaxy evolution model (Simpson et al. 2018;
Grand et al. 2021). They also interact with their central host galaxy.
They shape its stellar halo and create stellar streams (Monachesi et al.
2016, 2019; Riley et al. 2025; Shipp et al. 2025; Vera-Casanova. et al.
2025), they also influence the disc of the central galaxy, and they
contribute to substructures in the disc and inner halo (Gémez et al.
2016, 2017; Gargiulo et al. 2019; Simpson et al. 2019). Therefore,
it is crucial to understand how similar the satellites are between
realizations when they fall into the halo, to determine how robust
their evolution is until their possible disruption.

Fig. 9 shows the satellite mass function (left panel), which shows
the total mass of all satellites at z = 0, and the satellite luminosity
function (right panel), which shows the V-band luminosity of all
satellites at z = 0. As discussed in detail in Grand et al. (2021), both
show very good agreement between the different realizations, and
we conclude that they are robust outcomes of our simulations.

In addition to looking at satellite galaxies that survive until z = 0, it
is interesting to compare satellites that are destroyed. As an example,
we show in Fig. 10 the evolution of one satellite that is eventually
destroyed. As a representative case, we select the third most massive

(by stellar mass) satellite among those disrupted before z = 0 in
RO. We then match it to the other realizations by tracing back the
100 most bound dark matter particles of each satellite at the time it
reaches its peak mass to the initial conditions (see also Riley et al.
2025). We then compute the centre of mass of these particles, and
find the satellite that most closely matches the centre of our reference
satellite selected from RO.

Fig. 10 shows the time evolution of the distance of this satellite to
the centre of the main galaxy (left panel), the time evolution of the
total mass of the satellite (middle panel), and the time evolution of the
stellar mass of the satellite (right panel). The initial trajectory of the
satellite when it falls into the main halo until it reaches its first closest
encounter (pericentre) and its total mass and stellar mass at the time
of infall are essentially identical. The trajectories of the satellite in
the different realizations start to deviate slightly after their second
apocentre passage, and spread more and more with every further
orbit. The periods of the orbit of the satellite remain similar in the
different realizations, but they deviate enough to quickly change the
phase of the orbit. The realizations of the same halo will potentially
allow us to understand which properties of the parent halo are the
main source of the differences in the satellite trajectories.

The time when the satellite is eventually destroyed, i.e. when it
is not found by subfind anymore as a bound object, varies from
tookback = 3 to 2 Gyr between the different realizations, with one
notable outlier (R3). In this realization, the satellite survives more
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Figure 6. Metallicity profiles of stars (left panels) and gas (right panels) in the disc at z = 0 in cylindrical coordinates for all seven realizations of Au-6 at the
standard resolution L4. In the inner 15 kpc, the stellar metallicity profile is essentially identical; at larger radii, it varies from 0.5 Zg, to Zg. The gas metallicity
shows slightly larger scatter in the inner parts and slightly less scatter in the outer parts, compared to the stellar metallicity profiles.

than 2 Gyr longer than in the realization where it survives for the
second longest time. The total mass and stellar mass of the satellite
both initially evolve very similarly between the different realizations,
which means that mass stripping is robust for a fixed numerical
resolution. After several orbits, at fipokpack ~ 5 Gyr the realization
(R3) in which the satellite survives significantly longer starts to
diverge, as the satellite is stripped less quickly than in the other
realizations. This is possibly a consequence of a slightly larger first
apocentre distance, but more work will be required to understand
this difference in detail. The other realizations evolve very similarly
all the way to the destruction of the satellite.

6 INTRINSIC VARIANCE AND NUMERICAL
RESOLUTION

Having quantified the intrinsic variance of the Auriga model at
fixed numerical resolution, an obvious next step is to extend this
comparison to simulations with different numerical resolutions. In
Fig. 11, we compare two sets of simulations with seven realizations
each. We use the realizations discussed in this paper at the standard
resolution of Auriga (L4), and a set of simulations with eight times
worse mass resolution (L5) for all mass components, i.e. for gas,
stars, and dark matter. We compare star formation histories (left
panels of Fig. 11) and profiles of the stellar mass surface density at

MNRAS 543, 1761-1774 (2025)

z = 0 (right panels of Fig. 11). The bands show interpolated 16th
and 84th percentiles. We immediately see that for the first 10 Gyr
of cosmic evolution, the star formation rate is systematically lower
by ~20 per cent in the simulations with worse mass resolution than
in the standard resolution simulations. The difference is much larger
than the intrinsic variability at fixed resolution. This difference is
consistent with previous results for the Auriga model (Grand et al.
2017, 2021) and similarly the IllustrisTNG model (Pillepich et al.
2018). In the last few Gyr, when the star formation rate drops
significantly in all simulations and the relative fractional difference
between simulations at the same resolution increases (see also
Fig. 4), the distributions overlap. However, the mean is still shifted
systematically to lower star formation rates at lower resolution.
Moreover, because the star formation rate is lower over the whole
evolution of the galaxies in the lower resolution simulations, their
stellar mass at z = 0 is also systematically lower. Looking at the
stellar surface density profiles at z = 0 (right panels of Fig. 11) we can
see that the deficit of stellar mass in the lower resolution simulations
is distributed over the full galaxy and not limited to either the central
bulge or the extended disc. The systematically different stellar surface
density profiles also imply that the dynamical state of the stellar disc
is different, which modifies the conditions for internal processes
of the disc, for example, for the formation of a bar (Fragkoudi
et al. 2021, 2025). As a result, it becomes difficult to disentangle

G202 1990J00 BZ UO Josn pieog Y)leaH ANSISAIUN S[BA PUB JIPIeD S3[eM SHN AQ | L9EGZ8/L9/ L/Z/EYS/aI0IUe/Seluw/wod dno-olwapeo.//:sdiy oy papeojumoq



45 Cylindrically averaged disc field

40
35
30
25
20
15

RO R2
R1 R3

B[uG]

2.0 —(\J\/\ .
H0 iz?’@W‘/;«»ﬁW

0.5} i

B/B

0 ) 10 15 20 25 30

Ry [kpc]

Robustness of the Auriga model 1769

Spherically averaged halo field

10! 3 E
M 10
10_1 -
201 /\/\ |
S "k\ /k""\y‘-§<
1.0F \< \NAC= N =
a P it = /\\,——V :
/ A :
0.5} _
100 10! 102
Rsp [kpc]

Figure 7. Radial profiles of the strength of the magnetic field at z = O for all seven realizations of Au-6 at resolution L4. The left panel shows the profile in the
disc cylindrical coordinates computed from a root-mean-square average of all cells with a height z < 100 pc. The right panel shows the spherically averaged
profile out to the virial radius of the halo. The magnetic field strength profiles are consistent within a factor of 2, both in the disc and in the halo.

genuine resolution effects on specific physical processes, such as
bar formation, from the broader structural differences introduced by
resolution. This limits the interpretability of resolution studies not
only when they focus on the disc but also for all other properties
of the satellites and halo that might be affected by the central disc
galaxy and its feedback processes.

We see a similar effect for the satellite galaxy in Fig. 12 (the
same that is shown in Fig. 10), where we show the time evolution
of the stellar mass of a satellite matched between all realizations
of all simulations of both resolution levels. We see that the satellite
galaxy has a systematically lower stellar mass at all times before it
falls into the main galaxy in the lower resolution simulations (LS5).
This systematic difference essentially disappears when the satellite
galaxy starts to get stripped and loses stellar mass. The satellite tends
to be destroyed marginally faster in the lower resolution simulation.
For most other satellites (not shown), however, their destruction time
is not significantly different for simulations at different resolutions.
The different resolution dependence of the destruction time might
depend on details of the orbit of the satellite and the mass and other
properties of the stellar disc of the central galaxy that change as
well. Even if the satellite galaxy gets destroyed at the same time
in different resolution simulations, it will still have contributed less

stellar mass to the halo in the lower resolution simulations, biasing
the stellar halo systematically in the lower resolution simulation in
a similar way as the central galaxy. The maximum stellar mass of
the satellites in the lower resolution (L5) runs is lower by 20 per cent
compared to the standard resolution (L4) runs. This ratio is the same
as the ratio of the stellar masses of the central galaxies at z = 0 for
the different resolutions.

Finally, we summarize the same global properties of the main
galaxy and its halo at z = 0 shown in Table 1 for the standard (L4)
resolution realizations, also for the lower resolution (L5) realizations
in Table 2. Comparing the mean and variance of the stellar properties
of the z = O stellar disc of the standard resolution realizations (L4)
and lower resolution realizations (L5), we see that for most stellar
properties (stellar mass, disc mass, bulge mass, and disc height) the
differences introduced by changing the resolution are significantly
larger than the intrinsic variance of the model at fixed resolution.
Notably, there are hints that the intrinsic variance decreases with
higher resolution. This is probably a result of the reduced impact
of each random number in the higher resolution simulations. The
latter has more star-forming cells in the same galaxy. It draws an
independent random number for each of those cells to determine if
it creates a star particle or a wind particle, and each star particle
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Figure 8. Slices of the different components of the magnetic field in cylindrical coordinates at z = 0 for all seven realizations of Au-6 at resolution L4. The
basic magnetic field properties are remarkably similar for all galaxies. They are dominated by an ordered azimuthal field and show a slightly more chaotic radial
field, and a much less ordered vertical field with many field reversals. The detailed structure, in particular the number of field reversals in the azimuthal field,
seems stochastic.
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Figure 10. Trajectories of one relatively massive satellite that is destroyed before z = 0 for all seven realizations of Au-6 at resolution L4. The panels show the
time evolution of the distance to the centre of the galaxy (left panel), total bound mass (middle panel), and total bound stellar mass (right panel). The satellite
falls in with essentially identical properties. The longer it orbits the main galaxy, the more its properties deviate between the realizations.
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Figure 11. Star formation histories (top left panel) and stellar mass surface density profiles (top right panel) of the main galaxy for all seven realizations of
Au-6 at standard resolution L4 and eight times lower resolution L5 . The shaded regions show interpolated 16th and 84th percentile bands around the mean
profile (solid lines). The bottom panels show the same relative to the mean of all simulations at L4. The differences between the two resolution levels in all
quantities are significantly larger than the variations between realizations at fixed resolution.
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Figure 12. Time evolution of the stellar mass of one matched satellite galaxy
of the main galaxy for all seven realizations of Au-6 at the standard resolution
L4 (the same as in the right panel of Fig. 10) and eight times lower resolution
LS. Similar to the main galaxy, the peak stellar mass of the satellite galaxy is
lower for the lower resolution simulation. The satellite is destroyed slightly
earlier on average in the lower resolution simulation.

and wind particle is less massive. Therefore, the importance of each
random number is lower in the higher resolution simulation, and
extreme outliers become rarer.

The IustrisTNG model also shows a reduction of variability at
better numerical resolution when comparing pairs of Milky Way-like
galaxies in different realizations (Genel et al. 2019). However, this
reduction of variability mostly disappears for lower mass galaxies.

Moreover, Genel et al. (2019) demonstrate that for sufficiently high
numerical resolution, the variability in the IllustrisTNG model for
these low-mass galaxies is not primarily driven by random numbers
in the subgrid model.

7 SUMMARY AND DISCUSSION

We have quantified the intrinsic variability of the Auriga model as
applied to a cosmological zoom-in simulation of a Milky Way-like
galaxy. We showed in Figs 2 and 3 that the dark matter structures,
including the shape and total mass profile of the main halo and the
positions of the satellites at z = 0, are robust, with relative deviations
from the mean only on the per cent level.

Moreover, we showed that the global properties of the stellar
disc of the main galaxy at z = 0, including its total mass and star
formation history (see Fig. 4) and its stellar surface density profile
(see Fig. 5), are robust, with relative deviations from the mean profile
smaller than =30 per cent. Variations in global quantities are even
smaller, i.e. the total stellar mass of the central galaxy, of its bulge and
extended disc, as well as the stellar mass of satellite galaxies, deviate
by only ~5 per cent. Similarly, the strength (see Fig. 7) and structure
(see Fig. 8) of the magnetic field in the disc and circumgalactic
medium are a robust outcome of the simulation and deviate by
less than a factor of 2 locally. Therefore, they are useful properties
for comparison to observations. We also showed that the satellite
population of the main halo at z = 0 (see Fig. 9) and the properties
and evolution of individual satellites and their stripping and potential
eventual destruction are robust in the Auriga model, at least until first
pericentre passage (see Fig. 10).

All properties of the central galaxy of all realizations are much
more similar than the initial set of 30 galaxies of the Auriga project
(Grand et al. 2017) that are all in relatively isolated Milky Way-mass
haloes. Thus, their formation histories seem to robustly determine
their global properties, much more than the intrinsic variability
of the Auriga model and the numerical schemes. This strengthens
comparisons between different haloes of the Auriga project with the
aim of connecting physical properties of galaxies to their formation
history. It will also allow us to better understand how different

Table 2. Global properties of our galaxy in all seven realizations at z = 0 for the lower resolution simulations (L5). The columns show from left to right the
mass of the halo M, the stellar mass of the main subhalo My, the stellar mass in the halo at a distances larger than 50 kpc My g~ 50kpc, the star formation rate
in the last Gyr M, Gyr» the maximum circular velocity Ve max, the mass of the stellar disc Mgisc and bulge Myuge, the scale radius Rgisc and height Hy;sc of the
stellar disc, the radial o, and vertical o, velocity dispersion in the stellar disc at a radius of 8 kpc, and the total angular momentum of the stellar disc |L.|. The
last three rows below show the mean value, variance, and the variance relative to the mean for all quantities over all seven realizations. The lowest row shows the
relative difference of the mean to the mean of the simulations at the standard resolution (L4) shown in Table 1. Resolution in particular changes stellar masses

significantly more than the intrinsic variation.

Realizations at lower resolution (L5)

Realization Mop0c

M, M, ,R>50kpc Ml Gyr

Vc max Mise Mbulge Rdisc Haise o [ Ly
(102 Mg X109 M) (1010 Mg) Mg yr~ " Ykms™1Y10'0 Mg X10'° Mg XkpeXkpe)Xkm s-lka s—' ¥10'8 Mg kpckms—!)
0 1.04 4.37 0.22 1.5 204 0.35 378 3.7 1.10 46.8 39.0 44
1 1.04 4.07 0.29 0.3 198 0.35 340 4.0 1.04 435 37.1 4.0
2 1.03 4.17 0.31 2.9 204 0.35 349 3.7 1.14 50.0 40.1 4.0
3 1.03 4.74 0.60 32 203 0.35 374 4.0 1.00 46.5 385 4.7
4 1.05 4.47 0.27 1.7 204 0.36 376 3.6 1.04 456 38.7 43
5 1.02 4.16 0.24 33 200 0.37 357 44126 475 417 4.6
6 1.03 3.77 0.29 1.0 195 0.37 313 49 141 441 378 4.1
Mean 1.03 4.25 0.32 2.0 201 0.36 355 4.0 1.14 463  39.0 43
o 0.01 0.31 0.13 1.2 37 0.01 024 05015 22 1.5 0.3
o/mean (per cent) 0.9 7.3 40.6 58.3 1.8 2.7 6.7 114128 4.7 39 6.6
(mean — meany4)/(meany 4) (percent) —0.8 —21.1 —39.4 -17.5 =27 —-148 —18.8 —-9.5286 —2.6 —1.1 —33.6
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physical properties of galaxies are correlated and caused by each
other in our set of realizations that all have the same formation
history.

Finally, we showed in Figs 11 and 12 that changing the nu-
merical resolution of the simulation by a factor of 8 leads to
significant systematic changes, which are much bigger than the
intrinsic variability of the Auriga model at fixed resolution. The
small intrinsic variance of the Auriga model makes it attractive to
study physical model variations at fixed resolution (see e.g. Pakmor
et al. 2017; Buck et al. 2020; van de Voort et al. 2021; Rodriguez
Montero et al. 2024). However, the systematic changes to the galaxy
properties with changing numerical resolution not only limits proper
resolution studies, but also limits going to higher resolution without
recalibrating a model.

Recent studies looking into the intrinsic variability of galaxy
formation models have shown that it is important to understand the
robustness of a model to interpret its results, and that the robustness
is significantly different for different models (Genel et al. 2019;
Keller et al. 2019; Davies et al. 2021; Borrow et al. 2023). A detailed
quantitative comparison between the intrinsic variability of different
models is hard because most published work limits quantitative
discussions to the total stellar mass.

The four different feedback models discussed in Keller et al. (2019)
show significant differences. They focus on the evolution of stellar
mass and show that their ‘superbubble’ feedback has the largest
variance in stellar mass of 10 per cent at z = 2 over 128 realizations
and of 20 percent between a pair of simulations evolved further
to z = 0.8. For this model, they also find differences in the stellar
surface density at z = 0.8 of almost an order of magnitude. This
level of variance is significantly larger than for the Auriga model.
Their other feedback models have comparable variance at z = 2 and
lower variance at z = 0.8, but at the cost of inefficient feedback that
is essentially consistent with no feedback.

The comparison of a set of large volume simulations with the
IustrisTNG model (Genel et al. 2019) showed that massive galaxies
can end up with completely different morphologies. This is a result
of the very stochastic radio-mode active galactic nucleus (AGN)
feedback model of IllustrisTNG. The Auriga model, which is very
similar to the IllustrisTNG model in terms of stellar feedback,
features a radio-mode AGN feedback model that is much more gentle
and less stochastic (Grand et al. 2017). The IllustrisTNG simulations
also show roughly 5 per cent variance in the value of the maximum
of the circular velocity curve, averaged over about 100 Milky Way-
like galaxies. This is roughly consistent with our results for the
Auriga model. The stellar mass of matched Milky Way-like galaxies
between the IllustrisTNG boxes varies by 10 per cent at z = O for the
highest resolution box with roughly comparable mass resolution to
the standard Auriga (L4) resolution, slightly larger than the variance
(<5 per cent) we find for our single galaxy.

Similar studies with the EAGLE model (Davies et al. 2021) and
the SWIFT-EAGLE model (Borrow et al. 2023) show variance on the
1 per cent level in the halo mass at z = 0 for Milky Way-like galaxies,
similar to our simulations. Moreover, they show an average variance
in the stellar mass of Milky Way-like galaxies on the 10 per cent
level (EAGLE) and between 5 per cent and 10 per cent (SWIFT-EAGLE),
again slightly larger than for our single galaxy.

These differences should motivate us to include similar robustness
and convergence studies when designing new galaxy formation
models, in particular for cosmological zoom simulations. Ideally,
this would allow us to increase the robustness of a model not only
at fixed resolution, but also when changing the numerical resolution.
As one specific consequence of the study presented here, we will

Robustness of the Auriga model 1773

introduce a new approach that improves the stellar mass resolution in
cosmological galaxy simulations, but avoids systematically changing
galaxy properties at the same time (Pakmor et al. 2025).
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