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A B S T R A C T 

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. 

Key words: hydrodynamics – methods: numerical. 
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 I N T RO D U C T I O N  

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

Recent cosmological galaxy simulations produce galaxy popu- 
ations generally consistent with observations (Vogelsberger et al. 
014 ; Schaye et al. 2015 ; Dubois et al. 2016 ; Springel et al. 2018 ;
avé et al. 2019 ; Pakmor et al. 2023 ). Comparison with observations
sually focuses on ensemble averages between a population of 
imulated galaxies and a population of observed galaxies. Ideally, 
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his averages out galaxy-to-galaxy variability from selection effects. 
oreover, it also reduces the impact of variability intrinsic to the

imulations. However, the robustness of properties of simulated 
alaxies is hard to judge for individual galaxies, and the intrinsic
ariability 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- 
lations of a large number of galaxies at reasonable resolution is
omputationally unfeasible, because every single box is expensive 
lready (Nelson et al. 2019 ; Villaescusa-Navarro et al. 2021 ). There-
ore, galaxy simulations focusing on the study of physical processes 
y comparing simulations run with different physics models or 
arameters usually only simulate a small number of galaxies with 
 zoom-in approach. This way, they focus essentially all resolution 
lements in one main galaxy of interest. They then simulate the same
alaxy multiple times with different physical models, for example, to 
nderstand the impact of magnetic fields on galaxies (Pakmor et al.
017 ; 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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t al. 2020 ; Martin-Alvarez et al. 2023 ; Rodrı́guez Montero et al.
024 ; Bieri et al. 2025 ), different supermassive black hole models
see e.g. Irodotou et al. 2022 ), or the impact of systematic variations
f the assembly history of a galaxy (Davies, Crain & Pontzen 2021 ;
avies, Pontzen & Crain 2022 ; Rey et al. 2023 ; Joshi et al. 2024 ).
hen, however, it becomes critical to understand the robustness of

he simulations for individual galaxies. 
A fundamental source of variability for essentially all numerical

imulations is that floating-point operations do not commute. Rather,
he exact result will depend on the order of operations, for example,
he order in which various partial forces are added up to a total
orce. Genel et al. ( 2019 ) showed that while these differences are
nitially tiny, they can grow quickly for sufficiently chaotic systems.

oreover, they demonstrated that even though a tiny change in the
imulation in one place will not change the properties of a large
opulation of galaxies very much, individual galaxies can eventually
ook very different. 

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

he intrinsic variability of a simulation. 
Despite the fundamental importance of galaxy physics studies,

ittle work has been done focusing on the intrinsic variability
f galaxy simulations. Keller et al. ( 2019 ) studied the intrinsic
ariance in simulations of isolated dwarf galaxies and cosmological
imulations of Milky Way-like galaxies. Using different feedback
odels, they ran pairs of dwarf galaxies with the same model and

esimulated a dwarf galaxy with one model 128 times. They found a
ypical relative variation in stellar mass after 1 Gyr of 5–10 per cent ,
ith differences up to a factor of 2 in extreme cases. They also

volved pairs of Milky Way-like galaxies with different feedback
odels in a fully cosmological setting to z = 0 . 9. There, they found

ignificantly larger deviations in stellar mass compared to the isolated
warf galaxies, with persisting differences in stellar mass larger than
0 per cent . They also show that the galaxies can appear qualitatively
ifferent. 
Focusing on the impact of systematic modifications to the initial

onditions, Davies et al. ( 2021 , 2022 ) ran nine realizations of one
osmological zoom simulation with different random number seeds
or five sets of initial conditions to disentangle the intrinsic variability
f the EAGLE galaxy formation model (Schaye et al. 2015 ) from the
ffect of modifying the initial conditions. They found that changing
he initial conditions and thereby the assembly history of a Milky

ay-like galaxy is a significantly bigger effect than the intrinsic
ariability of the EAGLE model. They still found an intrinsic variation
f the stellar mass at z = 0 of up to a factor of 2 for one set of
nitial conditions, and generally significant changes to the rotational
upport of the disc of the main galaxy at z = 0. 

Lastly, to quantify the variance from stochastic modelling of star
ormation and feedback in the SWIFT –EAGLE model, Borrow et al.
 2023 ) ran 16 realizations of a 25 Mpc 3 cosmological box. The SWIFT

ode is not deterministic anyway, as a result of its implementation of
NRAS 543, 1761–1774 (2025)
ask-based parallelism that does not preserve the order or numerical
perations. That is, if the simulation is run again on the same machine
ith the same number of tasks, it produces slightly different results.
herefore, they did not need to change the random number seed,
ecause any initial deviation quickly changes the specific random
umber used for future operations. They found that the stellar mass
ven of well-resolved individual galaxies can vary by 25 per cent in
he SWIFT–EAGLE model. 

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

 SI MULATI ONS  

ur simulations are resimulations of the cosmological zoom-in
imulation Au-6 of the Auriga project (Grand et al. 2017 ). The
uriga haloes are selected from the dark matter only simulation
ox of the EAGLE project (Schaye et al. 2015 ). They are chosen to
ave a halo mass of 1012 < R200 , c < 2 × 1012 M� at z = 0 and also
ulfil a mild isolation criterion. Each halo’s particles are traced back
o the initial conditions to determine its Lagrangian region at high
edshift. The Lagrangian region is resampled at higher resolution and
ugmented with an added safety buffer. The halo is then resimulated
ith the higher resolution in the Lagrangian region and the rest of the
ox is derefined to a much lower resolution. In this way, the zoom-in
imulation focuses almost all resolution elements on a single halo and
ts environment, but keeps the large-scale structure, and in particular
idal gravitational forces acting on the halo, in place. 

The simulations are run with the moving-mesh magnetohydrody-
amics (MHD) code AREPO (Springel 2010 ; Pakmor et al. 2016 ;
einberger, Springel & Pakmor 2020 ). It solves gravity with a

ombined tree and particle-mesh approach (Springel 2005 ; Springel
t al. 2021 ). Gas is evolved on a moving Voronoi mesh with a second-
rder finite volume scheme (Pakmor et al. 2016 ). The Auriga galaxy
ormation model adds the physical processes that are relevant for
he formation and evolution of galaxies. Specifically, it includes
adiative cooling in the form of primordial and metal line cooling
Vogelsberger et al. 2013 ), an effective model for the interstellar
edium and the formation of stars (Springel & Hernquist 2003 ), an

ffective model for galactic winds driven by stellar feedback, mass
eturn from stars via stellar winds and supernovae, and a model for
he seeding and growth of, as well as feedback from, supermassive
lack holes (Grand et al. 2017 ). 

The main source of intrinsic randomness in the Auriga model is
he formation of star particles and (galactic) wind particles. Both
emove some or all gas from a cell (in the second case, removing
he cell completely) to create a collisionless particle. They are both
ealized stochastically, where the creation of a star particle models
tar formation, and the wind particles are a model for the generation
f galactic winds from stellar feedback. In each time-step, each star-
orming cell has a non-zero probability to create a star particle or
 wind particle (Grand et al. 2017 ). To realize this probability, a
andom 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 M200c , 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 50 kpc M∗,R> 50 kpc , the star formation rate in the last Gyr Ṁ1 Gyr , the maximum circular velocity Vc , max , 
the mass of the stellar disc Mdisc and bulge Mbulge , the scale radius Rdisc and height Hdisc of the stellar disc, the radial σr and vertical σz 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 = 0 vary by ≈30 per cent . 

Realizations at standard resolution (L4) 
Realization M200c M∗ M∗,R> 50 kpc Ṁ1 Gyr Vc , max Mdisc Mbulge Rdisc Hdisc σr σz | L∗| 

(1012 M�) (1010 M�) (1010 M�) (M� yr −1 ) (km s −1 ) (1010 M�) (1010 M�) (kpc ) (kpc ) (km s −1 ) (km s −1 ) (1018 M� kpc km s 
−1 

) 

0 1.05 5.66 0.39 3.7 213 0.42 4.81 3.9 0.85 49.6 40.5 6.5 
1 1.04 5.47 0.78 1.6 211 0.42 4.13 4.1 0.88 50.3 40.7 5.7 
2 1.03 5.09 0.43 2.1 200 0.42 4.18 5.2 0.93 46.5 38.2 6.8 
3 1.03 5.32 0.46 1.6 203 0.42 4.33 4.8 0.88 45.0 37.8 6.9 
4 1.05 5.39 0.72 3.3 206 0.44 4.22 4.7 0.89 47.7 39.8 6.4 
5 1.04 5.42 0.41 2.4 206 0.43 4.54 4.7 0.87 46.6 38.5 6.9 
6 1.05 5.36 0.46 2.0 209 0.39 4.45 4.0 0.91 46.8 40.5 5.9 
Mean 1.04 5.39 0.52 2.4 207 0.42 4.38 4.5 0.89 47.5 39.4 6.5 
σ 0.01 0.17 0.16 0.8 4.6 0.02 0.24 0.5 0.03 1.9 1.2 0.5 
σ /mean (per cent ) 1.0 3.2 30.6 33.6 2.2 4.0 5.5 10.7 3.1 3.9 3.1 7.2 
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ell creates either particle or not. Once created, the wind particles 
ave a second set of random numbers drawn to determine their initial
irection of motion before they recouple to the gas mesh. 
Additionally, the feedback of the supermassive black hole in the 

ow accretion rate mode (Grand et al. 2017 ) randomly places hot
ubbles in the circumgalactic medium; however, in the regime of the 
uriga galaxies, this type of feedback is usually subdominant (Grand 

t al. 2017 ; Irodotou et al. 2022 ). 
In addition to randomness introduced by the physics model, we 

andomize the centre of the domain in every domain decomposition 
o decorrelate and therefore reduce force errors (Springel et al. 2021 ).
he refinement also introduces randomness when deciding where to 
xactly 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 
he same simulation again on the same machine with the same 
arallel set-up and libraries will lead to identical results. To test the
ntrinsic variance of the Auriga model in a controlled way, we thus
edo one simulation seven times, with identical initial conditions, 
ode, and model parameters, only changing the random number 
eed in AREPO for every resimulation. We call these resimulations 
ifferent realizations of the same simulation. In this way, all seven 
ealizations are equally valid outcomes of the Auriga model for the 
iven initial conditions, and the differences between the different 
ealizations directly allow us to quantify the intrinsic variance of the 
odel. 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
ass resolution of 5 × 104 M� and a dark matter mass resolution of
 × 105 M�). We resimulate Au-6 seven times, with identical initial 
onditions, code, and model parameters. We only change the random 

umber seed in AREPO for every simulation. 

 G L O BA L  PROPERTIES  O F  G A L A X I E S  A N D  

HEIR  H A L O  

e show a summary of the global properties of the main galaxy
nd its halo in all seven realizations at z = 0 in Table 1 . The total
ass of the halo is robust to 1 per cent. The stellar mass of the central

alaxy, and its decomposition into stellar bulge and disc components, 
hange by 5 per cent or less between the realizations. To define the 
ulge and extended disc, we follow Marinacci, Pakmor & Springel 
 2014 ) and fit a Sérsic profile for the bulge and an exponential profile
or the disc to the stellar surface density profile. Similarly, the size
nd height of the stellar disc, as well as its total angular momentum,
ary only by ≈10 per cent and the stellar velocity dispersions at a 
adius of 8 kpc , as a proxy of the dynamical state of the stellar
isc, only vary by less than 5 per cent between realizations. Here, we 
ompute the size and height of the stellar disc by fitting exponentials
o the radial and vertical profile of the stellar surface density. We
ave used this scale radius to compute the stellar mass of the
isc. 
Notably, the total stellar mass in the halo (at 50 kpc < R3D <

200c ) varies significantly. Here, we include satellite galaxies in the 
otal stellar mass in the halo. The variability arises due to differences
n the timing of satellite orbits between realizations which can 
esult in satellites being outside the cut radius of 50 kpc in some
ealizations, and inside in others. The other notable variance is in
he 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 

ormed in the different realizations, we show face-on and edge- 
n stellar light projections at z = 0 in Fig. 1 . We compute these
rientations from the angular momentum vector of the stellar disc. 
he directions of the total angular momentum vectors of the stars in

he central galaxy deviate by less than 5◦ from the mean direction.
he galaxies look overall very similar. They have a similar size and
eight, and are all dominated by young, blue stars in the outskirts.
hey also visually have similarly sized bulges. Interestingly, the 

nternal structure of the stellar disc varies. In particular, R1 features
 prominent non-axisymmetric bar-like structure, while R2 looks 
lose to perfectly circular in the centre. The other realizations show
ild non-axisymmetric structures somewhere in between R1 and 
2. The formation of a bar in only one realization (R1) indicates

hat there is intrinsic stochasticity in the dynamical properties of 
his galactic disc, due to it being marginally bar-unstable (see e.g.
ellwood & Debattista 2009 ). In contrast, preliminary tests show 

hat for systems that are highly bar-unstable (e.g. halo Au-18) bar
ormation is robust in different random realizations of the same halo
Fragkoudi et al., in preparation). Future detailed analysis of the 
MNRAS 543, 1761–1774 (2025)
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M

Figure 1. Stellar light projections of all seven realizations of Au-6 at resolution L4. All projections cover a 60 kpc × 60 kpc box for the face-on projections 
and a 60 kpc × 30 kpc 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. 
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tochasticity in cosmological simulations will lend further insight
nto bar formation within the cosmological context. 

All galaxies exhibit spiral structures, but they differ in detail. R6
eatures a clear inner two-armed spiral; the other galaxies show less
egular spiral structures. Overall, the global properties of the stellar
isc seem robust, but the detailed structural properties vary. 
In Fig. 2 , we show projections of the dark matter column density

onvolved with the local dark matter velocity dispersion rendered
sing a two-dimensional color map (Springel et al. 2005 ; Pakmor
t al. 2023 ) at z = 0. The projections are computed along the z-
xis of the simulation box, so that the orientation of the main halo
nd the positions of the satellites are directly comparable. The main
alo looks very similar in all realizations with similar orientation
nd elongation. Moreover, the most massive satellite and many of
he smaller satellites are present in all haloes, at similar positions.

e conclude that the dark matter and satellite haloes, including
heir trajectories, are robustly modelled by our simulations. This
olds at least until satellites fall deeply into the main halo, similar
o simulations that only evolve dark matter and no baryons (see e.g.
pringel et al. 2008 ). The deviations in the positions of smaller haloes
elative to the main halo are caused by errors in the force calculation.
hose are directly exposed here, because we add a random shift
NRAS 543, 1761–1774 (2025)
ector to the global domain at every domain decomposition to
ecorrelate force errors over time. This reduces the overall force
rror (Springel et al. 2021 ), and also leads to different force errors in
he different realizations. 

As a more quantitative measure of the matter distribution in the
alo at z = 0, we show circular rotation curves of all realizations in
ig. 3 (top panel) and their deviation relative to the mean rotation
urve of all realizations (bottom panel). The rotation curve directly
easures the total enclosed mass at a given radius. Its overall shape

s very similar between realizations. The radius where the circular
otation curve reaches its maximum varies only by a few kpc around
5 kpc . The value of the maximum varies only by a few per cent,
rom 195 to 215 km s −1 . In summary, the mass distribution in the halo
t z = 0 is very similar for all realizations, and only varies slightly
ithin the central galaxy. 
To better quantify the difference in the stellar component of the
ain galaxy, we show the star formation histories of all galaxies in

he top panel of Fig. 4 , the relative deviation from the mean star
ormation rate in its middle panel, and the time evolution of the
elative deviation of the stellar mass from the mean stellar mass in
he bottom panel. Here, we include all star particles bound directly to
he 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 500 kpc × 500 kpc 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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alaxies). The star formation histories are essentially identical before 
 = 2 and very similar before z = 1. The initial deviation might be
onnected to either a significant merger just before z = 2 or the
ormation of a disc. After z = 1, they oscillate around a mean level
f ∼10 M� yr −1 until z ∼ 0 . 4 and then all decline steeply towards
 = 0. At this time, they have dropped by more than a factor of 5
o a mean star formation rate of only 2 M� yr −1 , with a significant
ariance of 1 M� yr −1 . This variance is driven by differences in the
as accretion rate on the galaxy. Even though the relative difference
t z = 0 is quite large, this has almost no effect on the total stellar
ass of the galaxy, because it is dominated by stars formed at earlier

imes when the relative differences between the different simulations 
re much smaller. The total stellar mass only deviates by the level of
 few per cent at all times. 

 PROPERTIES  O F  T H E  GALACTI C  DISCS  

aving established that the global properties of the main galaxy and
ts halo at z = 0 are very similar for the different realizations, we
ow focus in more detail on the internal properties and structure of
he main galaxy. We first show profiles of the stellar surface density
nd their relative deviation from the mean profile over all realizations
n the left panels of Fig. 5 . Here, we conservatively include all star
articles at a height | z| < 30 kpc in the main halo, though the profiles
re completely dominated by the disc. The surface density profiles 
re all very similar, in normalization as well as in shape, and for both
he 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
ll realizations in the right panels of Fig. 5 . Consistent with Table 1 ,
e see that the total stellar mass in the halo is very similar. Notably,

n R1, the stellar mass is more concentrated in the very centre of the
alaxy. This central concentration is likely directly connected to the 
ar (Fragkoudi et al. 2025 ) that is prominently featured only in this
ealization (see Fig. 1 ). 
MNRAS 543, 1761–1774 (2025)



1766 R. Pakmor et al.

M

0

2

4

6

8

10

12

14

16

18

S
F
R

[M
/y

r]

R0

R1

R2

R3

R4

R5

R6

0.5

1.0

2.0

S
F
R
/S

F
R

024681012

tlookback [Gyr]

0.8

0.9

1.0

1.1

1.2

M
∗/
M

∗

4 2 1 0.5 0
z

Figure 4. 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). 

 

f  

t  

l  

o
t  

l  

d  

p  

m
 

r  

r  

s  

p  

s
 

z  

fi  

o  

P  

t  

2  

t  

t
 

(  

fi  

t  

a  

h  

t  

t  

p  

a
 

a  

r  

f  

s  

m
 

w  

s  

2  

a  

l  

s  

d
 

c  

i  

fi  

v  

s  

a  

r
 

h  

fi  

t  

m  

i
 

i  

b  

t  

I
 

s  

m  

v  

n  

fi  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/2/1761/8253611 by Liverpool John M
oores U

niversity user on 06 January 2026
We show stellar metallicity profiles and their relative deviation
rom the mean profile in the left panels of Fig. 6 . In the inner 15 kpc ,
he stellar metallicity profile only deviates by a few per cent. At
arger radii, the deviation is significantly larger. In the very outskirts
f the stellar disc at 30 kpc , the stellar metallicity varies from 0 . 5 Z�
o Z�. The deviation from the mean stellar metallicity profile (see
ower left panel of Fig. 6 ) in the outskirts strongly correlates with the
eviation from the mean stellar surface density profile (see lower left
anel of Fig. 5 ). Higher stellar surface density leads to higher stellar
etallicity and vice versa. 
Having shown that the stellar discs are similar for the different

ealizations, we next look at gas metallicity profiles at z = 0 in the
ight panels of Fig. 6 . The gas metallicity profiles have slightly larger
NRAS 543, 1761–1774 (2025)
catter in the inner parts of the disc compared to the stellar metallicity
rofiles, and slightly smaller scatter in the outer parts. The scatter is
till below 20 per cent at all radii. 

We then look at the magnetic fields in the mid-plane of the disc at
 = 0 as a proxy to compare how similar the gas discs are. Magnetic
elds affect the gas dynamics and are an important tracer of the state
f the gas in both the disc (Pakmor, Marinacci & Springel 2014 ;
akmor et al. 2017 , 2018 , 2024 ; Whittingham et al. 2021 , 2023 ) and

he circumgalactic medium (Pakmor et al. 2020 ; van de Voort et al.
021 ). Note that this comparison is only really meaningful because
he stellar discs, which dominate the potential in the galaxy and
herefore 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
eld strength profiles in the discs are similar. At a given radius,

he magnetic field strength deviates by less than a factor of 2
round the mean profile. R1 is again an interesting outlier, which
as a significantly stronger magnetic field in the very centre of
he galaxy. This is likely a result of the higher stellar mass and
herefore deeper potential in the very centre of the galaxy, and
ossibly also connected to the presence of a bar as discussed
bove. 

The magnetic field strength in the halo outside the galaxy, i.e.
t radii larger than R3D � 30 kpc , also agrees well for the different
ealizations. Most of the realizations deviate less than 20 per cent
rom the mean magnetic field strength profile. Notably, R4 has a
lightly lower magnetic field strength in the halo, but approaches the
ean profile at the edge of the halo. 
In the Auriga galaxies, magnetic fields are quickly amplified

hen the galaxy first forms at high redshift. This turbulent dynamo
aturates before a stable gas disc forms around z = 2 (Pakmor et al.
017 , 2024 ). The rotation in the gas disc then orders and further
mplifies the magnetic field. At z = 0, it is typically dominated by a
arge-scale ordered field (Pakmor et al. 2018 , 2024 ). Therefore, the
tructure of the magnetic field at z = 0 can also provide important
iagnostics for the evolution of the galaxy and its gas disc. 
We show slices of the magnetic field components in cylindrical

oordinates in the disc at z = 0 for all realizations in Fig. 8 . As a first
mpression, we see that all three components (azimuthal magnetic
eld in the top row, radial magnetic field in the middle row, and
ertical magnetic field in the bottom row) show qualitatively similar
tructures in all realizations. All galaxies feature large-scale ordered
zimuthal magnetic fields that are about three times stronger than the
adial and vertical magnetic fields. 

Field reversals in the azimuthal field are rare; the galaxies only
ave either zero or one field reversals. The sign of the ordered
eld is not a robust outcome, however. This is not surprising, as

he equations of ideal MHD are agnostic about the sign of the
agnetic field. Therefore, either ordered configuration is physically

ndistinguishable. 
The vertical magnetic fields (shown in the bottom row of Fig. 8 ),

n contrast, are not ordered on large scales. They all show signs of
eing wound up from an initial, chaotic, small-scale field. This leads
o a field that is ordered along the azimuth with many field reversals.
ts strength is also similar for all galaxies. 

The radial magnetic field (middle row of Fig. 8 ) has an intermediate
tructure. It shows some hints of large-scale ordering, but still has
ost of the small-scale structure and many field reversals of the

ertical field. Its strength is also similar for all realizations. One
otable outlier is again R1, which has a significantly stronger radial
eld in the centre of the galaxy, and shows the dipolar pattern

ypically associated with bars. 
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 SATELLITE  G A L A X I E S  

n addition to the central galaxy, a cosmological zoom-in simulation 
lso contains a number of smaller galaxies, some of them satellites of
he main galaxy. The latter are interesting in and of themselves and
s a diagnostic for the galaxy evolution model (Simpson et al. 2018 ;
rand et al. 2021 ). They also interact with their central host galaxy.
hey shape its stellar halo and create stellar streams (Monachesi et al.
016 , 2019 ; Riley et al. 2025 ; Shipp et al. 2025 ; Vera-Casanova. et al.
025 ), they also influence the disc of the central galaxy, and they
ontribute to substructures in the disc and inner halo (Gómez et al.
016 , 2017 ; Gargiulo et al. 2019 ; Simpson et al. 2019 ). Therefore,
t is crucial to understand how similar the satellites are between 
ealizations when they fall into the halo, to determine how robust
heir evolution is until their possible disruption. 

Fig. 9 shows the satellite mass function (left panel), which shows
he total mass of all satellites at z = 0, and the satellite luminosity
unction (right panel), which shows the V -band luminosity of all 
atellites at z = 0. As discussed in detail in Grand et al. ( 2021 ), both
how very good agreement between the different realizations, and 
e conclude that they are robust outcomes of our simulations. 
In addition to looking at satellite galaxies that survive until z = 0, it

s interesting to compare satellites that are destroyed. As an example, 
e show in Fig. 10 the evolution of one satellite that is eventually
estroyed. As a representative case, we select the third most massive 
n

by stellar mass) satellite among those disrupted before z = 0 in
0. We then match it to the other realizations by tracing back the
00 most bound dark matter particles of each satellite at the time it
eaches its peak mass to the initial conditions (see also Riley et al.
025 ). We then compute the centre of mass of these particles, and
nd the satellite that most closely matches the centre of our reference
atellite selected from R0. 

Fig. 10 shows the time evolution of the distance of this satellite to
he centre of the main galaxy (left panel), the time evolution of the
otal mass of the satellite (middle panel), and the time evolution of the
tellar mass of the satellite (right panel). The initial trajectory of the
atellite when it falls into the main halo until it reaches its first closest
ncounter (pericentre) and its total mass and stellar mass at the time
f infall are essentially identical. The trajectories of the satellite in
he different realizations start to deviate slightly after their second 
pocentre passage, and spread more and more with every further 
rbit. The periods of the orbit of the satellite remain similar in the
ifferent realizations, but they deviate enough to quickly change the 
hase of the orbit. The realizations of the same halo will potentially
llow us to understand which properties of the parent halo are the
ain source of the differences in the satellite trajectories. 
The time when the satellite is eventually destroyed, i.e. when it

s not found by subfind anymore as a bound object, varies from
lookback = 3 to 2 Gyr between the different realizations, with one 
otable outlier (R3). In this realization, the satellite survives more 
MNRAS 543, 1761–1774 (2025)
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han 2 Gyr longer than in the realization where it survives for the
econd longest time. The total mass and stellar mass of the satellite
oth initially evolve very similarly between the different realizations,
hich means that mass stripping is robust for a fixed numerical

esolution. After several orbits, at tlookback ≈ 5 Gyr the realization
R3) in which the satellite survives significantly longer starts to
iverge, as the satellite is stripped less quickly than in the other
ealizations. This is possibly a consequence of a slightly larger first
pocentre distance, but more work will be required to understand
his difference in detail. The other realizations evolve very similarly
ll the way to the destruction of the satellite. 

 INTRIN SIC  VA R I A N C E  A N D  N U M E R I C A L  

E SOLUTION  

aving quantified the intrinsic variance of the Auriga model at
xed numerical resolution, an obvious next step is to extend this
omparison to simulations with different numerical resolutions. In
ig. 11 , we compare two sets of simulations with seven realizations
ach. We use the realizations discussed in this paper at the standard
esolution of Auriga (L4), and a set of simulations with eight times
orse mass resolution (L5) for all mass components, i.e. for gas,

tars, and dark matter. We compare star formation histories (left
anels of Fig. 11 ) and profiles of the stellar mass surface density at
NRAS 543, 1761–1774 (2025)
 = 0 (right panels of Fig. 11 ). The bands show interpolated 16th
nd 84th percentiles. We immediately see that for the first 10 Gyr
f cosmic evolution, the star formation rate is systematically lower
y ≈20 per cent in the simulations with worse mass resolution than
n the standard resolution simulations. The difference is much larger
han the intrinsic variability at fixed resolution. This difference is
onsistent with previous results for the Auriga model (Grand et al.
017 , 2021 ) and similarly the IllustrisTNG model (Pillepich et al.
018 ). In the last few Gyr, when the star formation rate drops
ignificantly in all simulations and the relative fractional difference
etween simulations at the same resolution increases (see also
ig. 4 ), the distributions overlap. However, the mean is still shifted
ystematically to lower star formation rates at lower resolution. 

Moreover, because the star formation rate is lower over the whole
volution of the galaxies in the lower resolution simulations, their
tellar mass at z = 0 is also systematically lower. Looking at the
tellar surface density profiles at z = 0 (right panels of Fig. 11 ) we can
ee that the deficit of stellar mass in the lower resolution simulations
s distributed over the full galaxy and not limited to either the central
ulge or the extended disc. The systematically different stellar surface
ensity profiles also imply that the dynamical state of the stellar disc
s different, which modifies the conditions for internal processes
f the disc, for example, for the formation of a bar (Fragkoudi
t al. 2021 , 2025 ). As a result, it becomes difficult to disentangle
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enuine resolution effects on specific physical processes, such as 
ar formation, from the broader structural differences introduced by 
esolution. This limits the interpretability of resolution studies not 
nly when they focus on the disc but also for all other properties
f the satellites and halo that might be affected by the central disc
alaxy and its feedback processes. 

We see a similar effect for the satellite galaxy in Fig. 12 (the
ame that is shown in Fig. 10 ), where we show the time evolution
f the stellar mass of a satellite matched between all realizations 
f all simulations of both resolution levels. We see that the satellite
alaxy has a systematically lower stellar mass at all times before it
alls into the main galaxy in the lower resolution simulations (L5).
his systematic difference essentially disappears when the satellite 
alaxy starts to get stripped and loses stellar mass. The satellite tends
o be destroyed marginally faster in the lower resolution simulation. 
or most other satellites (not shown), however, their destruction time 

s not significantly different for simulations at different resolutions. 
he different resolution dependence of the destruction time might 
epend on details of the orbit of the satellite and the mass and other
roperties of the stellar disc of the central galaxy that change as
ell. Even if the satellite galaxy gets destroyed at the same time

n different resolution simulations, it will still have contributed less 
tellar mass to the halo in the lower resolution simulations, biasing
he stellar halo systematically in the lower resolution simulation in 
 similar way as the central galaxy. The maximum stellar mass of
he satellites in the lower resolution (L5) runs is lower by 20 per cent
ompared to the standard resolution (L4) runs. This ratio is the same
s the ratio of the stellar masses of the central galaxies at z = 0 for
he different resolutions. 

Finally, we summarize the same global properties of the main 
alaxy and its halo at z = 0 shown in Table 1 for the standard (L4)
esolution realizations, also for the lower resolution (L5) realizations 
n Table 2 . Comparing the mean and variance of the stellar properties
f the z = 0 stellar disc of the standard resolution realizations (L4)
nd lower resolution realizations (L5), we see that for most stellar
roperties (stellar mass, disc mass, bulge mass, and disc height) the
ifferences introduced by changing the resolution are significantly 
arger than the intrinsic variance of the model at fixed resolution.
otably, there are hints that the intrinsic variance decreases with 
igher resolution. This is probably a result of the reduced impact
f each random number in the higher resolution simulations. The 
atter has more star-forming cells in the same galaxy. It draws an
ndependent random number for each of those cells to determine if
t creates a star particle or a wind particle, and each star particle
MNRAS 543, 1761–1774 (2025)
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nd wind particle is less massive. Therefore, the importance of each
andom number is lower in the higher resolution simulation, and
xtreme outliers become rarer. 

The IllustrisTNG model also shows a reduction of variability at
etter numerical resolution when comparing pairs of Milky Way-like
alaxies in different realizations (Genel et al. 2019 ). However, this
eduction of variability mostly disappears for lower mass galaxies.
NRAS 543, 1761–1774 (2025)

able 2. Global properties of our galaxy in all seven realizations at z = 0 for the
ass of the halo M200c , the stellar mass of the main subhalo M∗, the stellar mass in

n the last Gyr Ṁ1 Gyr , the maximum circular velocity Vc , max , the mass of the stella
tellar disc, the radial σr and vertical σz velocity dispersion in the stellar disc at a r
ast three rows below show the mean value, variance, and the variance relative to the
elative difference of the mean to the mean of the simulations at the standard resol
ignificantly more than the intrinsic variation. 

Realizations at lower 
ealization M200c M∗ M∗,R> 50 kpc Ṁ1 Gyr V

(1012 M�)(1010 M�) (1010 M�) (M� yr −1 )(k

 1.04 4.37 0.22 1.5 
 1.04 4.07 0.29 0.3 
 1.03 4.17 0.31 2.9 
 1.03 4.74 0.60 3.2 
 1.05 4.47 0.27 1.7 
 1.02 4.16 0.24 3.3 
 1.03 3.77 0.29 1.0 

ean 1.03 4.25 0.32 2.0 
0.01 0.31 0.13 1.2 

/mean (per cent ) 0.9 7.3 40.6 58.3 

mean − meanL4 ) / (meanL4 ) (per cent ) −0 . 8 −21 . 1 −39 . 4 −17 . 5 −
oreover, Genel et al. ( 2019 ) demonstrate that for sufficiently high
umerical resolution, the variability in the IllustrisTNG model for
hese low-mass galaxies is not primarily driven by random numbers
n the subgrid model. 

 SUMMARY  A N D  DI SCUSSI ON  

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

Moreover, we showed that the global properties of the stellar
isc of the main galaxy at z = 0, including its total mass and star
ormation history (see Fig. 4 ) and its stellar surface density profile
see Fig. 5 ), are robust, with relative deviations from the mean profile
maller than ≈30 per cent . Variations in global quantities are even
maller, i.e. the total stellar mass of the central galaxy, of its bulge and
xtended disc, as well as the stellar mass of satellite galaxies, deviate
y only ≈5 per cent . Similarly, the strength (see Fig. 7 ) and structure
see Fig. 8 ) of the magnetic field in the disc and circumgalactic
edium are a robust outcome of the simulation and deviate by

ess than a factor of 2 locally. Therefore, they are useful properties
or comparison to observations. We also showed that the satellite
opulation of the main halo at z = 0 (see Fig. 9 ) and the properties
nd evolution of individual satellites and their stripping and potential
ventual destruction are robust in the Auriga model, at least until first
ericentre passage (see Fig. 10 ). 
All properties of the central galaxy of all realizations are much
ore 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
aloes. Thus, their formation histories seem to robustly determine
heir global properties, much more than the intrinsic variability
f the Auriga model and the numerical schemes. This strengthens
omparisons between different haloes of the Auriga project with the
im of connecting physical properties of galaxies to their formation
istory. It will also allow us to better understand how different
 lower resolution simulations (L5). The columns show from left to right the 
 the halo at a distances larger than 50 kpc M∗,R> 50 kpc , the star formation rate 
r disc Mdisc and bulge Mbulge , the scale radius Rdisc and height Hdisc of the 
adius of 8 kpc , and the total angular momentum of the stellar disc | L∗| . The 
 mean for all quantities over all seven realizations. The lowest row shows the 
ution (L4) shown in Table 1 . Resolution in particular changes stellar masses 

resolution (L5) 

c , max Mdisc Mbulge Rdisc Hdisc σr σz | L∗| 
m s −1 )(1010 M�)(1010 M�)(kpc )(kpc )(km s −1 )(km s −1 )(1018 M� kpc km s−1 ) 

204 0.35 3.78 3.7 1.10 46.8 39.0 4.4 
198 0.35 3.40 4.0 1.04 43.5 37.1 4.0 
204 0.35 3.49 3.7 1.14 50.0 40.1 4.0 
203 0.35 3.74 4.0 1.00 46.5 38.5 4.7 
204 0.36 3.76 3.6 1.04 45.6 38.7 4.3 
200 0.37 3.57 4.4 1.26 47.5 41.7 4.6 
195 0.37 3.13 4.9 1.41 44.1 37.8 4.1 

201 0.36 3.55 4.0 1.14 46.3 39.0 4.3 
3.7 0.01 0.24 0.5 0.15 2.2 1.5 0.3 
1.8 2.7 6.7 11.4 12.8 4.7 3.9 6.6 

2 . 7 −14 . 8 −18 . 8 −9 . 528.6 −2 . 6 −1 . 1 −33 . 6 

n M
oores U

niversity user on 06 January 2026



Robustness of the Auriga model 1773

p
o  

h
 

m  

s
i
s
s
e  

M  

p
r
r

f
r  

i
K  

q
m
d

 

s
m
v  

a
t  

s  

l
T  

l  

i

I
c  

o
f
s
f
a  

a
o
l
A
b  

h
t
(

 

t  

1  

s
i  

l
a

a
m
t  

a
A

i  

c
g

A

R  

a
a
(
R  

w
M
C
p
S

D

T  

t

R

B  

B  

B  

C
D  

D
D
D  

F  

F  

G
G
G  

G  

G
G
H
I
J  

K  

M
M  

 

M  

M
N
P
P  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/2/1761/8253611 by Liverpool John M
oores U

niversity user on 06 January 2026
hysical properties of galaxies are correlated and caused by each 
ther in our set of realizations that all have the same formation
istory. 
Finally, we showed in Figs 11 and 12 that changing the nu-
erical resolution of the simulation by a factor of 8 leads to

ignificant systematic changes, which are much bigger than the 
ntrinsic variability of the Auriga model at fixed resolution. The 
mall intrinsic variance of the Auriga model makes it attractive to 
tudy physical model variations at fixed resolution (see e.g. Pakmor 
t al. 2017 ; Buck et al. 2020 ; van de Voort et al. 2021 ; Rodrı́guez
ontero et al. 2024 ). However, the systematic changes to the galaxy

roperties with changing numerical resolution not only limits proper 
esolution studies, but also limits going to higher resolution without 
ecalibrating a model. 

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

iscussions to the total stellar mass. 
The four different feedback models discussed in Keller et al. ( 2019 )

how significant differences. They focus on the evolution of stellar 
ass and show that their ‘superbubble’ feedback has the largest 

ariance in stellar mass of 10 per cent at z = 2 over 128 realizations
nd of 20 per cent between a pair of simulations evolved further 
o z = 0 . 8. For this model, they also find differences in the stellar
urface density at z = 0 . 8 of almost an order of magnitude. This
evel of variance is significantly larger than for the Auriga model. 
heir other feedback models have comparable variance at z = 2 and

ower variance at z = 0 . 8, but at the cost of inefficient feedback that
s essentially consistent with no feedback. 

The comparison of a set of large volume simulations with the 
llustrisTNG model (Genel et al. 2019 ) showed that massive galaxies 
an end up with completely different morphologies. This is a result
f the very stochastic radio-mode active galactic nucleus (AGN) 
eedback model of IllustrisTNG. The Auriga model, which is very 
imilar to the IllustrisTNG model in terms of stellar feedback, 
eatures a radio-mode AGN feedback model that is much more gentle 
nd less stochastic (Grand et al. 2017 ). The IllustrisTNG simulations
lso show roughly 5 per cent variance in the value of the maximum 

f the circular velocity curve, averaged over about 100 Milky Way- 
ike galaxies. This is roughly consistent with our results for the 
uriga model. The stellar mass of matched Milky Way-like galaxies 
etween the IllustrisTNG boxes varies by 10 per cent at z = 0 for the
ighest resolution box with roughly comparable mass resolution to 
he 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
he SWIFT –EAGLE model (Borrow et al. 2023 ) show variance on the
per cent level in the halo mass at z = 0 for Milky Way-like galaxies,

imilar to our simulations. Moreover, they show an average variance 
n the stellar mass of Milky Way-like galaxies on the 10 per cent
evel ( EAGLE ) and between 5 per cent and 10 per cent ( SWIFT –EAGLE ), 
gain slightly larger than for our single galaxy. 

These differences should motivate us to include similar robustness 
nd convergence studies when designing new galaxy formation 
odels, in particular for cosmological zoom simulations. Ideally, 

his would allow us to increase the robustness of a model not only
t fixed resolution, but also when changing the numerical resolution. 
s one specific consequence of the study presented here, we will 
ntroduce a new approach that improves the stellar mass resolution in
osmological galaxy simulations, but avoids systematically changing 
alaxy properties at the same time (Pakmor et al. 2025 ). 
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