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A B S T R A C T 

The dynamical nature and formation mechanism(s) of galactic spiral arms remain long-standing problems in astrophysics. 
Most theoretical work is based on analytic calculations or idealized simulations, which has yielded several theories of 
spiral structure. The radial profile of the spiral arm rotation speed – the pattern speed – is a key observable prediction 

of these theories. However, observations that infer spiral pattern speeds reveal a mixed picture with no clear consensus. 
Here, we expand on theoretical efforts by examining the pattern speed profiles in the auriga Superstars set of high- 
resolution cosmological magnetohydrodynamic simulations of Milky Way–mass spiral disc galaxies. These simulations 
combine galaxy formation in a cosmological environment with the high dynamical fidelity afforded by an ∼ 800 M� star 
particle resolution, giving ∼ 100 million star particles in the disc. We show that several different spiral arm theories are 
realized among our simulations, including large-scale kinematic density waves, manifold spirals, dynamic (co-rotating) 
spirals, and overlapping modes. In particular, we demonstrate that a strong tidal interaction leads to clear kinematic density 
waves, and that manifold spirals are present in a strongly barred galaxy. Interestingly, we find that the same galaxy may 
show qualitative evolution of their spiral pattern speed profiles, indicating that the nature of spiral arms can evolve on 

potentially sub-gigayear time-scales. Our results demonstrate that in the absence of a strong external encounter or a strong 
bar, galactic spiral structure is highly transitional and complex with no clear long-lived underlying wave. 

Key words: methods: numerical – galaxies: formation – galaxies: kinematics and dynamics – galaxies: spiral – galaxies: 
structure. 
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 INTRODUCTION  

alactic spiral arms are the defining features of most star-forming 
isc galaxies observed both in the local Universe (e.g. R. Buta et
l. 2005 ; D. M. Elmegreen et al. 2011 ; A. K. Leroy et al. 2021 ),
ncluding the Milky Way (J. Bland-Hawthorn & O. Gerhard 2016 ), 
nd as far away as redshift � 2 (e.g. D. M. Elmegreen & B. G.
lmegreen 2014 ; T. Tsukui et al. 2024 ). Spirals are important for
isc galaxy evolution in at least two ways: first, they are sites of 
ngoing star formation (e.g. S. N. Vogel, S. R. Kulkarni & N. Z.
coville 1988 ; M. Querejeta et al. 2021 ); and secondly, they re-
istribute angular momentum of galactic material (D. Lynden- 
ell & A. J. Kalnajs 1972 ; J. A. Sellwood 2014 ), thereby driving
he radial migration of stars and gas (e.g. J. A. Sellwood & J. J.
inney 2002 ) that shapes the stellar chronochemodynamic struc- 
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ure of our own Galaxy (e.g. L. Casagrande et al. 2011 ; M. R.
ayden et al. 2015 ; D. Kawata et al. 2018 , 2026 ). Precisely how
piral arms affect galaxy evolution depends on their underlying 
ature, which is a rich dynamical problem itself (see e.g. C.
obbs & J. Baba 2014 ; C. Hamilton, S. Modak & S. Tremaine
025 ). Despite the prevalence, importance, and beauty of spiral 
rms, their physical nature remains the subject of a long-standing 
ebate in modern astrophysics with a wide variety of proposed 
echanisms. 

.1 Predictions from theory – spiral pattern speeds 

n important property of spiral arms is the speed at which they
otate around the galaxy, which is conventionally referred to as 
he spiral pattern speed. The form of the spiral pattern speed
adial profile is a key distinguishing predictor for theories of spiral
tructure: In particular, how it relates to the circular angular 
elocity curve, �circ , and the inner and outer Lindblad resonances 
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OLRs) defined by �circ ± κ/m , where κ is the radial epicyclic
requency (the frequency at which a star oscillates radially around
ts average circular orbit) and m is the number of spiral arms
n the pattern. Although the radial pattern speed diagnostic may
implify the true complexity of spiral arms, it represents a clear
rst step to understand their nature. 
One of the earliest descriptions of spiral structure is kinematic
ensity waves (see e.g. P. O. Lindblad 1960 ; B. Lindblad 1963 ;
. J. Kalnajs 1973 ). The top-left panel of Fig. 1 shows the pattern
peed profile for kinematic density waves, in which spiral arms
ave a pattern speed, �p = �circ − κ/m , i.e. following the inner
indblad resonance (ILR) curve for a range of radii. In a frame
otating at �p , stellar orbits appear as closed ellipses, which can
e arranged such that orbits align to form a spiral shape. The
recise radial profile of the pattern speed is therefore set by the
ravitational potential: It can decrease steeply in the inner disc
ut plateau to an almost constant profile in the outer disc. Thus,
inematic density waves 1 can provide sustained spiral structure
hat would slowly wind-up on time-scales longer than the dy-
amical time-scale. Kinematic density waves may be expected
o occur in response to strong tidal interactions (e.g. K. J. Don-
er & M. Thomasson 1994 ) and in regimes where self-gravity
s unimportant: S. Hu & D. Sijacki ( 2016 ) found that a weakly
elf-gravitating N-body disc formed spirals whose pattern speeds
raced the ILR. 
Inspired by the kinematic density waves of B. Lindblad ( 1963 ),
. C. Lin & F. H. Shu ( 1964 ) proposed the Quasi-Stationary Spiral
tructure (QSSS) hypothesis. At the heart of this theory and its
any subsequent developments (e.g. A. J. Kalnajs 1965 ; J. W.-K.
ark 1974 ; G. Bertin & C. C. Lin 1996 ) is the assumption that
piral arms are not material in nature but are instead the crest of 
 long-lived wave that follows a dispersion relation. 2 The bottom-
eft panel of Fig. 1 shows the constant pattern speed of spiral
tructure proposed by classic density wave theory , which spans a
adial range bounded by the ILR and the OLR (D. Lynden-Bell
 A. J. Kalnajs 1972 ). The constant pattern speed implies the
igid rotation of spiral structure around the galactic centre, which
llows it to preserve its shape over many dynamical times. There
s a single co-rotation resonance, defined as the radius at which
he spiral pattern speed and galactic rotation curve are equal; stars
nd gas rotate faster (slower) than the spiral arms inside (outside)
f the co-rotation resonance. 
Contrary to the expectations of much analytical work de-
cribed above, hydrodynamic and gravity-only N-body simula-
ions revealed a different scenario for spiral arms: transient, re-
urring spiral arms (e.g. R. J. J. Grand, D. Kawata & M. Cropper
012a , b ; S. Roca-Fàbrega et al. 2013 ; J. Baba, T. R. Saitoh & K.
ada 2013 ; J. A. Sellwood & R. G. Carlberg 2014 ). In this picture,
ndividual spiral arms disappear on dynamical time-scales while
ew spiral arms continually form, which ensures that the spiral
orphology is long-lived. For example, R. J. J. Grand et al. ( 2012a )
nd K. Wada, J. Baba & T. R. Saitoh ( 2011 ) found that spiral
rms in their idealized N-body simulations are highly transient
eatures that rotate at the same speed as stars everywhere: dubbed
NRAS 548, 1–15 (2026)

 The term ‘kinematic density waves’ is a misnomer in the sense that 
hey are not actual waves that propagate through the disc at some group 
elocity (see e.g. C. Dobbs & J. Baba 2014 for more details). 
 Strictly speaking, the Lin–Shu theory is a linear theory derived under 
he ‘tight-winding’ approximation, i.e. the short wavelength branch of the 
ispersion relation. 
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ynamic/co-rotating spiral arms (top-right panel of Fig. 1 ). These
piral features appeared to grow via a mechanism akin to swing
mplification (P. Goldreich & D. Lynden-Bell 1965 ; W. H. Julian &
. Toomre 1966 ; A. Toomre 1981 ), in which the galactic shear ro-
ation, orbit epicycle frequency of stars, and self-gravity conspire
o amplify locally over-dense patches of material. Individual co-
otating spirals sweep out a range of pitch angles as they grow
nd decay on ∼ 100 Myr time-scales (e.g. K. Wada et al. 2011 ;
. Baba et al. 2013 ; R. J. J. Grand et al. 2013 ). Interestingly, the
itch angle attained at maximum spiral amplitude correlates with
he rotation curve profile (or shear rate) such that lower (higher)
hear rates of rising (decreasing) rotation curves exhibit more
oosely (tightly) wound spiral arms. This matches the trend and
catter of the observed pitch angle–shear rate relation (R. J. J.
rand et al. 2013 ; S. Michikoshi & E. Kokubo 2016 ; K. L. Masters
t al. 2019 ). 
Another interpretation of the transient, recurring spiral arms
een in numerical simulations is multiple mode theory , which de-
cribes spiral arms as the superposition of multiple wave patterns
ith different discrete pattern speeds (I. Minchev et al. 2012 ; J.
omparetta & A. C. Quillen 2012 ; R. Roškar et al. 2012 ; J. A.
ellwood & R. G. Carlberg 2014 ; S. Kwak et al. 2025 ). The top-
iddle panel of Fig. 1 shows the pattern speed profile expected
or multiple mode theory: Each spiral mode is characterized by
 single pattern speed with power that lies within that pattern’s
nner and outer Lindblad resonance radii. Modes that dominate
n the inner disc are faster compared to those that dominate
he outer disc. Consequently, spiral modes can overlap in ra-
ius, leading to the constructive interference of modes as they
ass one another to give the appearance of larger scale, wind-
ng spiral arms that grow and decay periodically on dynamical
ime-scales (e.g. J. Comparetta & A. C. Quillen 2012 ; I. Minchev
t al. 2012 ; J. A. Sellwood & R. G. Carlberg 2014 ) – a phe-
omenon that some simulations suggest may cause non-linear
rowth of spiral over-densities (J. Kumamoto & M. Noguchi
016 ). Unlike the classic density wave, each of these modes
eed not be long-lived, but rather transient and recurring on ∼
yr time-scales. 
Other proposed mechanisms that may be at play in barred
alaxies include bar-driven density waves (H. Salo et al. 2010 ),
oupled bar-spiral modes (e.g. T. Hilmi et al. 2020 ), and Manifold
pirals (M. Romero-Gómez et al. 2007 ; E. Athanassoula 2012 ).
he bottom-middle panel of Fig. 1 depicts the pattern speed pro-
le for the Manifold theory of spiral arms (M. Romero-Gómez
t al. 2007 ; E. Athanassoula, Romero-Gómez & Masdemont 2009 ;
. Athanassoula 2012 ), which provides a description of spirals
nd rings found in barred galaxies. The basis of manifold theory
s that stars on unstable (A. M. Lyapunov 1949 ) orbits escape
rom Lagrange points at the ends of the bar major axis and move
long regions of space defined by ‘manifolds’. Because these stars
riginate from the bar, the spiral pattern that they produce has the
ame constant pattern speed as the bar itself. Therefore, a defining
ignature of manifold theory is a fixed pattern speed that extends
rom the centre of the galaxy out to radii beyond the bar where
piral structure exists. 

.2 Observationally inferred pattern speeds 

he variation in spiral arm pattern speed predicted by the theories
escribed above offers an observational test that can in principle
lucidate the nature of spirals (see section 4 of C. Dobbs & J.
aba 2014 , for a thorough review). However, pattern speeds are
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Figure 1. Schematic diagrams of spiral pattern speed radial profiles associated with various prominent spiral arm theories, including kinematic density 
wave theory (top-left panel); classic density wave theory (bottom-left panel); multiple mode theory (top-middle panel); manifold theory (bottom-middle 
panel); and dynamic/co-rotating spiral arms (top-right panel). Each profile is depicted with a shaded band and has a qualitatively unique form. 
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ifficult to measure directly in observed galaxies. The well-known 
adial Tremaine–Weinberg method (M. R. Merrifield, R. J. Rand 
 S. E. Meidt 2006 ) uses spatial and kinematic information of gas
n inclined disc galaxies to solve the continuity equation, allow- 
ng �p to vary radially. Studies that apply this method typically 
nd that pattern speeds decrease with radius (e.g. S. E. Meidt
t al. 2008a , b ; J. C. Speights & D. J. Westpfahl 2012 ). However,
hether such decreases are continuous or characterized by a 
eries of distinct separate patterns, each with a constant pattern 
peed, remains debated (e.g. J. C. Speights, V. Aust & Q. Lu
025 ). 
Another commonly used approach to infer spiral pattern 
peeds is the measurement of spatial offsets of various tracers of 
tar formation; tracers of earlier and later stages of the star for-
ation process should be located progressively farther (in the az- 
muthal direction) from density wave spiral arms. This is because 
he constant pattern speed of QSSS predicts the formation of a 
piral shock in the gaseous component as gas flows through the
piral potential minimum, leading to the compression required 
o trigger star formation (W. W. Roberts 1969 ). Because material
ows tangentially across spiral arms everywhere except the co- 
otation radius, this leads to a radially dependent azimuthal offset 
etween dense molecular gas (CO) and young star formation 
racers (e.g H α, UV). In contrast, no shock or offsets are predicted
t any radius for dynamic (co-rotating) spiral arms. Based on such
 clearly distinguishing prediction, one may expect observations 
o swiftly resolve the issue. However, a consensus is still lacking: 
here exist many observations of star-forming tracer offsets in 
arious galaxies that support one theory or another (e.g. F. Egusa
t al. 2009 ; K. Foyle et al. 2010 ; I. Ferreras et al. 2012 ). Most
ecently, M. Querejeta et al. ( 2025 ) analysed the spatial offsets of 
tar-forming tracers in 24 nearby spiral galaxies from the Physics 
t High Angular resolution in Nearby GalaxieS (PHANGS) sur- 
ey (M. Querejeta et al. 2021 ), and found that a variety of spiral
rm theories were supported: Most were consistent with either 
verlapping spiral modes (e.g. J. A. Sellwood & R. G. Carlberg
014 ) or transient dynamic (co-rotating) spirals (e.g. J. Baba et al.
013 ), and a minority were found to be consistent with a single
uasi-stationary density wave (e.g. C. C. Lin & F. H. Shu 1964 ).
here is also a lack of consensus for the Milky Way: For exam-
le, L. G. Hou & J. L. Han ( 2015 ) find observational indications
upporting density waves, whereas J. A. S. Hunt et al. ( 2018 ) and
. Funakoshi et al. ( 2024 ) find support for dynamic spiral arms.
he collective picture gathered from idealized simulations and 
bservational surveys therefore suggests that a single theory is 
nsufficient to explain the complexity of spiral morphology in the 
ocal Universe. 

.3 High-resolution cosmological simulations 

ith respect to theory, while numerical simulations have pro- 
ided valuable insights into the mechanisms of spiral arm for- 
ation and evolution, they often have highly idealized initial 
onditions that omit the cosmological galaxy formation context. 
 promising avenue for furthering our understanding is to in- 
estigate spiral arms in cosmological hydrodynamic simulations. 
lthough such studies are relatively scarce, cosmological simula- 
ions are beginning to predict observable spiral signatures, such 
s systematic streaming motions associated with spiral arms that 
nduce detectable azimuthal metallicity variations (R. J. J. Grand 
t al. 2016 ; L. Sánchez-Menguiano et al. 2016 ; M. E. Orr et al.
023 ). They are also being used to study pattern speeds directly:
he recent study of J. R. Quinn et al. ( 2026 ) investigates the Feed-
ack In Realistic Environments (FIRE) cosmological simulations 
f Milky Way–mass galaxies (A. Wetzel et al. 2023 ) and shows
vidence for multiple spiral modes. In contrast, S. Ghosh & E.
’Onghia ( 2025 ) study the spiral arms at z = 0 in Milky Way–
ass galaxies from The Next Generation (TNG) Illustris cos- 
ological simulations (A. Pillepich et al. 2024 ) and claim that
hey are long-lived density waves. Thus, the study of spirals in
MNRAS 548, 1–15 (2026)
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osmological galaxy formation simulations is in its infancy, yet it
as already produced fascinating results that may point to a de-
endence of spiral arms on baryonic physics models in addition
o the multiple potential physical mechanisms and perturbation
ources. 
To further complicate matters, numerical resolution has been
hown to impact spiral arms found in N-body simulations. M. S.
ujii et al. ( 2011 ) ran several simulations of pure stellar discs
ith varying particle number, and found that at least ∼ 106 par-
icles were needed to ensure the spiral pattern survives longer
han 10 Gyr; fewer particles resulted in the disappearance of 
he spiral pattern within a few gigayears. Later, E. D’Onghia,
. Vogelsberger & L. Hernquist ( 2013 ) showed that spiral arms
eeded by Poisson noise cease to form spontaneously in stel-
ar discs modelled with 108 particles; spirals formed only in re-
ponse to heavy particles included by hand. Interestingly, these
erturbations formed spirals initially via a swing amplification-
ike mechanism that later appeared to be highly non-linear and
elf-sustaining, raising the question of the impact of numerical
esolution on the nature and longevity of spiral arms (although
ee J. A. Sellwood & R. G. Carlberg 2014 , for another point of 
iew). 
In this paper, we aim to shed further light on the nature of 
piral arms by studying spiral arms in the high-resolution au-
iga Superstars cosmological simulations that model the stel-
ar disc with ∼ 108 particles (R. J. J. Grand et al. 2023 ; R. Pakmor
t al. 2025b , and Fragkoudi et al. in preparation). This number
f particles minimizes numerical noise/heating (M. S. Fujii et al.
011 ; E. D’Onghia et al. 2013 ) such that high-fidelity stellar dy-
amics is combined with the full cosmological setting, capturing
he detailed dynamical response of cosmologically grown discs
o a spectrum of physical perturbations, such as gas accretion,
tellar feedback, and the gravitational influence of dark matter
ubhaloes. We organize our paper as follows. In Section 2 , we
escribe the auriga Superstars cosmological simulations, in-
luding a summary of the auriga galaxy formation model and
he Superstars method. We provide also a description of the
ethodology used to compute the spectrograms. In Section 3 ,
e present our results on the spiral pattern speed profiles of our
uriga Superstars halos and their evolution at late times, and
ink them to existing theories of spiral structure. In Section 4 ,
e discuss the implications of our findings, and we present our
onclusions in Section 5 . 

 THE  auriga Superstars SIMULATIONS  

n this paper, we study the auriga Superstars simulations –
 suite of cosmological magnetohydrodynamical simulations of 
ilky Way–mass halos, with 800 M� per star particle resolution.
hese simulations use the auriga galaxy formation model (de-
cribed in R. J. J. Grand et al. 2017 ) together with the Superstars
ethod (described in R. Pakmor et al. 2025b ) to significantly
nhance the stellar particle resolution. We describe both of these
spects below. 

.1 The Auriga galaxy formation model 

he auriga galaxy formation model simulates the formation
nd evolution of galaxies in a � cold dark matter universe from
ery early cosmic times ( z = 127 ) to the present day. It is im-
lemented in the moving-mesh codes arepo (V. Springel 2010 ;
. Pakmor et al. 2016 ; R. Weinberger, V. Springel & R. Pakmor
NRAS 548, 1–15 (2026)
020 ) and arepo2 (see Section 2.3 for more details), which solve
he equations of magnetohydrodynamics on a moving Voronoi
esh with a second-order finite-volume scheme. This is fully
oupled to self-gravity with a combined tree and particle-mesh
olver. The model includes primordial and metal line cooling;
 uniform UV background with reionization completed by z =
 ; an effective model for the interstellar medium and stochas-
ic star formation (V. Springel & L. Hernquist 2003 ); magnetic
elds (R. Pakmor, F. Marinacci & V. Springel 2014 ; R. Pakmor
t al. 2017 , 2018 ); an effective model for stellar feedback-driven
alactic winds, mass return from stars from stellar winds and
upernovae; and a model for the seeding, growth, and energetic
eedback from black holes (see R. J. J. Grand et al. 2017 , for more
etails). 
The auriga model has been used to run suites of cosmologi-
al zoom-in simulations of Milky Way–mass galaxies and dwarf 
alaxies, which are publicly available (see R. J. J. Grand et al.
024 , for details). The Milky Way–mass simulations in particular
ave been extensively used to study the properties, origins, and
volution of central discs (R. J. J. Grand et al. 2020 ; F. Fragkoudi
t al. 2020 ; F. A. Gómez et al. 2017 ), stellar halos (A. Monachesi
t al. 2019 ), bulges (I. D. Gargiulo et al. 2019 ), bars (F. Fragkoudi
t al. 2021 , 2025 ), satellites (C. M. Simpson et al. 2018 ), magnetic
elds (R. Pakmor et al. 2017 ), dark matter (J. Prada et al. 2019 ;
. J. J. Grand & S. D. M. White 2021 ), and the circumgalactic
edium (F. van de Voort et al. 2021 ). 
Most auriga results achieved so far come from the stan-
ard so-called level 4 resolution auriga simulations: mb ∼ 5 ×
04 M�, mDM 

∼ 4 × 105 M�, where mb and mDM 

are the mass of 
he baryonic cell/particle and dark matter particle, respectively.
. Pakmor et al. ( 2025a ) showed that increasing the resolution
cross dark matter, gas and stars leads to a systematic trend in
alaxy properties, such as their stellar masses and star forma-
ion histories. However, from their test suite comprised of the
ame set of initial conditions at standard resolution run multiple
imes with different random number seeds (also known as the
utterfly effect, see e.g. S. Genel et al. 2019 ), R. Pakmor et al.
 2025a ) showed that the intrinsic variance in the auriga model
or many galaxy properties is � 10 per cent . This lends confidence
hat the model produces robust predictions of galaxy formation
hysics. 

.2 The Superstars method and features 

o achieve a high stellar resolution for our cosmological simu-
ations, the results of R. Pakmor et al. ( 2025a ) motivate an al-
ernative approach to the traditional resolution increase of all
atter components. To this end, we developed a new approach,
alled auriga Superstars (see R. Pakmor et al. 2025b , for a
omplete description of the method), which increases the resolu-
ion of the star and dark matter particles while maintaining the
ame gas cell mass. This approach minimizes systematic trends
hat emerge from increases in gas resolution and preserves the
mall intrinsic variance of the auriga model found by R. Pakmor
t al. ( 2025a ); good convergence is achieved for galaxy properties
uch as the star formation history and radial profiles of surface
ensity for improvements in stellar mass resolution by factors
f 8 and 64. 4 Moreover, this approach significantly reduces the
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omputational cost compared to increasing the gas resolution 
y the same factors. It is therefore ideal to run a suite of Milky
ay–mass simulations with high stellar resolution for the study 
f galactic dynamics. Below, we provide a summary of the main
spects. 

.2.1 Enhanced collisionless particle resolution 

he principal feature of the Superstars method is the increased 
esolution of dark matter and star particles relative to the gas
ells, which are kept to the fixed standard resolution of mgas ∼
 × 104 M�. First, the dark matter mass is increased by a factor
 from its standard value of mDM 

∼ 4 × 105 M� to mDM 

∼ 5 ×
04 M�. This is done by beginning the simulation with initial 
onditions created at this higher dark matter resolution, then 
e-refining the Voronoi mesh once it is created from the dark
atter–gas split pairing at the starting redshift. Secondly, the star 
article resolution is increased by a factor of 64 relative to the
as cell resolution, i.e. to mstar � 800 M�. This is done through
he stochastic model for star formation: In auriga , a gas cell
hat satisfies the criteria for star formation is given a positive star
ormation rate and a non-zero probability to convert its mass into
 star particle. In Superstars , gas cells selected to model a star
ormation event convert their mass into 64 star particles, each 
ith mass mgas / 64 , and each given an initial position identical to
heir parent gas cell. Their velocities are set to the velocity of the
arent gas cell plus a random isotropic component. This random 

omponent is sampled from a Gaussian centred on the velocity of 
heir parent gas cell with a width set by either the sound speed of 
he parent gas cell or the local velocity dispersion of the cell and
ts direct neighbours, whichever is smaller. After sampling from 

his Gaussian, we subtract the mass-weighted velocity vector of 
he newborn star particles to ensure their total momentum is 
qual to that of their parent gas cell. These sibling star particles
re unbound from one another – as are open clusters – and drift
way from each other over time. The chemical enrichment, evolu- 
ion, and stellar feedback is handled in exactly the same manner
s the original auriga simulations. 
It is important to note that R. Pakmor et al. ( 2025b ) showed

hat the dark matter to stellar particle mass ratio, mDM 

/mstar = 

 , in auriga Superstars does not lead to systematic changes 
nduced by artificial scattering of particles of the type shown 
y A. D. Ludlow et al. ( 2019 , 2021 ). This is likely because the
elevant mass segregation time-scale scales with the total number 
f particles, N, as well as mstars /mDM 

: The former is much larger
n auriga Superstars compared to lower-resolution large cos- 
ological volume simulations. 

.2.2 Refinement of gas and stars in dwarf galaxies 

n addition to the above tailored resolution increases for star par-
icles and dark matter, our simulations also include refinement 
f gas cells belonging to dark matter subhaloes with mass < 

010 M� h−1 . For these subhaloes, we mark gas cells found within 
 half-mass radius to be refined by a factor of 8 in mass (2
n length). This ‘dwarf refinement’ is motivated by both better 
hemical evolution at low Z and the results of R. J. J. Grand
t al. ( 2021 ), who found that high gas resolution facilitated
he formation of dozens of ultra-faint dwarf satellite galaxies 
ith stellar mass � 105 M� which do not form at lower gas
esolution. 
In order to preserve the stellar particle mass of 800 M� across
he simulation, only eight star particles are spawned from a 
dwarf-refined’ star-forming gas cell instead of the usual 64 parti- 
les spawned in any other star-forming gas. 

.3 The auriga Superstars simulation suite 

he auriga Superstars simulation suite consists of 10 halos 
hat were run as part of the auriga project (R. J. J. Grand et al.
017 ), and will be described in full in Fragkoudi et al. (in prepara-
ion). The initial conditions were constructed via the method of 
. Jenkins ( 2013 ) for relatively isolated Milky Way–mass objects
elected from the Evolution and Assembly of GaLaxies and their 
nvironments (EAGLE) dark matter only simulation of comov- 
ng side length 100 cMpc (L100N1504, introduced in J. Schaye et
l. 2015 ). The adopted cosmological parameters are �m = 0 . 307 ,
b = 0 . 048 , �� = 0 . 693 , σ8 = 0 . 8288 , and a Hubble constant of 
0 = 100 h km s−1 Mpc−1 , where h = 0 . 6777 , taken from Planck
ollaboration ( 2014 ). Detailed information about the initial con- 
itions and the procedure used to generate them can be found in
. J. J. Grand et al. ( 2024 ). As noted in the previous section, the
uriga Superstars initial conditions have a dark matter parti- 
le resolution of 5 × 104 M�, which is equivalent to that of the
igh-resolution Original /3 simulation set described in R. J. J. 
rand et al. ( 2024 ). In this paper, we present results from three of 
he auriga Superstars halos which correspond to the objects 
abelled halos 6, 18, and 25 of the original auriga simulation
uite. 
The auriga Superstars simulations are run with all the fea- 

ures described above implemented into arepo 2 , which includes 
everal additional advantages compared to the original arepo 
ode. Among these are a faster and more accurate gravity solver;
UBFIND-HBT, which is a faster and more accurate halo finder; 
n on-the-fly merger tree that eliminates the need to post-process
erger trees; and an on-the-fly movie generator. 
In addition to the 256 full snapshots and group catalogues, 
ur auriga Superstars simulations include in their output the 
ositions and velocities of star particles at a high-cadence output 
ate of 5 Myr. This high temporal resolution is ideal for tracking
tellar orbits and analysing the evolution of galactic stellar struc- 
ures. In this paper, we will make use of this output by performing
n analysis of the formation and evolution of spiral arms, in
articular their pattern speeds. 

.4 Fourier analysis of spiral structure 

e calculate spectrograms from a Fourier analysis of spiral struc- 
ure in order to analyse the radial profiles of spiral pattern speeds.
o begin, we define the coordinate system such that the parti-
le data are centred on the main galaxy centre for each high-
adence snapshot. To do this, we interpolate the main galaxy 
entre coordinates from the time series of galaxy coordinates 
iven by SUBFIND-HBT for the 256 full snapshots. We then use
hese interpolated coordinates as the starting point for a ‘shrink- 
ng spheres’ approach applied to star particles to refine the co-
rdinates further: We find that four iterations is sufficient for 
onvergence. To rotate the galaxy, we first calculate the angu- 
ar momentum vector from all star particles inside 20 kpc, and
ormalize it with respect to the total angular momentum to give
he angular momentum unit vector, ˆ L ≡ ˆ i . We then define the 
nit vectors ˆ j = ˆ i × ˆ a and ˆ k = ˆ i × ˆ j , where ˆ a = (1 , 0 , 0) . The unit
ectors ˆ i , ˆ j , and ˆ k comprise a rotation matrix which we apply to all 
MNRAS 548, 1–15 (2026)
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article vector coordinates, including particle positions and ve-
ocities. Finally, we transform from cartesian to polar cylindrical
oordinates. 
The strength of an m −symmetric spiral structure at a radius,

 , can be quantified using the coefficient: 

m (R ) = 1 
2 π

∫ π

−π

M(R, θ ) eimθdθ, (1) 

here M(R, θ ) is the mass at the coordinate (R, θ ) . Because we
re working with discrete particle data specified at discrete times,
e select all star particles with a vertical height less than 1 kpc
rom the galactic mid-plane and within a cylindrical radius of 
5 kpc for each snapshot. We bin these selected particles in 1 kpc-
ide r adial annuli, and calculate 

m (R ) =
N ∑ 

i 

mi 

[
cos (mθi ) + i sin (mθi ) 

]
, (2) 

or each annulus. Here, N is the total number of star particles in
he annulus, and mi and θi are the mass and azimuthal coordinate
f the i th star particle, respectively. This quantity is often used
o define the normalized amplitude, Am = | cm | / | c0 | (see e.g. R.
. J. Grand et al. 2013 , and the resolution study presented in
ppendix. A ). 
Under the assumption that a spiral arm can be represented as

 wave mode(s) that rotates from time, t0 , to some later time, t1 ,
e define 

˜ m (R, ω) =
∫ t1 
t0 

cm (R, t ) eiωt dt , (3) 

here ω = m �p is the rotation frequency linked to the pattern
peed, �p , during this time period. 
In lieu of calculating ˜ cm , we calculate the discrete Fourier trans-

orm, 

k,m (R ) =
N−1 ∑ 

j=0 
cm (R, t j ) wj e2 π i jk/N ; k = 0 , ..., N − 1 , (4) 

here N is the number of data points comprising the signal, k
epresents a discretized frequency bin, and wj is the Hann win-
ow function: 

j = 1 
2 

[
1 − cos (2 π j/N )

]
. (5) 

he purpose of a Window function of this kind is to minimize
pectral leakage, which can occur if the underlying frequency of 
he data signal lies between two discretely sampled frequencies.
his is because discretely sampled data points spanning a finite
eriod of time is effectively an infinite signal multiplied by a
quare window function. The Fourier transform of this top-hat
unction is a sinc function with lobes of substantial spectral leak-
ge into frequencies far from the true value. The use of a Hann-
ike window function smoothly tapers the input signal such that
t gradually goes to zero outside of the sampling range, which
ignificantly reduces and confines spectral leakage around the
rue frequency (W. H. Press et al. 2002 ). 
We calculate the power in each frequency as 

m ( f0 ) = 

1 
W 2 | C0 ,m |2 

m ( fk ) = 

1 
W 2 

[| Ck,m |2 + | CN−k,m |2 
]

Pm ( fc ) = 

1 
2 | CN/ 2 ,m |2 (6) 
NRAS 548, 1–15 (2026)

W

here in the middle line k = 1 , 2 , ..., (N/ 2 − 1) , 

 = N
N−1 ∑ 

j=0 
w2 
j , (7) 

s a normalization factor to take into account the window func-
ion, and 

fk = 2 fc 
k 
N 

(8) 

s the kth discretely sampled positive frequency: k = 0 , 1 , ..., N/ 2 .
ere, fc = (N − 1) / (2 T ) is the Nyquist frequency defined by the
umber of samples, N, and the total length of the time window,
 . 
In this study, we perform this analysis on time series of 
 = 256 snapshots separated by � = 5 Myr each. This gives a
yquist frequency of fc = 100 π rad Gyr−1 ≈ 100 π km s−1 kpc−1 

or an m = 2 pattern. Given that no spiral pattern is able to ro-
ate as quickly as this, our sampled data should contain com-
lete spectral information and no aliasing of power from fre-
uencies larger than the Nyquist frequency should be present
n our spectrograms. The time window of our spectrograms
s T = N� = 1 . 28 Gyr, which gives a frequency resolution of 
 π/ (1 . 28 m ) rad Gyr−1 , which is ∼ 2 . 4 km s−1 kpc−1 for an m = 2 
attern. 

 RESULTS  

ig. 2 shows the face-on stellar light projections for three auriga
uperstars simulations on which we focus in this paper. The
mages are very similar to the equivalent projections of the orig-
nal Auriga counterparts shown in R. J. J. Grand et al. ( 2017 ).
owever, the superior mass resolution of auriga Superstars
nables finer sampling of the phase space and gravitational po-
ential , which leads to sharper spiral/bar structures in compar-
son to their original counterparts (see Appendix. A for a res-
lution study of the non-axisymmetric structure). We refer the
eader to R. Pakmor et al. ( 2025b ) for a discussion of these effects
nd how they affect accreted stellar debris structures as well as
iscs. 
The three simulated galaxies presented in Fig. 2 are chosen
ecause: (i) they demonstrate the range of spiral/bar morphology
ithin the suite; and (ii) they each demonstrate a qualitatively
ifferent type of spiral arms (as we will show in Section 3.1 ).
irst, halo 25 (left panel of Fig. 2 ) shows a pronounced m = 2
uasi-symmetric strong spiral arms reminiscent of ‘grand-design’
pirals – these arise in response to a strong tidal interaction with
 satellite flyby (see e.g. F. A. Gómez et al. 2021 ). Secondly, halo
8 (middle panel of Fig. 2 ) has a strongly barred disc with tightly
ound spiral structure emanating from the ends of the bar major
xis. Thirdly, the spiral arms of the weakly barred disc of halo 6
right panel of Fig. 2 ) are more flocculent and not continuously
onnected across the full range of radii – this is the most common
isc morphology found within the auriga Superstars simu-
ation suite. In what follows, we perform a quantitative analy-
is of the evolution of the spiral arms in these three simulated
alaxies. 

.1 A variety of spiral arm types in auriga Superstars 

n this section, we examine the spiral arms in the auriga Su-
erstars simulations and compare the radial profiles of their
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Figure 2. Face-on projected stellar light images for three auriga Superstars simulations each illustrating a qualitatively different type of spiral 
structure (see text for details): halo 25 (left panel; z = 0 ); halo 18 (middle panel; z ∼ 0 . 25 ); and halo 6 (right panel; z = 0 ). The images are synthesized 
from a projection of the K -, B -, and U -band luminosity of stars, which are shown by the red, green, and blue colour channels, in logarithmic intervals, 
respectively. Younger (older) star particles appear bluer (redder). 
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attern speeds to those associated with different theories. We 
pply the Fourier analysis technique described in Section 2.4 
o a series of time windows which we initially centre on ∼
 Gyr lookback time, and slide forward in time until the end
f the last window is equal to z = 0 . In what follows, we
resent the results of selected spectrograms to highlight our main 
ndings. 
The top row of Fig. 3 shows spectrograms of the dominant m =

 Fourier component at late times for three auriga Superstars 
imulations, each of which exhibits qualitatively different spiral 
attern speed profiles as a function of radius. To aid in the inter-
retation of these spectrograms, the lower row of Fig. 3 shows the
ace-on map of the logarithmic azimuthal stellar overdensity for a 
napshot during the respective spectrogram time window in each 
ase, in order to highlight density enhancements corresponding 
o bars and spiral arms. 5 
The top-left panel of Fig. 3 shows the spectrogram for the
alaxy with the strong tidal interaction (halo 25). The power 
ppears to cluster around the ILR curve at almost every radius,
hich indicates that the spiral arms in this galaxy are kine-
atic density waves. The bottom-left panel clearly shows a very 
trong m = 2 grand-design morphology representative of the spi- 
al structure within the last gigayear of evolution. The onset of 
his coherent pattern is correlated with the flyby of a massive
atellite, which produces also a global corrugation pattern in the 
isc (F. A. Gómez et al. 2021 ). 
The upper-middle panel of Fig. 3 shows the spectrogram of the
 = 2 Fourier component for the strongly barred galaxy halo 18:
he Fourier amplitude of the bar at this time is ∼ 0 . 5 . This spec-
rogram shows clear and coherent power for a pattern speed of 
p ∼ 55 km s−1 kpc from the galactic centre out to (even slightly
eyond) the OLR at around 8–10 kpc radius. The bar length is
lose to the radius of co-rotation ( ∼ 5 kpc), which is consistent
ith the simulation of this halo at standard Auriga resolution 
 This is computed by calculating the azimuthally averaged stellar surface 
ensity in concentric radial annuli, which we use to normalize the surface 
ensity at each coordinate at the corresponding radius. 

6

t
t
i

F. Fragkoudi et al. 2021 ; A. Merrow et al. 2024 ). The lower-
iddle panel shows the stellar overdensity at an instance during 
his time window and reveals a clear quadrupole structure with 
 logarithmic overdensity larger than 0.5, which represents one 
f the strongest bars in the auriga Superstars simulations. 
pirals appear to emanate from the ends of the bar and form a
uasi-ring like shape – that is very reminiscent of manifolds such 
s those shown by M. Romero-Gómez et al. ( 2007 ) – contained
ithin the radius of ∼ 10 kpc (outside of this radius, a separate,
uch weaker pattern speed profile following the rotation curve 
s found). Therefore, the pattern speed of the bar found inside co-
otation is the same as the pattern speed of the spiral arms outside
f co-rotation. The pattern speed profile of this strongly barred 
alaxy during this epoch is thus consistent with the manifold 
heory for spiral arms, in which spirals are manifestations of stars
owing along manifolds after they leave an unstable Lagrange 
oint at the end of the bar. 
The right column of Fig. 3 shows an example of the weakly
arred galaxy, halo 6 (the Fourier amplitude of the bar at this time
s ∼ 0 . 3 6 ) during an undisturbed period of evolution. The lower-
ight panel shows a clear but broken spiral structure extending 
ut to radii of ∼ 20 kpc. The upper-right panel shows the m = 2
pectrogram, which exhibits a more complex structure than those 
f halos 25 and 18: power is clustered along the ILR for the radial
ange ∼ 5 –12 kpc and ∼ 17 –20 kpc (indicating kinematic density
aves at these radii); however, for radii ∼ 12 –17 kpc, the power
lusters along the circular rotation curve. This spectrogram there- 
ore suggests that kinematic density waves and dynamic spirals 
xist contemporaneously during this time window, wherein the 
atter overtake the former. This behaviour could explain the bro- 
en spiral appearance in the lower-right panel of Fig. 3 . We will
nalyse the evolution of spiral arms in this halo in Section. 3.2
MNRAS 548, 1–15 (2026)

 Following F. Fragkoudi et al. ( 2025 ), we consider the Fourier amplitude 
hreshold qualifying a disc to be characterized as ‘barred’ to be 0.25. As 
he Fourier amplitude of the bar in halo 6 lies just above this threshold, it 
s described as weakly barred. 
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M

Figure 3. Top row: Spectrograms of the m = 2 Fourier mode for a galaxy with a strong tidal interaction (halo 25; left), a strongly barred galaxy (halo 
18; middle), and a weakly barred galaxy (halo 6; right) at late times (as indicated in each panel). The grey-scale histogram shows the column-normalized 
power; the power in each frequency and radial bin is divided by the maximum power found in the corresponding radius. Contours show the power 
distribution with a common (fixed) normalization. The average amplitude for the spiral structure, Asp , for the corresponding time window is given in 
each panel. The angular rotation curve measured at the middle of the time window is plotted as solid curves; the inner and outer Lindblad resonance 
loci are plotted as dashed curves. Bottom row: For each auriga Superstars halo, the face-on stellar azimuthal overdensity projections at times near the 
middle of the corresponding spectrogram time window shown above. The colour bar indicates the logarithmic overdensity. The galaxy in halo 25 (left 
column) experiences a strong tidal interaction with a massive flyby. This generates a powerful, large-scale grand-design m = 2 spiral structure whose 
pattern speed is very low and closely follows the ILR, which aligns with the rotation profile of kinematic density waves. The galaxy in halo 18 (middle 
column) shows a clear and strong bar overdensity in the central regions, with two-armed spirals emanating from their ends. This dominant m = 2 mode 
shows a single pattern speed of ∼ 55 km s−1 kpc that stretches from the centre of the galaxy to (even slightly beyond) the OLR; the spirals have the 
same pattern speed as the bar, as expected for manifold theory. The weakly barred disc galaxy in halo 6 (right) is relatively undisturbed at late times, and 
exhibits a coherent but complex spiral structure whose pattern speed profile appears to show a mixture of kinematic density waves concentrated mainly 
in the inner/middle disc and a dynamic spiral in the outer disc. These three clear examples demonstrate the wide range of spiral structure types found 
in our simulation suite. 
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In summary, Fig. 3 shows that there is a range of spiral arm
ypes present in the auriga Superstars simulations at late
imes: our chosen examples 7 show that a strong tidal interac-
ion and a strong bar lead to pattern speed profiles consistent
ith kinematic density waves and manifold spirals, respectively.
ur third example has neither a strong tidal interaction nor
 strong bar, and exhibits a complex spiral pattern speed pro-
le that may mean that more than one type of spiral structure
s present in the time window in question. We also note that
NRAS 548, 1–15 (2026)

 The examples shown are broadly representative of the spiral arm types 
n the suite; most simulations are of the more flocculent type highlighted 
n halo 6. 

s  

w  

t  

e  

o  
he amplitude of the spirals in the strong tidal interaction case
halo 25) is far stronger than the amplitude of spirals in the
ther cases (this is particularly evident in the lower panels of 
ig. 3 ). 

.2 Evolution of spiral arms in auriga Superstars 

n this section, we examine the evolution of spiral arm pattern
peeds in the weakly barred, flocculent spiral galaxy of halo 6,
hich we showed in the previous section exhibits a complex pat-
ern speed in the last gigayear. We focus on four time windows at
arlier times than that shown in the right panels of Fig. 3 to tease
ut this evolution. As in the previous section, each of these time
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indows span 1.275 Gyr, which are highlighted in the top row
f Fig. 4 . These time windows are chosen to illustrate the range
f spiral pattern speed types in this halo. Fig. 4 shows the spec-
rograms for m = 2 (left column), m = 3 (middle column), and
 = 4 (right column) for each of these time windows. We show
he results for these three modes to get a fuller understanding of 
he spiral structure, even though m = 2 is usually the strongest
ode. The time window for each spectrogram is indicated in 
ach panel. We discuss the spectrograms for each time window 

n order of increasing lookback time. 
The second row of Fig. 4 shows the spectrograms for the time
indow spanning from 1.735 to 0.46 Gyr. It is striking that the
pectrogram for the m = 2 mode shows that most of the power
ollows the ILR at most radii; the m = 2 spiral structure behaves
ike a kinematic density wave, with no trace of the dynamic arm
een in the top-right panel of Fig. 3 . The mean amplitude 8 of the
 = 3 mode is lower than that of the m = 2 mode. The contours
how that power comparable to the m = 2 mode exists only in the
adial range 18–24 kpc, which lies close to the circular rotation
urve. The top-right panel of Fig. 4 shows a relatively weak m = 4
ode with subdominant power everywhere, though the column- 
ormalized power (grey-scale) shows aspects of multiple modes. 
The third row of Fig. 4 shows the spectrograms for the time
indow spanning from 4.205 to 2.93 Gyr. The m = 2 spectrogram
hows a complex pattern speed profile similar to that of the later
ime window shown in the top-right panel of Fig. 3 : the inner
alaxy ( R/ kpc < 10 ) shows power clustered along the ILR (as
xpected for kinematic density waves), whereas for the interme- 
iate radii 11 < R/ kpc < 16 , power is clustered mainly around
he circular rotation curve, which could be a sign of dynamic/co- 
otating spiral arms. This leads also to the rather unexpected in-
erence that these intermediate disc spiral arms rotate faster than 
he inner disc spiral arms. To further investigate this evolution, 
e identify a particularly clear spiral arm 

9 near the middle of 
his time window, and show a series of face-on overdensity maps
t three times in Fig. 5 . In the first panel of Fig. 5 , we mark the
ocus of the spiral arm by identifying the azimuth corresponding 
o the local peak overdensity at a series of radii. In the subse-
uent panels, we mark the prediction for the spiral arm locus
ccording to dynamic (following the rotation curve), kinematic 
ensity waves (following the ILR curve), and density waves (a 
onstant pattern speed). This enables us to evaluate the predicted 
volution of different theories for individual spiral arms on time- 
cales shorter than the spectrogram bandwidth. We see that the 
ynamic prediction matches the locus of the spiral arm best: in
he middle panel of Fig. 5 , the kinematic density wave prediction
ags too far behind the spiral arm feature, whereas the density
ave predicts a too loosely wound shape. The dynamic spiral arm
rediction, however, lies on top of the spiral arm. This is even
learer in the right panel of Fig. 5 , though the spiral arm is already
isrupting at this time. We remark also that the spiral arms in
he region interior to the marked spiral arm ( 5 < R/ kpc < 8 )
n this last snapshot rotate more slowly: the innermost cross at 
.64 Gyr connects to the inner spiral arm, but is seen to have
 We define the mean amplitude, Asp , to be the mean of the m = 2 Fourier 
mplitude in the disc region outside of the bar across the time window 

onsidered. 
 We note that the evolution of this particular spiral arm is representative 
f other, coexisting spiral arms. 

w
t  

e

1

S

learly overtaken it at 3.6 Gyr. An inspection of a movie 10 show-
ng the evolution of face-on overdensity maps with a cadence 
f 5 Myr confirms that the spiral arms at intermediate radii do
ndeed rotate faster than the inner disc spirals around this time
eriod. 
The fourth row of Fig. 4 shows the spectrograms for the time
indow spanning from 5.67 to 4.395 Gyr. In contrast to the later
imes discussed above, the m = 2 spectrogram shows that most
ower belongs to a single pattern speed of ∼ 14 km s−1 kpc−1 that
pans the entire allowed range for spiral structure, i.e. from the
LR to the OLR, similar to what is expected for a global density
ave. The m = 3 and m = 4 spectrograms also highlight power
round this frequency (albeit at lower amplitudes). We scruti- 
ized the evolution of the face-on overdensity maps within this 
ime window, and we show in Fig. 6 a series of three snapshots
llustrating a clear example of a large-scale spiral arm. The left
anel of Fig. 6 shows the initial locus of a spiral spanning 5–20
pc in radius at a time of 4.835 Gyr. The second panel shows the
piral 50 Myr later, along with the spiral arm locus predicted by
 single density wave with a pattern speed of ∼ 14 km s−1 kpc−1 ,
inematic density waves, and dynamic (co-rotating) spiral arms. 
he density wave prediction best matches the location of the 
piral arm for radii � 10 kpc; the dynamic (kinematic density
ave) markers lie ahead (behind) the spiral arm. At larger radii,
he spiral arm structure is azimuthally broad and may comprise 
ore than one spiral feature, which makes it difficult to identify a
lear locus. This is seen more clearly in the right panel of Fig. 6 , in
hich the spiral splits into at least two separate arms in the outer
isc. The clearest of these arms is not part of the original spiral
rm identified in the left hand panel: It arises from an amplified
verdensity patch on the trailing side of the main spiral arm (seen
learly trailing the kinematic density wave markers in the middle 
anel), and its locus does not align well with any of the predicted
ocations. 
The large-scale density wave inferred from the m = 2 spectro-
ram in the fourth row of Fig. 4 does not appear to survive longer
han ∼ 1 Gyr; the spectrogram for the time window spanning 
.665–5.39 Gyr shown in the fifth row of Fig. 4 does not show
 single dominant frequency, but rather a dominant inner kine- 
atic density wave and what appears to be an outer dynamic
piral. This form of the pattern speed profile is not unlike that
hown at later times (third row of Fig. 4 and top-right panel of 
ig. 3 ). Therefore, the large-scale density wave can only be seen in
he time window spanning 5.67–4.395 Gyr, and not before or after.
t is notable that, during this time window, the galaxy experiences
 pericentric passage of a ∼ 109 M� satellite. The coincidence 
f this event with the formation of the large-scale spiral mode
ndicates the fleeting impact of satellite flybys that can qualita- 
ively change the rotation profile of spiral arms. Interestingly, the 
 = 3 spectrogram shown in the middle column of the fifth row
f Fig. 4 shows power concentrated around a pattern speed of 
round ∼ 22 km s−1 kpc−1 with an amplitude comparable to the 
 = 2 mode. The m = 4 spectrogram in the bottom-right panel
hows a decreasing pattern speed for radii larger than 10 kpc,
hich is qualitatively similar (though weaker in amplitude) to 
he m = 2 at these radii. This illustrates the complex and rapidly
volving nature of spiral arms in this simulation. 
MNRAS 548, 1–15 (2026)

0 https://wwwmpa.mpa-garching.mpg.de/auriga/movies/Superstars/ 
piralArms/stellaroverdensity_halo_6-SF64.mp4 animations. 

https://wwwmpa.mpa-garching.mpg.de/auriga/movies/Superstars/SpiralArms/stellaroverdensity_halo_6-SF64.mp4
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Figure 4. Top panel: evolution of the amplitude of spiral modes within the radial range 7 < R/kpc < 15 for halo 6. Shaded regions indicate the time 
windows of the spectrograms shown in the lower panels, where the left, middle, and right columns correspond to the m = 2 , m = 3 , and m = 4 Fourier 
modes, respectively. Different rows correspond to different time windows, as indicated at the top-right corner of each panel. The grey-scale histogram 

shows the column-normalized power; the power in each frequency and radial bin is divided by the maximum power found in the corresponding radius. 
Contours show the power distribution with a common (fixed) normalization. The angular rotation curve measured at the middle of the time window 

is plotted as solid curves; the inner and outer Lindblad resonance loci are plotted as dashed curves. Each panel indicates the time-averaged amplitude, 
Asp , for the corresponding time window and mode, m . This figure demonstrates the wide variety of behaviours that spiral arms evolve through for the 
same galaxy : (i) in the second row (window D), the dominant m = 2 mode shows a kinematic density wave with power following the ILR at almost all 
radii; (ii) in the third and fifth rows (windows C and A), the m = 2 spectrogram profile indicates an inner kinematic density wave and dynamic spirals 
at intermediate/outer radii; (iii) in the fourth row (window B), m = 2 mode shows a large-scale density wave with a constant pattern speed of ∼ 14 
km s−1 kpc−1 ; (iv) the m = 3 and m = 4 modes sometimes show evidence of sub-dominant multiple modes. 
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Figure 5. Sequence of stellar surface overdensity maps for halo 6 for a series of lookback times in time window C of Fig. 4 . The left panel shows the 
locus of a spiral arm (marked by grey triangle symbols) defined by the peak stellar overdensity in azimuth for a series of radial annuli in the outer 
disc ( 10 < R < 15 kpc), at t = 3 . 7 Gyr. The total lifetime of this arm is of order ∼ 100 Myr (similar to a dynamical time at these radii) and appears to 
disrupt at t = 3 . 6 (right panel). In the middle and right panels, we show the instantaneous location of the positions shown in the left panel advanced 
in time according to the circular velocity curve corresponding to dynamic spirals (black crosses); the inner Lindblad resonance curve corresponding 
to kinematic density waves (green plus symbols); and a radially independent angular pattern speed equal to 15 km s−1 corresponding to density waves 
(magenta triangles). The dynamic/co-rotating spirals appear to better describe the rotation profile of this spiral arm during this period of time, which is 
not easily captured in the relatively long baseline of the spectrogram analysis. 

Figure 6. Same as Fig. 5 , but showing the evolution of a spiral arm in the time period during which the spectrogram analysis indicates a large-scale 
density wave (time window B of Fig. 4 ). A density wave with pattern speed �p = 14 km s−1 kpc−1 tracks the spiral arm consistently until the middle 
panel. In the third panel, the density wave markers advanced from the first panel track the spiral arm fairly well for radii between 5 and 10 kpc. However, 
outside of 10 kpc, a separate spiral arm appears to develop, and the density wave markers no longer track a coherent spiral arm locus. This illustrates the 
complexity and rapid evolution of spiral arms. 
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 DISCUSSION  

ur study is the first to link a cosmological spectrum of physical
erturbations that arise during galaxy formation and evolution to 
he emergence and behaviour of spiral structure in Milky Way–
ass galaxy simulations with ∼ 108 disc star particles. This num- 
er of particles was identified as a threshold to suppress the emer-
ence of artificially seeded spiral arms in N-body simulations 
E. D’Onghia et al. 2013 ), lending high dynamical fidelity to our

esults. 
The primary finding of this paper is that our cosmological 
uriga Superstars simulation suite realizes a variety of dif- 
erent spiral arm theories as diagnosed by the radial profiles of 
piral arm pattern speeds. We identified two cases in which there
s a clear dominant source of perturbation: a strong tidal inter-
ction; and a strong bar, which each produce spiral arms of a
undamentally different nature. For the first time (to our knowl- 
dge) in a cosmological hydrodynamic simulation, we found that 
he strong tidal interaction stimulated the growth of a strong, 
MNRAS 548, 1–15 (2026)



12 R. J. J. Grand et al.

M

t  

w  

w  

o  

T  

T  

i  

t  

d  

T  

m  

r  

d  

a  

l
 

w  

p  

d  

(  

s  

t  

t  

p  

i
t  

s
 

t  

p  

s  

t  

(  

c  

e  

f  

t  

s
s  

c  

c  

w  

i  

m  

t  

k  

r  

w  

t  

v  

t  

c  

w
 

i  

s  

a  

1

c
s

o  

n  

(  

s  

i  

(  

2  

w

4

R  

i  

s  

p  

a  

t  

w  

(  

i  

r  

i  

o  

w  

fi  

a  

T  

b  

r  

2  

A  

o  

e  

m  

m  

s  

s
 

(  

T  

r  

i  

p  

e  

d  

m  

f  

e  

H  

o  

p  

f  

e  

v  

o  

s  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/4/stag774/8661530 by Sarah D
akin user on 12 June 2026
wo-armed grand-design spiral structure which rotated every-
here close to the ILR. This is consistent with kinematic density
aves which can be understood as the distortion of stellar orbits
nto ovals with differential precession as a function of radius.
his pattern would wind up slowly on ∼ gigayear time-scales.
he generation of a kinematic density wave from a strong tidal
nteraction is consistent with some previous theoretical work on
idally induced spiral structure in which the self-gravity of the
isc is relatively weak (e.g. A. Toomre 1969 ; K. J. Donner & M.
homasson 1994 ). 10 However, if the lifetime of this spiral is deter-
ined by the winding rate, this spiral should survive many galaxy
otations and last several gigayears, which is not necessarily pre-
icted from earlier work. Unfortunately, this interaction occurs
t a look back time of ∼ 1 Gyr, so we are unable to measure its
ifetime. 
For our other case of spirals in a strongly barred disc (halo 18),
e identified, for the first time in a cosmological simulation, a
attern speed profile consistent with manifold spiral theory as
escribed by M. Romero-Gómez et al. ( 2007 ) and E. Athanassoula
 2012 ). Interestingly, not all of the barred auriga Superstars
imulations show a clear manifold spiral pattern, which suggests
hat specific conditions may have to be met for manifold spirals
o emerge as the dominant spiral structure. In future work, we
lan to study the spiral arms in more detail to map out the man-
fold branches by tracking stellar orbits, understand the onset of 
heir formation, and determine whether the same process (albeit
ubdominant) occurs in other galaxies. 
Our galaxy that has neither a strong bar nor strong tidal in-

eractions at late times (halo 6) shows a range of pattern speed
rofiles that evolve on sub-Gyr time-scales. In other words, the
ame galaxy may support different spiral arm types at different
imes. This result implies that the nature/type of spiral arms
as inferred from the radial profiles of their pattern speeds) are
ontinuously changing as a response to evolving galaxy prop-
rties and the many sources of perturbation inherent to galaxy
ormation, such as the presence of gas (both accreting and within
he disc), a non-spherical dark halo, and minor interactions from
atellites and dark subhaloes. The seemingly rapid transition of 
piral pattern speed profile types shown in Fig. 4 seems to indi-
ate a sensitivity to the aforementioned factors. This provides a
omplementary view to idealized simulations of isolated discs, in
hich the gentler secular growth and decay of (multiple) modes
s often identified (J. A. Sellwood & R. G. Carlberg 2014 ; J. Ku-
amoto & M. Noguchi 2016 ). We have also shown for the first
ime (to our knowledge) the contemporaneous existence of inner
inematic density waves and intermediate/outer dynamic/co-
otating spiral arms, implying that different mechanisms are at
ork in different regions of the disc. This could be related to
he radial profiles of stellar (and gas) surface density and radial
elocity dispersion - quantities that can play important roles in
he formation of spiral arms through processes like swing amplifi-
ation (e.g. A. Toomre 1964 ). We defer a detailed analysis to future
ork. 
The work we have presented is theoretical. To relate our find-

ngs and predictions to observations in future studies, we will
tudy observable signatures associated with each type of spiral
rm. These include: azimuthal offsets of star-forming gas, stars
NRAS 548, 1–15 (2026)

1 Dolfi et al. (in preparation) shows that the disc of halo 25 has a low 

entral surface density (and is thus weakly self-gravitating) and is also 
trongly lop-sided as a result of the satellite interaction. 

t  

w  

c  

l  

o

f different ages, and spiral arm loci, which are expected to be
on-zero at specific radii for density wave/multiple mode spirals
see e.g. M. Querejeta et al. 2025 ); chemo-kinematic patterns in
tars and gas around spiral arms as a result of their dynamical
nfluence, which is expected to vary between different theories
R. J. J. Grand et al. 2016 ; G. Monari et al. 2016 ; N. Funakoshi et al.
024 ). For now, we focus on comparisons to previous simulation
ork. 

.1 Comparison to other cosmological simulations 

elatively little work has been done on analysing spiral arms
n cosmological simulations. J. R. Quinn et al. ( 2026 ) study the
piral arms in the Milky Way-like spiral galaxies from the FIRE-2
roject. In agreement with our work, they find that m = 2 spirals
re the most dominant in their simulation suite. They find that
heir spiral arms are transient, recurrent features, similar to a
ide body of literature as well as the majority of our galaxies
with the exception of the strong bar of halo 18 and strong tidal
nteraction of halo 25). J. R. Quinn et al. ( 2026 ) characterize spi-
als as modes of discrete pattern speed(s), and report a diversity
n spiral pattern speeds that evolve with time and sometimes
verlap with other modes of different frequencies. In our work,
e find also diverse and evolving spiral structure. However, we
nd also some evidence for qualitatively different types of spiral
rms: e.g. manifold spirals and kinematic spirals among others.
his may be partially explained by differences in bar strengths
etween the auriga and FIRE simulations: auriga contains a
ange of bar strengths including strong bars (F. Fragkoudi et al.
025 ), whereas the bars in FIRE are generally relatively weak (S.
nsar et al. 2025 ). Therefore, we may not expect that the range
f spiral structures found in auriga and FIRE should match
ntirely. We also note that the different star formation/feedback
odels of auriga and FIRE likely affect the structure and kine-
atics of the gas and stellar discs, and in turn affect their re-
ponse to perturbations and the types of spiral structure they can
upport. 
S. Ghosh & E. D’Onghia ( 2025 ) study the spiral arms in the final

 z = 0 ) snapshots of the Milky Way/Andromeda analogues of the
NG simulations (e.g. A. Pillepich et al. 2024 ). They find that spi-
al arms are not simply enhancements in recent star formation,
n agreement with our findings. They also find that spirals are
resent in different coeval stellar populations (see also J. Ardèvol
t al. 2026 ), from which they infer that spiral arms are long-lived
ensity waves. The TNG galaxy formation model is similar in
any respects to the Auriga model (see R. J. J. Grand et al. 2024 ,
or a description of their main differences), therefore we may
xpect the spiral arms to behave similarly for both physics models.
owever, we have found a broad range of spiral arm types from
ur analysis of the dynamical evolution of spiral arms and their
attern speeds. Hence, we speculate that the presence of spiral
eatures in multiple coeval stellar populations may not be an
xclusive prediction of long-lived density waves: Indeed, we have
erified that the spiral arms in Fig. 5 appear in both young and
ld stars, even though they are very short-lived features and their
pectrograms do not show density wave-like spirals. Moreover, we
how that even the large-scale single pattern speed shown in the
hird row, left column of Fig. 4 has a sub-gigayear lifetime. This
arrants a future dedicated study of the spiral features in gas and
oeval stellar populations for each of the spiral arm types high-
ighted in our work for a cleaner comparison and understanding
f spiral arms in these simulations. 



Auriga Superstars: spiral arms 13

5

W
s
M
o

t
i
m
s
o  

h  

t

s
s
a
s
d

t
h
T
s

 

s
t
s  

m
r
s
c
m  

i

 

a
v
p  

o
a  

o
t
m
I
r
i  

o
n  

p
g
h
b
s
a
m

A

T
d

N
k
s
A
t
R
a  

B
g
s
C
a
T
p
t
p
w
o  

T
c
S
S

D

T
r

R

A  

A  

A
A  

B
B  

B
B
C  

C
D
D
D
E  

E
E
F  

F
F
F  

F  

F  

F  

G

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/4/stag774/8661530 by Sarah D
akin user on 12 June 2026
 CONCLUSIONS  

e have analysed the late-time evolution of spiral arm pattern 
peeds in the auriga Superstars cosmological simulations of 
ilky Way–mass galaxies in the context of current proposed the- 
ries of spiral structure. We arrive at the following conclusions: 

(i) The simulations show qualitatively diverse spiral arm pat- 
ern speed profiles supporting a range of spiral arm theories, 
ncluding kinematic density waves, dynamic (co-rotating) spirals, 
anifold spiral arms, and multiple mode density waves. This 
uggests that the cosmological formation and evolution pathways 
f disc galaxies determine the nature of the spiral arms that they
ost, and may go some way to explaining the variety of spiral arm
heories supported by observations. 
(ii) The galaxy with the strongest bar in our auriga Super- 
tars simulations produces a radial pattern speed profile con- 
istent with manifold spiral arms. Weakly barred galaxies do not 
ppear to produce dominant manifold spirals, suggesting that 
pecific conditions in barred galaxies must be met to produce 
ominant manifold spirals. 
(iii) The simulation with the strongest flyby interaction shows 

he only clear bisymmetric ‘grand-design’ type spiral arms, which 
ave a radial pattern speed profile following the ILR everywhere. 
hus, we find that strong tidal interactions can produce large- 
cale kinematic density waves. 
(iv) In the absence of a very strong bar and tidal interaction,
piral arms appear to be transient, recurrent features with pat- 
ern speeds that continuously change on (sub-)Gigayear time- 
cales. In particular, we find that spiral arms in the same galaxy
ay transition between kinematic density waves, dynamic spi- 
al arms, and large-scale density waves types on gigayear time- 
cales. Further, we find that some periods even show separate, 
ontemporaneous patterns of different nature, specifically kine- 
atic density waves in the inner disc and dynamic spirals in the
ntermediate/outer disc. 

The results presented in this paper mark the first look at spiral
rm evolution in the auriga Superstars simulations. The di- 
ersity and rapidly evolving properties of spirals highlighted here 
rovide a foundation on which to build future studies into the
rigins of spirals, their dependence on galaxy formation physics, 
nd their impacts on galactic structure that can be compared with
bservations of the Milky Way and nearby galaxies. This includes 
he detailed tracking of stellar orbits around spirals, the forward- 
odelling of velocity and metallicity maps for comparison with 
ntegral Field Unit (IFU) spectroscopic observations, and cor- 
elating spiral properties with mergers/interactions. To further 
nvestigate how bars affect spiral arms, we plan to run a suite
f realizations of the same auriga halos with different random 

umber seeds, as done in R. Pakmor et al. ( 2025a ). This will
rovide a clean comparison of cosmologically simulated spiral 
alaxies with varying bar strengths (or no bars) that otherwise 
ave the same merger and formation history. Finally, it would 
e interesting to investigate how galaxy formation physics affects 
piral arms and other galaxy properties by, for example, lever- 
ging a neural network-powered exploration of relevant physics 
odel parameter space. 
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PPENDIX  A:  RESOLUTION  STUDY  
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ions of the final snapshot of halo 6 simulated with the superstars
ethod with 64 star particles per star-forming gas cell (SF64,
.e. part of the simulation suite presented in this paper), and the
ight panel of Fig. A1 shows the analogous projection for halo 6
imulated with 8 star particles per star-forming gas cell (SF8). The
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ompared to SF8. Nevertheless, the morphology is qualitatively
imilar. 
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ourier amplitude of the spiral arms for halo 6 simulated with the
uperstars method with 64 star particles per star-forming gas cell
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Figure A1. Face-on overdensity projections of the final snapshot of the auriga Superstars version of halo 6 (SF64, left panel) and a version with 8 
times lower stellar mass resolution (SF8, right panel). 

Figure A2. Evolution of the mean m = 2 Fourier amplitude between the 
radii of 5 kpc and 11 kpc, for the auriga Superstars version of halo 6 
(SF64) and a version with 8 times lower stellar mass resolution (SF8). 
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