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Abstract

The structure of spiral galaxies is essential to understanding the dynamics and evolution of disk galaxies;
however, the precise nature of spiral arms remains uncertain. Two challenges in understanding the mechanisms
driving spirals are how galactic environment impacts spiral morphology and how they evolve over time. We
present a catalog characterizing the properties, dynamics, and evolution of m= 2 spiral structure in 10 Milky
Way–mass galaxies from the FIRE-2 cosmological zoom-in simulations. Consistent with previous literature, we
find that FIRE-2 spirals are transient, recurring features simultaneously present in the disk at varying pattern
speeds (Ωp) that broadly decrease with radius. These spirals persist on gigayear timescales (mean duration of
1.90 Gyr), but fluctuate in amplitude on timescales of hundreds of millions of years. Tidal interactions and bar
episodes impact the resulting m= 2 spiral structure: strong satellite interactions generally produce shorter-lived,
stronger spirals with larger radial extent, and bars can increase Ωp. Galactic environment influences spiral
structure, in which kinematically colder disks can support longer-lived, stronger spirals. The properties of
identified spirals in FIRE-2 vary widely in radial extent (0.3–10.8 kpc), duration (1.00–6.00 Gyr), and amplitude
(a2,max = 0.018–0.192). We find the presence of spirals in all age populations, suggesting these are density-wave-
driven features. This work represents the first time that spiral structure has been cataloged in this manner in
cosmological simulations; the catalog can be leveraged with current and forthcoming observational surveys,
enabling systematic comparisons to further our understanding of galaxy evolution.

Unified Astronomy Thesaurus concepts: Hydrodynamical simulations (767); Disk galaxies (391); Galaxy
evolution (594); Galaxy dynamics (591)

1. Introduction

Spiral structure is seen ubiquitously among disk galaxies in
our local Universe and exhibits remarkable morphological
variation across diverse galactic environments (A. Baillard
et al. 2011; C. Lintott et al. 2011; K. W. Willett et al. 2013).
Characterized by curved arms in a flattened disk of stars and
gas, these features can appear well-defined and continuous
over a large angular extent (grand design), fragmented and
patchy (flocculent), or a combination of both (multiarmed;
D. M. Elmegreen & B. G. Elmegreen 1982; S. Kendall et al.
2011). They are observed in both blue gas-rich and red
quiescent galaxies (S. P. Bamford et al. 2009; K. L. Masters
et al. 2010; R. Tojeiro et al. 2013; R. E. Hart et al. 2016; J. Cui
et al. 2024) and exist at both low and high redshift
(D. M. Elmegreen & B. G. Elmegreen 2014; L. Costantin
et al. 2023; S. Huang et al. 2023; V. Kuhn et al. 2024; Y. Wu
et al. 2023).

Spiral arms serve as predominant regions of star formation
(W. W. Roberts 1969; S.-Y. Yu et al. 2022; J. Peltonen et al.
2024; T. G. Williams et al. 2024) and are fundamentally
connected to the dynamic and evolutionary processes of disk
galaxies by redistributing material throughout the galactic disk
(J. A. Sellwood & J. J. Binney 2002; R. J. J. Grand et al. 2012a;
R. Roškar et al. 2012). For a comprehensive review on these
topics, see C. Dobbs & J. Baba (2014) and J. A. Sellwood &
K. L. Masters (2022). Despite the significance spiral arms play
in galaxy evolution, the dominant physical processes that drive
their formation and persistence remain an open question in
astrophysics.
Many theories have been proposed to explain the nature of

spiral arms, such as density waves (C. C. Lin & F. H. Shu 1964;
G. Bertin et al. 1989; G. Bertin & C. C. Lin 1996), swing
amplification (P. Goldreich & D. Lynden-Bell 1965; W. H. Julian
& A. Toomre 1966), bar-driven responses (e.g., J. Kormendy &
C. A. Norman 1979; S. Tremaine & M. D. Weinberg 1984;
L. Garma-Oehmichen et al. 2021), tidally driven responses (e.g.,
H. Salo & E. Laurikainen 2000; C. L. Dobbs et al. 2010;
C. W. Purcell et al. 2011; A. R. Pettitt et al. 2017), and dynamical
mechanisms that maintain self-excited spirals (E. Athanassoula
2012; E. D’Onghia et al. 2013; J. A. Sellwood & R. G. Carlberg
2014, 2019, 2021, 2022). Numerical simulations provide a
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valuable tool for testing the plausibility and significance of each of
these theories in driving the formation and persistence of spirals.
Early N-body simulations showed that spiral arms are short-lived,
transient, recurring structures (J. A. Sellwood & R. G. Carlberg
1984; R. G. Carlberg & W. L. Freedman 1985). Simulations to
date continue to demonstrate the transient nature of spiral
structure: spiral arms continuously break apart and reform and
have pattern speeds that follow the galaxy’s differential rotation
(K. Wada et al. 2011; R. J. J. Grand et al. 2012b; R. Roškar et al.
2012; J. Baba et al. 2013). High-resolution simulations have also
suggested that spiral arms can live for much longer—on the scale
of several billion years—than previously thought, through a self-
regulating mechanism that maintains and regenerates spirals
(M. S. Fujii et al. 2011; E. D’Onghia et al. 2013).
Such numerical studies are particularly important for under-

standing the formation and evolution of our Milky Way (MW).
Previous studies have worked to understand the MW’s spiral
morphology (Y. M. Georgelin & Y. P. Georgelin 1976; R. Fux
1997, 1999; R. Drimmel 2000; R. A. Benjamin et al. 2005;
L. G. Hou et al. 2009; L. G. Hou & J. L. Han 2014), which has
become increasingly achievable with the advent of better
observational data from Gaia (Gaia Collaboration et al. 2018),
the Bar and Spiral Structure Legacy (BeSSeL) survey
(A. Brunthaler et al. 2011), and the very long baseline
interferometry (VLBI) Exploration of Radio Astrometry
(VERA) project (VERA Collaboration et al. 2020). The MW
is commonly depicted as having four main spiral arms
(J. P. Vallée 2017; M. J. Reid et al. 2019; J. H. Minniti et al.
2021); however, it is difficult to determine the true spiral
morphology due to our location in the Galactic midplane.
Despite this challenge, data from BeSSeL and VERA support
the view of the MW as a four-armed spiral with several
additional arm segments and spurs (M. J. Reid et al. 2019).
However, using VLBI observations and Gaia Data Release 3,
Y. Xu et al. (2023) contend that the MW has two primary spiral
arms in the inner disk and bifurcates further out. Moreover,
different stellar populations reveal different spiral structure.
Young stars show patchy, multiarmed features (E. Poggio et al.
2021; R. Drimmel et al. 2025), whereas older stars display a
more grand-design-like two-armed spiral (E. Churchwell et al.
2009; S. Khanna et al. 2025).
Studies have tried to understand the origin of the MW’s

spirals; A.-C. Eilers et al. (2020) used Gaia Data Release 2
(DR2) data to reveal kinematic signatures of dynamical spiral
arms, and J. Baba et al. (2018), J. A. S. Hunt et al. (2018), and
J. A. Sellwood et al. (2019) find evidence that the MW’s spiral
arms are transient using Gaia Data Release 1 and DR2 data.
While advancements in observational capabilities have
enabled a more precise description of the MW’s spiral
structure, there remains much debate about the true morph-
ology of the MW and the underlying dynamical processes
driving its evolution.
Considerable advancements in computing capabilities have

led to a new generation of hydrodynamic simulations that model
the evolution of galaxies in a cosmological context. Large-
volume simulations such as Illustris (M. Vogelsberger et al.
2014), IllustrisTNG (R. Weinberger et al. 2017; A. Pillepich
et al. 2018), and EAGLE (R. A. Crain et al. 2015; J. Schaye
et al. 2015) simulate a large number of realistic galaxies but
have coarser particle mass resolution. Zoom-in MW-mass
simulations such as Auriga (R. J. J. Grand et al. 2017, 2024)
and the FIRE-2 Latte galaxies (A. R. Wetzel et al. 2016;

P. F. Hopkins et al. 2018; A. Wetzel et al. 2023) contain fewer
galaxies but are able to resolve detailed dynamics of the disk in
a fully cosmological context.
The primary aim of this paper is to describe the properties,

dynamics, and time evolution of spiral structure in high-
resolution, hydrodynamic, cosmological, MW-mass FIRE-2
galaxy simulations. A secondary aim is to understand how
varying galactic environments and evolutionary histories
affects the resulting spiral structure. Our ultimate goal is to
understand the physics that drives the formation and evolution
of spiral structure in these galaxies. This first catalog paper
provides a systematic basis for future works that will study the
physical drivers of spiral structure. That is, by utilizing
simulations that model galaxies more realistically than ever
before, we enable investigations of which mechanisms are
most likely driving spiral arms to form and persist in these
galaxies.
Section 2 describes the simulations used in this study and

discusses the methodology for identifying and analyzing spiral
structure. Section 3 presents the results of our analysis. In
Section 4, we discuss how our findings fit into the current
understanding of spiral structure in simulations. Finally, we
summarize our results in Section 5.

2. Methods

In this section, we discuss the simulations used and analysis
techniques applied.

2.1. FIRE-2 Simulations

This paper analyses cosmological hydrodynamic zoom-in
simulations of MW-mass galaxies from the Feedback in Realistic
Environments (FIRE) project. The simulations are run using the
FIRE-2 physics model (P. F. Hopkins et al. 2018) and use the
GIZMO (P. F. Hopkins 2015) gravity+ hydrodynamics code with
the mesh-free finite mass (MFM) mode. MFM is a Lagrangian
method that maintains conservation of mass, energy, and (angular)
momentum while providing adaptive spatial resolution. FIRE-2
simulations implement metallicity-dependent radiative heating
and cooling, which span a temperature range of 10–1010 K. The
simulations include radiative heating from a spatially uniform,
redshift-dependent, ionizing UV background (C.-A. Faucher-
Giguère et al. 2009).
Star formation occurs in gas that is locally self-gravitating,

Jeans unstable, dense (n> 1000 cm3), and molecular (follow-
ing M. R. Krumholz & N. Y. Gnedin 2011). Once a gas cell
becomes eligible for star formation, it converts to a star
particle on a local freefall time representing a stellar
population with mass and elemental abundance inherited from
the gas cell with a P. Kroupa (2001) initial mass function.
FIRE-2 models time-resolved stellar feedback processes,

including continuous mass loss from stellar winds, core-
collapse and white-dwarf (Type Ia) supernovae, radiation
pressure, photoionization, and photoelectric heating. Star
particles return mass, metals, momentum, and energy back
into the interstellar medium (ISM) at a rate following the
STARBURST99 stellar evolution models (C. Leitherer
et al. 1999).
We generated cosmological zoom-in initial conditions at

z ≈ 99 using MUSIC (O. Hahn & T. Abel 2011). All
simulation zoom-in regions are embedded within a cosmolo-
gical box with a side length of 70.4–172 Mpc. The simulations
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assume a flat ΛCDM cosmology with parameters that are
broadly consistent with Planck Collaboration et al. (2020):
h = 0.68−0.71, ΩΛ = 0.69−0.734, Ωm = 0.266−0.31,
Ωb = 0.0455−0.048, σ8 = 0.801−0.82, and ns = 0.961−0.97.
We utilize 10 MW- and M31-mass galaxies, consisting of

five isolated galaxies from the Latte suite introduced in
A. R. Wetzel et al. (2016) and five galaxies from the Elvis on
FIRE suite of Local Group (LG)-like pairs of galaxies
(S. Garrison-Kimmel et al. 2019a, 2019b). The isolated
galaxies have an initial baryon particle mass of approximately
7100 M⊙. However at present day most particles have a mass
of approximately 5000M⊙ due to stellar mass loss. Romeo and
Juliet have initial particle masses of 3500 M⊙, while Romulus
and Remus and Thelma and Louise have initial particle masses
of 4000 M⊙. Stellar and dark-matter particles have fixed
gravitational force softenings (comoving at z> 9 and physical
at z< 9) with a Plummer equivalent of εstar = 4 pc and εdm =
40 pc. Gas cells have adaptive softening that matches the
hydrodynamic kernel smoothing and reaches a minimum
softening length of 1 pc, with a typical of approximately 20 pc
in the cold ISM.
All of the analysis described in this paper has been applied

to all 10 FIRE-2 galaxies. We decide to run the analysis on
these 10 galaxies from within the Latte and Elvis on FIRE
suite as these galaxies all transition to a rate of steady star
formation and become rotationally supported thin disks for a
sufficient length of time for us to run our analysis over. Table 1
shows properties of the FIRE-2 galaxies analyzed in this paper
at present day. Among these 10 simulations, we have chosen
two to highlight throughout this paper, m12f and m12m. These
two galaxies represent examples of galaxies with very different
merger histories and galactic environments and show brack-
eting extremes of MW-mass galaxy evolution near more recent
times. One galaxy, m12f, undergoes more active satellite
interaction, while m12m displays a more quiescent history at

low z (R. E. Sanderson et al. 2020; A. Arora et al. 2022;
D. Horta et al. 2023). The two different conditions under
which these galaxies evolve allows us to investigate the
physical mechanisms that drive spiral structure to form and
persist in FIRE-2 simulations.
A snapshot of each galaxy is saved approximately every

25 Myr. During the last 100 Myr, snapshots are saved every
∼2 Myr. At each snapshot, we reorient the galaxy such that the
angular momentum vector of all stars within 10 kpc of the
galaxy’s center is parallel to the z-axis. This alignment process
is consistently applicable once the galaxy’s disk has stabilized
(A. B. Gurvich et al. 2023). We align the galaxies such that
they rotate in the counterclockwise sense. We run our analysis
using data from ∼6.8 Gyr to present day as most of our
galaxies form a thick disk around ∼8 Gyr ago (F. McCluskey
et al. 2024) and transition from a bursty to a steady star
formation rate around 2 Gyr afterward (S. Yu et al. 2021). See
F. McCluskey et al. (2024) for a more in-depth description of
these systems and when they become rotationally supported
thin disks.
The top panel of Figure 1 shows the stellar Toomre Q

parameter, Q*, for all FIRE-2 galaxies we analyze as a
function of cylindrical radius. The Toomre Q value was
calculated by

* *Q G3.36 , 1R ( )/=

where σR is the radial velocity dispersion of stars, κ is the
epicyclic frequency, Σ* is the surface density of stars, and
G is the gravitational constant. We obtain κ using κ2 =
R(dΩ2/dR) + 4Ω2 (J. Binney & S. Tremaine 2008), assuming
a nearly flat rotation curve. The bottom panel shows the stellar
surface density Σ* for the sample. Beyond the central few
kiloparsecs, our disks’ stellar density distribution roughly
follow a single exponential profile. The horizontal gray dotted

Table 1
Properties of FIRE-2 Galaxies at z = 0

Simulation M90,* M90,gas R90 tB-S tonset
(1010 M⊙) (1010 M⊙) (kpc) (Gyr) (Gyr)

m12i (1) 6.3 1.0 10.0 3.14 6.65
m12f (2) 7.9 1.5 13.3 5.01 7.42
m12m (3) 11.0 1.7 12.5 3.81 9.21
m12b (4) 8.5 1.2 10.9 6.32 7.42
m12c (4) 5.8 1.1 10.4 3.70 6.49
Romeo (4) 6.6 1.2 13.3 6.52 11.0
Juliet (4) 3.8 0.7 9.6 4.40 4.35
Romulus (5) 9.1 1.9 14.2 4.90 7.42
Remus (5) 4.6 1.4 12.3 5.88 7.93
Thelma (4) 7.1 1.6 12.4 2.57 4.35

Note. Columns: (1) name of the simulation and its reference; simulation names
starting with “m12” indicate an isolated galaxy from the Latte suite, while
those that do not name LG-like pairs from the Elvis on FIRE suite. (2) R90: the
radius enclosing 90% of the stellar mass within the central 20 kpc in spherical
coordinates. (3) M90,*: the total stellar mass enclosed at R90. (4) M90,gas: the
total gas mass enclosed at R90. (5) tB-S: the lookback time when each galaxy
transitions from bursty to steady star formation from S. Yu et al. (2021). (6)
tonset: the lookback time for onset of disk formation, defined as the time when

1
v

formtot( ) > from F. McCluskey et al. (2024). References are as follows:

(1) A. R. Wetzel et al. (2016); (2) S. Garrison-Kimmel et al. (2017);
(3) P. F. Hopkins et al. (2018); (4) S. Garrison-Kimmel et al. (2019a);
and (5) S. Garrison-Kimmel et al. (2019b).
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Figure 1. Top: measure of disk stability (stellar Toomre Q*, Equation (1)) for
each simulation at z = 0, as a function of radius. The stability criterion (Q > 1)
is indicated by the horizontal dotted line. Bottom: stellar surface density for
each simulation at present day, as a function of radius. The FIRE-2 galaxies
we analyze are stable (Q > 1) beyond the central few kiloparsecs, which
allows for the presence of recurring spirals in our simulations.
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line indicates Q* = 1 and is the limit for a disk to be
marginally stable to perturbations, thus allowing for longer-
lived, recurring transient spirals to be present (A. Toomre
1964). All galaxies analyzed meet the Toomre Q stability
criterion for recurring spirals to occur throughout the time that
we perform our analysis over.

2.2. Windowed Discrete Fourier Transform Analysis

We use a windowed discrete Fourier transform (WDFT)
spectral analysis technique to analyze the evolution of spiral
amplitudes, introduced in J. A. Sellwood & E. Athanassoula
(1986). WDFT is used to quantify the power of spiral structure
and identify their spatial locations and pattern speeds. This is
used to identify dominant spiral amplitudes by analyzing how
the stellar mass distribution at each snapshot evolves over a
period of time.
We begin our analysis by radially binning, using 2D

cylindrical radii, all stars into 0.3 kpc annuli at a given
snapshot. To minimize the selection cuts we make on our
particles, we do not make any cut vertically in z. This means
that stars in the halo and beyond the galaxy are included in the
analysis. However, we tested this analysis using various cuts in
z and found no appreciable difference in the results. In each
annulus, we expand the azimuthal dependence of the normal-
ized stellar mass distribution in a Fourier series as

R c R e, , 2
m

m
im

0

( ) ( ) ( )µ =
=

where the summation is over pattern multiplicity m and f is
the phase, ranging 0, …, 2π. The Fourier coefficients for stars

in each annulus are calculated as

c R
M R

m e
1

, 3m
p

N

p
im

1

p( )
( )

( )=
=

where the summation is over all stellar particles in the annulus,
M(R) is the total mass of all particles in the annulus, mp is the
mass of the particle, m is the pattern multiplicity, and fp is the
azimuth of the particle. We exclude particles in the inner
regions of each simulation based on the bar length at
maximum strength (values from Table 3 in S. Ansar
et al. 2025).
Using Equations (2) and (3) we reconstruct and plot density

contours of the m = 1−5 Fourier coefficients, shown in
Figure 2. The left panel shows m12f ∼200 Myr after a
pericentric passage with a satellite galaxy, and the right panel
shows m12m at the same time, with no recent significant
external perturbations to its disk. For better visualization of the
spiral structure in Figure 2, we decrease the width per annulus
to 0.1 kpc and select stars <1 Gyr for generating the
coefficients. The stellar surface density distribution under-
plotted is shown for stars <1 Gyr to match the contours. While
spiral structure is visually most apparent in young stars, we are
able to faithfully identify the evolution dominant spiral modes
in all age populations (see Section 3.6 for discussion on using
different age populations). Though the more complex features
are visible with the m = 1−5 coefficients, we see the m= 2
multiplicity, which physically corresponds to symmetric two-
armed spirals, dominates the structure in both galaxies. While
the spirals in these galaxies are likely generated by different
physical mechanisms (tidal interaction versus isolated evol-
ution), the Fourier coefficients successfully capture the spiral
structure in both systems.

Figure 2. Density contours reconstructed from the m = 1−5 Fourier coefficients of stars <1 Gyr (contours) overplotted on the stellar mass distribution of stars
<1 Gyr (2D histogram) for Latte simulations m12f (left panel) and m12m (right panel). Note the physical scale is different in each galaxy. The solid and dashed lines
show the 25%, 15%, and 5% over- and underdensities, respectively. The galaxy m12f is shown ∼200 Myr after a pericentric passage with a satellite with an 8:1 mass
ratio and displays spiral structure that winds more tightly around the galaxy with less azimuthal spread as compared with m12m, shown after having evolved in
relative isolation. The contours of both galaxies display clear spiral structure, although their spirals look vastly different from each other and may be generated
through different physical mechanisms (see Section 3.6 for further discussion).
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Figure 3 shows the m = 1−4 global Fourier amplitudes for
galaxies m12f (top panel) and m12m (bottom panel) across
time, calculated with Equation (3) using all stars and
normalized by A0. We exclude the inner regions corresponding
to the bar using values from S. Ansar et al. (2025) and go out
to R90. Each data point plotted is smoothed by applying a
moving average over three snapshots for visual clarity. The
vertical thick gray dashed line indicates the time that the
galaxy transitions from having a bursty star formation rate to a
steady, nearly constant star formation rate (S. Yu et al. 2021).
This transition also coincides with the time that these galaxies
started forming their thin disk structure (S. Yu et al. 2023). All
FIRE-2 galaxies we analyze transition during the time range
between 6.8 Gyr and z= 0. We display this range of time in all
figures throughout this paper, but we only consider the results
using the WDFT technique (Section 3) during times near and
after the galaxy transitions to steady star formation. The period
of time we do not analyze is grayed out in all figures within the
paper. We also indicate times when the galaxy undergoes
either a pericentric passage or merger event with a satellite
galaxy and when bar episodes occur (S. Ansar et al. 2025).
We see the dominance of m= 2 (twofold symmetry) and

m= 1 (lopsidedness) Fourier amplitudes across these galaxies.
The analysis in this paper focuses on the m= 2 multiplicity,
which we can attribute to two-armed spiral structure. We focus
on the m= 2 multiplicity both because it is more dominant
than other multiplicities that correspond to spiral features and
because two-armed spirals are most commonly seen in
observations of grand design spirals (D. M. Elmegreen &
B. G. Elmegreen 1982; R. E. Hart et al. 2016). The m= 1

multiplicity, while not insignificant, likely corresponds to
lopsidedness and asymmetry present across the stellar
distribution in the galactic disk and will be considered in
future work. The m = 3−4 multiplicities contribute to the
structure of the disk, but are less dominant than the m= 2
multiplicity for our galaxies.
We can see the short-lived impact of perturbers in Figure 3

from tidal interactions and bar episodes, particularly in m12f.
Two notable peaks present in the top panel of Figure 3
correspond to two merger events at 7.2 and 12.4 Gyr. The first
merger event had a 7:1 mass ratio at the time of infall
(A. Arora et al. 2022). The second merger’s mass ratio was 9:1
at the time of infall (A. Arora et al. 2022), and this merger
triggered a burst of star formation (S. Yu et al. 2021), which is
likely the reason for the increase in strength of the m= 2
multiplicity from the time of the merger to present day.
Generally, all multiplicities are enhanced during strong
satellite interactions, whereas we see an enhancement
primarily in the m= 2 multiplicity during bar episodes.
The bottom panel of Figure 3 shows the evolution of global

Fourier amplitudes for m12m. Broadly speaking, this galaxy
does not experience substantial external impact from satellite
interactions over the time of analysis. While this galaxy does
experience two pericentric passages, at 11.64 and 12.77 Gyr,
these tidal interactions are not particularly impactful. Their
mass ratios at the time of pericenter are quite low, 129:1 and
77:1, respectively (S. Ansar et al. 2025). It is interesting that
the m= 1 and m= 2 Fourier amplitudes are significantly more
dominant while this galaxy is undergoing bursty star
formation. This may be due to increased star formation along
gaseous spiral arms, leading to an increase in overall stellar
mass density in those regions. This enhancement in the m= 1
and m= 2 multiplicities decreases in strength as the galaxy
transitions to steady star formation rate and maintains very low
global amplitudes throughout the rest of its evolution. The
evolution of this galaxy at late times is further explored in
V. P. Debattista et al. (2019).
Our global Fourier amplitudes are broadly <0.1 over the

time range shown, with lower amplitudes corresponding to
weaker structure. We note that the amplitudes in Figure 3 are
calculated across the entire galactic disk, which lowers the
overall amplitude of each multiplicity present due to phase
differences across radius. We show the evolution of these
global amplitudes to provide a sense of which multiplicity is
generally dominant across the whole disk. The actual proper-
ties of spiral episodes in each galaxy are computed as a
function of radius, and the range of amplitudes we find is
discussed in Section 3.5. See Appendix A for plots of the
global Fourier amplitudes of all galaxies.
Fourier coefficients are calculated for every snapshot in a

given time interval, or time baseline. This is calculated as
SΔt, where S is the total number of snapshots used in the time
baseline, andΔt is the time between snapshots. In our analysis,
S= 60 and the time resolution of our simulation is
Δt ∼ 25Myr, giving a time baseline of SΔt = 1.5 Gyr. We
then compute the Fourier transform using these coefficients as

C R c R t w e, , 4m k
j

S

m j j
ijk S

,
0

1
2( ) ( ) ( )/=

=

where k = 0, 1, ..., S − 1, the summation is over all snapshots
in the time baseline, and wj is the Gaussian window function
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Figure 3. Global Fourier amplitudes for the m = 1–4 multiplicities shown
across time for galaxies m12f (top panel) and m12m (bottom panel). The thick
gray vertical dashed line indicates when the galaxy transitions from a bursty to
a steady star formation rate. The grayed out region shows the time period for
which we do not analyze the galaxy. We indicate when the galaxy undergoes
merger events (dashed–dotted line), pericentric passages (dotted line), and bar
episodes (hatched rectangle). The m = 1 (disk lopsidedness) and m = 2 (spiral
arms) amplitudes are generally dominant across time. The m = 2 multiplicity
can be strongly impacted by bar episodes, as can be seen in m12f at late times.
All m multiplicities are influenced by strong satellite interactions, as can be
clearly seen in m12f.
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defined as

w j e . 5j S S2 42 2( ) ( )( ) ( )/ / /=

This window function is used in R. Roškar et al. (2012) and
T. Khachaturyants et al. (2022a) and is applied to minimize
spectral leakage in cases when the data sampled do not
produce a continuous spectrum. This analysis was tested using
both the Gaussian window given by Equation (5) and a
Hanning window, and we found no appreciable difference in
the results. The discrete frequencies for which the Fourier
transform is computed are given by

m

k

S t
k

S2
, 0, 1, ...,

2
. 6k ( )= =

The resulting power spectrum is then calculated as

P R
W

C R C R,
1

, 7k m k m S k,
2

,
2( ) [ ( ) ( ) ] ( )= +

where k = 1, 2, ..., S/2 − 1, and

W S w 8
j

S

j
0

1
2 ( )=

=

is the normalization factor used to take into account the window
function. Summing over all radii, we find that the total power is

P Rtotal power , . 9k
i

i k( ) ( ) ( )=

We find that a time baseline of 1.5 Gyr produces a satisfactory
power spectrum to analyze spiral structure. Using too short of

a time baseline will reduce spectral resolution, and we may be
unable to distinguish the dominant spiral patterns present.
Using too long of a time baseline may fail to capture transient
spiral patterns which evolve over the period of time.
Using Equation (6), we obtain our frequency resolution as

ΔΩ ∼ 2.1 km s−1 kpc−1 and a Nyquist frequency of ΩS/2 ∼
60 km s−1 kpc−1. The Nyquist frequency sets the upper limit
of the frequency that can be resolved. Frequencies above the
Nyquist limit are not adequately sampled and may result in
aliasing, or artifacts, in the resulting power spectrum. We
expect pattern speeds of spirals in the disk to exist at
frequencies below the Nyquist frequency.
We note that this technique is effective for analyzing the

dominant spiral modes most important to the dynamics and
evolution of the disk. Thus, more flocculent or locally isolated
features, which play a role in the evolution of the galaxy, are
not characterized in this paper. We are now able to construct a
power spectrum showing the power and spatial distribution of
spiral amplitudes over a given time baseline, as shown in
Figure 4.
Figure 4 shows the results of applying the WDFT analysis to

the m= 2 multiplicity over two different 1.5 Gyr time
baselines for galaxies m12f and m12m. The left-hand side of
each of the four sets of plots shows the spectrogram of pattern
speeds as a function of radius, revealing the spatial distribution
of the m= 2 spiral structure. The time baseline is in the bottom
left corner. The colors correspond to power, which can be
interpreted as proportionally how overdense the waves
propagating at a certain frequency are compared to the
background density of stars. Higher values of power
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Figure 4. Power spectra for m12f (left column) and m12m (right column) at two different time intervals. The left side of each plot shows the spectrogram of pattern
speeds as a function of radius (Equation (7)), colored by power, and the right side shows the radially integrated power (Equation (9)). More power indicates stronger
m = 2 spiral structure present over the time baseline. The darkened rectangles cut out the bar and region beyond the disk and are not included in the integrated
spectra. The inner Lindblad resonance (ILR), outer Lindblad resonance (OLR), and corotation resonance are plotted as the two solid white lines and dashed white
line, respectively. The purple horizontal lines on the right panels show peaks in the power spectrum and identify the three most dominant pattern speeds. The
structure of m = 2 spiral amplitudes differs between m12f and m12m: m12f experiences strong tidal interactions whereas m12m evolves secularly in the time
baselines shown.
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correspond to a higher overdensity of stars. The dashed white
line shows the circular frequency Ωc and the solid white lines
show Ωc ± κ/2. These three lines correspond to where the
ILR, and OLR, and corotation resonance occur for stars on
circular or near circular orbits. The ILR and OLR are defined
as m(Ωf − Ωp) = ±κ where m is the pattern multiplicity, Ωp is
the pattern speed of the density wave, Ωf is the azimuthal
frequency of the orbit, and κ is the radial frequency of the
orbit. We obtain these curves at the midpoint of each time
baseline. The darkened regions in each spectrogram cover the
inner regions where the bar extends to (values from Table 3 in
S. Ansar et al. 2025) and beyond the radius enclosing 90% of
the stellar mass, R90. R90 is a measure that effectively captures
the disk material (M. A. Bellardini et al. 2022) and we
interpret this value as the edge of the disk in this paper. The
power in these regions is not considered when calculating the
total power.
The right-hand side of each of the four sets of plots in

Figure 4 shows the power spectrum that results from radially
integrating the spectrogram. Peaks in the power spectrum
reveal what pattern speeds are most dominant across the disk
over a time baseline, and we identify the three most dominant
frequencies, indicated by the purple horizontal lines, using
scipy.find_peaks. Noise contribution to the power
spectrum arising from the number of particles in the simulation
is minimal and does not affect the identification of the highest-
amplitude peaks. We impose a minimum of two times the
frequency resolution, 2ΔΩ, between neighboring peaks.
Thus, Figure 4 shows us, over a 1.5 Gyr time baseline,

where m= 2 spiral structure is spatially present, how powerful
the spiral structure is, and their pattern speeds, Ωp. In each
spectrogram, we see the simultaneous presence of multiple
spiral arms, displaying the complex dynamics of the disk. Here
we see, for both m12f and m12m, that the properties of spiral
structure evolve over the two windows of time shown.
In the top left panel of Figure 4, we can connect the higher

concentration of power at the outskirts of the disk and lower
pattern speed (∼10 km s−1 kpc−1) to the pericentric passage
with a satellite galaxy (8:1 mass ratio) that m12f undergoes
during this time baseline. This is the same satellite galaxy
passage that is shown in Figure 2. A later time baseline is
shown in the bottom left panel, during which the satellite
galaxy merges with m12f. There is more noise present in the
spectrogram as the merger event disrupts the disk.
The same two time baselines are shown in the right panels of

Figure 4, but for m12m. This galaxy experiences predominantly
secular evolution over the time period shown. From 10.3 to
11.8 Gyr we can pick out two dominant frequencies, one at
∼10 km s−1 kpc−1 and another at ∼20 km s−1 kpc−1. The
pattern speed of the structures evolves over time, as we identify
the dominant frequencies at ∼15 and ∼30 km s−1 kpc−1 in the
bottom right panel. The evolution of dominant frequencies is
discussed in Section 3.
While the radial extent of spiral structure is quite extended

in both galaxies, the distribution of power radially in m12m is
more spread out, and it is difficult to visually identify where
the power is most radially concentrated. In m12f, it is more
visually clear where there is more power, and we see that
regions of higher power in dominant structures are near
the ILR.
See Appendix B for spectrograms of all 10 FIRE-2 galaxies

analyzed for one time baseline. In addition to performing this

analysis on the stellar population, we apply the WDFT analysis
to stellar populations of varying ages and star-forming gas
content, which we discuss further in Section 3.6. To our
knowledge, the application of this spectral analysis technique
to gas and different populations of stars has not been done
before and the results give important insight into how the
dominant frequencies vary between different populations.

3. Results

By applying each 1.5 Gyr WDFT analysis at equally spaced
intervals of 0.25 Gyr from ∼6.8 Gyr to present day, we are
able to construct the time evolution of dominant m= 2 spiral
frequencies, shown in the bottom row of Figure 5. The top
panel of Figure 5 shows the evolution of R90, the radius
enclosing 90% of the stellar mass within the central 20 kpc, as
described in M. A. Bellardini et al. (2022), calculated at the
midpoint of each time baseline. Each of the three data points
for a given time baseline corresponds to one of the three peaks
identified in the power spectrum (Figure 4). We remind the
reader that we perform this analysis on all stars and begin
characterizing the spiral structure at the transition from bursty
to steady star formation plus half the time baseline and that
times prior to this are blocked out in gray. We choose to begin
our characterization at this time for consistency between the
galaxies analyzed. Points are sized proportional to their
amplitudes at a given time baseline and are color coded by
the radius of the peak power, Rpeak, normalized by R90. Rpeak is
identified using the spectrograms in Figure 4. Thus, Rpeak/R90
tells us where in the disk proportionally the peak power occurs
and lets us track how the the location of Rpeak changes over
time. We note that because the stellar density decreases
exponentially with increasing radius, the WDFT analysis will
be more sensitive to perturbations at larger radii. See
Appendix F for an alternative approach that normalizes the
power spectrum to account for the increased power at larger
radii. This results in more power identified in spiral modes
present at larger radii, which systematically pushes the
location of Rpeak to larger values. However, despite Rpeak
being identified at larger radii, it is still a helpful measure to
probe which general regions of the disk undergo more spiral
activity.
An interesting feature we see present in both galaxies, but

more strikingly in m12m, is that Rpeak is concentrated in the
inner regions of the disk during earlier periods of bursty star
formation but quickly moves outward to larger radii as the
galaxy transitions to a steady star formation rate. This trend is
present in m12f, but not as pronounced. We see power move
outward at the transition to steady star formation across many
galaxies in our analysis (see Appendix C). This outward
movement of power may be related to the inside-out formation
of disks. R. L. Graf et al. (2025) find that the FIRE-2 galaxies
do experience meaningful inside-out growth, particularly after
the time that the disks settle. They find that gas and young stars
are particularly affected by this radial inside-out growth, which
may be related to power moving to larger radii around the
bursty to steady transition. Though we focus on analyzing the
galaxies once they are in steady star formation and have not
further explored this feature of power propagating outward in
the disk during the bursty to steady transition, it is an
interesting characteristic to note.
Stellar bars can excite spirals, and while it is difficult to

disentangle the specific mechanism driving the dominant
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amplitudes, especially in cosmological simulations, we note
instances where spiral episodes seem to be associated with bar
episodes. In m12f, we see in the bottom left panel of Figure 5
that the bar episode at around 10 Gyr corresponds to the
emergence of a strong, fast moving (33 km s−1 kpc−1)
structure. This bar episode is short-lived (0.18 Gyr) and
formed through internal evolution of the galaxy (S. Ansar
et al. 2025). This spiral amplitude fades away after the bar
dissipates, suggesting that it may have been excited by the bar.
The bar in m12m is very short-lived, but we see in the bottom
right panel of Figure 5 the potential impact of the bar as we
identify a spiral amplitude with Ωp ∼ 35 km s−1 kpc−1 emerge
around the time of the bar episode.
Interactions with satellite galaxies can also excite spirals,

and we see the impact of pericentric passages and merger
events on the evolution of dominant spiral amplitudes in our
simulations. In the bottom left panel of Figure 5, we see that
the pericentric passage in m12f around 10.8 Gyr leads to a
slight decrease in Ωp and an increase in relative power of the
most dominant spiral amplitude (10 km s−1 kpc−1). This
dominant spiral amplitude persists for multiple gigayears until
the galaxy merges with the satellite at 12.4 Gyr.
In the bottom right panel of Figure 5, we see that m12m has

a single spiral amplitude with relatively more power than other
dominant amplitudes and is maintained throughout nearly the
entire time of analysis with steadily increasing Ωp. As this
dominant spiral amplitude increases Ωp, there is an emergence
of another relatively strong spiral frequency that occupies the
slower range of Ωp. During the period of analysis, m12m has a
quiescent, secularly driven evolution. And while there are two
pericentric passages of satellites at late times, the evolution of
m12m’s disk does not appear to be strongly impacted by its

tidal interactions, as the interacting satellite galaxies are not
massive enough to significantly perturb the disk (see
discussion in S. Ansar et al. 2025, for further details).
See Appendix C for the time evolution of m= 2 spiral

amplitudes for all 10 FIRE-2 galaxies analyzed in this paper.
Across all galaxies, we see that the pattern speeds of the
dominant spiral modes do not change drastically on short
timescales in the absence of satellite interactions. We find
instances where a change in Ωp is correlated with a satellite
interaction, but this is not always the case as the disk’s
response to tidal perturbations is dependent on various
properties, such as mass and the direction of the orbit of the
satellite galaxy. We defer an exploration of how changing
pattern speeds affects the evolution of the disk to future work.
As expected, pericentric passages can generate high power
spiral signals in the outskirts of the disk. In contrast, bar
episodes may move power to more inner regions of the disk
and more commonly lead to the presence of dominant spiral
modes with faster Ωp.
Figure 6 shows the resulting m= 2 spiral episodes identified

by connecting the dominant m= 2 spiral amplitudes coher-
ently across time in all 10 FIRE-2 galaxies. See Appendix D
for a technical description of the algorithm. Each color
represents a separate m= 2 spiral episode. Amplitudes prior to
when we begin our analysis, as well as those that do not meet
the criteria described in Appendix D, are shown as the gray
data points.
We focus on the results in Figure 6 for galaxies m12f (top

middle panel) and m12m (top right panel) in this section. There
are more spiral episodes identified in m12f than m12m (nine
versus four), and the overall evolution of m= 2 spirals in m12f
appears more segmented than in m12m. There is also not a
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Figure 5. Frequency evolution of the three most dominant m = 2 amplitudes for m12f (left) and m12m (right). The top row shows the radius enclosing 90% of the
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singular episode that dominates the evolution in m12f. While the
pericentric passage in m12f around 10.8 Gyr provokes an
amplitude that is dominant for nearly 1 Gyr, the spiral episodes
during all other times are relatively similar in amplitude, indicated
by the relative size of each point. This is in stark contrast to
m12m, where there is a single spiral episode (green) that
dominates over the other episodes for a majority of its existence.

Across all galaxies, at any given time, we see multiple
prolonged m= 2 spiral episodes that propagate through the
disk at different pattern speeds and that follow a different
phenomenology. Most spiral arms stay at relatively fixed
pattern speeds over time. Generally, departures from this are
associated with interaction with larger-scale structure (e.g.,
pericentric passage and bar episodes).
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We have described the evolution of the dominant m= 2
spiral episodes in m12f and m12m, and the subsections below
focus on reporting and analyzing the properties and character-
istics of spiral episodes across all galaxies in our sample. The
properties of the identified m= 2 spiral episodes for all
galaxies are listed in Table 2.

3.1. Instances of m= 2 Spiral Episodes

The number of m= 2 spiral episodes we identify (column 2 of
Table 3) is impacted by the length of time each galaxy is analyzed
for. This length of time is directly determined by when the galaxy
transitions from bursty to steady star formation, tB-S, plus one-half
of the length of the time baseline used ((1/2)SΔt =
0.75 Gyr). Because each galaxy has a different transition time,
rather than directly comparing the number of spiral episodes in
each galaxy, we measure the rate of m= 2 spiral episodes, which
we sometimes simply call the “rate” (column 3 of Table 3). This is
the number of m= 2 spiral episodes divided by the length of time
under consideration. Using this definition of rate, we find a
median of 1.35 m= 2 spiral episodes per gigayear of analysis
across all galaxies. That is, there are roughly 1.35 m= 2 spiral
episodes that occur per gigayear. Multiple m= 2 spirals exist
simultaneously at any given time, with a median lifetime of
1.56 Gyr across all galaxies. However, the individual lifetimes of
these arms vary markedly and are discussed in Section 3.3. We
note that Table 3 contains both the mean and median values of
each column; however, for brevity, we report only the median in
the text.
Thelma, m12c, and Juliet host the highest rates, of

1.81 Gyr−1, 1.80 Gyr−1, and 1.75 Gyr−1, respectively. Thelma
and m12c transition to steady star formation more recently
than most other galaxies analyzed, 2.7 and 3.7 Gyr ago,
respectively, and it is interesting that we find higher rates in
more recently settled disks. The higher rates in these galaxies
are in part because many of their spiral episodes are short-
lived, which can be seen in Figure 6. We observe that many
instances of spiral episodes recurring at similar pattern speeds
across time, but identified as distinct from each other. An
example of this can be found in m12c at ∼25 km s−1 kpc−1,
where the orange and pink episodes are separated by a single
time baseline that this spiral frequency is not dominant in the
disk. We note that instances like this may affect the resulting
rate of spiral episodes. Thelma and Juliet do not undergo any
tidal interactions over the time of analysis and are both
kinematically hot among the galaxies we analyze. Juliet is also
the lowest-mass galaxy from our sample. m12c experiences
tidal influence from a satellite interaction at 12.89 Gyr on a
relatively prograde orbit and hosts a bar near present day
(S. Ansar et al. 2025). However, this tidal interaction and bar
episode occur at the end of its evolution, and, like Thelma and
Juliet, m12c is kinematically hot during most of its lifetime.
m12m and Remus have the lowest rates of 0.88 Gyr−1 and

0.90 Gyr−1, respectively. These galaxies host longer-lived
spiral episodes and have kinematically colder disks. While
m12m is the most massive galaxy in our sample, Remus is
among the lowest-mass galaxies. Neither of these galaxies
experience strong tidal interactions over the time of analysis,
although both galaxies host a bar toward the end of their
evolution.
The LG-like pairs generally experience an earlier transition

to steady star formation than the isolated galaxies and have a

slightly higher median rate in comparison (1.10 Gyr−1 versus
1.54 Gyr−1).

3.2. Spiral Pattern Speeds

We see a large variety in the range of Ωp of m= 2 spiral
episodes, both within each galaxy and across all galaxies. The
minimum, maximum, and median Ωp across galaxies are
shown in columns 4–6 of Table 3. We find the median
Ωp,min = 7.3 and Ωp,max = 36.7 km s−1 kpc−1 across all
galaxies. All galaxies in our sample have a similar range of
minimum and maximum Ωp. Ωp,min ranges between 5 and
10 km s−1 kpc−1, and Ωp,max has slightly more variation,
ranging between 30 and 55 km s−1 kpc−1.
In general, the range of Ωp is comparable between the LG-

like pairs and isolated galaxies, and the median Ωp across all
galaxies is Ωp,median = 19.6 km s−1 kpc−1. Interestingly, Juliet
is the lowest-mass galaxy we analyze and has a physically
small disk at present day (9.6 kpc), but spans a notably large
range of Ωp and hosts a relatively long-lived (3.25 Gyr), fast
(Ωp,max = 48.2 km s−1 kpc−1) spiral episode (Figure 6, light
brown).
m12b, Romeo, and Remus host spiral episodes with the

highest Ωp,max. The spiral episodes with high Ωp in Romeo and
Remus may have arisen as a direct result of the bar, as these
spirals appear during bar episodes and at high Ωp (see
Figure 6). We also find a clear signature of a bar in the m= 2
spectrograms for the corresponding time baselines. S. Ansar
et al. (2025) estimate Ωp,bar = 69.37 km s−1 kpc−1 in Romeo
using the Tremaine–Weinberg method and find Ωp,bar =
93.8 km s−1 kpc−1 in Remus directly calculated using high-
cadence snapshots. Since the bar pattern speeds in Romeo and
Remus are much higher than what we are able to probe given
our Nyquist frequency, it is possible that this high-Ωp
amplitude is power extending from the bar. Given this caveat,
we decide to include these episodes potentially related to the
bar in Romeo and Remus in our analysis. We investigate the
spectrograms corresponding to the high-Ωp episode in m12b
and do not find that this amplitude is clearly connected to the
signature of a bar, though m12b does host a bar over this time.
We also note an interesting trend of increasing Ωp in faster

patterns leading up to a bar episode. Instances of this are found
in m12f (light pink), m12m (green), m12c (yellow), Romeo
(yellow), and Remus (light brown; colors refer to spiral
episodes in Figure 6). The corresponding spectrograms for
these galaxies show that more power is present at higher Ωp
and small radii, which may be driven by the bar or driving the
formation of the bar. We leave an investigation of the impact
of bars on spiral pattern speeds in FIRE-2 simulations to
future work.
The spiral episodes with the slowest Ωp are in m12f (Ωp =

4.2−6.3 km s−1 kpc−1), Romeo (Ωp = 4.2−6.3 km s−1 kpc−1),
and Remus (Ωp = 4.2−8.4 km s−1 kpc−1). In m12f, this slow
spiral may have arisen as a result of a satellite merger. In
Romeo, the slow pattern emerges secularly, is short-lived
(1.00 Gyr), and spans the outskirts of the disk (9.6–12.6 kpc).
The slow pattern in Remus is also near the edge of the disk
(8.7–10.8 kpc), but is much longer lived (3.50 Gyr).
The galaxies hosting the fastest Ωp are m12b (Ωp =

54.5 km s−1 kpc−1), Romeo (Ωp = 56.5 km s−1 kpc−1), and
Remus (Ωp = 54.5−56.5 km s−1 kpc−1). As discussed earlier
in this section, the spirals in Romeo and Remus may be
connected to the bar, either as a bar-driven spiral or possibly
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Table 2
Properties of the Identified m = 2 Spiral Episodes

Sim. Time Radii Ωp a2,max timemax Rpeak RILR RCR ROLR Δtime ΔR Nearest Resonance
(Gyr) (kpc) (km s−1 kpc−1) (Gyr) (kpc) (kpc) (kpc) (kpc) (Gyr) (kpc)

m12i 9.80–10.80 3.0–7.2 16.8–18.8 0.061 10.19 4.8 5.1 8.7 11.4 1.00 4.2 ILR
10.30– 11.30 2.7–8.4 27.2–27.2 0.030 10.89 8.1 3.9 6.6 9.0 1.00 5.7 OLR
10.30–12.05 4.2–8.4 10.5–12.6 0.069 10.87 8.1 6.9 11.4 ⋯ 1.75 4.2 ILR
10.80–12.05 3.3–9.0 20.9–23.0 0.054 11.65 9.0 4.8 8.1 10.8 1.25 5.7 CR
12.05–13.30 5.4 –9.3 16.8–18.8 0.045 12.87 9.3 6.0 9.9 13.2 1.25 3.9 CR
11.05– 13.30 2.1–8.6 27.2–31.4 0.043 11.19 3.9 3.6 6.3 8.4 2.25 6.5 ILR

m12f 7.80–9.30 2.1– 9.4 31.4–31.4 0.050 8.58 3.0 3.3 5.7 7.8 1.50 7.3 ILR
9.05–10.05 6.3–10.8 6.3–8.4 0.070 9.58 10.5 11.7 ⋯ ⋯ 1.00 4.5 ILR
7.80–10.30 3.3–9.0 16.8 –20.9 0.083 8.16 5.7 4.8 8.1 10.5 2.50 5.7 ILR
9.80– 10.80 2.7– 11.7 25.1–27.2 0.058 10.49 11.1 4.2 7.2 9.6 1.00 9.0 OLR
9.55– 11.30 2.1 –11.2 33.5–33.5 0.033 10.04 6.3 3.3 5.7 7.8 1.75 9.1 CR
10.05– 12.30 5.4–12.0 8.4–10.5 0.192 11.11 12.0 8.4 13.8 ⋯ 2.25 6.6 CR
11.30– 12.30 2.4–12.3 29.3–33.5 0.041 11.84 9.3 3.6 6.3 8.4 1.00 9.9 OLR
12.05–13.05 6.0–12.9 4.2–6.3 0.079 11.55 12.9 12.3 ⋯ ⋯ 1.00 6.9 ILR
10.55–13.05 4.8–12.9 14.7–20.9 0.098 12.45 7.8 5.4 9.3 12.6 2.50 8.1 CR

m12m 9.05–11.55 2.1–12.3 27.2–29.3 0.049 9.56 9.0 3.9 7.2 10.2 2.50 10.2 OLR
10.30– 12.30 6.6–12.0 8.4–10.5 0.078 10.72 12.0 11.4 ⋯ ⋯ 2.00 5.4 ILR
9.05–13.05 1.5–12.3 14.7–31.4 0.170 9.19 3.0 5.4 9.6 12.9 4.00 10.8 ILR
11.30–13.30 4.2–12.3 14.7– 16.8 0.064 12.38 12.3 6.6 11.7 ⋯ 2.00 8.1 CR

m12b 9.30–10.30 2.1–6.7 54.5–54.5 0.041 9.76 2.4 2.4 4.2 5.7 1.00 4.6 ILR
9.30–10.30 2.7–6.6 37.7–39.8 0.048 8.94 6.6 3.3 5.4 6.9 1.00 3.9 OLR
10.05–11.05 2.7–8.1 31.4–35.6 0.078 11.01 7.5 3.6 6.0 8.1 1.00 5.4 OLR
10.30–13.05 8.4–10.5 6.3–10.5 0.168 10.82 10.5 10.2 ⋯ ⋯ 2.75 2.1 ILR
11.05–13.30 2.1–10.0 14.7–16.8 0.104 11.50 8.1 6.3 10.5 14.1 2.25 7.9 ILR
9.05–13.30 2.1–10.8 23.0–25.1 0.116 10.57 9.9 4.5 7.5 10.2 4.25 8.7 OLR

m12c 9.30–10.30 3.6–9.1 10.5–14.7 0.058 10.59 8.1 5.7 9.6 12.9 1.00 5.5 CR
9.05–10.80 1.5–9.0 25.1–25.1 0.046 9.91 7.8 3.6 6.3 8.7 1.75 7.5 OLR
10.05–11.30 5.7– 9.0 8.4– 10.5 0.056 10.79 9.0 7.5 12.3 ⋯ 1.25 3.3 ILR
9.05–11.80 1.5–8.4 33.5–35.6 0.076 10.04 1.5 2.7 5.1 6.9 2.75 6.9 ILR
11.55–12.55 5.4–9.6 8.4–8.4 0.096 12.15 9.6 9.3 ⋯ ⋯ 1.00 4.2 ILR
12.30–13.30 4.8–9.9 10.5–12.6 0.082 12.36 9.0 6.9 11.4 ⋯ 1.00 5.1 ILR
10.80–13.05 2.1–9.9 23.0–27.2 0.083 11.55 9.6 3.9 6.6 9.0 2.25 7.8 OLR
11.55–13.30 1.5–9.1 29.3–35.6 0.039 11.36 7.5 3.0 5.4 7.5 1.75 7.6 OLR

Romeo 7.30–10.30 8.1–11.7 8.4–12.6 0.113 8.83 11.7 6.6 11.4 ⋯ 3.00 3.6 CR
7.30–10.80 3.3–11.1 10.5–20.9 0.112 8.73 11.1 4.8 8.4 11.4 3.50 7.8 OLR
7.30–11.05 2.4–10.7 25.1–29.3 0.049 8.00 9.6 3.6 6.0 8.4 3.75 8.3 OLR
10.55–11.55 7.2–7.8 33.5–33.5 0.018 10.25 7.8 3.0 5.4 7.5 1.00 0.6 OLR
10.05–12.55 4.2–12.8 16.8–20.9 0.054 10.68 12.6 5.1 8.7 11.7 2.50 8.6 OLR
11.55–12.55 9.6–12.6 4.2–6.3 0.039 12.06 12.6 12.0 ⋯ ⋯ 1.00 3.0 ILR
11.30–13.30 6.3–12.6 10.5–20.9 0.058 12.35 9.0 6.9 12.0 ⋯ 2.00 6.3 ILR
12.30–13.30 1.5–6.0 56.5–56.5 0.022 12.73 1.5 1.8 3.6 5.1 1.00 4.5 ILR

Juliet 8.55–9.80 1.5–4.2 35.6–37.7 0.040 8.91 1.8 3.0 5.1 6.9 1.25 2.7 ILR
8.55–9.80 3.9–6.6 14.7– 16.8 0.042 9.09 5.4 6.0 10.2 13.8 1.25 2.7 ILR
9.55–10.80 3.6–3.9 18.8–20.9 0.023 9.04 3.6 4.8 8.4 11.4 1.25 0.3 ILR
9.55–11.05 2.7–7.2 27.2–31.4 0.025 11.52 6.3 3.6 6.3 8.7 1.50 4.5 CR
10.80–11.80 3.3–6.9 27.2–29.3 0.019 11.50 6.3 3.9 6.6 9.0 1.00 3.6 CR
8.55 –11.80 1.8–5.4 44.0–48.2 0.028 8.81 2.7 2.4 4.2 6.0 3.25 3.6 ILR
11.55–13.30 5.7–6.3 31.4–35.6 0.023 11.60 6.3 3.3 5.7 8.1 1.75 0.6 CR
11.05–13.30 4.8–8.7 16.8–20.9 0.058 12.23 8.7 5.4 9.3 12.6 2.25 3.9 CR
12.05–13.30 5.7–9.0 8.4–10.5 0.034 12.13 8.4 8.1 13.8 ⋯ 1.25 3.3 ILR

Romulus 8.05–9.05 2.4–9.3 35.6–37.7 0.045 8.53 3.0 3.0 5.4 7.5 1.00 6.9 ILR
8.05–10.80 0.3–10.8 10.5–16.8 0.077 8.48 8.1 6.9 11.7 ⋯ 2.75 10.5 ILR
9.30–11.80 3.6–11.7 31.4–33.5 0.033 10.87 9.6 3.6 6.0 8.4 2.50 8.1 OLR
8.05–12.30 3.3–11.3 20.9–29.3 0.091 8.37 11.1 4.2 7.2 9.9 4.25 8.0 OLR
11.55–12.80 7.5–13.5 10.5–14.7 0.067 12.92 12.6 9.0 ⋯ ⋯ 1.25 6.0 CR
10.80–13.05 4.2–14.0 12.6–20.9 0.069 12.79 13.8 6.3 10.8 14.4 2.25 9.8 OLR

Remus 7.30–8.80 5.1–9.9 8.4–10.5 0.040 8.53 7.2 8.1 13.2 ⋯ 1.50 4.8 ILR
7.80–10.05 2.1–10.0 25.1–33.5 0.047 8.43 9.0 3.0 5.1 6.9 2.25 7.9 OLR
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the bar itself. All three episodes are located closer to the center
of the disk, are short-lived, and have relatively low a2,max.
The median range of Ωp spanned by an individual spiral

episode (column 4 of Table 2) is 2.1 km s−1 kpc−1. This means
our spiral patterns largely do not experience a significant
change in Ωp over their lifetimes, and any given spiral
occupies only a small range of Ωp. We find one significant
outlier in this statistic: m12m hosts a spiral with
ΔΩp = 16.7 km s−1 kpc−1 (Ωp = 14.7−31.4 km s−1 kpc−1).
Notably, this is the most massive galaxy in our sample and
evolves generally secularly over the time of analysis,
experiencing two pericentric passages that do not strongly
influence the disk. This spiral episode is also the highest-
amplitude spiral and is long-lived (4.00 Gyr), slowly
increasing in Ωp over its entire lifetime. Additionally, it

occupies a large region of the disk (10.8 kpc) and has a high
amplitude (a2,max = 0.170) in the absence of strong tidal
influence, making it one of the more characteristically grand
design spirals we find.
Figure 7 shows the relationship between galactic environ-

ment and properties of m= 2 spiral episodes. The top middle
panel of Figure 7 shows the median pattern speed, Ωp,med,
versus the radius of the peak power of the spiral mode
normalized by R90, Rpeak/R90. Larger Rpeak/R90 means that a
spiral experiences its peak power further out in the disk. We
note that the WDFT analysis is more sensitive to perturbations
at larger radii because of decreasing stellar surface density
with radius. As a result, Rpeak will be identified at a larger
radius for a given spiral mode radial range. Even with this bias,
there is a clear trend of decreasing Ωp with R90, Rpeak/R90. This

Table 2
(Continued)

Sim. Time Radii Ωp a2,max timemax Rpeak RILR RCR ROLR Δtime ΔR Nearest Resonance
(Gyr) (kpc) (km s−1 kpc−1) (Gyr) (kpc) (kpc) (kpc) (kpc) (Gyr) (kpc)

10.80–12.55 2.4–10.9 29.3–35.6 0.021 10.85 10.5 2.7 5.1 6.9 1.75 8.5 OLR
9.30–12.80 8.7–10.8 4.2–8.4 0.055 10.06 10.8 8.1 13.5 ⋯ 3.50 2.1 ILR
7.30–13.30 3.0–9.9 14.7–23.0 0.066 8.37 9.9 4.2 7.2 9.9 6.00 6.9 OLR
12.30–13.30 1.8–3.3 54.5–56.5 0.022 12.99 1.8 1.8 3.3 4.5 1.00 1.5 ILR

Thelma 10.30– 11.30 4.8–11.1 33.5–33.5 0.022 10.60 6.9 3.0 5.4 7.5 1.00 6.3 OLR
10.30–11.55 4.8–11.0 12.6–18.8 0.040 11.26 6.6 5.7 9.9 13.5 1.25 6.2 ILR
11.05–12.30 4.8–11.1 12.6–14.7 0.057 12.19 11.1 6.6 11.4 ⋯ 1.25 6.3 CR
10.30–12.30 1.2–11.0 23.0–31.4 0.041 11.33 9.9 3.6 6.6 9.0 2.00 9.8 OLR
12.05–13.30 2.4–11.5 20.9–23.0 0.028 12.56 9.9 4.5 8.1 10.8 1.25 9.1 OLR
11.55–13.30 7.5–11.7 6.3–10.5 0.125 12.63 11.7 9.9 ⋯ ⋯ 1.75 4.2 ILR

Note. Columns: (1) name of the galaxy. (2) Time: start and end time of the spiral episode, listed at the midpoint of the start and end time baselines ±0.25 Gyr. (3)
Radii: radial range of the spiral episode. (4) Ωp: pattern speed range of the spiral episode. (5) a2,max: maximum a2 amplitude of the frequency-filtered inverse Fourier
transform (see Appendix D). (6) Timemax: time of a2,max. (7) Rpeak: radius at which we identify a2,max. (8) RILR: radius of ILR at Timemax. (9) RCR: corotation radius
at Timemax, where CR is the corotation resonance. (10) ROLR: radius of OLR Timemax. Blank entries indicate that the resonance radius is beyond the edge of the disk.
(11) Δtime: duration of the spiral episode, calculated from column (2). (12) ΔR: radial extent of the spiral episode. (13) Resonance point nearest to Rpeak.

Table 3
Statistics of the Identified m = 2 Spiral Episodes across the 10 FIRE-2 Galaxies

Simulation Total Instances Instances Ωp Δtime ΔR Spiral Disk Fraction a2,max

(Gyr−1) (km s−1 kpc−1) (Gyr) (kpc)

min max median median median median min max median

m12i 6 1.54 10.5 31.4 19.9 1.25 5.0 0.6 0.030 0.069 0.050
m12f 9 1.56 4.2 33.5 18.8 1.50 7.3 0.8 0.033 0.192 0.070
m12m 4 0.88 8.4 31.4 19.4 2.25 9.2 0.8 0.049 0.170 0.071
m12b 6 1.15 6.3 54.5 28.8 1.63 5.0 0.9 0.041 0.168 0.091
m12c 8 1.80 8.4 35.6 18.8 1.50 6.2 0.8 0.039 0.096 0.067
Romeo 8 1.10 4.2 56.5 17.3 2.25 5.4 0.5 0.018 0.113 0.052
Juliet 9 1.75 8.4 48.2 28.3 1.25 3.3 0.4 0.019 0.058 0.028
Romulus 6 1.06 10.5 37.7 20.9 2.38 8.1 0.7 0.033 0.091 0.068
Remus 6 0.90 4.2 56.5 24.1 2.00 5.9 0.7 0.021 0.066 0.044
Thelma 6 1.81 6.3 33.5 18.8 1.25 6.3 0.6 0.022 0.125 0.040

mean 7 1.36 7.1 41.9 21.5 1.73 6.2 0.7 0.030 0.115 0.058
median 6 1.35 7.3 36.7 19.6 1.56 6.0 0.7 0.031 0.105 0.059

Note. Columns: (1) name of the galaxy. (2) Total number of spiral episodes identified. (3) Number of spiral episodes divided by total time of analysis. The total time
of analysis is calculated as tB-S + (1/2)(SΔt) Gyr, where tB-S is the bursty to steady lookback time and SΔt = 1.5 Gyr is the length of the time baseline. (4)–(6)
Minimum, maximum, and median pattern speeds of the spiral episodes, respectively. (7)Median duration of the spiral episodes. (8)Median radial extent of the spiral
episodes. (9) Median fraction of the disk occupied by the spiral episodes. (10) Minimum maximum amplitude a2,max. (11) Maximum maximum amplitude a2,max.
(12) Median maximum amplitude a2,max. The bottom two rows show the mean and median across each column, respectively.
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matches expectations that pattern speed is radially dependent
and is consistent with our m= 2 spectrograms (Figure 4) that
show power broadly following the rotation curve.

3.3. Duration of m= 2 Spiral Episodes

This section discusses the duration of m= 2 spiral episodes
in our simulations, which we find persist on gigayear
timescales. We emphasize that the lifetime of any individual
arm may be much shorter lived, but the presence of spiral
modes with slowly evolving pattern speeds is on gigayear
timescales. We remind the reader that the minimum duration
we can identify spiral episodes for is 1.00 Gyr (see
Appendix D).
The overall median duration of spiral episodes is 1.56 Gyr

(Table 3; column 7). Remus hosts the longest-lived spiral
episode (Δtime = 6.00 Gyr). This galaxy does not have a
particularly high stellar mass, but its disk is kinematically cool,
which may enable longer-lived spirals. This particularly long-
lived episode emerges when we begin our analysis and persists
for the entire duration of this galaxy’s evolution, as can be
seen in Figure 6. The pattern speed steadily increases over its
lifetime, during which there is a pericentric passage from a
satellite galaxy. This tidal interaction does not strongly impact

the disk, but the time of pericenter seems to coincide with a
temporary slight increase in Ωp.
There are long-lived spiral episodes in m12b (4.25 Gyr),

Romulus (4.25 Gyr), and m12m (4.00 Gyr) as well. Romulus
and m12m evolve relatively secularly over the time of
analysis, with no strong tidal interactions disrupting the disk.
Additionally, Romulus and m12m are the two most massive
galaxies in our sample at z= 0 and both have relatively
kinematically cool disks. While m12b hosts a relatively high-
mass disk, it is still surprising that there is such a long-lived
spiral episode given the multiple strong tidal interactions m12b
experiences during the existence of the long-lived pattern,
including a satellite merger. Despite these perturbations to the
disk, the evolution of dominant spiral patterns stays relatively
consistent (see Figure 6).
We find spiral episodes with the minimum identifiable

lifetime of 1.00 Gyr in all galaxies except for m12m. Given the
majority of our galaxies have episodes that persist for the
minimum identifiable time, it is reasonable to expect that these
galaxies may have strong m= 2 spiral mode timescales shorter
than 1.00 Gyr. However, most spiral episodes persist for
>1.00 Gyr, so we are still able to assess the globally dominant
m= 2 spiral features present over the lifetime of the disk.
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Figure 7. Relationships between the properties of m = 2 spiral episodes and galactic environment. Data points outlined in black indicate a strong tidal interaction
(pericentric passage or merger event) occurs during the lifetime of the spiral episode. Top left: M90,* vs. Rpeak/R90; stellar mass vs. the radius of the spiral episode
peak power normalized by R90. M90,* is calculated at the time baseline midpoint nearest Timemax. Top middle: Ωp,med (median pattern speed) vs. Rpeak/R90. Top
right: a2,max vs. spiral disk fraction; maximum amplitude vs. fraction of the disk occupied by the spiral episode. The horizontal gray dashed line indicates the cutoff
for “strong” spiral amplitudes, a2,max > 0.1. The median a2,max of episodes that do (green) and do not (purple) experience strong tidal interactions are shown by the
horizontal dashed lines with the ±1σ standard deviation shaded. Bottom left: Δtime (duration of the spiral episode) vs. Rpeak/R90. Bottom middle: Δtime vs. fgas.
Bottom right: Δtime vs. spiral disk fraction. The median Δtime for the isolated (blue) and LG-like pairs (orange) is shown by the horizontal dashed lines with the
±1σ standard deviation shaded. The top left, top middle, and bottom left panels show a vertical gray dashed line at Rpeak/R90 = 0.5; most spiral episodes are above
this. The top right and bottom right panels show a vertical gray dashed line at spiral disk fraction = 0.5. In each panel, we divide the data into five equally spaced
bins and plot the median in each bin as solid black points with errors bars showing the ±1σ standard deviation. Tidal interactions play a significant role in generating
particularly strong spiral episodes that span across more than half of the disk, but these episodes are not generally very long-lived. Longer-lived spirals generally
occupy large fractions of the disk (>50%), whereas shorter-lived spirals occupy a wider range of disk fractions. As opposed to the LG-like pairs, the isolated
simulations tend to host stronger spirals that occupy larger disk fractions. Both the LG-like pairs and the isolated galaxies have the same median lifetimes.
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There is considerable spread in the median lifetimes, with a
minimum of Δtimemedian = 1.25 Gyr in m12i, Juliet, and
Thelma and a maximum Δtimemedian = 2.38 Gyr in Romulus.
The isolated galaxies and LG-like pairs both have
Δtimemedian = 1.75 Gyr, but the former group has a slightly
shorter average duration (1.77 Gyr versus 2.02 Gyr).
The bottom middle panel of Figure 7 shows Δtime versus

the gas fraction of the disk, fgas. There is not a strong
relationship between Δtime and fgas, and we find long-lived
spirals in galaxies with both high (Remus) and low (m12b) fgas.
It is fascinating that we find many instances of m= 2 spiral

episodes persisting for multiple gigayears. Moreover, we note
that some separately identified spiral episodes could be part of
a longer-lived spiral mode that may have faded in power for
some time before recurring again as a dominant mode. In
Figure 6, we see that many spiral amplitudes recur at similar
Ωp. For instance, there are two distinct episodes in m12f at
∼20 km s−1 kpc−1 that may be part of the same underlying
spiral mode (green and light blue). This is seen again in m12c,
where there are recurring amplitudes at ∼10 and ∼25 km s−1

kpc−1 but the identified episodes are separated by time
baselines where the spiral is not as strong. This suggests our
disks may favor and host certain dominant spiral frequencies.
Figure 8 shows the amplitude variation of three spiral

episodes across ∼3 Gyr for galaxies m12f (top panel) and
m12m (top panel). These spiral episodes exist on gigayear

timescales, but their amplitudes fluctuate on much shorter
timescales. The process for calculating these amplitudes over
time is detailed in Appendix E. The amplitudes are
reconstructed over the frequency range of the spiral ±ΔΩ ∼
2.1 km s−1 kpc−1 at the radius of a2,max. The spiral amplitudes
in Figure 8 are shown at the same colors used in their
identification (Figure 6). This oscillatory nature is similar to
what is observed in R. Roškar et al. (2012, their Figure 6),
where they identify long-lived spiral modes that fluctuate on
shorter timescales.
The top panel of Figure 8 shows the amplitude evolution in

m12f. The light brown amplitude shows the most dominant
spiral frequency that is likely excited via a pericentric passage
of a satellite galaxy. This is clearly displayed when the spiral
amplitude drastically increases and peaks around the time of
the interaction. Afterward, the amplitude dips to nearly zero
before increasing to ∼0.06 within a short time span of
∼0.5 Gyr. This spiral amplitude decreases in strength notably
again in the next gigayear. We see a similar oscillatory
behavior in the other two amplitudes shown. However, the
light blue spiral amplitude oscillates on slightly longer
timescales than the pink spiral amplitude, likely because of
the slower Ωp of the light blue amplitude. The impact of the
satellite passage cannot be clearly observed in the spiral
frequencies shown in light blue or pink.
The bottom panel of Figure 8 shows the amplitude evolution

in m12m. The most dominant amplitude is shown in green and
spans a large range of Ωp as it increases in frequency over its
lifetime. This range of Ωp overlaps completely with the spiral
episode shown in orange-red, but the amplitudes are calculated
at different radii. There is a very weak correlation in the
oscillatory behavior of these two spiral amplitudes as they
decrease between ∼10.5 and 11.0 Gyr and then slightly
increase in strength. The fluctuation in strength is more
apparent in the orange-red amplitude because of the smaller
range of Ωp being probed. The spiral episode shown in light
orange spans a slower range of Ωp, but at relatively large radii.
The larger oscillations for this amplitude occur over longer
timescales likely because of the large radii and slow frequency.
Still, we see this spiral reaches a minimum amplitude around
10.3 Gyr and increases significantly over ∼0.3 Gyr before
slowly decreasing again.
All of the spiral amplitudes in our simulations oscillate on

relatively short timescales compared to how long they live.
While the fluctuations in strength are not particularly large, we
focus on the fact that the changes are fractionally large relative
to the amplitude range of these spirals.

3.4. Radial Extent of m= 2 Spiral Episodes

Across all galaxies, we see a large variety in radial extent,
ΔR, of spiral episodes with an overall median of ΔR = 7 kpc
(Table 3, column 8). We determine ΔR by identifying the
range of radii with power> 5 × 10−5 on the spectrograms
(Figure 4). We also define the spiral disk fraction (Table 3,
column 9) as the fraction of the disk occupied by the spiral
episode. This fraction is the ratio of the spiral episode radial
extent to the total radius of the disk we consider, which cuts
out the inner regions if the galaxy hosts a bar and anything
beyond R90. We find that m= 2 spiral episodes in the isolated
galaxies span larger ΔR (6.5 kpc versus 6.0 kpc) and occupy
slightly larger disk fractions (0.7 versus 0.6) than the LG pairs.
This is interesting given the LG-like pairs have earlier
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Figure 8. Amplitude variation of three identified m = 2 spiral episodes in
m12f (top) and m12m (bottom). Colors correspond to episodes of the same
color in Figure 6. The amplitudes are obtained by performing an inverse
Fourier transform, applying a bandpass across the minimum and maximum
frequency of the pattern ±ΔΩ km s−1 kpc−1. The amplitudes are calculated at
Rpeak, the radius of a2,max. Spiral episodes persist on gigayear timescales, but
their amplitudes fluctuate on shorter timescales and exhibit oscillatory
behavior. We can isolate the ranges of radii and frequencies most impacted
by tidal interactions. For example, in m12f, the impact of the pericentric
passage is strikingly clear in the slowest spiral (light brown), but not faster
spirals (pink and blue).
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forming, larger disks. Although the spiral episodes in the
isolated galaxies average slightly shorter lifetimes than the
LG-like pairs, their spirals are more globally present across
the disk.
Spirals in FIRE-2 span quite a large range across the disk,

with the median disk fraction> 0.5, indicating that these are
large-scale features of the disk (i.e., grand-design-like). We
note that the WDFT methodology we utilize to characterize
spiral structure strongly favors the identification of global,
grand design spirals over flocculent spirals, as larger-scale
structures will necessarily have a stronger presence across the
disk as a whole. Our simulations certainly host many
flocculent-like spirals (M. E. Orr et al. 2023), but we do not
focus on these smaller, more localized features. It is the
ubiquitous presence of global spiral modes that we focus on
and is indicative of what drives spirals in our simulations.
The top left panel of Figure 7 shows the stellar mass of the

galaxy enclosed within R90, M90,*, versus the radius of peak
power of the spiral mode normalized by R90, Rpeak/R90. We
remind the reader that the WDFT analysis is biased toward
identifying Rpeak at larger radii. With this in consideration, we
find that most spiral episodes occupy regions further out in the
disk, with most of the episodes having Rpeak/R90 > 0.5. Only a
small handful of spirals occupy exclusively inner regions of
the disk. While there is not a strong relationship betweenM90,*
and Rpeak/R90, we note that we do not see galaxies with very
high stellar mass host spiral modes with Rpeak/R90 < 0.5.
The bottom left panel of Figure 7 shows Δtime versus

Rpeak/R90. While the median Δtime slightly increases with
Rpeak/R90, the ±1σ deviation is large so we cannot conclude
that there is any physically significant correlation between
Δtime and Rpeak/R90. Spiral episodes with large Rpeak persist
for varying durations, but episodes with small Rpeak are
generally shorter lived, with a few exceptions. This is
consistent with the idea that spirals at small radii have faster
Ωp and wind up on shorter timescales than slower patterns at
larger radii.
Remarkably, we find that strong tidal interactions do not

necessarily generate long-lived spiral modes. Rather, spirals
associated with strong tidal interactions are short-lived
(Δtimemedian = 1.00 Gyr), but generally have a higher
amplitude than isolated spirals. The short-lived nature of
tidally generated spirals may be because there is nothing else
to excite the mode; thus it decays following the interaction.
The bottom right panel of Figure 7 shows Δtime versus

spiral disk fraction (the fraction of the disk the spiral mode
occupies radially). The spiral episodes in the isolated galaxies
generally occupy >50% of the disk as compared to spirals in
the LG-like pairs, which occupy a wider range of disk
fractions. The Δtimemedian is the same in both groups, but with
slightly more variation in the LG-like pairs. Longer-lived
spiral episodes are generally found in the absence of strong
tidal interactions and occupy disk fractions> 0.5. Strong tidal
interactions are associated with shorter-lived spiral episodes
with disk fractions> 0.5. Spirals that have small to moderate
Δtime in the absence of strong tidal interactions span a wide
range of disk fractions.

3.5. Strength of m= 2 Spiral Episodes

To compare spiral arm strength, we consider the maximum
amplitude, a2,max, of spiral episodes. While a2,max does not
give the full picture of how amplitude varies over time, it is

nonetheless a useful measure to compare between different
spiral episodes. We calculate a2,max for each spiral episode by
performing an inverse Fourier transform using a bandpass filter
around the frequency range of p,

max
min

± , where ΔΩ ∼
2.1 km s−1 kpc−1 is the frequency resolution. This procedure is
detailed in Appendix E.
In this paper, we consider strong spiral episodes to be above

a threshold of a2,max = 0.1. We find the lowest a2,max = 0.018
in Romeo, and highest in m12f with a2,max = 0.192. The
overall median is a2,max = 0.059, respectively (Table 3,
column 12). Thus, the typical spirals in our simulations are not
very strong. All galaxies have their minimum a2,max between
∼0.020 and 0.050. The range of maximum a2,max is much
wider, between ∼0.060 and 0.200. We find increasingly fewer
spiral episodes at larger a2,max and only eight of our 68 spiral
episodes reach a2,max > 0.1.
We find that the isolated galaxies have generally higher

a2,max values compared to the LG-like pairs. In m12f, the high
a2,max is generated by a pericentric passage of a satellite galaxy
and occurs at 11.11 Gyr, immediately following the pericenter
at 10.8 Gyr. The two strong spiral episodes in m12b also occur
following a pericentric passage and prior to the merger event
with the satellite galaxy, demonstrating that strong tidal
interactions can lead to stronger spirals. Strong spiral structure
can also emerge in isolation, as that this is the case for
episodes with a2,max > 0.1 in m12m, Romeo, and Thelma. The
strongest spiral episode in m12m reaches its maximum
amplitude when the galaxy is experiencing bursty star
formation near the beginning of our analysis. Increased star
formation during this bursty phase likely occurred along spiral
arms, leading to the increase in relative amplitude.
The overall smaller a2,max in the LG-like pairs may be due in

part to the lack of strong tidal influence over the time of
analysis. Juliet has the lowest median a2,max = 0.028, is the
least massive and physically smallest galaxy in our sample,
and has a relatively high velocity dispersion even at present
day (F. McCluskey et al. 2024). The LG-like pairs are
generally kinematically cooler than the isolated galaxies,
which may result in the weaker, but somewhat longer-lived
spiral amplitudes we find. While strong spiral amplitudes can
form in isolation, we find that the strongest spiral amplitudes
are generated as a result of significant tidal perturbations. We
note that most strong spirals modes with a2,max > 0.1 coincide
with a large-scale tidal interaction, although tidal interactions
do not necessarily lead to stronger spirals.
The top right panel of Figure 7 shows a2,max versus the

spiral disk fraction. Spiral episodes that undergo a strong tidal
interaction nearly always have disk fractions> 0.5, whereas
those in isolation vary widely. Moreover, a majority of spiral
episodes in the isolated galaxies occupy a disk fraction> 0.5,
and there is a more even distribution among the LG-like pairs.
There are very few spirals with a large a2,max and a small spiral
disk fraction, possibly because the nature of spiral structure
excited by tidal interactions is more grand design in
appearance (e.g., A. Toomre & J. Toomre 1972). Overall,
spiral episodes occupy both small and large fractions of the
disk, showing the diversity in phenomenology of spiral
structure. The spiral episodes in FIRE-2 galaxies are generally
weak and instances with very strong amplitudes are associated
with tidal interactions.
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3.6. Stellar Age Cuts and Star-forming Gas

We here analyze the frequency evolution of the strongest
amplitude m= 2 modes in three stellar age populations as well
as cold dense gas (T < 104 K and amu cm–3 > 10). Figure 9
illustrates this time evolution for m12f (top set) and m12m

(bottom set). The time evolution for all stellar populations
combined is shown in gray, where stellar populations are
defined by their age at the time of analysis: <0.5 Gyr (green,
youngest), 0.5−3 Gyr (yellow, intermediate), and >7 Gyr
(magenta, oldest), and cold dense gas (blue cross).
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Figure 9. Frequency evolution of the three most dominant m = 2 amplitudes in stars with varying stellar ages and star-forming gas (T < 104 K and amu cm–3 > 10)
for m12f (top) and m12m (bottom). Stars are divided into three different groups of stellar ages: <0.5 Gyr (green), 0.5−3 Gyr (yellow), and >7 Gyr (magenta). The
cold dense gas is shown in the blue crosses. The gray points show all stars and are the same as in Figure 6. The evolution of each group is shown in its own panel, as
well as stacked on top of each other. Points are sized proportional to their amplitude in each time baseline. The time baseline (1.5 Gyr) and frequency resolution
(ΔΩp ∼ 2.1 km s−1 kpc−1) are shown in the bottom left. The thick gray vertical dashed line indicates when the galaxy transitions from a bursty to a steady star
formation rate. The grayed out region shows the time period for which we do not analyze the results for the galaxy. We indicate when the galaxy undergoes merger
events (dashed–dotted line), pericentric passages (dotted line), and bar episodes (hatched rectangle). In m12f, stars <0.5 Gyr and 0.5−3 Gyr trace the pattern speeds
of all stars more strongly than stars >7 Gyr, particularly in the spiral amplitude that emerges after the pericentric passage at ∼11 Gyr. All stellar populations in
m12m closely follow the most dominant spiral pattern, and there is more overall agreement between the different age groups. The cold dense gas in both m12f and
m12m match well the pattern speed of the stars in many cases, but include instances where the two populations deviate from each other.
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We note that analyzing stars younger than 0.5 Gyr over a
1.5 Gyr window of time may result in the detection of
potentially spurious amplitudes as the population of stars
analyzed changes over the window of time. However, if we
expect star-forming gas to trace strong spiral arms, the
resulting evolution of the youngest stars should also trace
the same spiral mode as all stars. And indeed, we do see in
Figure 9 that the youngest stars generally trace the evolution of
all stars well.
In m12f, the strongest modes for all stars combined are

driven by the young and intermediate populations. This is
apparent when considering that the dominant modes for stars
<0.5 Gyr and 0.5−3 Gyr closely follow the frequencies and
amplitudes of all stars combined. Stars <0.5 Gyr broadly
follow the pattern speeds of all stars but there is some
deviation around the time of the pericentric passage for
Ωp ∼ 10 km s−1 kpc−1. This population of very young stars is
kinematically cold and thus more responsive to tidal interac-
tions. However, the power spectrum of stars<0.5 Gyr does not
have a sharp peak so the assigned pattern speed’s value is
somewhat uncertain.
In some cases, the highest-amplitude modes of a given

population do not correspond to the highest-amplitude modes
for all stars combined. This is particularly pronounced in stars
>7 Gyr in m12f. This is presumably associated with a higher
velocity dispersion for these populations. For example, this
oldest stellar population does not exhibit any dominant
signature induced from the pericentric passage.
The lower, right-hand panels of Figure 9 overlay all the

dominant patterns for all populations considered. In some
cases, the contributing populations to the evolution of the
spiral pattern change with time. An example occurs in m12f at
∼10 Gyr with an initial Ωp ∼ 35 km s−1 kpc−1. The
contributing population starts in stars >7 Gyr and cold dense
gas. The next few time baselines show that all stellar
populations and cold dense gas follow along this dominant
amplitude before it becomes only detectable again in old stars
and cold dense gas.
The evolution of cold dense gas is more difficult to assess

due to the complexity of its structure. Particularly, we note that
a low-frequency structure is identified in many of our
simulations, which may be a spurious signal arising from
noise present in the data. However, we find that the cold dense

gas follows the same or similar pattern speeds as stars in the
majority of instances.
The bottom set of panels in Figure 9 shows the same

evolution of stellar populations and cold dense gas in m12m.
The evolution of spiral amplitudes in the different age
populations is very markedly different from m12f. We see
remarkable agreement between all stellar populations in the
evolution of pattern speed and relative amplitude of the most
dominant spiral mode.
However, there are instances when the age groups do not match

each other. From around 11 to 12 Gyr, there is a spiral amplitude
around 10 km s−1 kpc−1 that is dominated by the young and
intermediate-age stars. During the same time period we see a
dominant frequency at Ωp ∼ 43 km s−1 kpc−1 in the old stars.
There is also an interesting difference in pattern speeds from 10 to
11 Gyr in stars 0.5−3 Gyr old and with Ωp ∼ 28 km s−1 kpc−1

and stars >7 Gyr and Ωp ∼ 35 km s−1 kpc−1. The oldest stars
appear to branch off from the intermediate stars around the time
the galaxy transitions to steady star formation and there is
some signature of stars <0.5 Gyr and cold dense gas around
30 km s−1 kpc−1 during this time as well. The cold dense gas in
m12m strongly follows the evolution of the most dominant spiral
amplitude.
Whether or not all stellar age populations follow the same

pattern speeds is critical in informing the underlying nature of
the spiral structure in our simulations. Young stars are
common tracers of spiral arms, but it is more difficult to
discern if all stellar populations follow the same spiral patterns
as each other. If all stars follow along the same spiral
amplitude, it suggests an underlying density-wave-like feature
present in the disk. If only young stellar populations are found,
the spiral amplitude may be a more material-like feature.
Figure 10 shows the overlaid evolution of frequencies for

varying stellar ages and cold dense gas zoomed in on regions
of interest for m12b, Romulus, and Remus. This figure
highlights some interesting features we find in the evolution of
m= 2 spiral amplitudes in varying populations of stars and
cold dense gas.
The left panel of Figure 10 shows m12b, and we focus

on the spiral amplitude with Ωp ∼ 25 km s−1 kpc−1.
Stars <0.5 Gyr (green) and 0.5−3 Gyr (yellow) dominate
the evolution of this amplitude, and there is no strong signature
in stars >7 Gyr (magenta). The cold dense gas is also present
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Figure 10. Similar to Figure 9, but showing only a stacked plot and zoomed-in view of highlighted features of interest for m12b (left), Romulus (middle), and Remus
(right). In m12b, the spiral amplitude we focus on is only present in stars <0.5 Gyr and 0.5−3 Gyr and is generated by a process that does not strongly impact all age
groups. Romulus shows an example of all populations of stars and cold dense gas following the same evolution of Ωp and is generated via internal evolution of the
disk. Remus displays a spiral amplitude that we are only able to see the evolution of Ωp clearly when considering the very young stars <0.5 Gyr.
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in some, but not all, time baselines shown here. m12b
undergoes two pericentric passages and one merger event over
this period of time, and the spiral structure excited by these
tidal perturbations are most strongly associated with younger
populations of stars.
The middle panel of Figure 10 shows Romulus, zooming in

on a spiral amplitude at somewhat high pattern speeds,
Ωp ∼ 30−35 km s−1 kpc−1. This spiral amplitude is present
across all stellar populations and cold dense gas, suggesting
that all stars are affected by and follow the same underlying
mechanism that drives the presence and persistence of this
feature. The pattern speed across all populations matches even
as Ωp changes slightly over time. This particular spiral episode
is not very strong (a2,max = 0.033) but spans across a large
radial range (ΔR = 8.1 kpc), which suggests that this spiral
amplitude may be more density-wave-like in nature. This is
particularly interesting considering all values of Ωp associated
with this spiral are relatively fast.
The right panel of Figure 10 shows Remus, and we zoom in

on a spiral amplitude that begins at ∼33 km s−1 kpc−1,
decreases to ∼25 km s−1 kpc−1, and then speeds up to
∼33 km s−1 kpc−1. This spiral frequency changes significantly
over time, but is interestingly only clearly present in the
youngest stars, <0.5 Gyr. There is some signature of evolving
Ωp in stars 0.5−3 Gyr and >7 Gyr but is not present
throughout the evolution. This suggests that the intermediate
and older population of stars are impacted by what is causing
Ωp to slow down, but because they are kinematically hotter,
they do not respond as strongly as the youngest stellar
population. The pericentric passage that occurs at ∼10.8 Gyr
may be what is affecting the pattern speed of young stars, but
we note that this satellite galaxy is not massive enough to
meaningfully perturb the disk.
By analyzing different stellar ages, we are able to uncover

the evolution of spirals that would not be apparent otherwise.
While the contribution from different age populations varies
for any given spiral episode, it is clear that coherently evolving
spirals are found in all age populations across all galaxies we
analyze (see Appendix G). This strongly suggests that our
spirals are driven by something more akin to density waves in
nature than a purely material feature.

4. Discussion

Analyzing the properties and time evolution of galactic
spiral structure is difficult, particularly in cosmological
simulations. However, we are entering an era where this is
possible given the resolution of cosmological simulations such
as in FIRE-2. To our knowledge, Auriga simulations
(R. J. J. Grand et al. 2017, 2024) are the only other
cosmological zoom-in simulation with work characterizing
galactic spiral structure. We note that TNG50 (A. Pillepich
et al. 2024), a large-volume cosmological simulation, has
recently investigated spiral structure and is discussed later in
this section.
R. J. J. Grand et al. (2016b) analyze one Auriga simulation

with a strong two-armed grand design spiral to investigate how
their spiral arms impact radial redistribution and affect the
metallicity gradient. Their results are similar to what has been
found previously in N-body simulations, that their spirals are
transient, winding density enhancements, which we find to be
similar in nature to the spirals in FIRE-2 simulations. We note
their analysis is done using young stars <3 Gyr.

Galaxies from the Auriga simulations (R. J. J. Grand et al.
2024) are shown to have strong grand design spiral arms
dominated by the m= 2 multiplicity from visual inspection of
the face-on projected stellar density (see Figure 1 in
R. J. J. Grand et al. 2016a). R. J. J. Grand et al. (2016a) also
note they measure strong m= 1 (lopsided) amplitudes and that
the strength of all m multiplicities sharply increases during
perturbations from satellite galaxies, both of which we also
find in FIRE-2 simulations. Their dominant m= 2 Fourier
amplitudes range ∼0.05−0.1, which are slightly higher than in
our simulations (∼0.01−0.07). Our weaker amplitudes are
likely because FIRE-2 galaxies exhibit many flocculent-like
features. While our amplitudes are generally weak, they are
still within the range of amplitudes found in more idealized
simulations (e.g., R. Roškar et al. 2012; J. Baba et al. 2013).
R. J. J. Grand et al. (2016a) investigate the sources of

vertical heating in Auriga simulations and conclude that the
dominant contributor is not from spiral arms, but rather bars.
F. McCluskey et al. (2024) suggest that in FIRE-2 simulations,
spiral arms likely drive overall heating in young stars, although
we note this includes both radial and vertical heating.
Additionally, FIRE-2 bars are not strong (S. Ansar et al.
2025), so they are less likely to be a primary source of vertical
disk heating. We defer exploring the impact of dynamical
heating from spiral arms to future work.
Differences in the implementation of numerical models

between FIRE-2 and Auriga may explain some of the
variations in the properties of the resulting galaxies. Auriga
implements a pressurized, two-phase ISM compared to
FIRE-2’s multiphase ISM, and the specific stellar feedback
models in either simulation groups differ. As a result, Auriga
galaxies experience less clustered star formation, leading to the
formation of disks with fewer flocculent features than FIRE-2
galaxies.
In the TNG50 large-volume cosmological simulations,

S. Ghosh & E. D’Onghia (2025) characterize spiral features
in 43 galaxies and find that their disks host predominantly two-
armed stellar spirals, with more multiarmed features in the gas,
consistent with our results. They find that colder stellar disks
with higher gas fractions host stronger spirals, and while the
former is true in FIRE-2 galaxies, we do not find a relationship
between gas fraction and spiral amplitude. This discrepancy
may be due to simulation differences (large volume versus
zoom in) or as a result of their larger sample size (43
versus 10).
Spiral arms in N-body simulations have consistently been

shown to be transient features (e.g., J. A. Sellwood 2011;
K. Wada et al. 2011; R. J. J. Grand et al. 2012a), and we find
this to be the case in FIRE-2 galaxies as well. However, while
individual spiral arms may be transient in the sense that they
are continuously forming and breaking apart, the underlying
spiral modes can last on gigayear timescales, with spiral
amplitudes tending to recur at similar frequencies. Indeed,
R. Roškar et al. (2012) show that the evolution of their
dominant spiral modes persist for ∼2 Gyr, which is
comparable to the Δtime of our spiral episodes (see Figure 7).
Moreover, the transient nature of spiral arms in N-body

simulations has been demonstrated across a range of varying
galactic properties. For example, the galaxy analyzed in
R. J. J. Grand et al. (2012b) does not have one single dominant
m mode, but rather has similar amplitudes across the m = 2−4
multiplicities. Still, their spiral arms corotate with the disk at
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nearly all radii and serve as significant drivers of radial
migration. While the spirals in our simulations are not
corotating, as our identified episodes span multiple kiloparsecs
in radii, they generally exist between the ILR and OLR with
decreasing Ωp as a function of radius.
M. S. Fujii et al. (2011) utilize high-resolution stellar disks

and find their Fourier amplitudes are generally <0.1 with
many multiplicities reaching <0.05 over the disk’s evolution,
which is similar to the range of amplitudes we calculate. Their
dominant Fourier modes are m = 4−6 compared to m= 2 in
our simulations, though some of our galaxies display m = 3−4
strengths comparable to m= 1 and m= 2 during some points
in their evolution.
K. Wada et al. (2011) utilize N-body+ smoothed particle

hydrodynamics (SPH) simulations to investigate how gas
spirals evolve. Their disks evolve many transient spiral arms,
persisting on the scale of 100 Myr. Both star and gas particles
follow the galactic rotation curve in their simulations, and gas
particles fall into stellar spiral potentials from either side of the
spiral arm. We similarly find the pattern speeds of gas spirals
in our simulations generally follow those of stellar spirals (see
Section 3.6). K. Wada et al. (2011) note that the pattern speeds
of the gas and stars may differ from each other in cases such as
during a tidal interaction, and we do find instances where the
Ωp of stars and gas deviate during such events.
R. J. J. Grand et al. (2012a) investigate the impact of a bar on

the behavior of spiral arms using an N-body+ SPH simulation
of a barred spiral galaxy. The overall dynamics of spiral arms is
similar to what is presented in R. J. J. Grand et al. (2012b);
however, they find the presence of a strong bar may boost Ωp to
be slightly faster than the galactic rotational velocity. The
strength of the bar significantly decreases at later times in their
simulation, and Ωp also decreases to follow the rotation curve at
all radii.
Similarly, S. Roca-Fàbrega et al. (2013) utilize simulations

of barred and unbarred galaxies to identify the differences in
the resulting Ωp. In their strongly barred galaxy, they find that
the Ωp of the m= 2 spiral is nearly constant across radius. For
the unbarred case, their results agree with previous works
confirming that the spirals follow the galactic rotation curve.
They note that as the bar strength weakens (A2/A0 < 0.1), the
spiral arms begin to follow the rotation curve rather than
propagate as a solid body. We do not find any instance in our
simulations where the bar is strong enough to excite a single
pattern speed that mimics solid body rotation.
As with R. J. J. Grand et al. (2012b), we find that our m= 2

spiral modes do not strictly follow the galactic rotation curve.
Rather, the overall dynamics of our spiral amplitudes loosely
follows that of the rotation curve, but the radial ranges of each
spiral pattern is present over a range of radii. For galaxies
hosting a bar, we find that the Ωp of the dominant spiral modes
do not seem to be directly correlated with the pattern speed of
the bar, calculated in S. Ansar et al. (2025). However, we do
find instances where Ωp increases prior to the emergence of a
bar episode. In these cases, the bar may be acting to boost Ωp,
or the spiral may be driving the formation of the bar.
Additionally, some very fast spiral patterns we identify are
likely due to the bar. While we cannot directly resolve the
pattern speed of the bar, measurements from S. Ansar et al.
(2025) show that the bar rotates at much faster speeds than
what we find for the dominant spiral modes and are above the
Nyquist frequency.

A. Kumar et al. (2021, 2022) assess the impact of tidal
flybys in N-body simulations and find these interactions
produce strong m= 2 spiral arms that live for multiple
gigayears. With the inclusion of gas dynamics, A. R. Pettitt
et al. (2016) and A. R. Pettitt & J. W. Wadsley (2018) find that
tidally generated spirals in their simulations are also
predominantly two-armed structures that are transient, but
persist on gigayear timescales. They calculate Ωp of the
induced spiral to lie somewhere between the corotation
resonance and the ILR, further supporting the findings of
previous works (e.g., S. H. Oh et al. 2008; C. L. Dobbs et al.
2010). These results are in agreement with what we see in
FIRE-2 simulations; however, we note that the spiral structure
resulting from satellite interactions is largely dependent on the
properties of both the host and companion galaxy (e.g., mass
ratio and direction of orbit, as explored in A. R. Pettitt &
J. W. Wadsley 2018; A. Kumar et al. 2022). Given the
diversity of satellite interactions across FIRE-2 galaxies, we
reserve a more detailed comparison and investigation of the
impact of tidal perturbations on spiral structure to future work.
J. Baba et al. (2013) utilize N-body simulations to analyze

stellar dynamics during the growing and damping periods of
spiral arms. The amplitudes of their spiral arms grow as their
disk evolves, but generally remain <0.1 and all modes
contribute to the spiral structure in the disk. They find the
spiral arms in their simulations can be explained via swing
amplification and that the Ωp at each radius generally follows
the rotation curve. They note their spiral arms appear “quasi
steady” on the global scale, but local spirals are not “static,”
which is what we find in the FIRE-2 simulations.
S. Khoperskov et al. (2018) and V. P. Debattista et al. (2025)

analyze azimuthal metallicity variations in isolated simulations
and find spirals present in all age populations, but are strongest
in younger populations. S. Ghosh & E. D’Onghia (2025) also
find spiral features in all stellar ages in TNG50 simulations.
Furthermore, J. Ardèvol et al. (2025) characterize spiral arms
across different age populations in N-body+ SPH simulations
using a newly developed method that measures the “local
dimension” of the stellar density across the disk. They find the
presence of spiral arms in all stellar populations and describe
differences in spiral properties across age groups. This is in
agreement to what we see in FIRE-2 galaxies: stars of all ages
and star-forming gas are often present in dominant spirals, but
the younger, kinematically cooler stars are most responsive to
spiral perturbations.
Differentiating the behavior of our spirals of different

ages may provide insight into the spirals of the MW and
external galaxies. Observations of both the MW (e.g.,
Gaia Collaboration et al. 2023; N. Uppal et al. 2023) and of
external galaxies (e.g., F. Shabani et al. 2018; S.-Y. Yu &
L. C. Ho 2018; T. G. Peterken et al. 2019) find spiral structure
that displays different morphologies across different popula-
tions. We have not measured in detail how young and old
spirals differ in this paper, but emphasize that we do detect
spirals in the separate populations (see Figure 9) and have
established a foundation for further work investigating spirals
in FIRE-2 galaxies. The presence of spirals in all age
populations is a key result for considering the mechanisms
that drive their formation and persistence. More importantly,
these results are consistent with what is seen in observations,
and further detailed studies can help us better understand the
spirals in our Universe.
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5. Conclusion

In this paper, we analyze the properties, characteristics, and
evolution of dominant m= 2 spiral amplitudes in 10 FIRE-2
simulations and present a catalog of our results. We perform
this analysis for the first time in cosmological simulations and
on stars of varying stellar ages and star-forming gas. We have
demonstrated, in FIRE-2 simulations, that galactic environ-
ment and merger history have a significant influence on the
resulting spiral structure and that there are multiple processes
that stimulate spiral structure in our galaxies. Our key
conclusions are as follows.

1. All MW-mass galaxies in the FIRE-2 suite of simula-
tions have robust spiral structure throughout their
history. Each galaxy hosts multiple spiral patterns
simultaneously with different Ωp. The dominant spiral
m= 2 amplitudes tend to recur at particular Ωp over the
evolution of a given disk.

2. Spiral m= 2 patterns often persist over gigayear time-
scales but fluctuate significantly in amplitude on order of
magnitude shorter timescales (Figure 8). The strongest
spirals at a given time in FIRE-2 simulations are
generally weak, for example, the maximum m= 2
Fourier amplitude across simulations is a 0.1922,max =
and the mean value for the median amplitude in a given
galaxy is a 0.0582,max = (Figures 3 and 7 and Tables 2
and 3).

3. Strong tidal interactions generate spirals that radially
span >50% of the disk, but are remarkably short-lived
(median duration of 1.0 Gyr). Strong tidal forces do not
always lead to high amplitude a2,max, but we find the
strongest spirals across our sample are those affected by
tidal interactions (Figure 7).

4. We find that spirals with very fast Ωp are predominantly
correlated with bar episodes. There are also instances
where m= 2 spiral episodes increase Ωp leading up to a
bar episode (Figures 6 and 13).

5. Galaxies with kinematically cooler disks (m12f, m12m,
m12b, Romeo, and Romulus), compared to relatively
hotter disks (m12i, m12c, Juliet, and Thelma), can host
spirals that are longer lived (mean duration of 2.18 Gyr
versus 1.53 Gyr), and stronger (mean a2,max of 0.07
versus 0.05). The spirals in these kinematically cooler
disks tend to span a slightly larger radial extent as well
(mean disk fraction of 0.7 kpc versus 0.6 kpc).

6. We find that stars split into groups with varying stellar
ages, as well as cold dense gas content, generally follow
the same evolution of Ωp. This suggests that our spirals
are density-wave-driven features, as all stellar popula-
tions and gas are affected by the same underlying
internal processes that drive dominant patterns. The
instances that these stellar age groups differ in Ωp occur
mostly during tidal interactions or during a bar episode.
When these age groups deviate, old stars generally have
a more dominant signature at higher Ωp associated with
being closer to the center of the disk, whereas younger
stars are generally dominant at slower Ωp, further out in
the disk (Figures 9 and 15).

Our simulations display spiral structure with diverse
properties, spanning a variety of pattern speeds, strengths,
radial ranges, and lifetimes. There are multiple spiral patterns
present in a galaxy at any given moment in time, supporting

the idea that spiral arms are transient, evolving features rather
than a rigid density wave rotating at a constant pattern speed.
The diversity of spiral properties indicates that there are likely
multiple mechanisms needed to explain the various evolution
of structure that we see within our simulations.
This is the first paper in a series that will carefully

investigate the nature of spiral structure in FIRE-2 simulations.
Future work will investigate the connection of spiral structure
with breathing and bending waves, a deeper analysis of
infalling satellites and bars, and how the implementation of
different simulation physics impacts spiral structure.
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Appendix A
Global Fourier Amplitudes

In Figure 11, we present the evolution of m= 2 Fourier
amplitudes for all 10 FIRE-2 galaxies analyzed, calculated
with Equation (3) using all star particles and normalized by A0.
Each data point plotted is smoothed by applying a moving
average over three snapshots for visual clarity. The m= 1 and
m= 2 multiplicities are nearly always dominant across all
simulations, and in most cases, the amplitudes of both
multiplicities are comparable to each other. We consider the
m= 2, 3, and 4 multiplicities for studying spiral structure and
note that m= 2 is stronger than m= 3 and 4 for all
simulations. A strong m= 1 multiplicity indicates a lopsided
disk, which is particularly strong in Juliet and Romulus. m12f
and m12b experience strong tidal interactions that largely
affect all m multiplicities shown. In many galaxies, such as
m12i, m12m, m12c, Juliet, and Thelma, we see that the m= 1
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and 2 multiplicities are much stronger before the galaxy
transitions to steady star formation and decrease in strength
thereafter. The increased amplitude prior to transition is likely
due to increased star formation along m= 2 spiral arms,
leading to higher overdensities along the arms.

Appendix B
Spectrograms

Figure 12 shows the spectrograms and power spectra for all
10 FIRE-2 galaxies analyzed using the methodology of

Section 2.2. There is diversity in how m= 2 spiral structure
is expressed across these galaxies. The disk in m12b is
perturbed over this period of time, resulting in a spectrogram
with power spread over nearly all radii and Ωp. Romeo has one
particularly strong spiral pattern that spans a large radial
extent. In contrast, Juliet does not have any strong m= 2 spiral
structure evolve over the time baseline shown, and its disk is
quite small at this point in time. Across all galaxies, we see
that power is generally concentrated between the ILR and
OLR, though in some cases, such as m12m, the power extends
beyond the ILR and OLR.
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Figure 11. Expanded version of Figure 3. Global Fourier amplitudes for the m = 1–4 multiplicities shown across time for all FIRE-2 galaxies analyzed. The thick
gray vertical dashed line indicates when the galaxy transitions from a bursty to a steady star formation rate. The grayed out region shows the time period for which
we do not analyze the galaxy. We indicate when the galaxy undergoes merger events (dashed–dotted line), pericentric passages (dotted line), and bar episodes
(hatched rectangle).

21

The Astrophysical Journal, 997:363 (29pp), 2026 February 1 Quinn et al.



Appendix C
Time Evolution of Spiral Structure

Figure 13 shows the frequency evolution of the dominant
m= 2 spiral patterns for all 10 FIRE-2 galaxies analyzed. An
interesting feature present across most galaxies, though most
notably in m12i, m12m, and Juliet, is that the relative location
of the peak power moves outward in the disk once the galaxy
transitions to steady star formation. This may be due to star

formation concentrated in the inner regions of the disk during
the bursty phase, leading to stronger m= 2 amplitudes at
smaller radii. Once the galaxy transitions to steady star
formation, there may be less m= 2 overdensity at low radii,
causing the relative location of power to move outward. m12i
and Juliet in particular have physically small disks (see the
location of R90 in Figure 12) and we can see the location of
power moving outward quite dramatically.
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Figure 12. Similar to Figure 4. Power spectra for all FIRE-2 galaxies analyzed over the 10.3−11.8 Gyr time baseline. The left side of each plot shows a spectrogram
of pattern speeds as a function of radius (Equation (7)), colored by power, and the right side shows the radially integrated power (Equation (9)). More power
indicates stronger m = 2 spiral structure present over the time baseline. The darkened rectangles cut out the bar and region beyond the disk and are not included in
the integrated spectra. The ILR and OLR, and corotation resonance are plotted as the two solid white lines and dashed white line, respectively. The purple horizontal
lines show peaks in the power spectra and identify the three most dominant pattern speeds.
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Appendix D
Identifying m= 2 Spiral Episodes

Here, we describe the procedure developed to connect the
dominant m= 2 spiral amplitudes identified over time. To
begin, we consider the three most dominant features as
identified by the purple horizontal lines in Figure 12. We
threshold the spectrograms (e.g., Figure 12) to ensure that all
m= 2 spiral arms satisfy a minimum power cutoff of 5 × 10−5

across the radii of analysis. This threshold was selected as the
minimum power cut that identifies all cohesively evolving
spiral amplitudes. Using a more stringent threshold fails to
catch clear-cut instances of spiral episodes.
We then consider the time evolution of the dominant m= 2

frequencies, shown in Figure 5. We only identify spirals at
times adjacent to and beyond the bursty to steady transition
tB-S. More specifically we begin analysis at a lookback time of
tB-S + (1/2)(SΔt), where SΔt is the length of the time baseline
used. This transition time (S. Yu et al. 2021) occurs generally

2 Gyr after the galaxy becomes dominated by ordered rotation
(F. McCluskey et al. 2024). We decided on this time cutoff to
ensure that we are able to reorient the systems such that we can
reliably measure the spiral frequencies across time. The
precise time at which we are able to reorient each system
varies across the simulations (see Table 1); however, the
bursty to steady transition demarcates the time when we are
able to examine the time evolution of the disk from snapshot to
snapshot in the simulations.
We require the change in pattern speed between adjacent data

points in time to be less than or equal to 2 times our minimum
frequency resolution ΔΩ�(2 · 2π/3) ∼ 4.2 km s−1 kpc−1 to be
considered members of the same spiral episode. This threshold
on ΔΩp accommodates evolving pattern speeds. Because we
perform the WDFT on overlapping windows of time, it is
reasonable to attribute incrementally changing pattern speeds to
the same spiral amplitude. This threshold is large enough to
differentiate between spiral episodes of different frequencies but
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Figure 13. Expanded version of Figure 5. Frequency evolution of the three most dominant m = 2 amplitudes for all FIRE-2 galaxies analyzed. Points are color coded
by the radius of the peak spiral power relative to R90, and the size is proportional to their amplitudes during the relevant time baseline. The time baseline (1.5 Gyr)
and frequency resolution (ΔΩp ∼ 2.1 km s−1 kpc−1) are shown in the bottom left. The thick gray vertical dashed line indicates when the galaxy transitions from a
bursty to a steady star formation rate. The grayed out region shows the time period for which we do not analyze the galaxy. We indicate when the galaxy undergoes
merger events (dashed–dotted line), pericentric passages (dotted line), and bar episodes (hatched rectangle).
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small enough to accommodate evolving frequencies. Moreover,
each data point can only be attributed to one spiral episode.
Additionally, we require that at least three consecutive data

points meet the above criterion to be considered a spiral
episode and included in our catalog (Table 2). We consider the
lifetime of a spiral episode to be from the midpoints of the start
and end time baseline ±0.25 Gyr. Because the data points
include overlapping windows of time, the minimum resolvable
arm lifetime is thus 1.0 Gyr.
We find that by implementing the above criteria, we are able

to reliably identify spiral episodes and track the evolution of
dominant amplitudes in a way that is consistent across all
simulations. The results of this procedure identifying spiral
episodes are listed in Table 2, and a global summary of
statistics is listed in Table 3.
We note in the case of m12b that we slightly modify the

time that we begin identifying spiral episodes. We begin
identification after 8.6 Gyr to avoid including features that we
determined were not m= 2 spiral arms through inspection of
the corresponding spectrograms. This is reflected by the
grayed out region of m12b extending past the transition to
steady star formation.

Appendix E
Inverse Fourier Transform

To determine a2,max for a specified range of pattern
speeds, we apply a bandpass filter in frequency space on the
power spectrum. An inverse Fourier transform is applied
across the minimum and maximum frequency of the pattern
±ΔΩ km s−1 kpc−1. Thus, we filter out the power
contribution of m= 2 spiral amplitudes outside this range of
Ωp. To account for the windowing applied to the forward
Fourier transform, we employ an overlap–add method when
performing the inverse Fourier transform.
In this process, we perform the inverse Fourier transform as

c R t
S

C R e,
1

, E1m j
k

S

m k
ikj S

0

1

,
2( ) ( ) ( )/=

=

where we set Cm,k = 0 for values outside the frequency range
of interest. We generate these coefficients over each time

baseline and add them to a running total. The resulting total
coefficients are then normalized to account for the windowing.
Once we have the fully reconstructed amplitude over the

desired frequency range, we determine the radius with max
amplitude and the corresponding time of a2,max. Due to
evolving values of R90, which are calculated at the midpoint of
each time baseline, we only consider reconstructed Fourier
coefficients when Rpeak < R90. This is to ensure that the a2,max
identified is attributed to the spiral amplitude and not
extraneous power beyond the disk. The values of Rpeak and
timemax reported in Table 2 correspond to the radius and time
of a2,max.

Appendix F
Mass-weighted Identified m= 2 Spirals

Figure 14 shows identified m= 2 spiral episodes obtained
by applying mass weighting for the calculation of total power.
Following the technique used in T. Khachaturyants et al.
(2022a, 2022b), we modify Equation (9) to be

M R P R

M R
total power

,
. F1k

k
2

2
( ) ( ) ( )

( )
( )=

The advantage to mass weighting the total power is the
resulting emphasis on the relative strength of spirals across the
disk rather than fractional power per annulus. This method is
useful for highlighting the perturbations that dominate the
dynamics of the disk where most of mass exists. In the body of
this paper, we do not mass weight, in keeping with the
conventional approach (J. A. Sellwood & E. Athanassoula
1986; R. Roškar et al. 2012). Each method has its advantages
and can lead to a slight difference in the relative dominance of
each spiral perturbation. Overall we find that the strongest
features are identified with both methods, but mass normal-
ization identifies higher-Ωp spiral episodes that are located
closer to the disk’s central regions. Figure 14 shows how mass
weighting impacts the results, and Table 4 (analogous to
Table 2) contains m= 2 spiral properties obtained using the
mass-weighted approach. A deeper analysis of the dynamics of
spirals in the disk is reserved for a future paper.
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Figure 14. Similar to Figure 6, but applying mass normalization to the power spectrum. Here, identified m = 2 spiral episodes using the procedure described in
Appendix D for all FIRE-2 galaxies are analyzed. Each color represents a distinct spiral episode. Gray points represent m = 2 spiral amplitudes present over the time
baseline, but not identified as a member of a spiral episode.

Table 4
Properties of the Identified m = 2 Spiral Episodes Using the Mass-weighted Approach

Sim Time Radii Ωp a2,max timemax
Rpeak RILR RCR ROLR Δtime ΔR Nearest Resonance

(Gyr) (kpc) (km s−1 kpc−1) (Gyr) (kpc) (kpc) (kpc) (kpc) (Gyr) (kpc)

m12i 9.80–10.80 1.5–8.1 31.4–35.6 0.038 9.89 5.1 3.3 5.7 7.8 1.00 6.6 CR
9.80–10.80 1.2–7.8 41.9–44.0 0.037 10.04 5.1 2.7 4.8 6.3 1.00 6.6 CR
10.05–12.05 0.9–8.4 50.3–58.6 0.036 10.74 3.9 2.1 3.9 5.4 2.00 7.5 CR
10.80–12.30 3.3–9.0 20.9–23.0 0.055 11.65 9.0 4.5 7.5 10.2 1.50 5.7 OLR
11.80–12.80 1.2–9.1 41.9–46.1 0.016 12.20 4.5 2.7 4.8 6.3 1.00 7.9 CR
12.30–13.30 4.8–9.3 16.8–18.8 0.045 12.87 9.3 6.0 9.9 13.2 1.00 4.5 CR
11.05–13.30 2.1–8.6 27.2–31.4 0.043 11.19 3.9 3.6 6.3 8.4 2.25 6.5 ILR

m12f 7.80–9.30 2.1–9.4 31.4–31.4 0.049 8.58 3.0 3.3 5.7 7.8 1.50 7.3 ILR
7.80–9.30 2.1–9.2 16.8–18.8 0.074 8.27 5.7 5.4 9.0 12.0 1.50 7.1 ILR
8.55–9.55 2.1–9.0 46.1–46.1 0.030 8.16 2.1 2.4 4.2 5.7 1.00 6.9 ILR
9.05–10.05 2.1–9.2 27.2–29.3 0.051 8.66 3.6 3.6 6.0 8.1 1.00 7.1 ILR
9.05–10.30 2.1–9.9 50.3–54.5 0.038 9.30 3.3 2.4 3.9 5.4 1.25 7.8 CR
9.80–10.80 2.1–11.2 33.5–33.5 0.033 10.04 6.3 3.3 5.7 7.8 1.00 9.1 CR
10.55–11.55 3.6–12.0 18.8–18.8 0.059 10.07 12.0 5.1 8.7 11.7 1.00 8.4 OLR
10.55–11.80 5.1–12.0 8.4–10.5 0.190 11.11 12.0 9.0 ⋯ ⋯ 1.25 6.9 ILR
11.55–12.55 2.1–11.7 33.5–35.6 0.033 11.06 3.6 3.3 5.7 7.8 1.00 9.6 ILR
9.55–12.80 2.1–11.2 37.7–50.3 0.069 9.97 2.1 3.0 5.1 6.9 3.25 9.1 ILR
12.30–13.30 3.0–12.7 20.9–23.0 0.050 12.87 5.4 5.1 8.7 11.7 1.00 9.7 ILR
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Table 4
(Continued)

Sim Time Radii Ωp a2,max timemax
Rpeak RILR RCR ROLR Δtime ΔR Nearest Resonance

(Gyr) (kpc) (km s−1 kpc−1) (Gyr) (kpc) (kpc) (kpc) (kpc) (Gyr) (kpc)

11.55–13.05 4.2–12.9 14.7–20.9 0.099 12.45 7.8 6.6 11.1 ⋯ 1.50 8.7 ILR

m12m 9.05–10.55 1.5–12.2 23.0–29.3 0.060 9.94 9.3 3.9 7.5 10.5 1.50 10.7 OLR
10.55–11.55 4.5–12.3 8.4–10.5 0.078 10.72 12.0 11.4 ⋯ ⋯ 1.00 7.8 ILR
10.80–12.30 1.5–12.3 41.9–44.0 0.028 10.32 7.5 2.7 5.1 7.2 1.50 10.8 OLR
9.05–13.30 1.5–12.3 14.7–33.5 0.164 9.20 3.0 4.8 9.0 12.3 4.25 10.8 ILR
11.30–13.30 3.9–12.3 14.7–16.8 0.064 12.38 12.3 6.6 11.7 ⋯ 2.00 8.4 CR

m12b 9.30–10.30 2.1–6.9 25.1–25.1 0.054 10.29 5.7 4.5 7.5 9.9 1.00 4.8 ILR
9.05–10.30 2.1–6.1 52.4–54.5 0.046 9.07 3.6 2.7 4.2 5.7 1.25 4.0 CR
9.05–10.55 2.1–6.6 37.7–41.9 0.067 8.94 6.6 3.3 5.4 6.9 1.50 4.5 OLR
10.55–11.55 3.0–10.5 29.3–29.3 0.064 10.91 10.5 4.2 6.9 9.3 1.00 7.5 OLR
11.05–12.30 2.1–10.2 16.8–16.8 0.093 11.60 7.8 6.3 10.5 14.1 1.25 8.1 ILR
10.30–12.80 2.7–10.5 23.0–25.1 0.104 10.96 7.5 4.8 8.1 11.1 2.50 7.8 CR
11.30–13.30 2.1–7.2 46.1–48.2 0.028 11.65 3.3 3.0 5.1 6.6 2.00 5.1 ILR

m12c 9.30–10.55 1.5–9.0 25.1–25.1 0.046 9.91 7.8 3.6 6.3 8.7 1.25 7.5 OLR
9.05–11.55 3.6–9.0 14.7–20.9 0.079 11.74 9.0 5.4 9.0 12.3 2.50 5.4 CR
9.05–11.80 1.5–9.0 33.5–35.6 0.078 10.04 1.5 2.7 5.1 6.9 2.75 7.5 ILR
11.55–13.30 1.5–9.1 29.3–35.6 0.039 11.36 7.5 3.0 5.4 7.5 1.75 7.6 OLR

m12c 12.30–13.30 1.5–9.9 48.2–48.2 0.013 12.96 4.8 2.1 4.2 5.7 1.00 8.4 CR
10.80–13.05 2.1–9.6 23.0–25.1 0.075 11.50 9.6 4.2 7.2 9.6 2.25 7.5 OLR

Romeo 7.30–9.55 5.1 –11.4 12.6–12.6 0.077 8.70 11.4 6.6 11.4 ⋯ 2.25 6.3 CR
7.30–9.80 3.0–11.1 18.8–20.9 0.091 7.95 11.1 4.8 8.1 11.1 2.50 8.1 OLR
9.55–11.05 2.7–12.1 25.1–27.2 0.032 10.65 10.5 3.6 6.3 8.7 1.50 9.4 OLR
7.30–11.55 2.4–11.1 25.1–33.5 0.064 8.60 6.9 3.3 6.0 8.1 4.25 8.7 CR
10.05–12.05 4.2–12.6 16.8–20.9 0.054 10.68 12.6 5.1 8.7 11.7 2.00 8.4 OLR
11.80–12.80 2.7–12.8 25.1–25.1 0.022 12.26 9.0 3.9 6.9 9.6 1.00 10.1 OLR
11.30–13.30 4.8–12.9 10.5–18.8 0.054 12.45 8.1 6.9 12.0 ⋯ 2.00 8.1 ILR
11.55–13.30 1.5–6.9 52.4–56.5 0.023 12.95 1.5 2.1 3.6 5.1 1.75 5.4 ILR

Juliet 8.55–10.30 0.3–7.2 35.6–37.7 0.040 8.91 1.8 3.0 5.1 6.9 1.75 6.9 ILR
10.30–11.55 3.6–3.9 52.4–58.6 0.016 10.98 3.6 2.1 3.9 5.4 1.25 0.3 CR
9.80–11.80 1.5–7.1 41.9–44.0 0.024 9.84 2.1 2.4 4.5 6.3 2.00 5.6 ILR
8.55–12.05 3.0–7.2 23.0–31.4 0.027 11.43 6.3 3.9 6.6 9.0 3.50 4.2 CR
11.30–12.30 3.3–4.5 48.2–52.4 0.012 11.84 3.9 2.4 4.2 5.7 1.00 1.2 CR
11.80–13.30 0.3–6.9 35.6–37.7 0.014 12.01 6.3 3.0 5.1 7.2 1.50 6.6 OLR

Romulus 8.05–9.05 4.5–11.1 10.5–14.7 0.072 8.61 8.1 7.5 12.3 ⋯ 1.00 6.6 ILR
8.05–9.30 2.1–9.9 35.6–41.9 0.055 8.48 3.0 3.0 5.4 7.5 1.25 7.8 ILR
8.80–9.80 3.0–10.8 27.2–29.3 0.044 8.32 9.3 3.9 6.9 9.3 1.00 7.8 OLR
9.30–10.55 2.7–11.4 31.4–33.5 0.031 9.93 6.3 3.6 6.0 8.4 1.25 8.7 CR
8.05–11.05 0.3–11.3 12.6–23.0 0.106 8.43 8.1 6.0 9.9 13.5 3.00 11.0 CR
10.55–11.80 3.0–12.3 31.4–33.5 0.034 10.87 9.6 3.6 6.0 8.4 1.25 9.3 OLR
11.80–13.05 2.4–12.8 35.6–37.7 0.020 11.31 3.0 3.3 5.7 7.8 1.25 10.4 ILR
9.55–13.30 4.5–14.1 18.8–25.1 0.067 12.58 13.8 5.1 8.7 11.7 3.75 9.6 OLR

Remus 8.80–9.80 2.1–10.0 25.1–27.2 0.042 8.37 9.0 3.3 5.7 7.8 1.00 7.9 OLR
7.80–10.05 1.8–10.0 27.2–33.5 0.039 8.40 8.1 3.0 5.1 6.9 2.25 8.2 OLR
9.55–10.55 2.4–4.5 52.4–56.5 0.018 9.86 3.3 1.8 3.0 4.5 1.00 2.1 CR
11.30–12.55 1.8–3.9 50.3–52.4 0.010 11.55 1.8 2.1 3.6 4.8 1.25 2.1 ILR
10.55–12.55 1.8–10.9 27.2–35.6 0.027 10.28 8.1 3.0 5.1 6.9 2.00 9.1 OLR
7.30–13.30 2.7–9.9 14.7–25.1 0.071 8.30 9.9 4.2 7.2 9.9 6.00 7.2 OLR
12.30–13.30 3.9–12.0 12.6–16.8 0.029 12.65 7.5 5.4 9.3 12.6 1.00 8.1 CR

Thelma 10.55–11.55 2.1–9.3 50.3–52.4 0.021 11.02 4.5 2.1 3.6 5.1 1.00 7.2 OLR
11.05–13.30 1.8–11.0 18.8–23.0 0.040 11.29 10.2 4.5 8.1 10.8 2.25 9.2 OLR
10.30–13.30 1.5–11.1 27.2–33.5 0.039 11.16 7.5 3.3 6.0 8.4 3.00 9.6 OLR
11.30–13.05 4.5–11.4 8.4–10.5 0.081 12.60 11.4 8.4 13.8 … 1.75 6.9 CR

Notes. Columns: (1) name of the galaxy. (2) Time: start and end time of the spiral episode, listed at the midpoint of the start and end time baselines ±0.25 Gyr. (3) Radii: radial range of the
spiral episode. (4) Ωp: pattern speed range of the spiral episode. (5) a2,max: maximum a2 amplitude of the frequency-filtered inverse Fourier transform (see Appendix D). (6) Timemax: time
of a2,max. (7) Rpeak: radius at which we identify a2,max. (8) RILR: radius of ILR at Timemax. (9) RCR: corotation radius at Timemax, where CR is the corotation resonance. (10) ROLR: radius of
OLR Timemax. Blank entries indicate that the resonance radius is beyond the edge of the disk. (11) Δtime: duration of the spiral episode, calculated from column 2. (12) ΔR: radial extent of
the spiral episode. (13) Resonance point nearest to Rpeak.
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Appendix G
Windowed Discrete Fourier Transform of Stars and Cold

Dense Gas

We show the evolution of m= 2 frequencies in stars with
varying stellar ages and cold dense gas in Figure 15. In many
cases, all populations of stars and gas follow the same evolution
of Ωp. Notably, stars>7 Gyr in m12b largely deviate in Ωp from

other populations, more so than in any other galaxy. The gas
overall traces the stars remarkably well given the distribution of
cold dense gas in FIRE-2 is somewhat clumpy, and thus the
WDFT may not be as effective at tracking the cohesive
evolution of Ωp. The largest discrepancies between stars and
cold dense gas are in m12c, Juliet, and Thelma, all three of
which have relatively kinematically hotter disks.
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Figure 15. Expanded version of the composite panels in Figure 9. Frequency evolution of the three most dominant m = 2 amplitudes in stars with varying stellar
ages and star-forming gas (T < 104 K and amu cm–3 > 10) for all FIRE-2 galaxies analyzed. Stars are divided into three different groups of stellar ages: <0.5 Gyr
(green), 0.5−3 Gyr (yellow), and >7 Gyr (magenta). The cold dense gas is shown in the filled blue crosses. The gray points show all stars and are the same as in
Figure 6. Points are sized proportional to their amplitudes in each time baseline. The thick gray vertical dashed line indicates the transition from a bursty to a steady
star formation rate. The grayed out region shows the time period for which we do not analyze the results for the galaxy. We indicate the times of merger events
(dashed–dotted line), pericentric passages (dotted line), and bar episodes (hatched rectangle).

27

The Astrophysical Journal, 997:363 (29pp), 2026 February 1 Quinn et al.



ORCID iDs

J. R. Quinnaa https://orcid.org/0000-0001-6086-9873
S. R. Loebmanaa https://orcid.org/0000-0003-3217-5967
K. J. Danielaa https://orcid.org/0000-0003-2594-8052
L. Beraldo e Silvaaa https://orcid.org/0000-0002-0740-1507
A. Wetzelaa https://orcid.org/0000-0003-0603-8942
V. P. Debattistaaa https://orcid.org/0000-0001-7902-0116
A. Aroraaa https://orcid.org/0000-0002-8354-7356
S. Ansaraa https://orcid.org/0000-0002-3353-6421
D. Masoumiaa https://orcid.org/0009-0009-1128-5746
J. Bailinaa https://orcid.org/0000-0001-6380-010X

References

Ansar, S., Pearson, S., Sanderson, R. E., et al. 2025, ApJ, 978, 37
Ardèvol, J., Semczuk, M., Antoja, T., et al. 2025, arXiv, arXiv:2507.15473
Arora, A., Sanderson, R. E., Panithanpaisal, N., et al. 2022, ApJ, 939, 2
Athanassoula, E. 2012, MNRAS, 426, L46
Baba, J., Saitoh, T. R., & Wada, K. 2013, ApJ, 763, 46
Baba, J., Kawata, D., Matsunaga, N., Grand, R. J. J., & Hunt, J. A. S. 2018,
ApJL, 853, L23

Baillard, A., Bertin, E., de Lapparent, V., et al. 2011, A&A, 532, A74
Bamford, S. P., Nichol, R. C., Baldry, I. K., et al. 2009, MNRAS, 393, 1324
Bellardini, M. A., Wetzel, A., Loebman, S. R., & Bailin, J. 2022, MNRAS,
514, 4270

Benjamin, R. A., Churchwell, E., Babler, B. L., et al. 2005, ApJL, 630, L149
Bertin, G., & Lin, C. C. 1996, Spiral Structure in Galaxies a Density Wave
Theory (MIT Press)

Bertin, G., Lin, C. C., Lowe, S. A., & Thurstans, R. P. 1989, ApJ, 338, 78
Binney, J., & Tremaine, S. 2008, Galactic Dynamics (2nd ed.; Princeton Univ.
Press)

Brunthaler, A., Reid, M. J., Menten, K. M., et al. 2011, AN, 332, 461
Carlberg, R. G., & Freedman, W. L. 1985, ApJ, 298, 486
Churchwell, E., Babler, B. L., Meade, M. R., et al. 2009, PASP, 121, 213
Costantin, L., Pérez-González, P. G., Guo, Y., et al. 2023, Natur, 623, 499
Crain, R. A., Schaye, J., Bower, R. G., et al. 2015, MNRAS, 450, 1937
Cui, J., Gu, Q., & Shi, Y. 2024, MNRAS, 528, 2391
Debattista, V. P., Gonzalez, O. A., Sanderson, R. E., et al. 2019, MNRAS,
485, 5073

Debattista, V. P., Khachaturyants, T., Amarante, J. A. S., et al. 2025, MNRAS,
537, 1620

Dobbs, C., & Baba, J. 2014, PASA, 31, e035
Dobbs, C. L., Theis, C., Pringle, J. E., Bate, M. R., et al. 2010, MNRAS,
403, 625

D’Onghia, E., Vogelsberger, M., Hernquist, L., et al. 2013, ApJ, 766, 34
Drimmel, R. 2000, A&A, 358, L13
Drimmel, R., Khanna, S., Poggio, E., & Skowron, D. M. 2025, A&A,
698, A230

Eilers, A.-C., Hogg, D. W., Rix, H.-W., et al. 2020, ApJ, 900, 186
Elmegreen, D. M., & Elmegreen, B. G. 1982, MNRAS, 201, 1021
Elmegreen, D. M., & Elmegreen, B. G. 2014, ApJ, 781, 11
Faucher-Giguère, C.-A., Lidz, A., Zaldarriaga, M., & Hernquist, L. 2009, ApJ,
703, 1416

Fujii, M. S., Baba, J., Saitoh, T. R., et al. 2011, ApJ, 730, 109
Fux, R. 1997, A&A, 327, 983
Fux, R. 1999, A&A, 345, 787
Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, A&A, 616, A1
Gaia Collaboration, Drimmel, R., Romero-Gómez, M., et al. 2023, A&A,
674, A37

Garma-Oehmichen, L., Martinez-Medina, L., Hernández-Toledo, H., &
Puerari, I. 2021, MNRAS, 502, 4708

Garrison-Kimmel, S., Wetzel, A., Bullock, J. S., et al. 2017, MNRAS,
471, 1709

Garrison-Kimmel, S., Hopkins, P. F., Wetzel, A., et al. 2019a, MNRAS,
487, 1380

Garrison-Kimmel, S., Wetzel, A., Hopkins, P. F., et al. 2019b, MNRAS,
489, 4574

Georgelin, Y. M., & Georgelin, Y. P. 1976, A&A, 49, 57
Ghosh, S., & D’Onghia, E. 2025, arXiv, arXiv:2510.25848
Goldreich, P., & Lynden-Bell, D. 1965, MNRAS, 130, 125
Graf, R. L., Wetzel, A., Bailin, J., & Orr, M. E. 2025, ApJ, 991, 139
Grand, R. J. J., Kawata, D., & Cropper, M. 2012a, MNRAS, 426, 167
Grand, R. J. J., Kawata, D., & Cropper, M. 2012b, MNRAS, 421, 1529

Grand, R. J. J., Springel, V., Gómez, F. A., et al. 2016a, MNRAS, 459, 199
Grand, R. J. J., Springel, V., Kawata, D., et al. 2016b, MNRAS, 460, L94
Grand, R. J. J., Gómez, F. A., Marinacci, F., et al. 2017, MNRAS, 467, 179
Grand, R. J. J., Fragkoudi, F., Gómez, F. A., et al. 2024, MNRAS,
532, 1814

Gurvich, A. B., Stern, J., Faucher-Giguère, C.-A., et al. 2023, MNRAS,
519, 2598

Hahn, O., & Abel, T. 2011, MNRAS, 415, 2101
Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Natur, 585, 357
Hart, R. E., Bamford, S. P., Willett, K. W., et al. 2016, MNRAS, 461, 3663
Hopkins, P. F. 2015, MNRAS, 450, 53
Hopkins, P. F., Wetzel, A., Kereš, D., et al. 2018, MNRAS, 480, 800
Horta, D., Cunningham, E. C., Sanderson, R. E., et al. 2023, ApJ, 943, 158
Hou, L. G., & Han, J. L. 2014, A&A, 569, A125
Hou, L. G., Han, J. L., & Shi, W. B. 2009, A&A, 499, 473
Huang, S., Kawabe, R., Kohno, K., et al. 2023, ApJL, 958, L26
Hunt, J. A. S., Hong, J., Bovy, J., Kawata, D., & Grand, R. J. J. 2018,
MNRAS, 481, 3794

Hunter, J. D. 2007, CSE, 9, 90
Julian, W. H., & Toomre, A. 1966, ApJ, 146, 810
Kendall, S., Kennicutt, R. C., & Clarke, C. 2011, MNRAS, 414, 538
Khachaturyants, T., Beraldo e Silva, L., Debattista, V. P., & Daniel, K. J.
2022a, MNRAS, 512, 3500

Khachaturyants, T., Debattista, V. P., Ghosh, S., Beraldo e Silva, L., &
Daniel, K. J. 2022b, MNRAS, 517, L55

Khanna, S., Yu, J., Drimmel, R., et al. 2025, A&A, 701, A270
Khoperskov, S., Di Matteo, P., Haywood, M., & Combes, F. 2018, A&A,
611, L2

Kormendy, J., & Norman, C. A. 1979, ApJ, 233, 539
Kroupa, P. 2001, MNRAS, 322, 231
Krumholz, M. R., & Gnedin, N. Y. 2011, ApJ, 729, 36
Kuhn, V., Guo, Y., Martin, A., et al. 2024, ApJL, 968, L15
Kumar, A., Das, M., & Kataria, S. K. 2021, MNRAS, 506, 98
Kumar, A., Ghosh, S., Kataria, S. K., Das, M., & Debattista, V. P. 2022,
MNRAS, 516, 1114

Leitherer, C., Schaerer, D., Goldader, J. D., et al. 1999, ApJS, 123, 3
Lin, C. C., & Shu, F. H. 1964, ApJ, 140, 646
Lintott, C., Schawinski, K., Bamford, S., et al. 2011, MNRAS, 410, 166
Masters, K. L., Mosleh, M., Romer, A. K., et al. 2010, MNRAS, 405, 783
McCluskey, F., Wetzel, A., Loebman, S. R., Moreno, J., &
Faucher-Giguere, C.-A. 2024, MNRAS, 527, 6926

Minniti, J. H., Zoccali, M., Rojas-Arriagada, A., et al. 2021, A&A, 654, A138
Oh, S. H., Kim, W.-T., Lee, H. M., & Kim, J. 2008, ApJ, 683, 94
Orr, M. E., Burkhart, B., Wetzel, A., et al. 2023, MNRAS, 521, 3708
Peltonen, J., Rosolowsky, E., Williams, T. G., et al. 2024, MNRAS, 527,
10668

Perez, F., & Granger, B. E. 2007, CSE, 9, 21
Peterken, T. G., Merrifield, M. R., Aragón-Salamanca, A., et al. 2019, NatAs,
3, 178

Pettitt, A. R., Tasker, E. J., & Wadsley, J. W. 2016, MNRAS, 458, 3990
Pettitt, A. R., Tasker, E. J., Wadsley, J. W., Keller, B. W., & Benincasa, S. M.
2017, MNRAS, 468, 4189

Pettitt, A. R., & Wadsley, J. W. 2018, MNRAS, 474, 5645
Pillepich, A., Springel, V., Nelson, D., et al. 2018, MNRAS, 473, 4077
Pillepich, A., Sotillo-Ramos, D., Ramesh, R., et al. 2024, MNRAS, 535, 1721
Planck Collaboration, Aghanim, N., Akrami, Y., et al. 2020, A&A, 641, A6
Poggio, E., Drimmel, R., Cantat-Gaudin, T., et al. 2021, A&A, 651, A104
Purcell, C. W., Bullock, J. S., Tollerud, E. J., Rocha, M., & Chakrabarti, S.
2011, Natur, 477, 301

Reid, M. J., Menten, K. M., Brunthaler, A., et al. 2019, ApJ, 885, 131
Roberts, W. W. 1969, ApJ, 158, 123
Roca-Fàbrega, S., Valenzuela, O., Figueras, F., et al. 2013, MNRAS,
432, 2878

Roškar, R., Debattista, V. P., Quinn, T. R., & Wadsley, J. 2012, MNRAS,
426, 2089

Salo, H., & Laurikainen, E. 2000, MNRAS, 319, 393
Sanderson, R. E., Wetzel, A., Loebman, S., et al. 2020, ApJS, 246, 6
Schaye, J., Crain, R. A., Bower, R. G., et al. 2015, MNRAS, 446, 521
Sellwood, J. A. 2011, MNRAS, 410, 1637
Sellwood, J. A., & Athanassoula, E. 1986, MNRAS, 221, 195
Sellwood, J. A., & Binney, J. J. 2002, MNRAS, 336, 785
Sellwood, J. A., & Carlberg, R. G. 1984, ApJ, 282, 61
Sellwood, J. A., & Carlberg, R. G. 2014, ApJ, 785, 137
Sellwood, J. A., & Carlberg, R. G. 2019, MNRAS, 489, 116
Sellwood, J. A., & Carlberg, R. G. 2021, MNRAS, 500, 5043
Sellwood, J. A., & Carlberg, R. G. 2022, MNRAS, 517, 2610
Sellwood, J. A., & Masters, K. L. 2022, ARA&A, 60, 73

28

The Astrophysical Journal, 997:363 (29pp), 2026 February 1 Quinn et al.

https://orcid.org/0000-0001-6086-9873
https://orcid.org/0000-0003-3217-5967
https://orcid.org/0000-0003-2594-8052
https://orcid.org/0000-0002-0740-1507
https://orcid.org/0000-0003-0603-8942
https://orcid.org/0000-0001-7902-0116
https://orcid.org/0000-0002-8354-7356
https://orcid.org/0000-0002-3353-6421
https://orcid.org/0009-0009-1128-5746
https://orcid.org/0000-0001-6380-010X
https://doi.org/10.3847/1538-4357/ad8b45
https://ui.adsabs.harvard.edu/abs/2025ApJ...978...37A/abstract
http://arXiv.org/abs/2507.15473
https://doi.org/10.3847/1538-4357/ac93fb
https://ui.adsabs.harvard.edu/abs/2022ApJ...939....2A/abstract
https://doi.org/10.1111/j.1745-3933.2012.01320.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426L..46A/abstract
https://doi.org/10.1088/0004-637X/763/1/46
https://ui.adsabs.harvard.edu/abs/2013ApJ...763...46B/abstract
https://doi.org/10.3847/2041-8213/aaa839
https://ui.adsabs.harvard.edu/abs/2018ApJ...853L..23B/abstract
https://doi.org/10.1051/0004-6361/201016423
https://ui.adsabs.harvard.edu/abs/2011A&#x00026;A...532A..74B/abstract
https://doi.org/10.1111/j.1365-2966.2008.14252.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.393.1324B/abstract
https://doi.org/10.1093/mnras/stac1637
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.4270B/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.4270B/abstract
https://doi.org/10.1086/491785
https://ui.adsabs.harvard.edu/abs/2005ApJ...630L.149B/abstract
https://doi.org/10.1086/167182
https://ui.adsabs.harvard.edu/abs/1989ApJ...338...78B/abstract
https://doi.org/10.1002/asna.201111560
https://ui.adsabs.harvard.edu/abs/2011AN....332..461B/abstract
https://doi.org/10.1086/163634
https://ui.adsabs.harvard.edu/abs/1985ApJ...298..486C/abstract
https://doi.org/10.1086/597811
https://ui.adsabs.harvard.edu/abs/2009PASP..121..213C/abstract
https://doi.org/10.1038/s41586-023-06636-x
https://ui.adsabs.harvard.edu/abs/2023Natur.623..499C/abstract
https://doi.org/10.1093/mnras/stv725
https://ui.adsabs.harvard.edu/abs/2015MNRAS.450.1937C/abstract
https://doi.org/10.1093/mnras/stae156
https://ui.adsabs.harvard.edu/abs/2024MNRAS.528.2391C/abstract
https://doi.org/10.1093/mnras/stz746
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.5073D/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.5073D/abstract
https://doi.org/10.1093/mnras/staf035
https://ui.adsabs.harvard.edu/abs/2025MNRAS.537.1620D/abstract
https://ui.adsabs.harvard.edu/abs/2025MNRAS.537.1620D/abstract
https://doi.org/10.1017/pasa.2014.31
https://ui.adsabs.harvard.edu/abs/2014PASA...31...35D/abstract
https://doi.org/10.1111/j.1365-2966.2009.16161.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.403..625D/abstract
https://ui.adsabs.harvard.edu/abs/2010MNRAS.403..625D/abstract
https://doi.org/10.1088/0004-637X/766/1/34
https://ui.adsabs.harvard.edu/abs/2013ApJ...766...34D/abstract
https://doi.org/10.48550/arXiv.astro-ph/0005241
https://ui.adsabs.harvard.edu/abs/2000A&#x00026;A...358L..13D/abstract
https://doi.org/10.1051/0004-6361/202451100
https://ui.adsabs.harvard.edu/abs/2025A&#x00026;A...698A.230D/abstract
https://ui.adsabs.harvard.edu/abs/2025A&#x00026;A...698A.230D/abstract
https://doi.org/10.3847/1538-4357/abac0b
https://ui.adsabs.harvard.edu/abs/2020ApJ...900..186E/abstract
https://doi.org/10.1093/mnras/201.4.1021
https://ui.adsabs.harvard.edu/abs/1982MNRAS.201.1021E/abstract
https://doi.org/10.1088/0004-637X/781/1/11
https://ui.adsabs.harvard.edu/abs/2014ApJ...781...11E/abstract
https://doi.org/10.1088/0004-637X/703/2/1416
https://ui.adsabs.harvard.edu/abs/2009ApJ...703.1416F/abstract
https://ui.adsabs.harvard.edu/abs/2009ApJ...703.1416F/abstract
https://doi.org/10.1088/0004-637X/730/2/109
https://ui.adsabs.harvard.edu/abs/2011ApJ...730..109F/abstract
https://doi.org/10.48550/arXiv.astro-ph/9706242
https://ui.adsabs.harvard.edu/abs/1997A&#x00026;A...327..983F/abstract
https://doi.org/10.48550/arXiv.astro-ph/9903154
https://ui.adsabs.harvard.edu/abs/1999A&#x00026;A...345..787F/abstract
https://doi.org/10.1051/0004-6361/201833051
https://ui.adsabs.harvard.edu/abs/2018A&#x00026;A...616A...1G/abstract
https://doi.org/10.1051/0004-6361/202243797
https://ui.adsabs.harvard.edu/abs/2023A&#x00026;A...674A..37G/abstract
https://ui.adsabs.harvard.edu/abs/2023A&#x00026;A...674A..37G/abstract
https://doi.org/10.1093/mnras/stab333
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.4708G/abstract
https://doi.org/10.1093/mnras/stx1710
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.1709G/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.1709G/abstract
https://doi.org/10.1093/mnras/stz1317
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.1380G/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.1380G/abstract
https://doi.org/10.1093/mnras/stz2507
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.4574G/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.4574G/abstract
https://ui.adsabs.harvard.edu/abs/1976A&#x00026;A....49...57G/abstract
http://arXiv.org/abs/2510.25848
https://doi.org/10.1093/mnras/130.2.125
https://ui.adsabs.harvard.edu/abs/1965MNRAS.130..125G/abstract
https://doi.org/10.3847/1538-4357/adfa07
https://ui.adsabs.harvard.edu/abs/2025ApJ...991..139G/abstract
https://doi.org/10.1111/j.1365-2966.2012.21733.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426..167G/abstract
https://doi.org/10.1111/j.1365-2966.2012.20411.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421.1529G/abstract
https://doi.org/10.1093/mnras/stw601
https://ui.adsabs.harvard.edu/abs/2016MNRAS.459..199G/abstract
https://doi.org/10.1093/mnrasl/slw086
https://ui.adsabs.harvard.edu/abs/2016MNRAS.460L..94G/abstract
https://doi.org/10.1093/mnras/stx071
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467..179G/abstract
https://doi.org/10.1093/mnras/stae1598
https://ui.adsabs.harvard.edu/abs/2024MNRAS.532.1814G/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.532.1814G/abstract
https://doi.org/10.1093/mnras/stac3712
https://ui.adsabs.harvard.edu/abs/2023MNRAS.519.2598G/abstract
https://ui.adsabs.harvard.edu/abs/2023MNRAS.519.2598G/abstract
https://doi.org/10.1111/j.1365-2966.2011.18820.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415.2101H/abstract
https://doi.org/10.1038/s41586-020-2649-2
https://ui.adsabs.harvard.edu/abs/2020Natur.585..357H/abstract
https://doi.org/10.1093/mnras/stw1588
https://ui.adsabs.harvard.edu/abs/2016MNRAS.461.3663H/abstract
https://doi.org/10.1093/mnras/stv195
https://ui.adsabs.harvard.edu/abs/2015MNRAS.450...53H/abstract
https://doi.org/10.1093/mnras/sty1690
https://ui.adsabs.harvard.edu/abs/2018MNRAS.480..800H/abstract
https://doi.org/10.3847/1538-4357/acae87
https://ui.adsabs.harvard.edu/abs/2023ApJ...943..158H/abstract
https://doi.org/10.1051/0004-6361/201424039
https://ui.adsabs.harvard.edu/abs/2014A&#x00026;A...569A.125H/abstract
https://doi.org/10.1051/0004-6361/200809692
https://ui.adsabs.harvard.edu/abs/2009A&#x00026;A...499..473H/abstract
https://doi.org/10.3847/2041-8213/acff63
https://ui.adsabs.harvard.edu/abs/2023ApJ...958L..26H/abstract
https://doi.org/10.1093/mnras/sty2532
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.3794H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1086/148957
https://ui.adsabs.harvard.edu/abs/1966ApJ...146..810J/abstract
https://doi.org/10.1111/j.1365-2966.2011.18422.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.414..538K/abstract
https://doi.org/10.1093/mnras/stac606
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.3500K/abstract
https://doi.org/10.1093/mnrasl/slac112
https://ui.adsabs.harvard.edu/abs/2022MNRAS.517L..55K/abstract
https://doi.org/10.1051/0004-6361/202452798
https://ui.adsabs.harvard.edu/abs/2025A&#x00026;A...701A.270K/abstract
https://doi.org/10.1051/0004-6361/201732521
https://ui.adsabs.harvard.edu/abs/2018A&#x00026;A...611L...2K/abstract
https://ui.adsabs.harvard.edu/abs/2018A&#x00026;A...611L...2K/abstract
https://doi.org/10.1086/157414
https://ui.adsabs.harvard.edu/abs/1979ApJ...233..539K/abstract
https://doi.org/10.1046/j.1365-8711.2001.04022.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.322..231K/abstract
https://doi.org/10.1088/0004-637X/729/1/36
https://ui.adsabs.harvard.edu/abs/2011ApJ...729...36K/abstract
https://doi.org/10.3847/2041-8213/ad43eb
https://ui.adsabs.harvard.edu/abs/2024ApJ...968L..15K/abstract
https://doi.org/10.1093/mnras/stab1742
https://ui.adsabs.harvard.edu/abs/2021MNRAS.506...98K/abstract
https://doi.org/10.1093/mnras/stac2302
https://ui.adsabs.harvard.edu/abs/2022MNRAS.516.1114K/abstract
https://doi.org/10.1086/313233
https://ui.adsabs.harvard.edu/abs/1999ApJS..123....3L/abstract
https://doi.org/10.1086/147955
https://ui.adsabs.harvard.edu/abs/1964ApJ...140..646L/abstract
https://doi.org/10.1111/j.1365-2966.2010.17432.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.410..166L/abstract
https://doi.org/10.1111/j.1365-2966.2010.16503.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.405..783M/abstract
https://doi.org/10.1093/mnras/stad3547
https://ui.adsabs.harvard.edu/abs/2024MNRAS.527.6926M/abstract
https://doi.org/10.1051/0004-6361/202039512
https://ui.adsabs.harvard.edu/abs/2021A&#x00026;A...654A.138M/abstract
https://doi.org/10.1086/588184
https://ui.adsabs.harvard.edu/abs/2008ApJ...683...94O/abstract
https://doi.org/10.1093/mnras/stad676
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.3708O/abstract
https://doi.org/10.1093/mnras/stad3879
https://ui.adsabs.harvard.edu/abs/2024MNRAS.52710668P/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.52710668P/abstract
https://doi.org/10.1109/MCSE.2007.53
https://ui.adsabs.harvard.edu/abs/2007CSE.....9c..21P/abstract
https://doi.org/10.1038/s41550-018-0627-5
https://ui.adsabs.harvard.edu/abs/2019NatAs...3..178P/abstract
https://ui.adsabs.harvard.edu/abs/2019NatAs...3..178P/abstract
https://doi.org/10.1093/mnras/stw588
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.3990P/abstract
https://doi.org/10.1093/mnras/stx736
https://ui.adsabs.harvard.edu/abs/2017MNRAS.468.4189P/abstract
https://doi.org/10.1093/mnras/stx3129
https://ui.adsabs.harvard.edu/abs/2018MNRAS.474.5645P/abstract
https://doi.org/10.1093/mnras/stx2656
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473.4077P/abstract
https://doi.org/10.1093/mnras/stae2165
https://ui.adsabs.harvard.edu/abs/2024MNRAS.535.1721P/abstract
https://doi.org/10.1051/0004-6361/201833910
https://ui.adsabs.harvard.edu/abs/2020A&#x00026;A...641A...6P/abstract
https://doi.org/10.1051/0004-6361/202140687
https://ui.adsabs.harvard.edu/abs/2021A&#x00026;A...651A.104P/abstract
https://doi.org/10.1038/nature10417
https://ui.adsabs.harvard.edu/abs/2011Natur.477..301P/abstract
https://doi.org/10.3847/1538-4357/ab4a11
https://ui.adsabs.harvard.edu/abs/2019ApJ...885..131R/abstract
https://doi.org/10.1086/150177
https://ui.adsabs.harvard.edu/abs/1969ApJ...158..123R/abstract
https://doi.org/10.1093/mnras/stt643
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432.2878R/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432.2878R/abstract
https://doi.org/10.1111/j.1365-2966.2012.21860.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.2089R/abstract
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.2089R/abstract
https://doi.org/10.1046/j.1365-8711.2000.03651.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.319..393S/abstract
https://doi.org/10.3847/1538-4365/ab5b9d
https://ui.adsabs.harvard.edu/abs/2020ApJS..246....6S/abstract
https://doi.org/10.1093/mnras/stu2058
https://ui.adsabs.harvard.edu/abs/2015MNRAS.446..521S/abstract
https://doi.org/10.1111/j.1365-2966.2010.17545.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.410.1637S/abstract
https://doi.org/10.1093/mnras/221.2.195
https://ui.adsabs.harvard.edu/abs/1986MNRAS.221..195S/abstract
https://doi.org/10.1046/j.1365-8711.2002.05806.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.336..785S/abstract
https://doi.org/10.1086/162176
https://ui.adsabs.harvard.edu/abs/1984ApJ...282...61S/abstract
https://doi.org/10.1088/0004-637X/785/2/137
https://ui.adsabs.harvard.edu/abs/2014ApJ...785..137S/abstract
https://doi.org/10.1093/mnras/stz2132
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489..116S/abstract
https://doi.org/10.1093/mnras/staa3499
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.5043S/abstract
https://doi.org/10.1093/mnras/stac2817
https://ui.adsabs.harvard.edu/abs/2022MNRAS.517.2610S/abstract
https://doi.org/10.1146/annurev-astro-052920-104505
https://ui.adsabs.harvard.edu/abs/2022ARA&#x00026;A..60...73S/abstract


Sellwood, J. A., Trick, W. H., Carlberg, R. G., Coronado, J., & Rix, H.-W.
2019, MNRAS, 484, 3154

Shabani, F., Grebel, E. K., Pasquali, A., et al. 2018, MNRAS, 478, 3590
Tojeiro, R., Masters, K. L., Richards, J., et al. 2013, MNRAS, 432, 359
Toomre, A. 1964, ApJ, 139, 1217
Toomre, A., & Toomre, J. 1972, ApJ, 178, 623
Tremaine, S., & Weinberg, M. D. 1984, ApJL, 282, L5
Uppal, N., Ganesh, S., & Schultheis, M. 2023, A&A, 673, A99
Vallée, J. P. 2017, AstRv, 13, 113
VERA Collaboration, Hirota, T., Nagayama, T., et al. 2020, PASJ, 72, 50
Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, NatMe, 17, 261
Vogelsberger, M., Genel, S., Springel, V., et al. 2014, Natur, 509, 177
Wada, K., Baba, J., & Saitoh, T. R. 2011, ApJ, 735, 1
Weinberger, R., Springel, V., Hernquist, L., et al. 2017, MNRAS, 465,
3291

Wetzel, A., & Garrison-Kimmel, S., 2020a HaloAnalysis: Read and analyze
halo catalogs and merger trees, Astrophysics Source Code Library,
ascl:2002.014

Wetzel, A., & Garrison-Kimmel, S., 2020b GizmoAnalysis: Read and analyze
Gizmo simulations, Astrophysics Source Code Library, ascl:2002.015

Wetzel, A., Hayward, C. C., Sanderson, R. E., et al. 2023, ApJS, 265, 44
Wetzel, A. R., Hopkins, P. F., Kim, J.-h., et al. 2016, ApJL, 827, L23
Willett, K. W., Lintott, C. J., Bamford, S. P., et al. 2013, MNRAS, 435, 2835
Williams, T. G., Lee, J. C., Larson, K. L., et al. 2024, ApJS, 273, 13
Wu, Y., Cai, Z., Sun, F., et al. 2023, ApJL, 942, L1
Xu, Y., Hao, C. J., Liu, D. J., et al. 2023, ApJ, 947, 54
Yu, S., Bullock, J. S., Klein, C., et al. 2021, MNRAS, 505, 889
Yu, S., Bullock, J. S., Gurvich, A. B., et al. 2023, MNRAS, 523, 6220
Yu, S.-Y., & Ho, L. C. 2018, ApJ, 869, 29
Yu, S.-Y., Xu, D., Ho, L. C., Wang, J., & Kao, W.-B. 2022, A&A, 661, A98

29

The Astrophysical Journal, 997:363 (29pp), 2026 February 1 Quinn et al.

https://doi.org/10.1093/mnras/stz140
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.3154S/abstract
https://doi.org/10.1093/mnras/sty1277
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.3590S/abstract
https://doi.org/10.1093/mnras/stt484
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432..359T/abstract
https://doi.org/10.1086/147861
https://ui.adsabs.harvard.edu/abs/1964ApJ...139.1217T/abstract
https://doi.org/10.1086/151823
https://ui.adsabs.harvard.edu/abs/1972ApJ...178..623T/abstract
https://doi.org/10.1086/184292
https://ui.adsabs.harvard.edu/abs/1984ApJ...282L...5T/abstract
https://doi.org/10.1051/0004-6361/202244548
https://ui.adsabs.harvard.edu/abs/2023A&#x00026;A...673A..99U/abstract
https://doi.org/10.1080/21672857.2017.1379459
https://ui.adsabs.harvard.edu/abs/2017AstRv..13..113V/abstract
https://doi.org/10.1093/pasj/psaa018
https://ui.adsabs.harvard.edu/abs/2020PASJ...72...50V/abstract
https://doi.org/10.1038/s41592-019-0686-2
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V/abstract
https://doi.org/10.1038/nature13316
https://ui.adsabs.harvard.edu/abs/2014Natur.509..177V/abstract
https://doi.org/10.1088/0004-637X/735/1/1
https://ui.adsabs.harvard.edu/abs/2011ApJ...735....1W/abstract
https://doi.org/10.1093/mnras/stw2944
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.3291W/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.3291W/abstract
http://www.ascl.net/2002.014
http://www.ascl.net/2002.015
https://doi.org/10.3847/1538-4365/acb99a
https://ui.adsabs.harvard.edu/abs/2023ApJS..265...44W/abstract
https://doi.org/10.3847/2041-8205/827/2/L23
https://ui.adsabs.harvard.edu/abs/2016ApJ...827L..23W/abstract
https://doi.org/10.1093/mnras/stt1458
https://ui.adsabs.harvard.edu/abs/2013MNRAS.435.2835W/abstract
https://doi.org/10.3847/1538-4365/ad4be5
https://ui.adsabs.harvard.edu/abs/2024ApJS..273...13W/abstract
https://doi.org/10.3847/2041-8213/aca652
https://ui.adsabs.harvard.edu/abs/2023ApJ...942L...1W/abstract
https://doi.org/10.3847/1538-4357/acc45c
https://ui.adsabs.harvard.edu/abs/2023ApJ...947...54X/abstract
https://doi.org/10.1093/mnras/stab1339
https://ui.adsabs.harvard.edu/abs/2021MNRAS.505..889Y/abstract
https://doi.org/10.1093/mnras/stad1806
https://ui.adsabs.harvard.edu/abs/2023MNRAS.523.6220Y/abstract
https://doi.org/10.3847/1538-4357/aaeacd
https://ui.adsabs.harvard.edu/abs/2018ApJ...869...29Y/abstract
https://doi.org/10.1051/0004-6361/202142533
https://ui.adsabs.harvard.edu/abs/2022A&#x00026;A...661A..98Y/abstract

	1. Introduction
	2. Methods
	2.1. FIRE-2 Simulations
	2.2. Windowed Discrete Fourier Transform Analysis

	3. Results
	3.1. Instances of m = 2 Spiral Episodes
	3.2. Spiral Pattern Speeds
	3.3. Duration of m = 2 Spiral Episodes
	3.4. Radial Extent of m = 2 Spiral Episodes
	3.5. Strength of m = 2 Spiral Episodes
	3.6. Stellar Age Cuts and Star-forming Gas

	4. Discussion
	5. Conclusion
	Appendix A. Global Fourier Amplitudes
	Appendix B. Spectrograms
	Appendix C. Time Evolution of Spiral Structure
	Appendix D. Identifying m = 2 Spiral Episodes
	Appendix E. Inverse Fourier Transform
	Appendix F. Mass-weighted Identified m = 2 Spirals
	Appendix G. Windowed Discrete Fourier Transform of Stars and Cold Dense Gas
	References



