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A B S T R A C T 

The dominant processes by which galaxies replenish their cold gas reservoirs remain disputed, especially in massive galaxies. 
Stellar-gas kinematic misalignments offer an opportunity to study these replenishment processes. Howev er, observ ed distributions 
of these misalignments conflict with current models of gas replenishment in early-type galaxies, with longer relaxation time- 
scales suggested as a possible solution. We use the EAGLE simulation to explore the relaxation of unstable misaligned gas 
in galaxies with masses of M ∗ � 10 

9 . 5 M � in the range 0 < z < 1. We extract misalignments from formation to relaxation 

providing a sample of ∼ 3200 relaxations. We find relaxation time-scales tend to be of short-duration, with median lifetimes 
of ∼ 0 . 5 Gyr, though with a notable population of unstable misalignments lasting � 1 Gyr. Relaxation time distributions show 

a log-linear relationship, with ≈ 20 per cent of unstable misalignments persisting for � 3 torquing times. Long-lived unstable 
misalignments are predominantly found in galaxies with higher stellar masses, lower star-forming gas fractions, higher ongoing 

gas inflow, and in galaxies that reside in the centres of dense environments. Mergers only cause ≈ 10 per cent of unstable 
misalignments among galaxies at z < 0 . 35, and ≈21 per cent at 0 . 35 < cz < 1 . 0 in EAGLE . We conclude that, at least in EAGLE , 
unstable kinematic misalignments are not predominantly driven by gas-rich minor mergers at any redshift probed. Additionally, 
processes that significantly extend relaxation times are not dominant in the galaxy population. Instead, we see a diverse formation 

pathway for misalignments such as through hot halo cooling. 

Key words: methods: numerical – galaxies: evolution – galaxies: general – galaxies: haloes – galaxies: interactions – galaxies: 
kinematics and dynamics. 
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 I N T RO D U C T I O N  

hroughout a galaxy’s lifetime, the supply of gas plays an important
ole in driving its evolution. Cold molecular gas in particular plays a
ey role as it is consumed by galactic processes such as star formation
SF) and active galactic nuclei (A GNs) fuelling. However , with gas
epletion time-scales of the order of a few gigayears, systems must
eplenish their cold gas reservoirs if they are to maintain the observed
evels of SF (e.g. Kennicutt, Tamblyn & Congdon 1994 ). 

Galaxies can replenish their cold gas reservoirs through a variety
f processes. Internal replenishment can occur through stellar mass-
oss (e.g. Parriott & Bregman 2008 ; Leitner & Kravtsov 2011 ) and
he cooling of hot halo gas (e.g. Kere ̌s et al. 2005 ; Lagos et al.
014 ). Cold gas can also be supplied externally through gas-rich
alaxy interactions/mergers (e.g. Di Teodoro & Fraternali 2014 ;
arrera-Ballesteros et al. 2015 ) and direct accretion of cold gas

rom filaments (e.g. Kere ̌s et al. 2005 ; Brooks et al. 2009 ). While the
upply of cold gas through major mergers is fairly well established,
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he degree to which cold gas is replenished through other means is less
onstrained. 

Stellar-gas kinematic misalignments (henceforth ‘misaligned
alaxies’) have been one laboratory in which the origins of cold
as replenishment have been studied (e.g. Sarzi et al. 2006 ; Davis
t al. 2011 ; Davis & Bureau 2016 ; Bryant et al. 2019 ; Ruffa
t al. 2019b ; Duckworth, Tojeiro & Kraljic 2020a ). Observationally,
isalignments are found in ≈ 11 per cent of the galaxy population

t z ∼ 0 . 1 (Bryant et al. 2019 ) and show a strong morphological
ependence, with ∼ 30 –40 per cent of early-type galaxies (ETGs)
nd ∼ 2 –5 per cent of LTGs showing such features (e.g. Davis
t al. 2011 ; Chen et al. 2016 ; Bryant et al. 2019 ; Duckworth et al.
019 ; Ruffa et al. 2019a ; Ristea et al. 2022 ; Raimundo, Malkan &
estergaard 2023 ). Cosmological hydrodynamical simulations, such
s EAGLE (Crain et al. 2015 ; Schaye et al. 2015 ) and HORIZON-AGN

Dubois et al. 2014 ), have also pro v en to be invaluable to understand-
ng the physical drivers and time-scales involved in misalignments,
wing to their ability to trace galaxies o v er time. These have been able
o recreate the observed misalignment populations (e.g. Duckworth
t al. 2020a ; Khim et al. 2020 ; Casanue v a et al. 2022 ). 
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The existence of stellar-gas misalignments is predicted by our 
urrent Lambda cold dark matter ( � CDM) cosmological model. 
tellar and gaseous components are expected to form an aligned 
iscy structure as a natural consequence of galaxy formation (see 
idal torque theory by Peebles 1969 ; Doroshkevich 1970 ; and White
984 ). As the galaxy evolves, stellar and gas components may de-
ouple and become misaligned, provided that the angular momentum 

f the existing gas disc is overcome and a new misaligned disc can
orm. The stochastic nature of external gas accretion and ability, to 
rst order, to accrete with a random angular momentum orientation 
av e led e xternal accretion to become the fa v oured dominant driver
ehind many misalignments (e.g. Davis et al. 2011 ; van de Voort
t al. 2015 ; Starkenburg et al. 2019 ; Duckworth et al. 2020b ; Khim
t al. 2021 ; Casanue v a et al. 2022 ). 

Due to their inherent instability, stellar-gas kinematic misalign- 
ents are transient phenomena and are not expected to be long-lived 

Tohline, Simonson & Caldwell 1982 ; Lake & Norman 1983 ). Once
ormed, a misaligned gas disc will continuously dissipate angular 
omentum until it has settled back into the plane of the stellar disc

assumed to dominate the mass distribution at radii of interest). This
roduces populations of conventional co-rotating ( ∼ 0 ◦) and counter- 
otating ( ∼ 180 ◦) galaxies. While the former are indistinguishable 
rom secularly evolved galaxies, the latter are long-lived and thought 
nly possible through the relaxation of a previously misaligned gas 
isc (e.g. Bryant et al. 2019 ; Duckworth et al. 2020a ; Khoperskov
t al. 2021 ). Prolate mass distrib utions with a polar -ring ( ∼ 90 ◦) are
lso thought to be stable (Tohline et al. 1982 ), though such systems
re not common and constitute only a few per cent of observable
enticular galaxies (e.g. Macci ̀o, Moore & Stadel 2006 ; Bryant et al.
019 ). In the absence of processes preserving this misaligned gas 
isc, relaxation into a stable regime is thought to occur quickly, with
dealized theoretical estimates predicting time-scales of less than 5 
ynamical times (Tohline et al. 1982 ; Steiman-Cameron & Durisen 
988 ). For a typical ETG with a highly spherical mass distribution,
his is typically equi v alent to ∼ 100 Myr (Davis & Bureau 2016 ). 

A key area of contention lies between the observed shape of the
isalignment fraction distributions and those predicted by analytical 
odels. As explored in detail in Davis & Bureau ( 2016 ), assuming
ergers are the primary driver of misalignments alongside theoretical 

elaxation time-scales (in the absence of smooth accretion), current 
odels significantly o v erpredict the number of relaxed systems. 
ecent theoretical findings point to a significantly more diverse 

ormation path for misaligned systems. These include the accretion 
f gas stripped from a nearby low-mass satellite, perturbations of 
he existing co-rotating gas induced from fly-bys or ram-pressure 
tripping, and halo cooling on to gas-poor systems (e.g. Lagos 
t al. 2015 ; Bryant et al. 2019 ; Khim et al. 2021 ; Cenci et al.
024 ). Likewise, the inclusion of smooth accretion on to an existing
isaligned gas disc has been shown to significantly enhance the 
isalignment time-scales beyond theoretical time-scales (e.g. de 
oort et al. 2015 ; Lagos et al. 2015 ; Ruffa et al. 2019b ). This
isaligned smooth accretion may be supplied through halo cooling 

e.g. Negri et al. 2014 ; Lagos et al. 2015 ; Ruffa et al. 2019b ;
uckworth et al. 2020a ), provided the galaxy hosts a gaseous halo

hat is kinematically misaligned with respect to its stellar component 
e.g. Padilla et al. 2014 ; Duckworth et al. 2020a ). Misaligned smooth
ccretion may also be supplied from tidal tails from a recent merger
hat can significantly extend the longevity of a misalignment beyond 
 2 Gyr (de Voort et al. 2015 ). Taken together, these results suggest

he processes by which galaxies replenish their cold gas may be more
i verse than pre viously thought. Thus, by investigating the time- 
cales of misalignments in hydrodynamical simulations we can gain 
nsights into gas replenishment processes that may be challenging to 
etect observationally. 

Thus far, the exploration of misalignment time-scales has been 
argely limited to small numbers of galaxies with idealized behaviour. 
ne notable exception is from Khim et al. ( 2021 ) who used the
ORIZON-AGN simulation to study the lifetimes of misalignments in 
 sizeable galaxy population. Using a sample of ∼ 2200 misaligned 
alaxies at z = 0 . 52 and measuring the population decay, they find
 significant population of galaxies with misalignment lifetimes of 
 2 Gyr with a strong morphological dependence. ETGs were found
ith characteristic decay time-scales of ≈ 2 . 3 Gyr compared to
0 . 8 Gyr for LTGs. Overall, galaxies with lower gas fractions, more

arly-type morphologies, and those residing in denser environments 
ere found to have longer decay time-scales. As these properties 

re common among ETGs (Dressler 1980 ), this is thought to
mplify the higher misalignment fractions among ETG populations. 
dditionally, misalignments formed from interactions between the 
alaxy and a dense medium (e.g. ram-pressure stripping; Gunn & 

ott 1972 ) were found to be the most long-lived, with those caused
y mergers, galaxy interactions, and remaining processes including 
alo cooling and filament accretion resulting in faster relaxations. 
Another noticeable exception is from Casanue v a et al. ( 2022 ) who

sed the EAGLE simulation to investigate the origin of misaligned 
alaxies for a representative galaxy population. They find galaxies 
hat remain misaligned between two neighbouring simulation snap- 
hots are typically more spheroidal, dispersion-dominated, and gas- 
oor. Misalignment formation was found to correlate most strongly 
ith a reduction in cold gas fraction, which was attributed to gas

tripping from nearby galaxy interactions. Mergers were found 
o coincide with misalignment formation in only ≈ 4 per cent . 
longside comparable external accretion rates in aligned galaxies, 
asanue v a et al. ( 2022 ) suggest external processes are not the
ominant driver of misalignments in EAGLE , in agreement with Khim
t al. ( 2021 ). 

In this paper, we use the Evolution and Assembly of GaLaxies
nd their Environments ( EAGLE ) suite of cosmological hydrody- 
amical simulations (Crain et al. 2015 ; Schaye et al. 2015 ) to
nvestigate the persistence of stellar-gas kinematic misalignments 
or a representative galaxy population from 0 < z < 1. Importantly,
ur approach differs from that of Khim et al. ( 2021 ) as we extract a
opulation of misalignments o v er a complete window from formation 
o relaxation, rather than characterizing relaxation time-scales using 
 misalignment population decay from a given redshift. Additionally, 
e study these misalignments as 3D angles, rather than in projection,

nd treat stable co- and counter-rotating regimes separately. In this 
ay, we create a reliable estimate of the misalignment time-scales 

or a large galaxy sample for the first time. Specifically, we aim
o answer the following questions: (1) whether significantly longer 
elaxation time-scales (of order ∼ 20 –80 dynamical time-scales) as 
uggested by Davis & Bureau ( 2016 ) are seen within EAGLE ; (2)
he degree to which relaxation times vary with galaxy properties 
nd environment; and (3) to what extent are mergers associated with
isalignment formation. 
This paper is organized as follows. In Section 2 we outline the

heoretical background regarding predicted relaxation time-scales. 
n Section 3 we give an o v erview of EAGLE . In Section 4 we outline
he sample of galaxies we use for this work. In Section 5 we give an
 v erview of the galaxy properties we calculate alongside definitions
f various parameters we use throughout this work. In Section 6 we
resent our results and compare these with existing results. Finally, 
e conclude in Section 7 . 
MNRAS 541, 494–515 (2025) 
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 T H E O R E T I C A L  R E L A X AT I O N  TIME-SCALES  

s outlined by Tohline et al. ( 1982 ), a misaligned disc of gas can be
odelled by a series of rings embedded within an ellipsoidal gravita-

ional potential well. These rings of gas have a circular velocity V rot 

t a radius R. The non-zero angular momentum component of this
as will experience a net torque from the existing mass distribution.
his results in a precession rate given by 

˙ = −3 

2 
ω 0 J 2 cos ( ψ) , (1) 

here ω 0 = V rot /R is the angular velocity of the gas at a given radius,
 2 is the coefficient of the quadrupole moment of an ellipsoidal
ravitational field, and ψ is the angle between the stellar and cold
as angular momentum vectors. 

As the precession rate given by equation ( 1 ) increases towards
maller radii, this results in a warped disc. This planar divergence
s stronger towards the central regions of the disc and has been well
tudied in nearby galaxies such as Centaurus A (e.g. Nicholson,
land-Hawthorn & Taylor 1992 ). For a misaligned gas disc, neigh-
ouring non-coplanar cold gas clouds will interact and dissipate
he perpendicular angular momentum component. This suppresses
on-circular orbits and forces radially adjacent rings into coplanar
rbits. The angular momentum of a misaligned gas disc is therefore
ot conserved, with the surrounding stars absorbing the lost angular
omentum (Tohline et al. 1982 ). The loss of angular momentum

auses the gas disc to settle into the fundamental plane of the galaxy
iven by the angular momentum of the mass distribution. As the
ass of stars is thought to dominate the mass distributions of the

entres of these galaxies, the fundamental plane is assumed to be
hat of the net stellar angular momentum. A misaligned gas disc is
herefore expected to naturally settle into a co- or counter-rotating
onfiguration with respect to the stellar component. As there are no
et torque acts on gas discs in co- or counter-rotating configurations,
hese are expected to be long-lived and stable. 

As described by Tohline et al. ( 1982 ) and Lake & Norman ( 1983 ),
n the absence of continued accretion on to the gas disc that may
reserve its angular momentum, the time taken for a misaligned disc
o relax back into a stable configuration should be go v erned by the
orquing time-scale, 

 torque ≈ 1 

ġ 
≈ t dyn 

ε
= 

2 πR 

V rot ε
, (2) 

here ε is the stellar ellipticity and the dynamical time of the galaxy
s defined as t dyn = 2 πR/V rot . For a typical ETG with ε ≈ 0 . 2, a disc
ize of R ≈ 1 kpc, and V rot ≈ 200 km s −1 , this implies t relax ≈ 5 t dyn ,
orresponding to ∼ 0 . 2 Gyr. This highlights the expected short-lived
ifetimes of stellar-gas kinematic misalignments. 

 T H E  EAGLE SIMULATION  

he EAGLE 1 is a suite of cosmological hydrodynamical simulations
escribed in Schaye et al. ( 2015 ) and Crain et al. ( 2015 ). These
imulations use a modified version of the parallel N -body smoothed
article hydrodynamics code GADGET -3 (Springel, Di Matteo &
ernquist 2005 ; Springel et al. 2008 ) known as ANARCHY (see
challer et al. 2015 for description and analysis). The initial
onditions for these simulations were generated using PANPHASIA

Jenkins & Booth 2013 ). A � CDM framework is also assumed,
NRAS 541, 494–515 (2025) 

 Publicly available data products available from http://eagle.strw .leidenuniv . 
l and https:// icc.dur.ac.uk/ Eagle and described in McAlpine et al. ( 2016 ). 
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c

ith �m 

= 0 . 307, �� 

= 0 . 693, �b = 0 . 04825, h = 0 . 6777, σ8 =
 . 8288, n s = 0 . 9611, and Y = 0 . 248 (Planck Collaboration I 2014 ).

EAGLE uses sub-grid models to capture physical processes below
he resolution limit ( ∼ 0 . 7 pkpc) of the simulation. These include
adiative cooling and photoheating (Wiersma, Schaye & Smith
009a ), SF (Schaye & Dalla Vecchia 2008 ), stellar evolution and
nterstellar medium (ISM) enrichment (Wiersma et al. 2009b ), the
tochastic thermal stellar feedback by Dalla Vecchia & Schaye
 2012 ), and black hole growth through accretion and mergers and
eedback (Springel et al. 2005 ; Rosas-Gue v ara et al. 2015 ). The
AGLE sub-grid parameters are tuned to reproduce observations of the
alaxy stellar mass function and galaxy sizes relation at z ∼ 0. The
AGLE simulations have been successful in reproducing observational
ass, size, and morphology distributions (e.g. Schaye et al. 2015 ;
orrea et al. 2017 ; Trayford & Schaye 2019 ; Pfeffer et al. 2023 ). 
In EAGLE , galaxies and their host haloes are identified through

 series of stages described in Schaye et al. ( 2015 ). In short, dark
atter (DM) haloes are identified in post-processing using the friend-

f-friends (FoF) algorithm (Davis et al. 1985 ), with a linking length
f ≈ 0 . 2 times the mean interparticle separation. Stellar, gas, and
lack hole particles are then assigned to the same FoF-halo as their
earest DM particle. Substructures within these FoF-haloes, called
ubhaloes, are then identified using the SUBFIND algorithm (Springel
t al. 2001 ; Dolag et al. 2009 ) by identifying gravitationally bound
 v erdensities by considering both DM and baryonic particles. The
ubhalo with the lowest value of the gravitational potential within
n FoF-halo is assigned as the central galaxy, with the remaining
ubhaloes being designated as satellite galaxies. 

Galaxy evolution can be traced using the subhalo merger trees by
u et al. ( 2017 ) that were generated using the D-TREES algorithm

Jiang et al. 2014 ). The latter links subhaloes by establishing the lo-
ation of the majority of all particles assigned to a particular subhalo
etween consecutive snapshots. 2 Mergers are treated hierarchically
uch that two (or more) progenitor galaxies undergoing a merger
ill form a single descendant galaxy. A merger is defined to occur
nce the D-TREES algorithm can no longer identify a progenitor
ubhalo among the SUBFIND catalogues. At this point the SUBFIND

lgorithm can no longer distinguish the progenitor density profiles,
t which point particles from the secondary galaxy are reassigned
o the primary galaxy. Occasionally during mergers, the algorithm
ay switch the primary and secondary galaxies if these are in

ery close proximity (‘Subhalo switching problem’; see Qu et al.
017 , for details). Regarding this work, a switch between coalescing
alaxies in which one galaxy is misaligned may distort the measured
isalignment duration. To minimize this effect, we exclude galaxies

hat experience a spontaneous stellar mass decrease of > 50 per cent
hile misaligned. This ensures a spontaneous switch to a low-mass
erging satellite is not falsely included as a misalignment. Ho we ver,
e do not find this choice to meaningfully affect our sample or

esults. 
The EAGLE simulation is stored in 400 intervals between z ∼ 20

nd z = 0. Of these, 29 are ‘snapshots’ with time intervals from
0 . 3 to 1 Gyr, which record complete particle properties alongside

 xtensiv e halo and subhalo property catalogues. Additionally, 400
igher time-cadence ‘snipshots’ are stored with limited catalogues
f particle and subhalo properties, though with enough information
o calculate misalignment angles. We use 200 of these 400 snipshots
or which merger trees were run by Crain et al. ( 2017 ), with a mean
 For a more detailed explanation of the D-TREES algorithm and merger tree 
onstruction see Jiang et al. ( 2014 ) and Qu et al. ( 2017 ), respectively. 

http://eagle.strw.leidenuniv.nl
https://icc.dur.ac.uk/Eagle
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Table 1. Parameters of the REF-L100N1504 simulation from the EAGLE 

suite. From top to bottom, the rows report co-moving box size; initial DM 

particle count (initially there is an equal number of baryonic particles); initial 
particle mass of gas particles; initial particle mass of DM particles; co-moving, 
Plummer-equi v alent gravitational softening length; and maximum physical 
gravitational softening length. 

Parameter Value 

Volume (100 cMpc) 3 

Total particle count ×1504 3 

Initial gas particle mass 1 . 81 × 10 6 M �
Initial DM particle mass 9 . 7 × 10 6 M �
Co-moving gravitational softening length 2.66 ckpc 
Max. physical gravitational softening length 0.7 pkpc 
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Figure 1. Galaxy stellar mass function at z = 0 . 1 of the total galaxy pop- 
ulation (solid purple line) in the REF-L100N1504 simulation in comparison 
with our sub-sample of galaxies (dashed red line) selected using the criteria 
listed in Section 4 . There is no mass bias in our sub-sample compared to the 
general galaxy population. 
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ime cadence of ≈ 0 . 12 Gyr within our target redshift range. These
llow us to distinguish between faster ( ∼ 0 . 1 Gyr) and longer lived
 � 1 Gyr) misalignments. As we wish to focus on the period in which
alaxy growth occurs largely linearly, we limit our data analysis to 
 < z < 1, which provides a wide temporal window o v er which to
easure relaxation time-scale distributions. For this work we make 

se of the largest reference simulation, REF-L100N1504 , which has 
 box size of 100 co-moving Mpc 3 (henceforth ckpc for co-moving 
nd pkpc for proper length-scales). Parameters specific to the REF- 
100N1504 are summarized in Table 1 . 

 SAMPLE  

he REF-L100N1504 simulation contains ∼ 7300 galaxies with a 
tellar mass M ∗ > 10 9 . 5 M � at z = 0 . 1. This provides a statistically
ignificant galaxy population with a range of morphologies and sizes 
rom which to sample misalignments. 

In order to select our sample we use similar limits as those adopted
y Casanue v a et al. ( 2022 ) and highlight any dif ferences belo w. We
onsider both central and satellite galaxies in our analysis and extract 
alaxies under the following conditions: 

(i) A minimum subhalo stellar mass of M ∗ > 10 9 . 5 M � within a
pherical aperture size of 30 pkpc, centred on the minimum potential 
f the galaxy. This mass limit ensures we only include galaxies that
re sufficiently resolved. 

(ii) A minimum star-forming gas (gas SF ) particle count of 20 for
inematic measurements within the stellar half-mass radius ( r 50 ). We 
efine r 50 as the spherical radius enclosing half the stellar mass within
0 pkpc, centred on the stellar centre of mass, which is approximately
qui v alent to the ef fecti ve radius in galaxy observations. The low
as SF particle count allows us to probe relatively deep into the 
ow quenched ETG population (that dominates the misaligned 
opulation) while having a statistically significant particle count from 

hich to extract kinematic information. We note that changing this 
imit up to 50 or 100 particles leaves the shape and median values
f our relaxation time-scale distributions unchanged, and thus this 
hoice does not unduly influence our results. 

(iii) A maximum spatial separation between the stellar and gas SF 

entres of mass within < 2 pkpc. This allows us to exclude galaxies
eaturing highly perturbed cold gas reservoirs that are only loosely 
ssociated with the galaxy (see appendix D in Trayford & Schaye 
019 , for examples of this in high-mass galaxies). 
(iv) A maximum uncertainty of < 30 ◦ for the misalignment 

ngle using boostrap resampling. This criterion is moti v ated by the
resence of systems that are heavily dispersion-dominated and/or 
eature relati vely fe w gas SF particles (as is typical for many ETGs).
hanging this limit to < 10 ◦ leaves our results and conclusions
nchanged. 

Unlike Casanue v a et al. ( 2022 ), we do not impose a direct limit
n dispersion-dominated systems through the use of the stellar spin 
arameters (see Emsellem et al. 2011 ). Instead, we use bootstrap
esampling and take the 1 σ (68 per cent) percentiles to estimate the
ncertainty in the misalignment angle. This uncertainty method will 
aturally scale with the degree of stellar dispersion in the galaxy, but
ill also remo v e a handful of galaxies with chaotic gas SF kinematics

hat are not captured by the stellar spin parameter. Our uncertainty
imit of < 30 ◦ is moti v ated by similar uncertainty thresholds used
n observational studies (e.g. Davis et al. 2011 ). At z = 0 . 1, this
riterion reduces our sample size by ≈ 6 . 5 per cent . The majority of
he excluded objects are dispersion-dominated ETGs with low gas SF 

article counts. 
At z = 0 . 1, this gives us a sample of 5428 galaxies. Similar

umbers are obtained at redshifts up to z ≈ 1. Overall, the adopted
riteria produce galaxy samples that do not show significant bias 
owards any galaxy mass, for a range of snapshots. For instance,
ig. 1 shows the stellar mass function of our final sample at
 = 0 . 1, alongside the total galaxy population in the REF-L100N1504
eference simulation, which shows that the two populations have a 
imilar mass distribution down to our sample limit. Additionally, this 
ample shows no bias in M ∗−SFR (among galaxies with SFR > 0)
nd no bias in halo mass (not shown). 

 M E T H O D O L O G Y  

.1 Internal galaxy properties 

.1.1 Star-forming gas and star-forming gas fraction 

bservationally, gas kinematics are typically measured by tracing 
he warm ISM using H α. This has been shown to be co-moving with
he cold dense phase of the ISM (e.g. Davis et al. 2011 ). For this
ork, we assume that the cold gas in a galaxy is described most

losely by the properties of the star-forming g as (g as SF ) particles in
AGLE . These are defined as gas particles with a SFR > 0 and follow
 metallicity-dependant density threshold described in Schaye et al. 
 2015 ). 

We define the star-forming gas fraction of a galaxy as 

 gas , SF = 

M gas , SF 

M gas + M ∗
, (3) 
MNRAS 541, 494–515 (2025) 
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here M ∗, M gas , and M gas , SF are the stellar, g as, and g as SF masses of
he galaxy within our kinematic aperture of r 50 . 

.1.2 Morphology 

AGLE successfully reproduces the observed bimodal galaxy popu-
ation of ‘red sequence’ spheroidal quiescent galaxies (ETGs) and
blue cloud’ discy star-forming galaxies (LTGs; e.g. Trayford et al.
015 ; Correa et al. 2017 ; Thob et al. 2019 ; Pfeffer et al. 2023 ). 
Correa et al. ( 2017 ) found that these populations can be ef fecti vely

istinguished using the ratio of the co-rotational kinetic energy
raction, κco , as a proxy for morphology. This describes the ratio
f total kinetic energy ( K) that is invested in co-rotation ( K 

rot 
co ) and

s given by 

co = 

K 

rot 
co 

K 

= 

1 

K 

∑ 

i,L z , i > 0 

1 

2 
m i 

(
L z , i 

m i R i 

)2 

, (4) 

here the sum is o v er all particles of a given type within a sphere of
adius 30 pkpc centred on the minimum potential, m i is the particle
ass, L z , i is the net angular momentum, and R i is the radius from

he centre of potential in the plane normal to the rotation axis of
he given particle type (Correa et al. 2017 ). We denote stellar co-
otational kinetic energy fraction as κ∗

co . Following Correa et al.
 2017 ) and Thob et al. ( 2019 ), we use κ∗

co as a proxy for morphology
o distinguish between ETGs ( κ∗

co < 0 . 4) and LTGs ( κ∗
co > 0 . 4). 

Similarly, we define the gas SF co-rotational kinetic energy fraction
s κSF 

co using all gas SF particles within a sphere of radius r 50 . We find
y visual inspection that thin gas discs can be broadly described by
SF 
co � 0 . 7, which is consistent to existing literature (e.g. Jim ́enez
t al. 2023 ). 

To characterize the torquing time-scale, we make use of a further
roxy of galaxy morphology, the stellar ellipticity, using the iterative
cheme outlined in Thob et al. ( 2019 ). We define the stellar ellipticity
s 

= 1 − c 

a 
, (5) 

here a and c are the major and minor axes of the ellipse, respectively.
s opposed to κco , these use the square root of the eigenvalues of the

tellar mass distribution tensor to characterize the morphology of a
alaxy within an initial spherical aperture of 30 pkpc (for details see
hob et al. 2019 ). 

.1.3 Misalignment angles 

e assume the kinematic centre of the galaxy is described by the
tellar centre of mass and stellar peculiar velocity within r 50 . We
dditionally impose r 50 = max (r 50 , 1 pkpc ) for both spherical and
rojected radii to account for artefacts at or near the resolution limit
f ≈ 0 . 7 pkpc. 
We assume the kinematics of the particles are captured by the

et angular momentum v ector. F or galaxies meeting our selection
riteria, the angular momentum of a component is given by 

 spin = 

∑ 

i 

m i ( r i − r COM 

) × ( v i − v COM 

) , (6) 

here the sum is o v er all particles of a specified type within r 50 , m i is
he particle mass, r i and v i are the physical position and velocity of
he particle, and r COM 

and v COM 

are the position and peculiar velocity
f the stellar centre of mass within r 50 , which were used to ensure
onsistency with observational studies. For DM particles, we extract
inematic properties within a spherical aperture of 30 pkpc. 
NRAS 541, 494–515 (2025) 
As we intend to investigate the inherent behaviour and evolution of
isaligned disc kinematics, we predominantly work with misalign-
ent angles in three-dimensional (3D) space, as opposed to projected
isalignments between position angles (PAs) that are typically used

n observational studies. This allows us to measure the relaxation
ime-scales removing the bias of the viewing angle. Misalignment
ngles are given by the dot product between the angular momentum
nit vectors. 
We assume the most widely used classification to interpret galaxy

inematics (e.g. Davis et al. 2011 ), classifying as aligned those
alaxies with stellar-gas kinematic angles < 30 ◦, misaligned those
ith angles > 30 ◦. Among the misaligned galaxy population, we
ake a further distinction between unstable misalignments with

ngles [30 ◦ − 150 ◦] and counter-rotation with angles > 150 ◦. 

.2 External properties 

ollo wing Casanue v a et al. ( 2022 ), we use the halo mass, M 200c ,
s a proxy to describe the large-scale environment density within
hich a galaxy resides (e.g. galaxy clusters with M 200c > 10 14 M �).
 200c , is given by the total mass bound within a radius 200 times

he critical density. Among central galaxies, it follows that a larger
alo mass corresponds to a larger reservoir of hot halo gas available
o potentially cool on to the central galaxy (e.g. Correa et al. 2018 ;

itchell & Schaye 2022 ). 
We define galaxy properties related to mergers using the hierar-

hical merger trees by Qu et al. ( 2017 ). Galaxies with more than one
rogenitor galaxy is indicative of a galaxy merger having occurred.
e define the mass ratio of a merger as 

∗ = 

M 

S 
∗

M 

P ∗
, (7) 

here M 

S 
∗ and M 

P 
∗ are the stellar masses of the secondary (less

assive) and primary (most massive) galaxies, respectively. Merger
atios are calculated from values in the merger tree at the point of the
aximum stellar mass of the secondary galaxy within the past 2 Gyr

o account for stellar stripping prior to infall (see Rodriguez-Gomez
t al. 2015 ; Qu et al. 2017 ). Major and minor mergers are defined with
ass ratios of μ∗ ≥ 0 . 3 and 0 . 3 ≥ μ∗ ≥ 0 . 1, respectively (e.g. Cox

t al. 2008 ; Lagos et al. 2018 ). We assume that ratios of μ∗ < 0 . 1 are
irect accretion events (sometimes called micro-mergers) because
hese are poorly resolved in EAGLE (Crain et al. 2017 ). 

.3 Relaxation times and relaxation paths 

.3.1 Relaxation times 

n order to estimate the relaxation time of an unstable misalignment
e require galaxies to meet our sample criteria o v er consecutiv e snap-

hots from misalignment formation to relaxation. We also exclude
nstable misalignments for which we cannot establish a formation
nd relaxation point within 0 < z < 1. By limiting ourselves to
alaxies with a complete ‘relaxation window’, we extract a smaller
ample of relaxations but are able to establish a more reliable estimate
f relaxation times. Additionally, our redshift range naturally places
n upper limit on the relaxation time that we can accurately measure
n our sample, with t relax ≈ 40 t dyn approaching the ≈ 8 Gyr window
n the range 0 < z < 1, for a typical ETG. 

In previous work using a single galaxy in a zoom-in simulation, de
oort et al. ( 2015 ) define the relaxation time as the time between the

ormation of the misalignment (an initial sharp peak to ψ 3D ≈ 90 ◦)
nd the first snapshot with ψ 3D < 20 ◦. In contrast, Khim et al. ( 2021 )
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se a sample of 2177 misalignments with projected PAs at z = 0 . 52
o define the misalignment duration by fitting the remaining fraction 
f misaligned discs as a function of time. Galaxies are assumed to
av e relax ed upon first returning back to ψ 2D ≤ 30 ◦. While this latter
pproach is able to mimic observational studies more reliably through 
he use of PAs, it is explicitly a measure of the duration a galaxy
pends misaligned ( ψ 2D ≥ 30 ◦), rather than the duration a galaxy
pends in the unstable misaligned regime. As such, this method 
oes not account for systems that remain in the kinematically stable 
ounter-rotating regime for a considerable time (e.g. Starkenburg 
t al. 2019 ). 

For this work, we adopt a similar definition and approach as de
oort et al. ( 2015 ), modified for use on a more diverse population of
alaxies and misalignments. Our aim here is to generalize relaxation 
ime-scales of unstable misalignments for comparison with theo- 
etical predictions (see Section 2 ), complementing the approach of 
him et al. ( 2021 ). As an unstable misalignment may be formed from

n existing long-lived counter-rotating system, we define a separate 
inematically stable regime of ψ 3D < 20 ◦ and ψ 3D > 160 ◦. This is
oti v ated by visual inspection of typical galaxies that are found to
ostly reside within this regime, with only few outliers caused by 

andom fluctuations. Galaxies with 20 ◦ ≤ ψ 3D ≤ 160 ◦ are defined 
s kinematically unstable. We then require any galaxy leaving the 
inematically stable regime to enter the unstable misaligned regime 
30 ◦ ≤ ψ 3D ≤ 150 ◦) in order to be classified as significant deviation
rom the kinematically stable regime. 3 In most cases, the first snipshot 
n the unstable regime also corresponds to the first snipshot in the
nstable misaligned regime. We define the beginning of a relaxation 
rom the first snipshot in the kinematically unstable regime. 

As some misalignments may experience a small degree of scatter 
uring relaxation to the stable regime, we introduce a new parameter, 
he latency time, t lat . This is defined as the minimum amount of
ime a galaxy must have spent in the stable regime for the unstable
isalignment to have truly settled. We set this value to t lat = 0 . 1 Gyr

 � 1 snipshots), again from visual inspection. We define the end of
 relaxation as the first snipshot upon returning to the stable regime,
o long as the galaxy remains in the stable regime for period of at
east another t lat . The relaxation time, t relax , is then defined as the time
etween the snipshots corresponding to the beginning and end of the 
isalignment. This gives us an error of approximately ±0 . 12 Gyr on

 relax . 
By applying this criterion, we aim to find a balance between 

xtracting numerous short-duration unstable misalignments that may 
e associated with small fluctuations from a larger o v erall relaxation,
nd extracting clearly separate unstable misalignment events as one 
ong relaxation. We demonstrate the reliability of this criterion 
y showing two example galaxies in Section 6.2 and discuss its
mplications on our relaxation time-scale distribution in Appendix A . 

.3.2 Dynamical and torquing times 

stimates of the t dyn and t torque require an estimate of the radius of
he gas SF disc. We assume that this radius is broadly described by
wice the gas SF half-mass radii (2 r SF 

50 ) per visual inspection of our
ample and from past studies on SF gas discs in EAGLE (e.g. Hill et al.
021 ). We calculate the rotational velocity ( V rot ) assuming a spherical
ass distribution at a radius min (2 r SF 

50 , r 50 ) where we have taken into
 F ollowing our e xisting method, we note that changing the stable regime 
imits to ψ 3D < 30 ◦ and ψ 3D > 150 ◦, and the unstable misaligned regime to 
5 ◦ ≤ ψ 3D ≤ 135 ◦ do not meaningfully change our results. 

(  

t  

n

f  
ccount the stellar half-mass radius ( r 50 ) as the aperture of kinematic
easurements. This allows us to compensate for galaxies with small 

as discs with respect to the aperture of kinematic measurements, as
ay be found in some ETGs. 
The t torque of a galaxy can vary between snipshots due to changes

n the gas disc radius and stellar ellipticity. The gas disc radius and
tellar ellipticity were found to vary within a standard deviation of

10 per cent between misalignment formation and relaxation in our 
ample. We express the relaxation time in terms of time passed in Gyr
nd as normalized values using the the time-averaged dynamical and 
orquing time taken o v er the duration of the misalignment, denoted
s ̄t dyn and ̄t torque , respectiv ely. F ollowing theoretical predictions (see 
ection 2 ), normalized relaxation time-scales abo v e t relax / ̄t torque � 1
ould be indicative of processes acting to preserve the duration of

he misalignment. To account for approximations made, we define 
ong-duration unstable misalignments as those with t relax / ̄t torque > 3. 

.3.3 Relaxation paths 

ecause we define relaxation time-scales with respect to galaxies 
eaving and re-entering the co- and/or counter-rotating regimes, it 
ollows that some unstable misalignments may transition between 
iffering stable regimes. We exclude the meta-stable polar-ring orien- 
ation as one of the stable regimes. Indeed, although longer lived than

ost misalignment configurations, these are thought to eventually 
elax into one of the aforementioned long-liv ed re gimes (Tohline
t al. 1982 ; Lake & Norman 1983 ). Ho we ver, because galaxies
hat transition through this meta-stable regime may be expected to 
xperience longer relaxation times, we choose to distinguish between 
elaxation paths. 

For the majority of our sample, galaxies begin and end in a
o-rotating configuration, denoted as co → co. Ho we ver, we also
ee a variety of other relaxation pathways leading to populations 
f co-rotating to counter-rotating (co → counter), and more rarely 
ounter-rotating to co-rotating (counter → co) and counter-rotating 
o counter-rotating (counter → counter) relaxation paths. 

.3.4 Internal galaxy properties during relaxation 

nless stated otherwise, we approximate the internal properties of 
 galaxy by taking time-averaged values over the duration of the
elaxation time. For morphological classifications that may be poorly 
aptured by the time-averaged κ∗

co , we instead consider its morphol- 
gy pre- and post-misalignment. We take the average κ∗

co for the 
rst 0.1 Gyr pre- and post-misalignment. We can therefore classify 
alaxies as a mixture of those that retained their morphological 
lassification before and after misalignment (denoted as e.g. ETG 

 ETG), and those that morphologically transitioned (denoted as 
.g. LTG → ETG). 

 RESULTS  

.1 Misalignment distributions 

or a brief comparison of distribution angles with observations, we 
ake use of projected misalignment angles as viewed from the z-axis

 ψ 2D ), within a projected half-mass radii ( r 50 ,z ) in the x − y plane,
hough our choice of axis is arbitrary as galaxies within EAGLE have
o preferential orientation. 
Fig. 2 shows the projected and 3D misalignment distributions 

or LTGs (top) and ETGs (bottom) at z = 0 . 1, with uncertainties
MNRAS 541, 494–515 (2025) 
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M

Figure 2. Projected 2D (cyan/orange) and 3D (blue/red) stellar-gas SF mis- 
alignment angle distributions for LTGs (top) and ETGs (bottom) for our 
sample of misalignments at z ≈ 0 . 1. The vertical dashed black line denotes 
the boundary between aligned ( < 30 ◦) and misaligned galaxy populations 
( > 30 ◦). Observational results from Bryant et al. ( 2019 ) are included in 
grey and should be compared against ψ 2D distributions. Errors are given 
as Poisson uncertainties. The simulated and observed galaxies exhibit fairly 
similar distributions. 
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Figure 3. Stellar-gas SF misalignment angle fractions for LTGs (solid lines) 
and ETGs (dash–dotted lines) in the range 0 < z < 1. Percentages are given 
with respect to the total galaxies of a given morphology at a given redshift. We 
classify galaxies as aligned with ψ 3D < 30 ◦ (blue), misaligned galaxies with 
ψ 3D > 30 ◦ (red), and counter-rotating galaxies with ψ 3D > 150 ◦ (purple). 
Errors are given as Poisson uncertainties (shaded regions). We see a slight 
upward trend in the misalignment fraction for both ETGs and LTGs across 
this redshift range, coinciding with an increase in counter-rotating fraction 
for both galaxy populations. 
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iven as Poisson errors. We include recent observational results from
ryant et al. ( 2019 ) that were obtained using the SAMI galaxy surv e y

Croom et al. 2012 ; Bryant et al. 2015 ). 
For values in projection, we find 38 . 9 ± 5 . 3 per cent of ETGs

nd 7 . 9 ± 1 . 7 per cent of LTGs display stellar-gas kinematic mis-
lignments. For comparison, observational misalignment fractions
y Bryant et al. ( 2019 ) are reported as ≈ 33 per cent (ETGs)
nd ≈ 5 per cent (LTGs), but with a stellar mass range co v ering
 larger range of galaxy masses 10 8 � M ∗ � 10 12 M �. Both the
ractions of misalignments and the general shape of the misalignment
istributions are in good agreement with recent observational results
y Bryant et al. ( 2019 ) with a small discrepancy for LTGs within
 < 30 ◦. We find that EAGLE LTGs tend to be more strongly aligned
ithin ψ 2D < 10 ◦, while producing fewer LTGs with 10 ◦ < ψ 2D <

0 ◦. This difference could be caused by a combination of the different
orphological classifications used in observations, the different

onstraints on misalignment angle uncertainties used between our
esults and those of observations, and/or the different mass ranges
onsidered. Our o v erall results are also in good agreement with a
umber of other observational studies (e.g. Davis et al. 2011 ; Barrera-
allesteros et al. 2014 , 2015 ; Chen et al. 2016 ; Jin et al. 2016 ; Ristea
t al. 2022 ; Raimundo et al. 2023 ), as well as with predictions from
osmological simulations (e.g. Khim et al. 2020 ; Casanue v a et al.
022 ). 
We find a small peak in the counter-rotating region for both
orphologies, with projected counter-rotating fractions of 10 . 9 ±
 . 3 per cent and 3 . 3 ± 0 . 5 per cent for ETGs and LTGs, respec-
ively. These were not reported in previous results in EAGLE (see
asanue v a et al. 2022 ), or in the HORIZON-AGN simulation (see
him et al. 2020 ). We visually inspected our sample of ψ 2D > 170 ◦

isalignments and confirmed these systems to be physical and
isaligned in both 3D and projection. As a whole, we find counter-

otation present in 5 . 7 ± 0 . 6 per cent of our sample. To test the
ignificance of this result, we perform a Kolmogoro v–Smirno v (KS)
NRAS 541, 494–515 (2025) 
est in the range [135 ◦ − 180 ◦] and compare this to a uniform
istribution in the same range. We obtain KS-statistic = 0 . 19 and
-value = 1 . 8 × 10 −9 for ETGs and KS-statistic = 0 . 41 and p-
alue = 3 . 3 × 10 −18 for LTGs, indicating a statistically significant
opulation of counter-rotators. 
We find a 3D misalignment fraction of 44 . 9 ± 5 . 4 per cent for

TGs and 7 . 2 ± 0 . 5 per cent for LTGs. The o v erall shape of the
 3D misalignment distribution is similar to that of projected values,
eing almost identical for LTGs but with a smaller fraction of aligned
TGs in the range [0 ◦ − 10 ◦]. We also see a small decrease in the

raction of counter-rotating systems when measured in 3D, but the
umber of counter-rotating systems remains significant with respect
o to a uniform distribution using a KS test. These results suggest that
lthough bias from projected viewing angles can inflate the number of
ligned ETGs, the use of projected angles does not affect the o v erall
hape or significantly reduce the number of misaligned systems. 

Notably absent from our results is a small peak in the polar
 ∼ 90 ◦) regime, found in observational results by Bryant et al.
 2019 ). As explained in Khim et al. ( 2020 ), this may be due to
he resolution limit of ∼ 1 pkpc that is used for force calculations
n many cosmological simulations. For galaxies with radii ∼ 4 –8
kpc, this leads to significantly thicker o v erall discs in relation to
heir extent (known as the ‘thin disc’ problem in simulations; e.g.
rayford et al. 2017 ). For galaxies that are residing in the polar
e gime, their relativ e stability comes from the symmetrical torques
xperienced by their thin discs. Ho we ver, with a disc thickness of

1 pkpc, it may become harder to achieve this symmetry and thus
eta-stability, with these systems therefore decaying faster when

ompared to real galaxies. 
To justify our decision to consider both the co-rotating and counter-

otating regimes as stable, we show in Fig. 3 how the fraction
f aligned, misaligned, and counter-rotating systems varies for all
nipshots in the range 0 < z < 1. We consider the morphology
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ndependently and percentages are given with respect to the total 
umber of galaxies of that morphological sub-sample. 
For both ETGs and LTGs we see a slight upward trend in

he misalignment fraction towards z = 0. This increase appears 
o result o v erwhelmingly from the build-up of long-lived counter- 
otating systems. This is seen most clearly for ETGs, in which 
he ≈ 5 . 1 per cent increase in misalignment fraction is captured 
y an ≈ 5 . 7 per cent increase in counter-rotating fraction. The 
uild-up of these systems appears to indicate that counter-rotating 
ystems are in fact long-lasting and dynamically stable, in agreement 
ith theoretical predictions (Tohline et al. 1982 ; Lake & Norman 
983 ). We thus decide to treat these as a separate stable regime
mong the misaligned galaxy population. Some fraction of these 
ystems may return to a co-rotating state upon another stochastic gas 
ccretion event or undergo an apparent stellar angular momentum 

ip as the gas SF forms a counter-rotating stellar disc that becomes 
ominant. For this latter process to occur, ho we ver, the masses of the
ounter-rotating gas and the stars have to be similar and the system
ust remain counter-rotating for long enough to form a dominant 

opulation of counter-rotating stars (for an observational counterpart 
ee e.g. NGC 4550; Rix et al. 1992 ; Rubin, Graham & Kenney 1992 ;

iklind & Henkel 2001 ). We note that we see these apparent stellar
ngular momentum flips for several of our galaxies, as shown and 
iscussed in Section 6.2 . 
The longevity of counter-rotating systems in EAGLE is also in 

greement with results obtained using other cosmological hydro- 
ynamical simulations (e.g. Starkenburg et al. 2019 ; Cenci et al. 
024 ). Starkenburg et al. ( 2019 ) use the IllustrisTNG (Nelson et al.
019 ) hydrodynamical simulations to investigate the longevity of 
ounter-rotating systems, finding these to be long-lasting relative 
o other orientations. Similarly, Cenci et al. ( 2024 ) investigated the
ormation of a long-lived counter-rotating galaxy within the FIREbox 
imulations (Feldmann et al. 2023 ). Following a starburst induced by 
he interaction with a nearby low-mass satellite and the subsequent 
apid depletion of co-rotating gas, a long-lived ( ∼ 4 Gyr) counter- 
otating gas disc is able to form from the accretion of stripped
isaligned gas. We note that carrying out a detailed analysis of

his behaviour in EAGLE is beyond the scope of this work. 

.2 Formation and relaxation process of stellar-gas kinematic 
isalignments 

o highlight an example of a long-lived unstable misalignment and 
o illustrate our method involving the identification and extraction 
f unstable misalignment time-scales, we provide examples of two 
alaxy evolutions in Fig. 4 . Illustrations of these evolutions are 
rovided in Fig. 5 showing five key stages in each galaxy’s evolution
labelled I–V). We will refer to these stages throughout this sub-
ection. Both galaxies experience at least one unstable misalignment 
ith a relaxation time t relax > 2 Gyr. These galaxies were selected for

heir interesting stellar-gas SF kinematic evolution and the longevity 
f their unstable misalignments (as detailed below). We stress that 
he exceptionally long relaxation times of the two selected galaxies 
end to be a rarity among our sample, as we discuss in detail in
ection 6.3 . 
Galaxy A (left panels of Fig. 4 ) is a relati vely lo w-mass galaxy

ith M ∗ ≈ 8 × 10 9 M � at z = 0 and with a single long-duration
nstable misalignment starting at a lookback time t lookback = 4 . 38
yr. (I) Around 1 Gyr before the unstable misalignment, this galaxy 

xperiences a close encounter with a lower mass ( M ∗ ≈ 3 × 10 9 

 �) satellite which decouples the angular momentum of the galaxy 
rom its wider DM halo (see also e.g. Velliscig et al. 2015 ). This is
een as a steep increase in the DM-stars and DM-gas SF misalignment
ngle illustrated in the top-left panel of Fig. 4 . The galaxy remains
arginally misaligned with its DM halo for the remainder of its

volution, with an average stellar-DM misalignment angle of ≈ 30 ◦. 
II) A second close fly-by strips a large amount of gas from the
atellite. Most of this gas accretes on to the central galaxy (seen
s a sharp increase in gas inflow rate), disrupting the existing co-
otating gas disc (seen as a decrease in κSF 

co ), and quickly forms
n unstable misalignment. (III) Ongoing accretion of stripped gas 
mmediately after the misalignment formation is able to sustain 
he angular momentum of the misaligned gas disc, maintaining a 
teady misalignment angle of ψ 3D ≈ 60 ◦ until t lookback ∼ 2 . 5 Gyr.
IV) This is followed by a decrease in the gas inflow rate and the
nset of differential precession about the stellar angular momentum 

xis. The unstable misalignment begins to relax towards the galactic 
lane, (V) eventually settling into the stable co-rotating regime at 
 lookback = 0 . 60 Gyr with a t relax ≈ 3 . 78 Gyr. Expressed in terms
f time-averaged t̄ dyn and t̄ torque we find t relax ≈ 15 . 0 ̄t dyn ≈ 3 . 5 ̄t torque ,
ndicating this unstable misalignment has persisted for significantly 
onger than predicted by a purely dynamical settling time. We note
hat the behaviour of this misalignment post-formation is similar to 
hat studied by de Voort et al. ( 2015 ) using the FIRE (Hopkins et al.
014 ) cosmological zoom-in simulations. 
While in the process of relaxing, the galaxy undergoes a major
erger with the previously gas-stripped satellite at t lookback = 3 . 61
yr (horizontal dashed line in the left panels of Fig. 4 ) with a stellar
ass ratio of μ∗ = 0 . 32. While this merger does not substantially

hange t dyn , it causes a significant morphological transformation from 

n LTG to an ETG (seen as a decrease in κ∗
co ; bottom-left panel of

ig. 4 ) and a decrease in the stellar ellipticity (see panel III in Fig.
 ). This drives a significant and permanent increase in t torque and
elps drive an overall longer relaxation time. This behaviour is not
ncommon among other long-duration unstable misalignments. We 
nd a > 20 per cent decrease in stellar ellipticity between pre- and
ost-unstable misalignment formation is seen in ≈ 33 per cent of 
 relax > 2 Gyr relaxations. Despite the increase in t̄ torque to 1 –2 Gyr,
he galaxy remains unable to fully relax for another ≈ 3 Gyr. This is
ue to a small gas accretion event at t lookback ∼ 1 . 5 Gyr, although the
ccretion rate is insufficient to pre vent further dif ferential precession
nd eventual relaxation into stable co-rotation. 

Galaxy B (right panels of Fig. 4 ) shows a very different o v erall
inematic evolution. (I) Analogous to Galaxy A, this galaxy becomes 
isaligned with respect to its DM halo shortly before a gas-rich major
erger ( μ∗ = 0 . 30) at t lookback = 6 . 88 Gyr. (II) This merger feeds an

nflow of gas to the inner r 50 , disrupting the existing gas SF and causing
t to settle quickly into a retrograde disc in the short time-scale
f t relax ≈ 0 . 35 Gyr ≈ 2 . 0 ̄t dyn ≈ 1 . 1 ̄t torque . (III) The galaxy remains
n a counter-rotating configuration for ∼ 2 Gyr. During this time, 
he retrograde cold gas forms a new counter-rotating component of 
ounger stars alongside the existing older co-rotating stars. This is 
een from the steady decrease in gas SF mass and a corresponding
ncrease in stellar mass, together with an increase in stellar co-
otational energy transforming the system back into a rotationally 
upported LTG o v er ≈ 4 Gyr. (IV) Starting at t lookback ≈ 4 . 4 Gyr, we
egin to see an increase in the 1 σ uncertainty in the stellar-gas SF mis-
lignment angle. This marks the turning point at which the angular
omentum of the two stellar components compete o v er dominance,

eginning the second unstable misalignment and realignment into a 
o-rotational state. As the apparent relaxation was driven by a change
n the stellar net-angular momentum rather than an explicit relaxation 
f the gas disc, this event can be considered a’pseudo-relaxation’. 
his stellar net-angular momentum flip (traced both by the stellar- 
MNRAS 541, 494–515 (2025) 
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Figure 4. Evolution of two galaxies that experience long relaxation periods. Left: Galaxy A displaying an unstable misalignment matching our criteria with 
t relax ≈ 3 . 78 Gyr ≈ 15 . 0 ̄t dyn ≈ 3 . 5 ̄t torque . Right: Galaxy B shows an initial unstable misalignment and relaxation into the stable counter-rotating regime with 
t relax ≈ 0 . 35 Gyr ≈ 2 . 0 ̄t dyn ≈ 1 . 1 ̄t torque , before the cumulati ve ef fects of SF induce a second unstable misalignment driven by a stellar angular momentum flip 
back into a co-rotating state with t relax ≈ 2 . 55 Gyr ≈ 12 . 0 ̄t dyn ≈ 7 . 5 ̄t torque . In order, the rows show (1) the 3D misalignment angle between stars and gas SF 

(black) within r 50 (1 σ error bars shown in grey) and the 3D misalignment angle between the stars/gas SF at r 50 and the DM at 30 pkpc, with the horizontal 
dark and light grey shaded regions representing the stable regime ( < 20 ◦ and > 160 ◦) and aligned/counter-rotating regime ( < 30 ◦ and > 150 ◦), respectively, 
(2) the dynamical time (solid green line) and torquing time (solid black line) of the system, (3) the total gas inflow rate at r 50 (solid green line) and the SFR 

multiplied by a factor of 10 (dashed orange line) within 2 r 50 , (4) the stellar mass (solid red line) and gas SF mass (dotted blue line) within 2 r 50 , (5) the stellar 
co-rotational energy (red solid line) that we use as a proxy for morphology (with the horizontal black line marking the boundary between ETGs and LTGs), the 
gas SF co-rotational energy within r 50 (blue dash–dotted line), and the stellar ellipticity (purple dashed line). Mergers are indicated by the vertical grey dashed 
line and occur at t lookback = 3 . 61 ( μ∗ = 0 . 32) for Galaxy A, and t lookback = 6 . 88 ( μ∗ = 0 . 30) for Galaxy B. 
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as SF angle and stellar-DM angle; see the top-right panel of Fig. 4 )
ccurs gradually, as reflected by the long relaxation time t relax ≈ 2 . 55
yr ≈ 12 . 0 ̄t dyn ≈ 7 . 5 ̄t torque , starting at t lookback = 4 . 38 Gyr. (V) By

 lookback ≈ 2 . 4 Gyr the galaxy shows a clear alignment between the
now discy) stellar and gas SF components. 

While both galaxies under go mer gers that coincide with their
nstable misalignments, we only attribute a merger origin explicitly
o the first unstable misalignment in Galaxy B. Both galaxies also
how a prior DM halo decoupling preceding the formation of the
isalignment, owing to previous galaxy interactions. As discussed

ater in Section 6.4 , we find that mergers tend to be sub-dominant in
he formation of misalignments among our sample. 
NRAS 541, 494–515 (2025) 
.3 Relaxation time-scale distributions 

sing our selection criteria (see Section 5.3.1 ) we extract a sample
f 3154 unstable misalignment relaxations in the range 0 < z < 1.
e include each instance of an unstable misalignment separately,

ven if these occur in the same galaxy (such as Galaxy B described
n Section 6.2 ). Median values and statistics are found in Tables 2
nd 3 . 

As illustrated in Fig. 6 , this sample has a stellar and gas SF mass
roadly representative of the sample used at z = 0 . 1, with a small bias
owards higher gas SF masses and thus gas SF fractions. This is in part
ue to the earlier redshifts co v ered, and partially as a consequence of
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Figure 5. Illustration of the evolution of two galaxies shown in Fig. 4 in five key stages. The net angular momentum vectors of the stellar (yellow) and gas SF 

(blue) are represented by arro ws. Top: e volution of Galaxy A beginning with (I) an initial flyby of a gas-rich satellite that causes a stellar-DM misalignment; (II) 
the formation of an unstable misalignment from the accretion of gas stripped from the satellite during a second fly-by; (III) merging of the satellite galaxy with 
the central galaxy and the resulting morphological transformation of the galaxy to a more spheroidal stellar mass distribution while maintaining the unstable 
misalignment through continued accretion of stripped gas; (IV) a decrease in the inflow rate allows the gas disc to begin precessing and relaxing into the galactic 
plane; (V) the gas disc becomes aligned with the stellar angular momentum. Bottom: evolution of Galaxy B beginning with (I) a gas-rich merger that disrupts the 
existing gas disc; (II) the quick formation of a large misaligned gas disc that quickly settles to become counter-rotating; (III) a new generation of counter-rotating 
stars begin to form from the counter-rotating gas that begins to build a new counter-rotating stellar disc; (IV) the stellar angular momentum eventually flips, 
manifesting as a ‘pseudo-relaxation’; (V) the counter-rotating stars dominate the net angular momentum and the galaxy appears as aligned. 

Table 2. Statistics on the median and standard deviation (SD) of relaxation 
time-scales for our sample of relaxation paths, expressed for the total sample, 
by morphology (e.g. ETG → ETG) and by relaxation path (e.g. co → counter 
denoting a relaxation from a co-rotating to counter-rotating state). Relaxation 
time-scales are given in terms of Gyr, and as normalized relaxation times in 
terms of ̄t dyn , and ̄t torque . 

Relaxation path Relaxation time 
All LTG → LTG ETG → ETG 

Median SD Median SD Median SD 

t relax (Gyr) 
All 0.50 0.64 0.38 0.36 0.51 0.68 
co → co 0.47 0.66 0.31 0.34 0.51 0.68 
counter → counter 0.43 0.38 0.36 0.22 0.49 0.40 
co → counter 0.51 0.57 0.43 0.39 0.68 0.65 
counter → co 1.03 0.86 0.40 0.40 1.15 0.85 

t relax / ̄t dyn 

All 3.15 5.07 2.50 3.47 3.34 5.29 
co → co 2.75 5.11 1.87 3.53 3.06 5.22 
counter → counter 3.11 2.93 2.56 1.72 3.11 3.19 
co → counter 4.45 4.48 3.66 3.24 5.33 4.74 
counter → co 9.32 7.54 3.76 3.93 10.5 7.85 

t relax / ̄t torque 

All 1.41 2.09 1.38 1.95 1.36 2.01 
co → co 1.21 1.94 1.01 1.87 1.22 1.84 
counter → counter 1.45 1.45 1.27 1.03 1.44 1.56 
co → counter 2.41 2.09 2.14 1.94 2.59 1.70 
counter → co 4.69 3.66 2.43 2.43 4.86 3.80 

r
d  

r
p

Table 3. Statistics on the numbers ( N ) and fractions (f sub ) of unstable mis- 
alignments in our relaxation sample. Statistics are subdivided by morphology 
(e.g. ETG → ETG) and by relaxation path (e.g. co → counter denoting a 
relaxation from a co-rotating to counter-rotating state). Fractions are given 
with respect to the total of a given morphology sub-sample. 

Relaxation type All LTG → LTG ETG → ETG 

N f sub N f sub N f sub 

All 3154 1.00 802 1.00 2007 1.00 
co → co 2403 0.76 501 0.62 1669 0.83 
counter → counter 181 0.06 30 0.04 137 0.07 
co → counter 499 0.16 262 0.33 146 0.07 
counter → co 71 0.02 9 0.01 55 0.03 

Figure 6. Stellar and gas SF mass distributions within 2 r 50 of our z = 0 . 1 
unstable misalignment distribution sample (orange/light blue shaded regions) 
and our relaxation sample (red/blue lines) in the range 0 < z < 1. We find 
our relaxation sample is broadly representative of the sample at z = 0 . 1 in 
terms of stellar mass, with a slight bias towards higher gas SF masses. 
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equiring consecutive snipshots meeting our sample criteria for the 
uration of the unstable misalignment. In the case of the latter, this
emo v es man y galaxies that briefly fall below the minimum gas SF 

article count while unstably misaligned. 
MNRAS 541, 494–515 (2025) 
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Figure 7. Distributions of relaxation times of our total sample of 3154 
unstable misalignment relaxations for 0 < z < 1. Relaxations are coloured 
according to the relaxation path: co-rotating to co-rotating (blue), co-rotating 
to counter-rotating (green), counter-rotating to counter-rotating (orange), 
and counter-rotating to co-rotating (red). Inset graphs show the same total 
distribution on a log percentage axis, with a line of best fit (dashed purple). 
Errors are given as Poisson uncertainties. We find a broadly log-linear 
distribution (inset graphs) of relaxation time distributions, with the majority 
of unstable misalignments relaxing within shorter time-scales but with a small 
population of longer lived misalignments. 
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.3.1 The total galaxy population 

alaxies in EAGLE display a variety of relaxation times and pathways.
ig. 7 shows the distributions of relaxation times (top), and normal-
NRAS 541, 494–515 (2025) 
zed relaxation times in terms of t relax / ̄t tdyn (middle), and as t relax / ̄t torque 

bottom) for our total sample of unstable misalignment relaxations.
he majority of unstable misalignments in our sample tend to be

airly short-lived, with median relaxation times of t relax = 0 . 50 Gyr
 3 . 2 ̄t dyn = 1 . 4 ̄t torque . 
Due to time resolution limitations, we naturally underestimate

he number of very short-duration unstable misalignments that occur
 v er less than 2 successive snipshots ( t relax � 0 . 12 Gyr), as seen from
he first bin of the top plot in Fig. 7 . Ignoring this bin, we find unstable

isalignment distributions to be described by an approximately log-
inear distribution of relaxation time-scales (inset figures in Fig. 7
ith best-fitting values given in Table 4 ). These results (especially

he shape of the t relax / ̄t torque distribution) suggest that while some
alaxies appear to experience unstable misalignments lasting longer
han those predicted by theory (Tohline et al. 1982 ; Lake & Norman
983 ), the majority of unstable misalignments are associated with
elaxation times go v erned by a fast settling time in the absence of
ngoing smooth accretion. 
Focusing on the tail-end of the distributions, we find a moderate

opulation ( ≈ 20 . 1 per cent ) of unstable misalignments persisting
or t relax > 1 Gyr, with only a handful of examples exceeding
 20 ̄t dyn . Additionally, we find 159 (5.0 per cent) instances of

nstable misalignments with t relax > 2 Gyr (two of which are shown
nd discussed in Section 6.2 ) that are approximately of similar
uration to the galaxy investigated by de Voort et al. ( 2015 ) in the FIRE

imulations (Hopkins et al. 2014 ). The population of long-duration
nstable misalignments becomes a little clearer when expressed as
 relax / ̄t torque , with ≈ 19 . 9 per cent of relaxations lasting more than
hree times longer ( > 3 ̄t torque ) than expected from a purely dynamical
elaxation (see Section 2 ). We note that while our relaxation selection
ethod identifies two unstable misalignments with exceptionally

nhanced relaxation time-scales of � 25 t relax / ̄t torque , closer inspection
eveals these to be systems that spent considerable time ( > 1 . 5 Gyr)
ear the stable counter-rotating regime without settling. We attribute
hese outliers to the consequences of choosing a non-zero latency
ime. 

.3.2 Relaxation time-scales with relaxation paths 

he large majority of unstable misalignments return to their original
tability regime with co → co and counter → counter relaxation
aths making up ≈ 76 per cent and ≈ 4 per cent of our sample
espectively (see Table 3 ). Co → counter relaxations make up ≈
5 . 8 per cent , while we find only 71 instances ( ≈ 2 . 3 per cent ) of
ounter → co relaxations. Given that only ≈ 6 per cent of galaxies in
ur sample at a given snipshot are counter-rotating, it is unsurprising
hat we find significantly fewer unstable misalignments originating
rom the counter-rotating stable regime. 

In Fig. 8 we visualize the relaxation paths for our total relaxation
ample alongside their respective median pathways. We find the
elaxation time to vary depending on the relaxation path taken
Table 2 ). Unstable misalignments that returned to their original
tability regime (co → co and counter → counter) tend to relax faster
hile unstable misalignments that end up transitioning between

tability regimes (co → counter and counter → co) tend to be
onger in duration. This trend is also seen for normalized relaxation
ime-scales. Expressed in terms of t̄ torque , we find relatively short
edian relaxation time-scales for co → co (1 . 21 ̄t torque ) and counter
 counter (1 . 45 ̄t torque ) relaxation paths, and relatively long median

elaxation time-scales for co → counter (3 . 03 ̄t torque ) and counter →
o (5 . 22 ̄t torque ). 
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Table 4. Log-linear best-fitting relationships expressed as a fraction of the respective relaxation (sub-)sample ( f sub ) 
corresponding to the total relaxation sample (first row) in Fig. 7 and for sub-samples of LTG → LTG and ETG → ETG 

relaxations (rows 2 and 3) in Fig. 10 . Relaxation time-scales are given in terms of Gyr, and as normalized relaxation 
times in terms of ̄t dyn , and ̄t torque . 

Relaxation (sub-)sample log 10 (f sub ) 
t relax (Gyr) t relax / ̄t dyn t relax / ̄t torque 

All −0 . 71 t relax − 0 . 42 −0 . 09 ̄t dyn − 0 . 37 −0 . 20 ̄t torque − 0 . 31 
LTG → LTG −1 . 16 t relax − 0 . 15 −0 . 10 ̄t dyn − 0 . 33 −0 . 18 ̄t torque − 0 . 36 
ETG → ETG −0 . 66 t relax − 0 . 45 −0 . 08 ̄t dyn − 0 . 38 −0 . 21 ̄t torque − 0 . 30 

Figure 8. Unstable misalignment relaxation pathways in the range 0 < z < 1, showing co-rotating to co-rotating relaxations (upper left), co-rotating to counter- 
rotating relaxations (upper right), counter-rotating to counter-rotating relaxations (lower left), and counter-rotating to co-rotating relaxations (lower right). 
Relaxation paths are stacked at the first snipshot in the unstable regime [20 ◦ − 160 ◦] (vertical grey line). Unstable misalignments will eventually relax back 
into the aligned ( < 30 ◦) or counter-rotating ( > 150 ◦) regimes (light grey shaded regions). Galaxies are assumed to have relaxed upon spending > 0 . 1 Gyr in a 
consecutiv e stable re gime of < 20 ◦ or > 160 ◦ (dark grey shaded regions). Median relaxation paths (solid black line) and 1 σ percentile relaxation paths (dashed 
black lines) are shown for each relaxation type. Longer relaxation times have had their hue darkened to stand out, while short relaxation times have increased 
transparency. 
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This result is not surprising given an unstable misaligned gas disc 
isplaced by a larger angle from being coplanar with the stellar disc
ust dissipate more angular momentum to relax (see Appendix 2 

f Bryant et al. 2019 ). We briefly highlight this behaviour using our
ample of co → co and counter → counter relaxations in Fig. 9 , as
hese paths return to the original stability regime from which they 
ere displaced. This allows us to characterize a maximum displaced 

ngle from coplanarity with the stellar disc (i.e. 0 ◦ for co → co and
80 ◦ for counter → counter relaxations). 
We see a clear positive relationship between the relaxation time and 

he displaced angle up to ≈ 90 ◦, showing that unstable misalignments
isplaced by a larger amount from the nearest stability regime will 
ake longer to relax. We also see a population of unstable misalign-

ents that return to their original stability regime despite being 
isplaced angles of > 90 ◦. To first order, unstable misalignments are
xpected to relax towards the nearest stable regime. This population 
f unstable misalignments displaced by > 90 ◦ is therefore indicative 
f additional processes acting on the gas (e.g. smooth misaligned ac- 
retion) that prevent it from relaxing towards the nearest dynamically 
table regime. Unstable misalignments displaying this behaviour tend 
o show significant enhancements to their relaxation time-scales with 
 3 ̄t torque . 
We see from Fig. 8 that co → co and counter → counter relaxation
aths show similar behaviour and the majority are displaced by 
nly a small angle from the stable co- and counter-rotating regimes,
espectively. As small displacements require less angular momentum 

issipation, shorter relaxation time-scales are expected for the a ver -
ge co → co and counter → counter relaxation paths in our sample.
or instance, the large majority ( ≈ 73 per cent ) of t relax / ̄t torque < 1
elaxations are displaced by an angle of < 40 ◦ from coplanarity. 

For relaxations that transition between stable regimes, this au- 
omatically involves displaced angles of > 90 ◦. As more angular

omentum must be dissipated in order to relax into one of the
table regimes, co → counter and counter → co relaxation paths are
xpected to return longer relaxation time-scales. We also see that co
 co and counter → counter relaxations follow similar paths. This

akes sense as EAGLE models stellar particles as non-collisional. 
hus, to first order, co-rotating and counter-rotating systems can 
e considered dynamically equi v alent from the perspective of a
isaligned gas particle in a polar orbit. 
Interestingly, we do not see the same similarity between co →

ounter and counter → co relaxation paths, with the latter taking
ignificantly longer to relax back into a co-rotating state. From visual
nspection of our sample of 71 counter → co misalignments, we find
MNRAS 541, 494–515 (2025) 
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Figure 9. Peak misalignment angle from 0 ◦ (co → co relaxation paths) 
and 180 ◦ (counter → counter relaxation paths) reached during the relaxation 
process as a function of the normalized relaxation time for a sub-sample 
of co → co and counter → counter relaxation paths. Normalized median 
relaxation times are shown for our total sample (black solid line) with 1 σ
uncertainties (shaded grey), as well as exclusively LTGs (blue solid line) 
and ETGs (red solid line). Galaxies with unstable misalignments displaced 
further from coplanrity with the stellar disc are found to take longer to relax, 
plateauing once the polar-ring regime is reached. ETGs categorically have 
longer normalized relaxation times for greater displacements than LTGs up 
to ≈ 90 ◦ beyond which a low sample of LTGs limits the degree to which 
ETGs and LTGs can be distinguished. 
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hat o v er half are likely driven primarily through changes in the net
tellar angular momentum rather than explicit gas-disc relaxations
as found in Galaxy B in Fig. 4 ). These ‘apparent’ relaxations would
e expected to relax on time-scales of the order of ∼ 1 Gyr, go v erned
y the rate of conversion of counter-rotating star-forming gas into
 dominant population of counter-rotating stars. This process is
argely e xclusiv e to counter → co relaxations giv en that it requires a
ubstantial counter-rotating gas reservoir to begin with. 

.3.3 Morphological dependence on relaxation time-scales 

e established in Section 6.1 that there is a significant morphological
ependence on the fraction and shape of the misalignment distri-
utions in EAGLE , echoing prior observational results (e.g. Bryant
t al. 2019 ; Casanue v a et al. 2022 ; Ristea et al. 2022 ). We therefore
lso consider a possible morphological difference in relaxation time
istributions and composition of relaxation paths between ETGs and
TGs. Henceforth we refer to ETG relaxations as those that explicitly
egin and end their relaxation as ETGs (denoted as ETG → ETG),
nd similarly for LTGs (see Section 5.3.4 for details). We find a total
f 802 LTG and 2007 ETG relaxations in our sample (see Table 3 ),
ith the remaining 345 classified as having transitioned between
orphologies after relaxation. 
In Fig. 10 , we show the relaxation time and normalized relax-

tion time distributions split according to morphology. Median and
tandard deviations for these distributions are listed in T able 2 . W e
nd some notable differences between LTG and ETG relaxation
istributions, though both continue to be best described by log-
inear distributions (see Table 4 ). ETGs show on average longer
elaxation times ( t relax = 0 . 51 Gyr) compared to LTGs ( t relax = 0 . 38
yr), with a shallower log-linear best-fitting relationship. This
istinction between ETGs and LTGs becomes weaker once the
NRAS 541, 494–515 (2025) 
elaxation time is normalized in terms of t̄ dyn and t̄ torque , taking into
ccount the impact of stellar morphology on the theoretical relaxation
ime-scales. 

To test for significance between these distributions, we run a two-
ample KS test between LTG and ETG t relax distributions. We find
ignificant results for t relax (KS-test statistic = 0 . 22, p-value = 7 . 6 ×
0 −25 ), with a decreasing significance for t relax / ̄t dyn (KS-test statistic
 0 . 15, p-value = 2 . 3 × 10 −11 ). We find no significant difference

etween morphologies in terms of t relax / ̄t torque (KS-test statistic =
 . 03, p-value = 0 . 85). This likely encapsulates the greater ability of
 relax / ̄t torque to account for dynamical and morphological properties of
alaxies. We find no changes in the significance of the results using
 stricter morphological classification of κ̄∗

co < 0 . 35 for ETGs and
¯ ∗

co > 0 . 45 for LTGs. 
Interestingly, while the shape of the t relax / ̄t torque distributions and

he gradient of the log-linear relationship describing the distribution
s similar between morphologies, the composition of relaxation paths
s different (as seen clearly in Fig. 10 , with compositional fractions
n Table 3 ). For instance, co → counter relaxations constitute ≈
3 per cent of detected LTG misalignments, compared to only ≈
6 per cent in ETGs. The longer inherent relaxation times of co →
ounter relaxation paths (as highlighted in Section 6.3.2 ) dominate
he tail-end of the distributions for LTGs. This tends to increase the
 v erall median relaxation time of LTGs (0.38 Gyr). 
At first glance, this path dichotomy between ETGs and LTGs

ppears unusual considering we also see ∼ 1 . 8 times the number
262) of co → counter relaxations in LTGs compared to ETGs, but
his is not seen for any other relaxation path (see Table 3 ). This
s despite our sample containing more than double the number of
TGs compared to LTGs. These results may suggest that LTGs
referentially transition between regimes, more so than ETGs. This
eems unintuitive at first glance, given the typically larger gas
iscs in LTGs sets a larger angular momentum threshold needed
o be o v ercome by accreting misaligned gas (Khim et al. 2021 ).
his, in turn, should make these systems more resilient to larger
isalignments that may cause the gas disc to become counter-

otating. 
A physical explanation may lie in the underlying differences in

ize and mass of the gas SF disc between morphologies. Given LTGs
ypically host larger star-forming gas discs, this sets a larger gas
ccretion threshold for the formation of unstable misalignments.
his likely lowers the relative number of co → co misalignments

hat are otherwise common among ETGs. This could suggest larger
tochastic accretion events such as gas-rich mergers or accretion
hrough galaxy interactions are responsible for many of these
isalignments in LTGs. 
Furthermore, EAGLE reproduces the observed galaxy morphology–

ensity relation (Dressler 1980 ), with LTGs found to preferentially
eside in lower density environments (Pfeffer et al. 2023 ). Compared
o virialized high-density environments (which are dominated by
 as-poor ETGs), g alaxy interaction rates tend to be higher in lower
ensity environments (Ghigna et al. 1998 ; Pfeffer et al. 2023 ).
ikewise, the larger gas discs found in many LTGs create larger
ollisional cross-sections for gas stripping and mass exchange during
lose encounters with nearby gas-rich satellites. These encounters
an significantly perturb the outskirts of the gas disc, which can
anifest as an observable stellar-gas misalignment (e.g. Khim et al.

021 ; Lu et al. 2021 ). As gas accretion from galaxy encounters can be
ore stochastic and violent (compared to the smooth accretion of e.g.

alo cooling), these encounters may have a greater likelihood to flip
he star-forming gas disc into a counter-rotating state, which dispro-
ortionately affects LTGs. This may hint at an underlying difference
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Figure 10. Distributions of relaxation times (top), and normalized relaxation times of t relax / ̄t dyn (middle) and t relax / ̄t torque (bottom). The difference in relaxation 
time-scales and path composition for each galaxy morphology are shown for galaxies with LTG → LTG relaxations (left) and ETG → ETG relaxations 
(right). Percentages are given with respect to the total number of relaxations within the morphological sub-sample. Relaxations are coloured according to the 
relaxation path, with co-rotating to co-rotating (blue), co-rotating to counter-rotating (green), counter-rotating to counter-rotating (orange), and counter-rotating 
to co-rotating (red). Inset graphs show the same distributions on a log percentage axis, with a line of best fit (dashed purple) showing a broadly log-linear 
relationship (values given in Table 4 ). Errors are given as Poisson uncertainties. 
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n drivers of misalignments between morphologies depending on the 
arge-scale environment. 

.3.4 Relaxation paths and morphology 

n Fig. 11 we compare the relaxation times of individual relaxation 
aths between morphologies. Considering relaxation paths sepa- 
ately, we see a trend towards longer median relaxation times in
TGs compared to LTGs (see Table 2 ). For the dominant co → co

elaxation paths in our sample, ETGs take ≈ 1 . 5 times longer to relax
ompared to LTGs. Testing for significance between morphologies 
n terms of t̄ relax returns significant results for each path; co → co
KS-test statistic = 0 . 25, p-value = 2 . 2 × 10 −21 ), counter → counter
KS-test statistic = 0 . 29, p-value = 2 . 3 × 10 −2 ), co → counter (KS-
MNRAS 541, 494–515 (2025) 
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Figure 11. Relaxation time-scale distributions (top) and normalized relax- 
ation time-scale distributions (bottom) for LTGs (blue) and ETGs (red) 
split by relaxation path. Statistics are visualized with dotted and dashed 
lines showing quartiles and the median, respectiv ely. Ov erall, co → counter 
and counter → co relaxations tend to be longer in duration regardless of 
morphology. Accounting for different paths, ETGs tend to show longer 
relaxation times compared to LTGs. This difference is significantly weaker 
once morphological differences are considered using normalized relaxation 
times in terms of ̄t torque . 
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Figure 12. Normalized relaxation time distributions for relaxations with 
t relax > 0 . 2 Gyr for a range of gas SF fractions. Percentages are given with 
respect to total relaxations within the given gas SF fraction sub-sample. Errors 
are given as Poisson uncertainties. We find a trend towards longer normalized 
relaxation times for smaller gas SF fractions with medians of 2 . 0 t relax / ̄t torque , 
1 . 8 t relax / ̄t torque , and 1 . 4 t relax / ̄t torque for increasing f gas , SF sub-samples. 
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est statistic = 0 . 30, p-value = 9 . 1 × 10 −8 ), and counter → co (KS-
est statistic = 0 . 54, p-value = 1 . 3 × 10 −2 ). 

While we found no significant difference between morphologies
n the o v erall normalized relaxation time distributions in terms of
 relax / ̄t torque (see Section 6.3.3 ), we do find a difference when co

 co relaxation paths are considered separately. For co → co
elaxation paths, ETGs experience ≈ 1 . 2 times longer normalized
elaxation times compared to LTGs and this result is significant (KS-
est statistic = 0 . 11, p-value = 1 . 5 × 10 −4 ). Median co → counter
elaxation paths in ETGs are also ≈ 1 . 2 longer compared to LTGs
n terms of t relax / ̄t torque . Ho we ver, this result narrowly falls outside of
eing significant (KS-test statistic = 0 . 13, p-value = 6 . 2 × 10 −2 ).
he remaining relaxation paths do not show any differences between
TGs and LTGs that return significant KS-test results. 
These results suggest that differences in o v erall median relaxation

ime values for ETGs and LTGs are driven in large part by morpholog-
cal differences in the mass distributions of these systems. Ho we ver,
t least for co → co relaxation paths, we see a small preference
owards processes preferentially preserving unstable misalignments
NRAS 541, 494–515 (2025) 
n ETGs. As these constitute a large fraction ( ≈ 0 . 76) of the o v erall
elaxation sample, this may help account for the morphological
ichotomy in the instantaneous misalignment distributions (see
ection 6.1 ). 

.3.5 Gas fraction dependence on relaxation time-scales 

n Fig. 12 we show the variation in normalized relaxation time for
 range of gas SF fractions within < r 50 , independent of morphology.
enceforth we exclude short-duration unstable misalignments close

o the resolution limit (i.e. t relax < 0 . 2 Gyr), due to the incompleteness
nd the larger uncertainties associated with relaxation time-scales in
his range. We retain a sample of 2614 relaxations, of which 466 lie
ithin 0 < f gas , SF < 0 . 1, 1646 within 0 . 1 < f gas , SF < 0 . 3, and 502
ithin 0 . 3 < f gas , SF < 1. 
We see a trend towards longer duration unstable misalignments

or lower f gas , SF . This is seen clearly between the middle and highest
 gas , SF sub-samples (two-sample KS-test statistic = 0 . 13 and p-
alue = 4 . 6 × 10 −5 ), and less strongly for the lowest and middle
 gas , SF sub-samples (two-sample KS-test statistic = 0 . 09 and p-
alue = 5 . 5 × 10 −3 ). This is also reflected in the median normalized
elaxation times, with medians of 2 . 0 t relax / ̄t torque , 1 . 8 t relax / ̄t torque , and
 . 4 t relax / ̄t torque for increasing f gas , SF sub-samples. These results are
nchanged when considering only co → co and counter → counter
elaxations, and we conclude that bias from different relaxation
ath compositions is ne gligible. We e xpect these results to correlate
ith morphology because ETGs in EAGLE typically host lower star-

orming gas fractions compared to LTGs (e.g. Casanue v a et al. 2022 ),
choing existing observational results (see e.g. Ruffa et al. 2019a , b ).

We attribute the observed anticorrelation between f gas , SF and
 relax / ̄t torque ratios to the lower gas disc angular momentum of gas-
oor systems. These systems are affected more strongly by accretion
n to the gas disc that may supply sufficient angular momentum
hrough smooth accretion in order extend the lifetime of an unstable
isalignment. If this smooth accretion is predominantly supplied

y halo cooling (from a misaligned gaseous halo) we could expect
onger normalized relaxation time-scales in systems with 1) higher
alo cooling (typically those with a higher halo mass) and 2) that
av e e xperienced more galaxy mergers and interactions (needed to
isalign the halo). Both of these are preferentially found in ETGs.
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Figure 13. Normalized relaxation time distributions of central galaxies with 
gas inflow rates of Ṁ gas < 1 M � yr −1 and Ṁ gas > 10 M � yr −1 , averaged 
0.3 Gyr post-formation at 2 r 50 . Percentages are given with respect to total 
relaxations within the inflow rate sub-sample. Errors are given as Poisson 
uncertainties. We find high gas inflow leads to longer normalized relaxation 
times than low inflow, with medians of 2 . 8 t relax / ̄t torque and 2 . 0 t relax / ̄t torque , 
respectively. 
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ndeed, galaxies in the range t relax / ̄t torque � 6 are predominantly gas-
oor ETGs. 
It is worth noting that our strict criterion for relaxations creates 

 bias towards higher f gas , SF . This significantly reduces the number 
f gas-poor systems in our sample with f gas , SF � 0 . 05, which may
therwise show even longer unstable misalignment durations. 

.3.6 Ongoing gas inflow rate dependence on relaxation 
ime-scales 

ngoing accretion has been shown to extend the lifetime of an 
nstable misalignment beyond theoretical predictions (e.g. de Voort 
t al. 2015 ). Here, we aim to verify whether this behaviour is also
resent in EAGLE . 
We estimate the ongoing gas inflow rate by tracing gas particles 

ntering a sphere with a radius of 2 r 50 . This allows us to consider gas
ccretion on to gas discs that extend beyond our kinematic aperture 
 r 50 ). From visual inspection, we ignore the gas inflow o v er the first
.3 Gyr post-formation, which sets a lower limit of t relax > 0 . 3 Gyr.
his allows us to largely ignore the initial gas accretion that may
ave formed the misalignment and focus on ongoing gas accretion. 
e time-average the gas inflow rate, Ṁ gas , for the remainder of

he relaxation. We limit our analysis to central galaxies because a 
ignificant proportion of unstable misalignments in satellite galaxies 
re likely affected by gas-stripping (e.g. ram-pressure stripping; 
him et al. 2021 ) rather than gas accretion. We use 1148 relaxations

or which the central galaxy classification remains unchanged for the 
uration of t relax and for which the ongoing gas inflow rates can be
stimated. Of these, 286 have ongoing gas accretion rates of Ṁ gas < 1
 � yr −1 , 773 lie within 1 < Ṁ gas < 10 M � yr −1 , and 89 have higher

ngoing accretion rates of Ṁ gas > 10 M � yr −1 . 
In Fig. 13 we show how the normalized relaxation time varies with

he time-averaged ongoing gas inflow rate (where we have omitted 
he intermediate inflow range for clarity). Central galaxies with 
igher gas inflow rates show longer lived unstable misalignments. 
e find median normalized relaxation times of 2 . 0 t relax / ̄t torque ,
 . 5 t relax / ̄t torque , and 2 . 8 t relax / ̄t torque for Ṁ gas < 1 M � yr −1 to 1 <
˙
 gas < 10 M � yr −1 to Ṁ gas > 10 M � yr −1 , respectively. This effect

s seen most clearly in the range 2 � t relax / ̄t torque � 8. The difference
etween the lower and higher inflow galaxies result is significant 
two-sample KS-test statistic = 0 . 16 and p-value = 1 . 6 × 10 −4 ).
urther splitting the sample among ETGs and LTGs reveals the 
ignificance of this result to be driven primarily by central ETGs
ather than central LTGs (not shown). Averaging the gas inflow 

ate after a longer time since initial misalignment formation (e.g. 
 0 . 5 Gyr) strengthens the dichotomy between low- and high-inflow

nstable misalignments. 
These results suggest that galaxies experiencing higher ongoing 

as accretion on to a misaligned gas disc can have their relaxation
ime-scales enhanced. Ho we ver, due to the resolution limitations 
f large-scale cosmological simulations, we caution against this 
esult as a conclusive indicator of a relationship between enhanced 
elaxation times and ongoing inflow rates. 

.3.7 Central vs satellite galaxy dependence on relaxation 
ime-scales 

o investigate the effect of the environment on the relaxation 
istributions, we use 2470 relaxations for which the central or 
atellite galaxy classification remains unchanged for the duration 
f t relax . The application of this criterion returns 1699 centrals and
11 satellites. 
We find a small trend towards longer normalized relaxation 

imes in central galaxies compared to satellite galaxies with median 
elaxation times of 1 . 8 t relax / ̄t torque and 1 . 6 t relax / ̄t torque , respectively
not shown). Comparing the distributions of normalized relaxation 
imes between central and satellite galaxies we find this difference 
s significant (two-sample KS-test statistic = 0 . 08 and p-value
 2 . 0 × 10 −3 ). 
These results indicate that central galaxies appear to be more 

rone to additional physical processes extending the lifetimes of 
heir misaligned gas compared to satellite galaxies. 

.3.8 Halo mass dependence on relaxation time-scales 

inally, smooth accretion from misaligned halo cooling has been 
uggested as both a formation path of misalignments (e.g. Lagos 
t al. 2015 ), and a means to extend the lifetimes of an existing
nstable misalignment (e.g. Bryant et al. 2019 ). Thus, we consider
he effects of o v erall environment density (and by proxy, larger halo
as reservoirs) on the relaxation distribution by using the halo mass,
 200c , as a proxy. These results are shown in Fig. 14 . 
We limit ourselves to central galaxies for this analysis as gas

ooling from a hot halo will primarily accrete on to the central
alaxy (e.g. Fabian, Nulsen & Canizares 1984 ; Negri et al. 2014 ;
aspari, Temi & Brighenti 2017 ). We consider two mass ranges
roadly corresponding to low-mass haloes ( M 200c < 10 12 . 5 M �)
nd intermediate- to high-mass haloes ( M 200c > 10 12 . 5 M �). This
rovides a sample of 1699 relaxations with sub-sample sizes of 1615
low-mass) and 84 (intermediate/high-mass). Because we find only 
wo instances of central cluster galaxies (assumed to be M 200c > 10 14 

 �) among our sample, we only distinguish between low- and
ntermediate-mass environments. 

We find a strong and significant difference between the two halo
asses considered (two-sample KS-test statistic = 0 . 29 and p-value
 1 . 5 × 10 −6 ) showing a positive correlation between halo mass

nd the normalized relaxation time (in terms of t̄ torque ). This is
een in both the o v erall shape of the distributions in Fig. 14 and
n the median relaxation times which correspond to 1 . 7 t relax / ̄t torque 

low-mass) and 2 . 8 t relax / ̄t torque (intermediate/high-mass). Low-mass 
aloes are dominated by short-duration normalized relaxation times, 
MNRAS 541, 494–515 (2025) 
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Figure 14. Normalized relaxation time distributions of central galaxies with 
different halo mass ranges for relaxations with t relax > 0 . 2 Gyr. Percentages 
are given with respect to total relaxations within the halo mass sub-sample. 
Errors are given as Poisson uncertainties. We find a trend towards longer 
normalized relaxation times with larger halo masses, with medians of 
1 . 7 t relax / ̄t torque (low-mass) and 2 . 8 t relax / ̄t torque (intermediate-/high-mass). 

Table 5. Statistics on the median and standard deviation (SD) of relaxation 
time-scales for a sub-sample of M ∗ > 10 10 M � galaxies, expressed for the 
total sample and by morphology (e.g. ETG → ETG). Relaxation time-scales 
are given in terms of Gyr, and as normalized relaxation times in terms of ̄t dyn , 
and ̄t torque . 

Relaxation time-scales All LTG → LTG ETG → ETG 

Median SD Median SD Median SD 

t relax (Gyr) 0.38 0.62 0.26 0.34 0.48 0.72 
t relax / ̄t dyn 3.47 6.03 2.71 4.57 3.95 6.75 
t relax / ̄t torque 1.87 2.86 1.59 2.54 1.85 3.04 
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uggesting processes that preserve unstable misalignments (e.g.
mooth accretion) are rare in this mass regime. On the other
and, intermediate/high-mass haloes have a considerably flatter
istribution and dominate the long-duration normalized relaxation
ime-scales beyond � 4 t relax / ̄t torque . This behaviour becomes more
ronounced when considering central galaxies with M 200c > 10 13 . 5 

 � (not shown). 
Although not shown, we also find a strong positive relationship

etween normalized relaxation times (in terms of t̄ torque ) and stellar
ass within 2 r 50 . t relax / ̄t torque increases from 1.6 to 2.5 to 3.7 for mass

anges of M ∗ < 10 10 M �, 10 10 M � < M ∗ < 10 11 M �, and M ∗ >

0 11 M �, respectively. Again, these results are largely unchanged
hen considering only co → co and counter → counter relaxation
aths. 
Together, these results point towards halo cooling (from mis-

ligned haloes; see e.g. Hill et al. 2021 ) being an important driver
f long-duration misalignments in higher mass systems in EAGLE .
o we ver, we stress that a more thorough analysis needs to be done

o confirm the significance of accretion from misaligned halo cooling
s a driver of misalignments within EAGLE and similar cosmological
imulations. 

.4 Incidence of mergers with misalignment formation 

n this section, we briefly explore the incidence of mergers with
he formation of unstable misalignments. For this analysis, we
onsider galaxies with M ∗ � 10 10 M � in order to more accurately
esolve minor mergers in the merger tree. This gives us a sample
f 718 relaxations, with statistics given in Table 5 . The behaviour
NRAS 541, 494–515 (2025) 
f median t relax values for ETGs and LTGs are comparable to those
f our original sample, with a trend towards a larger and flatter
istribution of t relax / ̄t dyn and t relax / ̄t torque as expected from our results
n Section 6.3.8 . Alongside higher gas fractions and SFRs, galaxies
t z ≈ 1 experience more frequent galaxy interactions and mergers
ompared to z ≈ 0 counterparts (Fensch et al. 2017 ; Pfeffer et al.
023 ). As such, we further sub-divide our sample between high- z
0 . 35 < z < 1 . 00) and low- z ( z < 0 . 35) with sub-samples of 449
nd 269 relaxations, respectively. These redshift ranges correspond
o approximately equal temporal ranges of ∼ 4 Gyr. 

The incidence of mergers and the formation of unstable misalign-
ents will be sensitive to the time window o v er which we associate

hese two events. We search for mergers with stellar mass ratios of
∗ > 0 . 1 within windows of 0.4, 0.6, and 1.0 Gyr centred on the first

nipshot to enter the unstable [20 ◦ − 160 ◦] regime. As galaxies tend
o become unstably misaligned quickly, this snipshot o v erwhelm-
ngly coincides with the first unstable misalignment [30 ◦ − 150 ◦].
ocusing primarily on the 0.6 Gyr window size, we aim to capture
nstable misalignment formations that are explicitly associated with
 direct merger origin (such as the first unstable misalignment in
alaxy B in Fig. 4 ) and exclude unstable misalignment formations

ssociated with an accretion event from an initial fly-by (such as
alaxy A in Fig. 4 ). By setting this window to 0.6 Gyr we search

or mergers within ≈ 2 snipshots on either side of the kinematic
nstability. This gives us a small degree of flexibility with regard to
he exact timing of the merger according to the existing merger trees,
nd gives the gas a short window within which to settle and form
n unstable misaligned disc. Because minor merger signatures are
ypically visible for ∼ 0 . 5 Gyr in observational studies (e.g. Lotz
t al. 2010 ), we reason that any unstable misalignments associated
ith mergers in our sample would likely be classified similarly in
ptical counterparts. 
In Fig. 15 we visualize the fraction of unstable misalignments

ssociated with major and minor mergers within a 0.6 Gyr window
or sub-samples of high- z and low- z relaxing misalignments. For
ur low- z sub-sample, we additionally show the merger dependence
n the morphology before any misalignment (e.g. ETG → LTG
elaxations are classified under ‘ETG’). 

At low- z, ≈ 10 . 4 per cent of our sample is associated with a
erger origin, with major mergers ( ≈ 7 . 1 per cent ) dominating this

raction o v er minor mergers ( ≈ 3 . 3 per cent ) in both morphologies.
f these, unstable misalignments in ETGs show higher merger-
rigin fractions ( ≈ 13 . 9 per cent ) o v er LTGs ( ≈ 6 . 4 per cent ) which
ay be due to ETGs being more susceptible to misalignments

rom stochastic external accretion owing to lower gas SF fractions.
hanging the window size does not change the relative proportions
f major and minor mergers nor the higher incidence in ETGs,
ut does affect the incidence of mergers with ≈ 4 . 4 per cent
nd ≈ 14 . 5 per cent (both within z < 0 . 35) for windows of size
.4 Gyr and 1.0 Gyr, respectively. Among our high- z sub-sample,
e find a higher incidence of mergers ≈ 20 . 5 per cent ) though they

emain sub-dominant in misalignment formation. Together with our
ow- z sub-sample, we find an incidence of ≈ 16 . 7 for relaxations
n 0 < z < 1. These results imply that major mergers are more
f fecti ve at dri ving unstable misalignments than minor mergers, as
he latter may lack sufficient gas to meaningfully change the angular

omentum of the in situ gas. 
We conclude that galaxy mergers are not the primary driver behind

tellar-gas misalignments in EAGLE galaxies, but they may have been
ore important at higher redshifts. This once again points towards

ignificant contributions of other processes that form unstable mis-
lignments, which are in agreement with results from Casanue v a et al.
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Figure 15. Pie charts visualizing the number of unstable misalignments associated with major and minor mergers for 0 . 35 < z < 1 . 00 and z < 0 . 35, with the 
latter further split between ETGs and LTGs, all with M ∗ > 10 10 M �. Overall, we find ≈ 10 . 4 per cent ( ≈ 20 . 5 per cent ) of our relaxation sample associated 
with mergers within redshift ranges z < 0 . 35 (0 . 35 < z < 1 . 00). 
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 2022 ). Ho we ver, gi ven that misaligned haloes are often associated
ith galaxy encounters and mergers (e.g. Bett & Frenk 2012 ), 

xternal processes may remain dominant in misalignment formation 
ut these may only be weakly connected temporally. 

.5 Discussion and comparison to existing results 

ne of the key issues in this field in recent years has been the inability
f current models to accurately reproduce the observed misalignment 
istribution at z ∼ 0 . 1 (e.g. Lagos et al. 2015 ; Davis & Bureau 2016 ).
n this section, we put our results in the context of the proposed
olutions to this discrepancy. 

As explored in detail in Davis & Bureau ( 2016 ), assuming
isalignments to be formed primarily through mergers alongside 

heoretical relaxation time-scales (in the absence of smooth gas 
ccretion), analytical models significantly o v erproduce the fraction 
f counter-rotating (relaxed) ETGs and underproduce the fraction 
f unstable misaligned (un-relaxed) ETGs (Davis & Bureau 2016 ). 
hile shorter gas depletion time-scales can be invoked to reproduce 

bserved distributions, such that a misaligned disc is depleted before 
t can relax, this solution is not fa v oured. This is because it requires
oth a significantly higher merger rate ( ∼ 5 –10 times larger than
redicted from � CDM) to supply frequent misaligned gas alongside 
 higher efficiency of processes to deplete it (e.g. increased AGN 

ctivity or star-formation efficiency) that far exceeds values measured 
or typical ETGs. 

One solution presented by Davis & Bureau ( 2016 ) suggests that the
elaxation time-scales of many ETGs may be significantly underesti- 
ated due to significant smooth accretion on to unstable misaligned 

as discs. Assuming mergers to be the dominant driver of misalign-
ents, relaxation time-scales ∼ 10 times higher ( ∼ 20 − 80 t dyn )

ould broadly reproduce the observed ETG misalignment angle 
istrib utions. This beha viour was studied by de Voort et al. ( 2015 )
sing the zoom-in FIRE simulations. Following a gas-rich merger, an 
nstable misaligned gas disc persisted for ≈ 2 . 1 Gyr attributed to
o w le vels of smooth accretion on to the misaligned disc from tidal
ails. This significantly extended the lifetime of the misalignment 
or the first ≈ 1 . 8 Gyr before a decrease in accretion rate led to an
ventual decoupling between the misaligned disc and accretion flow, 
ollowed by a relaxation. 

An alternative solution suggests that there may be additional 
rocesses forming misalignments besides mergers. For instance, 
alaxies that are already gas-poor (such as red-sequence ETGs; Davis 
t al. 2022 ) have a lower angular momentum threshold needed to
isalign the gas disc. This may make these systems more susceptible 

o becoming misaligned from other sources of misaligned accretion 
e.g. Lagos et al. 2018 ; Khim et al. 2021 ; Casanue v a et al. 2022 ).
ndeed, recent results from semi-analytical models and simulations 
ave shown the formation pathways for misalignments to be signifi- 
antly more diverse than previously assumed in earlier observational 
tudies. Using the GALFORM semi-analytical model (Cole et al. 2000 )
nd assuming mergers to be the only source of misalignments, 
agos et al. ( 2015 ) found misalignments in only ∼ 2 –5 per cent of
TGs at z = 0. Ho we ver, when additionally considering isotropic
mooth accretion from halo cooling, the fraction of misaligned 
TGs increased to ∼ 46 per cent of ETGs bringing this value 
ignificantly closer to observational results (e.g. Davis et al. 2011 ;
ryant et al. 2019 ; Ristea et al. 2022 ). More recently, Khim et al.
 2021 ) use the HORIZON-AGN simulation to investigate the origins
nd time-scales of misalignments for a sample of ≈ 27 900 galaxies.
hey report four main formation paths for misalignments: mergers 
 ≈ 35 per cent ), gas stripping and interactions with the environment 
 ≈ 23 per cent ), interactions with other galaxies ( ≈ 21 per cent ), 
nd secular evolution such as filament accretion or misaligned halo 
ooling ( ≈ 21 per cent ). 

Overall, our results tend to be in agreement with the presence
f additional drivers of misalignments, rather than a dominant 
opulation of significantly longer lived unstable misalignments in 
TGs. From our results in Section 6.3.3 , we find that the vast majority
f unstable misalignments in ETGs relax within ∼ 6 − 8 ̄t dyn . These
elaxations do not show substantially enhanced relaxation times 
ompared to LTGs once time-scales are normalized with respect 
o t̄ torque . While we do see a population of fairly long-duration
nstable misalignments with ∼ 1 –2 Gyr (of comparable duration 
o de Voort et al. 2015 ), and a population with enhanced relaxation
ime-scales of > 3 ̄t torque beyond theoretical time-scales (Tohline et al. 
982 ; Lake & Norman 1983 ), these are not dominant among our
ample. Furthermore, the relatively low incidence of mergers ( ≈
0 –21 per cent for low- z and high- z, respectively) with the formation
f unstable misalignments in ETGs suggests misalignments form 

hrough diverse formation pathways and may occur more frequently 
han previously assumed. Thus, at least in EAGLE , we conclude that a
opulation of long-duration unstable misalignments formed through 
ergers in ETGs, as suggested by Davis & Bureau ( 2016 ), is not the
ain driver behind the misalignment distributions at z ∼ 0 . 1. 
In qualitative terms, our relaxation time-scales agree with those 

nvestigated in HORIZON-AGN by Khim et al. ( 2021 ). Using a sample
f misaligned ( > 30 ◦) galaxies and characterizing relaxation time-
cales as a population decay, they find longer characteristic decay 
ime-scales in ETGs ( ≈ 2 . 34 Gyr) compared to LTGs ( ≈ 0 . 75 Gyr).
his gives ETGs a ≈ 3 . 4 times longer misalignment duration. By

racing the longevity of individual unstable misalignments in EAGLE , 
MNRAS 541, 494–515 (2025) 
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e tend to find on average shorter relaxation time-scales overall.
o we ver, we also find longer relaxation times in ETGs ( ≈ 0 . 51 Gyr)

ompared to LTGs ( ≈ 0 . 38 Gyr). Besides underlying differences in
pproach (e.g. use of a decay time-scale) and the different mass
anges considered, the longer relaxation times found in HORIZON-
GN may be due to numerous reasons. First, HORIZON-AGN contains
 larger number of M ∗ > 10 10 M � galaxies ( ≈ 28 000) compared
o EAGLE ( ≈ 3600) at z ∼ 0. These galaxies typically reside in
enser environments in HORIZON-AGN compared to EAGLE (e.g. Khim
t al. 2020 ). This, in turn, may increase relaxation times due to
ncreased galaxy encounters and smooth accretion events (Khim
t al. 2021 ). Secondly, as the time interv als between successi ve
imulation outputs is about twice as long in HORIZON-AGN compared
o EAGLE , galaxies in our sample are required to meet our sample
riteria o v er a greater number of consecutive snapshots. The lower
ime resolution in HORIZON-AGN may also obfuscate many shorter-
uration misalignments that we are able to resolve. Thirdly, Khim
t al. ( 2021 ) make use of projected 2D misalignment angles. While
e found no substantial changes in the shape of the misalignment
istribution at z = 0 . 1 between 2D and 3D misalignment angles (see
ig. 2 ), it is clear that the use of 3D misalignment angles is preferred
hen characterizing relaxation time-scales with respect to theoretical
redictions (see Section 2 ). Finally and most importantly, while we
im to measure the relaxation time-scales of unstable misalignments
30 ◦–150 ◦), Khim et al. ( 2021 ) measure the longevity of misaligned
alaxies ( > 30 ◦). As a consequence, galaxies that spend considerable
ime in the stable counter-rotating regime (e.g. Galaxy B in Fig. 4 )
ould have characteristic misalignment time-scales ( ≈ 4 . 5 Gyr) far

xceeding the relaxation time-scales that we measure ( ≈ 0 . 35 and
2 . 55 Gyr). 
Bryant et al. ( 2019 ) highlight that it is difficult to achieve the

bserved dichotomy between ETG and LTG misalignment distribu-
ions at z ≈ 0 . 1 through differences in theoretical relaxation time-
cales. Using a slightly modified expression for t̄ torque and assuming
 standard ellipticity of 0.2 and 0.8 for ETGs and LTGs, respectively,
hey find a theoretically maximum 2 . 7 × longer relaxation time in
TGs. Thus, if morphology is the primary driver of the observed
ichotomy and assuming unstable misalignments are formed at the
ame rate in ETGs and LTGs, we should expect < 2 . 7 × more
isaligned ETGs than LTGs. Further considering variations in the

ypical size and radial velocity of gas discs and taking ellipticity
alues from a full realistic population of galaxies, this ratio drops to
 1 . 4. In EAGLE , we find a similarly low ratio of ≈ 1 . 3 × ( ≈ 1 . 6 × for

o → co relaxation paths) between median relaxation times of ETGs
nd LTGs. Crucially, these ratios are significantly lower than the
bserved ratio of misaligned gas between ETGs and LTGs (15 ± 7) in
AMI and similar studies. Likewise, we find a misaligned gas SF ratio
f 6 . 2 ± 1 . 2 between ETGs and LTGs (see Fig. 2 ). Thus, we concur
ith Bryant et al. ( 2019 ) that differences in theoretical relaxation

ime-scales between ETGs and LTGs are not the dominant driver
ehind the observed misalignment distributions. Instead, we suggest
hat a higher frequency of misalignment events in ETGs is likely the
ominant driver behind the observed misalignment distributions. 
We find a relatively low incidence of mergers coinciding with

he formation of unstable misalignments ( ≈ 11 –22 per cent ) o v er
 < z < 1, highlighting the presence of additional processes forming
nstable misalignments, especially within z < 0 . 35. These results
re also in qualitative agreement with recent work in cosmolog-
cal simulations (e.g. Starkenburg et al. 2019 ; Khim et al. 2021 ;
asanue v a et al. 2022 ), as well as semi-analytical models (e.g. Lagos
t al. 2015 ). For instance, in earlier work using EAGLE , Casanue v a
t al. ( 2022 ) report only ≈ 4 per cent of misalignments ( > 30 ◦)
NRAS 541, 494–515 (2025) 
oinciding with mergers and highlight the importance of gas deple-
ion (possibly through outflows or stripping) to form misalignments
hrough galaxy interactions and encounters. Quantitative differences
re likely caused by our different methods (as we use EAGLE snipshots
nd utilize a time window within which to identify a merger-driven
rigin). The mass range of galaxies considered is also different, with
asanue v a et al. ( 2022 ) including many dwarf galaxies ( M ∗ > 10 9 

 �) that may be located in isolated environments with few merger
pportunities. 
Our results are also in relatively good qualitative agreement with

him et al. ( 2021 ) who found a major (minor) merger-incidence
f ∼ 16 per cent ( ∼ 15 per cent ) at z ≈ 0 using a modified major
nd minor merger ratio definition of μ∗ > 0 . 25 and 0 . 25 > μ∗ >

 . 02, respectiv ely. F or comparison, we find a major (minor) merger-
ncidence of ≈ 7 . 1 per cent ( ≈ 3 . 3 per cent ) for galaxies within
 < 0 . 35. Quantitati ve dif ferences likely arise from the inclusion of
maller merger ratios in their method alongside the aforementioned
igher environment density of galaxies in HORIZON-AGN , prompting
ore frequent mergers and galaxy encounters. Our results also show

ome agreement with recent observational results in SAMI within
 < 0 . 1, with a likely merger-origin associated with ≈ 14 per cent
f misalignments in galaxies with a mass range of 10 9 � M ∗ � 10 11 . 5 

 � (Ristea et al. 2022 ). 
Finally, we find a qualitative agreement with Khim et al. ( 2021 )

n the relation between long-lived misalignments and halo mass
s a proxy for environment density. While we find no significant
ifference between the t relax of low- and medium-/high-mass haloes,
e do find a strong positive correlation between t relax / ̄t torque and
alo mass. We also find a positive correlation between t relax / ̄t torque 

nd higher ongoing gas accretion rates among central galaxies.
longside Khim et al. ( 2021 ), we attribute the positive correlation
etween halo mass and longer lived unstable misalignments to
oth a higher incidence of interactions and gas stripping events in
roup environments, as well as higher quantities of halo cooling
and resulting gas inflow) with increasing halo mass (e.g. Correa
t al. 2018 ; Mitchell & Schaye 2022 ). For the latter, an unstable
isalignment in a more massive halo may be preserved through

ignificant misaligned smooth gas accretion, provided the gaseous
alo is misaligned. For instance, stellar-gas misalignments were
ound to be more common in galaxies with misaligned haloes in the
llustrisTNG simulation (Duckworth et al. 2020a ). The combination
f lower gas SF masses and a higher frequency of halo angular
omentum decoupling lik ely mak es ETGs more prone to unstable
isalignments from processes besides mergers. These conclusions

re also in agreement with those by Casanue v a et al. ( 2022 ). 
We note that a possible limiting factor in our analysis is due to

ur strict relaxation sample criteria. As a natural consequence of
equiring consecutive criteria-meeting snipshots for the duration of
he unstable misalignment, the chances of us excluding a relaxation
ncrease significantly for longer duration relaxations. Long-duration
nstable misalignments in ETGs are especially vulnerable to this,
iven that typical ETGs in EAGLE have both lower gas SF particle
ounts and host longer duration unstable misalignments. Similarly,
here is likely an additional population of unstable misalignments
n galaxies with ongoing mergers. For example, Khim et al. ( 2021 )
nd misalignments driven by group interactions to have the longest
uration. Ho we ver, as these relaxations contain snipshots that do not
eet our sample criteria, or fail to relax before merging, we reason

hat any estimate of the relaxation time in these galaxies is unreliable.
As highlighted in Appendix A , we find no substantial difference in

he number of long-lived ( t relax > 0 . 1 Gyr) unstable misalignments
dentified through use of a 0, 0.1 or 0.2 Gyr latency time. Thus,
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e rule out the possibility of missing a significant number of long-
ived unstable misalignments due to our choice of t lat = 0 . 1 Gyr.
inally, our sample redshift window of 0 < z < 1 ( ≈ 8 Gyr) naturally

imits the number of complete t relax � 20 t dyn misalignments we can
easure from formation to relaxation, with t relax ≈ 40 t dyn being 

n approximate upper limit. Ho we ver, considering the limitations 
mposed by our relaxation sample criteria, the fact we still find 
 moderate population of long-lived misalignments suggests that 
isalignment-preserving processes are nevertheless present and that 

hese may be more widespread than previously assumed. 

 C O N C L U S I O N S  

n this work, we have used the EAGLE cosmological simulations 
o investigate the longevity of stellar-gas kinematic misalignments 
n galaxies with a stellar mass > 10 9 . 5 M �. We use samples of

5400 galaxies for each snapshot to investigate the distribution and 
ariation in the fraction of misaligned systems ( ψ 3D > 30 ◦) in the
ange 0 < z < 1. We then construct a sample of 3154 misalignment
elaxations for which we can reliably estimate the time taken for
n unstable misalignment (30 ◦ < ψ 3D < 150 ◦) to settle into the
inematically stable regime ( ψ 3D < 20 ◦ or ψ 3D > 160 ◦). For each
elaxation, we compare the relaxation time ( t relax ) to the dynamical
ime-scale of the disc ( ̄t dyn ) and to the expected relaxation time-
cale from theoretical predictions (i.e. the torquing time-scale, ̄t torque ). 
sing this sample, we established the distribution of relaxation time- 

cales for a variety of galaxy properties including morphology, star- 
orming gas fraction, and halo mass. Next, we briefly investigated the 
orrelation between the incidence of mergers and the formation of 
nstable stellar-gas kinematic misalignments. Finally, we compare 
ur results to theoretical predictions and interpret these in the context 
f driving the observed misalignment distribution at z ≈ 0 . 1. 
Our results can be summarized as follows: 

(i) For both ETGs and LTGs, the fraction of 3D misalignments ( >
0 ◦) increases slightly to wards lo wer redshifts, dri ven by the build-
p of long-lasting counter-rotating ( > 150 ◦) systems. By z ≈ 0 . 1,
e find counter-rotating gas discs present in ≈ 6 per cent of our 

ample. 
(ii) The majority of unstable misalignments relax on short time- 

cales, with median relaxation times of t relax ≈ 0 . 5 Gyr ≈ 3 . 2 ̄t dyn ≈
 . 4 ̄t torque . These indicate the majority of unstable misalignments 
o not experience significantly enhanced relaxation time-scales of 

20 ̄t dyn due to continued smooth accretion, as suggested by Davis & 

ureau ( 2016 ) to explain the shape of the ETG misalignment
istribution at z ∼ 0 . 1. 
(iii) ETGs take ≈ 1 . 3 longer to relax compared to LTGs. Ho we ver,

ccounting for differences in dynamical time-scales and mass distri- 
utions between morphologies, ETGs show no significant preference 
 v er LTGs towards longer lived unstable misalignments. 
(iv) We consider long-duration relaxations as those with t relax > 

 ̄t torque and find that these constitute ≈ 20 per cent of our sample. 
alaxies with these long-duration unstable misalignments tend to 
ave lower star-forming gas fractions, abo v e-av erage stellar mass,
nd higher ongoing gas inflow rates. 

(v) We find a positive correlation between halo mass and nor- 
alized relaxation time-scales, with central galaxies residing in 

ntermediate-/high-mass environments ( M 200c > 10 12 . 5 M �) show- 
ng clear signs of processes preserving unstable misalignments 
eyond theoretical predictions. We speculate some of these extended 
ifetimes may be driven by the cooling of hot gas from a misaligned
alo. 
(vi) Among galaxies with M ∗ > 10 10 M �, mergers coincide with
he formation of an unstable misalignment in ≈ 10 . 4 per cent of
ases at z < 0 . 35. Major mergers are more ef fecti ve at forming
nstable misalignments and dominate the formation of unstable 
isalignments ( ≈ 7 . 1 per cent ) compared to minor mergers ( ≈
 . 3 per cent ). Mergers contribute towards the formation of unstable
isalignments more in ETGs ( ≈ 13 . 9 per cent ) than in LTGs

 ≈ 6 . 4 per cent ). At 0 . 35 < z < 1 . 00, the incidence of mergers that
oincide with misalignment formation increases to ≈ 20 . 5 per cent . 

Taken as a whole, these results point towards a more complex
icture regarding the origins and drivers of kinematic misalignments 
n galaxies than pre viously considered. Gi ven the relati vely lo w
ncidence of mergers with misalignment formation, alongside only 

oderately extended misalignment lifetimes, misalignments are 
ikely occurring more frequently in ETGs given the smaller gas discs
n these systems are more susceptible to perturbations. Ho we ver, 
ith our results pointing towards significant contributions of smooth 

ccretion from the cooling of a hot misaligned halo, we likely still
equire galaxy interactions to misalign the halo in the first place. In
his sense, misalignments are still formed primarily through external 
rocesses, but they are not necessarily temporally connected. Thus, 
he star-forming gas replenishment mechanisms in galaxies likely 
ccur through a diverse source rather than a pre v alence to wards gas-
ich minor mergers (as suggested for red-sequence ETGs). 

More work needs to be done in this field to fully understand the
rivers of these misalignments to discern the main ISM replenish- 
ent mechanisms of ETGs. Future observational surv e ys with e.g.
LMA and JWST alongside state-of-the-art cosmological hydro- 
ynamical simulations with a multiphase ISM, such as FIREbox 
Feldmann et al. 2023 ) and the upcoming COLIBRE (Schaye et al. in
reparation; Chaikin et al. in preparation), offer an opportunity to 
xplore these unique systems in more detail. 
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able A1. Variation of the number of relaxations in our sample ( N ), median
elaxation time ( t relax ), and fraction of unstable misalignments with long
elaxation times ( t relax > 1 Gyr) in our relaxation sample from 0 < z < 1
ith respect to varying latency time ( t lat ) between 0 and 0.5 Gyr. 

 lat (Gyr) N t relax (Gyr) t relax > 1 Gyr relaxation
Count Fraction

 6343 0.36 681 0.104 
.1 3154 0.50 635 0.200 
.2 1983 0.55 535 0.270 
.5 865 0.55 267 0.309 

ample criteria. The interplay between these selection effects sets 
he o v erall relaxation time distribution. 

We explore the selection effects of varying the latency time in 
he range 0 < t lat < 0 . 5 Gyr, with statistics shown in Table A1 .
2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
hile increasing t lat comes at a significant cost to our o v erall
ample size, we find no significant change in the o v erall shape
f our relaxation time-scale distribution besides an increase in the 
elative fraction of t relax < 0 . 3 Gyr relaxations for t lat = 0 Gyr and
ubsequently decreased median relaxation time. As expected, this 
s driven primarily by substantial increase in the relative number 
f short-duration unstable misalignments rather than a significant 
ecrease in the number of long-duration unstable misalignments. 
e therefore rule out the possibility of missing any substantial 

opulation of long-duration unstable misalignments due to variations 
n t lat . 
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