
MNRAS 514, 2031–2048 (2022) https://doi.org/10.1093/mnras/stac523 
Advance Access publication 2022 February 28 

The origin of star–gas misalignments in simulated galaxies 

Catalina I. Casanue v a, 1 , 2 ‹ Claudia del P. Lagos , 3 , 4 ‹ Nelson D. Padilla 

1 , 2 and Thomas A. Davison 

5 , 6 

1 Instituto de Astrof ́ısica, Pontificia Universidad Cat ́olica de Chile, Av. Vicu ̃ na Mackenna 4860, 7820436 Santiago, Chile 
2 Centro de Astro-Ingenier ́ıa, Pontificia Universidad Cat ́olica de Chile, Av. Vicu ̃ na Mackenna 4860, 7820436 Santiago, Chile 
3 International Centre for Radio Astronomy Research (ICRAR), M468, University of Western Australia, 35 Stirling Hwy, Crawley, WA 6009, Australia 
4 Austr alian Researc h Council Centr e of Excellence for All-sky Astrophysics (CAASTRO), 44 Rosehill Str eet Redfern, NSW 2016, Australia 
5 Jeremiah Horrocks Institute, University of Central Lancashire, Preston PR1 2HE, UK 

6 European Southern Observatory, Karl-Sc hwarzsc hild-Str asse 2, Garching bei Muenchen D-87548, Germany 

Accepted 2022 February 22. Received 2022 January 28; in original form 2021 September 14 

A B S T R A C T 

We study the origin of misalignments between the stellar and star-forming gas components of simulated galaxies in the EAGLE 

simulations. We focus on galaxies with stellar masses ≥10 

9 M � at 0 ≤ z ≤ 1. We compare the frequency of misalignments 
with observational results from the SAMI surv e y and find that o v erall, EAGLE can reproduce the incidence of misalignments 
in the field and clusters, as well as the dependence on stellar mass and optical colour within the uncertainties. We study the 
dependence on kinematic misalignments with internal galaxy properties and different processes related to galaxy mergers and 

sudden changes in stellar and star-forming gas mass. We find that galaxy mergers happen in similar frequency in mis- and aligned 

galaxies, with the main difference being misaligned galaxies showing a higher tidal field strength and fraction of ex situ stars. We 
find that despite the environment being rele v ant in setting the conditions to misalign the star-forming gas, the properties internal 
to galaxies play a crucial role in determining whether the gas quickly aligns with the stellar component or not. Hence, galaxies 
that are more triaxial and more dispersion dominated display more misalignments because they are inefficient at realigning the 
star-forming gas towards the stellar angular momentum vector. 

K ey words: galaxies: e volution – galaxies: general – galaxies: kinematics and dynamics. 
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 I N T RO D U C T I O N  

nderstanding how galaxies formed and evolved to their observed 
tate is one of the main interests of modern astrophysics. Studying 
he kinematical misalignments between the stellar and gaseous 
omponents can give us clues about the origin and the processes that
ffect gas accretion and possibly their galaxy assembly histories, thus 
laying a crucial role in our understanding of galaxy formation and 
volution. 

Developments in spectrographs have led to the advent of Integral 
ield Units (IFUs) surv e ys, which pro vide spatially resolv ed spectra
or galaxies in a way that allows the measurement of the angle
etween the rotational axes of stars and star-forming gas (SF gas)
hrough the construction of 2D kinematic maps of absorption and 
mission lines, respectively (e.g. Davis et al. 2011 ; Fogarty et al.
014 ). 
Early IFU surv e ys focused on early-type galaxies (ETGs), includ- 

ng surv e ys such as SAURON (de Zeeuw et al. 2002 ) and ATLAS 

3D 

Cappellari et al. 2011 ). Davis et al. ( 2011 ) used 260 ETGs from
TLAS 

3D to study the incidence of stellar-gas misalignments in 
TGs and found that ∼36 per cent of these galaxies have misaligned 
as discs (i.e. the difference between rotational axes of stars and gas
s greater than 30 ◦1 ). This fraction increases for field ETGs, i.e.
 E-mail: cicasanue v a@uc.cl (CIC); claudia.lagos@icrar.org (CdPL) 
 This threshold angle comes from the typical error associated with this mea- 
urement being at most 30 ◦ both in observations (using the FIT KINEMATIC PA 
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hose outside the Virgo cluster or its vicinity. This high fraction of
isalignments led to the hypothesis that the gas has an external

rigin, pointing to minor mergers as a possible main source of the
isaligned gas in early-type galaxies (e.g. Davis et al. 2011 ; Serra

t al. 2012 ). 
Later, a new generation of IFUs such as SAMI (Croom et al. 2012 ;

ryant et al. 2015 ), MaNGA (Bundy et al. 2015 ), and CALIFA
S ́anchez et al. 2012 ), allowed the extension of these studies to late-
ype (LTGs) and lower mass galaxies. Chen et al. ( 2016 ) used a
epresentative sample of 1351 nearby galaxies from the MaNGA 

urv e y to find that ∼2 per cent of blue star-forming galaxies have
ounter-rotating gas with a clear boost in star formation in their
entral regions. This suggests that these galaxies accrete abundant 
xternal gas that interacts with the pre-existing gas, driving gas into
he central regions ( < 1 kpc) and leading to centrally concentrated
apid star formation. Further, Jin et al. ( 2016 ) studied the properties
f 66 galaxies with kinematically misaligned gas and stars from 

he MaNGA surv e y, finding that the misalignment fraction depends
n physical galaxy properties such as stellar mass and specific star
ormation rate (sSFR). They concluded that the fraction of misaligned 
alaxies peaks at a stellar mass of ∼10 10.5 M � and increases with
ower sSFR. They also found evidence that misaligned galaxies 
end to reside in more isolated environments, in agreement with 
outine described in Krajnovi ́c et al. 2006 ) and simulations (Davis et al. 2011 ). 
ence, galaxies with differences in the stellar and gas kinematic position angle 
 v er 30 ◦ are clearly misaligned. 
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he findings of ATLAS 

3D for ETGs. Duckworth et al. ( 2018 ) used
900 central galaxies from the MaNGA surv e y to investigate the

elationship of kinematically misaligned galaxies with their large-
cale environment and with the halo assembly time. They found that
arge-scale environment does not seem to contribute significantly to

isalignments, while morphology appears to have a stronger effect
ince practically none of their misaligned galaxies are classified
s LTGs by visual inspection. Bryant et al. ( 2018 ) used ∼1200
alaxies from the SAMI galaxy surv e y and also demonstrated that
orphology has the strongest correlation with the likelihood of star–

as decoupling rather than the local environment, and suggested that
ergers are not the main driver for misalignments due to their low

requency. All this evidence supports the notion that the internal
roperties of galaxies are better predictors of misalignments than
heir environment. 

Misalignments between the stellar and SF gas components are
xpected in the standard cosmological model, � -cold dark matter
 � CDM). Within the � CDM framework, galaxies form by cooling
nd condensation of gas clouds within the potential wells of dark
atter haloes (White & Rees 1978 ; Mo, Mao & White 1998 ). At early

imes (i.e. during the linear stage of structure formation), baryons and
ark matter are well mixed in such a way that both experience similar
orques from the surrounding tidal field of protohaloes (tidal torque
heory TTT; e.g. Peebles 1969 ; Doroshkevich 1970 ; White 1984 ).
n this paradigm, galaxies inherit the angular momentum content of
he surrounding halo (Fall & Efstathiou 1980 ). Ho we ver, after the
urnaround (i.e. after the decoupling of the protohalo region from the
eneral expansion of the Universe), it is expected that the rotation of
ark matter, gas, and stars may decouple due to cooling and other non-
inear interactions. This decoupling has been evidenced in different
umerical simulations (e.g. van den Bosch et al. 2002 ; Bryan et al.
013 ; Pedrosa & Tissera 2015 ; Teklu et al. 2015 ; Zavala et al. 2016 ;
jupa & Springel 2016 ; DeFelippis et al. 2017 ; Garrison-Kimmel
t al. 2018 ). 

Galaxy formation and evolution models can impro v e our interpre-
ation of the observations by comparing the level of misalignment
resent in them. Simulation studies such as Sales et al. ( 2012 ), who
sed 100 galaxies from the GIMIC cosmological gas-dynamical
imulations (Crain et al. 2009 ), and Padilla et al. ( 2014 ), using the
AG semi-analytical model (Springel et al. 2001 ; Cora 2006 ; Lagos,
ora & Padilla 2008 ; Tecce et al. 2010 ; Padilla et al. 2014 ), showed

ubstantial evidence that the angular momentum of galaxies is not
ecessarily aligned with that of their host haloes since accretion
rom either the cosmic web or mergers can be stochastic. Lagos
t al. ( 2015 ) used the semi-analytical model GALFORM (Cole et al.
002 ) coupled with a Monte Carlo simulation (Padilla et al. 2014 )
o follow the angular momentum flips driven by matter accretion
n to haloes. Assuming that the only sources of misalignments are
alaxy mergers, they found that only ∼ 2 –5 per cent of ETGs would
how misaligned stars and gas, in tension with the observations of
TLAS 

3D . Ho we ver, considering the smooth increase of gas as a
riv er of misalignment, the y predicted that this fraction increased
o ∼ 46 per cent . These results led to the conclusion that the high
raction of misaligned gas discs observed in ETGs is mostly due
o smooth gas accretion (e.g. stochastic cooling from the hot halo
f galaxies), which takes place after most of the stellar mass of
he galaxy is in place and comes misaligned with respect to the
tellar component. They also found that ETGs with high masses,
ow cold gas fractions and low star formation rates are more likely
o display aligned cold gas and stellar components, in agreement
ith ATLAS 

3D data. Furthermore, Starkenburg et al. ( 2019 ) used
NRAS 514, 2031–2048 (2022) 
he Illustris numerical simulations (Nelson et al. 2015 ) to study the
rigin of counter-rotation of gaseous discs in low-mass galaxies
i.e. galaxies with a stellar mass between ∼10 9 and 10 10 M �).
hey identified the importance of gas loss through black hole

BH) feedback and gas stripping during a fly-by passage across a
ore massive group environment in driving misalignments between

tars and SF gas. More recently, Khim et al. ( 2020 ) using the
orizon-AGN simulation (Dubois et al. 2014 ) also found that ETGs

re substantially more frequently misaligned than LTGs and that
isalignment increases with decreasing gas fraction. They compared
orizon-AGN with SAMI, finding a significant discrepancy in the
isalignment fraction for galaxies in dense environments. While no

lear difference was found in the misalignment fraction between field
nd cluster environments of the SAMI observations, Horizon-AGN
ound a factor of three higher values in cluster galaxies regardless of
orphology. Khim et al. ( 2021 ) explored the origin of misalignments

n Horizon-AGN, finding that 61 per cent of the misalignments
re not merger -driven, b ut they are related to interaction with
earby galaxies, interaction with dense environments, and secular
volution. Finally, Duckworth, Tojeiro & Kraljic ( 2019 ) using a
ombination of data from the MaNGA surv e y and MaNGA-like
bservations in IllustrisTNG100 (Nelson et al. 2019 ), also found a
trong morphological dependence on the misalignment fraction and
 crucial role of a significant gas loss in decoupling star–gas rotation.
urthermore, they found that central galaxies are more likely to
xhibit misalignment than satellites and that misalignment at z = 0
s correlated with the spin of the dark matter halo going back to z = 1.
n a second paper (Duckworth et al. 2020 ) they found that misaligned
ow-mass galaxies have experienced gas loss due to a higher energy
njection through BH feedback, while the origin of misalignment in

assive quenched galaxies is more likely due to accretion of pristine
as or loss of enriched gas. 

Despite this progress, the mechanisms for kinematic decoupling
as and stars are still not fully determined. We aim to identify
hich galaxies are more likely to display misalignments and
hat physical processes are responsible for these. We attempt

o disentangle between external and internal factors that lead to
isalignment or make galaxies more prone to misalignment. In

rder to do this, we used the EAGLE cosmological hydrodynamical
imulation (Crain et al. 2015 ; Schaye et al. 2015 ) to explore the
ependence of kinematic misalignment on redshift, morphology,
nd other galaxy properties. The unique combination of large
osmological volume and the sufficient resolution of EAGLE al-
ows us to explore the origin of star–gas misalignments as well
s to make reliable measurements of key galaxy quantities, such
s angular momentum, morphology, and star formation activity.
AGLE is well suited for this study as it broadly reproduces the
orphological diversity of galaxies (Schaye et al. 2015 ; Lagos

t al. 2017 ; Trayford et al. 2019 ), the fraction of star-forming and
assive galaxies (Furlong et al. 2015 ; Wright et al. 2019 ), and the
tellar kinematic properties of galaxies and their dependence with
tellar mass and environment (Lagos et al. 2018 ; Walo-Mart ́ın et al.
020 ). 
This paper is organized as follows. In Section 2 , we describe the

AGLE simulation and our methods to study the origin of stars–gas
isalignments in the simulation. In Section 3.1 , we qualitatively

ompare misaligned galaxies in EAGLE with observed data from
he SAMI surv e y. In Sections 3.2 and 3.3 , we e xamine and dis-
uss possible internal properties and physical processes related to
isalignments, including two study cases. Finally, in Section 4 , we

ummarize our results. 
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 T H E  EAGLE SIMULATIONS  

AGLE (Evolution and Assembly of GaLaxies and their Environ- 
ents project; Crain et al. 2015 ; Schaye et al. 2015 ) is a suite of

ydrodynamical simulations that follow the formation, assembly, and 
volution of galaxies from z = 127 until z = 0. These simulations
ere constructed assuming a � CDM cosmology with �� 

= 0.693, 
m 

= 0.307, �b = 0.048 25, σ 8 = 0.8288, and h = 0.6777, consistent
ith Planck measurements (Planck Collaboration XXIII 2015 ). 
The suite was simulated with a modified version of GADGET -3 N -

ody Tree-PM smoothed particle hydrodynamics (SPH) code, which 
s an updated version of GADGET -2 (described in Springel 2005 ). This
ersion includes modifications to the hydrodynamics algorithm and 
he time-stepping criteria (Schaller et al. 2015 ) and incorporates sub-
rid modules that go v ern the phenomenological implementation of 
hysical processes that act on scales below the resolution limit of the
imulations. 

The sub-grid physics used in EAGLE include star formation 
Schaye & Dalla Vecchia 2008 ), heating and cooling of gas 
Wiersma, Schaye & Smith 2009a ), stellar mass losses due to stellar
volution (Wiersma et al. 2009b ), energy feedback from massive 
tars (Dalla Vecchia & Schaye 2012 ), gas accretion on to and
ergers of supermassive black holes (Booth & Schaye 2009 ; Rosas-
ue v ara et al. 2015 ), acti ve galactic nuclei (AGNs) feedback (Rosas-
ue v ara et al. 2015 ) and photoionization due to an evolving X-rays-

o-UV background following (Haardt & Madau 2001 ). The model 
arameters were calibrated to reproduce the observed galaxy stellar 
ass function at z ∼ 0 and the black hole mass-stellar mass relation

t z ∼ 0. In addition, the dependence of the stellar feedback energy
n the gas density was introduced to reproduce the relation between 
alaxy mass and size of star-forming galaxies at z ∼ 0.1. Crain et al.
 2015 ) provide a comprehensi ve overvie w of the calibration process.

EAGLE galaxies and their host haloes are identified by a multistage 
rocess, starting with the implementation of the friends-of-friends 
 FOF ) algorithm (Davis et al. 1985 ) to the dark matter particle
istribution. This algorithm links the particles together if their 
istance lies below the linking length of b ∼ 0.2 times the mean
nterparticle separation. Gas, stars, and black holes particles are 
ssociated with the FOF group of their nearest neighbour dark matter 
article (if there is any). After this, the SUBFIND algorithm (Dolag 
t al. 2009 ) is used to identify locally o v erdense sel EAGLE -bound
ubstructures or subhaloes within the full particle distribution of FOF 

aloes. Galaxies are then associated with subhaloes, and hence in this
ork as in all the publications done with EAGLE we assume galaxies

nd subhaloes are equi v alent. 
Galaxies form and evolve within their host haloes, so tracing them 

cross snapshots is analogous to tracing the evolution of their host
aloes via merger trees (Qu et al. 2017 ). The EAGLE merger trees were
onstructed by applying the D-TREES algorithm (Jiang et al. 2014 ) to
he SUBFIND subhalo catalogues across all simulation snapshots (i.e. 
cross all simulation outputs at different redshifts). In essence, the 
lgorithm links a subhalo with its descendant across more than two 
onsecutive snapshots. It identifies a subhalo descendant by tracing 
here the majority of the most bound particles are located at the next
utput time. 
In this study, we use the EAGLE largest reference simulation, 

abelled as ‘Ref-L100N1504’ in Schaye et al. ( 2015 ). This model
as run in a cosmological volume of 100 comoving Mpc on a side

nd achieves a resolution of 0.7 proper kpc (for the gravity). The
nitial conditions of the simulation are generated using the PANPHASIA 

ultiresolution phases of Jenkins & Booth ( 2013 ), such that the
nitial gas particle mass is m GAS = 1.81 × 10 6 M � and the mass of
ark matter particles is m DM 

= 9.70 × 10 6 M �. There is initially
n equal number of 1504 3 baryonic and dark matter particles. The
roperties of the model particles were recorded for 29 snapshots 
etween redshifts 20 and 0, which translates into time-span ranges 
etween snapshots from ≈ 0.3 to 1 Gyr. To a v oid biasing our results
y the coarse time cadence of the snapshots, we also make use of the
AGLE ‘snipshots’, which are lean outputs of the simulation with a
ime cadence of ∼30–80 Myr. Merger trees were also produced for
hese outputs (see Crain et al. 2017 ) and the gas particle data has
nough information to compute misalignment fractions, and several 
f the intrinsic properties of galaxies we introduce in Section 2.2 . 

.1 Sample selection 

s mentioned in the previous section, we used galaxies from the
ef-L100N1504 simulation (hereafter referred to as the EAGLE 

imulation). In order to a v oid resolution problems and make our
esults comparable to observations, we work with a sample of 
alaxies under the following limits: 

(1) Stellar mass ≥ 10 9 M � (corresponding to ≈1000 stellar 
articles), 
(2) Number of star-forming gas particles ≥20, 
(3) The centres of mass of the stars and the star-forming gas should

e at a distance < 2 kpcs. 

Star-forming gas particles are all those that have a star formation
ate (SFR) > 0, and therefore are the closest to H α emitting gas,
hich is what is broadly used to measure misalignments with the

tellar component (e.g. Bryant et al. 2018 ). 
The number of SF gas particles was chosen such that the sample

ncluded not only galaxies on the main sequence of star formation in
he SFR–stellar mass plane but also below it, well into the passive
opulation. This is important as observations suggest elliptical 
alaxies, which tend to be more passive than late-type galaxies, are
ore likely to display misalignments (Bryant et al. 2018 ; Duckworth

t al. 2018 ). Nevertheless, we tested increasing the lower limit to 100
F gas particles, and our results remain unchanged. 
The limit between the distance of the centres of mass of stars

nd gas was considered because, in observations, misalignments 
re usually studied when gas is well associated with a galaxy.
rayford & Schaye ( 2019 ) presented an analysis of the resolved
tar formation main sequence and metallicity–mass relation. In the 
xample synthetic cubes they show in appendix D, it is clear that
ome galaxies in EAGLE have clouds of star-forming gas offset 
ith respect to stars. Our criteria a v oid the inclusion of those
alaxies. 

A possible concern is whether the angular momentum vector of 
tars and gas can be well measured with the number of particles
bo v e. This can become problematic for very dispersion dominated
alaxies in particular. We use the stellar spin parameter, λR (Em- 
ellem et al. 2007 ), to quantify how many of our galaxies would
all in the dispersion dominated category (see Lagos et al. 2018
or details on how λR is computed in EAGLE galaxies). We select
ispersion dominated galaxies as those having an edge-on λR < 

.1 and find that only 0.03 ± 0.03 per cent of our sample falls in
his category. If we only look at misaligned galaxies, the fraction is
.23 ± 0.23 per cent . This shows that most of them have a relatively
ell-defined kinematic major axis. 
Fig. 1 shows that the shape of the stellar mass function of our

ample is similar to that of the total galaxy population. This means
hat our selection is not biased towards specific galaxy masses. 
MNRAS 514, 2031–2048 (2022) 
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M

Figure 1. Stellar mass function of all galaxies in the RefL0100N1504 simulation (solid purple lines) in comparison with our sample selection (dashed red 
lines), at the three redshift ranges as labelled in each panel. 
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.2 Internal galaxy properties 

n what follows, we define the main properties analysed in this study.
e include morphological proxies and measurements related to the

tar formation activity to investigate if these could determine whether
he star-forming gas and the stellar component of the galaxy become

isaligned or remain aligned for long enough to detect it in the
napshots of the simulation. 

(1) Star-forming gas : Gas particles are eligible to form star
articles if the y hav e cooled to reach densities greater than the
etallicity-dependent threshold described in Schaye et al. ( 2015 )

equation 2): 

 

∗
H = 10 −1 cm 

−3 

(
Z 

0 . 002 

)−0 . 64 

, (1) 

here Z is the gas metallicity. 
(2) Star-forming gas metallicity ( Z SF ) and stars metallicity ( Z ∗):
ass fraction in metals of cold gas and stars, used to describe the

bundance of elements present in these galaxy components that are
eavier than helium. A ratio between these properties can be used
o indicate galaxy mergers or recent gas accretion (Collacchioni
t al. 2020 ). If galaxies have acquired their gas content via minor
ergers, one would expect the gas-to-stellar metallicity ratio to be

ow compared to galaxies that have not had mergers. 
(3) Specific star formation rate (sSFR): The star formation rate

er unit stellar mass. Star formation rate is defined as the mass of
tars formed per unit time before any mass-loss due to winds and
upernovae. This is therefore used as an indication of the typical
fficiency of stellar mass growth in galaxies and serves as a useful
roxy for stellar mass growth time-scale (Mitchell et al. 2014 ). We
mploy the total stellar mass and the total SFR of the galaxy, i.e. the
easurements within a 3D aperture of 70 pkpc. 
(4) Gas fraction ( f gas ): Ratio between the total star-forming gas
ass and the total stellar mass. 
(5) Stellar co-rotating kinetic energy fraction ( κco ): Fraction

f stellar particle’s total kinetic energy ( K ) involved in ordered co-
otation ( K 

rot 
co ): 

co = 

K 

rot 
co 

K 

= 

1 

K 

∑ 

i, L z , i > 0 

1 

2 
m i 

(
L z , i 

m i R i 

)2 

, (2) 

here the sum is o v er all co-rotating stellar particles within a
pherical radius of 30 pkpc centred on the minimum of the potential,
 i is the mass of each stellar particle, K = 

∑ 

i 
1 
2 m i v 

2 
i the total

inetic energy in the centre-of-mass frame, L z, i the particle angular
NRAS 514, 2031–2048 (2022) 
omentum along the direction of the the total angular momentum
f the stellar component of the galaxy and R i is the 2D radius in the
lane normal to the rotation axis (Correa et al. 2017 ). 
orrea et al. ( 2017 ) found that dividing the EAGLE population by
pplying a threshold in κco of ≈ 0.4 is a good way of separating
etween the ‘blue cloud’ of discy star-forming galaxies ( κco > 0.4)
nd the ‘red sequence’ ( κco < 0.4) of spheroidal passive galaxies in
he galaxy colour–stellar mass diagram. 

(6) Disc-to-total stellar mass ratio ( D / T ): The stellar mass
raction that is supported by rotation. This can be considered as
he ‘disc’ mass fraction and is calculated assuming that the bulge
omponent has no net angular momentum (e.g. Crain et al. 2010 ;
lauwens et al. 2018 ). Thus, the bulge mass can be estimated as

wice the mass of stars that are counter-rotating with respect to the
alaxy, and the disc-to-total mass fraction ( D / T ) is the result of
ubtracting the bulge-to-total ( B / T ) mass fraction, i.e.: 

D 

T 
= 1 − B 

T 
= 1 − 2 

1 

M ∗

∑ 

i,L z , i < 0 

m i , (3) 

here the sum is o v er all counter-rotating ( L z, i < 0) stellar particles
ithin 30 pkpc. 
hob et al. ( 2019 ) inferred that dividing the population with a

hreshold of D / T ∼ 0.45 provides a means of separating the star-
orming from passive galaxy populations. Note that by definition,
e do expect D / T to be well correlated with κco . 
(7) Triaxiality ( T ): Stellar triaxiality from the iteratively reduced

nertia tensor. This parameter characterizes an ellipsoid that models
he spatial distribution of stars in galaxies: 

 = 

a 2 − b 2 

a 2 − c 2 
, (4) 

here a , b , and c are the moduli of the major, intermediate, and minor
x es, respectiv ely. 
ow and high values of T correspond to oblate and prolate ellipsoids,

espectiv ely. Oblate systems e xhibit axisymmetry about the minor
xis, while prolate galaxies are characterized by an intermediate axis
hat is significantly shorter than their major axis, and thus resemble
igars. Galaxies are classified as oblate when T < 1/3. 

(8) Stellar velocity anisotropy ( δ): Describes the anisotropy of
he galaxy’s velocity dispersion: 

= 1 −
(

σz 

σ0 

)2 

, (5) 
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here σ z is the velocity dispersion in the plane of the rotation 
xis (where the latter is the unit vector parallel to the total angular
omentum vector of all stellar particles within 30 pkpc), and σ 0 is

he velocity dispersion in the ‘disc plane’, i.e. the plane normal to the
 -axis, selected in order to reco v er an estimate of the line-of-sight
elocity dispersion to make dispersion measurements comparable 
ith observations. 
alues of δ > 0 indicate that the velocity dispersion is primarily 
ontributed by disordered motion in the disc plane, i.e. that is defined
y the intermediate and major axes, rather than disordered motion in 
he direction of the minor axis (Thob et al. 2019 ). 

(9) Stellar velocity rotation-to-dispersion ratio ( v rot / σ 0 ): This 
atio is often used as a kinematical diagnostic because both, the 
otation velocity and the velocity dispersion, can be estimated from 

pectroscopic observations of galaxies (van de Sande et al. 2017 ). 
hob et al. ( 2019 ) infer that division about a threshold of v rot / σ 0 ∼
.7 separates the discy star-forming and spheroidal passive galaxy 
opulations with a similar efficacy to the κco = 0.4 threshold defined 
y Correa et al. ( 2017 ). 

Although we do expect most of these quantities to be closely 
orrelated, there are some subtle differences such as intrinsic scatter, 
on-linearities, and multi v ariate distributions. Hence, it is important 
o understand if some are better correlated with the probability of
nding misalignments. 
In this work, we use 2D angles between the rotational axes of

F gas and the stars, measured for particles within a radius that
ncompasses half of the total stellar mass. This is moti v ated by
he fact that observations typically measure these angles within an 
f fecti ve radius (encompassing half of the optical light). 

Observational data are projected to the plane perpendicular to 
he line of sight. Thus, in order to mimic this projection effect,
n this work we will use the projected misalignments from the 
osition angles (PA offset or misalignment angle) rather than the 
D misalignments. The kinematic PA is defined as the position angle 
f the axis passing through the stellar centre of mass along which the
ine-of-sight rotating velocity reaches a maximum and is measured 
ounterclockwise with respect to a specific axis x (the choice of x
s arbitrary because we are interested in the kinematic misalignment 
hich involves the difference of two angles). 

.3 Internal and external physical processes 

e track the evolution of galaxies in EAGLE through time via the
alaxy-merger trees. Using the parameters GalaxyID and Descen- 
antID of the EAGLE data base tables, we follow the main progenitor
ranch, which for any snapshot is defined as the branch with the
argest total mass summed across all the earlier snapshots. This allows 
s to identify when a misalignment takes place in galaxies and how
ther galaxy properties are changing. 
By comparing the galaxy status between two consecutive snap- 

hots, we will explore the following physical processes that could 
ead to kinematic misalignment: 

(1) Galaxy mergers: We will consider that there was a merger of
wo or more galaxies if they have the same DescendantID and if the
erger ratio is greater than 0.1. This limit allows us to ensure that
e do not include dark-matter-only subhalo mergers (which are the 
ost abundant) or very minor mergers which are generally not well 

esolved. The merger ratio is defined as the ratio between the stellar
asses of the two most massive galaxies involved in the merger, and

t is computed in a way that it is strictly ≤1. 
(2) Abrupt incr ease/decr ease in stellar mass: We will study 
udden increases/decreases in stellar mass, i.e. abrupt changes 
etween two consecutive snapshots that are not product of a merger.
e will divide these increases/decreases into two groups: between 5 

nd 10 per cent (labelled as ‘ ↑ / ↓ 5 per cent ’) and by ≥ 10 per cent
labelled as ‘ ↑ / ↓ 10 per cent ’). 

(3) Abrupt incr ease/decr ease in star-forming gas mass: Same 
s the previous cause but for star-forming gas. 

(4) Combinations between the last two points, i.e. when sudden 
hanges in stellar mass and SF gas mass co-occur. 

The processes described abo v e can be divided into internal and
xternal processes. Galaxy mergers are clearly external, while the 
brupt increases or decreases of star-forming gas or stars could be
nternal if they are due to feedback or star formation, or external if
hey are due to a perturbation (for example, by ram pressure stripping
r by a close fly-by). 

 PHYSI CAL  D R I V E R S  O F  MI SALI GNMENTS  

N  SIMULATED  G A L A X I E S  

his section analyses whether there are systematic differences in the 
opulation of aligned versus misaligned galaxies in terms of their 
nternal and external properties. 

First, we compare our results with observations. Then, we char- 
cterize the aligned and misaligned populations by the internal 
alaxy properties described in Section 2.2 . Finally, we study how
he different physical processes described in Section 2.3 are related 
o misalignments. 

.1 Comparison with obser v ations 

n order to make a comparison with integral field spectroscopic 
bservations from the SAMI surv e y, we used EAGLE simulated
alaxies at z = 0.00 and z = 0.10 that satisfy the sample selection
escribed in Section 2.1 . It is important to remind the reader that,
lthough PA is measured differently in simulations and observations, 
ur results capture the fact that this quantity is usually calculated 
ithin an ef fecti ve radius and in projection. 
Fig. 2 shows the distribution of the PA offsets for two ranges of

roup mass in which galaxies reside. We find that the fraction of mis-
ligned galaxies in both samples is almost the same ( ∼ 20 per cent ),
uggesting that the group mass does not influence the chance of being
isaligned. Bryant et al. ( 2018 ), using a sample of 1213 galaxies at
 < 0.1 from the SAMI Galaxy Surv e y, also found the same, although
ith a lower misalignment fraction ( ∼ 11 per cent ). Furthermore, 

hey found a small peak at PA offset ∼ 180 ◦ (of ∼4 per cent ), which
s not clearly visible in EAGLE , nor was it reproduced by Horizon-
GN according to Khim et al. ( 2020 ). It is possible that the resolution
f the simulations causes this small peak to dissolve faster than in real
alaxies. Future simulations of similarly large boxes but at higher 
esolution are required to confirm this hypothesis. 

Fig. 3 shows the fraction of galaxies with PA offset > 30 ◦ in bins
f stellar mass and g –i colour. We find a decrease in the misaligned
raction with increasing stellar mass for galaxies with stellar mass 
ess than 10 10.8 M �. This trend is not observed in Bryant et al.
 2018 ), but in general, the fractions of misaligned galaxies predicted
y EAGLE are similar to those obtained with observational data for
 ∗ > 10 10 M �. We also show the effect of the environment in EAGLE

y showing the fraction of misaligned galaxies in three bins of
alo mass. We find that a clear environmental effect is only seen
or stellar masses less than 10 10 M �, where groups and clusters
MNRAS 514, 2031–2048 (2022) 
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Figure 2. Distribution of the angles between the rotation axis of the stars and star-forming gas for galaxies that reside in groups of mass < 10 14 M � (left) and 
galaxies that reside in groups of mass > 10 14 M � (right). Blue dotted lines mark a PA offset = 30 ◦ to separate between aligned and misaligned galaxies. Dotted 
and solid histograms show the distribution for galaxies in SAMI (Bryant et al. 2018 ) and EAGLE , respectively. Error bars in the EAGLE simulations show Poisson 
errors. 

Figure 3. Fraction of galaxies that are misaligned (PA offset > 30 ◦) in bins 
of stellar mass (top panel) and in bins of g –i colour (bottom panel). The 
circles are the results obtained with EAGLE simulated galaxies and the squares 
the results of Bryant et al. ( 2018 ), using SAMI. Our sample is separated into 
three ranges in halo mass, as labelled. Simulated data errors correspond to 
Poisson uncertainties. 
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isplay a larger fraction of misaligned galaxies. These trends are not
lear in observations, but this could be partially due to the fact that
bservations do not distinguish between field and groups and instead
lace all galaxies in the field and groups with masses < 10 14 M �
NRAS 514, 2031–2048 (2022) 
n the same sub-sample. Also, we need to consider that the stellar
ass range in SAMI is different from our simulated sample. The

act that a trend with environment and the presence of misalignments
s only seen in galaxies with stellar masses below 10 10 M � is not
ecessarily surprising, as both observations (e.g. Peng et al. 2010 )
nd simulations (e.g. Trayford et al. 2016 ; Cochrane & Best 2018 ;
agos et al. 2018 ; Wright et al. 2019 ) have shown that environment is

ele v ant in determining galaxy morphology and their star formation
ctivity (all properties that we find correlate with the presence of
isalignments in Section 3.2 ) in low mass galaxies, while massive

alaxies have these properties primarily correlating with stellar mass
ather than environment. 

We find a relatively flat misalignment fraction as a function of
alaxy colour in agreement with Bryant et al. ( 2018 ), within the
ncertainties. We see that the level of misalignments in galaxies of
xed colour are similar between clusters, groups, and the field. A very
eak trend is seen between the galaxy colour and the presence of mis-

lignments that is most apparent at low-halo masses, > 10 12 . 5 M �,
ith redder galaxies having slightly higher misalignment fractions

han blue galaxies. If we instead look at galaxy colour at fixed stellar
ass, we find a clearer correlation with red galaxies having more
isalignments (not shown here). As we will see in the next section,

here is a correlation with the specific star formation rate at fixed
tellar mass (Fig. 7 ), which goes in the same direction as the one
hown here for colour, but is much stronger. 

We explored additional galaxy properties in search of possible
orrelations with misalignment fractions that could be easily tested.
ig. 4 shows the ratio between the half-star-forming gas mass and
alf-stellar mass radii for galaxies that are misaligned and those
hat are aligned as a function of stellar mass (upper panel) and as
 function of the gas fraction (bottom panel). These measurements
f radii are performed in the 3D distribution of stellar and star-
orming gas particles. We find that at fixed stellar mass, misaligned
alaxies have star-forming gas components that are significantly
ore compact with respect to the stellar component than aligned

alaxies (see the upper panel of Fig. 4 ). 
Most of the trends seen in the SF gas and stellar mass radii ratio

re driven by the differences in the gas fraction of the misaligned
ersus aligned galaxies, as gas-poor galaxies on average tend to
ave smaller half-mass radii. Ho we ver, we find that this is not the
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Figure 4. Median ratio between the half-star-forming gas mass and half- 
stellar mass radii for each bin of stellar mass and gas fraction (top and bottom 

panels, respectively), with histograms showing the distribution of the data 
in each axis, for galaxies at z = 0.0–0.1. In red, we see the distribution for 
misaligned galaxies and in blue for aligned galaxies. Errors correspond to 
Poisson uncertainties. 
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Figure 5. Distribution of the angles between the rotation axis of the stars 
and star-forming gas for galaxies at the three redshift ranges, as labelled. 
The grey dashed line marks PA offset = 30 ◦ to separate between aligned and 
misaligned galaxies. 
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hole story, as at fixed gas fraction misaligned galaxies still display 
 trend of smaller half-mass radii ratio than aligned galaxies (see 
ottom panel of Fig. 4 ). This radii ratio has been suggested to trace
uenching and has been shown to depend on the environment in 
bservations (Schaefer et al. 2017 ). In the practice, our prediction 
ould be tested by comparing H α with stellar continuum derived 
izes. 

In summary, in agreement with Bryant et al. ( 2018 ), we find that
ost galaxies have angles between 0 and 10 deg of misalignment, and 

he fraction of galaxies that are misaligned does not strongly depend 
n the group mass or the g –i colour. On the other hand, the peak at
180 in the distribution of the number of galaxies as a function of

he PA offset is not clearly obtained in EAGLE . We find a dependence
n the fraction of misaligned galaxies with the stellar mass that is not
bserved in Bryant et al. ( 2018 ). This could be partially due to the
tellar mass ranges adopted here being different to those in Bryant
t al. ( 2018 ), and the small fraction of galaxies with stellar masses
 10 10 M � used in their study. 
Since we find that EAGLE sensibly reproduces misalignments, in 

hat follows, we will use data from this simulation to study the
hysical drivers that can help us interpret the observations. 

.2 Relation between misalignments and internal properties 

his section will study the existence of a relationship between the
nternal properties of galaxies and the misalignment between their 
tellar and star-forming gas components. 

.2.1 Aligned and misaligned galaxy populations 

irst, we make a general characterization of the aligned and mis-
ligned galaxy populations according to their physical properties. 
e remind the reader that we measure the angle between the angular
omentum vector of the stars and the star-forming gas, considering 

ll particles within an ef fecti ve radius. In Fig. 5 , we show the sample
istribution of PA offsets at the three redshift ranges. At z = 0.00
0.10, 20 ± 0.3 per cent (3372/16 313) galaxies are misaligned, 

.e. have PA offset > 30 ◦. At z = 0.50 – 0.62, 23 ± 0.3 per cent
5139/21 927) of the galaxies are misaligned, and at z = 0.87 –
.00 28 ± 0.4 per cent (6348/22 433) of the galaxies are misaligned. 
isalignment decreases with cosmic time. With the advent of large 

FU galaxy surv e ys at intermediate cosmic times (e.g. the Middle
ges Galaxy Properties with Integral Field Spectroscopy, MAGPI, 
oster et al. 2021 ), it will be possible to measure the misalignment
raction at z > 0 and test these predictions. 

Fig. 6 shows the PA angle between the angular momentum vectors
f the stars and star-forming gas as a function of halo mass (left-
and panel) and stellar mass (right-hand panel), both coloured by 
he sSFR at z = 0.0–0.1. In general, at fixed group mass and
tellar mass, the sSFR is higher for galaxies with PA offset lower
han 30 ◦. We also study this trend until z = 1, finding that the
SFR decreases o v er time and with increasing galaxy group mass.
dditionally, sSFR decreases as galaxy stellar mass increases at all 

edshifts in this study, in qualitative agreement with the results of
MNRAS 514, 2031–2048 (2022) 
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Figure 6. Binned distribution of the angle between the stellar and star-forming gas angular momentum vectors versus halo mass of the group in which the 
galaxy resides (left-hand panel) and versus the stellar mass (right-hand panel) coloured by the average Log sSFR, as shown in the colour bar, for galaxies at z = 

0.0–0.1. Only bins with more than five galaxies are shown. The black dashed lines mark a PA offset = 30 ◦ to separate between aligned and misaligned galaxies. 

Figure 7. Binned distribution of galaxies in the sSFR–M ∗ plane coloured by 
the average gas-stellar position angle offset at z = 0.0–0.1. The dashed blue 
line marks the main sequence of star formation and solid yellow line separates 
the population between blue cloud and red sequence. Only bins with more 
than five galaxies are shown. 
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auer, Drory & Hill ( 2007 ) from MUNICS and FDF observations.
n average, misaligned galaxies also become more frequent at higher
alo masses and higher stellar masses with time. 
Since observational studies focus on different morphological

ypes, we separate between red sequence and blue cloud using the
SFR–M ∗ criteria. This method is based on the position of the main
equence of star formation in galaxies, which we quantify with
he median sSFR of galaxies with a star formation cutoff defined
s log 10 (sSFR MS /yr −1 ) > −11 + 0.5 z (Furlong et al. 2015 ). We
alculate the median sSFR of the star-forming main sequence (MS),
 sSFR( M ∗) 〉 , using 15 equidistant bins in log 10 stellar mass in the
ange of 10 9 –10 12 M �. We then consider as passive/star-forming
alaxies those below/abo v e c 〈 sSFR( M ∗) 〉 , where c is relatively
rbitrary and different values are used in the literature. For example
 ́ethermin et al. ( 2015 ) use c = 1/4, while c = 1/2 is used in Wright
t al. ( 2019 ). In Fig. 7 , we adopt c = 1/3, in between these two
uggested values. 

In Fig. 7 , we show the sSFR–stellar mass plane, colouring bins
y the mean PA offset angle at z = 0.0–0.1. The zero-point of the
ain sequence of star formation decreases o v er time (we study this
NRAS 514, 2031–2048 (2022) 
ntil z = 1) simultaneously as more galaxies mo v e towards the
assive population. Also, misaligned galaxies mostly belong to the
assive population, in agreement with the works of Davis et al.
 2011 ) using the ATLAS 

3D surv e y and Bryant et al. ( 2018 ) using
AMI observations. We also obtain this trend using the κco , v rot / σ 0 ,
nd D / T thresholds proposed by Correa et al. ( 2017 ) and Thob et al.
 2019 ) to separate between ETGs and LTGs (see Table A7 ). 

We find that ∼ 24 per cent of EAGLE ETGs are misaligned,
onsistent with the Khim et al. ( 2020 ) Horizon-AGN results
23.7 ± 0.2 per cent) but quite different from the SAMI observations
32.7 ± 6.6 per cent). This discrepancy could be explained by the
act that SAMI galaxies are classified as ETGs and LTGs by visual
nspection and not through the kinematic thresholds calculated in
imulations. As an example, the sample of ETGs in simulations could
e reduced due to classifying some S0 galaxies as LTGs. On the other
and, we find that ∼ 5 per cent of LTGs in EAGLE are misaligned.
his result is comparable with the misalignment fractions of LTGs

n Horizon-AGN (6.7 ± 0.1 per cent; Khim et al. 2020 ) and SAMI
5.2 ± 0.7 per cent; Bryant et al. 2018 ). 

Note that the correlation between the presence of misalignments
nd the sSFR at fixed stellar mass of Fig. 7 is much stronger than
he weak correlation seen with galaxy optical colour in Fig. 3 . This
s not necessarily surprising as it is well known that the correlation
etween galaxy colour and sSFR saturates as sSFR decreases (e.g.
eja, Tacchella & Conroy 2019 ; Bra v o et al. 2022 ). 

.2.2 Evolution of the alignment state 

n what follows, we divide galaxies into four populations according to
able 1 . This was necessary in order to distinguish between internal
roperties that cause galaxies to stay aligned/misaligned or become
ligned/misaligned in consecutive snapshots. To test the sensitivity
f our results to the exact PA offset threshold we use to classify
alaxies as misaligned, we choose higher values and find the trends
emain qualitatively the same and our conclusions hold. 

Fig. 8 shows the distribution of different galaxy properties for each
f the four populations of Table 1 at z = 0.00 – 0.10. We will describe
he results for each property, starting from the panel at the top left
nd continuing to the right and from top to bottom. 

Regarding the distribution of the PA offset, galaxies that remain
ligned have a more prominent peak at offsets under 10 ◦, while
he population of ‘aligned’ galaxies have a less prominent peak at
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Table 1. Description of the populations analysed in Section 3.2.2 . The number of galaxies and the percentage of galaxies of each population is tabulated for each 
redshift range. Errors correspond to Poisson uncertainties but do not consider possible small fluctuations that can take a galaxy just abo v e/below the threshold 
angle used to classify galaxies as misaligned. This sample is limited to galaxies that meet the selection described in Section 2.1 for two consecutive snapshots. 

Number of galaxies 
Population label Description z = 0.87 – 1.00 z = 0.50 – 0.62 z = 0.00 – 0.10 

Remained misaligned Galaxies that were and remain misaligned since 2409 (11 ± 0.2 per cent) 1413 (7 ± 0.2 per cent) 990 (6 ± 0.2 per cent ) 
the previous snapshot. 

Remained aligned Galaxies that are aligned and remain so 11375 (56 ± 0.6 per cent) 13205 (69 ± 0.7 per cent) 12037 (76 ± 0.9 per cent) 
in two consecutive snapshots. 

Misaligned Galaxies that become misaligned between 2605 (12 ± 0.2 per cent) 2159 (11 ± 0.2 per cent) 1474 (9 ± 0.2 per cent) 
consecutive snapshots. 

Aligned Galaxies that were misaligned in the previous 
snapshot and become aligned in the present one. 

3886 (19 ± 0.3 per cent) 2163 (11 ± 0.2 per cent) 1266 (8 ± 0.2 per cent) 
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A offset ∼ 0 ◦, with a higher fraction of galaxies with 10 ◦ < PA
 30 ◦. The population of ‘remained misaligned’ galaxies have the 
attest distribution of PA offset and a clearer secondary peak at 
180 ◦ compared to those that become misaligned. Also, galaxies 

hat remain aligned reside on average in more massive haloes than 
he rest of the populations. 

Galaxies in the ‘remained aligned’ group have higher stellar 
asses than the other populations. Nevertheless, most ‘remained 

ligned’ galaxies seem to be low-mass galaxies (see Table A1 for
pecific percentages). This trend remains the same o v er time until
 = 1. We also find that stellar mass increases are more significant at
igher redshift (see Fig. 9 ), in agreement with the o v erall history of
tellar mass growth inferred from observations (Driver et al. 2018 ), 
hich shows that stellar mass increases steeply in the early Universe 

o become slower towards z < 0.5. 
In agreement with observations, misaligned galaxies or remain 
isaligned have a smaller fraction of star-forming gas than other 

alaxies. This difference is greater at low redshift. 
The decrease in the gas fraction is more notorious at high 

edshift, being greater for galaxies that remain aligned, which is not 
ecessarily surprising, as galaxies that are misaligned are already 
as-poor (see Fig. 9 ). The latter has a cascade effect, as fewer
tars form because of the gas-poorness, leading to fe wer outflo ws
nd hence fewer chances of losing the existing gas in the galaxy.
able A2 tabulates the percentage of galaxies that are below f gas = 0.1.
t is important to mention that this limit does not represent a
ivision between gas-poor and gas-rich galaxies because, in order 
o determine this, it would be necessary to make a comparison with
 linear fit of the ‘gas-rich sequence’, the gas fraction versus stellar
ass relation of star-forming galaxies. Nevertheless, it allows us to 
ake a qualitative comparison that we can complement with the 

tellar mass distribution. 
In other hydrodynamic simulations such as Horizon-AGN and 

llustris, it has also been found that galaxies displaying misalign- 
ents are the gas poorest. Conversely, Lagos et al. ( 2015 ), using

he GALFORM semi-analytical model of galaxy formation, found 
hat ETGs with low cold gas fractions are more likely to display
ligned cold gas and stellar components compared to ETGs that 
ave higher gas fractions. Ho we ver, their model did not consider
ny relaxation of the gas disc towards the stellar component due to
orques, while hydrodynamic simulations naturally take into account 
elaxation processes that affect the distribution of misalignments. 
his difference could be significant if we study both ETGs and LTGs
ince, in the latter case, torques would be stronger since the gas has

 clear disc to which to relax. g
Galaxies that remain aligned are mostly oblate, while other 
opulations are mostly triaxial on prolate (see Table A3 ). We find that
t z = 0.87 – 1.00 all populations are mostly triaxial on prolate, but
he largest fraction of oblate is found for galaxies that remain aligned.
hanges in triaxiality become stronger as the redshift increases (see 
ig. 9 ), which can be interpreted as morphology changing more
ramatically at high redshift. 
Moreo v er, galaxies that remain aligned have the highest values

f v elocity anisotropy, i.e. the y are flatter than those galaxies that
ecome misaligned or remained misaligned. Ho we ver, there is not
uch difference between populations and in most galaxies, the 

elocity dispersion is primarily contributed by disordered motion 
n the disc plane, i.e. have positive δ values (see Table A4 ). 

The population of ‘remained aligned’ galaxies also has the highest 
alues of disc-to-total ratio (i.e. have a higher fraction of stars that are
otationally supported), while galaxies that remain misaligned have 
he lowest values. In Table A5 , we show the percentage of galaxies
hat are below the D / T = 0.45 limit, suggested by Thob et al. ( 2019 ),
hat best separates between LTGs and ETGs. According to this, the

ost disc-dominated galaxies are those that remained aligned in 
ime. 

Galaxies that remain aligned have the highest values of v rot / σ 0 ,
.e. are more supported by rotation than the other populations and
end to have disc-shaped structures due to the highly aligned motion
f stars. Galaxies that remain misaligned have the lowest v rot / σ 0 , i.e.
ispersion is more significant, and they tend to have spheroidal shape
tructures (see Table A6 ). This result is consistent with observations,
ith the Horizon-AGN results from Khim et al. ( 2020 ) and with the

llustrisTNG100 results from Duckworth et al. ( 2019 ). The elliptical
hape of the galaxy stellar mass distribution affects the time it takes
or the gas disc to torque towards the stellar disc. 

In Table 2 , we show the percentage of early-type galaxies, at each
edshift range, predicted by the D / T and v rot / σ 0 thresholds suggested
y Thob et al. ( 2019 ). We find that at z = 0.87 – 1.00 the difference
etween predicted percentages is ∼ 6 per cent , at z = 0.50 – 0.62 is

8 per cent and at z = 0.00 – 0.10 is ∼ 10 per cent . They overall
gree well. 

Fig. 8 shows that there are important differences between the 
our galaxy samples of Table 1 . Overall, the galaxy population of
alaxies that ‘remain misaligned’ are the gas-poorest, are the most 
ispersion dominated, have the smallest disc contribution, and are 
he most prolate. On the other hand, galaxies that remain aligned are
he gas-richest, most rotation dominated, have the most significant 
isc contributions, and are the most oblate. In general, we find that
alaxies that display misalignments, in either the remain misaligned, 
MNRAS 514, 2031–2048 (2022) 



2040 C. I. Casanueva et al. 

M

Figure 8. Each panel shows the distribution of galaxy properties normalized to each population described in Table 1 at z = 0.00 – 0.10. From top left and 
counterclockwise, g alaxy properties are: g as-stellar position angle offset, stellar mass, triaxiality parameter (the black dashed line marks T = 1/3 to separate 
between oblate and prolate systems), the disc-to-total stellar mass ratio (the black dashed line signalize D / T = 0.45 to divide between star-forming and passive 
galaxies), the ratio between the stellar rotational velocity and the velocity dispersion (the black dashed line marks v rot / σ 0 = 0.7 to separate between star-forming 
and passive galaxies), stellar velocity anisotropy parameter, gas fraction, and halo mass. The fractions in each bin sum to 1. Errors correspond to Poisson 
uncertainties. 
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Figure 9. Each chart shows the difference in the abundance of galaxies in each bin between two consecutive snapshots. We show this for all the properties 
studied in Fig. 8 . A positiv e/ne gativ e value of ‘ 
 fraction of galaxies’ means that the number of galaxies increases/decreases in each galaxy property bin, 
between two consecutive snapshots. Errors correspond to Poisson uncertainties. 

Table 2. Percentage of early-type galaxies in the sample defined in Sec- 
tion 3.2.2 , using the thresholds suggested by Thob et al. ( 2019 ). Errors 
correspond to Poisson uncertainties. 

Percentage of early-type galaxies predicted (per cent) 
Threshold z = 0.87 – 1.00 z = 0.50 – 0.62 z = 0.00 – 0.10 

D / T = 0.45 59 ± 0.7 53 ± 0.7 54 ± 0.7 
v rot / σ 0 = 0.7 63 ± 0.7 55 ± 0.7 54 ± 0.6 
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isaligned or become aligned populations, are significantly different 
rom the population that does not display any misalignments (remain 
ligned). This strongly suggests that misalignments are present in a 
articular galaxy population. 
We now mo v e to assess the influence of e xternal parameters of

alaxies that relate to the environment they live in. This is done
o establish whether misalignments care more about the internal 
roperties of galaxies or their environment. The tidal strength 
arameter Q is an estimation of the total gravitational interaction 
trength that the neighbours produce on a galaxy with respect to its
nternal binding forces (Argudo-Fern ́andez et al. 2015 ). To measure 
 , we consider as neighbours all galaxies within the same halo with
 stellar mass higher than 10 8 M �. 

Fig. 10 shows the tidal strength parameter Q as a function of
tellar mass and gas fraction. In the bins with the best statistics, the
alaxies that become misaligned between two consecutive snapshots 
re generally more affected by neighbours than the other populations. 
his suggests that the physical processes related to misalignment 
ould be due to interactions with neighbouring galaxies, but note 
his does not necessarily indicate galaxy mergers as the cause. To
btain statistically significant results on the relationship between the 
hange of the tidal parameter o v er time and the misalignments, a
arger simulation is needed but with a resolution comparable to that
f EAGLE . 
Fig. 10 also shows the spin parameter of the host dark matter halo,

. For ‘aligned,’ ‘misaligned’, and ‘remained aligned’ populations, 
is similar at fixed stellar mass and fixed gas fraction. The halo spin

arameter is different (lower) for galaxies that remain misaligned 
ompared to other populations, suggesting that there must be special 
onditions for galaxies to remain misaligned for an extended period 
f time. Beyond the tidal field strength and halo’s spin, we also
xplored possible correlations with halo mass, the volume, and 
urface density of galaxy neighbours, central/satellite definition, 
nd halo concentration, finding none. F or e xample, we e xplored
i) the neighbour density (the volume density to the 3rd, 7th, and
0th nearest neighbour) finding no difference between aligned and 
isaligned galaxies; (ii) the frequency of minor mergers (explored 

sing the high-time cadence of the EAGLE snipshots), defined as 
hose with a stellar mass ratio < 0.1, finding no difference between
ligned and misaligned galaxies; (iii) the gas accretion rate to the
alaxies as defined in Collacchioni et al. ( 2020 ) and we found a weak
rend of misaligned galaxies having lower accretion rates, which is 
xpected due to the correlation with sSFR; (iv) the gas and stars being
tripped from the galaxies, finding no difference between aligned and 
isaligned galaxies. 
We explore the effects of interactions by studying the cumulative 

ffect via the fraction of the stellar mass of galaxies that formed ex
MNRAS 514, 2031–2048 (2022) 
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Figure 10. Left-hand panels show the average tidal strength parameter Q in bins of stellar mass (top panel) and bins of gas fraction (bottom panel) for each 
population described in Table 1 at z = 0.00 − 0.10. Same for right panels but for the halo spin parameter λ. The number of galaxies considered in each bin for 
the ‘misaligned’ population is shown, and the shaded area represents the Poisson error. 

Figure 11. Distribution of ex situ stellar fraction in stellar mass bins for each 
population described in Table 1 at z = 0.0–0.1. Only bins with more than five 
galaxies are shown. Error bars are Poisson errors. 
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itu . We considered a particle as ex situ if the subhalo to which it
elonged at the snapshot prior to star formation is not in the main
ranch of the final galaxy, as described in Davison et al. ( 2020 ). 
Fig. 11 shows the distribution of ex situ stellar fraction within 30

pcs at fixed galaxy stellar mass. The ‘remained aligned’ galaxies
ave the lowest fraction of stellar mass accreted, showing a lighter
umulati ve ef fect of mergers and interactions in comparison with
NRAS 514, 2031–2048 (2022) 
opulations that experienced a change in their state of alignment
r remained misaligned. This trend is consistent with the result of
him et al. ( 2020 ), who found a significant contribution of mergers

nd interaction with nearby galaxies to misalignments (of about
7 per cent ) in Horizon-AGN. 
From all the relations studied in this section, it appears that despite

he presence of some correlations between the environment (using
 large variety of definitions as listed abo v e) and the incidence of
isalignments, the internal properties of galaxies are better indicators

f whether misalignments are expected. A way of interpreting this
s that the environment triggers the presence of misaligned SF gas
e.g. via interactions, mergers, or sudden accretion), but the internal
roperties of galaxies determine whether that SF gas quickly aligns
which can happen even before the gas is properly accreted on to
he galaxy) or remains misaligned for long enough as to be seen
n between simulation snapshots (which are tracing time-scales of
bout few 100 Myr). 

.3 Relation between misalignments and physical processes 

n what follows, we study whether there is a relationship between
he physical processes described in Section 2.3 and the kinematic

isalignment. First, we analyse two study cases in which the stellar
nd gas components become misaligned, and secondly, we perform
 general statistical study. 

In Fig. 12 , we show the PA offset, stellar mass, star-forming
as mass, stellar co-rotating kinetic energy fraction, tidal strength

art/stac523_f10.eps
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Star–gas misalignments in EAGLE 2043 

Figure 12. From top to bottom, we show the evolution through redshift for two galaxies of PA offset between the rotational axes of the stars and star-forming 
gas (the red dashed line marks 30 ◦), stellar mass, star-forming gas mass, stellar co-rotating kinetic energy fraction (the red dashed line marks κco = 0.4), tidal 
strength parameter Q , and the distance with neighbouring galaxies when the misalignment occurs (closer than 0.7 cMpc), coloured by mass ranges. In the upper 
panel on the left, the green dot indicates where the merger occurred. 
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arameter, and the distance with neighbouring galaxies when the 
isalignment occurs for two galaxies from z = 0.37 to z = 0.00.

n both cases, stellar and star-forming gas components become 
isaligned from z = 0.1 to z = 0.0. 
In the first study case (left side of Fig. 12 , hereafter ‘Galaxy 1’),

he misalignment relates to a galaxy merger with a merger ratio of
.21 (marked in green). After this merger, the galaxy stellar mass
ncreases by 20 per cent and the star-forming gas mass decreases by 
1 per cent . Also, according to the Correa et al. ( 2017 ) threshold,
he value of κco indicates that there is a change in the morphology
f the galaxy, moving further into the early-type population after 
he merger. Interestingly, this example galaxy becomes an elliptical 
based on its value of κco ) before the galaxy displays a misalignment
n the gas component, which fits the average picture we get for
ll galaxies in EAGLE that display misalignments, as discussed 
elow. 
The value of the tidal strength is higher when the galaxy merger

ccurs, as expected, and the event can also be seen in the last panel,
here the galaxy that merges with the main one is marked with
urple dots. As discussed in the introduction, mergers have been 
idely identified as a possible cause of misalignments. Ho we ver, 
e can find cases such as ‘Galaxy 2’ (right side of Fig. 12 ), where
he misalignment is not related to a merger or to an abrupt change
n stellar mass or star-forming gas mass (stellar and star-forming 
as mass increases only by 4 per cent ). Ho we ver, in Galaxy 2, the
isalignment is related to a stronger interaction with neighbouring 

alaxies. This highlights the complexity of the problem at hand and
he need to carefully analyse the evolution of individual galaxies as
xamples to help clarify how a part of the galaxy population may
ecome misaligned. 
Considering mergers and all possible combinations of in- 

rease/decrease of stellar/SF gas mass (not related to mergers), we 
dopt 25 events to classify galaxies within our sample (see the ‘Event’
olumn in Table A8 ). Only a small percentage of the galaxies are not
ssociated with any of these events: 6 ± 0.2 per cent at z = 0.00 –
.10, 2 ± 0.1 per cent at z = 0.50 – 0.62, and 0.5 ± 0.1 per cent
t z = 0.87 – 1.00. The event related to the misalignment of these
alaxies was labelled as ‘unidentified’. 

First, we calculate the percentage of misaligned galaxies as- 
ociated with each event and compare them with the percentage 
f galaxies that remained aligned. In other words, 100 per cent 
orresponds to the total of galaxies that become misaligned between 
MNRAS 514, 2031–2048 (2022) 
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Figure 13. Each pie chart shows the fraction of galaxies of each population (as labelled) at z = 0.0–0.1 that suffered a certain event in the previous snapshot. ↑ 

5 per cent and ↑ 10 per cent mean increases between 5 and 10 per cent and ≥10 per cent , respectively. In these pie charts, we only show events that occurred 
in more than 1 per cent of the galaxies of each population. 
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wo consecutive snapshots, and we classified them according to
hich process occurred in the snapshot previous to the misalignment

analogous for ‘remained aligned’). Fig. 13 shows pie charts that
epresent the percentage of aligned and misaligned galaxies at z =
.0–0.1 that experienced each event (in Table A8 we tabulated this
ata including errors for all events). 
The event most associated with both populations is the abrupt

ecrease in star-forming gas by more than 10 per cent , which simply
eflects the average decrease of the SF gas mass in galaxies in EAGLE

ith time (Lagos et al. 2015 ). Ho we ver, the misaligned population
hows an ≈ 10 per cent higher preference for this event than the
emained aligned one. It is important to highlight that this gas mass-
oss is not necessarily related to some environmental effect happening
redominantly in galaxies that display misalignments. As discussed
n Section 3.2.2 , we e xplored e xplicitly the gas and stellar mass being
tripped from galaxies, finding no significant difference between
ligned and misaligned galaxies. Hence, other mechanisms may be
esponsible for this decrease, such as o v erall lower gas accretion
ates and outflows. 

The second most associated event with both populations is the
ecrease in star-forming gas by more than 10 per cent accompanied
y an increase of stellar mass between 5 and 10 per cent . This event
s ≈ 3 per cent more likely to be related to galaxies that remained
ligned. This simply shows the continuing process of star formation
n galaxies, where the decrease in SF gas is related to some of it being
ransformed into stars and some being expelled from the galaxy via
utflows. Remained aligned galaxies are more likely than misaligned
alaxies to be in this state. 

The percentage of occurrence of all other events is lower than 10
per cent in both populations. Also, it is worth mentioning that the
umber of galaxies in which none of the events occurred (classified
s ‘unidentified’) is higher for ‘remained aligned’ galaxies, being
ess than 5 per cent for misaligned galaxies. 

Curiously, the percentage of misaligned galaxies associated with
 merger is lower than 5 per cent , but it is still higher than for
he ‘remained aligned’ population. This percentage is similar to the
ne reported in Lagos et al. ( 2015 ) using semi-analytical models,
ho found that about 6 per cent of misaligned galaxies come from
ergers. We also test the fraction of misalignments associated with

ery minor mergers (merger ratio < 0.1). We find that, at z = 0.00
0.10, only 1 ± 0.2 per cent of the misaligned galaxies had a very
inor merger, 2 ± 0.3 per cent at z = 0.50 – 0.62, and 2 ± 0.3
NRAS 514, 2031–2048 (2022) 
per cent at z = 0.87 – 1.00. Therefore, we discard the possibility
f missing an important contribution from very minor mergers in
he statistics. The time-span between snapshots can be large (up to
 Gyr), which means we could miss galaxy mergers. To rule out this
ssue, we analysed the EAGLE snipshots. We found that we were not

issing galaxy mergers in our galaxy sample, and hence our estimate
f the mergers associated with misalignments is complete. 
This analysis gives us an idea of the distribution of events in the

remained aligned’ population compared to the ‘misaligned’ one. We
onclude that the event that generates the greatest difference between
oth populations is the abrupt decrease in star-forming gas by more
han 10 per cent ; ho we ver, this e vent is also the most common. To
etter isolate which processes are preferred by the different galaxy
opulations, we study what happens after each event, comparing
he percentage of galaxies that become misaligned with the other
opulations. 
We calculate the number of galaxies in a population associated

ith an event, normalized by the total number of galaxies that
 xperienced that ev ent and by the total number of galaxies in that
opulation. In Fig. 14 , we show the logarithm of this fraction for
he processes that were more statistically related to misalignments at
ifferent redshift ranges. 
Misalignments are most related to the abrupt and simultaneous

oss of stellar and SF gas mass. Mergers are in second place at z =
.0–0.1 but lose importance at higher redshift. The loss of stellar mass
uggests interactions with the environment or other galaxies, which is
lso supported by our previous results on the tidal field. All the other
vents seem to happen in similar frequency in all the populations.
e also highlight that these events that lead to misalignments are

ot responsible for the morphological transformation of galaxies
nto ellipticals in EAGLE . We recall that most of the misalignments
n EAGLE happen in elliptical galaxies. Ho we ver, we find that

80 per cent of the elliptical galaxies that display misalignments,
ecame ellipticals > 1 Gyr before displaying misalignments, and in
50 per cent of the cases this happened > 2 Gyr before. Hence, the

rocesses that lead to misalignments are not necessarily the ones
esponsible for morphological transformation in the vast majority of
he galaxies in EAGLE . 

Recently, Khim et al. ( 2020 ) studied the misalignment channels
n Horizon-AGN and found that 35 per cent of misalignments are
erger driven while 65 per cent are non-merger driven. Although the

ercentage of misalignments associated with mergers is higher in
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Figure 14. Number of galaxies of each population associated with an event 
( N pop, ev ), o v er the total number of galaxies that experienced that event ( N ev ), 
and o v er the total number of galaxies in that population ( N pop ), at three redshift 
ranges (as labelled on each panel). The integers on the x -axis correspond to 
each event listed below the figure. Error bars are Poisson errors. 
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orizon-AGN than in EAGLE , the results are qualitatively consistent 
n that most misalignments are not associated with mergers. The 
on-merger interactions studied by Khim et al. ( 2020 ) include 
nteraction with nearby galaxies (23 per cent), interaction with dense 
nvironments or their central galaxies (21 per cent), and secular 
volution including smooth accretion from neighbouring filaments 
21 per cent). 

 C O N C L U S I O N S  

e studied the origin and evolution across cosmic time of the 
inematic misalignment between star-forming gas and stars of sim- 
lated galaxies in the EAGLE simulations. We presented a qualitative 
omparison with the observational results of Bryant et al. ( 2018 ),
ho used galaxies from the SAMI surv e y. Some interesting points
f agreement and disagreement were found. Our results can be 
ummarized as follows: 

(i) Overall, EAGLE can reproduce the observational incidence of 
isalignments in the field and clusters and the dependence on optical 

olour. 
(ii) We found a decrease in the misaligned fraction with increasing 
tellar mass for galaxies with stellar mass less than 10 10.8 M �. This
rend is not observed in Bryant et al. ( 2018 ), but in general, the
ractions of misaligned galaxies predicted by EAGLE are similar to 
hose obtained with observational data for M ∗ > 10 10 M �. However,
 more detailed comparison requires us to make sure the galaxy
election in the simulation resembles that in observations as closely 
s possible (for example, in the distribution of stellar masses and
he gas fraction of galaxies for which a PA measurement of the star-
orming gas and stellar components are possible). van de Sande et al.
 2019 ) showed that this matching has to be done carefully in order
o make meaningful quantitative comparisons between simulations 
nd observations. Hence, we highlight here this requirement which 
e plan to carry out in the near future. 
(iii) We found interesting trends between the compactness of the 

tar-forming gas component of misaligned versus aligned galaxies 
hat are possible to test with observations. Misaligned galaxies 
isplay a trend of a smaller half-mass radii ratio than aligned galaxies. 
his radii ratio has been suggested to trace quenching and has been
hown to depend on the environment in observations (Schaefer et al.
017 ). 
(iv) By studying the connection between misalignments and dif- 

erent internal galaxy properties, we found that galaxies that display 
isalignments are, on average, prolate, dispersion dominated, gas- 

oor and have small disc contribution to their total kinematic energy.
n the contrary, galaxies that remain aligned between two consecu- 

ive snapshots, are on average oblate, gas-rich, rotation dominated, 
nd have the most significant disc contributions. 

(v) Separating between ETGs and LTGs by the κco , D / T , and
 rot / σ 0 thresholds suggested by Correa et al. ( 2017 ) and Thob et al.
 2019 ), we found that ≈ 30 per cent of ETGs display misalignments,
n agreement with Davis et al. ( 2011 ). 

(vi) We demonstrate that external processes, such as galaxy 
ergers and gas accretion happen in similar frequency in galaxies 

hat remain aligned or become misaligned. This strongly suggests 
hat external processes are not the main source of galaxies displaying

isalignments. Instead, the internal galaxy properties that can 
ead to quick or slow torquing of the star-forming gas are more
ikely responsible. A good example of this is galaxy mergers: they
appen in a similar frequency in aligned and misaligned galaxies 
t fixed stellar mass. In the case of discy galaxies (which rarely
how misalignments), we think the mechanism at play is that the
orphology of these galaxies is able to quickly torque the gas

nd align it with the disc (unless the gas is in a polar or counter-
otating orbit, both of which are stable), while spheroidal galaxies 
which host most of the misalignment events) do this o v er much
onger time-scales (Davis & Bureau 2016 ). This is similar to what
an de Voort et al. ( 2015 ) showed for a single elliptical galaxy,
ut happening in a large population of ellipticals in a cosmological
imulation. 

(vii) The abrupt and simultaneous decrease in stellar and SF gas 
ass is more associated with misalignments than mergers. Galaxies 

hat become misaligned seem to preferentially suffer a reduction 
f their SF gas mass rather than an increase. We studied the tidal
eld around these galaxies finding that they are more affected by

nteraction with nearby galaxies, which likely reduces their gas 
ontent and leads to misalignments. Ho we ver, we emphasize that
 larger simulation with a comparable resolution to EAGLE is needed
o study the evolution of the tidal force parameter o v er time and its
ossible relation with misalignments. 
(viii) We found that galaxies that display misalignments have 

arger ex situ fractions. The latter is a good indicator of the
MNRAS 514, 2031–2048 (2022) 
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umulati ve ef fect of interactions o v er the lifespan of galaxies, and
ence an indirect evidence of interactions playing a role in driving
isalignments. 

Overall, the environment appears to play an important role in nur-
uring the interactions that can lead to the star-forming gas becoming
isaligned in the first place. Ho we ver, the properties internal to

alaxies (shape, kinematics, etc.) play a crucial role in determining
hether the gas quickly aligns with the stellar component or not.
ence, galaxies that are more triaxial and more dispersion dominated
isplay more misalignments because they are inefficient at realigning
he star-forming gas towards the stellar angular momentum vector,
.e. their relaxation time is longer. 
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Table A2. Percentage of galaxies with gas fraction below 0.1 within each 
sample. 

Percentage of galaxies below f gas = 0.1 (per cent) 
Population label z = 0.87 – 1.00 z = 0.50 – 0.62 z = 0.00 – 0.10 

Remained aligned 3 ± 0.2 8 ± 0.3 26 ± 0.5 

Remained misaligned 3 ± 0.4 20 ± 1.3 63 ± 3.2 

Aligned 1 ± 0.2 8 ± 0.6 34 ± 1.9 

Misaligned 5 ± 0.5 16 ± 0.9 52 ± 2.3 

Table A3. Percentage of galaxies with stellar triaxiality below 1/3 within 
each sample. 

Percentage of galaxies below T = 1/3 (per cent) 
Population label z = 0.87 – 1.00 z = 0.50 – 0.62 z = 0.00 – 0.10 

Remained aligned 61 ± 0.9 70 ± 1.0 78 ± 1.1 

Remained misaligned 22 ± 1.1 31 ± 1.7 48 ± 2.7 

Aligned 37 ± 1.2 43 ± 1.7 49 ± 2.4 

Misaligned 30 ± 1.2 40 ± 1.6 48 ± 2.2 

Table A4. Percentage of galaxies with stellar velocity anisotropy below 0 
within each sample. 

Percentage of galaxies below δ = 0 
Population label z = 0.87 – 1.00 z = 0.50 – 0.62 z = 0.00 – 0.10 

Remained aligned 7 ± 0.3 7 ± 0.2 5 ± 0.2 

Remained misaligned 17 ± 0.9 15 ± 1.1 12 ± 1.1 

Aligned 13 ± 0.6 13 ± 0.8 13 ± 1.1 

Misaligned 14 ± 0.8 13 ± 0.9 11 ± 0.9 

Table A5. Percentage of galaxies with disc-to-total stellar mass ratio below 

0.45 within each sample. 

Percentage of galaxies below D / T = 0.45 (per cent) 
Population label z = 0.87 – 1.00 z = 0.50 – 0.62 z = 0.00 – 0.10 

Remained aligned 40 ± 0.7 40 ± 0.7 45 ± 0.7 

Remained misaligned 92 ± 2.7 91 ± 3.5 84 ± 4.0 

Aligned 78 ± 1.9 81 ± 2.6 85 ± 3.5 

Misaligned 81 ± 2.4 76 ± 2.5 78 ± 3.1 

Table A6. Percentage of galaxies with stellar velocity rotation-to-dispersion 
ratio below 0.7 within each sample. 

Percentage of galaxies below v rot / σ 0 = 0.7 (per cent) 
Population label z = 0.87 – 1.00 z = 0.50 – 0.62 z = 0.00 – 0.10 

Remained aligned 45 ± 0.8 43 ± 0.7 45 ± 0.7 

Remained misaligned 94 ± 2.8 92 ± 3.6 84 ± 4.0 

Aligned 83 ± 2.0 84 ± 2.7 86 ± 3.6 

Misaligned 84 ± 2.5 80 ± 2.6 79 ± 3.1 

Table A7. Percentage of misaligned early-type and late-type galaxies pre- 
dicted by different thresholds at z = 0.00 – 0.10. Errors correspond to Poisson 
uncertainties. 

Percentage of misaligned galaxies (per cent) 
Threshold ETG LTG 

D / T = 0.45 23 ± 0.6 6 ± 0.3 

v rot / σ 0 = 0.7 23 ± 0.6 6 ± 0.3 

κco / σ 0 = 0.4 25 ± 0.6 5 ± 0.3 
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Table A8. Percentage of galaxies ‘Remained Aligned’ and ‘Misaligned’ associated with the events described in Section 2.3 at z = 0.00 – 0.10 (i.e. the ratio 
between the number of galaxies of a population that experienced an event in the previous snapshot and the total number of galaxies in that population). The last 
column shows the absolute difference between the percentages of each population. The numerical values are coloured darker the higher they are, and the events 
coloured pink correspond to those in which the value for ‘Misaligned’ is higher. Errors correspond to Poisson uncertainties. 

10 per cent and stellar mass

10 per cent and stellar mass

10 per cent and stellar mass

10 per cent and stellar mass

10 per cent and stellar mass
10 per cent and stellar mass

5 per cent

5 per cent
5 per cent

5 per cent

5 per cent

5 per cent
5 per cent
5 per cent
5 per cent

5 per cent

5 per cent

5 per cent

10 per cent

10 per cent

10 per cent

10 per cent
10 per cent

10 per cent

10 per cent

10 per cent
10 per cent
10 per cent
10 per cent

10 per cent

5 per cent and stellar mass

5 per cent and stellar mass

5 per cent and stellar mass

5 per cent and stellar mass

5 per cent and stellar mass
5 per cent and stellar mass

�������� �������� ��������

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/2/2031/6539344 by guest on 21 Septem
ber 2023

art/stac523_ufig1.eps

	1 INTRODUCTION
	2 THE SIMULATIONS
	3 PHYSICAL DRIVERS OF MISALIGNMENTS IN SIMULATED GALAXIES
	4 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: 

