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ABSTRACT

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° Mg, at 0<z<1. We compare the frequency of misalignments with
observational results from the SAMI survey and find that overall, 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 dépendence on
kinematic misalignments with internal galaxy properties and different processes related to galaxy mergers and sadden 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 relevant in setting the conditions to misalign the star-forming gas, thepropexti€s internal to galaxies play
a crucial role in determining whether the gas quickly aligns with the stellar component‘©r-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.

Key words: galaxies : general — galaxies : evolution — galaxies : kinematics and dynamics

1 INTRODUCTION

Understanding how galaxies formed and evolved to their observed
state is one of the main interests of modern astrophysics. Studying
the kinematical misalignments between the stellar and gaseous.com-
ponents can give us clues about the origin and the processes that
affect gas accretion and possibly their galaxy assembly histories,
thus playing a crucial role in our understanding of galaxy,formation
and evolution.

Developments in spectrographs have led to the.advent of Integral
Field Units (IFUs) surveys, which provide, spatiallysresolved spec-
tra for galaxies in a way that allows the measurement of the angle
between the rotational axes of stars and star-forming gas (SF gas)
through the construction of two-dimensional kinematic maps of ab-
sorption and emission lines, respectively”(e.g., Davis et al. 2011;
Fogarty et al. 2014).

Early IFU surveys focusedwon early-type galaxies (ETGs), inclu-
ding surveys such as SAURON:«(de Zeeuw et al. 2002) and ATLAS3P
(Cappellari et al. 2011). Dayis et al. (2011) used 260 ETGs from
ATLAS3P to study the incidence of stellar-gas misalignments in
ETGs and found that ~ 36% of these galaxies have misaligned gas
disks (i.e., the'differénce between rotational axes of stars and gas is
greaterthan 30° Y. This fraction increases for field ETGs, i.e., those

*. E-mail: cicasanueva@uc.cl
1 This threshold angle comes from the typical error associated to this measu-
rement being at most 30° both in observations (using the FIT_KINEMATIC_PA

outside the Virgo cluster or its vicinity. This high fraction of misa-
lignments led to the hypothesis that the gas has an external origin,
pointing to minor mergers as a possible main source of the misali-
ghed gas in early-type galaxies (e.g., Davis et al. 2011; Serra et al.
2012).

Later, a new generation of IFUs such as SAMI (Croom et al. 2012;
Bryant et al. 2015), MaNGA (Bundy et al. 2015), and CALIFA (San-
chez et al. 2012), allowed the extension of these studies to late-type
(LTGs) and lower mass galaxies. Chen et al. (2016) used a repre-
sentative sample of 1351 nearby galaxies from the MaNGA survey
to find that ~ 2% of blue star-forming galaxies have counter-rotating
gas with a clear boost in star formation in their central regions. This
suggests that these galaxies accrete abundant external gas that inter-
acts with the pre-existing gas, driving gas into the central regions
(< 1 kpc) and leading to centrally concentrated rapid star formation.
Further, Jin et al. (2016) studied the properties of 66 galaxies with
kinematically misaligned gas and stars from the MaNGA survey,
finding that the misalignment fraction depends on physical galaxy
properties such as stellar mass and specific star formation rate (sSFR).
They concluded that the fraction of misaligned galaxies peaks at a
stellar mass of ~ 1019 Mg and increases with lower sSFR. They
also found evidence that misaligned galaxies tend to reside in more
isolated environments, in agreement with the findings of ATLAS3P

routine described in Krajnovic et al. 2006) and simulations (Davis et al. 2011).
Hence galaxies with differences in the stellar and gas kinematic position angle
over 30° are clearly misaligned.

© 2022 The Author(s) Published by Oxford University Press on behalf of Royal Astronomical Society
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for ETGs. Duckworth et al. (2018) used ~ 900 central galaxies from
the MaNGA survey to investigate the relationship of kinematically
misaligned galaxies with their large-scale environment and with the
halo assembly time. They found that large scale environment does
not seem to contribute significantly to misalignments, while mor-
phology appears to have a stronger effect since practically none of
their misaligned galaxies are classified as LTGs by visual inspection.
Bryant et al. (2018) used ~ 1200 galaxies from the SAMI galaxy
survey and also demonstrated that morphology has the strongest cor-
relation with the likelihood of star-gas decoupling rather than the
local environment, and suggested that mergers are not the main dri-
ver for misalignments due to their low frequency. All this evidence
supports the notion that the internal properties of galaxies are better
predictors of misalignments than their environment.

Misalignments between the stellar and SF gas components are
expected in the standard cosmological model, A-Cold Dark Matter
(ACDM). Within the ACDM framework, galaxies form by cooling
and condensation of gas clouds within the potential wells of dark
matter halos (White & Rees 1978; Mo et al. 1998). At early times
(i.e., during the linear stage of structure formation), baryons and dark
matter are well mixed in such a way that both experience similar
torques from the surrounding tidal field of protohalos (tidal torque
theory TTT; e.g., Peebles 1969; Doroshkevich 1970; White 1984).
In this paradigm, galaxies inherit the angular momentum content
of the surrounding halo (Fall & Efstathiou 1980). However, after the
turnaround (i.e., after the decoupling of the protohalo region from the
general expansion of the universe), it is expected that the rotation of
dark matter, gas, and stars may decouple due to cooling and other non-
linear interactions. This decoupling has been evidenced in different
numerical simulations (e.g., van den Bosch et al. 2002; Bryan et al.
2013; Pedrosa & Tissera 2015; Teklu et al. 2015; Zavala et al. 2016;
Zjupa & Springel 2016; DeFelippis et al. 2017; Garrison-Kimmel
et al. 2018).

Galaxy formation and evolution models can improve our interpre-
tation of the observations by comparing the level of misalignment
present in them. Simulation studies such as Sales et al. (2012), who
used 100 galaxies from the GIMIC cosmological gas-dynamical si-
mulations (Crain et al. 2009), and Padilla et al. (2014), using the
saG semi-analytic model (Springel et al. 2001; Cora 2006; Lagos
et al. 2008; Tecce et al. 2010; Padilla et al. 2014), showed substantial
evidence that the angular momentum of galaxies is not necessarily
aligned with that of their host halos since accretion from either the
cosmic web or mergers can be stochastic. Lagos et ak, (2015) used
the semi-analytical model caLrorM (Cole et al.”2002)-coupled with
a Monte-Carlo simulation (Padilla et al. 2014)\to fellow the angu-
lar momentum flips driven by matter accretion onto halos. Assuming
that the only sources of misalignments are galaxy-mergers, they found
that only ~ 2 — 5% of ETGs would‘show misaligned stars and gas,
in tension with the observations of ATIAS3P. However, considering
the smooth increase of gas as a driverof misalignment, they predicted
that this fraction increased to'~ 46%. These results led to the conclu-
sion that the high fractionsof-misaligned gas discs observed in ETGs
is mostly due to smeoth gas accretion (e.g., stochastic cooling from
the hot halo of galaxies)ywhich takes place after most of the stellar
mass of the galaxy is"in'place and comes misaligned with respect to
the stellar component. They also found that ETGs with high masses,
low cold gas fractions and low star formation rates are more likely
to display,alighed cold gas and stellar components, in agreement
with ATLAS®P data. Furthermore, Starkenburg et al. (2019) used
the Illustris numerical simulations (Nelson et al. 2015) to study the
origin of counter-rotation of gaseous disks in low mass galaxies (i.e.,
galaxies with a stellar mass between ~ 109 -10'9 Mg). They identi-

fied the importance of gas loss through black hole (BH) feedback and
gas stripping during a fly-by passage across a more massive group en-
vironment in driving misalignments between stars and SF gas. More
recently, Khim et al. (2020b) using the Horizon-AGN simulation
(Dubois et al. 2014) also found that ETGs are substantially more fre-
quently misaligned than LTGs and that misalignment increases with
decreasing gas fraction. They compared Horizon-AGN with SAMI,
finding a significant discrepancy in the misalignment fraction for ga-
laxies in dense environments. While no clear difference was found
in the misalignment fraction between field and cluster environments
of the SAMI observations, Horizon-AGN found a factor of three
higher values in cluster galaxies regardless of morphology. Khim
et al. (2020a) explored the origin of misalignments in Horizon-AGN,
finding that 61% of the misalignments are not merger-driven, but
they are related to interaction with nearby galaxies, interaction with
dense environments, and secular evolution. Finally, Duckworth et al.
(2019) using a combination of data from the MaNGA survey‘and
MaNGA-like observations in IllustrisTNG100 (Nelson‘et al. 2019),
also found a strong morphological dependence on theimisalignment
fraction and a crucial role of a significant gas loss'in decoupling star-
gas rotation. Furthermore, they found that central\galaxies are more
likely to exhibit misalignment than satellites and that misalignment
at z = 0 is correlated with the spin of“the,dark/matter halo going
back to z = 1. In a second paper (Duckworth et al. 2020) they found
that misaligned low mass galaxies have experienced gas loss due to
a higher energy injection throughy\BH feedback, while the origin of
misalignment in massive quenched ‘galaxies is more likely due to
accretion of pristine gas orJoss of enriched gas.

Despite this progress, the mechanisms for kinematic decoupling
gas and stars are still notfully determined. We aim to identify which
galaxies are more likely-to display misalignments and what physi-
cal processesuare responsible for these. We attempt to disentangle
between external and internal factors that lead to misalignment or
make-galaxies more prone to misalignment. In order to do this, we
used ‘the EAGLE cosmological hydrodynamical simulation (Schaye
et al.2015; Crain et al. 2015) to explore the dependence of kinematic
misalignment on redshift, morphology and other galaxy properties.
The unique combination of large cosmological volume and the suf-
ficient resolution of EAGLE allows us to explore the origin of star-gas
misalignments as well as to make reliable measurements of key ga-
laxy quantities, such as angular momentum, morphology, and star
formation activity. EAGLE is well suited for this study as it broadly re-
produces the morphological diversity of galaxies (Schaye et al. 2015;
Lagos et al. 2017; Trayford et al. 2019), the fraction of star-forming
and passive galaxies (Furlong et al. 2015; Wright et al. 2019), and
the stellar kinematic properties of galaxies and their dependence with
stellar mass and environment (Lagos et al. 2018a; Walo-Martin et al.
2020).

This paper is organised as follows. In Section 2 we describe the
EAGLE simulation and our methods to study the origin of stars-gas
misalignments in the simulation. In Section 3.1 we qualitatively com-
pare misaligned galaxies in EAGLE with observed data from the SAMI
survey. In Sections 3.2 and 3.3, we examine and discuss possible in-
ternal properties and physical processes related to misalignments,
including two study cases. Finally, in Section 4 we summarise our
results.

2 THE eacLE SIMULATIONS

EAGLE (Evolution and Assembly of GalLaxies and their Environ-
ments project; Schaye et al. 2015; Crain et al. 2015) is a suite of
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hydrodynamical simulations that follow the formation, assembly, and
evolution of galaxies from z = 127 until z = 0. These simulations
were constructed assuming a ACDM cosmology with Q4 = 0.693,
Q,, =0.307,Qp = 0.04825,0g = 0.8288 and h = 0.6777, consistent
with Planck measurements (Planck Collaboration et al. 2015).

The suite was simulated with a modified version of GADGET-3 N-
Body Tree-PM smoothed particle hydrodynamics (SPH) code, which
is an updated version of GADGET-2 (described in Springel 2005). This
version includes modifications to the hydrodynamics algorithm and
the time-stepping criteria (Schaller et al. 2015) and incorporates sub-
grid modules that govern the phenomenological implementation of
physical processes that act on scales below the resolution limit of the
simulations.

The sub-grid physics used in EAGLE include star formation (Schaye
& Dalla Vecchia 2008), heating and cooling of gas (Wiersma et al.
2009a), stellar mass losses due to stellar evolution (Wiersma et al.
2009b), energy feedback from massive stars (Dalla Vecchia & Schaye
2012), gas accretion onto and mergers of supermassive black holes
(Booth & Schaye 2009; Rosas-Guevara et al. 2015), active galactic
nuclei (AGN) feedback (Rosas-Guevara et al. 2015) and photoionisa-
tion due to an evolving X-rays-to-UV background following (Haardt
& Madau 2001). The model parameters were calibrated to reproduce
the observed galaxy stellar mass function at z ~ 0 and the black
hole mass-stellar mass relation at z ~ 0. In addition, the dependence
of the stellar feedback energy on the gas density was introduced to
reproduce the relation between galaxy mass and size of star-forming
galaxies at z ~ 0.1. Crain et al. (2015) provide a comprehensive
overview of the calibration process.

EAGLE galaxies and their host halos are identified by a multi-stage
process, starting with the implementation of the friends-of-friends
(roF) algorithm (Davis et al. 1985) to the dark matter particle dis-
tribution. This algorithm links the particles together if their distance
lies below the linking length of b ~ 0.2 times the mean inter-particle
separation. Gas, stars and black holes particles are associated with
the roF group of their nearest neighbour dark matter particle (if there
is any). After this, the suBrIND algorithm (Dolag et al. 2009) is used
to identify locally overdense selEaGLE-bound substructures or sub-
halos within the full particle distribution of ror halos. Galaxies are
then associated with subhalos, and hence in this work as in all the
publications done with EAGLE we assume galaxies and subhalos are
equivalent.

Galaxies form and evolve within their host halos, so“tracing them
across snapshots is analogous to tracing the evolution,of their host
halos via merger trees (Qu et al. 2017). The EaGLE'mergentrees were
constructing by applying the D-TrREEs algorithm(Jiang et al. 2014) to
the sUBFIND subhalo catalogues across all-simulation ‘snapshots (i.e.,
across all simulation outputs at different redshifts). In essence, the
algorithm links a subhalo with its déscendant across more than two
consecutive snapshots. It identifies a subhalo descendant by tracing
where the majority of the most boundparticles are located at the next
output time.

In this study, we userthe-EAGLE largest reference simulation, la-
belled as ‘Ref-L100N1504. in Schaye et al. (2015). This model was
run in a cosmological volume of 100 comoving Mpc on a side and
achieves a resolution of 0.7 proper kpc (for the gravity). The initial
conditions of the simulation are generated using the PANPHASIA mul-
tiresolution, phases of Jenkins & Booth (2013), such that the initial
gas particle mass is mgas = 1.81 X 100 Mg and the mass of dark
matter particles is mpy = 9.70 x 106 M. There is initially an equal
number of 15043 baryonic and dark matter particles. The proper-
ties of the model particles were recorded for 29 snapshots between
redshifts 20 and 0, which translates into time span ranges between
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snapshots from ~ 0.3 to 1 Gyr. To avoid biasing our results by the
coarse time cadence of the snapshots, we also make use of the EAGLE
“snipshots”, which are lean outputs of the simulation with a time
cadence of ~ 30 — 80 Myr. Merger trees were also produced for these
outputs (see Crain et al. 2017) and the gas particle data has enough
information to compute misalignment fractions, and several of the
intrinsic properties of galaxies we introduce in § 2.2.

2.1 Sample selection

As mentioned in the previous section, we used galaxies from the
Ref-L100N1504 simulation (hereafter referred to as the EAGLE simu-
lation). In order to avoid resolution problems and make our results
comparable to observations, we work with a sample of galaxies under
the following limits :

- Stellar mass > 10° M, (corresponding to ~ 1000 stellar particles),
- Number of star-forming gas particles > 20,

- The centres of mass of the stars and the star-forming gas should be

at a distance < 2 kpcs.

Star-forming gas particles are all those that have'a star formation
rate (SFR) > 0, and therefore are the closestto H-alpha emitting gas,
which is what is broadly used to measurenmisalignments with the
stellar component (e.g., Bryant et al.'2018),

The number of SF gas particles was chosen such that the sample
included not only galaxies on ‘the main sequence of star formation
in the SFR-stellar mass -planesbut-also below it, well into the pas-
sive population. This,is important as observations suggest elliptical
galaxies, which tend to be'more passive than late-type galaxies, are
more likely to display misalignments (Duckworth et al. 2018; Bryant
et al. 2018),Nevertheless, we tested increasing the lower limit to 100
SF gas particles, and our results remain unchanged.

The~Timit between the distance of the centres of mass of stars
and’gas was considered because, in observations, misalignments are
usually studied when gas is well associated with a galaxy. Trayford
& Schaye (2019) presented an analysis of the resolved star formation
main sequence and metallicity-mass relation. In the example synthe-
tic cubes they show in Appendix D, it is clear that some galaxies in
EAGLE have clouds of star-forming gas offset with respect to stars.
Our criteria avoid the inclusion of those galaxies.

A possible concern is whether the angular momentum vector of
stars and gas can be well measured with the number of particles
above. This can become problematic for very dispersion dominated
galaxies in particular. We use the stellar spin parameter, Az (Emsel-
lem et al. 2007), to quantify how many of our galaxies would fall in
the dispersion dominated category (see Lagos et al. 2018b for details
on how AR is computed in EAGLE galaxies). We select dispersion do-
minated galaxies as those having an edge-on Ag < 0.1 and find that
only 0.03+0.03% of our sample falls in this category. If we only look
at misaligned galaxies, the fraction is 0.23+0.23%. This shows that
most of them have a relatively well-defined kinematic major axis.

Fig. 1 shows that the shape of the stellar mass function of our
sample is similar to that of the total galaxy population. This means
that our selection is not biased towards specific galaxy masses.

2.2 Internal galaxy properties

In what follows, we define the main properties analysed in this
study. We include morphological proxies and measurements related
to the star-formation activity to investigate if these could determine
whether the star-forming gas and the stellar component of the galaxy
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Ficure 1. Stellar mass function of all galaxies in the RefLO100N1504 simulation (solid purple lines) in comparison with our sample selection (dashed red

lines), at the three redshift ranges as labelled in each panel.

become misaligned or remain aligned for long enough to detect it in
the snapshots of the simulation.

- Star-forming gas : Gas particles are eligible to form star particles
if they have cooled to reach densities greater than the metallicity-
dependent threshold described in Schaye et al. (2015) (equation 2) :

-0.64
=10~ em™3 | 2 , 1)
H 0.002

where Z is the gas metallicity.

- Star-forming gas metallicity (Zsp) and stars metallicity (Z.) :
Mass fraction in metals of cold gas and stars, used to describe the
abundance of elements present in these galaxy components that are
heavier than helium. A ratio between these properties can be used
to indicate galaxy mergers or recent gas accretion (Collacchioni
et al. 2020). If galaxies have acquired their gas content via minor
mergers, one would expect the gas-to-stellar metallicity ratio to be
low compared to galaxies that have not had mergers.

- Specific star formation rate (sSFR) : The star formation rate
per unit stellar mass. Star formation rate is defined as the-mass
of stars formed per unit time before any mass loss due to, winds
and supernovae. This is therefore used as an indication of, the
typical efficiency of stellar mass growth in galaxies ‘and Serves
as a useful proxy for stellar mass growth timescale (Mitchell
et al. 2014). We employ the total stellar mass and the total SFR
of the galaxy, i.e., the measurements within a 3D"aperture of 70 pkpc.

- Gas fraction ( fgas) : Ratio between the total star-forming gas mass
and the total stellar mass.

- Stellar co-rotating Kinetic enérgy fraction («x.,) : Fraction of
stellar particle’s total kinetic_energy (K) involved in ordered co-
rotation (K13 :

KU 1 (L2
= = — —m; 2 . 2
s KZ 2"\ iR @
l,LZyi>0

where theysum'is over all co-rotating stellar particles within a sphe-
rical radius of 30 pkpc centered on the minimum of the potential, m;
is'the mass of each stellar particle, K = }; %mivf the total kinetic
energy in the centre of mass frame, L, ; the particle angular momen-
tum along the direction of the the total angular momentum of the

stellar component of the galaxy and R; is the 2-diménsional radius
in the plane normal to the rotation axis (Correa etal. 2017).

Correa et al. (2017) found that dividing the-BAGLE population by
applying a threshold in «¢o of = 0.4 is a/good way of separating
between the ‘blue cloud’ of disky star-forming galaxies (ko > 0.4)
and the ‘red sequence’ (k¢o < 0.4) of spheroidal passive galaxies in
the galaxy colour-stellar mass diagfam.

- Disc-to-total stellar mass ratio,(D/T) : The stellar mass fraction
that is supported by rotation. This €an be considered as the ‘disc’
mass fraction and is calculated"assuming that the bulge component
has no net angular momentum (e.g., Crain et al. 2010; Clauwens
et al. 2018). Thus, the bulge mass can be estimated as twice the
mass of stars that\are counter-rotating with respect to the galaxy, and
the disc-to-total massfraction (D /T) is the result of subtracting the
bulge-to-total (B/T") mass fraction, i.e., :
D B 1

Tl p =2 > m, 3)

where the sum is over all counter-rotating (L, ; < 0) stellar particles
within 30 pkpc.

Thob et al. (2019) inferred that dividing the population with a
threshold of D/T ~ 0.45 provides a means of separating the star-
forming from passive galaxy populations. Note that by definition, we
do expect D/T to be well correlated with kco.

- Triaxiality (T') : Stellar triaxiality from the iteratively reduced iner-
tia tensor. This parameter characterises an ellipsoid that models the
spatial distribution of stars in galaxies :
a2 _ b2
r= 2 -c2 @
where a, b and ¢ are the moduli of the major, intermediate and minor
axes, respectively
Low and high values of T correspond to oblate and prolate ellip-
soids, respectively. Oblate systems exhibit axisymmetry about the
minor axis, while prolate galaxies are characterised by an interme-
diate axis that is significantly shorter than their major axis, and thus
resemble cigars. Galaxies are classified as oblate when 7' < 1/3.

- Stellar velocity anisotropy (6) : Describes the anisotropy of the
galaxy’s velocity dispersion :

o 2
5:1—(—2), )

where o7 is the velocity dispersion in the plane of the rotation axis
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galaxies that reside in groups of mass > 10'4 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

€rrors.

(where the latter is the unit vector parallel to the total angular mo-
mentum vector of all stellar particles within 30 pkpc), and oy is the
velocity dispersion in the ‘disc plane’, i.e., the plane normal to the
z-axis, selected in order to recover an estimate of the line-of-sight
velocity dispersion to make dispersion measurements comparable
with observations.

Values of ¢ > 0 indicate that the velocity dispersion is primarily
contributed by disordered motion in the disc plane, i.e., that is defined
by the intermediate and major axes, rather than disordered motion in
the direction of the minor axis (Thob et al. 2019).

- Stellar velocity rotation-to-dispersion ratio (vyo;/07) : This ratio

is often used as a kinematical diagnostic because both, the rotation
velocity and the velocity dispersion, can be estimated from spectro-
scopic observations of galaxies (van de Sande et al. 2017).

Thob et al. (2019) infer that division about a threshold of vyot /0 ~
0.7 separates the disky star-forming and spheroidal passive galaxy:
populations with a similar efficacy to the k¢, = 0.4 threshold.defined
by Correa et al. (2017).

Although we do expect most of these quantities‘to be, closely
correlated, there are some subtle differences suchiasintrinsic scatter,
non-linearities, and multivariate distributions."Hence, it is important
to understand if some are better correlated, with the probability of
finding misalignments.

In this work, we use 2D angles<between the rotational axes of
SF gas and the stars, measured for particles within a radius that
encompasses half of the total stellar,mass. This is motivated by
the fact that observations typically measure these angles within an
effective radius (encompassing half of the optical light).

Observational datajare\projected to the plane perpendicular to
the line of sight/Thus, in order to mimic this projection effect, in
this work we, will use the projected misalignments from the posi-
tion angles (PA offset’or misalignment angle) rather than the three-
dimensional misalignments. The kinematic PA is defined as the po-
sition,angle of ‘the axis passing through the stellar centre of mass
along which the line-of-sight rotating velocity reaches a maximum
and is measured counterclockwise with respect to a specific axis x
(the choice of x is arbitrary because we are interested in the kinematic
misalignment which involves the difference of two angles).

2.3 Internal and external physical processes

We track the evolution of galaxies in.FAGLE through time via the
galaxy merger trees. Using the parameters/GalaxyID and Descen-
dantID of the EaGLE database tables, we follow the main progenitor
branch, which for any snapshot'is defined as the branch with the lar-
gest total mass summed across all the earlier snapshots. This allows
us to identify when aymisalignment takes place in galaxies and how
other galaxy properties are ¢hanging.

By comparing|the galaxy status between two consecutive snap-
shots, we willvexplore the following physical processes that could
lead to kinematic misalignment :

- Galaxy mergers : We will consider that there was a merger of
two’orsmore galaxies if they have the same DescendantID and if the
merger ratio is greater than 0.1. This limit allows us to ensure that
we do not include dark-matter-only subhalo mergers (which are the
most abundant) or very minor mergers which are generally not well
resolved. The merger ratio is defined as the ratio between the stellar
masses of the two most massive galaxies involved in the merger, and
it is computed in a way that it is strictly < 1.

- Abrupt increase/decrease in stellar mass : We will study sudden
increases/decreases in stellar mass, i.e., abrupt changes between two
consecutive snapshots that are not product of a merger. We will
divide these increases/decreases into two groups : between 5% and
10% (labelled as ‘T / | 5%’) and by > 10% (labelled as T/ | 10%").

- Abrupt increase/decrease in star-forming gas mass : Same as
the previous cause but for star-forming gas.

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

The processes described above can be divided into internal and
external processes. Galaxy mergers are clearly external, while the
abrupt increases or decreases of star-forming gas or stars could be
internal if they are due to feedback or star-formation, or external if
they are due to a perturbation (for example, by ram pressure stripping
or by a close fly-by).
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Ficure 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 labeled. Simulated data errors correspond to Poisson
uncertainties.

3 PHYSICAL DRIVERS OF MISALIGNMENTS IN
SIMULATED GALAXIES

This section analyses whether there are systematic differences in
the population of aligned vs misaligned galaxies in tefms,of théir
internal and external properties.

First, we compare our results with observations. Then, we cha-
racterise the aligned and misaligned populatiois by the internal ga-
laxy properties described in Section 2.2. Finally,\we’Study how the
different physical processes described in Section/2.3 are related to
misalignments.

3.1 Comparison with observations

In order to make a comparison with integral field spectroscopic
observations from the, SAMI survey, we used EAGLE simulated ga-
laxies at z = 0.00 and 'z = 0.10 that satisfy the sample selection
described in Section”21. It is important to remind the reader that,
although PA'is,measured differently in simulations and observations,
our results capture the fact that this quantity is usually calculated
within an‘effective radius and in projection.

Fig. 2, shows the distribution of the PA offsets for two ranges
of \group’ mass in which galaxies reside. We find that the fraction
of misaligned galaxies in both samples is almost the same (~ 20%),
suggesting that the group mass does not influence the chance of being

misaligned. Bryant et al. (2018), using a sample of 1213 galaxies
at z < 0.1 from the SAMI Galaxy Survey, also found the same,
although with a lower misalignment fraction (~ 11%). Furthermore,
they found a small peak at PA offset ~ 180° (of ~ 4%), which is
not clearly visible in EAGLE, nor was it reproduced by Horizon-AGN
according to Khim et al. (2020b). It is possible that the resolution of
the simulations causes this small peak to dissolve faster than in real
galaxies. Future simulations of similarly large boxes but at higher
resolution are required to confirm this hypothesis.

Fig. 3 shows the fraction of galaxies with PA offset > 30° in bins
of stellar mass and g-i colour. We find a decrease in the misaligned
fraction with increasing stellar mass for galaxies with stellar mass
less than 10198 Mg. This trend is not observed in Bryant et al.
(2018), but in general, the fractions of misaligned galaxies predic-
ted by EAGLE are similar to those obtained with observational data
for M, > IOIOM@. We also show the effect of the environment in
EAGLE by showing the fraction of misaligned galaxies in«three bins
of halo mass. We find that a clear environmental effect'is only seen
for stellar masses less than 1010 Mg, where groups ‘and clusters dis-
play a larger fraction of misaligned galaxies. These trends are not
clear in observations, but this could be partially due to'the fact that
observations do not distinguish between field and groups and instead
place all galaxies in the field and groups with masses < 104 Mg
in the same sub-sample. Also, we needsto consider that the stellar
mass range in SAMI is different from oursimulated sample. The fact
that a trend with environment;and,the presence of misalignments is
only seen in galaxies with stellac masses below 10'9 Mg is not ne-
cessarily surprising, as both observations (e.g. Peng et al. 2010) and
simulations (e.g. Trayford et al: 2016; Lagos et al. 2018a; Cochrane
& Best 2018; Wright ‘et’al.”2019) have shown that environment is
relevant in determining)galaxy morphology and their star formation
activity (all“preperties that we find correlate with the presence of
misalignments'in § 3.2) in low mass galaxies, while massive galaxies
have these propérties primarily correlating with stellar mass rather
than environment.

We find a relatively flat misalignment fraction as a function of
galaxy’ colour in agreement with Bryant et al. (2018), within the
uncertainties. We see that the level of misalignments in galaxies of
fixed colour are similar between clusters, groups and the field. A very
weak trend is seen between the galaxy colour and the presence of mi-
salignments that is most apparent at low halo masses, > 10125 Mg,
with redder galaxies having slightly higher misalignment fractions
than blue galaxies. If we instead look at galaxy colour at fixed stellar
mass, we find a clearer correlation with red galaxies having more
misalignments (not shown here). As we will see in the next section,
there is a correlation with the specific star formation rate at fixed
stellar mass (Fig. 8), which goes in the same direction as the one
shown here for colour, but is much stronger.

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

Most of the trends seen in the SF gas and stellar mass radii ratio
are driven by the differences in the gas fraction of the misaligned vs
aligned galaxies, as gas-poor galaxies on average tend to have smaller
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FIGURE 4. Median ratio between the half-star-forming gassmass,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.

half-mass radii. However, we'find that this is not the whole story, as at
fixed gas fraction misaligned.galaxies still display a trend of smaller
half-mass radii ratio‘than aligned galaxies (see bottom panel of Fig.
4). This radii ratio’has been suggested to trace quenching and has been
shown to depend on the environment in observations (Schaefer et al.
2017). In the practiece; our prediction could be tested by comparing
Hea with'stellar continuum derived sizes.

In.summary, in agreement with Bryant et al. (2018), we find that
most galaxies have angles between 0 and 10 degrees of misalignment,
and the fraction of galaxies that are misaligned does not strongly
depend on 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
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function of the PA offset is not clearly obtained in EAGLE . We find
a dependence on the fraction of misaligned galaxies with the stellar
mass that is not observed in Bryant et al. (2018). This could be
partially due to the stellar mass ranges adopted here being different
to those in Bryant et al. (2018), and the small fraction of galaxies
with stellar masses < 10'°Mg, used in their study.

Since we find that EAGLE sensibly reproduces misalignments, in
what follows, we will use data from this simulation to study the
physical drivers that can help us interpret the observations.

3.2 Relation between misalignments and internal properties

This section will study the existence of a relationship between the
internal properties of galaxies and the misalignment between their
stellar and star-forming gas components.

3.2.1 Aligned and misaligned galaxy populations

First, we make a general characterisation of the aligned-and misa-
ligned galaxy populations according to their,physieal properties. We
remind the reader that we measure the angle between the angular mo-
mentum vector of the stars and the star-forming.gas, considering all
particles within an effective radius. In Fig. 5 we show the sample dis-
tribution of PA offsets at the three redshiftranges. Atz = 0.00-0.10,
20+0.3% (3372/16313) galaxies are misaligned, i.e., have PA offset
> 30°. At z = 0.50 — 0.62, 23+0.3% (5139/21927) of the galaxies
are misaligned, and at z =,0.87 — 1.00 28+0.4% (6348/22433) of
the galaxies are misaligned. Misalignment decreases with cosmic
time. With the advent\of large IFU galaxy surveys at intermediate
cosmic times (e.g. the Middle Ages Galaxy Properties with Integral
Field Spectroscopy, MAGPI, Foster et al. 2021), it will be possible to
measure the misalignment fraction at z>0 and test these predictions.

Fig. 7 shows the PA angle between the angular momentum vectors
ofrtheistars and star-forming gas as a function of halo mass (left
panel).and stellar mass (right panel), both coloured by the sSFR
at 2,="0.0 — 0.1. In general, at fixed group mass and stellar mass,
the SSFR is higher for galaxies with PA offset lower than 30°. We
also study this trend until z = 1, finding that the sSFR decreases
over time and with increasing galaxy group mass. Additionally, sSFR
decreases as galaxy stellar mass increases at all redshifts in this study,
in qualitative agreement with the results of Bauer et al. (2007) from
MUNICS and FDF observations. On average, misaligned galaxies
also become more frequent at higher halo masses and higher stellar
masses with time.

Since observational studies focus on different morphological
types, we separate between red sequence and blue cloud using the
SSFR-M.,, criteria. This method is based on the position of the main
sequence of star formation in galaxies, which we quantify with the
median sSFR of galaxies with a star formation cutoff defined as
loglo(sSFRMs/yr_l) > —11 + 0.5z (Furlong et al. 2015). We cal-
culate the median sSFR of the star-forming main sequence (MS),
<sSFR(M,)>, using 15 equidistant bins in log;( stellar mass in the
range of 10° to 10!2 M. We then consider as passive/star-forming
galaxies those below/above ¢ <sSFR(M:)>, where c is relatively ar-
bitrary and different values are used in the literature. For example
Béthermin et al. (2015) use ¢ = 1/4, while ¢ = 1/2 is used in Wright
et al. (2019). In Fig. 8 we adopt ¢ = 1/3, in between these two
suggested values.

In Fig. 8, we show the sSFR-stellar mass plane, colouring bins
by the mean PA offset angle at z = 0.0 — 0.1. The zero-point of
the main sequence of star formation decreases over time (we study
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Number of galaxies

Population label Description z=0.87-1.00 z2=0.50-0.62 z=0.00-0.10

Remained misaligned ~ Clxies that were and remain misaligned since 2400 (1120.2%) 1413 (7+0.2%) 990 (6:0.2%)
the previous snapshot.

Remained aligned Galaxies that are aligned and remain so 11375 (56£0.6%) 13205 (69+0.7%) 12037 (76:0.9%)
in two consecutive snapshots.

Misaligned Galaxies that become misaligned between 2605 (12£0.2%) 2159 (1120.2%) 1474 (9+0.2%)
consecutive snapshots.

Aligned Galaxies that were misaligned in the previous snapshot 3886 (19::0.3%) 2163 (11+0.2%) 1266 (8+0.2%)

and become aligned in the present one.

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 above/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.
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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.

this until z = 1) simultaneously as more galaxies move towards
the passive population. Also, misaligned galaxies mostly belong to
the passive population, in agreement with the works of Davisiet al.
(2011) using the ATLAS3P survey and Bryant et al.-{2018) using
SAMI observations. We also obtain this trend using the kcosVrot/ 00
and 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% of eacLE ETGs are misaligned, consistent
with the Khim et al. (2020b) Horizon-AGNuzeSults (23.7+0.2%)
but quite different from the SAML.@bservations (32.7+6.6%). This
discrepancy could be explained by theifact that SAMI galaxies are
classified as ETGs and LTGs by visuakinspection and not through the
kinematic thresholds calculated in simulations. As an example, the
sample of ETGs in simulations:could be reduced due to classifying
some SO galaxies as’LLI'Gs: On the other hand, we find that ~ 5% of
LTGs in EaGLE afe misaligned. This result is comparable with the
misalignment fractionsjof LTGs in Horizon-AGN (6.7+0.1% ; Khim
et al. 2020b) and SAMI (5.2+0.7% ; Bryant et al. 2018).

Note that the correlation between the presence of misalignments
and the sSFRat fixed stellar mass of Fig. 8 is much stronger than
the weak correlation seen with galaxy optical colour in Fig. 3. This
is'not necessarily surprising as it is well known that the correlation
between galaxy colour and sSFR saturates as sSFR decreases (e.g.
Leja et al. 2019; Bravo et al. 2021).

3.2.2 Evolution of the alignment state

In what follows, we divide galaxies into four populations according
to Table 1. This was necessary in order to distinguish betweenjinternal
properties that cause galaxies to stay aligned/misalignedjor become
aligned/misaligned in consecutive snapshots«To test the sensitivity
of our results to the exact PA offset threshold we use to classify
galaxies as misaligned, we choose higher values-and find the trends
remain qualitatively the same and our'eofclusions hold.

Fig. 9 shows the distribution of different.galaxy properties for each
of the four populations of Table 1 atz =,0.00—0.10. We will describe
the results for each property, starting from the panel at the top left
and continuing to the right\and from top to bottom.

Regarding the distributionof the PA offset, galaxies that remain
aligned have a more prominent peak at offsets under 10°, while the
population of ‘aligned’)galaxies have a less prominent peak at PA
offset ~ 0°“with_a higher fraction of galaxies with 10°<PA<30°.
The populationnof ‘remained misaligned’ galaxies have the flattest
distribution, of PA offset and a clearer secondary peak at ~180°
compared to those that become misaligned. Also, galaxies that remain
aligned reéside on average in more massive halos than the rest of the
populations.

Galaxies in the ‘remained aligned’ group have higher stellar
masses than the other populations. Nevertheless, most ‘remained
aligned’ galaxies seem to be low-mass galaxies (see Table Al for
specific percentages). This trend remains the same over time until
z = 1. We also find that stellar mass increases are more significant at
higher redshift (see Fig. 10), in agreement with the overall history of
stellar mass growth inferred from observations (Driver et al. 2018),
which shows that stellar mass increases steeply in the early Universe
to become slower towards z < 0.5.

In agreement with observations, misaligned galaxies or remain
misaligned have a smaller fraction of star-forming gas than other
galaxies. This difference is greater at low redshift.

The decrease in the gas fraction is more notorious at high redshift,
being greater for galaxies that remain aligned, which is not necessa-
rily surprising, as galaxies that are misaligned are already gas-poor
(see Fig. 10). The latter has a cascade effect, as fewer stars form be-
cause of the gas-poorness, leading to fewer outflows and hence fewer
chances of losing the existing gas in the galaxy. Table A2 tabulates
the percentage of galaxies that are below fgas = 0.1. It is important to
mention that this limit does not represent a division between gas-poor
and gas-rich galaxies because, in order to determine this, it would
be necessary to make a comparison with a linear fit of the ‘gas-rich
sequence’, the gas fraction vs stellar mass relation of star-forming
galaxies. Nevertheless, it allows us to make a qualitative comparison
that we can complement with the stellar mass distribution.
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Ficure 8. Binned distribution of galaxies in the sSSFR-M.,. plane coloured by
the average gas-stellar position angle offset at z = 0.0 —0.11. The dashed blue
line marks the main sequence of star formation and solid yellow line s€parates
the population between blue cloud and red sequence. Only bins\with more
than five galaxies are shown.

In other hydrodynamic simulations such ‘as\Horizon-AGN and
llustris, it has also been found that galaXies displaying misalign-
ments are the gas poorest. Conversely, Lagos etal. (2015), using the
GALFORM semi-analytic model of galaxy formation, found that ETGs
with low cold gas fractions are_more likely to display aligned cold
gas and stellar components compared,to ETGs that have higher gas
fractions. However, their model did not consider any relaxation of the
gas disc towards the stellar.component due to torques, while hydro-
dynamic simulations‘haturally take into account relaxation processes
that affect the distribution,of misalignments. This difference could be
significant if we study both ETGs and LTGs since, in the latter case,
torques would,be'stronger since the gas has a clear disc to which to
relax.

Galaxies that remain aligned are mostly oblate, while other popu-
lations are mostly triaxial on prolate (see Table A3). We find that at
7 =.0.87~ 1.00 all populations are mostly triaxial on prolate, but the
largest fraction of oblate is found for galaxies that remain aligned.
Changes in triaxiality become stronger as the redshift increases (see

Fig. 10), which can be interpreted as morphology’ changing more
dramatically at high redshift.

Moreover, galaxies that remain-aligned have the highest values
of velocity anisotropy, i.e., theylare flattet than those galaxies that
become misaligned or remained misaligned. However, there is not
much difference between populations and in most galaxies, the velo-
city dispersion is primarily‘contributed by disordered motion in the
disc plane, i.e., have positive values ¢ (see Table A4).

The populationiof ‘remained aligned’ galaxies also has the highest
values of disc-to-totalratio (i.e., have a higher fraction of stars that are
rotationally supported), while galaxies that remain misaligned have
the lowestvalues:In Table A6 we show the percentage of galaxies that
arebelow the D /T = 0.45 limit, suggested by Thob et al. (2019), that
best separates between LTGs and ETGs. According to this, the most
disc-dominated galaxies are those that remained aligned in time.

Galaxies that remain aligned have the highest values of viot/07,
i'€., are more supported by rotation than the other populations and
tend to have disk-shaped structures due to the highly aligned motion
of stars. Galaxies that remain misaligned have the lowest viot/07,
i.e., dispersion is more significant, and they tend to have spheroidal
shape structures. This result is consistent with observations, with
the Horizon-AGN results from Khim et al. (2020b) and with the
MustrisTNG100 results from Duckworth et al. (2019). The elliptical
shape of the galaxy stellar mass distribution affects the time it takes
for the gas disk to torque towards the stellar disk.

In Table 2 we show the percentage of early-type galaxies, at each
redshift range, predicted by the D/T and vyo/0oq thresholds sug-
gested by Thob et al. (2019). We find that at z = 0.87 — 1.00 the
difference between predicted percentages is ~ 6%, at z = 0.50 —0.62
is ~ 8% and at z = 0.00 — 0.10 is ~ 10%. They overall agree well.

Fig. 9 shows that there are important differences between the four
galaxy samples of Table 1. Overall, the galaxy population of ga-
laxies that ‘remain misaligned’ are the gas-poorest, are the most
dispersion dominated, have the smallest disc contribution, and are
the most prolate. On the other hand, galaxies that remain aligned are
the gas-richest, most rotation dominated, have the most significant
disc contributions, and are the most oblate. In general, we find that
galaxies that display misalignments, in either the remain misaligned,
misaligned or become aligned populations, are significantly different
from the population that does not display any misalignments (remain
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Percentage of early-type galaxies predicted (%)

Threshold z2=087-1.00 z=0.50-0.62 z=0.00-0.10
D/T =045 59 +0.7 53+0.7 54 +0.7
Vrot/ 079 = 0.7 63 +0.7 55+0.7 54 +0.6

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

aligned). This strongly suggests that misalignments\are present in a
particular galaxy population.

We now move to assess the influence of external parameters of
galaxies that relate to the environment they live in. This is done to
establish whether misalignments care more/about the internal proper-
ties of galaxies or their environment»The tidal strength parameter Q
is an estimation of the total gravitational interaction strength that the
neighbours produce on<asgalaxy, with respect to its internal binding
forces (Argudo-Ferndndez.et al. 2015). To measure Q, we consider
as neighbours all’galaxies within the same halo with a stellar mass
higher than 103Mo.

Fig. 11 shows“the“tidal strength parameter Q as a function of
stellar mass and gas fraction. In the bins with the best statistics, the
galaxies that become misaligned between two consecutive snapshots
are generally more affected by neighbours than the other populations.
This suggests that the physical processes related to misalignment
could be due to interactions with neighbouring galaxies, but note
this does not necessarily indicate galaxy mergers as the cause. To

obtain statistically significant results on the relationship between the
change of the tidal parameter over time and the misalignments, a
larger simulation is needed but with a resolution comparable to that
of EAGLE

Fig. 11 also shows the spin parameter of the host dark matter halo,
A. For ‘aligned,” ‘misaligned’, and ‘remained aligned’ populations,
A is similar at fixed stellar mass and fixed gas fraction. The halo
spin parameter is different (lower) for galaxies that remain misali-
gned compared to other populations, suggesting that there must be
special conditions for galaxies to remain misaligned for an extended
period of time. Beyond the tidal field strength and halo’s spin, we
also explored possible correlations with halo mass, the volume and
surface density of galaxy neighbours, central/satellite definition, and
halo concentration, finding none. For example, we explored (i) the
neighbour density (the volume density to the 3™, 7! and 10 nearest
neighbour) finding no difference between aligned and misaligned ga-
laxies; (ii) the frequency of minor mergers (explored using the high
time cadence of the snipshots), defined as those with a stellar mass
ratio < 0.1, finding no difference between aligned and misaligned
galaxies; (iii) the gas accretion rate to the galaxies as defined in
Collacchioni et al. (2020) and we found a weak trend of misaligned
galaxies having lower accretion rates, which is expected due to the
correlation with sSFR; (iv) the gas and stars being stripped from
the galaxies, finding no difference between aligned and misaligned
galaxies.

We explore the effects of interactions by studying the cumulative
effect via the fraction of the stellar mass of galaxies that formed
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ex-situ./We considered a particle as ex-situ if the subhalo to which
it belonged at the snapshot prior to star formation is not in the main
branch of the final galaxy, as described in Davison et al. (2020).
Fig. 12 shows the distribution of ex-situ stellar fraction within 30
kpcs at fixed galaxy stellar mass. The ‘remained aligned’ galaxies
have the lowest fraction of stellar mass accreted, showing a lighter

cumulative/effect of mergers and interactions in comparison with
populations that experienced a change in their state of alignment or
remained misaligned. This trend is consistent with the result of Khim
et al. (2020b), who found a significant contribution of mergers and
interaction with nearby galaxies to misalignments (of about 57%) in
Horizon-AGN.

From all the relations studied in this section, it appears that despite
the presence of some correlations between the environment (using a
large variety of definitions as listed above) and the incidence of mi-
salignments, the internal properties of galaxies are better indicators
of whether misalignments are expected. A way of interpreting this
is that the environment triggers the presence of misaligned SF gas
(e.g., via interactions, mergers, or sudden accretion), but the internal
properties of galaxies determine whether that SF gas quickly aligns
(which can happen even before the gas is properly accreted onto the
galaxy) or remains misaligned for long enough as to be seen in bet-
ween simulation snapshots (which are tracing timescales of about
few 100 Myr).

3.3 Relation between misalignments and physical processes

In what follows, we study whether there is a relationship between
the physical processes described in Section 2.3 and the kinematic
misalignment. First, we analyse two study cases in which the stellar
and gas components become misaligned, and second, we perform a
general statistical study.

In Fig. 13 we show the PA offset, stellar mass, star-forming gas

220Z YoJB\ 60 UO Jasn aJlyseoueT [esjuad) 1o AlsiaAiun AQ yHE€6ES9/€ZS0BIS/SRIUW/EE0 ] 0 | /I0p/3]01B-80UBAPER/SEIUW/WO02 dNO"dIWapee//:sdly Wol) PaPEOjUMO(]



mass, stellar co-rotating kinetic energy fraction, tidal strength para-
meter, and the distance with neighbouring galaxies when the misa-
lignment occurs for two galaxies from z = 0.37 to z = 0.00. In both
cases, stellar and star-forming gas components become misaligned
from z = 0.1 to z = 0.0.

In the first study case (left side of Fig. 13, hereafter ‘Galaxy 1°),
the misalignment relates to a galaxy merger with a merger ratio of
0.21 (marked in green). After this merger, the galaxy stellar mass
increases by 20% and the star-forming gas mass decreases by 21%.
Also, according to the Correa et al. (2017) threshold, the value of
Kco indicates that there is a change in the morphology of the galaxy,
moving further into the early-type population after the merger. In-
terestingly, this example galaxy becomes an elliptical (based on its
value of k¢o) before the galaxy displays a misalignment in the gas
component, which fits the average picture we get for all galaxies in
EAGLE that display misalignments, as discussed below.

The value of the tidal strength is higher when the galaxy merger
occurs, as expected, and the event can also be seen in the last panel,
where the galaxy that merges with the main one is marked with
purple dots. As discussed in the introduction, mergers have been
widely identified as a possible cause of misalignments. However,
we can find cases such as ‘Galaxy 2’ (right side of Fig. 13), where
the misalignment is not related to a merger or to an abrupt change
in stellar mass or star-forming gas mass (stellar and star-forming gas
mass increases only by 4%). However, in Galaxy 2, the misalignment
is related to a stronger interaction with neighbouring galaxies. This
highlights the complexity of the problem in hand and the need to
carefully analyse the evolution of individual galaxies as examples
to help clarify how a part of the galaxy population may become
misaligned.

Considering mergers and all possible combinations of in-
crease/decrease of stellar/SF gas mass (not related to mergers), we
adopt 25 events to classify galaxies within our sample (see the ‘Event’
column in Table A8). Only a small percentage of the galaxies are not
associated with any of these events : 6+0.2% at z = 0.00 — 0.10,
2+0.1% at z = 0.50 — 0.62, and 0.5+0.1% at z = 0.87 — 1.00. The
event related to the misalignment of these galaxies was labelled as
‘unidentified’.

First, we calculate the percentage of misaligned galaxies associa-
ted with each event and compare them with the percentage of galaxies
that remained aligned. In other words, 100% corresponds-to the,total
of galaxies that become misaligned between two conséeutive.snap-
shots, and we classified them according to which process oceurred in
the snapshot previous to the misalignment (analogous-for,‘remained
aligned’). Fig. 14 shows pie charts that represent the percentage of
aligned and misaligned galaxies at z = 0:0.— 0.1 that experienced
each event (in Table A8 we tabulated this data.including errors for
all events).

The event most associated with both populations is the abrupt
decrease in star-forming gas by\more than 10%, which simply re-
flects the average decrease of the'SF gas mass in galaxies in EAGLE
with time (Lagos et al.«2045).. However, the misaligned population
shows a ~ 10% higher preference for this event than the remained
aligned one. It is"important to highlight that this gas mass loss is
not necessarily related to’some environmental effect happening pre-
dominantly‘in,galaxies that display misalignments. As discussed in
§ 3.2.2,/we explored explicitly the gas and stellar mass being strip-
ped from'galaxies, finding no significant difference between aligned
and misaligned galaxies. Hence, other mechanisms may be respon-
sible for this decrease, such as overall lower gas accretion rates and
outflows.

The second most associated event with both populations is the

Star-gas misalignments in EAGLE 13

decrease in star-forming gas by more than 10% accompanied by an
increase of stellar mass between 5 and 10%. This event is ~ 3% more
likely to be related to galaxies that remained aligned. This simply
shows the continuing process of star formation in galaxies, where
the decrease in SF gas is related to some of it being transformed
into stars and some being expelled from the galaxy via outflows.
Remained aligned galaxies are more likely than misaligned galaxies
to be in this state.

The percentage of occurrence of all other events is lower than 10%
in both populations. Also, it is worth mentioning that the number of
galaxies in which none of the events occurred (classified as ‘uniden-
tified’) is higher for ‘remained aligned’ galaxies, being less than 5%
for misaligned galaxies.

Curiously, the percentage of misaligned galaxies associated with
a merger is lower than 5%, but it is still higher than for the ‘remained
aligned’ population. This percentage is similar to the one reported
in Lagos et al. (2015) using semi-analytic models, who.found that
about 6% of misaligned galaxies come from mergers:We also test
the fraction of misalignments associated with very minor,mergers
(merger ratio < 0.1). We find that, at z = 0.00 —0.10, only 1+0.2%
of the misaligned galaxies had a very miner merger; 2+0.3% at
z=0.50-0.62, and 2+0.3% at z = 0.87—1/00. Therefore, we discard
the possibility of missing an important.conttibution from very minor
mergers in the statistics. The time spanbetween snapshots can be
large (up to 1 Gyr), which means we, _could miss galaxy mergers.
To rule out this issue, we analysed the EAGLE snipshots. We found
that we were not missing galaxy.mergers in our galaxy sample, and
hence our estimate of the mergers associated with misalignments is
complete.

This analysis gives usan idea of the distribution of events in the
‘remained aligned*,population compared to the ‘misaligned’ one.
We concluderthat|the event that generates the greatest difference
between both populations is the abrupt decrease in star-forming gas
by more than 10'% ; however, this event is also the most common. To
betteriisolate which processes are preferred by the different galaxy
populations, we study what happens after each event, comparing
theypetcentage of galaxies that become misaligned with the other
populations.

We calculate the number of galaxies in a population associated
with an event, normalised by the total number of galaxies that ex-
perienced that event and by the total number of galaxies in that
population. In Fig. 15 we show the logarithm of this fraction for
the processes that were more statistically related to misalignments at
different redshift ranges.

Misalignments are most related to the abrupt and simultaneous
loss of stellar and SF gas mass. Mergers are in second place at
z = 0.0 — 0.1 but lose importance at higher redshift. The loss of
stellar mass suggests interactions with the environment or other ga-
laxies, which is also supported by our previous results on the tidal
field. All the other events seem to happen in similar frequency in
all the populations. We also highlight that these events that lead to
misalignments are not responsible for the morphological transfor-
mation of galaxies into ellipticals in EAGLE. We recall that most of
the misalignments in EAGLE happen in elliptical galaxies. However,
we find that = 80% of the elliptical galaxies that display misalign-
ments, became ellipticals > 1 Gyr before displaying misalignments,
and in = 50% of the cases this happened > 2 Gyr before. Hence,
the processes that lead to misalignments are not necessarily the ones
responsible for morphological transformation in the vast majority of
the galaxies in EAGLE.

Recently, Khim et al. (2020b) studied the misalignment channels
in Horizon-AGN and found that 35% of misalignments are merger
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FiGure 13. 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 ¢, = 0.4), tidal
strength parameter Q, and the distance with neighboring galaxies when the'misalignment occurs (closer than 0.7 cMpc), colored by mass ranges. In the upper
panel on the left, the green dot indicates where the merger occurred.

driven while 65% are non-merger driven. Although“the percentage
of misalignments associated with mergers is higher.in Horizon-AGN
than in EAGLE, the results are qualitatively consistent in that most
misalignments are not associated with mergers. The non-merger in-
teractions studied by Khim et al. (2020b) include interaction with
nearby galaxies (23%), interaction with dense environments or their
central galaxies (21%), and secular evolution including smooth ac-
cretion from neighboring filaments,(21%).

4 CONCLUSIONS

We studied the origin and evolution across cosmic time of the kine-
matic misalignment between star-forming gas and stars of simulated
galaxies imthe BAGLE simulations. We presented a qualitative compa-
rison with the observational results of Bryant et al. (2018), who used
galaxies, from the SAMI survey. Some interesting points of agree-
ment and disagreement were found. Our results can be summarised

as follows.

* Overall, EAGLE can reproduce the observational incidence of mi-

salignments in the field and clusters and the dependence on optical
colour.

* We found a decrease in the misaligned fraction with increasing
stellar mass for galaxies with stellar mass less than 10108 M.
This trend is not observed in Bryant et al. (2018), but in general,
the fractions of misaligned galaxies predicted by EAGLE are simi-
lar to those obtained with observational data for M, > 1019Mg.
However, a more detailed comparison requires us to make sure the
galaxy selection in the simulation resembles that in observations
as closely as possible (for example, in the distribution of stellar
masses and the gas fraction of galaxies for which a PA measure-
ment of the star-forming gas and stellar components are possible).
van de Sande et al. (2019) showed that this matching has to be
done carefully in order to make meaningful quantitative compari-
sons between simulations and observations. Hence, we highlight
here this requirement which we plan to carry out in the near future.

* We found interesting trends between the compactness of the star-
forming gas component of misaligned versus aligned galaxies that
are possible to test with observations. Misaligned galaxies display
a trend of a smaller half-mass radii ratio than aligned galaxies.
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Ficure 14. 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 previeus snapshot. T
5% and T 10% mean increases between 5 and 10% and > 10% , respectively. In these pie charts, we only show events that occurred in more,thanyl % of the

galaxies of each population.

This radii ratio has been suggested to trace quenching and has been
shown to depend on the environment in observations (Schaefer
et al. 2017).

* By studying the connection between misalignments and different
internal galaxy properties, we found that galaxies that display misa-
lignments are, on average, prolate, dispersion dominated, gas-poor
and have small disc contribution to their total kinematic energy. On
the contrary, galaxies that remain aligned between two consecutive
snapshots, are on average oblate, gas-rich, rotation dominated and
have the most significant disc contributions.

¢ Separating between ETGs and LTGs by the k¢, D /T and viot/ 0
thresholds suggested by Correa et al. (2017) and Thob et al. (2019),
we found that ~ 30% of ETGs display misalignments, in agreement
with Davis et al. (2011).

* We demonstrate that external processes, such as galaxy mergers
and gas accretion happen in similar frequency in galaxies that re=
main aligned or become misaligned. This strongly suggests that
external processes are not the main source of galaxies displaying
misalignments. Instead, the internal galaxy propertiesthatcan lead
to quick or slow torquing of the star-forming gas“are more/likely
responsible. A good example of this is galaxy mergers.: they happen
in a similar frequency in aligned and misaligned galaxies at fixed
stellar mass. In the case of disky galaxies{whichrarely show misa-
lignments), we think the mechanism at playis that the morphology
of these galaxies is able to quicklystorque the gas and align it with
the disk (unless the gas is in a polar or counter-rotating orbit, both
of which are stable), while sphereidal galaxies (which host most
of the misalignment events) do(this over much longer timescales
(Davis & Bureau 2016). This\is similar to what van de Voort et al.
(2015) showed forsa single elliptical galaxy, but happening in a
large populationof ellipticals in a cosmological simulation.

¢ The abrupt and simultaneous decrease in stellar and SF gas mass
is more associated-with misalignments than mergers. Galaxies that
become misaligned seem to preferentially suffer a reduction of
their SE gas“mass rather than an increase. We studied the tidal
field around these galaxies finding that they are more affected by
interaction with nearby galaxies, which likely reduces their gas
content and leads to misalignments. However, we emphasise that a
larger simulation with a comparable resolution to EAGLE is needed

to study the evolution of the tidal force parameter over time and its
possible relation with misalignments:

¢ We found that galaxies that display misalignments have larger ex-
situ fractions. The latter is 8 goodiindicator of the cumulative effect
of interactions over thedifespan.of galaxies, and hence an indirect
evidence of interactions playing a role in driving misalignments.

Overall, environment appears to play an important role in nurturing
the interactions that.canjlead to the star-forming gas becoming misa-
ligned in thefirst place. However, the properties internal to galaxies
(shape, kinematics, etc.) play a crucial role in determining whether
the gas quickly aligns with the stellar component or not. Hence, ga-
laxiesithat are more triaxial and more dispersion dominated display
fmore misalignments because they are inefficient at realigning the
star-forming gas towards the stellar angular momentum vector, i.e.,
their relaxation time is longer.
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Ficure 15. Number of galaxies of each population associated with an event
(Npop,ev), over the total number of galaxies that experienced that event (Ney),
and over the total number of galaxies in that population (Npop), at three redshif
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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APPENDIX A:

Star-gas misalignments in EAGLE 17

Percentage of galaxies below M, = 10°° Mg, (%)

Population label z=0.87-1.00 z=0.50-0.62 z=0.00-0.10
Remained aligned 27 £0.6 26 £0.5 30+ 0.6
Remained misaligned 72+£23 63 £2.7 52+29
Aligned 57+1.5 57 +2.0 55+2.6
Misaligned 61 +£2.0 56 2.0 53+£24

TaBLE Al. Percentage of low-mass galaxies (M. < 10%-5 M) within each
sample.

Percentage of galaxies below fgas = 0.1 (%)

Population label z=087-1.00 z=0.50-0.62 z=0.00-0.10
Remained aligned 3+0.2 8+0.3 26 +0.5
Remained misaligned 3+04 20+ 1.3 63 +3.2
Aligned 1+0.2 8+0.6 34+19
Misaligned 5+05 16 £ 0.9 52+£23

TABLE A2. Percentage of galaxies with gas fraction below 0.1 within each
sample.

Percentage of galaxies below T =1/3 (%)

Population label z=0.87-1.00 z=0.50-0.62" z=0.00-0.10
Remained aligned 61 +09 70 + 10 78 £ 1.1
Remained misaligned 22+ 1.1 31+ 1.7 48 £2.7
Aligned 37+12 43+ 1.7 49+24
Misaligned 30+ 1.2 40+ 106 48 £2.2

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

Percentage of galaxies below 6 =0

Population label 2=0.87+1.00 z=0.50-0.62 z=0.00-0.10
Remained aligned 703 7+02 5+02
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+09 11+09

TABLE A4. Percentage of galaxies with stellar velocity anisotropy below 0
within'each sample.
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Percentage of galaxies below D /T = 0.45 (%)
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+ 19 81+£2.6 85+3.5
Misaligned 81 +24 76 +2.5 78 +3.1

TaBLE AS. Percentage of galaxies with disc-to-total stellar mass ratio below
0.45 within each sample.

Percentage of galaxies below vyt / 079 = 0.7 (%)
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 +28 92 +3.6 84 +£4.0
Aligned 83+£2.0 84 +27 86 +3.6
Misaligned 84 +25 80 +2.6 79 +3.1

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

Percentage of misaligned galaxies (%)

Threshold ETG LTG
D/T =045 23x06 6+03
Veot/ 00 =0.7 23 +0.6 6+03
Keo/ 00 =04  25+0.6 503

TaBLE A7. Percentage of misaligned early-type and late-type galaxies predic-
ted by different thresholds at z = 0.00 — 0.10. Errors correspond to Poisson
uncertainties.
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Star-gas misalignments in EAGLE

Event Remained Aligned (%) Misaligned (%) Difference (%)
1 Merger ratio > 0.1 1.73+£0.12 4.00+0.53 2.27+0.65
2 Stellar and SF gas mass 1 10% 4.82+0.20 2.44+0.41 2.38+0.61
3 SF gas mass 1 10% and stellar mass 1 5% 5.59+0.21 3.05+0.46 2.54+0.67
4 |SFgasmass 1 5% and stellar mass 1 10% 0.88+0.08 0.27+0.14 0.61+0.22
5 Stellar and SF gas mass 1 5% 1.33+0.10 0.81+0.24 0.52+0.34
6 |Stellar and SF gas mass | 10% 1.38+0.10 4.00+0.53 2.62+0.63
7  [SFgasmass | 10% and stellar mass | 5% 0.59+0.07 0.95+0.26 0.36+0.33
8 |SFgas mass | 5% and stellar mass | 10% 0.05+0.02 0.14+0.10 0.09+0.12
9 Stellar and SF gas mass | 5% 0.01+0.01 0.00 0.01+0.01
10 [SF gas mass | 10% and stellar mass 1 10% 6.81+£0.24 7.53+0.74 0.72+0.98
1 [SFgas mass | 5% and stellar mass 1 10% 1.12+0.09 0.68+0.22 0.44+0.31
12 [SF gas mass | 10% and stellar mass 1 5% 16.04+0.38 12.89+0.99 3.15+1.37
13 [SF gas mass | 5% and stellar mass 1 5% 2.46+0.14 0.61+0.20 1.85+0.34
14 |SF gas mass 1 10% and stellar mass | 10% 0.07+0.02 0.20+0.12 0.13+0.14
15  [SF gas mass t 10% and stellar mass | 5% 0.04+0.02 0.07+0.07 0.03+0.09
16 |SF gas mass 1 5% and stellar mass | 10% 0.02+0.01 0.07+0.07 0.05+0.08
17 |SF gas mass T 5% and stellar mass | 5% 0.02+0.01 0.00 0.02+0.01
18 |Stellar mass t 10% 1.93+0.12 0.75+0.23 1.18+0.35
19 |Stellar mass | 10% 0.10+0.03 0.20+0.12 0.10+0.15
20 |SFgasmass t 10% 6.81+0.24 6.72+0.70 0.09+0.94
21 |SFgasmass | 10% 32.00+0.57 45.79+£2.13 13.79+2.70
22 |Stellar mass 1t 5% 4.32+0.19 1.63+0.34 2.69+0.53
23 [Stellar mass | 5% 0.05+0.02 0.07+0.07 0.02+0.09
24 |SFgasmass 1 5% 1.88+0.12 1.29+0.30 0.59+0.42
25 [SFgasmass | 5% 3.89+0.18 2.10+0.38 1.79+0.56
26  |Unidentified 6.07+0.22 3.73+0.51 2.34+0.73
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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 numberof galaxies in that population). The last

column shows the absolute difference between the percentages of each population. The numerical values ate 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 uneertainties.
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