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ABSTRACT

We use a sample of z = 0 galaxies visually classified as slow rotators (SRs) in the EAGLE hydrodynamical simulations to explore
the effect of galaxy mergers on their formation, characterize their intrinsic galaxy properties, and study the connection between
quenching and kinematic transformation. SRs that have had major or minor mergers (mass ratios >0.3 and 0.1—0.3, respectively)
tend to have a higher triaxiality parameter and ex-situ stellar fractions than those that had exclusively very minor mergers or
formed in the absence of mergers (‘no-merger’ SRs). No-merger SRs are more compact, have lower black hole-to-stellar mass
ratios and quenched later than other SRs, leaving imprints on their z = 0 chemical composition. For the vast majority of SRs
we find that quenching, driven by active galactic nuclei feedback, precedes kinematic transformation, except for satellite SRs, in
which these processes happen in tandem. However, in &50 per cent of these satellites, satellite—satellite mergers are responsible
for their SR fate, while environment (i.e. tidal field and interactions with the central) can account for the transformation in the
rest. By splitting SRs into kinematic sub-classes, we find that flat SRs prefer major mergers; round SRs prefer minor or very
minor mergers; prolate SRs prefer gas-poor mergers. Flat and prolate SRs are more common among satellites hosted by massive
haloes (> 10'3% M) and centrals of high masses (M, > 10'%3 M,). Although EAGLE galaxies display kinematic properties that
broadly agree with observations, there are areas of disagreement, such as inverted stellar age and velocity dispersion profiles.
We discuss these and how upcoming simulations can solve them.

Key words: galaxies: evolution — galaxies: formation — galaxies: kinematics and dynamics — galaxies: structure.

1 INTRODUCTION

The advent of integral field spectroscopy (IFS) and large IFS surveys,
such as ATLAS® (Cappellari et al. 2011), the Sydney-AAO Multi-
Object Integral-Field Spectrograph (SAMI) Galaxy Survey (Croom
et al. 2012; Bryant et al. 2015), the Calar Alto Legacy Integral
Field Area Survey (CALIFA; Sanchez et al. 2012), MASSIVE (Ma
et al. 2014), and the Mapping Nearby Galaxies at Apache Point
Observatory (MaNGA) survey (Bundy et al. 2015), have contributed
to significantly expand our understanding of galaxy kinematics and
their connection to intrinsic galaxy properties and their environment
(e.g. see Cappellari 2016 for a review on kinematics of early-
type galaxies). Among the kinematic parameters that have been
most studied in the literature is the stellar spin parameter, A,, first
introduced by Emsellem et al. (2007). A, provides a measurement
of how rotationally supported a galaxy is, and strongly correlates
with the stellar rotation-to-velocity dispersion ratio (Emsellem et al.
2011; van de Sande et al. 2017b; Harborne et al. 2020b). The study
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of galaxies in the A,-ellipticity (¢) plane led Emsellem et al. (2007,
2011) to coin the terms slow and fast rotators.

IFS surveys have unveiled various correlations between A, and
galaxy properties. Emsellem et al. (2011), van de Sande et al.
(2017a), Veale et al. (2017), Brough et al. (2017), Wang et al. (2020)
show that the fraction of low A, galaxies, or slow rotators (SRs),
increases with stellar mass, and by 10''3-10'!> M, about half of
the galaxies are classified as SR. In addition, Emsellem et al. (2011),
Cappellari (2016), Brough et al. (2017) show that most SRs live
in high density environments, typical of massive groups or galaxy
clusters. However, when galaxies are studied at fixed stellar mass, it
is yet unclear whether this environmental trend holds (Brough et al.
2017; Greene et al. 2017; Graham et al. 2019; Wang et al. 2020).
Despite this uncertainty, it is well known from optical surveys that
visually classified early-type galaxies, red and low star formation
rate (SFR) galaxies become more common as we move to high
density environments (e.g. Dressler 1980; Peng et al. 2010; Deeley
et al. 2017; Davies et al. 2019), even after controlling by stellar
mass. Weijmans et al. (2014), Foster et al. (2017), Li et al. (2018a),
Krajnovi¢ et al. (2018) find that SRs tend to have a higher occurrence
of triaxial or prolate intrinsic shapes compared to fast rotators,
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which are mostly oblate, axisymmetric systems (often with bars).
The intrinsic stellar populations of SRs indicate flat o /Fe metallicity
radial profiles, uniform old stellar ages, and declining metallicity
radial profiles (where the central parts are more metal-rich than the
outer parts; Kuntschner et al. 2010; Bernardi et al. 2019; Krajnovié
et al. 2020).

An outstanding question is what causes morphological or kine-
matic transformation in galaxies, and whether the same processes are
responsible for quenching their star formation. Several simulations
have suggested that an effective way of transforming the kinematics
of galaxies is via galaxy mergers (e.g. Di Matteo et al. 2009; Jesseit
et al. 2009; Bois et al. 2011; Naab et al. 2014; Choi & Yi 2017;
Lagos et al. 2017, 2018a,b; Penoyre et al. 2017; Schulze et al. 2018).
Although the exact remnant of a galaxy merger is dependent on
many of the merger parameters involved (e.g. mass ratio, gas mass,
orbital parameters, etc; e.g. Di Matteo et al. 2009; Naab et al. 2014;
Lagos et al. 2018b), some general trends have been reported in the
literature. Among the most interesting ones is the fact that gas-poor
mergers tend to decrease A, (Naab et al. 2014; Lagos et al. 2018a), a
series of minor mergers or a single major merger can have a similar
effect (Naab et al. 2014; Choi & Yi 2017; Lagos et al. 2018a), and
that circular orbits preferentially produce fast rotators (Lagos et al.
2018b; Li et al. 2018b). One common conclusion among simulations
is that even if an SR remnant is formed after a merger, continuous
accretion and star formation can quickly rebuild the galaxy disc
and turn the galaxy into a fast rotator (Naab et al. 2014; Sparre &
Springel 2016; Lagos et al. 2017; Penoyre et al. 2017; Walo-Martin
et al. 2020). The latter suggests that quenching either prior or during
the kinematic transformation is required to produce an SR. Another
possible way of transforming galaxies is via environmental effects,
such as interactions between galaxies or with the tidal field of the
group or cluster (e.g. Choi & Yi 2017). With the aim of isolating the
effect of environment, Cortese et al. (2019) focused on the relation
between the change in SFR and X, of z = 0 satellite galaxies in
EAGLE since they were accreted, finding no correlation between the
two. This suggests that quenching and kinematic transformation
are distinct processes (see also Correa, Schaye & Trayford 2019;
Tacchella et al. 2019; Wright et al. 2019 for similar conclusions
regarding the connection of quenching with other morphological
indicators in simulations).

Many of the conclusions above have been achieved by separating
fast and slow rotators using parametric selections in the A, —
€ plane. However, the population of galaxies obtained by these
parametric forms is diverse, encompassing galaxies that are likely
to have different origins. Those include what would be considered
classic ellipticals (round, non-rotating objects), relatively flat SRs
(flat, non-rotating objects), prolate galaxies (those that display little
rotation and rotate along the minor axis), and 2o galaxies (which
have counter-rotating discs that tend to cancel each other’s angular
momentum yielding a net low rotational velocity) (e.g. Emsellem
et al. 2011; Cappellari 2016; van de Sande et al. 2021). In addition,
simulations suggest that studying the kinematic properties of galaxies
beyond A; can yield important information regarding the formation
histories of galaxies (Bois et al. 2011; Naab et al. 2014; Schulze
et al. 2020). van de Sande et al. (2021) analysed ~1800 SAMI
galaxies and compared the visual classification of the kinematic
maps of galaxies with how they would be classified if they were
to use a parametric selection, finding that no simple parametric cut
in the A, — € plane can truly provide a high completeness, low
contamination sample of galaxies visually classified as non-rotators.
The reason why contamination is a lot higher than in the original
work of Emsellem et al. (2011) is likely the poorer spatial resolution
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in SAMI compared to the survey ATLAS3P used by Emsellem et al.
(2011). Because other large IFS surveys, such as MaNGA, generally
have similarly limited spatial resolution, a high contamination in the
parametric selection of SRs to SAMI is also expected. This lends
significant weight to the process of visual classification if we are
to understand the formation mechanisms of truly non- or weakly
rotating galaxies and the possible connection between kinematic
transformation and quenching.

Very few examples exist of visual kinematic classification of
galaxies in simulations. Among these are the work of Li et al. (2018b),
who used visual classification of galaxies in the Illustris simulation
to find prolate galaxies and study their formation mechanisms. They
found that the vast majority of prolate galaxies in their simulation
have had galaxy mergers of nearly radial orbits. Ebrovd, Lokas &
Eliasek (2021) used visual classification of Illustris galaxies to
identify those with kinematically decoupled cores (KDCs) and found
that they were long lived, with the vast majority of them forming after
major mergers. Schulze et al. (2018) visually classified the kinematic
maps of early-type galaxies in the Magneticum simulation, finding a
diverse family among SRs, including non-rotators, prolates, and 2o
galaxies. Schulze et al. (2018) found that the parametric selection
of SRs of Emsellem et al. (2011) led to significant contamination,
with many galaxies classed as ‘rotators’ being misclassified as SR.
These works show that visual classification of simulated galax-
ies can yield new, important information about the formation of
galaxies.

In this paper we aim to understand the formation pathways of SRs
and possible connection to quenching using the EAGLE simulations.
EAGLE is a state-of-the-art cosmological hydrodynamical simulation
suite (Crain et al. 2015; Schaye et al. 2015). Its largest cosmological
box has a good compromise between volume, (100 Mpc)?, and
spatial resolution, 700 pc, that allows us to have a statistically
significant sample of galaxies (several thousands with stellar masses,
M, > 10'"°My) and with enough structural detail to be able to
study their stellar kinematic properties. EAGLE has been compared
to several observations of the structural and kinematic properties of
galaxies in observations, finding that the simulation can reproduce
reasonably well the size—stellar mass relation of active and passive
galaxies across cosmic time (Lange et al. 2016; Furlong et al.
2017; Rosito et al. 2019), the stellar angular momentum-—stellar
mass relation (Lagos et al. 2017), the fraction of SRs versus stellar
mass (Lagos et al. 2018a), and the distribution of stellar rotation-to-
dispersion velocity ratio (van de Sande et al. 2019; Walo-Martin et al.
2020). This makes EAGLE well suited for our experiment. Because
we are interested in separating truly SR galaxies from the rest of
the galaxies, we go through a similar exercise as van de Sande et al.
(2021), and visually inspect galaxies in EAGLE at z = O to (i) select
SRs, and (ii) separate different classes of SRs (flat versus round SRs,
prolate and 20 galaxies). We then take advantage of the plethora of
galaxy properties EAGLE allows us to measure to investigate whether
the different merger histories of SRs in EAGLE leave imprints on their
intrinsic galaxy properties and kinematic class at z = 0 that could
in principle be used to connect to observed SRs and to understand
whether quenching and kinematic transformation happen in tandem
or not.

This paper is organized as follows. Section 2 provides a brief
summary of the EAGLE simulations, how we compute kinematic
properties of galaxies and visually classify them, and build the
galaxy merger history of galaxies. We also compare the properties
of SRs between the visually selected versus parametric-selected
ones in EAGLE. Section 3 analyses the merger history, kinematic
transformation and quenching of star formation, and the stellar

MNRAS 509, 4372-4391 (2022)

1 Z0Z Jaquiada( (g Uo Jesn aliyseoue [esiua) 10 AlsiaAiun Aq S0ZS 1 19/Z .S 1/E/60S/3191./SBIUW/Wo dno"olWwapeoe//:sdiy WoJljl papeojumo(



4374  C.d. P. Lagos et al.

Table 1. Specifications of the EAGLE Ref-L100N1504 simulation used in
this paper. The rows list: (1) initial particle masses of gas and (2) dark
matter, (3) comoving Plummer-equivalent gravitational softening length, and
(4) maximum physical gravitational softening length. Units are indicated in
each row. EAGLE adopts (3) as the softening length at z > 2.8, and (4) at z
< 2.8. This simulation has a side length of L = 100 cMpc>. Here, pkpc and
ckpc refer to proper and comoving kpc, respectively.

Property Units Value
(1) Gas particle mass Mp) 1.81 x 10°
2) DM particle mass Mp) 9.7 x 10°
3) Softening length (ckpe) 2.66
“4) max. gravitational softening (pkpc) 0.7

populations of the galaxies that are visually classified as SRs in
EAGLE. Section 4 analyses the connection between the different
kinematic classes of SRs in EAGLE with their merger history, and
finally in Section 5 presents a discussion of the main results and our
conclusions.

2 THE EAGLE SIMULATION

The EAGLE simulation suite (described in detail in Schaye et al. 2015,
hereafter S15, and Crain et al. 2015, hereafter C15) consists of a large
number of cosmological hydrodynamic simulations with different
resolutions, cosmological volumes and subgrid models, adopting
a Planck Collaboration XVI (2014) cosmology. S15 introduced
a reference model, within which the parameters of the sub-grid
models governing energy feedback from stars and accreting black
holes (BHs) were calibrated to ensure a good match to the z = 0.1
galaxy stellar mass function, the sizes of present-day disc galaxies
and the BH-stellar mass relation (see C15 for details on the tuning
of parameters).

Table 1 summarizes the numerical parameters of the simulation
used in this work. Throughout the text we use pkpc to denote proper
kiloparsecs and cMpc to denote comoving megaparsecs. A key aspect
of EAGLE is the use of state-of-the-art subgrid models that capture
unresolved physics. The subgrid physics modules adopted by EAGLE
include: (i) radiative cooling and photoheating (Wiersma, Schaye &
Smith 2009a), (ii) star formation (Schaye & Dalla Vecchia 2008), (iii)
stellar evolution and chemical enrichment (Wiersma et al. 2009b),
(iv) stellar feedback (Dalla Vecchia & Schaye 2012), and (v) BH
growth and active galactic nucleus (AGN) feedback (Rosas-Guevara
etal. 2015). In addition, the fraction of atomic and molecular gas in a
gas particle is calculated in post-processing following Rahmati et al.
(2013) and Lagos et al. (2015). EAGLE employs SUBFIND (Springel
et al. 2001; Dolag et al. 2009) to identify self-bound overdensities of
particles within haloes (i.e. substructures). These substructures are
the galaxies in EAGLE.

Throughout the text we will refer to ‘central’ and ‘satellite’
galaxies, where the central corresponds to the galaxy hosted by the
main subhalo of a Friends-of-Friends halo, while other subhaloes
within the group host satellite galaxies (Qu et al. 2017). Lagos et al.
(2018a) computed the stellar spin parameters of galaxies in EAGLE
for the simulation of Table 1, using the definition of Emsellem et al.
(2007):

4= > Liril Vil
| ’
E iLi}’i\/Viz-f—O'iz

where V; and o; are the r-band luminosity-weighted line-of-sight
mean and standard deviation velocities in a pixel i of a cubic grid for
each galaxy, and r; is the distance from the centre of the galaxy to

()]

MNRAS 509, 43724391 (2022)

the ith pixel (i.e. the circular radius). Each cubic grid is computed
using a cell of side 1.5 pkpc, which Lagos et al. (2018a) showed
produce well-converged results. As in Emsellem et al. (2011), to
measure these quantities within r, we only include pixels enclosed
by the ellipse of major axis r, ellipticity €(r), and position angle
Opa(r). €(r) is computed within circular apertures of radii r using the
diagonalized inertia tensor of the galaxy’s luminosity surface density
(see equations 1-3 in Lagos et al. 2018a which follow Cappellari
et al. 2007). Here, we adopt r = rso, the half-light radius in the r-
band to make our measurements comparable to observations from
local Universe IFU surveys. Note that our method of measuring
€(r) can be biased low compared to what is done in observations,
where isophotes are commonly used. More details on how this was
computed are presented in section 2.1 of Lagos et al. (2018a). We
measure A, and €(r) in two orientations: with galaxies viewed through
the z-axis of the simulation (considered to be random) and orienting
them edge-on (using the stellar specific angular momentum). As we
measure both these quantities within rsy, throughout the text we refer
to them as A, and €, for random orientations, and Ay, cdge—on and
€r59.edge—on 10T the edge-on case.

Lagos et al. (2018a) showed that the fraction of SRs (using a
variety of definitions based on A, and € ) decreases steeply with
decreasing stellar mass, being ~0.1 at 10! M. Considering this
and that the quantities above are well converged at stellar masses
above 10'° M, (see appendix A in Lagos et al. 2018a), in this study
we focus solely on galaxies above this stellar mass threshold, which
results in 3638 galaxies at z = 0.

2.1 Galaxy mergers

We use the merger trees available in the EAGLE data base (McAlpine
et al. 2016) to identify galaxy mergers. These merger trees were
created using the D — Trees algorithm of Jiang et al. (2014). Qu
et al. (2017) described how this algorithm was adapted to work with
EAGLE outputs. Galaxies that went through mergers have more than
one progenitor, and for our purpose, we track the most massive
progenitors of the merged galaxies, and compare the kinematic
properties of those with that of the merger remnant. The trees stored
in the public data base of EAGLE connect 29 epochs. The time
span between snapshots range from ~0.3 Gyr to &1 Gyr. Lagos
et al. (2017) showed that these time-scales are appropriate to study
the effect of galaxy mergers on the specific angular momentum of
galaxies, as < 1 Gyr correspond to the merger settling time. Here,
we study the merger history from a loockback time of 0 to 10 Gyr
of z = 0 galaxies. We classify galaxy mergers as major mergers
when the stellar mass ratio between the secondary and the primary
galaxy, M, sec/M,. prim,is >0.3. Minor mergers are those in which this
ratio is between 0.1 and 0.3. We classify mergers with smaller mass
ratios as ‘very minor mergers’. The distinction between very minor
mergers and higher mass ratio mergers is important, as the remnants
of the former can have drastically different properties (Karademir
et al. 2019). Even with this classification of mergers, ~21 per cent
of galaxies with M, > 10'° M do not have mergers identified in the
last 10 Gyr. Table 2 summarizes the number of galaxies we find in
each of these merger classes.

In addition, we compute the total star-forming gas (Msgg,s)-to-
stellar mass ratio involved in the galaxy merger: Msrgas, total/ M total =
> Mg,/ 22 M}, where i = 0, 1 (for two galaxies involved in
a merger). This fraction provides a measurement of whether a
merger is gas-rich or poor, with a threshold at Msggas, total/Mx, total
~ (.1 separating gas-poor and gas-intermediate or rich mergers.
This threshold comes from the distribution of Msggs, wotal/M., tota 0
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Table 2. Number of galaxies in EAGLE at z = 0 that have M, > 1010 Mg and
that went through >1 major mergers in the last 10 Gyr; through >1 minor
mergers and =0 major mergers (in the same time period); through >1 very
minor mergers and =0 minor/major mergers (in the same time period); have
not had any mergers in the last 10 Gyr; have had >1 dry mergers; have had
no dry mergers, but >1 wet mergers.

Sample Number
All M, > 10'"Mg 3638
Major mergers 1113
Minor mergers (and no major mergers) 1042
Very minor mergers (and no minor/major mergers) 708
w/o mergers 775
Dry mergers (M sec/Mx., prim > 0) 650
Wet mergers (no dry mergers; M, sec/M.y, prim > 0) 2213

galaxy mergers in EAGLE presented by Lagos et al. (2018b). We split
galaxies between those that went through dry and wet mergers, by
selecting those that had >1 dry mergers over the last 10 Gyr, and
those that did not but had >1 wet mergers over the same period
(statistics of those are presented in Table 2). The logic of this split is
that dry mergers on average happen later compared to wet mergers,
and hence in the presence of dry mergers, the past history of wet
mergers is less relevant.

2.2 Building mock kinematic maps of EAGLE galaxies

An important aspect of this paper is the visual classification of EAGLE
galaxies in a way that resembles the SAMI survey classification of
van de Sande et al. (2021). Hence, we aim to build stellar kinematic
maps that mimic SAMI in terms of spatial and velocity sampling, as
well as seeing. For this purpose we generate mock kinematic cubes
for each EAGLE galaxy with M, > 10'° Mg using the R-package
SIMSPIN (Harborne, Power & Robotham 2020a).

SIMSPIN takes an N-body or hydrodynamical SPH simulation and
produces a kinematic data cube in the style of an IFS observation. We
have designed these mock observations to reflect the observational
parameters of the SAMI survey (Scott et al. 2018): kinematic cubes
have a spatial pixel size of 0.5 arcsec and a velocity pixel size of
65kms~! (Green et al. 2018).

In each case, the stellar particle properties (initial mass, age, and
metallicity) are used to assign a flux to each particle. We logarith-
mically interpolate the GALEXEV synthesis models (Bruzual &
Charlot 2003, hereafter BCO3) for simple stellar populations to
generate a spectral energy distribution (SED) for each stellar particle
using PROSPECT (Robotham et al. 2020). In cases in which the
metallicities lie outside the boundaries of the BCO3 range, we
extrapolate to find a solution as in Trayford et al. (2015).

Each galaxy has been projected to a distance such that the projected
half-stellar mass radius is equivalent to a consistent number of pixels
within the aperture to reduce the effects of spatial sampling. The
velocities of each particle have been convolved with a Gaussian
function to mimic the instrumentation effects, using a kernel of
2.65 A to match the line-spread function of the blue observing arm
of the SAMI spectrograph (van de Sande et al. 2017b). We have
further included a realistic level of seeing in these mock observations
by convolving each spatial plane in the data cube with a Gaussian
point-spread function with full width at half-maximum (FWHM) of
1 arcsec. These images are produced at several inclinations, oriented
using the inertia tensor. Unless otherwise specified, we use the images
produced at an inclination of 60 degrees. This inclination is chosen
as we are trying to balance two requirements: (i) to avoid edge-on
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inclinations as those hamper the visual classification of, specially,
velocity dispersion maps when searching for decoupled cores, local
peaks of o, etc.; (ii) to avoid orientations too close to face-on as those
would make all galaxies appear round. The chosen 60 degrees is a
good compromise, corresponds to the average inclination of galaxies
in the Universe, and is one in which intrinsically flat galaxies are still
easy to identify as such.

Flux, line-of-sight (LOS) velocity, and velocity dispersion maps
are constructed from these mock data cubes and visualized using
PYNMAP.! Flux maps are simply the sum of the flux in each pixel
throughout the cube; LOS velocity maps are the flux-weighted mean
of the velocities at each pixel; and LOS velocity dispersion maps
are the flux-weighted standard deviation of the velocities in each
pixel. For more information about the construction of these data
products, we direct the reader to Harborne et al. (2020a). Fig. 1
shows examples of the maps generated with SIMSPIN and visualized
using PYNMAP. In some cases the central stellar velocity dispersion
is lower than in the outskirts (see third and bottom right-hand panels
of Fig. 1). We find this to be a frequent feature in massive galaxies
in EAGLE. In fact, &55 per cent of galaxies with M, > 10'° Mg, have
0,(0.5150) < 0,(rs0), where 0,(0.5159) and o,(rsg) are the stellar
velocity dispersions measured using particles within 0.5 r5p and 150,
respectively. This is further discussed in Section 3.3.

2.3 Visual classification of simulated kinematic maps

In previous papers we have classified galaxies as slow and fast
rotators using parametric criteria based on the distribution of galaxies
in the A, — €, plane. Recently, van de Sande et al. (2021) have
questioned the applicability of these criteria which, for the most
part, have been built with higher resolution data, highlighting that a
visual classification of kinematic maps yields different classifications
to those obtained by parametric criteria. Harborne et al. (2020b),
using numerical simulations of galaxies of different disc/bulge ratios,
quantified how resolution affects the derived Ag. They found that
lower resolution leads to artificially low Ag, which can lead to
galaxies being misclassified as being below the line of slow rotators
in the Ax — € plane. A similar result was presented in Graham et al.
(2018). In addition, Naab et al. (2014) showed that the details of the
kinematic maps of galaxies can yield important information about
the formation history of SRs, making visual classification desirable
to advance our understanding of galaxy evolution.

Here, we take advantage of the maps generated in Section 2.2 to
go through a similar classification campaign as presented in van de
Sande et al. (2021) for SAMI. The aim is to isolate ‘unambiguous’
SRs in EAGLE and understand their relation to assembly history as
well as environment. Here, unambiguous refers to galaxies that
visually look like SRs. We first select all galaxies with M, >
10'° M, which are expected to have well-converged internal stellar
kinematics. From this sample, we take a very conservative selection
in Argyedee—on < 0.2. van de Sande et al. (2021) decomposed the
galaxy population in bins of stellar mass and used mixture models to
determine the existence of a distinct population of low 4., in SAMI
and several simulations, including EAGLE. A cut at A edge—on < 0.2
comfortably includes all galaxies that belong to the population of low
Arg, in EAGLE. This selection in stellar mass and Arg) edge—on yi€lds
559 galaxies at z = 0.

We ask five members of our team to independently classify those
maps into six different kinematic classes: flat SRs (FSR), round SRs

Thttps://github.com/emsellem/pynmap
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Figure 1. Examples of flux (left-hand panel), LOS stellar velocity (middle)
and velocity dispersion (right-hand panel) maps for z = 0 galaxies in EAGLE.
Units in the x- and y-axes are pkpc. Colour bar’s minima and maxima are
shown at the bottom left of each panel (with velocities in km s~!). From
top to bottom, we show examples of galaxies with 100 per cent agreement
among classifiers that belong to the flat SR, round SR, 20, prolate, unclear
and rotator kinematic classes, respectively (see Section 2.3 for details). The
Galaxy ID is shown at the top of each row, and can be matched to the IDs in
the EAGLE data base (McAlpine et al. 2016).
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Figure 2. Left-hand panel: Distribution of the matching success, with
0 per cent indicating no agreement between the kinematic classes of classi-
fiers. The majority of galaxies have an agreement of >60 per cent among
classifiers. Right-hand panels: Probability density function of kinematic
classes in four bands of matching success, as labelled in each panel, with
each colour showing a different classifier.

(RSR), 20 galaxies (that display two clear peaks in the stellar velocity
dispersion map), prolate galaxies (Prol; those displaying rotation
along the minor axis), unclear (Uncl) and rotators. We purposely
avoid giving any instructions to the classifiers and simply let them
assess what they expect for these different classes. We believe this
provides a truly independent classification and avoid confirmation
bias. We then compiled these classifications and analyse the level of
agreement. Fig. 1 shows six examples of the kinematic classes above,
for which all classifiers agreed. For the Uncl cases, we find that those
generally are similar to the example shown in Fig. 1, in which there
is a lot of substructure that is assigned to the same subhalo. This is a
well-known shortcoming of 3D subhalo finders (Caifias et al. 2019),
which tends to get worse in high density environments.

The left-hand panel of Fig. 2 shows the distribution of matching
success among classifiers. Most galaxies can be kinematically
classified with an agreement >60 per cent (3 out of 5 classifiers agree
on the class). By adopting this threshold, we are left with 501 of the
initially 559 classified galaxies (i.e. 90 per cent of the sample). The
right-hand panel of Fig. 2 shows the distribution of kinematic classes
in the different levels of agreement of each independent classifier.
For the cases in which 2/5 agree, we find that the conflict arises in
whether galaxies are rotators/unclear or not. 20 galaxies are also hard
to classify, with most of them being in the matching success panels
of 40 per cent and 60 per cent. We note that EAGLE produces galaxies
of diverse kinematic classes, which are also seen in observations
(Emsellem et al. 2011). Schulze et al. (2018) via visual classification
of the kinematic maps of early-type galaxies in the Magneticum
simulations also found similarly diverse kinematic classes. Table 3
presents the number of galaxies classified in each kinematic class
with a confidence level >60 per cent.

The classification between FSR and RSR so far adopted can
be subjective. In order to determine whether there is an obvious
ellipticity threshold distinguishing between the two subclasses, we
turn to the ellipticity distribution of the visual classes, FSRs and
RSRs. This is shown in Fig. 3 for each classifier. Overall, a threshold
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Table 3. Number of galaxies at z = 0 visually classified with a confidence
>60 per cent in each kinematic class.

Sample N
All (confidence >60 per cent) 501
Flat SR 238
Round SR 192
Prolate 49
20 12
Unclear 9
Rotator 1

60 : 60 :

50 - Kin clagss = FSR 50 - Kin clagss = RSR
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Figure 3. Distribution of ellipticities for flat (left-hand panel) and round
(right-hand panel) SRs. Each coloured histogram shows a different classifier.
Ellipticities here are measured directly from the SIMSPIN maps, which adopted
an inclination of 60 degrees. The vertical line shows € 6odeg = 0.2, which
we consider a reasonable threshold to separate flat and round SRs.

Table 4. Number of galaxies in our unambiguous SR sample at z = 0 that
went through >1 major mergers in the last 10 Gyr; through >1 minor mergers
and =0 major mergers (in the same time period); through >1 very minor
mergers and =0 minor/major mergers (in the same time period); have not had
any mergers in the last 10 Gyr; have had >1 dry mergers; have had no dry
mergers, but >1 wet mergers. We also show the breakdown between centrals
and satellites in each group.

Sample All  Cens Sats
Visual SRs (confidence >60 per cent) 479 293 186
Major mergers 225 149 76
Minor mergers (and no major mergers) 145 87 58
Very minor mergers (and no minor/major mergers) 72 41 31
w/o mergers 37 16 21
dry mergers 178 113 65
Wet mergers (no dry mergers) 264 164 100

of €, 60dee = 0.2 appears appropriate for all classifiers. From hereon,
we use this threshold to classify galaxies between FSR and RSR.

From these findings, we will consider as SRs in EAGLE all galaxies
visually classified as FSR, RSR, and prolate. Unless otherwise
specified, we only consider SRs in which there is >60 percent
agreement among classifiers and refer to this sample as unambiguous
SRs. This threshold was chosen to be similar to that adopted in
van de Sande et al. (2021). Table 4 presents the breakdown in the
incidence of different types of mergers in the unambiguous SRs and
the breakdown between centrals and satellites. Because some of the
subsamples are rather small, we tend to subdivide them in ways that
we always have >10 galaxies to measure medians from.
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2.4 Parametric versus visually classified slow rotators in EAGLE

As discussed in the introduction, most simulation-based papers have
adopted a parametric selection of SRs to analyse their formation
history. Thus, it is important to understand how different our visual
classification of SRs is from parametric selections.

Fig. 4 shows the distribution of A, , €, 07, » and stellar mass of all
galaxies in EAGLE at z = 0 with M, > 10'° Mg, and the subsamples
of galaxies selected as SRs based on the parametric classification
of van de Sande et al. (2021) and the visually identified SRs. The
parametric classification of van de Sande et al. (2021) is as follows:

Mgy < 0.124+0.25€,,, forey, <0.5. ®)

Most visually classified SRs fall within the classification of van de
Sande et al. (2021) with a small fraction (*12 per cent) falling in
the region of low ¢, and elevated A, . We visually inspect the
galaxies that are in the unambiguous SR sample and have A, > 0.2
(~6 percent of the sample). We find these are a mix bag of 2o
galaxies, galaxies that have some rotation in the outskirts but none in
the central parts, and galaxies that have contamination from substruc-
ture but not enough as to fall in the ‘unclear’ category, so they can
still be easily identified as SR. Something in common among these
galaxies is that they have 0.1 < A cdge—on < 0.2, s0 by the original
criterion of Emsellem et al. (2007) they would not be considered SRs.
There is another, even smaller fraction (*2.7 per cent) of SRs in the
unambiguous SR sample with €., > 0.5. The success rate of the
van de Sande et al. (2021) classification in EAGLE is &85 per cent,
which is similar to the success rate obtained by the authors using
a visually classified sample of SAMI galaxies (90 per cent). The
downside is that this parametric selection has a high contamination
rate, selecting 295 galaxies that are not SRs (40 of those have a
lower visual classification confidence, <60 per cent, and 205 have
Argy.edge—on > 0.2). Even in the best case scenario (in which we drop
our confidence threshold down to 40 percent), the purity of the
selection (fraction of unambiguous SRs) would be 65 percent in
EAGLE.

In general, we find that the visually classified SRs prefer e, < 0.5,
with most of them having 0.1 < €, < 0.5. Note that these values of
€5, cover a wider range than the SR selection criterion of Cappellari
(2016), who imposes a threshold €., < 0.4 for a galaxy to be
considered an SR. Thus, the criterion of van de Sande et al. (2021)
works better in EAGLE, albeit with a high contamination. From the
first and third panels of Fig. 4, it is clear that visually classified
SRs tend to populate the lower A, and higher o, regions of the
parametric SRs distributions. There is also a small tendency of the
visual SRs to have lower €., and higher stellar masses than the
parametric SRs. In addition to the properties in Fig. 4, we investigated
several other galaxy properties and found that the specific SFR
(sSFR) and rsy were on average 23 per cent lower and 10 per cent
larger, respectively, in the visual SRs compared to the parametric
ones. Visual SRs also have a higher incidence of galaxy mergers, with
the mean number of mergers in this sample being ~4.3 compared
to 3.7 in the parametric SRs. All the evidence above shows the
importance of the visual classification of the kinematic maps we
present in this paper required to isolate a sample of unambiguous
SRs in the simulation, from which we can study their kinematic
transformation.

An interesting result in Fig. 4 regarding the entire galaxy popula-
tion in EAGLE, is that the A, distribution shows signs of a bimodality,
with peaks at 0.2 and ~0.6. van de Sande et al. (2021) present a
detailed quantification of the existence of a bimodality in A, at
fixed stellar mass, and conclude that even though this bimodality is
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Figure 4. Distribution of A, €, stellar velocity dispersion, and stellar mass of z = 0 galaxies in EAGLE with M, > 1010 Mg . The distributions are shown for

all galaxies, SRs classified following the parametric selection of van de Sande et al. (2021), and the visually classified SRs (with a confidence >60 per cent), as

labelled. The vertical lines show the medians of each distribution.

clear in SAMI (see also Graham et al. 2018 for a similar analysis
in MaNGA), it appears less clear in EAGLE. For massive galaxies,
van de Sande et al. (2021) showed that, although two beta functions
were required for a good fit, the one peaking at low A, in EAGLE
had a prominent tail towards high values of A . One important
difference with the analysis of van de Sande et al. (2021) is that here
we include all EAGLE galaxies with M, > 10'° M, while van de
Sande et al. (2021) analysed a subsample of the simulation selected
to have the same stellar mass distribution as the SAMI survey, which
ends up biased towards high masses (with a peak at 10'3 M,). This
possibly means that the bimodality in observations may be stronger
than reported, in which case a volume complete sample would be
needed to confirm that. Another important result from Fig. 4 is that
the sample of visually classified SRs in EAGLE is only a fraction of
the galaxies that would be associated with the low A, population.
This population of SRs is not distinct enough to be cleanly separated
by statistical means, lending support to our approach of visually
classifying galaxies to study the formation mechanisms of SRs in
EAGLE.

3 THE PROPERTIES OF SLOW ROTATORS IN
EAGLE

In this section we analyse various properties of EAGLE galaxies
selected as SRs based on the visual classification presented in
Section 2.3 and that have a classification confidence >60 per cent.
We study the distribution of SRs in the A, —€., in Fig. 5. We
separate SRs that had >1 minor or major mergers in the last 10 Gyr,
from those that did not. We show for reference the parametric SR
classifications of Cappellari (2016) and van de Sande et al. (2021).
Fig. 5 shows that the most massive SRs have had >1 minor or major
mergers in the last 10 Gyr, while in the subset of SRs without mergers
or exclusively very minor mergers, we preferentially find lower mass
galaxies. This is quantified in the top panel of Fig. 6, where we
show the contribution of the four subsets of SRs selected based on
their merger history as a function of stellar mass. The subset of ‘no
mergers’ is only present at 10'° My < M, < 10'%3 Mg, while most
galaxies in the ‘very minor mergers’ subset are preferentially in the
10'°Mg < M, < 10" Mg, range. The fraction of SRs that have not
experienced mergers is much smaller than the ‘no mergers’ fraction
of the entire galaxy population at fixed stellar mass (see bottom panel
of Fig. 6). On the other hand, about 40—50 per cent of SRs had >1
major mergers in the last 10 Gyr, even at relative low stellar masses
(10"°My < M, < 10'%° M), which is twice the incidence of major
mergers seen in the overall galaxy population at the same stellar mass.
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Figure 5. 1., as a function of €, at z = 0 for SRs in EAGLE. The top panel

shows SRs that have had mergers with mass ratios >0.1 in the last 10 Gyr,
while the bottom panel shows the complement SRs. Sizes and colours of the
symbols correspond to different stellar masses, as labelled in the top panel.
For reference we show as solid and dashed lines the parametric classifications
of Cappellari (2016) and van de Sande et al. (2021), respectively.

Minor and very minor mergers are represented in similar fractions in
the SRs and all galaxies samples at fixed stellar mass.

The significantly lower fraction of ‘no mergers’ and higher fraction
of major mergers among SRs shows the importance of the latter in
producing SRs in EAGLE. In the coming sections, we analyse intrinsic
properties of SRs selected by their merger history to understand
whether there are observable properties that are expected to be
systematically different among these SRs.

3.1 Intrinsic properties of slow rotators

We focus on intrinsic properties of SRs that have attracted interest
in the literature, including: intrinsic shape, velocity anisotropy, and
sizes. In addition, as we are interested in quenching and galaxy
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Figure 6. The top panel shows the fraction of SRs that had >1 major mergers
(grey shaded region), no major mergers but >1 minor mergers (green), no
minor or major mergers, but >1 very minor mergers (blue) and no mergers
(red) over the last 10 Gyr, as a function of stellar mass. The bottom panel
shows the same but for all galaxies regardless of their kinematic class.

mergers in SRs, we also explore their BH masses and stellar ex-situ
fraction, fexsit-

The left-hand panels of Fig. 7 show the triaxiality, stellar velocity
anisotropy, fexsiws #-band half-light radius and BH-to-stellar mass
ratio, as a function of stellar mass of SRs at z = 0 in EAGLE
classified based on their merger history. The first two quantities
above come from the EAGLE analysis of Thob et al. (2019), which
we briefly describe here. For each galaxy, all stellar particles within
a spherical aperture of radius 30 pkpc are used to measure the tensor
of the quadrupole moments of the mass distribution (which share
eigenvectors with the inertia tensor). The axes lengths a (major
axis), b (intermediate axis), and ¢ (minor axis) are defined by the
square root of the eigenvalues of the mass distribution tensor, A; (for
i =0, 1, 2). These axes are then used to measure a first pass for
the ellipticity (¢ = 1 — c/a) and triaxiality (T = (a*> — b*)/(a* —
c?)). These values are then used to select stellar particles that are
enclosed in the ellipsoid of axes ratios a/b, a/c of equal volume as
the sphere of r = 30 pkpc. These particles are used to remeasure the
ellipsoid axes. This iterative process continues until changes in a,
b, ¢ are <1 percent. A perfect spherical galaxy has € = 0 and T is
undefined. Low and high values of T correspond to oblate and prolate
ellipsoids, respectively. The stellar velocity anisotropy, dars, depends
on the velocity dispersion parallel, o, and perpendicular, o |, to the
stellar angular momentum vector of the galaxy (all measured with
stellar particles at » < 30 pkpc from the centre of potential), §sars =
1 — (o, /o ||)2. If §gars > O, then the stellar velocity dispersion is
dominated by disordered motions in the disc plane.

We also make use of the stellar ex-situ fractions, fexsiu cOmputed
by Davison et al. (2020) for EAGLE galaxies at z = 0. Here, foxsit
refers to the fraction of stars that did not form in the main progenitor
branch of the z = 0 galaxy, and hence was acquired from galaxies that
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Figure 7. Left-hand panels: Triaxiality (top), anisotropy stellar velocity
dispersion (second), 3D Sérsic index (third), ex-situ stellar fraction (fourth),
half-light radius (fifth), and BH-to-stellar mass ratio (bottom) as a function
of stellar mass for SRs at z = 0 in EAGLE. We show separately SRs that have
had >1 major mergers (solid lines), =0 major but >1 minor mergers (dot-
dashed lines), =0 major/minor mergers but >1 very minor mergers (dotted
lines), and =0 mergers (dashed lines) in the last 10 Gyr. Lines with shaded
regions show the median and 25th—75th percentile range, respectively, and
we only show bins with >10 galaxies. For reference, the thick, magenta line
shows the median relation for main sequence galaxies in EAGLE (those with an
sSFR > 0.01 Gyr~!). Parameters are calculated considering all their stellar
particles within the inner 30 pkpc. Right-hand panels: median and 25th—75th
percentile range of the ratio between the properties in the left-hand panel for
the four different SRs subsamples of the left-hand panels selected based on
their merger history, and two stellar-mass matched samples of fast rotators
(filled squares) and SRs (empty squares). The horizontal dotted line marks
equality.
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merged on to the main progenitor in the past (or were acquired after
close interactions). This is computed considering all stellar particles
within 30 kpc from the galaxy’s centre. For reference, the left-hand
panels of Fig. 7 also show the median of these quantities as a function
of stellar mass for galaxies that are considered to be main sequence
(those with a sSSFR > 0.01 Gyr~'; Furlong et al. 2015).

The samples of SRs split by their merger history can quickly
become very small and hence the correlation with stellar mass can
be noisy. To try to identify main trends, we also show in the right-hand
panels of Fig. 7 the median ratio between the quantity in the left-
hand panel for the subsample of SRs and for a control sample of fast
rotators and SRs matched to have the same stellar mass distribution.?

We find that SRs without mergers are very oblate (T < 0.2)
compared to other SRs, and in fact similar to what we expect for
main sequence galaxies and fast rotators of the same stellar mass.
Even though these SRs are very compact, rsp & 2—3 pkpc, they are
still above the resolution limit by a factor of ~3—4, and given their
mass, we expect them to be resolved with 2 3000 particles, so we
consider these measurements reliable.

There is a tendency for 7 to increase going from SRs that went
exclusively through very minor mergers to those that went through
major mergers at fixed stellar mass. Most of the prolate SRs (7' =
0.7) correspond to galaxies that went through major mergers, while
very minor and minor mergers are preferentially associated with
triaxial systems (0.3 < T < 0.7), particularly at 10'°Mgy <M, <
10'°%7 Mg,. Compared to other simulations we find some interesting
differences. Pulsoni et al. (2020) found that in the Illustris-TNG100
simulation there is a large fraction (*83 percent) of SRs that are
triaxial (0.3 ST <0.7)atr < 1 — 2rsg, which we do not see in EAGLE
(34 per cent are triaxial at small radii). Most of the triaxial SRs in
Illustris-TNG are in the stellar mass range 10'%°-10'"5 M, while
in EAGLE, 50 per cent (80 per cent) are < 10'> Mg, (10'%° My,). The
reasons for these differences are not easy to pinpoint but it is worth
highlighting them for future research.

Most SRs have 0.2 S §gars < 0.6, which is similar to the values
reported for SRs in Schulze et al. (2018) for the Magneticum
simulations. Most of the galaxies with s < 0.2 are main sequence
galaxies (with sSFR 2 0.025 Gyr~!) and fast rotators (0.2 < Ay <
0.7, where the limits correspond to the 25th—75th percentile range)
also in agreement with the findings in Schulze et al. (2018). We
identify a weak trend of §,s increasing when going from SRs that
went through major mergers, minor and very minor mergers, to those
that have not had mergers, at fixed stellar mass. The medians in the
right-hand panel show this trend more clearly. Interestingly, most
galaxies, even main sequence galaxies, show Sy, > 0, indicating
o > o . Thobetal. (2019) found that the most flattened systems are
also the ones with the highest §4,,s due to the fact that in a flat system
you expect little vertical stellar velocity dispersion, which leads to
a smaller scale height. Major mergers therefore act to dynamically
heat the galaxies making o | approach o .

The third panels of Fig. 7 show the 3D Sersic index, ngesic
(measured from the 3D stellar mass distributions). There is a trend
between ngeric and the assembly history of an SR galaxy, whereby
galaxies that have had major/minor mergers tend to have higher ngesic
than those that had only very minor mergers or no mergers at all.

2If our sample of interest is A and we want to draw a subsample from B to
have the same stellar mass distribution of A, we randomly choose N galaxies
in narrow stellar mass bins from B, where N is the number of galaxies of
that stellar mass in A. In our case A are the subsamples of SRs split by their
merger history, and B are either all fast rotators or SRs in EAGLE.
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Note that SRs with no mergers or very minor mergers have lower
nsersic than even main sequence galaxies. Lagos et al. (2018a) showed
that in EAGLE, galaxies that have had dry or wet mergers had a higher
nsersic than galaxies without mergers. Here, we show that trends with
merger history remain even when we select slow rotators only.

The fourth panels of Fig. 7 show that the ex-situ fraction strongly
increases going from SRs without mergers, to SRs that have had >1
major mergers, at fixed stellar mass. The subsample of SRs without
mergers has an even smaller fi s, than main sequence galaxies of
the same stellar mass, while the subsample of SRs with exclusively
very minor mergers appears similar to main sequence galaxies.
Interestingly, at M, > 10'' M, SRs that went through N > 1 major
merger have as much f i, as those that went only through minor
mergers.

The fifth and bottom panels of Fig. 7 show a tendency for SRs
without mergers to be more compact and have a lower BH-to-
stellar mass ratio than the rest of the SRs at fixed stellar mass.
The half-light radius increases from SRs that exclusively had very
minor mergers to those that had major or minor mergers. The
latter are also the ones with the highest BH-to-stellar mass ratio.
These differences are suggestive of different quenching mechanisms
between the subsamples. This is further discussed in the next section.

3.2 Kinematic transformation and quenching of slow rotators

The top panel of Fig. 8 shows the evolution of Ay, edge—on 0f 2 =0 SRs
classified by their merger history. We find that they follow similar
Arsg.cdge—on €VOlutionary tracks, in which most of the transformation
happens in the last 6 Gyr, on average, and by <2 Gyr they are
almost all completed. The main difference between SRs that went
through different merger histories is when they formed their stars.
SRs without mergers are the youngest ones, while those that went
exclusively through very minor or minor mergers are the oldest,
again suggesting different quenching mechanisms. The top panels of
Fig. 9 shows this more clearly. The sSFR of SRs without mergers
deviated from the main sequence at later times than other SRs, and
by z = 0 some of them continue to have low levels of star formation
(~10—20 times below the main sequence, on average). On the other
hand, the rest of the SRs are much more quenched by z = 0, with
those having only very minor mergers being the first to deviate from
the main sequence at ~9 Gyr of look-back time. We find that in the
sample of SRs without mergers, deviations from the main sequence
are accompanied by changes in A, , which start happening on average
at a look-back time of 6 Gyr. This is not the case for the other SRs,
where the kinematic transformation is disconnected from the star
formation quenching. Even though the medians of the evolutionary
tracks of A, are smooth, by visual inspection of individual tracks,
we find that most galaxies tend to display a sharp decrease in A,
(suggestive of mergers). The timing of galaxy mergers average out to
give a smooth average track but leading to a large scatter around the
median at look-back times 2 1.5—2 Gyr; the quick transformation of
Ars, in individual galaxies is happening mostly throughout look-back
times ~2—6 Gyr. This agrees with the low fraction of SRs found in
observations at z &~ 0.6, which increases rapidly to z = 0 (Cole et al.
2020).

The bottom panels of Figs 8 and 9 focus on SRs that had N > 1
mergers (of any mass ratio), but we separate them between wet and
dry mergers (based on whether Msggy ot/ Ma oral 18 > or < 0.1,
respectively; see Section 2.1 for details). SRs that had N > 1 dry
mergers are older and have progenitors with higher A, cqge—on than
the counterparts with N > 1 wet mergers and no dry mergers.
This happens because dry mergers are more effective at decreasing
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Figure 8. Top panel: The Ary)edge—on (Measured orienting galaxies edge-
on) history of z = 0 SRs that had >1 major mergers, =0 major but >1
minor mergers, =0 major/minor mergers but >1 very minor mergers, and =0
mergers in the last 10 Gyr, as labelled. Lines with shaded regions show
the median and 25th—75th percentile range, respectively. The vertical lines
show the median r-band weighted stellar age of the samples. The latter was
computed with all stellar particles within rso at z = 0. Bottom panel: as in
the top panel but for SRs that had >1 wet or dry merger (of any mass ratio)
in the last 10 Gyr, as labelled.

Argg,edge—on» as shown by Lagos et al. (2018a). Although by z =0
both types of SRs have similarly low sSFRs, SRs that had N > 1 dry
merger started deviating from the main sequence earlier than those
that had N > 1 wet merger, explaining their older age.

One key question is how these SRs quenched — or similarly, what
led them to start deviating from the main sequence. Because of the
high stellar masses of these galaxies (> 10'° M), there are only two
plausible pathways in which they could have quenched in EAGLE:
due to AGN feedback or environmental effects. The latter mostly
happens in EAGLE due to tidal interactions between galaxies, tidal
stripping, and ram pressure stripping (Marasco et al. 2016; Bahé
et al. 2017). We explore this by separating the merger samples of
SRs of Fig. 9 into centrals and satellites. Fig. 10 shows the fraction
of galaxies among SRs that had different merger histories that are
satellites by z = 0. SRs that have not had mergers or have had
exclusively very minor mergers have a clear preference for being
satellite galaxies compared to other slow and fast rotators of the
same stellar mass. Within SRs, those that have had major or minor
mergers make the vast majority of central galaxies. These results
already indicate environment has likely played an important role in
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and a scatter of £0.25 dex, respectively, which is approximately the value
measured by Furlong et al. (2015) in EAGLE. The dashed line shows a distance
to the main sequence of —0.85 dex, which we use to define quenched galaxies.
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Figure 10. The fraction of z = 0 galaxies that are classed as satellites, for
SRs that had >1 major mergers (grey shaded region), no major mergers
but >1 minor mergers (green), no minor or major mergers, but >1 very
minor mergers (blue) and no mergers (red) over the last 10 Gyr (solid lines).
Errorbars show Poisson errors. SRs that had exclusively very minor mergers
or no mergers have a much higher probability of being a satellite galaxy than
other SRs.
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Figure 11. Top panel: The ratio between the BH mass of the SRs in Fig. 9
and the median BH mass of main sequence galaxies of the same stellar mass
at the time the SRs leave the main sequence for the first time (lower dotted
line in Fig. 9). We show this for central (filled circles) and satellite (open
circles) galaxies separately. The symbols with error bars show the median and
25th—75th percentile range, respectively. Ratios >1 correspond to galaxies
that leave the main sequence with an overly massive BH compared to galaxies
on the main sequence of the same stellar mass. Bottom panel: Quenching
time-scale of the SRs in the top panel, defined as the time galaxies take to
transition from the lower dotted to the dashed lines in Fig. 9.

quenching SRs mostly for the subsamples that had no mergers or
exclusively very minor mergers. However, the excess in satellites
does not uniquely point to environment as a source of quenching.

To isolate environment from AGN feedback as potential sources
of quenching, we track back the time at which each SR departed
the main sequence for the first time (T gepari; Which corresponds to
the first time the sSFR of the SRs crossed the lower dotted line
in Fig. 9) and measure their central BH mass, Mgy atquench)- Bower
etal. (2017) showed that in EAGLE, galaxies being quenched by AGN
feedback are characterized by a strongly non-linear BH growth phase,
which makes the relative BH-to-stellar mass ratio a good indicator of
AGN feedback in action. We normalize Mppaiquench) by the median
central BH mass of main sequence galaxies of the same stellar
mass of the SR’s progenitor at T gepart, MH(Ms), and save the ratio,
Mt (at quenchy/ MBr(Ms)- The top panel of Fig. 11 shows the median and
25th—75th percentiles of the distribution of Mpatquench)/ MBHMS)
for z = 0 SRs selected based on their merger histories. We show this
separately for SRs that by z = 0 are centrals and satellites. Overall
we see a tendency for SRs to have overly massive BHs compared to
main sequence galaxies of the same stellar mass at T gepar. The only
exceptions are SRs that have not had mergers and end up as satellite
galaxies by z = 0; this population has light black holes compared to
main sequence galaxies at T gepart-

Trayford et al. (2016) showed that excess BH mass is a strong
indicator of colour transformation and quenching; Trayford et al.
(2016), Wright et al. (2019) quantified that and showed that galaxies
with overly massive BHs or high specific BH growth rates quench
much more rapidly than those with lighter BHs (relative to their
stellar mass), both in terms of colour transformation, as well as
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departures from the sSFR main sequence. Hence, the top panel of
Fig. 11 suggests that the vast majority of SRs quenched due to AGN
feedback, with the exception of z = 0 satellite SRs that have not
had mergers. We also highlight that AGN are likely to be the source
of quenching even for satellite SRs that have had major, minor, or
very minor mergers. We caution that this interpretation of overly
sized BHs being an indicator of AGN feedback quenching applies
to EAGLE (see Bower et al. 2017). However, this may not work in
simulations implementing different models of AGN feedback that
are not tied to rapid BH growth phases. Note that the trends of
MBH(tquenchy/MBHMS) At Tyepare fOr these different SRs continues to
hold at later times, as shown in the bottom panels of Fig. 7 for z = 0.
The top panel of Fig. 11 also shows Mpgatquench)/MBHMS) At T depare fOr
z = 0 SRs that had >1 dry or wet merger in the last 10 Gyr. Overall
these are similar to the overall major/minor merger SRs subsample.

The bottom panel of Fig. 11 shows the quenching time-scale of
these SRs defined as the time it took to transition from the main
sequence down to an arbitrary low level of star formation, T gyench-
In this paper, we use the method of Wright et al. (2019), which
consists of measuring the time it took for a galaxy to change its
sSFR from MS(M,) — cpigh to MS(M,) — Ciow, Where MS(M,) =
log19(sSFRy;s(M,)/Gyr™') is the sSFR of the main sequence at M,.
Here, we adopt cpigh = 0.25 and cjo = 0.85 (lower thin dotted and
dashed lines in Fig. 9). Note that these values are slightly different
to those adopted in Wright et al. (2019), but they give us the best
statistics for T guench, as the value of ¢y, = 1.3 dex adopted in Wright
et al. (2019) leads to about half of the SRs in the ‘no merger’
subsample to have undefined 7 guench. We note that typical values for
Clow adopted in the literature range from 21.6 to 0.3 dex (Béthermin
et al. 2015; Davies et al. 2018; Wang et al. 2018).

Most SRs have 7 gench & 1-2 Gyr, in agreement with quenching
time-scales derived in observations (Smethurst et al. 2018). Note
that satellite SRs in the ‘no merger’ sample quench fast, T guench A
1.9 Gyr, despite them having overly light BHs. This is the only
subsample in which this happens. If we focus on central galaxies that
by z = 0 are SRs and had galaxy mergers, we find that changes in
Arsg.cdge—on happen after galaxies quench, on average (galaxies start
deviating from the main sequence earlier than they start showing
Arsp.edge—on S 0.5). We quantify this by comparing the look-back time
at which the SRs’ progenitors leave the main sequence (cpigh = 0.25)
with the time at which progenitors have a A, cqge—on that is 0.8 times
the maximum A, cqge—on they had. We find that for SRs that have had
mergers, quenching starts happening ~1—2 Gyr before Ay, cdge—on
drops below 80 percent its maximum historical value, while for
SRs that have not had mergers, this happens roughly at the same
time (within 0.2 Gyr). The emerging picture is that AGN feedback
quenches these centrals galaxies at z 2 1, and subsequent mergers are
responsible for the kinematic transformation leading them to become
SRs.

To address the effect of environment in quenching and potential
transformation of the kinematics of satellite galaxies, we show in
the left-hand panel of Fig. 12 the relative change of Ay cdge—on»
8 Arsy,edge—on» and sSFR, § sSFR, for satellite SRs in our four samples
split by their merger history. This relative change is computed
between z = 0 and the last time the galaxy was a central,

i(z = 0) — i(last central)

8 = - , 3)
i(last central)

withi = A cage—on OF SSFR. By definition, §i > —1, with a value §i =
—1 indicating the quantity of interest at z = 0 is =0 (which is often
the case for sSSFR). The look-back time to when satellite SRs were
last central has a median of 6 Gyr, and a 16th and 84th percentiles of
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Figure12. Left-hand panel: Relative change in A, (edge — on) (up-pointing
triangles) and sSFR (down-pointing triangles) for the subsample of satellite
z = 0 SRs of Fig. 10, between z = 0 and the time they were last central.
Symbols with error bars show the median and 25th—75th percentile range.
We also show for reference the relative change in Ay, (edge — on) and sSFR
for all z = O satellite galaxies in EAGLE as black stars. Right-hand panel: As
in the left-hand panel but only for satellites that have not had a galaxy merger
since becoming a satellite (i.e. no satellite—satellite mergers).

~2.5 Gyr and ~8.6 Gyr, respectively (most of them became satellites
at z < 1, as expected). The right-hand panel of Fig. 12 also shows
8Arsy,edge—on and & sSSFR for the whole population of z = 0 satellite
galaxies with M, > 100 Mg . We find that in all cases, satellites that
by z = 0 are visually classified as SRs suffered significant quenching
and kinematic transformation since becoming a satellite galaxy. The
case of the whole population of satellites is very different; quenching
here is unaccompanied by kinematic transformations. Even though
most satellites suffer an overall decrease in Ay, cqge—on, this is small
compared to the change in sSFR. The latter is consistent with what
Cortese etal. (2019) inferred for satellite galaxies in the SAMI survey,
and agree with the analysis presented there for EAGLE in which net
changes in stellar rotation-to-dispersion velocity ratio were compared
to net changes in SFR to find that the two were decoupled. We
investigate the effect of environment further by studying how many
of these z = 0 SR satellites suffered their last merger after becoming
satellites. We find that this happens frequently: ~50 per cent of SR
satellites had their last merger after becoming satellites (for the
general population of satellites with M, > 10'°M, this is much
lower, 220 per cent). To isolate the environment effect (which we
associate with interactions with the tidal field of the halo and the
central galaxy) from those of mergers with other satellite galaxies,
the right-hand panel of Fig. 12 shows the subsample of satellites that
had their last merger prior to becoming satellites. We see significant
differences with the left-hand panel of Fig. 12. Overall, the relative
change in Ay cage—on 18 significantly smaller for satellites that had
mergers (particularly major or minor mergers) prior to becoming
satellites. This shows that satellite—satellite mergers are at least as
effective (or more so) in reducing A, as the environment (as defined
here). In the sample of SRs of the right-hand panel of Fig. 12, there is a
trend of the kinematic transformation being weaker when going from
SRs that had exclusively very minor, minor to major mergers prior

Formation pathways of slow rotators in EAGLE

4383

to becoming satellites. The weak environmental effect on Ay, cdge—on
in SRs that have had mergers is due to the fact that by the time they
become satellites they already have low Ay cdge—on ~ 0.19 — 0.29,
with the lower (higher) value corresponding to the median for SRs at
the time of accretion that had major (only very minor) mergers prior
to becoming satellites. In comparison, satellites that have not had
mergers by z = 0 and are SRs had a median Ay, cage—on ~ 0.47 by
the time they became satellites. For reference, satellite fast rotators
at z = 0 had a median A cqge—on ~ 0.6 at the time they became
satellites.

In contrast, SRs that had mergers after becoming satellites were
accreted with much higher A cqge—on ~ 0.5, on average, showing
that those that do not experience mergers during their lifetime
as satellites suffer from strong progenitor bias.> The comparison
between the left-hand and right-hand panels of Fig. 12 also shows
that the large kinematic transformation seen in the left-hand panel
for SRs that have had mergers is driven in great part by satellite—
satellite mergers (particularly for those that go through minor/major
mergers with other satellites) rather than by interactions with the
central galaxy or the tidal field of the host halo (which are the main
mechanisms of kinematic transformation due to the environment;
Choi & Yi 2017).

Choi & Yi (2017) analysed satellite SRs in the Horizon—AGN
hydrodynamical simulations and found that only 22 per cent of their
satellite SRs appeared to have low spins due to galaxy mergers. This
appears to be in contradiction with our findings in EAGLE. Part of that
can be related to the high contamination parametric selections used
in Choi & Yi (2017) have in distinguishing unambiguous SRs (see
Section 2.4), but more likely is that there are significant differences in
the properties of satellite galaxies between the two simulations that
allow environment to play a more significant role in the spindown of
galaxies in Horizon—AGN compared to EAGLE.

Despite the clear trends found in EAGLE between the properties of
SRs and their assembly history, it is important to highlight that having
had mergers of some sort does not guarantee the formation of an SR.
In fact, many fast rotators have also gone through galaxy mergers
of different mass ratios and gas content (as seen from the difference
in the number of visually classified SRs, 479, and the number of
galaxies that went through different merger histories in Table 2). The
emerging picture from EAGLE is that the required condition to form
an SR is the process of quenching prior to or simultaneously with
the kinematic transformation.

3.3 The stellar populations of slow rotators

The different star formation and assembly histories of SRs in EAGLE
should leave imprints on the stellar populations of these galaxies that
are potentially observable. Here, we focus on the metal abundance
and stellar ages of z = 0 SRs in EAGLE.

Fig. 13 shows the radial profile of the abundance of & elements rel-
ative to Fe. We compute [« /Fe] = log;o(M,/Mpe) — logo(a/Fe)e,
where M, is the mass contributed by « elements (the sum of the
masses contained in Si, O, Mg, Ne, and C), M, the mass in iron and
logjo(a/Fe)o = 13.1206 (Asplund, Grevesse & Sauval 2005). The
top panel of Fig. 13 shows z =0 SRs split by their assembly history, as
labelled; also shown is the median [«/Fe] of main sequence galaxies
(sSFR > 0.01 Gyr~') with M, > 10'My. All SRs that have had
mergers are «-enhanced relative to the sun across the whole radial

3Their progenitors have sufficiently different properties as to cause the
differences seen at z = 0 with the SRs that had satellite—satellite mergers.
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Figure 13. Top panel: Radial profiles of the stellar abundance of a-elements
over iron, in units of the solar abundance, [«/Fe], for SRs at z = 0 that have had
>1 major mergers (solid lines), =0 major but >1 minor mergers (dot-dashed
lines), =0 major/minor mergers but >1 very minor mergers (dotted lines),
and =0 mergers (dashed lines) in the last 10 Gyr. The thick lines show the
median and the shaded regions plus thin lines show the 25th—75th percentile
range, respectively. The magenta lines show the median for galaxies with
M, > 10'°Mg and sSFR > 0.01 Gyr~! (considered to be representative of
the main sequence). Radii are normalized by the half 7-band luminosity radii
of galaxies. Bottom panel: as in the top panel but for SRs that had >1 wet
(dotted line) or dry (solid line) merger (of any mass ratio) in the last 10 Gyr,
as labelled.

range investigated. This is not the case for SRs that have not had
mergers, in which [«/Fe] < 0 at r < rsg, on average ~0.1 dex lower
than [« /Fe] of other SRs. Interestingly, SRs in the ‘no merger’ group
are even less a-enhanced than main sequence galaxies at r < rsg.
This shows that low [« /Fe] SRs are more likely to belong to the ‘no
merger’ sample than the other ones. The bottom panel of Fig. 13
shows [«/Fe] radial profiles this time for SRs that had wet or dry
mergers of any mass ratio (see Section 2.1). Those that had dry
mergers are the ones with the flattest and most a-enhanced [«/Fe]
radial profiles.

A general feature is that most galaxies in EAGLE tend to exhibit
inverted [o/Fe] profiles in which the central parts are less «-
enhanced than the outer parts. This happens because, on average,
the stellar age radial profiles are inverted in EAGLE, with the central
parts being younger than the outer parts. Although early-type and
passive galaxies in observations are consistent with flat (or even
inverted) stellar age and [« /Fe] radial profiles (e.g. Kuntschner et al.
2010; Greene et al. 2015; Li et al. 2018a; Bernardi et al. 2019;
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Barsanti et al. 2020; Santucci et al. 2020), late-type galaxies tend to
have stellar age profiles consistent with the inner parts being older
(e.g. Gonzdlez Delgado et al. 2015; Barsanti et al. 2020). For star-
forming galaxies with M, > 10'° Mg and sSFR > 0.01 Gyr—' atz =
0 in EAGLE, we find ~88 per cent have inverted stellar age profiles
(younger central parts; a similar percentage is found for those with
sSFR < 0.01 Gyr™"), which disagrees with observational evidence.
We do note, however, that the integrated [« /Fe] ratios in EAGLE
galaxies agrees well with observations (Segers et al. 2016). This
shows that even though feedback in EAGLE is sufficient to quench star
formation to reproduce the correct stellar mass function and other
global properties related to metallicities and element abundances,
the predicted radial properties of the stellar populations in galaxies
has some important discrepancies with observations. The excess
star formation in the centre is then the likely culprit of many of
EAGLE galaxies exhibiting inverted stellar velocity dispersion radial
profiles, where the central velocity dispersion is lower (see for
example the top three and bottom panels of Fig. 1). Section 2.2
reported that ~55 percent of galaxies with M, > 10'°Mg have
0,(0.5150) < 0,(r50). This percentage reduces to 43 percent for
passive galaxies or SRs in EAGLE. This is much larger than what
is reported in observations. Falcon-Barroso et al. (2017) found that
in the sample of early-type galaxies in CALIFA, only 1 or 2 galaxies
(out of 47) have 0,(0.5150) < 0,(150).

In the galaxies with 0,(0.515)) < 0,(r50), the r-band weighted
stellar ages increase from 7.7 Gyr at r < 0.5r5 to 8.2 Gyr at
r < rsp, on average, showing the connection between the lower
central stellar velocity dispersions and the inverted stellar age
profiles. We measure the Pearson correlation coefficient between
logi(0,(0.5150)/0(r50)) and logjo(age, (0.5 rs50)/age,(rso)), for all
galaxies with M, > 10'" Mg, and obtained P = 0.43. This correlation
becomes stronger, P = 0.6, for SRs in EAGLE, which shows that
the more strongly inverted the stellar age profile, the more strongly
inverted the o, profile. This is an important shortcoming of EAGLE
that upcoming hydrodynamical simulations need to address.

Fig. 14 shows radial profiles of [Fe/H] = log;o(Mg./Mp) —
logio(Fe/H)e for z = 0 SRs in EAGLE, with (Fe/H)o = 0.001798
(Asplund et al. 2005). SRs in the ‘no merger’ sample have the highest
metallicities due to their delayed quenching times compared to other
SRs (see Fig. 9). Again, we see that these SRs have even higher
[Fe/H] than main sequence galaxies, and display the steepest radial
profiles. SRs in the ‘very minor merger’ sample have the lowest
and flattest [Fe/H] radial profiles due to their early quenching (see
Fig. 9). The bottom panel of Fig. 14 separates SRs between dry and
wet mergers. Dry mergers lead to SRs that have flatter [Fe/H] profiles
due to the effective redistribution of stellar mass during dry mergers
(Lagos et al. 2018b). Krajnovic et al. (2020) found that classical slow
rotators (which they linked to the dissipation-less galaxy mergers;
i.e. dry mergers) have flatter metallicity gradients than other slow
rotators in ATLAS®P, which is in qualitative agreement to what we
find in EAGLE.

The trends shown in Figs 13 and 14 show that observations of the
stellar populations in SRs can provide a broad indication of the most
likely merger history. However, as these are trends, application on a
one-to-one basis is not advised.

4 KINEMATIC CLASSES OF SLOW ROTATORS

In this section, we use the visual kinematic classification of EAGLE
galaxies of Section 2.3 and analyse their connection to the galaxy
merger history to understand the effect the galaxy mass ratio and
gas ratio involved in mergers have on the kinematic class. We focus
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Figure 14. As in Fig. 13 but for radial profiles of [Fe/H].

on the latter two merger parameters as Lagos et al. (2018a,b) have
shown that those have the most effect in modifying the kinematics of
galaxies. We also study possible connections between environment
and stellar mass with the different SR’s kinematic classes. In this
section, we only study the kinematic classes FSR, RSR, and prolates
(overall classed as SRs), ignoring the 2o, unclear and rotator classes.

4.1 The relation between kinematic class and galaxy merger
history

Fig. 15 shows the PDF of the SRs kinematic classes described in Sec-
tion 2.3 for all the galaxies visually classified that have a confidence
>60 per cent, split by their merger history. By comparing galaxies
that had >1 major mergers and those that had >1 minor mergers but
no major mergers (left-hand panel), we see that the former tend to
be associated with more FSRs, while prolate galaxies appear to have
a preference for minor mergers. The overall distribution of galaxies
that had exclusively very minor mergers is qualitatively similar to
those that had no mergers (middle panel). The distribution of minor
and very minor mergers are similar, and we see that a similar fraction
of those are associated with FSRs and RSRs. Although prolates do
happen in these SRs, their relative fraction is small compared to what
is seen for SRs that had major/minor mergers.

The right-hand panel of Fig. 15 shows dry and wet mergers (see
Section 2.1 for the criterion to define wet and dry mergers). We
remind the reader that the sample of dry mergers can also contain
wet mergers, while the sample of wet mergers excludes dry mergers.
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‘We find that FSRs are overly represented in the sample of wet mergers
compared to the dry merger sample. If we split wet mergers in two
bins of gas fraction we obtain similar distributions (not shown).
Although about half of the prolate galaxies formed via wet mergers
and the other half via dry mergers in bulk numbers, we see that the
normalized distributions of dry mergers have a higher incidence of
prolate galaxies than wet mergers.

Fig. 16 shows the relative frequency of different types of galaxy
mergers for a given kinematic class. We define this relative frequency
as = Nass ((NAIST 5 N s ), where NSEEIss NSt and N, are
the number of SRs in a given kinematic class that went through
the corresponding type of merger, the total number of SRs that
went through that same type of merger, and the number of SRs
in the kinematic class, respectively. This way we normalize by the
different number of galaxies in each kinematic class and in each
merger history type. We confirm that FSRs have a preference for
major mergers compared to minor ones, while RSRs appear to be
similarly represented for the minor, very minor, and no merger cases
(considering the relative numbers of those). Prolate galaxies have a
preference for dry mergers, and are also overly represented in the
case of minor mergers. However, we caution that the latter is highly
uncertain due to the small number of prolate galaxies in our sample
(see Table 3).

In order to get a better understanding of the connection between
the merger parameters and the different kinematic classes of SRs, we
study the distribution of the stellar mass and gas ratios, and look-back
time of the last galaxy merger each SR in our sample had (in this
case we remove the sample of SRs that have not had mergers). This
is shown in Fig. 17. Below we discuss the main trends in the three
quantities shown in Fig. 17:

(1) Merger mass ratio. Comparing FSRs and RSRs, we see a
preference of RSRs for smaller stellar mass ratios, even within the
major merger band (M, ec/M,, prim > 0.3), compared to FSRs. FSRs
are the sample that is most skewed towards high M, /M, pim.
Prolate galaxies seem to be associated with either very low or
intermediate mass ratios, 0.1 < M, c/M, pim < 0.45. We will show
later that the lower stellar mass ratios are mostly associated with
gas-poor mergers, while the higher ratios to gas-richer mergers.

(ii) Merger gas ratio. FSRs and RSRs show comparable distribu-
tions of gas ratios Prolates, on the other hand, prefer lower gas ratios
compared to both FSRs and RSRs, that is most clear in the regime
of dry mergers.

(iii) Look-back time to last merger. FSRs, RSRs, and prolates have
a similar distribution of look-back time to their last galaxy mergers.
Even though the errors are large there is a small preference for
prolates to have had their last merger at later times. The latter would
be expected given that gas poorer mergers happen preferentially at
later times in EAGLE (Lagos et al. 2018b).

In the case of prolates, Li et al. (2018b) found that in the Illustris
simulations they were predominantly associated with late, dry major
mergers. In EAGLE we find a clear preference for dry mergers, but find
that in bulk numbers a similar percentage of prolates are associated
to major and minor mergers; i.e. 47 percent to major mergers
and ~43 percent to minor mergers. When the distributions are
normalized by the relative numbers of these mergers in SRs, we find
that minor mergers have a higher incidence of prolates. Furthermore,
the remaining 10 per cent are associated to very minor mergers or no
mergers. Hence, it appears like the formation mechanisms of prolates
in EAGLE are more diverse than in Illustris.

To connect the stellar mass and gas ratios of the mergers of the
different kinematic classes of SRs in EAGLE, we show in Fig. 18 the
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Figure 15. PDF of the kinematic classes of z = 0 EAGLE galaxies in the visually classified sample split by their merger history. The left-hand panel shows
those that had >1 major mergers in the last 10 Gyr and those that had =0 major mergers but >1 minor mergers, as labelled. The middle panel shows those that
had =0 major/minor mergers but >1 very minor mergers and =0 mergers. The right-hand panel shows those that had >1 dry mergers and those with =0 dry
mergers but >1 wet mergers. Error bars were computed from jackknife resampling and are displaced arbitrarily from the centre of the bin to aid visualization.
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Figure 16. Relative frequency of different types of mergers for a given
kinematic class. We show this for six different galaxy merger types: major
mergers, minor mergers (with no major mergers), exclusively very minor
mergers, no mergers, dry and wet mergers, counted over the last 10 Gyr of
evolution of these galaxies that at z = 0 are classified as belonging to the
four kinematic classes shown, as labelled. Error bars were computed from
jackknife resampling.

distribution of the gas ratio of the last merger SRs went through, split
into major and very minor plus minor mergers. Generally, we find
that in all three kinematic SR classes, minor and very minor mergers
that lead to remnant SRs tend to be gas poorer than major mergers
leading to SRs. FSR and RSR show similar distributions of merger
gas ratios in both panels, which means that the main difference
between these two subclasses is the higher stellar mass ratios of the
FSRs (Fig. 17). Prolates behave similarly, with the minor/very minor
mergers being heavily skewed towards gas-poor mergers, and major
mergers having a wider range of gas ratios. Connecting to the left-
hand panel of Fig. 17, we find that for prolates, the lower (higher)
stellar mass ratios are primarily associated with low (high) gas ratios.

Although the trends above are connected to possible physical
drivers, it is important, however, to highlight that Poisson noise
is quite significant in these trends due to low number statistics.
Ideally we would like to study the 3D space between kinematic
classes, stellar mass, and gas ratios but the current statistics in
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EAGLE are prohibiting. We are then forced to marginalize over one of
these properties. Upcoming simulations of much larger cosmological
volume but comparable or even higher resolution than EAGLE are
required to consolidate some of the trends reported here and to open
the possibility to a much finer connection between merger parameters
and the kinematic properties of SRs (including the extension to more
mergers parameters associated with the orbits of satellite galaxies).

4.2 The relation between kinematic class, stellar mass, and
environment

Fig. 19 shows the median stellar and halo masses of SRs in EAGLE
split by their kinematic class. SRs of different kinematic classes
have a similar median stellar masses, but prolate SRs tend to be
skewed towards higher masses. The typical stellar masses of prolate
galaxies in EAGLE agree well with those reported in Schulze et al.
(2018) in the Magneticum simulations, but differ significantly from
the ones in Illustris reported in Li et al. (2018b). Li et al. (2018b)
found that prolates in Illustris are almost exclusively galaxies with
M, 2 3 x 10" Mg, Part of this discrepancy may come from the
fact that at halo masses > 10'2? M, Illustris produces galaxies too
massive in stars compared to observational inferences by a factor
of ~7—10 (see fig. 4 in Pillepich et al. 2018). EAGLE on the other
hand produces a stellar—halo mass relation in better agreement with
observations (Schaye et al. 2015). If one was to instead analyse
the host halo masses of prolate galaxies in EAGLE and Illustris, the
difference above would be largely alleviated.

For the halo masses of SRs in EAGLE (right-hand panel in Fig. 19),
we find larger variations than for stellar mass. Interestingly, FSRs
are more massive in stars but are hosted by lower mass haloes than
RSRs, on average, and prolates have the highest stellar-to-halo mass
ratio. This is the result of two factors: the fact that Fig. 19 includes
both centrals and satellites (and for the latter we expect no correlation
between stellar and host halo mass), and the fact that at fixed halo
mass, the scatter in the stellar—halo mass relation is correlated with
the assembly history of galaxies (e.g. Correa & Schaye 2020). To
disentangle these effects, we also show in Fig. 19 the median stellar
and halo mass of central SRs only in the same three kinematic classes
(squares). The most striking trend is that central prolates tend to have
a slightly higher stellar-to-halo mass ratios (median 0.02) compared
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Figure 18. PDF of the SF gas ratio of the last major merger (left-hand panel)
and very minor plus minor mergers (right-hand panel) SRs went through. We
show this for 3 kinematic classes, as labelled. In the right-hand panel we show
SRs that experienced very minor or minor mergers (no major mergers in their
history), while the SRs in the left-hand panel has gone through major mergers.
Error bars were computed from jackknife resampling and are displaced from
the centre of the bin by arbitrary amounts to aid their visualization. Note that
we use arbitrary bin widths that are narrower in the ranges where there are
more galaxies. Very minor/minor mergers that lead to SRs are preferentially
low gas ratios compared to the major mergers that lead to SRs.

to the other SRs by &12 per cent. Given how tight the stellar-halo
mass relation is in EAGLE (median stellar-to-halo mass ratio of all
central SRsis 0.0179 4= 0.0006), this difference is significant. Correa &
Schaye (2020) found that at fixed halo mass in EAGLE, higher stellar
mass galaxies formed in haloes that assembled earlier than lower
stellar mass galaxies. Galaxies in haloes that assemble earlier also
tend to have higher BH-to-stellar mass ratios, indicating that AGN
feedback can be more effective there (Bower et al. 2017). Since
prolates tend to prefer gas-poor galaxy mergers (Figs 17 and 18), the
more efficient AGN feedback can help promote their formation.

In Section 3.2 we showed the connection between environment
and kinematic transformation in satellite galaxies that end up as SRs,
as well as the connection between AGN feedback and quenching of
central SRs. Here, we explore the connection between the kinematic
class of satellites and centrals with their environment and stellar mass.
Because our sample of SRs is small, we only split the subsample of
satellites in two halo masses (left-hand panel of Fig. 20). We split
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Figure 19. Median (filled circles) stellar (left-hand panel) and host halo
(right-hand panel) mass of the SRs in the kinematic classes labelled in the
x-axis. The error bars show the 25th—75th (thicker lines) and 16th—84th
(thinner lines) percentile ranges. The squares show the median of the
subsample of central SRs in each kinematic class.

SR satellites by their host halo mass, below and above the median
host halo mass, &~ 10'3¢ My. The median stellar masses of these
two samples of satellites are very similar (&~ 2.4 x 10'°My and
~ 2.7 x 10'° M, respectively), hence yielding no bias in stellar
mass when splitting by halo mass. We find an environmental trend,
with SR satellites in low-mass haloes showing a preference for
being FSRs, while those in high-mass haloes have a preference for
being RSRs. Although prolate are found in both halo mass samples,
their frequency is higher in high-mass haloes. Given that we find
environment has a differential effect on Ary cage—on depending on
the type of merger suffered by the SR prior to being accreted, it
is likely that the environmental trend of Fig. 20 is at least in part
driven by progenitor bias. To asses this, we study the incidence
of different types of mergers between the satellite SRs in haloes
of mass above and below = 10'3*My and find that satellites
hosted in haloes of mass My, < 103 Mg are more (less) likely
to have had major (minor) mergers compared to those hosted in
more massive haloes, My, > 10"3®Mg. The relative frequency
of major and minor mergers in satellite SRs below and above the
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Figure 20. PDF of the kinematic classes of z = 0 SRs separating satellite
(left-hand panel) and central (right-hand panel) galaxies. For satellites, we
show separately the distribution for galaxies above and below the median
hot halo mass, 10'3%Mg. For centrals, we separate them by their stellar
mass, above and below the median, 10105 Mo, as labelled (the darker region
is where histograms overlap). Error bars were computed from jackknife
resampling and are displaced from the centre of the bin by arbitrary amounts
to aid their visualization.

median host halo mass is 47 £ 3 per cent versus 37 & 2.8 per cent
(major mergers) and 24 =+ 2 per cent versus 32 =+ 3 per cent (minor
mergers), respectively, showing a significant effect of progenitor
bias (uncertainties in percentages were computed from jackknife
resampling). As Fig. 17 shows, FSRs are preferentially associated
with major mergers, hence explaining why satellite FSRs are more
common at Mpg, < 1036Mg. We find no difference between
the fraction of SRs that have exclusively very minor mergers or
no mergers for satellites in haloes below/above &~ 10'3¢ M. The
persistence of major mergers in satellites hosted by haloes of low
masses partially explains the finding in Davison et al. (2020) of the
ex-situ stellar fraction being higher in satellites at lower halo masses
in EAGLE. Related to the difference between prolate satellite galaxies
above/below & 10'3° My, the likely cause is the fact that galaxies
tend to be gas-richer in lower mass haloes, and hence less likely to
lead to a prolate galaxy, give the trends of Fig. 17.

The right-hand panel of Fig. 20 focuses now on central SRs,
showing the distribution of kinematic classes in two bins of stellar
mass, above/below the median of the sample, ~ 10! My. We
see that massive central SRs have a preference for being FSRs,
while at lower mass, FSRs and RSRs are similarly common. Prolate
centrals tend to be similarly common below/above a stellar mass of
~ 10'9° Mg, In EAGLE, the fraction of galaxies that by z = 0 have
experienced a galaxy merger increases with stellar mass (Lagos et al.
2018b), and the bottom panel of Fig. 6 shows that in particular the
incidence of major mergers increases with stellar mass. Given the
preference for FSRs to be associated with galaxy mergers with higher
stellar mass ratios compared to RSRs (Fig. 17) it is not surprising
that the massive central SRs have a preference for being FSRs.

5 DISCUSSION AND CONCLUSIONS

The possible formation paths of fast and slow rotators has been an
area of intense research since the advent of IFS surveys, sampling
hundreds of galaxies, revealed the existence of these populations
(Emsellem et al. 2007, 2011). Their connection to galaxy mergers
has been explored in hydrodynamical simulations, which have found
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varied and often contradictory results in the types of mergers that lead
to the formation of SRs (Naab et al. 2014; Choi & Yi 2017; Penoyre
et al. 2017; Lagos et al. 2018a; Schulze et al. 2018). Generally to
distinguish these two populations of rotators, both observations and
simulations have generally employed parametric selections in the
A — € plane, motivated by the results of the ATLAS? survey (see
Cappellari 2016 for a review). However, a significant problem that
has become more evident is that these parametric selections lead
to significant contamination (i.e. a high ratio of visual rotators to
non-rotators) in the retrieved samples of SRs (van de Sande et al.
2021). This hinders the study of the formation paths of SRs in both
observations and simulations, and could in part be responsible for the
difficulty in isolating the main formation paths of SRs experienced
in the latter.

To remedy this low SRs purity, here we employ visual classi-
fication of the stellar kinematic maps of galaxies in the EAGLE
hydrodynamical simulations suite. We focused on galaxies with
M, > 10'My which have well-resolved kinematics (Lagos et al.
2017, 2018a). We place our galaxies in the context of the SAMI
survey by creating kinematic maps using the SAMI specifications,
which are readily available in the SIMSPIN package (see Section 2.2).
We had five classifiers separating galaxies into six kinematic classes:
flat SRs, round SRs, 20, prolates, unclear, and rotators. We found that
>60 per cent agreement among classifiers is reached in 90 per cent
of the classified galaxies, showing that the vast majority of galaxies
can be cleanly separated into these kinematic classes. We use this
sample to select unambiguous SRs in EAGLE, which correspond to
flat or round SRs and prolate galaxies. Using the unambiguous SRs
in EAGLE, we find that parametric classifications have at best a purity
of 65 percent (i.e. 65 percent of the galaxies that comply with the
parametric selection of SRs are not considered as such by our visual
classification), showing the requirement of the visual classification
to isolate unambiguous SRs.

For the sample of unambiguous SRs in EAGLE, we study the con-
nection to galaxy mergers, differences in intrinsic galaxy properties
and the connection between quenching and kinematic transforma-
tion. We summarize our findings below:

(i) SRs with M, > 10'98 M, have triaxiality, 7, consistent with
being prolates, 7> 0.7, while lower mass SRs span the whole range of
T. Major and minor mergers lead to triaxial or prolate SRs (7' 2 0.5),
while exclusively very minor mergers are largely associated with
triaxial systems (0.3 < 7' < 0.7). SRs that formed in the absence of
mergers are oblate (7' < 0.2). These classes of SRs are clearly linked
to different ex-situ stellar fractions, with SRs that had minor/major
mergers or exclusively very minor mergers typically having fux siw =
0.4 and fe i 2 0.1, respectively. SRs in the ‘no merger’ category
have fexsiw S 0.05 (Fig. 7). This clearly shows that there is a class
of SRs that forms in the absence of mergers in simulations (see also
Choi & Yi 2017). A higher fraction of galaxies in this class are
satellites compared to SRs associated with galaxy mergers (Fig. 10).

(i) SRsin the ‘no merger’ class tend to be more compact and have
lower BH-to-stellar mass ratios than other SRs at fixed stellar mass
(Fig. 7). They also tend to quench later (starting to drop below the
main sequence at a look-back time ~4.5 Gyr, compared to 2> 6 Gyr for
other SRs; Fig. 9). This leaves imprints on their stellar populations,
with the ‘no merger’ SRs having lower «/Fe (even below solar;
Fig. 13) and higher Fe/H ratios than other SRs (Fig. 14).

(iii) We find that in most SRs quenching happens before kinematic
transformation by ~2 Gyr (Figs 8 and 9). Most SRs quenched due
to AGN feedback as evidenced by their overly massive BHs at the
time they left the main sequence of SF (Fig. 11). These SRs tend to
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have quenching time-scales between 1.5 and 2.5 Gyr. The exception
are satellite SRs that have not had mergers, which are quenched by
the effect of environment. In the latter, quenching and kinematic
transformation appear to happen in tandem (to within 0.2 Gyr), with
the likely mechanism of kinematic transformation being interactions
with the tidal field of the halo and central galaxy. The emerging
picture is that in most SRs, quenching is required for galaxy mergers
to more effectively decrease A,.

(iv) We find that &50 per cent of z = 0 satellite SRs experienced
satellite—satellite mergers, which were largely responsible for their
SR fate (for reference only 20 percent of the general satellite
population with M, > 10'* experience satellite—satellite mergers).
When focusing solely on z = 0 satellite SRs that have not had
satellite—satellite mergers, we find that environment was clearly
responsible for the kinematic transformation of the subsamples
of ‘no merger’ or ‘exclusively very minor mergers’ satellite SRs
(Fig. 12). Nevertheless, we see an important effect of progenitor
bias, with A, of the progenitors of z = 0 satellite SRs that formed
in the absence of mergers being higher than those that had merg-
ers, regardless of whether these happen prior or after becoming
satellites.

(v) Flat SRs are overly represented in the sample of SRs that had
major mergers, while round SRs tend to prefer galaxies that had
exclusively minor or very minor mergers (Figs 15 and 16). Prolate
galaxies are predominantly connected to gas-poor galaxy mergers
(Fig. 17). In the sample of flat and round SRs, we find that major and
minor mergers associated with their formation tend to be gas-rich
and gas-poor, respectively (Fig. 18).

(vi) Flat SRs tend to be more common in satellites hosted by
massive haloes (> 10"*®Mg) and centrals of high stellar mass
(> 10" Mg) due to the higher incidence of major mergers in
these populations (Fig. 20). Prolates are also more common in these
populations due to the higher incidence of gas-poor mergers. Prolate
centrals have the highest stellar-to-halo mass ratios of all the SRs
(Fig. 19), which we connect to those haloes preferentially forming
earlier and having more AGN activity, as indicated in Correa &
Schaye (2020).

Although we find several trends between different types of mergers
and SR’s kinematic classes, we could not identify a single galaxy
feature that can unambiguously indicate a given assembly history.
This may not be surprising given the complexity of galaxy formation
and the many physical processes that simultaneously take place.
However, it does mean that the trends exposed here cannot be applied
on a single galaxy basis.

There are some important limitations of our study. By visually
inspecting many kinematic maps of EAGLE galaxies, we found a
common feature of the stellar o being smaller at the centre and
increasing towards the outskirts in &50 percent of galaxies with
M, > 10'" Mg, (see the top three panels of Fig. 1 for examples). The
latter was found to be related to inverted stellar age radial profiles
(where the central parts of galaxies are younger than the outer parts).
We concluded that although feedback in EAGLE is sufficient to lead to
integrated galaxy properties that agree well with observations (such
as colour distribution, stellar mass function, global metallicities and
oxygen abundance profiles, etc.; e.g. S15, Trayford et al. 2015,
2016; Segers et al. 2016; De Rossi et al. 2017; Katsianis et al.
2017; Tissera et al. 2019; Wright et al. 2019; Collacchioni et al.
2020), the imprints it leaves on the internal kinematic properties
of galaxies is not always realistic. This physical limitation of the
simulation needs to be addressed in upcoming realizations. A second
limitation is inherent to the cosmological volume of EAGLE. After

Formation pathways of slow rotators in EAGLE

4389

visual classification to find the unambiguous SRs in EAGLE, we are
left with 479 galaxies. Although this sample is sufficient to provide
us with the trends presented here, we often had to resort to studying
the effect of a single quantity (e.g. stellar or halo mass), without
controlling for others, making it difficult to disentangle (in some
cases) the primary drivers of the trends above. Larger cosmological
volumes, but retaining the sub-kpc resolution are required to address
this limitation.

From the simulation’s perspective, the future is promising. The
advent of large cosmological volumes (= 300 cMpc) at high enough
spatial resolution (sub-kpc) will open the way to much more thorough
studies connecting SRs and their diverse kinematic classes to a
large range of merger parameters (not only mass and gas ratio, but
also orbital parameters) as well as stellar mass and environment.
In addition, small volume, but much higher resolution simulations,
as to resolve the cold interstellar medium, will allow a better
understanding of the formation of thin, flat disc galaxies, as well
as how instabilities and galaxy mergers can lead to the formation of
early-type, fast rotator galaxies.

Observations also promise significant progress over the next
years. The fact that the kinematic transformation experienced by
SRs in EAGLE happens at look-back times ~2—6 Gyr implies that
the upcoming MUSE survey Middle Ages Galaxy Properties with
Integral Field Spectroscopy (MAGPI; Foster et al. 2021) is ideally
placed to unveil these transformations. The connection to z = 0
surveys, such as SAMI, MaNGA, and Hector (Bryant et al. 2016),
will complete this picture. We expect that in the next 3-5 yr IFS
surveys observations will be able to place stringent constraints on
the epoch of kinematic transformation and the (lack of) connection
to star formation quenching.
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