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A B S T R A C T 

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 e xclusiv ely v ery 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. Ho we ver, 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 

13 . 6 M �) and centrals of high masses ( M � > 10 

10 . 5 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. 

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

he advent of integral field spectroscopy (IFS) and large IFS surv e ys,
uch as ATLAS 

3D (Cappellari et al. 2011 ), the Sydney-AAO Multi-
bject Integral-Field Spectrograph (SAMI) Galaxy Surv e y (Croom

t al. 2012 ; Bryant et al. 2015 ), the Calar Alto Le gac y Inte gral
ield Area Surv e y (CALIFA; S ́anchez et al. 2012 ), MASSIVE (Ma
t al. 2014 ), and the Mapping Nearby Galaxies at Apache Point
bservatory (MaNGA) surv e y (Bundy et al. 2015 ), hav e contributed

o significantly expand our understanding of galaxy kinematics and
heir connection to intrinsic galaxy properties and their environment
e.g. see Cappellari 2016 for a re vie w on kinematics of early-
ype galaxies). Among the kinematic parameters that have been

ost studied in the literature is the stellar spin parameter, λr , first
ntroduced by Emsellem et al. ( 2007 ). λr provides a measurement
f how rotationally supported a galaxy is, and strongly correlates
ith the stellar rotation-to-velocity dispersion ratio (Emsellem et al.
011 ; van de Sande et al. 2017b ; Harborne et al. 2020b ). The study
 E-mail: claudia.lagos@icrar.org 

m  

K  

o  

Pub
f galaxies in the λr -ellipticity ( ε) plane led Emsellem et al. ( 2007 ,
011 ) to coin the terms slow and fast rotators. 
IFS surv e ys hav e unv eiled various correlations between λr and

alaxy properties. Emsellem et al. ( 2011 ), van de Sande et al.
 2017a ), Veale et al. ( 2017 ), Brough et al. ( 2017 ), Wang et al. ( 2020 )
how that the fraction of low λr galaxies, or slow rotators (SRs),
ncreases with stellar mass, and by 10 11 . 3 –10 11 . 5 M �, about half of
he galaxies are classified as SR. In addition, Emsellem et al. ( 2011 ),
appellari ( 2016 ), Brough et al. ( 2017 ) show that most SRs live

n high density environments, typical of massive groups or galaxy
lusters. Ho we ver, when galaxies are studied at fixed stellar mass, it
s yet unclear whether this environmental trend holds (Brough et al.
017 ; Greene et al. 2017 ; Graham et al. 2019 ; Wang et al. 2020 ).
espite this uncertainty, it is well known from optical surv e ys that
isually classified early-type galaxies, red and low star formation
ate (SFR) galaxies become more common as we mo v e to high
ensity environments (e.g. Dressler 1980 ; Peng et al. 2010 ; Deeley
t al. 2017 ; Davies et al. 2019 ), even after controlling by stellar
ass. Weijmans et al. ( 2014 ), Foster et al. ( 2017 ), Li et al. ( 2018a ),
rajnovi ́c et al. ( 2018 ) find that SRs tend to have a higher occurrence
f triaxial or prolate intrinsic shapes compared to fast rotators,
© 2021 The Author(s) 
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hich are mostly oblate, axisymmetric systems (often with bars). 
he intrinsic stellar populations of SRs indicate flat α/ Fe metallicity 

adial profiles, uniform old stellar ages, and declining metallicity 
adial profiles (where the central parts are more metal-rich than the 
uter parts; Kuntschner et al. 2010 ; Bernardi et al. 2019 ; Krajnovi ́c
t al. 2020 ). 

An outstanding question is what causes morphological or kine- 
atic transformation in galaxies, and whether the same processes are 

esponsible for quenching their star formation. Several simulations 
ave suggested that an ef fecti ve way of transforming the kinematics
f galaxies is via galaxy mergers (e.g. Di Matteo et al. 2009 ; Jesseit
t al. 2009 ; Bois et al. 2011 ; Naab et al. 2014 ; Choi & Yi 2017 ;
agos et al. 2017 , 2018a , b ; Penoyre et al. 2017 ; Schulze et al. 2018 ).
lthough the exact remnant of a galaxy merger is dependent on 
any of the merger parameters involved (e.g. mass ratio, gas mass,

rbital parameters, etc; e.g. Di Matteo et al. 2009 ; Naab et al. 2014 ;
agos et al. 2018b ), some general trends have been reported in the

iterature. Among the most interesting ones is the fact that gas-poor
ergers tend to decrease λr (Naab et al. 2014 ; Lagos et al. 2018a ), a

eries of minor mergers or a single major merger can have a similar
ffect (Naab et al. 2014 ; Choi & Yi 2017 ; Lagos et al. 2018a ), and
hat circular orbits preferentially produce fast rotators (Lagos et al. 
018b ; Li et al. 2018b ). One common conclusion among simulations
s that even if an SR remnant is formed after a merger, continuous
ccretion and star formation can quickly rebuild the galaxy disc 
nd turn the galaxy into a fast rotator (Naab et al. 2014 ; Sparre &
pringel 2016 ; Lagos et al. 2017 ; Penoyre et al. 2017 ; Walo-Mart ́ın
t al. 2020 ). The latter suggests that quenching either prior or during
he kinematic transformation is required to produce an SR. Another 
ossible way of transforming galaxies is via environmental effects, 
uch as interactions between galaxies or with the tidal field of the
roup or cluster (e.g. Choi & Yi 2017 ). With the aim of isolating the
ffect of environment, Cortese et al. ( 2019 ) focused on the relation
etween the change in SFR and λr of z = 0 satellite galaxies in
AGLE since they were accreted, finding no correlation between the 
wo. This suggests that quenching and kinematic transformation 
re distinct processes (see also Correa, Schaye & Trayford 2019 ; 
acchella et al. 2019 ; Wright et al. 2019 for similar conclusions
egarding the connection of quenching with other morphological 
ndicators in simulations). 

Many of the conclusions above have been achieved by separating 
ast and slow rotators using parametric selections in the λr −

plane. Ho we ver, the population of galaxies obtained by these 
arametric forms is diverse, encompassing galaxies that are likely 
o have different origins. Those include what would be considered 
lassic ellipticals (round, non-rotating objects), relatively flat SRs 
flat, non-rotating objects), prolate galaxies (those that display little 
otation and rotate along the minor axis), and 2 σ galaxies (which 
a ve counter -rotating discs that tend to cancel each other’s angular
omentum yielding a net low rotational velocity) (e.g. Emsellem 

t al. 2011 ; Cappellari 2016 ; van de Sande et al. 2021 ). In addition,
imulations suggest that studying the kinematic properties of galaxies 
eyond λr can yield important information regarding the formation 
istories of galaxies (Bois et al. 2011 ; Naab et al. 2014 ; Schulze
t al. 2020 ). van de Sande et al. ( 2021 ) analysed ≈1800 SAMI
alaxies and compared the visual classification of the kinematic 
aps of galaxies with how they would be classified if they were

o use a parametric selection, finding that no simple parametric cut 
n the λr − ε plane can truly provide a high completeness, low 

ontamination sample of galaxies visually classified as non-rotators. 
he reason why contamination is a lot higher than in the original
ork of Emsellem et al. ( 2011 ) is likely the poorer spatial resolution
n SAMI compared to the surv e y ATLAS 

3D used by Emsellem et al.
 2011 ). Because other large IFS surv e ys, such as MaNGA, generally
ave similarly limited spatial resolution, a high contamination in the 
arametric selection of SRs to SAMI is also expected. This lends
ignificant weight to the process of visual classification if we are
o understand the formation mechanisms of truly non- or weakly 
otating galaxies and the possible connection between kinematic 
ransformation and quenching. 

Very few examples exist of visual kinematic classification of 
alaxies in simulations. Among these are the work of Li et al. ( 2018b ),
ho used visual classification of galaxies in the Illustris simulation 

o find prolate galaxies and study their formation mechanisms. They 
ound that the vast majority of prolate galaxies in their simulation
ave had galaxy mergers of nearly radial orbits. Ebrov ́a, Łokas &
li ́a ̌sek ( 2021 ) used visual classification of Illustris galaxies to

dentify those with kinematically decoupled cores (KDCs) and found 
hat they were long lived, with the vast majority of them forming after

ajor mergers. Schulze et al. ( 2018 ) visually classified the kinematic
aps of early-type galaxies in the Magneticum simulation, finding a 

iverse family among SRs, including non-rotators, prolates, and 2 σ
alaxies. Schulze et al. ( 2018 ) found that the parametric selection
f SRs of Emsellem et al. ( 2011 ) led to significant contamination,
ith many galaxies classed as ‘rotators’ being misclassified as SR. 
hese works show that visual classification of simulated galax- 

es can yield new, important information about the formation of 
alaxies. 

In this paper we aim to understand the formation pathways of SRs
nd possible connection to quenching using the EAGLE simulations. 
AGLE is a state-of-the-art cosmological hydrodynamical simulation 
uite (Crain et al. 2015 ; Schaye et al. 2015 ). Its largest cosmological
ox has a good compromise between volume, (100 Mpc) 3 , and
patial resolution, 700 pc, that allows us to have a statistically
ignificant sample of galaxies (several thousands with stellar masses, 
 � > 10 10 M �) and with enough structural detail to be able to

tudy their stellar kinematic properties. EAGLE has been compared 
o several observations of the structural and kinematic properties of 
alaxies in observations, finding that the simulation can reproduce 
easonably well the size–stellar mass relation of active and passive 
alaxies across cosmic time (Lange et al. 2016 ; Furlong et al.
017 ; Rosito et al. 2019 ), the stellar angular momentum–stellar
ass relation (Lagos et al. 2017 ), the fraction of SRs versus stellar
ass (Lagos et al. 2018a ), and the distribution of stellar rotation-to-

ispersion velocity ratio (van de Sande et al. 2019 ; Walo-Mart ́ın et al.
020 ). This makes EAGLE well suited for our experiment. Because
e are interested in separating truly SR galaxies from the rest of

he galaxies, we go through a similar e x ercise as van de Sande et al.
 2021 ), and visually inspect galaxies in EAGLE at z = 0 to (i) select
Rs, and (ii) separate different classes of SRs (flat versus round SRs,
rolate and 2 σ galaxies). We then take advantage of the plethora of
alaxy properties EAGLE allows us to measure to investigate whether 
he different merger histories of SRs in EAGLE leave imprints on their
ntrinsic galaxy properties and kinematic class at z = 0 that could
n principle be used to connect to observed SRs and to understand
hether quenching and kinematic transformation happen in tandem 

r not. 
This paper is organized as follows. Section 2 provides a brief

ummary of the EAGLE simulations, how we compute kinematic 
roperties of galaxies and visually classify them, and build the 
alaxy merger history of galaxies. We also compare the properties 
f SRs between the visually selected versus parametric-selected 
nes in EAGLE . Section 3 analyses the merger history, kinematic
ransformation and quenching of star formation, and the stellar 
MNRAS 509, 4372–4391 (2022) 
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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-equi v alent 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 3 . Here, pkpc and 
ckpc refer to proper and comoving kpc, respectively. 

Property Units Value 

(1) Gas particle mass (M �) 1.81 × 10 6 

(2) DM particle mass (M �) 9.7 × 10 6 

(3) Softening length (ckpc) 2.66 
(4) max. gravitational softening (pkpc) 0.7 
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opulations of the galaxies that are visually classified as SRs in
AGLE . Section 4 analyses the connection between the different
inematic classes of SRs in EAGLE with their merger history, and
nally in Section 5 presents a discussion of the main results and our
onclusions. 

 T H E  EAGLE SIMULATION  

he EAGLE simulation suite (described in detail in Schaye et al. 2015 ,
ereafter S15 , and Crain et al. 2015 , hereafter C15 ) consists of a large
umber of cosmological hydrodynamic simulations with different
esolutions, cosmological volumes and subgrid models, adopting
 Planck Collaboration XVI ( 2014 ) cosmology. S15 introduced
 reference model, within which the parameters of the sub-grid
odels go v erning energy feedback from stars and accreting black

oles (BHs) were calibrated to ensure a good match to the z = 0.1
alaxy stellar mass function, the sizes of present-day disc galaxies
nd the BH–stellar mass relation (see C15 for details on the tuning
f parameters). 
Table 1 summarizes the numerical parameters of the simulation

sed in this work. Throughout the text we use pkpc to denote proper
iloparsecs and cMpc to denote comoving megaparsecs. A key aspect
f EAGLE is the use of state-of-the-art subgrid models that capture
nresolved physics. The subgrid physics modules adopted by EAGLE

nclude: (i) radiative cooling and photoheating (Wiersma, Schaye &
mith 2009a ), (ii) star formation (Schaye & Dalla Vecchia 2008 ), (iii)
tellar evolution and chemical enrichment (Wiersma et al. 2009b ),
iv) stellar feedback (Dalla Vecchia & Schaye 2012 ), and (v) BH
ro wth and acti ve galactic nucleus (AGN) feedback (Rosas-Gue v ara
t al. 2015 ). In addition, the fraction of atomic and molecular gas in a
as particle is calculated in post-processing following Rahmati et al.
 2013 ) and Lagos et al. ( 2015 ). EAGLE employs SUBFIND (Springel
t al. 2001 ; Dolag et al. 2009 ) to identify self-bound o v erdensities of
articles within haloes (i.e. substructures). These substructures are
he galaxies in EAGLE . 

Throughout the text we will refer to ‘central’ and ‘satellite’
alaxies, where the central corresponds to the galaxy hosted by the
ain subhalo of a Friends-of-Friends halo, while other subhaloes
ithin the group host satellite galaxies (Qu et al. 2017 ). Lagos et al.

 2018a ) computed the stellar spin parameters of galaxies in EAGLE

or the simulation of Table 1 , using the definition of Emsellem et al.
 2007 ): 

r = 

∑ 

i L i r i | V i | 
∑ 

i L i r i 
√ 

V 

2 
i + σ 2 

i 

, (1) 

here V i and σ i are the r -band luminosity-weighted line-of-sight
ean and standard deviation velocities in a pixel i of a cubic grid for

ach galaxy, and r i is the distance from the centre of the galaxy to
NRAS 509, 4372–4391 (2022) 
he i th pixel (i.e. the circular radius). Each cubic grid is computed
sing a cell of side 1.5 pkpc, which Lagos et al. ( 2018a ) showed
roduce well-converged results. As in Emsellem et al. ( 2011 ), to
easure these quantities within r , we only include pixels enclosed

y the ellipse of major axis r , ellipticity ε( r ), and position angle
PA (r). ε( r ) is computed within circular apertures of radii r using the
iagonalized inertia tensor of the galaxy’s luminosity surface density
see equations 1–3 in Lagos et al. 2018a which follow Cappellari
t al. 2007 ). Here, we adopt r = r 50 , the half-light radius in the r -
and to make our measurements comparable to observations from
ocal Universe IFU surveys. Note that our method of measuring
( r ) can be biased low compared to what is done in observations,
here isophotes are commonly used. More details on how this was

omputed are presented in section 2.1 of Lagos et al. ( 2018a ). We
easure λr and ε( r ) in two orientations: with galaxies viewed through

he z-axis of the simulation (considered to be random) and orienting
hem edge-on (using the stellar specific angular momentum). As we

easure both these quantities within r 50 , throughout the text we refer
o them as λr 50 and εr 50 for random orientations, and λr 50 , edge −on and
r 50 , edge −on for the edge-on case. 

Lagos et al. ( 2018a ) showed that the fraction of SRs (using a
ariety of definitions based on λr 50 and εr 50 ) decreases steeply with
ecreasing stellar mass, being ≈0.1 at 10 10 M �. Considering this
nd that the quantities abo v e are well converged at stellar masses
bo v e 10 10 M � (see appendix A in Lagos et al. 2018a ), in this study
e focus solely on galaxies abo v e this stellar mass threshold, which

esults in 3638 galaxies at z = 0. 

.1 Galaxy mergers 

e use the merger trees available in the EAGLE data base (McAlpine
t al. 2016 ) to identify galaxy mergers. These merger trees were
reated using the D − T re e s algorithm of Jiang et al. ( 2014 ). Qu
t al. ( 2017 ) described how this algorithm was adapted to work with
AGLE outputs. Galaxies that went through mergers have more than
ne progenitor, and for our purpose, we track the most massive
rogenitors of the merged galaxies, and compare the kinematic
roperties of those with that of the merger remnant. The trees stored
n the public data base of EAGLE connect 29 epochs. The time
pan between snapshots range from ≈0.3 Gyr to ≈1 Gyr. Lagos
t al. ( 2017 ) showed that these time-scales are appropriate to study
he effect of galaxy mergers on the specific angular momentum of
alaxies, as � 1 Gyr correspond to the merger settling time. Here,
e study the merger history from a loockback time of 0 to 10 Gyr
f z = 0 galaxies. We classify galaxy mergers as major mergers
hen the stellar mass ratio between the secondary and the primary
alaxy, M � , sec / M � , prim 

, is ≥0.3. Minor mergers are those in which this
atio is between 0.1 and 0.3. We classify mergers with smaller mass
atios as ‘very minor mergers’. The distinction between very minor
ergers and higher mass ratio mergers is important, as the remnants

f the former can have drastically different properties (Karademir
t al. 2019 ). Even with this classification of mergers, ≈21 per cent
f galaxies with M � ≥ 10 10 M � do not have mergers identified in the
ast 10 Gyr. Table 2 summarizes the number of galaxies we find in
ach of these merger classes. 

In addition, we compute the total star-forming gas ( M SFgas )-to-
tellar mass ratio involved in the galaxy merger: M SFgas , total /M �, total =
 

M 

i 
SFgas / 

∑ 

M 

i 
� , where i = 0, 1 (for two galaxies involved in

 merger). This fraction provides a measurement of whether a
erger is gas-rich or poor, with a threshold at M SFgas, total / M � , total 

0.1 separating gas-poor and gas-intermediate or rich mergers.
his threshold comes from the distribution of M SFgas, total / M � , total in
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Table 2. Number of galaxies in EAGLE at z = 0 that have M � ≥ 10 10 M � 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 10 M � 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 / M � , prim 

> 0) 650 
Wet mergers (no dry mergers; M � , sec / M � , prim 

> 0) 2213 
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alaxy mergers in EAGLE presented by Lagos et al. ( 2018b ). We split
alaxies between those that went through dry and wet mergers, by 
electing those that had ≥1 dry mergers o v er the last 10 Gyr, and
hose that did not but had ≥1 wet mergers o v er the same period
statistics of those are presented in Table 2 ). The logic of this split is
hat dry mergers on average happen later compared to wet mergers, 
nd hence in the presence of dry mergers, the past history of wet
ergers is less rele v ant. 

.2 Building mock kinematic maps of EAGLE galaxies 

n important aspect of this paper is the visual classification of EAGLE

alaxies in a way that resembles the SAMI surv e y classification of
an de Sande et al. ( 2021 ). Hence, we aim to build stellar kinematic
aps that mimic SAMI in terms of spatial and velocity sampling, as
ell as seeing. For this purpose we generate mock kinematic cubes 

or each EAGLE galaxy with M � ≥ 10 10 M � using the R-package 
IMSPIN (Harborne, Power & Robotham 2020a ). 

SIMSPIN takes an N-body or hydrodynamical SPH simulation and 
roduces a kinematic data cube in the style of an IFS observation. We
ave designed these mock observations to reflect the observational 
arameters of the SAMI surv e y (Scott et al. 2018 ): kinematic cubes
ave a spatial pixel size of 0.5 arcsec and a velocity pixel size of
5 km s −1 (Green et al. 2018 ). 
In each case, the stellar particle properties (initial mass, age, and 
etallicity) are used to assign a flux to each particle. We logarith-
ically interpolate the GALEXEV synthesis models (Bruzual & 

harlot 2003 , hereafter BC03 ) for simple stellar populations to 
enerate a spectral energy distribution (SED) for each stellar particle 
sing PROSPECT (Robotham et al. 2020 ). In cases in which the
etallicities lie outside the boundaries of the BC03 range, we 

xtrapolate to find a solution as in Trayford et al. ( 2015 ). 
Each galaxy has been projected to a distance such that the projected 

alf-stellar mass radius is equi v alent to a consistent number of pixels
ithin the aperture to reduce the effects of spatial sampling. The 
elocities of each particle have been convolved with a Gaussian 
unction to mimic the instrumentation effects, using a kernel of 
.65 Å to match the line-spread function of the blue observing arm 

f the SAMI spectrograph (van de Sande et al. 2017b ). We have
urther included a realistic level of seeing in these mock observations 
y convolving each spatial plane in the data cube with a Gaussian
oint-spread function with full width at half-maximum (FWHM) of 
 arcsec. These images are produced at several inclinations, oriented 
sing the inertia tensor. Unless otherwise specified, we use the images 
roduced at an inclination of 60 degrees. This inclination is chosen 
s we are trying to balance two requirements: (i) to a v oid edge-on
nclinations as those hamper the visual classification of, specially, 
elocity dispersion maps when searching for decoupled cores, local 
eaks of σ , etc.; (ii) to a v oid orientations too close to face-on as those
 ould mak e all galaxies appear round. The chosen 60 degrees is a
ood compromise, corresponds to the average inclination of galaxies 
n the Universe, and is one in which intrinsically flat galaxies are still
asy to identify as such. 

Flux, line-of-sight (LOS) velocity, and velocity dispersion maps 
re constructed from these mock data cubes and visualized using 
YNMAP . 1 Flux maps are simply the sum of the flux in each pixel
hroughout the cube; LOS velocity maps are the flux-weighted mean 
f the velocities at each pixel; and LOS velocity dispersion maps
re the flux-weighted standard deviation of the velocities in each 
ix el. F or more information about the construction of these data
roducts, we direct the reader to Harborne et al. ( 2020a ). Fig. 1
hows examples of the maps generated with SIMSPIN and visualized 
sing PYNMAP . In some cases the central stellar velocity dispersion
s lower than in the outskirts (see third and bottom right-hand panels
f Fig. 1 ). We find this to be a frequent feature in massive galaxies
n EAGLE . In fact, ≈55 per cent of galaxies with M � > 10 10 M � have
� (0 . 5 r 50 ) < σ� (r 50 ), where σ� (0 . 5 r 50 ) and σ � ( r 50 ) are the stellar
elocity dispersions measured using particles within 0 . 5 r 50 and r 50 ,
espectively. This is further discussed in Section 3.3. 

.3 Visual classification of simulated kinematic maps 

n previous papers we have classified galaxies as slow and fast
otators using parametric criteria based on the distribution of galaxies 
n the λr 50 − εr 50 plane. Recently, van de Sande et al. ( 2021 ) have
uestioned the applicability of these criteria which, for the most 
art, have been built with higher resolution data, highlighting that a
isual classification of kinematic maps yields different classifications 
o those obtained by parametric criteria. Harborne et al. ( 2020b ),
sing numerical simulations of galaxies of different disc/bulge ratios, 
uantified how resolution affects the derived λR . They found that 
ower resolution leads to artificially low λR , which can lead to
alaxies being misclassified as being below the line of slow rotators
n the λR − ε plane. A similar result was presented in Graham et al.
 2018 ). In addition, Naab et al. ( 2014 ) showed that the details of the
inematic maps of galaxies can yield important information about 
he formation history of SRs, making visual classification desirable 
o advance our understanding of galaxy evolution. 

Here, we take advantage of the maps generated in Section 2.2 to
o through a similar classification campaign as presented in van de
ande et al. ( 2021 ) for SAMI. The aim is to isolate ‘unambiguous’
Rs in EAGLE and understand their relation to assembly history as
ell as environment. Here, unambiguous refers to galaxies that 
isually look like SRs. We first select all galaxies with M � ≥
0 10 M �, which are expected to have well-converged internal stellar
inematics. From this sample, we take a very conserv ati ve selection
n λr 50 , edge −on ≤ 0 . 2. van de Sande et al. ( 2021 ) decomposed the
alaxy population in bins of stellar mass and used mixture models to
etermine the existence of a distinct population of low λr 50 in SAMI
nd several simulations, including EAGLE . A cut at λr 50 , edge −on ≤ 0 . 2
omfortably includes all galaxies that belong to the population of low
r 50 in EAGLE . This selection in stellar mass and λr 50 , edge −on yields 
59 galaxies at z = 0. 
We ask five members of our team to independently classify those
aps into six different kinematic classes: flat SRs (FSR), round SRs
MNRAS 509, 4372–4391 (2022) 
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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 −1 ). From 

top to bottom, we show examples of galaxies with 100 per cent agreement 
among classifiers that belong to the flat SR, round SR, 2 σ , 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 ). 

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. 
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RSR), 2 σ galaxies (that display two clear peaks in the stellar velocity
ispersion map), prolate galaxies (Prol; those displaying rotation
long the minor axis), unclear (Uncl) and rotators. We purposely
 v oid giving any instructions to the classifiers and simply let them
ssess what they expect for these different classes. We believe this
rovides a truly independent classification and a v oid confirmation
ias. We then compiled these classifications and analyse the level of
greement. Fig. 1 shows six examples of the kinematic classes abo v e,
or which all classifiers agreed. For the Uncl cases, we find that those
enerally are similar to the example shown in Fig. 1 , in which there
s a lot of substructure that is assigned to the same subhalo. This is a
ell-known shortcoming of 3D subhalo finders (Ca ̃ nas et al. 2019 ),
hich tends to get worse in high density environments. 
The left-hand panel of Fig. 2 shows the distribution of matching

uccess among classifiers. Most galaxies can be kinematically
lassified with an agreement ≥60 per cent (3 out of 5 classifiers agree
n the class). By adopting this threshold, we are left with 501 of the
nitially 559 classified galaxies (i.e. ≈90 per cent of the sample). The
ight-hand panel of Fig. 2 shows the distribution of kinematic classes
n the different levels of agreement of each independent classifier.
or the cases in which 2/5 agree, we find that the conflict arises in
hether galaxies are rotators/unclear or not. 2 σ galaxies are also hard

o classify, with most of them being in the matching success panels
f 40 per cent and 60 per cent. We note that EAGLE produces galaxies
f diverse kinematic classes, which are also seen in observations
Emsellem et al. 2011 ). Schulze et al. ( 2018 ) via visual classification
f the kinematic maps of early-type galaxies in the Magneticum
imulations also found similarly diverse kinematic classes. Table 3
resents the number of galaxies classified in each kinematic class
ith a confidence level ≥60 per cent. 
The classification between FSR and RSR so far adopted can

e subjective. In order to determine whether there is an obvious
llipticity threshold distinguishing between the two subclasses, we
urn to the ellipticity distribution of the visual classes, FSRs and
SRs. 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 
2 σ 12 
Unclear 9 
Rotator 1 

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 εr 50 , 60deg = 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 
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f εr 50 , 60deg = 0 . 2 appears appropriate for all classifiers. From hereon,
e use this threshold to classify galaxies between FSR and RSR. 
From these findings, we will consider as SRs in EAGLE all galaxies

isually classified as FSR, RSR, and prolate. Unless otherwise 
pecified, we only consider SRs in which there is ≥60 per cent
greement among classifiers and refer to this sample as unambiguous 
Rs. This threshold was chosen to be similar to that adopted in
an de Sande et al. ( 2021 ). Table 4 presents the breakdown in the
ncidence of different types of mergers in the unambiguous SRs and 
he breakdown between centrals and satellites. Because some of the 
ubsamples are rather small, we tend to subdivide them in ways that
e al w ays have ≥10 galaxies to measure medians from. 
.4 P arametric v ersus visually classified slo w rotators in EAGLE 

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

Fig. 4 shows the distribution of λr 50 , εr 50 , σr 50 , and stellar mass of all
alaxies in EAGLE at z = 0 with M � ≥ 10 10 M �, and the subsamples
f galaxies selected as SRs based on the parametric classification 
f van de Sande et al. ( 2021 ) and the visually identified SRs. The
arametric classification of van de Sande et al. ( 2021 ) is as follows: 

r 50 < 0 . 12 + 0 . 25 εr 50 , for εr 50 ≤ 0 . 5 . (2) 

ost visually classified SRs fall within the classification of van de
ande et al. ( 2021 ) with a small fraction ( ≈12 per cent) falling in

he region of low εr 50 and elevated λr 50 . We visually inspect the
alaxies that are in the unambiguous SR sample and have λr 50 > 0 . 2
 ≈6 per cent of the sample). We find these are a mix bag of 2 σ
 alaxies, g alaxies that have some rotation in the outskirts but none in
he central parts, and galaxies that have contamination from substruc- 
ure but not enough as to fall in the ‘unclear’ cate gory, so the y can
till be easily identified as SR. Something in common among these
alaxies is that they have 0 . 1 < λr 50 , edge −on < 0 . 2, so by the original
riterion of Emsellem et al. ( 2007 ) they would not be considered SRs.
here is another, even smaller fraction ( ≈2.7 per cent) of SRs in the
nambiguous SR sample with εr 50 > 0 . 5. The success rate of the
an de Sande et al. ( 2021 ) classification in EAGLE is ≈85 per cent,
hich is similar to the success rate obtained by the authors using
 visually classified sample of SAMI galaxies ( ≈90 per cent). The
ownside is that this parametric selection has a high contamination 
ate, selecting 295 galaxies that are not SRs (40 of those have a
ower visual classification confidence, < 60 per cent, and 205 have
r 50 , edge −on > 0 . 2). Even in the best case scenario (in which we drop
ur confidence threshold down to 40 per cent), the purity of the
election (fraction of unambiguous SRs) would be 65 per cent in
AGLE . 

In general, we find that the visually classified SRs prefer εr 50 � 0 . 5,
ith most of them having 0 . 1 � εr 50 � 0 . 5. Note that these values of

r 50 co v er a wider range than the SR selection criterion of Cappellari
 2016 ), who imposes a threshold εr 50 ≤ 0 . 4 for a galaxy to be
onsidered an SR. Thus, the criterion of van de Sande et al. ( 2021 )
orks better in EAGLE , albeit with a high contamination. From the
rst and third panels of Fig. 4 , it is clear that visually classified
Rs tend to populate the lower λr 50 and higher σr 50 regions of the
arametric SRs distributions. There is also a small tendency of the
isual SRs to have lower εr 50 and higher stellar masses than the
arametric SRs. In addition to the properties in Fig. 4 , we investigated
everal other galaxy properties and found that the specific SFR 

sSFR) and r 50 were on average 23 per cent lower and 10 per cent
arger, respectively, in the visual SRs compared to the parametric 
nes. Visual SRs also have a higher incidence of galaxy mergers, with
he mean number of mergers in this sample being ≈4.3 compared
o 3.7 in the parametric SRs. All the evidence abo v e shows the
mportance of the visual classification of the kinematic maps we 
resent in this paper required to isolate a sample of unambiguous
Rs in the simulation, from which we can study their kinematic

ransformation. 
An interesting result in Fig. 4 regarding the entire galaxy popula-

ion in EAGLE , is that the λr 50 distribution shows signs of a bimodality,
ith peaks at ≈0.2 and ≈0.6. van de Sande et al. ( 2021 ) present a
etailed quantification of the existence of a bimodality in λr 50 at 
xed stellar mass, and conclude that even though this bimodality is
MNRAS 509, 4372–4391 (2022) 
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Figure 4. Distribution of λr 50 , εr 50 , stellar velocity dispersion, and stellar mass of z = 0 galaxies in EAGLE with M � ≥ 10 10 M �. 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. 
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Figure 5. λr 50 as a function of εr 50 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. 
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lear in SAMI (see also Graham et al. 2018 for a similar analysis
n MaNGA), it appears less clear in EAGLE . For massive galaxies,
an de Sande et al. ( 2021 ) showed that, although two beta functions
ere required for a good fit, the one peaking at low λr 50 in EAGLE

ad a prominent tail towards high values of λr 50 . One important
ifference with the analysis of van de Sande et al. ( 2021 ) is that here
e include all EAGLE galaxies with M � ≥ 10 10 M �, while van de
ande et al. ( 2021 ) analysed a subsample of the simulation selected

o have the same stellar mass distribution as the SAMI surv e y, which
nds up biased towards high masses (with a peak at 10 10 . 3 M �). This
ossibly means that the bimodality in observations may be stronger
han reported, in which case a volume complete sample would be
eeded to confirm that. Another important result from Fig. 4 is that
he sample of visually classified SRs in EAGLE is only a fraction of
he galaxies that would be associated with the low λr 50 population.
his population of SRs is not distinct enough to be cleanly separated
y statistical means, lending support to our approach of visually
lassifying galaxies to study the formation mechanisms of SRs in
AGLE . 

 T H E  PROPERTIES  O F  SLOW  ROTATO R S  IN  

AGLE 

n this section we analyse various properties of EAGLE galaxies
elected as SRs based on the visual classification presented in
ection 2.3 and that have a classification confidence ≥60 per cent. 
We study the distribution of SRs in the λr 50 –εr 50 in Fig. 5 . We

eparate SRs that had ≥1 minor or major mergers in the last 10 Gyr,
rom those that did not. We show for reference the parametric SR
lassifications of Cappellari ( 2016 ) and van de Sande et al. ( 2021 ).
ig. 5 shows that the most massive SRs have had ≥1 minor or major
ergers in the last 10 Gyr, while in the subset of SRs without mergers

r e xclusiv ely v ery minor mergers, we preferentially find lower mass
alaxies. This is quantified in the top panel of Fig. 6 , where we
how the contribution of the four subsets of SRs selected based on
heir merger history as a function of stellar mass. The subset of ‘no

ergers’ is only present at 10 10 M � < M � < 10 10 . 5 M �, while most
alaxies in the ‘very minor mergers’ subset are preferentially in the
0 10 M � < M � < 10 11 M � range. The fraction of SRs that have not
xperienced mergers is much smaller than the ‘no mergers’ fraction
f the entire galaxy population at fixed stellar mass (see bottom panel
f Fig. 6 ). On the other hand, about 40 −50 per cent of SRs had ≥1
ajor mergers in the last 10 Gyr, even at relative low stellar masses

10 10 M � < M � < 10 10 . 5 M �), which is twice the incidence of major
ergers seen in the o v erall galaxy population at the same stellar mass.
NRAS 509, 4372–4391 (2022) 
inor and very minor mergers are represented in similar fractions in
he SRs and all galaxies samples at fixed stellar mass. 

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

ystematically different among these SRs. 

.1 Intrinsic properties of slow rotators 

e focus on intrinsic properties of SRs that have attracted interest
n the literature, including: intrinsic shape, velocity anisotropy, and
izes. In addition, as we are interested in quenching and galaxy

art/stab3128_f4.eps
art/stab3128_f5.eps


Formation pathways of slow rotators in EAGLE 4379 

    
0.0

0.2

0.4

0.6

0.8

1.0
Fr

ac
tio

n 
of

 S
R

 (v
is

ua
l c

la
ss

)

major mergers

minor mergers

very minorno mergers

10.0 10.5 11.0 11.5
log10(Mstars/M )

0.0

0.2

0.4

0.6

0.8

Fr
ac

tio
n 

of
 a

ll 
ga

la
xi

es

Figure 6. The top panel shows the fraction of SRs that had ≥1 major mergers 
(gre y shaded re gion), no major mergers but ≥1 minor mergers (green), no 
minor or major mergers, but ≥1 very minor mergers (blue) and no mergers 
(red) o v er 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. 
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Figure 7. Left-hand panels: Triaxiality (top), anisotropy stellar velocity 
dispersion (second), 3D S ́ersic 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 −1 ). 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 
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ergers in SRs, we also explore their BH masses and stellar ex-situ
raction, f ex-situ . 

The left-hand panels of Fig. 7 show the triaxiality, stellar velocity 
nisotropy, f ex-situ , r -band half-light radius and BH-to-stellar mass 
atio, as a function of stellar mass of SRs at z = 0 in EAGLE

lassified based on their merger history. The first two quantities 
bo v e come from the EAGLE analysis of Thob et al. ( 2019 ), which
e briefly describe here. For each galaxy, all stellar particles within 
 spherical aperture of radius 30 pkpc are used to measure the tensor
f the quadrupole moments of the mass distribution (which share 
igenvectors with the inertia tensor). The axes lengths a (major 
xis), b (intermediate axis), and c (minor axis) are defined by the
quare root of the eigenvalues of the mass distribution tensor, λi (for
 = 0 , 1 , 2). These axes are then used to measure a first pass for
he ellipticity ( ε = 1 − c / a ) and triaxiality ( T = ( a 2 − b 2 )/( a 2 −
 

2 )). These values are then used to select stellar particles that are
nclosed in the ellipsoid of axes ratios a / b , a / c of equal volume as
he sphere of r = 30 pkpc. These particles are used to remeasure the
llipsoid axes. This iterative process continues until changes in a , 
 , c are < 1 per cent. A perfect spherical galaxy has ε = 0 and T is
ndefined. Low and high values of T correspond to oblate and prolate
llipsoids, respectively. The stellar velocity anisotropy, δstars , depends 
n the velocity dispersion parallel, σ � , and perpendicular, σ⊥ 

, to the 
tellar angular momentum vector of the galaxy (all measured with 
tellar particles at r < 30 pkpc from the centre of potential), δstars =
 − ( σ⊥ 

/ σ � ) 2 . If δstars > 0, then the stellar velocity dispersion is
ominated by disordered motions in the disc plane. 
We also make use of the stellar ex-situ fractions, f ex-situ computed 

y Davison et al. ( 2020 ) for EAGLE galaxies at z = 0. Here, f ex-situ 

efers to the fraction of stars that did not form in the main progenitor
ranch of the z = 0 galaxy, and hence was acquired from galaxies that
equality. 
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erged on to the main progenitor in the past (or were acquired after
lose interactions). This is computed considering all stellar particles
ithin 30 kpc from the galaxy’s centre. For reference, the left-hand
anels of Fig. 7 also show the median of these quantities as a function
f stellar mass for galaxies that are considered to be main sequence
those with a sSFR > 0 . 01 Gyr −1 ; Furlong et al. 2015 ). 

The samples of SRs split by their merger history can quickly
ecome very small and hence the correlation with stellar mass can
e noisy. To try to identify main trends, we also show in the right-hand
anels of Fig. 7 the median ratio between the quantity in the left-
and panel for the subsample of SRs and for a control sample of fast
otators and SRs matched to have the same stellar mass distribution. 2 

We find that SRs without mergers are very oblate ( T � 0.2)
ompared to other SRs, and in fact similar to what we expect for
ain sequence galaxies and fast rotators of the same stellar mass.
ven though these SRs are very compact, r 50 ≈ 2 −3 pkpc, they are
till abo v e the resolution limit by a factor of ≈3 −4, and given their
ass, we expect them to be resolved with � 3000 particles, so we

onsider these measurements reliable. 
There is a tendency for T to increase going from SRs that went

 xclusiv ely through very minor mergers to those that went through
ajor mergers at fixed stellar mass. Most of the prolate SRs ( T �

.7) correspond to galaxies that went through major mergers, while
ery minor and minor mergers are preferentially associated with
riaxial systems (0.3 � T � 0.7), particularly at 10 10 M � � M � <

0 10 . 7 M �. Compared to other simulations we find some interesting
ifferences. Pulsoni et al. ( 2020 ) found that in the Illustris-TNG100
imulation there is a large fraction ( ≈83 per cent) of SRs that are
riaxial (0.3 � T � 0.7) at r < 1 − 2r 50 , which we do not see in EAGLE

 ≈34 per cent are triaxial at small radii). Most of the triaxial SRs in
llustris-TNG are in the stellar mass range 10 10 . 5 –10 11 . 5 M �, while
n EAGLE , 50 per cent (80 per cent) are < 10 10 . 5 M � (10 10 . 9 M �). The
easons for these differences are not easy to pinpoint but it is worth
ighlighting them for future research. 
Most SRs have 0.2 � δstars � 0.6, which is similar to the values

eported for SRs in Schulze et al. ( 2018 ) for the Magneticum
imulations. Most of the galaxies with δstars < 0.2 are main sequence
alaxies (with sSFR � 0 . 025 Gyr −1 ) and fast rotators (0 . 2 � λr 50 �
 . 7, where the limits correspond to the 25th −75th percentile range)
lso in agreement with the findings in Schulze et al. ( 2018 ). We
dentify a weak trend of δstars increasing when going from SRs that
ent through major mergers, minor and very minor mergers, to those

hat have not had mergers, at fixed stellar mass. The medians in the
ight-hand panel show this trend more clearly . Interestingly , most
alaxies, even main sequence galaxies, show δstars > 0, indicating
� > σ⊥ 

. Thob et al. ( 2019 ) found that the most flattened systems are
lso the ones with the highest δstars due to the fact that in a flat system
ou expect little vertical stellar velocity dispersion, which leads to
 smaller scale height. Major mergers therefore act to dynamically
eat the galaxies making σ⊥ 

approach σ � . 
The third panels of Fig. 7 show the 3D S ̀ersic index, n Sersic 

measured from the 3D stellar mass distributions). There is a trend
etween n Sersic and the assembly history of an SR galaxy, whereby
alaxies that have had major/minor mergers tend to have higher n Sersic 

han those that had only very minor mergers or no mergers at all.
 If our sample of interest is A and we want to draw a subsample from B to 
ave the same stellar mass distribution of A, we randomly choose N galaxies 
n narrow stellar mass bins from B, where N is the number of galaxies of 
hat stellar mass in A. In our case A are the subsamples of SRs split by their 
erger history, and B are either all fast rotators or SRs in EAGLE . 
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ote that SRs with no mergers or very minor mergers have lower
 Sersic than even main sequence galaxies. Lagos et al. ( 2018a ) showed
hat in EAGLE , galaxies that have had dry or wet mergers had a higher
 Sersic than galaxies without mergers. Here, we show that trends with
erger history remain even when we select slow rotators only. 
The fourth panels of Fig. 7 show that the ex-situ fraction strongly

ncreases going from SRs without mergers, to SRs that have had ≥1
ajor mergers, at fixed stellar mass. The subsample of SRs without
ergers has an even smaller f ex-situ than main sequence galaxies of

he same stellar mass, while the subsample of SRs with e xclusiv ely
ery minor mergers appears similar to main sequence galaxies.
nterestingly, at M � � 10 11 M �, SRs that went through N ≥ 1 major
erger have as much f ex-situ as those that went only through minor
ergers. 
The fifth and bottom panels of Fig. 7 show a tendency for SRs

ithout mergers to be more compact and have a lower BH-to-
tellar mass ratio than the rest of the SRs at fixed stellar mass.
he half-light radius increases from SRs that e xclusiv ely had v ery
inor mergers to those that had major or minor mergers. The

atter are also the ones with the highest BH-to-stellar mass ratio.
hese differences are suggestive of different quenching mechanisms
etween the subsamples. This is further discussed in the next section.

.2 Kinematic transformation and quenching of slow rotators 

he top panel of Fig. 8 shows the evolution of λr 50 , edge −on of z = 0 SRs
lassified by their merger history. We find that they follow similar
r 50 , edge −on evolutionary tracks, in which most of the transformation
appens in the last 6 Gyr, on average, and by < 2 Gyr they are
lmost all completed. The main difference between SRs that went
hrough different merger histories is when they formed their stars.
Rs without mergers are the youngest ones, while those that went
 xclusiv ely through v ery minor or minor mergers are the oldest,
gain suggesting different quenching mechanisms. The top panels of
ig. 9 shows this more clearly. The sSFR of SRs without mergers
eviated from the main sequence at later times than other SRs, and
y 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
and, the rest of the SRs are much more quenched by z = 0, with
hose having only very minor mergers being the first to deviate from
he main sequence at ≈9 Gyr of look-back time. We find that in the
ample of SRs without mergers, deviations from the main sequence
re accompanied by changes in λr 50 , which start happening on average
t a look-back time of 6 Gyr. This is not the case for the other SRs,
here the kinematic transformation is disconnected from the star

ormation quenching. Even though the medians of the evolutionary
racks of λr 50 are smooth, by visual inspection of individual tracks,
e find that most galaxies tend to display a sharp decrease in λr 50 

suggestive of mergers). The timing of galaxy mergers average out to
ive a smooth average track but leading to a large scatter around the
edian at look-back times � 1.5 −2 Gyr; the quick transformation of

r 50 in individual galaxies is happening mostly throughout look-back
imes ≈2 −6 Gyr. This agrees with the low fraction of SRs found in
bservations at z ≈ 0.6, which increases rapidly to z = 0 (Cole et al.
020 ). 
The bottom panels of Figs 8 and 9 focus on SRs that had N ≥ 1
ergers (of any mass ratio), but we separate them between wet and

ry mergers (based on whether M SFgas , total /M �, total is > or < 0.1,
espectively; see Section 2.1 for details). SRs that had N ≥ 1 dry
ergers are older and have progenitors with higher λr 50 , edge −on than

he counterparts with N ≥ 1 wet mergers and no dry mergers.
his happens because dry mergers are more ef fecti ve at decreasing
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r 50 , edge −on , as shown by Lagos et al. ( 2018a ). Although by z = 0
oth types of SRs have similarly low sSFRs, SRs that had N ≥ 1 dry
erger started deviating from the main sequence earlier than those 

hat had N ≥ 1 wet merger, explaining their older age. 
One key question is how these SRs quenched – or similarly, what 

ed them to start deviating from the main sequence. Because of the
igh stellar masses of these galaxies ( ≥ 10 10 M �), there are only two
lausible pathways in which they could have quenched in EAGLE : 
ue to AGN feedback or environmental effects. The latter mostly 
appens in EAGLE due to tidal interactions between galaxies, tidal 
tripping, and ram pressure stripping (Marasco et al. 2016 ; Bah ́e
t al. 2017 ). We explore this by separating the merger samples of
Rs of Fig. 9 into centrals and satellites. Fig. 10 shows the fraction
f galaxies among SRs that had different merger histories that are 
atellites by z = 0. SRs that have not had mergers or have had
 xclusiv ely v ery minor mergers hav e a clear preference for being
atellite galaxies compared to other slow and fast rotators of the 
ame stellar mass. Within SRs, those that have had major or minor
ergers make the vast majority of central galaxies. These results 

lready indicate environment has likely played an important role in 
MNRAS 509, 4372–4391 (2022) 
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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 
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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 
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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 . 
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uenching SRs mostly for the subsamples that had no mergers or
 xclusiv ely v ery minor mergers. Ho we v er, the e xcess in satellites
oes not uniquely point to environment as a source of quenching. 
To isolate environment from AGN feedback as potential sources

f quenching, we track back the time at which each SR departed
he main sequence for the first time ( τ depart ; which corresponds to
he first time the sSFR of the SRs crossed the lower dotted line
n Fig. 9 ) and measure their central BH mass, M BH(at quench) . Bower
t al. ( 2017 ) showed that in EAGLE , galaxies being quenched by AGN
eedback are characterized by a strongly non-linear BH growth phase,
hich makes the relative BH-to-stellar mass ratio a good indicator of
GN feedback in action. We normalize M BH(atquench) by the median
entral BH mass of main sequence galaxies of the same stellar
ass of the SR’s progenitor at τ depart , M BH(MS) , and save the ratio,
 BH(at quench) /M BH(MS) . The top panel of Fig. 11 shows the median and

5th −75th percentiles of the distribution of M BH(at quench) /M BH(MS) 

or z = 0 SRs selected based on their merger histories. We show this
eparately for SRs that by z = 0 are centrals and satellites. Overall
e see a tendency for SRs to have overly massive BHs compared to
ain sequence galaxies of the same stellar mass at τ depart . The only

xceptions are SRs that have not had mergers and end up as satellite
alaxies by z = 0; this population has light black holes compared to
ain sequence galaxies at τ depart . 
Trayford et al. ( 2016 ) showed that excess BH mass is a strong

ndicator of colour transformation and quenching; Trayford et al.
 2016 ), Wright et al. ( 2019 ) quantified that and showed that galaxies
ith o v erly massiv e BHs or high specific BH growth rates quench
uch more rapidly than those with lighter BHs (relative to their

tellar mass), both in terms of colour transformation, as well as
NRAS 509, 4372–4391 (2022) 
epartures from the sSFR main sequence. Hence, the top panel of
ig. 11 suggests that the vast majority of SRs quenched due to AGN
eedback, with the exception of z = 0 satellite SRs that have not
ad mergers. We also highlight that AGN are likely to be the source
f quenching even for satellite SRs that have had major , minor , or
ery minor mergers. We caution that this interpretation of overly
ized BHs being an indicator of AGN feedback quenching applies
o EAGLE (see Bower et al. 2017 ). However, this may not work in
imulations implementing different models of AGN feedback that
re not tied to rapid BH growth phases. Note that the trends of
 BH(atquench) / M BH(MS) at τ depart for these different SRs continues to

old at later times, as shown in the bottom panels of Fig. 7 for z = 0.
he top panel of Fig. 11 also shows M BH(atquench) / M BH(MS) at τ depart for
 = 0 SRs that had ≥1 dry or wet merger in the last 10 Gyr. Overall
hese are similar to the o v erall major/minor merger SRs subsample. 

The bottom panel of Fig. 11 shows the quenching time-scale of
hese SRs defined as the time it took to transition from the main
equence down to an arbitrary low level of star formation, τ quench .
n this paper, we use the method of Wright et al. ( 2019 ), which
onsists of measuring the time it took for a galaxy to change its
SFR from MS(M � ) − c high to MS(M � ) − c low , where MS(M � ) =
og 10 (sSFR MS (M � ) / Gyr −1 ) is the sSFR of the main sequence at M � .
ere, we adopt c high = 0.25 and c low = 0.85 (lower thin dotted and
ashed lines in Fig. 9 ). Note that these values are slightly different
o those adopted in Wright et al. ( 2019 ), but they give us the best
tatistics for τ quench , as the value of c low = 1.3 dex adopted in Wright
t al. ( 2019 ) leads to about half of the SRs in the ‘no merger’
ubsample to have undefined τ quench . We note that typical values for
 low adopted in the literature range from ≈1.6 to 0.3 dex (B ́ethermin
t al. 2015 ; Davies et al. 2018 ; Wang et al. 2018 ). 

Most SRs have τ quench ≈ 1–2 Gyr, in agreement with quenching
ime-scales derived in observations (Smethurst et al. 2018 ). Note
hat satellite SRs in the ‘no merger’ sample quench fast, τ quench ≈
.9 Gyr, despite them having o v erly light BHs. This is the only
ubsample in which this happens. If we focus on central galaxies that
y z = 0 are SRs and had galaxy mergers, we find that changes in
r 50 , edge −on happen after galaxies quench, on average (galaxies start
eviating from the main sequence earlier than they start showing
r 50 , edge −on � 0 . 5). We quantify this by comparing the look-back time
t which the SRs’ progenitors leave the main sequence ( c high = 0.25)
ith the time at which progenitors have a λr 50 , edge −on that is 0.8 times

he maximum λr 50 , edge −on they had. We find that for SRs that have had
ergers, quenching starts happening ≈1 −2 Gyr before λr 50 , edge −on 

rops below 80 per cent its maximum historical value, while for
Rs that have not had mergers, this happens roughly at the same

ime (within 0.2 Gyr). The emerging picture is that AGN feedback
uenches these centrals galaxies at z � 1, and subsequent mergers are
esponsible for the kinematic transformation leading them to become
Rs. 
To address the effect of environment in quenching and potential

ransformation of the kinematics of satellite galaxies, we show in
he left-hand panel of Fig. 12 the relative change of λr 50 , edge −on ,
λr 50 , edge −on , and sSFR, δ sSFR, for satellite SRs in our four samples
plit by their merger history. This relative change is computed
etween z = 0 and the last time the galaxy was a central, 

i = 

i( z = 0) − i(last central) 

i(last central) 
, (3) 

ith i = λr 50 , edge −on or sSFR. By definition, δi ≥−1, with a value δi =
1 indicating the quantity of interest at z = 0 is = 0 (which is often

he case for sSFR). The look-back time to when satellite SRs were
ast central has a median of ≈6 Gyr, and a 16th and 84th percentiles of

art/stab3128_f11.eps
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Figure 12. Left-hand panel: Relative change in λr 50 (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 λr 50 (edge − on) and sSFR 

for all z = 0 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). 
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3 Their 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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2.5 Gyr and ≈8.6 Gyr, respectively (most of them became satellites
t z < 1, as expected). The right-hand panel of Fig. 12 also shows
λr 50 , edge −on and δ sSFR for the whole population of z = 0 satellite 
alaxies with M � ≥ 10 10 M �. We find that in all cases, satellites that
y z = 0 are visually classified as SRs suffered significant quenching
nd kinematic transformation since becoming a satellite galaxy. The 
ase of the whole population of satellites is very different; quenching 
ere is unaccompanied by kinematic transformations. Even though 
ost satellites suffer an o v erall decrease in λr 50 , edge −on , this is small

ompared to the change in sSFR. The latter is consistent with what
ortese et al. ( 2019 ) inferred for satellite galaxies in the SAMI surv e y,
nd agree with the analysis presented there for EAGLE in which net
hanges in stellar rotation-to-dispersion velocity ratio were compared 
o net changes in SFR to find that the two were decoupled. We
nvestigate the effect of environment further by studying how many 
f these z = 0 SR satellites suffered their last merger after becoming
atellites. We find that this happens frequently: ≈50 per cent of SR
atellites had their last merger after becoming satellites (for the 
eneral population of satellites with M � ≥ 10 10 M � this is much 
ower, ≈20 per cent). To isolate the environment effect (which we 
ssociate with interactions with the tidal field of the halo and the
entral galaxy) from those of mergers with other satellite galaxies, 
he right-hand panel of Fig. 12 shows the subsample of satellites that
ad their last merger prior to becoming satellites. We see significant 
ifferences with the left-hand panel of Fig. 12 . Overall, the relative
hange in λr 50 , edge −on is significantly smaller for satellites that had 
ergers (particularly major or minor mergers) prior to becoming 

atellites. This shows that satellite–satellite mergers are at least as 
f fecti ve (or more so) in reducing λr as the environment (as defined
ere). In the sample of SRs of the right-hand panel of Fig. 12 , there is a
rend of the kinematic transformation being weaker when going from 

Rs that had e xclusiv ely v ery minor, minor to major mergers prior
o becoming satellites. The weak environmental effect on λr 50 , edge −on 

n SRs that have had mergers is due to the fact that by the time they
ecome satellites they already have low λr 50 , edge −on ≈ 0 . 19 − 0 . 29,
ith the lower (higher) value corresponding to the median for SRs at

he time of accretion that had major (only very minor) mergers prior
o becoming satellites. In comparison, satellites that have not had 
ergers by z = 0 and are SRs had a median λr 50 , edge −on ≈ 0 . 47 by

he time they became satellites. For reference, satellite fast rotators 
t z = 0 had a median λr 50 , edge −on ≈ 0 . 6 at the time they became
atellites. 

In contrast, SRs that had mergers after becoming satellites were 
ccreted with much higher λr 50 , edge −on ≈ 0 . 5, on average, showing 
hat those that do not experience mergers during their lifetime 
s satellites suffer from strong progenitor bias. 3 The comparison 
etween the left-hand and right-hand panels of Fig. 12 also shows
hat the large kinematic transformation seen in the left-hand panel 
or SRs that have had mergers is driven in great part by satellite–
atellite mergers (particularly for those that go through minor/major 
ergers with other satellites) rather than by interactions with the 

entral galaxy or the tidal field of the host halo (which are the main
echanisms of kinematic transformation due to the environment; 
hoi & Yi 2017 ). 
Choi & Yi ( 2017 ) analysed satellite SRs in the Horizon–AGN

ydrodynamical simulations and found that only 22 per cent of their
atellite SRs appeared to have low spins due to galaxy mergers. This
ppears to be in contradiction with our findings in EAGLE . Part of that
an be related to the high contamination parametric selections used 
n Choi & Yi ( 2017 ) have in distinguishing unambiguous SRs (see
ection 2.4), but more likely is that there are significant differences in

he properties of satellite galaxies between the two simulations that 
llow environment to play a more significant role in the spindown of
alaxies in Horizon–AGN compared to EAGLE . 

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

.3 The stellar populations of slow rotators 

he different star formation and assembly histories of SRs in EAGLE

hould leave imprints on the stellar populations of these galaxies that
re potentially observable. Here, we focus on the metal abundance 
nd stellar ages of z = 0 SRs in EAGLE . 

Fig. 13 shows the radial profile of the abundance of α elements rel-
tive to Fe. We compute [ α/ Fe] = log 10 (M α/ M Fe ) − log 10 ( α/ Fe) �,
here M α is the mass contributed by α elements (the sum of the
asses contained in Si, O, Mg, Ne, and C), M Fe the mass in iron and

og 10 ( α/ Fe) � = 13 . 1206 (Asplund, Grevesse & Sauval 2005 ). The
op panel of Fig. 13 shows z = 0 SRs split by their assembly history, as
abelled; also shown is the median [ α/ Fe] of main sequence galaxies
sSFR > 0 . 01 Gyr −1 ) with M � > 10 10 M �. All SRs that have had
ergers are α-enhanced relative to the sun across the whole radial
MNRAS 509, 4372–4391 (2022) 
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Figure 13. Top panel: Radial profiles of the stellar abundance of α-elements 
o v er iron, in units of the solar abundance, [ α/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 10 M � and sSFR > 0 . 01 Gyr −1 (considered to be representative of 
the main sequence). Radii are normalized by the half r -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. 
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ange investigated. This is not the case for SRs that have not had
ergers, in which [ α/ Fe] < 0 at r < r 50 , on average ≈0.1 dex lower

han [ α/ Fe] of other SRs. Interestingly, SRs in the ‘no merger’ group
re even less α-enhanced than main sequence galaxies at r < r 50 .
his shows that low [ α/ Fe] SRs are more likely to belong to the ‘no
erger’ sample than the other ones. The bottom panel of Fig. 13

hows [ α/ Fe] radial profiles this time for SRs that had wet or dry
ergers of any mass ratio (see Section 2.1). Those that had dry
ergers are the ones with the flattest and most α-enhanced [ α/ Fe]

adial profiles. 
A general feature is that most galaxies in EAGLE tend to exhibit

nverted [ α/ Fe] profiles in which the central parts are less α-
nhanced than the outer parts. This happens because, on average,
he stellar age radial profiles are inverted in EAGLE , with the central
arts being younger than the outer parts. Although early-type and
assive galaxies in observations are consistent with flat (or even
nverted) stellar age and [ α/ Fe] radial profiles (e.g. Kuntschner et al.
010 ; Greene et al. 2015 ; Li et al. 2018a ; Bernardi et al. 2019 ;
NRAS 509, 4372–4391 (2022) 
arsanti et al. 2020 ; Santucci et al. 2020 ), late-type galaxies tend to
ave stellar age profiles consistent with the inner parts being older
e.g. Gonz ́alez Delgado et al. 2015 ; Barsanti et al. 2020 ). For star-
orming galaxies with M � > 10 10 M � and sSFR > 0 . 01 Gyr −1 at z =
 in EAGLE , we find ≈88 per cent have inverted stellar age profiles
younger central parts; a similar percentage is found for those with
SFR < 0 . 01 Gyr −1 ), which disagrees with observational evidence.
e do note, ho we v er, that the inte grated [ α/ Fe] ratios in EAGLE

alaxies agrees well with observations (Segers et al. 2016 ). This
ho ws that e ven though feedback in EAGLE is suf ficient to quench star
ormation to reproduce the correct stellar mass function and other
lobal properties related to metallicities and element abundances,
he predicted radial properties of the stellar populations in galaxies
as some important discrepancies with observations. The excess
tar formation in the centre is then the likely culprit of many of
AGLE galaxies exhibiting inverted stellar velocity dispersion radial
rofiles, where the central velocity dispersion is lower (see for
xample the top three and bottom panels of Fig. 1 ). Section 2.2
eported that ≈55 per cent of galaxies with M � > 10 10 M � have
� (0 . 5 r 50 ) < σ� (r 50 ). This percentage reduces to 43 per cent for
assive galaxies or SRs in EAGLE . This is much larger than what
s reported in observations. Falc ́on-Barroso et al. ( 2017 ) found that
n the sample of early-type galaxies in CALIFA, only 1 or 2 galaxies
out of 47) have σ� (0 . 5 r 50 ) < σ� (r 50 ). 

In the galaxies with σ� (0 . 5 r 50 ) < σ� (r 50 ), the r -band weighted
tellar ages increase from 7.7 Gyr at r < 0 . 5 r 50 to 8.2 Gyr at
 < r 50 , on average, sho wing the connection between the lo wer
entral stellar velocity dispersions and the inverted stellar age
rofiles. We measure the Pearson correlation coefficient between
og 10 ( σ� (0 . 5 r 50 ) /σ� (r 50 )) and log 10 (age � (0 . 5 r 50 ) / age � (r 50 )), for all
alaxies with M � > 10 10 M � and obtained P = 0.43. This correlation
ecomes stronger, P = 0.6, for SRs in EAGLE , which shows that
he more strongly inverted the stellar age profile, the more strongly
nverted the σ � profile. This is an important shortcoming of EAGLE

hat upcoming hydrodynamical simulations need to address. 
Fig. 14 shows radial profiles of [Fe / H] = log 10 (M Fe / M H ) −

og 10 (Fe / H) � for z = 0 SRs in EAGLE , with (Fe / H) � = 0 . 001798
Asplund et al. 2005 ). SRs in the ‘no merger’ sample have the highest
etallicities due to their delayed quenching times compared to other
Rs (see Fig. 9 ). Again, we see that these SRs hav e ev en higher
Fe / H] than main sequence galaxies, and display the steepest radial
rofiles. SRs in the ‘very minor merger’ sample have the lowest
nd flattest [Fe / H] radial profiles due to their early quenching (see
ig. 9 ). The bottom panel of Fig. 14 separates SRs between dry and
et mergers. Dry mergers lead to SRs that have flatter [Fe / H] profiles
ue to the ef fecti ve redistribution of stellar mass during dry mergers
Lagos et al. 2018b ). Krajnovi ́c et al. ( 2020 ) found that classical slow
otators (which they linked to the dissipation-less galaxy mergers;
.e. dry mergers) have flatter metallicity gradients than other slow
otators in ATLAS 

3D , which is in qualitative agreement to what we
nd in EAGLE . 
The trends shown in Figs 13 and 14 show that observations of the

tellar populations in SRs can provide a broad indication of the most
ikely merger history. Ho we ver, as these are trends, application on a
ne-to-one basis is not advised. 

 KI NEMATI C  CLASSES  O F  SLOW  ROTATO R S  

n this section, we use the visual kinematic classification of EAGLE

alaxies of Section 2.3 and analyse their connection to the galaxy
erger history to understand the effect the galaxy mass ratio and

as ratio involved in mergers have on the kinematic class. We focus

art/stab3128_f13.eps
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Figure 14. As in Fig. 13 but for radial profiles of [Fe/H]. 
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n the latter two merger parameters as Lagos et al. ( 2018a , b ) have
hown that those have the most effect in modifying the kinematics of
alaxies. We also study possible connections between environment 
nd stellar mass with the different SR’s kinematic classes. In this
ection, we only study the kinematic classes FSR, RSR, and prolates 
o v erall classed as SRs), ignoring the 2 σ , unclear and rotator classes.

.1 The relation between kinematic class and galaxy merger 
istory 

ig. 15 shows the PDF of the SRs kinematic classes described in Sec-
ion 2.3 for all the galaxies visually classified that have a confidence
60 per cent, split by their merger history. By comparing galaxies 

hat had ≥1 major mergers and those that had ≥1 minor mergers but
o major mergers (left-hand panel), we see that the former tend to
e associated with more FSRs, while prolate galaxies appear to have 
 preference for minor mergers. The o v erall distribution of galaxies
hat had e xclusiv ely v ery minor mergers is qualitatively similar to
hose that had no mergers (middle panel). The distribution of minor 
nd very minor mergers are similar, and we see that a similar fraction
f those are associated with FSRs and RSRs. Although prolates do 
appen in these SRs, their relative fraction is small compared to what
s seen for SRs that had major/minor mergers. 

The right-hand panel of Fig. 15 shows dry and wet mergers (see
ection 2.1 for the criterion to define wet and dry mergers). We
emind the reader that the sample of dry mergers can also contain
et mergers, while the sample of wet mergers excludes dry mergers. 
e find that FSRs are o v erly represented in the sample of wet mergers
ompared to the dry merger sample. If we split wet mergers in two
ins of gas fraction we obtain similar distributions (not shown). 
lthough about half of the prolate galaxies formed via wet mergers

nd the other half via dry mergers in bulk numbers, we see that the
ormalized distributions of dry mergers have a higher incidence of 
rolate galaxies than wet mergers. 
Fig. 16 shows the relative frequency of different types of galaxy
ergers for a given kinematic class. We define this relative frequency

s = N 

sr class 
mer / ( N 

all sr 
mer × N sr class ), where N 

sr class 
mer , N 

all sr , and N sr class are
he number of SRs in a given kinematic class that went through
he corresponding type of merger, the total number of SRs that
ent through that same type of merger, and the number of SRs

n the kinematic class, respectively. This way we normalize by the
ifferent number of galaxies in each kinematic class and in each
erger history type. We confirm that FSRs have a preference for
ajor mergers compared to minor ones, while RSRs appear to be

imilarly represented for the minor, very minor, and no merger cases
considering the relative numbers of those). Prolate galaxies have a 
reference for dry mergers, and are also o v erly represented in the
ase of minor mergers. Ho we ver, we caution that the latter is highly
ncertain 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
he merger parameters and the different kinematic classes of SRs, we
tudy the distribution of the stellar mass and gas ratios, and look-back
ime of the last galaxy merger each SR in our sample had (in this
ase we remo v e the sample of SRs that have not had mergers). This
s shown in Fig. 17 . Below we discuss the main trends in the three
uantities shown in Fig. 17 : 

(i) Merger mass ratio. Comparing FSRs and RSRs, we see a 
reference of RSRs for smaller stellar mass ratios, even within the
ajor merger band ( M � , sec / M � , prim 

> 0.3), compared to FSRs. FSRs
re the sample that is most skewed towards high M � , sec / M � , prim 

.
rolate galaxies seem to be associated with either very low or

ntermediate mass ratios, 0.1 � M � , sec / M � , prim 

� 0.45. We will show
ater that the lower stellar mass ratios are mostly associated with
as-poor mergers, while the higher ratios to gas-richer mergers. 

(ii) Merger gas ratio. FSRs and RSRs show comparable distribu- 
ions of gas ratios Prolates, on the other hand, prefer lower gas ratios
ompared to both FSRs and RSRs, that is most clear in the regime
f dry mergers. 
(iii) Look-back time to last merger. FSRs, RSRs, and prolates have 

 similar distribution of look-back time to their last galaxy mergers.
ven though the errors are large there is a small preference for
rolates to have had their last merger at later times. The latter would
e expected given that gas poorer mergers happen preferentially at 
ater times in EAGLE (Lagos et al. 2018b ). 

In the case of prolates, Li et al. ( 2018b ) found that in the Illustris
imulations they were predominantly associated with late, dry major 
ergers. In EAGLE we find a clear preference for dry mergers, but find

hat in bulk numbers a similar percentage of prolates are associated
o major and minor mergers; i.e. ≈47 per cent to major mergers
nd ≈43 per cent to minor mergers. When the distributions are
ormalized by the relative numbers of these mergers in SRs, we find
hat minor mergers have a higher incidence of prolates. Furthermore, 
he remaining 10 per cent are associated to very minor mergers or no

ergers. Hence, it appears like the formation mechanisms of prolates 
n EAGLE are more diverse than in Illustris. 

To connect the stellar mass and gas ratios of the mergers of the
ifferent kinematic classes of SRs in EAGLE , we show in Fig. 18 the
MNRAS 509, 4372–4391 (2022) 
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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. 

Figure 16. Relative frequency of different types of mergers for a given 
kinematic class. We show this for six different galaxy merger types: major 
mer gers, minor mer gers (with no major mergers), e xclusiv ely v ery minor 
mer gers, no mer gers, dry and wet mergers, counted o v er 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. 
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istribution of the gas ratio of the last merger SRs went through, split
nto major and very minor plus minor mergers. Generally, we find
hat in all three kinematic SR classes, minor and very minor mergers
hat lead to remnant SRs tend to be gas poorer than major mergers
eading to SRs. FSR and RSR show similar distributions of merger
as ratios in both panels, which means that the main difference
etween these two subclasses is the higher stellar mass ratios of the
SRs (Fig. 17 ). Prolates behave similarly, with the minor/very minor
ergers being heavily skewed towards gas-poor mergers, and major
ergers having a wider range of gas ratios. Connecting to the left-

and panel of Fig. 17 , we find that for prolates, the lower (higher)
tellar mass ratios are primarily associated with low (high) gas ratios.

Although the trends abo v e are connected to possible physical
ri vers, it is important, ho we ver, to highlight that Poisson noise
s quite significant in these trends due to low number statistics.
deally we would like to study the 3D space between kinematic
lasses, stellar mass, and gas ratios but the current statistics in
NRAS 509, 4372–4391 (2022) 
AGLE are prohibiting. We are then forced to marginalize o v er one of
hese properties. Upcoming simulations of much larger cosmological
 olume b ut comparable or even higher resolution than EAGLE are
equired to consolidate some of the trends reported here and to open
he possibility to a much finer connection between merger parameters
nd the kinematic properties of SRs (including the extension to more
ergers parameters associated with the orbits of satellite galaxies). 

.2 The relation between kinematic class, stellar mass, and 

nvironment 

ig. 19 shows the median stellar and halo masses of SRs in EAGLE

plit by their kinematic class. SRs of different kinematic classes
ave a similar median stellar masses, but prolate SRs tend to be
ke wed to wards higher masses. The typical stellar masses of prolate
alaxies in EAGLE agree well with those reported in Schulze et al.
 2018 ) in the Magneticum simulations, but differ significantly from
he ones in Illustris reported in Li et al. ( 2018b ). Li et al. ( 2018b )
ound that prolates in Illustris are almost e xclusiv ely galaxies with
 � � 3 × 10 11 M �. Part of this discrepancy may come from the

act that at halo masses > 10 12 . 2 M �, Illustris produces galaxies too
assive in stars compared to observational inferences by a factor

f ≈7 −10 (see fig. 4 in Pillepich et al. 2018 ). EAGLE on the other
and produces a stellar–halo mass relation in better agreement with
bservations (Schaye et al. 2015 ). If one was to instead analyse
he host halo masses of prolate galaxies in EAGLE and Illustris, the
ifference abo v e would be largely alleviated. 
For the halo masses of SRs in EAGLE (right-hand panel in Fig. 19 ),

e find larger variations than for stellar mass. Interestingly, FSRs
re more massive in stars but are hosted by lower mass haloes than
SRs, on average, and prolates have the highest stellar-to-halo mass

atio. This is the result of two factors: the fact that Fig. 19 includes
oth centrals and satellites (and for the latter we expect no correlation
etween stellar and host halo mass), and the fact that at fixed halo
ass, the scatter in the stellar–halo mass relation is correlated with

he assembly history of galaxies (e.g. Correa & Schaye 2020 ). To
isentangle these effects, we also show in Fig. 19 the median stellar
nd halo mass of central SRs only in the same three kinematic classes
squares). The most striking trend is that central prolates tend to have
 slightly higher stellar-to-halo mass ratios (median 0.02) compared

art/stab3128_f15.eps
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Figure 17. Cumulative distribution of the stellar mass ratio (left-hand panel), SF gas ratio (middle) and look-back time (right) of the last merger SRs in the 
four kinematic classes, labelled in the middle panels, went through. The vertical lines in the top and middle panels show what we classify as major/minor/very 
minor mergers, and wet/dry mergers, respectively. Error bars were computed from jackknife resampling and are displaced from the centre of the bin by arbitrary 
amounts to aid their visualization. Prolate SRs have a preference of lower gas ratios. Flat SRs prefer high stellar mass ratios compared to round SRs. 

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. 
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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. 
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o the other SRs by ≈12 per cent. Gi ven ho w tight the stellar–halo
ass relation is in EAGLE (median stellar-to-halo mass ratio of all 

entral SRs is 0.0179 ± 0.006), this difference is significant. Correa & 

chaye ( 2020 ) found that at fixed halo mass in EAGLE , higher stellar
ass galaxies formed in haloes that assembled earlier than lower 

tellar mass galaxies. Galaxies in haloes that assemble earlier also 
end to have higher BH-to-stellar mass ratios, indicating that AGN 

eedback can be more ef fecti ve there (Bower et al. 2017 ). Since
rolates tend to prefer g as-poor g alaxy mergers (Figs 17 and 18 ), the
ore efficient AGN feedback can help promote their formation. 
In Section 3.2 we showed the connection between environment 

nd kinematic transformation in satellite galaxies that end up as SRs,
s well as the connection between AGN feedback and quenching of
entral SRs. Here, we explore the connection between the kinematic 
lass of satellites and centrals with their environment and stellar mass. 
ecause our sample of SRs is small, we only split the subsample of

atellites in two halo masses (left-hand panel of Fig. 20 ). We split
R satellites by their host halo mass, below and abo v e the median
ost halo mass, ≈ 10 13 . 6 M �. The median stellar masses of these
wo samples of satellites are very similar ( ≈ 2 . 4 × 10 10 M � and

2 . 7 × 10 10 M �, respectively), hence yielding no bias in stellar
ass when splitting by halo mass. We find an environmental trend,
ith SR satellites in low-mass haloes showing a preference for 
eing FSRs, while those in high-mass haloes have a preference for
eing RSRs. Although prolate are found in both halo mass samples,
heir frequency is higher in high-mass haloes. Given that we find
nvironment has a differential effect on λr 50 , edge −on depending on 
he type of merger suffered by the SR prior to being accreted, it
s likely that the environmental trend of Fig. 20 is at least in part
riven by progenitor bias. To asses this, we study the incidence
f different types of mergers between the satellite SRs in haloes
f mass abo v e and below ≈ 10 13 . 6 M � and find that satellites
osted in haloes of mass M halo � 10 13 . 6 M � are more (less) likely
o have had major (minor) mergers compared to those hosted in

ore massive haloes, M halo � 10 13 . 6 M �. The relative frequency
f major and minor mergers in satellite SRs below and abo v e the
MNRAS 509, 4372–4391 (2022) 
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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 abo v e and below the median 
hot halo mass, 10 13 . 6 M �. For centrals, we separate them by their stellar 
mass, abo v e and below the median, 10 10 . 5 M �, as labelled (the darker region 
is where histograms o v erlap). Error bars were computed from jackknife 
resampling and are displaced from the centre of the bin by arbitrary amounts 
to aid their visualization. 
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edian 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
ergers), respectively, showing a significant effect of progenitor

ias (uncertainties in percentages were computed from jackknife
esampling). As Fig. 17 shows, FSRs are preferentially associated
ith major mergers, hence explaining why satellite FSRs are more

ommon at M halo � 10 13 . 6 M �. We find no difference between
he fraction of SRs that have exclusively very minor mergers or
o mergers for satellites in haloes below/abo v e ≈ 10 13 . 6 M �. The
ersistence of major mergers in satellites hosted by haloes of low
asses partially explains the finding in Davison et al. ( 2020 ) of the

x-situ stellar fraction being higher in satellites at lower halo masses
n EAGLE . Related to the difference between prolate satellite galaxies
bo v e/below ≈ 10 13 . 6 M �, the likely cause is the fact that galaxies
end to be gas-richer in lower mass haloes, and hence less likely to
ead to a prolate galaxy, give the trends of Fig. 17 . 

The right-hand panel of Fig. 20 focuses now on central SRs,
howing the distribution of kinematic classes in two bins of stellar
ass, abo v e/below the median of the sample, ≈ 10 10 . 5 M �. We

ee that massive central SRs have a preference for being FSRs,
hile at lower mass, FSRs and RSRs are similarly common. Prolate

entrals tend to be similarly common below/abo v e a stellar mass of
10 10 . 5 M �. In EAGLE , the fraction of galaxies that by z = 0 have

xperienced a galaxy merger increases with stellar mass (Lagos et al.
018b ), and the bottom panel of Fig. 6 shows that in particular the
ncidence of major mergers increases with stellar mass. Given the
reference for FSRs to be associated with galaxy mergers with higher
tellar mass ratios compared to RSRs (Fig. 17 ) it is not surprising
hat the massive central SRs have a preference for being FSRs. 

 DISCUSSION  A N D  C O N C L U S I O N S  

he possible formation paths of fast and slow rotators has been an
rea of intense research since the advent of IFS surveys, sampling
undreds of galaxies, revealed the existence of these populations
Emsellem et al. 2007 , 2011 ). Their connection to galaxy mergers
as been explored in hydrodynamical simulations, which have found
NRAS 509, 4372–4391 (2022) 
aried and often contradictory results in the types of mergers that lead
o the formation of SRs (Naab et al. 2014 ; Choi & Yi 2017 ; Penoyre
t al. 2017 ; Lagos et al. 2018a ; Schulze et al. 2018 ). Generally to
istinguish these two populations of rotators, both observations and
imulations have generally employed parametric selections in the
r − ε plane, moti v ated by the results of the ATLAS 

3D surv e y (see
appellari 2016 for a re vie w). Ho we ver, a significant problem that
as become more evident is that these parametric selections lead
o significant contamination (i.e. a high ratio of visual rotators to
on-rotators) in the retrieved samples of SRs (van de Sande et al.
021 ). This hinders the study of the formation paths of SRs in both
bservations and simulations, and could in part be responsible for the
ifficulty in isolating the main formation paths of SRs experienced
n the latter. 

To remedy this low SRs purity, here we employ visual classi-
cation of the stellar kinematic maps of galaxies in the EAGLE

ydrodynamical simulations suite. We focused on galaxies with
 � ≥ 10 10 M � which hav e well-resolv ed kinematics (Lagos et al.

017 , 2018a ). We place our galaxies in the context of the SAMI
urv e y by creating kinematic maps using the SAMI specifications,
hich are readily available in the SIMSPIN package (see Section 2.2).
e had five classifiers separating galaxies into six kinematic classes:

at SRs, round SRs, 2 σ , prolates, unclear, and rotators. We found that
60 per cent agreement among classifiers is reached in 90 per cent

f the classified galaxies, showing that the vast majority of galaxies
an be cleanly separated into these kinematic classes. We use this
ample to select unambiguous SRs in EAGLE , which correspond to
at or round SRs and prolate galaxies. Using the unambiguous SRs

n EAGLE , we find that parametric classifications have at best a purity
f 65 per cent (i.e. 65 per cent of the galaxies that comply with the
arametric selection of SRs are not considered as such by our visual
lassification), showing the requirement of the visual classification
o isolate unambiguous SRs. 

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

(i) SRs with M � � 10 10 . 8 M � have triaxiality, T , consistent with
eing prolates, T > 0.7, while lower mass SRs span the whole range of
 . Major and minor mergers lead to triaxial or prolate SRs ( T � 0.5),
hile e xclusiv ely v ery minor mergers are largely associated with

riaxial systems (0.3 � T � 0.7). SRs that formed in the absence of
ergers are oblate ( T � 0.2). These classes of SRs are clearly linked

o different ex-situ stellar fractions, with SRs that had minor/major
ergers or e xclusiv ely v ery minor mergers typically having f ex-situ �

.4 and f ex-situ � 0.1, respectively. SRs in the ‘no merger’ category
ave f ex-situ � 0.05 (Fig. 7 ). This clearly shows that there is a class
f SRs that forms in the absence of mergers in simulations (see also
hoi & Yi 2017 ). A higher fraction of galaxies in this class are

atellites compared to SRs associated with galaxy mergers (Fig. 10 ).
(ii) SRs in the ‘no merger’ class tend to be more compact and have

ower 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
ain sequence at a look-back time ≈4.5 Gyr, compared to � 6 Gyr for

ther SRs; Fig. 9 ). This leaves imprints on their stellar populations,
ith the ‘no merger’ SRs having lower α/ Fe (even below solar;
ig. 13 ) and higher Fe / H ratios than other SRs (Fig. 14 ). 
(iii) We find that in most SRs quenching happens before kinematic

ransformation by ≈2 Gyr (Figs 8 and 9 ). Most SRs quenched due
o AGN feedback as evidenced by their o v erly massiv e BHs at the
ime they left the main sequence of SF (Fig. 11 ). These SRs tend to
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ave quenching time-scales between 1.5 and 2.5 Gyr. The exception 
re satellite SRs that have not had mergers, which are quenched by
he effect of environment. In the latter, quenching and kinematic 
ransformation appear to happen in tandem (to within 0.2 Gyr), with 
he likely mechanism of kinematic transformation being interactions 
ith the tidal field of the halo and central galaxy. The emerging
icture is that in most SRs, quenching is required for galaxy mergers
o more ef fecti vely decrease λr . 

(iv) We find that ≈50 per cent of z = 0 satellite SRs experienced
atellite–satellite mergers, which were largely responsible for their 
R fate (for reference only 20 per cent of the general satellite
opulation with M � ≥ 10 10 experience satellite–satellite mergers). 
hen focusing solely on z = 0 satellite SRs that have not had

atellite–satellite mergers, we find that environment was clearly 
esponsible for the kinematic transformation of the subsamples 
f ‘no merger’ or ‘e xclusiv ely v ery minor mergers’ satellite SRs
Fig. 12 ). Nevertheless, we see an important effect of progenitor 
ias, with λr of the progenitors of z = 0 satellite SRs that formed
n the absence of mergers being higher than those that had merg-
rs, regardless of whether these happen prior or after becoming 
atellites. 

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

nd gas-poor, respectively (Fig. 18 ). 
(vi) Flat SRs tend to be more common in satellites hosted by 
assive haloes ( > 10 13 . 6 M �) and centrals of high stellar mass

 > 10 10 . 5 M �) due to the higher incidence of major mergers in
hese populations (Fig. 20 ). Prolates are also more common in these
opulations due to the higher incidence of gas-poor mergers. Prolate 
entrals have the highest stellar-to-halo mass ratios of all the SRs
Fig. 19 ), which we connect to those haloes preferentially forming 
arlier and having more AGN activity, as indicated in Correa & 

chaye ( 2020 ). 

Although we find several trends between different types of mergers 
nd SR’s kinematic classes, we could not identify a single galaxy 
eature that can unambiguously indicate a given assembly history. 
his may not be surprising given the complexity of galaxy formation 
nd the many physical processes that simultaneously take place. 
o we ver, it does mean that the trends exposed here cannot be applied
n a single galaxy basis. 
There are some important limitations of our study. By visually 

nspecting many kinematic maps of EAGLE galaxies, we found a 
ommon feature of the stellar σ being smaller at the centre and 
ncreasing towards the outskirts in ≈50 per cent of galaxies with 
 � > 10 10 M � (see the top three panels of Fig. 1 for examples). The

atter was found to be related to inverted stellar age radial profiles
where the central parts of galaxies are younger than the outer parts).

e concluded that although feedback in EAGLE is sufficient to lead to
ntegrated galaxy properties that agree well with observations (such 
s colour distribution, stellar mass function, global metallicities and 
xygen abundance profiles, etc.; e.g. S15 , Trayford et al. 2015 ,
016 ; Segers et al. 2016 ; De Rossi et al. 2017 ; Katsianis et al.
017 ; Tissera et al. 2019 ; Wright et al. 2019 ; Collacchioni et al.
020 ), the imprints it leaves on the internal kinematic properties 
f galaxies is not al w ays realistic. This physical limitation of the
imulation needs to be addressed in upcoming realizations. A second 
imitation is inherent to the cosmological volume of EAGLE . After 
isual classification to find the unambiguous SRs in EAGLE , we are
eft with 479 galaxies. Although this sample is sufficient to provide
s with the trends presented here, we often had to resort to studying
he effect of a single quantity (e.g. stellar or halo mass), without
ontrolling for others, making it difficult to disentangle (in some 
ases) the primary drivers of the trends abo v e. Larger cosmological
 olumes, b ut retaining the sub-kpc resolution are required to address
his limitation. 

From the simulation’s perspective, the future is promising. The 
dvent of large cosmological volumes ( � 300 cMpc) at high enough
patial resolution (sub-kpc) will open the way to much more thorough
tudies connecting SRs and their diverse kinematic classes to a 
arge range of merger parameters (not only mass and gas ratio, but
lso orbital parameters) as well as stellar mass and environment. 
n addition, small v olume, b ut much higher resolution simulations,
s to resolve the cold interstellar medium, will allow a better
nderstanding of the formation of thin, flat disc galaxies, as well
s how instabilities and galaxy mergers can lead to the formation of
arly-type, fast rotator galaxies. 

Observations also promise significant progress o v er the ne xt
ears. The fact that the kinematic transformation experienced by 
Rs in EAGLE happens at look-back times ≈2 −6 Gyr implies that

he upcoming MUSE surv e y Middle Ages Galaxy Properties with
ntegral Field Spectroscopy (MAGPI; Foster et al. 2021 ) is ideally
laced to unveil these transformations. The connection to z = 0
urv e ys, such as SAMI, MaNGA, and Hector (Bryant et al. 2016 ),
ill complete this picture. We expect that in the next 3–5 yr IFS

urv e ys observations will be able to place stringent constraints on
he epoch of kinematic transformation and the (lack of) connection 
o star formation quenching. 
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