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ABSTRACT

We investigate the origin of the Hubble sequence by analysing the evolution of the
kinematic morphologies of central galaxies in the EAGLE cosmological simulation. By
separating each galaxy into disk and spheroidal stellar components and tracing their
evolution along the merger tree, we find that the morphology of galaxies follows a
common evolutionary trend. We distinguish three phases of galaxy formation. These
phases are determined primarily by mass, rather than redshift. For M, < 109°M
galaxies grow in a disorganised way, resulting in a morphology that is dominated by
random stellar motions. This phase is dominated by in-situ star formation, partly
triggered by mergers. In the mass range 10°°My < M, < 10'95M, galaxies evolve
towards a disk-dominated morphology, driven by in-situ star formation. The central
spheroid (i.e. the bulge) at z = 0 consists mostly of stars that formed in-situ, yet the
formation of the bulge is to a large degree associated with mergers. Finally, at M, =
10195M, growth through in-situ star formation slows down considerably and galaxies
transform towards a more spheroidal morphology. This transformation is driven more
by the buildup of spheroids than by the destruction of disks. Spheroid formation in
these galaxies happens mostly by accretion at large radii of stars formed ex-situ (i.e.
the halo rather than the bulge).
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1 INTRODUCTION

Low-redshift galaxies have a wide range of morphologies,
ranging from pure stellar disks, to disks with increasingly
massive central stellar bulges, to elliptical galaxies. This
morphological diversity is traditionally classified according
to the Hubble sequence. We can decompose most galaxies
into a rotationally supported stellar disk and a spheroid,
which is supported to a large degree by random, mostly ra-
dial, stellar orbits. This decomposition is motivated by the
fact that classical bulges are very similar to elliptical galax-
ies without an accompanying disk, suggesting a similar for-
mation mechanism. The main difference is that there is an
offset between their mass-size relations (e.g. .

Galaxy morphology is tightly linked to other galaxy
properties. More massive galaxies are generally less disky
and, at a fixed mass, star forming galaxies tend to be disk
dominated while quiescent galaxies are typically bulge dom-
inated (e.g.|Gadotti|[2009} Bluck et al.|2014; Whitaker et al.|
2015). Above 10'°Mg the stellar mass in the low-redshift
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Universe is roughly equally divided between ellipticals, clas-
sical bulges and disks . There is good evidence
that high-redshift galaxies are built from these same mor-
phological components with a qualitatively similar depen-
dency on star formation and mass. |Tacchella et al| (2015)
find that most massive galaxies at z =~ 2 have fully grown
and quenched bulges in their cores and [van Dokkum et al.|
state that: ‘the presence of a dense core is a non-
negotiable requirement for stopping star formation in mas-
sive galaxies’.

Observationally a distinction is made between classical
bulges and pseudobulges (Kormendy|1993; [Wyse, Gilmore &]
. Classical bulges are dispersion dominated while
pseudobulges (which can be disky, boxy/peanut shaped or
nuclear bars) are rotationally dominated. Our focus will be
on the dispersion dominated classical bulges, which account

for a factor > 4 more in mass (Gadotti|[2009).

There are many possible scenarios for bulge formation.
Here we will briefly summarise the main ideas. Pseudob-
ulges can form through secular processes (e.g.
|& Kennicutt| 2004) such as bar formation, followed by a
buckling instability that transforms the bar into a peanut
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shaped pseudobulge (e.g. [Raha et al|[1991; [Pohlen et al|

[Saha & Singh|[2017). The bulge can also be determined

[2003} |Guedes et al.|[2013; [Pérez et al.[2017). Classical bulges
can form from diverse processes such as the collapse of pri-
mordial gas clouds (Eggen, Lynden-Bell & Sandage||1962),
disk instabilities (e.g. [De Lucia et al|[2011)), clump migra-
tion to the galaxy centre in violently unstable gas rich disks
at high redshift (e.g. Noguchi|1999; Bournaud, Elmegreen &|
Elmegreen|[2007; [Elmegreen, Bournaud & Elmegreen|[2009}
Perez et al.|[2013)), gas funneling to the centre in marginally
unstable disks at high redshift (Krumholz et al.|[2017)), mis-
allligned accretion (Sales et al[|2012} [Aumer et al.|2013)) and
mergers (e.g.|Aguerri, Balcells & Peletier|2001; |Aumer et al.
[2013; [Hopkins et al.||2010; [De Lucia et al.[2011).

Mergers can influence bulge growth and overall morpho-
logical changes in diverse ways. finds that
tidal effects during mergers may induce instabilities that
can funnel a large amount of gas into the central region
of a galaxy, thereby inducing a starburst which creates a
spheroidal component. In order to prevent too much bulge
formation, stellar feedback is needed to remove low angular
momentum gas, also during merger induced starbursts (e.g.
Governato et al][2009] [2010} Brook et al|[2011],
tensen & Brooks|2015}; [Zjupa & Springel[2017). This may not
be sufficient and AGN feedback might be needed for a fur-
ther supression. Disks can be destroyed by a major merger,
but they can also regrow afterwards (e.g.
[2009; [De Lucia et al.[2011}[Sparre & Springel|2017). For mas-
sive galaxies AGN feedback may be needed to prevent disk
regrowth in order to form realistic ellipticals (e.g.
[2015; [Dubois et al 2016} [Sparre & Springel2017). Generally,
gas-poor (dry) mergers are thought to spin down galaxies,
while gas rich (wet) mergers spin them up (e.g.
[2014} [Cagos et al|[2017a)), although [Penoyre et al| (2017)
find that in the Illustris simulation this distinction has lit-
tle influence. Finally, the time at which the merger takes
place also matters. Late mergers are thought to give rise to
a diffuse halo (Brook et al.|2011} Pillepich, Madau & Mayer|
2015).

Mergers are the prime suspect for transforming disk
galaxies into galaxies with large bulges and elliptical galax-
ies. However, this is not a settled matter.
conclude from observations at z =~ 2 that major merg-
ers are not the dominant mechanism for spheroid creation,
because only one in five blue spheroids at this redshift shows
morphological disturbances. [Sales et al| (2012)) argue that
in the GIMIC simulation (Crain et al.|2009), speroid forma-
tion does not rely on mergers, because it takes place even
when most stars form in-situ, as opposed to having been
accreted after forming ex-situ (i.e. in a galaxy other than
the main progenitor). Furthermore, [Rodriguez-Gomez et al.|
state that in the Illustris simulation mergers play no
role in morphology below 101*My, because accreted stellar
fractions and mean merger gas fractions are indistinguish-
able between spheroidal and disk-dominated galaxies.

There are different ways to determine the morphology
or bulge-to-total ratio (B/T) of a galaxy from observations.
Usually the B/T ratio is determined photometrically, based
on a decomposition of the light profile into a disk and a bulge
component. The disk and bulge components are then gener-
ally assumed to have fixed Sérsic indices of n =1 and n =4
respectively (e.g. [Bluck et al||2014), but sometimes these
indices are allowed to vary (e.g. |Gadotti|[2009; [Sachdeva,|

kinematically as a non-rotationally supported component.
When similar methods are applied to galaxy simulations,
in general photometric bulge determination leads to lower
B/T ratios than kinematic bulge determination
and these differences can be large. In the
Tllustris cosmological simulation the median B/T difference
between both methods becomes larger than 0.5 for galaxy
masses below 10'-°My (Bottrell et al.|[2017), thus classify-
ing galaxies as disky based on their light profile even when
the kinematics show no ordered rotation.

In this work we investigate the evolution of kinematic
morphologies (thus derived from stellar motions) of galaxies
in the EAGLE cosmological simulation (Schaye et al.|[2015}
[Crain et al][2015)), with emphasis on the central bulge com-
ponent. |Oser et al.| (2010) emphasized the two-phase nature
of the formation of massive galaxies, whose inner regions are
formed first and in-situ, while the stars in the outer parts
are mainly formed ex-situ and were accreted later. Here, we
investigate the provenance of in-situ/ex-situ stars in differ-
ent kinematic galaxy components and we try to determine
to what extent mergers are responsible for the morpholog-
ical transformations of EAGLE galaxies. This will lead to
a three-phase picture of galaxy formation, where low-mass
galaxies are kinematically hot (i.e. spheroidal/puffy) even
though most of their stars are formed in-situ, intermediate-
mass galaxies also grow mostly through in-situ star forma-
tion but are kinematically cold (i.e. disky), and the growth
of massive galaxies is dominated by accretion of stars formed
ex-situ, making them more spheroidal.

Although EAGLE lacks the resolution to confidently re-
produce the smallest observed bulges, it has overcome the
largest hurdle: the overcooling problem. Overcooling would
produce too massive and dense central stellar concentra-
tions at high redshift, akin to bulges. EAGLE does well in
this regard. It approximately reproduces the observed evo-
lution of the galaxy stellar mass function
and galaxy sizes, with passive galaxies being smaller
at fixed mass (Furlong et al|[2017). Conclusions about the
origin of galaxy morphology drawn from simulations that
do not match the evolution of the mass function and the
size-mass relation could be misleading, since the physical
processes that determine a galaxy’s stellar mass and size
are also thought to determine its morphology. The galax-
ies in EAGLE also agree relatively well with the observed
passive fraction as a function of mass (Schaye et al.|[2015}
[Trayford et al.|[2017). Furthermore, the galaxies have rep-
resentative rotation curves (Schaller et al.|[2015). It is thus
a useful cosmological simulation to study the origin of mor-
phology changes and bulge formation.

We build on earlier work related to the angular momen-
tum of EAGLE galaxies. |Zavala et al.|(2016) find that z =0
galaxy morphology is correlated with a loss of angular mo-
mentum at late times, both in the stellar component and
in the inner dark matter component, due to mergers.
find that galaxies with low angular momentum
can be either the result of merger activity or of early star
formation quenching in the absence of mergers.
find that dry mergers tend to reduce the total stel-
lar angular momentum while wet mergers tend to increase
it, with a dependency on the alignment of the spin vectors
of the merger pair. Finally, [Correa et al| (2017) show that
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the kinematic morphology of EAGLE galaxies is closely re-
lated to mass and colour, with blue cloud galaxies having
predominantly a disky structure and red sequence galaxies
a spheroidal morphology.

We will shortly introduce the EAGLE simulation in sec-
tion [2] Section [3] describes our method for determining the
kinematic morphology of a galaxy. We apply this to deter-
mine the morphological evolution of EAGLE galaxies in sec-
tion [ Section [§] focuses on the origin of stars in the stellar
bulge and halo. Section [f] investigates the effects of merg-
ers and in-situ star formation on the overall morphology of
galaxies, while section [7]isolates the contribution of mergers
on bulge and spheroid formation. For a summary of our main
conclusions and a discussion of the three phases of galaxy
formation, see section [§]

2 THE EAGLE SIMULATION

Our results are based on the (100 Mpc)?® sized reference run
(Ref-L100N1504) of the EAGLE hydrodynamical simulation
(Schaye et al.||2015; McAlpine et al.|2016]). The simulation
includes radiative cooling and heating (Wiersma, Schaye &
Smith|2009), star formation (Schaye & Dalla Vecchial[2008]),
stellar mass loss (Wiersma et al.||2009), stochastic stellar
feedback (Dalla Vecchia & Schaye|[2012) (which depends on
the local density and metallicity in order to prevent the over-
production of bulge-like dense stellar cores at high redshift
due to numerical radiative losses) and stochastic feedback
from active galactic nuclei. The simulation parameters are
calibrated to the z = 0 galaxy stellar mass function and
mass-size relation. The effect of the various parameters and
the calibration choices are described in detail in |Crain et al.
(2015)). The initial gas particle mass is 1.6 x 10°Mg. The
maximal gravitational force softening is 700 pc and a pres-
sure floor is implemented for the interstellar medium in order
to prevent spurious fragmentation (Schaye & Dalla Vecchial
2008)).

The simulation relies on subgrid physics for unresolved
processes at small scales and low temperatures in the inter-
stellar medium. This means that the simulation by design
does not give cold thin disks. The minimum resolved scale is
about 1 kpc, which means that the simulation is best suited
to study bulges at the larger end of the mass-size spectrum
and the transformation of disk galaxies to elliptical galax-
ies. However, in appendix [A] we show that a comparison of
the (25Mpc)?® sized reference run (RefL0025N376) and the
recalibrated run at a factor 8 higher mass resolution (Re-
calLL0025N0752) suggests a good convergence of our results
for M, > 10°Mg.

In this work we adopt a kinematic definition for a classi-
cal bulge as the spheroidal, dispersion dominated component
within 5 proper kpc (pkpc). We will study central galaxies at
z = 0 and their main progenitors at higher redshifts (which
are expected, but not required to be central galaxies). For
satellites additional processes such as ram pressure stripping
and strong tidal forces might induce morphological changes,
complications that we aim to avoid in this work.

© 0000 RAS, MNRAS 000, [T}{3]
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3 KINEMATIC MORPHOLOGY

In this work we use a kinematic morphology indicator, rather
than a photometric one. The kinematic morphology of a
galaxy is generally condensed into a single indicator such
as a bulge-to-total ratio (B/T), disk-to-total ratio (D/T) or
a kinematic morphology parameter Ko+ (e.g. |Scannapieco
et al.|2010; |Sales et al.|2010, [2012;|Zavala et al.|2016; | Bottrell
et al.||2017} |Correa et al./|2017)), with varying prescriptions
for each indicator. In this work we use a simple prescription
similar to the one applied to the GIMIC simulation by |Crain
et al.[(2010) and to the Illustris simulation by [Bottrell et al.
(2017).

First we determine for each galaxy the direction of total
stellar angular momentum of all stellar particles within the
stellar half-mass radius, denoted as Z. Then we project the
angular momentum of individual stellar particles j onto the
Z-direction and normalise it by the total angular momentum
|7] of the given particle. The resulting variable jz/|/j| de-
notes the amount of corotation for each stellar particle with
the central half of the galaxy. Stellar particles that coro-
tate with the stellar disk have jz/|/j| = 1, stellar particles
that counter-rotate have jz/|/j| = —1 and stellar particles
with random directions of angular momentum (a pure non-
rotating spheroid) are distributed uniformly between -1 and
1 (which is the reason why we chose this definition).

Fig. [1] shows the distribution of this ‘angular momen-
tum alignment’ parameter versus radius for three typical
galaxies, a disk galaxy (top left panel), a disk+bulge galaxy
(top middle panel) and an elliptical galaxy (top right panel).
Each point corresponds to a stellar particle and its colour
indicates its formation redshift. There is a clear visual dis-
tinction between the stellar disk component (stars with
jz/|/7| = 1), which tends to be younger, and the spheroidal
component (uniformly distributed jz/|/j|) which consists
of older stars. In order to disentangle both components in
a robust way, we define the ‘spheroidal component’ with
mass S to be twice the mass of counter-rotating stars (with
jz/|/7] < 0) (Crain et al|?2010). The stellar disk mass, D,
is defined as the total mass, T, minus the spheroidal com-
ponent S. In rare cases where more than half of the stellar
mass is counter-rotating we set S =7, D = 0.

We use the ratio S/T to quantify the stellar morphol-
ogy of each galaxy. It varies from low to high (specific values
are included in the top panels of Fig. ranging from disk
galaxies, via disk+bulge galaxies to elliptical galaxies. We
specifically denote this as S/T instead of the more common
B/T ratio, because there is no distinction based on radius
and the spheroidal component includes both the bulge and
halo, although in many cases the spheroidal component is
more centrally concentrated than the disk component. The
difference with the B/T-ratio from [Bottrell et al.| (2017) lies
in the calculation of the Z direction. [Bottrell et al.| (2017)
use all stellar particles within ten half-mass radii. We use
all stellar particles within one half-mass radius. We do this
because the total stellar angular momentum can be domi-
nated by structures at large radii (for example due to recent
mergers) which could lead to a misclassification of the di-
rection of rotation of the stellar disk. For a significant frac-
tion of galaxies, the direction of the total stellar angular
momentum varies with radius. The results thus depend on
the choice of radius. The advantage of our prescription with
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Figure 1. The kinematic structure of three typical EAGLE galaxies with different kinematic morphologies ranging from a disk structure
(top left panel) to a disk+bulge structure (top middle) and an elliptical structure (top right). All three galaxies (f.1.t.r. GalaxyID 8772511,
8960069, 10645724) are at z = 0 and have similar stellar masses, log,y(T'/M@) = 10.56,10.60, 10.70 respectively. Each dot denotes a
stellar particle, colour coded by the redshift at which it was formed. The horizontal axis denotes the 3D distance from the centre. The
stellar half-mass radius is denoted by the vertical black dashed line. The vertical axis shows the alignment of the angular momentum of
a given stellar particle (;) with the angular momentum direction of the galaxy (Z), where Z denotes the direction of the total angular
momentum of all star particles within the stellar half-mass radius. With this definition purely corotating particles have jz/ \_ﬂ =1 and
purely counterrotating particles have jz/m = —1. In this graph, a random distribution of angular momenta would have a constant point
density in the vertical direction. We decompose each galaxy into two components, a ‘spheroidal’ component with mass (S) equal to twice
the mass of all particles jz/|j] < 0 and a ‘disk component’ (D) which comprises the rest of the total stellar mass (T'). In this way the
kinematic structure of each galaxy is characterised by a single ratio S/T', which is 0.18, 0.51 and 0.86 respectively for these galaxies. The
solid black curve in each panel denotes the running average of jz/m as a function of radius. In the top middle panel this goes from 0
at small radii, corresponding to a truly random angular momentum distribution to a value of close to 1 at large radi, corresponding to
a pure disk. The bottom panels show the same diagnostics for the star-forming gas particles in the same three galaxies, but using the

same direction for Z as in the top row. The right galaxy has no star-forming gas.

respect to prescriptions based on kinetic energy (e.g.
let al|[2010 [2012} |Correa et al|2017) is that the decompo-
sition into a disk component and a spheroidal component is
not sensitive to small variations in this Z-direction. In fact
for a hypothetical galaxy with a pure disk component and
a purely random spheroidal component, the S/T ratio will
remain the same as long as the Z-direction points to within
90° of the disk direction, because all disk stars will have a
positive jz/|/7] and all spheroid stars will remain uniformly
distributed.

Of course a good portion of galaxies have more com-
plicated structures than just a disk and a spheroid. When
plotting the total angular momenta (instead of just the Z-
component), they show signs of for example bars or mis-
aligned accretion , but our simple decom-
position catches the essence of the major kinematic morphol-
ogy transformations that occur in the EAGLE simulation.
Fig.[2Jshows an example of a galaxy with a more complicated
structure. The left panel shows that the youngest stars form
a disk of 20 kpc diameter that is counter-rotating with re-
spect to main disk, which is composed of older stars. The
right panel shows that the star forming gas corresponds to
this young counter-rotating disk. This galaxy has an S/T ra-
tio of 0.39, where in reality there is almost no hot spheroidal

component, but instead two disks. This shows that in some
cases the interpretation is not as simple as suggested by Fig.
m

The bottom row of Fig. [[] also shows the distribution
of the cold star forming gas for our three example galaxies.
Typically the angular momenta of star forming gas parti-
cles are very well aligned, starting at small radii (as in the
left and middle bottom panels) yielding ‘star forming gas
S/T’ ratios of ~ 1. Note that for the gas we still use the
same Z-direction defined by the stars within the half-mass
radius. The elliptical galaxy (right bottom panel) has no star
forming gas left.

Fig. B]shows mock gri-images for the four galaxies from
Figs.[[} 2} The visual morphology corresponds well with our
classification based on the S/T ratio. Keep in mind that our
S/T ratio is mass weighted. Disk stars are typically younger
than spheroid stars, see Fig. [I] A luminosity-weighted S/T
ratio for these galaxies would thus be smaller and the visual
impression will thus be diskier than suggested by the mass-
weighted S/T. We understand that for comparison with ob-
servations our definition of S/T is not ideal as it would be
hard to extract this ratio from observations, for which less
detailed kinematic information is available. A direct com-
parison with observations is not the purpose of this work

© 0000 RAS, MNRAS 000, [TH5]
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Figure 2. The same diagnostics as in Fig. for GalaxyID 18281742 at z = 0 which has a stellar mass of log;¢(T/Mg) = 10.71. This
galaxy has a more exotic kinematic structure. The right panel shows a star-forming gas disk which is counterrotating with respect to
the stars. In the left panel we see a counterrotating young stellar disk together with an extended corotating disk that consists of stars
of varying ages and there is a hint of a bulge. The S/T ratio does not discriminate between a classical bulge, a counterrotating disk or a
counterrotating bar, but it does capture the kinematic content of the majority of galaxies that are more akin to the ones in Fig.

Disk, S/T = 0.18 Disk+Bulge, S/T = 0.51

Figure 3. Mock gri-images for the four galaxies from Flgs

and

Elliptical, S/T = 0.86 Complex, S/T = 0.39

The images are 60 by 60 pkpc large. See [Trayford et al.| (2015)

and McAlpine et al.| (2016) for details. The top row shows the face-on views for GalaxyID 8772511, 8960069,10645724 and 18281742
respectively. The bottom row shows the corresponding edge-on views. The images for the first three galaxies agree by eye with the
morphology that we deduced from the angular momenta of the stellar particles, representing a disk, disk+bulge and an elliptical galaxy
respectively. The fourth galaxy would be classied by eye as a simple disk galaxy. Its counterrotating star-forming gas-disk is not apparent

in the image.

though. Our aim is to gain physical insight into the forma-
tion of speroid and disk components in the simulation. For
this, the S/T ratio, which is based on detailed kinematic
information, is well suited.

We do not retrieve pure stellar disks with S/T ~ 0.0
(although this ratio is common for the star forming gas),
whereas galaxies with very small bulge-to-disk ratios are

© 0000 RAS, MNRAS 000,

thought to be fairly common (e.g. Kormendy et al.|[2010).
At the other end we interpret the elliptical galaxy from
Figs. as having a 14% disk component (S/T = 0.86),
whereas this galaxy would probably be classified photomet-
rically as a pure elliptical galaxy. However, observations of
ETG’s that include stellar kinematics (e.g. [Emsellem et al.
2011) point towards varying degrees of rotational support
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for these galaxies. The 14% surplus of stars over a uniform
distribution in Fig. [1|is concentrated at jz/|/j| ~ 1.

In addition to the S/T ratio for the entire galaxy, we will
use the S/T ratio for stars within 5 pkpc of the galaxy’s cen-
tre and for stars outside 5 pkpc. This splits the ‘spheroidal’
component into a ‘stellar bulge’ and a ‘stellar halo’ respec-
tively and the disk component into an ‘inner disk’ and an
‘outer disk’.

4 MORPHOLOGY EVOLUTION

Fig. [4| shows the relation between the stellar S/T ratio and
stellar mass for central galaxies in the RefLO100N1504 sim-
ulation at different redshifts. At all redshifts this relation
follows a similar trend. Low-mass galaxies (T < 10°°Mg)
are mostly spheroidal. Around the mass of the Milky Way
most galaxies are disky and massive galaxies (T > 10" Mg)
tend to be elliptical. The kinematic morphology of galax-
ies in EAGLE is primarily a function of stellar mass rather
than redshift, although there are minor additional trends
with redshift. At low redshifts (z < 1) the mass-morphology
relation is a bit less pronounced and there is more scatter
towards disky (low S/T) galaxies at low masses.

A convergence test of these results is included in ap-
pendix [A] Fig.[AT] In short, these results are well converged
in a ‘weak convergence’ sense (Schaye et al.|2015), meaning
that the results are consistent at higher resolution when the
subgrid model is recalibrated to the present-day galaxy stel-
lar mass function and mass-size relation. This recalibration
is needed to obtain the same effective efficiency of feedback
processes at large scales when the transition between sub-
and super-grid physics changes.

Instead of considering galaxy morphology for the whole
population, we will now focus on the evolution of galaxy
morphology along the merger tree, thus following the main
progenitors’| of massive galaxies backwards in time. Ulti-
mately our goal is to understand when and why morpholog-
ical transformations take place. A question best answered
by following the evolution of these galaxies directly.

Fig. shows the evolution of the S/T ratio for the main
progenitors of galaxies in the z = 0 mass range 10.5 <
log,o(T/Mp) < 11 (left panel) and 11 < log,o(T/Mp) <
11.5 (right panel). The median redshift as a function of mass
is shown using the top axis. Although these galaxies span an
order of magnitude in mass at z = 0, they follow a very simi-
lar trend (compare the black solid and dash dotted curves in
the right panel), as expected from the lack of significant evo-
lution found in Fig. [d Galaxies start out with a spheroidal
kinematic structure at low masses. In between 10°°Mg and
10'95Mg, they build up a prominent disk, resulting in a de-
crease of the S/T ratio. At T > 10'°°Mg the S/T ratio
increases again, indicating a conversion from disky galaxies
to spheroidal galaxies.

Perhaps surprisingly, we thus find that that low-mass

1 Main progenitors are loosely speaking the most massive pro-
genitors, although in the case of a merger with a mass ratio close
to unity, the choice of main progenitor is somewhat arbitrary.
We use the prescription of |De Lucia & Blaizot| (2007) to select
the progenitor with the ‘most massive integrated history’, see|/Qu
et al.| (2017).
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Figure 4. The kinematic morphology of central galaxies, specif-
ically the spheroid-to-total stellar mass ratio, as a function of
stellar mass for different redshifts (colours). Solid curves denote
running medians and dashed curves denote 10%-90% ranges. For
mass bins with fewer than 10 galaxies, individual galaxies are
shown as coloured dots. Although there are minor differences be-
tween the different redshifts, the overall picture is very similar. At
low and high masses galaxies are mostly spheroidal (high S/T).
In between, at T =~ 10'05Mg, galaxies are mostly disky (low
S/T). This trend is slightly stronger at high redshift than at low
redshift.

(T < 10°5Mg) central galaxies (Fig. [4) and the low-mass
main progenitors of massive z = 0 central galaxies (Fig. |5)
tend to have a spheroidal (or otherwise non-disky) morphol-
ogy. One might think that this could be due to the artificial
pressure floor which inhibits the formation of cold, thin (i.e.
scale height < 1 kpc) disks. However, we find no direct rela-
tion to the galaxy sizes, as would be expected if a puffy gas
disk would be the root cause. In fact the median half-mass
radius of the main progenitors remains constant over the
mass range 10°Mg < T < 10'%3Mg (not shown), whereas
the transformation from elliptical to disk galaxies is prac-
tically complete over this mass range. Similarly, the overall
mass-size relation in EAGLE is very flat at these masses,
see Fig. 9 of [Schaye et al.| (2015]). Also, we find that the
star forming gas particles tend to have a disky distribution
also at small radii (as is the case for the example galaxies
in Fig. |1 but also for many lower mass galaxies), indicating
that the cause for the spheroidal morphology is likely not
the pressure-floor induced puffiness of the cool gas disk.

Recently [El-Badry et al.| (2017) have found similar re-
sults for z = 0 galaxies in the FIRE-2 simulation. The FIRE-
2 simulation has a much higher resolution than EAGLE for
low mass galaxies and it includes cooling of the interstel-
lar matter down to 10 K. They found that the HI gas shows
much more corotation than the stars for galaxies in the wide
stellar mass range 10*Mgy < T < 10"'Mg. They also
found that the gas fails to form a disk below 108Mg and
they furthermore found no signs of stellar disks for 15 out
of their 17 galaxies with T' < 10°°Mg,.

Simons et al.| (2015) observe a similar transition based
on the kinematics determined from nebular emission lines
for a morphological blind selection of emission line galax-
ies at z < 0.375. They define 10°°Mg, as the ‘mass of disk
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Figure 5. The left panel shows the evolution of the stellar kinematics for the main progenitors of central galaxies with a total stellar
mass 10.5 < log;¢(T/Mp) < 11 at z = 0. The vertical axis denotes the mass ratio of the ‘spheroidal’ component with respect to the
‘total’ stellar mass for these progenitors. The horizontal axis denotes the stellar mass of the main progenitors. The median redshift of
these progenitors at different masses is indicated by the top horizontal axis. The solid black curve indicates the median of the distribution
and the colours represent percentiles in 10% increments. Most of these galaxies share a common kinematic evolution, starting out at
high S/T ratios at T S 3 x 109Mg), subsequently becoming diskier towards T' 2 3 x 10'9Mg,, after which the trend reverses and galaxies
become increasingly less disky. The right panel shows the same diagnostics for central galaxies selected to have 11 < log,o(T/Mg) < 11.5
at z = 0. The solid curve from the left panel is repeated as a dash-dotted curve for reference. The trend for these galaxies is remarkably
similar, although the cosmic timing is very different (compare the top horizontal axes).

formation’, because above this mass most galaxies are rota-
tion dominated disks, while below this mass a large fraction
of galaxies show no kinematic signs of disk rotation. How-
ever, [Fisher & Drory| (2011) find the opposite trend based
on a photometric B/T decomposition of the light profiles of
galaxies in the local (11 Mpc) Universe. They find an in-
creasing fraction of bulgeless galaxies with decreasing mass.

El-Badry et al.| (2017)) argue that the reduced rotational
support in their low-mass galaxies is due to stellar feedback
driving non-circular motions in the gas, in combination with
heating by the UV background which supresses the acretion
of high angular momentum gas.

We found that the fraction of low-mass galaxies that
have a disky morphology decreases somewhat with redshift
(see Fig. . At high redshifts we expect effects from the pos-
sibly more violent, disorganised growth of galaxies which we
discussed in the introduction: the collapse of primordial gas
clouds (Eggen, Lynden-Bell & Sandage|1962), clump migra-
tion in violently unstable disks (e.g. [Noguchi| [1999; Bour-
naud, Elmegreen & Elmegreen||2007; |[Elmegreen, Bournaud
& Elmegreen||[2009; [Perez et al.[[2013)), strong gas flows to
the centre in marginally unstable disks (e.g. [Krumholz et al.
2017)) and misaligned accretion (e.g.|Sales et al.|2012; |Aumer
et al.|2013). Moreover, the merger rates are much higher at
these redshifts (e.g. (Genel et al|2009} |Qu et al.|2017)).

Fig. [6] (left panel) shows the evolution of the masses
of the disk and spheroid components of the main progen-
itors. We see that during the period of rapid disk growth
(10°°Mg < T < 10'%°Mg), the spheroidal component does
grow in mass, albeit at a reduced rate. At the high-mass end
the growth of the disk component flattens out, but the av-
erage disk mass still increases slightly. Although on average

© 0000 RAS, MNRAS 000, [T}{3]

we do not see a destruction of disk mass, there will certainly
be individual massive galaxies for which this is the case. For
massive (=~ 1011'5M@) galaxies the spheroidal component
clearly dominates, with the 10" percentile of the spheroidal
component being more massive than the 90" percentile of
the disk component. The relative scatter in disk masses is
larger than the relative scatter in the spheroid masses.

In the right panel of Fig. [f] we split the spheroidal com-
ponent into a bulge and halo, i.e. inside and outside 5 pkpc
respectively. This shows that the low-mass progenitors are
dominated by a bulge, while bulge growth slows down con-
siderably at T ~ 10% Mg and makes place for a fast growth
of the halo component at T > 10'%-3M,. However, the mean
bulge mass continues to grow during the period of rapid disk
growth and subsequent halo growth. Roughly 24% of the
bulge mass of a 10'°My galaxy was on average in place at
10%°Mg, before the epoch of rapid disk growth. At 10'Mg
this percentage has dropped to 7%, although a good portion
of the bulge growth above 10'°-M, takes place in galaxies
with extensive halos, for which the bulge may not be per-
ceived as a separate component. This is certainly the case
for the ellipticals at the massive end.

5 THE ORIGIN OF BULGE STARS

The stars that make up a present-day galaxy have either
been formed in its main progenitor (in-situ) or have been
formed in another progenitor (ex-situ) and have subse-
quently been accreted during a merger. Disk stars are ex-
pected to have mainly formed in-situ. For the bulge and the
halo components it is less obvious where their stars formed.
These components could be the result of:
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Figure 6. The left panel shows the evolution of the ‘disk’ mass component (blue) and the ‘spheriodal’ mass component (red) for the
main progenitors of central galaxies. Solid and dash-dotted curves represent the same z = 0 mass ranges as in the right panel of Fig.
The curves show running medians. We have indicated percentile ranges in 10% shade increments only for the solid curve selection,
but the ranges for the dash-dotted selection are very similar. The sum of the ‘disk’ and ‘spheroid’ components by definition equals the
total mass (dotted black line). The two selections give very similar results. Galaxies start out witha spheroidal morphology, but the disk
component grows fast, overtaking the spheroidal component just above 10'°M,. At large mass scales the spheroidal component catches
up and it dominates at 1011->Mg. The right panel splits the ‘spheroid’ component (repeated in red) into two radial bins. We define the
stellar bulge (in green) as the hot component within 5 pkpc of the galaxy centre and we define the stellar halo (in cyan) as the hot
component outside 5 pkcp. This distinction demonstrates that the rise in the hot component at large masses is mostly due to the growth
of a hot stellar halo at large radii. However, the bulge component keeps increasing over the whole mass range.

(i) various secular processes in the absence of mergers (in-

situ),

(ii) the disruption of stellar disks by mergers (in-situ)
(iii) merger induced gas flows and subsequent star formation

(in-situ),

(iv) accretion of stars during mergers (ex-situ).

In this section we aim to estimate the contribution of process
(iv) in the EAGLE simulation: direct bulge/halo formation
from accreted stars. In section [ we will focus on the total
merger contribution to bulge/halo formation, processes (ii),
(iii) and (iv). Any remaining non-merger related bulge/halo
formation will be attributed by definition to process (i)
which includes the potential disruption of stellar disks by
non-merger induced mechanisms as well as the non-merger
induced direct formation of stars in a spheroidal component.

The left panel of fig. [7] shows the makeup of z = 0
galaxies as a function of mass in terms of bulge, halo and
disk components. The disk components are most prominent
around and below the knee of the galaxy stellar mass func-
tion, T < 101%™ Mg, (where most of the stellar mass in the
universe resides). At higher masses the halo component dom-
inates while at 7 < 10!°Mg, the bulge component dominates
the mass budget. This is all in qualitative agreement with
the trend we saw for the main progenitors at high redshift
in Fig. [f]

We now aim to calculate the fraction of stars for all
of those morphological components that have an ex-situ ori-
gin. Remember that our decomposition into a hot/disk com-
ponent is statistical in the sense that stellar particles with
jz/ |; | > 0 are not uniquely assigned to be in either com-
ponent. It is therefore not possible to trace the provenance
of the stars in each component directly. We can, however,
circumvent this problem by first doing an S/T decomposi-

tion for the in-situ and ex-situ formed stars separately (both
inside and outside 5 pkpc). We then obtain masses for eight
components (combinations of in-situ/ex-situ, spheroid/disk,
inside/outside 5 kpc) from which we can calculate the ex-
situ fractions. The right panel of Fig. |Z| shows the medians
of these mass fractions for all central z = 0 galaxies.

For T < 10'%° Mg the contribution from ex-situ formed
stars to the bulge is very small (< 10%) (as it is for the
disk). This means that these bulges were not formed di-
rectly from stars that were accreted during mergers, process
(iv). The halo does have a prominent contribution from ex-
situ stars, even for low-mass systems. At the massive end
(T > 10" Mg) where the overall ex-situ content of galax-
ies rises (solid black curve), all components contain a larger
fraction of ex-situ formed stars. For the disk components we
should not overinterpret this finding though, because these
are ex-situ fractions for components that themselves consti-
tute only a minor fraction of the total stellar mass budget
of these massive galaxies, as is evident from the left panel

of Fig.[1]

6 THE EFFECTS OF STAR FORMATION AND
MERGERS ON MORPHOLOGY

In the previous section we investigated the importance of
the direct formation of bulges and halos from stars accreted
during mergers. This does not include the indirect effect that
mergers might have in triggering morphological changes. In
this section we first investigate the effect of mergers and
in-situ star formation on the overall kinematic morphology
S/T, before isolating the effect on the buildup of the indi-
vidual morphological components in section [7}

We investigate the changes in kinematic morphology be-
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Figure 7. The left panel shows the median stellar mass fractions of four kinematic stellar components of central galaxies at z = 0. The
spheroidal component is split into a bulge’ (solid green curve) and a ‘halo’ (dashed green curve) as in the right panel of Fig. @ The
disk is similarly split at a radius of 5 kpc, giving an ‘inner disk’ component (solid blue curve) and an ‘outer disk’ component (dashed
blue curve). Note that the horizontal axes in Figs. [5| and @ corresponded to the mass of the main progenitors, which corresponded to
high redshifts for low masses, whereas in this figure the horizontal axis corresponds to z = 0 only. The picture is however qualitatively
similar. At low masses the bulge dominates, at high masses the halo dominates and in between the disk has its largest contribution. The
right panel shows, for each component separately, the median mass fraction of stars belonging to that component that has been accreted
(rather than formed in-situ). The black solid curve gives the median ex-situ mass fraction for the total galaxy. For T < 1010-°Mg the
disk, as well as the bulge, are almost entirely made up of in-situ formed stars, whereas the halo has a large contribution from ex-situ
formed stars. At larger masses also the bulge and disk components contain more ex-situ formed stars.

tween consecutive snapshots along the merger tree and relate
those to the merger activity and in-situ star formation. We
use all main progenitors of central galaxies in the mass range
10'%°Mg < T < 102Mg at z = 0. The time resolution of
this analysis is roughly 0.7 Gyr, although the time between
consecutive snapshots is not completely constant. This is a
convenient time step, because it is small compared to the
ages of the galaxies, but long enough to capture the main
effect of a merger on the morphology of a galaxy (except for
cases where the merger happens close to the snapshot time).
In principle we use all snapshots, although at very high red-
shifts few main progenitors will be in the mass range under
consideration.

Fig. [8] shows how the rates of kinematic morphology
changes, A(S/T)/At, relate to the stellar mass growth rates
of galaxies (top row), to the mass growth rates through in-
situ star formation (A Minsitu/(T'At) middle row) and to the
mass growth rate through accretion of ex-situ formed stars
(A Mexsitu/ (T At)) which we use as a proxy for merger activ-
ity (bottom row). For each time step we define A Mexsitu/T’
as the fraction of stellar mass at the later snapshot that has
been accreted after the earlier snapshot. We normalise this
by the time difference, At, between the two snapshots to
obtain a rate per Gyr. In this calculation, the mass of the
star particles, which is not constant due to stellar mass loss,
is evaluated at the later snapshot (both for AM and for
T'). The in-situ mass fraction is calculated in a similar way.
It includes all stars that have been formed since the earlier
snapshot, thus also the stars that formed during a mergelﬂ

2 Technically it also includes stars that formed in a merger com-
panion after the earlier snapshot and just before accretion. These
should ideally be classified as ex-situ stars. This happens due to
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We have split the sample into mass bins (columns) that rep-
resent the main progenitor stellar mass at the earliest of the
two consecutive snapshots. This gives a much clearer picture
than splitting by redshift (not shown).

Below 10'°5M, galaxies tend to become more disky
when they experience fast mass growth (downward trend
in the first two panels of the top row), which is consistent
with Fig. [B] This push towards a disky kinematic structure
is clearly caused by the in-situ star formation, as is evi-
dent from the strong downward trend in the first two panels
of the middle row of Fig. [B] although mergers try to push
the galaxies in the opposite direction towards a spheroidal
kinematic structure (mostly the second panel of the bottom
row).

Above 10'°°M, the trend is reversed. Galaxies tend to
become more spheroidal as they grow in mass (upward trend
in the last two panels of the top row). The trend weakens at
the highest masses because these galaxies are already mostly
spheroidal. This transformation is driven by merger activity
(upward trend in the last two panels of the bottom row)
with a negligible contribution to the morphology changes
by in-situ star formation (negligible trend in the last two
panels of the middle row). The lack of a pronounced trend
with the in-situ mass growth above 10'°-*Mg, could be due
in part to the fact that the relative growth rate through in-
situ star formation at these masses does not reach the high
values that are responsible for most of the trend at lower
masses. The importance of in-situ and ex-situ growth for

the finite time resolution but constitutes an insignificant fraction
of the total AMjpnsity budget.
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Figure 8. The change in kinematic structure between consecutive snapshots, denoted by the change in the S/T ratio per Gyr, as a
function of respectively the relative stellar mass growth per Gyr (top row), the mass growth through in-situ star formation (middle
row) and the mass growth through accretion of stars (bottom row). Each column corresponds to a different main progenitor mass range
(evaluated at the earliest snapshot) as indicated above each panel. This figure contains all main progenitors of central galaxies at z = 0
in the mass range 1010'5M@ <T< 1012M®. Each main progenitor appears multiple times over multiple panels (once for each snapshot
for which it falls in the assigned mass range). The galaxies are colour-coded by the S/T ratio at the earliest snapshot. In each panel
the running average is denoted by a solid curve and the 10%-90% range by dashed curves. The horizontal axis is linear below 10~! and
logarithmic above that. The top row shows that in the mass range 10%°Mg < T < 1019-°Mg mass growth leads on average to a more
disky kinematic structure (decreasing S/T), while in the range 10'0-°Mg < T < 101-°Mg mass growth leads to a more spheroidal
kinematic structure (increasing S/T). The middle row shows that the strong trend for growing galaxies to become more disky below
~ 10'0-°My, is a direct result of the in-situ star formation activity. The bottom row shows that merger activity on average leads to a
more spheroidal kinematic structure.

morphology change thus shows a strong dependence on the time steps. This is in qualitative agreement with observa-
mass of the main progenitotﬂ tions from CANDELS at z =~ 2 which indicate that only
The reason that morphological changes can be decom- 3% of the star formation budget in 7' > 10'°Mg, galaxies is
posed into changes induced by mergers and by in-situ star triggered by major mergers (Lofthouse et al.[2017) and with
formation, is that the in-situ and ex-situ mass growth of observations from GAMA that only show enhanced star for-
galaxies is mostly unrelated. They are positively correlated, mation in primary merger galaxies for short duration (< 0.1
meaning that galaxies of a given mass with a higher merger Gyr) star formation indicators and find a reduced star for-
activity tend to have a higher in-situ star formation rate, mation rate in secondary galaxies (Davies et al.|[2015).

but this is a small effect. The Spearman R? coefficient be-
tween A(Minsitu/(TAL)) and A(Mexsitu/(TAt) varies from
0.13 to 0.17 for the different 0.5 dex wide mass bins, which
means, loosely speaking, that they are for 85% unaware of
each other’s existence and peak at different (= 0.7 Gyr)

We show a figure analogous to Fig. 8 in Appendix
(Fig. , but for S/T changes within 5 pkpc, thus relating

3 The same probably holds for central galaxies that are not . ‘
to bulge formation. The trends are the same as for Fig. [§]

main progenitors of z = 0 galaxies. We have specifically investi-

10.5 L . .
gated main progenitors, because we are interested in long-lasting Below 10™”Mg in-situ star formation builds up a central
changes in morphology that are not wiped out by the disappear- disk, above this mass mergers dominate and push the central
ance of galaxies during mergers. region towards a bulge structure.
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Figure 9. The dependence of spheroid growth (top row) and disk growth (bottom row) on merger activity. The top row is the same
as the bottom row of Fig. [8] but now the vertical axis denotes AS/(TAt) instead of A(S/T)/At. This isolates the growth rate of the
spheroid component instead of the morphological change rate. Note that the horizontal axes are linear up to 0.1 and logarithmic beyond
that. The solid curves denote running averages, dashed curves denote the 10%-90% range and the dash-dotted curves denote the running
averages for the bulge growth rate (AS/T)cs5kpc/At (the underlying distribution inside 5 kpc is not shown, but is very similar). In all
top panels the relative growth rate of the spheroid depends strongly on merger activity. Time steps with little to no accretion of stars,
on average show little to no growth of the spheroid (solid curve) or the bulge (dash-dotted curve). The bottom row shows the same
diagnostics, but then for the growth rate of the disk (solid curves denote the running averages of the underlying distribution, dashed
curves denote the 10%-90% range and the dash-dotted curves denote the running averages for the disk within 5 kpc). Disk growth shows
a small dependency on merger activity. The curves are rising in the left part of the panels, where the accreted stellar mass rates are very
small. It could well be that these ‘tiny’ mergers trace the smooth accretion of gas. On average we do not see evidence for the destruction
of disks by mergers (the solid and dash-dotted curves in the bottom panels are not declining towards the right).

7 THE MERGER CONTRIBUTION TO lated into a merger ratio. AMexsitu/(TAt) =~ 0.1 Gyr™!

SPHEROID AND DISK FORMATION RATES is equivalent to a single merger with a mass ratio 1:13
within 0.7 Gyr. Similarly a rate of 0.3 Gyr~! corresponds
to a single merger with a mass ratio 1:3.7 within 0.7 Gyr.
The contribution at AMexsitu/(TAt) > 0.3 Gyr~! can thus
roughly be attributed to major mergers. The contribution
at 0.1 Gylf1 < AMexsiva/(TAt) < 0.3 Gyf1 can roughly
be attributed to minor mergers and the contribution at
AMexsitn/(TAt) < 0.1 Gyr~! can be attributed to ‘tiny’
mergers, which in some works is referred to as the ‘smooth
accretion’ of stars. The average spheroid growth rates (solid
curves in the top row) mostly rise in response to stellar ac-
cretion rates in the ‘minor and major’ merger regime, espe-
cially above 10'°Mg,. The same is true for the bulge growth
rates (dash-dotted curves in the top row).

From the trends in the top row of Fig.[J]we can estimate
the percentages of the spheroid- and bulge formation rates
that are associated with mergers. This represents the com-
bined effect of items (ii), (iii) and (iv) from section [5] First
we estimate the secular contribution to spheroid formation,
item (i) from section [5] by dividing the spheroid growth
rate in the absence of mergers by the average growth rate:

<AS/(TAt)>AMeXSnu/(TAt)<0.025 Gyr—1 /(AS/(TAt)).  The

denominator of this fraction is given by the 2" column of
Table [T and the numerator is given by the left-most points
of the solid curves in the top row of Fig. 0] The merger

In this section we look at the total effect that mergers have
on spheroid formation. Fig. El (top row) shows the depen-
dence of the spheroid growth rate, AS/(TAt), on merger
activityﬂ AMoexsitu /(T At). This measure for merger activ-
ity includes mergers of all resolved mass ratios. For all mass
ranges (columns) the average growth rate of the spheroid
(solid black curve) increases strongly with merger activity
and approaches zero during periods of low merger activity.
This means that most of the spheroid formation is triggered
by mergers.

We use the total ex-situ mass accretion rate as our
proxy for merger activity instead of the more commonly
used merger ratio and classification into minor and ma-
jor mergers, because we expect the growth rate of the
spheroid to not only depend on the merger ratio of the
most prominent merger, but also on the number of merg-
ers that occur during a ~ 0.7 Gyr time step. Neverthe-
less, the horizontal axis in Fig. [9] can be roughly trans-

4 In the calculation of AS/T, we take for T' the average T of both
snapshots. This is done because in rare cases during a merger T’
can be artificially low, due to a misidentification of which stellar
particle belongs to which subhalo. If T is very small, AS/T blows

up. Furthermore we reject time steps for which 7' drops by more contribution to spheroid formation is then simply defined
than two-thirds. This only alters the percentages in Table[I] by at as 1 minus the secular contribution and is listed in the
most 2%. 3" column of Table |1} This merger contribution includes
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Table 1. The estimated contribution of mergers (of any mass ratio) to the rate of spheroid formation (3'¥ column) and bulge formation
(5t column) in different main progenitor mass bins (15¢ column). We include a mass bin 0.5 dex smaller than in Figs. |§] and @ The
2nd column gives the average rate of relative spheroid mass growth in the different mass bins. See the main text for an explanation of
how we use this, together with the solid curves in the top row of Fig. E[, to estimate the total merger contribution to spheroid formation
(3'd column) and the approximate contribution of ‘minor + major’ and ‘major’ mergers (3" column, in parentheses). The 4*P and 5P
columns repeat the same procedure for the bulge (i.e. the spheroid inside 5 kpc; corresponding to the dash-dotted curves in the top row
of Fig. E[) Overall we see that the merger contributions to spheroid and bulge growth are very large, especially above 1019Mg. Major,

minor and tiny mergers all contribute to a similar degree.

logo(T/M@) (AS/(TAt)) merger contribution to (AS/(TAY)) .51pe  merger contribution to
spheroid formation rate bulge formation rate
Gyr—! all (minor+major, major) Gyr~! all (minor+major, major)
9-9.5 1.39 >51% (~39%, ~25% 1.43 >47% (~33%, ~19%)
9.5-10 0.57 >67% (~46%, ~28% 0.55 >57% (~36%, ~21%)
10-10.5 0.16 >91% (~76%, ~46% 0.10 >95% (~82%, ~55%)
10.5-11 0.08 >82% (~65%, ~33% 0.05 >82% (~74%, ~41%)
11-11.5 0.08 >92% (~64%, ~21% 0.04 >76% (~64%, ~20%)

growth due to ex-situ formed (i.e. accreted) stars, stars
formed in-situ during merger events and stars displaced
from the disk to the spheroid component. It includes ‘tiny’
mergers with very small mass ratios. We also estimate
the approximate contribution of ‘minor plus major’ and
‘major’ mergers (3" column, in parentheses). For these
estimates we use a cut at AMexsita/(TAL) < 0.1 Gyr~! and
AMexsitu /(TAt) < 0.3 Gyr~?! respectively in the numerator.
The listed merger contributions are rough estimates. On
the one hand they could be biased low, because in cases
where the merger happens close to the snapshot time, the
merger-triggered growth might be spread out over three
consecutive snapshots, in which case we would miss part of
it. On the other hand the estimates for the contributions of
‘minor+major’ and ‘major’ mergers could be biased high
if multiple mergers occur between consecutive snapshots.
We use the same procedure in an aperture of 5 pkpc to
estimate the merger contribution to bulge formation (using
the 4" column of Table |I| and the dash-dotted curves in
Fig. @ resulting in the percentages listed in the 5" column
of Table .

The lower limits on the merger contribution to bulge
and spheroid (i.e. bulge-+halo) formation are quite similar.
Above 10'°Mg, > 80% of the bulge- or spheroid formation
rate is associated with mergers (of any mass ratio). Major
mergers contribute ~ 20% — 55%, minor mergers 25% —45%
and ‘tiny’ mergers 5% —30%. Below 10'°M, the total merger
contribution drops, but it is still in the 50% range. Compar-
ing this to the fraction of bulge stars that have an ex-situ
origin (right panel of Fig. , we find that a large part of the
bulge forms from either (iii) messy, merger induced episodes
of central star formation or from (ii) the disruption of stellar
disks by mergers. We thus see that mergers, although not re-
sponsible for the direct supply of bulge stars, do trigger the
formation of bulges and dominate the transition to elliptical
morphologies at high masses in the EAGLE simulation.

The bottom row of Fig. [0] shows the effect that mergers
have on the disk formation rate. Overall the trend is up-
ward, but small, indicating that disk formation is on aver-
age slightly enhanced during periods of merger activity. The
bottom-left panel shows the largest upward trend, hinting

that in the lower mass range (corresponding to higher red-
shifts) the rate of disk formation is enhanced during periods
of merger activity. Table[2] gives the merger contributions to
the disk formation rate (calculated in the same way as the
merger contributions to spheroid formation). We see that
for 10°Mg < T < 10°°Mg (which does not have a panel in
Fig. E[) the disk growth rate rises strongly during merger ac-
tivity (as does the spheroid growth rate from Table which
is much larger in this mass bin). This indicates that galaxy
growth in this main progenitor mass range does not occur
in an orderly fashion, but is a rather messy affair. Roughly
half of the mass growth is associated with mergers and most
of it ends up in the spheroidal component. Note that in our
definition of S, the spheroid is not necessarily a smooth el-
liptical structure, but can also be a more complex clumpy
structure, as long as it does not have a very well-defined
sense of rotation.

In the mass range 10°°Mg < T < 10'%-5Mg, the mass
range in which disks come to dominate (see Figs. [5| and @,
the disks grows in a more orderly fashion, mostly indepen-
dently from mergers. From the 3*" and 5*® columns of Table
we see that > 35% of the disk growth in this mass range
can be attributed to mergers, of which half is due to ‘tiny’
mergers or the associated smooth accretion of gas.

For T > 10'%°Mg the disk formation rate drops dra-
matically (see the 2 and 4" column of Table . The spo-
radic disk formation occurs on large radii and becomes more
correlated with merger activity. Perhaps surprisingly, the av-
erage effect of mergers on disk growth is positive, indicating
that on average mergers do not result in the net destruc-
tion of stellar disks. In fact, if we look at the right parts of
the solid curves in the bottom row of Fig. [9] major mergers
on average do not result in negative values of AD in any
mass bin. For T > 10'*Mg, the inner disks are on average
slightly destroyed, but this does not seem to be connected to
merger activity. The morphological transformation of mas-
sive galaxies in EAGLE is thus more driven by the buildup
of spheroids than by the destruction of disks.

The strong trend of morphology with mass at the mas-
sive end, which is present in the overall galaxy population at
z < 2 (Fig. [4) and in the evolution of the progenitors of to-
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Table 2. The estimated contribution of mergers (of any mass ratio) to the rate of disk formation (3'¢ column) and inner disk formation
within 5 kpc (5*" column) in different main progenitor mass bins (15¢ column). The diagnostics are the same as for Table [1| but for the
disk component, D, instead of the spheroidal component, S (thus using the bottom row of Fig. . For the three mass bins with negligible
disk growth/destruction no merger contribution percentage is given. During the main period of disk growth (10°-5Mg > T > 1010-5Mp)
the disk grows mostly independently from merger activity, but on average mergers (mostly tiny mergers) do have a slight positive effect
on the disk growth rate. For T' < 109-°Mg, the disk grows preferentially during mergers. The same is true for T > 10'9-Mg), although in
this case there is almost no disk growth. The inner disk behaves similarly to the total disk. The main difference is the slight destruction

on average of the inner disk for T > 1011 Mg

log1o(T/M@) (AD/(TAt)) merger contribution to (AD/(TAU)) c51pe  merger contribution to
disk formation rate inner disk formation rate

Gyr~1 all (minor+major, major)  Gyr—?! all (minor+major, major)

9-9.5 0.66 >65% (~43%, ~22%) 0.68 >69% (~46%, ~25%)

9.5-10 0.66 >35% (~18%, ~11%) 0.69 >41% (~22%, ~12%)

10-10.5 0.24 ~30% (~15%, ~5%) 0.23 ~42% (~22%, ~6%)

10.5-11 0.04 >53% (~29%, ~10%) 0.008 -

11-11.5 0.005 - -0.02 -

day’s massive galaxies (Fig. [5]), is thus caused by the strong
reduction of in-situ star formation rates around the knee of
the galaxy stellar mass function (i.e. T = 10'°"Mg). In the
absence of significant in-situ star formation, galaxies mainly
grow through mergers, causing a transformation towards el-
liptical morphologies. This morphological transformation is
thus a direct result of the quenching of star formation in
massive galaxies. [Bower et al.| (2017) find that in EAGLE
the strong quenching around the knee of the galaxy stellar
mass function is caused by feedback from the central black
hole. For T < 10'%°My, stellar feedback causes bouyant out-
flows of hot gas. However, for T > 10'°-5M, the hydrostatic
gas corona becomes so hot that the gas heated by stellar
feedback is no longer buoyant. The subsequent buildup of
gas in the centre triggers rapid growth of the central black
hole, which eventually, disrupts the supply of cold gas and
quenches the star formation. Any other quenching mecha-
nism that kicks in at these masses (as is required by the ob-
served galaxy stellar mass function) would presumably have
a similar effect on galaxy morphologies, when combined with
the effect of mergers, unless the quenching mechanism itself
has a strong direct effect on stellar orbits.

8 CONCLUSIONS

We have investigated the kinematic morphological evolution
of the stellar component of central galaxies in the EAGLE
cosmological simulation. We use a simple prescription based
on the angular momenta of the stellar particles to separate
each galaxy into a ‘spheroidal’ and a ‘disk’ component (see
Figs. [1] and , where the mass of the former is taken to
be twice the mass of counterrotating stars. The morphology
of each galaxy is characterised by the ratio of the mass in
the ‘spheroidal’ component (S) and the total stellar mass
(T = M.). Note that this mass-weighted S/T ratio is gen-
erally higher than a luminosity-weighted ratio (which cor-
responds to the visual appearance), since stars in the ‘disk’
component tend to be younger than stars in the ‘spheroidal’
component. We separate the ‘spheroidal’ component into a
‘stellar bulge’ (within 5 pkpc) and a ‘stellar halo’ (outside
5 pkpc). We study the evolution of these components for

© 0000 RAS, MNRAS 000, [T}{3]

the overall population of central galaxies with M, > 10°Mg
and we follow the evolution along the merger tree, for the
main progenitors of central galaxies in the z = 0 mass range
10'195Mg < M. < 102Mg. We draw the following conclu-
sions:

e The kinematic morphologies of central galaxies depend
strongly on stellar mass, with little additional dependence
on redshift (Fig. . This mass dependence is the same for
the main progenitors of z = 0 central galaxies (Fig. .
These galaxies follow a similar kinematic evolution, quite
independently from their z = 0 descendant mass. Galaxies
tend to start out with a high S/T ratio at M. < 10°°Mg,
build up a stellar disk an display a decreasing S/T ratio to-
wards M, = 10'%° M, after which the S/T ratio starts to
rise again. The redshift at which galaxies go through these
phases depends strongly on their z = 0 mass.

e Throughout the whole evolution, the average stellar
bulge component keeps growing in mass. Approximately a
quarter of the bulge mass of a 10'°-°Mg, galaxy was in place
at M. = 10%°Mg, before the epoch of rapid disk growth
(Fig. [6).

e The mass growth at high masses (M. > 10'°Mg) is
dominated by the growth of the stellar halo (Fig. [6).

e The stellar bulges of z = 0 galaxies with mass M, <
10*°°M, consist almost entirely of stars that were formed
in-situ. The stellar halo, on the other hand, has a large con-
tribution from stars that were accreted during mergers (Fig.
u}

e Morphological changes are mainly caused by in-situ star
formation for galaxies in the mass range 10°°Mg < M. <
10'%°Mg (at the time of star formation) and are mainly
associated with merger activity for M, > 10'°°Mg (Fig. .

e For M. > 10'°M¢ mergers (including all mass ratios)
contribute > 80% to the formation rate of bulges (Table
top row of Fig. E[) This percentage represents the combined
effect of the accretion of stars formed ex-situ, the disrup-
tion of stellar disks and merger-triggered star formation in
a spheroidal component. We estimate that 20% — 55% is
due to major mergers, 256% — 45% is due to minor merg-
ers and 5% — 15% is due to ‘tiny’ mergers with very small
merger ratios. The merger contribution to bulge formation,
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especially the contribution from major mergers, is largest in
the 10'°M¢g < M. < 10'°°Mg mass bin and becomes a bit
smaller towards higher masses.

e For M, > 10'°Mg mergers of all mass ratios contribute
2 80% to the formation of spheroids (i.e. bulges+halos), of
which 20% —50% is due to major mergers, 30% —45% due to
minor mergers and 15% — 30% due to ’tiny’ mergers (Table
top row of Fig. @

e Most of the mass of the disk component is formed in-
dependently from mergers, but mergers do have a slight net
positive effect on the disk growth rate (Table |2, bottom row
of Fig. E[) On average mergers thus do not destroy disks. The
morphological transformation of massive galaxies is mainly
due to the formation of spheroids. Note, however, that our
definition of a disk is purely kinematic: a spheroidal galaxy
with net rotation could have a substantial ‘disk’ component.

e For M, < 10%°Mg the main progenitor galaxies grow
preferentially via in-situ star formation during episodes of
enhanced merger activity and form mainly a spheroidal, or
more complex non-rotationally supported, structure (Tables

and 2| Fig. @

In conclusion, we find that galaxy formation in EA-
GLE can be classified into three phases, based on galaxy
stellar mass. First, an early phase (M. < 10°°Mg) of
disorganised in-situ star formation associated with merger
activity, which results in a spheroidal (or more complex,
non-rotationally supported) morphology. Second, a phase
(10°5Mg < M. < 10'°5Mg) of organised in-situ star for-
mation, resulting in a disky morphology. Third, a late phase
(M. > 10'°°Mg) in which mergers trigger the transfor-
mation from disk-dominated galaxies to bulge-dominated or
elliptical galaxies. The last phase is increasingly driven by
the accretion of stars formed ex-situ.

Testing this three phase picture observationally is be-
yond the scope of this work. In order to investigate whether
real galaxies go through similar phases as EAGLE galax-
ies, one could compare to slit-spectroscopy or IFU surveys,
applying the same selection criteria and using virtual obser-
vations.
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APPENDIX A:

Figure shows the convergence with the numerical resolu-
tion of the S/T ratio for the population of central galaxies as
a function of stellar mass, Fig. [} We compare results from
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the (25 Mpc)?® sized reference run (RefL0025N0376), which
has the same resolution as the (100 Mpc)® sized main simu-
lation run (RefLO100N1504), with the (25 Mpc)® sized recal-
ibrated run (RecalL0025N0376), which has an 8 times higher
mass resolution (or 2 times higher spatial resolution). This
is a test of weak-convergence (Schaye et al.|2015) as the pa-
rameters of the subgrid physics have been recalibrated to the
present-day galaxy stellar mass function and mass-size rela-
tion. A recalibration is needed because a change in the reso-
lution also affects the division between sub- and super-grid
physics. The purpose of recalibrating is to make the large-
scale effects of feedback processes the same at the higher
resolution. The convergence in Fig. [AT]is good. Results for
the morphology evolution of the main progenitors of massive
galaxies can not be tested for convergence in the same way,
because the (25 Mpc)? sized simulation box does not contain
enough massive galaxies. However, the good convergence of
our morphology measure for the overall population suggests
that results can also be trusted for these main progenitors.

APPENDIX B:

Fig. [BI] shows the same diagnostics as Fig. [§] for the inner 5
pkpc. We include it here instead of in the main text, because
these figures turn out to be very similar. This means that the
effects of mergers and in-situ star formation on the evolution
of the kinematic morphology in the centres of galaxies (<
5 pkpc) are very similar to the effects they have on the
galaxies as a whole.
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Figure A1l. Weak convergence test of the mass dependence of the S/T ratio for the population of central galaxies at different redshifts.
Different panels show different redshifts. In each panel the running median (solid curve) and 10%-90% range (dashed curves) is shown for
three different simulation runs (colours). Blue corresponds to the original (100 Mpc)?® reference run, as shown in Fig. 4} Purple and red
correspond respectively to the (25 Mpc)?3 reference run and the (25 Mpc)? recalibrated run at 8 times higher mass resolution and 2 times
higher spatial resolution. individual galaxies are shown as coloured dots for mass bins that contain fewer than 10 galaxies. A comparison
of the blue and purple curves mainly tests cosmic variance. These boxes differ by a factor 64 in volume, but use the same resolution.
A comparison of the red and purple curves is a test of ‘weak convergence’ with the numerical resolution (see [Schaye et al.|[2015| for
a discussion). For all redshifts the convergence is excellent, although at the lowest masses and lowest redshifts there is a tendency for
galaxies in the higher-resolution RecalL0025N0752 (red) to be slightly more disky.
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Figure B1. As Fig. |8 for the kinematic changes in the inner 5 pkpc (which separates bulge formation from bulge+halo formation).
The running averages from Fig. [8] are repeated as solid grey curves. In all panels there is a good agreement between the kinematic
changes within 5 kpc (solid black curves) and those for the whole galaxy (solid grey curves). This means that the dependence of the
inner kinematic changes on merger activity are very similar to that for the whole galaxy.
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