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Abstract

Typical disc galaxies forming in a ACDM cosmology encounter a violent environment, where they often
experience mergers with satellites that can disrupt the discs. However, disc galaxies are ubiquitous
in the local Universe, suggesting that a quiescent formation is not necessary for their formation.
Modern cosmological simulations in the context of the ACDM model can now obtain relatively realistic
populations of disc galaxies. In spite of this important success, it still remains to be clarified how discs
manage to survive massive mergers and what are the various formation scenarios for disc galaxies.
Here we use a suite of high-resolution hydrodynamical simulations set in a ACDM cosmology to
elucidate the fate of discs encountering mergers with systems several times more massive than their
total stellar component, Mgtar,host (comprising the majority of simulated disc galaxies since z=2). For
this, we extract a sample of approximately 100 disc galaxies and follow the changes in their post-merger
morphologies, as tracked by their disc-to-total ratios (D/T). We also examine the relations between their
present-day (kinematic) morphology, assembly history and gas fractions. We find that approximately
half of present-day disc galaxies underwent at least one merger with a satellite of total (dark matter,
stars and gas) mass exceeding the host system’s stellar mass, a third had mergers with satellites of
mass exceeding 3 times the host’s stellar mass, and, remarkably, approximately one-sixth had mergers
with satellites of mass exceeding 10 times of the host’s stellar mass. These mergers lead to a sharp,
but often temporary, decrease in the D/T of the hosts, implying that discs are usually destroyed and
then quickly re-grow. We estimate that about half of galaxies today have discs that have grown after
massive mergers since z = 2 and about a third are discs formed post-merger since z = 1. To form these
discs, high cold gas fractions are required post-merger, as well as a relatively quiescent recent history
(over a few Gyrs before z = 0). Our results show quantitatively that discs can form via diverse merger
pathways and that quiescent histories are not the dominant mode of disc formation. The fact that many
of these formation pathways lead to systems with similar D/T at the present day, suggests that the
variations in the cold gas fraction and merger histories introduce degeneracies that may hamper the
reconstruction of merger histories of disc galaxies from observations.

Keywords: Galaxies: formation — Galaxies: evolution — Galaxy: disk

1 INTRODUCTION

A long-standing problem in galaxy formation has been
reconciling the abundance of disc galaxies observed in the
nearby Universe (e.g. Weinmann et al. 2006; Park et al.
2007) with the high rate of supposedly disc-destroying
mergers predicted in ACDM cosmologies (Toth & Os-
triker, 1992; Stewart et al., 2008; Boylan-Kolchin et al.,
2010). For example, the majority (~ 70%) of Milky
Way-mass haloes are predicted to undergo mergers with
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total mass ratios Mgy : Mpost > 1 : 10 (Stewart et al.,
2008), where the total masses include baryons and dark
matter. Although considered ‘minor’ from a total mass
ratio perspective, a subhalo with a tenth the mass of the
Milky Way’s total halo mass has a mass that is roughly
twice the mass of the present-day stellar disc. From
the central galaxy’s perspective, therefore, such merg-
ers are clearly significant. Combining the merger rates
for systems in the 1 : 10 mass range with collisionless
estimates of merger-induced disc heating rates, one may
conclude that very few discs should survive down to the



present day. This is in evident contradiction with local
observations, which show that ~ 70% of normal galaxies
with stellar masses ~ 1019710-5 )/ have significant disc
components (e.g., Park et al. 2007; Kelvin et al. 2014).

The solution to this problem is to discard the paradigm
of quiescent formation history of disc galaxies, which
is now generally agreed to be obsolete. Gas physics is
commonly invoked to reconcile present-day disc mor-
phologies with active merger histories. Gas-dynamical
simulations suggest an interplay of various mechanisms
such as feedback and gas-rich mergers (Barnes, 2002;
Springel & Hernquist, 2003, 2005; Robertson et al., 2006;
Hopkins et al., 2009; Scannapieco et al., 2009; Brooks
et al., 2011; Brook et al., 2012), accretion of gas through
cold flows (e.g., Governato et al. 2009) and/or cooling
of the hot phase (e.g., Moster et al. 2012). The pres-
ence of cold gas prior to the merger can act to absorb
(and later radiate) some of the unbinding energy in-
jected during the merger, while any cold gas remaining
after the merger, plus any new cold gas that is accreted
post-merger, can lead to re-growth of the disc.

Still needed is a more quantitative assessment of the
role of gas in alleviating the effect of mergers. Using
controlled and idealised hydrodynamical simulations of
galaxy collisions, Hopkins et al. (2009) found that the
survivability of discs was strongly correlated with the ini-
tial gas fraction (defined as fgas b = Mgas/M(gas-tstars))-
Results of controlled hydrodynamical simulations, where
the gas fraction is treated as a free parameter, show that
galaxy discs usually re-form when fgasp > 80 —90% (e.g.
Robertson et al. 2006; Hopkins et al. 2009). These values
appear to be in reasonable agreement with observational
gas fraction estimates at z = 2 (Erb et al., 2006). Note,
however, that at redshifts 1 < z < 2 (where the merger
activity is still significant), the cold gas fractions can be
as low as 50% (e.g., Tacconi et al. 2013). Semi-analytical
models (e.g. De Lucia et al. 2004; Bower et al. 2006;
Font et al. 2008; Somerville et al. 2008) obtain similar
results, although the results are known to depend on
the detailed implementation of physical prescriptions
(Hopkins et al., 2010). Since potentially disc-damaging
mergers are expected to occur frequently down to z ~ 1
(Stewart et al., 2008; Boylan-Kolchin et al., 2010), it is
important to evaluate in a self-consistent way the rela-
tion between cold gas fractions, disc formation and the
merger history of galaxies. This can be achieved with
cosmological hydrodynamical simulations.

To date, studies based on zoomed cosmological sim-
ulations (typically of small numbers of systems) have
shown mixed results, at least in terms of the interpre-
tation of how discs persist to the present day. Some
studies support the scenario in which discs form as a
result of gas-rich (fgasp > 0.8) mergers (Brook et al.,
2007; Guedes et al., 2011), although, in these simula-
tions, the major mergers are restricted to occur at high
redshift. Other studies show that discs can form at low
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redshift when gas fractions are much lower. For example,
Governato et al. (2009) found a large disc growing after
a major (1:1) merger at z ~ 0.9, when fg.sp < 0.25.
They argue that in this case an important role is played
by cold flow accretion along filaments (Keres et al., 2005,
2009; Dekel et al., 2009), a process which is not included
in idealised galaxy merger simulations. A disc galaxy is
also shown to form after z < 1 in a major merger in the
simulation of Brook et al. (2012), although this system
has a lower mass than a typical disc galaxy.

Ideally, one would like to tackle this problem using
large, statistically-representative samples of galaxies sim-
ulated at high resolution with hydrodynamics and in
the full cosmological context. With the advent of large-
volume simulation campaigns such as GIMIC (Crain
et al., 2009) and more recently Illustris (Vogelsberger
et al., 2014), EAGLE (Schaye et al., 2015) and Horizon-
AGN (Kaviraj et al., 2016), this is now a possibility.
A major success of these campaigns is their ability to
produce large samples of disc galaxies, at least in quali-
tative agreement with the observations. From this point
of view, the problem appears to be ‘solved’, in that
the ubiquity of disc galaxies is consistent with our cur-
rent theoretical paradigm for structure formation (i.e.,
ACDM). However, it is nevertheless still important to
elucidate the physics that allows galaxies to retain (or
re-form) their discs; analysis of large statistical samples
of simulated galaxies should help clarify the somewhat
confused picture that has emerged from studies based
on zoomed simulations of small numbers of systems. Fur-
thermore, it has not yet been demonstrated that the
predicted distribution of morphologies from simulations
actually agrees with that of real galaxies in a quantita-
tive sense. We will make such a comparison here. We will
also quantify the fraction of galaxies that (re-)form their
discs after mergers versus those that form more quies-
cently. For those disc galaxies that form post-mergers,
we also investigate the various pathways that lead to
the formation of their discs.

We use the Galaxies-Intergalactic Medium Interaction
Calculations ( GIMIC ) simulations to explore these
topics. As demonstrated in a number of previous studies,
GIMIC is successful at forming large numbers of disc
galaxies that match a broad number of observed scaling
relations and galaxy properties. Namely, the simulations
produce reasonably realistic ~ L* disc galaxies that
match the Tully-Fisher relation, the rotation curves, sizes
and star formation efficiencies of low-mass disc galaxies
(McCarthy et al., 2012b), the cold gas fraction—stellar
mass and gas-phase metallicity—stellar mass relations
(De Rossi et al., 2015), the number, alignment and the
spatial distribution of their satellite galaxies (Deason
et al., 2011; Font et al., 2011), the surface brightness and
metallicity distributions of the stellar haloes in the Milky
Way, M31 and other nearby disc galaxies (Font et al.,
2011; McCarthy et al., 2012a) and the X-ray scaling
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relations for normal disc galaxies (Crain et al., 2010).
Therefore these simulations are well-suited to address
the topics in our study.

A potential drawback of these simulations is that
they do not include a physical prescription for AGN
feedback, as has been found to be important in more
recent simulations such as EAGLE (Schaye et al., 2015;
Crain et al., 2015). However, this is not a serious omission
for the mass range we consider here (stellar masses of
~ 10%° My). We demonstrate this later (Appendix A),
where we compare the stellar mass—halo mass relations,
size—mass relations, and distribution of morphologies
predicted by GIMIC and EAGLE, showing that they
are very similar for all but the most massive galaxies. The
realism of our simulated disc galaxies is tested further by
comparing their morphologies with those derived from
recent observations (see Section 3 and Appendix B).

This paper is organised as follows. In Section 2 we
summarise the simulations and sample selection. In Sec-
tion 3 we compare the morphologies of the simulated
galaxy population with observational data. In Section 4
we calculate halo—halo and subhalo-galaxy merger rates
and show the effects of mergers of different mass ratios on
the simulated discs. In Section 5 we investigate the role
played in the growth of stellar discs by cold gas fractions
and merger histories and quantify the various forma-
tion histories of present-day disc galaxies. In Section 6
we discuss the disc re-growth scenario in the context
of some observations. Finally, the main conclusions are
summarised in Section 7.

2 SIMULATIONS AND SAMPLE
PROPERTIES

2.1 Simulation description

In this study we use the two highest resolution simu-
lations from the GIMIC suite of simulation (see Mc-
Carthy et al. 2012b). Following the GIMIC terminology
(Crain et al., 2009), these regions are called —20 and
0o, which indicates that the overdensities of the two
regions at z = 1.5 are —2 and 0, respectively, of the
standard deviation from the cosmic mean o (here o
is the RMS mass fluctuation on a scale of 18 h=!
Mpc). The two roughly spherical regions, with radii of
~ 18h~'Mpc, were extracted from the dark matter-only
Millennium simulation (Springel et al., 2005) and re-
simulated from z = 127 to z = 0 with gas dynamics.
The remaining Millennium volume (500 h~! Mpc on
a side) was also simulated but at lower resolution and
with purely collisionless dynamics. The cosmological pa-
rameters used in these runs are: Q,, = 0.25, Q5 = 0.75,
Q, = 0.045, ng = 1 (the spectral index of the primordial
power spectrum), og = 0.9 (the RMS amplitude of lin-
ear mass fluctuations on a 8 h=! Mpc scale at z = 0),
Ho = 100 h km s~ 'Mpc~! and h = 0.73.

The increased resolution enables us to better resolve
the structure of galaxy discs and the high-mass end
of substructure mass function, Mg,; > 10372 M. The
masses of dark matter particles are 6.63 x 10 A=t Mg,
those of gas particles are 1.46 x 105 h=! Mg, and the
gravitational softening is 0.5 h~! kpc. This is comparable
with the resolutions of the recent Illustris (Vogelsberger
et al., 2014) and EAGLE (Schaye et al. 2015; Crain et al.
2015) main box simulations. The dark matter resolution
is similar to other large-scale (but dark matter only)
cosmological simulations, such as Millennium IT (Boylan-
Kolchin et al., 2009), which enables us to perform a
comparison with their results.

The simulations were run with the TreePM-SPH code
GADGET-3 (last described by Springel et al. 2005).
Below we only summarise the subgrid physics prescrip-
tions in this code and direct the reader to the referenced
papers for further details. The code includes prescrip-
tions for star formation (Schaye & Dalla Vecchia, 2008),
metal-dependent radiative cooling in the presence of a
global UV /X-ray background (Wiersma et al., 2009a),
stellar mass loss and chemical evolution (Wiersma et al.,
2009b) and a kinetic supernova feedback model (Dalla
Vecchia & Schaye, 2008).

The simulations lack the resolution to resolve the
Jeans scales of the cold (T < 10* K), dense gas phase
(nu > 0.1 cm™32) of the ISM. An effective equation of
state is instead imposed, in order to approximate the
effects of feedback and turbulence in the ISM and to
prevent artificial fragmentation for gas that is above a
fixed density threshold of nyg > 0.1 cm™3. Gas particles
on the equation of state are allowed to convert into star
particles (stochastically) at a pressure-dependent rate
that reproduces the observed Kennicutt-Schmidt law
(Kennicutt, 1998), by construction. Radiative cooling is
computed on an element-by-element basis, following 11
species relevant to cooling. Feedback associated with star
formation is modelled using a kinetic implementation
(i.e., neighboring gas particles are given a velocity kick),
with an initial wind velocity of 600 km s~! and a mass-
loading parameter (i.e., the ratio of the mass of gas
given a velocity kick to that turned into newly formed
star particles), 7, set to 4. This corresponds to using
approximately 80% of the total energy available from
supernovae for a Chabrier (2003) IMF, which is assumed
in the simulation. This choice of parameters results in
a good match to the peak of the star formation rate
history of the Universe (Crain et al., 2009; Schaye et al.,
2010).

As described in the Introduction, these simulations
have achieved a number of notable successes. At the
same time, it is important to acknowledge their short-
comings. Most notably, because they neglect feedback
from AGN, the simulations suffer from overcooling in the
most massive galaxies. As shown by Crain et al. (2009),
the simulations fail to reproduce the bright end of the



galaxy stellar mass function, in that they predict too
many massive galaxies compared to what is observed.
However, in the present study, we focus on galaxies with
z = 0 stellar masses of M., ~ 1019 Mg, which is the
typical mass of normal disc galaxies today (Kelvin et al.,
2014). The simulations also reproduce many of the ob-
served correlations of lower mass galaxies (see McCarthy
et al. 2012b), but we focus on systems with Mggay ~ 1010
Mg as they are the best resolved disc galaxies in our
simulations. We reiterate that in Appendix A we show
the galaxies used in this study agree on a number of key
relations and properties with galaxies of similar mass
in the EAGLE simulations (which better reproduce the
full galaxy stellar mass function), indicating that AGN
feedback does not play an important role for the galaxies
under consideration.

2.2 Identifying subhaloes and constructing
merger histories

Haloes are identified using a standard friends-of-friends
(FoF) algorithm with a linking length of b = 0.2 times the
mean inter-particle separation, run on the dark matter
particles. Baryons are included by linking in the nearest
baryon particle (gas or star) to each FoF dark matter
particle. All groups with a minimum of 20 particles are
retained for further analysis. We then remove all haloes
that are not gravitationally self-bound by performing
an unbinding calculation with SUBFIND (Springel
et al., 2001; Dolag et al., 2009).

Simple merger trees are constructed for the main
haloes that satisfy our mass selection criterion (see Sec-
tion 2.3 below). We trace the main progenitors of the
z = 0 systems back to z ~ 5, before the emergence
of any discs. The procedure for tracing back the main
progenitor of the central halo is as follows. We select
all dark matter particles within ro09 of the main halo
at z = 0 and identify them at earlier redshifts using
their unique IDs. At each redshift output, we determine
whether these particles are bound gravitationally to any
structure. The main progenitor at a given redshift is
taken to be the subhalo that contains the largest frac-
tion of the dark matter particles selected at z = 0. The
algorithm uses only the dark matter particles, as they
constitute most of the mass of a system and, unlike
baryonic particles, are not directly affected by pressure
forces. Having identified the main progenitor, we then
follow forward in time from z ~ 5 all (sub)haloes that
eventually merge with the main progenitor’s FoF group
by the present day.

2.3 Galaxy sample

We kinematically classify the galaxies into disc- and
spheroid-dominated categories based on the rotational
angular momentum, J,, of bound star particles within
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20 kpc (we use the most bound particle to identify the
galaxy center). To assign particles to the disc component
we use a simple cut of J, /Jeire > 0.75, where Jgire is the
angular momentum of a star particle on a co-rotating
circular orbit with the same energy. In our definition,
disc galaxies are those with a kinematical disc to total
ratio D/T > 0.3, however the main conclusions of this
paper do not change by choosing a higher limit of D/T
or by adopting a different cut in the angular momentum
required for disc assignment. In Section 3 we discuss
the correspondence between the 3D kinematic D/T di-
agnostic that we employ throughout the present study
and the apparent (2D) morphology that one would more
typically derive for observed galaxies.

As in our previous studies (Font et al., 2011; McCarthy
et al., 2012a,b), we do not impose any constraints on
the merger histories of galaxies, as we also want to
follow the formation of disc galaxies with non-quiescent
merger histories (in addition to galaxies that contain no
significant disc component, to investigate why). We select
only galaxies in the range of total stellar mass 9.7 <
log(Mstar tot/Mg) < 10.3 (median stellar mass of ~ 10%-
Mg). This mass range is chosen in order to minimise the
mass-dependence in the merger rates results and also
to avoid issues with overcooling at higher masses (see
McCarthy et al. 2012b). For reference, the upper Mgiar, tot
limit is somewhat smaller than the estimated stellar mass
of the Milky Way, Mstar tot, Mw =~ 3.6 — 5.4 x 1010 Mg,
(Flynn et al., 2006; McMillan, 2011). The median halo
mass Magg(z = 0) (i.e. the mass enclosed within a sphere
containing an average density ~ 200 times the present-
day critical density) is ~ 10'*7 Mg, is also somewhat
lower than the typical 1 — 2 x 10?2 M, inferred for
the Milky Way (Evans & Wilkinson, 2000; Battaglia
et al., 2005; Karachentsev & Kashibadze, 2006; Li &
White, 2008; Guo et al., 2010), although some recent
studies estimate a lower total mass of the Milky Way,
~5—10x 10" Mg (Xue et al., 2008; Deason et al., 2012;
Gibbons et al., 2014). Therefore, our simulated galaxy
sample is more representative of slightly sub-L* galaxies.
Note that even within this mass range we still have a
large sample of 107 high-resolution simulated galaxies.
As already mentioned, this mass range also encompasses
the typical stellar mass of disc galaxies observed in the
local Universe (Kelvin et al., 2014).

Finally, we note that the sample combines systems
from both the —2¢ and 0o regions since galaxy properties
do not show any significant dependency on very large-
scale environment (see also Crain et al. 2009; Font et al.
2011).

3 PRESENT-DAY MORPHOLOGIES:
COMPARISON WITH OBSERVATIONS

Before proceeding to our main analysis, we first exam-
ine some additional relevant tests of the realism of the
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present-day discs in the simulations (as mentioned in
the Introduction, the simulated galaxies match a broad
range of global scaling properties of present-day galaxies).
Specifically, here we focus on the present-day morpholo-
gies of the simulated galaxies and compare them, in a
like-with-like fashion, to observational data, demonstrat-
ing that the simulated galaxy population has a realistic
distribution of morphologies.

We first compare to the observed morphologies of
local galaxies in the GAMA survey. From the GAMA
Data Release 2 database!, we select local galaxies with
0.07 < z < 0.12 (median z ~ 0.10) and that lie in
the same stellar mass range as the simulated galaxies
(i.e., 9.7 < logy[M./Mp] < 10.3) and that have had
single Sérsic models fitted to their surface brightness
profiles in the various GAMA bands by Kelvin et al.
(2012). Applying these selection criteria yields a sample
of approximately 4,800 galaxies. We focus on the Sérsic
index, which governs the rate of the fall off of light with
radius and therefore characterises the morphology of a
galaxy. More details about the construction of synthetic
GAMA r-band images and about the Sérsic index model
fitting are given in Appendix B.

In Fig. 1 we compare the predicted (solid thick black
curve) and observed (solid thick red curve) distributions
of the r-band Sérsic index. Overall, the simulated dis-
tribution is quite similar to that of the GAMA sample,
both showing strong peaks in the distribution near a
Sérsic index of 1 (which corresponds to an exponential
disc profile). In detail, the peak of simulated distribution
occurs at a slightly higher value than that of the GAMA
sample. Nevertheless, the agreement is impressive con-
sidering that no attempt was made to calibrate the
GIMIC simulations on any aspect of the morphology
of the galaxies.

The thin black curves show the effects of turning on/off
the modelling of the noise and the point spread function.
Including these effects does not change the qualitative
picture, but it does affect the derived distribution in a
quantitative sense, in that the resulting distribution is
somewhat broader and the peak is shifted to slightly
larger values of the Sérsic index when realistic noise and
smoothing is incorporated into the analysis.

It is of interest to examine briefly the correspondence
between the kinematic D/T morphological indicator
that we use for the remainder of the paper with the
apparent (2D) morphology, as characterised by the Sérsic
index derived from the image modelling analysis above.
In Fig. 2 we examine the relation between these two
quantities at z = 0. Although there is significant scatter,
there is also clearly a strong anti-correlation between the
parameters (the Spearman rank correlation coefficient
is r = —0.49). Our fiducial threshold of D/T=0.3 used
to separate galaxies into disc- or spheroid-dominated

Thttp://www.gama-survey.org/dr2/
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PDF
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Figure 1. Comparison of the distribution of Sérsic indices from
GIMIC (thick solid black curve) with that derived from the
analysis of local (0.07 < z < 0.12) GAMA galaxies, selected to be
in the same stellar mass range applied to the simulated galaxies
(thick solid red curve; Kelvin et al. 2012). The error bars correspond
to the Poisson errors, derived by taking the square root of the
number of galaxies in each Sérsic index bin. To derive the Sérsic
indices of the simulated galaxies, we create synthetic GAMA-like
images of the simulated galaxies, accounting for the effects of the
SDSS telescope point spread function and Poisson noise (due to
both the galaxy and the sky; see Appendix B for further details).
The thin short-dashed, long-dashed, and dot-dashed black curves
show the effects of switching on/off the modelling of Poisson noise
and the point spread function. The simulated galaxy population
has a qualitatively similar distribution of morphologies to that of
the observed GAMA sample.
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Figure 2. The z = 0 relation between the kinematic D/T and the
apparent (2D) morphology, as characterised by the Sérsic index
derived from synthetic images of GIMIC galaxies. Although
significant scatter is present, a strong anti-correlation is clearly
visible, such that high values of D/T correspond to low values of
the Sérsic index. The vertical dotted line at D/T=0.3 corresponds
to our fiducial dividing line between disc-dominated and bulge-
dominated systems, which also roughly delineates the systems into
high and low values of the Sérsic index.

systems also roughly delineates systems into (relatively
speaking) low and high values of the Sérsic index. Thus,
in a broad sense, there is a good correlation between the
3D kinematics and the 2D (light-weighted) appearance
of galaxies, which is expected and reassuring (see also
Scannapieco et al. 2010; Obreja et al. 2016). We note that
we use the (3D) kinematic D/T as our indicator of the
morphology because it is a more physical quantity linked
to the energetics of the system and does not depend on
complicating factors such as projection effects and the
mapping between light and mass (which depends on age,
metallicity, etc.).

As shown above, many of the simulated and observed
galaxies in this stellar mass range have a broadly disky
appearance, in that they are typically characterised by
Sérsic indices of ~ 1. One can go a step further and ask
whether the detailed distribution of scale-heights (z)
and scale-lengths (hg) of (thick+thin) components of
the simulated discs are also reasonable. For this test,
we compare with measurements of these quantities of
similar-mass nearby late-type galaxies from Kregel et al.
(2002) and Yoachim & Dalcanton (2006).

For a given simulated galaxy we compute the scale-
height and -length in the following manner (which is
meant to roughly mimic the observational analysis). We
first rotate the galaxy into an edge-on configuration, by
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aligning the total angular momentum of the stars (within
a 20 kpc aperture) with the z-axis of the simulation
box. We then select the disc particles and produce two-
dimensional i-band surface brightness maps in cylindrical
coordinates (R, z), with R being the projected radius
along the disc. Following the observational studies that
we compare to, we fit a two-dimensional parametric
model of the following form to the maps:

L(R,z) = Loexp /M= f(2) (1)

where L is the central luminosity density and f(z) is the
generalized sech®™ (N z/zy) vertical distribution (N = 1
for the thin+thick disc; see Yoachim & Dalcanton 2006).

Fig. 3 shows the present-day disc scale-heights and
scale-lengths versus the maximum rotation speeds Vi
of the sample disc galaxies, in comparison with sim-
ilar measurements in nearby sub-L* disc galaxies of
Kregel et al. (2002) and Yoachim & Dalcanton 2006.
The typical values for the simulations of zg ~ 1 kpc
and hr ~ 4 kpc are in reasonably good agreement with
the observational data (see also the data of Bizyaev &
Mitronova 2002). However, we caution that the compar-
ison to the scale-heights may be somewhat influenced
by the force resolution of the simulation (the Plummer-
equivalent softening is 500h~! pc, represented by the
dashed line in Fig. 3) and the simplified treatment of
the ISM (the Jeans length of the equation of state is
~ 1 kpc), which will effectively prevent the formation
of very thin discs in the simulations. Nevertheless, it is
encouraging that the structural properties are similar to
observed nearby galaxies, which gives us some confidence
that the disc component in the simulated galaxies will
react to mergers, etc. in a realistic fashion.

3.1 Summary of comparison to observations

We have shown that the simulated galaxy population
that we examine in this study has a reasonably realistic
distribution of morphologies, as characterised by the
Sérsic index and effective radii and the scale-lengths
and scale-heights of the disc component. The sample
is therefore well-suited to address the question of the
origin of present-day morphologies and elucidating its
connection to the assembly history of galaxies.

4 MERGERS: PROBABILITIES AND
EFFECTS

In this section we revisit the likelihood of mergers of
different mass ratios in a ACDM cosmology. We demon-
strate that most L, galaxies (Mgar ~ 101°Mg) are ex-
pected to experience a collision with mass ratio ~1:1
(defined in terms of the ratio of total satellite mass to
central galaxy stellar mass) since z ~ 2. We further show
that such mergers are generally expected to induce large
morphological transformations.



The diversity of assembly histories leading to disc galaxy formation in a ACDM model 7

——r—r—r T
@ GIMIC .
3
. -
-
R o...i..: . :
PYLIR ¥ JRN .
L 34 *
n o oI% 00
.
S e, B ]
N L 2 A .9
o “..' oo So
N i..." S
7747777...7707. 77777777777777777
* . e
L]
* ° .
L]
@ Yoachim & Dalcanton (2006)
@ Kregel+ (2002) *
PR IR T N U T U N T NS NN N N1

100 120 140 160 180 200 220
Vrot (km/s)

hg (kpc)
J. o o0

100 120 140 160 180 200 220
Vrot (km/s)

Figure 3. Comparison of disc scale-heights (Left) and scale-lengths (Right) of simulated galaxies in GIMIC (black circles) with those
measured for nearby galaxies by Kregel et al. (2002) and Yoachim & Dalcanton (2006) (red and blue diamonds) versus the maximum
rotation speeds Viot. The dashed horizontal line shows the (Plummer equivalent) force softening of the simulations. Over the range of
masses considered here, the simulated galaxies have broadly realistic sizes.

4.1 Merger probabilities

4.1.1 By the ratio of total halo masses

Several studies have already calculated the merger rates
of Milky Way-mass dark matter haloes using N-body
cosmological simulations (e.g. Stewart et al. 2008 and
Boylan-Kolchin et al. 2010). In particular, the Millen-
nium II simulations used by Boylan-Kolchin et al. (2010)
have many similarities with GIMIC | for example the
identical cosmologies and the similar mass resolutions.
Although smaller in volume, our gas-dynamical simula-
tions take into account additional mechanisms associ-
ated with the existence of stellar discs. We first briefly
examine halo—halo mergers to provide a baseline for
comparison with dark matter only studies.

Fig. 4 shows the cumulative fraction, f, of all the
main dark matter haloes in our sample that undergo
mergers with mass ratios X = Msat max/Maoo(z = 0)
(where Mgat max 18 the maximum mass of a dark matter
subhalo over its whole history and Mg is the virial
mass of the host halo at z = 0) greater than several
threshold values. The results are quite similar to those
of Boylan-Kolchin et al. 2010, who find ~ 55% of haloes
had mergers > 1 : 10 and > 30% had mergers > 1:6—7.
As already noted, the masses of these merging systems
are 2 — 3 times more massive than the mass of a putative
Milky Way disc embedded in these dark matter haloes.
Therefore, on the basis of halo-halo merger probabilities,
one may conclude that a significant fraction of dark
matter haloes experience mergers which are potentially
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Figure 4. The cumulative fraction of haloes (median Magg
10117 Mg) which have mergers with mass ratios X
Msat,max/M200(z = 0) > 0.01 (red), > 0.03 (orange), > 0.1
(green) and > 0.15 (blue).
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Figure 5. The cumulative fraction of galaxies that have mergers
with mass ratios: X = Msat/Mstar,host > 10 (blue), > 3 (green),
1.0 (orange), and > 0.5 (red). Solid lines correspond to the case
when the satellite crossed r200(2) and dashed lines when the
satellite crossed a fixed physical radius of 20 kpc.

damaging to the embedded discs from z = 2 to the
present. Moreover, some haloes have multiple events of
this kind (Stewart et al., 2008; Boylan-Kolchin et al.,
2010).

4.1.2 By the ratio of satellite to central galaxy mass

The merger probabilities involving (sub)haloes and the
central galaxy are more directly relevant to the ques-
tion of the survivability of galaxy discs than the halo-
halo merger rates. Fig. 5 shows the cumulative frac-
tion of galaxies that undergo mergers with mass ratios
X = Maat/Mstarhost > 0.5,1,3,10. We explore the im-
portance of mass loss of the satellite due to tidal strip-
ping since the time of accretion onto the main halo, by
computing the mass ratio both at the time of accretion
(defined as when the satellite first crosses ro9p(2) of the
main halo) and when it first comes within 20 kpc (phys-
ical) of the central galaxy (i.e., roughly the size of a
typical galaxy disc, around which tidal interactions are
the strongest). These two cases are represented by the
solid and dashed curves, respectively.

When using the mass ratio at the time of accretion to
calculate the probabilities, it is clear that major mergers
are quite common. For example, nearly all galaxies are
expected to have had at least one merger where the
incoming satellite is of comparable mass (1:1) to the
central galaxy (in terms of its stellar mass). However, the
picture changes significantly when one defines the merger
mass ratio using the satellite mass just prior to the

Font et al.

collision (here evaluated at 20 kpc). For example, when
tidal stripping is taken into account, ~ 20 — 30% fewer
galaxies experience minor mergers (X > 0.5 — 1) since
z = 2 and significantly fewer galaxies, about a factor
of three fewer, experience mergers with X > 10. The
sharp decrease in the galaxy merger probabilities with
increasing mass ratio X illustrates that more massive
satellites are more strongly affected by tidal stripping.
Overall, our results suggest that semi-analytic models
that neglect this effect will markedly overestimate the
merger rates of galaxies and possibly also the damage
induced to the embedded discs (see also Wilman et al.
2013).

Nevertheless, tidal stripping by itself is not a solution
to the disc abundance problem, since the rate of disc-
damaging mergers is still high even after its effect is
taken into account. For example, the dashed lines in
Fig. 5 show that since z = 2 the majority (~ 60%) of
galaxies in the sample undergo mergers > 3Mgtar host and
~ 80% undergo mergers > Mgtar host- As we show below,
most of these mergers are expected to induce significant
morphological changes to their hosts. Therefore disc-
damaging mergers are still expected to be frequent in
a hierarchical scenario, in qualitative agreement with
previous dark matter only results.

4.2 The effect of mergers on galaxy discs

Having calculated the likelihood of mergers of different
mass ratios, we now assess the effect that these mergers
have on the disc, by evaluating the change they induce in
the D/T ratio. In Fig. 6 we plot A(D/T) of host galaxies
measured between two snapshots on either side of the
time of the most massive merger, defining the merger
time as that when the satellite crosses a fixed distance
of rmerge = 20 kpc. The four panels show the mergers in
different lookback time intervals, from the most recent
(top left) to the earliest mergers (bottom right). We
plot them in lookback time intervals since some galaxies
had their most massive merger recently and some had
them long ago and it is not immediately obvious that
high-redshift galaxies should respond to mergers of a
given mass ratio in the same way as low-redshift galaxies
(e.g., because they have different sizes, gas mass fractions,
etc.). However, inspection of the different panels suggests
that, at least roughly, the mass threshold above which
satellites are able to induce significant changes is about
that of the stellar component of their hosts, Mgy =~
Mgtar,host, With no strong dependence on redshift. Note
that higher frequency of data points in the bottom panels
indicates that merger histories were more active before
z ~ 1. As expected, disc galaxies (blue circles) are more
sensitive to morphological changes than spheroids (red
squares) and these changes are almost always towards
dispersion-supported systems [i.e., A(D/T)< 0]. This
corresponds to a positive change in the Sérsic index,
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Figure 6. Changes in D/T in host galaxies measured just after
and before the merging of the most massive satellite (taken when
the satellite crosses at Tmerge = 20 kpc). The panels show mergers
in different time intervals, from the most recent (top left) to the
earliest (bottom right). Blue circles correspond to A(D/T) in disc
galaxies and red squares to A(D/T) in spheroids. Significant D/T
changes occur typically for satellites Msat > Mgtar, host, and these
changes are more pronounced for disc galaxies.

A(n)> 0, as D/T is anti-correlated with n (Fig. 2).

The large scatter in the A(D/T) data points suggests
that changes in galaxy morphology depend on other
factors as well, for example on the amount of cold gas
contained in these galaxies, orbital parameters, etc. In a
few cases, galaxies can even show an increase in A(D/T)
after mergers [see data points with A(D/T)> 0]. This
may suggest that some galaxies become more disc-like
as a result of mergers, possibly fueled by the consistent
amount of cold gas which accompanies these mergers;
e.g., a bulge-dominated host galaxy could accrete a low-
mass, gas-rich companion that brings in sufficient gas to
build a disc. Most of the data points with A(D/T)> 0
indeed correspond to galaxies which were spheroidal pre-
merger. Note, however, that in their case, an increase
in D/T does not necessarily translate into a lowering of
the Sérsic index sufficiently close to 1, as can be inferred
from the large range of possible D/T - n trajectories
in Fig 2. The role of cold gas will be analysed in more
detail in the following sections.

5 FACTORS THAT INFLUENCE THE
PRESENT-DAY MORPHOLOGY

We have shown above that the majority of galaxies in
the mass range under consideration undergo mergers
that are expected to damage significantly (and possibly

disrupt completely) pre-existing stellar discs. In spite
of this, the majority of galaxies that are at present day
in this mass range, both in nature and in these simula-
tions, contain significant disc components. This suggests
that discs can be re-established after mergers, via new
star formation in gaseous discs (e.g., Robertson et al.
2006; Hopkins et al. 2009). But not all the present-day
simulated systems have significant discs - why not? And
for those that do contain significant disc components,
there is a large spread in ‘diskiness’ (e.g., D/T). What
determines this spread? Clearly, relevant factors, be-
sides the mass ratio of the merger, are going to be the
time of the last massive merger (i.e., is there sufficient
time between the merger and the present-day to reform
a significant disc component?) and the amount of gas
available post-merger to fuel the re-growth. We now
examine the importance of these factors.

5.1 Dependence on merger mass ratio

In Fig. 7 we plot the relation between the present-
day morphology and the mass ratio of the last massive
merger. By selection, we consider as massive mergers
only those mergers with mass ratios exceeding unity,
Msat /Mgtar,host > 1 , guided by Fig. 6 which shows that
such events typically induce a significant morphological
change. Note that the mass ratio is defined in terms of
the total mass of the satellite to the stellar mass of the
host at the redshift of the merger (constrained to be
z < 2).

It is evident from Fig. 7 that there is no strong corre-
lation between D/T at z=0 and the mass ratio of the
last massive merger. The Spearman rank correlation
coefficient is weak, with » = —0.13. Note that this result
is insensitive to our choice of definition of the mass ratio.
For example, if we define the mass ratio in terms of the
stellar mass of the host at z = 0 instead of at the redshift
of the merger, we find a similarly poor correlation with
the present-day morphology.

Taken together, Figs. 6 and 7 therefore strongly sug-
gest that the morphology is altered (again) following
the last massive merger (i.e., through disc re-growth).

Note that some present-day disc galaxies may have
had multiple massive mergers (i.e with Mgat/Mstar host >
1) during their lifetime. Some of these mergers could
have higher mass ratios than the last massive mergers.
However, given the poor correlation between the present
day morphologies and the properties of the last massive
merger, it is unlikely that the conclusions of Fig. 6 can
change regarding correlations with the properties of
earlier mergers (on the contrary, in that case we will
expect an even weaker correlation).

What is the prevalence of the disc re-growth after
mergers? In Fig. 7 we looked only at the fate of galaxies
that underwent massive (Mgat,tot > Mstar,host) METgers -
albeit, given the large redshift range under consideration,
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Figure 7. Relation between the mass ratio of the last major
merger and D/T at z=0. Even though major mergers do have an
immediate effect on the morphology of a galaxy (see Fig. 6), there
is virtually no correlation between the present-day morphology
and the mass ratio of the last major merger since z = 2 (Spearman
rank correlation coefficient r = —0.13).

this comprises the majority of our galaxies. In Fig. 8
we capture the morphological changes of all galaxies
since a given time. As before, we divide galaxies in two
categories, those that had a massive merger (Mgat, tot >
Mstar host) and those that have not. The top panel shows
the morphological changes of galaxies since Zmerge < 1
(or lookback time of ~ 7 Gyr). With these criteria, 31%
of all galaxies today are discs reformed after massive
mergers. In contrast, only 19% of galaxies became (or
remained) spheroids after a massive merger. A significant
fraction, 43%, are present-day discs that had quiescent
histories, i.e no massive mergers since z = 1, while 7% are
spheroids that also had no recent massive mergers. The
bottom panel of Fig. 8 shows that if we set the massive
merger time scale further back to z = 2 (lookback time
of ~ 10 Gyr), the disc re-growth process is even more
prevalent: 54% of all galaxies today are discs that had
a massive merger. The rest, 22% are spheroids today
which had a massive merger, 20% are discs that had no
merger and 4% are spheroids that had no merger. These
plots show clearly the resilience of disc galaxies in face
of disruptive mergers.

5.2 Dependence on cold gas fractions

As discussed in the Introduction, it has been proposed
that the fraction of cold gas available at the time of
mergers, can predict the (re)formation of disc galaxies
after massive mergers. Here we revisit the relation be-
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disc reformed after merger
spheroid with no merger

Figure 8. The distribution of galaxies, both with and without
massive (Msat,tot > Mgtar,host) Mergers since zmerge < 1 (top)
and since zmerge < 2 (bottom), respectively. The four categories
are: galaxies that are discs today and had a merger (blue); galaxies
that are discs and did not undergo a merger (cyan); galaxies that
are spheroids after a merger (orange); and spheroids that did not
have a merger (red).

tween cold gas fractions and galaxy morphology (D/T)
by tracking both self-consistently in a cosmological con-
text. Note that here we define the cold gas mass fraction,
fzas» as the ratio of gas mass to total mass? within the
central 20 kpc.

We examine the relation between present-day ‘diski-
ness’ and gas fractions on a per-galaxy basis. Fig. 9 shows
the correlation between the morphologies of present-day
galaxies and the fraction of gas fgas present within the
central 20 kpc of the host at the time of the most massive
merger for major merger cases (i.e., mass of the satellite
exceeded Mgiar host at collision). We experiment with
using the gas fraction defined both immediately pre-
and post-merger. In both cases, there are significant cor-
relations with present-day morphology. The correlation
is particularly strong (with a Spearman rank correlation
coefficient of 0.66) when using the gas mass fraction
measured immediately post-merger.

We note that using the same GIMIC simulations,

2We have also tried defining the gas mass fraction just in terms
of the baryonic component (i.e., fgas = Mgas/M(gaststars))s a8
in some previous studies (e.g., Hopkins et al. 2009), and find
qualitatively similar results.
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Sales et al. (2012) found that galaxy morphologies at
z = 0 depend on the fraction of the hot gas in the
host galaxy rather than that of the cold gas. However,
this is likely the result of the inclusion of much more
massive galaxies in their sample (Magp >~ 1—3x 10'2M,).
More massive galaxies naturally have higher fio, but
in GIMIC, because they are likely to be over-cooled,
they can also have artificially compact/robust discs with
high D/T ratios.

Where does the gas that fuels disc (re)growth come
from? Most of the gas participating in star formation
has been accreted smoothly, rather than being brought
in by satellites. For example, in a sub-set of the OWLS
simulations similar to GIMIC 3, van de Voort et al.
(2011) find that the gas associated with substructure
comprises only ~ 10% to the total gas budget in ~
10*2M, mass galaxies (see their Fig. 3). This is likely the
result of the strong stellar feedback implemented in both
of these simulations which unbinds a large fraction of gas
from lower mass dark matter subhaloes. Other studies
obtain similar results. In particular, Brooks et al. (2009)
find that in sub-L, galaxies, cold flow gas accretion is
responsible for star formation in the disc throughout the
galaxy’s lifetime. These results suggest a direct relation
between the fraction of cold gas and disc morphologies.

Understanding the mechanisms by which cold gas
operates on the disc structure is also important. In
principle, there are two distinct channels: one in which
its acts mainly toward (re)forming the stellar discs after
the mergers (which is what we have mainly focused on
so far), and the other in which the cold gas mitigates
the tidal impact and increases the resilience of discs to
mergers. An example of direct mitigation is provided
by Moster et al. (2010) who show that the cold gas
in the disc can absorb part of the tidal energy of the
merger into its thermal energy (and radiate it later) and
consequently, the stellar disc maintains a post-merger
scale-height consistent with the observations. However,
this mechanism is unlikely to be efficient in the case of
massive mergers (indeed, we have already shown that 1:1
satellite-to-galaxy stellar mass mergers usually induce
very large changes to the kinematic properties of the
central galaxy), and possibly also in the case of many
minor mergers following in short succession.

Another suggestion is that the prevalence of present-
day discs is achieved via efficient feedback which effi-
ciently removes gas from systems until after the main
merger activity has subsided (z ~ 1), the gas is then
re-accreted and forms a disc (Weil et al., 1998). While
efficient feedback to prevent excessive star formation at
high redshift is certainly important, it cannot by itself

3Their model REF-L050N512 uses the same prescriptions
for feedback (Dalla Vecchia & Schaye, 2008) and the same code.
The mass-loading factor is a factor of two higher in GIMIC , how-
ever this does not change the star formation histories of galaxies
significantly (see Sales et al. 2010).
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Figure 9. The correlation between galaxy morphologies (D/T)
at z = 0 and fgas(< 20 kpc) at the time of the most massive
> Mgtar,host merger. The gas fractions after the merger (filled
blue circles) exhibit a stronger correlation with D/T (z=0) than
the fractions computed prior to the merger (filled red squares).
The Spearman rank coefficient for the post-merger fgas— D/T
(z=0) correlation is 0.66, while that of the pre-merger fgas — D/T
(z=0) correlation is 0.31.

be the whole story. For example, it cannot easily explain
the observations of large numbers of disc galaxies out to
z ~ 2 (see van der Kruit & Freeman 2011 and references
therein) or the fact that a fraction of the Milky Way
thin disc has formed before z ~ 1 (Wyse, 2001; Haywood
et al., 2013).

If mitigating mechanisms are indeed generally ineffi-
cient, the explanation for the present-day abundance of
disc galaxies must rely on the efficient star-formation
activity which promotes the re-growth of stellar discs
(Hammer et al., 2007). This process, which entails succes-
sive morphological transformations during the lifetime
of a galaxy, lies at the basis of forming large discs in
GIMIC and it will be investigated in more detail in
Section 5.4.

5.3 Dependence on time since the last
massive merger

Another key factor which can influence the (re)formation
of discs is the amount of time elapsed between the
last massive merger and the time of observation (the
present day in this case). Fig. 10 shows the distribution
of the time of the last massive mergers (> Mgtar host)
for present-day galaxies categorised broadly into disc
and spheroid galaxies. Most disc galaxies have had their
last massive merger prior to z ~ 1 (~ 7 — 8 Gyr ago).
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Figure 10. The distribution of the times since the last massive
(Msat/Mstar,tot > 1 : 1) merger for disc (D/T > 0.3; blue curve)
and spheroid (D/T < 0.3; red curve) galaxies at z = 0. The error
bars represent Poisson uncertainties. Mgat is measured when the
satellites first cross rmerge = 20 kpc (see text). Present-day disc
galaxies have had more quiescent recent histories compared to
spheroids of the same stellar mass.

Galaxies with recent mergers tend to become spheroids,
especially if fzas at the time of merger is low (which is
likely at z < 1). Note that this figure does not differen-
tiate between the mass ratios of different mergers. Of
course, galaxies which experience mergers of higher mass
ratio are more likely to become spheroids (see Fig. 6
and Section 5.4). These results suggest that there are
important differences in the merger histories of disc and
spheroid galaxies of fixed (stellar) mass.

Consistent with Fig. 7, Fig. 10 also indicates that
quiescent merger histories are not a prerequisite for the
formation of large disc galaxies. Recall that all disc galax-
ies in this plot have non-quiescent merger histories, i.e.
mergers > Mgtar host- Secondly, a non-negligible fraction
of these have had their last > Mggar host since z ~ 1.
The likelihood of disc galaxies forming via more quies-
cent merger histories than shown in Fig. 10, e.g. with
no mergers as massive as Mgtar host Since z = 2, is low,
< 20% (see the dashed orange line in Fig. 5). Therefore,
the formation of the Milky Way via a very quiescent
merger history cannot be ruled out in a ACDM model,
even though it is statistically unlikely? (the likelihood
is even lower, < 10%, if we require that Milky Way
experiences only mergers < 0.5Mgtar host, i-€.< Mgtar disc

41t is interesting to note here that a future merger with the
Large Magellanic Cloud will not be far from a 1:1 case when
comparing the total mass of the LMC to the Milky Way’s stellar
mass.
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since z = 2; see the red dashed line in Fig. 5). On the
other hand, quiescent merger histories, by themselves,
do not guarantee the emergence of galaxy discs. The
misalignment of angular momenta of the infalling gas
may transform a disc galaxy into a spheroid even in the
absence of mergers (Sales et al., 2012).

5.4 Cold gas fractions and merger time
combined: The diversity of pathways for
forming disc galaxies.

So far we have studied the role of cold gas fractions and
merger histories separately and have found both to be
important. In reality these two factors are inter-related.
Fig. 11 encapsulates the various likelihoods of forming
disc (D/T > 0.3) and spheroidal (D/T < 0.3) galaxies,
as a function of the mass ratio of their last massive
(> Magtar,host ) mergers (the three rows) and as a function
of the average fgas(< 20 kpc) (dashed black lines in
each panel). As before, we focus only on galaxies with
non-quiescent merger histories, which are typical in a
hierarchical cosmology. The mass thresholds for these
mergers are, from top row to bottom row, > Mg¢ar host, >
3Mstar host and > 10Mgtar host- The coloured lines in each
panel show the D/T histories of individual galaxies, with
the time being measured with respect to the time of the
last massive merger for that galaxy, where only mergers
with mass ratios above the threshold corresponding to
each row are considered. (Note that, in this tally, some
mergers can be captured in more than one panel, e.g.
a merger with > 3Mgiar host May appear in a panel
with > Mgtar host, if that was the last massive merger
experienced by the galaxy).

The four columns from left to right tally all possible
morphological transformations between the time just
prior to the last massive merger and z = 0: spheroid
- spheroid, disc - spheroid, spheroid - disc and disc -
disc. The percentage at the bottom left of each panel
represents the fraction of galaxies relative to the total
number of systems in the original sample which undergo
these transformations (note that the total number also
includes galaxies with quiescent histories or those with
non-massive mergers). For example, the two rightmost
panels on the top row show that about 50% of all galaxies
experience a merger > Mgiar host Since z = 2 and yet
are disc-like today. About 23% of sample galaxies were
spheroids before the last > Mgtar host Merger and are
disc-like today, while a similar fraction (~ 28%) were
disc-like before their last > Mgtar host merger and are
still disc-like today (however, these are usually not the
same discs). The formation of discs after the mergers
is more likely to occur when the fraction of cold gas is
high, feas/fo > 0.4 (where f, = Q,/€Q,), irrespective
of whether galaxies were spheroids or discs before the
merger.

Disc galaxies sometimes manage to form even in the
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Figure 11. Various D/T trajectories ("pathways") for forming disc galaxies and spheroids including all possible morphological
transformations (the four columns): spheroid today—spheroid pre-merger, spheroid today—disc pre-merger, disc today-spheroid pre-
merger, and disc today—disc pre-merger. The percentage at the bottom left of each panel indicates the fraction of galaxies in the original
sample which undergo these transformations. The three rows from top to bottom show galaxies with last massive mergers above the
thresholds: > Mgtar host, > 3Mstar,host and > 10Mgtar host- The coloured lines in each panel show the D/T trajectories of individual
galaxies and the dashed black lines in each panel indicate the median fgas/fp» within 20 kpc. t = 0 represents the time of the last massive
merger, with the mass ratio threshold indicated on the right vertical axis. Approximately half of all galaxies today (in this mass range)
are both disc-dominated and have had a massive merger at some point in their past. Approximately half of these galaxies were discs
prior to the major merger and re-grew their disc afterwards (while the other half were spheroids prior the last massive merger and grew
discs later on).
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case of very massive mergers, albeit the likelihood of
this happening is very low. For example, about 50% of
sampled galaxies have mergers Mgat > 3Mggar host and
most of them become disc galaxies by z = 0. About 30%
of all galaxies in our mass range may form discs this way
(the two rightmost panels in middle row). Interestingly,
disc galaxies can form even after mergers > 10Mgtar host
(about 16.8% of all sample galaxies). Again, the deter-
mining factor is the high gas fraction (fzas > 0.4) at the
time of merger and thereafter.

In summary, quiescent merger histories are certainly
not a prerequisite for the formation of disc galaxies.
Most galaxies undergo mergers massive enough to sig-
nificantly affect/destroy stellar discs (Mgsat > Mgtar host),
however new discs can often form afterwards, even when
these mergers are relatively recent (e.g. z ~ 1, recall
Fig. 10). These results run counter to the expectations
from collisionless studies in which mergers this massive
will permanently turn discs into spheroids.

We note that the diversity of merger histories of disc
galaxies has been noted before by Martig et al. (2012),
who found little correlation between the morphologies
of disc galaxies today and of their progenitors at z ~ 1.
These authors also note that the thinnest disc galaxies
in their sample are formed in quiescent histories and
suggest a quiescent formation scenario for the Milky
Way.

6 THE DISC RE-GROWTH SCENARIO IN
THE CONTEXT OF OBSERVATIONS

As we have argued so far, disc galaxies can form in the
context of violent mergers. This does not preclude the
disruption of discs by the incoming mergers (quite the
contrary, we have shown clear morphological changes
result from these mergers). So a process of disc re-growth
has to happen, facilitated by the abundance of cold gas
around these galaxies. Here we examine some of the
observational evidence that may support this scenario.

6.1 The mass growth of discs and the discs
stellar ages

First, there is evidence that stellar discs grow signifi-
cantly in mass at recent times. Studies that examined
the stellar mass growth of typical disc galaxies (by look-
ing at their likely progenitors) have found that they
typically double their stellar mass since z ~ 1 (Bell
et al., 2005; Hammer et al., 2005; Patel et al., 2013; van
Dokkum et al., 2013; Papovich et al., 2015). Thus, there
is clearly significant (re)growth post the main merger
period, in support of the general ideas advocated above.
In Fig. 12 we make a more quantitative comparison —
the stellar mass growth of the simulated disc galaxies
with that recently inferred for Milky Way- and M31-like
progenitors from ZFOURGE/CANDELS data by Pa-
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Figure 12. The growth in stellar mass in the simulated disc
galaxies, compared to that inferred for Milky Way- and M31-like
progenitors from the ZFOURGE/CANDELS survey (Papovich
et al., 2015). Both the simulated and observed galaxies effectively
double their stellar mass content since z ~ 1 (i.e., post the main
merger period). The growth of stellar discs (dashed green curve)
tracks the total stellar mass growth since z ~ 1 in the simulations.

povich et al. (2015). These authors traced the evolution
of systems with present-day stellar masses of 5 x 1019 M,
(MW-like) and 10" M, (M31-like) back in redshift, ef-
fectively identifying analogues of their progenitors in
the ZFOURGE/CANDELS survey as systems with the
same comoving number density as the z = 0 systems.
Overall the growth of stellar mass® in the simulated
galaxies is reasonably compatible with the observations.
Furthermore, we note that the growth of the mass of the
stellar discs in the simulations tracks the total stellar
mass growth closely below z ~ 1, indicating that this is
the dominant period of disc formation in the simulations.

The median age of the disc stars can be another indi-
cation. Since the merger activity of most disc galaxies
continues until z ~ 1, a typical stellar disc that re-forms
post merger will contain a significant fraction of young
and/or intermediate age stars. The median ages of our
simulated discs are about 5 — 6 Gyr. This compares
well with the inferred half-age of the Milky Way disc,
of ~ 6.9 Gyr (Aumer & Binney, 2009). The luminosity-
weighted disc ages are, as expected, younger for systems
with ongoing star formation. Fig. 13 shows a compari-
son between the r-band luminosity-weighted ages in our

5Note that this is the instantaneous stellar mass at a given
redshift z; i.e., it is not equivalent to the integral of the star for-
mation history from high redshift down to z, as some stellar mass
is lost over time due to stellar evolution (both in the simulations
and in nature).
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Figure 13. The the (r-band) luminosity-weighted ages of the
simulated discs (black circles) compared with the data of Gal-
lazzi et al. (2005) (shaded region). As typical disc galaxies ex-
hibit merger activity until z ~ 1, the stellar discs are generally
young/intermediate-age, although recent/ongoing star formation
biases the luminosity-weighted ages towards lower values (see
text).

simulated discs and the data of Gallazzi et al. (2005).
Similar younger ages are also obtained in a local sample
of disc galaxies by Yoachim & Dalcanton (2008).

Of course, not all disc galaxies in the observational
sample may have underwent massive mergers. However,
the simulated sample shown in this plot includes also
all disc galaxies, some of which also did not undergo
massive mergers. The premise of this comparison is that
within the context of the ACDM model, the majority of
disc galaxies observed at z = 0 experience such mergers,
as shown by our simulations.

7 CONCLUSIONS

Reconciling the ubiquity of disc galaxies at the present
day with the prevalence of (apparently) disc-destroying
mergers that galaxies face in the ACDM cosmological
context has been a subject of intense research for several
decades. While progress was undoubtedly stalled due to
issues linked to overcooling/inefficient feedback (lead-
ing to overly spheroidal galaxies) in earlier simulations,
the current generation of cosmological hydrodynamical
simulations can now, generally speaking, successfully pro-
duce large populations of disc galaxies whose properties
compare favourably to observations (e.g., Vogelsberger
et al. 2014; Hopkins et al. 2014; Schaye et al. 2015).
The implication of this development is that the ACDM
cosmological model is a perfectly viable setting for the

emergence of a large disc galaxy populations. The aim
of the present study is to help elucidate the physics that
enables galaxies to retain (or re-form) their discs, and to
clarify the somewhat unclear picture that has emerged
from studies based on previous zoomed simulations of
small numbers of systems.

The main results our study can be summarised as
follows:

e A quiescent merger history is not a prerequisite
for the existence of disc galaxies today. We find
that more than half of simulated galaxies had at
least one merger with a mass > Mggar host SOmetime
since z = 2 and yet are disc galaxies today, while a
third and one sixth of galaxies experienced mergers
> 3Mgtar,host and > 10Mgiar host, respectively, and
still they have disc morphologies today (see Fig. 11).
One half of the Mgyt > Mgtar host impacts occur at
look-back time of < 6 — 7 Gyr. The pathways by
which disc galaxies can emerge from merger-induced
morphological transformations are remarkably di-
verse. Most galaxies undergo relatively frequent
morphological transformations by the present-day.

e The majority (approximately 80%) of galaxies in
the mass range under consideration undergo mas-
sive mergers (with Mg, > Mgtar host) Since z = 2.
Such mergers typically induce large changes in the
morphology of disc-dominated galaxies. In spite of
this, there is essentially no correlation between the
present-day morphology of galaxies and the mass
ratio of the last massive merger, indicating that the
morphology is altered again (i.e., the disc re-grows)
post-merger. Disc re-growth occurs in more than
half of all galaxies over the past ~ 10 Gyr and for
about a third of galaxies over the past ~ 7 Gyr.

e Galaxies with high gas fractions either immediately
pre- or (especially) post-merger can reform their
discs, particularly if the last massive merger oc-
curred at z ~ 1 or earlier.

The results presented here apply to ‘normal’ systems
with present-day masses of ~ 10'°Mg, which is the
roughly the mass scale that has the largest fraction
of systems with significant disc components in the lo-
cal Universe and where the GIMIC simulations repro-
duce the observable properties of galaxies relatively well.
These simulations lack the resolution to explore the
morphologies of galaxy’s significantly below this mass
scale, and they lack high-efficiency feedback (i.e., from
AGN) required to prevent overcooling in significantly
more massive systems. Note, however, for dwarf galax-
ies it is already known that quiescent formation is not
necessary to obtain stellar discs (see, for example Brook
et al. 2011). It is clearly of interest to perform the kind
of analysis done above the Milky Way mass scale, in an
attempt to understand why disc formation is so ineffi-
cient on those scales. The advent of a new generation
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of simulations, such as Illustris, EAGLE and Horizon-
AGN (which extend to larger volumes and include AGN
feedback), represent promising tools for pursuing this
line of research for more massive systems, while much
higher-resolution ‘zoom’ simulations (e.g., FIRE, APOS-
TLE) are best suited to investigate the morphologies of
lower mass systems.
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A COMPARISON TO EAGLE

Here we compare the z = 0 stellar mass—halo mass rela-
tions, stellar mass—size relations, and the morphologies
of the GIMIC galaxies with those derived from the
recent EAGLE simulations (Schaye et al., 2015). For
the EAGLE simulations, we use the fiducial reference
(REF) model at the fiducial resolution (which is sim-
ilar to the high-res. GIMIC runs that we use here)
and the recalibrated (RECAL) model for the higher-
resolution EAGLE runs (which are a factor of 8/2 better
mass/spatial resolution compared to the fiducial reso-
lution runs, respectively). We select EAGLE galaxies
in the same stellar mass range used for our GIMIC
analysis from the 25 Mpc/h runs, resulting in 43 EAGLE
galaxies for the REF-L0025N0376 run and 56 EAGLE
galaxies for the RECAL-LO025N752 run, respectively.

In Fig. 14 we compare the present-day stellar
mass—halo mass relations (left panel) and stellar
mass—half-mass radius relations (right panel) of
GIMIC with the recent EAGLE simulations. At stellar
masses of less than approximately 10'° My, the simula-
tions predict similar stellar mass—halo mass relations.
Over this range of masses, the GIMIC galaxies have
slightly larger half-mass radii but there is significant over-
lap with the EAGLE galaxies. At higher stellar masses,
the GIMIC simulations suffer from overcooling, re-
sulting in higher stellar masses for a given halo mass
and galaxies that are too compact (see also McCarthy
et al. 2012b).

We compare the D/T probability distribution func-
tions of GIMIC and the two EAGLE models in Fig. 15,
where we have computed D/T in a consistent way for
all of the simulations using the method described in the
main text. As can be seen, the three simulations have
similar D/T distributions.
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Figure 14. Comparison of the present-day stellar mass—halo mass relations (left) and stellar mass—half-mass radius relations (right) of
GIMIC with the recent EAGLE simulations. The half-mass radius, 7gar,1/2, is defined as the radius which encloses half of the total
stellar mass bound to the galaxy’s halo (excluding the stellar mass of any satellites). At stellar masses of less than approximately 1010
Mg, the simulations predict similar stellar mass—halo mass relations, while the GIMIC galaxies have slightly larger half-mass radii.
At higher stellar masses, the GIMIC simulations suffer from overcooling, resulting in higher stellar masses for a given halo mass and

galaxies that are too compact (see also McCarthy et al. 2012b).
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Figure 15. Comparison of the present-day D/T distribution of
GIMIC with the recent EAGLE simulations. The D/T distribu-
tions are very similar.

B SYNTHETIC GAMA IMAGES

To make a like-with-like comparison to the observational
data, we produce synthetic GAMA r-band images of the
simulated galaxies in both face-on and edge-on configu-
rations. Specifically, for each star particle in a simulated
galaxy we estimate the (unabsorbed) r-band luminosity
by treating it as a simple stellar population. In particu-
lar, we use its initial stellar mass, metallicity, and age
(and assume a Chabrier IMF) to interpolate a spectrum
using the GALAXEYV population synthesis package of
Bruzual & Charlot (2003). We then apply the SDSS
r-band transmission filter to the spectrum and then inte-
grate it to obtain the r-band luminosity of the particle.
We place each simulated galaxy at a redshift of z = 0.1
and we project the luminosities of all of the particles to
produce two maps for each simulated galaxy (edge-on
and face-on configurations), using a triangular-shaped-
clouds interpolation scheme. Each pixel has an angular
size of 0.339 arcsec, corresponding to that adopted in
the GAMA analysis, and each image has 101 pixels on
a side, which spans a physical length of ~ 63 kpc at the
adopted redshift (assuming Hy = 70 km/s/Mpc).

At this stage we have flux images in units of
ergs/s/cm?. We convert the flux images into counts
images by multiplying by the SDSS exposure time of
53.9 seconds and the physical area of the telescope. We
further assume that the photons all have the same en-
ergy (corresponding to the effective wavelength of the
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r-band filter, 0.6231 microns) and that the gain (con-
verting photons to electrons) is unity. We then add a
realistic sky component to the images (corresponding
to 20.8 mag arcsec2). Finally, we Poisson sample the
galaxy+sky counts images and then subtract the sky (as
done in GAMA data analysis).

The synthetic maps are convolved with the SDSS r-
band point spread function (treated here as a Gaussian
with a FWHM=1.1 arcsec) and then processed through
the same Sérsic model fitting software applied to the
real GAMA observational data (which uses the GALFIT
software package of Peng et al. (2002) to do the actual
fitting), providing us with estimates of the Sérsic indices
of each of the simulated galaxies. The Sérsic model fitting
yields estimates of the effective radius, the Sérsic index,
the axial ratio, the position angle, the total magnitude,
and the center coordinates.

Here we provide an example from our synthetic GAMA
imaging and surface brightness modelling pipeline.
Shown in Fig. 16 are virtual r-band counts images of a
typical simulated galaxy, placed at z = 0.1. The images
show the galaxy both in edge-on and face-on configura-
tions and with and without Poisson sampling noise (see
caption). This particular galaxy has a strongly disky ap-
pearance with a hint of spiral structure when viewed in
a face-on configuration. The galaxy is sufficiently bright
that the main surface brightness features are still clearly
visible even when noise is added, although note that
these images have not been convolved with the telescope
point spread function.

In Fig. 17 we show the best-fit 2D Sérsic model to the
same simulated galaxy. Overall, a single Sérsic profile
with an index of approximately 1 (i.e., an exponential
distribution) describes the surface brightness distribu-
tion of this simulated galaxy rather well, even if the
model cannot reproduce the detailed spiral structure
of the galaxy (nor would it do so for real galaxies with
prominent spiral structure).
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Figure 16. Synthetic r-band counts images of a typical simulated galaxy, placed at z = 0.1. Each image has 1012 pixels of length 0.339
arcsec, spanning a field of view of approximately 63 kpc. The images are shown on a logarithmic scale, spanning a dynamic range of 4
orders of magnitude (i.e., white corresponds to the maximum and deep red corresponds to a counts level that is 4 orders of magnitude
lower; black corresponds to an absence of counts). The images in the top row show a show the galaxy in edge-on configuration, while the
bottom row shows the galaxy in a face-on configuration. The lefthand column shows the raw simulation images, while the righthand

column shows the images after: i) a sky component was added; ii) the images were Poisson sampled; and iii) the sky was re-subtracted.
Note that the images have been convolved with the SDSS point spread function here.
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Figure 17. Surface brightness modelling of the simulated galaxy shown in Fig. 16. The top row shows the noisy, PSF-convolved image
of the galaxy in a face-on configuration (top left), the best-fit PSF-convolved 2D ellipsoidal Sérsic model (top middle), and the difference
between the two previous images (top right). The bottom row shows the best-fit Sérsic index and half-light radius of this galaxy (green
circle) compared to the overall simulated population (bottom left) and the surface brightness profile of the galaxy along with the best-fit
Sérsic model (bottom right).



	1 INTRODUCTION 
	2 Simulations and Sample Properties
	2.1 Simulation description
	2.2 Identifying subhaloes and constructing merger histories
	2.3 Galaxy sample

	3 Present-day morphologies: comparison with observations
	3.1 Summary of comparison to observations

	4 Mergers: probabilities and effects
	4.1 Merger probabilities
	4.1.1 By the ratio of total halo masses
	4.1.2 By the ratio of satellite to central galaxy mass

	4.2 The effect of mergers on galaxy discs

	5 Factors that influence the present-day morphology
	5.1 Dependence on merger mass ratio
	5.2 Dependence on cold gas fractions
	5.3 Dependence on time since the last massive merger
	5.4 Cold gas fractions and merger time combined: The diversity of pathways for forming disc galaxies.

	6 The disc re-growth scenario in the context of observations
	6.1 The mass growth of discs and the discs stellar ages

	7 Conclusions
	8 Acknowledgements
	A Comparison to EAGLE
	B Synthetic GAMA images

