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ABSTRACT

Context. Supermassive disks are outstanding galaxies whose formation and evolution are still poorly understood. They comprise a
large variety of objects, from large low-surface brightness galaxies such as Malin-1 to the most spectacular superluminous spirals.
However, we still do not know the physical mechanisms behind their formation, whether they will be long-lived objects, or whether
their mass could destroy them in time.

Aims. We investigated the formation and evolution of supermassive disks in the magnetohydrodynamic state-of-the-art simulation
IustrisTNG-100. We aim to characterize the main formation mechanisms behind these galaxies and to understand the role played by
the environment in their formation.

Methods. Supermassive disks were identified using morpho-kinematic criteria based on a relation between the spin-parameter (Ag)
and its ellipticity () with two different thresholds. We defined supermassive disks as galaxies with 1/ v/ > 0.31 or 0.71, and with
stellar mass log,oM, /M, > 10''. We studied their colors, merging histories, active galactic nucleus histories, and environments.
Additionally, we studied galaxies individually to check how they formed.

Results. Supermassive disk galaxies typically have a quiescent merging history, with 48% experiencing no significant mergers at
z < 1. Their stellar mass growth is driven mainly by star formation, unlike spheroidal galaxies, which require a significant number
of mergers to form. Moreover, the mergers experienced by disk galaxies are generally rich in gas, irrespective of whether they are
minor or major events. Supermassive disks exist across various environments, from in isolation to in clusters, with ~60% in isolation
or low-mass groups, ~25% in massive groups, and ~15% within galaxy clusters. When studying the evolution of supermassive disks
at z = 0.5, we show that when they gain sufficient mass, the probability of them maintaining their disk-like structure up to z = 0 is
relatively high (~60%). Lastly, while active galactic nuclei significantly influence the regulation of star formation in galaxies, they do

not directly alter their morphological structures.

Key words. methods: numerical — galaxies: evolution — galaxies:
galaxies: kinematics and dynamics — galaxies: spiral

1. Introduction

Galaxies in the Universe can take various shapes and forms.
Since the first half of the 20th century, classification schemes
have been developed to organize them by their morphology, the
most famous being the Hubble sequence (Hubble 1926).

Nowadays, it is well understood that morphology is
closely related to some more fundamental properties of galax-
ies. Elliptical (early-type) galaxies tend to exhibit lower
star formation rates (SFRs), an older population, and, con-
sequently, redder colors. On the other hand, spiral (late-
type) galaxies have higher SFRs and a population domi-
nated by young stars and, consequently, show bluer colors
(Morgan & Mayall 1957; Gémez et al. 2003; Kauffmann et al.
2004; Blanton & Moustakas 2009).

A fundamental pending question is how the morphology of
galaxies evolves in the transition zone between late- and early-
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type galaxies. This transition zone has been called the “green
valley” given the vast and relatively flat shape of the region occu-
pied by galaxies in the color-magnitude diagram (Wyder et al.
2007; Schiminovich et al. 2007; Martin et al. 2007). Morpholog-
ical transformations are likely to occur throughout a galaxy’s
history. Early observations of the Universe have indicated a
prevalence of luminous disk-like galaxies (Kolesnikov et al.
2024). Later on, with the arrival of deep observations, it was
established that most nearby dwarf galaxies are spheroidal
(Bernardi et al. 2003; Wuyts et al. 2011; Conselice et al. 2014;
Shibuya et al. 2015). Given the hierarchical paradigm of struc-
ture formation (White & Rees 1978), these transformations in
morphology from rotationally supported disks to dispersion-
dominated spheroids are widely explained by galaxy mergers
(Toomre & Toomre 1972; Barnes 1992; Bournaud et al. 2007,
Martin et al. 2018; Montaguth et al. 2023, 2025). This process
becomes crucial toward the high-mass end of the galaxy mass
function (Faber et al. 2007; MclIntosh et al. 2008; Cattaneo et al.
2011; Kaviraj et al. 2017). After the knee of the galaxy mass
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function (logjoM, > 10.8[Mg]), mergers are thought to be
needed for galaxies to achieve such high stellar masses. In this
sense, spheroidal galaxies are expected to dominate the high-
mass regime.

Within this context, Quilley & de Lapparent (2022) revisited
the relation between morphology and color using the exten-
sive morphological classification from the EFIGI (“Extrac-
tion de Formes Idéalisées de Galaxies en Imagerie”) galax-
ies (de Lapparentetal. 2011), a subsample of the Mor-
Cat (“Morphology Catalogue”) from the Sloan Digital
Sky Survey (SDSS) Data Release 8 (DRS8; Aiharaetal.
2011). Quilley & de Lapparent (2022) propose that the Hubble
sequence can be understood as an inverse sequence of galaxy
evolution. In this sense, internal dynamical processes, such as the
dominant presence of bars and strong flocculent arms in high-
mass galaxies, suggest that the internal dynamics of massive disk
galaxies, likely triggered by fly-by encounters or minor merg-
ers, can lead to bulge growth in the green valley. This system-
atic bulge growth across the green valley highlights the region’s
transitional nature and allows us to rule out the possibility of a
predominantly quick transit due to rapid quenching. However, it
is worth noting that this result may change when considering the
environment in which galaxies reside (e.g., Pallero et al. 2022).

A key result highlighted in Quilley & de Lapparent (2022) is
the lack of massive disks compared to elliptical galaxies. Specif-
ically, they did not find disks more massive than log;gcM, >
11.8[Mg], proposing this as an upper limit. These results are
in agreement with what was found by Cappellari (2016), who
find a critical mass of log;oM, > 11.3[My] as the dividing
line between fast (disks) and slow (spheroids) rotators. This
result was also explored in Jackson et al. (2020) using galaxies
from the Horizon-AGN cosmological hydrodynamical simula-
tion (Dubois et al. 2013). They find two main formation mecha-
nisms for massive disks (logjoM, > 11.4[Mg]): a rejuvenation
scenario and a quiescent merging history. The primary one is the
rejuvenation scenario, which accounts for 70% of their sample
of massive disks. In this case, spheroidal galaxies experience a
significant gas-rich merger (mass ratio > 1:10), recreating the
disk from a rotationally supported galaxy. Mergers create a new
rotational stellar component, leaving a massive disk. The sec-
ondary channel accounts for the remaining 30% of their sample.
These galaxies experience a quiescent merger history and have
a disk morphology throughout their history. It should be noted
that the fraction of massive disks that these authors find accounts
for ~11% of massive galaxies within their simulations. Later on,
Jackson et al. (2022) found a similar fraction of massive disks in
a sample of observed galaxies from the SDSS using the MPA-
JHU Value-Added Catalogue'. Although significant efforts have
been made to study these types of objects, supermassive disks
remain scarce, with fewer than 200 objects detected to date
(Ogle et al. 2019; Jackson et al. 2022). We expect this knowl-
edge gap to be filled by next-generation wide-field surveys such
as Euclid (Laureijs et al. 2011) and the Vera C. Rubin Obser-
vatory’s Legacy Survey of Space and Time (LSST; Ivezic et al.
2019).

In this work we revisit the formation mechanisms of
extremely massive disk galaxies with the state-of-the-art Illus-
trisSTNG simulations. We investigate the likelihood of these
galaxies forming and the various formation mechanisms behind
the formation of massive disks, and we aim to understand
whether these massive disks are long-lived structures or merely

! https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
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a transitional phase during the transformation from disks to
spheroids.

The article is organized as follows. In Sect. 2 we summa-
rize the relevant aspects of IllustrisTNG. We define our galaxy
sample and the procedures performed to measure the morpho-
kinematical properties of galaxies. In Sect. 3 we show the disk
fraction in the galaxy-mass function and the positions that mas-
sive disks occupy in the color-mass diagram, providing crucial
insights into the formation of these galaxies. We also quantify
the significance of mergers in building up the stellar compo-
nents of massive disks. In Sect. 4 we investigate whether massive
disks are long-lived structures and the different environments in
which they can exist, shedding light on the longevity and diver-
sity of galaxies. In addition, we compare the formation mecha-
nisms identified in this work with those previously reported in
the literature, thereby further enhancing our understanding of
galaxy evolution and its implications for future research. Finally,
in Sect. 5 we summarize our results and conclusions.

2. Data
2.1. HlustrisTNG

IustrisTNG (The Next Generation, TNG hereafter; Marinacci
et al. 2018; Naiman et al. 2018; Nelson et al. 2018; Pillepich
et al. 2018a; Springel et al. 2018)? is the natural successor of the
Ilustris® project (Genel et al. 2014; Vogelsberger et al. 2014a,b;
Nelson et al. 2015; Sijacki et al. 2015). It corresponds to a suite
of magnetohydrodynamic simulations with a comprehensive
galaxy formation model, which includes prescriptions for star
formation, stellar evolution, chemical enrichment, stellar feed-
back, galactic outflows, black-hole formation, active galactic
nucleus (AGN) feedback and metal cooling (see Pillepich et al.
2018Db, for a detailed description).

This suite offers three different simulation volumes for
TNGS50, TNG100, and TNG300, with cosmological volumes of
(51.7 chC)3, (106.5 (:Mpc)3 , and (302.6 chc)3, respectively.
This work will only use the TNG100, the intermediate resolu-
tion and size simulation. This simulation presents the best com-
promise between a large and representative sample of different
galaxies and environments. It reaches the high-mass end of the
mass function with a good sample of galaxies while maintaining
an excellent resolution to measure the kinematics and morphol-
ogy. For this simulation, the mean baryonic particle resolution is
Mg ~ 1.4 % 10° M (gas and stars) while having a dark matter
particle resolution of mpy ~ 7.5 X 10° M,

The simulations were performed using the AREPO code
(Springel 2010), a gravitational solver for Poisson’s equations,
using a tree-particle-mesh algorithm. Additionally, it solves
equations for magnetohydrodynamics using a Voronoi tessella-
tion method within the simulation domain (Pakmor et al. 2011).
All simulations start at z = 127 and adopt a flat A cold dark
matter cosmology, whose parameters were calibrated with the
data obtained by the Planck mission (Planck Collaboration XIII
2016): Energy density Qn = 0.6911, matter density Q,, =
0.3089, baryonic density ;, = 0.0486, a Hubble constant Hy =
100 hkm s~ 'Mpc~! with & = 0.6774, a og = 0.8159 and a spec-
tral index ng; = 0.9667.

Several observable have been tested within the simulation
and show remarkable agreement with observations, such as the
color bimodality for galaxies at z = 0 (Nelson et al. 2018), the
evolution of the mass-metallicity relation (Torrey et al. 2018),

2 https://www.tng-project.org/
3 https://www.illustris-project.org/
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Fig. 1. Left: Stellar-mass distribution for all galaxies in TNG100. The dashed line shows the limit log at which we consider galaxies to be “massive”.
The orange bars comprise the core of our study sample. Right: Satellite (yellow)—central (purple) separation for galaxies with log;oM, /Mg > 10!,
Massive galaxies are predominantly central, though a non-negligible fraction are satellites.

the mass-size relation for quiescent and star-forming galaxies
(Genel et al. 2018) and the metal distribution within the intra-
cluster medium (Vogelsberger et al. 2018). Additionally, within
the publicly available catalogs, the simulations include fluxes
for galaxies in several bands. Here, we briefly summarize the
most important aspects of their computation, but we refer the
reader to Nelson et al. (2018) for a more detailed explanation.
First, each star particle is treated as a single-burst simple stellar
population with recorded formation time, metallicity, and initial
mass. Their spectral properties were modeled using the FSPS
code (Conroy et al. 2009), with Padova isochrones, the MILES
stellar library, and a Chabrier initial mass function (Chabrier
2003). The isochrone grid spans 22 metallicity and 94 age bins
(in log space), and simple stellar population spectra are con-
volved with SDSS filter responses (u, g, 1, i, and z at airmass 1.3),
including default dust and nebular emission models. Band mag-
nitudes for each star particle are computed via bicubic interpo-
lation on the isochrone grid and scaled by initial mass. Total
galaxy magnitudes are obtained by summing all subhalo star
particles.

For these reasons, TNG100 is an excellent laboratory for
studying galaxy evolution and understanding the reasons behind
morphological transformations in various environments.

2.2. Galaxy sample

We relied on the Group Catalogues available in the public TNG
database to select galaxies in the simulations. The main proper-
ties of haloes and sub-haloes were determined using the friends-
of-friends (FOF) and SUBFIND algorithms (Springel et al. 2001;
Dolag et al. 2009) for the 100 snapshots spanning the redshift
range 0 < z < 20. First, a standard FOF group finder with a link-
ing length b = 0.2 was used to identify haloes. Then, SUBFIND
recognizes and hierarchically characterizes the gravitationally
bound substructures. The subhalo catalog includes centrals and
satellites, where the central matches the position of FOF haloes,
defined as the position of the dark matter particle with the min-
imum gravitational potential. Central galaxies can host one or

more sub-haloes. These sub-haloes can contain stellar particles
(or not).

This article defines galaxies as all those objects in the sub-
halo catalog with a stellar content greater than M, > 103 M.
Consequently, we ensured a minimum resolution of approxi-
mately 1000 stellar particles per object. Figure 1 shows the
stellar-mass distribution for all the galaxies in TNG-100. The
simulation comprises 12535 objects at z = 0 with a stellar
mass higher than M, > 10°° M, (represented by the green
bars). Among these objects, 694 have a stellar mass higher than
M* > 10" My, (depicted by the orange bars) and constitute our
primary sample for the study. Given the nature of our study, for
each galaxy in the primary sample, we have at least ~10° stellar
particles per galaxy, enabling us to measure the kinematics of
our objects with reasonable confidence.

As mentioned earlier, central galaxies are those designated
as the dominant galaxies within each FOF halo, while satellites
are defined as sub-haloes hosted by the central halo. In the right
panel of Fig. 1, the central-satellite distribution is shown exclu-
sively for the massive galaxies in our sample. As expected, on
average, satellite galaxies tend to be slightly less massive and
constitute 27.9% of the entire sample of supermassive galaxies,
indicating that central galaxies primarily dominate the high-mass
bin. The magnitudes, stellar masses, Mg, and Rygo used in this
study are publicly available in the TNG database. Additionally,
to split the sample between disk and spheroids, we performed
a morpho-kinematical analysis of each galaxy in our sample, as
described below.

2.3. Kinematic properties

This subsection explains the methodology employed to measure
the kinematic properties for categorizing galaxies into disks and
spheroids. We followed the procedure proposed in Lagos et al.
(2017) to measure, from the stellar component, the velocity dis-
persion (0); the specific angular momentum (j); the rotational
velocity (Vior); and the spin parameter Ag, defined below. Unless
stated otherwise, all properties were estimated within three
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Fig. 2. Disk fraction for the TNG simulation measured with three dif-
ferent threshold criteria, 1/ve = 0.31,0.71, and 0.8 in red, green,
and blue, respectively. As we move toward higher stellar masses, the
fraction of disks decreases smoothly, with a significant decrease at
logi oMy > 11[Mg], reaching values of ~0 for logicM, > 12[Mg]

regardless of the selected criterion. The results for 1/ = 0.71 and
0.81 show little disagreement.

stellar half-mass radii, i.e., three times the radii enclosing half
of the galaxy’s stellar mass. This property is used as a proxy for
the “half-light radius” of the galaxy.

Firstly, we computed the specific angular momentum of the
stellar component, j,, using the formula

_ 2imi(ri = rcom) X (Ui — vcom)

2. m;

Here, r;, v;, and m; represent the position, velocity, and mass of
the i-th particle of a galaxy, while rcom and veom are the position
and velocity of the center of mass of the galaxy, respectively.
With the specific angular momentum, the rotational velocity of
a galaxy, Vio(r), can be determined as

Veal) = L2

ey

Jx

@

Additionally, we can measure the velocity dispersion perpen-
dicular to the disk’s mid-plane. To do this, we took the velocity
dispersion above parallel to the total stellar angular momentum
(Ly) from the galaxy. In the measurement of L,, we considered
all stellar particles bound to the subhalo.

Finally, the 1D velocity dispersion parallel to the disk is mea-
sured as follows:

fZi m;(Av; cos 6;)
O1.p = _—.
m;

Here, Av; =
mass, and cos 6 = fv:"’lLL:l

The Ag parameter was presented by Emsellem et al. (2007)
to estimate how rotationally supported a galaxy is. As shown in
Naab et al. (2014), to measure Ag appropriately, we needed to
combine the properties mentioned above in annuli as follows:

3

lv; — vcom| 1s the velocity relative to the center of

Z;i(lr) Mo i Vior (1) ‘ @)

N
VR + ot )
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Ag =
)y

Here, the sum is over all radial bins, N(r), from the inner one to
1, and m, ; is the stellar mass enclosed in each bin. Although it is
evident that, by design, this property is dependent on the resolu-
tion of the bins, our focus on studying kinematical properties in
the internal parts of the galaxies in our sample ensures that our
results remain consistent when using a fixed aperture of three
half-mass radii for all the properties mentioned above, including
the Ag parameter.

Additionally, we gauged the galaxy’s ellipticity within the
same enclosed region using only the stellar component’s inertia
tensor. The components of the inertia tensor were measured as
follows:

(e = D mily* +2)

I(r)xy = - inyi-

1

&)

Due to this tensor’s symmetry, measuring the other components
follows the same procedure. After constructing the tensor, it is
diagonalized, and the eigenvalues are sorted in ascending order.
These eigenvalues were then utilized to define the three axes of
the galaxy:

a= \//12-}-/13—/11
b= \//114-/13-/12

Cc = \//11 +/12—/l3. (6)

Finally, we defined the ellipticity of the galaxy, &, as

e=1-<, ™
a

where a and ¢ correspond to the major and minor axis, respec-
tively.

3. Results

Massive disks are rare in the Universe, with previous studies
reporting that superluminous spiral galaxies, a type of massive
disk, account for no more than ~10% of galaxies at the high-
mass end (logjoM* > 11.4[Mg]) (Jackson et al. 2020, 2022).
Additionally, Quilley & de Lapparent (2022) suggests an upper
threshold in stellar mass for disks to exist. Notably, their work
found no disks more massive than logjoMx > 11.8[My]. The
reasons behind this apparent threshold in stellar mass remain
an open question. To address this, in the first part of this arti-
cle, we select all disks within the simulation using the morpho-
kinematic statistics detailed in Sect. 2.3. We chose galaxies dom-
inated by their rotational support and exhibiting small elliptici-
ties by applying a threshold in the ratio between A and €. Figure 2
illustrates the disk fraction as a function of stellar mass for all
galaxies in the simulation. We used three different threshold cri-
teria (1/ Ve = 0.31;0.71;0.81 represented by red, green, and
blue bars, respectively) to select disks. These thresholds corre-
spond to the suggested values in Emsellem et al. (2011) for dif-
ferent apertures. For simplicity, we refer to fast and slow rota-
tors as disk and spheroidal galaxies, respectively, as those galax-
ies above (below) our kinematic selection threshold. It is impor-
tant to note that for our final disk classification, we verified the
morphologies of the selected disks through visual inspection to
ensure that our morpho-kinematic criteria identified actual disks.

From Fig. 2, it is apparent that the fraction of disks decreases
with increasing mass. The disk fraction steadily decreases at
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logioM* > 10.5[Mg]. It is worth noting that irrespective of
the selected threshold, there are disks with stellar masses up
to logjoM, > 11[Mg], with the most extreme case reaching
IOgloM* ~ 12[M®]

Figure 3 shows the gas density of some of the most spectac-
ular cases in our sample, all with logjgM > 11.4[Mg]. This mix
of spirals and lenticular galaxies resides in various environments,
from the field to clusters and satellites to centrals.

For the remainder of this article, we use the term “supermas-
sive disks” to refer to all disks with stellar masses logjoM, >
11[Mg], where the drop in number of disks in TNG is notice-
able. Also, of the three aforementioned thresholds, we focused
only on 4/ 4/ = 0.31 and 0.71 since there are no substantial dif-
ferences between using 1/ v = 0.71 and 0.81 besides increas-
ing the statistical noise. Of the 694 galaxies available within this
mass range, we recovered a total of 220 (32%) and 50 (7%) disks
for A/ v/ = 0.31 and 0.71, respectively.

3.1. Control sample

Constructing a control sample (CS) was crucial in this project.
It plays a pivotal role in isolating the phenomena that lead to the
formation of supermassive disks, thereby enhancing the accu-
racy and reliability of our findings. We can identify intrinsic
properties and behaviors specific to our galaxies of interest by
comparing massive fast and slow rotators. Different methods of
building a CS can introduce selection biases, leading to mis-
leading interpretations of the data. To mitigate these issues, it
is essential to impose constraints on parameters such as red-
shifts, stellar masses, and local densities, which can significantly
reduce selection biases. To do this, we built a CS of massive
spheroidal galaxies at z = 0 with the same stellar mass distribu-
tion as our supermassive disks, following Perez et al. (2009):

— We selected a candidate sample of spheroidal galaxies with
logioM, > 11 and A/ /e < 0.1.

— For each massive disk, we looked for massive spheroids
with the same stellar mass with 0.01dex of tolerance
(abs(logio My gisk — log g My spn < 0.01)) to construct a sam-
ple of candidates.

— We randomly selected galaxy analogs per supermassive disk
to build our CS while maintaining the stellar mass distribu-
tion.

By constructing our CS, we ensured that we could compare the
same stellar mass distribution while maximizing the number of
candidates to compare. In this case, depending on the morpho-
kinematic threshold imposed for the supermassive disks, we
ended up with 220 and 250 massive spheroids in the CS for disks
with 1/ v/ = 0.31 and 0.71, respectively.

Given that different kinematic criteria produce different stel-
lar mass distributions, we built a CS for each galaxy set. It is
worth noting that this random procedure was performed for sev-
eral control samples and that our results remained unchanged
when we selected other galaxy sets. Throughout this article,
we present our results based on the same CS for each chosen
kinematic criterion. In Fig. 4 we show the fraction of satellites
for supermassive galaxies split by morphological type using a
kinematic threshold of A/ 4/ = 0.31 and 0.71 to split between
disks and spheroids, shown as squares (blue) and filled circles
(red). The error bars correspond to binomial errors within one
sigma. The dashed black line shows the median satellite frac-
tion for supermassive galaxies, and the gray-shaded area shows
errors within three sigma for the whole sample of supermas-
sive galaxies. At first glance, it appears that supermassive disks
tend to exhibit a mild tendency to be satellites compared to both

spheroids and the entire sample. Nevertheless, we cannot detect
any special trend within one standard deviation. We explore
these results further in Sect. 4.3.

3.2. Color-mass diagram

To visualize the distribution of disks compared to the entire pop-
ulation of galaxies in the simulation, Fig. 5 shows the color-
stellar mass relation for all galaxies with log;oM, > 9.5 [Mg]
(left panel). Additionally, in the rightmost panels, we show a
zoomed-in view of the region that includes only supermassive
galaxies, where disks are selected using 1/+/e = 0.31 (upper
panel) and 0.71 (lower panel). As we can see, supermassive disks
occupy all regions in the color-stellar mass diagram, mainly pop-
ulating the green valley and the red population. Although this
may seem counterintuitive at first glance, as previously men-
tioned, our supermassive disks correspond to a mix of spirals and
lenticular galaxies that should dominate at this mass range. At
the same time, although our galaxies have supermassive disks,
most also have a well-defined supermassive spheroidal (red)
component within their bulge.

It is also worth noting that although we recover the drop
in disk fraction shown in Quilley & de Lapparent (2022), it is
shifted to lower masses, being at logioM, = 11[Mg] and
logioM, = 11.4[Mg] for TNG and Quilley & de Lapparent
(2022), respectively. This is somewhat expected given that, as
shown in Genel et al. (2018), late-type galaxies within TNG are
slightly less massive than what is expected for a given size at
logioM, /Mg > 10.5. Additionally, as reported in our work, there
are few late-type galaxies (or fast rotators) with logjoM, /Mg >
11.4. This result holds for early-type galaxies as well, although
there are several early-type galaxies with logjgM, /Mg > 11.4.

3.3. Merger histories

As a proxy to quantify how essential mergers were for the assem-
bly of our sample, we defined a parameter that relates the num-
ber of mergers, the stellar mass ratio of galaxies at the time of the
merger, and the redshift at which this merger took place, follow-
ing Fragkoudi et al. (2020). Here, we measured the sum of the
relative importance of each merger in the build-up of the stellar
mass of that galaxy using the following equation:

fi

(1 +z)*

®)

where f; is the ratio between the maximum stellar mass reached
by the two merging galaxies; f; = Mgy/Mecen; and z; corresponds
to the redshift of the merging time. We defined the merging time
as the last moment when the two galaxies can be recognized
independently by SUBFIND. This was done to ensure the merger
is final and to avoid cases where SUBFIND could detect two
galaxies passing close to each other as a single merged galaxy.
This parameter was measured for all mergers since z = 1 with
fi > 1/10. Then, we summed the parameters obtained at all z for
each galaxy.

Figure 6 shows the relative importance of mergers for each
galaxy for all our thresholds. We can see that disk galaxies have
a significantly more quiescent recent (z < 1) merger history than
spheroidal galaxies. For any selection threshold, more than 30%
of disk galaxies did not experience any significant merger at
z < 1. Moreover, we can see that for 1/ v/ = 0.71, 46% of galax-
ies have not experienced any substantial mergers since z = 1.
Additionally, when we examine each distribution, we can see
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Fig. 3. Blended stellar and gas density of three massive disks in face-on (top row) and edge-on (bottom row) views, selected using a 1/ Ve > 0.71

threshold. All galaxies have a stellar mass logioM, = 11.3[Mg].
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Fig. 4. Fraction of satellites in our sample of supermassive galaxies.
Disks and spheroids are shown as blue squares and red circles. The
dashed black line shows the mean fraction of satellites within the mas-
sive regime. Errors correspond to one sigma binomial errors as stated in
Cameron (2011), while the gray shaded area corresponds to three sigma
binomial errors for the whole sample. We can see that although disks
tend to have a mild tendency to be satellites, the fractions of satellites
for disks and spheroids are comparable within one sigma.

that the merger’s impact on disks is an order of magnitude less
significant for supermassive disks than in our CS. Additionally,
the impact of mergers becomes less significant when stricter cri-
teria are considered. This result highlights that spheroidal galax-
ies tend to have a more active recent merging history, with a
broader range of values for the merging parameter. Moreover,
we can see that only ~10% of the galaxies from our CS did not
have any significant merger since z = 1 at any morpho-kinematic
threshold.
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To further highlight the differences between populations,
Fig. 7 shows the number of significant mergers (f; > 1:10)
experienced by the galaxies in our sample. In this case, we not
only show normal mergers, but we highlight gas-rich mergers as
well, where we define a gas-rich merger as mergers where the
maximum gas mass of the two merging galaxies, at their merg-
ing time, i.€., foas = Mgassat/Mgascen > 0.1. Regardless of the
threshold used as selection criteria, disks have a lower number of
mergers compared to spheroids. Moreover, at most, 80% of disk
galaxies suffered only one significant merger throughout their
history. On the other hand, >50% of spheroids need at least two
mergers to form.

When comparing the number of gas-rich mergers with the
whole merging history, we can see that the two distributions
are very similar. This means that, for disk galaxies, in addi-
tion to having fewer mergers than our CS, the few mergers they
encounter are gas-rich. Moreover, in the case of galaxies with
A/ Ve = 0.71, by comparing cases one by one, we found that
only five galaxies experience mergers that do not classify as
gas-rich. These cases were minor mergers at z ~ 1, although
significant.

These results suggest that gas-rich mergers allow disks to be
destroyed and reformed as supermassive disks. This may not be
the case for our CS, as having a large number of mergers could
dynamically heat the stellar population, inhibiting the reforma-
tion of disks. Nevertheless, we want to highlight that even though
this may be the case for some galaxies, the bulk of our sample
comprises supermassive disk galaxies that do not experience any
merger at z < 1 regardless of their mass.

3.4. The impact of AGNs in forming supermassive disks

Another possibility to stop disks from growing is if enough
energy is injected into the interstellar medium. This injection
may prevent disks’ reformation and halt their star formation,
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Fig. 5. Left: Color (U — r) stellar mass diagram for all galaxies in the simulation. Blue and red dots show disk and spheroidal galaxies, with
stars highlighting galaxies with logjoM, > 11. We chose a threshold 1/ ve > 0.31 to split the disks and spheroids. Right: Selection of massive
galaxies in our sample. The upper and lower panels use two different selection criteria: 1/ v/e > 0.31 and 0.71, respectively. Blue stars and red dots
correspond to the disks and CSs associated with each sample, respectively. Contours are added for visualization purposes. Disk galaxies show a
broad distribution in mass and color, but their density decreases dramatically toward higher stellar masses, as expected, populating the green valley
preferentially for log;oM, > 11[M]. Spheroidal galaxies dominate the red population at any stellar mass but can also be found as blue galaxies at

low stellar masses.

making them unable to survive in time. Several feedback mech-
anisms may inject energy into the medium, but the most impor-
tant one, especially at the high-mass bin, is the AGN feedback, as
extensively reviewed in Fabian (2012). To see the impact that the
AGN feedback can have on the survival conditions of supermas-
sive disks, we tracked the energy injected into the medium ther-
mally and kinetically in those phases where the AGN was active
as a quasar and in radio mode, respectively. Figure 8 shows the
AGN’s mean energy injected into the galaxy in quasar and radio
modes for our disks and our CS. The energy feedback distribu-
tion for each of our selected thresholds is shown from top to bot-
tom. We can see that the differences between samples are small
for both the kinetic and thermal AGN feedback, with supermas-
sive disks having slightly less active AGN histories (~0.25 dex
at A/ v/ > 0.71). Although a small difference related to the mor-
phology can be seen in the thermal energy injected throughout
galaxy history, it is worth mentioning that the kinematic mode
is expected to be the one that directly affects the morphology of
galaxies, while the thermal mode may at most affect their star
formation history, as shown in previous work (eg. Pillepich et al.
2018b; Rosas-Guevara et al. 2019, 2025). In this sense, the ther-
mal mode can stall the star formation in disks, transforming them
from spirals to lenticulars, but it is not expected to transform a
disk into a spheroid. Considering this, we conclude that AGNs
do not play a key role in stopping the formation of supermas-
sive disks but can stall their growth in stellar mass or prevent the
reformation of a new disk after a significant merger.

4. Discussion
4.1. Evolution of supermassive disks in the last 4 Gyr

Supermassive disks have experienced a more quiescent merging
history than spheroidal galaxies. However, it is still unclear how
likely they are to survive once they have formed. To answer this
question, we made a new sample of supermassive disks selected
at z = 0.5 and followed their evolutionary history up to z = 0. For
these new disks, we used the same constraints as for our disks at

—— (CS:0.31 — AMVE>0.31
CS:0.71 == AVe=>071

log102 fi(1 + 2)~2

Fig. 6. Relative merger importance for the growth in the stellar mass
of massive galaxies. Solid and dashed blue lines correspond to disks
selected with A/ 4/ > 0.31 and 0.71, respectively. Dash-dotted and dot-
ted red lines correspond to spheroids of each CS. Disks exhibit a qui-
escent merging history, indicating that most of their stellar mass was
formed through star formation rather than mergers. As we move toward
stricter thresholds, the importance of mergers reduces significantly. On
the other hand, spheroids require a significant fraction of mergers to
form, regardless of the selection criteria used.

z=0,1.e., logioM, > 11[Mg] and 4/¢ > 0.31 and 0.71, with a
total of 164 and 26 supermassive disks, respectively at z = 0.5.
Surprisingly, our results suggest that most disks survive until
z = 0, retaining their disk condition. Figure 9 shows the frac-
tion of supermassive disks that survive since z = 0.5 (surviving
disks), the fraction of galaxies that survive until z = 0, but their
morphology was transformed from disk to spheroidal (surviving
spheroids) and the fraction of disks that do not survived until
z = 0, because they merged with other more massive spheroidal
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Fig. 7. Number of mergers experienced by supermassive galaxies for 1/ v/ = 0.31 (left panel) and 0.71 (right panel). Solid and dashed blue lines
show the number of all and only gas-rich mergers experienced by disks. In contrast, dash-dotted and dotted red lines correspond to all and only
gas-rich mergers experienced by our CS, respectively. Up to 45% of disks in our sample did not experience any merger at z < 1, with fewer than
20% of disks in our sample experiencing two or more mergers. On the other hand, spheroidal galaxies have a very active merging history, with

more than 70% of them experiencing one or two mergers at z < 1.
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Fig. 8. Distribution of energy injected into the medium by AGN feed-
back thermally (quasar mode, left panels) and kinetically (radio mode,
right panels) for disks (starred blue bars) and our CS (hashed red bars).
Disk galaxies show marginally lower values of both types of energetic
feedback (~0.125 — ~0.25 dex).

galaxy between z = 0.5 and z = 0 (merged spheroid). When
selecting disks with 1/ ve = 0.31 and 0.71, we find that
— 102 (63%) and 15 (58%) disks survived for at least 4 Gyr
(surviving disks).
— 38 (23%) and 9 (35%) transform into spheroids by z = 0
(surviving spheroids).
— 24 (14%) and 2 (7%) merged with a more massive galaxy
during this time (merging spheroids).
It is worth noting that although we found very few super-
massive disks with substantial rotational support at z = 0.5, this
is a consequence of the lack of supermassive galaxies at inter-
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Fig. 9. Fate of supermassive disks (log;oM, 10''[M,]) selected at
z = 0.5. The fraction of surviving disks (SD), the fraction of disks that
merge with a more massive galaxy (MS), and the fraction of disks that
transform to spheroidal throughout their history (SS) are shown here.
Disks selected according to the thresholds A/ v/ = 0.31 and 0.71 are in
red and blue, respectively.

mediate z within our limited volume sample, and not the lack of
rotationally supported galaxies. These results suggest that once
supermassive disks are formed, they are long-lived, with ~60%
of supermassive disks selected at z = 0.5 surviving until z = 0
regardless of the selection threshold. Between 20% and 35% of
supermassive disks formed at z = 0.5 merged with a less mas-
sive galaxy, transforming its morphology by z = 0. Additionally,
it is worth noting that in some cases, disks found at z = 0.5 can
undergo a gas-rich merger, resulting in a transitional state with
a broken disk. Nonetheless, if the mergers are gas-rich enough,
the disk can be reconstructed, and the morphology can be pre-
served (Romeo et al. 2023). This phenomenon will be explored
in Sect. 4.4.
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Fig. 10. SFR as a function of stellar mass (left) and absolute magnitude (right) for our simulated supermassive disk galaxies compared with
observational samples. In the left panel, our galaxies are compared with the supermassive galaxy sample from Ogle et al. (2019) (orange crosses).
In contrast, the right panel shows a comparison with the LSBGs from O’Neil et al. (2004). Most observational galaxies lie along the star-forming
main sequence, whereas our simulated sample includes both star-forming and quiescent systems, highlighting their broader diversity in star

formation activity.

4.2. A comparison with observations

Supermassive disks are rarely found in the Universe, with
<200 objects reported until now (Ogle et al. 2019; Jackson et al.
2022). As we show in Sect. 3, they only constitute between ~7
and 30% of the galaxies in the TNG sample, depending on the
criterion. Moreover, in Jackson et al. (2020), using a different
set of simulations, they found that supermassive disks constitute
~11% of their sample. While this value exceeds what we find
under our stricter selection criteria, it still corresponds to only a
minority of the massive systems. Additionally, in Jackson et al.
(2022), it is reported that supermassive disks account for ~13%
of galaxies within the high-mass end, in agreement with their
previous work. On the other hand, Zhu et al. (2023) studied
a particular type of supermassive disks, the giant low surface
brightness galaxies (LSBGs), using TNG-100. They found that
around 6% of galaxies per stellar mass bin, within the mass range
of 10.2 <logjgM4« /Mg < 11.6, correspond to giant LSBGs. This
is in rough agreement with our results, although the studied mass
range differs. Additionally, in Pérez-Montafio & Cervantes Sodi
(2019), using a galaxy sample from the Korea Institute for
Advanced Study (KIAS) Value-Added Galaxy Catalog (a sub-
sample of SDSS DR7; Abazajian et al. 2009; Choi et al. 2010),
they showed that LSBGs tend to reside closer to filaments than
clusters, compared to high-surface brightness galaxies. They fur-
ther tested these results using TNG-100 (Pérez-Montaiio et al.
2022, 2024), where they found that, in addition to being closer
to filaments, rotationally supported LSBGs tend to reside in low-
density environments. They suggest that this environment con-
tributes to the formation of this type of object.

In Fig. 10 we compare our sample of simulated supermassive
disk galaxies with two observational datasets: the supermassive
disks from Ogle et al. (2019) and the LSBGs from O’Neil et al.
(2004). We show the SFR as a function of stellar mass (left
panel) and absolute R-band magnitude (right panel). As we
can see, most of the observational galaxies lie along the star-
forming main sequence. At the same time, our simulated popu-
lation spans a broader range in SFR, including both star-forming
and quiescent systems. This diversity likely reflects the nature
of our selection criteria and the fact that our sample is volume-

complete. Since we selected galaxies solely based on their stellar
mass, our analysis is unaffected by observational biases, which
allows us to include low luminosities. These high-mass galax-
ies may remain undetected in flux-limited surveys. Although our
sample extends to somewhat lower stellar masses than those in
Ogle et al. (2019), the star-forming galaxies in our simulation
follow a similar SFR—mass relation to that observed. This con-
sistency suggests that the observational sample of supermassive
disks is incomplete, particularly at lower surface brightnesses.
With the advent of next-generation wide-field surveys such as
the Vera C. Rubin Observatory’s LSST, we expect this gap to be
significantly reduced, enabling more comprehensive studies of
the supermassive disk galaxy population.

4.3. Environmental distribution

Previous studies have shown that these galaxies comprise a
minority of the massive galaxies in the Universe. Nevertheless,
understanding which environments are more prevalent may help
future studies by facilitating their discovery and observation in
all-sky surveys.

In Fig. 11 we show the stellar mass as a function of the host
halo Mjg in which massive galaxies reside. We can see that,
surprisingly, supermassive disks inhabit haloes of a wide range
of masses. Qualitatively speaking, they tend to inhabit slightly
less massive haloes than spheroidal galaxies, but exhibit a wider
distribution than our CS, as indicated by the isocontours. Nev-
ertheless, both samples have a broad range of haloes in which
they can reside. Additionally, supermassive disks tend to reside
as centrals, following the trends for most supermassive galax-
ies. It is worth mentioning that satellite supermassive disks tend
to reside in massive groups and galaxy clusters. Figure 11 also
highlights that, as we move toward a stricter kinematic thresh-
old, our sample of disks tends to be slightly less massive, but we
reckon that this may be related to our limited sample.

Even though the number of supermassive disks decreases
with host halo mass, supermassive disk galaxies can reside
in any environment, ranging from isolated systems to the
most massive clusters in the simulation. It is worth remind-
ing the reader that, as we are defining disks, these massive
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Fig. 11. Bottom panels: Distribution of haloes versus stellar mass for the galaxies in our sample, using a threshold of 1/ ve > 0.31 (left) and 0.71
(right). Blue stars and red dots represent disks and spheroids (CS), respectively. Upper panels: Histograms showing the log;oM»op mass distribution
for disks (starred blue bars) and spheroids (dashed red bars). Middle panels: Distribution of central disks (purple), satellite disks (blue), central
spheroids (green), and satellite spheroids (red). We can see that disk galaxies do not have any particular distribution in Mgy, showing even a
slightly more extended distribution in halo mass than our CS and reaching up to the most massive clusters.

systems that reside within galaxy clusters as satellites proba-
bly correspond to lenticular galaxies and red spirals. As high-
lighted by Fig. 5, as we move toward more massive galax-
ies, disks tend to reside within the green valley and the
red population, highlighting that what dominates the forma-
tion of rotationally supported galaxies is their merging history
instead of their environment. When splitting the available envi-
ronments into low-mass groups (12 <logjoMrp[Me] < 13),
massive groups (13 <logjoM>p[Mp] < 14) and galaxy clusters
(14 <logj9M2p0[Me]), we found that around ~60% of supermas-
sive disks reside in low-mass groups, ~25% reside in massive
groups, while the remaining ~15% reside in galaxy clusters.
Additionally, their conditions as satellites or centrals can fos-
ter or halt their formation and survival (Romeo et al. 2020, 2023).
As shown in Fig. 4, disks do not have any preferential tendency to
be a satellite regardless of the selection criteria. Nonetheless, this
was done in general terms. To investigate this relation further, in
Fig. 12 we show the fraction of satellites as a function of their rota-
tional support. We measured the median fraction of satellites in
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bins of 0.11/ v/&; the error bars correspond to the binomial errors
following Cameron (2011) within one sigma. As we move toward
higher values of 1/ +/g, the fraction of satellites grows, with an
apparent increase at A1/ v/ > 0.5. These results, at first glance,
may suggest that more rotationally supported systems prefer to be
satellites rather than central galaxies, in agreement with our pre-
vious claim of having a less active merging history. Nevertheless,
within one sigma error, we cannot conclude any particular differ-
ence with confidence. It is worth noting that, since our sample is a
simulation box of 100 cMpc with only 14 clusters, the most mas-
sive being Mpgo = 3.8 x 10" [M,], it is limited in volume. Con-
sidering this, we acknowledge that the fractions and conditions
of centrals and satellites may change if we examine more massive
clusters or larger samples of galaxies and environments, where the
number of rotationally supported galaxies could increase, reduc-
ing the errors. Nonetheless, our results highlight that the most cru-
cial condition for supermassive disks to exist is a relatively quies-
cent but gas-rich merger history, which does not correlate directly
with the environment.
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Fig. 12. Fraction of satellites in our sample of supermassive disks com-
pared to the whole sample of massive spheroids. We can see that the
fraction of supermassive disks as satellites is similar to their spheroidal
counterpart.

4.4. Formation pathways of supermassive disks

In Jackson et al. (2020), two different formation scenarios were
discussed for the formation of supermassive spirals. The first one,
and the most predominant in their sample, explains that when
a massive dispersion-dominated galaxy undergoes a significant
merger (fmerger > 1/10) with a gas-rich satellite, the interaction
can spin up the spheroidal component, leaving a stellar disk as the
remnant of the interaction. This pathway accounts for 70% of the
galaxies in their sample. Additionally, they found that this mecha-
nism is facilitated by galaxies inhabiting less dense environments,
which makes them less susceptible to gas-depleting processes like
ram pressure and tidal stripping. On the other hand, the second
formation scenario is due to an anomalously quiescent merging
history in their sample, with the remaining 30% retaining their
disk condition throughout the galaxy’s history.

As we have seen throughout this work, although the forma-
tion pathways proposed by these authors align with our find-
ings, the fractions that each of these mechanisms accounts for
in our sample are different, with most of our supermassive disks
experiencing a relatively quiescent merging history compared
with spheroidal galaxies. It is worth noting that some of our
disks have experienced only one merger (between 30% and 40%,
depending on the selection criteria) since z = 1, in agreement
with the authors’ formation scenario. To further shed light on
the nuances of the formation pathways followed by our super-
massive disks, in this section, we split our sample more thor-
oughly into the following four categories: (i) galaxies with no
significant mergers after z = 1, (ii) disk galaxies that suffer a
significant merger after z = 1, reform their disks after the inter-
action, (iii) spheroidal galaxies that suffer a significant merger
after z = 1 that consistently had high rotational support, and (iv)
spheroidal galaxies that suffer a significant merger after z = 1,
producing a disk as a remnant.

Figure 13 shows an example of each of the classifications
mentioned above, with the morpho-kinematic parameter used
to perform the selection displayed as a function of redshift. As
we can see, sudden drops in the morpho-kinematic parameter
can be interpreted as passages during the merging process. As
stated previously, in the case of our stricter threshold, 24 galaxies
(48%) did not experience any significant interaction after z = 1.
They have a remarkably quiescent merging history and are the
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Fig. 13. Examples of galaxies experiencing different formation path-
ways: a quiescent merging history (cyan), a disk that experienced merg-
ers (red), a spheroidal galaxy with high rotational support (purple), and
a spheroidal galaxy that rapidly transformed into disks after a gas-rich
merger (brown). Colored arrows and stars highlight the time when the
merger starts and ends.

most dominant population in our sample, followed by spheroids
without significant rotation until the last gas-rich mergers with
13 galaxies (~26%). Only 10 disk galaxies (~20%) suffered a
significant merger at z < 1, but were able to reconstruct their
disk after the interaction. The remaining 3 (~6%) galaxies were
spheroidal before the merger but had significant rotational sup-
port even before the merger.

Our results show that even though the vast majority of our
sample did not experience an active merging history, once disks
are formed, they are rarely disrupted. Moreover, it only takes
one gas-rich merger to trigger a disk in some cases, even if the
galaxies are widely dispersion-dominated.

5. Summary and conclusions

We studied the conditions needed for the formation and survival
of supermassive disks using the state-of-the-art public database
from the magnetohydrodynamic cosmological simulations of the
TNG project.

Using the public database from the high-resolution run from
TNG100, we used a morpho-kinematic criterion to split our mas-
sive galaxies between disks and spheroids as follows: galaxies
must have a logigoM, > 11[Mg], and disks must have a 1/¢ >
0.31 or 0.71. With these criteria, we find 220 and 50 supermas-
sive disks with each morpho-kinematic criterion, respectively,
from a total of 694 galaxies with logjoM, > 11[Mg].

The fraction of supermassive disks steadily decreases with
stellar mass, but we still find four galaxies with logjoM, >
11.4[My]; one has a logjoM, ~ 11.8[Mg] regardless of the
kinematic threshold. These results suggest that, as reported
in Quilley & de Lapparent (2022), the density of disks sud-
denly drops when a certain stellar mass is reached, in our case
logioM, > 11[My]. Although this does not mean that super-
massive disks cannot exist, they become less likely for certain
definitions.

The distribution in stellar mass of supermassive disks is gen-
erally less spread out than that of our sample of spheroids. How-
ever, even when comparing galaxies within the same stellar mass
distribution, as for our CS, apparent differences arise in their
assembly histories.
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Supermassive disks tend to have a quiescent merging history,
with most of their stellar mass assembled by star formation. In
contrast, spheroidal galaxies have a relatively large number of
mergers at any stellar mass. Additionally, the few mergers that
disk galaxies have tend to be gas-rich, regardless of whether the
merger was minor or major. Supermassive disks can be found
in any environment, from isolation to clusters, although they are
more prominent in low-density environments. Additionally, we
find that they can exist and survive regardless of their condi-
tion as satellites or centrals of their host haloes. When selecting
supermassive disk galaxies at z = 0.5, we find that once those
disks become massive enough, the chances of surviving and
maintaining their disk morphology are relatively high (~60%) at
any selection threshold. When comparing the impact that AGN's
can have on the formation or stability of supermassive disks, we
find that although there are some differences between spheroidal
and disk galaxies regarding the energy injected thermally via
AGN:s, only minor differences are seen in the kinetic energy
injected into the medium at any stellar mass or kinematic thresh-
old. This result suggests that although AGNs play a key role in
regulating the star formation of galaxies, they do not directly
change their morphology.

These results led us to conclude that the number of merg-
ers defines a galaxy’s morphology and/or its kinematical support
at any stellar mass. That said, we find that supermassive disks
are long-lived objects with a quiescent merging history that are
more often found in low-density environments. However, they
can reside in various environments, ranging from isolation to
clusters.

These objects are exciting candidates for studying secular
galaxy evolution. As this work establishes, their merging his-
tory should have been very quiescent in the last 8 Gyr. Studying
these objects in the future with upcoming surveys will be key
to better understanding the star formation history of rotationally
supported supermassive galaxies.
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