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ABSTRACT

In our hierarchical structure-formation paradigm, the observed morphological evolution of massive galaxies — from rotationally
supported discs to dispersion-dominated spheroids — is largely explained via galaxy merging. However, since mergers are likely
to destroy discs, and the most massive galaxies have the richest merger histories, it is surprising that any discs exist at all at the
highest stellar masses. Recent theoretical work by our group has used a cosmological, hydrodynamical simulation to suggest
that extremely massive (M, > 10''* M) discs form primarily via minor mergers between spheroids and gas-rich satellites,
which create new rotational stellar components and leave discs as remnants. Here, we use UV-optical and H1 data of massive
galaxies, from the Sloan Digital Sky Survey, Galaxy Evolution Explorer, Dark Energy Camera Legacy Survey (DECaLS), and
Arecibo Legacy Fast ALFA surveys, to test these theoretical predictions. Observed massive discs account for ~13 per cent
of massive galaxies, in good agreement with theory (~11 percent). ~64 percent of the observed massive discs exhibit tidal
features, which are likely to indicate recent minor mergers, in the deep DECaLS images (compared to ~60 percent in their
simulated counterparts). The incidence of these features is at least four times higher than in low-mass discs, suggesting that, as
predicted, minor mergers play a significant (and outsized) role in the formation of these systems. The empirical star formation
rates agree well with theoretical predictions and, for a small galaxy sample with HT detections, the HI masses and fractions
are consistent with the range predicted by the simulation. The good agreement between theory and observations indicates that
extremely massive discs are indeed remnants of recent minor mergers between spheroids and gas-rich satellites.
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1 INTRODUCTION

Observational studies of the morphology of massive galaxies show
that, while discs dominate the high-redshift Universe, the morpholo-
gies of nearby massive galaxies are mostly spheroidal in nature
(Bernardi et al. 2003; Wuyts et al. 2011; Ryan et al. 2012; Buitrago
et al. 2014; Conselice et al. 2014; Shibuya, Ouchi & Harikane
2015). In our standard hierarchical structure-formation paradigm,
this morphological change, from rotationally supported discs to
dispersion-dominated spheroids, is largely explained by galaxy
merging (Toomre 1977; Barnes 1992; Bournaud, Jog & Combes
2007; Di Matteo et al. 2007; Kaviraj 2010; Oser et al. 2010; Kaviraj
et al. 2011; Dubois et al. 2013, 2016; Lofthouse et al. 2017; Martin
et al. 2018; Welker et al. 2018). The large gravitational torques
produced during merger events are capable of randomizing the
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ordered rotational orbits of stars within the merging progenitors and
creating dispersion-dominated systems (e.g. Springel & Hernquist
2005; Hilz, Naab & Ostriker 2013; Font et al. 2017; Martin et al.
2018, 2019).

The role of merging is thought to become increasingly more
important at higher stellar masses. In particular, significant merging
activity is considered essential for galaxies to achieve the highest
stellar masses (e.g. Faber et al. 2007; MclIntosh et al. 2008; Cattaneo
et al. 2011) beyond the knee of the galaxy mass function (M,
> 10'%8 Mg; Li & White 2009; Kaviraj et al. 2017), because
star formation via direct gas accretion is no longer sufficient to
drive the requisite stellar mass growth. However, since mergers can
destroy discs, and the most massive galaxies have the richest merger
histories, it is surprising that both observational (e.g. Conselice 2006;
Ogle et al. 2016, 2019) and theoretical (e.g. Martin et al. 2018;
Jackson et al. 2020) studies suggest that a significant minority of
galaxies at the highest stellar masses (M, > 10''* M) have discy
morphologies.
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If discs exist in the stellar mass regime when mergers are frequent,
their merger histories must involve peculiarities that either rejuvenate
discy components or allow these discs to survive the mergers
themselves. For example, theoretical work has shown that in gas-rich
mergers, the gas brought in by the progenitors can create new discy
stellar components in the remnants (e.g. Springel & Hernquist 2005;
Robertson et al. 2006; Governato et al. 2009; Hopkins et al. 2009;
Fontetal. 2017; Martin et al. 2018; Peschken, L.okas & Athanassoula
2019). In Jackson et al. (2020, J20 hereafter), we have used Horizon-
AGN, a cosmological hydrodynamical simulation (Dubois et al.
2014; Kaviraj et al. 2017), to probe the potential channels by which
massive discs may form in the standard paradigm. J20 showed that
extremely massive (M, > 10" M) discs do exist in the simulation
and are created via two channels. In the primary channel, which
accounts for ~70 per cent of these systems, a significant merger with
a mass ratio greater than 1:10, between a massive spheroid and a
gas-rich satellite, ‘spins up’ the spheroid by creating a new rotational
stellar component, and leaves a massive disc as the remnant. In the
secondary channel, a system maintains a disc throughout its lifetime,
due to an anomalously quiet merger history, with a merger rate that
is more than a factor of 2 lower than in galaxies of a comparable
stellar mass. This enables the galaxy to retain its gas reservoir more
easily.

Several studies in the literature have also explored the formation
mechanisms of massive disc galaxies. Martig et al. (2021) have
looked at the formation history of NGC 5746 (an edge-on disc
galaxy with M, ~ 10'' Mg). They find that this galaxy formed
its massive disc early and only underwent one significant merger
(~1:10 mass ratio), without disruption to the disc component of
the galaxy (consistent with one of the channels for massive disc
formation outlined in J20). Ogle et al. (2016, 2019) have suggested
that the local massive discs in their study may have formed via major
mergers (mass ratios greater than 1:4) between two gas-rich spiral
galaxies. Monachesi et al. (2016) studied the outskirts of massive
disc galaxies, finding variations in the median colours as a function
of radius. They conclude that this is indicative of several small,
accreted objects which have built up the outskirts of these galaxies
(consistent with the minor-merger hypothesis in J20). Zeng, Wang &
Gao (2021) have used the Illustris-TNG simulation (Nelson et al.
2019), to show that disc galaxies in the mass range (M, > 8 x 10'°
Mg) form via three channels. They find that ~8 percent of such
discs have a quiescent merger history and remain discs throughout
their lifetime, while ~54 per cent have a significant increase in their
bulge components before later becoming discs again. In their third
channel, such discs experience prominent mergers but survive to
remain disc-like. However, it is worth noting that this study includes
many galaxies with significantly lower stellar mass than those in J20,
which likely influences the creation channels and makes it difficult
to directly compare the two studies.

If massive discs are indeed formed via the channels suggested
in J20, the simulation makes some specific predictions that are
testable. For example, J20 predict that massive discs should comprise
~11 percent of the massive galaxy population. Since they are
typically created via recent minor mergers, a large fraction of these
galaxies should exhibit tidal features in deep optical images. Given
the gas-rich nature of these mergers, J20 suggest that these systems
should show reasonably high star formation rates (SFRs) of a few
solar masses per year. Finally, since massive ellipticals are predicted
to have their last significant mergers at higher redshifts, and since
these mergers are not gas-rich, both the fraction of tidally disturbed
galaxies and their SFRs should be elevated in the massive discs,
compared to that in their spheroidal counterparts.
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The purpose of this observational paper is to confront the theo-
retical predictions from J20 with multiwavelength survey data, in
order to establish whether the predictions are indeed supported by
the observations. This paper is structured as follows. In Section 2,
we describe the construction of a sample of massive galaxies and
their multiwavelength data, using the Sloan Digital Sky Survey
(SDSS; York et al. 2000; Abazajian et al. 2009), the Dark Energy
Camera Legacy Survey (DECaLS; Dey et al. 2019), the Galaxy
Evolution Explorer (GALEX; Morrissey et al. 2007), and the Arecibo
Legacy Fast ALFA (ALFALFA; Haynes et al. 2011) survey. We
also describe the process of classifying galaxy morphology and
identifying objects that have tidal features via visual inspection. In
Section 3, we compare the observed properties of the massive discs
in our sample with the predictions of J20. We summarize our findings
in Section 4.

2 A SAMPLE OF MASSIVE GALAXIES IN THE
NEARBY UNIVERSE

We construct our sample of nearby massive galaxies from the SDSS
using the MPA-JHU value-added catalogue.! We select objects that
have SDSS spectroscopic redshifts in the range 0.03 < z < 0.1 and
where the lower limit of their stellar masses, taken from the MPA-
JHU catalogue (Brinchmann et al. 2004), is greater than 10''* M.
We identify 708 galaxies that match these criteria.

The lower limit of the mass range ensures that our empirical sample
of massive galaxies is comparable to those in the theoretical study
of J20. The upper limit of the redshift range produces a sample
with a median redshift that matches that of the simulated galaxies in
J20. Standard depth SDSS imaging is typically too shallow to reveal
faint tidal features from minor mergers (e.g. Kaviraj 2010, 2014b).
Instead, we use images from DECaLS, which provides deep optical
imaging over ~14 000 square degrees in the Northern hemisphere.
The DECaLS images in the g, r, and z bands have 5o point-source
depths of ~24.0, ~23.4, and ~22.5 mag, respectively, roughly 1.5
mag deeper than their SDSS counterparts, with similar seeing. At
our redshifts of interest, the impact of surface-brightness dimming
is still relatively minor, making it possible to see faint structures like
tidal features in deep optical images (e.g. Kaviraj, Martin & Silk
2019).

To demonstrate the improvement in our ability to detect merger-
induced tidal features in deeper imaging, we show, in Fig. 1, images
of the same galaxy from the SDSS, DECaLS, and the Hyper Suprime-
Cam Subaru Strategic Program (HSC-SSP; Aiharaetal. 2019), which
is a further ~2 mag deeper than DECaLS. While the tidal features
are invisible in the SDSS image, they are progressively more visible
in the DECaLS and HSC-SSP images (and clearest in the deepest
HSC-SSP image). Note that, while the HSC-SSP is the deepest wide-
area optical survey currently available, its footprint (~1500 deg?) is
considerably smaller than that of DECaLS and therefore not suitable
for this study. Indeed, only 4 out of the 708 massive galaxies in our
sample are in the HSC-SSP footprint.

We use SFRs from the GALEX-SDSS-WISE Legacy Catalog
(GSWLC; Salim et al. 2016), which are derived via spectral energy
distribution (SED) fitting using total magnitudes from the GALEX
and SDSS surveys. SFRs derived using total magnitudes are more
likely to be representative of the total SFR of the system than those
derived, for example, using emission lines measured within the SDSS
fibre (which will only sample the star formation activity in the central

Uhttps://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
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Figure 1. Images of the same galaxy from the SDSS, DECaLS, and the HSC-SSP Wide surveys. DECaLS and HSC-SSP are ~1.5 and ~4 mag deeper than the
SDSS, respectively. While the tidal features are invisible in the SDSS, they become progressively more easily visible in the deeper images. This figure highlights
the need to use a deep-wide survey like DECaLS to detect galaxies that have recently undergone a merger. The blue bar in the bottom left indicates 10 arcsec in

each image. This figure may look better on screen than in print.

Figure 2. Examples of spheroids (left) and discs (right) from our massive galaxy sample. The images are grz composites from DECaLS. ‘Disturbed’ galaxies
(i.e. those that show evidence of tidal features such as tidal tails, plumes, and prominent shells) are shown in the top row, while ‘relaxed’ galaxies (i.e. those that
do not show evidence of tidal features) are shown in the bottom row. The blue bar in the bottom left panel indicates 10 arcsec in each image. This figure may

look better on screen than in print.

regions of the galaxy). These total SFRs are more appropriate for
comparison to the SFRs measured in simulated galaxies, where the
entire galaxy is used to measure the SFR. Finally, we use H 1 masses
from the ALFALFA survey.

2.1 Morphological classification and identification of
merger-induced tidal features

We visually inspect the composite grz images of each individual
massive galaxy from DECaLS to morphologically classify it as either
a spheroid (which includes ellipticals and lenticular systems) or a
disc. For each system, we also flag the presence of tidal features.
In Fig. 2, we show a representative sample of galaxies, classified as
spheroids (left-hand panel) and discs (right-hand panel), respectively.
The top row of each panel shows examples of galaxies classified as
‘disturbed’ (i.e. those which exhibit the presence of tidal features),
while the bottom row shows galaxies classified as ‘relaxed’ (i.e. those
in which no tidal features are present).

3 OBSERVED PROPERTIES OF MASSIVE
GALAXIES IN THE LOCAL UNIVERSE

3.1 Morphological properties and host halo mass

We begin our analysis by considering the morphological properties
of galaxies in our observational sample (summarized in Table 1).
~13 per cent of our massive galaxies are discs, of which ~64 per cent
show evidence for tidal features (the corresponding value for early-
types is ~31 percent). This is a lower limit because, as indicated
by Fig. 1, it is likely that the fraction of galaxies with tidal features
could be higher in deeper imaging. The corresponding fraction of
systems in the low-mass disc population, which show tidal features
in SDSS Stripe 82 images (which have similar depth and seeing to
DECaLS), is between ~11 and 17 per cent, depending on the specific
morphology of the low-mass discs in question (e.g. Sa/Sb/Sc/Sd;
see Kaviraj 2014b). The median stellar mass of the low-mass disc
population in Kaviraj (2014b) is ~10'%3 M, (Kaviraj 2014a). The
fraction of tidal features in massive discs is therefore significantly

MNRAS 511, 607-615 (2022)
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Table 1. The morphological properties of nearby massive (M, > 10''* M)
galaxies. Columns: (1) morphological class, (2) number fraction of galaxies
in this morphological class, (3) fraction of galaxies in this morphological
class that exhibits tidal features in the DECaLS images. Massive discs show
a high incidence of tidal features (which are significantly elevated, by at least
around a factor of 4, compared to their low-mass counterparts), suggesting
that the formation of these systems involves a high prevalence of mergers,
consistent with the theoretical predictions in J20.

1 2 3
Morphology Number fraction Fraction with tidal features
Disc 0.13 0.64

Spheroid 0.87 0.31

elevated (by at least around a factor of 4) compared to their low-mass
counterparts, implying that the formation of these galaxies involves
a much higher incidence of recent mergers.

To confirm that the tidal-feature fraction in the observed galaxies is
indeed indicative of the formation methods predicted by J20, we also
construct realistic mock images of the massive discs from J20 and
estimate the corresponding tidal-feature fraction from the simulation
(Fig. 3). We produce two sets of mock z-band images using the
DECaLS pixel scale (0.262 arcsec) and point spread function (1.10
arcsec). The first imposes the DECaLS surface brightness limit
(~27.9 mag arcsec~2; Hood et al. 2018) while the second has no limit.
Visual inspection of these images shows that the surface-brightness-
limited images exhibit a tidal feature fraction of ~60 per cent, which
is comparable to the fraction (~64 per cent) in the observed images.
However, if the images without a surface-brightness limit are used
the tidal feature fraction increases to ~74 per cent, demonstrating
that faint tidal features can be missed even at the depth of DECaLS
(as illustrated in Fig. 1).?

The high frequency of tidal features in massive discs suggests that
most of these interactions are unlikely to be major mergers (mass
ratios greater than 1:4). This is because, in our mass range of interest,
the major merger fraction at low redshift is only a few per cent (e.g.
Darg et al. 2010; Mundy et al. 2017), with the tidal features from
such interactions remaining visible for 2-3 Gyr at the depth of the
DECaLS images (e.g. Mancillas et al. 2019). The majority of these
events are therefore likely to be minor mergers (mass ratios between
1:4 and 1:10),? which are typically 4-5 times more frequent than their

2A recent study by Blumenthal et al. (2020), using mock SDSS images, has
suggested that tidal features may not be readily visible from either major
or minor mergers. It is important to note, however, that Blumenthal et al.
consider galaxy pairs with a total stellar mass of 10° Mg, or greater. In our
study, the galaxy pair has a mass of at least 10''* M. Indeed, the satellites
that are accreted by the larger progenitors in the events that create the massive
discs are themselves likely to have stellar masses around 1008 Mg (see the
analysis in Section 3.2). Tidal features are brighter when the objects involved
are more massive, simply because there is more material in the features (e.g.
Kaviraj 2014b). Hence, the Blumenthal et al. study, which will be dominated
by mergers between much lower mass galaxies, as a result of the shape of the
galaxy stellar mass function (e.g. Wright et al. 2017), is not comparable to
our work. As we note in our analysis above, tidal features are very common
in galaxies in the mass range of interest in this study, in the Horizon-AGN
simulation.

31t is worth noting that the tidal features seen around the massive discs are
unlikely to be the result of fly-bys. All massive discs in the J20 study are
the result of actual galaxy mergers and not fly-bys, which cannot produce
the strong morphological transformation required for the creation of these
systems. In terms of the presence of tidal features, while low-mass (M, <
108 M) dwarf galaxies can sometimes produce tidal features as a result of
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major counterparts (e.g. Jogee et al. 2009; Lopez-Sanjuan et al. 2010;
Lotz et al. 2011; Kaviraj 2014b; Rodriguez-Gomez et al. 2015).

These observational results appear consistent with the theoretical
predictions of J20, which suggest that ~11 per cent of the massive
galaxies in the simulation are discs, and that these systems form
via recent minor mergers that take place within the last ~2-3
Gyr. In addition, massive spheroids in the simulation typically
underwent their most recent mergers at higher redshift than their
discy counterparts. Given that the tidal features from these mergers
will have had more time to fade, this will result in fainter tidal
features at z ~ 0, which appears consistent with the lower tidal
fraction observed in the massive early-types in our observed sample.

Since relatively dense neighbourhoods like groups are likely to
favour mergers (e.g. Kaviraj et al. 2015), we consider the local
environments of our massive discs, both in the observed sample and
their theoretical counterparts. J20 suggest that extremely massive
discs usually inhabit relatively massive dark-matter haloes (which
are indicative of relatively dense environments, such as large groups
or clusters). Therefore, if the observed sample is representative of the
simulated population, they should also reside in such massive haloes.
To study the local environment of our observed massive discs, we
use the galaxy group catalogue from Yang et al. (2007) that provides
halo masses for our observed galaxies.

Fig. 4 shows stellar versus halo mass for our observed discs and
compares them to their theoretical counterparts from J20. The paucity
of simulated systems at very high stellar mass is driven by the fact
that the simulation volume is only ~100 Mpc and therefore very
rare objects, like galaxies at the highest stellar masses, are absent
from the simulation box. Both the observed and simulated galaxies
inhabit large haloes, with the median stellar and halo mass of both
samples, denoted by the larger points, lying on a locus of increasing
stellar and halo mass. To further this argument we compare how the
halo masses of the massive discs compare to the distribution of halo
masses of all galaxies with M, > 10'© M. We find that both the
observed and simulated sample of massive discs occupy above the
upper 10 percentile of halo masses. They therefore reside in very
massive haloes, consistent with the high frequency of tidal features
seen in these systems.

3.2 Star formation rates and atomic gas properties

We proceed by considering the SFRs of our observed massive
galaxies. If the predicted formation mechanisms of massive discs
in J20 are broadly accurate, then the expectation is that the SFRs in
the observed and simulated massive discs should be comparable and
that the SFRs in the discs should be significantly enhanced compared
to that in the spheroids.

In Fig. 5, we compare the total SFRs of the observed massive
discs calculated using integrated UV and optical photometry (blue)
with the corresponding theoretical predictions (where the total SFR
is calculated as an average over ~100 Myr) from J20 (red). The
choice of 100 Myr is driven by the fact that GALEX UV photometry
(which is used to derive the observed SFRs) is most sensitive over
this time-scale (e.g. Morrissey et al. 2007), making the theoretical
and observed SFRs comparable. Both the median values of the

very close fly-bys (e.g. Jackson et al. 2021), these features already become
rare in fly-by events involving relatively massive satellites with stellar masses
around 10° M (Martin et al. 2021). More massive satellites (such as the
ones involved in the creation of the massive discs, see text in Section 3.2) are
therefore extremely unlikely to produce tidal features.
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Figure 3. Example z-band images of simulated massive disc galaxies (from J20) in the Horizon-AGN simulation. These images are made to match the DECaL.S
observations, including the surface brightness limit, pixel scale, and point spread function. The simulated galaxies show tidal features, as is the case in their
observed counterparts. The blue bar in the left-hand panel indicates 25 kpc in each image.
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Figured4. Stellar mass versus dark matter halo mass for our observed massive
discs and their theoretical counterparts in J20. The larger points show the
median stellar and halo masses for both samples. The halo masses for the
observed sample are taken from Yang et al. (2007). The lack of simulated
systems at very high stellar mass is due to the fact that the simulation
volume is only ~100 Mpc and therefore very rare objects, like the most
massive galaxies, are absent from the simulation box. Despite the bias
towards larger stellar masses in the observed sample, both populations of
massive discs primarily reside inside massive haloes, indicating relatively
dense environments, which is consistent with the high incidence of tidal
features in this population.

observed and theoretical samples (shown using the dashed lines) and
the distributions of their SFRs are in good agreement with each other
(the spheroids are omitted for clarity). In Table 2, we summarize
the theoretical and observed SFRs of our massive galaxies. For
completeness, we also show the specific SFRs (sSFRs) of these
systems. Finally, we note that, in a similar vein to what is seen in
the predictions of J20, the SFRs and sSFRs of the observed massive
discs are significantly elevated compared to that in their spheroidal
counterparts.

While the agreement between the observed and theoretical SFRs
indicates that the gas masses involved in the star formation events
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Figure 5. SFR as a function of stellar mass for massive discs in our
observational sample (blue) and the simulated sample of J20 (red). Dashed
lines indicate median values. The SFRs from the observations and simulations
show comparable median values and distributions. While we omit spheroids
for clarity, the medians and distributions for all populations are summarized
in Table 2. The paucity of simulated systems at very high stellar mass is
driven by the fact that the simulation volume is only ~100 Mpc and therefore
very rare objects, like galaxies at the highest stellar masses, are absent from
the simulation box.

are broadly predicted correctly, we explore empirical constraints on
what these gas masses are likely to be. While large area surveys of
molecular gas are not available, we explore the HI masses of our
massive galaxies using the ALFALFA survey. None of the massive
spheroids are detected in ALFALFA. However, 4 massive discs (out
of 92) have ALFALFA detections. In all cases, both the spatial and
velocity offsets between the SDSS and the ALFALFA sources are
small, indicating reliable matches. The spatial offsets are all less
than 15 arcsec (the average positional accuracy of ALFALFA is ~24
arcsec), while the velocity offsets (calculated from the spectroscopic
redshifts and HT velocities) are within 80 km s~'.

Fig. 6 shows DECaLS images of these discs, three of which are
relaxed and one is disturbed (lower right-hand panel). Fig. 7 indicates

MNRAS 511, 607-615 (2022)
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Table 2. SFRs and sSFRs for massive (M, > 10''* M) galaxies of different morphologies (indicated in column 1). In each column, we
describe the 16th, 50th (i.e. the median), and 84th percentile values from the SFR and sSFR distributions. Columns are as follows: (2) total
SFRs of simulated massive galaxies from J20, (3) total SFRs of the observed massive galaxies, calculated using SED-fitting of UV + optical
photometry, from the GSWLC, (4) total sSFRs of simulated massive galaxies from J20, (5) total sSFRs of the observed massive galaxies.
The median values of the simulated and observed SFRs and sSFRs are in reasonably good agreement with each other for the massive disc

population.

1 2 3 4 5

Morphology logjo Sim. SFR [Moyr~!]  logjo Obs. SFR [Mg yr~!] logo Sim. sSFR [yr~'] logjg Obs. sSFR [yr—']
[16™ e median e 84™] [16™ e median e 84™"] [16™ o median e 841 [16™ e median e 84"}

Discs 0.28 ¢ 0.76 o 1.07 0.23 ¢ 0.65 ¢ 0.86 —11.13 ¢ —10.68 ¢ —10.36 —11.53 ¢ —10.94 ¢ -10.67

Spheroids —0.73 0 0.12 ¢ 0.68 —0.94 ¢ —0.37 ¢ 0.31 —12.18 ¢ —11.00 @ —10.39 —12.56 ¢ —11.96 o -11.24

Figure 6. DECaLS images of the four galaxies that have H 1 detections from
the ALFALFA survey. All four systems are discs, with only one showing
evidence of tidal features (lower right-hand panel). This disturbed disc has a
high signal-to-noise (S/N) detection in ALFALFA, while the other three have
low S/N detections, due to their lower HI content (see Fig. 7 below).

that the H1 mass (and corresponding H 1 fraction, defined as the H1
mass divided by the sum of the H 1 and stellar masses) in the disturbed
disc is higher than those in its relaxed counterparts. Note that the
average mass of the observed massive discs is 10'°* Mg, so the four
galaxies in Fig. 6 are not anomalous in mass compared to the rest of
the massive disc population. The higher H 1 mass seen in the disturbed
system is consistent with the idea that the gas is likely brought in
by a merger and is then used up to form stars, as this merger-driven
starburst progresses and the tidal features fade away. The range of
H1masses and fractions in massive galaxies from J20 are shown for
comparison and are consistent with that in the disturbed disc.

Itis interesting to explore the possible gas fractions of the satellites
that trigger the formation of these massive disc galaxies. To do this,
we consider the HT content of the disturbed disc (~ 10'%% My).
If the hypothesis in J20 is correct, then this is likely to be more
representative of the original gas mass brought in by the minor
merger, since, in the relaxed systems, much of the gas is likely
to have been used up by the merger-driven star formation episode
before we observe the system. Using the median merger mass ratio
that creates the massive discs from J20 (~1:4.3) implies that the
H1 fraction of the satellite could be between ~39 percent (if one
assumes the lower limit of the HI mass and the upper limit of the
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stellar mass) and ~76 per cent (if one assumes the upper limit of the
H 1 mass and the lower limit of the stellar mass).

While we caution that these numbers are only indicative they do
suggest that the satellites are indeed likely to be gas-rich, consistent
with the theoretical predictions. It is worth noting that the satellites
themselves have to be relatively massive galaxies. For example,
assuming a merger mass ratio of ~1:4.3 and a larger galaxy with
a stellar mass of 10''* Mg, the satellite would have a stellar mass
of ~ 10'%% Mg. The lower end of the estimated gas fractions
(~39 per cent) is a factor of ~3 higher than the median gas fractions
for such systems at low redshift (e.g. Zhang et al. 2009; Catinella
et al. 2010; Calette et al. 2018; Hunt et al. 2020). An important
caveat in this analysis of H1 properties is that it is based on a very
small sample of objects. Dedicated deep H1 imaging, or future H1
surveys which are deeper than those currently available, are required
to provide true statistical insights into the empirical gas properties of
the massive disc population and consolidate the evidence from the
optical images of their minor-merger-driven origin.

4 SUMMARY

In our standard structure-formation paradigm, the morphological
transformation of massive galaxies, from discs to spheroids, is
thought to be driven largely by merging. Furthermore, the merger
activity experienced by galaxies tends to be a strong function of
stellar mass, with the most massive galaxies having the richest
merger histories. It is therefore surprising that a significant minority
(>10 percent) of massive galaxies at the highest stellar masses
M, > 10114 Mg), are in fact discs. In J20, we have used a
cosmological hydrodynamical simulation to show that extremely
massive discs can form via one of two channels. The dominant
channel is a minor merger between a spheroid and a gas-rich satellite,
while the secondary channel involves a disc galaxy maintaining its
discy morphology due to an anomalously quiet merger history. In
this paper, we have studied a large statistical sample of nearby
massive galaxies, using data from the SDSS, GALEX, DECaLS,
and ALFALFA surveys to explore whether the observations support
the predicted properties and formation mechanisms of massive discs
in J20. Our main conclusions are as follows:

(1) Massive discs account for ~13 percent of massive galaxies
in our observational sample, in good agreement with the predicted
fraction of discs in J20 (~11 per cent).

(i) ~64 percent of our massive discs show evidence for tidal
features (compared to ~31 per cent of our massive spheroids). This
is a lower limit because deeper images are likely to reveal more
galaxies with tidal features (see Fig. 1). In contrast, the tidal feature
fraction in low-mass discs, in images that have similar depth and
seeing, is ~11-17 per cent, depending on the specific morphology
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Figure 7. Left: HI mass versus stellar mass for galaxies that have H 1 detections in the ALFALFA survey. The disturbed disc (lower right-hand panel in Fig. 6)
has a high S/N detection in ALFALFA (orange) while the other three have low S/N detections (blue). Right: H1 fraction (defined as HI mass divided by the
sum of the HT and stellar masses) versus stellar mass for the galaxies in the left-hand panel. The median values and distributions for the H1 gas masses and gas
fractions from the simulated galaxy sample of J20 are shown in black. The H 1 mass, and the corresponding H  fraction, in the disturbed disc is higher than those
in its relaxed counterparts, consistent with the idea that the gas is likely brought in by a merger and is then used up to form stars as this merger-driven starburst

progresses and the tidal features fade away, as suggested by J20.

of the low-mass disc population in question. The presence of tidal
features is therefore significantly elevated in massive discs, by at least
a factor of 4 compared to their low-mass counterparts, indicating a
significant role for merging in the formation of these systems.

(iii) The major-merger fraction for massive galaxies at low redshift
is only a few per cent, with tidal features remaining visible for 2—
3 Gyr at the depth of the DECaLS images. The majority of the
interactions seen in our massive discs are therefore likely to be
minor mergers (i.e. those with mass ratios less than ~1:4), which
are several times more frequent than their major counterparts. This
is consistent with the prediction in J20 that minor mergers are the
principal formation mechanism for massive disc galaxies.

(iv) The SFRs of our observed massive discs are in good agreement
with those in their simulated counterparts in J20 and also show the
predicted elevation compared to that in the massive spheroids. This
suggests that the minor mergers in the massive discs are indeed gas-
rich, consistent with the hypothesis presented in J20.

(v) While none of the massive spheroids are detected in H1, four
massive discs have H1 detections, of which three are relaxed and
one is disturbed. The HI mass (and corresponding H1 fraction) in
the disturbed disc is higher than those in its relaxed counterparts,
consistent with the idea that the gas is brought in by a merger, and is
then used up to form stars as this merger-driven starburst progresses
and the tidal features fade away.

(vi) Combining the H1 content of the disturbed disc (~10'%° M),
which is likely to be representative of the original gas mass brought in
by this particular merger, and the median merger mass ratio predicted
in J20 for the massive discs, suggests that the gas fractions of the
accreted satellites are likely to be extremely high (~40 per cent or
more). Since the satellites themselves are relatively massive galaxies
(e.g. assuming that the merger has a mass ratio of ~1:4 and the
larger galaxy has a stellar mass of 10''* My, My, is 10'%% M),
such gas fractions are a factor of ~3 higher than the median gas
fractions for such systems at low redshift. This is consistent with the
predictions of J20 that massive discs are formed in gas-rich minor
mergers.

In summary, the observed properties of nearby massive discs, in
terms of their morphological fractions, SFRs and H I properties are in
good agreement with the theoretical predictions of J20. This, in turn,
suggests that massive disc galaxies in the nearby Universe are likely
to have been formed primarily via minor mergers between spheroids
and gas-rich satellites.
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