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Abstract

The formation pathways of lenticular galaxies (SOs) in field environments remain a matter of debate. We utilize the
cosmological hydrodynamic simulation, NewHorizon, to investigate the issue. We select two massive star
formation quenched SOs as our main sample. By closely tracing their physical and morphological evolution, we
identify two primary formation channels: mergers and counterrotating gas accretion. The former induces central
gas inflow due to gravitational and hydrodynamic torques, triggering active central star formation, which quickly
depletes the gas of the galaxy. Counterrotating gas accretion overall has a similar outcome but more exclusively
through hydrodynamic collisions between the preexisting and newly accreted gas. Both channels lead to SO
morphology, with gas angular momentum cancellation being a crucial mechanism. These formation pathways
quench star formation on a short timescale (<Gyr) compared to the timescales of environmental effects. We also
discuss how counterrotating gas accretion may explain the origin of SOs with ongoing star formation and the

frequently observed gas—star misaligned kinematics in SOs.

Unified Astronomy Thesaurus concepts: Galaxy formation (595); Galaxy evolution (594); Galaxy dynamics (591);

Galaxy mergers (608); Galaxy quenching (2040)

1. Introduction

The class of SO galaxies was originally introduced to bridge the
morphological transition between elliptical and spiral galaxies in
the Hubble tuning fork scheme (E. P. Hubble 1936). SOs were
traditionally characterized by a flattened shape without spiral
arms, a prominent bulge, and red colors. Research on their
formation mechanisms has been strongly affected by the
morphology—density relation (A. Dressler 1980; T. Goto et al.
2003; M. Postman et al. 2005), which reveals a higher proportion
of SOs in high-density environments at the expense of a
decreasing fraction of late-type galaxies. Various scenarios have
been proposed to explain this relation, including ram pressure
stripping of gas from late-type galaxies as they pass through the
hot intracluster medium (ICM; J. E. Gunn & J.R.I. Gott 1972;
V. Quilis et al. 2000), and the removal of halo gas via
hydrodynamical interaction with ICM that prevents further cold
gas accretion and shuts down star formation (R. B. Larson et al.
1980; K. Bekki et al. 2002).

However, the high fraction of SO galaxies in group or
subgroup environments at low redshifts (D. J. Wilman et al.
2009; D. W. Just et al. 2010), along with the difficulties in
interpreting their scaling relation solely by faded spiral
scenarios (e.g., A. G. Bedregal et al. 2006; M. J. Williams
et al. 2010), suggests that previous models may not fully
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account for SO formation. Numerical studies have shown that
both minor and major mergers are able to produce SO remnants,
affecting stellar kinematics and structures (M. Querejeta et al.
2015; M. C. Eliche-Moral et al. 2018). In contrast, F. Rizzo
et al. (2018) argued that mergers are not primary pathways in
low-density environments. Their analysis of stellar kinematics
from Calar Alto Legacy Integral Field Area (S. F. Sanchez
et al. 2012; R. Garcia-Benito et al. 2015) survey data revealed
that most SOs follow the trend of spiral galaxies on the stellar-
specific angular momentum versus stellar mass (j,—M,) plane.
They proposed that spirals can transform to SOs through a
passive evolution driven by active galactic nuclei (AGN)
feedback (S. van den Bergh 2009) or the cessation of cold gas
supply (e.g., A. Dekel & Y. Birnboim 2006; Y. Peng et al.
2015; L. Armillotta et al. 2016). Recent Sydney-AAO Multi-
object Integral-field Spectrograph (S. M. Croom et al. 2012;
J. J. Bryant et al. 2015) survey findings reveal that many SO
galaxies in low-mass group and field environments exhibit
weaker stellar rotation and signs of disruptive merger events,
such as shells and tidal streams, suggesting their merger origins
(S. Deeley et al. 2020).

Since G. Galletta (1987) first observed the gas—star counter-
rotation in a barred SO galaxy, numerous similar cases have
been documented (F. Bertola et al. 1992; V. C. Rubin et al.
1992; K. Kuijken et al. 1996). Studies indicate that ellipticals
and SOs more frequently harbor counterrotating gaseous
components compared to spiral galaxies (S. J. Kannappan &
D. G. Fabricant 2001; A. Pizzella et al. 2004; M. Bureau &
A. Chung 2006; I. Y. Katkov et al. 2015). These findings have
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spurred further investigations into SO formation pathways
involving kinematic misalignment.

R. Bassett et al. (2017) conducted hydrodynamical simula-
tions of minor mergers between a disk galaxy and a gas-rich
satellite across various merger parameters, discovering that a
retrograde orbit is essential for generating gas—star counter-
rotation in an SO galaxy. They also noted that a large amount of
gas in the primary galaxy can hinder the formation of a
counterrotating gas disk. O. Osman & K. Bekki (2017)
proposed that a high fraction of counterrotating gas disturbs
spiral arm formation. Using the sample of 401 emission-line
SOs from the Mapping Nearby Galaxies at Apache Point
Observatory (M. R. Blanton et al. 2017) survey data, Y. Zhou
et al. (2023) found that ~20% of SOs exhibit gas—star
misalignment, highlighting misaligned gas accretion as an
important channel for SO formation.

A recent study on SO formation using a large-scale
cosmological simulation was conducted by S. Deeley et al.
(2021). They utilized the I1llustrisTNG100 simulation
(A. Pillepich et al. 2018) to explore SO formation across a range
of environmental settings, from fields to high-mass groups. They
identified merger events and gas stripping due to group infall as
the major formation pathways, with a smaller contribution from
passive evolution through gas exhaustion. However, SOs with
counterrotating components in the simulation were not discussed.

In this work, we aim to study SO formation in low-density
environments using the NewHorizon (NH) simulation
(Y. Dubois et al. 2021), a cosmological hydrodynamic zoom-
in simulation. NH is particularly well-suited to our study due to
its high time output cadence and its excellent mass and spatial
resolutions, which enable us to trace the detailed evolution of
physical properties and galactic morphology. Furthermore, it
predominantly covers field and low-mass group environments,
aligning with our primary research interests.

We demonstrate in this study that SO formation can be driven by
both mergers and counterrotating gas accretion. In both scenarios, a
decrease in gas angular momentum plays a key role in building SO
morphology by relocating exterior gas to the galactic center.

In Section 2, we briefly describe the NH simulation. We then
detail the sample selection process and the analysis. In
Section 3, we examine the evolution of SO galaxies’ physical
properties and morphology to identify key factors determining
their final morphology. We further discuss the formation
pathways identified in this study and their physical mechanisms
in Section 4. Finally, in Section 5, we summarize our findings
and highlight their implications.

2. Methods
2.1. NEWHORIZON

NH has run with the adaptive mesh refinement (AMR) code
RAMSES (R. Teyssier 2002), covering a spherical volume with a
10 cMpc radius within the Horizon-AGN simulation (Y. Dubois
et al. 2016). The AMR spatial resolution reaches 34 pc, and
the mass resolutions of dark matter (DM) and stellar particles are
10° and 10* M., respectively. NH is implemented with cosmo-
logical parameters compatible with the Wilkinson Microwave
Anisotropy Probe 7 ACDM cosmology: €, = 0.272, Q, = 0.728,
0y =0.81, ), =0.045, Hy="70.4kms ' Mpc "', and n,= 0.967
(E. Komatsu et al. 2011). Down to redshift z=0.17, the
simulation has produced 863 snapshots with a time interval of
~15 Myr.
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As the specifics of the simulation are detailed in Y. Dubois
et al. (2021), we briefly present here the key subgrid physics.
Stellar particles form within cells where the hydrogen gas
number density exceeds ny =10 cm 3, following the Kenni-
cutt—Schmidt relation (M. Schmidt 1959; R. C. J. Kennicutt
1998). For those cells, the star formation efficiency is
determined by the hydrodynamic properties, such as the
turbulent Mach number (T. Kimm et al. 2017). Regarding
stellar feedback, Type II supernovae (SNe) feedback is
implemented, assuming a Chabrier initial mass function
(IMF; G. Chabrier 2003) for stellar particles. SNe explode
5 Myr after the formation of a stellar particle, releasing kinetic
energy of 10°' erg. Considering the IMF and supernova (SN)
rates, a stellar particle returns ~31% of its initial mass to
neighboring gas cells. Black holes (BHs), modeled as sink
particles, can release two types of AGN feedback depending on
the ratio of their accretion rate to their Eddington rate
(Y. Dubois et al. 2012): radio and quasar modes. BHs release
energy in the form of mass, momentum, and total energy by the
jet mode (Y. Dubois et al. 2010), while in the quasar mode,
they release only thermal energy (R. Teyssier et al. 2011).

2.2. Sample Selection
2.2.1. Halo and Galaxy Detection

We used the AdaptaHop (D. Aubert et al. 2004; D. Tweed
et al. 2009) algorithm to identify DM haloes and galaxies. The
virial radius and mass of haloes (R,; and M,;,) are calculated
based on the energy criterion of virialization. We identif3y
three low-mass group-sized haloes (10" < M. /Ms < 10")
at z=0.17.

Galaxies are initially identified if they contain at least 100
stellar particles. We detect 214 %alaxies with the total mass of
stellar particles greater than 10° M., at z=0.17. The galaxy
merger tree is constructed using the membership of stellar
particles in galaxies across snapshots.

2.2.2. Target SO Galaxies

What defines an SO galaxy? Although there is no universal
agreement on the precise features that characterize an SO,
common attributes include a visible stellar disk, often
accompanied by an envelope, a dust lane, or a prominent
bulge (e.g., A. Sandage 1961; A. Baillard et al. 2011).
However, the broad characteristics of SO galaxies, overlapping
with those of other types, reflect their diverse evolutionary
histories, complicating the establishment of a clear-cut
definition (e.g., E. Laurikainen et al. 2010; S. Deeley et al.
2020; H. Dominguez Sanchez et al. 2020). In this regard, we
avoid using complicated morphological constraints or para-
metric definitions for SO selection, as they may limit our
understanding of SOs by overlooking the evolutionary
diversity. Instead, we rely on visual classification, focusing
on a basic criterion for SO morphology, a visible stellar disk
lacking spiral arms.

Galactic morphology is broadly linked to star formation
activities (M. S. Roberts & M. P. Haynes 1994; M. R. Blanton
et al. 2003; M. K. Kinyumu et al. 2024). Massive early-type
galaxies (ETGs) typically belong to the red sequence
(K. Schawinski et al. 2009), although the trend is unclear in
the dwarf regime (I. Lazar et al. 2024). However, recent or
ongoing star formation in ETGs challenges the traditional
view of them as “red and dead” (e.g., S. K. Yi et al. 2005;
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P. Temi et al. 2009), implying complexity in their evolutionary
process. For instance, the question remains whether SOs with
notable star-forming activities are simply passively evolving
spirals or if they are driven by external factors, such as minor
mergers (e.g., K. Xu et al. 2022). To perform a comprehensive
study on SO galaxies but with a streamlined organization, we
first study quenched SOs as our main targets in Section 3 while
also discussing the possible origins of star-forming SOs in
Section 4.

2.2.3. Mock Image Generation

For visual classification and investigation in this study, we
produce mock observation images of NH galaxies. Our mock
images are generated with SKIRT (M. Baes & P. Camps 2015;
P. Camps & M. Baes 2020), a three-dimensional Monte Carlo
radiative transfer code, which simulates the effect of dust on
photons emitted from light sources, accounting for absorption,
emission, and scattering. We apply a simple stellar population
model of G. Bruzual & S. Charlot (2003) with a Chabrier IMF
to each star particle. For gas cells with temperatures below
30,000 K, we assign the THEMIS dust population model
(A. P. Jones et al. 2017). We set the dust-to-metal ratio to 0.4
and use 8 bins for the grain size distributions of silicate,
graphite, and polycyclic aromatic hydrocarbon dust. We set the
number of photon packets to 2 x 10”. The pixel size is 40 pc,
which is comparable to the spatial resolution of the simulation.
The images are created by combining red, green, and
blue colors corresponding to the i-, -, and g-band fluxes of
Sloan Digital Sky Survey (D. G. York et al. 2000) in the rest
frame.

2.2.4. Sampling Process

The stages of our sampling process are as follows: (i) We
extract galaxies with stellar masses (M,) ranging from 10' to
10" M, at z=0.17. Here, M, is defined as the total mass of
stellar particles inside 2Rs,, where R is the radius of a sphere
containing half the mass of all stellar particles of a galaxy.” We
identified 40 galaxies within this mass range. (ii) For visual
classification, we generate mock images of these galaxies
viewed from 12 angles, comprising three azimuthal angles (0°,
90°, and 180°) and four inclination angles (0°, 30°, 60°, and
90°) for their face-on views. (iii) These mock images were then
visually inspected by eight researchers, who classified the
galaxies into five types: elliptical (E), SO, late/S0, late type,
and irregular (Irr). For SO classification, the focus was on
whether a galaxy has a visible stellar disk and lacks spiral arms.
In order to exclude controversial cases, we introduce the late/
SO type, which represents disk galaxies that are difficult to
classify as either SO or late type due to an insignificant spiral
pattern or ambiguous shape. The morphological type of a
galaxy is determined based on the consensus of more than half
of the inspectors. If consensus is not reached, the galaxy is
classified as late/SO if more than half recognize it as a disk
galaxy (S0, late/S0, or late) or as Irr otherwise. (iv) Finally, to
distinguish between quenched and star-forming galaxies, we
use the definition of quenched galaxies from R. Weinberger
et al. (2018). They use the star-forming main-sequence (SFMS)

% We use 2Rs5o as the boundary of a galaxy in this study to consider the

difficulty in measuring the properties of bound particles or stars in the
simulation and observations.
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Figure 1. SFR as a function of M, for NH galaxies with 10'° < M, /M, < 10"
at z=0.17. The morphological types of galaxies are indicated with different
marker shapes. Galaxies with an SFR below the red dotted line are considered
quenched, which is 1 dex below the SFMS (black dashed line). Red markers
denote quenched galaxies, while blue markers indicate star-forming galaxies.
The labeled markers correspond to the 12 galaxies with mock observation
images displayed in Figure 2. SFRs lower than 10> M, yr~ " are plotted at this
value, applicable only to Es.

relation derived by S. L. Ellison et al. (2015):

O]

log(SFRspMs

= —7.4485 4 0.7575 log M,
M yr~! M

+ 1.51og(1 + z), (D

where the redshift dependence is adopted from C. Schreiber
et al. (2015) and logarithm denotes the decimal logarithm.
According to their definition, a galaxy is considered quenched
if its star formation rate (SFR)'” is 1 dex below the SEMS for
their corresponding M, and redshift. As mentioned, we select
quenched SO galaxies as our main targets.

Figure 1 presents the result of our visual morphology
classification along with the SFRs and M, of NH galaxies. The
black dashed line indicates the SFMS, and the red dotted line
represents SFRgpvs — 1 dex, below which galaxies are con-
sidered quenched. Three galaxies (a, b, and c) are SOs with
quenched star formation, meeting the criteria to be our primary
targets. All Es (d, e, and f) exhibit substantially low SFRs, less
than 107> M, yr'. We identify one star-forming SO (g).

Figure 2 shows mock images of the 12 galaxies labeled in
Figure 1 from both face-on and edge-on views. In Appendix A,
we verify that the visual stellar disks are reasonably detected
and provide the mock images of galaxies not shown in
Figure 2. For simplicity, we henceforth refer to galaxies by
their morphological type and ID number (e.g., SO 19).

10 SFR is defined by the total mass of stellar particles younger than 200 Myr
within 2Rso divided by 200 Myr, the star formation timescale, which near-
ultraviolet emission traces (R. C. Kennicutt & N. J. Evans 2012). We use this to
avoid temporal fluctuations that may be caused by using shorter timescales.
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late (1) Irr
Gal 8 Gal 1252

Figure 2. Mock observation images of the 12 galaxies labeled in Figure 1, shown in both face-on and edge-on views at z = 0.17. Panels for quenched galaxies and star-forming
galaxies are framed in red and blue lines, respectively. The morphological type and ID of each galaxy are indicated in the face-on view panels. The white bars indicate 10 kpc.

2.2.5. Further Examination

Unfortunately, however, SO 82 is heavily contaminated by
low-resolution DM particles coming from the outer region of
NH, making up ~98% of the total DM mass within its 2Rs5.
This may increase errors in calculating gravitation between
grids, possibly bringing about unphysical effects (e.g.,
J. Ofiorbe et al. 2014). Thus, we do not use SO 82 in this study.

In order to ensure that dense environments do not influence
the formation of NH SOs, we examine their environmental
history. Figure 3 shows M,;, of the most massive halo where
galaxies reside within R,; from the halo center as a function of
time. Therefore, M., steeply increases when the galaxy enters a
more massive halo than before. S026 remains a central
galaxy within the halo that does not grow to group size
M > 10'%3 M) throughout its entire history. Although
S0 19 enters a group-sized halo at z~ 0.4, this occurs only
after it develops its SO morphology, as will be detailed in the
next section. SO 21 exhibits orbital motion at z < 0.8 around a
low-mass halo (M, ~ 10" M). In Section 4.4, we discuss
that its transformation into an SO is attributed to counterrotating
gas accretion (since z ~ 0.4) rather than environmental effects.

2.3. Quenching Timescale

As outlined in Section 2.2.4, we define quenched galaxies as
those with an SFR 1 dex below the SFMS for a given redshift.
We denote 1 as the time when a galaxy becomes quenched.
These times are measured with respect to the age of the
universe. The beginning of quenching (f5g) is defined as the

2 3 4 5 6 7 8 9 10 11

Age of Univ. [Gyr]

Figure 3. Evolution of the M,; of halos in which NH galaxies reside. Sudden
jumps in M,;, represent the infall of the galaxy into a more massive halo. The
histories of SOs are shown in different colors. For comparison, those of all late-
type galaxies are shown in gray.

time when the SFR first drops to 0.5 dex below the SFMS,
looking back from fg. To quantify the duration of the
quenching process, we use the quenching timescale (7q),
which is defined as the time interval between fg and tgq. For
our main targets, the quenched SOs, their SFRs do not fluctuate
significantly, so measuring 7q is straightforward.

2.4. Merger Identification

For merger identification, we take advantage of our galaxy
merger tree. The occurrence time of a merger event is defined
as the moment when the total mass of stellar particles of a
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companion galaxy (M,.) first drops below 50% of its
maximum value in its history. If the last progenitor of the
companion ends before this mass threshold is reached, the
merger time is set to the time of the last progenitor. We
categorize mergers into three types based on the stellar mass
ratio between a companion and a main galaxy (M, ./M, ),
which is measured when M, . reaches its maximum (i.e., when
the companion begins to lose its stellar mass): major mergers
M, /M, 1, > 0.25), minor mergers (0.05 < M, ./M, ., < 0.25),
and mini-mergers (M, /M, , < 0.05).

3. SO Formation Pathways

The relationship between gas content and galactic morph-
ology has been well studied, revealing that ETGs typically have
lower gas-to-stellar mass fractions (M. S. Roberts &
M. P. Haynes 1994; A. R. Calette et al. 2018). While the
origin of spiral arms remains a subject of active debate, gas is
expected to play an important role in building spiral structures
through the process of swing amplification (J. A. Sellwood &
R. G. Carlberg 1984; E. D’Onghia et al. 2013). In the absence
of a gas supply, a dynamically cold stellar disk cannot be
maintained, leading instead to a heated and thickened disk via
orbital diffusion, which prevents the development of spiral
features (A. Toomre 1964; J.-B. Fouvry et al. 2017). On this
account, understanding the history of gas content in galaxies is
crucial in studying galactic morphology.

One possible pathway leading to poor gas content in galaxies
is the cancellation of gas angular momentum. When the angular
momentum of gas decreases, enhanced inflows drive gas from
the outer regions toward the center, where it is rapidly
exhausted through star formation due to high gas density
(R. V. E. Lovelace & T. Chou 1996; A. R. Thakar &
B. S. Ryden 1998; A. Pizzella et al. 2004; Y.-M. Chen et al.
2016; M. Beom et al. 2022; Y. Zhou et al. 2023). Angular
momentum loss in gas can occur via various channels: tidal
interactions during galaxy—galaxy encounters (J. E. Barnes &
L. E. Hernquist 1991; B. Moore et al. 1996; D. G. Lambas et al.
2003), tidal torques exerted from clumps formed via gravita-
tional instability (M. Noguchi 1999; B. G. Elmegreen et al.
2012; A. Zolotov et al. 2015), and hydrodynamic collisions
between preexisting gas and accreted counterrotating gas
(M. Danovich et al. 2015; S. Dyda et al. 2015). Notably,
central gas inflow driven by angular momentum loss is a
critical process in the formation pathways of SO galaxies,
which we explore in the following sections.

In this section, we examine the evolutionary histories of two
quenched SO galaxies to explore how their morphology
develops alongside the changes in physical properties,
particularly those related to gas content. The range of redshift
we investigate spans from z=4 to z=0.17.

3.1. SO 19: Merger
3.1.1. Gas Angular Momentum History

Figures 4(a) and (b) respectively show the merger history and
the mass evolution of corotating and counterrotating gas of SO 19.
To define corotating and counterrotating gas, we utilize the total
stellar rotation axis vector, the summation of angular momentum
vectors of stellar particles within 2Rs, measured with respect to the
galactic center. A gas cell is classified as corotating if the angular
difference between its rotation axis vector and the stellar rotation
axis vector () is less than 90° and counterrotating if 6 is greater
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Figure 4. Merger history and evolution of gas properties of SO 19. The black points
in (a) indicate the occurrence time and mass ratio of merger events. The two
horizontal dotted lines correspond to mass ratios of 1:4 and 1:20. The three mergers
mentioned in the text are indicated by (i) and (iii) with vertical dashed lines across
all panels. (b) shows the evolution of the mass of corotating (cyan) and
counterrotating gas (magenta) in the outer region (Rso < R < 2Rsq). The two gas
accretion events explained in the text are indicated by (ii) with shaded regions in all
panels. The widths of the shaded regions correspond to the times during which the
masses of the corotating or counterrotating gas straddle between 1/100 and 1/10 of
Mg, indicating an increase in gas content. (¢) and (d) show the evolution of j, and
outer gas mass fraction, respectively. The lines in (c) and (d) are smoothed by an
Epanechnikov kernel with a time interval of 20 simulation snapshots (~300 Myr).

than 90°. Both gas components are defined according to the stellar
rotation in each snapshot. To calculate their mass, we use gas cells
in the “outer region,” Rso <R <2Rsy, where R is the radial
distance from the galactic center. The exclusion of the inner region
(<Rsp) in the analysis helps minimize the effects of hydrodynamic
mixing, which can complicate the tracing of original gas motions.

Our major concern is whether individual gas cells lose
angular momentum and migrate toward the center. To see this,
we use the gas cells within 2Rsy and compute the sum of their
angular momentum divided by the total gas mass (j,) at each
epoch in the following way:

L
g Zi[%’

where J; and M; are the angular momentum and mass of the ith
gas cell, respectively. Unlike the conventional definition of
specific angular momentum (&, J;/>>; M;), which involves vector
summation, j, quantifies the magnitude of motion of gas cells
regardless of rotation direction. For SO 19, Figure 4(c) shows the

@)
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Figure 5. Gas temperature maps and mock images of SO 19 at different redshifts. The images in the same column correspond to the same redshift indicated above. The
gas temperature maps are shown in the top row, with colors representing the projected density-weighted temperature. The mock images viewed face-on and edge-on
are shown in the middle and bottom rows, respectively. The black and white bars in the panels indicate 10 kpc. The cyan and magenta arrows in the gas maps represent
the projected velocity of corotating and counterrotating gas, respectively. After two minor mergers, the gas disk becomes highly compact, and the galaxy quickly turns
into an SO, exhibiting a smooth morphology (z = 2.5 and 1.3). The alternating corotating and counterrotating gas accretions interact with the preexisting gas disk,
impeding the development of the gas disk (z = 1.1, 0.59, and 0.40). A mini-merger leads to a rapid shrinkage of the gas disk (z = 0.40 and 0.32).

evolution of j,, while Figure 4(d) shows the evolution of the
fraction of outer gas mass, M,,/M,, where M, is the total mass of
gas cells in the outer region and M, is that of gas cells within 2Rsy,.
A simultaneous decrease in j, and Mog/Mg, which is visible at
several epochs, suggests that the cancellation of gas angular
momentum drives inward gas flow, enhancing the spatial
concentration of the gas (“gas concentration”).

(i) Minor mergers. In Figure 4, the early gas concentration is
seen during the two minor mergers: one with M, ./M, , ~
0.19 at z~23 and another with M, /M, ,,~0.07 at
7z~ 1.6. The outer gas mass ratio drops to around 0.1 as a
result of two subsequent minor mergers, indicating that most
of the gas is concentrated near the center. Figure 5 shows gas
temperature maps and galaxy mock images of SO 19 at
different redshifts. At z=2.5 and 1.3, the gas maps show
that the gas distribution becomes more centralized due to the
merger events, with a significant reduction in gas at the
outskirts. Accordingly, the mock images exhibit the
transition from a clumpy and disturbed appearance to a
smoother, SO-like morphology. Meanwhile, the stellar spin
(in V/o,) remains strong even after the mergers (see
Appendix B), suggesting that the galaxy retains both
kinematic and visual disk-like structures.

(ii) Gas accretion in the opposite direction. In Figure 4(b), the
mass of counterrotating gas increases from z ~ 1.2, while the
corotating gas mass decreases, leading to an inversion of the
primary and secondary gas components. At z ~ 0.4, this trend
reverses, with the corotating gas mass increasing again. These
shifts are due to gas accretion in the opposite direction to the
rotation of the primary gas component, as shown in gas maps
from z=1.1 to 04 in Figure 5. At z=1.1, the counter-
rotating gas (magenta arrow) accumulates near the periphery

of the corotating gas (cyan arrow) disk as it spins around the
galaxy. The mixing of the two gas components results in
angular momentum cancellation and gas inflow, creating a
void boundary between two gas disks (z=0.59; e.g.,
S. Dyda et al. 2015). As a result, the preexisting corotating
gas disk shrinks and forms stars. Subsequently, additional
corotating gas is accreted, playing a role similar to that of the
previous counterrotating gas (z=0.4). This alternating gas
accretion hinders the mass and size growth of the gaseous
disk. We visually find that the accreted gas in this case is
coming from the stripped gas of passing satellites or from
free-floating gas rather than from gaseous filaments.

(iii) Mini-merger. In Figure 5 at z=0.4, the merging
companion is visible at the right, and the galaxy mock
image exhibits a bluish color due to the star formation of
the counterrotating gas disk described in the previous
section. Following the mini-merger (M, ./M, > 0.02)
with the companion at z~ 0.4, the counterrotating gas
disk rapidly shrinks to disappear, resulting in the final SO
morphology (z=0.32). The dramatic gas concentration
during this period is also illustrated in Figure 4.

3.1.2. Quenching Processes

Now, we investigate how SO 19 is quenched through the events
discussed earlier. Figure 6 presents the temporal evolution of the
SFR and gas content of SO 19. Figure 6(a) shows the SFR as a
function of time alongside the SFMS following Equation (1)
corresponding to its M, at each redshift. To assess the impact of
gas concentration on the increase in central SFR, we present the
fraction of SFR measured inside Rsy (SFRg.g,,) relative to the
total SFR as a function of time in Figure 6(b). Figure 6(c) shows
the evolution of the total mass of all gas (M,) and dense gas inside
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Figure 6. Temporal evolution of the SFR and gas content of SO 19. (a) shows
SFR as a function of time. The black dashed line represents the SFMS according to
Equation (1) derived for the stellar mass of SO 19 at each redshift. The green and
red dotted—dashed lines indicate 0.5 and 1.0 dex below the SEMS, respectively.
The green and red vertical lines in all panels indicate fg and fq, respectively. (b)
displays the evolution of the fraction of SFR within Rsy. (c) compares the gas
content history of SO 19 with its late-type counterparts. The M, of SO 19 is
represented as a black solid line. The mean and 1o range of M, of the late-type
counterparts are shown as the gray solid line and shaded area, respectively. The
same information for dense gas is presented in blue colors. (d) shows the history of
M, (black solid line), Myep (gray dotted line), and Mpoyw (gray dashed line). The
lines are smoothed by an Epanechnikov kernel with a size of 20 simulation
snapshots. The points and shaded regions represent the same events highlighted in
Figure 4 to show their impacts on gas content. At z~ 1.2 and z ~ 0.33, star
formation is quenched after significant gas consumption due to mergers within 7
of 270 Myr and 15 Myr, respectively.

2Rso. Here, dense gas cells are those with ny > 10 cm >, where
star formation is likely according to the star formation efficiency
of the cells. For comparison, we use seven late-type galaxy
counterparts whose M, differ by less than 0.25 dex (in log scale)
from that of SO 19 at z=0.17.

Figure 6(d) shows the rate of M, change over time (Mg)—the
difference in M, of two consecutive snapshots divided by the time
interval. Additionally, we utilize the gas mass depletion rate (Mgep)
and net gas mass flow (Mjo,) to trace the causes of changes in gas
mass content. To compute Mdep, we calculate the amount of gas
used up for star formation at each epoch by identifying stellar
particles born within 2Rs. As stellar particles return ~31% of their
initial mass in the form of gas, we consider that the remnant stellar
mass (i.e., ~69% of the initial mass of stellar particles) is depleted
inside 2Rs,. Since we can directly calculate Mg and Mdep, we

obtain Mj,, using the following relation:

Mg = Mflow + Mdep- (3)

Han et al.

Thus, My, indicates the net gas mass flow at the spherical
boundary of 2Rsy. We ignore gas consumed by BH sink
particles since it is negligible (<10 > M yr ).

In Figure 6(d), the negative Mg occurs immediately
following each minor merger (black points), primarily due to
significant gas depletion by star formation. Since the gas mass
content drops quickly, as shown in Figure 6(c), the SFR
becomes quenched subsequently over 74 of 270 Myr. Notably,
Figure 6(b) indicates that this substantial gas consumption
during mergers is spatially concentrated, highlighting the
effects of central gas inflow. Next, counterrotating gas
accretion indicated by the magenta shade in Figure 6(d)
induces gas concentration, which leads to further star formation
and gas depletion in turn at z ~ 1. As a result, the galaxy has a
poor gas mass content.

In Figure 6, corotating gas accretion steadily increases the
SFR prior to the mini-merger at z ~ 0.4. The final notable gas
depletion is observed when the gas disk quickly contracts due
to the mini-merger, leading to a second instance of galaxy
quenching. This quenching process is extremely rapid,
occurring within a single snapshot interval (~15 Myr). Thus,
we argue that gas concentration caused by mergers contributes
to star formation quenching through substantial gas consump-
tion, predominantly near the center.

3.2. 80 26: Counterrotating Gas Accretion

The effect of retrograde gas acquisition (i.e., gas—gas
interaction triggers central gas inflow) has been highlighted
in the previous section. Here, we investigate how counter-
rotating gas accretion can function as a primary pathway for SO
formation by examining the evolutionary history of SO 26.

3.2.1. Gas Angular Momentum History

(i) Early existence of counterrotating gas. Figure 7 shows
the merger history and evolution of gas properties
associated with gas concentration for S026. In
Figure 7(b), a comparable amount of counterrotating
gas to corotating gas continues since z ~ 4. Unlike the
case of the previous galaxy (SO 19), however, we do not
see gas concentration until z ~ 1.5 (Figure 7(c) and (d)).
Figure 8 shows the distribution of # for corotating (blue)
and counterrotating gas (pink) as a function of time. As a
reminder, 6 is the angle between the rotation axes of gas
and stars. For both gas components, darker colors
indicate that there are more gas cells with high angular
momentum rotating at a given 6. In the early epoch
(z 2 2), both gas components show nonaligned rotation,
reducing the chance of effective collisions between them.

(ii) Beginning of gas concentration. Figure 8 shows that,
while the counterrotating gas remains misaligned with the
stellar disk, the corotating gas becomes quickly aligned
with the stellar disk (f approaching 0) after z~ 1.5.
This enhances the hydrodynamic collision between the
two gas components, leading to angular momentum
cancellation. As a result, a notable gas concentration
develops at z~ 1.5 as shown in Figures 7(c) and (d).

The gas maps in Figure 9 display that the galaxy
gains gas in retrograde orbits through the smooth
accretion of cold gas (z =2.1) and the accretion of small
satellite galaxies (z=1.3).
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Figure 7. Merger history and evolution of the gas properties of SO 26 in the
same format as Figure 4. The beginning of the gas concentration mentioned in
the text is indicated by the vertical line marked with (ii). Similarly, the major
merger at z ~ 0.8 is marked by (iii).
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(iii) Major merger. The gas map in Figure 9 at z = 1.0 shows
that the galaxy undergoes a tidal interaction with a major
merging companion at the pericenter. Gravitational
torques exerted by this encounter drive prominent two-
armed spirals in the companion galaxy (e.g., A. Toomre
& J. Toomre 1972; C. L. Dobbs 2011). Moreover, due to
the retrograde orbit of the merger, tidally stripped gas is
provided to the galaxy as additional counterrotating gas
during this process. Figure 7 demonstrates the lowest j,
and outer gas mass fraction at 1 <z<0.8 as a result of
the continuous gas—gas interaction since z~ 1.5 and
gravitational torques prior to the merger. Consequently,
the galaxy’s morphology evolves to a smoother form, as
shown in Figure 9 at z = 1.0 and 0.83. Despite the major
merger at z~ 0.8, the stellar disk remains visible at
z7=10.44 in Figure 9 because the slow coplanar merger
proceeds in a nondestructive manner (e.g., G. Zeng et al.
2021). However, the total stellar rotation axis reverses as
the combined angular momentum of the newly incorpo-
rated stars and preexisting counterrotating stars exceeds
that of corotating stars. As a result, the gas that once
counterrotated is recognized as the corotating component
(Figure 7(b)). Two stellar disks rotating in opposite
directions on the plane counteract each other’s rotational
velocities, making the galaxy a kinematically pressure-
supported system (see Appendix B).
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Figure 8. The distribution of 6 for gas cells measured inside 2Rs of S0 26, as a
function of time. The blue and pink colors represent the corotating and
counterrotating gas cells, respectively. The colors of each gas component are
weighted by the magnitude of the angular momentum of gas cells at each
redshift; thus, darker colors indicate that more gas cells are rotating in the
direction of 6 with greater angular momentum. The onset of the gas
concentration is indicated in the same manner as Figure 7.

3.2.2. Quenching Processes

The effects of gas concentration, beginning at z~ 1.5, are
evident in Figure 10. As the gas distribution becomes more
concentrated, star formation also becomes more spatially
focused (Figure 10(b)). Despite the overall decline in gas mass
content, the SFR remains steady because the high gas density at
the center facilitates efficient star formation (Figures 10(a) and
(c)). Consequently, the significant reduction in gas mass due to
the gas consumption leads to the quenching of star formation at
2~ 0.8 (7q =550 Myr). It is important to note that the tidal
interaction with a companion at z~ 1 may also contribute to
the quenching process by triggering further central gas inflow,
making it challenging to attribute the quenching solely to
counterrotating gas accretion.

The major merger temporarily rejuvenates the galaxy;
however, the increased star formation is short-lived. The
galaxy is quenched again over 7 of 280 Myr. Subsequently,
the dense gas gradually depletes, resulting in the absence of star
formation. The lack of gas inflow following the major merger
(Figure 10(d)) allows the galaxy to maintain its SO morph-
ology. In this case, the absence of subsequent gas supply does
not serve as the main driver for SO morphology but prevents it
from reestablishing late-type morphology.

4. Discussion
4.1. Gas Angular Momentum Cancellation Mechanisms

By investigating the formation history of the two NH SO
galaxies in the previous section, we find that central gas
migration due to a decrease in gas angular momentum is a key
factor in the development of SO morphology. The evolution of
S0 19 and SO26 provides evidence for mergers and counter-
rotating gas accretion as distinct pathways to SO formation. The
physical mechanisms by which gas angular momentum is
canceled vary depending on the scenarios.

4.1.1. Mergers

During mergers between galaxies with similar mass, an
asymmetric structure is produced due to a strong tidal field; such
asymmetry can generate a gravitational torque, which deprives the
angular momentum of gas (e.g., L. Hernquist 1989; J. E. Barnes
& L. E. Hernquist 1991; J. C. Mihos & L. Hernquist 1996; P. Di
Matteo et al. 2007). Minor mergers can generate a hydrodynamic
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Figure 9. Gas temperature maps and mock images of SO 26 in the same format as Figure 5. The galaxy acquires counterrotating gas via smooth accretion (z = 2.1) and
from small satellites (z = 1.3). Tidal interaction induces the two-armed spirals in the companion galaxy, and the stripped gas is accreted as counterrotating gas due to
the retrograde orbit of the merger (z = 1.0). An SO morphology appears due to the lack of gas in the outskirts (z = 0.83). After experiencing the major merger, shell-
like structures are visible, and the reversed stellar rotation results in the switch between two gas components as corotating and counterrotating (z = 0.67). The merger
does not destroy the visual stellar disk, although it comprises two oppositely rotating stellar components (z = 0.44).

torque induced by a ram pressure shock, resulting in angular
momentum deprivation (P. R. Capelo & M. Dotti 2017). In this
case, the merger geometry may influence this process since
coplanar encounters facilitate hydrodynamic interaction between
the two gas disks, and retrograde encounters strengthen ram
pressure with higher relative velocity (P. R. Capelo &
M. Dotti 2017; K. A. Blumenthal & J. E. Barnes 2018). Through
these mechanisms, nuclear gaseous inflows develop. The
consequences are well demonstrated in SO 19 even during a
mini-merger, implying that a merger of such a small mass ratio
may drive noticeable effects.

4.1.2. Counterrotating Gas Accretion

Within a gas—gas counterrotating galaxy, the two different
gas components with opposite spin directions collide; this
hydrodynamic interaction leads to gas angular momentum
cancellation. As shown in Section 3.2.1, this process can be
more effective for coplanar rotation since it maximizes
interactions along the orbits. If a substantial amount of gas
falls toward the center, the insufficient amount of outer gas may
suppress the growth of spiral arms. The resulting high central
gas density triggers efficient star formation, possibly contribut-
ing to the bulge growth and a younger stellar population in the
center compared to the outskirts (Y.-M. Chen et al. 2016;
Y. Zhou et al. 2023).

4.1.3. Environmental Dependence

We now discuss how mergers and counterrotating gas
accretion may be appropriate mechanisms for the formation of
SO galaxies, particularly in low-density environments.

Counterintuitively, the suitable environments for frequent
galaxy—galaxy mergers are small groups rather than dense
clusters, as high relative velocities of cluster galaxies lower the

chance of collisions (J. P. Ostriker 1980). Observational studies
support this by showing a decline in merger fractions in higher-
density environments (A. G. Delahaye et al. 2017; W. J. Pearson
et al. 2024), although preprocessing of galaxies (i.e., interactions
in previous haloes) can blur this trend (e.g., Y.-K. Sheen et al.
2012; S. Oh et al. 2018). D. W. Just et al. (2010) proposed that
mergers can be an important SO formation channel in environ-
ments with lower velocity-dispersion, at least since z~ 0.8.
D. J. Wilman et al. (2009) revealed that groups are more suitable
environments for galaxy mergers than fields where internal secular
processes are more likely to occur.

Kinematically misaligned galaxies are more frequently observed
in field environments (T. A. Davis et al. 2011; Y. Jin et al. 2016).
This implies that external gas accretion onto galaxies, which may
occur isotropically, is less obstructed in these low-density settings,
whereas it can be prevented in dense environments via stripping of
extended gas haloes or shock heating of cold gas flow
(R. B. Larson et al. 1980; A. Dekel & Y. Bimboim 2006;
Y. M. Béhe et al. 2012). In that sense, the counterrotating gas
accretion scenario is likely to be preferred by SOs in low-density
environments. Various counterrotating gas channels are suspected,
such as mergers and smooth accretion from gaseous filaments
(P. Taylor et al. 2018; D. J. Khim et al. 2021).

4.2. Feedback Enhancement

The impact of mergers and misaligned gas accretion on BH
fueling via central gas inflow has been well documented by
numerical simulations and observations (e.g., V. Springel et al.
2005; P. R. Capelo et al. 2015; J. Hong et al. 2015; M. Beom
et al. 2022; S. I. Raimundo et al. 2023). To determine whether
this also occurs during the evolution of SO 19 and SO 26, we
present Figure 11 showing the power of AGN feedback
measured from the BHs of the two SO galaxies as a function of
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Figure 10. Temporal evolution of the SFR and gas content of SO 26 in the
same format as Figure 6. Fifteen late-type counterparts are used for comparison
in (c). The black point in (d) represents the time when the major merger occurs.
The first star formation quenching at z ~ 0.8 is followed by the concentration
of gas via hydrodynamic interactions between corotating and counterrotating
gas (Tq =550 Myr). Despite the rejuvenation through the major merger, the
galaxy is quenched again (7¢q =280 Myr).

time. For the BHs within R5y, we calculate the power of AGN
feedback by considering the total energy released between
consecutive snapshots and the time interval. Although a BH
sink particle can produce feedback energy of only one mode
(kinetic energy from jet mode or thermal energy from quasar
mode), the feedback of two modes can be seen at the same time
if there are multiple BHs inside Rso, which is very likely in
merging conditions.

For SO 19, the power of AGN feedback diminishes during
the first minor merger. We visually confirm that the BHs move
away from the galactic center at that time due to the fluctuation
of the gravitational potential. Consequently, they accrete less
gas but eventually settle at the galactic center. AGN feedback is
enhanced following the second minor merger. The counter-
rotating gas accretion also plays a role in the enhancement,
albeit with a time delay. Following the accretion, as the mixing
of two gas components contributes to the shrinkage of the
preexisting gas disk, more gas is driven to the center. The
highest power of AGN feedback is visible after the mini-
merger since the counterrotating gas disk rapidly shrinks and
fuels BHs. This is well illustrated in a separate NH paper,
which found that the spin direction of the most massive BH in
SO 19 is reversed due to the substantial accretion of counter-
rotating gas onto the BH following the mini-merger (S. Peirani
et al. 2024, BH-1049 therein).

For SO 26, the power of AGN feedback increases as the gas
concentration begins at z~ 1.5. The feedback strength
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Figure 11. Evolution of the power of AGN feedback for SO 19 and SO 26. The
power of quasar mode (black) and jet mode (orange) feedback is measured
from BHs within Rso. The black points and shaded areas indicate the merger
and gas accretion events mentioned in the previous section. SO 19 and SO 26
each possess the most massive BH with a mass of 10’* M, and 10°7 M,
respectively, at z=10.17.

continues to grow via the tidal interaction at z~ 1 and the
coalescence at z ~ 0.8.

4.3. Quenching Timescale

Post-merger star formation can be rapidly quenched due to
the fast gas consumption via intense starbursts and strong
AGN feedback (e.g., V. Springel et al. 2005; S. Quai et al.
2021; S. L. Ellison et al. 2022). S019 clearly shows the
quick quenching processes following mergers at z~ 1.2
(T =270 Myr) and z~ 0.33 (1g = 15 Myr). Similarly, SO 26
exhibits the effective central star formation prior to the first
quenching at z ~ 0.8 (7q = 550 Myr).

These SO galaxies experience relatively short quenching
timescales, with their enhanced SFR declining rapidly as most
of the gas is depleted, compared to the longer timescales
(>Gyr) typically observed in faded spiral scenarios (e.g.,
Y. Peng et al. 2015; J. Trussler et al. 2020). As shown in the
previous section, enhanced AGN feedback may play a crucial
role, such as driving gas outflows or gas heating (e.g., T. Di
Matteo et al. 2005; Y. Dubois et al. 2016; E. Zinger et al.
2020). We note that different definitions are used for quenching
timescales (e.g., A. R. Wetzel et al. 2013; D. Walters et al.
2022; M. Park et al. 2023), so one should be careful when
comparing the exact values across different studies.

4.4. Star-forming SO

Based on ongoing central star formation and hints of galaxy
interactions, such as misaligned kinematics, it has been argued
that gas-rich minor mergers can rejuvenate SOs (H. Rathore
et al. 2022; K. Xu et al. 2022). In this study, we find that
galaxies undergoing gas concentration acquire the smooth
feature of an SO earlier than the quenching of star formation
(see Figure 5 at z=1.3 and Figure 9 at z=0.83). This is
because the shortage of outer disk gas suppresses late-type
morphology while central star formation continues.

Figure 12 shows the case of SO 21, the star-forming visually
lenticular galaxy mentioned in Section 2.2 (galaxy identified as
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Figure 12. Merger history and evolution of the gas properties of SO 21 in the
same format as Figure 4. A notable gas concentration occurs as counterrotating

gas mass increases in the outer region (near the vertical pink band), implying
the gas concentration process is in place.

g in Figure 1). It undergoes gas concentration along the
increase in the mass of counterrotating gas at z~0.4. It
accretes floating gas from the vicinity without going through
any mergers. As a result, the gas distribution is concentrated,
and its morphology transforms to an SO, as shown in Figure 13.
Due to the presence of central star formation, the galaxy is
recognized as a star-forming SO. This provides a possible origin
for centrally star-forming lenticular galaxies. Late-type galaxies
that already have a lower gas fraction are more subject to this
scenario, as even the small amount of gas accretion in
retrograde orbit is able to remove the gas in the outskirts via
hydrodynamic interaction (A. Pizzella et al. 2004).

5. Summary and Conclusions

In this study, we used the NH cosmological hydrodynamic
simulation to investigate the formation pathways of SOs in field
environments. We sampled two star formation quenched,
visually lenticular galaxies of mass in the range of
10" M.: SO19 and S026. By tracing the evolution of
physical properties and morphological changes, we found that
each SO follows a distinct formation pathway leading to SO
morphology and the quenching of star formation.

(1) Merger. As demonstrated by SO 19, galaxy mergers drive
the disk gas to the galaxy center, causing enhanced star
formation and rapid galactic gas consumption.
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Figure 13. Gas temperature maps and mock images of SO 21 in the same
format as Figure 5, but for three snapshots. The gas distribution becomes more
concentrated due to the interaction between the preexisting and counterrotating
gas. The morphology transforms in line with the gas distribution, exhibiting
more SO-like morphology.

(ii) Counterrotating gas accretion. As SO 26 demonstrated, a
galaxy may turn to lenticular through counterrotating gas
accretion from outside. The hydrodynamic interaction
between the gas components rotating in opposite or
misaligned directions easily cancels preexisting angular
momentum information, driving gas inflow and central
star formation and resulting in a lenticular morphology, in
a similar manner as in mergers.

We have found that gas angular momentum cancellation is
an important mechanism in both merger and counterrotating
gas accretion scenarios. In both scenarios, quenching time-
scales are short (<Gyr).

We find star-forming, visually lenticular galaxies as transient
features in the course of becoming quenched SO galaxies. They
are undergoing the counterrotating gas accretion pathway but
with incomplete central gas depletion. This scenario may
explain the central star formation and misaligned kinematics
observed in star-forming SOs.

We emphasize that the counterrotating gas accretion
scenario could revise the previous interpretations regarding
the origins of SOs. While mergers and retrograde gas accretion
both lead to gas—star misaligned kinematics, gas accretion is a
preferable mechanism for forming misaligned galaxies with a
surviving stellar disk, as mergers tend to be more destructive
(Y. Zhou et al. 2022). Additionally, central gas migration and
subsequent stellar growth may explain the large bulge
components of SOs without relying solely on mergers
(Y.-M. Chen et al. 2016).

Despite the limited sample size, our study provides
compelling evidence that both merger and counterrotating
gas accretion scenarios can account for the presence of SO
galaxies in field environments. Particularly, our work is the
first cosmological simulation study to highlight counter-
rotating gas accretion as a potential pathway for the formation
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of SO galaxies. Future studies employing cosmological
simulations that track gas dynamics and offer larger sample
sizes are anticipated to validate this scenario further.
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Appendix A
Morphology Verification

Here, we present our classification result using a photometric
approach to demonstrate that the visual stellar disks of NH
galaxies are properly detected, which is essential for our SO
classification.

First, we measure ellipticities of elliptical isophotes from the
stellar surface luminosity maps of Es, SOs, and late types
viewed edge-on at z=0.17, as shown in Figure 2. We use the
isophote package from photutils'' for ellipse fitting.
Figure Al(a) shows examples of the stellar luminosity maps
and the ellipticities of isophotes as a function of their
semimajor axis for each galaxy in the r band. The ellipticity
profiles vary with stellar distribution; for example, ellipticities
at outer radii are lower for galaxies with a diffuse structure like
S0 19 and 82. However, Es constantly show low ellipticities
across all radii with less diversity.

To obtain the mean ellipticity, we use isophotes with
relatively high surface luminosity (>10 L. kpc 2), which
possess small errors for fitting parameters. We then calculate
the mean ellipticity of these isophotes. The mean ellipticities of
Es, SOs, and late types measured in the r and g bands are shown
in Figure Al(b). Regardless of band filters, there is a clear
distinction between Es and SOs, with Es being more rounded
and SOs flattened. Although the mean ellipticities of SOs and

1 https: / /photutils.readthedocs.io /en/stable /api/photutils.isophote.
Isophote.html
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Figure Al. Ellipticity radial profiles and comparison of mean ellipticities for
Es, SOs, and late-type galaxies. (a) shows the stellar surface luminosity maps
and ellipticity radial profiles of five NH galaxies at z = 0.17. Each vertically
aligned pair of a stellar map and a profile plot corresponds to the same galaxy.
The maps display the surface luminosity viewed edge-on in the r band with
40 pc-sized pixels. The ellipticity profiles show the ellipticity of isophotes as a
function of the semimajor axis with error bars. The dotted orange lines in the
plots represent where the surface luminosity of an isophote falls below
107 L., kpc ™2, marked as circles on the stellar maps correspondingly. The white
bars in the maps indicate 10 kpc. (b) compares the mean ellipticities of Es, SOs,
and late types measured in the r band (left) and g band (right).

late types overlap, late types show higher values on average.
Thus, we successfully differentiate SOs from Es by identifying
visual stellar disks.

For readers interested in the complete results of our visual
classification, Figure A2 provides mock observation images of
all other NH galaxies within the target stellar mass range, which
are not shown in Figure 2.


https://photutils.readthedocs.io/en/stable/api/photutils.isophote.Isophote.html
https://photutils.readthedocs.io/en/stable/api/photutils.isophote.Isophote.html
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Figure A2. Mock observation images of NH galaxies shown in face-on and edge-on views at z = 0.17. This figure contains 28 galaxies with stellar masses between
10" M, and 10" M, which are not included in Figure 2. For each galaxy, morphological type and ID are shown in the upper right corner of the face-on view panel.
Panels are framed in different colors for different morphological types. The white bars indicate 10 kpc.

Appendix B
Stellar Kinematics

In this section, we examine the stellar kinematics of SO
galaxies to see how their visual morphology and kinematics
relate.

We measure V/o,, the rotation-to-dispersion ratio, to assess
the stellar rotating motions of SO galaxies using stellar particles
within 2Rso. The reference axis for this measurement is the
vector sum of the angular momenta of stars. We obtain velocity
components in cylindrical coordinates relative to this reference
axis. V/o, is defined as the mean tangential velocity divided by
the mean velocity dispersions of all stellar components, with
mass weights considered.

0.0 : : T T : T T A‘:‘ T T
2 3 4 5 6 7 8 9 10 11
Age of Univ. [Gyr]

Figure B1. Evolution of mass-weighted V/o, of SOs. Each history is shown in
different colors.
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The histories of V/o, of SOs are shown in Figure B1. The value
is mostly affected by galaxy—galaxy interactions. For SO 19, a
mini-merger triggers rapid star formation from counterrotating gas
around z ~ 0.4, leading to the sudden decrease in V/o,. In the
case of SO026, V/o, reaches zero quickly after a major merger
around z = 0.8, as the remaining stellar disk is composed of both
corotating and counterrotating disks that virtually cancel each
other in the calculation of integrated V/o,.
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