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Abstract. Kinematical and morphological features observed in early-type galaxies provide
valuable insights into the evolution of their hosts. We studied the origin of prolate rotation
(i.e., rotation around the long axis) in Illustris large-scale cosmological hydrodynamical sim-
ulations. We found that basically all the simulated massive prolate rotators were created
in relatively recent major mergers of galaxies. Such mergers are expected to produce tidal
features such as tails, shells, asymmetric stellar halos.

We investigated deep optical images of prolate rotators, including newly obtained data
from the Milanković telescope (Astronomical Station Vidojevica), revealing signs of galaxy
interaction in all of them. This correlation proves to be statistically very significant when
compared with a general sample of early-type galaxies from the MATLAS deep imaging
survey. In an ongoing project, we use the Milanković telescope to assemble deep images of
the complete sample of all known nearby massive prolate rotators.

The most frequent tidal features among the prolate rotators happen to be shells. We
developed methods to calculate the probable time of the merger from optical images. This
will allow us to compare the merger history of the sample with predictions from Illustris. Our
plan is to expand these methods to even larger samples of shell galaxies supplied by upcoming
large surveys like LSST at Rubin Observatory. This will provide an unprecedented amount of
statistically significant data on the recent merger history of our Universe and allow extensive
investigation of the impact of mergers to a wide range of other astrophysical phenomena.

1. INTRODUCTION

The closer we look at a galaxy, the more remarkable characteristics we see. Integral-
field spectroscopy of inner parts reveals kinematical peculiarities, while deep imaging
can uncover various tidal features in the outskirts. Even many elliptical galaxies that
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previously seemed featureless have become highly attractive objects to study. Our
work explores the connections between the kinematical and morphological attributes
in early-type galaxies (ETGs). To unveil these connections, we combine and utilize
data and findings from large-scale cosmological simulations on the theoretical side,
and integral-field spectroscopy as well as ultra deep imaging on the observational side.

2. RESULTS

2. 1. SIMULATIONS

In Ebrová et al. (2021b) and Ebrová &  Lokas (2017), we studied galaxies with kine-
matical peculiarities in the Illustris project – hydrodynamic cosmological simulations
(Vogelsberger et al. 2014, Nelson et al. 2015). We examined the formation and merger
histories of selected galaxies drawn from a global sample of 7697 Illustris galaxies with
more than 104 stellar particles (i.e., LMC-like and heavier) in the last snapshot of
the Illustris-1 run. By visually inspecting kinematic maps, we identified 134 galaxies

Figure 1: Surface density (top row) and kinematics (bottom row) of stellar particles
of two galaxies from the Illustris simulation. Left column: galaxy with a normal disky
rotation and with stellar shells visible in the top panel. Right column: galaxy with
prolate rotation and a kinematically distinct core.
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with kinematically distinct cores (KDCs) and automatically selected 59 galaxies with
prolate rotation.

Fig.1 shows two galaxies from Illustris. On the left, an ETG that maintained
normal disky rotation, even though the galaxy suffered a relatively recent merger, as
can be inferred from the presence of stellar shells in the surface density map. On the
right, an ETG with a kinematically distinct core (KDC) and prolate rotation (aalso
known as “minor-axis rotation”). Prolate rotators exhibit a substantial misalignment
between the photometric and kinematic axes; in other words, the galaxy appears to
be rotating predominantly around its major morphological axis. The galaxy on the
right had both kinematic features created in a major 1:1 merger 6.1 Gyr before the
end of the simulation.

While both, prolate rotation and KDCs, can emerge from mergers, Illustris data
indicate systematic differences between those two. Prolate rotation is more common
among massive ETGs, consistent with observations. In contrast, KDCs display no
clear dependence on the host mass and environment. We specifically examined the
role of galaxy mergers in creating both kinematic features, see Fig.2. KDCs more
often have other origins, and if their origins are associated with mergers, the mergers
can be minor or ancient. Other KDCs are induced by galaxy fly-bys or without an
apparent cause. Moreover, KDCs can be long-lasting features and survive subsequent
significant mergers.

On the other hand, basically all massive prolate rotators were created in major
mergers (at least 1:5) during the last 6 Gyr of the Illustris simulation. Such mergers
are expected to produce tidal features that should be, in the majority of cases, visible
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Figure 2: Correlation of the birth of prolate rotation (left) and KDCs (right) with
the time of the merger experienced by the host galaxy in the Illustris simulation. For
prolate rotators, the merger time represents the last significant merger, while for the
KDC hosts, it indicates the time of the merger closest to the KDC birth. Circle areas
are proportional to the host stellar mass at the end of the simulation.
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Figure 3: Recent deep images of three prolate rotators from the Milanković telescope.

in current deep imaging surveys. Based on the Illustris data, we predicted that the
frequency of tidal features in host galaxies should be higher for prolate rotation than
for KDCs.

2. 2. OBSERVATIONS

In Ebrová et al. (2021a) we examined 19 observed prolate rotators with available
deep images and found morphological signs of galaxy interaction in all of them, which
proves to be a statistically very significant correlation when compared with a general
sample of ETGs in MATLAS – a deep imaging survey (B́ılek et al. 2020).

In our current project, we use the Serbian 1.4m Milanković telescope at the Astro-
nomical Station Vidojevica to assemble deep optical images of the complete sample
of all known nearby massive prolate rotators. Between Feb 2021 and Oct 2023 we
observed 5 out of 8 additional prolate rotators, each at least 5.5 h integrated on-source
exposure time in the L-band.1 Fig.3 shows preliminary processed deep images of three
of these prolate rotators. All show signs of galaxy interactions.

1We utilize the same data to search for small Solar System bodies (using Tycho-
Tracker). We have significantly improved the accuracy of trajectories for more than 50
objects (the faintest having 23.2 mag) and discovered a previously unknown main-belt as-
teroid 2022 TO6 – the first asteroid discovery at the Astronomical Station Vidojevica, see
https://minorplanetcenter.net/db search/show object?utf8=%E2%9C%93&object id=2022%20TO6.
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2. 3. MERGER HISTORIES

The most frequent tidal features among the prolate rotators happen to be stellar
shells. Therefore, we can estimate the timing of mergers for a large portion of the
sample and compare it with the predictions of the merger history of prolate rotators
in the Illustris simulation.

We developed the ‘shell identification method’ in B́ılek et al. (2013) and B́ılek
et al. (2014). So far, we have applied it to several special cases of shell galaxies to
explore the host gravitational potential and derive the time of the galaxy mergers
undergone by the hosts (B́ılek et al. 2014, Ebrová et al. 2020, B́ılek et al. 2022; see
also B́ılek et al. 2015).

There are hundreds of known shell galaxies, even more hidden in current data,
and much more will be observed in the next few years in upcoming large deep surveys
like the Large Survey of Space and Time (LSST) at the Vera C. Rubin Observatory.
We are developing tools to extract fairly accurate estimates of the merger times for
large samples. This will transform shell galaxies from a position of curiosity to utility,
allowing statistical applications using the merger data on thousands of shell galaxies.
This will provide an unprecedented amount of data on the recent merger history of our
Universe and allow extensive investigation of the impact of mergers on a wide range
of other astrophysical phenomena such as star formation, stellar dynamics, active
galactic nuclei, transient events, and more.

3. CONCLUSIONS

We investigated the link between kinematical and morphological features in early-
type galaxies through simulations as well as observations. In Illustris, we found that
while the origin of kinematically distinct cores is partially associated with mergers of
galaxies, basically all massive prolate rotators were created in relatively recent major
mergers. Such mergers are expected to leave tidal features that should be detectable
today in sufficiently deep images.

In our analysis of available observational data, we found an overabundance of
morphological signs of galaxy interactions in prolate rotators. With the help of the
Milanković telescope, we are assembling deep optical images of the complete sample
of all known nearby massive prolate rotators. Initial data processing confirms the
high statistical significance of previous findings, showcasing the Milanković telescope
as a valuable tool for studying low-surface-brightness tidal features.

The most frequent tidal features among the prolate rotators are stellar shells that
can be used to constrain the time since the merger. That will enable us to compare
merger histories of prolate rotators with the Illustris predictions. Our plan is to extend
such analyses to hundreds, potentially thousands, of shell galaxies. This will signif-
icantly deepen our understanding of the impact of mergers on various astrophysical
phenomena.
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Ebrová, I., B́ılek, M., Yıldız, M. K., & Eliášek, J.: 2020, A&A, 634, A73.
Ebrová, I. &  Lokas, E. L.: 2017, ApJ, 850, 144.
Ebrová, I.,  Lokas, E. L., & Eliášek, J.: 2021b, A&A, 647, A103.
Nelson, D., Pillepich, A., Genel, S., Vogelsberger, M., Springel, V., Torrey, P., Rodriguez-

Gomez, V., Sijacki, D., Snyder, G. F., Griffen, B., Marinacci, F., Blecha, L., Sales, L.,
Xu, D., & Hernquist, L.: 2015, Astronomy and Computing, 13, 12.

Vogelsberger, M., Genel, S., Springel, V., Torrey, P., Sijacki, D., Xu, D., Snyder, G., Bird,
S., Nelson, D., & Hernquist, L.: 2014, Natur, 509, 177.

138




