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ABSTRACT

Context. The rapidly improving quality and resolution of both low surface brightness observations and cosmological simulations of
galaxies enables an increasingly thorough investigation of the imprints of the formation history in the outer, unrelaxed regions of
galaxies, and a direct comparison to another tracer of galaxy formation, the internal kinematics.
Aims. Using the state-of-the-art hydrodynamical cosmological simulation Magneticum Pathfinder, we identify tidal tails, shells,
streams, and satellite planes, and connect their existence to the amount of rotational support and the formation histories of the host
galaxies.
Methods. Tidal features are visually classified from a three-dimensional rendering of the simulated galaxies by several scientists
independently. Only features that were identified by at least half of the participating individuals are considered as existing features.
The results are compared to observations of the MATLAS survey.
Results. Shells are preferentially found around kinematically slowly rotating galaxies in both simulations and observations, while
streams can be found around all kind of galaxies with a slightly higher probability to be present around less rotationally supported
galaxies. Tails and satellite planes, however, appear independently of the internal kinematics of the central galaxy, indicating that they
are formed through processes that have not (yet) affected the internal kinematics.
Conclusions. As shells are formed through radial merger events while streams are remnants of circular merger infall, this suggests
that the orbital angular momentum of the merger event could play a more crucial role in transforming the host galaxy than previously
anticipated. The existence of a shell around a given slow rotator can further be used to distinguish the radial merger formation scenario
from other formation pathways of slow rotators.
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1. Introduction

The outer stellar regions of galaxies encode clues about their
formation histories because of the larger relaxation times. Due to
the low surface brightness (LSB) of these outskirts, deep imag-
ing is necessary to detect faint structures created through tidal
interactions and mergers with other galaxies, therefore storing
information about the merger history (e.g., Johnston et al. 2008).
These tidal features, such as shells, streams, or tidal tails, have
recently been examined more closely through deep observations
(e.g., Bílek et al. 2020) and high-resolution simulations (e.g.,
Karademir et al. 2019) with the aim of better understanding their
connection with the merger histories of galaxies.

To study tidal features in a more statistically significant way,
LSB features have been systematically classified in galaxy sur-
veys, such as MATLAS (Duc et al. 2015; Bílek et al. 2020;
Sola et al. 2022) or the Stellar Stream Legacy Survey (Martinez-
Delgado et al. 2021). The features are oftentimes identified
through visual inspection, though fully automated approaches
have been developed as well. However, such automated methods
can have issues with their sensitivity to LSB features (Sola et al.
2022).

Methods of identifying tidal features have also been applied to
simulations. The possibility of tracing back individual galaxies
and their tidal features through time enables a direct connec-
tion between the LSB structures with the formation histories of

galaxies: shells typically form through mergers on radial orbits
and streams through mergers on circular orbits (e.g., Amorisco
2015; Hendel & Johnston 2015; Pop et al. 2018; Karademir et al.
2019). Investigating the survival timescales in addition to the ori-
gin of different tidal features, Mancillas et al. (2019) found that
shells and streams survive the longest and tails the shortest.

Satellite galaxies also reside in the outer galaxy regions and
are expected to merge with the central galaxy in the future, po-
tentially forming tidal features in the process. Already in 1976,
Lynden-Bell found that the Magellanic Clouds and a number of
globular clusters form a thin plane around the Milky Way, with
more satellites identified to lie within it since then (e.g., Kroupa
et al. 2005). Other well-known systems with satellite planes are
the Andromeda Galaxy (e.g., Ibata et al. 2013) and Centaurus A
(e.g., Müller et al. 2018). More recently, Heesters et al. (2021)
found that roughly 25% of MATLAS galaxies feature a flattened
satellite plane in their outskirts.

Satellite planes have been studied in cosmological simula-
tions as well: some studies reported very few systems having such
planes (e.g. Pawlowski et al. 2014), whereas others found better
agreement with observations (e.g.,Wang et al. 2013; Förster et al.
2022). Simulations further suggest that the arrangement of satel-
lites is connected to the surrounding cosmic web (e.g., Welker
et al. 2018), and some studies have concluded that thin planes of
satellite galaxies are short-lived (Fernando et al. 2017). However,
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it is still under debate how these satellite planes are connected to
the central galaxy.

A direct imprint of a galaxy’s formation history is also found
in its kinematics. While late-type galaxies (LTGs) usually ex-
hibit regular rotation patterns, early-type galaxies (ETGs) show a
large variety of rotational properties. A kinematic classification
of ETGs was introduced by Emsellem et al. (2007, 2011) for the
SAURON and ATLAS3D surveys, where ETGs are split into fast
and slow rotators, depending on how rotationally supported they
are. These rotation patterns are closely related to the formation of
the galaxy, with slow rotators usually indicating a more violent
accretion history (e.g., Schulze et al. 2018; Lagos et al. 2022).

As both the internal kinematics and the faint structures found
in the outskirts of galaxies are remnants of their formation his-
tory, we investigate the correlation between these two tracers in
simulations and observations in this work. We first introduce the
simulations and observations in Section 2, followed by the de-
tails of our methods and the definition of the relevant properties
in Section 3. Finally, the results are presented and discussed in
Section 4, and are concluded in Section 5.

2. Simulations and Observations

2.1. The Magneticum Pathfinder Simulations

The galaxies classified in this work are extracted from the Mag-
neticum Pathfinder1 simulation suite (Dolag et al., in prep.),
which consists of hydrodynamical cosmological simulations
performed with Gadget-3, an extended version of Gadget-2
(Springel 2005). For details of the implementations, see Teklu
et al. (2015). In particular, we use Box4 (uhr) (side length:
68 Mpc, with stellar particle mass 〈<∗〉 = 1.3 × 106 M� ℎ−1 and
softening length n∗ = 1 kpc). Galaxies are identified using a mod-
ified version of SubFind adapted for baryonic matter (Springel
et al. 2001; Dolag et al. 2009).

The galaxies from Magneticum Box4 (uhr) have been shown
to agree well with observations, including their angular momenta
(Teklu et al. 2015), kinematics (Schulze et al. 2018; van de Sande
et al. 2019; Schulze et al. 2020), dynamics (Remus et al. 2017;
Teklu et al. 2017; Harris et al. 2020), and their in-situ component
fractions (Remus & Forbes 2022).

In this work, we include all main galaxies with virial masses
"vir ≥ 7.1 × 1011 M� and stellar masses "∗ ≥ 2.4 × 1010 M�
to ensure sufficient resolution for identifying stellar tidal fea-
tures. Additionally, we limit the sample to galaxies with stellar
half-mass radii larger than 2 kpc, i.e., two times the stellar soften-
ing length (following Schulze et al. 2018). The resulting sample
consists of 520 galaxies. Their ellipticities and _'4

-values (see
Section 3.3) at one half-mass radius are taken from Schulze et al.
(2018) and the satellite plane properties fromFörster et al. (2022).

2.2. The MATLAS Sample

The observational comparison sample is taken from the MAT-
LAS survey (Duc et al. 2015; Habas et al. 2020), which includes
177massive ETGswith deep optical images. TheMATLAS sam-
ple is part of the ATLAS3D sample (Cappellari et al. 2011), which
comprises 260 nearby galaxies (<42 Mpc) as a complete volume-
limited sample. The MATLAS sample contains all ATLAS3D
galaxies that neither belong to the Virgo cluster nor are located
near bright stars.

1 www.magneticum.org

Specifically, we use the results obtained by Bílek et al. (2020)
for the existence of tidal features around the 177MATLAS galax-
ies, where tidal shells, streams, and tails were visually identified,
and the identifications of satellite planes from Heesters et al.
(2021). The ellipticities and _'4

-values at one effective radius
are taken from Emsellem et al. (2011).

3. Methods & Definitions

For the comparison between the simulated and observed galaxies,
in the following we introduce the different features and properties
used in this work. These include the tidal features classified, the
determination method of the satellite planes, and the distinction
between fast and slow rotators.

3.1. Tidal Features: Shells, Streams, and Tidal Arms

The three types of tidal features considered are shells, streams,
and tails. These indicate past or ongoing gravitational interactions
with other galaxies. Shells appear as circular arcs centered around
a galaxy (top panel of Figure 1). They have sharp outer borders
and are believed to form through the radial infall and disruption of
massive satellites (e.g., Quinn 1984; Pop et al. 2018; Karademir
et al. 2019; Bílek et al. 2022). Streams are thin slivers of stars
around the host galaxy (middle panel of Figure 1) that are formed
through the tidal disruption of an infalling galaxy on a circular
orbit (e.g., Karademir et al. 2019). Tails are stellar arms that
come out from the host galaxy (bottom panel of Figure 1). These
are the result of tidal interaction with another galaxy, where the
interaction is either ongoing or occurred recently.

We classified the galaxies in Magneticum with respect to
the existence of these tidal features by visual inspection of the
three-dimensional stellar component, similar to the classification
of Bílek et al. (2020) for the MATLAS sample. Seven scientists
participated in the classification, where they were presented with
a three-dimensional rendering of a given galaxy that was rotated
to be viewed from all sides. The local environment around the
individual galaxies was visible as well. The classification was
performed independently by the participants, with each person
stating whether they identified any tidal shells, streams, and tails,
or not.

In the following, we consider a galaxy to have a given tidal
feature if at least half of the participants were in favor of it. For the
MATLAS classification by Bílek et al. (2020), this is considered
to be the case if the classification score is at least 1 (the maximum
score for them is 2, where 1 means the respective feature is likely
to be present).

3.2. Satellite Planes

A galaxy is considered to have a satellite plane when at least 80%
of its satellite galaxies build up a plane of thickness ≤0.2 'vir and
when the in-plane angular momentum makes up at least 90% of
their total angular momentum. These properties are computed
through the momentum in thinnest plane (MTP) method (Förster
et al. 2022).

3.3. Fast and Slow Rotators

To distinguish fast from slowly rotating ETGs, we follow the
approach taken by Emsellem et al. (2011). They determined an
empirical cut in the _'4

-n4-plane, where _'4
is a 2D-projected

proxy for the angular momentum within the effective radius, '4,
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Fig. 1.Mock images of simulated galaxies fromMagneticumBox4 (uhr)
with prominent tidal features: shells (top), a stream (middle), and tails
(bottom). The mock images were created with the software fromMartin
et al. 2022 for the r-band.

Table 1. Number and fraction of galaxies with stellar masses "∗ ≥
1011 M� having the respective tidal feature. The total number of galaxies
analyzed in this mass range is 131.

Feature Number Fraction
Shells 14 11%
Streams 38 29%
Tails 16 12%

and n4 is the ellipticity at the effective radius. The _'4
-value was

introduced by Emsellem et al. (2007) as part of the SAURON
project. Galaxies that fulfill _'4

> 0.31√n4 are classified as fast
rotators, all others as slow rotators.

We obtained these parameters for the simulated galaxies from
Schulze et al. (2018) for the edge-on projections of the galaxies,
since that maximizes the _'4

-values. The random projected val-
ues are also comparable to observations (Schulze et al. 2018).
The main difference between calculating the parameters for sim-
ulations and observations is that for the former we use the stellar
mass instead of the luminosity, assuming a constant mass-to-light
ratio (see Schulze et al. 2018, for more details).

4. Results

4.1. Mass-Size Relation & Feature Statistics

Highlighting the galaxies with a given tidal feature in the mass-
size relation shows that all three types of tidal features occur at
all sizes and masses, with a clear preference for larger and more
massive systems (first three panels of Figure 2). This preference is
most likely due to the limited resolution of the simulation, with
tidal features being better resolved for more massive systems.
There is no visible correlationwith the deviation from the average
mass-size relation, however.

Considering only galaxieswith stellarmasses"∗ ≥ 1011 M�,
about 10% to 20% have a given tidal feature (see Table 1). The
occurrence of shells in 11% of the Magneticum galaxies agrees
well with 12% from Atkinson et al. (2013), who used a different
stellar mass range and somewhat different categories (see the
discussion by Bílek et al. 2020), 17% from Bílek et al. (2020) for
MATLAS (for the same stellar mass cut of 1011 M�), and 18%
from Pop et al. (2018) for the Illustris simulation. The fraction
of galaxies having streams in Magneticum (29%) is very close
to the 25% found for MATLAS. Finally, the fraction of galaxies
having tails inMagneticum (12%) is larger than that inMATLAS
(6%). Overall, the abundance of stellar tidal features found in the
Magneticum Box4 simulation for the galaxies with larger stellar
masses is consistent with previous findings.

We subdivided the galaxies from Magneticum into the mor-
phological types using the classification from Teklu et al. (2017)
based on the 1-value (Teklu et al. 2015). The numbers of galaxies
in each morphological class containing tidal features are listed in
Table 2. While shells preferentially occur in ETGs, streams are
found equally likely in all three types, and tails are more likely in
intermediate galaxies and LTGs. A similar table for the kinematic
classes is presented in Appendix B.

For the satellite planes, we find that only galaxies with stellar
masses .1011 M� have thin planes of satellites around them. This
is consistent with the results from Förster et al. (2022), who found
that the more massive systems have thicker planes.
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Fig. 2. Mass-size relation of the Magneticum galaxy sample with galaxies classified as having tidal features or satellite planes in color.

Table 2.Numbers and fractions of ETGs, intermediates, or LTGs having
shells, streams, tails, or satellite planes for the full classified sample of
520 galaxies.

Type All Shells Streams Tails Planes
ETGs 295 17 / 6% 37 / 13% 9 / 3% 49 / 17%
Interm. 172 4 / 2% 20 / 12% 12 / 7% 37 / 22%
LTGs 53 0 / 0% 5 / 9% 5 / 9% 14 / 26%

4.2. Tidal Features and Kinematics

We investigated the correlation between two known tracers of the
accretion history of a galaxy, the appearance of tidal features and
the internal galaxy kinematics. To measure the latter, we used the
position of galaxies in the _'4

-n4-plane for both the observed and
simulated galaxies (top and bottom of Figure 3, respectively). At
first glance there are no clear differences between the distribu-
tions of galaxies with tidal features and the total sample for the
observations and simulations. Only for the simulated galaxies the
trend of shells being around slow rotators is visible. The galaxies
with satellite planes are uniformly distributed and do not show
any preference for slow or fast rotation, or for particularly round
or elongated shapes (right panel of Figure 3).

The differences between the edge-on and random projec-
tion of galaxies in the _'4

-n4-plane are discussed by Schulze
et al. (2018) in detail, especially with respect to the elliptic-
ity, n4, clearly showing the problems when comparing elliptic-
ities between simulations and observations. In contrast, _'4

is
more directly comparable. Thus, we determined the cumulative
histograms of _'4

for the total simulated and observed galaxy
samples, and for the galaxies with the respective tidal features
or satellite planes (Figure 4). Since the _'4

-distributions of the
full samples are not identical (left-most panel), a direct compar-
ison between the _'4

-distributions of galaxies having a certain
tidal feature requires a correction to the values in the cumula-
tive histograms. The method for this correction is described in
Appendix A.

By adapting the simulated cumulative histograms to the ob-
served parent distribution, the colored lines in Figure 4 are di-
rectly comparable with each other. Very similar distributions of
_'4

are found for galaxies with a given tidal feature in the simula-
tions and observations, clearly confirming that shells are mostly
found around slow rotators. Streams have a slight preference for
appearing around slow and intermediate rotators, which is more
pronounced in the observations. Tidal tails are found around both

slow and fast rotators with similar probabilities. However, there
are differences for the presence of satellite planes: the simula-
tions predict planes more commonly around fast rotators, while
observations find a larger probability of planes around slow ro-
tators, with Heesters et al. (2021) finding 40% around slow and
16% around fast rotators. This discrepancy may be related to
the different methods of determining satellite planes. While the
full 3D information from the simulation is incorporated to de-
tect planes, the observations can only use information from the
projected view. Therefore, the results on correlations between
satellite planes and galaxy kinematics remain inconclusive.

The result that shells are more common around slow rotators
suggests that there is a relation between the processes leading
to low rotational support and the appearance of shells. Shells
have been connected to massive mergers with radial infall (e.g.,
Amorisco 2015; Pop et al. 2018; Karademir et al. 2019), and
slow rotators are found to often have formed through massive
rapid merger events (e.g., Schulze et al. 2018; Lagos et al. 2022).
Therefore, the existence of a shell is highly indicative of the
observed slow rotator to have formed in a recent massive radial
merger. This provides a way to distinguish this formation process
from others like multiple small mergers (Naab et al. 2014) or
internal feedback quenching (Lagos et al. 2022).

For confirmation, we traced back the most massive galaxy
with shells in time, shown in Figure 5, with the orbit of the in-
falling galaxy that triggered the formation of the shells shown
in red. For such massive galaxies, the best time and merger res-
olution can be expected given the storage limitations of cosmo-
logical simulations. In fact, the shells found around this galaxy
were formed through a satellite with a mass ratio of 1:2.5 falling
in radially at I = 0.20 (almost 2.5 Gyr ago), then falling back in
again on the other side at I = 0.13 (1.7 Gyr ago). The back-and-
forth movement led to the double shell structure found on two
sides of the galaxy. This strongly supports the idea that shells
form through mergers on radial orbits, albeit shown only for one
example galaxy.

5. Conclusion
We classified galaxies from the Magneticum Box4 (uhr) simula-
tion according to the existence of tidal features in their outskirts
and compared these to the results from Bílek et al. (2020) for the
MATLAS survey. The fraction of Magneticum galaxies having
shells, streams, and tails are comparable to those found in obser-
vations and other simulations. We found a remarkable agreement
with observations for the distribution of the kinematic parame-
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Fig. 3. Galaxies classified as having tidal features or a satellite plane in the _'4
-n4-plane in the MATLAS survey (top row) and in Magneticum

Box4 (bottom row). Colored data points represent galaxies with the respective feature, large gray dots were classified as not having the respective
feature, and small gray dots were not classified (only the case for the observed satellite planes). The values of _'4

and n4 are determined at
one effective radius for the observations and at one half-mass radius for the simulations. For the simulations, they are determined in the edge-on
projection. The solid black lines indicate the border between fast and slow rotators (Emsellem et al. 2011), with fast rotators lying above the border.
The measurements of shells, streams, and tails of MATLAS galaxies are from Bílek et al. (2020) and the measurements of the planes are from
Heesters et al. (2021).
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plot shows how the distributions between observations and simulations differ from each other. The cumulative histograms of the simulated galaxies
in the other four panels are adapted to match the parent distribution of MATLAS to be directly comparable to the distributions of the MATLAS
survey. Colored lines lying above the gray dashed line (the overall distribution of the MATLAS survey) indicate an increased presence of the
respective tidal feature or satellite plane for slow rotators compared to fast rotators. The measurements of shells, streams, and tails of MATLAS
galaxies are from Bílek et al. (2020) and the measurements of the planes are from Heesters et al. (2021).

ter _'4
for galaxies that have a given type of tidal feature. For

both simulations and observations, slow rotators are the most
likely to have shells, while streams preferentially occur around
galaxies with low to medium rotational support. Tracing back a
massive galaxy with multiple shells showed that these formed
through an infalling satellite on a radial orbit. This supports the
idea that shells are formed through massive radial merger events
(e.g., Amorisco 2015; Karademir et al. 2019) that also transform
the central galaxies into slow rotators, while more circular orbits
of mergers do not necessarily lead to a full suppression of the
rotational support. Moreover, the existence of shells around a

slow rotator is highly indicative of a massive rapid radial merger
event, providing the means to distinguish this formation scenario
from others. Tails and satellite planes, on the other hand, oc-
cur independently of the morphology and internal kinematics of
the central galaxy, which shows that these features are formed
through processes that have not (yet) affected the internal kine-
matics.
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Fig. 5. Evolution of the first example galaxy from Figure 1. The shells develop after a massive radial merger event. The red lines trace the orbit of
the infalling galaxy until the respective point in time.
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Table B.1. Numbers and fractions of galaxies with the given kinematic
class having shells, streams, tails, or satellite planes for the subset of our
full sample that was kinematically classified by Schulze et al. (2018).
This subsample comprises 436 galaxies. The kinematic classes include
regular rotators (RR), non-rotators (NR), galaxies with kinematically
distinct cores (KDCs), and prolate rotators (PR).

Type All Shells Streams Tails Planes
RR 286 2 / 1% 26 / 9% 8 / 3% 63 / 22%
NR 108 10 / 9% 16 / 15% 2 / 2% 19 / 18%
KDC 26 1 / 4% 6 / 23% 2 / 8% 1 / 4%
PR 16 3 / 19% 3 / 19% 2 / 13% 2 / 13%

Appendix A: Rescaling the Cumulative Distribution
The cumulative histogram of the simulated galaxies can be
adapted to be directly comparable with that of the observations
in the following way: For a given value of _̃'4

, the galaxies with
values of_'4

≤ _̃'4
can be determined for all the observed galax-

ies (#obs (≤_̃'4
)), all the simulated galaxies (#sim (≤_̃'4

)), and
for the simulated galaxies with a given feature (#sim,feat (≤_̃'4

)).
From these values, the cumulative number of simulated galaxies
with a given feature adapted to the observational distribution of
_'4

is

#sim,feat,adap (≤_̃'4
) = #obs (≤_̃'4

) ·
#sim,feat (≤_̃'4

)
#sim (≤_̃'4

)
. (A.1)

Similarly, the adapted number of simulated galaxies with a given
feature with values of _'4

> _̃'4
can be determined:

#sim,feat,adap (>_̃'4
) = #obs (>_̃'4

) ·
#sim,feat (>_̃'4

)
#sim (>_̃'4

)
. (A.2)

From these, the adapted normalized cumulative distribution
(solid colored lines in Figure 4) is given by

#cum
#tot

=
#sim,feat,adap (≤_̃'4

)
#sim,feat,adap (≤_̃'4

) + #sim,feat,adap (>_̃'4
)
. (A.3)

Appendix B: Kinematic Classes
Table B.1 shows the numbers and fractions of galaxies with
different kinematic classes (classified for Magneticum Box4 by
Schulze et al. 2018) that have the respective tidal features or a
satellite plane. Formore information on the kinematic classes, see
Schulze et al. (2018). In the table, we combined the distinct core
(DC) and kinematically distinct core (KDC) classes into a sin-
gle class of KDCs. The results for the KDCs and prolate rotators
should be taken with caution because of the low number of galax-
ies with these kinematic features. Still, the clear trend emerges
that regular rotators are much less likely to have any kind of tidal
features, while especially non-rotators and prolate rotators have
significantly higher fractions of shells. Interestingly, the KDCs
are the least likely to have satellite planes, although this is based
on only one galaxy out of 26. The fact that almost every fourth
KDC has streams in its outskirts is consistent with many KDCs
having decreasing _'-profiles, which generally have merger his-
tories dominated by small mergers (Schulze et al. 2020). These
could lead to tidal streams.
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