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ABSTRACT
Modern galaxy formation theory suggests that the misalignment between stellar and gaseous
components usually results from an external gas accretion and/or interaction with other galax-
ies. The extreme case of the kinematic misalignment is demonstrated by so-called galaxies
with counterrotation that possess two distinct components rotating in opposite directions with
respect to each other. We provide an in-deep analysis of galaxies with counterrotation from
IllustrisTNG100 cosmological simulations. We have found 25 galaxies with substantial stellar
counterrotation in the stellar mass range of 2 × 109 − 3 × 1010 M� . In our sample the stellar
counterrotation is a result of an external gas infall happened ≈ 2−8Gyr ago. The infall leads to
the initial removal of pre-existing gas, which is captured and mixed together with the infalling
component. The gas mixture ends up in the counterrotating gaseous disc. We show that ≈ 90%
of the stellar counterrotation formed in-situ, in the counterrotating gas. During the early phases
of the infall, gas can be found in inclined extended and rather thin disc-like structures, and in
some galaxies they are similar to (nearly-) polar disc or ring-like structures. We discuss a pos-
sible link between the gas infall, AGN activity and the formation of misaligned components.
In particular, we suggest that the AGN activity does not cause the counterrotation, although it
is efficiently triggered by the retrograde gas infall, and it correlates well with the misaligned
component appearance. We also find evidence of the stellar disc heating visible as an increase
of the vertical-to-radial velocity dispersion ratio above unity in both co- and counterrotating
components, which implies the importance of the kinematical misalignment in shaping the
velocity ellipsoids in disc galaxies.

Key words: galaxies: evolution – galaxies: formation – galaxies: kinematics and dynamics –
galaxies: structure – galaxies: interactions
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1 INTRODUCTION

The galaxy formation is a complex phenomenon that involves the
dark matter assembly process on large and small scales, such as
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2 Khoperskov et al.

galactic mergers and gas accretion/outflows. From basic assump-
tions, stellar components inherit properties of the star-forming gas
which globally follows the potential of the dark matter haloes.
Thereby, a certain level of the spatial and kinematical alignment be-
tween these components in galaxies is expected. However, nowadays
it is clear that the stellar and gaseous components in many galaxies
show discrepancies in shape and misaligned kinematics (see, e.g.,
Davis et al. 2011; Sánchez et al. 2012; Bundy et al. 2015; Barrera-
Ballesteros et al. 2015; Jin et al. 2016; Li et al. 2019; Bryant et al.
2019). The most spectacular case of kinematical misalignment is
illustrated by galaxies with counterrotation that directly indicates a
complex galaxy assembly history, which is crucial for our under-
standing of galactic formation and evolution.

Disc galaxies with counterrotating components is a distinctive
class of objects that reveal cospatial (stars-stars or stars-gas) compo-
nents rotating in the opposite directions (Rubin 1994; Corsini 2014).
Since the first discovery of stars-gas (Galletta 1987) and stars-stars
counterrotation Rubin et al. (1992), the number of galaxies with
confirmed counterrotating components is gradually increasing over
the years (Merrifield & Kuĳken 1994; Ciri et al. 1995; Bertola
et al. 1996; Sil’chenko et al. 2009; Coccato et al. 2011; Katkov et al.
2013; Krajnović et al. 2015; Coccato et al. 2015; Katkov et al. 2016;
Pizzella et al. 2018; Sil’chenko et al. 2019; Proshina et al. 2020).
It is also worth mentioning a recent discovery of a counterrotating
structure in theMilkyWay revealing the latest major merger episode
took place ≈ 9 − 10 Gyr ago (Myeong et al. 2018; Haywood et al.
2018), which likely contributed to the disc heating (Di Matteo et al.
2019). Therefore, the counterrotation could be a widespread phe-
nomenon and it is possible that most of galaxies actually contain
counterrotating components with the mass and luminosity below
the observational thresholds.

Some attempts have been made to explain the appearance of
such peculiar kinematics by internal processes, e.g. by resonance
capturing (Tremaine & Yu 2000), dissolving bars (see, e.g., Evans
& Collett 1994), or increasing of retrograde stars amount due to
the angular momentum exchange with bar (Pfenniger & Friedli
1991). However, significant age difference of two counterrotating
stellar discs in the spiral galaxy NGC 4138 (Pizzella et al. 2014)
and very different chemical compositions of the components in
NGC 448 (Nedelchev et al. 2019) imply that the counterrotating
components are more likely assembled from gas accreted on retro-
grade orbits. This is supported by the discovery of an ionized gas
rotated in the same direction as the younger counter-rotating stellar
component (see examples in Coccato et al. 2011, 2015; Johnston
et al. 2013; Pizzella et al. 2018; Young et al. 2020). Therefore, a
more favourable explanation of the origin of galaxies with stellar
counterrotation is a retrograde gas accretion (Thakar&Ryden 1998;
Algorry et al. 2014; Osman &Bekki 2017) or mergers with gas-rich
galaxies (Thakar et al. 1997; Bendo&Barnes 2000; DiMatteo et al.
2008; Saburova et al. 2018).

Various simulations suggest that galaxy mergers are likely lead
to the formation of an elliptical galaxy rather than of a regular thin
disc galaxy (see, e.g., Quinn et al. 1993; Thakar & Ryden 1996;
Bournaud et al. 2005; Qu et al. 2011). Therefore, a rather slow
gas acquisition with retrograde spin from an external reservoir is
the most probable formation scenario of the cospatial counterro-
tating component formation in galaxies. The best tool for study-
ing a realistic gas infall onto galaxies is provided by cosmological
simulations which significantly improved our understandig of the
properties of simulated galaxies (Illustris (Vogelsberger et al. 2014),
Horizon-AGN (Dubois et al. 2014), EAGLE (Schaye et al. 2015),
TNG (Nelson et al. 2018)) over the last decade. Some works based

Figure 1. Stellar mass - radial size relation for the IllustrisTNG100 galaxies.
Black dots correspond to all the galaxies in the IllustrisTNG100 catalogue,
while the coloured symbols show the galaxies with stellar counterrotation
at 𝑧 = 0. The radial size here is calculated as the mean mass-weighted
position of particles in the disc plane. In order to compare some kinematical
characteristics of galaxieswith counterrotation, for each galaxy in our sample
we select 20 closest galaxies with similar masses and sizes based on this
relation.

on cosmological simulations clearly demonstrate that, in a statistical
sense, the simulated galaxies with misaligned components repro-
duce well many properties of observed galaxies Duckworth et al.
(2020b); Khim et al. (2020); Koudmani et al. (2020). Recently, by
using different releases of the Illustris cosmological simulations,
Starkenburg et al. (2019) and Duckworth et al. (2020a) made at-
tempts to understand mechanisms that lead to the formation of
misaligned (including counterrotating) components. Although the
authors used slightly different selection criteria, both works gener-
ally agree with each other that the formation of misaligned com-
ponents correlates with the central black hole (BH) activity, which
could imply a generic link between the two phenomena. In par-
ticular, the BH feedback can remove pre-existing (co-rotating) gas
and make possible the accretion of retrograde gas onto the gas-poor
galaxy. Alternatively, the retrograde gas accretion could increase
the feeding of the BH and, thus, the AGN activity is the result of the
counterrotating component formation. Therefore, the origin of the
galaxies with counterrptation and its relation to various processes
such as the gas accretion, interaction with other galaxies, stellar and
AGN feedback and other effects, remains unclear.

In this work we aim to shed light on the formation paths and
internal evolution of galaxies with extreme misalignment at 𝑧 = 0
wiht the help of the cosmological simulations TNG100 in the Il-
lustrisTNG suite. We focus on a rather limited but still represen-
tative sample of galaxies with prominent stars-stars counterrota-
tion. In particular, we investigate what causes the formation of the
second (counterrotating) stellar component and what kind of age-
chemo-kinematic features can be used to constrain the formation
paths in the real galaxies. We also provide some newmodels in sup-
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Galaxies with counterrotation in IllustrisTNG 3

Figure 2. Distribution of circularity for stars (blue line) and gas (red line) in the galaxies from our sample, at 𝑧 = 0. Although we make our selection by using
the stellar counterrotation only, the gaseous component always rotates in the same direction as the retrograde stars providing an evidence for the evolution-based
link between them.

port of results that we find in the Illustris simulations. The paper is
structured as follows. In Section 2 we describe the data and the cri-
teria of the used galaxies selection. In Section 3 we describe global
characteristics and evolution of galaxies with counterrotation. In
Section 4 we focus on the spatial scales, ages and metallicities of
co- and counterrotating stellar components in galaxies. In Section 5
we explore the origin of the galaxies with counterrotation by mak-
ing an in-deep analysis of the structure and mass evolution and gas
kinematics. In Section 6 we provide new 𝑁-body/hydrodynamical
models of the formation of the counterrotating galaxies in order to
demonstrate in detail the gas replacement due to a retrograde gas
infall and its connection with the feeding of central regions in the
galaxies. Finally, in Section 7 we summarize the main results of our
work.

2 DATA AND SAMPLE SELECTION

In this workwe use the publicly available data from the IllustrisTNG
cosmological magnetohydrodynamical simulations Pillepich et al.
(2018); Nelson et al. (2018); Springel et al. (2018); Marinacci et al.
(2018);Naiman et al. (2018);Nelson et al. (2019). For the purpose of
this study we use the sublink merger trees (Rodriguez-Gomez et al.
2015) and select the galaxies in the IllustrisTNG100 simulations
from the redshift of 𝑧 ≈ 5 to the present epoch, 𝑧 = 0. These simu-

lations successfully reproduce the scaling relations and evolution of
galaxy sizes (Genel et al. 2018), including the formation of realistic
disc galaxies (Pillepich et al. 2019), the gas-phase mass-metallicity
relation (Torrey et al. 2019), and the diversity of kinematic proper-
ties observed in the MW-type galaxies (Lovell et al. 2018) and ETG
halos (Pulsoni et al. 2020a,b). The Illustris simulations have been
used to investigate various processes of galactic evolution, including
the gas-stripping phenomena (Yun et al. 2019; Łokas 2020), central
black hole activity (Habouzit et al. 2019; Donnari et al. 2020), star
formation quenching (Genel et al. 2018; Davies et al. 2020), and
many others. These results ensure that the investigation of properties
of different types of galaxies from the Illustris cosmological simu-
lations brings us close to understanding the nature of real objects
including the galaxies with counterrotation.

From the snapshot corresponding to 𝑧 = 0, we select subha-
los identified with the Subfind algorithm (Springel et al. 2001) and
galaxies with a significant fraction of counterrotating stars. Fol-
lowing Abadi et al. (2003), we calculate the circularity parameter
𝜖 = Vrot/Vcirc, where Vrot is the rotational velocity of star (or
gas) particle and Vcirc is the circular velocity value. We assume
that positive values of 𝜖 correspond to the main (or hot) galaxy
componentsm while negative 𝜖 implies the rotation in the opposite
direction (or counterrotation). Our initial sample contains galaxies
with a rather cold disc (at least 30% of stars have 𝜖 > 0.5) and
at least 30% of stars rotate in the opposite direction (𝜖 < −0.5).
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4 Khoperskov et al.

We exclude spuriously identified galaxies and galaxies with a dom-
inant non-rotating component (i.e. a massive central spheroid with
a broad distribution of 𝜖 around 0). In the end, we visually identify
galaxies with two distinct peaks of the 𝜖 distribution near ±1. The
final sample that we study consists of 25 galaxies.

It should be noted that only the stellar circularity has been
used to identify the galaxies with counterrotation, without looking
at the gas kinematics. We trace the present day structure and kine-
matics together with the assembly history of these galaxies, up to
a lookback time of 12 Gyr. Throughout the paper we use the host
component notation to refer to the stellar populations that formed
first. We orientate the galaxies in the way that the host compo-
nents have dominant positive circularity. Therefore the stellar (and
gaseous) components with negative circularity are referred to as
counterrotating.

First, we give a brief overview of the global characteristics of
the sample of galaxies with counterrotation and compare them to
the entire IllustrisTNG galactic population. In Fig. 1 we plot the
stellar mass – radial size relation for all the galaxies in TNG100,
where the radial size is calculated as the mean mass-weighted posi-
tion of stellar particles along the galactocentric cylindrical distance.
Although our definition of the galaxy size differs from e.g. the stel-
lar half-mass size, our mass – size relation is very similar to the one
presented by Zhu et al. (2018). In Fig. 1 we also highlight all the
galaxies with stellar counterrotation at 𝑧 = 0 by colour marks. In
terms of stellar masses and sizes, the galaxies with counterrotation
seem to be typical objects among the TNG100 galaxies. However,
we do not find any galaxies with counterrotation with stellar mass
larger than ≈ 3 × 1010 M� . Since the decoupled kinematics is a
clear evidence for the external origin of one of the components, the
upper mass limit for counterrotating galaxies would impose some
constrains on their formation mechanisms. Perhaps, in the case of
galaxies more massive than ≈ 3 × 1010 M� , one needs higher
masses of accreted gas to form a counterrotating component, while
the accretion of such a large amount of gas could be rare and hence
is not observable among the IllustrisTNG galaxies.

3 STELLAR AND GASEOUS COUNTERROTATION

Next we consider the global kinematic properties of the sample of
galaxies with counterrotation. In Fig. 2 we present the distributions
of both stellar and gaseous circularity at 𝑧 = 0. Although our sam-
ple selection has been performed using the stellar circularity only,
we surprisingly find that all galaxies in our sample also contain a
prominent gaseous counterrotation, which already suggests some
genetic connection between the gaseous component and the coun-
terrotating stars. This link is also supported by the fact that the gas
rotation is similar to the colder stellar component, implying that
these dynamically colder stars were likely formed more recently
from the retrograde gaseous disc.

In Fig. 3 we present the line-of-sight stellar velocity maps
adopting an inclination angle of 45◦ for all the galaxies. We can
identify prominent counterrotating components in different parts of
the galaxies. In particular, about half of our sample demonstrates
a clear change of the direction of stellar rotation between the inner
and outer parts. This suggests that the host and counterrotating
components dominate in different disc regions. Such a picture is
quite similar to one observed in NGC 448 where a change of the
direction of the rotation from the inner to the outer regions of
the galaxy is observed due to the presence of an extended disc

component that rotates in a noticeably different manner with respect
to that of the main stellar body (Nedelchev et al. 2019).

For the further analysis of the counterrotating galaxies we
demonstrate the evolution of the circularity distribution for the stel-
lar and gaseous components over the last 12 Gyr. Fig. 4 shows
the distribution of the mass of stars (top subframes) and gas (bot-
tom subframes) in the circularity-lookback time diagram. At each
snapshot we normalize the distributions by the maximum value.
The evolution of the host stellar component circularity (𝜖 > 0) has
a declining with time pattern, implying a gradual decrease of the
number of stars on nearly circular orbits (near 𝜖 ∼ 1) due to a
gradual heating of the stellar disc.

The evolution of the gas circularity is more diverse. At early
times the rotation of the gas is aligned with the host stellar pop-
ulation which is likely to be made of this cold gas. However, in
all the galaxies at different times, we observe a sharp change in
the direction of rotation of the gas where the maximum of the dis-
tribution crosses the value 𝜖 = 0. This pattern is visible across the
entire sample and suggests a similarity in its formation history. Once
the gas settles down around the negative circularity 𝜖 ∼ −1, new
populations of stars start to appear as the second sequence in the
stellar distribution of the circularity (𝜖 < 0). Therefore, the stellar
circularity distribution shows a clear bimodality over the last Gyr.

There are a few galaxies (140748, 506244 and 543168) that
experience a more remarkable evolution (see Fig. 4). Apparently,
the gas in these galaxies changed the direction of its rotation twice.
As a result, we observe the appearance of three distinct stellar
components. The first one was formed at early times, and after
the first flip of the gas rotation it was dragged into a dispersion-
supported component with the circularity of 𝜖 ∼ 0. The second
stellar component is likely formed from the gas with 𝜖 < 0, and
the last (third) stellar component was formed after the gas rotation
flipped once again. Therefore, the galaxies end up with having two
counterrotating stellar discs and a bulge-like component as well.
These galaxies show a similar evolution to the simulated galaxies
presented by Algorry et al. (2014) which experienced two episodes
of accretion from two filaments with different angular momentum
direction.

Next, in Fig. 5 we present the distribution of the circularity
parameter for stars as a function of galactocentric distance, colour-
coded by the mean stellar age. As we already found, the host com-
ponents appear to be dynamically hotter and, at the same time,
radially-shorter in comparison than the colder and more radially
extended counterrotating stellar components. There is a clear age
segregation in themajority of the galactic components. In particular,
non-rotating stars with 𝜀 ≈ 0 represent the oldest population. Then
the host disc components (𝜀 ≈ 1) are substantially younger, while
the counterrotating stars form the youngest population of the galax-
ies.We find a rather smooth age-transition between the components,
suggesting a continuous evolution of our galaxies that leads to the
formation of these kinematically distinct components.

4 PROPERTIES OF COUNTERROTATING
COMPONENTS

Before moving forward in understanding the origin of the coun-
terrotation (both stellar and gaseous), we provide a more detailed
description of the global properties of the components of the galax-
ies we analyze.

In Fig. 6 (left) we compare the stellar masses of the host and
counterrotating components. The relative mass of each component

MNRAS 000, 000–000 (0000)



Galaxies with counterrotation in IllustrisTNG 5

Figure 3. The sample of galaxies with prominent stellar counterrotation at 𝑧 = 0. The maps show the line-of-sight stellar velocity distributions where all
galaxies are inclined by 45◦ with respect to the disc plane. The black contours depict the stellar density distribution. The presence of the counterrotation is seen
well in some of the galaxies as a change of the rotation direction between the inner and outer regions. In each frame the number corresponds to the subhalo-id
in the IllustrisTNG catalogue. The colour bars depict the line-of-side velocity component in km s−1 .

does not correlate with the galactic total mass. The component
masses in the simulated galaxies are comparable with observed
galaxies (e.g. ≈ 30% in NGC 448 (Katkov et al. 2016), ≈ 45%
in NGC 1366 (Morelli et al. 2017)). In some galaxies the coun-
terrotating component could be even more massive than the host
one. Comparison of the radial scales of the counterrotating and host
components is shown in Fig. 6 (right). In the majority of galaxies
the counterrotating component is at least twice larger than the host
one. To understand better the radial structure of the counterrotating

components in Fig. 7, we present the mass fraction of counterro-
tating stars as a function of radius averaged across all galaxies in
our sample. In the innermost galaxy, up to the host component’s
effective size of (2 − 4 kpc), the fraction of counterrotating stars is
nearly constant and contributes about a half of the mass. At larger
radii the mass of counterrotation gradually increases and can reach
up to 100%. Therefore, we can conclude that the stellar counterro-
tating components in our sample are presented by radially extended
discs surrounding the compact host (see also Fig. 5). From real

MNRAS 000, 000–000 (0000)



6 Khoperskov et al.

Figure 4. Each frame shows the evolution of the circularity distribution for stars (top subframes) and gas (bottom subframes) in a galaxy with counterrotation.
The distributions are given in the log-scale and are normalized by the total stellar (or gas) mass at a given snapshot. The host component evolution can be traced
along the overdensities with a positive circularity, while counterrotating components seen well as the overdensities with negative circularity. The exceptional
galaxies are 140748, 506244 and 543168 where three components can be found in the circularity distribution of stars. Note that all the galaxies in our sample
contain both stellar and gaseous components rotating in the opposite direction with respect to the host stellar component. Obviously, the gaseous components
always rotate in one direction where the beginning of the counterrotating component formation can be identified at the moment of the gas rotation direction.
For most of the galaxies the stellar counterrotation starts to appear after the counterrotating component settles down near the circularity 𝜖 ≈ −1. The colour
bars depict the mass fraction normalized by the maximum value at a given time.

observations we can point at e.g. an extreme case with the extended
counterrotation in UGC 1382, which possesses a giant counterro-
tating gaseous disc with the radius of 80 kpc (Saburova et al. 2020,
Saburova et al. in prep.). At the same time, in some galaxies with
counterrotation (e.g. IC 719 (Katkov et al. 2013) and NGC 448,
(Katkov et al. 2016)), the younger counterrotating stellar compo-
nent is more concentrated to the centre than the host one.

In Fig. 8 (top left) we present the relation between the mean
ages of stars of the host and the counterrotating components. The
striking feature is that in all the galaxies the counterrotating stars
are significantly younger with respect to the host component stars,
which is expected because the source of the most recent star forma-
tion is the counterrotating gas. Such a relation is in favour of the
formation of younger counterrotating stellar components from exter-
nally acquired gas, and not from infalling dwarfs or major merger.
The age difference of about 1 − 3 Gyr that we find is significant
and agrees well with observations of galaxies with counterrotation
where the younger stellar component was found to be co-rotating
with the gas (see, e.g., Coccato et al. 2011, 2015), which supports
the gas accretion scenario. A large scatter of ages in both compo-

nents inspires us to test the star formation histories of both compo-
nents (see Fig. 8, bottom left). The host component stars have been
formed mainly between 4 and 10 Gyr ago with a peak at around
8−9Gyr ago, and a negligible mass fraction of the host component
is formed over the last 3 Gyr. In the contrary, the counterrotating
components show a steep rise of the stellar mass during the last few
Gyrs.

The different star formation histories likely result in a substan-
tial difference in the chemical abundances of the host and counterro-
tating stars. In Fig. 8 (top right) we compare the mean metallicity of
these two populations. The metallicity is derived as the total mass
of all metals (elements above He) in solar units. A more recent
and intense star-formation turns out in the higher mean metallic-
ity of counterrotating components. The difference seen for most of
the galaxies is still remarkable. This result is somewhat counter-
intuitive because the metallicity of the retrograde gas accreted from
filaments should be close to primordial. On the other hand, this
external gas mixed with a pre-existing one. The expected dilution of
metals can be vanished by the intense star formation in the center.
At the same time, it can be still found at the outskirts where the
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Galaxies with counterrotation in IllustrisTNG 7

Figure 5. The circularity – galactocentric distance relation at 𝑧 = 0 for the galaxies with counterrotation. The maps are colour-coded by the mean stellar age in
Gyr. Three clear populations can be identified: an oldest non-rotating components near the 𝜖 = 0, a mid-age old dynamically hot, discy-components (𝜖 > 0),
and a young and dynamically cold counterrotating discs. Significant radial extension of both disc components illustrates that all galaxies in our sample show
the cases with a large-scale counterrotating stellar component with substantial spatial overlap.

star formation is usually more quiescent. Indeed, the outer parts
of counterrotating components show lower stellar metallicities in
the comparison to that of the hosts (see Fig. 8, bottom right). This
can indicate that the outer counterrotating stars were formed from
the more metal-poor gas than it was before the accretion, as it is
expected for the accretion from filaments.

Another question we wish to explore in this section is the
difference between the internal kinematics of components of the
galaxies with counterrotation which we compare to the sample of
typical galaxies selected according to the same size and mass (see
Fig. 1). In Fig. 9 we show the radial profiles of the averaged (among
all the galaxies) radial (𝜎𝑅), vertical (𝜎𝑍 ) velocity dispersion and
vertical-to-radial velocity dispersion ratio (𝜎𝑍 /𝜎𝑅). The galaxies
with counterrotation are shown in red, the normal galaxies are des-

ignated by gray. The radial velocity dispersion profiles seem to be
similar for the normal and counterrotating galaxies, while the ver-
tical velocity dispersion is slightly higher. Once we compare the
velocity dispersion ratio, we find that normal galaxies show a flat
radial profile with 𝜎𝑍 /𝜎𝑅 ≈ 0.8, in agreement with some em-
pirical studies suggesting its monotonic variation with the Hubble
type. In particular, it is found that 𝜎𝑍 /𝜎𝑅 ≈ 0.8 in Sa-type galax-
ies, and it decreases down to ≈ 0.2 in Scd galaxies (Shapiro et al.
2003; Gerssen & Shapiro Griffin 2012). Meanwhile, the counterro-
tating galaxies have 𝜎𝑍 /𝜎𝑅 ratio larger than unity across the whole
disc. Such a behaviour has been predicted by Khoperskov & Bertin
(2017), where the strong vertical heating due to the bending in-
stabilities leads to a significant increasing of the vertical-to-radial
velocity dispersion ratio on a short dynamic time-scale.

MNRAS 000, 000–000 (0000)



8 Khoperskov et al.

Figure 6. Left: a relative mass fraction of the counterrotating component where the Mcounter indicates the total mass of counterrotating stars, Mhost is the
mass of stars in the host component and Mtot = Mhost +Mcounter. Right: a relation between the radial size of the counterrotating (Rcounter) and host (Rhost)
components. For each component both values are calculated as the mean mass-weighted galactocentric distance of star particles.

Figure 7. The radial distribution of stellar counterrotating component mass
fraction at 𝑧 = 0. The profile represents the averaged distribution among all
galaxies in our sample where the scatter represents the standard deviation
and is shown by the blue area.

The vertical disc heating points at the importance of the coun-
terrotating components for shaping the velocity dispersion profiles
in general. Even though the studied galaxies represent an extreme
case of the counterrotation, the presence of a small counterrotat-
ing components could be more obvious. Therefore, a small frac-
tion of counterrotation in the disc could provide a new channel of
the formation of kinematically hot and geometrically thick stellar
components. In particular, our results suggest that the formation
of thick stellar discs can be partially provoked by the accretion of
counterrotating components at early epochs. For example, it is now
acknowledged that the Milky Way’s main progenitor has accreted a
fewmassive satellites about 9Gyr ago (Haywood et al. 2018; Helmi
et al. 2018), and at least one of them, the Sequoia (Myeong et al.
2019), is found to be couterrotating. Since the epoch of the accretion
events corresponds to the formation of chemically distinctive thick

disc in the Milky Way, we suggest that it could be, at least partially,
shaped by the accretion of counterrotating stellar component.

5 FORMATION OF THE COUNTERROTATION

5.1 Star-gas galaxies structure

In this section we take a deep look into the formation history of the
galaxies with counterrotation. First, we analyse the spatial structure
of stellar and gaseous components of the galaxies close to the mo-
ment of the gas rotation reversal. We identified these moments for
each galaxy individually as the time when the gas circularity dis-
tribution peaks at ≈ 0 (see Fig. 4). The moment of the gas rotation
reversal ranges from 2 to 8Gyr ago, with a peak near 4Gyr ago (see
Fig. A1 in Appendix). In Figs. 10 and 11 we show the density
structure of stars (black contours) and gas (coloured maps) at that
time. We find that most of the gas appears to be inclined with re-
spect to the host stellar component, suggesting an external origin of
this gas. The three-dimensional structure of the gas is highlighted
by adopting two specific projections: in Fig. 10 we orientate the
galaxies to minimize the projected width of the gas, while in Fig. 11
we show the orientation perpendicular to the former. In Fig. 10 the
gaseous components have almost isotropic distributions of their ori-
entation angles. To quantify this in Fig. 12, we show a cumulative
distribution of the relative angle between the main stellar body and
the off-plane gas (see Fig. 10).

In Fig. 10 some galaxies have a nearly-perpendicular orienta-
tion of the gas with respect to the main stellar body, while having
a ring- or disc-like morphology. At the moment of the gas rota-
tion reversal most of the galaxies can be classified as galaxies with
polar rings (PRGs, see, e.g., Whitmore et al. 1990; Moiseev et al.
2011). Such a picture provides the first evidence of genetic con-
nection between two types of multi-spin galaxies (Rubin 1994). In
particular, we find that some of the counterrotating galaxies could
have a polar ring structure some Gyrs ago. Although it is suggested
that polar structures can be stabilized for a long time by the (tri-
axial) dark matter potential (see, e.g., Arnaboldi & Sparke 1994;
Sackett et al. 1994; Snaith et al. 2012; Khoperskov et al. 2014), in
our galaxies these polar rings (or discs) settle down into the plane of
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Figure 8. Top left: the mean age of counterrotating stars versus the mean age of the host component. The errorbars correspond to the standard deviation of the
age measurements of both components. Top right: the mean metallicity of counterrotating stars versus the mean metallicity of the host component. Bottom left:
the mean age distribution of stars in counterrotating (blue) and host (red) components averaged among the entire sample of 25 galaxies. The vertical scatter
depicts the standard deviation. Bottom left: metallicity distributions for both components averaged among the entire sample of 25 galaxies: the blue and red
colours correspond to counterrotating and the host components, respectively. The vertical scatter depicts the standard deviation.

Figure 9. Mean radial (left, 𝜎R), vertical (center, 𝜎Z) and vertical-to-radial velocity dispersion (right, 𝜎Z/𝜎R) profiles averaged for the galaxies with
counterrotation (red) and for the reference sample of galaxies without counterrotation (gray). The vertical scatter depicts the standard deviation. The radial
velocity dispersion profiles in counterrotating galaxies are similar to our reference sample, being slightly flattened, while the vertical velocity dispersion is
higher, which results to a significant difference in the 𝜎Z/𝜎R distribution.
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Figure 10. The structure of stellar (black contours) and gaseous (colourmap) components close to the beginning of the gas accretion. In each frame the numbers
correspond to the subhalo-id and lookback time. We orientated all galaxies to minimize the projected width of the infalling gaseous component. Some objects
can be classified as polar ring galaxies.

the host stellar component rather quickly, within 1 − 3 Gyrs. Other
signatures of instability of the gaseous structures are the prominent
one- or two-armed spiral structures. Most likely, the asymmetric,
one-arm structures represent some gas flows spiraling down to the
stellar disc. Meanwhile, two-armed morphology can result from
interactions with the host disc potential (Khoperskov et al. 2013a;
Moiseev et al. 2015) or with a non-axisymmetric dark matter distri-
bution (Khoperskov et al. 2012a, 2013b). It is worth to mention that
the appearance of nearly polar gaseous structures is also predicted

at some stages of evolution of Milky Way-like galaxies (Renaud
et al. 2020a; Agertz et al. 2020; Renaud et al. 2020b).

A remarkable feature which we previously noticed in the circu-
larity evolution (see Fig. 4) is a delay in the stellar counterrotating
component formation after the gas settled down in the counterro-
tating configuration. It suggests that the stellar component has been
mainly formed in-situ instead of having been accreted. This can be
also captured in Figs. 10, 11, where very tiny stellar structures can
be found outside the main stellar body. We do not see a signature of
substantial amount of stars associated with the gas orbiting around
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Figure 11. The structure of stellar (black contours) and gaseous (colourmap) components close to the beginning of the gas accretion. In each frame the numbers
correspond to the subhalo-id and the lookback time. We orientated all galaxies to maximize the projected width of the infalling gaseous component. Thereby
the gaseous component can be seen as extended disc or ring with a spiral structure.

the galaxy. Such a picture is in favour of the gas acquisition from
filaments where mergers do not play a substantial role. To explore
this issue in Fig. 13 we present the relation between the star for-
mation radius and the star formation time (or loockback time). For
simplicity, we define the star formation radius as a 3D spherical
galactocentric distance:

R3Dformation =
√︃
(xf − x0)2 + (yf − y0)2 + (zf − z0)2 (1)

where xf , yf , zf are the coordinates of newly formed stars and

x0, y0, z0 are the coordinates of the galactic center at the time of the
star formation. In Fig. 13 the relation between the birth time and the
formation radius is colour-coded by the circularity value derived at
the end of the simulation. Subframes with the distributions show
the cumulative mass fraction as a function of the formation radius
for the host (red) and counterrotating (blue) stellar components. We
find that the vast majority of the counterrotating (at 𝑧 = 0) stars
were formed in-situ. In particular, about 90% of them were formed
within ≈ 10 − 20 kpc from the galactic centre and only in a few
galaxies there is a small fraction of retrograde stars formed at larger
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Figure 12. Cumulative distribution of the relative angle between the stellar
host component and off-plane gas measured near its infall episode. The
distribution suggests that there is no preferable direction of the gas infall, as
it is also well seen in Fig. 10.

distances from the galactic centre. Note that some of the galaxies
have clear gaps in the diagrams in Fig. 13, which correspond to the
active star formation in the accreted retrograde gas at the galactic
outskirts or in polar (or inclined) gaseous structures. Such a pic-
ture could correspond to the star formation in misaligned (or even
counterrotating) ring-like structures found at the outskirts of some
galaxies (Sil’chenko et al. 2019; Proshina et al. 2019, 2020).

5.2 Evolution and kinematics of components

In this section we focus on the formation paths of galaxies with
counterrotation in IllustrisTNG. In Fig. 14 we demonstrate the evo-
lution of stellar (filled areas) and gas (solid lines) mass fraction.
The stellar or gaseous components with the circularity > 0.5 are
shown in blue and those with < −0.5 in red. Such a circularity
threshold allows us to follow the fractions that represent the disc
components of the galaxies rather than stellar spheroidal compo-
nents and gaseous halo. During the first stage (6−8Gyr) the masses
of gas and stars with positive circularity gradually increase (blue),
which suggests a smooth accretion of gas, likely from the circum-
galactic medium (CGM) feeding the star formation in the disc plane
and, thus, leading to the formation of a dynamically cold host stellar
component.

Later, the mass of the gas with 𝜖 > 0.5 slowly (time scale de-
pends on the galaxy and lies within the range: 1..3 Gyr) decreases
because of ongoing star formation (with 𝜖 > 0.5). During this tran-
sition epoch, the galaxies acquire gas with negative circularity while
the fraction of cold starswith positive circularity (𝜖 > 0.5) decreases
due to the enhancement of the velocity dispersion in the host com-
ponent. As we already showed, the growth of the gas mass with
negative circularity leads to the counterrotating stellar component
formation. The star formation is efficient once the counterrotating
gas settles down in the plane of the host stellar disc. An interesting
feature here is that the amount of gas in the counterrotating compo-
nent still increases due to a gradual accretion from the surrounding
CGM. Only in some galaxies in our sample it reaches a peak and
then decreases due to its consumption by the star formation. The

processes described above are observed in all our galaxies with
counterrotation, except the 140748, 506244 and may be 543168,
where the direction of the gas rotation changed twice and lead to
the formation of multiple misaligned components (see also Fig. 4
and Section 3).

A slow decreasing of the gas amoint with positive circularity
suggests that this gas is not removed from the discs by the feedback-
driven outflows which are supposed to be efficient on a very short
time scale. It seems that the gas in the host component is being
replaced by the counterrotating one on a long time-scale of about 2−
5 Gyr. The infalling gas pushes out the existing gaseous component
into the CGM, where both components mix together and then settle
down to the disc plane on counterrotating orbits inherited from
infalling gas. Mixing the pre-existing and infalling gas also explains
why the metallicity of counterrotating stars is only slightly lower
compared to the host stars at the outskirts, although at the end
of evolution it is higher in the galactic center because of in-situ
enrichment by new populations of counterrotating stars.

An important argument in favour of the pre-existing gas re-
placement is the absence of a gap between the end of the host
component formation and the beginning of the counterrotating star
formation. In particular, if the host gas were removed by the feed-
back (AGN or star formation burst) we would expect to observe a
substantial gas-poor phase until a new (retrograde) gas approaches
the galactic plane. On the contrary, the host gas removal and the
counterrotating gas accretion are always synchronized thus reveal-
ing a manifestation of a single process resulting in the formation of
the counterrotation.

5.3 Gas accretion scenario

To confirm our reasoning about the mechanism of the gas accre-
tion/replacement, we investigate the kinematics of the gas at dif-
ferent distances from the galaxies. We expect that in case of the
AGN-driven feedback, as it has been suggested by (Starkenburg
et al. 2019), initially the gas velocity experiences perturbations near
the disc plane and later, once the outflow propagates further away,
in the outer regions. In the case of the external gas infall we expect
to see the opposite: the outer parts of the gas would be perturbed
first and then, once the accreted gas starts to interact with the disc,
the velocity should be perturbed near the galactic plane. In Fig. 15
we present the evolution of the mean mass-weighted radial gas ve-
locity component (in spherical coordinates) near the galactic plane
|𝑧 | < 2 kpc (red) and at a larger distance 2 < |𝑧 | < 10 kpc (blue).
Although the definition of the inner and outer galaxy is somewhat
arbitrary, it still allows us to capture the main processes in the gas.
Positive values of the velocity component correspond to the outflow
while the negative velocity indicates an infall of gas. The bold parts
of the curves correspond to the evolution after the flip (from positive
to negative values, see Fig. 4 or Fig. 14) of the mean gas circularity.
The absolute values of the velocity do not correspond to the gas
infall rate because they are obtained by averaging the velocity over
the large area of the disc and surrounding medium thus provides
only qualitative changes in the gas kinematics.

First, we do not observe any strong outflows (positive radial
velocity) from the inner galaxy (red curves). Only 6 galaxies show
a small positive velocity peaks near the moment of the gas rever-
sal. Most of the galaxies however show an inflow (or accretion) of
gas from the outer regions which are associated with the negative
velocity peaks (blue). Indeed the amplitude, structure and tempo-
ral characteristics of the gas inflow in individual galaxies might
be different especially taking into account some peculiarities in the
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Figure 13. Formation radius (R3Dformation, see Eq. 1) of stars as a function of the formation time colour-coded by the mean circularity value calculated at the end
of the simulation. Subframes on the left show a cumulative mass distribution at the end of the simulation as a function of R3Dformation for counterrotating (blue,
𝜀 < 0) and co-rotating stellar components (red, 𝜀 > 0) shown separately. The cumulative mass scale (Mcum/Mtot) is represented by the vertical dashed lines
highlighting the 0.01, 0.1 and 1 levels, left to right.

orbital evolution of the infalling gas, which we have already demon-
strated in Fig. 10. For instance, in the galaxy 506244, at early ages
of ≈ 9Gyr one can see an inflow of gas from the outer CGM, which
corresponds to the first flip of the gas rotation shortly after (see
Fig. 4 and Fig. 14). Later, we observe an increase of the negative
velocity at 4 − 5 Gyr ago, which results in the formation of the
second counterrotating component.

We conclude that the stellar counterrotation in our sample is the
result of in-situ star formation (see Fig. 13) from externally accreted,
retrograde gas,which replaced a pre-existing gaseous disc.However,
the relation between the misalignment (and counterrotation) and
the AGN activity (see, e.g., Starkenburg et al. 2019; Duckworth
et al. 2020b) is still puzzling and we believe that it is important to
uncover the physical processes standing behind such a picture. We
address this issue in the next Section where we consider controlled
simulations of retrograde and prograde gas infall onto galaxies, for
better clarity.

6 CONTROLLED SIMULATIONS OF
COUNTERROTATING GALAXIES FORMATION
WITH A GAS REPLACEMENT

6.1 Model description

Unlike some of the previous merger/accretion simulations of coun-
terrotating galaxies (see, e.g., Thakar et al. 1997;Bassett et al. 2017),
hereby we present our simulations of the gas accretion onto a gas-
rich disc galaxy similar to ones we studied above from the TNG100
simulation. In our model the main galaxy is represented by the
stellar-gaseous galactic disc. The gaseous subsystem is modelled
with the Smoothed Particle Hydrodynamics, while the dynamics of
the stellar disc is modelled by using a direct particle-particle inte-
gration scheme paralleled by the CUDA-GPU approach (Khrapov
&Khoperskov 2017). The number of particles is 221 and 222 for the
stars and the gas, respectively, and the softening length is about 40 pc
for both components. The generation of themodel initial equilibrium
follows an iterative method of the Jeans equation solution (Khop-
erskov et al. 2011, 2012b). The simulation was performed with
a direct GPU 𝑁-body/SPH code (Khrapov & Khoperskov 2017),
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Figure 14. Evolution of the mass fraction of gas (lines) and stars (filled) with |𝜀 | > 0.5 for the host (blue) and counterrotating components (red).

which we have tested in several galaxy dynamics studies where we
obtained valid results with good performance and accuracy (see,
e.g., Khrapov et al. 2019; Khoperskov et al. 2020).

Initially, the infalling material is represented by six large
gaseous clumps moving along a parabolic trajectory inclined by
a 30◦ with respect to the galactic plane with the initial velocity of
0.8 of the circular value. All extragalactic gas is located beyond
the optical size of the galaxy (25 kpc) at that time. The mass of
infalling gas is twice larger than the gas in the main galaxy, which
is only 10% of the total galaxy mass. Once the external gas starts
moving towards the galaxy, it rapidly stretches along the trajectory,
and forms a stream or filament-like structure soon. In this paper we
focus on two models, where the direction of the gas infall is retro-
grade and prograde with respect to the initial rotation of the main
galaxy. Although the parameters of the models may not represent
the systems we analyze above in their entirety, we are confident that
the general patterns of evolution and formation of the counterro-
tating system are well described by our simplified modelling. Note
that our modelling includes neither the AGN-driven feedback nor
the star formation. This allows us to focus on the dynamical inter-
action between the infalling gas and the gas-rich disc galaxy. In this
paper we present only two models, while the detailed investigation
of the relative mass impact, the infall orbital parameters study and
impact of feedback is a subject of a follow-up work (Khrapov et al.
in prep).

6.2 The gaseous disc replacement via a retrograde accretion

In Fig. 16 we show the evolution of both stellar and gaseous compo-
nents in our retrograde accretionmodel. At the end of our simulation
only a small fraction of the infalling gas can be still found along
its initial orbit, while the most of it is perfectly aligned with the
stellar disc. The stellar disc, in fact, does not experience any sig-
nificant perturbation, but it shrinks instead. This is consistent with
the finding that the host stellar discs are usually shorter compare to
counterrotating components among the Illustris galaxies (see Fig. 5
and 7). The dynamics of the system can be traced in more detail
in Fig. 17, where we show the evolution of circularity, similarly
to Fig. 4, where we also distinguish the gas initially present in the
galaxy from the infalling material. We can see that the evolution of
our simulated galaxy looks rather similar to the Illustris ones. The
accreted gas obviously settles down in the galactic plane and forms
a new retrograde gaseous disc. The only mechanism able to change
the spin of the gas is that it has been kicked out from the disc and
trapped by the infalling gas. Therefore, the resulting gaseous disc
actually is a mixture of accreted gas and pre-existing gas reversed
during the infall. Also we note that the stellar disc experiences some
modest heating which we have also found in the Illustris galaxies.
Therefore, we can conclude that the scenario we propose for the for-
mation of galaxies with counterrotation is preferable. In particular,
a retrograde gas accretion is able to replace the gaseous component,
and once it settles down in the stellar disc plane, it is able to form
stars contributing to the counterrotating stellar component.
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Figure 15. Evolution of the mean gas velocity towards the galaxy (radial velocity in spherical coordinates) in the galactic disc (red, |𝑍 | < 2 kpc) and in the
disc-halo interface (blue, 2 < |𝑍 | < 10 kpc). Thick lines define the time after the gas circularity crosses 0 (see Fig. 4 for definition and Fig. A1 for the accretion
time statistics).

6.3 Feeding the galaxies: retrograde versus prograde gas
infall

Below we discuss a possible link between the misaligned (counter-
rotation is the extreme case) components in galaxies and a central
black hole activity. Since our models do not include the black hole
evolution, we focus on the evolution of gas in the central region,
potentially available for the central black hole feeding. In Fig. 18
we show the evolution of the gas mass in the central 1 kpc in the
model described above, in comparison to a similar model, but with
a prograde accretion. We find an interesting behaviour: during its
very first encounter the retrograde gas, while being unable to pass
through, sticks together with the gas existing in the galaxy, loses its
angular momentum and rapidly falls to the galactic center. At the
same time, in the case of a prograde gas infall, the galactic center
feeding is less efficient by a factor of ∼ 102 which suggests also
a less efficient black hole activity. Since the retrograde gas infall
onto the galaxy causes a more efficient feeding of the galactic centre
with respect to a prograde infall, it is obvious that the presence of
misaligned components correlates with an AGN activity, as it has
been noticed in the previous works (Starkenburg et al. 2019; Duck-
worth et al. 2020b). Therefore, we suggest that the AGN activity
is efficiently enhanced by the formation of misaligned components
via retrograde gas infall, but it does not cause the misalignment.

7 CONCLUSIONS

In this paper we present an in-depth analysis of galaxies with coun-
terrotation from the TNG100 simulation. Recent progress of the
cosmological simulations allowed us to focus on the internal kine-
matics, ages, metallicities, and structure, as well as on the origin
of stellar and gaseous components of galaxies with counterrotation.
Our conclusions are based on the exploration of 25 galaxies selected
at 𝑧 = 0 and can be summarized as follows:

1. By analysing the circularity distributions, we find 25 galaxies
with pairs of embedded stellar discs rotating in the same plane but
in different directions, thus providing classical examples of star-star
counterrotating systems. Although our sample selection is based
on the stellar counterrotation, we find that all the galaxies with
counterrotating stellar discs also harbour cold gaseous discs (see
Figs. 2, 5).
2. From our analysis of the gas kinematics in the galaxies and
in nearby CGM together with circularity evolution, we conclude
that stellar counterrotation in simulated galaxies is the result of
in-situ star formation (see Fig. 13) in the counterrotating gaseous
component accreted from an external reservoir (see Fig. 15). This
counterrotating gaseous component replaces the pre-existing co-
rotating gaseous disc during the external gas accretion (see Fig. 4).
Therefore, an important stage in the formation of galaxies with
counterrotation is a significant gas loss followed by the accretion
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Figure 16. Evolution of gas (top frames) and stars (bottom frames) in a simulation of a retrograde gas infall onto a gas-rich galaxy. For th ein-plane (XY) maps
we show only particles with |𝑧 | < 1 kpc. The gas distribution maps include the gas with a temperature of < 20000K. The galactic plane is always aligned with
the XY-plane. The initial gaseous disc is kicked-out from the galactic plane (stars) by the infalling gas, with almost a lack of gas in the disc plane at ≈ 0.5. Once
the gas settles back to the galactic plane, it inherits the direction of its rotation from the infalling gas. The stellar disc shrinks towards the center, but remains
mostly unperturbed. The yellow arrows indicates the direction of rotation of gas and stars.

of material with misaligned angular momentum. Since we do not
find any temporal gaps between the removal of co-rotating gas and
acquisition of counterrotating gas, we suggest that the co-rotating
pre-existed gaseous disc has been pushed out from the galaxy by the
infalling component. A major merger scenario can also be ruled out
because we do not find a presence of an accreted stellar component,
except for a possible very gas-rich dwarf accretion. Therefore, the
most favourable source of the misalignment gas is the cosmologi-
cal filaments or gas-rich CGM in the outskirts of nearby massive
galaxies.
3. The time scale of the gas accretion has a log-normal distribu-
tion that peaks at ≈ 4 Gyr ago. During the gas infall, the misaligned
components can be found as extended discs or rings randomly ori-
entated relative to the host stellar component (see Fig. 12). Sur-
prisingly, some of the counterrotating galaxies look like polar ring
galaxies at the time of the gas accretion, which suggests, for the
first time, a possible genetic connection between these two types of
multi-spin galaxies (see Fig. 10).
4. The fraction of counterrotating stars in our sample is almost
constant across the galaxies with an enhancement towards the larger
galactocentric distances, which demonstrates that counterrotating
components are more radially extended than the hosts. Counterro-
tating and host components are clearly separated by the mean stellar

age. In particular, we find that the counterrotating stars are on aver-
age ≈ 2 − 4 Gyr younger than the host stars. The metallicity distri-
butions in both stellar components are rather similar, however in the
outer parts the counterrotating components are slightly more metal-
poor, while in the centre we observe the opposite behaviour (see
Figs. 6, 8). Such a picture can be explained by the accretion of ex-
ternal gas through the tidal interaction with a gas rich donor galaxy
or from a cosmological filament. The low-metallicity in the outer
counterrotating component is explained by the dilution of metals,
while the enrichment in the galactic centre is a result of increased
star formation activity.

5. The counterrotating galaxies demonstrate a distinct feature in
the velocity dispersion distribution. In agreement with some pre-
vious observational studies, we find that both stellar components
of counterrotating galaxies tend to be vertically hotter compared
to normal galaxies. The vertical velocity dispersion is higher by
20 − 40 km s−1 , leading to atypical values of the vertical-to-radial
velocity dispersion ratio ≥ 1 across the entire galaxy (see Figs. 9, A).
Such a behaviour is likely to be a result of the bending instability
predicted by theoretical studies (Merritt & Sellwood 1994; Khop-
erskov & Bertin 2017). This result suggests that the presence of
misalignment components in galaxies can be an important source
of the discs heating over time. Since cosmological models of the
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Figure 17. Evolution of the circularity distribution for stars (top) and
gas (bottom) in a toy model of the retrograde gas infall onto a gas-rich
galaxy, similar to Fig. 4 for the IllustrisTNG galaxies).

Figure 18. The gas mass in the central kpc in two toy models of the retro-
grade (red) and prograde (blue) gas infall to the gas-rich galaxy. During the
retrograde accretion the gas efficiently falls into the galactic center and is
able to stimulate the activity of a central black hole.

galactic assembly predict the accretion of multiple objects at differ-
ent epoch, the presence of misaligned components should be ubiq-
uitous in galaxies, which in turn should contribute to the velocity
dispersion anisotropy in normal galaxies.
6. We find that the retrograde gas infalling onto the gas-rich
galaxy is responsible for the formation of large-scale counterro-
tation on a longer time scale, and leads to an efficient feeding of
the central region of the galaxy, which may be responsible for the
subsequent AGN activity. Therefore, we conclude that the AGN
activity can be a signature of a misaligned formation via an exter-
nal gas accretion, but the reversal is not true: it does not cause the
appearance of the counterrotating components.

8 DATA AVAILABILITY

Data directly related to this publication and its figures are avail-
able by request from the corresponding author. The IllustrisTNG
simulations themselves are publicly available and accessible at
www.tng-project.org/data (Nelson et al. 2019).
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Figure A1. Distribution of the accretion time (Taccr) in galaxies with coun-
terrotation identified in Fig. 14 as a transition between a positive and negative
circularity of the gaseous component.
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APPENDIX A: EXTRA PLOTS

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A2. Left: Radial velocity dispersion profiles in galaxies with counterrotation (each component is shown separately by the red lines) together with the
comparison sample of 20 different galaxies chosen according to the mass and size of the galaxy with counterrotation. Right: same as in left but for the vertical
velocity dispersion profiles.

Figure A3. Same as in Fig. A2 but for the vertical to radial velocity dispersion ratio.
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