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Abstract: I discuss my latest observational data and ideas about decoupled gaseous subsystems in
nearby lenticular galaxies. As an extreme case of inclined gaseous disks, I demonstrate a sample of
inner polar disks, derive their incidence, about 10% among the volume-limited nearby S0 galaxies,
and discuss their origin. However, large-scale decoupled gaseous disks at intermediate inclinations
are also a rather common phenomenon among the field S0 galaxies. I suggest that the geometry of
outer gas accretion and the final morphology of the galaxy may be tightly related: inclined gas infall
may prevent star formation in the accreted disk and force the disk galaxy to be a lenticular.
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1. Introduction

Minor merging, or gas accretion from outside, is now thought to be the main driver of
evolution of disk galaxies [1]. Neither stable continuous star formation in disks of spirals, nor the
observed chemical evolution of their stellar populations can be explained without admission of
intense gas supply from outside [2–4]. However, direct observational findings of such events are
rather rare though we would suggest them to happen daily. Perhaps, it would be easier to search
for observational signatures of gas-rich minor merging just in early-type disk galaxies, S0s, where
their own gas confined to the main galactic disks does not prevent rather long-lived kinematical
misalignments between the stellar disks and the accreted gaseous subsystems to exist.

Unlike the common prejudices provoked by the absence of large-scale star formation in the S0
disks, just luminous S0s rather often possess cool and ionized gas. According to the study of the
volume-limited sample by Welch and Sage, about 60% of nearby S0s possess cool, neutral and/or
molecular, gas [5]. A slightly lower estimate, 40%, is given for the united, E+S0, volume-limited
sample of early-type galaxies in the ATLAS-3D survey [6]. The gas in S0s often reveals itself as
regularly rotating ionized-gas disk (51% of all ETG [7]), though it is mostly ionized not by young
massive stars [8]. All this gas seems to be accreted in recent events from outside. It is implied
by frequent misalignments between the rotation axes of the stellar and gaseous components in S0s.
Bertola [9] proposed a simple model of possibly isotropic gas accretion, and if a particular event had
a random direction of gas infall, then just the half of all accreted gas systems would show visible
gas counterrotation with respect to the stellar component if projected onto the line of nodes. Early
estimates by [10] gave 24% of all S0s with the ionized gas demonstrating visible gas counterrotation
when the spectrograph slit was aligned with the disk isophote major axis. It means that about 50%
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of all gaseous disks in nearby S0s have an external origin. However, recently, it became clear that
the frequency of accreted gaseous subsystems in S0s related strongly to their environment density.
Comparing the Virgo cluster members with the S0s in the field, the ATLAS-3D team has claimed
that the misaligned gaseous systems are 4 times more frequent in the field S0s than in the cluster
members [7]. And when we have studied the sample of strictly isolated nearby S0s, we have found
that half of all ionized-gas disks in the isolated S0s counterrotates the stars when observing with
the long-slit spectrographs along the disk isophote major axes [11]. So in the extremely rarified
environments all the gaseous subsystems in S0 galaxies are accreted from outside. How recently?
It is a separate and very difficult question.

In this contribution I will review such particularly interesting phenomena as circumnuclear
polar gaseous disks and large-scale inclined gaseous disks in lenticular galaxies. Their geometry
is interesting not only from the point of their origin, but the dynamical view of such systems is also
very important to restrict the timescales of possible gas acquisition. If we associate the emergence
of outer high-momentum gas accretion sources with the epoch of thin stellar disk formation (in our
Galaxy the thin disk started its formation some 8 Gyr ago), then, I think, the observed accretion events
may be distributed over the past 8 Gyr, within the redshift range of z = 0− 1, and they may be an
important factor of the disk galaxy secular evolution.

2. Inner Polar Rings

2.1. How Do We Search for Inner Polar Disks

The first time when a gas rotation plane in the center of a galaxy was found to stay at the right
angle to the rotation plane of the stellar component was probably the case of NGC 2217 where Bettoni
with co-authors [12] studied stellar and gas kinematics by means of long-slit spectroscopy. The galaxy
is a bona fide barred lenticular, and the circumnuclear polar disk being a strongly warped central part
of the regularly rotating large-scale ionized-gas disk settles in one of the main planes of the central
triaxial potential, orthogonally to the largest bar axis. Soon after that we started the first survey
of nearby galaxies by means of integral-field spectroscopy—the Multi-Pupil Fiber Spectrograph of
the Russian 6m telescope began to operate in its effective fiber-lens mode. As a result of our study
of the central stellar and gaseous kinematics in the nearby disk galaxies, we found distinct inner
polar ionized-gas disks in NGC 2841 [13] and in NGC 7217 [14]—early-type spiral galaxies with
regular large-scale coplanar, corotating gaseous disks. It is interesting that both spirals are not
classified as barred galaxies though some doubts about their strict axisymmetry are implied by their
isophote characteristics.

The benefits of panoramic spectroscopy are crucial for effective quantitative diagnostics of the
polar orientations of gas rotation planes: by having a two-dimensional distribution of line-of-sight
velocities, we can fit it with a circular rotation model and so determine two angles defining completely
the rotation plane orientation in space: the inclination to the line of sight and the line-of-nodes
position angle on the sky. Only knowing both of them, we can compare spatial orientations of the
stellar and gaseous disks and to calculate their mutual inclination:

cos ∆i = ± cos(PAs − PAg) sin is sin ig + cos is cos ig.

This equation has two possible solutions because generally we do not know what half of a
galactic disk is closer to us [15]. If one of the solutions gives the orientation close to the polar one, we
prefer it because the polar rotation is much more long-lived than the inclined one. Figure 1 presents
an example of the inner polar disk in a lenticular galaxy: it is NGC 2962 observed by Alexei Moiseev
in 2007 at the Russian 6-m telescope with the Multi-Pupil Fiber Spectrograph (MPFS). Though the
kinematical major axes (the directions of the maximum line-of-sight velocity gradients) of the stellar
and ionized-gas components are nearly orthogonal, the true mutual inclination between the rotation
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planes of the stars and the ionized gas is either 84◦ or 60◦; in any case, the central ionized-gas disk is
strongly inclined to the main galactic plane, and we classify this configuration as an inner polar disk.

Figure 1. The stellar and ionized-gas line-of-sight velocity fields for the central part of the gas-rich S0
galaxy NGC 2962 obtained with the IFU Multi-Pupil Fiber Spectrograph (MPFS) of the Russian 6m
telescope (A. V. Moiseev, private communication); the broad-band green isophotes are superimposed.
Despite the visible orthogonality of the rotation planes, the true mutual inclination between the stars
and the gas rotation axes can be either 84◦ or 60◦.

The process of searching for the inner polar disks started, and after a few years the list of the
cases found included 17 galaxies [16], among which there were only 7 S0s and only 3 barred galaxies;
the latest morphological type of the galaxies in this list was Sc. We have applied additional efforts and
have observed a sample of S0 galaxies with dust lanes along their minor axes with the Multi-Pupil
Fiber Spectrograph (MPFS) of the Russian 6-m telescope; in all 8 S0 galaxies we have found strongly
inclined central gaseous disks [17].

2.2. Properties and Incidence

Recently, Alexei Moiseev has reviewed the results of a decade of active searches and has
published a list of 47 inner polar disks [15]. This number is already sufficient for statistics. We can now
state that inner polar disks tend toward early-type disk galaxies: about a half of the list is S0 galaxies,
and only a few are later than Sb. The proportion of barred galaxies among the inner polar disk hosts
is equal to the fraction of barred galaxies among all disk galaxies, so we can conclude that inner polar
disks do not prefer strong bars though just strong bars might provide a certain triaxial potential for
the gas to settle in one of their main planes. The typical radii of the inner polar disks are 0.2–2 kpc,
and while the inner border is imposed by the spatial resolution of our observations, the outer one has
probably the physical meaning. We may suggest that the radius range populated by the inner polar
disks is limited by the area of spherical bulge domination. Though Moiseev [15] selected the inner
gaseous disks which rotation axes were inclined by only more than 50◦ to the stellar rotation axes, the
distribution of their mutual inclinations is strongly peaked at 90◦, so the disks selected as strongly
inclined are indeed polar. We are not surprised: according to many dynamical considerations, just a
polar plane is a stable place for gas to stay there for many Gyrs.

However, the review by Alexei Moiseev included a very heterogeneous collection of casual
observational findings. The question remains: What can be a frequency of the inner polar disks/rings
in the whole ensemble of nearby lenticular galaxies? To address this issue, I have involved the large
volume-limited sample of early-type galaxies (ETG) from the survey ATLAS-3D [18]. The sample
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consists of 260 nearby, D < 42 Mpc, ETGs, and the majority of them, 200 galaxies, are early-type
disk galaxies—lenticulars. I have retrieved the freshest, of 2007–2008, raw SAURON data for 150 S0s
from the Isaac Newton Group (ING) Archive (CASU Astronomical Data Centre at the Institute of
Astronomy, Cambridge), after their proprietary time has been finished, to analyze the kinematics of
the stellar and ionized-gas components (by using the emission line [OIII]λ5007) for the central parts of
these galaxies, with the final aim to search for new cases of the inner polar disks. In this sample I have
found 7 new cases of strongly inclined inner gaseous disks. With the inner polar disks mentioned
by [15], there are 20 inner polar rings in the S0 galaxies of the whole ATLAS-3D survey sample, among
200 nearby S0s (150 S0s observed in 2007–2008 plus 50 more S0s from the early SAURON survey). So,
the frequency of the inner polar disks/rings in nearby S0s is at least 10%. It is much higher than the
frequency of large-scale polar rings, which look a rather exotic phenomenon, <1% [19,20].

2.3. Origin

The origin of the inner polar disks remains to be a topic of discussion. Partly this situation
is supported by a huge variety of morphologies of the outer gaseous disks in the host galaxies of
the inner polar disks. For example, the spiral galaxies with the inner polar disks NGC 2841 and
NGC 7217 have large-scale abundant neutral-hydrogen disks which are perfectly coplanar to their
stellar disks and rotates quite regularly. It is unclear how the polar gas could penetrate into the centers
of the galaxies. As for lenticular galaxies with the inner polar disks, they are often gas-rich, but the
outer neutral-hydrogen disks are sometimes obviously related and sometimes apparently unrelated
to the inner polar gas. After the ATLAS-3D team had undertaken sensitive and rather high-resolution
survey of their full sample in the 21cm line [6], among their results we could see polar large-scale
neutral hydrogen, evidently accreted from the neighbouring irregular galaxy in the S0 NGC 7280
where we found earlier polar rotation of the very central, R < 7′′, ionized gas [21]. However, we find
also quite regular large-scale massive HI disk in NGC 2962 which continues out the large-scale stellar
disk [6].

When there exists evident accretion of the outer cool gas with the polar orbital momentum, the
origin of an inner polar disk is quite clear. However, when the outer gas is confined to the main
galactic plane, do the possibilities exist to relate it with the inner polar gas? Quite curiously, even two
theoretical mechanisms have been published up to now which allow to relate inner polar and outer
in-plane gas. They differ in what to consider as a primary gaseous component. Van Albada et al. [22]
considered the behaviour of the initially polar gas inside the tumbling, rigidly rotating triaxial stellar
body. They have shown that the outer parts of this polar gaseous disk are forced to warp in such a way
that the outermost of them lie in the main plane and counterrotate the stellar component. Curiously,
Friedli and Benz [23] started their consideration from the case of counterrotating large-scale gaseous
disk quite coplanar to the stellar one; and if a strong bar developped in the center of a model galaxy,
the counterrotating gas, inflowing into the center, left the galactic plane and stayed for a billion year in
a strongly inclined, compact circumnuclear gaseous disk. Both models, despite the difference of their
dynamics, implied the presence of triaxial stellar structures (bars?) and of counterrotating outer gas.

The present statistics of the inner polar disk host properties do not match the predictions of
these models. Though we have found a few cases of the inner polar disks which warp in the galaxy
outer parts into counterrotating large-scale gaseous disks (for example, it is the case of NGC 7280 [24]
and NGC 7742 [25]), it is not the rule. There are much more cases of the outer regularly corotating
gaseous disks. Similarly, there is no obligatory presence of a bar in any galaxy with an inner polar
disk—the fraction of barred hosts of the inner polar disks is quite the same as the fraction of barred
galaxies among all disk galaxies [15]. We then must suggest that inner polar disks have to be mostly
formed by accretion of the outer gas with a corresponding (polar) orbital moment. It may be tidal
gas acquisition from a neighboring comparable-sized galaxy or a minor merger of a small satellite
from a highly inclined orbit. For the particular case of NGC 7217 we have selected a minor merging
configuration producing its inner polar disk by using the dynamical simulations of the GALMER
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database [26]: if an initially gas-free giant S0 galaxy devours a gas-rich satellite ten times less massive
than the main galaxy, taken from a highly inclined orbit with retrograde orbital momentum, the stable
quasi-polar inner gaseous disk with a radius of about 1 kpc forms [27]. Under such circumstances the
outer in-plane gas must be accreted later than the inner polar gas, because the gas is a collisional
system from a dynamical point of view, and the polar-momentum gas cannot reach the center if
interacts with the outer in-plane one. Therefore, if we see two gaseous disks with different sizes and
different orientations of their rotation axes in one galaxy—we see the consequences of two different
minor-merger or accretion events. Sometimes, the latest of those can transform a lenticular galaxy
into a spiral one, as it had happened with NGC 7217.

3. Large-Scale Inclined Gaseous Disks in Lenticular Galaxies

If there are no preferred directions of outer gas accretion and if multiple accretion events with
isotropic distribution of the infall directions are a common thing for lenticular galaxies, we must see
not only strictly polar disks – we must see also the gaseous disks in S0 galaxies characterized by
all intermediate inclinations. Their lifetimes are now a point of discussion because their inevitable
settlement into the main plane of a galaxy during one free-fall time (about 1 Gyr) may be delayed
by long-lived, continuous accretion process—from a strictly fixed cosmological filament or from
extended tidal tails formed during merger event [28]. Taking into account timescales of these
reverse infall processes, of a few Gyr, in [28] a visibility of inclined gaseous rings during 3–6 Gyr
is predicted. If so, the large-scale gaseous disks/rings inclined by intermediate angles may not be
so rare in lenticular galaxies. Indeed, we see such inclined gaseous disks in some S0 galaxies in
our observations.

We have undertaken detailed studies of several particular cases. For example, in NGC 7743, a
strongly barred S0, the ionized gas beyond 1.5 kpc from the center rotates being inclined to the main
galactic plane by 34◦ ± 9◦ or 77± 9◦ [29] and is excited by shock waves. In NGC 5631 the outer stellar
disk is seen perfectly face-on, and so we can unambiguously determine the inclination of the inner
rotating stellar-gaseous disk: it is 35◦, quite far from the polar orientation [30]. The gas excitation
over the whole extension of the inner inclined gaseous disk—we called it here “inner” though it
extends up to at least 5 kpc from the center—is also shock-like: the low-excitation forbidden emission
line [NII]λ6583 is everywhere stronger than Hα. Though the current star formation is absent in the
accreted gas of NGC 5631, in the narrow radius range we see the stellar component related to it, in
projection onto the apparently non-rotating (because face-on) main stellar disk. Perhaps, in NGC 5631
the inclined stellar-gaseous disk was formed by debris of disrupted accreted satellite that provided
both the gaseous and the stellar components with inclined momenta simultaneously.

It is an interesting question, about the origin of the stars which are sometimes observed to
be coupled with the accreted gaseous component. There are some well-known cases when two
counterrotating coplanar stellar disks are observed in S0 galaxies, and the ionized-gas component
rotation is coupled with one of them. In most of these cases—NGC 3593 [31], NGC 4138 [32],
NGC 5719 [33], IC 719 [34]—the secondary stellar components related to the counterrotating
(so accreted!) gas, look younger than the main stellar disks, and often current star formation is
observed in the inner ring zones, implying that probably the secondary stellar component has also
formed “in situ”. We have our own example of such galaxies, NGC 4191, the kinematical data for
which are shown in Figure 2. According to our long-slit spectral data obtained with the reducer
SCORPIO-2 [35] of the Russian 6-m telescope, the galaxy exhibits fast rotation of the ionized gas in
a rather extended, R ≥ 3 kpc, disk while the stellar component counterrotates in the very center
and at the outskirts, and demonstrates the apparently flat vlos profile at intermediate radii. Since
the stellar velocity dispersion reveals off-center maxima in this galaxy [36], we conclude that the
apparently flat vlos profile is an effect of two co-adding counterrotating stellar components. Recently
Coccato et al. [37] have confirmed the presence of two counterrotating stellar disks in NGC 4191
with the high-resolution integral-field spectroscopic data. The galaxy demonstrates a system of
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starforming rings between R = 15′′− 30′′, and the study of this galaxy by [37] has revealed a younger
age of the secondary stellar disk coupled with the ionized-gas component traced up to R ≈ 60′′.

Figure 2. Kinematical data for the S0 galaxy NGC 4191—member of the Virgo cluster. The upper
row presents the panoramic spectral data obtained with the IFU SAURON: the LOS velocity field of
the stellar component, the ionized-gas ([OIII]λ5007) LOS velocity field, the map of the stellar velocity
dispersion. The bottom plot shows the long-slit cross-section close to the major axis, in PA = 16◦,
made with the reducer SCORPIO-2 [35] of the Russian 6m telescope in the long-slit mode.

When studying a representative sample of strictly isolated lenticular galaxies for which the
outer gas accretion is perhaps a frequent event of their evolution [38], we have noticed that
starforming rings where the gas is excited by young stars are common in the counterrotating
(and also in corotating) gaseous disks when they look coplanar to the stellar ones. If a gaseous
disk is obviously inclined, as a rule its emission-line spectrum reveals shock-like excitation. This
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observation if confirmed by larger statistics may have far-reaching consequences for our ideas about
disk galaxy evolution.

4. Discussion: The Disk Galaxy Evolution Paths

4.1. Do Lenticulars form in Clusters?

The observational result obtained by Butcher and Oemler and summarized in their final
paper [39] concerned the difference in content of galaxy clusters between z = 0 and z = 0.4: in nearby
rich clusters, like Coma, most galaxies were red, being morphologically ellipticals and lenticulars,
while in distant clusters the fraction of blue galaxies rised significantly, up to 25%. They suggested
that the effect is due to transformation of spiral galaxies into lenticulars just in cluster environment
between z = 0.5 and z = 0. When the Hubble Space Telescope (HST) started its high-resolution
imaging, the morphological classification, in addition to the photometry, of the galaxies in distant
clusters became possible, and the decrease of S0 fraction and the increase of S fraction in the clusters
at z = 0.4− 0.5 was found in the observational data [40,41]. It looked like we observed the spiral
galaxies transformation into S0 “by eye”, and just in the cluster environment. The observations of
the Butcher-Oemler effect have provoked theoreticians to propose various mechanisms of the spiral
transformations into S0 most of which are specific for the cluster environments.

Historically the first detailed scenario was proposed by Larson et al. [42] just after the first
publications about the Butcher-Oemler effect appeared. This scenario included all the necessary
state-of-art components of the galaxy evolution known already in the late 70th: short timescales
of gas consumption by current star formation in galactic disks, of only a few Gyrs, and so
a necessity of external cold gas reservoirs for star formation to proceed during Hubble time;
the unavoidable gas-reservoir removing by tidal forces while the cluster collapsed; and even
metallicity-age degeneracy allowing lenticulars and ellipticals to have the same colours under quite
different ages of the stellar populations. The scenario relates to the class later called “starvation”:
a spiral galaxy falls into a cluster at z ≈ 0.4, loses its outer gas envelope immediately, and then
consumes the residual gas of the disk by star formation during a few Gyr. After that a S0 arises,
without gas, without current star formation, and with a large bulge-to-disk ratio due to the early stop
of large-scale disk building. This scenario is still quite valid and competitive with others now [43,44].

Another possibility to transform a spiral into S0 in the cluster environment is provided by the
interaction of the hot intracluster medium with the proper cold gas of the galactic disks. Because of
the fast motions of galaxies within the cluster potential (with speeds of several hundreds of kilometres
per second), ram pressure of the hot diffuse gas filling the cluster dark halo removes the cold gas from
the galactic disks [45]; due to this process a spiral galaxy can be devoid of all its neutral hydrogen for
some 108 yrs [46]. Since the molecular gas, the immediate fuel for star formation, concentrates in the
central parts of spiral galaxies, it may not be expelled but compressed by the hot gas ram pressure
and turn into stars with the rate exceeding the usual SFR in spiral galaxies by a factor of 3 at least [47].
So the resulting S0 is not only lacking the gas but has acquired additional stellar component in its
central part to increase the bulge. This mechanism of spiral transformation into S0 is among the most
popular ones.

Among gravitational mechanisms acting in the cluster environment and using to produce a
lenticular galaxy from a spiral one, harassment and tidal heating are rather popular. The harassment
is pairwise gravitational interaction of two galaxies passing each other at a very high relative
velocities, of a few thousand km/s [48,49]; several such close encounters would result in gas rotation
distortion and its concentration in the galaxy’s center, with subsequient violent star formation
contributing to the bulge growth. Tidal heating is not a pairwise process but instead reflects
the interaction between a spiral galaxy infalling into a cluster and the whole cluster gravitational
potential [50]. It is also effective in distorting the large-scale gaseous disk of a spiral galaxy, in
turbulizing it, and so depressing star formation in the outer parts of the galactic disks, as opposite



Galaxies 2016, 4, 1 8 of 12

to the well-known paradigm of disk formation inside-out. Intense star formation in the very center,
however, is still possible which would grow the bulge to fit a common opinion of large bulges in
lenticular galaxies.

4.2. Do Lenticulars form in Groups?

However, recently clusters at z = 0.4 as a main site of S0 galaxies formation have been put
into doubt. Indeed, to make the above mentioned conclusions, it is necessary to study all types
of environments, not only clusters. Wilman et al. [51] have selected groups at the same redshift,
z = 0.4, by using optical criteria, so not all of these groups have even hot intragroup medium (not
all are detected in X-rays). The fraction of S0s in the groups has occured to be at least as high as
in z ∼ 0.4 clusters and much higher than in the field at z ∼ 0.4. So the groups now look more
promising as the site of S0 galaxies formation at intermediate redshifts, and the clusters acquired
probably the fully shaped S0s with accreted groups. Then the hydrodynamical mechanisms related
to the hot intergalactic medium cannot play the major role in spiral morphological transformation: in
groups which only in half cases possess X-ray gas the gravitational mechanisms such as galaxy-galaxy
interaction and minor merging are the main players. Just et al. [52] investigated the role of dynamical
characteristics of the environment in the S0 fraction evolution between z = 0.8 and z = 0; the groups
and clusters were probed. The result was that the S0 fraction changes dramatically between z = 0.4
and z = 0 in the groups and poor clusters with the galaxy velocity dispersion less than 750 km/s; in
rich massive clusters the evolution was not so strong. This discovery constrains further the plausible
mechanisms of S0 formation if it takes place at z ∼ 0.4: the gravitational interaction between a
galaxy and an environment (e.g., cluster dark halo potential) seems to be less important than pairwise
galaxy interactions.

Based on these observational results, Bekki and Couch [53] have developed a scenario of spiral
galaxy transformation into S0 within a group environment. Indeed, galaxy-galaxy slow-speed
encounters have occurred to be quite effective as concerning the necessary morphological changes:
after 5.6 Gyr of numerical evolution, the spiral galaxy turns into S0, with the dynamically hot thick
stellar disk, without spiral arms or noticeable gas content, and with some young stars concentrated in
the very center. The simulations reveal repetitive starbursts provoked by tidal interaction with other
galaxies which are confined to the central part of the galaxy and which increase significantly the mass
of the galaxy bulge during this morphological transformation. So the lenticular galaxies “produced”
within the Bekki and Couch’s scenario must have rather young, metal-rich bulges.

4.3. Our New Ideas

However, all these scenaria relate to dense environments. Meantime there are a lot of S0s in
the field in the nearby Universe, they constitute 15% of all galaxies locally, being at the second place
after spirals [54]—much more in absolute terms than S0s in nearby clusters. Moreover, there is a
population of strictly isolated S0s [38]. How can they be formed?

We can also point out that the strict epoch of forming S0s in clusters, z = 0.4, found by studying
intermediate-redshift clusters (see above), is completely discarded by the observations of stellar
populations in the disks of nearby S0s: they are mostly old, older than 10 Gyr, and the denser are
their environments the older are S0 stellar disks on average [55,56]. We can conclude that nearby S0s
in dense enviroments had completely shaped their disks at z > 1.5 and do not relate at all to the
Butcher-Oemler effect. The mechanisms to form thick passive stellar disks at z > 1.5 may be various:
they can be formed by vigorous star formation in the clumpy turbulent gas-dominated galaxies
observed at these redshifts [57–59] or by major merging of gas-rich disk galaxies—e.g., [60]—but
the firm conclusion is that S0 galaxies are the primary population of disk galaxies. Between z = 1.5
and z = 1 perhaps all disk galaxies were S0s, including our own Galaxy [61].

As we have reviewed in the Introduction, the most lenticular galaxies contain cold gas,
sometimes rather abundant. However, the morphological type of S0 galaxies is characterized by the
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absence of noticeable star formation in their disks, by the definition of S0 type. Pogge and Eskridge
who searched for star formation in HI-rich S0 galaxies [62], found HII-regions only in the half of the
disks of the lenticulars with a large amount of neutral hydrogen. Their final conclusion made after the
study of the full sample of 32 gas-rich S0s [63] was that, firstly, star formation in the lenticulars was
always organized in ring-like structures, not in spirals, and secondly, the occurence of star formation
where it was found did not depend on the amount of gas available. A hypothesis was then formulated
in [63] that star formation in gas-rich S0s had to be drived not by intrinsic gravitational instability, as
in spiral galaxies, but, taking into account its threshold nature, by some external kinematical trigger.

Now we know, or at least we are sure, that all spiral galaxies experience continuous outer
metal-poor gas accretion providing the continuous star formation in their disks—it is a necessary
condition of their evolution due to, firstly, the absence of visible metal enrichment of the disk stellar
populations during the last 8 Gyr (so called “G-dwarf paradox”, see for example [2,3,64]), and
secondly, due to the very short gas depletion time in nearby spiral galaxies (see for example [4]).
Lenticular galaxies are also disk galaxies, and they may also always experience gas accretion, at
least when they reside in sparse environments. What conditions may separate spirals and lenticulars
as concerning their gas supply? Why is there intense star formation in spirals and no intense star
formation in lenticulars, despite their gas content? Haynes et al. [65] compared mean gas surface
density in lenticulars and early spirals and found that the ranges of σHI are the same in Sa and
in S0 in low-density environments. So if we appeal only to the Kennicutt-Schmidt law, the star
formation would be the same in S0’s and Sa’s; however, it is not so. There exists another factor which
distinguishes S0s from spirals, and it may be a temperature of the gas and the geometry of accretion.

I can propose the following explanation for a variety of evolutionary paths of disk galaxies. All
disk galaxies experience outer gas accretion, the source of which is beyond our discussion—it may
be cosmological filaments or satellite systems, taking into account that the most active past accretors
are presently quite isolated galaxies. If the gas accretion is confined to the main galactic plane, is
abundant and laminar—the galaxy becomes a spiral one at rather recent epoch, z < 1, when (or
where) we start to observe thin stellar disks. If the accretion is poor, intermittent, or from the direction
inclined to the main plane of the galactic disk—the galaxy remains a lenticular one. Curious findings
have been reported in [66]: among rather isolated galaxies, the early-type ones, mostly lenticular
galaxies have no satellites with the LOS velocity difference between the satellite and the host of less
than 50 km/s, while isolated spiral galaxies have a lot of such satellites. This may be direct evidence
for a scarcer (on average) resource of satellite accretion corresponding to earlier galaxy morphology.
However, even intense accretion from an inclined direction may heat the gas when passing through
the potential well of the galactic disk, and this heating may prevent the subsequent star formation in
the accreted gaseous disk.
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