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ABSTRACT

Based mainly on X-ray observations, we study the interactions between the intracluster medium (ICM) in clusters of galaxies and
their member galaxies. Through (magneto)hydrodynamic and gravitational channels, moving galaxies are expected to drag the ICM
around them, and then transfer some fraction of their dynamical energies on cosmological timescales to the ICM. This hypothesis is
in line with several observations, including the possible cosmological infall of galaxies toward the cluster center, found over redshifts
of z ∼ 1 to z ∼ 0. Further assuming that the energy lost by these galaxies is first converted into ICM turbulence and then dissipated,
this picture can explain the subsonic and uniform ICM turbulence, measured with Hitomi in the core region of the Perseus cluster.
The scenario may also explain several other unanswered problems regarding clusters of galaxies, such as what prevents the ICM
from underoing the expected radiative cooling, how the various mass components in nearby clusters have attained different radial
distributions, and how a thermal stability is realized between hot and cool ICM components that co-exist around cD galaxies. This
view is also considered to pertain to the general scenario of galaxy evolution, including their environmental effects.
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1. Introduction

The most dominant observed form of cosmic baryons is found as
intracluster medium (ICM), i.e., the X-ray emitting hot plasmas
gravitationally confined in individual clusters of galaxies. The
ICM is still subject to a series of unsolved puzzles, including the
balance between cooling and heating. Since the radiative cooling
time of ICM at the center of rich clusters is significantly shorter
than the Hubble time tH, these plasmas were thought to cool and
gradually lose their pressure. This creates inward plasma motion
called cooling flows (CFs), which further increase the density of
the ICM in the central region of the cluster and enhance its radia-
tive cooling. The operation of this feedback was apparently sup-
ported by early imaging spectroscopic observations of a number
of clusters in soft X-rays. To be specific, clusters that host cD
galaxies, or cD clusters, ubiquitously show a series of character-
istic phenomena within ∼100 kpc of the cD galaxy, including an

inward decrease in the ICM temperature and a strongly peaked
brightness distribution therein (Fabian 1994).

As X-ray imaging spectroscopy became available in a
broader energy band (up to 10 keV) with better energy reso-
lution, it was confirmed that the cluster core regions indeed
host cooler X-ray emission, hereafter called the central cool
component (CCC). However, essentially in all galaxy clus-
ters and groups, plasma components with temperatures below
∼0.5 keV have been revealed to be much less than predicted
by the CF scenario. This puzzling discovery, first made with
ASCA (Ikebe et al. 1999; Makishima et al. 2001), was rein-
forced through observations with XMM-Newton (Peterson et al.
2001; Xu et al. 2002), Chandra (Fabian et al. 2001), and Suzaku
(Gu et al. 2012). As a result, the nomenclature of cool-core clus-
ters was adopted instead of CF clusters. Apparently, the ICM is
somehow heated against radiative cooling, so that the expected
CFs are suppressed or mitigated.
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Among several candidate mechanisms proposed to explain
ICM heating, the most popular is the so-called active galac-
tic nucleus (AGN) feedback scenario (Churazov et al. 2001;
Fabian et al. 2000; McNamara & Nulsen 2007; Fabian 2012).
According to this conjecture, the AGN of the central (usually cD)
galaxy in a cluster operates in a kinetic/radio mode, by accret-
ing the surrounding cold/hot matter at a sub-Eddington rate, and
releasing most of the gravitational energy into radio jets or inflat-
ing bubbles instead of radiation. The heating is considered to
balance the radiative ICM cooling through an inherent nega-
tive feedback mechanism; enhanced cooling increases the ICM
density surrounding the central black hole, making the AGN
more active, thus providing a higher heating luminosity to be
deposited on the ICM. Although the scenario is presented with
many theoretical variants, generally highly collimated AGN jets
are assumed to be transporting the energy from the black hole
to a very limited fraction of the ICM volume (i.e., not volume-
filling). Therefore, the scenario requires another mechanism
to efficiently redistribute the deposited energy over the cluster
core volume. One of the promising candidates was propagation
of strong turbulence created by the AGN jets (Enßlin & Vogt
2006; Chandran & Rasera 2007; Scannapieco & Brüggen 2008;
Kunz et al. 2011). Then, the heat from the turbulence dissipation
would spread over the cool core within the cooling timescale, so
as to offset the CFs.

In its brief lifetime, the Hitomi Observatory (Takahashi et al.
2014) obtained a set of X-ray spectra from central regions of
the Perseus cluster of galaxies, with the Soft X-ray Spectrome-
ter (SXS) which is a nondispersive detector with a superb energy
resolution. Using the Fe-K line widths measured with the SXS,
the turbulence velocity dispersion was found to be ∼164 km s−1

in a region 30−60 kpc from the central nucleus, and the shear in
the bulk motion was found to be ∼150 km s−1 across the cen-
tral 60 kpc region (Hitomi Collaboration 2016). Further anal-
ysis of the SXS data revealed that the velocity dispersion is
relatively uniform within the central 100 kpc, except for the
innermost core (r < 20 kpc) and the vicinity of an AGN cav-
ity, where mild increases were observed (Hitomi Collaboration
2018a). The average energy density contained in the turbulence
is estimated to be ∼4% of the total ICM thermal energy density.

These Hitomi results have brought some difficulties into the
ICM heating mechanisms that invoke AGN activity and conse-
quent turbulence. First, owing to the low energy density, the tur-
bulence would only be able to sustain the X-ray emission for a
very short time, 8× 107 years, or 0.006 tH (Hitomi Collaboration
2016). Second, to maintain a stable balance between cooling
and heating, the turbulence must be replenished on the same
timescale, but this is not necessarily obvious. Furthermore, in
8 × 107 years, such a low-speed (∼164 km s−1) turbulence would
propagate from the excitation sources only over ∼13 kpc, which
is far too insufficient to heat the entire cool core (Fabian et al.
2017). In short, given the Hitomi results, it would be difficult
to heat the ICM in the cool core of the Perseus cluster globally
for a sufficiently long time, if we only consider the random gas
motions driven by the AGN jets and bubbles.

The above evaluations all assumed that the X-ray emis-
sion from the cluster core, contributing a large fraction (∼80%)
of the total X-ray luminosity, must be sustained by the turbu-
lence energy of the core-region ICM, which carries a small frac-
tion (∼10%) of the overall ICM mass. Therefore, the problem
could be mitigated by assuming significant energy transport in
other forms, for example, heat conduction from outer regions
to the core (Voigt & Fabian 2004), mixing of the hot injected
gas with the cooling ICM (Hillel & Soker 2017, 2019), or sound

waves from the AGN (Fabian et al. 2017; Zweibel et al. 2018;
Bambic et al. 2018). Deep X-ray imaging of the Perseus cluster
hints at the latter, if the surface brightness fluctuations found in
the core are indeed sound waves from the bubbles (Fabian et al.
2003, 2006; Sanders & Fabian 2007). What still remains contro-
versial is whether the sound waves can be dissipated just as they
propagate across the cool core region (Ruszkowski et al. 2004;
Fujita & Suzuki 2005).

Another possible way around these difficulties was proposed
by Lau et al. (2017) based on numerical simulations, introduc-
ing a fair amount of changes to the AGN feedback model. These
authors assume a series of frequent small outbursts from the
central AGN, instead of a few powerful outbursts. The induced
turbulence field would then be low and flat because the input
kinetic energy is low and steady. However, Lau et al. still need to
call for accretion of member galaxies and subclusters to explain
the mild line-of-sight velocity gradient observed with Hitomi
because such a gentle AGN feedback would be too uniform to
explain the observed bulk velocity gradient. A similar conclu-
sion was reached by Bourne & Sijacki (2017) based on a differ-
ent simulation.

Motivated by these difficulties, in the present work we focus
on a relatively unexplored aspect of clusters of galaxies: interac-
tions between the two major baryonic components, namely, the
moving member galaxies and the ICM. As briefly summarized in
Sect. 2, this idea was first proposed by Makishima et al. (2001,
hereafter Paper I) based on ASCA observations and incorporating
some semiquantitative evaluations. Since then, the view has been
reinforced by a series of data-oriented studies (see Sect. 3) with
XMM-Newton (Takahashi et al. 2009; Kawaharada et al. 2009),
Chandra, and Suzaku (Gu et al. 2012), as well as by extensive
X-ray versus optical comparisons of clusters at various redshifts
(Gu et al. 2013a, 2016). The emerging scenario can potentially
solve some of the issues with the ICM, including its temperature
structures, the metal distributions in it, and the suppression of
CFs.

Our scenario also has rich implications for ICM turbulence.
The assumed physical interactions between the galaxies and
ICM and the consequent gravitational perturbations, create mag-
netohydrodynamical (MHD) turbulence in situ throughout the
cluster core. The turbulence is naturally expected to be volume-
filling thanks to the high galaxy density in the core region
(one per 50−100 kpc3; Budzynski et al. 2012; Gu et al. 2016),
and must be subsonic because the galaxies are moving through
the ICM with trans-sonic velocities. A numerical simulation by
Ruszkowski & Oh (2011) based on a similar scenario predicts
σ = 150−250 km s−1, in good agreement with the Hitomi mea-
surements. In the present paper, we discuss how this scenario has
been reinforced by the Hitomi results.

2. Review of the proposed scenario

In this section, we briefly review our interpretations of the
physics in central regions of cD clusters. The first set of assump-
tions presented in Sect. 2.1 deal with spatial magnetic and tem-
perature structures of the ICM in a static sense, while the second
set in Sect. 2.2 describe dynamics and cosmological evolution of
the physical conditions therein.

2.1. Basic assumptions (1): Static aspects

In order to describe static magnetic structures of the ICM in cen-
tral regions of cD clusters, we start from a generally accepted
view, which is that the ICM is hydrostatically confined by gravity
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and is magnetized to β ∼ 30−300, where β is the thermal plasma
pressure relative to the magnetic pressure. That is, the magnetic
energy density amounts to a fraction of percent to a few percent
of the average thermal energy density (Böhringer et al. 2016). In
addition, we adopt the following first set of assumptions (Paper I;
Takahashi et al. 2009; Gu et al. 2012). The overall configuration
is referred to as “cD corona” picture.

S1 The ICM in the cluster core region has relatively well-
ordered magnetic structures because the cD galaxy is approxi-
mately standstill with respect to the ICM.

S2 The magnetic field lines (MFLs) in the cluster core
region are classified into two types: closed loops with both ends
anchored to the cD galaxy and open loops with at most one end
attached to the galaxy.

S3 The open-MFL regions are filled with the hot isother-
mal ICM, whereas the closed MFLs confine a cooler and more
metal-rich plasma, identified with the CCC, to form a magneto-
sphere. The two plasma phases are in an approximate pressure
equilibrium.

Of these assumptions, S1 is a natural consequence of the
unique location of a cD galaxy, that is, the center of the grav-
itational potential. The second assumption is just a basic and
general classification of MFLs, as observed in solar coronae and
interplanetary space. A related discussion, on a possibility of tan-
gled MFLs, is presented in Sect. 4.1.2. The assumption S3 is also
a prediction by plasma physics. The open-MFL regions, con-
nected to the outer ICM, is brought into a global isothermality
on a timescale of ∼108 yr by the high thermal conductivity along
the MFLs. In contrast, the CCC can have a different temperature
and metallicity because the particle and heat transport is strongly
suppressed across the MFLs. The CCC plasma is considered to
partially originate from the cD galaxy.

The cD corona model (S1−S3) may naturally explain several
characteristic features seen in the cluster central regions. First,
filamentary structures in the optical line emission have been
observed around many cD galaxies on scales of ∼10−100 kpc
(Conselice et al. 2001; Crawford et al. 2005; McDonald et al.
2012, 2015). Considering that these structures are likely to trace
the closed MFLs, the assumed configuration is consistent with
the observed coexistence of different gaseous components in the
core region: some are cool and dense while others are hot and
tenuous.

Second, the ICM around cD galaxies indeed shows stratified
temperature structures as in S3. The X-ray spectra from these
regions require a two-phase (2P) modeling, employing two tem-
peratures that represent the hot ICM and the CCC (Ikebe et al.
1999; Tamura et al. 2003; Takahashi et al. 2009; Gu et al. 2012;
Walker et al. 2015; de Plaa et al. 2017). In contrast, those from
outer regions can be described by a single-phase (1P) modeling.
The 2P condition cannot be an artifact arising from the projec-
tion effects because Takahashi et al. (2009) and Gu et al. (2012)
showed, through a careful deprojection procedure, that the CCC
and the hot phase spatially coexist in the three-dimensional core
region of cool-core clusters. Since the hot phase is often two
to three times hotter than the CCC, the CCC must be confined
by MFLs and thermally shielded from the hot phase. The cool-
phase gas is free to move along the closed MFLs, so that it is
approximately in a pressure equilibrium with the hot phase.

Finally, the structure of intracluster MFLs (S1) can be
directly probed through Faraday rotation measurements of radio
signals from background sources or cluster member galaxies.
These measurements of the cluster central regions reveal coher-
ence scales of 2−25 kpc (Taylor & Perley 1993; Feretti et al.
1999; Govoni et al. 2001; Eilek & Owen 2002; Clarke 2004),

indicating that the MFLs may also have a spatial order on such
scales, instead of being completely tangled.

2.2. Basic assumptions (2): Dynamical aspects

The first set of assumptions (S1−S3) above are comple-
mented by the following second set of assumptions (Paper I;
Takahashi et al. 2009; Gu et al. 2012, 2013a, 2016), which
describe dynamical and evolutionary aspects of the problem.

D1 Non-cD member galaxies, moving through the ICM at
its trans-sonic velocities, interact with the ICM, and transfer to
it some fraction of their dynamical energies on a cosmological
timescale.

D2 The member galaxies, thus losing the energy, gradually
fall toward the center of the potential, while supplying metal-
enriched interstellar medium (ISM) to the ICM.

D3 The energy deposited onto the ICM first takes the form
of MHD turbulence, which is then thermalized to provide a heat-
ing luminosity of ∼1044 erg s−1, which is needed to balance the
radiative cooling, particularly in the CCC.

D4 Throughout the heating process, the two plasma phases
are kept in a pressure equilibrium and are thermally stablized
by the Rosner-Tucker-Vaiana (RTV; Rosner et al. 1978) mecha-
nism, which operates in solar coronae.

Of these assumptions, probably the least accepted idea would
be D1 because galaxies are generally believed to swim freely
through the ICM with insignificant energy dissipation. However,
as explained in Sect. 3.1 and further in Sect. 5.1, this popular
belief is not necessarily warranted. Furthermore, the assumption
D2, which is an immediate consequence of D1, is now supported
by indirect (Sect. 3.2.1) and direct (Sect. 3.2.2) observations, as
well as numerical studies.

We assign the entire Sect. 4 to the discussion concerning D3
because it is most relevant to the Hitomi results. Finally, D4 may
appear too specific. However, as described in Sect. 5.2, D4 is
a direct consequence of the cD corona configuration, and is an
essential ingredient of our overall scenario because it provides a
very natural way to thermally stabilize the CCC.

3. Scenario of galaxy-ICM interaction

Addressing the assumptions in the dynamical aspects (Sect. 2.2)
is in essence to find answers to the following three key questions:
(1) we ask whether the ICM interact with the member galaxies
and contribute significantly to their evolution; (2) whether the
dynamics of member galaxies are also affected appreciably by
the presence of the ICM; and (3) conversely, whether the moving
galaxies at all influence the thermodynamical evolution of the
ICM. We examine these issues below.

3.1. Evidence for the interaction: Ram pressure stripping and
environmental effects

First, we review observational evidence for the galaxy-ICM
interaction and point out its important role in the evolution of
member galaxies. These results altogether answer the first key
issue raised above affirmatively.

As suggested in the early work by Gunn & Gott (1972) and
confirmed by observations (van Gorkom 2004, and references
therein), any gaseous interstellar material in a galaxy, collec-
tively called the ISM, would feel the ram pressure of the ICM
as the galaxy moves through the cluster. When the ram pres-
sure exceeds the gravitational restoring force, the ISM in outer
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galaxy disks is stripped off, to form a tail in the trailing wake
of the galaxy. While the loss of ISM suppresses the star for-
mation in outer regions of the galaxy, the ram pressure at the
same time compresses the ISM in the central regions and tails,
to enhance the star formation therein (Fujita & Nagashima 1999;
van Gorkom 2004; Vollmer et al. 2006). The efficient removal of
the metal-rich ISM is in line with the fact that the ICM con-
tains a large amount of metals, comparable to those contained in
stars, and the ICM metallicity is very uniform up to the periphery
(described later).

Some statistical studies indicate that the ram pressure effects
are ubiquitous. An Hα and R band imaging of 55 spiral galaxies
in the Virgo cluster showed truncated star-forming disks in 52%
of the sample galaxies, which are likely the product of galaxy-
ICM interaction (Koopmann & Kenney 1998, 2004; Abadi et al.
1999). Although the so-called galaxy harassment (Moore et al.
1996) could also be contributing, Couch et al. (1998) used
Hubble Space Telescope data of three clusters to argue that the
star formation is more efficiently truncated by ram pressure than
by harassment. The observed optical and H i properties motivated
many authors (e.g., Bösch et al. 2013; Rodríguez Del Pino et al.
2014) to propose an evolutionary route of galaxies, beginning
with field-like spirals and transforming, via long-term ram pres-
sure stripping and passive fading, into proto-S0 galaxies.

The statistical studies mentioned above can be general-
ized into the well-known concept of “environmental effects”.
It is long known that, at low redshifts, the galaxies in
crowded environments predominantly have early-type morphol-
ogy (Oemler 1974; Dressler 1980), red color (Pimbblet et al.
2002; Balogh et al. 2004), and suppressed star formation rates
(Balogh et al. 1998; Goto et al. 2003). Although the main pop-
ulation of member galaxies in local clusters is thus red and
inactive, the presence of blue star-forming galaxies in rich clus-
ters at z ∼ 0.5 has been known since the early work by
Butcher & Oemler (1984). These two environmental effects, one
spatial and the other temporal, can be naturally and consistently
explained by assuming that the presence of the ICM and neigh-
boring galaxies accelerates the galaxy evolution, including the
morphology and color changes and the rapid decline in the star
formation rate.

3.2. Evidence of galaxy infall

We have so far answered affirmatively to the first key issue pre-
sented at the beginning of this section; the ICM indeed inter-
acts with the moving galaxies and is likely to accelerate their
evolution. Next we address the key issue (2), whether the interac-
tion also affects the dynamics of galaxies, and causes the galax-
ies to slow down and gradually fall toward the cluster center.
Below, direct observations of possible galaxy infall on cosmo-
logical timescales (e.g., Gu et al. 2013a, 2016; Sect. 3.2.2) are
augmented by several pieces of indirect observational evidence
from different aspects (Sect. 3.2.1).

3.2.1. Radial distributions of baryons and metallicity therein

In nearby clusters of galaxies, the three major mass components
are well known to show systematically different radial profiles;
relative to dark matter (DM), the ICM is slightly more extended,
whereas member galaxies are much more concentrated (Bahcall
1999). Figure 1 (left) directly compares the radial distributions
of the galaxies and ICM, both averaged over 119 clusters at
z < 0.08. Within a radius of ∼R500 beyond which the mea-

surements become less accurate, the ICM shows a flatter radial
distribution than the galaxy component. To quantify the differ-
ence, we introduce a quantity called the galaxy light-to-ICM
mass ratio (GLIMR; Gu et al. 2013a), which is the ratio of the
circularly (two-dimensionally) integrated galaxy light divided
by the ICM mass integrated similarly. Then, in nearby clusters,
GLIMR typically decreases by a factor of 2 from r = 0.2 R500 to
r = 0.5 R500 (Gu et al. 2013a, 2016). One possible explanation of
the GLIMR gradient would be provided by our assumptions D1
and D2, which predict that galaxies should gradually sink to
the center by losing their dynamical energies to the environ-
ment, and the energy deposited to the ICM makes it expand rel-
ative to the DM. If it works continuously, the GLIMR profile is
steepened over time, which is in qualitative agreement with our
scenario.

Since metals in the ICM must have originated from galaxies,
and can serve as a tracer of the past galaxy distributions, their
large-scale spatial behavior helps us to understand the present-
day mass distributions. At this point, we should consider two
important observational facts. One is the result obtained with the
Suzaku XIS, that the ICM metallicity in the outskirts (with a two-
dimensional radius r > 1 Mpc) of several clusters are spatially
fairly constant at ∼0.3 solar (Werner et al. 2013). The observed
constant metallicity at larger radii is usually taken for evidence
that the metal enrichment of ICM took place very early, at red-
shifts of z = 2−3 before the cluster formation, via strong galaxy
winds and/or AGN outflows (Fujita et al. 2008; Werner et al.
2013). In this case, an implicit assumption is that stars at these
early epochs distributed out to very large radii and provided the
initial metals to the ICM therein. However, as indicated by the
GLIMR behavior, the present-day clusters do not harbor, at their
peripheries, the corresponding population of galaxies. Therefore,
simply invoking the “early metal enrichment” view alone would
not easily bring into agreement the overall observational facts
quoted so far.

As a natural way to bring the early ICM enrichment scenario
into agreement with the present-day GLIMR profiles, we assume
that the metal-supplying stars formed galaxies in the peripheral
regions, which then gradually fell toward smaller radii, as in
our assumption D2. At the beginning of this process, the met-
als were transported to the intracluster space presumably via
galactic winds (Fujita et al. 2008), but as the galaxies moved to
regions of higher ICM densities, for example, .1 Mpc, the role
of ram pressure stripping of metal-enriched ISM is considered
to have become gradually more important (Fujita & Nagashima
1999). This agrees with the very mild inward increase of the
ICM metallicity, observed on intermediate radii from .1 Mpc
down to ∼100 kpc (Matsushita et al. 2003; Johnson et al. 2011;
Mernier et al. 2017).

The other observational fact to be considered is the behavior
of a quantity called metal mass-to-light ratio (MMLR), that is,
the circularly integrated metal mass in the ICM divided by the
galaxy light integrated in the same way. In many nearby clusters
and groups, MMLR has been observed to increase, from the cen-
ter to ∼100 kpc, by nearly two orders of magnitude (Sato et al.
2007, 2009a,b; Kawaharada et al. 2009; Sasaki et al. 2014). This
outward MMLR increase must continue beyond 100 kpc out
to larger radii because we have MMLR ∝ metallicity/GLIMR,
where the metallicity is rather constant to the periphery (the first
fact), and GLIMR decreases outward (Sect. 3.2.2). In short, the
present-day galaxies are more concentrated relative to not only
the ICM, but also the metals in it. This can also be explained in
a natural way by our assumption D2.
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Fig. 1. Left panel: projected radial density profiles (left ordinate) of the galaxy surface number (black) and the ICM (red) in nearby (z ≤ 0.08)
clusters, normalized at a radius of 0.05 R500. Both data are taken from the sample of Gu et al. (2016). The ICM to galaxy density ratio is plotted
in blue (right ordinate). Right panel: observed GNIMR profiles averaged over clusters in different redshift bins. This plot shows a combination of
two samples, 34 clusters (z = 0.1−0.9) from Gu et al. (2013a, open symbols), and 340 clusters (z = 0−0.5) from Gu et al. (2016, filled symbols).
Error bars are at the 1σ level. The r-band luminosity functions of the identified member galaxies from the 340 cluster sample in different redshift
bins are shown in the inset.

3.2.2. Direct observations of galaxy infall

Although the spatial distributions of the different components
in nearby clusters have been shown (Sect. 3.2.1) to support to
our dynamical assumptions, a more direct confirmation of the
scenario was awaiting for a comparison of distant clusters with
their nearby counterparts. This has finally been carried out suc-
cessfully by Gu et al. (2013a); the authors studied a carefully
selected sample of 34 clusters in a redshift range of z = 0.1−0.9,
both in the optical and X-ray frequencies, to compare the opti-
cal and X-ray angular extents of individual clusters in the sam-
ple. All the selected clusters have relaxed X-ray morphologies
and harbor cD galaxies at their centers. Since the utilized opti-
cal data were photometric rather than spectroscopic, the galaxy
membership in each cluster was determined using photometric
redshifts, supplemented by an offset pointing. Then, as repro-
duced in Fig. 1 (right) with open symbols, the GLIMR profiles
of these clusters were found to be originally flat at z ∼ 0.9, and
were evolving to become steeper as the redshift decreases. We
believe that this provides one of the fundamental evolutionary
effects ever observed from clusters of galaxies.

Utilizing a much larger sample consisting of 340 SDSS clus-
ters, though with a shallower redshift coverage of z = 0.0−0.5,
Gu et al. (2016) carried out a more sensitive follow-up study of
the galaxy-to-ICM evolution. This time, a fraction of the opti-
cal data were spectroscopic, and a quantity galaxy number-to-
ISM mass ratio (GNIMR) was used instead of GLIMR. Then, as
shown in Fig. 1 (right) with filled symbols, the X-ray versus opti-
cal comparison again revealed a clear relative evolution, which
agrees quantitatively with the first result by Gu et al. (2013a). In
addition, Gu et al. (2016) found that the galaxies became radially
more concentrated with respect to the DM component as well. At
the same time, the luminosity functions of the member galaxies
used by Gu et al. (2016) were confirmed approximately the same
over the relevant redshift range (inset to Fig. 1 right). Therefore,
the enhancement of galaxies in the cluster center toward z ∼ 0
cannot be ascribed to a recent galaxy/star formation. Instead, the
galaxies from the cluster periphery likely have moved inward,
with respect to both the ICM and DM, on a timescale of ≥6 Gyr.

The dynamical evolution of member galaxies in clusters has
also been investigated using numerical simulations, where the
galaxy-scale processes such as ram pressure stripping have been
reproduced utilizing progressively finer spatial grids (∼kpc or
less). A recent hydrodynamical work by Armitage et al. (2018)
explored the evolution of velocity dispersion of member galaxies
as a function of time spent inside the cluster. As shown in their
Fig. 8, the member galaxies are indeed found to be slowing down
after their first passage through the cluster core. If normalized to
the velocity of dark matter, the velocities of member galaxies
decrease by ∼20% after spending 10 Gyr in the cluster. Natu-
rally these galaxies fall toward the cluster center as they become
slower than the ambient dark matter particles. Although these
authors mainly considered gravitational dynamical friction, the
slowdown of their galaxies was found to be little dependent on
the total galaxy mass, contrary to what is expected from the pure
gravitational interaction (Eq. (8)). Therefore, we infer that other
forms of galaxy-cluster interaction, such as the ram pressure pro-
cess, are likely to be contributing to the slowdown of their model
galaxies. Similar galaxy slowdown and infall have been observed
in other hydrodynamical simulations (e.g., Ye et al. 2017).

3.3. Evaluation of energetics

In this section, we address the key issue (3): how the suggested
galaxy slowdown/infall affects the energetics of the ICM. Since
observational constraints are rather limited. we instead perform
some analytic estimations, focusing on cluster-averaged energy
transfer associated with the galaxy infall (Sect. 3.3.1), the energy
releases expected from different physical channels (Sect. 3.3.2),
and the balance between the ICM cooling at the cluster core and
the proposed form of heating (Sect. 3.3.3).

3.3.1. Energy release associated with the observed infall

We now evaluate the energy release associated with the galaxy
infall. In a cluster with a galaxy velocity dispersion of v =
1000 km s−1, a typical galaxy with a total mass of ∼1 × 1011 M�
loses a dynamical energy of ∼3 × 1060 erg while falling from a
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Table 1. Properties of the hot and cool components in the centers of
Perseus cluster, Centaurus cluster, and Abell 1795, within the specified
radius.

Objects Perseus (a) Centaurus (b) Abell 1795 (c)

Radius (kpc) 60 150 144
Cool kT (keV) 2.9−3.6 1.7−2.0 2.0−2.5
Hot kT (keV) 4.5−4.7 3.8 4.7−6.3
Cool LX

(d) 4.1 0.1 1.4
Hot LX

(d) 2.2 0.3 2.5

Notes. (a)Hitomi Collaboration (2018b). (b)Takahashi et al. (2009).
(c)Gu et al. (2012). (d)Over 0.3−10 keV, in units of 1044 erg s−1.

radius of R500 (∼1 Mpc) to the center. Therefore, in a cluster with
∼100 galaxies (van der Burg et al. 2018) thus falling to the core
region, the energy released in this way throughout the process is
estimated to be

Egal ∼ 3 × 1062
(

Mgal

1013 M�

)
erg, (1)

where Mgal is the total mass of the moving galaxies. Further con-
sidering that this process takes place on a timescale τ1 that is
comparable to the Hubble time as suggested by Gu et al. (2013a,
2016), namely

τ1 ∼ tH = 4.5 × 1017 s, (2)

the time-averaged energy-release rate by the galaxies would be

Linfall = Egal/τ1 ∼ 7 × 1044 erg s−1. (3)

A more reliable and conservative estimate can be obtained
by calculating the gravitational energy change between the radial
distributions of member galaxies, observed in high-redshift and
present-day clusters. Specifically, using the average galaxy light
profiles of the two subsamples in Gu et al. (2013a), one at
z = 0.45−0.90 (nine clusters with a mean redshift of 0.653)
and the other at z = 0.11−0.22 (nine clusters with a mean of
0.174), and assuming a luminosity-dependent mass-to-light ratio
(Cappellari et al. 2006) for the galaxies, this dynamical energy
change in a typical cluster becomes

∆Egal = 6 × 1061
(

Mcl

2 × 1014 M�

)
erg, (4)

where Mcl is the total cluster mass. We note that the mass-to-
light ratio reported in Cappellari et al. (2006) refers to the galaxy
central region; ∆Egal would increase significantly if we consid-
ered the observed outward increase in the mass-to-light ratio
of individual galaxies (e.g., Fukazawa et al. 2006). Even when
we ignore this factor and retain the above conservative estimate
for the mass-to-light ratio, this ∆Egal is a reasonable fraction of
Egal in Eq. (1), considering that the relevant time lapse is ∼1.2×
1017 s = 0.27 tH. As a result, the energy release rate by the galax-
ies in a typical cluster over this time interval becomes

Linfall ∼ 5 × 1044
(

Mcl

2 × 1014 M�

)
erg s−1, (5)

which is in reasonable agreement with Eq. (3).
Table 1 summarizes 0.3−10 keV luminosities of the two

components, observed from core regions of three representa-
tive clusters. Thus, Linfall in Eqs. (3) and (5) is high enough

to balance the radiative output of CCC observed from typical
clusters. For reference, Table 1 implies that a considerable frac-
tion of the X-ray luminosity from the core region is still carried
by the hot component. As already pointed out in Paper I, this
is because the centrally peaked surface brightness is observed
around a cD galaxy not only in the cool component, but also in
the hot component, reflecting a hierarchical structure in the grav-
itational potential in the core region of such clusters (Xu et al.
1998; Ikebe et al. 1999; Takahashi et al. 2009; Gu et al. 2012).
Consequently, the cool-component luminosity was often overes-
timated previously (Paper I).

3.3.2. Energy transfer through galaxy-ICM interactions

We have so far shown that the overall energy release from the
infalling galaxies is sufficient to sustain the CCC luminosity.
Although this integrated evaluation gives a partial answer to
the key issue (3), we still need to investigate detailed differen-
tial energetics, to understand how a moving galaxy transfers its
energy to the environment, in particular to the ICM. As described
below, we can think of a few different interaction modes.

The most straightforward interaction mode is the head-wind
ram pressure (Sect. 3.1). The overall ram pressure force exerted
to each galaxy from the inflowing ICM can be written as
(Eq. (5.28) in Sarazin 1988)

FRP = πR2
intρv2, (6)

where Rint is the effective hydrodynamic/MHD interaction radius
of a moving galaxy, ρ is the ICM density, and v is the galaxy
velocity. Although this force works in the first place on the
gaseous components of each galaxy, it indirectly slows down the
entire galaxy, including the stellar and DM components. This is
because a gaseous component, initially bound to the galaxy by
gravity, gravitationally pulls back the entire galaxy, if it is dis-
placed and stripped by the ram pressure (details in Sect. 5.1).

Aside from the ram pressure, various transport processes at
the boundary between the ICM and a moving galaxy, might also
have a similar effect on the galaxy. In particular, when regarded
as a viscous flow, the ICM would exert friction on a galaxy as

FVIS = πR2
intρv212/Re, (7)

where Re is the Reynolds number of the ICM. This FVIS becomes
significant only when the ambient ICM has a sufficiently large
viscosity (Nulsen 1982). However, this might not be the case;
as reported recently in Zhuravleva et al. (2019), the ICM viscos-
ity in the Coma cluster is likely <0.1 times the Spitzer value.
Converting the reduced viscosity into the Reynolds number as
Re > 500 through Eq. (2) of Brunetti & Lazarian (2007), FVIS
would become only a few percent of FRP.

Although the aerodynamic effects considered above require
the presence of ICM, the orbiting galaxies also interact with the
host cluster in a gravitational mode (Balbus & Soker 1990) even
without the ICM. This is so-called galaxy-cluster dynamical fric-
tion, which arises when a moving galaxy gravitationally scat-
ters DM particles, to slightly change the DM distribution around
it. Using a time-evolving perturbation theory, Ostriker (1999)
derived the dynamical drag force, which operates on a member
galaxy with a mass mgal, moving with a transonic motion, as

FG = 4πρtot(Gmgal)2/v2, (8)

where ρtot is the total mass density dominated by DM. Thus, the
effect is more significant for massive (and hence mostly ellipti-
cal) galaxies, which carry most of the stellar mass, rather than
the more abundant low-mass galaxies.
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Employing realistic spatial distributions of ρ and ρtot, and
assuming Rint ∼ 10 kpc, Gu et al. (2013a) calculated how the
motions of model galaxies in a typical cluster potential are
affected by the drag force FRP + FG. It was confirmed that their
orbits indeed decay significantly on a timescale on the order of
Eq. (2), even though the results naturally depend on the mass
and initial positions of the galaxies; for example, FRP and FG are
dominant for galaxies with mgal = 1010 M� and mgal = 1011 M�,
respectively. To quickly check the effect of FRP, it may suffice to
calculate as

τ1 ∼

(
3
2

mgalv2
)
/(FRP v)

= 1.2 tH ×

(
mgal

1 × 1011 M�

) (
Rint

10 kpc

)−2 ( ne

10−3 cm−3

)−1 ( v
103 km s−1

)−1
,

(9)

where the normalizing electron density, ne = 10−3 cm−3, repre-
sents a typical value averaged within ∼500 kpc. Therefore, the
moving galaxies lose their dynamical energies approximately on
a timescale of ∼tH, when the effect is averaged over a cluster.
Because of the n−1

e dependence, the timescale is expected to get
shorter, to ∼0.1 tH at the cluster core region.

In place of Eq. (9), we may more directly conduct an order-
of-magnitude estimate of the heating luminosity by the ram pres-
sure. We then obtain from Eq. (6)

LRP = NFRPv

= NπR2
intρv3

∼ 6 × 1044
( N

100

) ( Rint

10 kpc

)2 ( ne

10−3 cm−3

) ( v
103 km s−1

)3
erg s−1,

(10)

where N is the total number of infalling galaxies. Of course, this
estimate is essentially equivalent to the combination of Eqs. (3)
and (9). In addition, Eq. (10) reconfirms the more crude estimate
made in Sect. 3.3.1 and Gu et al. (2013b).

3.3.3. How to heat the cluster core

So far, our evaluation of energetics has been based mostly on
cluster-averaged estimates. However, this is obviously insuffi-
cient because the ICM density, and hence the radiative cooling
time too, varies by a few orders of magnitude from the center to
the periphery of each cluster, and the essential problem is how
to deposit sufficient heating luminosity in the core region, where
the ICM most vitally needs to be heated.

To address this important issue, we compare the cooling and
heating rates of ICM, considering their dependence on the 3D
radius R. The ICM cooling rate per unit volume is expressed as

Q− = Λ(T,Z) neni ∼ Λ(T,Z) n2
e , (11)

where ni is the ion density, and Λ(T,Z) is the plasma cooling
function depending on the temperature T and metallicity Z. On
the other hand, Eq. (6) means an ICM volume heating rate as

Q+ = πR2
int ngal ρv3, (12)

where ngal is the local galaxy number density. For reference,
volume integration of this equation reduces to Eq. (10). Then,
assuming R2

int to be constant and using ne ∝ ρ, we obtain

Q+

Q−
∝

ngalρv3

Λ(T,Z) n2
e
∝

(
ngal

ne

)
v3

Λ(T,Z)
· (13)

We now examine this Q+/Q− ratio for its R-dependence.
First, both ngal and ne depend strongly on R, but their gradi-
ents mostly cancel out and leave us with a factor ≤2 higher
ngal/ne ratio at the center than in the periphery, as indicated by
Fig. 2 (left). Next, Λ(T,Z) depends only weakly on R, and is at
most 30 percent higher at the center, when representing the core
region with Tc = 2 keV and 1 solar metallicity, whereas the outre
region with Th = 5 keV and 0.3 solar. Finally, the radial profiles
of v have long been studied optically (e.g., Zhang et al. 2011;
Bilton & Pimbblet 2018). The results vary; a central increase of
v is observed from some clusters, whereas a decrease is observed
from others. In cool-core clusters, our main interest, v generally
increases weakly toward the center (Bilton & Pimbblet 2018).
Considering all these factors, we infer that Q+/Q− is approxi-
mately flat across the cluster, within a factor of a few.

The above inference elicits two remarks. One is the projec-
tion effect, as the spherical velocity profile of v is obviously dif-
ferent from its projected profile to be observed. However, this
effect is considered to be minor as in the deprojection analy-
sis of the ICM temperature. The other is the expected radial
decrease of Rint, due to the inward decrease of the fraction of gas-
richer galaxies. This effect can be taken into account by replac-
ing ngal in Eq. (13) with the number density of blue galaxies, nB

gal.
According to Barkhouse et al. (2009), the ratio nB

gal/ngal becomes
halved at the center, but a 20% increase toward the center is
observed in the ratio vB/v (Bilton & Pimbblet 2018), where vB

is the velocity dispersion of blue galaxies. Thus, Q+/Q− would
still be relatively flat within a factor of a few.

To verify the above estimates, we quantitatively computed
Q+ and Q− based on actual observations. That is, Q− was cal-
culated as a function of R, using the radial profiles of the ICM
density, temperature, and the metallicity, all averaged over the
340 clusters with z = 0.0−0.5 from Gu et al. (2016). Similarly,
in calculating Q+, its hydrodynamical contribution, denoted as
QH

+ , was evaluated using the sample-average profiles of ngal and
ρ also from Gu et al. (2016), and the mean v profile for a sample
of ten cool-core clusters in Bilton & Pimbblet (2018, their Fig. 4,
right panel). Although QH

+ consists of the ram pressure (Eq. (6))
and the viscous friction (Eq. (7)) terms, the latter was neglected
as argued in Sect. 3.3. The largest uncertainty in QH

+ is the value
of Rint, which should depend on the types of galaxies, and pos-
sibly on stages of the infalling process as well. In Fig. 2 (left),
we therefore calculated QH

+ for three typical cases, Rint = 5 kpc,
10 kpc, and 20 kpc. Thus, for a fixed value of Rint, the QH

+ and
Q− profiles indeed depend very similarly on R from the cluster
center to ∼1 Mpc, and the QH

+/Q− ratio is close to unity if Rint is
in between 10 and 20 kpc. We have assumed that all the dynami-
cal energy losses from galaxies are in the end thermalized; if this
is not the case, the QH

+ profile needs to be scaled by the thermal-
ization efficiency.

The g-mode interaction (Eq. (8)) is essential for a complete
view of the heating. Although this process converts the dynam-
ical energy of moving galaxies primarily into those of DM, the
produced fluctuations (both in time and position) of the local
gravitational potential would ultimately be spent in the ICM
heating (via sloshing and similar effects). As the g-mode strength
depends critically on the galaxy mass, we estimated it separately
for two galaxy subsets: low-mass galaxies with mgal ≤ 1011 M�,
and the remaining high-mass galaxies. For each subset, we cal-
culated Eq. (8), again using the mass-sorted average ngal profiles
from Gu et al. (2016) and the v profiles from Bilton & Pimbblet
(2018). The ρtot information, also taken from Gu et al. (2016), is
common to the two subsets. As shown in Fig. 2 (left), the heating
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Fig. 2. Left panel: radial profiles of the volume cooling rate Q− (blue) and the volume heating rate Q+ from hydrodynamical (red; QH
+ ) and g-mode

(orange; QG
+ ) interactions, shown as a function of 3D radius. The shadow region shows the range caused by different hydrodynamical interaction

radii, Rint in Eq. (6). Right panel: comparison between Q− and Q+ = QH
+ + QG

+ , over various 3D radii. The vertical extent of the shadow region
reflects the uncertainty of Rint, as in the left panel. The solid line indicates the exact balance between Q− and Q+.

rate QG
+ from the gravitational interaction, summed over the two

subsets, has a more centrally peaked profile than QH
+ because of

several effects, for example, the more concentrated profile of ρtot
than ρ, and a stronger central clustering of massive galaxies. In
short, the g-mode interaction may contribute significantly to the
heating at the core region, assuming efficient dissipation of DM
fluctuations on the ICM, but much less relevant outside it.

In Fig. 2 (right), we directly compare, at each R, Q− against
the total heating rate, Q+ = QH

+ + QG
+ . Although the uncer-

tainties from Rint are again large, we confirm an approximate
balance between the two quantities. Thus, the galaxy-driven
heating scenario has been shown to be matched very well
with the R-dependent ICM cooling rate, if Rint takes a value
of ∼10 kpc, which is suggested by the observed cosmological
galaxy infall (Sect. 3.2.2; Gu et al. 2016).

The quantitative verification in Fig. 2 may still leave us with
one basic question. The ICM thermal energy in the core region
is far insufficient to sustain the X-ray emission against its short
cooling time; indeed, this motivated the cooling-flow hypothe-
sis. This leads us to the question of how the sustained heating
would be available by the galaxies in the core region, of which
the dynamical energy content must be at most comparable to the
ICM thermal energy therein. The answer can be obtained if we
notice that an appreciable faction of these galaxies must have
larger orbits and happened to be near the center at present, rather
than localized therein. As already considered in the orbital calcu-
lation by Gu et al. (2013a), such a galaxy repeatedly crosses the
core with a typical interval of ∼0.1 tH, and lose, in every cross-
ing, a small fraction (∼10%) of its dynamical energy. Thus, the
heating energy can be supplied by member galaxies which are
distributed over a much larger volume than the cluster core; the
energy budget discussed so far in Sects. 3.2.2 and 3.3 should be
understood in this context.

The essential difference between the dynamical energy of
the galaxies and the ICM thermal energy is that the former
can be transported by the ballistic motions of galaxies on a
timescale of ∼0.1 tH, whereas the latter must be transported via
electron conduction, which would take ∼tH for l ∼ 1 Mpc. In
other words, galaxies are cooled globally because a consid-
erable fraction of the overall galaxies participate in the core

heating, whereas the ICM would be cooled (if no heating) very
locally.

4. ICM turbulence

4.1. Galaxy motion and ICM turbulence

Here we investigate in a semi-quantitative way the behavior of
ICM turbulence, which is expected to play an important role in
the ICM heating from galaxy motion.

4.1.1. Overview

As shown in Sect. 1 and by Hitomi Collaboration (2018a), the
ICM in the Perseus cluster core was revealed by Hitomi to be
amazingly quiet. The observed spatial field of the ICM veloc-
ity dispersion is roughly composed of two components: a flat
field of ∼100 km s−1 spreading on a ∼100 kpc scale and regions
of enhancement to ∼200 km s−1 in the innermost 20 kpc and at
an AGN-inflated bubble. Although the direct AGN feedback
might be responsible for the latter, the origin of the former is
still unclear. Therefore, other possibilities are being explored.
For instance, ZuHone et al. (2018) propose that the turbulence
originates from sloshing motion of the Perseus cool core, in
response to gravitational perturbations by infalling subclusters.
In this model, the gas motion is fully explained by the energy
input from subcluster mergers. A similar scenario was proposed
by Inoue (2014).

In this section, we employ our assumptions D1−D3 to
explore a somewhat different idea that the ICM turbulence is
mainly produced by the galaxy motion. Obviously, the effects
of moving galaxies are less energetic than the mergers, but much
more frequent and ubiquitous. We then try to answer the core
question of the paper concerning whether this scenario is capa-
ble of explaining the essence of the Hitomi measurement.

The dynamical energy of moving galaxies is transferred to
the ICM entropy through at least three channels. One is direct
ICM heating via, for example, anomalous Joule dissipation of
galaxy-induced electric currents. Another is a channel wherein
the energy of the galaxies is first converted to kinetic energies of
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local ICM motions, which are then dissipated as ICM entropy.
The other is an electromagnetic channel, such as amplification
of magnetic fields and excitation of Alfvénic waves; these ener-
gies are transmitted to individual particles, through, for example,
magnetic reconnection and wave damping. Below, we only con-
sider only the second channel, which is thought to be dominant
(Norman & Bryan 1999; Dennis & Chandran 2005).

The local ICM motions induced by galaxies that are moving
with transonic velocities take the form of, for example, sound
waves, vorticity around individual galaxies, and wakes trailing
behind these galaxies (Vijayaraghavan & Ricker 2017), that is,
ICM turbulence. The energy injection to the turbulence would
take place on spatial scales of galaxies, for example, through
a process known as resonant drag instability (Seligman et al.
2019) in which plasma perturbations are enhanced when the
velocity of the galaxy matches the phase velocity of propagat-
ing perturbations (e.g., sound waves in this case). The turbulence
then spreads through the ICM and splits down to smaller scales
via the turbulence cascades. Although the scenario is thus sim-
ple, the details of turbulence in a compressible and magnetized
plasma are rather complicated. Therefore, below we discuss only
general aspects of the problem.

4.1.2. Characterization of the observed turbulence

We begin by comparing four characteristic velocities involved.
The first example is the sound velocity s in the ICM, which takes
a value as

s =

(
2γkT

mp

)1/2

= 1.2 × 103
( T
5 keV

)1/2

km s−1, (14)

where γ = 5/3 is the adiabatic index and the temperature
of T = 5 keV applies to the Perseus cluster (the hot compo-
nent). For simplicity, the plasma is approximated as hydrogenic.
The second example is the velocity dispersion of the galaxies,
denoted as v as before, which is comparable to s as widely rec-
ognized.

The third is the Alfvén velocity, given as

vA =
B

(4πρ)1/2 = 1.0 × 102
(

B
5 µG

) ( ne

10−2 cm3

)
km s−1, (15)

where the magnetic-field intensity B = 5 µG and the ICM density
ne = 10−2 cm−3 used for normalization are both appropriate in
the Perseus core region. The plasma beta, that is, the thermal gas
pressure relative to the magnetic pressure, becomes

β = (2/γ)(s/vA)2 ∼ 170. (16)

The last item is just the ICM turbulence velocity dispersion, σ ∼
160 km s−1 as measured with Hitomi. Therefore, we find

s ∼ v � vA ∼ σ. (17)

In short, the galaxy motion is transonic but super-Alfvénic,
whereas the ICM turbulence is subsonic but trans-Alfvénic. It
is noteworthy that the measured σ is close to the calculated vA.

Because v ∼ s holds, the moving galaxies are not expected
to create strong shocks in the ICM. Because v � vA, neither
do they produce so-called slow shocks (discontinuities in the
slow-mode longitudinal waves) to be realized with sub-Alfvénic
plasma flows. In the regime of Eq. (17), instead, each moving
galaxy bends MFLs and create kinks in them, where thin sheets
of electric currents should be formed. These current sheets are
expected to provide promising sites, where the turbulence and

electromagnetic energies are efficiently dissipated, for example,
via magnetic reconnection and Joule heating.

Under the condition of Eq. (17), the turbulence propagates
through the ICM with two modes: the longitudinal sound waves
and the transverse shear (or torsional) Alfvén waves. Since
s � vA, the magnetosonic velocity

(
s2 + v2

A

)−1/2
is essentially

the same as s. Although MFLs are perturbed by these fluctua-
tions, we do not expect strong entanglement of these fluctuations
because the turbulence is trans-Alfvénic. Therefore, the ordered
MFL structure assumed in S1 should remain valid.

4.1.3. Expected turbulence velocity dispersion

As described in Sect. 4.1.1, we assume that the energy ∆Egal
of Eq. (4) mostly flows through the channel of ICM turbulence
before dissipated into entropy, and that this provides the domi-
nant heating source for the ICM. Then, the energy temporarily
stored at present in the form of ICM turbulence must be a certain
fraction of ∆Egal. As a result, the ICM turbulence velocity dis-
persion σ satisfies 3

2 MICMσ
2 < ∆Egal, where MICM is the total

ICM mass. We hence obtain from Eq. (4),

σ < 320
(

MICM

1013 M�

)−0.5 (
Mcl

1014 M�

)0.5

km s−1. (18)

In short, the turbulence due to the galaxy motion must be sub-
sonic in a rich cluster, in agreement with the Hitomi results.

The above argument can be formulated in a more general-
ized context. If we suppose that the energy of galaxies, Eq. (1),
is transferred, on a timescale of τ1 (Eqs. (2) and (9)), to the
ICM turbulence energy, which in turn is dissipated into entropy
(Zhuravleva et al. 2014) on another timescale τ2. If the overall
energy flow is in an approximate steady state, we should expect

MICMσ
2 ∼ Mgalv2 × (τ2/τ1). (19)

This yields an estimate, averaged over each cluster, as

σ = v

√(
Mgal

MICM

) (
τ2

τ1

)
∼ 550 (τ2/τ1)1/2 km s−1, (20)

where we employed v ∼ 1000 km s−1 after Eq. (14), and
Mgal/MICM ∼ 0.3, which is appropriate for a cluster-averaged
estimate. This is consistent with Eq. (18), if τ2/τ1 . 0.3.

For a further estimate focusing on the core region, we
assume that the turbulence is dissipated on its crossing timescale,
namely, τ2 ∼ ltur/σ, where ltur is the largest driving scale (injec-
tion scale) of the turbulence, which may be taken to be the
length scale of galaxies, lgal ∼ 20 kpc (Zhuravleva et al. 2014,
2018). The general consistency between dissipation and cross-
ing timescales for compressible and subsonic MHD turbulence
has been validated by numerical simulations as reported in, for
example, Haugen et al. (2004). Substituting this into Eq. (20),
and solving it for σ, we obtain

σ ∼ (Mgal/MICM)1/3
c v2/3 (lgal/τ1)1/3

∼ 195
(

Mgal

MICM

)1/3

c

( v
103

)2/3
(

lgal

20 kpc

)1/3 (
τ1

0.1 tH

)1/3

km s−1,

(21)

where we used the estimate τ1 ∼ 0.1 tH, which applies to
the cluster core as noticed just after Eq. (9). The first fac-
tor, (Mgal/MICM)c, is the galaxy-to-ICM mass ratio in the core
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region, which may be taken as ∼1. Thus, the predicted turbu-
lence velocity is fully consistent with the Hitomi measurement,
considering various uncertainties involved in Eq. (21).

From these values of σ, we obtain

τ2 ∼ lgal/σ ∼ 7 × 10−3 tH (22)

in the core region. Therefore, the ICM turbulence therein is
inferred to dissipate on a timescale comparable to the cooling
time at the very center, ∼6 × 10−3 tH. As a corollary to Eq. (22),
we find

τ2/τ1 ∼ 0.07, (23)

which means that about 10% of the dynamical energies of galax-
ies in the core region is stored temporarily as the ICM turbu-
lence energy. Although this value is rather small, as evident from
the Hitomi results, this turbulence energy can sustain the ICM
entropy against the radiative cooling because it is continuously
replenished by a large number of galaxies, some of which have
larger orbits and happened to be in the core region.

4.1.4. Spatial uniformity of turbulence

At this stage, the remaining task is to examine whether the pro-
posed scenario can also explain the observed uniformity of σ,
on spatial scales from ∼20 kpc to ∼100 kpc. We may first con-
sider the uniformity on rather small spatial scales as <20 kpc.
The ICM turbulence created by a single galaxy would only
occupy a limited cluster volume localized around its trajectory.
However, in a massive cluster with numerous galaxies crossing
the core region, their loci, each with a typical width of 20 kpc
(Roediger et al. 2015), fill up nearly the entire core volume in
∼108 yr, which is the timescale on which the turbulence is dis-
sipated according to Eq. (22). Therefore, when averaged for
�108 yr, the ICM turbulence would be rather uniform within the
cluster core region (Subramanian et al. 2006).

We next consider how σ would depend on R on relatively
large scales as >50 kpc. For this purpose, webreak up the argu-
ment in Sect. 3.3.3, and consider the behavior of σ as a quantity
intervening between the heating and cooling. Supposing that Q+

and Q− are approximately balanced as in Fig. 2, the steady-state
condition of the turbulence is then described, from Eq. (12), as

πR2
int ngal ρv3 = Q+ = Q− = ρσ2/τ2, (24)

which yieldsσ2 = πR2
intngalv3τ2 as ρ cancels out. Further approx-

imating both Rint and v as spatially constant, we obtain

σ2 ∝ ngal τ2. (25)

Therefore, the problem reduces to the behavior of τ2.
If the fluid were incompressible, τ2 would depend neither on

the mean fluid density nor the turbulence strength. However, its
behavior becomes different in the ICM, which is clearly com-
pressible. According to a theoretical study by Yoshizawa et al.
(1997), the turbulence dissipation in a compressible and low-
Mach number fluid is a nonlinear phenomenon, so that τ2 gets
shorter asσ increases. For simplicity, we may describe this effect
as τ2 ∝ σ

−k, using an empirical index k > 0. Combining this with
Eq. (25), we obtain

σ ∝
(
ngal

)1/(k+2)
. (26)

If assuming k ∼ 1 (following Eq. (21)), σ would vary by only
a factor of ∼2 over a spatial scale of several hundred kiloparsec,

across which ngal changes by an order of magnitude as in Fig. 1
(left).

In addition to the MHD processes as above, the
infalling massive galaxies can also create the ICM turbulence
by exciting gravity (g-mode) waves (Balbus & Soker 1990;
Ruszkowski & Oh 2011) as in Eq. (8). In this case, the galaxies
pulls, through dynamical friction, the local DM and ICM away
from their original positions, and their restoration by gravity and
sound waves creates a low-frequency oscillation in the ICM. As
the galaxies gradually fall toward the cluster center, the result-
ing g-mode waves also propagate inward and fill the cluster core
volume. Through the same argument as above but using Eq. (8)
instead of Eq. (6), we obtain, in place of Eq. (25),

σ2 ∝ ngal (ρtot/ρ) τ2, (27)

where mgal and v were approximated as constant. Therefore, cor-
responding to Eq. (26), we obtain

σ ∝
[
ngal (ρtot/ρ)

]1/(k+2)
. (28)

As the ratio ρtot/ρ depends only mildly on R, the expected behav-
ior of σ is again similar to the case of Eq. (26). In summary, our
scenario can explain, not only the value of σ, but to some extent
the observed uniformity of σ as well.

4.2. Numerical simulations

Among many numerical simulations of the astrophysics of clus-
ters of galaxies, the effects of magnetic fields on the galaxy ver-
sus ICM interaction have only been addressed by a few stud-
ies, including Asai et al. (2004, 2006, 2007), Dursi & Pfrommer
(2008), and Suzuki et al. (2013). In the MHD framework that
takes into account radiative cooling and anisotropic heat con-
duction, these authors studied interactions between a uniformly
inflowing ICM, and a denser plasma gravitationally confined in
a simulated galaxy. This numerical setup is similar to the con-
dition considered in Sect. 3.3, although their model galaxy is a
kind of intermediate between a cD galaxy and a moving mem-
ber in our scenario. These authors have found several essential
features, including the excitation of MHD turbulence on spatial
scales of the galaxy, formation of loop-shaped cooler regions
around it, and a suppression of radiative cooling. These results
are in support of our scenario.

The g-mode interaction between the member galaxies and
the ICM was studied with a three-dimensional simulation by
Ruszkowski & Oh (2011). Although they treated the ICM in an
MHD scheme, they ignored (magneto-)hydrodynamical interac-
tions between the ICM and galaxies. The gas motion in the sim-
ulated clusters was found to have a velocity of 100−200 km s−1,
which agrees well in with the Hitomi measurements. The cluster-
average gas motion approximately scaled as R−1/2, which is qual-
itatively similar to Eq. (28) assuming ngal ∼ R−(k+2)/2.

Based on the above simulation, Ruszkowski & Oh (2011)
calculated the heating luminosity of the cool core, in a similar
way to those in Sect. 4.1.3, as

Lcc ∼ ρσ3Vcc/ltur = 2 × 1043
( ne

10−2 cm−3

) (
σ

150 km s−1

)3

×

(
Rcc

100 kpc

)3 (
ltur

150 kpc

)−1

erg s−1, (29)

where Vcc and Rcc are the volume and radius of the cool core,
respectively, and ltur ∼ 150 kpc is the typical length scale of
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turbulence they found in their simulations. This ltur is consid-
erably longer than the dissipation length, lgal ∼ 20 kpc, which
we have assumed so far. Consequently, Lcc fell below the cool-
ing luminosity of the CCC of rich clusters (Table 1). If, how-
ever, the MHD interactions between the galaxies and ICM are
properly taken into account, ltur could become much shorter, fopr
example, down to ltur ∼ lgal as we assumed, and hence Lcc could
increase.

In spite of the insufficient heating by Lcc, the runaway
cooling was interestingly suppressed in the simulation of
Ruszkowski & Oh (2011). The authors discuss a possibility of
heat inflow from outer to inner regions via heat conduction
and/or turbulent diffusion (Ruszkowski & Oh 2011). Therefore,
it is suggested that the ICM cooling in the core region is at least
partially offset by such inward heat transport from outer regions.

More recently, the combined MHD and g-model inter-
actions between the ICM and moving galaxies were stud-
ied numerically, with an adaptive-mesh MHD approach, by
Vijayaraghavan & Ricker (2017). Their results (particularly
movies) clearly reveal that each galaxy strongly interacts with
the ICM, deposits cooler ISM onto the intracluster volume,
and produces ICM turbulence on spatial scales of galaxies or
less. Most of the clusters they simulated are mildly turbulent
(σ = 50−300 km s−1) within the central ∼500 kpc. In addi-
tion, the gas motion is volume filling and reasonably isotropic
on large scales. Thus, the work by Vijayaraghavan & Ricker
(2017) can successfully explain the Hitomi measurements in
terms of the galaxy-ICM interaction and provides a convinc-
ing support of our viewpoint. This work also suggests that
the galaxy-ICM interaction systematically amplifies the cluster
magnetic fields and drives magnetic evolution on cosmological
timescales.

4.3. Other observations of ICM turbulence

Except the Hitomi results, successful observations of the ICM
turbulence are so far still rare because of the obvious instru-
mental limitations. The reports are limited to a few observations
using line broadening (Sanders et al. 2010; Pinto et al. 2015),
resonant scattering (Ogorzalek et al. 2017), and surface bright-
ness fluctuations (Zhuravleva et al. 2014) in central regions
of brightest clusters of galaxies. These different approaches
have well converged to a subsonic gas motion with σ =
100−300 km s−1. With the current data, however, it is not possi-
ble to isolate gas motions driven by the galaxy motion from those
due to other excitation mechanisms such as buoyant motions
from the feedback of the central AGN. A full understanding of
the galaxy-ICM interaction needs to wait for dedicated spatially
resolved observations with future high-resolution X-ray spec-
trometers.

Despite the paucity of direct evidence, there are already a
few hints showing turbulence driven by galaxies. Optical and
radio spectroscopic observations detected significant Doppler
broadening in emission lines from the cool gas tails produced
by ram pressure stripping, and the tail turbulence was mea-
sured in a few objects (Vollmer et al. 2006; McDonald et al.
2012). For instance, analyzing H i clouds that are ram pressure-
removed from galaxies in the Virgo cluster, Abramson et al.
(2011) derived the velocity dispersions of the clouds as a few
tens of km s−1 to ∼150 km s−1 (Kenney et al. 2004), which is in
broad agreement with the Hitomi measurement in Perseus. How-
ever, these should be treated as a consistency check, rather than
direct evidence for our scenario, as the physical link between the
tail turbulence and the ICM turbulence is still unclear.

Recently, Eckert et al. (2017) estimated the ICM turbulence
in a sample of 51 clusters, indirectly through ICM density fluc-
tuations, and found that the power of their radio halo depends
depends on the turbulence as Pradio ∝ σ

3.3. This scaling suggests
a possible relation between the turbulent motions in the ICM and
the population of accelerated particles. Then, by extrapolating
the scaling to low-Pradio regimes, we can estimate σ on subclus-
ter scales, assuming that the underlying physics should not be
strongly scale dependent. Based on an Effelsberg 1.4 GHz obser-
vation, Vollmer et al. (2004) detected an extended radio halo of
Pradio ∼ 1 × 1022 W Hz−1 centered on the giant elliptical M 86
in the Virgo cluster, and attributed the results to ongoing inter-
actions between M 86 and the Virgo ICM. Then, the above scal-
ing predicts the radio halo to have σ ∼ 100 km s−1. A similar
extended radio halo is found centered on NGC 4839, which is
a group of galaxies falling into the Coma cluster and emitting
a 1.4 GHz radio power of 8 × 1022 W Hz−1 (Deiss et al. 1997).
The scaling relation predicts σ ∼ 180 km s−1; these estimates
are close to the Hitomi measurement.

To summarize, our scenario, that the mild ICM turbulence
results from the galaxy-ICM interactions, has been supported
from several aspects, including the ability to explain the value
of σ (Sect. 4.1), a few numerical simulations (Sect. 4.2), and
some indirect observations (Sect. 4.3).

5. Discussion

Previous studies of clusters of galaxies, either observational, the-
oretical, or numerical, treated the galaxies and the ICM almost
independently, and interplay between them was considered only
in rather limited aspects such as local stripping of galactic dif-
fuse media. The present study, in contrast, has directly con-
sidered interactions between the high-density and low-entropy
galaxies, and the low-density and high-entropy ICM, that is,
the two major baryonic components of clusters. Thus, adopt-
ing the two sets of simple assumptions (Sects. 2.1 and 2.2), and
considering the (magneto-) hydrodynamic and g-mode effects
(Sect. 3.3), we developed the view that a large amount of energy
flows from galaxies to the ICM, and that this phenomenon ubiq-
uitously affects dynamics, energetics, and evolution of clusters.
As summarized in Table 2, accumulating pieces of evidence
lend supports to our overall scenario. Among these, of partic-
ular importance are the evidences of the cosmological galaxy
infall (Sect. 3.2.2) and the consistency with the Hitomi results
(Sect. 4). Our picture, however, has still two missing or inade-
quate pieces: first, how moving galaxies receive significant drag
force from their host cluster, and second what maintains the ther-
mal stability between the hot ICM and the cool core. Below, we
address these two questions, where the first is a direct continua-
tion from Sect. 3.3.2.

5.1. Force transmission via gravity

Although we thus far argued that moving galaxies experience
a variety of ICM versus ISM interactions, a vital question still
remains concerning how the inflowing ICM exerts drag force
on the stellar and DM components that dominate the mass of
each galaxy. For this purpose, we need to consider the role of
gravity.

The most common form of gravitational interaction is the
dynamical friction between each galaxy and the host cluster
(Eq. (8)). If it is fully responsible for the possible GLIMR or
GNIMR evolution (Sect. 3.2.2) reported in Gu et al. (2013a,
2016), we would naturally expect a mass-dependent radial
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Table 2. Evidence for the proposed scenario.

Evidence Source (∗) Assumptions (†) Section

Ordered structures of the central magnetic fields O S1/S2 Sect. 2.1
Coexistence of discrete plasma phases around cD galaxies O S1/S2/S3/D4 Sect. 2.1
Long-trailing ram pressure tails behind galaxies O/N D2 Sect. 3.3
Metal transport from galaxies and the MMLR profiles O D1/D2 Sect. 3.2.1
Radial distributions of the 3 components in nearby clusters O D1/D2 Sect. 3.2.1
Infall of member galaxies from z = 0.9 to z = 0 O D1/D2 Sect. 3.2.2
A detailed balance between Q− and Q+ C D1/D3 Sect. 3.3.3
Mild turbulence in the ICM O/N D1/D3 Sects. 4.1.3 and 4.2
Spatial uniformity of the ICM turbulence O/N D3 Sects. 4.1.4 and 4.2

Notes. (∗)O = Observation, N = Numerical simulation, C = Calculation/estimation. (†)See Sects. 2.1 and 2.2 for the definition.

segregation of member galaxies (Nath 2008). In addition, galax-
ies in high-ρtot environments would fall faster than those in low-
ρtot systems. However, Gu et al. (2013a, 2016) found that the
GNIMR (or GLIMR) profiles are not much different between
brighter and fainter galaxy subsamples, or between lower-mass
and higher-mass cluster subsamples. Strictly speaking, lower-
mass galaxies are observed to fall to the cluster center somewhat
less rapidly than the average galaxies (Gu et al. 2013a, 2016),
but the difference is limited. It is therefore difficult to attribute
the observed galaxy infall solely to the dynamical friction. This
is consistent with the results presented in Fig. 2.

In this section, we introduce a new recipe for the ICM versus
galaxy interaction, combining the hydrodynamical and gravita-
tional effects. As shown by the numerical work of Roediger et al.
(2015), the ram pressure by the inflowing ICM first strips a
galaxy of its ISM, outside a radius where the ram pressure bal-
ances the gravitational restoration force (Gunn & Gott 1972).
Then, within that radius and toward downstream of the galaxy, a
long-lasting tail is formed by the ISM that survived the stripping.
According to current observations (Sect. 3.1) and numerical sim-
ulations (Roediger et al. 2015), this displaced ISM tail (includ-
ing new stellar populations born therein) is massive enough to
gravitationally pull the whole stellar and DM components of the
galaxy toward downstream, until the tail is fully stripped. In this
way, the ICM can indirectly exert drag force to the nongaseous
components of each moving galaxy.

Employing a simple analytic approach, we quantitatively
examine whether the above idea works or not. The ISM tail
may be approximated by a sphere of radius Rism with a uni-
form mass density ρism, which is displaced just by the same Rism
from the potential center of the galaxy that has a mass of mg.
Then, the gravitational restoration force working on the sphere
is Gmgal

(
4π
3 ρismR3

ism

)
/R2

ism =
(

4π
3

)
GmgalρismRism. Equating this

with the ram pressure πR2
ism ρv2 working on the ISM sphere,

where ρ is the ICM density as before, the critical radius for strip-
ping is obtained as

Rism =
4
3

(
Gmgal

v2

) (
ρism

ρ

)
· (30)

This is close to the stripping radius derived by McCarthy et al.
(2008), based on more realistic distributions of ρtot and ρism.

In the above modeling, the ISM inside Rism is displaced
downward, but is still bound to the galaxy and keeps receiving
the ram pressure and transmitting it via gravity force to all the
components of the galaxy. Therefore, this Rism can be identified
with the interaction radius Rint in Eqs. (6) and (7). Numerically,

we find

Rint ∼ Rism ∼ 6 kpc ×
(

mgal

1 × 1011 M�

) ( v
103 km s−1

)−2 ( nism

10−2

) ( ne

10−3

)−1
,

(31)

where nism is the ISM number density corresponding to ρism
in units of cm−3. This indeed justifies our assumption of
Rint ∼ 10 kpc, employed when calculating the heating ver-
sus cooling balance in Fig. 2. Furthermore, the assumed ISM
mass within Rism is Mism =

(
4π
3

)
R3

ism ρism ∼ 1 × 108 M� ×
(R/6 kpc)3(nism/10−2). This is only ∼0.1% of the assumed
galaxy mass and would apply even to elliptical galaxies. Ellip-
tical galaxies residing in a cluster core region may have a lower
value of nism, but then the dynamical friction supersedes. Over-
all, the ram pressure effect on a member galaxy closely resem-
bles the drag force exerted on a smooth solid body placed in a
flowing fluid.

Equation (30) implies that Rism scales with mgal, as a simple
consequence of larger binding energies in more massive galax-
ies. Then, like the dynamical friction case, this might appear
to predict a strong mgal dependence of the cosmological galaxy
infall and contradict to the results of Gu et al. (2013a, 2016).
However, the estimated Rism is already close to the size of galax-
ies, so it would not increase very much even for more massive
galaxies. Furthermore, galaxies with smaller mgal, mostly spirals,
would have higher nism, which would partially compensate for
the lower mgal. Therefore, we expect relatively weak mgal depen-
dence of the proposed ICM versus galaxy interaction mecha-
nism, which agrees with the actual observations.

While the above estimate only assumes the hydrodynami-
cal effect, in reality we need to take into account the magnetic
fields both in the ICM and galactic ISM. For example, MHD
simulations of the ram pressure interactions by Ruszkowski et al.
(2014) and Shin & Ruszkowski (2014) show a compression of
upstream galactic magnetic fields that are exposed to the incom-
ing ICM flow. The consequent smaller gyroradius makes it even
harder for the ICM particles to flow through interstellar space.
Furthermore, MFLs in the ICM could be draped around each
moving galaxy (Vijayaraghavan & Ricker 2017) and effectively
increase Rint.

5.2. Temperature and thermal stability of the CCC

Although we have thus far assumed the core-region ICM to be
homogeneous, in reality we need to consider the 2P structure
found therein (Sect. 2.1), consisting of the hot phase and the
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cool phase (i.e., CCC). As postulated in our static assumptions,
the two phases are likely to be thermally insulated by MFLs, and
intermixed on spatial scales of ∼10 kpc in an approximate pres-
sure equilibrium. These 2P regions of typical clusters still domi-
nate by the hot phase and the CCC occupies only a small (<20%)
fraction of the volume (Ikebe et al. 1999; Takahashi et al. 2009;
Gu et al. 2012) except the central a few tens kiloparsec where
the cD galaxy dominates. Therefore, the heating luminosity Q+

in Fig. 2 must be deposited mainly on the hot phase and the gen-
erated heat is carried along MFLs by the electron conduction
and turbulence propagation on timescales of 106 years (Gu et al.
2012) and Eq. (22), respectively. As a result, the hot phase
becomes isothermal throughout the core region, as confirmed by
observations (Ikebe et al. 1999; Takahashi et al. 2009; Gu et al.
2012).

Although the electron conduction would not work between
the two phases, the ICM turbulence excited in the hot phase
by galaxies perturbs, from outside, the magnetic flux tubes that
confine the CCC (see Eqs. (16) and (17)). The turbulence can
hence propagate from the hot phase into the cool phase across the
MFLs to be dissipated efficiently on the CCC, which has a higher
density. In addition, sometimes galaxies would pass through the
cool phase, directly excite the turbulence therein, and disturb
the magnetospheric structure. These processes are considered to
provide the CCC with the necessary heating luminosity.

Two immediate questions are how Q+ is divided into the
two phases so as to match their respective X-ray luminosities
and how the 2P configuration is kept thermally stable for much
longer than the nominal cooling time. These related questions
stem from the fact that the volume cooling rate of a plasma is
proportional to n2

e as in Eq. (11), whereas the rate of any heating
mechanism would be proportional to ne (e.g., Eq. (12)). Then,
if the energy deposit on the cool phase is lower than its X-ray
output luminosity, the cool phase would lose pressure, be com-
pressed to become denser, and would cool more rapidly. The
cool phase would collapse in ∼0.1 tH or shorter. This is virtually
identical to the initial cooling-flow problem.

The assumption S3 made in Sect. 2.1 helps us to avoid
the above difficulty because the CCC confined within thin
magnetic flux tubes can be made thermally stable (Paper I;
Takahashi et al. 2009; Gu et al. 2013b), by so-called RTV mech-
anism as quoted in our assumption D4. Originally proposed
for solar coronae by Rosner et al. (1978), it was improved by
Aschwanden & Schrijver (2002), and confirmed in actual obser-
vations with the Solar Observatory Yohkoh (Kano & Tsuneta
1996). This mechanism assumes that a plasma is (1) confined by
some external pressure, (2) within a thin magnetic loop, (3) in a
hydrostatic equilibrium, and (4) is heated from outside. The con-
ditions (1), (2), and (4) are satisfied by our CCC view. The con-
dition (3) is also likely to hold because the filamentary structures
in the Perseus and Centaurus clusters have constant internal pres-
sures (Fabian et al. 2005; Sanders et al. 2016), so the momentum
flows through the filaments are considered rather small.

The RTV mechanism further postulates that the plasma
within the tube is cooled by the X-ray radiation, and by MFL-
aligned classical heat conduction toward the two footpoints.
Then, if the cooling overwhelms the heating, the tube becomes
thinner because of the reduced internal pressure, so the con-
ductive flux along the tube decreases. In addition, a part of
the plasma flows into the footprints to reduce the radiative out-
put. Thus, the CCC achieves a new equilibrium with a reduced
cooling luminosity, while the plasma temperature remains rather
unchanged. Conversely, when the heating overcomes the cool-
ing, the magnetic tubes expand, and additional plasma is

supplied by the cD galaxy into the tubes. These lead to a higher
radiative and conductive cooling, which balances the excess
heating. The CCC thus responds to variations in the heating
luminosity, by adjusting its X-ray radiative output, rather than
changing the temperature. As a result, the 2T configuration keeps
the required thermal stability.

In addition to the above evaluation, we have more quantita-
tive support indicating that the RTV mechanism is working in
cD clusters. The RTV theory predicts a scaling law: the temper-
ature inside the magnetic loops is determined by the loop half
length H and the confining pressure p0 (the hot phase pressure
in the present case), without depending on the heating or cooling
luminosity (Rosner et al. 1978; Aschwanden & Schrijver 2002).
Then, according to Takahashi et al. (2009) and Gu et al. (2012),
the maximum temperature of the plasma confined within a cool-
core-sized magnetic loop is predicted as

T max
c = (2.0 − 2.5)

[( p0

10−10

) ( H
30 kpc

)]1/3

keV, (32)

where p0 is in units of dyn cm−2. Considering that this T max
c

refers to the loop-top temperature, and the volume-averaged loop
interior must be somewhat cooler (Gu et al. 2012), the aver-
age CCC temperature is expected to be 1−2 keV, in very good
agreement with what is observed from typical cool core clusters.
Further considering the hot phase properties, Takahashi et al.
(2009) derived a theoretical scaling relation as Tc ∝ T 3/4

h , which
can approximately reproduce the empirical scaling relation of
Tc = (0.4−0.6) Th (Allen et al. 2001; Kaastra et al. 2004). These
results strongly support to our assumption D4 because no other
convincing explanation has ever been given either to the value of
Tc or its dependence on Th.

5.3. Outlook: XRISM and Athena

The X-Ray Imaging and Spectroscopy Mission (XRISM; to be
launched in 2022), planned as a successor to Hitomi, carries
an X-ray micro-calorimeter that is nearly identical to that on
Hitomi. Beyond that, we can look forward to Athena
(Nandra et al. 2013, early 2030s) with even higher spectral reso-
lution and better sensitivity. These future X-ray missions extend
the innovative Hitomi results on the Perseus cluster to many
other systems, and provide breakthroughs in our understanding
of the thermal evolution of the ICM. As noted in the XRISM
mission concept paper (Tashiro et al. 2018), the scenario of ICM
heating from galaxy motion becomes one of the feasible alterna-
tives (but not necessarily mutually exclusive) to the AGN heat-
ing model, to be tested using XRISM. We describe these future
prospects in two relevant aspects.

5.3.1. Galaxy-ICM coupling

Our scenario predicts that a fast-moving bright galaxy partially
drags the local ICM around it. This prediction can be tested, in
principle, by comparing the local X-ray redshifts around bright
member galaxies with their optical line-of-sight peculiar motions
(e.g., Wittmann et al. 2019).

One of the best efforts to detect the above effect, using
the X-ray CCD, was made by Tamura et al. (2014) for the
Perseus cluster. By analyzing the well-calibrated Suzaku Fe-K
data, the authors determined the radial velocities of the ICM in
a spatial mesh of ∼50−100 kpc over a central 600 kpc region,
with an instrumental systematic uncertainty of ∼300 km s−1, and
compared the ICM motion with the optically measure galaxy

A138, page 13 of 15



A&A 638, A138 (2020)

Right Ascension

2 12:27:00.0 26:00.0 25:00.0

1
0

:0
0

.0
1

3
:0

0
:0

0
.0

5
0

:0
0

.0
1

2
:4

0
:0

0
.0 NGC 4388

M84

M86

upstream

downstream

tail

D
e

c
lin

a
ti
o

n

       1.01     1.02        1.01     1.02  (keV)

upstream

downstream

F
lu

x
 (

a
rb

it
ra

ry
)

Ne X + Fe XXIII

XRISM Athena

Fig. 3. Image by ROSAT of M 86 region. The approximate direction
of M 86 motion is denoted by a black arrow. The green boxes show the
field of views of the simulated XRISM/Athena spectra for the upstream,
tail, and downstream regions. Inset: simulated XRISM (left, 400 ks)
and Athena (right, 30 ks) spectra of a narrow band around the blended
Nex and Fexxiii lines at 1.017 keV. The turbulence in the down-
stream region (red) is assumed to be 565 km s−1, higher than that in the
upstream region (black) by ∆σ = 400 km s−1.

velocities. Despite the limited energy resolution of CCD, their
work discovered a mild positive correlation between the two
components in their line-of-sight motions. Similarly, a tenta-
tive correlation has been reported by Yu et al. (2016) for A 85.
The Hitomi spectrum has the sufficient energy resolution to
determine the ICM bulk motion within a few tens km s−1

(Hitomi Collaboration 2018a), but the observed region was too
small to cover a sufficient number of non-cD galaxies in Perseus.

To finally verify the possible galaxy-ICM coupling, it is
essential to map the ICM motion accurately over a large area.
We hence simulated a mosaic XRISM observation of the Perseus
cluster based on the Suzaku measurement by Tamura et al.
(2014). The XRISM spectra were simulated for ∼80 pointings,
using the temperature and density profiles in Zhuravleva et al.
(2014) and the abundance profile in Werner et al. (2013). A sys-
tematic uncertainty by 1 eV, arising from gain calibration limita-
tions, was taken into account. Even with a short 30 ks exposure
for each pointing, we confirmed that the XRISM spectrum can
determine the ICM Doppler redshift within ∼50 km s−1, up to a
large radius of 600 kpc from the cD galaxy. By comparing the
X-ray data from ∼80 pointings with the existing optical survey
data (e.g., Huchra et al. 1995, 2012), we expect we can derive a
meaningful answer to the prediction.

5.3.2. Ram pressure

As described in Sect. 4, we expect that the ram pressure and
the related MHD effects are at least partially responsible for
the observed turbulence in the cluster central region. This sce-
nario is supported by some of the latest simulations (e.g., Fig. 5
of Roediger et al. 2015; Vijayaraghavan & Ricker 2017), which
show that both the stripped ISM and downstream ICM are per-
turbed by the ram pressure effect to become more turbulent.

The micro-calorimeters on board the upcoming XRISM and
Athena missions provide the first direct test to the above predic-
tions. In this work, we show a simulation of the expected results
for a candidate target, M 86, which is a nearby elliptical galaxy
falling into the Virgo cluster with a line-of-sight impact veloc-
ity of ∼1500 km s−1. This galaxy hosts the brightest ram pres-
sure tail in X-ray and Hα, with a length of ∼150 kpc in projec-
tion. High-resolution X-ray spectra of the upstream, tail, and the
downstream regions (see Fig. 3 for their rough locations) enable
us to search for possible turbulence caused by M 86, and to con-
strain its energy injection to the ICM. The simulation employs
the temperature, abundances, and emission measures of the M 86
ISM, as well as of the surrounding Virgo ICM, as measured
with Suzaku (Hishi et al. 2017). Assuming that the turbulence
is 165 km s−1 (Hitomi Collaboration 2016) at the upstream, and
is boosted by ∆σ = 400 km s−1 at the tail and downstream,
the enhancement would be detected with XRISM if we invested
rather long exposures, ∼400 ks at the upstream and downstream,
and 100 ks at the tail. With Athena, a much reasonable expo-
sure of ∼20−30 ks each region would be sufficient to detect the
turbulence enhancement at the 3σ confidence level. For lower
contrast, for example, for ∆σ = 200 km s−1, a longer exposure
will be needed; 1 Ms with XRISM and 60 ks with Athena.

6. Summary

Based on a number of data-oriented X-ray studies, and by adopt-
ing simple assumptions on the static and dynamical aspects, we
develop a physical model that involves the member galaxies
to interact with the cluster environment (particularly the ICM)
through ram pressure, g-mode, and other MHD effects. As a
result, a large amount of energy is expected to flow from the
moving galaxies into the ICM, first in a form of turbulence,
which then dissipates into heat that may significantly offset the
long-term radiative cooling of the ICM. The evidence of cosmo-
logical infall of member galaxies, which is a natural consequence
of the above view, has been found in previous works. Our sce-
nario is also well in line with the recent Hitomi result because
the galaxy-ICM interaction predicts a mild subsonic turbulence
with a good spatial uniformity, just as observed with Hitomi. We
speculate that the galaxy-ICM interaction might be universally
present across the cluster field, creating a significant and persis-
tent energy flow in the present Universe.
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