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Abstract

Dynamical effects of dark matter sub-halos (optically observed as member galaxies) on the central
object (optically observed as a cD galaxy) in a cD cluster of galaxies are studied and the central object is
suggested to move around the cluster center with a velocity of about 107 cm s−1. Then, effects of radiative
cooling on hot plasma when the central object moves relatively to the hot plasma are investigated. It
is found that the cooling flow would be excited only when the radiative cooling time is shorter than
the plasma passage time across the central object. Geometrically, only the plasma flowing to the central
object with the impact parameter less than a critical one is trapped by the central object and falls onto the
central object as the cooling flow. This transverse cooling flow scenario well explains several observational
evidences when the relative velocity is roughly 107 cm s−1.
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1. Introduction

From Einstein observations, clusters of galaxies having
small core radii were found to show excess soft X-ray
emissions around the central cD galaxies (Jones and For-
man 1984). A simple estimation indicates that the cen-
tral density of the cD clusters is so high for the hot
plasma to radiatively cool down within the age of the
cluster. The cooling gas was considered to flow inward
to maintain a hydrostatic equilibrium with overlying gas,
that is a cooling flow hypothesis (Fabian et al. 1984).

The central excess emission was carefully and exten-
sively studied with ASCA but the results do not sim-
ply favor the cooling flow hypothesis (Makishima et al.
2001 and references therein). High resolution X-ray spec-
troscopic observations with XMM-Newton further found
that temperature of the hot plasma decreases toward the
center but the cooling stops at a certain temperature
higher than what the hypothesis predicts (e.g. Tamura
et al. 2001).

These observations suggest presence of some heating
mechanism at the center of cD clusters. Several possibil-
ities have been proposed for the heating processes (e.g.
Peterson and Fabian 2006, and references therein), but
there still remains a difficulty on how to regulate the
heating rate just to prevent from a cooling catastrophe.

2. Assumptions on constituents of a cD cluster of galaxies

and their properties

In this paper, we consider a cD cluster of galaxies which
is constituted by (1) a dark matter halo filling the intra-
cluster space, (2) a central object which is optically ob-
served as a cD galaxy but is a self-gravitationally bound
system mostly of dark matter, (3) substructure halos of
dark matter (sub-halos) moving around the intra-cluster
space, each of which is self-gravitationally bound and
is optically observed as a member galaxy, and (4) hot
plasma filling the inter-galactic space.

Reiprich and Boehringer (2002) derived several physi-
cal parameters by fitting the isothermal β model to each
of X-ray surface brightness distributions of 106 clusters
of galaxies. Among them, 20 clusters are cD type clusters
defined by Fukazawa et al. (2000) and we have calculated
the average values of the 20 clusters as the typical values
for the present study.

2.1. Overall dark matter distribution

We divide the intracluster space into two regions, the
central region and the outer region, hereafter. In the
outer region, the gravitational force by the dark matter
consisting of both the halo and the substructure halos
is dominant over that from the central object, while the
relation is opposite in the central region.

We then assume that the density of the dark matter
is given in the outer region with the NFW distribution
(Navarro et al. 1996). Whereas, that in the central re-
gion is assumed to be constant, ρDM,C, since the central
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object is suggested to move around in the central region
and drag the ambient dark matter as shown later.

The integrated mass of the dark matter within r,
MDM(r), is calculated from these density distributions.
MDM,T ≃ 7 × 1014 M⊙ is used as the total dark matter
mass.

2.2. Gravitational field of the central object

Makishima et al. (2001) obtained the gravitational
masses of cD galaxies for some cD clusters and they dis-
tribute around ∼ 1013 M⊙. Hence, we use MCO,T ≃
1 × 1013M⊙, as the typical value for the total mass of
the central object.

We assume the density profile of the central object
to be the Hernquist profile, and calculate the integrated
mass within r, MCO(r).

The boundary radius, RB, between the central region
and the outer region is determined by

MDM(RB) = MCO(RB), (1)

and is calculated to be ∼ 70 kpc for typical parameter
values.

2.3. Integrated number distribution of substructure halos

The mass of the Milky Way halo estimated to be about
1 × 1012 M⊙ (Wilkinson and Evans 1999) is used as the
typical sub-halo mass, MSH.

By considering the total sub-halo mass to be a little
more than 10% of the total dark matter mass (e.g. Ghina
et al. 1998, 2000), the total number of the sub-halos,
NSH,T, and the total mass of the sub-halos, MSH,T, in a
cluster are assumed to be 100 and 1 × 1014M⊙.

On a simplification that every sub-halos has the same
mass, MSH, we assume that the number of the sub-halos
distributes with the King distribution. The integrated
number of the sub-halos within r, NSH(r), is obtained
from the number density distribution.

2.4. Number density distribution of hot plasma

Under an isothermal approximation, the number density
distribution of the hot plasma, nHP(r), is obtained from
the hydrostatic equation under the gravitational poten-
tials of the dark matter halo and the central object. We
use T0 ≃ 5 × 107 K, with referring to the average value
of the 20 cD clusters.

The number density distribution is normalized so as
for the total X-ray luminosity to be 1 ×1045 erg/sec,
which is again the average value of the 20 cD clusters.
Then, we obtain the total mass of the hot plasma as
MHP,T ≃ 1 × 1014M⊙.

3. Dynamical effect of a passage of the nearest sub-halo

on the central object

The sub-halos move around the intra-cluster space, and
the innermost one should give the largest dynamical ef-
fect on the central object.

Let us define RSH,1 to be a radius of a sphere within
which only one sub-halo exists around the cluster center
on average, and it is given by an equation,

NSH(RSH,1) = 1. (2)

Then, we have RSH,1 ≃ 80 kpc, for typical parameter
values. Within RSH,1, the central object receives a grav-
itational force mainly from the innermost sub-halo. We
neglect the forces from sub-halos other than the inner-
most one, for simplicity.

We consider a case that a sub-halo with a mass, MSH,
comes with a velocity, v0, in a spheric region with a
radius, RSH,1 around the central object with a mass,
MCO,T. After several calculations on a point-mass ap-
proximation, the averaged energy input rate to the cen-
tral object is obtained as

dE

dt

∣∣∣∣
SH−CO

= MCO,T
(GMSH)2

(1 − 2ν)R3
SH,1v0

⟨
cos θ

sin2 θ

⟩
(1 − MCO

MSH

u2
0

v20
), (3)

where ν ≡ [(MCO + MSH)/MCO][GMCO/(RSH,1v
2
0)]. θ

is an incident angle of the innermost sub-halo from the
radial direction at RSH,1 on the orbital plane.

As a result of the sub-halo passage by the central ob-
ject, the central object starts moving even if it quietly
sits at the center initially. As seen in equation (3), this
energy increase of the random motion will continue un-
til the velocity, u0 reaches to

√
MSH/MCOv0, unless a

suppressing mechanism exists. In the present situation,
however, dynamical frictions by the ambient dark matter
halo would suppress the velocity-increase.

We approximately obtain the dynamical friction force
on the central object by the ambient dark matter in case
of u0 ≪ v0, FDM−CO, from the formula in Binney et al.
(2008). The energy flow rate from the central object to
the ambient halo dark matter, dE/dt|CO−DM is given as

dE

dt

∣∣∣∣
CO−DM

≃ FCO−DM u0. (4)

The final velocity of the central object is given
by equating equations (3) and (4). When u0 ≪√
MSH/MCOv0, we get u0 ≃ 1.3×107 cm s−1, for typical

parameter values.

4. Transverse cooling flow across the central object

Now, we discuss dynamical interaction between the cen-
tral object and the ambient hot plasma under the situ-
ation that the central object moves relatively to the hot
plasma with the velocity, u0.

Let us consider a column-like region around the cen-
tral object in the rest frame of the central object and a
situation that an amount of hot plasma comes into this
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Fig. 1. Schematic diagram of the cooling region around the central
object, when the central object has a relative velocity to the ambi-
ent hot plasma. The plasma, flowing in the cooling region with an
impact parameter smaller than a critical value, would be trapped
by the gravitational field of the central object (see the text).

region from one end and goes out from the other end.
We call this region as the cooling region. The schematic
diagram of the cooling region is shown in figure 1.

We introduce the half length of this region with zC
and set the distances to the in-flow end and to the out-
flow end from the center of the central object, zin and
zout, as zin = zout = zC. We further express the density,
temperature, velocity and cross section of the hot plasma
in the cooling region at zin with ρin, Tin, win and Sin, and
those at rout with ρout, wout, Tout and Sout, respectively.
We set zC = 30 kpc (see Inoue 2014).

We assume that the density and temperature at the
in-flow end are given with the density distribution and T0

introduced in section 2.4, and that the in-flow velocity is
just the velocity of the central object in the cluster rest
frame, namely win = u0.

The continuity equation gives

ρinwinSin = ρoutwoutSout. (5)

On an assumption that the flow velocity is sufficiently
sub-sonic, there should be no significant pressure gradi-
ent along a circle around the central object. Hence the
following equation holds,

ρout ≃
Tin

Tout
ρin. (6)

During the hot plasma passage through the cooling
region, the plasma is subject to radiative cooling. Since
the radiative cooling rate is proportional to the density
square, we approximate the total cooling rate of the cool-
ing region with help of equation (6) as

dE

dt

∣∣∣∣
Rad

≃ dE

dt

∣∣∣∣
Rad,0

1

2
[1 + α(

Tin

Tout
)2], (7)

where dE/dt|Rad,0 =
∫
n2
HP(r)ΛdV , which is the cool-

ing rate in terms of the original density profile before
cooling, nHP(r) given in section 2.4. Λ is the cooling
function at T0. Here, the volume integration is done for
a simple column. We have approximated that the half
of the region on the up-stream side is just a isothermal
column, while the other half is subject to the radiative
cooling and the shape deviates from the simple column
due to the gravitational attraction by the central object.
The parameter α represents deviations from the simple
column.

On the other hand, a difference between the energy
flow rate at the entrance of the cooling region and that
at the exit should correspond to the radiative cooling
rate of the cooling region. Thus, we have the following
equation as

dE

dt

∣∣∣∣
Rad

≃ dE

dt

∣∣∣∣
in

[1 − Tout

Tin
], (8)

where dE/dt|in = ρinwinSin5kTin/mH.

By equating equations (7) and (8), we get

τ3 − (1 − ε

2
)τ2 +

ε

2
α = 0, (9)

where τ ≡ Tout/Tin and ε ≡ (dE/dT |Rad,0)/(dE/dt|in).
A condition on the parameter ε for equation (9) to have
a solution in the range of 0 ≤ τ ≤ 1 is found that ε
cannot be larger than εmax, where

εmax ≃ 1 +
9

4
α−

√
(1 +

9

4
α)2 − 4

3
. (10)

The value of ε is calculated as a function of b, which
is the radius of the entrance end of the cooling region.
ε is plotted against b in figure 2. The value of εmax in
a cases of α = 0.5 is also indicated. We find that there
is no solution of equation (9) when b is smaller than
some critical value, bC. This is considered to mean that
in the cooling region with a radius of the entrance side
smaller than the critical value, the radiative cooling is so
efficient for the energy of the flowing matter to become
insufficient to escape from the gravitational potential of
the central object. Thus, in the cooling region with such
a small entrance-radius, the flowing matter would stop
somewhere in the downstream side of the cooling region
and finally fall onto the central object.

In the region with b > bC, ε decreases as b increases
as seen in figure 2. Then, as ε decreases from εmax, the
ratio of Tmin to Tin, τ , increases toward unity from that
at the critical radius, τ0, which is estimated as τ0 = 0.53,
when α = 0.5. Thus, the minimum temperature in the
region with b > bC is about a half of the ambient plasma
temperature.
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Fig. 2. ε, the ratio of dE/dt|Rad,0 to dE/dt|in as a function of the
outermost radius of the up-stream side of the cooling region in
case of u0 = 107 cm s−1. A horizontal line is the maximum
values of ε for the steady flow of the plasma through the cooling
region to exist in the case of u0 = 107 cm s−1 and α = 0.5,
where α represents the degree of the shrinkage of the cooling re-
gion along the flow. When ε > εmax, namely, b is smaller than
a critical value, the steady flow does not exist and the plasma
is considered to be trapped by the gravitational field of the cen-
tral object, becoming the cooling flow towards the central object.
Two thick dashed lines correspond to cases with the velocities of
5 × 106 cm s−1 and 2 × 107 cm s−1. By comparing the solid
and dashed lines, we see that the effect of the radiative cooling
becomes smaller as the flow velocity increases.

5. Discussions

We have first studied whether this central object quietly
sits at the cluster center, or not.

If the central object sits at the center and dark matter
halo distributes around the center spherically symmet-
rically, all the gravitational forces from the dark mat-
ter halo on the central object are canceled to be zero.
There would, however, remain effects from nearby sub-
halos since they discretely distributes around the central
object. In particular, the effect from the nearest sub-
halo should be the largest. Since the innermost sub-halo
comes close to the central object from random directions
one by one, the central object is pulled to various direc-
tions randomly every close encounters and would tend to
exhibit a wandering motion in the central region. The
energy flow rate from the nearest sub-halo to the central
object is roughly estimated and found that this energy
flow is considered to be towards an equipartition of ki-
netic energy between them.

By balancing the energy flow rate from the closest sub-
halo to the central object through the successive close en-
counters and that from the central object to the ambient
hot plasma through the dynamical friction, the average
velocity of the central object is ∼ 107 cm s−1.

We have secondly investigated what happens to the
hot plasma when the central object moves relatively to
the ambient hot plasma.

The result shows that when the relative velocity is
much larger than 107 cm s−1, no cooling flow towards

the central object practically happens (for the velocity
dependence on the effect of the radiative cooling see fig-
ure 2). When the velocity is around 107, a suppressed
cooling flow would appear. In this situation, the cool-
ing flow should not be isotropic but be elongated along
the plasma flow across the central object. Because of
its elongation, the cooling flow could be called as the
transverse cooling flow. When the velocity is much less
107 cm s−1, a canonical (spherical) cooling flow would
be realized.

This scenario predicts presence of a bifurcation of the
plasma flow to one steadily passing by and the other
falling to the central object. This explains the obser-
vational co-existence of hot and cool components in the
central region of the cD clusters (Makishima et al. 2001).

In the steady flow region, there should be the min-
imum in the temperature, which is about a half of the
ambient one. This also agrees with the observations (Pe-
terson et al. 2003).

As seen above, the present scenario explains a
number of observational facts, reasonably and semi-
quantitatively. An important conclusion of the present
study is that if the central object moves with a veloc-
ity no less than ∼ 107 cm s−1 relative to the ambient
hot plasma, a cooling catastrophe could be suppressed
from such a large level as the original cooling flow model
predicts, without any heating mechanisms.

Since the central object is, then, considered to wan-
der in the central region, the hot plasma, other than the
cooling flow component onto the central object, would
be stirred and be cooled down with the averaged cooling
rate over the central region. In fact, the observed tem-
perature profile around this radius commonly shows the
gradual temperature decrease towards the center. Ob-
viously, we would still need to take account of effects of
heating from AGN activities or others on the study of
the overall evolution of the cluster cool cores.

For details of this study, see Inoue (2014).
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