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銀河団のプラズマの物理量
大きさ : 数Mpc

温度 : 107-108 K

電子数密度 : 0.001 cm-3

磁場 : 10-7-10-6G

質量 : 銀河団の総質量(~1014M◉)の10%程度
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熱伝導のタイムスケール
銀河団プラズマ中に温度差があった場合に、熱伝導に
よって温度差がならされるタイムスケール

せいぜい10Myrのオーダー 

===>あんな温度差が観測されるのはなぜ？
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ABSTRACT

Steep gradients of temperature and density, called cold fronts, are observed by Chandra in a leading edge of sub-
clusters moving through the intracluster medium (ICM). The presence of cold fronts indicates that thermal conduction
across the front is suppressed by magnetic fields. We carried out three-dimensional magnetohydrodynamic (MHD)
simulations including anisotropic thermal conduction of a subcluster moving through a magnetically turbulent ICM.
We found that turbulent magnetic fields are stretched and amplified by shear flows along the interface between the
subcluster and the ambient ICM. Since magnetic fields reduce the efficiency of thermal conduction across the front,
the cold front survives for at least 1 Gyr. We also found that a moving subcluster works as an amplifier of magnetic
fields. Numerical results indicate that stretched turbulent magnetic fields accumulate behind the subcluster and are
further amplified by vortex motions. The moving subcluster creates a long tail of ordered magnetic fields, in which
the magnetic field strength attains a value of ! ¼ Pgas /PmagP10.

Subject headinggs: conduction — galaxies: magnetic fields — intergalactic medium — MHD —
X-rays: galaxies: clusters

1. INTRODUCTION

X-ray observations of clusters of galaxies by ASCA revealed
complex temperature distributions in the intracluster medium
(ICM), in which hot and cool plasma coexist (e.g., the Perseus
Cluster; Arnaud et al. 1994; Furusho et al. 2001). Sharp dis-
continuities of density and temperature in the ICM, called cold
fronts, were found by high spatial resolution observations by
Chandra (Markevitch et al. 2000; Vikhlinin et al. 2001b). Cold
fronts manifest the coexistence of hot and cool plasma in clusters
of galaxies. They provide a key to understand thermal properties
of the ICM.

Cold fronts in merging clusters such as A2142, A3667, and
1E 0657"56 result from merging. When a subcluster is moving
in the ICM, a sharp boundary is formed between the subcluster
and the ambient hot ICM in the head of the subcluster because the
cold plasma confined by the subcluster is subjected to ram pres-
sure. The cold fronts are not shock fronts, because the Chandra
images of the X-ray surface brightness show that the tempera-
ture decreases on the denser side. A3667 has a clear, large-scale
(#500 kpc), arc-shaped cold front that shows a steep gradient of
the X-ray surface brightness and temperature. The temperature
decreases toward the denser part from 8 to 4 keV within 5 kpc.
This thickness of the front is 2Y3 times smaller than the Coulomb
mean free path (Vikhlinin et al. 2001b).

A question that needs to be answered is how the temperature
gradient is created and sustained in the ICM,which typically has a
high Spitzer conductivity, "Sp ¼ 5 ; 10"7T 5=2 erg s"1 cm"1 K"1

(Spitzer 1962). Thermal conduction rapidly smooths such a steep
gradient (e.g., Takahara & Ikeuchi 1977). The time required for

heat to diffuse by conduction across a length L in the ICM is
roughly given by

#Sp #
$L2

"Sp
# 107

n

10"3 cm"3

L

100 kpc

! "2
kT

5 keV

! ""5=2

yr;

where $ is the density. Ettori & Fabian (2000) and Markevitch
et al. (2003) estimated that the effective thermal conduction is at
least an order of magnitude lower than the Spitzer value. This
suggests that the thermal conduction across the front is sup-
pressed by magnetic fields parallel to the front (Vikhlinin et al.
2001b). Vikhlinin et al. (2001a) suggested that ordered magnetic
fields are formed in front of the subcluster, because small-scale
turbulent magnetic fields are compressed and stretched along the
front ahead of the subcluster by its motion. Typical clusters of gal-
axies possess magnetic fields of#%G (e.g., Kronberg 1994; Carilli
& Taylor 2002). Johnston-Hollitt (2004) reported that 1Y2 %G
fields, tangled on the 100 kpc scale, pervade the central region
of A3667. When magnetic fields exist, the characteristic scale of
the heat exchange across the field lines is reduced significantly to
theLarmor radius, rL # 2500 B/1%Gð Þ"1 T /5 keVð Þ1=2 km, in com-
parison with nonmagnetized ICM. Intracluster magnetic fields
play a crucial role for thermal conduction even if the magnetic
pressure is lower than the gas pressure.
A number of authors have reported that cold fronts were re-

produced in numerical simulations as a result of amerging process
(e.g., Bialek et al. 2002; Nagai & Kravtsov 2003; Heinz et al.
2003; Acreman et al. 2003; Takizawa 2005). In these simula-
tions, however, magnetic fields and thermal conduction were not
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磁場による熱伝導抑制
荷電粒子はを磁力線を横切れず熱伝導が抑制される。
磁力線方向には熱を伝導させることができる。
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というわけで...
◉磁場に平行方向の熱伝導を考慮した3次元MHD数値実験
◉希薄・高温・乱流磁場を持つ銀河団プラズマ中を、
高密・低温サブクラスターがマッハ1で横に運動したとき
に観測されるような温度差が維持され続けるか。

34 CHAPTER 2. NUMERICAL SIMULATION: FORMATION OF COLD FRONTS

ρ

[

∂v

∂t
+ (v · ∇)v

]

= −∇p +
(∇ × B) × B

4π
− ρ∇ψ, (2.2)

∂B

∂t
= ∇ × (v × B), (2.3)
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[(
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)

v +
1

4π
(−v × B) × B − κ‖∇‖T

]

= −ρv · ∇ψ, (2.4)

where ρ, v, p, B and ψ are density, velocity, pressure, magnetic field, and gravitational

potential, respectively. We use the specific heat ratio γ = 5/3. The subscript ‖ denotes

the components parallel to the magnetic fields. We assume that heat is conducted only

along the magnetic fields. We solve ideal MHD equations in a Cartesian coordinate

system (x, y, z) by a modified Lax-Wendroff method with artificial viscosity. The thermal

conduction term in the energy equation is solved by the implicit red and black successive

over-relaxation method (see Yokoyama & Shibata 2001 for details). The radiative cooling

term is not included.

The units of length, velocity, density, pressure, temperature, and time in our simula-

tions are r0 = 250 kpc, v0 = 1000 km s−1, ρ0 = 5 × 10−27 g cm−3, p0 = 3 × 10−11 erg cm−3,

kT0 = 4 keV, and t0 = r0/v0 = 3 × 108 yr, respectively.

2.1.2 Initial condition and model parameters

Figure 2.1 shows the initial distribution of density for 3D models with uniform magnetic

fields (left panel) and 3D model with turbulent magnetic fields (right panel). Initial

conditions were chosen such that they roughly correspond to those observed in A3667.

We assume that the subcluster is a sphere having a radius r = 500 kpc, and isothermal

with temperature kTin = 4 keV. We assume that the gravitational potential at r =

(x2 + y2 + z2)1/2 is given by

ψ(r) =
c2
s

γ
ln

[

1 +
(

r

rc

)2
]

, (2.5)

where we take rc = 290 kpc, and the sound speed inside the subcluster cs in = 1000 km s−1.

The density distribution is determined by the hydrostatic equation ∇p = −ρ∇ψ, as

ρin =
ρc

1 + (r/rc)2
, (2.6)

where we adopt ρc = 10−26 g cm−3. The subscript “in” denotes the values inside the

subcluster. We also assume that the subcluster is surrounded by hot (kTout = 8 keV), less
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初期状態

respectively.We assume that a spherical isothermal low-temperature
(kTin ¼ 4 keV) plasma is confined by the gravitational poten-
tial of the subcluster. The subcluster has a !-model density
distribution,

"in ¼ "c 1þ r=rcð Þ2
h i%3! 0=2

; ð5Þ

where we have adopted ! 0 ¼ 2/3, a core radius of rc ¼ 290 kpc,
and a maximum density of "c ¼ 2"0 ¼ 10%26 g cm%3. The sub-
cluster is embedded in the low-density ("out ¼ "0 /4), hot (kTout ¼
2kTin) ambient plasma. We assume that the subcluster is initially
in hydrostatic equilibrium and has a jump of density and tem-
perature with respect to the ambient plasma. We also assume that
the ambient plasma has a uniform speed of M ¼ vx /cs; out ¼ 1,
where cs, out is the ambient sound speed. Note that magnetic fields
exist even inside the subcluster in all models with magnetic fields.

The box size of our simulations is (2.5 Mpc)3. We used 2563 grid
points for typical models. The numerical resolution is &10 kpc.
An important parameter is the plasma !, defined as the ratio of

the gas pressure to the magnetic pressure (see Table 1). The initial
mean field strengthB0 is&0.03#G formodelMT1 and&0.09#G
for model MT2. Correspondingly, the initial plasma ! for these
models is !0 & 7:5 ; 104 and&8:3 ; 103, respectively. For mod-
els with uniform fields, the strength B0 is &0.07 #G for model
MU1 and &0.27 #G for model MU2. The initial plasma ! for
these models is !0 & 1:0 ; 104 and &1:0 ; 103, respectively.
Model MT3 is the same as model MT1, except that thermal con-
duction is ignored and the box size in the x-direction is 1.5 times
larger than that of model MT1. We also carried out a simulation
for a model without magnetic fields (model H), including iso-
tropic thermal conduction.
For turbulent field models (MT1, MT2, and MT3), the left

boundary at x ¼ %5 is taken to be a fixed boundary, except for
magnetic fields. The magnetic fields at the left boundary are ex-
tracted from the initial distribution of magnetic fields as follows:

B 1; j; kð Þ ¼ B0 ix% v x0t; j; kð Þ; ð6Þ

where B0 is the initial magnetic field, j and k are mesh numbers
in the y- and z-directions, ix is the total number of grid points in
the x-direction, vx0 is the initial velocity of the subcluster, and t
is the time. For the other models, the left boundary is taken to be
a fixed boundary. In all models, boundaries other than the left
boundary are free boundaries through which waves can be
transmitted.

3. RESULTS

3.1. Time Evolution of a Subcluster and Magnetic Fields

Figure 2 shows the time evolution of the density distribution
and magnetic fields for model MT1. The left panel shows the
initial state, and the right panel shows the distribution at t ¼
1:0 Gyr. The solid curves show the magnetic field lines. Since
the subcluster plasma moves at the speed of sound, a bow shock
appears ahead of the subcluster. The magnetic field lines are
stretched along the subcluster surface at t ¼ 1:0 Gyr due to the
ambient gas motion. Thus, the motion of the subcluster creates

Fig. 1.—Initial distribution of the logarithm of density at the z ¼ 0 plane. The
solid curves and the arrows show the contours of magnetic field strength and the
velocity vectors, respectively.

Fig. 2.—Time evolution of density distribution and magnetic field lines. The left and right panels show the distributions of the density and the magnetic field lines at
t ¼ 0:0 and 1.0 Gyr, respectively. The colors indicate isosurfaces of density ( log "). The solid curves show magnetic field lines.
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結果
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結果
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サブクラスターの後方に渦が発生、渦の中に磁場が集積
される
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まとめ
磁場に平行方向の熱伝導を考慮した3次元MHD数値実験を
行った。結果、

◉増幅された磁場がサブクラスターを取り囲む
===>磁力線を横切る熱伝導が抑制され、1Gyr程度、温度
差(contact discontinuity)が保たれることを示した。
◉サブクラスターが銀河団プラズマ(銀河間空間)中を動き回
ることでサブクラスター後方に渦と磁場の強い領域が発生
===>銀河団(銀河間空間)磁場の増幅・維持機構の候補の一
つに。
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