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論文を読むのに必要な予備知識	


•  KH(Kelvin-­‐Helmholtz)不安定性	
  
	
  2つの流体間に速度差があるとき、その	
  
境界面が波打つプラズマ不安定性の一種	
  
	
  
	
  
	
  
青丸の静止系で、赤丸が境界の揺らぎを大きくする方向に遠心力を持つ	
  



論文を読むのに必要な予備知識２	


•  Cold	
  Front	
  
銀河団に銀河団が取り込まれることによって見
られる構造の一部	
  
	
  
中村さんが紹介した観測例はA3667	
  
	
  
ChandraのX線温度観測によって構造を	
  
発見されている	
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vations with a total exposure of 300È400 ks, depending on
the CCD chip (M. Markevitch 2000, ACIS Background
report2). The accuracy of the background subtraction was
checked using the data at high energies, where the cluster
emission is negligible compared to the background (10È
11 keV in the ACIS-I chips and 5È11 keV in the o†-axis
ACIS-S2 chip where the cluster surface brightness is much
lower). We found that the background normalization
should be increased by 7%, within the suggested 10%
uncertainty and consistent with the possible long-term
trend. Therefore, in the rest of the analysis we have
increased the background normalization by 7% at all ener-
gies. All the conÐdence intervals reported below include the
^10% systematic uncertainty we allow for the background
normalization.

The imaging analysis has been performed in the 0.5È
4 keV energy band to maximize the source-background
ratio. The background-subtracted images were corrected
for vignetting and exposure variations.

Because of the CTI e†ect, the quantum efficiency of the
ACIS-I CCDs at high energies strongly depends on the
distance from the chip readout. For example, the quantum
efficiency at 6 keV decreases by D20% at readout distances
greater than one-third of the CCD size. Our spectral
analysis uses approximate position-dependent corrections
to the quantum efficiency which were determined using
observations of the supernova remnant G21.5È0.9 and the
Coma cluster (A. Vikhlinin 2000,3 Quantum Efficiency
report). For spectra extracted in large regions, the position-
dependent spectral response matrices and e†ective area
functions were weighted with the cluster Ñux.

To check the validity of the calibration relevant to the
spectral analysis, we compared the values of cluster tem-
perature measured with Chandra and ASCA. The integrated
Chandra spectrum is well Ðt by a Raymond-Smith model
with temperature T \ 7.31 ^ 0.17 keV, heavy metal abun-
dance a \ 0.31 ^ 0.03, and absorption NH \ (4.1 ^ 0.3)

cm~2 (all uncertainties are at the 68% conÐdence] 1020
level). The derived temperature is in agreement with the
ASCA value, T \ 7.0 ^ 0.4 keV (Markevitch et al. 1998),
and the absorption is reasonably consistent with the Galac-
tic value, cm~2.NH \ 4.8 ] 1020

2.1. Temperature Map Determination
The Chandra angular resolution, in principle, allows a

straightforward spectral modeling in very small (a few
arcsec) regions, limited only by statistics. Our technique for
temperature map determination closely follows that of
Markevitch et al. (2000). We extracted images in 11 energy
bands, 0.7È1.15È1.6È2.5È3È3.5È4.25È5È6È7È8È9 keV bands,
subtracted the background, masked point sources, and
smoothed the images with a variable width Gaussian Ðlter.
The Gaussian Ðlter width was p \ 48@@ everywhere, except
for a narrow region near the surface brightness edge, where
the Ðlter width was smoothly reduced to p \ 24@@. We also
appropriately weighted the statistical uncertainties to deter-
mine the noise in the smoothed images. The e†ective area as
a function of energy at each point was calculated as the

2 See the ACIS Background report at http ://asc.harvard.edu/cal/Links/
Acis/acis/WWWacis–cal.html.

3 See the Qauntum Efficiency report at http ://asc.harvard.edu/cal/
Links/Acis/acis/WWWacis–cal.html.

product of the position-dependent CCD quantum efficiency
and mirror vignetting. Finally, we generated the response
matrices from the position-dependent calibration data and
determined the temperature by Ðtting these 11 energy
points to a single-temperature plasma model with absorp-
tion Ðxed at the Galactic value and the heavy-element
abundance Ðxed at the best-Ðt cluster average.

3. OVERVIEW OF THE X-RAY IMAGE AND

TEMPERATURE MAP

The Chandra image reveals interesting structures in the
central part of A3667. The features discussed below are
indicated in the smoothed image (Fig. 2). The most promi-
nent feature in this imageÈand the main subject of our
further investigationÈis the sharp edge in the surface
brightness distribution to the southeast of galaxy A. The
edge is even more impressive in the raw photon image (Fig.
3). The edge is located approximately 550 kpc to the
southeast of galaxy A, and it is almost perpendicular to the
line connecting subclusters A and B (Fig. 1). Its morphology
suggests motion to the southeast, away from galaxy A. Our
temperature map shows that the gas is cooler on the bright-
er (denser) side of the edge, which rules out a shock front
interpretation. A detailed analysis of the temperature and
density proÐles across this ““ cold front ÏÏ presented below
(° 4) shows unambiguously that this is a cold gas body
moving to the southeast at a slightly supersonic speed.

Farther south-southeast of galaxy A, approximately
300 kpc beyond the cold front, there is a weaker discontin-
uity in the surface brightness distribution (Fig. 2). We argue
in ° 5.2 that this discontinuity may correspond to a bow
shock in front of the supersonically moving cold gas cloud.

FIG. 2.ÈSmoothed 0.5È4 keV Chandra image (full 16@ ] 16@ ACIS-I
Ðeld of view; north is up, east is to the left). The most prominent feature is
the sharp surface brightness edge (cold front). The front shape is nearly
circular as indicated by the arc. The sector to the southeast of the center of
curvature of the edge (its location denoted with a cross) was used for the
surface brightness and temperature proÐle measurements. The two seg-
ments on both sides of the possible bow shock indicate the regions where
the temperature was measured (° 5.2).



Cold	
  Frontのある銀河団A2142の構造	


•  ChandraのX観測より	
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FIG. 2a

FIG. 2b

FIG. 2.È(a) ACIS image of A2142 in the 0.3È10 keV band, binned to 2A pixels and divided by the vignetting map. Only chips S2 and S3 are included. Note
the two sharp elliptical brightness edges northwest and south of the cluster peak. A streak of the emission that goes through the bright point source (a Seyfert
galaxy [ member of the cluster) is the uncorrected track of this source during the CCD frame transfer. (b) A Digitized Sky Survey image with overlaid ACIS
X-ray brightness contours (log-spaced by a factor of The two major galaxies, G1 and G2, are seen at andJ2). a \ 239¡.5836, d \ 27¡.2333 a \ 239¡.5556,

respectively.d \ 27¡.2479,

di†erence between the di†erent regions of the CCD. The
spectra from both pointings were grouped to have a
minimum of 100 counts per bin and Ðtted simultaneously
using the XSPEC package (Arnaud 1996). Model spectra
were multiplied by the vignetting factor (auxiliary response)
calculated by weighting the position-dependent e†ective
area with the X-ray brightness over the corresponding
image region. Fitting results for an absorbed single-
temperature thin plasma model (Raymond & Smith 1977,
1992 revision) and a model with an additional cooling Ñow
component are given in Table 1, where the iron abundance
is relative to that of Anders & Grevesse (1989). Our single-
temperature Ðt is in reasonable agreement with values from
Ginga (9.0 ^ 0.3 keV for White et al.NH \ 5 ] 1020 cm~2 ;
1994) and ASCA (8.8 ^ 0.6 keV for NH \ 4.2 ] 1020 cm~2 ;
Markevitch et al. 1998). At this stage of the Chandra cali-
bration, and for our qualitative study, the apparent small
discrepancy is not a matter of concern ; also, the above
values correspond to di†erent integration regions for this
highly nonisothermal cluster. If we allow for a cooling Ñow
component (see Table 1), our temperature is consistent with
a similarly derived ASCA value, keV (Allen &9.3~0.7`1.3
Fabian 1998), and the cooling rate with the one derived

from the ROSAT images (Peres et al. 1998), although the
presence of a cooling Ñow is not strongly required by the
overall spectrum in our energy band. The table also shows
that the absorbing column is weakly constrained (due to
our energy cut) but is in good agreement with the Galactic
value of 4.2 ] 1020 cm~2 (Dickey & Lockman 1990). We
therefore Ðx at its Galactic value in the analysis below.NH

3.3. Temperature Map
Using Chandra data, it is possible to derive a two-

dimensional temperature map within 3@È4@ of the cluster
peak. The Chandra angular resolution is more than suffi-
cient to allow us to ignore any energy-dependent PSF
e†ects and, for example, simply convert an X-ray hardness
ratio at each cluster position to temperature. Taking advan-
tage of this simplicity, we also tried to use as much spectral
information as possible without dividing the cluster into
any regions for full spectral Ðtting. To do this, we extracted
images in Ðve energy (or PI) bands 1.0È1.5È2.0È3.0È5.5È10
keV, smoothed them, and for each 2@@ ] 2@@ pixel Ðtted a
spectrum consisting of the Ñux values in each band properly
weighted by their statistical errors. The corresponding
background images were created as described in ° 2 and

TABLE 1

OVERALL SPECTRUM FITS

T
e

NH M0
Model (keV) (1020 cm~2) Abundance (h~2 M

_
yr~1) s2/d.o.f

Single-T 8.1 ^ 0.4 3.8 ^ 1.5 0.27 ^ 0.04 . . . 517.2/493
Cooling Ñow 8.8~0.9`1.2 5.9 ^ 2.8 0.28 ^ 0.04 69~ . . .`70 515.1/492
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subtracted from each image. The background-subtracted
images were approximately corrected for the frame transfer
smearing e†ect following the description in ° 2 and divided
by the vignetting factor relative to the on-axis position
(within each energy band, the vignetting factor for di†erent
energies was weighted using a 10 keV plasma spectrum).
The images were then smoothed by a variable-width Gauss-
ian (same for all bands) whose p varied from 10A at the
cluster peak to 30A near the edges of the map. Bright point
sources were masked prior to smoothing. For each pixel of
the map, we Ðtted a one-temperature plasma model with the
absorption column Ðxed at the Galactic value and iron
abundance at the cluster average, multiplying the model by
the on-axis values of the telescope e†ective area (since the
images were vignetting-corrected). The instrument spectral
response matrix was properly binned for our chosen energy
bands.

The resulting temperature map is shown in Figure 3. The
useful exposure of our observations is relatively short, so
the statistical accuracy is limited. The map shows that the
cluster brightness peak is cool and that this cool dense gas is
displaced to the SE from the main galaxy G1. There is also
a cool Ðlament extending from the peak in the general direc-
tion of the second galaxy G2, or along the southern bright-
ness edge. The G2 galaxy itself is not associated with any
features in the temperature map.

At larger scales, the map shows that the hottest cluster
gas lies immediately outside the NW brightness edge and to
the south of the southern edge. In the relatively small region
of the cluster covered by our analysis, our temperature map
is in general agreement with the coarser ROSAT /Ginga
map of Henry & Briel (1996). Both maps show that the
center of the cluster is cool (probably has a cooling Ñow)
and the hot gas lies outside, mostly to the north and west.
The maps di†er in details ; for example, our map indicates
an increase of the temperature southeast of the center where

FIG. 3.ÈTemperature map of the central region of A2142 (color) over-
laid on the 0.3È10 keV ACIS brightness contours. The 90% temperature
uncertainties increase from approximately ^0.5 keV at the brightness
peak to ^1.5 keV at the outer contour and still greater outside that
contour. Crosses denote positions of the two brightest galaxies G1 (center)
and G2 (northwest).

the ROSAT map suggests a decrease. An important conclu-
sion from our map is that the brightness edges separate
regions of cool and hot gas. These edges are studied in more
detail in sections below.

There is also some marginal evidence in Figure 3 for a
faint cool Ðlament running across the whole map through
the cluster brightness peak and coincident with the chip
quadrant boundary. It is within the statistical uncertainties
and most probably results from some presently unknown
detector e†ect. This feature does not a†ect our arguments.

3.4. Temperature ProÐles across the Edges
To derive the temperature proÐles across the edges, we

divide the cluster into elliptical sectors as shown in Figure
4a, chosen so that the cluster edges lie exactly at the bound-
aries of certain sectors, and so that the sectors cover the
azimuthal angles where the edges are most prominent.
Figure 4b shows the best-Ðt temperature values in each
region, for both observations Ðtted together or separately
(for a consistency check). The Ðtting was performed as
described in ° 3.2. The temperatures shown in the Ðgure
correspond to the iron abundance Ðxed at the clusterÏs
average and a Ðxed Galactic absorption ; when Ðtted as a
free parameter, the absorption column was consistent with
the Galactic value in all regions. For both edges, as we
move from the inside of the edge to the outer, less dense
region, the temperature increases abruptly and signiÐcantly.
The proÐles also show a decrease of the temperature in the
very center of the cluster, which is also seen in the tem-
perature map in Figure 3.

We must note here that our spectral results in the outer,
low surface brightness regions of the cluster depend signiÐ-
cantly on the background subtraction. To quantify the cor-
responding uncertainty, we varied the background
normalization by ^10% (synchronously for the two
observations), reÐtted the temperatures in all sectors and
added the resulting di†erence in quadrature to the 90%
statistical uncertainties. While the values for the brighter
cluster regions are practically una†ected, for the regions on
the outer side of the NW edge, these di†erences are compa-
rable to the statistical uncertainty. The 10% estimate is
rather arbitrary and appears to overestimate the observed
variation of the ACIS quiescent particle background with
time. A possible incomplete screening of background Ñares
is another source of uncertainty that is difficult to quantify.
Experimenting with di†erent screening criteria shows that it
can signiÐcantly a†ect the results. An approximate estimate
of this uncertainty is made by comparing separate Ðts to the
two observations (Fig. 4b, dotted crosses) ; their mutual con-
sistency shows that for the conservative data screening that
we used, this uncertainty is probably not greater than the
already included error components.

3.5. Density and Pressure ProÐles
Figure 4c shows X-ray surface brightness proÐles across

the two edges, derived using narrow elliptical sectors paral-
lel to those used above for the temperatures. The energy
band for these proÐles is restricted to 0.5È3 keV to minimize
the dependence of X-ray emissivity on temperature and to
maximize the signal-to-noise ratio. Both proÐles clearly
show the sharp edges ; the radial derivative of the surface
brightness is discontinuous on a scale smaller than 5AÈ10A
(or about 5È10 h~1 kpc, limited mostly by the accuracy
with which our regions can be made parallel to the edges).

G2	


G1	


銀河団の中心となるbrightness　galaxyが２つ	
  
　　　　　銀河団に銀河団が取り込まれている	
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FIG. 4a

FIG. 4c

FIG. 4b

FIG. 4d

FIG. 4e

FIG. 4.È(a) Cluster X-ray image (same as in Fig. 2a) ; red overlay shows regions centered on the main galaxy G1 and used for derivation of temperature
proÐles presented in (b). The boundaries are chosen to highlight the brightness edges. Bright point sources are excluded from the regions (not shown for
clarity). In (b)È(e), the southern edge is shown in left plot and the northwestern edge is in right plot (the central bin is same for both). In (b), solid crosses show
simultaneous temperature Ðts to both observations, and dashed crosses show separate Ðts to each observation. Errors are 90% and, for simultaneous Ðts,
include background uncertainties. The r-coordinate for the elliptical sectors corresponds to the emission-weighted distance from the center. Panel (c) shows
X-ray brightness proÐles across the edges. They are derived using sectors parallel to the elliptical boundaries in (a) but with a Ðner step (for the southern edge,
we also used a somewhat narrower wedge angle for sharpness). Data points are shown as 90% error bars ; the histogram is the best-Ðt brightness model that
corresponds to the gas density model shown in (d). Panel (e) shows pressure proÐles obtained from the temperature and density proÐles from (b) and (d).
Vertical dashed lines show the best-Ðt positions of the density jumps.

The brightness edges have a very characteristic shape that
indicates a discontinuity in the gas density proÐle. To quan-
tify these discontinuities, we Ðtted the brightness proÐles
with a simple radial density model with two power laws
separated by a jump. The curvature of the edge surfaces
along the line of sight is unknown; therefore, for simplicity,
we projected the density model under the assumption of
spherical symmetry with the average radius as the single

radial coordinate, even though the proÐles are derived in
elliptical regions. The accuracy of such modeling is suffi-
cient for our purposes. We also restrict the Ðtting range to
the immediate vicinity of the brightness edges (see Fig. 4c)
and ignore the gas temperature variations since they are
unimportant for the energy band we use. The free param-
eters are the two power-law slopes and the position and
amplitude of the density jump. The best-Ðt density models
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右のグラフ(右上の扇領域)の破線で読み取るCold	
  
Frontの性質	
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  連続 　　　　　　　　　　　　　T　不連続	
  
　Cold	
  Frontの性質：温度の不連続性を持つ(これだけではShockと判別不可)	
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この時点で、図はCold	
  Frontのものになる。	
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Pに不連続性はない。Shockではない。	




Cold	
  Frontの理論的な理解	


	
  X線観測で見つかった銀河団中のCold	
  Front	
  
Cold	
  Frontの熱伝導による寿命は	
  
EEori	
  &	
  Fabian	
  2000;	
  Markevitch	
  et	
  al.	
  2000	
  

加えて、Cold	
  FrontはKH不安定性によりイレギュラーな構造にな
るはず。	
  
しかし、予想されるCold	
  Frontの寿命は	
  
Cold	
  Frontはイレギュラーな構造になっていない。	
  
　　　　　　　Cold	
  Frontに沿った磁場が存在する。	
  
10μG以上の磁場なら、電子は磁場に束縛され、熱伝導とKH不
安定性を抑制できる。Vikhlinin,	
  Markevitch,	
  &	
  Murray	
  (2001a,	
  2002)	
  	
  

では、どのようにしてそのような磁場は生成されるのか？	
  
	
  
	
  
	
  

∼ 106yr

108yr



というわけで、今日の話	


　温度勾配がある銀河団
プラズマから磁場が成長
するメカニズム	
  
	




用いる手法と理論	


•  プラズマ運動論	
  
Boltzmann方程式を具体的に解いていく	
  
　　　　　　　　　　　　　　　　　　　　　　　　　衝突項	
  
	
  
	
  
	
  
温度勾配がある場合、分布関数はMaxwell-­‐Boltzmann分布からずれ
る。分布関数を          で摂動展開する。	
  
	
  
	
  
　　　　　　　　　　　　　　　　　　	
  
　    は電子の平均自由行程　Lは温度のスケールハイト	


	
  
	
  
	
  
	
  

圧力が一様であると仮定し、理想気体の状態方程式を考えると、

∣∇n0∣
n0

= −∣∇T ∣
T
= − 1

L
(3)

時間に陽に依存しないことをさらに仮定する。

1

n0

∂n0

∂t
= − 1

T

∂T

∂t
(4)

εの次数で分布関数を展開することをチャップマン-エンスコグ展開と呼び、非平衡の物理学をに出てくるもの
である。

fe = fm,e + f (1)e + f (2)e + ... (5)

ここで、fm,e はマクスウェル・ボルツマン分布であり、f (1)e 、f (2)e はマクスウェル・ボルツマン分布からの
ずれであり、それぞれ、ε の 1次と 2次のオーダである。本論文では ε δT の 1次のオーダーまでで計算する。
具体的に導出するために以下のようなボルツマン方程式を考える。背景磁場は B0 としている。

∂fe
∂t
+ v ⋅ ∇fe − ev ×B0

me
⋅ ∂fe
∂v
= (∂fe

∂t
)
c

(6)

ボルツマン方程式の衝突項に Krook operatorを使う。

(∂fe
∂t
)
c
= −νe(fe − fm,e) (7)

ここで、νe は電子が 1秒間に衝突する回数 νe = vth
λe で定義される量である。fe がマクスウェル・ボルツマン

分布よりも大きければ、粒子数は減少する向きに、fe がマクスウェル・ボルツマン分布よりも小さければ、粒
子数は増加する向きに変化する。粒子数は常に平衡状態を目指して変化するのである。第 3 項目の ε のオー
ダーを調べる。(6)式で第 3項に (5)式を代入すると、fm,e の速度偏微分から v が出てくるが、v ×B0 との
内積はゼロになる。(6)式の両辺に 1

νe
をかけると、νe = ε−1 vth,e

L であるから、 1
νe

∂f(1)e

∂v は εの 2次のオーダー
になる。(6)式の第 2項は εの 0次から出発している。 1

νe
をかけることで、εの 1次のオーダーから始まるこ

とになる。あとは第 1項のみである。少々難しいので、手順を追って説明する。
温度 T の陽的な時間変化について考える。つまり、熱拡散方程式の左辺に出てくる ∂T

∂t を考えることになる
が、熱拡散の時間を τev とすると

∂T

∂t
= ∣∇T ∣L

τev
(8)

と書くことができる。τev を具体的に求めてみよう。x軸上に電子が運動しているとする。電子は平均自由行
程 λe 進むと確率 1/2 でそのまま前進またはもと来た道を逆行する。電子は 1 回衝突するまでに平均自由行
程だけ進む。電子が距離 L進むのにかかる衝突回数を N とすると、 Lと N の関係は電子の位置の標準偏差√
Nλe を用いて以下のようにかける。

Nλ2
e = L2 (9)

よって、平均自由時間は λe

vth,e
なので、熱拡散に要する時間 τev は

τev = N λe

vth,e
= L2

vth,eλe
= ε−1 L

vth,e
(10)
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温度 T の陽的な時間変化について考える。つまり、熱拡散方程式の左辺に出てくる ∂T

∂t を考えることになる
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と書くことができる。τev を具体的に求めてみよう。x軸上に電子が運動しているとする。電子は平均自由行
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� =
λe

L

�, δT

δT =
|∇T |
T

λe

である。したがって、

∣∂T
∂t
∣ = ε∣∇T ∣vth,e = εvth,e

L
T (11)

以上から、(6)の第 1項は

∣∂fe
∂t
∣ = ∣∂fe

∂T

∂T

∂t
∣ ∼ fe

T
∣∂T
∂t
∣ = εvth,e

L
fe (12)

したがって、第 1項は εの 1次のオーダーから出発することになる。温度勾配方向を x軸にとり、圧力平衡の
条件の仮定を考慮に入れると、ε の 1次の方程式は

f (1)e = − 1

νe
vx

∂fm,e

∂x
(13)

∂fm,e

∂x
= ∂

∂x
[n0(r)(πv2th,e)− 3

2 e
− v2

v2
th,e ] = −1

2
(5 − 2v2

v2th,e
) 1
T

∂T

∂x
fm,e = −1

2
(5 − 2v2

v2th,e
) 1
L
fm,e (14)

こうして、εの 1次のオーダーでのマクスウェル・ボルツマン分布からのずれが導出できた。

f (1)e = ε vx
vth,e

(5
2
− v2

v2th,e
)fm,e (15)

0.0.1 coffee break

いきなり温度勾配と聞いて、何だと思った人もいるだろう。温度というものは、エントロピーが最大の状
態、つまり熱平衡状態において定義される量である。しかし、温度勾配があるということは熱平衡状態になっ
ていないことをいっている。ならば、そもそも温度勾配というもの自体、温度の定義上考えてはならないこと
であるといえる。しかし、平衡状態は自然界には少ない。例えば、「体温が部屋の温度と同じです。」なんて人
はいないだろう。いや、温度の定義に沿うなら、体温と気温を別々に計っている時点でもうしてはならないこ
とをしているかもしれないが、それでも我々は日常生活でさえ、熱を測るバロメータとして使っている。現時
点では、途上段階であるが、非平衡状態における温度の定義もいずれはしなければならない。話が長くなって
しまったが、ここでいう温度というのはランダム粒子の乱雑な運動の速度分散に対応する量だと思ってもらえ
れば、良いだろう。

分散関係式

以下では摂動の進化を考える。プラズマ波動の波長が平均自由行程より十分小さいとする。したがって、プ
ラズマ波動の力学は無衝突になる。後の結果から自己矛盾がないかチェックする。分布関数は以下のように与
えられる。

fe = fm,e + f (1)e + f (2)e + ... + δfe (16)

同時にボルツマン方程式も即時に出てくる。

∂

∂t
(fm,e + f (1)e + δfe) + v ⋅ ∇(fm,e + f (1)e + δfe) − e

mec
(v ×B0) ⋅ ∂

∂v
(fm,e + f (1)e + δfe)

3

δfe は摂動電磁場による分布関数の摂動	




分布関数のずれ      の概形を物理的導出	


•  分布関数の満たす物理的な条件	
  
熱流　　　　　　　　　　　　　　（状況設定）　　は電子の温度勾配方向の速度	
  

電子数保存	
  
系のエネルギー保存	
  
Charge	
  Neutral	
  Condi^on　　　　　　　　　　（電流は流れない）	
  
	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　	
  

∆fe ≡ fe − fm,e

q =
�
v�v

2fe
�
< 0 v�

�∆fe� = 0�
v2∆fe

�
= 0�

v�∆fe
�
= 0

∆fe



•  系のエネルギー保存と粒子数保存から　　は奇関数	
  
•  以下のA,B,C	
  の３パターンのグラフを考える。	
  

	
  	
  

	
  
	
  
	
  
                          からAは棄却	
  
熱流　　　　　　　　　　　　と　　　　　　　　　   からBは棄却	
  
Cが　　 のグラフとなる	
  
	
  

	
  

�
v�∆fe

�
= 0

q =
�
v�v

2fe
�
< 0

∆fe

∆fe

�
v�∆fe

�
= 0



以下、分布関数を　　　 の1次までで解析	


	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	


�, δT

vth =

�
2kT

m
電荷の熱速度	


Maxwell-Boltzmann:

fm ¼ n0 xk
! "

!vth xk
! "2h i"3=2

exp
"v2

vth xk
! "2

" #

;

Df ¼ f " fm 6¼ 0 :

Here n0ðxkÞ is the electron number density, and vthðxkÞ ¼
½2kBTðxkÞ=me&1=2 is the thermal velocity with temperature
TðxkÞ and electron mass me. The above condition together
with hDf i ¼ 0, which is number density conservation, and
hv2Df i ¼ 0, which is energy conservation, restrict the form
of the deviation Df to be an odd function of the velocity
component along the temperature gradient, vk. Of course,
Df ! 0 as jvkj ! 1. In Figure 1 the possible cases of Df are
shown. From the zero-current condition, hvkD f i ¼ 0, forms
such as type A are rejected, since for vk > 0 and vk < 0, D f
is positive and negative, respectively, and then vkD f > 0 for
all velocities, and hvkD f i > 0. On the other hand, types B
and C satisfy the zero-current condition, since the D f curve
crosses the vk-axis in each positive- and negative-vk region.
The quantity hvkv2f i for types B and C has finite values
because this is the mean of hvkD f i weighted by v2, which is
larger when jvkj is larger. The heat flux condition
hvkv2f i < 0 says that Df should be positive when vk ! "1.
Thus, type C is the only possible form for the distribution
functon deviation of a plasma where a finite heat flow exists.
The relative amplitude of the deviation from the Maxwell-
Boltzmann should be "#T , where " ¼ $mfp=L and #T ¼
#T=T is the fractional temperature fluctuation, since the
deviation may be induced by Coulomb collision and
temperature fluctuation.

The deviation Df can also be deduced analytically. The
Boltzmann equation is

@f

@t
þ vk

@f

@xk
" e

m
Ek

@f

@vk
¼ "% f " fmð Þ ;

where Ek is the zeroth-order electric field along the
temperature gradient and the right-hand side has the Krook
operator for the collision term, where % ¼ ðkBT=meÞ1=2=$e

is the Coulomb collision frequency with Coulomb mean
free path $e (Sarazin 1988). Hereafter, we describe the
collision frequency as % ¼ vth=$mfp, with parameters vth ¼
ð2kBT=meÞ1=2 and $mfp ¼

ffiffiffi
2

p
$e. For simplicity, pressure

balance is assumed. Then, Ek ¼ 0 (Ramani & Laval 1978).
If perturbative treatment is appropriate for describing the
system, the distribution function can be expanded in "#T
(Chapman &Cowling 1960) as

f ¼ fm þ "#T f
ð1Þ þ "2#2Tf

ð2Þ þ . . . ;

where f ð jÞ ( j ¼ 1, 2, . . .) describes the deviation of the distri-
bution function from the Maxwell-Boltzmann to the order
of ð"#T Þ j. This expansion is known as the Chapman-Enskog
expansion. Therefore, the electron distribution function up
to the first order in "#T is obtained as

f ¼ fm 1þ "#T
vk
vth

5

2
" v2

v2th

$ %& '
:

The form of the deviation is essentially the same as type C
shown in Figure 1. We would like to note that adopting the
Krook operator is not essential for determining the form of
the deviation.

3. REVIEW OF THE RL INSTABILITY

The diagnostics of the RL instability are summarized in
contrast to the Weibel instability. As summarized in the
Appendix, a temperature anisotropy excites transverse mag-
netic waves because of the Weibel instability. An excited
wave is a standing wave with zero phase velocity. The ampli-
tude of the wave grows when the temperature perpendicular
to the wavevector is higher than the temperature parallel to
the wavevector. The amplitude of the wave is damped in the
opposite situation.

Ramani & Laval (1978) studied the stability of plasmas
when the temperature distribution is not homogeneous. The
nonequilibrium electron velocity distribution function is
deduced from the assumed temperature distribution, self-
consistently using the Chapman-Enskog expansion. This is
one of the prominent differences from the Weibel case, in
which the anisotropic electron velocity distribution function
due to the temperature anisotropy is given by hand. The dif-
ference of the deduced nonequilibrium velocity distribution
function from the equilibrium one, that is, the Maxwell-
Boltzmann distribution, is skewed in the direction of the
temperature gradient and is an odd function of the velocity
component along the temperature gradient. The velocity
distribution functions in the two cases are anisotropic.
However, the skewed nature found in the RL case is not
found in that of Weibel. Although the anisotropic velocity
dispersion is essential for the Weibel instability, the velocity
dispersion is isotropic in the RL case. Ramani & Laval
(1978) performed a linear stability analysis of the plasmas
with the deduced nonequilibrium velocity distribution
following the procedure of plasma kinetic theory. Two inde-
pendent modes appear. The two modes are distinguished by
whether the magnetic field is in or not in the plane made
by the temperature gradient and the wavevector, where the
former case is named mode 2 and the latter is named mode
1. The dispersion relation of both modes has a real part:

!r ¼
"#T
4

kvth cos & :

The imaginary part of mode 1 is obtained as

' ¼ "2#2T
8

ffiffiffi
!

p kvth 3 cos2 &" 2 sin2 &
! "

" 1ffiffiffi
!

p c

!p

$ %2

k3vth ;

Fig. 1.—Possible candidates for the deviation of the velocity distribution
function from Maxwell-Boltzmann.
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摂動磁場の成長率　　	


摂動磁場は2つのmodeをもつ	
  
　　　　　　　　　　　　　　　　　　   mode1の成長率	
  
	
  
	
  
　　　　　　　　　　　　　　　　　　　mode2の成長率	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  プラズマ波動の振動(1,2共通)　　　　　　　　　　　　　　　　　　　　　　　　　　　	
  



分布関数から読み取る物理的な描像	


　　　　　　　　　　　　　　　　　　　　ピークの位置がマク	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　スウェル分布に比べ	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　上がったため、横幅	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　も相対的に小さくなっ	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　た	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　温度勾配方向の	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　温度が温度勾配に	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　直交する方向と比較	
  
　　　　　　　　　　　　　　　　　　　　　　　　　　して温度が低い	

破線：マクスウェル分布(温度勾配に垂直な方向と同じ)	


実線：温度勾配に平行な方向の速度分布	




一方で、Weibel不安定性	

速度が非等方であるときに	
  
発生するプラズマ不安定性の一種	
  
	
  

	


front is !!1
max " 0:1 s. Although the exact timescale over

which the instability can generate magnetic fields with the
saturation values over the scale of the interfaces is difficult
to estimate, it must be several tens of times longer than the
growth timescale. Therefore, it is expected that the magnetic
field is generated almost instantaneously compared to any
other dynamical timescales in the cluster of galaxies. By
applying the saturation level discussed in x 5, the saturated
magnetic field strength in the cold front should be

Bsp;? "
ffiffiffi
"

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
nekBT

p
#$T ’ 8

T

Tave

" #3=2 n

nave

" #!1=2

lG ;

where the exact dispersion relations for modes 1 and 2 are
used. The obtained value agrees surprisingly well with the
speculated value of 10 lG based on consideration against
the KH instability. The direction of the generated magnetic
field should be almost parallel to the cold front surface
because of the characteristics of the mode. As discussed in
x 5, the generated wavy magnetic fields could tend to evolve
into a globally connected field. Therefore, we expect the
cold front surface to be covered by globally connected mag-
netic fields directed tangential to the surface with a strength
of 10 lG and the KH instability to be suppressed by these
fields. Although to suppress the KH instability the existence
of magnetic fields is required only in the tail of
the cold fronts (Vikhlinin et al. 2001a), our model predicts

the existence of such strong fields all over the cold front
where the temperature jump exists. The generated magnetic
field may significantly reduce the electron mean free path
in the direction of the temperature gradient and could
suppress heat conduction all over the cold front.

7. DISCUSSION

We have successfully determined the physical mechanism
responsible for one of the two independent modes of the RL
instability and have shown that the growth mechanism is
identical to the Weibel instability, which is well known as
one of the generation mechanisms of the magnetic field.
Therefore, the RL instability can also be considered as a
generation mechanism of magnetic fields in astronomical
situations. The nonlinear saturation level of the instability is
estimated by considering the wave-particle interaction. The
evolution of the magnetic fields after saturation is specu-
lated on by referring to previous numerical simulations,
which followed the nonlinear evolution of the Weibel insta-
bility. The generated fields might be self-organized and
evolve into a globally connected magnetic field. The results
are applied to the cold front in A3667. The existence of a
magnetic field of "10 lG tangential to the surface all over
the cold front is predicted. The results surprisingly agree
with the predicted nature of the magnetic field in the cold
front needed to explain the smoothness of the cold front sur-
face structure, avoiding the KH instability. Although sup-
pression of the KH instability requires the existence of a
strong magnetic field only in the tail of the cold front, our
model predicts the existence of such a strong field all over
the cold front where the temperature jump exists. The signif-
icant suppression of heat conduction in the cold front is also
expected from the trapping of electrons by the generated
magnetic fields. Thus, our model predicts that the bow-
shaped structure of the cold fronts should not partially
disappear, and the whole structure should be maintained.

Of course, further studies on the RL instability are
desired. Nonlinear studies using numerical simulations
adapted to the RL instability and the cold front are among
the most important remaining tasks. The identification of
the physical mechanism of mode 1, and how a longitudinal
electric field is generated, is another important remaining
task.

The physics of the RL instability discussed in this paper
should be universal, and the RL instability may play an
important role in various hot thin plasmas in the universe.
For example, temperature inhomogeneities of #$T " 0:04
distributed through the whole cluster have been found in
almost all clusters of galaxies. The RL instability predicts
the existence of a cluster halo magnetic field with a strength
of B " 0:04ðnekBTÞ1=2 " 0:3 lG. Surprisingly, the predicted
value just coincides with an observationally reported cluster
halo magnetic field strength. The details of this topic are
reported in a forthcoming paper (N. Okabe & M. Hattori
2004, in preparation). We believe that the RL instability
may provide a new fruitful possibility on the origin of the
cosmic magnetic field.
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where !p is the electron plasma frequency, c is the speed of
light, and h is the angle between the direction of the temper-
ature gradient and the wavevector. The existence of the real
part in the dispersion relation of the RL instability is one of
the differences from the Weibel case. Since the phase veloc-
ity along the temperature gradient !r=k cos % ¼ ð"#T=4Þvth
only takes a positive value, the wave propagates in only one
direction, from the low-temperature region to the high-
temperature region. Therefore, the excited waves do not
carry the heat from the hot to the cold region. Although
mode 2 is a pure transverse wave, the longitudinal compo-
nent of the electric field, Ek, has a nonzero value for mode 1:
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"#T
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This is an another prominent difference from the Weibel
case. The wave grows the most rapidly when the wavevector
is parallel to the temperature gradient. The wave is damped
when the direction of the wave propagation is perpendicular
to the temperature gradient. The dependence on k of the
growth rate is the same as that for theWeibel case.

In the sense that anisotropic velocity distribution is the
driving force of the instability, the two instabilities are
similar, and therefore the RL instability has been said to be
Weibel-like. However, there are plenty of qualitative differ-
ences between the two instabilities, as explained above.
Therefore, the two instabilities are distinct (Gallev &
Natanzon 1991), and we try to identify the physical
mechanism of the RL instability in x 4.

4. THE PHYSICAL MECHANISM OF THE
RL INSTABILITY

The physical mechanism of the RL instability can be
understood from the nature of the velocity distribution
function when a finite heat flow exists, as illustrated in
Figure 2. In the discussion below, strict numerical accuracy
is ignored. The peak position is shifted toward the positive
vk-direction, and the amount of the shift is vk % "#Tvth. The
phase velocity of any low-frequency magnetic transverse
wave must be close to the velocity at which the distribution
function has a peak value; otherwise, a finite net electric cur-
rent is induced by the wave magnetic fields. This explains
why the waves excited by the RL instability have a phase
velocity of "#Tvth and travel in one direction, rising up the
temperature gradient, and why the waves cannot travel in
the direction perpendicular to the temperature gradient.
The reason why the waves excited by the Weibel instability
are standing waves is simply because there is no shift in the
peak position of the velocity distribution function in the
Weibel case. The peak value is increased by %1þ ð"#T Þ2
from that of the pure Maxwell-Boltzmann case, since the
amplitude of the deviation takes a value of "#Tvk % ð"#T Þ2vth
relative to the Maxwell-Boltzmann, and the value of the
Maxwell-Boltzmann part is nearly same as the peak value at
vk % "#Tvth5 vth. Since the total electron number density
must be unchanged, for an observer comoving with the
waves this can be interpreted as a decrease of the effective
electron temperature in the direction of the temperature

gradient, Tk, by%1" ð"#TÞ2 relative to the temperature per-
pendicular to the temperature gradient, T? (Fig. 2). The
growth of the magnetic waves in the RL instability is there-
fore due to essentially the same mechanism as in the Weibel
instability (Weibel 1959; Fried 1959), in which the tempera-
ture anisotropy is the driving force of the instability. Con-
sider the waves traveling nearly parallel to the temperature
gradient. In this case, T?;k % T? and Tk;k % Tk, where T?;k

and Tk;k are the temperature components perpendicular and
parallel to the wavevector for the observers comoving with
the waves, respectively. Since T?;k > Tk;k, the waves can
grow. As a result, the direction of the magnetic field gener-
ated by the instability is almost perpendicular to the temper-
ature gradient. The growth rate of the mode that travels in
the direction of the temperature gradient with wavenumber
k is obtained from that of the Weibel instability (Krall &
Trivelpiece 1973),
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The growth rate gets the maximum value of !max %
ð"#T Þ3ðvth=cÞ!p at k ¼ kmax % "#T!p=c. When the direction
of the wavevector is perpendicular to the temperature gra-
dient, T?;k ¼ Tk and Tk;k ¼ T?. Since T?;k < Tk;k in this
case, the wave cannot grow. These results are exactly the
same as the results found from plasma kinetic theory, except
for numerical factors (Ramani & Laval 1978; Hattori &
Umetsu 2000; N. Okabe & M. Hattori 2004, in
preparation).

The above discussion gives a complete physical explana-
tion for mode 2 of the RL instability. However, this is not
satisfactory for mode 1, in which a longitudinal electric field

Fig. 2.—The vk section (solid line) of the total velocity distribution
function fm þ f ð1Þ in a plasma with a temperature gradient. The peak
position is shifted by %"#Tvth from Maxwell-Boltzmann. The peak value is
increased by %1þ "2#2T compared to Maxwell-Boltzmann. For compari-
son, the Maxwell-Boltzmann velocity distribution function shifted by
%"#Tvth is drawn with the dashed line. The velocity distribution function
gets thinner in the vk-direction. This can be interpreted as the decrease of
the effective temperature by %1" "2#2T in the direction of the temperature
gradient.
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component appears. Unfortunately, we have not yet
obtained the physical explanation for this. This is still an
open question.

5. ON THE NONLINEAR EVOLUTION OF THE
RL INSTABILITY

The nonlinear saturation level of the excited wave is esti-
mated assuming that the wave-particle interaction deter-
mines the saturation level. The fundamentals are illustrated
in Figure 3 (Ramani & Laval 1978; Gallev & Natanzon
1991). Once the Larmor radius of an electron gets shorter
than the wavelength of the growing mode, the electron is
trapped by the magnetic field of the wave, and the magnetic
flux enclosed by its orbit becomes finite. Then, the kinetic
energy of the trapped electron starts to monotonically
increase with the growth of the magnetic field strength, since
the increase of the magnetic flux enclosed by the electron
orbit causes induction electric fields that accelerate the elec-
tron like a betatron accelerator. Once the Larmor radius of
a typical thermal electron, rL ! vth!"1

c , gets shorter than the
wavelength of the fastest growing mode, that is, rLkmax < 1,
the increase of the kinetic energy of the electron system
becomes significant if the waves still continue to grow. Since
this ultimately violates energy conservation, the growth of
the magnetic field strength must be saturated when
rLkmax ! 1.

The evolution of the magnetic fields after the nonlinear
saturation could be described as follows: Some numerical
simulations that follow the evolution of the Weibel instabil-
ity showed that the strength of the magnetic field driven by
the Weibel instability decreases after it reaches the maxi-
mum value (Morse &Nielson 1971). This can be understood
as follows: As the magnetic field grows, the electron velocity
distribution becomes isotropic, and it becomes difficult to
maintain the electric current field that supports the magnetic
field of the waves. In these simulations, the system is
assumed to be isolated, and the initial anisotropic velocity
distribution function is let free to evolve to an isotropic one.

On the other hand, in the case of the RL instability there is a
driving force that maintains the anisotropy of the velocity
distribution function. As long as the temperature gradient
does not disappear, the finite heat flux transports the heat
from the hot to the cold region, and the anisotropic velocity
distribution function discussed in x 2 is maintained. There-
fore, the decrease of the magnetic field strength after the
nonlinear saturation as found in the Weibel instability may
not occur in the RL instability. It is expected that the gener-
ated magnetic field strength will be kept at the saturated
value for the lifetime of the temperature gradient. Wallace
& Epperlein (1991) performed numerical simulations to fol-
low the evolution of the Weibel instability when an initial
anisotropic distribution function is maintained by an exter-
nal source. They showed that the magnetic field strength is
kept at a constant value after the saturation. Their results
support the above expectation for the RL instability. There
have been several indicative numerical simulations concern-
ing the organization of globally connected magnetic fields
evolved from the wavy fields generated by the instability.
The wavy magnetic fields generated by the Weibel
instability evolve into longer wavelength modes after satu-
ration (Lee & Lampe 1973; Sentoku et al. 2000, 2002). This
result indicates that an excited wavy magnetic field auto-
matically evolves into globally connected fields. This can be
understood as follows: After the magnetic field strength
reaches the saturated level, the electric current field starts to
act as individual electric beams every half-wavelength (Fig.
4). Each beam is surrounded by the azimuthal magnetic field
generated by the current beam itself. The electric beams
interact with each other via the Ampere force (Sentoku et al.
2000, 2002). Beams in the same direction are attracted to
each other and automatically gather. Finally, they merge
into one larger beam. Since the physical mechanism of the
growth of the RL instability is the same as for the Weibel
instability, as shown in x 4, the same evolution is expected
even in the RL case.

Although the reduction of the heat conductivity was orig-
inally considered to be due to electrons scattered by the
waves generated by the RL instability (Ramani & Laval
1978; Hattori & Umetsu 2000), this may not be the case. As
discussed above, the wavy magnetic field generated by the
instability could tend to form a global magnetic field auto-
matically. Therefore, the suppression of the heat conductiv-
ity may be determined by the trapping of the electrons by
the organized magnetic field. To estimate the suppression of
the heat conductivity quantitatively, we have to know the
final structure of the magnetic field due to the self-
organization. Detailed nonlinear studies, numerical simula-
tions for example, are desired to answer these questions.

6. APPLICATION TO THE COLD FRONT IN A3667

The above results are applied to the cold front found in
the cluster of galaxies A3667. The temperature and density
of the electrons change from kBTc ¼ 4:1$ 0:2 keV and
ne;c ¼ 3:2$ 0:5% 10"3 cm"3 to kBTh ¼ 7:7$ 0:8 keV and
ne;h ¼ 0:82$ 0:12% 10"3 cm"3 across the cold front
(Vikhlinin et al. 2001b). The width of the cold front is L ! 5
kpc at maximum. The Coulombmean free path of a thermal
electron in the cold front region is !e ¼ 5:4ðT=TaveÞ2 %
ðne=naveÞ"1 kpc, where Tave ¼ ðTh þ TcÞ=2 and nave ¼
ðne;h þ ne;cÞ=2. Thus, "#T ! 1 in the cold front of A3367.
The growth timescale of the unstable mode in the cold

Fig. 3.—Nonlinear saturation by wave-particle interaction. Top: For
rL > k"1

max. The thermal electrons travel throughout the waves, but their
orbits are randomly disturbed by the wavy magnetic fields. Bottom: For
rL < k"1

max. The thermal electrons are trapped by the fields and feel net
nonzero fields.
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component appears. Unfortunately, we have not yet
obtained the physical explanation for this. This is still an
open question.

5. ON THE NONLINEAR EVOLUTION OF THE
RL INSTABILITY

The nonlinear saturation level of the excited wave is esti-
mated assuming that the wave-particle interaction deter-
mines the saturation level. The fundamentals are illustrated
in Figure 3 (Ramani & Laval 1978; Gallev & Natanzon
1991). Once the Larmor radius of an electron gets shorter
than the wavelength of the growing mode, the electron is
trapped by the magnetic field of the wave, and the magnetic
flux enclosed by its orbit becomes finite. Then, the kinetic
energy of the trapped electron starts to monotonically
increase with the growth of the magnetic field strength, since
the increase of the magnetic flux enclosed by the electron
orbit causes induction electric fields that accelerate the elec-
tron like a betatron accelerator. Once the Larmor radius of
a typical thermal electron, rL ! vth!"1

c , gets shorter than the
wavelength of the fastest growing mode, that is, rLkmax < 1,
the increase of the kinetic energy of the electron system
becomes significant if the waves still continue to grow. Since
this ultimately violates energy conservation, the growth of
the magnetic field strength must be saturated when
rLkmax ! 1.

The evolution of the magnetic fields after the nonlinear
saturation could be described as follows: Some numerical
simulations that follow the evolution of the Weibel instabil-
ity showed that the strength of the magnetic field driven by
the Weibel instability decreases after it reaches the maxi-
mum value (Morse &Nielson 1971). This can be understood
as follows: As the magnetic field grows, the electron velocity
distribution becomes isotropic, and it becomes difficult to
maintain the electric current field that supports the magnetic
field of the waves. In these simulations, the system is
assumed to be isolated, and the initial anisotropic velocity
distribution function is let free to evolve to an isotropic one.

On the other hand, in the case of the RL instability there is a
driving force that maintains the anisotropy of the velocity
distribution function. As long as the temperature gradient
does not disappear, the finite heat flux transports the heat
from the hot to the cold region, and the anisotropic velocity
distribution function discussed in x 2 is maintained. There-
fore, the decrease of the magnetic field strength after the
nonlinear saturation as found in the Weibel instability may
not occur in the RL instability. It is expected that the gener-
ated magnetic field strength will be kept at the saturated
value for the lifetime of the temperature gradient. Wallace
& Epperlein (1991) performed numerical simulations to fol-
low the evolution of the Weibel instability when an initial
anisotropic distribution function is maintained by an exter-
nal source. They showed that the magnetic field strength is
kept at a constant value after the saturation. Their results
support the above expectation for the RL instability. There
have been several indicative numerical simulations concern-
ing the organization of globally connected magnetic fields
evolved from the wavy fields generated by the instability.
The wavy magnetic fields generated by the Weibel
instability evolve into longer wavelength modes after satu-
ration (Lee & Lampe 1973; Sentoku et al. 2000, 2002). This
result indicates that an excited wavy magnetic field auto-
matically evolves into globally connected fields. This can be
understood as follows: After the magnetic field strength
reaches the saturated level, the electric current field starts to
act as individual electric beams every half-wavelength (Fig.
4). Each beam is surrounded by the azimuthal magnetic field
generated by the current beam itself. The electric beams
interact with each other via the Ampere force (Sentoku et al.
2000, 2002). Beams in the same direction are attracted to
each other and automatically gather. Finally, they merge
into one larger beam. Since the physical mechanism of the
growth of the RL instability is the same as for the Weibel
instability, as shown in x 4, the same evolution is expected
even in the RL case.

Although the reduction of the heat conductivity was orig-
inally considered to be due to electrons scattered by the
waves generated by the RL instability (Ramani & Laval
1978; Hattori & Umetsu 2000), this may not be the case. As
discussed above, the wavy magnetic field generated by the
instability could tend to form a global magnetic field auto-
matically. Therefore, the suppression of the heat conductiv-
ity may be determined by the trapping of the electrons by
the organized magnetic field. To estimate the suppression of
the heat conductivity quantitatively, we have to know the
final structure of the magnetic field due to the self-
organization. Detailed nonlinear studies, numerical simula-
tions for example, are desired to answer these questions.

6. APPLICATION TO THE COLD FRONT IN A3667

The above results are applied to the cold front found in
the cluster of galaxies A3667. The temperature and density
of the electrons change from kBTc ¼ 4:1$ 0:2 keV and
ne;c ¼ 3:2$ 0:5% 10"3 cm"3 to kBTh ¼ 7:7$ 0:8 keV and
ne;h ¼ 0:82$ 0:12% 10"3 cm"3 across the cold front
(Vikhlinin et al. 2001b). The width of the cold front is L ! 5
kpc at maximum. The Coulombmean free path of a thermal
electron in the cold front region is !e ¼ 5:4ðT=TaveÞ2 %
ðne=naveÞ"1 kpc, where Tave ¼ ðTh þ TcÞ=2 and nave ¼
ðne;h þ ne;cÞ=2. Thus, "#T ! 1 in the cold front of A3367.
The growth timescale of the unstable mode in the cold
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component appears. Unfortunately, we have not yet
obtained the physical explanation for this. This is still an
open question.

5. ON THE NONLINEAR EVOLUTION OF THE
RL INSTABILITY

The nonlinear saturation level of the excited wave is esti-
mated assuming that the wave-particle interaction deter-
mines the saturation level. The fundamentals are illustrated
in Figure 3 (Ramani & Laval 1978; Gallev & Natanzon
1991). Once the Larmor radius of an electron gets shorter
than the wavelength of the growing mode, the electron is
trapped by the magnetic field of the wave, and the magnetic
flux enclosed by its orbit becomes finite. Then, the kinetic
energy of the trapped electron starts to monotonically
increase with the growth of the magnetic field strength, since
the increase of the magnetic flux enclosed by the electron
orbit causes induction electric fields that accelerate the elec-
tron like a betatron accelerator. Once the Larmor radius of
a typical thermal electron, rL ! vth!"1

c , gets shorter than the
wavelength of the fastest growing mode, that is, rLkmax < 1,
the increase of the kinetic energy of the electron system
becomes significant if the waves still continue to grow. Since
this ultimately violates energy conservation, the growth of
the magnetic field strength must be saturated when
rLkmax ! 1.

The evolution of the magnetic fields after the nonlinear
saturation could be described as follows: Some numerical
simulations that follow the evolution of the Weibel instabil-
ity showed that the strength of the magnetic field driven by
the Weibel instability decreases after it reaches the maxi-
mum value (Morse &Nielson 1971). This can be understood
as follows: As the magnetic field grows, the electron velocity
distribution becomes isotropic, and it becomes difficult to
maintain the electric current field that supports the magnetic
field of the waves. In these simulations, the system is
assumed to be isolated, and the initial anisotropic velocity
distribution function is let free to evolve to an isotropic one.

On the other hand, in the case of the RL instability there is a
driving force that maintains the anisotropy of the velocity
distribution function. As long as the temperature gradient
does not disappear, the finite heat flux transports the heat
from the hot to the cold region, and the anisotropic velocity
distribution function discussed in x 2 is maintained. There-
fore, the decrease of the magnetic field strength after the
nonlinear saturation as found in the Weibel instability may
not occur in the RL instability. It is expected that the gener-
ated magnetic field strength will be kept at the saturated
value for the lifetime of the temperature gradient. Wallace
& Epperlein (1991) performed numerical simulations to fol-
low the evolution of the Weibel instability when an initial
anisotropic distribution function is maintained by an exter-
nal source. They showed that the magnetic field strength is
kept at a constant value after the saturation. Their results
support the above expectation for the RL instability. There
have been several indicative numerical simulations concern-
ing the organization of globally connected magnetic fields
evolved from the wavy fields generated by the instability.
The wavy magnetic fields generated by the Weibel
instability evolve into longer wavelength modes after satu-
ration (Lee & Lampe 1973; Sentoku et al. 2000, 2002). This
result indicates that an excited wavy magnetic field auto-
matically evolves into globally connected fields. This can be
understood as follows: After the magnetic field strength
reaches the saturated level, the electric current field starts to
act as individual electric beams every half-wavelength (Fig.
4). Each beam is surrounded by the azimuthal magnetic field
generated by the current beam itself. The electric beams
interact with each other via the Ampere force (Sentoku et al.
2000, 2002). Beams in the same direction are attracted to
each other and automatically gather. Finally, they merge
into one larger beam. Since the physical mechanism of the
growth of the RL instability is the same as for the Weibel
instability, as shown in x 4, the same evolution is expected
even in the RL case.

Although the reduction of the heat conductivity was orig-
inally considered to be due to electrons scattered by the
waves generated by the RL instability (Ramani & Laval
1978; Hattori & Umetsu 2000), this may not be the case. As
discussed above, the wavy magnetic field generated by the
instability could tend to form a global magnetic field auto-
matically. Therefore, the suppression of the heat conductiv-
ity may be determined by the trapping of the electrons by
the organized magnetic field. To estimate the suppression of
the heat conductivity quantitatively, we have to know the
final structure of the magnetic field due to the self-
organization. Detailed nonlinear studies, numerical simula-
tions for example, are desired to answer these questions.

6. APPLICATION TO THE COLD FRONT IN A3667

The above results are applied to the cold front found in
the cluster of galaxies A3667. The temperature and density
of the electrons change from kBTc ¼ 4:1$ 0:2 keV and
ne;c ¼ 3:2$ 0:5% 10"3 cm"3 to kBTh ¼ 7:7$ 0:8 keV and
ne;h ¼ 0:82$ 0:12% 10"3 cm"3 across the cold front
(Vikhlinin et al. 2001b). The width of the cold front is L ! 5
kpc at maximum. The Coulombmean free path of a thermal
electron in the cold front region is !e ¼ 5:4ðT=TaveÞ2 %
ðne=naveÞ"1 kpc, where Tave ¼ ðTh þ TcÞ=2 and nave ¼
ðne;h þ ne;cÞ=2. Thus, "#T ! 1 in the cold front of A3367.
The growth timescale of the unstable mode in the cold
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component appears. Unfortunately, we have not yet
obtained the physical explanation for this. This is still an
open question.

5. ON THE NONLINEAR EVOLUTION OF THE
RL INSTABILITY

The nonlinear saturation level of the excited wave is esti-
mated assuming that the wave-particle interaction deter-
mines the saturation level. The fundamentals are illustrated
in Figure 3 (Ramani & Laval 1978; Gallev & Natanzon
1991). Once the Larmor radius of an electron gets shorter
than the wavelength of the growing mode, the electron is
trapped by the magnetic field of the wave, and the magnetic
flux enclosed by its orbit becomes finite. Then, the kinetic
energy of the trapped electron starts to monotonically
increase with the growth of the magnetic field strength, since
the increase of the magnetic flux enclosed by the electron
orbit causes induction electric fields that accelerate the elec-
tron like a betatron accelerator. Once the Larmor radius of
a typical thermal electron, rL ! vth!"1

c , gets shorter than the
wavelength of the fastest growing mode, that is, rLkmax < 1,
the increase of the kinetic energy of the electron system
becomes significant if the waves still continue to grow. Since
this ultimately violates energy conservation, the growth of
the magnetic field strength must be saturated when
rLkmax ! 1.

The evolution of the magnetic fields after the nonlinear
saturation could be described as follows: Some numerical
simulations that follow the evolution of the Weibel instabil-
ity showed that the strength of the magnetic field driven by
the Weibel instability decreases after it reaches the maxi-
mum value (Morse &Nielson 1971). This can be understood
as follows: As the magnetic field grows, the electron velocity
distribution becomes isotropic, and it becomes difficult to
maintain the electric current field that supports the magnetic
field of the waves. In these simulations, the system is
assumed to be isolated, and the initial anisotropic velocity
distribution function is let free to evolve to an isotropic one.

On the other hand, in the case of the RL instability there is a
driving force that maintains the anisotropy of the velocity
distribution function. As long as the temperature gradient
does not disappear, the finite heat flux transports the heat
from the hot to the cold region, and the anisotropic velocity
distribution function discussed in x 2 is maintained. There-
fore, the decrease of the magnetic field strength after the
nonlinear saturation as found in the Weibel instability may
not occur in the RL instability. It is expected that the gener-
ated magnetic field strength will be kept at the saturated
value for the lifetime of the temperature gradient. Wallace
& Epperlein (1991) performed numerical simulations to fol-
low the evolution of the Weibel instability when an initial
anisotropic distribution function is maintained by an exter-
nal source. They showed that the magnetic field strength is
kept at a constant value after the saturation. Their results
support the above expectation for the RL instability. There
have been several indicative numerical simulations concern-
ing the organization of globally connected magnetic fields
evolved from the wavy fields generated by the instability.
The wavy magnetic fields generated by the Weibel
instability evolve into longer wavelength modes after satu-
ration (Lee & Lampe 1973; Sentoku et al. 2000, 2002). This
result indicates that an excited wavy magnetic field auto-
matically evolves into globally connected fields. This can be
understood as follows: After the magnetic field strength
reaches the saturated level, the electric current field starts to
act as individual electric beams every half-wavelength (Fig.
4). Each beam is surrounded by the azimuthal magnetic field
generated by the current beam itself. The electric beams
interact with each other via the Ampere force (Sentoku et al.
2000, 2002). Beams in the same direction are attracted to
each other and automatically gather. Finally, they merge
into one larger beam. Since the physical mechanism of the
growth of the RL instability is the same as for the Weibel
instability, as shown in x 4, the same evolution is expected
even in the RL case.

Although the reduction of the heat conductivity was orig-
inally considered to be due to electrons scattered by the
waves generated by the RL instability (Ramani & Laval
1978; Hattori & Umetsu 2000), this may not be the case. As
discussed above, the wavy magnetic field generated by the
instability could tend to form a global magnetic field auto-
matically. Therefore, the suppression of the heat conductiv-
ity may be determined by the trapping of the electrons by
the organized magnetic field. To estimate the suppression of
the heat conductivity quantitatively, we have to know the
final structure of the magnetic field due to the self-
organization. Detailed nonlinear studies, numerical simula-
tions for example, are desired to answer these questions.
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component appears. Unfortunately, we have not yet
obtained the physical explanation for this. This is still an
open question.

5. ON THE NONLINEAR EVOLUTION OF THE
RL INSTABILITY

The nonlinear saturation level of the excited wave is esti-
mated assuming that the wave-particle interaction deter-
mines the saturation level. The fundamentals are illustrated
in Figure 3 (Ramani & Laval 1978; Gallev & Natanzon
1991). Once the Larmor radius of an electron gets shorter
than the wavelength of the growing mode, the electron is
trapped by the magnetic field of the wave, and the magnetic
flux enclosed by its orbit becomes finite. Then, the kinetic
energy of the trapped electron starts to monotonically
increase with the growth of the magnetic field strength, since
the increase of the magnetic flux enclosed by the electron
orbit causes induction electric fields that accelerate the elec-
tron like a betatron accelerator. Once the Larmor radius of
a typical thermal electron, rL ! vth!"1

c , gets shorter than the
wavelength of the fastest growing mode, that is, rLkmax < 1,
the increase of the kinetic energy of the electron system
becomes significant if the waves still continue to grow. Since
this ultimately violates energy conservation, the growth of
the magnetic field strength must be saturated when
rLkmax ! 1.

The evolution of the magnetic fields after the nonlinear
saturation could be described as follows: Some numerical
simulations that follow the evolution of the Weibel instabil-
ity showed that the strength of the magnetic field driven by
the Weibel instability decreases after it reaches the maxi-
mum value (Morse &Nielson 1971). This can be understood
as follows: As the magnetic field grows, the electron velocity
distribution becomes isotropic, and it becomes difficult to
maintain the electric current field that supports the magnetic
field of the waves. In these simulations, the system is
assumed to be isolated, and the initial anisotropic velocity
distribution function is let free to evolve to an isotropic one.

On the other hand, in the case of the RL instability there is a
driving force that maintains the anisotropy of the velocity
distribution function. As long as the temperature gradient
does not disappear, the finite heat flux transports the heat
from the hot to the cold region, and the anisotropic velocity
distribution function discussed in x 2 is maintained. There-
fore, the decrease of the magnetic field strength after the
nonlinear saturation as found in the Weibel instability may
not occur in the RL instability. It is expected that the gener-
ated magnetic field strength will be kept at the saturated
value for the lifetime of the temperature gradient. Wallace
& Epperlein (1991) performed numerical simulations to fol-
low the evolution of the Weibel instability when an initial
anisotropic distribution function is maintained by an exter-
nal source. They showed that the magnetic field strength is
kept at a constant value after the saturation. Their results
support the above expectation for the RL instability. There
have been several indicative numerical simulations concern-
ing the organization of globally connected magnetic fields
evolved from the wavy fields generated by the instability.
The wavy magnetic fields generated by the Weibel
instability evolve into longer wavelength modes after satu-
ration (Lee & Lampe 1973; Sentoku et al. 2000, 2002). This
result indicates that an excited wavy magnetic field auto-
matically evolves into globally connected fields. This can be
understood as follows: After the magnetic field strength
reaches the saturated level, the electric current field starts to
act as individual electric beams every half-wavelength (Fig.
4). Each beam is surrounded by the azimuthal magnetic field
generated by the current beam itself. The electric beams
interact with each other via the Ampere force (Sentoku et al.
2000, 2002). Beams in the same direction are attracted to
each other and automatically gather. Finally, they merge
into one larger beam. Since the physical mechanism of the
growth of the RL instability is the same as for the Weibel
instability, as shown in x 4, the same evolution is expected
even in the RL case.

Although the reduction of the heat conductivity was orig-
inally considered to be due to electrons scattered by the
waves generated by the RL instability (Ramani & Laval
1978; Hattori & Umetsu 2000), this may not be the case. As
discussed above, the wavy magnetic field generated by the
instability could tend to form a global magnetic field auto-
matically. Therefore, the suppression of the heat conductiv-
ity may be determined by the trapping of the electrons by
the organized magnetic field. To estimate the suppression of
the heat conductivity quantitatively, we have to know the
final structure of the magnetic field due to the self-
organization. Detailed nonlinear studies, numerical simula-
tions for example, are desired to answer these questions.

6. APPLICATION TO THE COLD FRONT IN A3667

The above results are applied to the cold front found in
the cluster of galaxies A3667. The temperature and density
of the electrons change from kBTc ¼ 4:1$ 0:2 keV and
ne;c ¼ 3:2$ 0:5% 10"3 cm"3 to kBTh ¼ 7:7$ 0:8 keV and
ne;h ¼ 0:82$ 0:12% 10"3 cm"3 across the cold front
(Vikhlinin et al. 2001b). The width of the cold front is L ! 5
kpc at maximum. The Coulombmean free path of a thermal
electron in the cold front region is !e ¼ 5:4ðT=TaveÞ2 %
ðne=naveÞ"1 kpc, where Tave ¼ ðTh þ TcÞ=2 and nave ¼
ðne;h þ ne;cÞ=2. Thus, "#T ! 1 in the cold front of A3367.
The growth timescale of the unstable mode in the cold
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orbits are randomly disturbed by the wavy magnetic fields. Bottom: For
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component appears. Unfortunately, we have not yet
obtained the physical explanation for this. This is still an
open question.

5. ON THE NONLINEAR EVOLUTION OF THE
RL INSTABILITY

The nonlinear saturation level of the excited wave is esti-
mated assuming that the wave-particle interaction deter-
mines the saturation level. The fundamentals are illustrated
in Figure 3 (Ramani & Laval 1978; Gallev & Natanzon
1991). Once the Larmor radius of an electron gets shorter
than the wavelength of the growing mode, the electron is
trapped by the magnetic field of the wave, and the magnetic
flux enclosed by its orbit becomes finite. Then, the kinetic
energy of the trapped electron starts to monotonically
increase with the growth of the magnetic field strength, since
the increase of the magnetic flux enclosed by the electron
orbit causes induction electric fields that accelerate the elec-
tron like a betatron accelerator. Once the Larmor radius of
a typical thermal electron, rL ! vth!"1
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distribution becomes isotropic, and it becomes difficult to
maintain the electric current field that supports the magnetic
field of the waves. In these simulations, the system is
assumed to be isolated, and the initial anisotropic velocity
distribution function is let free to evolve to an isotropic one.
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driving force that maintains the anisotropy of the velocity
distribution function. As long as the temperature gradient
does not disappear, the finite heat flux transports the heat
from the hot to the cold region, and the anisotropic velocity
distribution function discussed in x 2 is maintained. There-
fore, the decrease of the magnetic field strength after the
nonlinear saturation as found in the Weibel instability may
not occur in the RL instability. It is expected that the gener-
ated magnetic field strength will be kept at the saturated
value for the lifetime of the temperature gradient. Wallace
& Epperlein (1991) performed numerical simulations to fol-
low the evolution of the Weibel instability when an initial
anisotropic distribution function is maintained by an exter-
nal source. They showed that the magnetic field strength is
kept at a constant value after the saturation. Their results
support the above expectation for the RL instability. There
have been several indicative numerical simulations concern-
ing the organization of globally connected magnetic fields
evolved from the wavy fields generated by the instability.
The wavy magnetic fields generated by the Weibel
instability evolve into longer wavelength modes after satu-
ration (Lee & Lampe 1973; Sentoku et al. 2000, 2002). This
result indicates that an excited wavy magnetic field auto-
matically evolves into globally connected fields. This can be
understood as follows: After the magnetic field strength
reaches the saturated level, the electric current field starts to
act as individual electric beams every half-wavelength (Fig.
4). Each beam is surrounded by the azimuthal magnetic field
generated by the current beam itself. The electric beams
interact with each other via the Ampere force (Sentoku et al.
2000, 2002). Beams in the same direction are attracted to
each other and automatically gather. Finally, they merge
into one larger beam. Since the physical mechanism of the
growth of the RL instability is the same as for the Weibel
instability, as shown in x 4, the same evolution is expected
even in the RL case.

Although the reduction of the heat conductivity was orig-
inally considered to be due to electrons scattered by the
waves generated by the RL instability (Ramani & Laval
1978; Hattori & Umetsu 2000), this may not be the case. As
discussed above, the wavy magnetic field generated by the
instability could tend to form a global magnetic field auto-
matically. Therefore, the suppression of the heat conductiv-
ity may be determined by the trapping of the electrons by
the organized magnetic field. To estimate the suppression of
the heat conductivity quantitatively, we have to know the
final structure of the magnetic field due to the self-
organization. Detailed nonlinear studies, numerical simula-
tions for example, are desired to answer these questions.

6. APPLICATION TO THE COLD FRONT IN A3667

The above results are applied to the cold front found in
the cluster of galaxies A3667. The temperature and density
of the electrons change from kBTc ¼ 4:1$ 0:2 keV and
ne;c ¼ 3:2$ 0:5% 10"3 cm"3 to kBTh ¼ 7:7$ 0:8 keV and
ne;h ¼ 0:82$ 0:12% 10"3 cm"3 across the cold front
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kpc at maximum. The Coulombmean free path of a thermal
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component appears. Unfortunately, we have not yet
obtained the physical explanation for this. This is still an
open question.

5. ON THE NONLINEAR EVOLUTION OF THE
RL INSTABILITY

The nonlinear saturation level of the excited wave is esti-
mated assuming that the wave-particle interaction deter-
mines the saturation level. The fundamentals are illustrated
in Figure 3 (Ramani & Laval 1978; Gallev & Natanzon
1991). Once the Larmor radius of an electron gets shorter
than the wavelength of the growing mode, the electron is
trapped by the magnetic field of the wave, and the magnetic
flux enclosed by its orbit becomes finite. Then, the kinetic
energy of the trapped electron starts to monotonically
increase with the growth of the magnetic field strength, since
the increase of the magnetic flux enclosed by the electron
orbit causes induction electric fields that accelerate the elec-
tron like a betatron accelerator. Once the Larmor radius of
a typical thermal electron, rL ! vth!"1

c , gets shorter than the
wavelength of the fastest growing mode, that is, rLkmax < 1,
the increase of the kinetic energy of the electron system
becomes significant if the waves still continue to grow. Since
this ultimately violates energy conservation, the growth of
the magnetic field strength must be saturated when
rLkmax ! 1.
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simulations that follow the evolution of the Weibel instabil-
ity showed that the strength of the magnetic field driven by
the Weibel instability decreases after it reaches the maxi-
mum value (Morse &Nielson 1971). This can be understood
as follows: As the magnetic field grows, the electron velocity
distribution becomes isotropic, and it becomes difficult to
maintain the electric current field that supports the magnetic
field of the waves. In these simulations, the system is
assumed to be isolated, and the initial anisotropic velocity
distribution function is let free to evolve to an isotropic one.

On the other hand, in the case of the RL instability there is a
driving force that maintains the anisotropy of the velocity
distribution function. As long as the temperature gradient
does not disappear, the finite heat flux transports the heat
from the hot to the cold region, and the anisotropic velocity
distribution function discussed in x 2 is maintained. There-
fore, the decrease of the magnetic field strength after the
nonlinear saturation as found in the Weibel instability may
not occur in the RL instability. It is expected that the gener-
ated magnetic field strength will be kept at the saturated
value for the lifetime of the temperature gradient. Wallace
& Epperlein (1991) performed numerical simulations to fol-
low the evolution of the Weibel instability when an initial
anisotropic distribution function is maintained by an exter-
nal source. They showed that the magnetic field strength is
kept at a constant value after the saturation. Their results
support the above expectation for the RL instability. There
have been several indicative numerical simulations concern-
ing the organization of globally connected magnetic fields
evolved from the wavy fields generated by the instability.
The wavy magnetic fields generated by the Weibel
instability evolve into longer wavelength modes after satu-
ration (Lee & Lampe 1973; Sentoku et al. 2000, 2002). This
result indicates that an excited wavy magnetic field auto-
matically evolves into globally connected fields. This can be
understood as follows: After the magnetic field strength
reaches the saturated level, the electric current field starts to
act as individual electric beams every half-wavelength (Fig.
4). Each beam is surrounded by the azimuthal magnetic field
generated by the current beam itself. The electric beams
interact with each other via the Ampere force (Sentoku et al.
2000, 2002). Beams in the same direction are attracted to
each other and automatically gather. Finally, they merge
into one larger beam. Since the physical mechanism of the
growth of the RL instability is the same as for the Weibel
instability, as shown in x 4, the same evolution is expected
even in the RL case.

Although the reduction of the heat conductivity was orig-
inally considered to be due to electrons scattered by the
waves generated by the RL instability (Ramani & Laval
1978; Hattori & Umetsu 2000), this may not be the case. As
discussed above, the wavy magnetic field generated by the
instability could tend to form a global magnetic field auto-
matically. Therefore, the suppression of the heat conductiv-
ity may be determined by the trapping of the electrons by
the organized magnetic field. To estimate the suppression of
the heat conductivity quantitatively, we have to know the
final structure of the magnetic field due to the self-
organization. Detailed nonlinear studies, numerical simula-
tions for example, are desired to answer these questions.

6. APPLICATION TO THE COLD FRONT IN A3667

The above results are applied to the cold front found in
the cluster of galaxies A3667. The temperature and density
of the electrons change from kBTc ¼ 4:1$ 0:2 keV and
ne;c ¼ 3:2$ 0:5% 10"3 cm"3 to kBTh ¼ 7:7$ 0:8 keV and
ne;h ¼ 0:82$ 0:12% 10"3 cm"3 across the cold front
(Vikhlinin et al. 2001b). The width of the cold front is L ! 5
kpc at maximum. The Coulombmean free path of a thermal
electron in the cold front region is !e ¼ 5:4ðT=TaveÞ2 %
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which the instability can generate magnetic fields with the
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growth timescale. Therefore, it is expected that the magnetic
field is generated almost instantaneously compared to any
other dynamical timescales in the cluster of galaxies. By
applying the saturation level discussed in x 5, the saturated
magnetic field strength in the cold front should be
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where the exact dispersion relations for modes 1 and 2 are
used. The obtained value agrees surprisingly well with the
speculated value of 10 lG based on consideration against
the KH instability. The direction of the generated magnetic
field should be almost parallel to the cold front surface
because of the characteristics of the mode. As discussed in
x 5, the generated wavy magnetic fields could tend to evolve
into a globally connected field. Therefore, we expect the
cold front surface to be covered by globally connected mag-
netic fields directed tangential to the surface with a strength
of 10 lG and the KH instability to be suppressed by these
fields. Although to suppress the KH instability the existence
of magnetic fields is required only in the tail of
the cold fronts (Vikhlinin et al. 2001a), our model predicts

the existence of such strong fields all over the cold front
where the temperature jump exists. The generated magnetic
field may significantly reduce the electron mean free path
in the direction of the temperature gradient and could
suppress heat conduction all over the cold front.

7. DISCUSSION

We have successfully determined the physical mechanism
responsible for one of the two independent modes of the RL
instability and have shown that the growth mechanism is
identical to the Weibel instability, which is well known as
one of the generation mechanisms of the magnetic field.
Therefore, the RL instability can also be considered as a
generation mechanism of magnetic fields in astronomical
situations. The nonlinear saturation level of the instability is
estimated by considering the wave-particle interaction. The
evolution of the magnetic fields after saturation is specu-
lated on by referring to previous numerical simulations,
which followed the nonlinear evolution of the Weibel insta-
bility. The generated fields might be self-organized and
evolve into a globally connected magnetic field. The results
are applied to the cold front in A3667. The existence of a
magnetic field of "10 lG tangential to the surface all over
the cold front is predicted. The results surprisingly agree
with the predicted nature of the magnetic field in the cold
front needed to explain the smoothness of the cold front sur-
face structure, avoiding the KH instability. Although sup-
pression of the KH instability requires the existence of a
strong magnetic field only in the tail of the cold front, our
model predicts the existence of such a strong field all over
the cold front where the temperature jump exists. The signif-
icant suppression of heat conduction in the cold front is also
expected from the trapping of electrons by the generated
magnetic fields. Thus, our model predicts that the bow-
shaped structure of the cold fronts should not partially
disappear, and the whole structure should be maintained.

Of course, further studies on the RL instability are
desired. Nonlinear studies using numerical simulations
adapted to the RL instability and the cold front are among
the most important remaining tasks. The identification of
the physical mechanism of mode 1, and how a longitudinal
electric field is generated, is another important remaining
task.

The physics of the RL instability discussed in this paper
should be universal, and the RL instability may play an
important role in various hot thin plasmas in the universe.
For example, temperature inhomogeneities of #$T " 0:04
distributed through the whole cluster have been found in
almost all clusters of galaxies. The RL instability predicts
the existence of a cluster halo magnetic field with a strength
of B " 0:04ðnekBTÞ1=2 " 0:3 lG. Surprisingly, the predicted
value just coincides with an observationally reported cluster
halo magnetic field strength. The details of this topic are
reported in a forthcoming paper (N. Okabe & M. Hattori
2004, in preparation). We believe that the RL instability
may provide a new fruitful possibility on the origin of the
cosmic magnetic field.
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their several fruitful comments and the anonymous referee
for constructive comments.

Fig. 4.—Physical mechanism of theWeibel instability

968 OKABE & HATTORI Vol. 599

Cold	
  Frontでの磁場の強度	


front is !!1
max " 0:1 s. Although the exact timescale over

which the instability can generate magnetic fields with the
saturation values over the scale of the interfaces is difficult
to estimate, it must be several tens of times longer than the
growth timescale. Therefore, it is expected that the magnetic
field is generated almost instantaneously compared to any
other dynamical timescales in the cluster of galaxies. By
applying the saturation level discussed in x 5, the saturated
magnetic field strength in the cold front should be

Bsp;? "
ffiffiffi
"

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
nekBT

p
#$T ’ 8

T

Tave

" #3=2 n

nave

" #!1=2

lG ;

where the exact dispersion relations for modes 1 and 2 are
used. The obtained value agrees surprisingly well with the
speculated value of 10 lG based on consideration against
the KH instability. The direction of the generated magnetic
field should be almost parallel to the cold front surface
because of the characteristics of the mode. As discussed in
x 5, the generated wavy magnetic fields could tend to evolve
into a globally connected field. Therefore, we expect the
cold front surface to be covered by globally connected mag-
netic fields directed tangential to the surface with a strength
of 10 lG and the KH instability to be suppressed by these
fields. Although to suppress the KH instability the existence
of magnetic fields is required only in the tail of
the cold fronts (Vikhlinin et al. 2001a), our model predicts

the existence of such strong fields all over the cold front
where the temperature jump exists. The generated magnetic
field may significantly reduce the electron mean free path
in the direction of the temperature gradient and could
suppress heat conduction all over the cold front.

7. DISCUSSION

We have successfully determined the physical mechanism
responsible for one of the two independent modes of the RL
instability and have shown that the growth mechanism is
identical to the Weibel instability, which is well known as
one of the generation mechanisms of the magnetic field.
Therefore, the RL instability can also be considered as a
generation mechanism of magnetic fields in astronomical
situations. The nonlinear saturation level of the instability is
estimated by considering the wave-particle interaction. The
evolution of the magnetic fields after saturation is specu-
lated on by referring to previous numerical simulations,
which followed the nonlinear evolution of the Weibel insta-
bility. The generated fields might be self-organized and
evolve into a globally connected magnetic field. The results
are applied to the cold front in A3667. The existence of a
magnetic field of "10 lG tangential to the surface all over
the cold front is predicted. The results surprisingly agree
with the predicted nature of the magnetic field in the cold
front needed to explain the smoothness of the cold front sur-
face structure, avoiding the KH instability. Although sup-
pression of the KH instability requires the existence of a
strong magnetic field only in the tail of the cold front, our
model predicts the existence of such a strong field all over
the cold front where the temperature jump exists. The signif-
icant suppression of heat conduction in the cold front is also
expected from the trapping of electrons by the generated
magnetic fields. Thus, our model predicts that the bow-
shaped structure of the cold fronts should not partially
disappear, and the whole structure should be maintained.

Of course, further studies on the RL instability are
desired. Nonlinear studies using numerical simulations
adapted to the RL instability and the cold front are among
the most important remaining tasks. The identification of
the physical mechanism of mode 1, and how a longitudinal
electric field is generated, is another important remaining
task.

The physics of the RL instability discussed in this paper
should be universal, and the RL instability may play an
important role in various hot thin plasmas in the universe.
For example, temperature inhomogeneities of #$T " 0:04
distributed through the whole cluster have been found in
almost all clusters of galaxies. The RL instability predicts
the existence of a cluster halo magnetic field with a strength
of B " 0:04ðnekBTÞ1=2 " 0:3 lG. Surprisingly, the predicted
value just coincides with an observationally reported cluster
halo magnetic field strength. The details of this topic are
reported in a forthcoming paper (N. Okabe & M. Hattori
2004, in preparation). We believe that the RL instability
may provide a new fruitful possibility on the origin of the
cosmic magnetic field.

The authors gratefully thank T. N. Kato, M. Iijima,
M. Takizawa, H. Ohno, Y. Fujita, and A. Vihklinin for
their several fruitful comments and the anonymous referee
for constructive comments.

Fig. 4.—Physical mechanism of theWeibel instability

968 OKABE & HATTORI Vol. 599


