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We show that magnetic elds are spontaneously generatedin the plasmaswhich have
the temperature inhomogeneity and the heat conduction is spontaneously suppressed.
This is based on the microscopic plasma instability that the anisotropic velocity
distribution induced by the temperature gradient derivesthe low frequency growing
transverse magnetic waves. We have shown that the physical medcanism for this
growth is identical to the Weibel instability. The saturation level for this mode
is determined by the wave-particle interaction. The results are applied to spatial
variations of the plasmatemperature in clustersand cold fronts which are bow-shaped
contact surfacesbetweentwo di erent entropy plasmas,newly discovered structures
by the Chandra X-ray obsenatory. We predict the existenceof 10 G magnetic elds
along cold fronts. The predicted elds agreesurprisingly well with those required to
suppressthe Kelvin-Helmholtz instability arising from the motion of fronts. Since
magnetic elds are generated most strongly in the perpendicular direction to the
temperature gradients, the heat conduction is signi cantly suppressed. Our eld
generationmedanism predicts the existencesof 0:1{1 G intracluster magnetic elds
which are consistert with the obsenations of the syndhrotron radio halos and the

inverseCompton X-ray emissions.

1. Intro duction

The presenceof cluster magnetic elds is well estab-
lished from di erent obsenational methods. Someclus-
ters of galaxieshave beenreported to contain di use syn-
chrotron radio emissions,called radio halosor relics. The
volume-averagedmagnetic eld strengths in radio halos
and relics can be estimated, assumingminimum energy
argumerts which roughly correspond to energy equipar-
tition betweenrelativistic particles and magnetic elds.
Estimated strengths are about 0:1{1 G (e.g., ?Govoni
et al. 2001). These values are comparable to strengths
evaluated by the combinations of the syndhrotron radio
emission with the hard X-ray emission which is inter-
preted as the inverse Compton scattering of the cosmic
microwave badkground by the relativistic electrons(e.g.,
Rephaeli et al. 1999; Fusco-Femiano et al. 2003). Other
obsenational studies are the Faraday rotation measure-
merts of radio galaxieswithin or behind clusters. Fara-
day rotation derives magnetic eld strengths along the
line of sight, combined with the electron density n (e.g.,
Kim, Kronberg, & Tribble 1991; Clarke, Kronberg, &
Behringer 2001). The results yield that strengths of tan-
gled magnetic elds are more than G which is higher
than those evaluated by both minimum energy argu-
ments and inverse Compton X-ray obsenations. This
discrepancyremainsto be resolved.

In addition, new evidence of existence of mag-
netic elds along cold fronts is indirectly indicated by
Vikhlinin et al. (2001b, 2002). Cold fronts are the bow-
shaped discortinuities in the X-ray emitting hot plas-
masin clusters of galaxies(Mark evitch et al. 2000). The
plasmatemperature sharply increasesacrossthe discorti-

nuities, while the plasmadensity sharply decreasescross
the discortinuities toward the same direction. They
pointed out that a magnetic eld of 10 G alongthe fronts
should exist to explain the smoothnessof the fronts oth-

erwisethe irregular structures are arisen by the Kelvin-

Helmholtz (KH) instabilit y.

Cluster magnetic elds are thought to be dynamically
insigni cant sincemagnetic energyis too small compared
with the thermal energy However, magnetic elds are
expected to be playing important roles to reduce the
classical Spitzer heat conductivity. The evidences of
the suppressionof heat conduction are shown in various
ervironments of cluster plasma: in global temperature
gradients (e.g., Fabian, Voigt, & Morris 2002; Zakam-
ska & Narayan 2003),in temperature uctuations which
might be related to cluster mergers(e.g., Markevitch et
al. 2003) and acrosscold fronts (e.g., Markevitch et al.
2000; Vikhlinin et al. 2001a). That indicates that the
heat conductivity would be universally determined by the
plasmaphysics. However, it is reported that the required
reductions of heat conductivities are various. That would
be due to the di erence of plasma environments.

The origin of cluster magnetic elds hasbeendiscussed
for a long time and many ideaswere suggested(seeCar-
illi & Taylor 2002, for a review). Early studies sug-
gestedthat turbulences which are generated by galaxy
motions in the intracluster medium (ICM) amplify the
seedmagnetic elds by dynamoactions. (e.g.,Ja e 1980;
Ruzmaikin, A., Sololov & Shukurov 1989). The seed
elds are thought to be generated by Biermann's bat-
tery e ect (Biermann 1950; Kulsrud et al. 1997). The
eld strengths are believed to be ampli ed up to the en-
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ergy e&uipartition with the kinetic energy of turbulence,
B 4 v2, where is the density and v is the ve-
locity of the turbulence of plasma. However, dynamos
by galaxy motions have the dicult y to explain clus-
ter magnetic elds, since their predicted strengths are
at most 0.1 G (De Young 1992) and the regionswhere
galaxieshave moved seemsto be uncorrelated with mor-
phologies of the radio halos and relics. An alternative
scenariowith respect to dynamosis that cluster mergers
drive turbulence and supply the magnetic energy with
a small fraction of the merger energy Another scenario
that the magnetic elds are ejected from Active Galac-
tic Nuclei is also di cult, because\bubble structures"
as seenin Perseus(Fabian et al. 2000), A2052 (Blanton
et al. 2001) and A2597 (McNamara et al. 2001) are not
seenin clusters with radio halos or relics.

We proposeda new magnetic eld generation medca-
nism. The proposedmedanism can realizethe magnetic
eld along cold fronts (Okabe & Hattori 2003) required
to suppressthe KH instability (Vikhlinin et al. 2001b,
2002) and intracluster magnetic elds. Moreover, this
medanism has somepowerful predictions, including the
suppressionof the heat conductivity.

The outline of the generation mechanism is as follows
and the details are preseried in eat section: the elec-
tron velocity distribution function should deviate from a
Maxwell-Boltzmann distribution function, sincethe heat
ux always ows when the plasmahastemperature gra-
dients (in x2). Then, the low frequencytransversemag-
netic waves grow even in the absenceof a badkground
magnetic eld (in x3). Sincethe instabilit y wasfound by
Ramani & Laval (1978), the instability is referred to as
the Ramani-Laval (RL) instability in this paper. The ap-
plications of the RL instabilit y to the cluster hot plasmas
were examined by someauthors; in casesof the plasma
with badkground magnetic elds (Levinson & Eichler
1992)and the electron-iontwo componerts plasma(Hat-
tori & Umetsu 2000). We have shown that the meda-
nism of the RL instability is identical to the Weibel in-
stability which is well-known as one of the mechanisms
of magnetic elds generation (in x4). We found that the
saturation level of RL instability is determined by the
wave-particle interaction (Ramani & Laval 1978;Gallev
& Natanzon 1991). The saturated magnetic elds will
ewlve into the large scalesthrough an inverse cascade
process,as reported in the numerical simulations of the
Weibel instability (Lee 1973;Sertoku et al. 2000,2002).
Thesenonlinear ewolutions of the RL instabilit y are pre-
serted in x5.

We apply to clusters of galaxiesand roughly estimate
magnetic eld strengths generated by the temperature
gradients. We present theseresults in x6, predictions of
our proposedmedanism and discussionin x7.

2. The Velocity Distribution  Function in
Plasma with Heat Flux

In this section, how the anisotropic electron velocity
distribution function is set up when the temperature in-
homogeneity existsin the plasma, is discussedrom phys-
ical point of view. The absenceof a background mag-
netic eld is assumed. Consider the temperature inho-
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Fig. 1.| The possible candidates for the deviated part of the
velocity distribution function from the Maxw ell-Boltzmann.

mogeneil in hot electron plasma with the temperature
variation scaleof L. Sincethe heat conduction carries
the heat ux from the hotter to cooler regions, the heat
ux along the temperature gradient takesa negative -

nite value, g/ hvVv?fi < 0, where the bracket denotes
the integral over the velocity spaceand the subscript
k denotes the componert parallel to the temperature
gradient. Therefore, the electron velocity distribution

function, f, must deviate from the Maxwell-Boltzmann,
fm = No(x)( vin (%c)?) *2exp( v?=un(x¢)?); f =

f fn 6 0. Here,ng(xy) is the electron number density,
Vih (X)) = (2kg T (Xxx)=me)*7? is the thermal velocity with

the temperature T (xx) and the electron massme. The
above condition together with h fi = 0, the number
density consenation, and tv? fi = 0, the energy con-
senation, restricts the form of the deviated part, f,
to be an odd function of the velocity componert along

the temperature gradient, vi. Of course, f ! 0 as
jviki ' 1. In Figure 1, the possible casesof f are
shovn. From the zero current condition, hv, fi = 0,

the form like type A is rejected since f wherev, > 0
and v, < 0 are respectively positive and negative, and
v f > Ofor all velocity and hvy fi > 0. On the other
hand, types B and C satisfy the zero current condition
sincethe f curve crossesthe vig-axis in ead positive
and negative v, region. The hvv?fi for types B and
C have nite values becausethis is the weighted mean
of v fi weighted by v2, which is larger when jv,j is
larger. The heat ux condition of hv,v?fi < 0 says that

f should be positive wherev, ! 1 . Thus,typeC is
the only possibleform asthe deviated part in the plasma
where a nite heat ow exists. The relative amplitude
of the deviated part to the Maxwell-Boltzmann should
be +t1,where = yp=Land v = T=T is the frac-
tional temperature uctuation, sincethe deviation may
be induced by Coulomb collisions and temperature uc-
tuations.

The deviatedpart f canalsobededucedanalytically.
The Boltzmann equation is

@ @ e_ @
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where E is the zeroth electric eld along the tempera-

(f fm);



SPONTANEOUS MAGNETIC FIELD GENERATION 3

ture gradient and the rhs is the Krook operator as the
collision term and = (kg T=me)**?= , is the Coulomb
collision frequency with the Coulomb mean free path
e (Sarazin 1988). Hereafter, we describe the colli-
sion frequency as = vy = mp With the parameters
Vin = (2kg T=me)™2 and mp = 2 . For simplicity,
pressurebalanceis assumed. Then, Ex = 0 (Ramani &
Laval 1978). If the perturbativ e treatment is applicable
to describe the system, the distribution function could

be expandedin 1 as(Chapman & Cowling 1960),
f=fm+ f@+ 220,

wheref () (j = 1;2 ) describe the deviation of the dis-
tribution function from the Maxwell-Boltzmann in order
of ( 7). This expansionis known as the Chapman-
Enskog expansion. Therefore, the electron distribution
function up to the rst orderin t is obtained as

Vi 5 V2
=z

f=Ffn 1+ —
m Vin 2 V3

The form of the deviated part is essetially the sameas
type C shown in Figure 1. We note that adopting the
Kro ok operator is not essetial for determining the form
of the deviated part.

3. Review of the RL Instabilit y

The diagnostics of the Ramani-Laval (RL) instability
are summarized, cortrasting with the Weibel instabil-
ity. As summarizedin the Appendix, the temperature
anisotropy excitesthe transversemagnetic wavesdue to
the Weibel instability. The excited wave is a standing
wave with zero phase velocity. The amplitude of the
wave grows when the temperature perpendicular to the
wave vector is higher than the temperature parallel to
the wave vector. The amplitude of the wave is damped
in the opposite situation.

Ramani & Laval (1978) studied the stability of the
plasmaswhen the temperature distribution is not homo-
geneous.The non-equilibrium electron velocity distribu-
tion function is deducedfrom the assumedtemperature
distribution self-consistely using the Chapman-Enskog
expansion. This is one of the prominent di erence from
the Weibel case,where the anisotropic electron velocity
distribution function due to the temperature anisotropy
is given by hand. The dierence betweenthe deduced
non-equilibrium velocity distribution function and the
equilibrium one, that is, the Maxwell-Boltzmann distri-
bution, is that it is skewed in the direction of the tem-
perature gradient and is the odd function of the velocity
componert alongthe temperature gradient. The velocity
distribution functions in the both casesare anisotropic.
However, the skewed nature found in the RL caseis not
found in the Weibel case. Although the anisotropic ve-
locity dispersionis essetial for the Weibel instabilit y, the
velocity dispersion is isotropic in the RL case. Ramani
& Laval (1978) performed the linear stability analysis
of the plasmaswith the deducednon-equilibrium veloc-
ity distribution following the procedureof plasmakinetic
theory. Two independert modesappear. The two modes
are distinguished whether the magnetic eld is or is not

in the plane made by the temperature gradient and the
wave vector, wherethe rst oneis namedmode 2 and the
secondone is hamed mode 1. The dispersion relation of
the both modeshave a real part as

T .
I, = Tkvth coS :

The imaginary part of the mode 1 is obtained as
2

C
kthh ;

2 2
= gpl_kvth (3cos  2sir? ) 91: —
P

and the imaginary part of the mode 2 is obtained as
2

c
3., .
K>Vin ;

322 1
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where! , is the electron plasmafrequency c is the speed
of light and is the angle betweenthe direction of the
temperature gradient and the wavevector. The existence
of the real part in the dispersion relation of the RL in-
stability is one of the di erences from the Weibel case.
Since the phase velocity along the temperature gradi-
ent, ! \=kcos = —L-vy, only takesa positive value, the
wave propagatesonly oneway from the low temperature
region to the high temperature region. Therefore, the
excited wavesdo not carry the heat from the hot to the
cold region. Although mode 2 is a pure transversewave,
the longitudinal componert of the electric elds, Ey, has
a non-zerovalue for mode 1 as

T . Vth .
Ex 7 sin c B,:
This is an another prominent di erence from the Weibel
case. The wave grows the most rapidly when the wave
vector is parallel to the temperature gradient. The wave
is damped when the direction of the wave propagation
is perpendicular to the temperature gradient. The de-
pendenceon k of the growth rate is the sameasthat of
Weibel.

In the sensethat the anisotropic velocity distribution
is the driving force of the instability, both instabilities
are similar and therefore the RL instabilit y was said to
be Weibel-like. However, there are plenty of the qualita-
tive di erences amongthe both instabilities as explained
above. Therefore, both instabilities were distinguished
in Gallev & Natanzon (1991), and we try to identify the
physical medcanism of the RL instability in the next sec-
tion.

4. The Physical Mechanism of the RL
Instabilit 'y

The physical medchanism of the RL instability can be
understood from the nature of the velocity distribution
function when a nite heat ow exists, as illustrated in
Figure 2. In the following discussion, strictness of the
numerical factor is ignored. The peak position is shifted
towards the positive v, direction, and the amount of
the shift is v, TV . 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 nite net electric current is in-
duced by the wave magnetic elds. This explains why
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Fig. 2.
The peak position is shifted by
Maxw ell-Boltzmann.
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The solid line is the v, section of the total velocity distribution function fm + f & in the plasma with the temperature gradient.

TVih from the Maxw ell-Boltzmann.
For comparison, the Maxw ell-Boltzmann velocity distribution function shifted by

The peak value is increased by 1+ 2 % compared with the

T Vi is shown as the dashed

line. The velocity distribution function gets thinner in the vy direction. This can be interpreted asthe decreaseof the e ectiv e temp erature

by 1 22 in the direction of the temperature gradient.

the waves excited by the RL instability have a phase
velocity of 1wy, and travel only up the temperature
gradient; the wavescan not travel in the direction per-
pendicular to the temperature gradient. The waves ex-
cited by the Weibel instability are standing waves sim-
ply becausethere is no shift in the peak position of the
velocity distribution function in the Weibel case. The
peak value is increasedby 1+ ( 1)? from that of
the pure Maxwell-Boltzmann casesince the amplitude
of the deviated part takesa value of v,  ( T1)%v

relative to the Maxwell-Boltzmann, and the value of the
Maxwell-Boltzmann part is nearly sameasthe peakvalue
at v T Vih vih . Sincethe total electron number
density must be unchanged, for the obsener comoving
with the wavesthis can be interpreted as a decreasein
the e ectiv e electron temperature in the direction of the
temperature gradient, T,, by 1 ( 1)? relative to the
temperature perpendicular to the temperature gradient,

T, (Fig. 2). The growth of the magnetic wavesin the
RL instability is therefore due to essetially the same
medanism as the Weibel instabilit y (Weibel 1959; Fried
1959), in which the temperature anisotropy is the driv-

ing force of the instability. Considerthe wavestraveling
nearly parallel to the temperature gradient. In this case,

T,x Tr andT ., Ty, whereT, , and T, are,re-
spectively, the temperature componerts perpendicular to
and parallel to the wave vector for an obsener comoving
with the waves. SinceT, , > T, ., the wavescan grow.
As a result, the direction of the magnetic eld generated
by the instability is almost perpendicular to the tem-
perature gradient. The growth rate of the mode which
travelstoward the direction of the temperature gradient
with wavenumber k is obtained from that of the Weibel
instability (Krall 1973),

, #
T'_) ck
Vth T—k 1 k G k
n , #
ck
vin (T)’k =k

'p

The growth rate gets the maximum value of nax

( 7)3(vin=0)!p at kK = Kmax 1! p=C When the di-
rection of the wave vector is perpendicular to the tem-
perature gradiert, T, , = Tx and T, = T». Since
T, x < T, in this case,the wave cannot grow. These
results are exactly the sameas the results of plasma ki-
netic theory, except for numerical factors (Ramani &
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when r. > K

when ri<k

Fig. 3]

The nonlinear saturation by the wave-particle interaction. The top panel: When r > kmax , the thermal electrons travel

throughout the waves but their orbits are randomly disturb ed by the wavy magnetic elds. The bottom panel: Once r| becomessmaller
than kma , the thermal electrons are trapp ed by the elds and feels net non zero elds.

Laval 1978; Hattori & Umetsu 2000; Okabe & Hattori
in preparation).

The above discussiongivesa complete physical expla-
nation for mode 2 of the RL instability. However, these
are not satisfactory for mode 1, in which the longitudinal
electric eld componert appears. Unfortunately, we have
not yet gotten the physical explanation for this. This is
still an open question.

5. On the Nonlinear Evolution of the RL
Instabilit 'y

The nonlinear saturation level of the excited wave is
estimated assuming that the wave-particle interaction
determines the saturation level. The fundamenals are
illustrated in Figure 3 (Ramani & Laval 1978;Gallev &
Natanzon 1991). Once the Larmor radius of an elec-
tron gets shorter than the wavelength of the growing
mode, the electron is trapped by the magnetic eld of
the wave, and the magnetic ux enclosedby its orbit
becomesnite. Then, the kinetic energy of the trapped
electron starts to monotonically increaseas the growth
of the magnetic eld strength, sincethe increaseof the
magnetic ux enclosedby the electron orbit causesthe
induction of electric elds, which acceleratethe electron
as a betatron accelerator. Once the Larmor radius of
typical thermal electrons, r_ vin! . 1, gets shorter
than the wavelength of the fastest growing mode, that

is, r. kmax < 1, the increaseof the kinetic energy of the
electron systembecomessigni cant if the wavesstill con-
tinue to grow. Since this violates the energy consena-
tion, the growth of the magnetic eld strengil;l must be
saturated whenr_kmax 1, that is, Bg T nekpT.

The ewolution of the magnetic elds after the nonlinear
saturation could be described asfollows. Somenumerical
simulations which follow the ewolution of the Weibel in-
stability showved that the strength of the magnetic eld
driven by the Weibel instability decreasesafter it gets
the maximum value (Morse & Nielson 1971). This can
be understood as follows. As the magnetic eld grows,
the electron velocity distribution becomeisotropic and
it becomesdi cult to maintain the electric current eld
which supports the magnetic eld of the waves. In these
simulations, the system is assumedto be isolated, and
the initial anisotropic velocity distribution function is
free to ewolve to an isotropic one. On the other hand,
in the caseof the RL instability there is a driving force
that maintains the anisotropy of the velocity distribu-
tion function. As long asthe temperature gradient is not
erased,the nite heat ux transports the heat from the
hot to the cold region and the anisotropic velocity dis-
tribution function discussedin section 2 is maintained.
Therefore, the decreaseof the magnetic eld strength af-
ter the nonlinear saturation asfound in the Weibel insta-
bilit y may not occur in the RL instability. It is expected
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that the generatedmagnetic eld strength is kept at the
saturated value for the lifetime of the temperature gra-
dient. Wallace & Epperlein (1991) performed numerical
simulations to follow the ewolution of the Weibel insta-
bilit y when an initial anisotropic distribution function is
maintained by an external source. They showved that the
magnetic eld strength is kept at a constart value after
saturation. Their results support the above expectation
for the RL instability. There are seweral indicativ e nu-
merical simulations concerning the organization of the
globally connectedmagnetic elds from the wavy elds
generated by the instability. The wavy magnetic elds
generatedby the Weibel instabilit y evolveinto the longer
wavelength modes after saturation (Lee 1973; Sertoku
et al. 2000, 2002). This result indicates that the ex-
cited wavy magnetic elds automatically ewolve into the
globally connected elds. This could be understood as
follows. After the magnetic eld strength reaches the
saturated level, the electric current eld starts to be-
have asan individual electric beamevery half wavelength
(Fig. A4). Each beam is surrounded by the azimuthal
magnetic eld generatedby the current beamitself. The
electric beamsinteract eat other via the Ampere'sforce
(Sertoku et al. 2000, 2002). The beamsoriented in the
samedirection are attracted to ead other and automat-
ically gather. Finally, they mergeinto larger one beam.
Since the physical medanism of the growth of the RL
instabilit y is the sameasthe Weibel instabilit y asshown
in section 4, the sameewlution is expected even in the
RL case. The growth time scaleof global magnetic elds
is much longer than that of the linear phase.

Although the reduction of heat conductivity was orig-
inally considereddue to the electrons scattering by the
wavesgeneratedby the RL instability (Ramani & Laval
1978;Hattori & Umetsu 2000), this may not be the case.
As discussedabove, the wavy magnetic eld generated
by the instabilit y could tend to form the global magnetic
eld automatically. Therefore, the suppressionof heat
conductivity may be determined by the trapping of the
electrons by the organized magnetic eld. To estimate
the suppressionof heat conductivity quantitativ ely, we
needto know what is the nal structure of the magnetic
eld dueto self-organization. Detailed nonlinear studies,
for examplenumerical simulations, are desiredto answer
the questions.

to Clusters of Galaxies and
Predictions

6. Applications

The Chandra X-ray obsenatory and XMM-Newton
unveiled the various temperature structures in clusters
of galaxies: global gradients, uctuations, and sharp
changesacrosscold fronts. Basedon our proposedmed-
anism, self-organized magnetic elds can be generated
in clusters with temperature gradients, since the time
scale of inverse-cascadingof the magnetic elds is ex-
pected to be short compared to the dynamical time
scale. Therefore, we can estimate the generated mag-
netic eld strengths from the obsenational data. Since
the generatedmagnetic elds are ubiquitous in the tem-
perature inBomogeneities,the saturated magnetic elds,
Bs T nekg T, can be compared with volume-

averaged strengths estimated by radio halos and relics
or with inverse Compton hard X-ray emission. How-
ever, do not yet know the structure of generated elds,
including the coherencelength. Therefore, it is di-
cult to compare with results of Faraday rotation mea-
suremer, and we now focus on four clusters with cold
fronts and di use radio emission|A3667, A2163, A754
and Coma. Although some of these clusters are not in
pressureequilibrium, the estimated values of Bs under
pressureequilibrium are not much di erent from those of
the analysisthat has no assumptions(Okabe & Hattori
in preparation). Thus, we shall roughly estimate the sat-
urated strength, Bs, from the X-ray data. We note that
although we should use number densities and tempera-
tures of plasmawith no magnetic elds, usingthe data of
clusterswhich have magnetic elds doesnot signi cantly
changethe estimate sincethe generatedmagnetic energy
is much smaller than the thermal energy

We adopt Hg = 50 kms * Mpc ! and ¢y = 0:5 as
cosmologicalparameters.

6.1. Cold Front in A3667

A3667 is a cold front cluster. The temperature and
number density of the electrons change from kg T, =
41 02keVand ngc = 32 05 103 cm 2 to
ke Th = 7.7 0:8keVandnen = 0:82 0:12 10 3cm 3
acrossthe cold front (Vikhlinin et al. 2001a). The width
ofthe coldfrontisL  5kpcat maximum. The Coulomb
mean free path of the thermal electrons in the cold
front regionis ¢ = 5:4(T=Tave)?(Ne=Nave) * kpc, where
Tave = (Th + T¢)=2 and Nave = (Neh + Nec)=2. Thus,

t  linthe coldfront of A3367. The growth time scale
of the unstable mode in the cold front is 1~ 0:1sec
Although t is dicult to estimate the exact time scale
over which the instability can generate magnetic elds
with the saturation value over the scaleof the interface,
it must be seweral tens of times longer than the growth
time scale. Therefore, it is expected that the magnetic
eld is generatedalmost instantaneously comparedwith
any other dynamical time scalesin the cluster of galaxies.
By applying the saturation level discussedn the previous
section, the saturated magnetic eld strength in the cold
front should be Bs» 8 (T=Tave)¥?(n=nge) ¥ G.
The obtained value agrees surprisingly well with the
speculated value of 10 G basedon the stability consid-
eration against the KH instability. The main direction
of the generatedmagnetic eld should be almost paral-
lel to the cold front surfacedue to the characteristics of
the mode. As discussedn section5, the generatedwavy
magnetic elds could tend to ewlveinto the globally con-
nected eld. Therefore, we expect that the cold front
surface is covered by the globally connected magnetic
elds directed tangential to the surfacewith a strength
of 10 G, and the KH instability is suppressedby these
elds. The eld strength required to suppressthe KH
instabilit y is calculated using the tangential velocity at
a angle30 10 from the direction of the cold front
motion Vikhlinin et al. (2001b). Therefore, it does not
directly indicate the existenceof magnetic elds at the
certer, much lessall over the cold front. However, our
model can explain the existenceof suct a strong eld all
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over the cold front where the temperature jump exists.
The generatedmagnetic eld could signi cantly reduce
the electron mean free path in the direction of the tem-
perature gradient and suppressheat conduction all over
the cold front.

6.2. A2163

Abell 2163is a distant rich cluster (z = 0:203). This
cluster has a powerful radio halo. According to the VLA
obsenation of Feretti et al. (2001), it hasa regular shape
and slight elongation in the E-W direction. Its total ex-
tent, which isthe region lled by the relativistic particles,
is 115° 2:9 Mpc. They also estimated the mag-
netic eld strength by the minimum energy argumert,
B, 0:9 G. On the other hand, a Chandra X-ray
obsenation (Markevitch & Vikhlinin 2001) shows that
the temperature is complicated. The temperature varies
from two hot regions(kg T > 17keV and kg T > 16keV)
to a cool core (kg T = 8:8 keV). This complex temper-
ature map is thought to be a result of cluster merging.
The radial temperature prole shows that the temper-
ature roughly varies by 1 keV over 1°  256kpc in the
regionr < 5% The electron number density pro le was
tted with a model

ne(r) = no(1+ (r=re)?) * 2

where ng is the cenrtral electron number density, r is
the radius, r¢ is a characteristic scale (Elbaz, Arnaud
& Behringer 1995). Their result gives np = 6:65
10 3hgy’em 3; = 0:62r. = 1:20°. So, the rough es-
timate of generated eld strengths,

5 kg T=L T 3=2
s 0:004keV kpc 1 Tave

ne 1=2 G

2 10 3cm 3 '

is in good agreemen with B,. Here, we usethe average
temperature kg Tave = 1233 keV derived by Marke-
vitch & Vikhlinin (2001)and the electron number density
atr 20

6.3. A754

Abell 754 is a rich cluster at z = 0:0541. The detailed
temperature map is derived by a Chandra obsenation
(Markevitch et al. 2003). It exhibits a complex temper-
ature structure, which indicates that A754 is a merg-
ing cluster and that the X-ray emitting plasma is not
in equilibrium. The temperature seemsto vary at least
by ke T  2keV within Iy 130kpc from their map.
The averagetemperature kg Taye = 10:0 0:3 keV is ob-
tained in r < 9% The electron number density n. tted
by the model is obtained by Mason & Myers (2000):
no = 2:69 10 3hi,’cm 3; = 0:713r. = 550 So,the
generated eld strengths are roughly estimated as

kg T=L T 32
B 05 —2 ——
0:015keVkpc 1 Tave

Ne 1=2 G

10 3cm 3 '

where the electron density is adopted at r 6% On the
other hand, the di use radio emissionin A754 wasexam-
ined Bacchi et al. (2003). It consistsof a radio halo and a
relic which are classi ed by whether there is cD galaxy in
the radio emitting region or not. The region obsened by
Chandra coincideswith the relic region. The magnetic
eld determined using a minimum energy argumert is
B 0:3 G. A hard X-ray excessis also detected by
Bepp SAX at the 3:2 level (Fusco-Femianoet al. 2003).
Assuming that the origin is inverse Compton emission,
they estimated that the magnetic elds isB; 0:1 G.
Theseobsenational valuesare consistert with the rough
estimate of generated elds.

6.4. Coma

The temperature structure in the Comacluster wasde-
rived by XMM-Newton obsenations (Arnaud et al. 2001,
Briel et al. 2001). The radial temperature pro le cen-
tered on NGC 4874 shows that the temperature around
NGC 4874sharply increasesrom about 6:5 keV to about
8:5keV within  1:5° 58kpcasthe distancefrom NGC
4874 increases(Arnaud et al. 2001). On the whole, the
temperature distribution is homogeneous,although lo-
cally it uctuates slightly as seenin their temperature
maps (Figure 5 in Arnaud et al. 2001 and Figure 3 in
Briel et al. 2001). The electron density is given by a
model with ng = 2:89 10 2 hgy> cm 3, r. = 10:5%and

= 0:75 Briel et al. (1992). So, around NGC 4874,the
eld strength generatedby the RL instability is

kg T=L ke T 72
Bs 04 B B
0:034 keVkpc 1 7:5keV
1=2
Ne G:

29 103cm 3
Furthermore, we estimate that the uctuations in tem-
perature are 0:5 keV within 1° from Figure 7 in Arnaud
et al. (2001). As a result, the eld strength is estimated
to be

kg T=L T 32
Bs 0:2 8 = —_—
0:013 keVkpc 1 Tave

Ne 1=2 G

2 103cm 3 '

wherekg Tave = 8:25 0:10keV is the averagetempera-
ture. The generaltechniquesto estimate magnetic eld

strengths give us someresults. Basedon the minimum
energy argument, a magnetic eld of B, 04 Gis
determined from the giant radio halo (Giovannini et al.
1993). Rossi X-ray Timing Explorer (RXTE) measure-
ments of hard X-ray emission, interpreted as inverse
Compton scattering by relativistic electronso the cos-
mic microwave badkground, lead to B; 0:1{0:3 G
(Rephaeli, Gruber & Blanco 1999; Rephaeli & Gruber
2002). Theseobsenational results for B, and B; are the
sameorder asthe predicted strengths Bs.

7. Predictions and Discussion

We have successfullydetermined the physical medca-
nism responsible for one of the two independert modes
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of the RL instability, and shown that the growth med-
anism is identical to the Weibel instabilit y which is well
known as one of the generation mechanism of the mag-
netic eld. Therefore, the RL instability can be also
consideredasthe generation medanism of the magnetic
elds in astronomical situations. The nonlinear satura-
tion level of the instability is estimated by considering
the wave-particle interaction. The ewolution of the mag-
netic elds after saturation are speculatedon by referring
to the previous numerical simulations which followed the
non-linear evolution of the Weibel instability. The gen-
erated elds might be self-organizedand ewlve into the
globally connectedmagnetic eld.

We have applied the proposedmedanismto four clus-
ters (A3667, A2163, A754, and Coma) and roughly esti-
mated the typical strengths of magnetic elds generated
by the RL instability, using projected temperature dis-
tributions. Although estimated strengths are rough and
not volume averaged,the strengths of magnetic elds re-
quired agree with the obsenational results, except for
the measuremets of Faraday rotation. In the cold front
cluster A3667, 10 G magnetic elds along cold fronts
are ubiquitous in the front. Here it is an important
point that magnetic elds required from the viewpoint
of hydrodynamics can be naturally explained by plasma
kinetic theory. Regarding clusters with diuse radio
emission, predicted strengths agreewell with 0:1{1 G
derived by minimum energy argumerts and the com-
bination of syndirotron and inverse Compton luminos-
ity. Sincetemperature inhomogeneitiesexist in the radio
emitting region, magnetic elds of the sameorder asthe
estimated valuescan exist all over radio halosand relics.
Moreover, morphologiesof radio halos and relics are ex-
pectedto be assaiated with the temperature structure,
sincethe regionswhere magnetic elds are generatedare
determined by temperature inhomogeneities. This pre-
diction also correspondsto the apparent correlation be-
tweenthe radio brightnessand the plasma temperature
in A2163, pointed out by Markevitch & Vikhlinin (2001).
On the other hand, the proposedmedanism cannot, at
presen, be comparedwith the measuremen of Faraday
rotation, sincethe nal structure of generated elds, in-
cluding the coherent length, is not clear. Therefore, fur-
ther studieswith respectto nonlinear evolution of the RL
instabilit y are necessaryto unveil the topology of gener-
ated magnetic elds. For example, the application of
the RL instability to Faraday rotation would provide us
with the coherert lengths of generated elds. Another
approach would be numerical simulations. If we know

the eld structure, we can quartitativ ely calculate the
self-regulatedheat conductivity.

The predictions of the magnetic elds generationmed-
anism by the temperature gradients are summarized.

Predictions

Our proposedmechanism can predict that 10 G
magnetic elds along cold fronts in A3667 exist all
over the fronts, while the existenceof elds required
to suppressthe KH instability is not indicated all
over fronts.

Magnetic elds required from the viewpoint of hy-
drodynamics can be naturally explained by plasma
kinetic theory.

Our proposed mechanism predicts the 0:1{1 G
magnetic elds derived by studies of radio halos
and inverseCompton hard X-ray emission.

Magnetic elds are ubiquitous in any astrophysical
plasmawith temperature inhomogeneities.

The magnetic energyis determined by the plasma
ernvironment and is at equilibrium with the thermal
energy via the RL instabilit y.

The morphologiesof radio halos and relics are as-
sociated with that of the X-ray temperature map,
since the regions where magnetic elds exist are
determined by temperature inhomogeneities.

The steepcorrelation betweenradio power P and
temperature kg T Liang et al. (2000) can also ex-
plained (Okabe & Hattori in preparation).

Magnetic eld strengths don't depend on redshift
becausethe ewolution time scaleof magnetic elds
is short.

The heat conduction could be self-regulated, since
magnetic elds are generatedby the plasmaitself.

N. Okabe acknowledges travel support by the
Hayakawa Satio Foundation in the Astronomical Saoci-
ety of Japan. The authors gratefully thank T. N. Kato,
Y. Fujita, M. Takizawa, M. lijima, and H. Ohno for a lot
of fruitful commerts.

App endix

The Weibel

Inst ability

The Weibel instabilit y is driven by an anisotropic temperature distribution and generatesgrowing transversemag-
netic standing waves(Weibel 1959). This instabilit y is well known asthe medanism of magnetic eld generationfrom
zeroinitial magnetic eld. Considera plasmawith an anisotropic temperature such as

1

f = No
= 2
322V o Vin ik

" 4
2
Vi Vi
3 7 ;
Vihak  Vih?
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where the subscripts k and ? denote, respectively, the directions parallel and perpendicular to the wave vector. The
dispersion relation is obtained by linear plasmakinetic theory (Krall 1973)as
=0
1 Tk T» kc 2
= p=kvppy=— =—=— 1 —
B=KVin T, Te I
The waves have no real part of the frequency The wavesgrow when T, > Ty. The excited waves are transverse
magnetic waveswith no electric eld.
The physical mechanism of the Weibel instabilit y was rst identi ed by Fried (1959). Considerthe simple situations
shown in Fig. A4. The electronsand their initial velocities are expressedas the lled circles and the dotted arrows.
In caseA, the simple anisotropic initial electron distribution function

fo(¥) = now (vf W% (Vo) (V)

is assumed. This represernts the extreme caseof T, = 0; Ty 6 0. The directions of the perturb ed magnetic elds are
perpendicular to the paper: and represen that the elds projected from the paper and into the paper, respectively.
The size of the circle is proportional to the eld strength at ead position.

First, the qualitativ e explanation of the physical mechanism is reviewed. The electrons' orbits are de ected due
to the introduction of the perturbed magnetic eld as shown by the dashedarrows. The amount of the de ection is
proportional to the eld strengths at the ead position. We rst discussthe CaseA. Considerthe electrons(a) and (a9
which initially have negative velocity in the x, direction. They carry the positive electric currents in the x, direction
out of and into the shadedregion, respectively. Becauseof the dierences in the eld strengths, the net positive
current in the x, direction is carried out from the region in a certain in nitesimal time interval. In other words a
net negative electric current is carried into the region by the perturbed motion of these electrons. The electrons (b)
and (b9 also carry the a negative electric current into the shadedregion. Therefore, a net negative electric current
dewvelopsin the shadedregion due to the injection of the perturbed magnetic eld. Sincethe values of the induced
electric currents are larger where the gradient of the magnetic eld strength is larger, the current elds illustrated in
Fig. A4 are set up, where the lengths of the arrows are proportional to the amplitudes of the currents. The magnetic
eld is produced around ead electric current accordingto the Ampere'slaw asillustrated in Fig. A4. The growth of
the magnetic eld is determined by the superposition of these elds. For example, at point x; the net magnetic eld
generatedby the current elds is normal to the paper toward the reader and ampli es the injected perturbed eld.
Since the excited elds amplify the injected perturbed elds ewerywhere, the perturbed eld growsin CaseA. On
the other hand, the net induced electric currents in CaseB are in the direction opposite those in CaseA. Therefore,
the perturbed magnetic eld is damped in CaseB. Hence,whenu > w (T, > Ty) the magnetic eld perturbation
grows, and whenu < w (T, < Ty) the magnetic eld perturbation is damped. While this simple explanation shows
qualitativ ely how the growth occurs, the role of electromagneticinduction for the growth of the instabilit y, which was
neglectedin the above discussion,should be examinedsinceit actsto reducethe growth of the magnetic eld.

Next, a semi-quartitativ e explanation of the instabilit y is given to seethe role of induction. For this purpose,only
caseA is considered. Supposethat an initial perturbed magnetic eld is

B, = BekXk:

The x, and x, componerts of the equation of motion of the electron are given by

de Vo
Me— = e—B and
° dt c °
dv- Y ie
Me ? — e_kBZ @z i

dt c ke @ °
respectively, wherethe last term in the x, componert represerts the forcedueto the inductiv e electric eld. Therefore,
the time derivative of the electric current ux is given by

@iovi _ , u?
— = ¢
@ CMe R

wherej, = ew isthe x, componert of the electric current carried by an singleelectronand hX i = % d3vX (V)f (v)
is the averageover the velocity space. This current ux and the inductiv e electric eld causea changein the mean
value of j, as

Bz,

@j?i: @i?Vki+e2i 1 @;.
@ @ meke @
Ampere'slaw provides
.. ick
nohj-i = 4_Bz ;
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Case A Case B
T.20 T,=0 T.=0 T;70

Growing Dampng

@ :Theelectrons

¢~ :The ini tial orbits
Ve : The orbits aff ected by
the fluctuated manetic fields

€ Thee xcitedelectri c curr ents
3 : Thee xcited magnetic fields

Fig. A4.| The physical mechanism of the Weibel instabilit y.
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where the displacemen current is neglectedsince only the low frequency mode is considered. By combining these

equations, we obtain

1+ c2k?

The dispersion relation is obtained as

#
'y @B, _

(! p=09u :

1 2

‘P
c2k2

It shows that the perturbation can grow. The secondterm in the [ ] of the left hand side comesfrom the induction
term. Therefore, the electromagneticinduction actually plays a role in the inertia for the growth of the perturbation
and reducesthe growth rate, but never stopsthe growth of the perturbation. The obtained growth rate is exactly the
sameasthe result deducedby the full linear analysisbasedon plasmakinetic theory where the induction e ect is also

taken into accourt (e.g., Melrose 1986).
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