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Fig. 5. Correlation between the density profile parameters Σ0 and ν.

Fig. 6. Correlation between the density profile parameters Σ0 and aeq.

radii around 0.63 r200. This decrease results to be quite similar
to the slope of −0.64 found by De Grandi & Molendi (2002) at
radii larger than ∼750 kpc for their mean temperature profile,
taking into account the cooling and non-cooling flow clusters

of their sample. The results of Markevitch et al. (1998) based

on ASCA observations show similar trends for the temperature

distribution. The characteristic central drop we obtain in our

temperature profiles is due to the mathematical properties of

Fig. 7. Synthetic 3D temperature profiles calculated from Eqs. (10)

and (11) with the values of κ given in Table 2. The temperature is
normalized to the global cluster temperature and the radial coordinate

is normalized to the cluster r200 radius.

the density profile rather than to a real physical effect, but the
lack of resolution of the PSPC impedes from properly address-

ing this issue, and we cannot tell anything about the tempera-

ture distribution within the central cooling flow region.

In Fig. 8 we show the re-projected emission weighted tem-

perature profile for every cluster, defined by:

Tew(R) =

∫

n2e(r)T (r)dz
∫

n2e(r)dz
· (18)

The LX − TX relation derived from our calculations is shown

in Fig. 9. Our power law fit (excluding HCG 62) is LX ∝
T 2.65±0.17
X

; the exponent is in agreement with Markevitch

(1998), who finds LX ∝ T 2.64±0.27
X

, but our line is shifted to-

wards higher luminosities. This shift is probably due to the fact

that we include the central region in our luminosity evaluation,

while Markevitch excises it.

6.3. ICM and DM specific entropies

The global specific entropy sgas of the ICM is given in Table 3.

It is found to vary very little from one cluster to another, as for

the specific entropy of stars in elliptical galaxies (Márquez et al.

2001 and references therein). This is, however, a first order

behavior. Numerical simulations of elliptical galaxies formed

in a hierarchical merging scheme, show that their specific en-

tropy varies a little with mass, most probably due to merg-

ing processes (Lima Neto et al. 1999; Márquez et al. 2000).

The situation is not different in galaxy clusters. We show in

Fig. 10 that the global specific entropy of the ICM and the gas

mass are indeed clearly correlated, although this is a second

order effect (about 2%), small compared to the dominant rela-
tion sgas ∼ constant that we observe. The difference with el-
liptical galaxies is that the slope in Fig. 10 is steeper than for

MHD instabilities at all radii in ICM

(Demarco+ 03)
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Recently discovered MHD overstabilities
L100 BALBUS & REYNOLDS Vol. 720

which bears direct comparison with Equation (26). Here, ther-
mal conduction once again stabilizes radiative losses, but the
HBI terms, when they are in a stable configuration relative to
the convective processes discussed by Q08, actively destabilize
wave-like modes by reducing the suppression of thermal con-
duction. In regions of sharp temperature gradients, the effective
reduction factor for conductive stabilization can be large. In-
deed, in the chosen limit bz ! 1, we have R ∼ O(bz). Note that
wavenumbers with vanishing k · b are unaffected by conduction
and have an effective reduction factor of zero. In our example,
these are horizontal fluid displacements along the magnetic field
lines.

2.3.4. Destabilization of Wave Modes by a Negative Thermal Gradient

Next consider the case bz = 1, which would be HBI unstable
in the case of an increasing outward temperature profile. But let
us now assume that the temperature decreases outward. This
configuration is HBI stable. With bz = 1, if we restricted
ourselves only to the first two stability criteria, we would
conclude that this configuration is also MTI stable. In fact,
if the third stability criterion is imposed, this configuration is
subject to an interesting and powerful overstability, driven by
anisotropic thermal conduction, as we now show.

With bz = 1, we have K = −k2
⊥ and our third criterion

inequality (30) becomes

γ − 1
γ

T ΘT |P N2 + C
(

N2 + g
d ln T

dz

)
> 0. (36)

Once again, the thermal conduction is affected by a “reduction
factor,” though here the reduction factor R′ actively destabilizes
rather than merely suppresses dissipative destabilization. The
above inequality may be written as

T ΘT |P + κ(k · b)2R′ > 0, (37)

where

R′ = 1 −
[
γ − 1

γ

d ln P

d ln T
− 1

]−1

. (38)

The term inside the square brackets must always be positive
if N2 > 0, but if

1 <
γ − 1

γ

d ln P

d ln T
< 2, (39)

then R′ < 0 and buoyant modes are overstable, even if there is
no radiative loss term.

2.3.5. Summary

The MTI and HBI are evanescent instabilities present in dilute
plasmas when anisotropic heat flux is included in the physics.
The MTI is present when the thermal gradient decreases outward
and the field lines are insulating in the equilibrium configuration.
When the field lines open, the MTI is stabilized. The HBI is
present when the thermal gradient increases outward and the
field lines are open so that a heat flux is present in the equilibrium
configuration. The action of the HBI is to close the field lines,
which stabilizes the system.

We have found that the stable “end states” of these instabilities
are subject to further overstabilities. In the case of the HBI,
which is relevant for the cooling flow cores, a thermally unstable
radiative loss function and closed field lines together manifest

dT
dz

bz

Figure 1. Schematic map of the instabilities and overstabilities discussed in this
work.

as over stable buoyant oscillations. In the case of the MTI, a
sufficiently steep (but classically convectively stable) outwardly
decreasing thermal gradient produces overstable buoyant waves
when the magnetic field lines are open and conducting heat.

The overstabilities nominally depend on radiative losses, but
their effect should be thought of as dynamical: these are classical
g-waves that in principle could be driven to finite amplitudes
on thermal timescales (either radiative or conductive). Whether
they are best thought of a local WKB waves, global modes, or
both is not yet clear, and awaits numerical investigation.

3. DISCUSSION AND CONCLUSIONS

The implications of the Q08 finding that generic cluster (or
elliptical galaxy) cooling flows are convectively unstable have
yet to be grasped. A more complete linear theory is clearly a
starting point. Here, we have generalized the linear theory of
such systems to include the effects of both anisotropic thermal
conduction and optically thin radiative losses.

To recap, strict stability requires three criteria to be satisfied.
The first amounts to the classical Field criterion for thermal
instability in the presence of anisotropic conduction,

a1 ≡ T ΘT |P + κ(k·b)2 > 0 (Stability). (40)

The second criterion gives the MTI or HBI stability conditions
depending upon the orientation of the magnetic field (via K) and
the temperature gradient,

CK
g

k2

d ln T

dz
+ (k · vA)2a1 > 0 (Stability). (41)

The third criterion has not, to our knowledge, been recognized
previously. For the two limiting cases considered in this work,
it takes the form

T ΘT |P +κ(k·b)2R > 0 (Stability; bz ≈ 0; dT /dr > 0),
(42)

T ΘT |P + κ(k·b)2R′ > 0 (Stability; bz ≈ 1; dT /dr < 0),
(43)

where 0 < R < 1 and −∞ < R′ < 1. Even once the
HBI (MTI) has been stabilized by the formation of horizontal
(vertical) magnetic fields during their nonlinear evolution, the
third criterion can be violated in some range of wavenumbers
leading to overstable g-modes.

(Balbus & Reynolds 10)
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Fig. 5. Correlation between the density profile parameters Σ0 and ν.

Fig. 6. Correlation between the density profile parameters Σ0 and aeq.

radii around 0.63 r200. This decrease results to be quite similar
to the slope of −0.64 found by De Grandi & Molendi (2002) at
radii larger than ∼750 kpc for their mean temperature profile,
taking into account the cooling and non-cooling flow clusters

of their sample. The results of Markevitch et al. (1998) based

on ASCA observations show similar trends for the temperature

distribution. The characteristic central drop we obtain in our

temperature profiles is due to the mathematical properties of

Fig. 7. Synthetic 3D temperature profiles calculated from Eqs. (10)

and (11) with the values of κ given in Table 2. The temperature is
normalized to the global cluster temperature and the radial coordinate

is normalized to the cluster r200 radius.

the density profile rather than to a real physical effect, but the
lack of resolution of the PSPC impedes from properly address-

ing this issue, and we cannot tell anything about the tempera-

ture distribution within the central cooling flow region.

In Fig. 8 we show the re-projected emission weighted tem-

perature profile for every cluster, defined by:

Tew(R) =

∫

n2e(r)T (r)dz
∫

n2e(r)dz
· (18)

The LX − TX relation derived from our calculations is shown

in Fig. 9. Our power law fit (excluding HCG 62) is LX ∝
T 2.65±0.17
X

; the exponent is in agreement with Markevitch

(1998), who finds LX ∝ T 2.64±0.27
X

, but our line is shifted to-

wards higher luminosities. This shift is probably due to the fact

that we include the central region in our luminosity evaluation,

while Markevitch excises it.

6.3. ICM and DM specific entropies

The global specific entropy sgas of the ICM is given in Table 3.

It is found to vary very little from one cluster to another, as for

the specific entropy of stars in elliptical galaxies (Márquez et al.

2001 and references therein). This is, however, a first order

behavior. Numerical simulations of elliptical galaxies formed

in a hierarchical merging scheme, show that their specific en-

tropy varies a little with mass, most probably due to merg-

ing processes (Lima Neto et al. 1999; Márquez et al. 2000).

The situation is not different in galaxy clusters. We show in

Fig. 10 that the global specific entropy of the ICM and the gas

mass are indeed clearly correlated, although this is a second

order effect (about 2%), small compared to the dominant rela-
tion sgas ∼ constant that we observe. The difference with el-
liptical galaxies is that the slope in Fig. 10 is steeper than for

MHD instabilities/overstabilities at all radii in ICM

(Demarco+ 03)
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Figure 2. Temperature map of the central regions of the Virgo Cluster (in units of keV) for the 8.5 arcmin (∼40 kpc) radius region
indicated by the white circle in Fig. 1. Regions have ∼1,000 net counts, leading to 1σ fractional uncertainties in the plotted quantities
of ∼10 per cent. Point sources, and readout errors have been excluded in this analysis and appear as black holes in the maps.

0.6− 2.0 keV band divided by the best-fit, double-β model1

and smoothed with a 2 arcsec filtered Gaussian. This im-
age spans the entire region covered by ACIS-I observations

1 In detail, this is the sum of two β models of the form

S0

[

1 +
(

r
rc

)2
]−α

, where S0 is the amplitude of the X-ray surface

brightness, rc is the core radius, and α is the power-law index.

taken in 2005. The white circle (r ∼ 8.5 arcmin) denotes
the outer extent of the data used for the spectral analysis
reported here.

The cool X-ray arms are readily apparent in the image.
An extensive imaging analysis of these data is presented by
Forman et al. (2007).

c© 0000 RAS, MNRAS 000, 000–000

HBI/RCO and MTI in Virgo cluster?

(Million+ 10)

Temperature map of central 
40 kpc (M87)

Magnetic field is preferentially oriented radially
(composite: ROSAT X-ray + HI emission + 

polarized intensity @ 6cm)

(Pfrommer & Dursi 10)
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MTI in outer regions of other clusters?

(Snowden+ 08, Juett+ 10)

20% (14/70) clusters in the sample have puzzling 
temperature profiles that appear isothermal at Mpc radii. 

The clusters appear isolated.



• Modeling of RM of a cluster includes: 
(1) density distribution, (2) 3D structure 
of magnetic field and (3) density and 
fluxes of polarized background sources

• Two scenarios: field structure 
characterized by conduction-driven 
MHD instabilities and turbulent 
motions.

• Faraday rotation maps for Perseus-like 
cluster seen by an observatory with 
capabilities of the SKA

Models of Faraday Rotation Measure Signature

(TB+ 2010)



Simulated observations with SKA

Probing MHD Instabilities with Faraday Rotation 3

FIG. 2.— Maps showing the distribution of |RM| values on logarithmic scale, calculated for four observational scenarios outlined in Table 1. All maps exhibit
two distinct regions: one inside the cooling core where the magnetic field structure is determined by the HBI, and the region outside of the core where MTI is
assumed to operate. Each panel shows a region with a size of 670 kpc. X-shaped features where RM reaches minimum are an artifact of the model.

the observing wavelength and z is the redshift of the Fara-
day screen. We calculate the effect of Faraday rotation for
our model cluster by numerically integrating the expression
RM= 812radm−2 ∫

ne B · dl, where ne is the electron number
density in units of cm−3, B is the vector of magnetic field in
µG, and l is the vector demarking the depth of the magnetic
screen in kiloparsecs as measured along the line of sight of
an observer placed at infinity, at an arbitrary orientation with
respect to the cluster. The result is a two dimensional contin-
uous map of RM intensity distribution within 2Mpc× 2Mpc
on the sky with resolution matching that of the SKA, ≈ 1′′.
We convolve this map with a map of point like, randomly dis-
tributed polarized background sources, where the number of
sources in the map is Ns. The convolved maps are smoothed
with a box function of the size of 178′′, 44′′, 80′′, and 12′′ in
models 1h, low, 1h, high, 100h, low, and 100hr, high, respec-
tively, where the size of each box is chosen so that it contains 5
polarized background sources. Figure 2 shows the “zoom-in"
view of the final RM maps calculated for the four scenarios.
We plot a logarithmic property log(|RM|) in order to com-
press a large dynamic range of the maps. The swirl patterns
crossing the core region with low values of RM has arise in lo-
cations where magnetic field changes direction along the line
of sight. The black specs occur in places where the number

of background sources per smoothing box falls to zero. The
lower cutoff value applied in maps (10radm−2) is comparable
to the maximum error of RM reached at the limiting flux den-
sity Pmin = 5σP with the SKA (Stepanov et al. 2008). We main
properties of the RM maps are listed in Table 1. The X-shaped
features noticeable in each of the four panels are an artifact of
our model: the underlying symmetry in the radial component
of the magnetic field (described by a split monopole) causes
a cancellation in RM along the line of sight resulting in low
values of the RM along the axes of “X”.

3. DISCUSSION AND CONCLUSIONS

In all four observational scenarios it is possible to discern
two separate regions which in our model are assumed to be
characterized by the HBI and MTI instabilities. These are
the cooling core region with asymmetric and patchy RM dis-
tribution peaking close to the cluster center and a relatively
smooth structure with radially decreasing intensity outside of
it. The core region shows an interesting structure of high and
low RM intensity ridges which do not obviously correspond
to the magnetic field structure shown in Figure 1. However,
it reflects the azimuthal distribution of the field lines, and if
indeed present in cooling core clusters, it may be one of the
characteristic features to search for in RM surveys of clusters.
[Description of the shapelet analysis as a diagnostic of az-

• Key idea: Search for imprints of instabilities in 
dynamically relaxed cooling core clusters.

•  Field geometry likely to be perturbed by AGN 
activity, mergers, shocks, bubbles, relics. 

• eVLA will also offer improved sensitivity

(TB+ 2010)



Conclusions & prospects

• MHD instabilities may be present at all radii in ICM and have a profound effect 
on structure of magnetic field and thermal state of clusters.

• Theory: Need for thorough understanding of plasma processes

• Computation: Understanding the relative importance of individual plasma 
instabilities and their connection. Modeling the interplay of AGN and MHD 
turbulence.

• Observations: Sensitivity of future spectro-polarimetric measurements will be 
sufficient to test the presence of MHD instabilities in ICM, even with modest 
exposures.


